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ABSTRACT
Purpose This prospective study aimed to evaluate the effects of
genetic polymorphisms in sulindac-related metabolizing enzyme
genes including FMO3 and AOX1 on the population pharma-
cokinetics of sulindac in 58 pregnant women with preterm labor.
Methods Plasma samples were collected at 1.5, 4, and 10 h
after first oral administration of sulindac. Plasma concentra-
tions of sulindac and its active metabolite (sulindac sulfide)
were determined, and pharmacokinetic analysis was per-
formed with NONMEM 7.3.
Results The mean maternal and gestational ages at the time of
dosing were 32.5 ± 4.4 (range, 20–41) years and 27.4 ± 4.4
(range, 16.4–33.4) weeks, respectively. In the population pharma-
cokinetic analysis, one depot compartment model of sulindac
with absorption lag time best described the data. Themetabolism

of sulindac and sulindac sulfide was described using Michaelis-
Menten kinetics. In stepwise modeling, gestational age impacted
volume of distribution (Vc), and FMO3 rs2266782 was shown by
the Michaelis constant to affect conversion of sulindac sulfide to
sulindac (KM32); these were retained in the final model.
Conclusions Genetic polymorphisms of FMO3 and AOX1
could affect the pharmacokinetics of sulindac in women who
undergo preterm labor. The results of this study could help
clinicians develop individualized treatment plans for adminis-
tering sulindac.
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preterm labor . FMO3 . AOX1

ABBREVIATIONS
AOX Aldehyde oxidase
CWRES Conditional weighted residuals
FMO3 Flavin-containing monooxygenase 3
HWE Hardy-Weinberg equilibrium
OFV Objective function value
SNP Single nucleotide polymorphism
SCM Stepwise covariate model
VPC Visual predictive check

INTRODUCTION

Preterm birth is defined as birth before the completion
of 37 weeks of gestational age. Preterm delivery is the
principal cause of neonatal mortality and morbidity and
has major socioeconomic implications (1). Numerous
factors have been associated with preterm labor, but
the cause of more than 45% of cases of spontaneous
preterm birth remains unknown (2).
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Sulindac, a nonsteroidal anti-inflammatory drug that
inhibits cyclooxygenase, is used as a tocolytic agent to prolong
pregnancy in women at risk of preterm labor. Sulindac is
generally administered orally, and 90% of the dose is
absorbed via passive diffusion (3). Sulindac is a prodrug that
is metabolized into two metabolites, mainly in the liver and
kidneys (4–7). Sulindac with the p-methylsulfinyl group is re-
versibly converted to the sulfide metabolite, which is an active
form of prostaglandin synthesis inhibitor (8). Alternatively,
sulindac can be irreversibly oxidized to sulindac sulfone, an
inactive form. Subsequently, sulindac and sulindac sulfone are
conjugated as an ester glucuronide (9). Although 40%–60% of
sulindac, the sulfone metabolites, and their conjugates are
eliminated by the kidney, (3) the sulfide form is mainly re-
oxidized to sulindac; no significant level of free or conjugated
sulfide was detected in human urine samples (10). Also, all
three chemical compounds are entero-hepatically recycled,
and approximately 25% of an administered dose is eliminated
in the feces. The absolute values of biliary clearance for the
three compounds have large inter-individual variation; how-
ever, the relative ratio is constant, averaging 1:12:12 for sulin-
dac sulfide:sulindac:sulindac sulfone (11).

It is known that sulindac undergoes reduction to sulindac
sulfide by aldehyde oxidase (AOX) (12). Inversely, flavin-
containing monooxygenase 3 (FMO3) oxidizes sulindac sul-
fide to sulindac, and sulindac to sulindac sulfone, inactivating
metabolism of the drug (13) (Fig. 1).

It is well known that genetic polymorphisms lead to inter-
individual differences in plasma drug concentrations and en-
zyme activities. FMO3 enzyme activity displays inter-
individual and inter-ethnic differences according to FMO3 gene

polymorphisms (14). We previously reported the effects of poly-
morphisms of FMO3 on the area under the curve (AUC) of
sulindac sulfide plasma concentrations using the Winnolin pro-
gram (15). However, the results required further validation be-
cause sampling points were not extensive. Furthermore, despite
the potential role of AOX in sulfoxide reduction, (12,16) little is
known about the role of AOX in drug metabolism.

