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Abstract

Background: Patent ductus arteriosus (PDA) in extremely preterm infants remains a challenging condition with conflicting
treatment strategies. Ibuprofen is currently used to treat PDA with ductal closure failure rate up to 40%. We test the
hypothesis that cytochrome P450 CYP2C8/2C9 polymorphisms may predict ibuprofen response.

Methodology/Principal Findings: We studied extremely preterm neonates with haemodynamically significant PDA and
treated with ibuprofen. One or two variant CYP2C8 and/or 2C9 alleles were found in 17% of the population, most of them
were from Caucasian ethnicity (67-74%). Response to ibuprofen and clinical course of infants carrying variants CYP2C8 and
CYP2C9 were similar. Comparing infants with wild type or variant CYP2C8 and CYP2C9 genotypes, response rate to ibuprofen
was significantly higher in wild type than in mutated carriers in univariate analysis (73% versus 52%, p = 0.04). Comparing
responders (ductus closure; n=75) and non-responders (surgical ligation; n=36), the only two factors significantly
associated with the response to ibuprofen using multivariate analysis were higher gestational age and non Caucasian
ethnicity but not CYP2C polymorphism.

Conclusions: CYP2C polymorphism was not associated with PDA response to ibuprofen and this factor appears not
appropriate to optimize the ductal closure rate by modulating ibuprofen dosing strategy. This study points out the role for
ethnicity in the interindividual variability of response to ibuprofen in extremely preterm infants.
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Introduction

Patent ductus arteriosus (PDA) in very preterm infants born
before 28 weeks’gestation remains a challenging condition
regarding the treatment regimens and subsequent clinical
consequences. PDA results in increased pulmonary blood flow
and redistribution of flow to other organs responsible for several
neonatal co-morbidities (ie, brain lesions, chronic lung disease,
necrotizing enterocolitis). The patency of ductus arteriosus is
observed in 55-70% of neonates born before 28 weeks’ gestation,
requiring medical or surgical closure [1]. In France, the
cyclooxygenase inhibitor ibuprofen is currently used to treat
PDA. However, failure of ductal closure is reported in up to 40%
of infants treated with ibuprofen and may be more likely observed
in the very immature neonates, leading to surgical ligation [2—4].
Even if surgery has limited complications, several adverse effects
including pneumothorax, hypotension, intra-operative bleeding,
phrenic nerve palsy, poor neurological outcome and death have
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been reported [5,6]. Thus, pharmacologic treatment remains the
first-line treatment [7].

There is still ongoing debate regarding the optimal dosage,
schedule for ibuprofen administration in very preterm infants to
improve ductal closure rate. The possible relationship between
pharmacokinetic parameters and response to ibuprofen has been
extensively investigated with conflicting results [8]. Ibuprofen
serum concentration was found higher in patients with closed
ductus arteriosus compared to patients with PDA after treatment
[8,9]. A higher dose regimen might achieve a greater closure rate;
however, its tolerability and safety should be carefully evaluated as
numerous adverse effects, including impaired renal function have
been observed with ibuprofen treatment in neonates [10].

Another strategy might be to optimize the ductal closure rate by
individualizing therapy regimen according to pharmacogenetic
characteristics. Indeed, ibuprofen is a racemate of R- and S-
enantiomers with 60% of R-ibuprofen being converted into S-
ibuprofen. The racemic mixture undergoes stereoselective cyto-
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chrome P450 (CYP) dependant metabolism as CYP2C9 metabo-
lizes S-ibuprofen and CYP2C8 metabolizes R-ibuprofen [11]. Both
metabolic pathways are polymorphic under genetic control with
large inter and intra-ethnic variability [11,12]. Among 34 CYP2C9
alleles, 2 mutated alleles, namely CYP2C9*2 and 2C9*3, were
reported to have a significant impact on the metabolism of many
drugs, including non steroid anti-inflammatory drugs and primarily
ibuprofen and among others, antiepileptic, oral hypoglycaemic, and
anticoagulant drugs. Similarly, among 14 CTP2C8 alleles,
CYP208*2 and CTP2C8*3 were associated with reduced enzyme
activity  vitro [13]. In Caucasians, 22% of CYP2(8 genes and 31%
of CYP2(C9 genes have mutations with a linkage between the
CYP2C8 and CYP2(C9 genetic polymorphisms [14].

Data evaluating the pharmacokinetic consequences and clinical
mmpact of ibuprofen polymorphic metabolism are available in
adults but data in paediatric patients and primarily in neonates are
lacking [14,15].

Therefore, we tested here if individual CYP2C8/2C9 genotypes
may predict ibuprofen response in extremely preterm infants.

