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Abstract

The oral anticoagulant prodrug dabigatran etexilate (DABE) is sequentially metabolized by
intestinal carboxylesterase 2 (CES2) and hepatic carboxylesterase 1 (CES1) to form its active
metabolite dabigatran (DAB). A recent genome-wide association study reported that the CES1
single nucleotide polymorphisms (SNPs) rs2244613 and rs8192935 were associated with lower
DAB plasma concentrations in the Randomized Evaluation of Long-term Anticoagulation Therapy
(RE-LY) study participants. In addition, gender differences in exposure to DAB were observed in
clinical studies. The aim of this study was to examine the effect of CES1 genetic polymorphisms
and gender on DABE activation using several in vitro approaches. The genotypes of the CES1
SNPs rs2244613, rs8192935, and the known loss-of-function CES1 variant rs71647871 (G143E),
and the activation of DABE and its intermediate metabolites M1 and M2 were determined in 104
normal human liver samples. DABE, M1, and M2 activations were found to be impaired in human
livers carrying the G143E variant. However, neither rs2244613 nor rs8192935 was associated with
the activation in human livers. The incubation study of DABE with supernatant fractions (S9)
prepared from the G143E-transfected cells showed that the G143E is a loss-of-function variant for
DABE metabolism. Moreover, hepatic CES1 activity on M2 activation was significantly higher in
female liver samples than male. Our data suggest that CES1 genetic variants and gender are
important contributing factors to variability in DABE activation in humans. A personalized DABE
treatment approach based on patient-specific CES1 genotypes and sex may have the potential to
improve the efficacy and safety of DABE pharmacotherapy.
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1. Introduction

Dabigatran etexilate (DABE) is a new competitive, direct thrombin inhibitor widely used to
treat and prevent deep venous thrombosis and pulmonary embolism and to reduce the risk of
stroke and systemic embolism [1]. DABE is given in fixed doses without the need for
coagulation monitoring, which is a major advantage over warfarin. Clinical studies have
demonstrated that DABE was highly effective for stroke prevention in patients with
nonvalvular atrial fibrillation, and the treatment was also associated with less major and
minor bleeding relative to warfarin [2, 3]. However, significant interindividual variability in
both pharmacokinetics and pharmacodynamics of DABE have been consistently reported
[2-8]. Thus, a better understanding of the factors contributing to the variability will lead to
the development of a personalized DABE treatment and improved therapeutic outcome.

As an ester prodrug, DABE undergoes two sequential activation steps to form its
pharmacologically active metabolite dabigatran (DAB). Following oral administration,
DABE is first metabolized to its intermediate metabolite dabigatran ethyl ester (M2) by
carboxylesterase 2 (CES?2) in the intestine, and M2 is further converted to the final active
metabolite DAB by carboxylesterase 1 (CES1) in the liver [9]. Plasma concentrations of
DAB varied considerably among individuals [5, 7], which may have contributed to
interindividual variability in response to DABE pharmacotherapy. A genome-wide
association study conducted by Pare and colleagues reported that the CES1 single-nucleotide
polymorphisms (SNPs) rs2244613 and rs8192935 were associated with lower exposure to
the active metabolite DAB in the Randomized Evaluation of Long-term Anticoagulation
Therapy (RE-LY) study participants, and the SNP rs2244613 was also associated with a
lower risk of bleeding [4]. In addition, a recently published clinical study showed that the
trough concentrations of DAB were significantly lower in the carriers of the SNP rs8192935
relative to the non-carriers [10]. Although there is ample evidence that CES1 genetic
variants, such as the loss-of-function variant G143E (rs71647871) originally discovered in
our laboratory [11], can markedly affect CES1 function and consequently alter
pharmacokinetics and pharmacodynamics of various CES1 substrate drugs, it remains
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undetermined whether the SNPs rs2244613 and rs8192935 may affect the expression/
activity of the CES1 enzyme.

In addition to genetic polymorphisms, gender could also affect CES1 expression and activity
on the metabolism of CES1 substrates. Our previous study demonstrated that hepatic CES1
expression was significantly higher in females than males [12]. Consistent with the sex-
dependent expression pattern, metabolic rates of CES1 substrate drugs, such as
methylphenidate and oseltamivir, were significantly greater in females relative to males [13,
14]. Interestingly, two clinical studies indicated that plasma concentrations of DAB were
significantly higher in females than males [5, 7], yet the underlying mechanism has not been
investigated.