Therefore, the present study aimed to establish a population
pharmacokinetic model of sulindac and its active metabolite
(sulindac sulfide) in pregnant women who experience preterm
labor, considering covariates such as FMO3 and AOX1 genetic
polymorphisms and the demographic characteristics of the
patients.

MATERIALS AND METHODS

Patients and Data Collection

Patients were recruited at Ewha Womans University Mokdong
Hospital between 2010 and 2013. Inclusion criteria were: patient
age ≥ 18 years, gestational age between 16 and 37 weeks, uterine
contractions with a frequency of 1 per 12 min, and evident cer-
vical changes. Exclusion criteria were: severe pre-eclampsia, fe-
tal/placental/amniotic abnormalities, congenital anomalies, and
fetal distress. Because participants were intending to prolong
pregnancy, sample collection and plasma analysis were per-
formed depending on the patients’ schedules, and afterward the
data were pooled for population analysis. A total of 58 patients
were included. All patients gave written informed consent before
participating in the study. This study was approved by the Ethics

Fig. 1 Metabolic pathway of
sulindac FMO3: Flavin-containing
monooxygenase, AOX: Aldehyde
oxidase, MSRA: Methionine sulfox-
ide reductase A, MSRB: Methionine
sulfoxide reductase B
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Committee of the EwhaWomans University Mokdong Hospital
Institutional Review Board (IRB No. 217–1-26).

All patients received 200 mg sulindac (Imbaron®; Sam Jin
Pharm., Seoul, Korea) orally twice a day. Blood and plasma
samples were collected at 1.5, 4, and 10 h after the first dose of
sulindac. All samples were stored at −70°C until analysis.

Data on the following patient characteristics were collect-
ed: maternal age, gestational age at drug administration, body
weight, type of gestation, mode of delivery, cervical dilation
and effacement at the time of drug administration, fetus pre-
sentation, number of neonatal births, and medications used
concomitantly with sulindac.

Sulindac and sulindac sulfide concentrations in plasma
were analyzed by high-performance liquid chromatography
(HPLC) according to our previously reported methods (15).
The limits of quantification of sulindac and sulindac sulfide
were 0.5 and 0.3 μg/mL, respectively.

Genotyping Analysis

Genomic DNA of the study patients was prepared from
EDTA-blood samples using the QIAamp DNA Blood Mini
Kit (QIAGEN GmbH, Hilden, Germany). Genetic informa-
tion about the FMO3 and AOX1 genes was obtained from the
International Haplotype Mapping Project website and the
Haploview program. There were 23 SNPs in the FMO3 gene
and 5 SNPs in the AOX1 gene with minor allele frequencies of
≥10% in Japanese and Chinese populations, respectively. To
validate linkage disequilibrium (LD) information, the
HaploReg version 3.0 program, which is based on the 1000
Genomes Project, was used (17). Five tagged SNPs in the
FMO3 gene (rs909530, rs2266782, rs1800822, rs1736557,
and rs2075992) captured the common variations within the
gene and the surrounding area with a minimum R2 of 0.80.
The rs2266780 SNP (18–20) tagged with rs2266782 was also
included, based on the results of a previous study (15).
Ultimately, a total of six SNPs in the FMO3 gene were includ-
ed in the study. Further, four SNPs in the AOX1 gene
(rs2293528, rs10497853, rs10931910, and rs2241080) were
added by HaploReg and NCBI/dbSNP. All told, a total of
10 SNPs were investigated. We used genotyping results for 42
patients from our previous study (15) for four FMO3 SNPs
(rs2266780, rs1736557, rs2266782, and rs909530), which
were merged with genotyping results of 16 more patients.
For all other SNPs, genotyping was done for all 58 patients.

The genotypes of 5 SNPs in the FMO3 gene (rs909530,
rs2266780, rs2266782, rs1736557, and rs2075992) were ex-
amined by a single base primer extension assay using the ABI
PRISM SNaPshot Multiplex kit (Applied Biosystems, Foster
City, CA, USA). Five SNPs (FMO3 [rs1800822] and AOX1
[rs2293528, rs10497853, rs10931910, and rs2241080]) were
investigated by the TaqMan allelic discrimination technique.

RT-PCR was accomplished with an ABI 7300 instrument
(Applied Biosystems, Carlsbad, CA, USA).

