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Abstract: Oseltamivir, an inactive anti-influenza virus prodrug, is activated (hydrolysed) in vivo by carboxylesterase 1 (CES1) to
its active metabolite oseltamivir carboxylate. CES1 functions are significantly associated with certain CES] genetic variants and
some non-genetic factors. The purpose of this study was to investigate the effect of gender and several CESI genetic polymor-
phisms on oseltamivir activation using a large set of individual human liver samples. CES1-mediated oseltamivir hydrolysis and
CES1 genotypes, including the GI143E (rs71647871), rs2244613, rs8192935, the -816A>C (rs3785161) and the CESIP1/
CESIP1VAR, were determined in 104 individual human livers. The results showed that hepatic CES1 protein expression in
females was 17.3% higher than that in males (p = 0.039), while oseltamivir activation rate in the livers from female donors was
27.8% higher than that from males (p = 0.076). As for CESI genetic polymorphisms, neither CES1 protein expression nor CES1
activity on oseltamivir activation was significantly associated with the rs2244613, rs8192935, -816A>C or CES1P1/CES1P1VAR
genotypes. However, oseltamivir hydrolysis in the livers with the genotype 143G/E was approximately 40% of that with the
143G/G genotype (0.7 &= 0.2 versus 1.8 £ 1.1 nmole/mg protein/min, p = 0.005). In summary, the results suggest that hepatic
oseltamivir activation appears to be more efficient in females than that in males, and the activation can be impaired by functional
CES] variants, such as the G143E. However, clinical implication of CES1 gender differences and pharmacogenetics in oseltami-
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vir pharmacotherapy warrants further investigations.

Oseltamivir (Tamiflu®), an important antiviral medication on
the World Health Organization’s Essential Drugs List, is
widely used for the prevention and treatment of influenza A
and influenza B infections [1,2]. However, significant
interindividual variability in oseltamivir pharmacokinetics and
antiviral effects has been demonstrated in several clinical stud-
ies [2-5]. Oseltamivir was designed as an ethyl ester prodrug
to improve its bioavailability, and it has to be converted to its
active metabolite, oseltamivir carboxylate, to exert its intended
antiviral effect in vivo. Oseltamivir activation is primarily
catalysed by carboxylesterase 1 (CES1) in human liver (Fig-
ure S1) [6,7]. CESI, the predominant hepatic hydrolase
encoded by the CESI gene in human beings, is responsible
for the metabolism of many ester- and amide-containing medi-
cations, such as oseltamivir, clopidogrel, dabigatran, methyl-
phenidate and many angiotensin-converting enzyme inhibitors
[8]. Previous studies have provided evidence to suggest that
genetic polymorphisms of CESI could significantly affect the
pharmacokinetics of and/or response to CES1 substrate drugs
[9-15].

The first clinically significant CESI non-synonymous single
nucleotide polymorphism (SNP) G143E (rs71647871) was dis-
covered in a clinical pharmacokinetic study of methylpheni-
date [15]. This variant was found to be significantly
associated with altered pharmacokinetics and/or
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pharmacodynamics of several drugs metabolized by CESI1
[10,12,13,15]. We have reported that the activation of oselta-
mivir was markedly impaired by the G143E variant using the
Flp-In™ 293 cells stably transfected with the wild-type (WT)
CES1 and the GI43E variant [16]. Consistent with our
in vitro findings, a healthy volunteer pharmacokinetic study
showed that the area under the plasma concentration—time
curve (AUC) of oseltamivir was 18% greater in the G143E
carriers relative to the non-carriers [13]. However, whether the
G143E variant may affect oseltamivir activation in the livers
and to what extent is unclear.

A recent genomewide association study (GWAS) identified
two CES] intronic variants, rs2244613 and rs8192935, associ-
ated with lower plasma concentrations of dabigatran, the
active metabolite converted from the prodrug dabigatran etexi-
late by CESI and CES2 [17,18], in the Randomized Evalua-
tion of Long-Term Anticoagulation Therapy (RE-LY) study
participants [19]. The rs2244613 was also associated with
lower risk of any bleeding. However, whether the two variants
are associated with altered CES1 expression/activity remains
unknown.

The CESIPI gene is a non-functional pseudogene located
in proximity of the CESI gene. DNA sequences of CESIPI
are highly similar to those of CESI; however, CESIPI does
not encode any functional protein due to a premature stop
codon in the exon 3 [20]. It is interesting that a common
CESIP]I variation termed as CESIPIVAR is functional, with
the protein product identical to that expressed from the CESI
gene. Thus, it has been speculated that the CESIP1/
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CES1P1VAR genotypes may affect total CES1 expression
levels and contribute to interindividual variability in CES1-
mediated drug metabolism.