Methods

Patients and ethics

Extremely preterm infants with a gestational age below 28
weeks and admitted in the neonatal intensive care unit (Créteil
Intercommunal Neonatal Intensive Care Unit) between March
2003 and April 2008 were prospectively entered into a
standardized database. Gestational age was based on the date of
the last menstrual period and on ultrasonographic findings during
the first trimester of pregnancy. This study investigated 111
preterm infants with haemodynamically significant PDA (see
below) and treated with ibuprofen, according to ductal response to
treatment. In this monocentric study, all patients were treated and
evaluated similarly along the study period. The study was
approved by the local ethics committee (CCPPRB Henri Mondor),
and written informed consent was obtained from the parents.

Prospective data collection

We created a standard data collection (approved by local ethics
committee) with parental informations, circumstances and route of
the delivery, antenatal treatments (corticosteroid, antibiotics),
neonatal morbidities (neonatal infection, respiratory distress
syndrome, bronchopulmonary dysplasia (defined as oxygen and/
or assisted ventilation requirement at 28 days of life and 36 weeks
of postconceptional age), necrotizing enterocolitis), brain lesions
observed on ultrasound. Standard neonatal cranial ultrasounds
were performed using a 7.5 Mhz transducer (Vivid 1 ultrasound,
GE Healthcare, Eilat, Isracl). They were usually performed using a
standardized scanning procedure, twice within the first week of
life, around 21 days and thereafter at 36 weeks of gestational age.
The main recorded events associated with preterm delivery were
histological chorioamnionitis, premature rupture of amniotic
membranes more than 24 hours before delivery, intrauterine
growth retardation (IUGR, below 10™ percentile according to
Kramer [16]) and preeclampsia. All outcomes, including death,
were recorded until infants were discharged from the hospital.

Criteria for PDA, ibuprofen treatment and evaluation of
treatment response

The medical treatment criteria for patients were evaluated by
colour Doppler ultrasonography using a 10 MHz probe (Vivid 1
ultrasound, GE Healthcare, FEilat, Israel). Echocardiographic
criteria for PDA included evidence of left-to-right blood flow
through the open ductus on color Doppler scanning, ductus
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diameter =1.4 mm/kg, increased left atrial diameter compared to
aortic root (left-atrium-to-aortic-root ratio =1.4), and left pulmo-
nary artery end diastolic flow velocity >0.2 m/sec as described by
El Hajjar et al [17]. Ibuprofen-trometamol for parenteral use
(Pedea® Orphan Europe laboratory, Paris- La Défense, France) was
administrated. Three daily doses of ibuprofen of 10, 5 and 5 mg/kg
were given intravenously over 15 minutes on 3 consecutive days at
24 hours intervals. Ibuprofen administration started between 12
and 72 h of life in most cases (n=100) and was delayed in 11
remaining neonates. Infants with only a partially closed PDA after
the first course of ibuprofen treatment underwent a second course
48 hours after the end of the first course. Responders were defined
as patients without any clinical evidence of PDA and without
luminal flow on Doppler examination 24 hours after the end of
treatment regimen. Non responders underwent surgical ligation.

CYP2C8 and CYP2(C9 genotyping procedures

Blood samples were drawn after Institutional Review Board
approval and informed parental consent were obtained. Genomic
deoxyribonucleic acid (DNA) was extracted and kept frozen
at —20°C until analysis.

The main enzymes involved in ibuprofen metabolism are
CYP2C8 and CYP2C9. For CYP2C8, the most common variant
CYP2C8*3 alleles (rs10509681 and rs11572080 were tested but
CYP2C8*2 was not tested. For CYP2C9, CYP2C9*2 (rs1799853)
and CTP2C9%*3 (rs1057910) were analyzed. All of the single
nucleotide polymorphisms (SNPs) were detected after real time
polymerase chain reaction (PCR) by the use of 5'nuclease allelic
discrimination assays (ABI PRISM 7900HT Sequence detection
system, Applied Biosystems, Foster City, CA). They were analyzed
by commercial assays (TagMan DME assays, Applied Biosystems)
and the PCR conditions were identical to those of the
manufacturer’s instructions.

Statistical methods

Results are expressed as median (range) for quantitative
variables and absolute numbers (percentages) for qualitative
variables. Comparisons between CYP genotype and between
responses to treatment were performed with non parametric tests:
Chi-2 or Fischer exact test as appropriate for qualitative variables,
Wilcoxon test for quantitative variables. Patients were divided into
two groups according to CTYP2C8 and 2(C9 genotypes: patients
homozygous wild type for both genes (wild type patients) and
patients homozygous or heterozygous mutated for one or both
genes (mutated patients).

Logistic regression model was used to assess the relationship
between response to treatment and wild type, neonate sex,
postmenstrual age, ethnicity and multiple pregnancies. Model
selection used a stepwise backward-forward procedure. Results
were expressed in bivariate analyses and at the last step of the
stepwise procedure as odds ratios (OR) and 95% confidence
interval (95% CI). Goodness-of-fit for the logistic regression model
was tested using the Hosmer-Lemeshow chi-square test and
discrimination by the ¢-statistic.

