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Abstract

Background and Objective—CYP2C9 catalyzes the biotransformation of indomethacin to its
inactive metabolite O-desmethylindomethacin (DMI). The aim of this work was to determine the
effect of CYP2C9polymorphisms on indomethacin metabolism in pregnant women.

Methods—Plasma concentrations of indomethacin and DMI at steady state were analyzed with a
validated LC-MS/MS method. DNA was isolated from subject blood and buccal smear samples.
Subjects were grouped by genotype for comparisons of pharmacokinetic parameters.

Results—For subjects with the *1/%2genotype, the mean CL/F¢ of indomethacin was 13.5 + 7.7
L/h (n=4) and the mean metabolic ratio (AUCpmi/AUCindomethacin) Was 0.291 + 0.133. For
subjects with the *1/#*7 genotype, these values were 12.4 + 2.7 L/h and 0.221 + 0.078, respectively
(n=14). Of note, we identified one subject who was a carrier of both the *2and *4alleles,
resulting in an amino acid change (I1359P) which has not been reported previously. This subject
had a metabolic ratio of 0.390 and a steady-state apparent oral clearance of indomethacin (24.3
L/h) that was nearly double the wild-type clearance.

Conclusion—Although our results are limited by sample size and are not statistically significant,
these data suggest that certain genetic polymorphisms of CYP2C9may lead to an increased
metabolic ratio and an increase in the clearance of indomethacin. More data are needed to assess
the impact of CYP2C9 genotype on the effectiveness of indomethacin as a tocolytic agent.
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Introduction

Preterm delivery is a major cause of neonatal morbidity and mortality. Indomethacin, a
prostaglandin synthetase inhibitor, is often prescribed to patients with spontaneous preterm
labor in an effort to delay delivery. It is not used past 32 weeks of gestation in order to avoid
the risk of constriction of the ductus arteriosus, but when used appropriately, it is deemed a
relatively safe and effective tocolytic agent [1-3]. Gaining a better understanding of the
factors affecting the pharmacokinetics of indomethacin tocolytic therapy is important
because treatment failure may lead to preterm birth and its associated short- and long-term
neonatal complications.

We previously reported an increase in the steady-state apparent oral clearance of
indomethacin in pregnant subjects as compared to data from non-pregnant subjects [4].
Among the factors that may affect the pharmacokinetics of drugs during pregnancy (e.g.,
increased urinary excretion, decreased albumin concentration, or changes in hepatic
metabolism) [5], increased biotransformation appears to be the most substantial factor
affecting the clearance of indomethacin, likely due to an increase in the activity of the
metabolizing enzyme CYP2C9 [4,6,7].

The biotransformation of indomethacin to its major metabolite O-desmethylindomethacin
(DMI), which is inactive, occurs predominantly via the CYP2C9 enzyme [8]. Several studies
have shown the effect of genetic polymorphisms of CYP2C9on the pharmacokinetics of
drugs [9-13], including indomethacin [14]. A major goal of this work is to determine the
effect of such polymorphisms on the biotransformation of indomethacin in individual
pregnant subjects. This is essential in order to select appropriate dosing to optimize
individual pharmacotherapy and minimize adverse effects. In this study, plasma samples
from our previous report [4] were further investigated for metabolite (DMI) concentrations.
In addition, CYP2C9 genotype was analyzed in these subjects to investigate potential
associations between CYP2C9genetic variants and pharmacokinetics. Accounting for
genetic differences in the activity of this enzyme may be crucial in determining
individualized doses of indomethacin that will maximize the safety and efficacy of tocolytic
therapy.

Materials and methods

Chemicals and biological reagent

Indomethacin was obtained from Sigma Aldrich (St. Louis, MO). DMI, d,DMI and
djndomethacin were purchased from Toronto Research Chemicals Inc. (North York,
Canada). LC/MS-grade acetonitrile and formic acid, and HPLC-grade chloroform and
hydrochloric acid were purchased from Fisher Scientific (Fair Lawn, NJ). Pooled blank
human plasma was purchased from Innovative Research, Inc. (Novi, MI).