The SNP -816 A>C (rs3785161) is a common variant located
in the promoter region of the CESIPI gene, and it was reported
to be associated with therapeutic responses to the CES1 sub-
strate drugs imidapril and clopidogrel, although the results from
the two clopidogrel studies were contradictory [14,21,22].

Besides genetic variations, non-genetic factors such as gen-
der and age can also affect the expression and/or activity of
many drug-metabolizing enzymes in human beings [23,24]. It
has been reported that CES1 expression and activity were very
low in neonates and gradually increased with age through
childhood [25-28]. As for gender effect, it has been specu-
lated that sex-related differences in CES1 activity exist based
on the results from several clinical pharmacokinetic studies of
CESI1 substrate drugs [29-32].

In this study, a total of 104 individual normal human liver
samples were utilized to investigate the effect of gender and
the selected CESI genetic variants on CES1 expression and
oseltamivir activation. Due to that only two of the 104 indi-
viduals were under the age of 20 years, the impact of develop-
mental status on hepatic CES1 function was not studied in the
present investigation.

Materials and Methods

Materials. Oseltamivir was obtained from Toronto Research
Chemicals (Toronto, Canada). Oseltamivir carboxylate was purchased
from Cayman Chemicals (Ann Arbor, MI, USA). Ritalinic acid, LC—
MS grade methanol, acetonitrile and formic acid were all purchased
from Sigma-Aldrich (St. Louis, MO, USA). The 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) solution (1M) was purchased
from Life Technologies (Carlsbad, CA, USA). Taq DNA polymerase
with standard Taq buffer and deoxynucleotide (ANTP) solution mix
were obtained from New England Biolabs (Ipswich, MA, USA). All
other chemicals and reagents were of the analytical grade, and they
were commercially available.

A total of 104 individual normal human liver samples were obtained
from the Cooperative Human Tissue Network (Columbus, OH, USA)
and the XenoTech LLC (Kansas City, KS, USA). The demographic
information was unknown for two samples, and the rest samples con-
sisted of 46 males and 56 females with ages ranging from 1 to
83 years (56.5 £+ 16.6 years). The donors included 94 Caucasians,
five African Americans, one Hispanics and two classified as ‘others’.

Genotyping. Genomic DNA was extracted from human liver samples
using the PureLink® Genomic DNA Mini Kit (Life Technologies) in
accordance with the manufacturer’s instructions. To determine the
G143E, 12244613, rs8192935 and -816A>C genotypes, PCR was
performed to amplify the DNA fragments containing the variants. The
PCR conditions and primers’ sequences are listed in the Table S1.
The PCR products were purified using the PureLink® PCR
Purification Kit (Life Technologies) and analysed with agarose (2%)
gel electrophoresis before being subjected to Sanger sequencing. The
CESIP1/CES1P1VAR genotypes were determined using the restriction
fragment length polymorphism (RFLP) method described in our
previous publication [33].

Oseltamivir hydrolysis in human liver S9 fractions. An in vitro
incubation study was conducted to determine oseltamivir hydrolysis

in 104 normal human liver S9 fraction (HLS9) samples. HLS9 was
prepared according to the method detailed in a previous publication
[33]. The incubation was carried out in 1.5-ml Eppendorf tubes at a
total volume of 80 pl. Oseltamivir and individual HLS9 were
prepared in PBS buffer containing 20 mM HEPES. The hydrolytic
reaction was initiated by mixing 40 pl of oseltamivir solution with
an equal volume of individual HLS9. The final concentration of
oseltamivir was 100 uM. Our preliminary study indicated that the
formation of oseltamivir carboxylate was linear with a series of
HLS9 protein concentrations (0.05-0.2 mg/ml) and incubation times
(5-15 min.). In this study, hydrolytic reactions were performed with
the final HLS9 protein concentration of 0.1 mg/ml and an incubation
period of 10 min. at 37°C. After incubation, the reactions were
terminated by adding 320 pul of methanol containing the internal
standard ritalinic acid (5 pM). The mixture was vortexed for 3 min.
and centrifuged at 17,000 x g for 10 min. to precipitate proteins.
The LC-MS/MS assay described below was used to analyse the
supernatants for the concentrations of the active metabolite
oseltamivir carboxylate.