Pharmacokinetic Analysis

Pharmacokinetic analyses were conducted using the nonline-
ar, mixed-effect modeling approach implemented in
NONMEM version 7.3 (ICON Development Solutions,
Hanover, MD, USA). The plasma concentration-time profiles
for sulindac and the metabolite were explained using the
PREDPP subroutine ADVAN6 (general non-linear model).

One- and two-compartment models with first-order ab-
sorption and elimination, with or without absorption lag time,
were compared, allowing for various forms of metabolism
kinetics. Model selection was guided by the adequacy of pa-
rameter estimates, objective function value (OFV), and
goodness-of-fit plots. The estimation method used was a
first-order conditional estimation method with an interaction
option (FOCE+I).

Because the inter-conversion of sulindac to sulindac sulfide
is reversible, the best basic model was established simulta-
neously for sulindac and sulindac sulfide. The inter-
individual variability of the pharmacokinetic parameters was
estimated by an exponential error model and was expressed as
Pi=TVP ∗ exp(ηi) where Pi, the individual parameter for the
ith subject, was expressed as a function of the typical value of
parameter (TVP). Individual deviation, represented by ηi, is a
random pharmacokinetic parameter value that is independent
and normally distributed with mean 0 and variance ω2.

The residual errors of the pharmacokinetic parameters
were estimated with a proportional error model. SIGMA
was one fixed by variance for EPS (1) without scale, and an
additional one of THETA was used for residual error propor-
tional scaling (https://www.cognigencorp.com/nonmem/
nm/99may232001.html). The residual error is expressed as:

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
θ2 * C

02
i j þ θ

02
q

Ci j ¼ C
0
i j þW * ε

where Cij and C02
ij are the j

th observed and predicted concen-

tration values in the ith individual, respectively. θ and θ’ are the
standard deviation of the proportional residual error and the
additional residual error, respectively.

The covariates investigated to explain the inter-patient and
residual variability of pharmacokinetic parameters of sulindac
and sulindac sulfide in this study were: gestational age at dos-
ing, body weight, and genetic polymorphisms in FMO3
(rs909530, rs2266780, rs2266782, rs1800822, rs1736557,
and rs2075992) and AOX1 (rs2293528, rs10497853,
rs10931910, and rs2241080). Missing covariates of continu-
ous values were replaced with median values calculated in the
pooled dataset. In the case of missing categorical covariates,
all of the information was excluded from the analysis dataset.
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Additionally, omitted plasma concentrations of parent and
metabolite were also excluded.

The correlation between covariates and pharmacokinetic
parameters was evaluated using the stepwise covariate model
(SCM) implemented in PsN. During forward selection, a
covariate was selected if it showed a significant decrease under
χ2 distribution (p − value = 0.05) and incorporated an in-
creased number of parameters in OFV relative to the struc-
tural model when added to the base model. According to the
SCMprocess, the relationship between all PK parameters and
covariates were evaluated one-by-one in the first step; we
evaluated those against the structural model in this step. The
significant relations between covariates and PK parameters
were retrieved as the reference model for the second stage,
and the other covariates were added to this model one-by-one
again for evaluation of additional relations. This process was
repeated until no covariate reached the defined statistical sig-
nificance. Finally, we used the model that included all signif-
icant relationships as the full model.

All variables found to have a significant influence on the
model were included in the full model simultaneously.
Subsequently, each covariate was re-evaluated through back-
ward elimination and the criterion for the backward elimina-
tion step was an increase of >6.63 (χ2 test, p− value< 0.01) in
OFV. The covariates that resulted in a significant increase in
OFV were retained in the final model.

To evaluate the accuracy and robustness of the final model,
bootstrap, a resampling method, and visual predictive check
validation (VPC, n= 1000) were conducted using PsN (ver.
4.70) and R (ver. 3.5.0). The 95% confidence intervals for the
5th, 50th, and 95th percentiles were obtained from the simula-
tion results. The 5th, median, and 95th percentiles of observed
concentrations were plotted against time to be compared with
the median and 90% prediction intervals from the final model.
The bootstrap procedure was repeated 1000 times from the
original dataset. The medians and 5th – 95th percentiles of
the bootstrap result were compared with the predicted popula-
tion parameter values from the original dataset.

Statistical Analysis

All statistical analyses were conducted with the Statistical
Package for Social Sciences Version 20.0 for Windows
(SPSS 20.0 K, SPSS INC., Chicago, IL, USA). The Hardy-
Weinberg Equilibrium (HWE) test was performed using the
Chi-square test. A p− value < 0.05 was considered statistically
significant.