Subjects

Inclusion and exclusion criteria for the enrollment of pregnant subjects were reported
previously [4]. All women were enrolled with written informed consent under a protocol that
was approved by the Institutional Review Boards at the University of Texas Medical Branch
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and the University of Pittsburgh. The blood sample collection protocol is described in detail
in our previous report [4]. Briefly, blood samples were collected at 0, 0.1, 1, 1.5, 2, 3, 4 and
6 hours post steady-state dosing and were centrifuged immediately. Plasma was stored at
=70°C until further analysis.

2.3. Analytical methods (LC-MS/MS)

Indomethacin and DMI were analyzed on an Agilent 1200 HPLC system coupled with an
API 4000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA). The
API 4000 triple quadrupole mass spectrometer was equipped with a Turbo (V) ion source
(ESI) and was operated in a positive mode. Multiple reactions monitoring (MRM) mode was
applied for the quantification of DMI and indomethacin. MRM of indomethacin,
indomethacin-d,, DMI and DMI-d; was m/z 358—139, m/z 362—143, m/z 344—139 and
m/z 348— 143, respectively. The source/gas dependent MS parameters are provided in
supplementary Table S1. Chromatographic separation was performed on a Waters Symmetry
Cjg column (2.1 mm x 100 mm, 3.5 um) connected to a Phenomenex Cyg guard column.
The mobile phase was composed of (A) acetonitrile with 0.05% formic acid (v/v) and (B)
0.05% formic acid aqueous solution (v/v); the gradient elution was as follows: 0-3 min 60%
A to 80% A and 3-4 min 80% A to 90% A, followed by washing the HPLC column for 1
min with 90% A and then equilibrated with 60% A for the next 5 min. The flow rate of the
mobile phase was 0.3 mL/min. For the preparation of calibration standards and quality
control (QC) samples (low, medium and high concentrations), stock solutions for
indomethacin, DMI and their internal standards (ISs: dindomethacin and d,DMI) were
dissolved in 30% methanol followed by the addition of 10 pL of working standard solution
at the appropriate concentration into 150 L of pooled blank plasma samples.

The retention times of indomethacin and DMI were 3.2 min and 1.7 min, respectively. The
calibration curves were fitted using weighted (Z/x) least-squares linear regression of peak
area ratio versus concentration. Good linearity was obtained for the concentration range of
indomethacin from 6.22 ng/mL to 1.59x10% ng/mL, and for DMI from 1.18 ng/mL to 303
ng/mL. The lower limits of quantification for indomethacin and DMI were 6.22 ng/mL and
1.18 ng/mL, respectively. The accuracy for indomethacin and DMI ranged between 83—
106% and between 91-105%, respectively. Precision of less than 6% was obtained for
indomethacin, and less than 11% for DMI in three days’ validation.

2.3.1. Sample treatment—For subject plasma samples from our previous study [4], 10
uL of IS working solution and 20 uL of 1 M hydrochloric acid were added into 150 uL of
patient plasma samples, followed by 30 sec of vortexing. To this, a 1 mL mixture of
chloroform and ethyl acetate (1:1) was added and samples were vortexed for 3 min, followed
by centrifugation for 3 min at 16,000xg. At the end of the centrifugation, the organic layer
was carefully collected to a clean tube and dried under a stream of nitrogen at 40°C. The
residues were then reconstituted with 100 pL of the initial mobile phase. After centrifugation
at 16,000x g for 3 minutes, an aliquot of 5 L of each sample was analyzed by LC-MS/MS
for indomethacin and DMI concentrations.
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2.4. Pharmacokinetic analysis