In the present study, we utilized a large set of individual human liver samples and cell lines
transfected with wild type (WT) CES1 and the G143E variant to determine the impact of the
CES1 variants rs2244613, rs8192935, and G143E on CESL1 expression and DABE activation
in human livers. Additionally, incubation studies with recombinant human CES1 and CES2
were conducted to elucidate the roles of the two enzymes in DABE activation. Furthermore,
the gender difference in activation of DABE and its intermediate metabolites was
determined in human livers. Revealing the effects of genetic variation and gender on CES1-
mediated DABE activation provides a better understanding of interindividual variability in
response to DABE and enables the development of a personalized therapeutic strategy to
improve the outcomes of DABE pharmacotherapy.

2. Materials and Methods

2.1. Materials

DABE, DAB, and dabigatran ethyl ester (M2) were purchased from MedChem Express
(Princeton, NJ). Desethyl dabigatran etexilate (M1) and dabigatran-d3 (DAB-d3) were
obtained from Toronto Research Chemicals (Toronto, Canada). Fluorescein diacetate,
fluorescein, LC—MS grade methanol, acetonitrile, and formic acid were all purchased from
Sigma—Aldrich (St. Louis, MO). Tag DNA polymerase with standard Taq buffer and
deoxynucleotide (ANTP) solution mix were products from New England Biolabs (Ipswich,
MA). Recombinant human CES1 and CES2 were obtained from R&D Systems Inc.
(Minneapolis, MN). All other chemicals and reagents were of analytical grade and
commercially available.

A total of 104 individual normal human liver samples were obtained from XenoTech LLC
(Kansas City, KS) and the Cooperative Human Tissue Network (Columbus, OH). Two
samples had demographic information that was unknown. The 102 liver samples consisted
of 46 males and 56 females with ages ranging from 1 to 83 years (56.5 + 16.6 years). The
donors included 94 Caucasians, 5 African-Americans, 1 Hispanic and 2 classified as ‘other’.

2.2. CES1 Genotyping

Genomic DNA was extracted from human liver samples using a PureLink® Genomic DNA
Mini Kit (Life Technologies, CA) in accordance with manufacturer's instruction. DNA
concentrations were determined by a Qubit® dsDNA High Sensitivity Assay (Life
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Technologies, CA) using Qubit® 2.0 Fluorometer (Invitrogen, CA). PCR was carried out to
amplify the desired DNA fragments of the CESZ gene using the PCR conditions detailed in
a previous study [12]. PCR products were purified (PureLink® PCR Purification Kit, Life
Technologies, CA) and analyzed with 2% agarose gel electrophoresis before being subjected
to Sanger sequencing. The CES1/CES1P1 haplotypes were determined by a previously
established PCR-restriction fragment length polymorphism analysis (PCR-RFLP) [15].

2.3. Preparation of S9 fractions from human livers and CES1 transfected cells

Individual human liver S9 fractions (HLS9) were prepared according to the method we
previously reported [15]. Protein concentrations were determined using a Pierce BCA
protein assay kit (Pierce, Rockford, IL). The Flp-In™ 293 cell lines stably expressing WT
CES1 and the variant G143E were developed in our previous study [11]. Cells were cultured
in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. After reaching
approximately 95% confluence, cells were washed and harvested in phosphate buffered
saline (PBS) buffer. Cells were then sonicated and centrifuged at 9,000g for 30 min at 4°C.
The supernatant (S9 fraction) was collected and stored at —80°C until use.

2.4. Enzymatic Activity Assays

In vitro incubation studies were conducted to determine the hydrolysis (activation) of DABE
and its intermediate metabolites M1 and M2 by recombinant human CES1 and CES2, and
S9 fractions from CES1 transfected cells and individual human livers.