RESULTS

The characteristics of 58 patients included in the pres-
ent study are listed in Table 1. The mean maternal age

was 32.5 ± 4.4 years (range: 20–41 years). Among the
patients, 38 (65.5%) were over 26 weeks of gestational
age at the time of dosing, and mean body weight was
60.2 ± 9.7 kg (range: 45.0–92.0 kg). The numbers of
fetuses that were presented as vertex, breech, and trans-
verse were 36, 11, and 3 respectively. Five patients had
twin pregnancies and one patient had triplets.

Seventeen patients had normal delivery, and 23 de-
livered babies by cesarean section. Ritodrine and mag-
nesium sulfate were administered concomitantly with
sulindac to 35 (60.3%) and 7 (12.1%) patients among

Table 1 Baseline Characteristics of Study Population

Characteristic Number (%) or
mean± SD a (range)

Number of patients 58

Age, years 32.5± 4.4 (20.0–41.0)

Gestational age at dosing, weeks 27.4± 4.4 (16.4–33.4)

< 26 weeks 18 (31.0)

≥ 26 weeks 38 (65.5)

Body weight, kg 60.2± 9.7 (45.0–92.0)

Cervical dilation, cm

Closed 17 (29.3)

1–2 cm 27 (46.6)

3–4 cm 2 (3.4)

4–5 cm 1 (1.7)

≥ 5 cm 1 (1.7)

Effacement, %

0–30 34 (58.6)

31–50 4 (6.9)

51–80 3 (5.2)

≥ 81 4 (6.9)

Co-medication

Ritodrine 35 (60.3)

Magnesium sulfate 7 (12.1)

Fetus presentation

Vertex 36 (62.1)

Breech 11 (19.0)

Transverse 3 (5.2)

Type of gestation

Singleton 49 (84.5)

Twin 5 (8.6)

Triplet 1 (1.7)

Mode of delivery

Normal delivery 17 (29.3)

Cesarean section 23 (39.7)

Termination 2 (3.4)

Neonatal term

Preterm 22 (37.9)

Full term 20 (34.5)

a Standard deviation
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the 58 patients, respectively. Twenty (34.5%) patients
had full-term deliveries, while 22 (37.9%) had preterm
deliveries (before 37 weeks).

Six single nucleotide polymorphisms (SNPs) in FMO3 and
4 SNPs in AOX1 were analyzed. The allelic frequencies of the
studied genes and the HWE are shown in Supplementary
table. All the observed frequencies were consistent with HWE.

A total of 156 sulindac and 165 sulindac sulfide concentra-
tions were measured. Among them, 22 concentrations (6.8%)
were excluded because they were below limit of quantitation.
Consequently, 146 sulindac concentrations and 153 sulindac
sulfide concentrations were included in the population phar-
macokinetic modeling. After screening the one- and two-
compartment pharmacokinet ic models , the one-
compartment pharmacokinetic model for sulindac and sulin-
dac sulfide with first-order absorption and elimination was
selected. For the absorption model, the one depot compart-
ment model for sulindac with lag time was the optimal fit for
our data. According to Michaelis-Menten kinetics, the metab-
olism model of reversible biotransformation of sulindac and
sulindac sulfide was described optimally in the collected data.
The central compartment volume of distribution for sulindac
sulfide was assumed to be equal to that of the parent central
compartment because there was little difference between the
two structures. The schematic basic model describing the
pharmacokinetics of sulindac and its active metabolite is rep-
resented in Fig. 2.

Demographic and genetic polymorphism data were
assessed through the SCM building procedure. Each SNP

was categorized into 2 groups: wild homozygote/
heterozygote and variant homozygote. In the stepwise for-
ward selection, the following covariates that showed a signifi-
cant decrease (p− value < 0.05) in the OFV value were in-
cluded: AOX1 rs10497853 and GA26 (gestational age divided
by 26 weeks) for Vc/F, AOX1 rs2241080 for KM23, and FMO3
rs2266780 and rs2266782 for KM32. In the backward elimina-
tion step, only GA26 for Vc/F and FMO3 rs2266782 for KM32

were retained under the criteria of p− value < 0.01. No cova-
riates significantly influenced CL/F and KM23.