All tests were bilateral and level of statistical significance was set
at 0.05. Statistical analyses were carried out using SAS 9.1 (SAS
Inc, Cary, NC).

Results

Genotyping of neonates with PDA for CYP2C8 and

CYP2C9 polymorphisms
Genotype frequencies for CYP2C8 and CYP2C9 n=111) are
presented table 1. The frequencies of CYP2C8*1/*1, *1/*5 and
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¥3/*3 genotypes were 83%, 16% and 1% respectively. The
frequencies of alleles CYP2C9*1/*1(77%), *1/*2(15%); *1/
*3(5%), *2/*2(1%), *2/*3(1%) and *3/*3(1%) did not differ
significantly from those observed in previous reports [14,18]. Most
infants carrying the CYP2C8%*3 allele were also carriers of
CYP2C9*2. The number of patients carrying various combinations
of both alleles (17/27) is higher than expected from the allele’s
frequencies suggested that there is a linkage between (YP2C8 and
CYP2(C9 variant alleles. No association between CYP2C8*3 and the
other CYP2C9 alleles was observed. Because different polymor-
phisms could induce different changes in ibuprofen pharmacoki-
netics and/or pharmacodynamics, we first analyzed clinical
characteristics of C1YP2C8*5 carriers compared with CYP2C9*3
carriers. No difference between these two groups was observed in
both perinatal characteristics and ibuprofen response. Therefore,
all mutated subjects were analyzed in the same group.

Perinatal characteristics of neonates according to
CYP2C8 and CYP2C9 genotyping

Tables 2 and 3 show the perinatal characteristics of neonates
with  PDA according to individual C1P2C8 and CYP2C9
genotypes (wild type n=84 or mutated n=27). Among our
patients, statistically significant associations were observed
between variant alleles for CYP2C8 and CYP2C9 and Caucasian
ethnicity of both parents. In contrast, gestational age, birth
weight, circumstances of preterm delivery and IUGR were not
found associated with CYP genotypes. In postnatal period, we
found a significant association between variant alleles carriers and
a longer total ventilation duration (p =0.01). However, there was
no difference in chronic lung disease incidence or postnatal
steroids use in this variant subpopulation. Severe brain lesions
(high grades intraventricular haemorrhage and cystic periven-
tricular leukomalacia) and neonatal mortality were not found
different between the two groups.

Surprisingly, response rate to ibuprofen treatment was found
significantly higher in wild type carriers that in mutated carriers of
CYP2C8 and CYP2C9 (73% vs 52%, p=0.04). This result was
unexpected with regard to the potential pharmacokinetics
consequences of CYP2C8 and CYP2C9 variant alleles on the
clearance of ibuprofen. Therefore, subsequent analysis of the
cohort compared responders to non responders’ neonates to
ibuprofen treatment to investigate potential confounding variables
mitigating any effect of CYP2C8 and CYP2(C9 variants.

Table 1. Polymorphisms frequencies (N, (%)) of CYP2C8 and
CYP2C9 in population (n=111).
CYP2C8
*1/41 *1/%3 *3/43 Al
CYP2C9 *1/*1 84 (76%) 2 (2%) 86 (77%)
22 (2%) 15 (14%) 17 (15%)
*1/%3 5 (5%) 5 (5%)
*2/%2 1% 10%)
A 1 (1%) 1(1%)
*3/43 1 (1%) 1(1%)
All 92 (83%) 18 (16%) 1 (1%)
doi:10.1371/journal.pone.0012329.t001
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Perinatal characteristics of neonates according to the
response to ibuprofen treatment

Tables 4 and 5 describe the perinatal characteristics of neonates
with PDA according the response to ibuprofen treatment. Among
the cohort of patients, statistically significant associations were
observed between non responders and Caucasian ethnicity of the
mother (p=0.01), multiple pregnancies (p=0.03), birth weight
(p=0.009) and a lower gestational age (p<<0.0001). In contrast,
circumstances of preterm delivery and IUGR were not found
associated with clinical response to ibuprofen. As expected in
postnatal period, non responders required mechanical ventilation 3-
fold longer than responders and chronic lung disease incidence and
postnatal steroids use were higher in non responders patients
(p=0.02 and p=0.001, respectively). Severe brain lesions (high
grades IVH and cystic periventric‘ular leukomalacia) and neonatal
mortality were found not different between the two groups. In
bivariate analyses, responders patients were found more likely to
carry wild type genotype for CYP2C8 and CYP2C9 compared to non
responders (81% vs 64%, p=0.05). Using multivariable analysis,
higher gestational age at birth (OR 2.6 95%CI 1.6-4.1) and non
Caucasian ethnicity (OR 3.9 95%IC 1.5-10.1) (but not CYP
genotype) were found to be statistically associated with the response
to ibuprofen in extremely preterm neonates with PDA (Table 6).