LC-MS/MS method for oseltamivir carboxylate quantification. The
LC-MS/MS analysis was performed on a Shimadzu HPLC system
(Shimadzu, Tokyo, Japan) coupled with an Applied Biosystems API
4000 triple quadruple mass spectrometer (Foster City, CA, USA). The
analytes were separated on a Shimadzu VP-ODS column (5 pm,
150 x 2.0 mm,  Shimadzu, Japan). Oseltamivir  carboxylate
quantification was performed based on a previously described assay
with some modifications [34]. The mobile phase consisted of water
containing 0.05% formic acid (v/v; phase A) and methanol containing
0.05% formic acid (v/v; phase B), and it was delivered at a flow rate
of 0.2 ml/min. A gradient elution was applied to the separation, with
the time program set as follows: phase B increased from 10% to
80% during the period of 0-8 min, then returned to 10% at 9 min.,
and maintained the same level until the end of elution at 12.5 min.
MS was operated in positive ion mode using turbo electrospray
ionization. The following parameters were adopted for the MS
analysis: curtain gas = 20 psi, ion source gas 1 = 40 psi, ion source
gas 2=70 psi, ion spray voltage = 5500 V,  source
temperature = 500°C, entrance potential = 10 V, dwell time = 50 ms,
collision cell exit potential = 15 V for ritalinic acid and 11 V for
oseltamivir carboxylate, declustering potential = 40 V for oseltamivir
carboxylate and 50 V for ritalinic acid, and collision energy = 25 eV
for oseltamivir carboxylate and 35 eV for ritalinic acid. The following
transitions were monitored in a Multiple Reaction Monitoring (MRM)
mode: oseltamivir carboxylate, m/z 285.3 > 138.0, and ritalinic acid,
m/z 220.5 > 84.6. Quantifications were performed based on the peak
area ratios of oseltamivir carboxylate to ritalinic acid (internal
standard). The regression coefficients of calibration curves were found
to be greater than 0.99. Three quality controls of oseltamivir
carboxylate (5, 25, and 250 nM) representing low, medium and high
concentrations were included in every batch of analysis. Interday and
intraday relative standard deviations were found to be <10%.

Absolute  quantification of CESI protein expression in the
liver. Absolute CESI protein expression levels in individual human
liver samples were quantified using the stable isotope labelling by
amino acids in cell culture (SILAC)-based LC-MS/MS assay recently
established in our laboratory [35].

Data analysis. The data are presented as mean =+ standard deviation
(S.D.). Mann—Whitney U-test was utilized to analyse the differences
of CES1 expression and activity between genders and among different
genotype groups (GraphPad Prism software version 6.0; GraphPad
Software, San Diego, CA, USA). A p-value <0.05 was considered
statistically significant.
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Results

Effect of gender on CESI expression and oseltamivir
activation in human livers. As shown in fig. 1, oseltamivir
activation and CES1 expression varied markedly in the human
liver samples. CES1 protein expression in female livers was
17.3% higher than that in males (10.7 & 4.4 versus
9.1 + 4.1 ng/pg protein, p = 0.039). Consistent with the CES1
expression, oseltamivir activation rate was 27.8% higher in
females than in males (2.0 4+ 1.2 versus 1.5 £ 0.9 nmole/min./
mg protein), although the difference did not reach a statistically
significant level (p = 0.076).

The -816A>C, rs2244613, rs8192935 and CESIPI1/
CESIPIVAR genotypes had no effect on oseltamivir activation
and CESI protein expression in human livers. Several
selected genetic polymorphisms of CES1 were genotyped in
the 104 human liver samples. The -816A>C, rs2244613,
rs8192935 and CES1P1/CES1P1VAR genotypes had no
significant effect on the hydrolysis rates of oseltamivir in the
liver samples. In addition, CES1 expressions did not differ
significantly between these genotypes (fig. 2).

Oseltamivir activation was impaired in human livers carrying
the 143E allele. Five GI143E heterozygotes were identified
from the 104 human liver samples, giving a minor allele
frequency (MAF) of 2.4%, which is consistent with the
previous report [15]. As shown in fig. 2, CES1 activity on
oseltamivir activation in the GI43E
approximately 40% of the non-carriers (0.7 £ 0.2 versus
1.8 £ 1.1 nmole/mg protein/min., p = 0.005), while CESI1
comparable between the two

carriers ~ was

expression levels were

genotypes.

