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Abstract

The concept of personalized medicine and pharmacogenetics reflects the notion that a specific (side) effect or
risk is not at random distributed in a (sub) population. This obviously holds also promises for personalized medicine
in perinatal life. There are observations on the impact of pharmacogenetics on in vivo cytochrome P450 (CYP)
CD6, C219 and N-Acetyl Transferase (NAT) 2 activity in early life. However, these observations are still based on
genotype-phenotype concordances described in adults and — to a certain extent — still approach the infant as ‘a small
adult’ (when does genotype-phenotype concordance appears ?).

In addition to such ‘adult driven’ approach, there are also potential age-specific concordances between genotype
and phenotype that are only present in perinatal life: pharmacogenetic polymorphisms as predicting covariate
limited to periods during development in which a genotype-phenotype concordance still exists. Such an approach
holds the promise of further individualized medicine in perinatal life, but needs simultaneous availability of clinical
characteristics, pharmacologic observations and polymorphisms (mother, fetus, child).
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Introduction

The principles underlying the concept of personalized medicine
reflect the notion that a specific (side)-effect is not at random or
normally distributed throughout a (sub) population [1,2]. This
obviously also holds promises for personalized medicine in perinatal
life. However, integration of pharmacogenetics to improve predictions
needs to take the specific characteristics of perinatal (i.e. maternal, fetal
and neonatal) pharmacology into account [1,2].

In essence, the fetus and early infancy are unique subpopulations.
Growth and maturation are the most crucial characteristics of these
subpopulations. Birth weight increases with 50% in the first 6 weeks
of life, doubles in the first 4 months to be 3 times higher at the end of
infancy. In this same time interval, there is a 4-fold increase in caloric
needs. Perinatal life is characterized by a very dynamic biological
system with growth, maturation and extensive variability as crucial
characteristics [3,4].

From a clinical pharmacology perspective, the consequence of
such a dynamic setting is extensive variability throughout infancy
in both pharmacokinetics and pharmacodynamics with maturation
(‘ontogeny’) and growth (weight changes) [3,4]. We hereby strongly
recommend that the integration of pharmacogeneticsas another
covariate to improve individual predictions in perinatal life [3,4].
However, this should not be limited to specific iso-enzyme activities
with already reported polymorphisms in adults, but should also
consider genotype-phenotype concordances specific to perinatal life
(maternal-fetal-neonatal subpopulation).

Ontogeny of Specific Iso-enzyme Activity with Known
Relevant Polymorphisms in Adults

The classification of polymorphisms related enzyme activities are
usually based on the phenotypic observations collected in adults. An
illustration is the cytochrome P450 (CYP) CYP2D6 activity score,
translating genotype information into a qualitative measure of the
phenotype in adults. Such classification results in subpopulations
(e.g. poor, slow, extensive, ultrafast metabolizers) of patients that may

improve individual predictability of drug-related (side) effects [5].

Genotyping of the polymorphic cytochrome P450 (CYP) 2D6
gene is used increasingly in clinical practice in adults. However,
pharmacogenomics are only one group of covariates of variability.
The phenotypic variability is the result of genomic variation and
environment. Other clinical characteristics like co-morbidity (e.g.
hepatic or renal dysfunction) or co-medication should be considered
together with the genomic variation. As an illustration, the association
of CYP2D6 duplication (ultrafast metabolizer) and renal impairment
resulted in respiratory depression in an adult following tramadol
exposure [6]. The same holds true for the interaction of ontogeny (i.e.
age-dependent maturation) and polymorphisms [2-4,7].

Based on observations collected in neonates and young infants
during continuous intravenous tramadol (M) administration, we
were able to show that both postmenstrual age and CYP2D6 activity
score were independent covariates of the variability observed. With
increasing postmenstrual age, the contribution of the CYP2D6 activity
score becomes more relevant (Figure 1) [8]. With increasing phenotypic
activity due to ontogeny, this phenotypic activity progressively reflects
pharmacogenomic related differences (Figure 1). A similar pattern of
‘growing into the genotype/phenotypic correlation” has been reported
for a limited number of other enzymes, including CYP2C19 and
N-Acetyl Transferase (NAT) 2 [9,10].

CYP2C19 ontogeny had a relevant impact on weight-normalized
clearance of oral pantoprazole (1.25-2.5mg) in 33 neonates and
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Figure 1: The impact of postmenstrual age (PMA) and CYP2D6 activity score
on the plasma log M/M1 values is illustrated in neonates and young infants with
an CYP2D6 activity score of either <2 or 2 2. The lower the log M/M1 value, the
higher the phenotypic CYP2D6 iso-enzyme activity. There is an PMA-dependent
effect and a polymorphism dependent effect (CYP2D6 activity score of <2 or =
2) [8].

infants with an age range between birth and 19 weeks of postnatal
age. In essence, neonates (n=7, < 4 weeks postnatal age) showed a
phenotypic poor metabolizer CYP2C19 activity irrespective of the
CYP2C19 polymorphism, with a subsequent progressive increase [9].
Two patients (one neonate, one infant of 16weeks) had a CYP2C19
genotype compatible with poor metabolizer phenotype. There was
not yet a difference in pantoprazole clearance related to the CYP2C19
genotype in neonates, while the poor metabolizer infant indeed had a
lower clearance compared to the other observations in infants [9].