Incubations were carried out in 1.5 ml tubes with a total volume of 60 pl. Substrate solutions
and S9 fractions were all prepared in PBS buffer. Hydrolytic reactions were initiated by
mixing 30 pl of substrates (i.e. DABE, M1, M2 or fluorescein diacetate solution, a positive
control to measure CES2 activity) with 30 ul of recombinant enzymes or S9 fractions. For
the recombinant CES1 and CES2 incubation study, 200 nM of DABE, M1 or M2 was
incubated with 25 ng/pl of recombinant CES1 or CES2 at 37°C for 5 min. The experimental
conditions of the HLS9 incubation study for different substrates were the following: DABE:
56 pM, HLS9: 0.06 mg/ml, incubation time: 10 min; M1: 100 pM, HLS9: 0.1 mg/ml,
incubation time: 240 min; M2: 50 pM, HLS9: 0.1 mg/ml, incubation time: 10 min. All
incubation experiments were carried out at 37°C. For the cell S9 fraction incubation study,
50 uM of DABE, M1 and M2 were incubated with a series concentrations (0.25, 0.125, and
0.0625mg/ml) of S9 fractions prepared from the transfected cells (WT CES1, vector, or the
variant G143E) at 37°C for 10 and 20 min. The reactions were terminated by the addition of
120 pl acetonitrile containing the internal standard (I1S) DAB-d3 (500 nM). The mixture was
vortexed for 5 min and centrifuged at 17,000g for 10 min to remove the precipitated
proteins. The supernatant was collected and analyzed for the active metabolite DAB using an
LC-MS/MS assay as described below. The hydrolysis rates of DABE, M1 and M2 were
calculated based on the formation of DAB.

Incubation studies of fluorescein diacetate with HLS9 were conducted to determine CES2
activity in human liver samples. The hydrolytic metabolite fluorescein was detected using a
Synergy™ 2 Multi-Mode Microplate Reader (BioTek Inc., Winooski, VT) with excitation at
485 nm and emission at 525 nm as reported by Wang et al [16]. Experimental conditions of
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all in vitro incubation studies were determined by preliminary experiments to ensure the
rates of the formation of metabolites were linear with the concentrations of the enzymes and
S9 fractions as well as the incubation times. All incubation experiments were performed in
triplicate except for the study of individual HLS9 samples for which experiments were
duplicated.

2.5. LC-MS/MS Analysis

LC-MS/MS analysis was performed on a Shimadzu HPLC system (Shimadzu, Tokyo,
Japan) coupled with an Applied Biosystems API 4000 triple quadrupole/linear ion trap
(QTRAP) mass spectrometer (Foster City, CA, USA). Analytes were separated on a
Shimadzu VP-ODS column (5um, 150x2.0mm, Shimadzu, Tokyo, Japan). DAB was
quantified based on a previously reported method with some minor modifications [9]. The
mobile phase consisted of methanol/water (1:99, v/v) containing 2.5 mM formic acid (A)
and methanol/water (99:1, v/v) containing 2.5 mM formic acid (B), and was delivered at a
flow rate of 0.2 ml/min. A gradient elution was applied to the separation with the following
time program: mobile phase B was 10% for the first 1 min, increased from 10% to 90%
during the time period of 1 to 6 min, maintained at 90% for 2 min, then returned to 10% at 9
min, and maintained at 10% until the end of the elution at 12 min. MS was operated on a
positive ion mode using turbo electrospray ionization. The following parameters were used
for the MS analysis: curtain gas: 20 psi; ion source gas 1: 30 psi; ion source gas 2: 45 psi;
ionspray voltage: 5500 V; source temperature: 400 °C; entrance potential: 10 V; dwell time:
50 ms; collision cell exit potential: 11 V; declustering potential: 90 V; and collision energy:
40 V. The following transitions were monitored on a Multiple Reaction Monitoring (MRM)
mode: DAB, m/z 472.2 > 289.3; DAB-d3 (IS), m/z 475.2 > 292.3. Quantifications were
based on the peak area ratios of DAB to the IS. The regression coefficients of calibration
curves were greater than 0.99. Three quality controls (125, 500, and 2500 nM) representing
low, medium, and high concentrations of DAB, respectively, were included in every batch of
the samples. The inter-day and intra-day relative standard deviations were less than 10%.

Absolute CES1 protein expressions in individual human liver samples were quantified using
a novel targeted LC-MS/MS proteomics assay in a study we recently published [17].