Discussion

We have hypothesized that, in addition to prematurity and envi-
ronmental factors, efficacy of ibuprofen to treat PDA was related to
pharmacogenetics factors affecting ibuprofen metabolism and phar-
macokinetics. The goal of this study was to determine the contri-
bution of these pharmacogenetic factors to ibuprofen response and
the potential relevance of genotype-based dosing of ibuprofen likely to
increase PDA closure rate and subsequent neonatal morbidity.

Relationship between area under the curve and ibuprofen
efficacy for PDA closure was reported in several studies [10,18].
Therefore, it might be expected that genetic polymorphisms
reducing ibuprofen metabolism would increase drug effectiveness.
Interindividual variability in drug metabolism may account for
clinical differences in therapeutic efficacy or adverse effects
associated to ibuprofen treatment.

The CYP2C9 enzyme plays a key role in the formation of
oxidative metabolites of both R-(inactive —) and S-(active +)
ibuprofen [11,19]. In vitro studies indicate that stereoselectivity of
ibuprofen hydroxylation by human CYPs exists, CYP2C8 being the
main enzyme involved in the hydroxylation of R-(—)-ibuprofen and
CYP2C9 being the main enzyme involved in the hydroxylation of
S-(+)-tbuprofen [19]. In adults, low ibuprofen clearance occurring is
strongly linked to CYP2C8 and CYP2C9 polymorphism [14,20].

We tested the major C1P2C8 and CYP2C9 allelic variants
known to reduce ibuprofen clearance in healthy adults [2,14] but
our findings do not support the hypothesis that clinical response to
ibuprofen could be related to CYP2C8 and 2C9 genotypes in
extremely preterm infants.

Variant alleles frequencies observed in the present study were
consistent with published data. CYP variants were described more
frequently in Caucasian than in non Caucasian populations [21].
In Caucasians, reported CYP2C allele frequencies were 9.5 to
17% for CYP2C8*3 and 16 to 21% for CYP2C9*2 [18] as
compared to 17% for both of these alleles in our study. In
agreement with previous findings, a gene linkage between
CYP2C8*3 and CYP2C9*2 alleles was observed.

The absence of association between CYP2C polymorphisms
and response to ibuprofen in extremely preterm infants might be
related to other several factors:
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Table 2. Perinatal characteristics of the population according to CYP genotype.
Wild Type Mutated
n=84 n=27 P
Male 44 (52%) 16 (59%) 0.53
Mother ethnicity 0.006
Caucasian 31 (37%) 18 (67%)
Other 53 (63%) 9 (33%)
Father ethnicity 0.001
Caucasian 32 (39%) 20 (74%)
Other 51 (61%) 7 (26%)
Caesarian section 40 (48%) 10 (37%) 0.33
Multiple pregnancies 23 (27%) 8 (30%) 0.82
Median birth weight (g), (range) 817 800 0.39
(490-1290) (530-1410)
Median gestational age (weeks), (range) 26.3 26.0 0.07
(24.3-27.9) (24.1-27.7)
Vascular placental disease 20 (24%) 4 (15%) 0.32
Preterm labour 65 (77%) 24 (89%) 0.19
Histological chorioamnionitis 41/80 (51%) 13/26 (50%) 0.91
Rupture of membranes >12 h 15 (18%) 5 (19%) 1.00
Antenatal betamethasone 79 (94%) 25 (93%) 0.68
IUGR<10 perc. 19 (23%) 5 (19%) 0.65
IUGR: intra uterine growth retardation.
doi:10.1371/journal.pone.0012329.t002

Table 3. Clinical characteristics of the population according to CYP genotype.