The descriptive parameters in the final model are summa-
rized in Table 2. The absorption rate constant of sulindac (ka),
the volume of distribution of the central compartment of sulin-
dac and its metabolite (Vc/F), and clearance (CL/F) were
0.352 h−1, 14.8 L, and 17.1 L/h, respectively. The maximum
reaction velocity of the conversion from sulindac to sulindac
sulfide (Vmax23) and the maximum reaction velocity of the
conversion from sulindac sulfide to sulindac (Vmax32) were
1390mg/h and 6.27mg/h, respectively. KM23 (Michaelis con-
stant of the conversion of sulindac to sulindac sulfide) and
KM32 (Michaelis constant of the conversion of sulindac sulfide
to sulindac) were 1640 mg/L and 9.46 mg/L, respectively.
The absorption lag time of sulindac (Tlag) in the gastrointesti-
nal tract was 0.498 h.

Diagnostic plots of the final model, including OBS (ob-
served concentration) vs. PRED (population predictions),
OBS vs. IPRED (individual predictions), CWRES (condition-
al weighted residuals) vs. PRED, and CWRES vs. time are
shown in Fig. 3. The diagnostic plots indicate acceptable

Fig. 2 Schematic basic model of
sulindac CL/F: population mean
value of clearance, Vparent/F: volume
of distribution of sulindac, ka:
absorption rate constant, k20:
elimination rate constant of sulindac,
Km23: Michaelis constant of the
conversion of sulindac to sulindac
sulfide, Km32: Michaelis constant of
the conversion of sulindac sulfide to
sulindac, Tlag: lag time, Vmax23:
maximum reaction velocity of the
conversion of sulindac to sulindac
sulfide, Vmax32: maximum reaction
velocity of the conversion of
sulindac sulfide to sulindac.
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goodness of fit. The CWRES for the predicted concentrations
were distributed symmetrically and were mostly within 3 units
of the null ordinate, presenting a good fit of the model to the
original dataset.

The inter-individual variabilities in Vc/F, CL/F, KM23, and
KM32 were 270.8%, 61.3%, 42.8%, and 30.5%, respectively,
respectively, as shown in Table 2. The shrinkage values for Vc/
F, CL/F, KM23, and KM32 were 19.1%, 14.3%, 22.3%, and
19.9%, respectively.

To evaluate the final model, visual predictive check valida-
tion (VPC, n= 1000) simulations and 1000 bootstrap analyses
were conducted. For VPC, most data on sulindac and sulin-
dac sulfide fitted well within the 5th to 95th percentiles. As
shown in Fig. 4, the final model was more accurate and precise
than the base model in describing the pharmacokinetics of the
drug, especially for sulindac sulfide. Among the 1000 boot-
strap analyses, 57.3% ran successfully; the 5th and 95th per-
centile results are presented in Table 2.

Pharmacokinetic simulations were performed for 4 scenar-
ios, considering two significant covariates in the final model to
assess clinical practicality. We created four datasets of 1000
patients, setting fixed and random model effects as equal to

those of the final model. Next, AUC0→∞ and AUC0→ 24hr

values of sulindac sulfide were calculated for each simulated
result. As shown in Table 3, the estimated AUC0→∞ and
AUC0→ 24hr were not affected by the covariate of GA26. In
contrast, genotypes of FMO3 rs2266782 had a large difference
in estimated AUC0→∞ and AUC0→ 24hr. Simulations which
included the FMO3 rs2266782 AA type population showed an
approximately five-fold increase in AUC0→∞ and AUC0→

24hr of sulindac sulfide.

DISCUSSION

In this study, a population pharmacokinetic model of sulindac
and its active metabolite in pregnant Korean women was
developed. Covariates that might influence pharmacokinetic
parameters were also identified. The one-compartment phar-
macokinetic model adequately explained the pharmacokinet-
ics of sulindac and its metabolite in pregnant women under-
going preterm labor. Also, the impact of gestational age on
Vc/F and FMO3 polymorphisms on KM32 was comprehensive-
ly assessed.