After the determination of concentrations of indomethacin and DMI from subject plasma
samples, pharmacokinetic parameters including maximum plasma drug concentration
(Crnax), minimum plasma drug concentration (Cpin), time to attain Cpax (tmax), area under
the plasma concentration versus time curve at steady state (AUCgs), apparent steady-state
oral clearance (CL/Fgs), and mean steady-state drug concentration (C,e) for indomethacin
and DMI were calculated using Kinetica software version 5.0 (Thermo Scientific, Waltham,
MA\) as described previously [4]. Since DMI is a metabolite of the administered drug,
indomethacin, the oral clearance for DMI was not calculated. Since the plasma
concentrations of indomethacin from our previous subject study set were re-analyzed using a
newly developed analytical method, the newly obtained indomethacin pharmacokinetic data
were also compared with our previously reported values [4]. Supplementary Fig. S1 shows
good agreement between the previously reported pharmacokinetic parameters for
indomethacin and the data determined from the reanalyzed samples. To understand the
metabolic activity in individual subjects, the metabolic ratio (AUCpmi/AUCindomethacin) Was
assessed on a molar basis using the most recently determined concentration data.

2.5. CYP2C9 genotyping

Whole blood (n=6) and buccal swabs (n=15) were collected from study subjects and stored
at —80°C until DNA isolation for determination of CYP2C9genotypes. DNA samples were
not available for three subjects. DNA was isolated from blood samples using the Puregene
Blood Core Kit (Qiagen Inc., Valencia, CA) and from buccal swabs using the MasterAmp™
Buccal Swab DNA Extraction Kit (Epicentre, Madison, WI,). DNA quality and
concentration were determined using the DeNovix DS-11 FX spectrophotometer
(Wilmington, DE). All subjects were genotyped for rs1799853 (430C>T), rs1057910
(1075A>C), and rs7900194 (449G>A) SNPs, which denote the CYP2C9 *2, *3and *8
alleles, respectively. In addition, we also genotyped for the rs56165452 (1076 T>C) SNP
which denotes the rare CYP2C9* 4 allele, since it is adjacent to the 1075A>C SNP
(rs1057910) and thus may confound the CYP2C9*3 genotyping results. Since the rs7900194
SNP is triallelic, resulting in a 449G>A substitution (denoting the *8allele) or a 449G>T
substitution (denoting the CYP2C9* 27 allele), for added accuracy in identifying the *8
allele we also genotyped all subjects for the 449G>T SNP. Allele discrimination assays
using the TagMan probes (Thermo Fisher Scientific Inc., Waltham, MA) C__ 25625805 10,
C__27104892_10, C__30634131_20, C__ 25625804 _10 and C_25625804D_20 were used
for the determination of CYP2C9*2, CYP2C9*3, CYP2C9*4, CYP2C9*8and CYP2C9*27
alleles, respectively. Typical PCR reactions contained 5 pl of TagMan GTXpress master mix,
10 ng of DNA and 0.5 pul of 20x TagMan probes. Genotyping was performed using a Roche
LightCycler 96 (Roche, Indianapolis, IN).

2.6. Statistical Analysis

All the pharmacokinetic data are presented as mean values + SD. Two-tailed Student’s f-test
was performed to compare pharmacokinetic parameters with respect to genotype. P-values
<0.05 were considered statistically significant.
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3. Results
3.1. Pharmacokinetic analysis

The obtained plasma concentrations of indomethacin determined by the newly developed
analytical method were consistent with our previously reported values [4] and there was no
statistically significant difference observed between the calculated pharmacokinetic
parameters (Student’s #test). This observed sample stability for the plasma samples stored at
—80°C suggested that we could feasibly determine DMI concentrations from those same
samples.

Plasma concentrations of DMI could be determined for 24 of the subjects from our prior
study [4], but the remaining plasma volume of Subject #1 was insufficient for analysis of
DMI. The mean plasma concentration versus time profile is presented in Fig.1. Maximum
plasma DMI concentration (Cynax), minimum plasma DMI concentration (Cpin), time to
DMI Cax (tmax) and total area under the plasma DMI concentration versus time curve at
steady state over a 6-h dosing interval (AUC,) are shown in Table 1. The average Cpax and
Chin of DMI were found to be 129.8 £ 56.0 ng/mL and 43.5 + 17.0 ng/mL, respectively. The
average time to reach the Cax for DMI was 2.2 £ 1.4 hours and the average AUCgs was 466
+ 183 ng/mL*h. Individual pharmacokinetic data and demographic information can be found
in the supplementary data section (Tables S2 and S3). No significant differences between
smokers (n=7) and non-smokers (n=17) were observed. In addition, differences in maternal
age, indication, and adverse events (e.g., oligohydramnios) did not reveal any salient trend
with pharmacokinetic parameters.