Wild type Mutated

n=84 n=27 P
Additional surfactant 23 (27%) 13 (48%) 0.04
Haemodynamic support 13 (15%) 1 (4%) 0.18
Neonatal sepsis 9 (11%) 0 (0%) 0.11
Nosocomial sepsis 20 (24%) 3 (11%) 0.16
Median duration of total Ventilation 335 41.5 0.01
(days) (range) (1.4-71.0) (21.1-73.0)
Median duration of mechanical ventilation 12.1 189 0.04
(days) (range) (0.2-52.2) (0.6-73.0)
Median duration of non invasive ventilation 20.5 238 0.06
(days) (range) 0.2-42.8 0-35.3
Chronic lung disease at 36 weeks 12 (15%) 4 (15%) 1.00
Postnatal systemic steroids 45 (56%) 17 (63%) 0.50
Inhaled steroids 50 (62%) 19 (70%) 0.42
Necrotizing enterocolitis 2 (2%) 2 (7%) 0.26
IVH all grades 20 (24%) 5 (19%) 0.57
IVH grades lII-IV 3 (3%) 2 (7%) NC
Cystic periventricular leucomalacia 1 (1%) 0 NC
Death before discharge 3 (4%) 0 (0%) NC
Response to ibuprofen 61 (73%) 14 (52%) 0.04
IVH: intraventricular haemorrhage.
doi:10.1371/journal.pone.0012329.t003
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Table 4. Perinatal characteristics of the population according to the response to Iboprofen.
Responders Non responders
n=75 n=36 P
Male 44 (59%) 16 (44%) 0.16
Mother ethnicity 0.01
Caucasian 27 (36%) 22 (61%)
Other 48 (64%) 14 (39%)
Father ethnicity 0.07
Caucasian 31 (41%) 21 (60%)
Other 44 (59%) 14 (40%)
Caesarian section 35 (47%) 15 (42%) 0.62
Multiple pregnancies 16 (21%) 15 (42%) 0.03
Median birth weight (g) 880 768 0.01
(range) (490-1410) (490-1170)
Median postmenstrual age, weeks 26.6 25.6 <0.0001
(range) (24.4-27.9) (24.1-27.9)
Vascular placental disease 19 (25%) 5 (14%) 0.17
Preterm labour 57 (76%) 32 (89%) 0.11
Histological chorioamnionitis 34/70(49%) 20/36(56%) 0.50
Rupture of membranes >12 h 16 (21%) 4 (11%) 0.19
Antenatal betamethasone 69 (92%) 35 (97%) 0.42
IUGR<10 perc. 17 (23%) 7 (19%) 0.70
doi:10.1371/journal.pone.0012329.t004
® Despite a monocenter study design, the studied population involved in the severity and clinical consequences of PDA.
remains heterogencous in terms of preterm birth circum- Moreover, the sample size of the studied population remains
stances and severity of respiratory disease, two factors quite low.
Table 5. Clinical characteristics of the population according to the response to Ibuprofen.
Responders Non responders
n=75 n=36 P
Additional Surfactant 20 (27%) 16 (44%) 0.06
Haemodynamic support 11 (15%) 3 (8%) 0.54
Neonatal sepsis 5 (7%) 4 (11%) 0.47
Nosocomial sepsis 14 (19%) 9 (25%) 0.44
Median duration of total ventilation (days) (range) 28.6 46.3 <0.0001
(1.4-62.9) (10.4-73.0)
Median duration of mechanical ventilation (days) (range) 6.9 22.2 <0.0001
(0.2-35.5) (3.4-73.0)
Median duration of non invasive ventilation (days) (range) 20.6 23.2 0.16
(0.2-41.7) (0-42.8)
Chronic lung disease at 36 weeks 7 (9%) 9 (26%) 0.02
Postnatal systemic steroids <36weeks 36 (49%) 26 (76%) 0.007
Inhaled steroids 44 (59%) 25 (74%) 0.16
Necrotizing enterocolitis 0 (0%) 4 (11%) 0.01
IVH all grades 16 (21%) 9 (25%) 0.67
IVH grade IlI-IV 2 (2%) 3 (8%) NC
Cystic periventricular leucomalacia 1 (1%) 0 (0%) NC
Death before discharge 1 (1%) 2 (6%) 0.24
Wild Type CYP2C8 and 2C9 61 (81%) 23 (64%) 0.04
doi:10.1371/journal.pone.0012329.t005
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Table 6. Bivariate and Multvariable logistic regression
modelling of factors related to treatment response (OR: Odd
Ratio, C195%: 95% Confidence Interval).

Variable Bivariate analyses Multivariable analyses

OR 95% CI P OR 95% CI P

Postmenstrual age 24 (1.5-3.7) <107% 26 (1.6-4.1) <1073

(weeks)

Ethnic group
Caucasian 1
Other 3.0

(1.3-6.8) <0.01 39 (1.5-10.1) <0.01

CYP genotype

Mutated 1

Wild type 25 (1.0-6.0) 0.05
Multiple pregnancies 0.4  (0.2-0.9) 0.03
Sex

Male 1

Female 06 (0.3-1.3) 0.16

c-statistics = 0.78, Hosmer and Lemeshow Goodness-of-Fit Test p=0.82.
doi:10.1371/journal.pone.0012329.t006

® Pharmacogenetic expression of polymorphic enzyme activities
may be developmentally influenced [22]. CYP2C protein
expression and/or catalytic activity are most probably very
low during the immediate postnatal period in very low birth
weight infants. Indeed, CYP2C9-specific content and catalytic
activity were consistent with expression at 1 to 2% of mature
values during the first trimester of pregnancy, with progressive
increase during the second and third trimesters to reach
approximately 30% of mature values [23]. However, Koukour-
itaki et al. and others demonstrated that CYP2C maturation
depends only on postnatal age and 51% of newborns exhibiting
values close to mature levels suggesting that the most immature
neonates could express a substantial amount of CYP [24].

e CYP 2C8/9 has been identified as an endothelium-derived
hyperpolarizing factor (EDHF) synthase who is a physiologi-
cally relevant generator of reactive oxygen species (ROS) in
vascular endothelial cells and modulates both vascular tone
and homeostasis [25]. A decreased expression of CVP2C could
reduce ROS accumulation and subsequent PDA closure [26].