Correlation of CESI expression and activity on oseltamivir
activation. CES1 activity on oseltamivir activation correlated
significantly with CES1 expression in the individual human
livers (fig. 3). The R-squared value was 0.34 for the 104
samples overall, indicating that the variation of CES1 protein
expression can explain approximately one-third of variability
in oseltamivir activation (fig. 3A). The R-squared value
increased to 0.38 when the GI143E carriers were removed
from the data set (fig. 3B). Thus, the G143E variant appears
to account for about 4% of the variability in oseltamivir
activation in the present study.

Discussion

Significant interindividual variability in oseltamivir pharma-
cokinetics and in antiviral effects has been consistently
reported in clinical studies [2-5]. Varied CES1 function can
be an important contributor to the variability in response to
oseltamivir therapy, because CESI is the only enzyme respon-
sible for the activation of this prodrug. The studies from our
as well as other laboratories have demonstrated that CES1
expression and activity vary significantly in human livers, and
genetic polymorphisms and non-genetic factors play an
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Fig. 1. Sex differences in oseltamivir activation and CES1 expression
in human livers. Horizontal bars show mean values in each group.
Mann—Whitney U-test was utilized to test the differences between
genders.

important role in regulating CES1 function [6,25,27,29-32,36—
39]. In the present study, an in vitro human liver study was
carried out to investigate the effect of gender and several
genetic variants, including the G143E, rs2244613, rs8192935,
-816A>C and CESI1P1/CES1P1VAR, on oseltamivir activa-
tion.

Sex-related differences in the pharmacokinetics of several
CES1 substrates, including lovastatin, simvastatin, methylphe-
nidate and oseltamivir, have been observed in clinical studies
[30-32,40]. For example, Patrick et al. [32] reported that the
AUC of d-methylphenidate was significantly higher in males
than in females after the administration of a single dose of dl-
methylphenidate (0.3 mg/kg). Consistent with this finding, an
oseltamivir pharmacokinetic study conducted by Wattanagoon
and colleagues showed a 28% increase in oseltamivir AUC in
males than in females after a male outlier was excluded from
data analysis [30]. The data indicate that women may exhibit
greater CES1 activity than men. In the present study, we
demonstrated that the CES1 protein expression in female livers
was significantly higher than males (10.7 £ 4.4 versus
9.1 £ 4.1 ng/pg protein, p = 0.039). Consistent with the
CES1 expression, oseltamivir activation rate in female livers
was 27.8% higher than in male livers (2.0 £ 1.2 versus
1.5 £ 0.9 nmole/min/mg protein), although the difference did
not reach a statistical significance level (p = 0.076). It is noted
that a previous study also observed an increase of CES1 activ-
ity towards oseltamivir activation in female liver samples com-
pared to male liver samples in both paediatric and adult
individuals, although the differences were not statistically sig-
nificant [28].

The CESI variant G143E (rs71647871) is a non-synon-
ymous mutation resulting from a substitution of G to A in
exon 4, which leads to the change of glycine to glutamic acid
at the coding position of 143. This variant was originally dis-
covered in an individual who participated in a pharmacoki-
netic study of methylphenidate [15]. The MAFs of GI143E
were 3.7%, 4.3%, 2.0% and 0% in White, Black, Hispanic
and Asian populations, respectively [15]. In vitro functional
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Fig. 2. Effects of CESI genetic polymorphisms on oseltamivir hydrolysis (A) and CES1 expression (B) in 104 human livers. The samples were cat-
egorized based on different genotypes. Horizontal bars show mean values in each group. Mann—Whitney U-test was utilized to test the differences
of CES1 expression and activity among different genotypes. A p-value <0.05 was considered statistically significant.

studies based on CESI-transfected cell lines have shown that
catalytic activity of the G143E was substantially impaired in
the metabolism of CES1 substrate drugs, including oseltami-
vir, methylphenidate, clopidogrel, sacubitril and many angio-
tensin-converting enzyme (ACE) inhibitors [15,16,33,41,42].
Furthermore, clinical significance of this variant has been
demonstrated in several clinical studies. For instance, G143E
carriers required significantly lower doses of methylphenidate
for ADHD symptom reduction [43] and had significantly
increased plasma levels of clopidogrel active metabolite and
greater clopidogrel responses compared to non-carriers
[11,12].