3.2. Genotyping

The detailed results for each subject are shown in the supplementary data section (Table S4).
As shown in Table 2, four subjects were heterozygous for the *2allele (CYP2C9*1/*2), one
sample was homozygous for the *3allele (CYP2C9*3/*3), one sample was heterozygous for
the *8allele (CYP2C9*1/*8), and one sample was homozygous for the *3allele and also
heterozygous for the *4allele (CYP2C9*3/*4). The remaining 14 samples were
homozygous wild-type (CYP2C9*1/*1). Details pertaining to each subject are provided in
supplementary Table S3. We have also compared the CYP2C9allele nucleotide sequences
causing amino acid changes at position 359 of the CYP2C9 protein (Table 3).
Supplementary Fig. S2 shows the breakdown of genotype by race/ethnicity, presented as
overall frequency.

4. Discussion

The effects of biotransformation on the pharmacokinetics of drugs are important to consider
when administering pharmacologic therapy during pregnancy. Pregnancy-induced changes
in the activity of metabolizing enzymes may alter the pharmacokinetic profiles of certain
drugs as compared to the non-pregnant state. Inter-individual differences in drug disposition
may be observed due to genetic polymorphisms in enzymes and transporters [15]. The
activity of the CYP2C9 enzyme is reported to be increased during pregnancy and genetic
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polymorphisms in the CYP2C9 gene are well established [2,16]. There are about 60 SNPs
reported in the CYP2C9 gene which may possess functional differences [17,18].

When the pregnant subjects in our study were grouped by genotype, the mean metabolic
ratio (AUCpmi/AUCindomethacin) Was 0.291 £ 0.133 and the mean CL/Fg of indomethacin
was 13.5 £ 7.7 L/h (n=4) for carriers of the *2allele. For individuals with the CYP2C9*1
(wild-type) genotype, these values were 0.221 + 0.078 and 12.4 + 2.7 L/h, respectively
(n=14). This may suggest increased metabolism of indomethacin for carriers of the *2allele.
Perhaps due to the limited number of subjects with each genotype, no statistically significant
differences were observed. On the other hand, reduced metabolism of warfarin has been
observed for carriers of CYP2C9*2and CYP2C9#*3as compared to the *1/*7 (wild-type)
genotype. Accordingly, the FDA has recommended a lower daily dose of warfarin for
carriers of the CYP2C9*2and CYP2C9*3alleles [19]. Similar results were observed for
celecoxib [20]. It should be noted, however, that for both studies with warfarin and
celecoxib, the patient population was non-pregnant. Although decreased activity of
CYP2C9*2 has been suggested in the literature for non-pregnant subjects [21,22], Table 2
shows that the mean indomethacin AUCg for our pregnant CYP2C9*1/*2 subjects (n=4)
was approximately the same as the average AUCg for our CYP2C9*1/*1 subjects. Although
limited by sample size, the observed differences in the activity of the same enzyme in our
study compared to previous studies of warfarin and celecoxib in non-pregnant subjects may
be due to pregnancy-induced changes, the effect of genotype, and/or drug specificity.

Rodrigues predicted an AUC ratio of 1.8 for CYP2C9*3/*3versus CYP2C9*1/*1 subjects
following an oral dose of indomethacin [23], and /n vitro studies by Tracy et al. also suggest
reduced CYP2C9*3-mediated drug demethylation [24]. Our findings are limited due to
having only one CYP2C9*3/*3subject, whose indomethacin AUCgs was only 8.6% higher
than the average AUC for CYP2C9%1/*1 subjects (n=14).