® Some other ibuprofen metabolites may influence the clinical
response of this drug deserving further testing through
metabolomics studies [27].

® linally, CYP2C8 was found involved in the metabolism of
arachidonic acid to biologically active epoxyeicosetrenoic acids
(EETs) in the kidney. Indeed, CYP2C'8*3 variant was associated
with a reduced turnover of arachidonic acid tol1,12-EET and
14,15-EET [13]. These epoxides have significant physiologic
role in water reabsorption and Na+ transport, inflammation,
and vascular smooth muscle tone [28-30] all factors likely to
modulate vascular tone and to alter ductus closure.

In addition to CYP2C polymorphism, other genetic factors and
ethnicity could also mitigate the impact of CYP2C genotype on
response to ibuprofen. In addition to gestational age, ethnicity was
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strongly associated with the response to ibuprofen and PDA closure
in the present study. The awareness of ethnic/racial disparities in
neonatal care of preterm infants has been growing because of
considerable data gathered from recent clinical and experimental
studies. For example, it is clear that there is a 2- to 3-fold racial
difference in preeclampsia associated dysfunctional vasodilatation
[31]. Similarly, common genetic variants in genes encoding pro- or
anti-inflammatory cytokines may influence the risk for spontaneous
preterm birth. It has been shown that genetic factors may also
influence the susceptibility to white matter damage and subsequent
cerebral palsy in very preterm infants [32—35]. In rodents, strains
disparities have been reported to account for differences in brain
vulnerability to neonatal hypoxic-ischemic insult [36]. Recently, two
reports support that preterm PDA is highly familial with contribution
of both genetic and environmental factors [37,38]. Moreover, ductus
remodeling, likely genetically determined, was recognized as one of
the most important factors for PDA closure [39].

Ethnic disparities in neonatal and post-neonatal mortality,
documented in the United States, is related to many factors both
genetic and epigenetic, including health care disparities, differences
in risk factors and causes of neonatal mortality, differences in drug
efficacy [40]. African Americans experience a lower risk of neonatal
mortality in preterm and low birth weight infants compared to white
or hispanic ethnic groups [41]. In contrast, after surfactant therapy
for RDS became generally available, neonatal mortality improved
more for white than for black infants with very low birth weight [42].
African American infants have been shown to have a lower incidence
of RDS than whites after controlling for birth and gestational age
[43,44]. This observation is consistent with the present study
showing a significantly higher incidence of additional surfactant
requirement in CYP2C variant infants who were tightly associated
with Caucasian ethnicity. These differences have been attributed to
more rapid lung maturation and consequently earlier production of
pulmonary surfactant in African American foetuses compared with
white foetuses [45—47]. Altogether, these data support that, in
addition to environmental or sociodemographic factors, genetically-
determined ethnic differences account for disparities in respiratory
illness and response to treatment in VLBW neonates. Our study
suggests that similar conclusions could be made for PDA closure and
response to ibuprofen but unrelated to CYP2C genotype.

In conclusion, CYP2(8 and 2C9 polymorphisms did not appear
to be involved in PDA response to ibuprofen and cannot be used
to optimize the ductal closure rate by modulating ibuprofen dosing
strategy. In contrast, this study points out the role for ethnicity in
the interindividual variability of response to ibuprofen and
subsequent PDA closure in preterm infants. Interethnic differences
in the neonatal PDA clinical course should be further explored and
correlated to ibuprofen pharmacokinetics.

Acknowledgments

We thank Professor Julia Kirchheiner, Universitatsklinikum Ulm Germany

for providing the control CYP2C8 and 2C9 DNA.

Author Contributions

Conceived and designed the experiments: XD SH YM FD CA YA CD
OB. Performed the experiments: SH YM JB OB. Analyzed the data: XD
SH YM EJA FD JB CA YA CD OB. Contributed reagents/materials/
analysis tools: OB. Wrote the paper: XD SH EJA FD CA YA CD OB.

2. Trus T, Winthrop AL, Pipe S, Shah J, Langer JC, et al. (1993) Optimal
management of patent ductus arteriosus in the neonate weighing less than 800 g.
J Pediatr Surg 28: 1137-1139.

August 2010 | Volume 5 | Issue 8 | 12329



21.

22.

23.

. Palder SB, Schwartz MZ, Tyson KR, Marr CC (1987) Management of patent

ductus arteriosus: A comparison of operative v pharmacologic treatment.

J Pediatr Surg 22: 1171-1174.

. Narayanan M, Cooper B, Weiss H, Clyman RI (2000) Prophylactic

indomethacin: Factors determining permanent ductus arteriosus closure.

J Pediatr 136: 330-337.

. Clyman RI, Chorne N (2007) Patent ductus arteriosus: Evidence for and against

treatment. J Pediatr 150: 216-219.

. Moin F, Kennedy KA, Moya FR (2003) Risk factors predicting vasopressor use

after patent ductus arteriosus ligation. Am J Perinatol 20: 313-320.