2.6. Data analysis

Data are presented as mean + standard deviation (SD). Mann—-Whitney test was utilized to
analyze differences in CES1 expression and the metabolic rates of DABE, M1, and M2
between different CES1 genotype groups (GraphPad Prism software version 6.0; GraphPad
Software, San Diego, CA, USA). Correlations of the metabolic rates between DABE, M1,
and M2 and CES1 and CES2 activities were analyzed using simple linear regression. A P-
value less than 0.05 was considered statistically significant.
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3. Results

3.1. CES1 metabolizes both the ethyl and carbamate ester bonds of DABE while CES2 can
only metabolize the carbamate ester

DAB was rapidly formed after incubation of recombinant human CES1 with DABE (13.3

+ 1.2 pmol/ug protein/hr), indicating that CES1 can cleave both the ethyl and carbamate
ester bonds of DABE (Figure 1). Furthermore, CES1 hydrolyzed both the intermediate
metabolites M1 and M2 to DAB, though the catalytic efficiency on the carbamate ester (M1)
was markedly lower than that on the ethyl ester (M2) (6.5 = 0.5 pmol/ug protein/hr vs 92.9
+ 9.0 pmol/ug protein/hr). DAB formation was observed following incubation of
recombinant human CES2 with M1 but not with DABE and M2, suggesting that CES2 can
only hydrolyze the carbamate ester (M1) but not the ethyl ester (M2). However, the catalytic
efficiency of CES2 on the hydrolysis of the M1 carbamate ester was significantly greater
than CES1 (30.4 + 3.0 pmol/ug protein/hr vs 6.5 £ 0.5 pmol/ug protein/hr).

3.2. Metabolisms of DABE, M1, and M2 to DAB in human livers were highly correlated to
CES1 activity

CES1 and CES2 activities in individual human liver samples were determined using the
selective CES1 substrate oseltamivir and the selective CES2 substrate fluorescein diacetate,
respectively. The oseltamivir data were derived from a study we recently published [12]. As
shown in Figure 2, the activation rates of DABE, M1, and M2 were highly correlated to the
CES1 activity determined from oseltamivir hydrolysis among the tested human liver
samples. The R squared values of the correlations between the activation rates of DABE,
M1, and M2 to DAB and the CESL1 activity were 0.81, 0.62, and 0.78, respectively. As a
comparison, the R squared values of the correlation between DABE, M1, and M2 activation
and the CES?2 activity were only 0.08, 0.25, and 0.13, respectively. The data suggest that
CES1 is the primary enzyme activating DABE, M1, and M2 in human livers.

3.3. The effect of the CES1 SNPs rs2244613, rs8192935, and G143E on CES1 expression
and the activation of DABE, M1 and M2 in human livers

A total of 104 human liver samples were determined for the genotypes of the CES1 SNPs
rs2244613, rs8192935, and the G143E. The data for the absolute CES1 protein expressions
in the liver samples were from a study we recently published [17]. Among the tested
subjects, the minor allele frequencies (MAFs) were 0.193, 0.310, and 0.024 for the variants
rs2244613, rs8192935, and G143E, respectively. All 143E carriers were heterozygotes.
None of the three SNPs were associated with CES1 expression in human liver (Figure 3).
Furthermore, the genotypes of the SNPs rs2244613 and rs8192935 were not associated with
the metabolism of DABE, M1, and M2 in human liver (Figure 4).

The mean values for activation rates of DABE, M1 and M2 in the liver samples with the
143G/E genotype were 71% (P=0.396), 66% (P=0.209) and 59% (P=0.026), respectively, of
the samples with the 143G/G genotype, though the differences didn't reach a statistical
significance level for DABE and M1 due to large inter-individual variability (Figure 5 A, B,
C). After being normalized to CES1 expressions of individual livers, the mean activation
rates of DABE, M1, and M2 in the 143E carriers were 53% (P=0.018), 43% (P=0.004), and
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37% (P=0.001), respectively, of the non-carriers, and the differences between the carriers
and non-carriers were statistically significant for all three substrates (Figure 5 D, E, F).

The impact of the G143E variant on the metabolism of DABE, M1 and M2 was further
studied using Flp-In™ 293 cells stably expressing WT CES1 and the mutant G143E. Similar
to recombinant human CES1, the S9 fractions prepared from WT CESL1 cells efficiently
hydrolyzed DABE, M1 and M2 to the active metabolite DAB. However, no appreciable
DAB formation was observed after incubation of DABE, M1 and M2 with the S9 fractions
from the G143E expressing cells. The results suggest that the G143E is a loss-of-function
variant for the activation of DABE, M1, and M2 (Figure 6).