The indomethacin AUC, for the one CYP2C9*3/#4 subject was 51% less than the wild-type
mean. Of note, this particular subject was identified to have a genotype that has not been
reported previously in the literature. This subject had a combination of both the *3
(homozygous) and *4 (heterozygous) alleles, resulting in an amino acid change that had not
been reported previously in the CYP2C9 protein. Table 3 compares the wild-type (*) allele
nucleotide sequence to the nucleotide sequence of the *3and *4alleles, as well as the
nucleotide sequence observed in this particular subject. This newly observed combination of
the *3and *4alleles results in an amino acid change at position 359 from isoleucine to
proline. Reports in the literature suggest that the *3and *4alleles individually—which
change isoleucine-359 to leucine and threonine, respectively—cause reductions in the rates
of CYP2C9-mediated drug metabolism [23]. This is in agreement with what we had
observed in one subject carrying the *3allele, in whom the apparent oral clearance of
indomethacin (11.0 L/h) seemed slightly below the average clearance amongst carriers of the
wild-type allele (12.4 + 2.7 L/h). However, for the individual having both the *3and *4
alleles, the clearance of indomethacin was observed to be 24.3 L/h, which is approximately
double the mean wild-type clearance. This particular amino acid change (1359P) had not
been reported previously and has not yet been characterized. It is possible that the presence
of proline in this position could cause a conformational change in the CYP2C9 protein,
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resulting in an accelerated biotransformation of indomethacin. It has been suggested that
substitutions in residue 359 may affect the active site of the CYP2C9 protein [23,25]. We
seek to further investigate this allele combination and its implications, as it may help us to
better understand how genomic differences affect the clearance and efficacy of indomethacin
in our efforts to optimize individual dosing requirements to improve indomethacin tocolytic
therapy.

78% of the African American subjects in our study had the wild-type genotype ( *Z/ *1). This
is in fair agreement with an earlier report which stated that 71.7% of African Americans had
*1/*1[26]. One African American was a carrier of the *8allele, which is more commonly
seen in African Americans as compared to other races [26]. The *1/ *2 genotype is more
common in Hispanics and non-Hispanic whites [18]; amongst our subjects, two carriers of
the *2allele were Hispanic, one was African American, and one was white/non-Hispanic.
When stratified for race/ethnicity, the average metabolic ratio (AUCpmi/AUCindomethacin)
was 0.219 + 0.101 for white/non-Hispanic subjects (n=7), 0.247 £ 0.070 for African
Americans (n=11), and 0.239 + 0.119 for Hispanics (n=6). The apparent oral clearance of
indomethacin was 11.6 + 5.8 L/h for white/non-Hispanic subjects, 14.3 + 4.5 L/h for African
Americans, and 11.6 + 1.6 L/h for Hispanics. None of these comparisons were statistically
significant. However, it is interesting to note that if the carrier of both the *3and *4alleles
were excluded from consideration as an extensive-metabolizing outlier, the clearance of
indomethacin in the other six white/non-Hispanic subjects (9.5 + 1.7 L/h) would be
significantly lower than that of our African American subjects (14.3 £ 4.5 L/h, £<0.05).
One possible explanation is that estradiol—a major hormone of pregnancy—increases the
activity of CYP2C9 /n vitro [27], and estradiol levels during pregnancy are higher in African
American women than in white/non-Hispanic women [28]. Accordingly, more detailed
investigations are warranted regarding the influence of estradiol on the pharmacokinetics of
indomethacin during pregnancy. Interestingly, we had previously observed a significant
difference (P < 0.05) in BMI between those subjects treated with indomethacin for preterm
labor who had delivered within 3 days of their last dose versus those for whom delivery was
at least 11 days after their last dose of indomethacin [4].