. McCurnin D, Seidner S, Chang LY, Waleh N, Ikegami M, et al. Ibuprofen-

induced patent ductus arteriosus closure: Physiologic, histologic, and biochem-
ical effects on the premature lung. Pediatrics 121: 945-956.

. Van Overmeire B, Touw D, Schepens PJ, Kearns GL, van den Anker JN (2001)

Ibuprofen pharmacokinetics in preterm infants with patent ductus arteriosus.
Clin Pharmacol Ther 70: 336-343.

. Aranda JV, Varvarigou A (1997) Pharmnacokinetics and proteine binding of

intravenous ibuprofen in the premature newborn infant (1997) Acta Paediatr
86: 289-293.

. Desfrere L, Zohar S, Morville P, Brunhes A, Chevret S, et al. (2005) Dose-

finding study of ibuprofen in patent ductus arteriosus using the continual
reassessment method. J Clin Pharm Ther 30: 121-132.

. Hamman MA, Thompson GA, Hall SD (1997) Regioselective and stereoselec-

tive metabolism of ibuprofen by human cytochrome P450 2C. Biochem
Pharmacol 54: 33-41.

. Garcia-Martin E, Martinez C, Ladero JM, Agundez JA (2006) Interethnic and

intraethnic variability of CYP2C8 and CYP2C9 polymorphisms in healthy
individuals. Mol Diagn Ther 10: 29-40.

. Dai D, Zeldin DC, Blaisdell JA, Chanas B, Coulter SJ, et al. (2001)

Polymorphisms in human CYP2C8 decrease metabolism of the anticancer drug
paclitaxel and arachidonic acid. Pharmacogenetics 11: 597-607.
Garcia-Martin E, Martinez C, Tabares B, Frias J, Agundez JA (2004)
Interindividual variability in ibuprofen pharmacokinetics is related to interaction
of cytochrome P450 2C8 and 2C9 amino acid polymorphisms. Clin Pharmacol
Ther 76: 119-127.

. Lopez-Rodriguez R, Novalbos J, Gallego-Sandin S, Roman-Martinez M,

Torrado J, et al. (2008) Influence of CYP2C8 and CYP2C9 polymorphisms on
pharmacokinetic and pharmacodynamic parameters of racemic and enantio-
meric forms of ibuprofen in healthy volunteers. Pharmacol Res 58: 77-84.

. Kramer MS, Platt RW, Wen SW, Joseph KS, Allen A, et al. (2001) A new and

improved population-based canadian reference for birth weight for gestational
age. Pediatrics 108: E35.

. El Hajjar M, Vaksmann G, Rakza T, Kongolo G, Storme L (2005) Severity of

the ductal shunt: A comparison of different markers. Arch Dis Child Fetal
Neonatal Ed 90: F419-22.

. Martinez C, Garcia-Martin E, Blanco G, Gamito FJ, Ladero JM, et al. (2005)

The effect of the cytochrome P450 CYP2C8 polymorphism on the disposition of
(R)-ibuprofen enantiomer in healthy subjects. Br J Clin Pharmacol 59: 62-69.

. Leemann TD, Transon C, Bonnabry P, Dayer P (1993) A major role for

cytochrome P450TB (CYP2C subfamily) in the actions of non-steroidal
antiinflammatory drugs. Drugs Exp Clin Res 19: 189-195.

. Yasar U, Lundgren S, Eliasson E, Bennet A, Wiman B, et al. (2002) Linkage

between the CYP2C8 and CYP2C9 genetic polymorphisms. Biochem Biophys
Res Commun 299: 25-28.

Totah RA, Rettic AE (2005) Cytochrome P450 2C8: Substrates, inhibitors,
pharmacogenetics, and clinical relevance. Clin Pharmacol Ther 77: 341-352.
Kearns GL, Abdel-Rahman SM, Alander SW, Blowey DL, Leeder JS, et al.
(2003) Developmental pharmacology—drug disposition, action, and therapy in
infants and children. N Engl ] Med 349: 1157-1167.

Treluyer JM, Gueret G, Cheron G, Sonnier M, Cresteil T (1997) Develop-
mental expression of CYP2C and CYP2C-dependent activities in the human
liver: In-vivo/in-vitro correlation and inducibility. Pharmacogenetics 7:
441-452.

. Koukouritaki SB, Manro JR, Marsh SA, Stevens JC, Rettic AE, et al. (2004)

Developmental expression of human hepatic CYP2C9 and CYP2C19.
J Pharmacol Exp Ther 308: 965-974.

. Fleming I, Michaelis UR, Bredenkotter D, Fisslthaler B, Dehghani F, et al.

(2001) Endothelium-derived hyperpolarizing factor synthase (cytochrome P450

@ PLoS ONE | www.plosone.org

26.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

PDA and Cytochrome P450

2C9) is a functionally significant source of reactive oxygen species in coronary
arteries. Circ Res 88: 44-51.