The catalytic efficiency (Viy./Kn) of the GI43E variant
expressed in stably transfected HEK293 cells on oseltamivir

activation was <20% of the WT CES1 in an in vitro study
published previously by our group [16]. Consistent with the
in vitro findings, a clinical study showed that G143E heterozy-
gotes exhibited 18% greater AUC of oseltamivir and 23%
smaller AUC ratios of oseltamivir carboxylate to oseltamivir
compared to individuals with the 143GG genotype [13]. In the
present study, we genotyped 104 normal individual human liv-
ers and identified five G143E heterozygotes. The average
CES1 activity on oseltamivir activity in the heterozygotes was
approximately 40% of that in non-carriers. This study pro-
vided a definitive evidence that the G143E is a loss-of-func-
tion variant for the activation of oseltamivir in the liver. It is
noted that marked interindividual variability in oseltamivir
activation present in the human livers without the GI143E
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Fig. 3. Correlation analysis of the hydrolytic rates of oseltamivir with
CES1 expression levels in 104 human liver S9 fraction (HLS9) sam-
ples. Data are means from two independent experiments. (A) all sam-
ples (n = 104); (B) G143E non-carriers only (n = 99).

variant and the correlations between CES1 expression and
activity suggest that the G143E can only explain approxi-
mately 4% variability in the activation of oseltamivir. Thus, in
addition to the GI43E, many other factors, such as other
unknown genetic variants and non-genetic factors, may have
contributed to the variation.

The CES1 variants rs2244613 and rs8192935 were recently
identified to be associated with lower dabigatran plasma con-
centrations in the RE-LY GWAS study participants [19]. The
SNP 152244613 was also associated with lower risk of any
bleeding. Both SNPs are located in the intronic region of the
CESI gene. Given that CES1 and CES2 are the enzymes
responsible for the activation of the prodrug dabigatran etexi-
late [17,18], the GWAS data indicate that the individuals car-
rying the two SNPs might have lower CES1 activity relative
to the non-carriers. However, in the present study, we were
not able to find any significant association of the two SNPs
with CES1 expression or activity on oseltamivir activation in
human livers. Thus, further investigations are needed to deter-
mine the function of the two variants.

The non-functional pseudogene CESIPI has over 90%
sequence identity to the CES1 gene, but it does not encode
any functional proteins due to a premature stop codon in its
exon 3. However, the common CESIPI variation

CES1P1VAR, which results from several SNPs being in com-
plete linkage disequilibrium in exon 1, expresses protein pro-
duct identical to that of CESI. Therefore, it has been
suspected that the CES1P1/CES1P1VAR genotypes may affect
CES1 expression levels and consequently alter pharmacokinet-
ics and pharmacodynamics of drugs metabolized by CESI.
However, our human liver study suggests that neither CES1
expression nor activity on oseltamivir activation is associated
with the CES1P1/CES1P1VAR genotypes. A previous study
has shown that the transcription efficiency of CESIPIVAR
was only about 2% of the CESI gene [20], indicating that the
contribution of CESIPIVAR to CESI1 protein expression is
negligible. Thus, the CES1P1/CES1P1VAR genotypes are not
expected to have significant effect on therapeutic responses to
drugs metabolized by CESI.

The SNP -816A>C (rs3785161) is located in the promoter
region of the CES1PI gene, and it was reported to be associated
with greater response to imidapril, a prodrug activated by CES1
to reduce blood pressure in hypertensive patients, suggesting
that carriers of this variant may exhibit greater CES1 expression
[14]. In addition, the -816A>C was found to be significantly
associated with antiplatelet activity of the CES1 substrate drug
clopidogrel in two independent clinical studies [21,22]. How-
ever, the effects of the SNP determined from the two studies
were contradictory. The present human liver study demon-
strated that the -816A>C variant did not significantly affect
CES1 expression and activity on oseltamivir activation. These
results are in agreement with the fact that the -816A>C variant
is located in the CESIPI gene locus and the CESIPI and
CESIPIVAR do not significantly contribute to hepatic CES1
expression.

In summary, the study suggests that gender differences in
hepatic CES1 expression may exist, although its clinical impli-
cations require further investigations. Furthermore, we have
demonstrated that the variant G143E can significantly impair
oseltamivir activation in human livers, while the common vari-
ants -816A>C, rs2244613, 18192935 and CES1P1VAR had no
effect on oseltamivir activation and CES1 expression. Thus,
CES1 genetic variants have the potential to serve as a valid bio-
marker for the prediction of oseltamivir activation and the opti-
mization of oseltamivir pharmacotherapy. It should be noted
that, although over 2000 CES! variants have been identified,
only very few of them have been studied for their effect on
CES1 expression and activity; therefore, a comprehensive
CES|1 functional pharmacogenetic study is urgently needed. In
addition, a prospective clinical investigation is imperative to
establish CESI pharmacogenetics as a valuable approach to
improve therapeutic outcome of oseltamivir treatment.
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