3.4. Differences in hepatic metabolism for DABE, M1, and M2 between males and females

Mean absolute CES1 protein expression in female livers was 17.3% higher than that in male
(10.7 £ 4.4 vs 9.1 + 4.1 ng/ug protein, P = 0.039) (Figure 7). Consistent with CES1
expression, the mean hydrolytic rate of M2 was 22.0% higher in females than males (12.3

+ 5.6 vs 10.0 = 5.1 nmole/min/mg protein, P = 0.036) (Figure 8). The metabolic rates of
DABE and M1 were also higher in females than males (1.2 + 0.8 vs 1.0 = 0.7 nmole/min/mg
protein and 0.19 £ 0.11 vs 0.18 + 0.10 nmole/min/mg protein). However, the differences did
not reach a statistically significant level. After the activities were normalized to CES1
expression, the gender differences no longer existed (DABE: 0.110 £ 0.044 vs 0.104 + 0.048
nmol/ug CES1/min, P = 0.58; M1: 0.018 + 0.007 vs 0.020 + 0.008 nmol/ug CES1/min, P =
0.38; M2: 1.190 + 0.418 vs 1.162 + 0.502 nmol/pug CES1/min, P = 0.88) (Figure 8). Thus,
the differences in CES1 expression between genders appear to be the driving force for the
greater M2 activation in female livers than that in male.

4. Discussion

CES1 and CES2 are major hydrolases in humans, and play a critical role in the metabolism
of many therapeutic agents, environmental toxins, and endogenous substances [18]. Human
CES1 and CES2 differ in expression profiles and substrate preferences [19, 20]. For
example, although both CES1 and CES2 are expressed in the liver, CES1 contributes to
approximately 90% of hepatic hydrolytic activity in human livers. In comparison, CES2 is
highly expressed in the intestine where CES1 is absent. Previous in vitro incubation study
suggested that the ethyl and carbamate ester bonds of DABE are hydrolyzed by CES1 and
CES2, respectively [9]. Therefore, it was proposed that DABE is converted to the
intermediate metabolite M2 after the cleavage of the carbamate bond by CES2 during
intestinal absorption. The M2 metabolite is then metabolized by CES1 to the final active
metabolite DAB in the liver [9]. In the present study, the formation of DAB was observed
after incubation of DABE with purified recombinant human CES1. In addition, CES1 was
able to hydrolyze both intermediate metabolites M1 and M2 to DAB. Thus, CES1 is capable
of catalyzing the cleavage of both the carbamate (M1) and ethyl (M2) ester bonds of DABE.
Consistent with a previous report [9], CES2 can only hydrolyze the carbamate bond.
Furthermore, we found that, following incubation of DABE with individual human liver S9
fractions, the rates of DAB formation were much more significantly correlated with CES1
activity relative to CES2 activity, indicating that CESL1 is the primary enzyme activating
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DABE in the liver. Although DABE plasma concentrations have not been determined in
patients treated with DABE, a pharmacokinetic study in rats revealed that the prodrug
DABE was present in peripheral circulation [21], indicating a portion of DABE can escape
from CES2-medicated metabolism in the intestine during absorption, and reach the liver and
peripheral circulation system. Thus, we propose a modified DABE activation pathway, in
which a small portion of DABE remains intact during intestinal absorption, and then is
metabolized to its active form DAB by CES1 in the liver (Figure 9).

Hepatic CES1 expression and activity vary markedly among individuals, which is in part due
to CESI genetic polymorphisms [22]. The CESI SNP G143E is the first clinically
significant CESZ variant, and was originally discovered in a poor methylphenidate
metabolizer [11, 13]. This SNP is a loss-of-function variant for the metabolism of a number
of CES1 substrates [11, 22-24], and was associated with significantly altered
pharmacokinetics and/or pharmacodynamics of many drugs metabolized by CES1, such as
methylphenidate, oseltamivir, clopidogrel, and several angiotensin-converting enzyme
inhibitors [11, 25-29]. In addition to the G143E, other CES1 variations such as the
—-816A>C (rs3785161) and functional CES1 gene copy numbers were suggested by several
clinical studies to be associated with the metabolism of some CES1 substrate drugs [30-32].
However, our recent in vitro CES1 pharmacogenetic studies utilizing individual human
livers demonstrated that neither CES1 expression nor activity was affected by the
—-816AA>C and functional CES1 gene copy variants [22, 33]. Pare and associates conducted
a genome-wide association study in RE-LY study participants, and reported that the CES1
SNPs 52244613 and rs8192935 were associated with lower plasma concentrations of DAB,
and the rs2244613 was also associated with a lower risk of bleeding [4]. In addition, a
recently published clinical study showed that the SNP rs8192935 carriers exhibited
significantly lower plasma trough concentrations of DAB relative to non-carriers [10].