Cogolludo AL, Moral-Sanz J, van der Sterren S, Frazziano G, van Cleef AN,
et al. (2009) Maturation of O2 sensing and signaling in the chicken ductus
arteriosus. Am J Physiol Lung Cell Mol Physiol 297: L619-30.

. Agundez JA, Garcia-Martin E, Martinez C (2009) Genetically based impairment

in CYP2C8- and CYP2C9-dependent NSAID metabolism as a risk factor for
gastrointestinal bleeding: Is a combination of pharmacogenomics and metabo-
lomics required to improve personalized medicine? Expert Opin Drug Metab
Toxicol 5: 607-620.

. Rifkind AB, Lee C, Chang TK, Waxman DJ (1995) Arachidonic acid

metabolism by human cytochrome P450s 2C8, 2C9, 2E1, and 1A2:
Regioselective oxygenation and evidence for a role for CYP2C enzymes in
arachidonic acid epoxygenation in human liver microsomes. Arch Biochem

Biophys 320: 380-389.

. Node K, Huo Y, Ruan X, Yang B, Spiecker M, et al. (1999) Anti-inflammatory

properties of cytochrome P450 epoxygenase-derived eicosanoids. Science 285:

1276-1279.

. Imig JD (2000) Eicosanoid regulation of the renal vasculature. Am J Physiol

Renal Physiol 279: F965-81.

. Mata-Greenwood E, Chen DB (2008) Racial differences in nitric oxide-

dependent vasorelaxation. Reprod Sci 15: 9-25.

. Engel SA, Erichsen HC, Savitz DA, Thorp J, Chanock S]J, et al. (2005) Risk of

spontaneous preterm birth is associated with common proinflammatory cytokine
polymorphisms. Epidemiology 16: 469-477.

. Engel SA, Olshan AF, Savitz DA, Thorp J, Erichsen HC, et al. (2005) Risk of

small-for-gestational age is associated with common anti-inflammatory cytokine
polymorphisms. Epidemiology 16: 478-486.

Gibson CS, MacLennan AH, Dekker GA, Goldwater PN, Dambrosia JM, et al.
(2007) Genetic polymorphisms and spontaneous preterm birth. Obstet Gynecol
109: 384-391.

. Nelson KB, Dambrosia JM, Iovannisci DM, Cheng S, Grether JK, et al. (2005)

Genetic polymorphisms and cerebral palsy in very preterm infants. Pediatr Res
57: 494-499.

Fontaine RH, Olivier P, Massonneau V, Leroux P, Degos V, et al. (2008)
Vulnerability of white matter towards antenatal hypoxia is linked to a species-
dependent regulation of glutamate receptor subunits. Proc Natl Acad Sci U S A
105: 16779-16784.

Dagle JM, Lepp NT, Cooper ME, Schaa KL, Kelsey KJ, et al. (2009)
Determination of genetic predisposition to patent ductus arteriosus in preterm
infants. Pediatrics 123: 1116-1123.

Bhandari V, Zhou G, Bizzarro M]J, Buhimschi C, Hussain N, et al. (2009)
Genetic contribution to patent ductus arteriosus in the premature newborn.
Pediatrics 123: 669-673.

Ivey KN, Srivastava D (2006) The paradoxical patent ductus arteriosus. J Clin
Invest 116: 2863-2865.

Hessol NA, Fuentes-Afflick E (2005) Ethnic differences in neonatal and
postneonatal mortality. Pediatrics 115: e44-51.

Alexander GR, Kogan M, Bader D, Carlo W, Allen M, et al. (2003) US birth
weight/gestational age-specific neonatal mortality: 1995-1997 rates for whites,
hispanics, and blacks. Pediatrics 111: ¢61-6.

Hamvas A, Wise PH, Yang RK, Wampler NS, Noguchi A, et al. (1996) The
influence of the wider use of surfactant therapy on neonatal mortality among
blacks and whites. N Engl ] Med 334: 1635-1640.

Farrell PM, Wood RE (1976) Epidemiology of hyaline membrane disease in the
United States: Analysis of national mortality statistics. Pediatrics 58: 167-176.

Ranganathan D, Wall S, Khoshnood B, Singh JK, Lee KS (2000) Racial
differences in respiratory-related neonatal mortality among very low birth weight
infants. J Pediatr 136: 454-459.

. Fujikura T, Froehlich LA (1966) The influence of race and other factors on

pulmonary hyaline membranes. A report from the collaborative study of
cerebral palsy. Am J Obstet Gynecol 95: 572-578.

Hulsey TC, Alexander GR, Robillard PY, Annibale DJ, Keenan A (1993)
Hyaline membrane disease: The role of ethnicity and maternal risk
characteristics. Am J Obstet Gynecol 168: 572-576.

Ross S, Naeye RL (1981) Racial and environmental influences on fetal lung
maturation. Pediatrics 68: 790-795.

August 2010 | Volume 5 | Issue 8 | 12329