Table 2 Population Parameter Estimates in the Final Model

Parameter Estimate RSE (%) Bootstrap (n= 1000)

5th Percentile Median 95th Percentile

ka, hr.
−1 0.352 10.5 0.296 0.355 0.641

Vc/F, L 14.8 41.5 8.43 14.9 28.9

CL/F, L/h 17.1 13.2 12.6 16.9 19.9

Vmax23, mg/h 1390 – – – –

Vmax32, mg/h 6.27 122.5 – – –

KM23, mg/L 1640 – – – –

KM32, mg/L 9.46 142.7 – – –

Tlag, hr 0.498 35.3 0.269 0.498 0.805

Impact of GA26 on Vc −0.725 6.60 −0.939 −0.751 −0.310

Impact of FMO3 rs2266782 on KM32 3.19 172.4 −0.761 2.87 5.460

Parameter for inter-individual variability (IIV) CV (%) RSE (%) Shrinkage(%) Bootstrap (n= 1000), CV(%)

5th Percentile Median 95th Percentile

Vc/F 270.8 28.8 19.1 110.3 241.1 434.0

CL/F 61.3 16.8 14.3 45.3 61.6 78.6

KM23 42.8 52.9 22.3 21.8 42.8 82.7

KM32 30.5 118.8 19.9 20.8 39.9 112.7

Parameter for residual variability (RV) CV (%) RSE (%) Shrinkage(%) Bootstrap (n= 1000), CV(%)

5th percentile Median 95th percentile

Proportional (%) 54.0 9.30 13.4 45.9 54.0 57.5

V c=F Lð Þ ¼ 14:8� 0:275GA26
*
KM32

mg=L
� � ¼ 9:46� 4:19FMO3 rs2266782** GA26* ; gestational age ≥ 26 weeks = 0, gestational age < 26 weeks= 1

FMO3 rs2266782** ; GG/GAtype= 0, AA type= 1

RSE, relative standard error; ka absorption rate constant of sulindac; Vc/F, volume of distribution; CL/F, clearance; Vmax23, maximum reaction velocity of the
conversion of sulindac to sulindac sulfide; Vmax32, maximum reaction velocity of the conversion of sulindac sulfide to sulindac; KM23, Michaelis constant of the
conversion of sulindac to sulindac sulfide; KM32, Michaelis constant of the conversion of sulindac sulfide to sulindac; Tlag, absorption lag time of sulindac; GA26,
gestational age divided by 26 weeks
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A sulindac population pharmacokinetic model has been pre-
viously developed in healthy subjects (21). In that study, the pop-
ulation pharmacokinetics were characterized by a seven-
compartment model featuring enterohepatic recirculation.
Several useful estimates in healthy subjects were suggested, and
demographic factors such as sex and body weight were evaluated
to explain inter-individual variability. However, the pharmaco-
kinetics were only partially explained, and the estimates cannot
be applied to pregnant women. In terms of the effects of drug-
metabolizing enzyme polymorphisms on sulindac pharmacoki-
netics, a study in healthy Chinese volunteers reported that
variant-type homozygote carriers of both rs2266780 (E308G)
and rs2266782 (E158K) showed significantly higher systemic ex-
posure (Cmax and AUC) levels of the drug. (22).

To our knowledge, this is the first study to examine the pop-
ulation pharmacokinetics of sulindac in pregnant women. In
prodrugs such as sulindac, the activity of metabolizing enzymes
has an important role in drug effects, and large inter-individual
variability could result from genetic polymorphisms of drug-

metabolizing enzymes. Also, considering the physiological
changes during pregnancy, insight into differences in sulindac
pharmacokinetics of pregnant women with different drug-
metabolizing enzyme genotypes is relevant for clinical practice.

The estimates of CL/F and Vc/F from the final model were
17.1 L/h and 14.8 L, respectively. The CL/F of the parent drug
was higher than estimated in another study (3), possibly because
of the physiological changes in pregnancy. The glomerular fil-
tration rate (GFR), on which renal excretion of drugs depends, is
increased by 50% in the first trimester and continued to increase
during pregnancy (23,24). It then decreases during the last
3 weeks of pregnancy and reaches its postpartum value by the
last week of pregnancy (23,25). The activity of uridine diphos-
phate glucuronosyltransferase (UGT) isoenzymes, which are
phase 2 enzymes, is increased during pregnancy, (23) suggesting
that the CL of sulindac and sulindac sulfone may be increased.
Because our study population consisted of pregnant women with
preterm labor, theGFR values and the activity ofUGT enzymes
were likely higher than those of normal, healthy women.