In the present study, the genotypes of the CES1 variants G143E, rs2244613 and rs8192935,
and CESL1 expression and activity on DABE, M1, and M2 activations were determined in
104 normal human liver samples. As expected, the activations of DABE and the intermediate
metabolite M1 and M2 were impaired in samples with the heterozygous143G/E genotype. In
particular, the mean activation rate of M2 was decreased by 41% in the 143G/E
heterozygotes relative to non-carriers (P=0.026), while the decreases of DABE and M1
metabolisms in heterozygotes didn't reach a statistical significant level when compared to
non-carriers. It should be noted that M2 is the most abundant relative to DABE and M1 in
the liver before undergoing CES1-mediated metabolism [9]. Thus, the impact of the CES1
variant on M2 activation is more clinically relevant than its effect on the metabolism of
DABE and M1. The differences in the activations of all three substrates (i.e., DABE, M1,
and M2) between the 143E carriers and non-carriers reached a statistical significance level
after the activity was normalized to individual CES1 expression levels, indicating that
variability in CES1 expression among the individuals may have partially masked the effect
of the G143E on activation of DABE, M1, and M2. Further in vitro study based on CES1-
transfected cell lines demonstrated that the G143E is a loss-of-function variant for
metabolisms of DABE, M1, and M2. However, contrary to that suggested by two previous
clinical studies [4, 10], no association was found between the SNPs rs2244613 and
rs8192935 and CESL1 expression and activity on DABE activation. Thus, further study is
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warranted to elucidate the effect of these two CESZ SNPs on CES1 function and their
consequent impact on DABE activation.

Sex differences in the expression of drug-metabolizing enzymes exist in humans, which have
contributed to gender differences in metabolism and pharmacodynamics of some
medications [34]. Previous clinical studies have revealed that plasma concentrations of DAB
were significantly higher in females than males [5, 7]. Our recently published study
demonstrated that hepatic CES1 expression is greater in females relative to males [12],
which may have partially explained the observed sex-dependent metabolisms of several
CES1 substrates, such as oseltamivir and methylphenidate, in clinical studies [13, 14]. The
present study showed that the metabolisms of DABE and its two intermediate metabolites
M1 and M2 were greater in the livers from female donors than that from males, and the
gender difference in the activation of M2, the most clinically relevant entity in hepatic
DABE metabolism, reached a statistically significant level. The data suggest that higher
DAB exposure in females relative to males observed in previous clinical studies might be, at
least in part, attributed to gender differences in CES1 expression. However, it remains an
open question whether the sex difference in DABE activation can be translated into a
different anti-coagulation effect of DABE between genders.

In summary, our present study demonstrated that the CESZ SNP G143E is a loss-of-function
variant for DABE, M1, and M2 activation. Based on the effect of the G143E variant on the
pharmacokinetics and/or pharmacodynamics of several CES1 substrate drugs reported in
previous clinical studies [25-29], it is likely that this variant can impair DABE activation in
humans. However, the CESZ SNPs rs2244613 and rs8192935, which were found to be
associated with DAB exposure in a genome-wide association study, were not associated with
CES1 expression and the activation of DABE and its intermediate metabolites in human
livers. It should be noted that over 2000 CESI genetic polymorphisms have been identified
to date. The majority of these variants have not been studied for their potential effects on
CES1 function. Thus, a thorough basic CESI pharmacogenetic study is urgently needed to
identify functional CESZ variants and determine the impact of those variants on metabolism
and therapeutic outcome of DABE and many other medications metabolized by CES1.
Furthermore, this study suggests that hepatic DABE activation occurs at a significantly
greater rate in females than males. Thus, further studies about the contribution of specific
CES1 variants and gender to interindividual variability in response to DABE will assist in
the development of personalized DABE therapy and eventually lead to improved therapeutic
outcomes.
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Figure 1.