Considering the gestational age at the time of delivery as a pharmacodynamic outcome for
those prescribed indomethacin for preterm labor, subjects who delivered prior to 32 weeks of
gestation had a mean metabolic ratio (AUCppi/AUCindomethacin) 0f 0.251 + 0.104 (n=8),
whereas for those who delivered after 32 weeks of gestation, the mean metabolic ratio was
0.188 £ 0.045, (n=7, P=0.16). The data in Table 2 suggest that CYP2C9 genotype may affect
the biotransformation of indomethacin to its metabolite DMI. Genetic polymorphisms may
lead to an increased metabolic ratio and an increase in the clearance of indomethacin, which
may affect the pharmacodynamic action of the drug and its utility as a tocolytic therapy.
Nevertheless, we must point out a major limitation of this analysis, i.e., limited sample size.
Carriers of some alleles determined in this study (*8, *3, and *3+*4) had only one
representative each, which makes it difficult to draw any substantive conclusions at this time
regarding the effect of genetic polymorphisms on the pharmacokinetics of indomethacin in
pregnant women. We anticipate that expansion of this study to enroll additional subjects will
strengthen the statistical power needed to assess dose optimization based on genotype or
other factors (such as estradiol or BMI).
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5. Conclusion

Although our results are limited by sample size, these data suggest that CYP2C9 genotype
may affect the biotransformation of indomethacin to its metabolite DMI. Genetic
polymorphisms may lead to an increased metabolic ratio and an increase in the clearance of
indomethacin. More data are needed to understand the effects of CYP2C9 polymorphisms
on the pharmacokinetics and pharmacodynamics of indomethacin as a tocolytic therapy.
This should enable individualized dose optimization in order to enhance therapeutic
outcomes and reduce adverse effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Keypoints

. The obtained data suggest that CYP2C9 genotype may affect the
biotransformation of indomethacin to its metabolite DMI. Genetic
polymorphisms which cause an increased metabolic ratio may increase the
clearance of indomethacin, which may affect the drug’s therapeutic action.

. We identified one subject who was a carrier of both the *3and *4alleles,
resulting in an amino acid change (1359P) which has not been reported
previously. Clearance of indomethacin for this newly identified subject was
approximately double that of the mean for wild-type subjects.
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Fig. 1.
Mean steady-state plasma concentration of DMI (O-desmethylindomethacin) versus time

profile for 24 pregnant subjects receiving 25-mg oral doses of indomethacin every 6 h. Error
bars represent the standard deviation.
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Table 1.

Steady-state pharmacokinetic parameters of DMI (O-desmethylindomethacin) for 24 pregnant subjects
receiving 25-mg oral doses of indomethacin every 6 h.

Parameter Median | Mean + SD
Cmax (ng/mL) 115.9 129.8 +56.0
Chin (Ng/mL) 39.2 435+17.0

AUC (ng/mL*h) 458 466 + 183

tmax () 2.0 22+14

Abbreviations: Cmgax =maximum plasma drug concentration; Cmjn =minimum plasma drug concentration; ¢max = time to Cmax; AUCsg = total
area under the plasma concentration versus time curve at steady state over a 6-h dosing interval.
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Table 2.

Pharmacokinetic data grouped by CYP2C9genotype. !

Page 13

CYP2C9 Genotype | n | AUCpmi/AUCindomethacin | Indomethacin CL/F¢ (L/h) | Indomethacin AUC (ug-h/mL)
*1/*1 14 0.221 £ 0.078 12427 2.10+0.43
*1/%2 4 0.291 £ 0.133 13577 2.22+0.89
*1/%8 1 0.242 14.9 1.68
*3/*3 1 0.259 11.0 2.28
Iy 1 0.390 24.3 1.03

Abbreviations: CLIFsg = apparent steady-state oral clearance CL/Fss, AUCgsg = total area under the plasma concentration versus time curve at

steady state over a 6-h dosing interval.

fThis table includes only subjects for whom genotype data were available.

11‘This subject was homozygous for the *Zallele and a heterozygous carrier of the *4allele.
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Comparison of CYP2C9allele nucleotide sequences at positions 1074-1077 and the resulting amino acid
change at position 359 of the CYP2C9 protein.

Allele

Nucleotide sequence (1074-1077)

Amino acid change

CYP2C9*1 (wild-type) CATT 1359 (wild-type)
CYP2C9*3 CCTT 1359L
CYP2C9*4 CACT 1359T
Both CYP2C9*3and CYP2CI*4 CCCT 1359P
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