Sulindac Sulindac sulfide Sulindac Sulindac sulfide

Sulindac Sulindac sulfide Sulindac Sulindac sulfide
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Fig. 3 Diagnostic plots of the final model for sulindac and sulindac sulfide (a) OBS (observed concentration) vs. PRED (population predictions) (b) OBS (observed
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The CL of sulindac sulfide was neglected in our model
because the average CL ratio of sulindac to sulfide is approx-
imately 12:1 (3). As there are only a few structural differences
between sulindac and sulindac sulfide, we assumed that the

volume of distribution of sulindac is equal to that of sulindac
sulfide.

The inter-individual variability of Vc/F, expressed as a per-
centage of the coefficient of variation, was 270.8%, which is
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Fig. 4 Visual predictive check (VPC) of the final population pharmacokinetic models (a) VPC of sulindac, (b) VPC of sulindac sulfide. Observation data (circles),
blue solid lines, 5th and 95th percentiles of observed concentrations; red solid lines, 50th percentile of observed concentrations; semitransparent field, 95%
confidence intervals of the simulated 5th, 50th, 95th percentiles from 1000 simulations.

Table 3 Simulated AUC of Sulindac Sulfide Estimates

Scenario AUC0→∞
a (mg·hr/L) AUC0→ 24hr

b (mg·hr/L)

Gestational age FMO3 rs2266782 Estimate 95% CIc Estimate 95% CIc

1st simulation

GA< 26 weeks FMO3 rs2266782 21.37 20.76–21.98 20.94 20.36–21.53
GG/AG type

2nd simulation

GA ≥26 weeks FMO3 rs2266782 22.08 21.41–22.74 21.19 20.56–21.82
GG/AG type

3rd simulation

GA< 26 weeks FMO3 rs2266782 124.06 120.75–127.37 113.98 110.80–117.16
AA type

4th simulation

GA ≥26 weeks FMO3 rs2266782 106.83 103.80–109.85 90.08 87.27–92.89
AA type

a Area under the curve of time 0 to 24 h after first oral dosing
b Area under the curve of time 0 to infinity after first oral dosing
c Confidence interval

GA, gestational age
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consistent with the large variations in volume of distribution
observed in pregnant women. Due to increases in water, fat,
and protein, women gain approximately 11.3 kg or more dur-
ing pregnancy (26). Also, starting at 6–8 weeks of gestational
age and peaking at 32 weeks, maternal blood volume
increases by 40%–50% compared to that of non-pregnant
women (27). Because the subjects of the present study had
different gestational ages, the inter-individual variability in
Vc/F was high. The inter-individual variability of Vc/F in the
base model was 332.6%, and it decreased in the final model,
which took covariates into account. Although we speculated
that physiological changes in pregnant women, such as those
involving water, protein, and fat, caused high variability of Vc,
no association was found between body weight and Vc or CL.
Further research is required to validate our findings.

The covariatemodeling results also showed that gestational
age has a significant association with Vc/F. Our study partic-
ipants were categorized into two groups according to gesta-
tional age under 26 weeks or 26 weeks and older, as 26 weeks
was the mode value in the study population.

In the metabolism component of our final model, the bio-
transformation between sulindac and sulindac sulfide was de-
scribed by Michaelis-Menten kinetics. FMO enzymes catalyz-
ing N-oxidation and S-oxidation in human liver microsomes
were reported to followMichaelis-Menten kinetics in previous
studies (28–30). AOX enzymes in the human liver and skin
were also shown to follow Michaelis-Menten kinetics (31,32).

Controversy remains whether to set the volume of the me-
tabolite at the same value as the parent drug. We identified
both volumes and selected a statistically significant model.
Further, since the metabolite can return to the parent drug
form, we judged it more appropriate to set the same value for
volume of distribution of the parent and the metabolite.

FMO3 rs2266782 had a significant association with KM32.
FMOs belong to a family of flavoprotein enzymes that cata-
lyze the oxidation of endogenous and exogenous compounds,
including drugs (12). FMO3 has been identified as the major
isoform in the human liver, intervening in the NADPH-
dependent oxidative metabolism of numerous heteroatom-
containing chemicals, especially those possessing nitrogen, sul-
fur, phosphorus, or selenium as their site of oxidation
(15,33,34). Several variations in the FMO3 gene have been
reported, and many studies have illustrated the effects of
FMO3 polymorphisms on the metabolism of drugs, including
sulindac, ranitidine, methimazole, and benzydamine (35–38).