Activation of DABE, M1, and M2 by recombinant human CES1 and CES2. The
concentrations of active metabolite DAB were determined after incubation of DABE, M1 or
M2 with CES1 and CES2 at 37 °C for 5 min. The final protein concentration of the enzymes
was 25 ng/ul, and the concentration of all three substrates was 200 nM. Data are expressed
as the rates of DAB formation (Mean + S.D., n=3).
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Correlations between DABE, M1, M2 activations and CES1 and CES2 activities in 104
individual human liver samples. CES1 and CES? activities were measured using the
selective CES1 substrate oseltamivir and the selective CES?2 substrate fluorescein diacetate,
respectively. Data are the means from two independent experiments. (A) DABE vs
oseltamivir; (B) M1 vs oseltamivir; (C) M2 vs oseltamivir; (D) DABE vs fluorescein
diacetate; (E) M1 vs fluorescein diacetate; (F) M2 vs fluorescein diacetate.
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Figure 3.

No associations between the CESZ SNPs rs71647871, rs2244613, and rs9182935 and CES1
protein expression in human livers. Absolute CES1 protein expression was determine in 104
human livers by a targeted MS-based targeted proteomics assay. Data are the means from

duplicate measurements.
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The CESI SNPs rs2244613 and rs8192935 were not associated with metabolism of DABE,
M1, and M2 in human livers. The formation of the active metabolite DAB was determined
after incubation of DABE (A), M1 (B), and M2 (C) with 104 HLS9 fractions. Data are the

means from two independent experiments.

Biochem Pharmacol. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shietal.

U0 Hydrolysis Rate of DABE to DAB >

Hydrolysis Rate of M1 to DAB

Hydrolysis Rate of M2 to DAB (@)

(nmole/mg protein/min) (nmole/mg protein/min)

(nmole/mg protein/min)

DABE to DAB
P =0.396
51 f 1
44 o
o)
34 o)
24
o
1+ —l
<><>
0-
ICG lC/é\
M1 to DAB
P =0.209
0.6- r !
o
o)
0.4 000
0.2 377 <>
0qe®° o
0.0- og8e
Go G
M2 to DAB
*P =0.026
30+ [ 1
20+

S
o
0-
Ge N
Figure 5.

(nmol/ug CES1/min)

(nmol/ug CES1/min)
S

Page 16

DABE to DAB (Normalized)

*P=0.018

1
@]
O
OO

o
OogOO go

0.00-

Hydrolysis Rate of M1to DAB [T1] Hydrolysis Rate of DABE to DAB J

-

(nmol/ug CES1/min)

Hydrolysis Rate of M2 to DAB

—_—00
0 o c'O o<
Ooo
OOooO
IOQ IC/G
M1 to DAB (Normalized)
** P =0.004
1
<
—_—a
00
o T
M2 to DAB (Normalized)
** P =0.001
|| 1
—_—0
foXod
ICC Io/é\

The effect of the CESI variant G143E on DABE, M1, and M2 activation in human livers.
The formation rates of DAB following incubation of DABE (A), M1 (B), and M2 (C) with
HLS9 samples were compared between five 143G/E heterozygotes and 99 non-carriers. The
comparison between the two genotypes was also conducted after the metabolic rates of
DABE (D), M1 (E), and M2 (F) were normalized to CESL1 protein expression. The study
was duplicated, and the mean values are presented.
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Determination of the function of the CES1 variant G143E on DABE, M1, and M2 activation
using transfected cell lines. No appreciable activation of DABE (A), M1 (B), and M2 (C)
was observed after incubation of the substrates with the S9 fractions from the G143E
transfected cells, whereas S9 fractions from the WT CES1 transfected cells readily activated
all three substrates. Data are means + S.D. (n=3).
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Figure 7.
Hepatic absolute CES1 protein expression was significantly higher in females than males.

Sample size: female: 56; male: 46.
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Gender differences in DABE, M1, and M2 activation in human livers. The activation rates of

DABE (A), M1 (B), and M2 (C) in human livers were compared between males and

females. The data were also reanalyzed after the activation rates were normalized to the
CES1 protein expression levels (D, E, and F). Data are presented as the means from two
independent experiments.
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Figure 9.
Activation pathway of DABE in humans. DABE is extensively metabolized to the

intermediate metabolite M2 by CES2 in the intestine during absorption. M2 and remaining
DABE are then metabolized to the active metabolite DAB by CES1 in the liver. A small
portion of DABE enters into peripheral circulation system after escaping from fist-pass
metabolism, and is eventually activated to DAB by CES1 in the liver.
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