Among the FMO3 polymorphisms, the rs2266782 (E158K)
mutation reportedly reduces the activity of the enzyme
(28,36,37). Also, an in vitro study showed that among several
FMO SNPs, rs2266782 (E158K) had the greatest effect on the
Kcat value of Michaelis-Menten kinetics. In a 3D model,
E158 was found in a putative access channel to the catalytic
domain near the NADPH-binding motif. Although capacity
of the variants is substrate dependent, E158K variants had

lower Km and clearance for clomiphene metabolism than
wild-type (39). . Gene mutations leading to amino acid se-
quence changes may alter the affinity of an enzyme for its
substrate. In our study, the KM32 of the homozygous variant
(AA type) group was 3.9-fold higher than that of the homozy-
gous wild/heterozygous (GG/GA type) group. An elevated
Km of the metabolism step may have reduced the activity of
FMO3, causing a low binding affinity for the substrate, which
is in agreement with previously reported results (40).

Despite the positive value of impact of FMO3 rs2266782
on K32 in the final RSEmodel, because the histogram of im-
pact of K32-FMO3 rs2266782 from the bootstrap showed an
additional peak, zero was included (red box, Supplementary
figure). Because our data were collected from 58 pregnant
women and also showed large variance among them, we spec-
ulate that the additional peak may be simply due to a specific
subject with a larger variance, when resampling proceeded for
the bootstrap.

In contrast to FMO3, none of the genotype covariates of
AOX1 was found to be significant. AOXs are molybdo-
flavoenzymes that exhibit reductase activities on zonisamide,
sulindac, and imipramine N-oxide (11,41). Among the several
AOX genes, AOX1 is the main isoform in humans (34). A
previous study on the reduction of sulindac in rats revealed
that the AOXs are responsible for sulfoxide reduction in liver
and kidney tissues (15). Although it is known that human
AOX is much more active than rodent AOX, (42) genetic
variations of AOX1 did not show any significant effects.

Because GA26 was a significant covariate of Vc/F, which
does not directly affect AUC0→∞ or AUC0→ 24hr, the differ-
ences in AUCs between groups with different GA26 types
were not very large. In contrast, simulated estimates of the
AUC0→∞ and AUC0→ 24hr values of the population with
FMO3 rs2266782 AA type revealed large increases in both
values. As FMO3 rs2266782 had a significant effect on KM32,
the AA type population had a larger KM32 value than did the
other group (GG/GA type). Populations with high KM32 were
found to have reduced FMO3 enzyme activity. As a result, the
AUC0→∞ and AUC0→ 24hr values of sulindac sulfide in the
population with the AA genotype were estimated to be five-
fold higher than the values in the population with theGG/GA
genotype.

This study has several limitations. First, the sampling
schedule was so sparse that the inter-individual variability in
the absorption phase could not be taken into account; howev-
er, some individual plots showed the absorption phases, from
which Tmax could be obtained. Therefore, the absorption rate
constant and lag time could be determined from the popula-
tion mean. According to a previous report by Berg et al., the
absorption process of sulindac is considered fast, with high
bioavailability, lag time, and entero-hepatic recirculation
(EHR) of drug (21). Despite sparse sampling in the absorption
phase, each PK estimate was similar to that in the model of
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Berg et al., and VPC showed good performance of the model.
However, as a double peak pattern was not observed in our
dataset, EHR was not applied in the final model. Second,
sulindac is not the first-line treatment in pregnant women with
preterm labor because of its oral dosing. In our institute, sulin-
dac is used as an add-on therapy for patients who are not
treated effectively with ritodrine injection. Thus, it was not
possible to obtain the pharmacodynamic phenotype of sulin-
dac therapy alone. Third, although the plasma concentrations
of sulindac sulfone could yield valuable quantitative informa-
tion about sulindac metabolism, we did not measure sulfone
concentrations.

In summary, the current study is the first to investigate the
population pharmacokinetics of sulindac in women with pre-
term labor, considering both clinical and genetic variation
factors as covariates. In our study population, women with
homozygous variants of FMO3 rs2266782 (AA type) showed
a higher KM32 for the metabolism from sulindac sulfide to
sulindac, signifying low enzyme affinity for the substrate.
The results of this study can be used to develop individualized
treatment plans. By determining FMO3 genotype at the be-
ginning of treatment, clinicians may be able to tailor regimens
for effective use of sulindac in patients with preterm labor.
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