Similarly, the role of NAT 2 ontogeny and polymorphisms on
isoniazid pharmacokinetics was quantified in a cohort of infants (n =
151, 3-24 months postnatal age). The authors hereby described different
NAT?2 ontogeny profiles for each of the 3 pharmacogeneticacetylaction
groups (i.e. fast acetylation vs intermediate vs slow) [10]. In the slow
acetylation group, there was no age-related increase in phenotypic
acetylation, while the difference in maturational rate between fast and
intermediate acetylation groups resulted in about 30% higher clearance
at 3 months (14.25 vs 10.88 L/h) and 45% at 24 months (22.84 vs 15.58
L/h) in fast acetylation cases [10].

Genotype-Phenotype Concordance: A Developmental
Perspective on Perinatal Pharmacology

The 3 above discussed iso-enzyme specific examples (CYP2D6,
CYP2C19, NAT 2) illustrate that the utility of pharmacogenetics
as predicting covariate is limited to periods during development in
which genotype-phenotype concordance already exists. However,
these observations are still mainly driven based on known genotype-
phenotype concordance as described in adults and - to a certain extent
— we still approach the infant as ‘a small adult’.

Theoretically, there is the potential of age-specific concordances
between genotype-phenotype in perinatal life that can only be unveil
following focused evaluation in this population [2,11,12]. This includes
the developmental context in which specific genes with known
polymorphisms are active: the genotype-phenotype correlation may
no longer apply beyond infancy. Fetal malformations or adverse
drug reactions following maternal exposure during pregnancy or in

postpartum through breastfeeding are obvious field of interest for such
a genotype/phenotype exploration.

Genotype-phenotype concordance: maternal-fetal pharma-
cology

Maternal consumption of acetaminophen during pregnancy
has been associated with an increased risk to develop atopy in their
offspring. In the Avon Longitudinal Study, nuclear erythroid 2 p45-
related factor 2 (Nrf2) polymorphism and glutathione S-transferase
(GST,M1,T1,and P1) polymorphisms were documented in the mothers
and their infants to search for genotype-phenotype concordances
[13]. It was hereby documented that the antioxidant genotype of the
infant did not modify associations between infant acetaminophen use
and asthma phenotypes. In contrast, the increased risk of asthma and
wheezing associated with late gestation acetaminophen exposure in
the presence of maternal GSTM1 was further enhanced when GSTM1
was also present in the infant. Consequently, it seems that maternal
antioxidant gene polymorphisms modify the relation between prenatal
acetaminophen exposure and childhood asthma, strengthening
evidence for a causal, polymorphisms related association.

A similar illustration, but looking for genotype/phenotype
concordance following maternal acetaminophen exposure and fetal
gastroshizis has been elaborated by Leeder [9]. The author hereby also
stressed that besides the maternal compartment, placental transfer and
metabolism, fetal drug disposition and the developmental context also
contribute to the fetal concentration/time and concentration/effect
profile [1].

Genotype-phenotype concordance: maternal-neonatal phar-
macology

Another setting of maternal-infant life with potential
pharmacogenetic polymorphisms mediated (side) effects of drugs is
breast feeding. The group of Koren reported on a breastfed infant who
succumbed following opioid toxicity due to exposure to morphine
(the active metabolite of codeine), prescribed to his mother who was
a cytochrome P450 2D6 (CYP2D6) ultrarapid metabolizer [14]. The
same research group more recently reported on the links between
genetic polymorphisms in mothers and their infant and the variation
in response to standard doses of codeine [15]. The authors hereby
explored the associations between polymorphisms in cytochrome
P450 2D6 (CYP2D6), UDP-glucuronosyltransferase 2B7 (UGT2B7),
P-glycoprotein (ABCB1), mu-opioid receptor (OPRM1), and catechol
O-methyltransferase (COMT) genes (all involved in the codeine
pathway) and central nervous depression in 111 breastfeeding mothers
and their infants. A genetic model combining specific maternal risk
genotypic polymorphisms (CYP2D6 and ABCB1) was associated with
central nervous depression in mothers (OR 2.74; 95% CI 1.55-4.84)
and there in infants (OR 2.68; 95% CI 1.61-4.48) [15]. The authors
hereby illustrated that genetic polymorphisms can be used to improve
prediction of outcome during maternal codeine therapy.

Genotype-phenotype concordance: neonatal pharmacology

This developmental context is also of relevance in neonatal
life. Effective drug administration in neonates should be based
on integrated knowledge concerning the evolving physiological
characteristics of the treated newborn and the pharmacokinetic and
pharmacodynamic characteristics of the compound administered [2-
4]. Consequently, improved knowledge on covariates of variability -
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including pharmacogenetics - within the population are important to
improve predictability of effects and side-effects.

Aminoglycoside related toxicity may hereby serve as just another
example of the need for focused observations [3]. The link between
toxicity and high trough aminoglycosides levels is based on historical
case series, when extended interval dosing regimens for aminoglycosides
were not yet implemented [16,17]. Other covariates of aminoglycoside
associated toxicity are co-administration of vancomycin, non-
steroidal anti-inflammatory drugs (e.g. ibuprofen, indomethacin),
peripartal asphyxia or diuretics. More recently, accumulation related
aminoglycoside toxicity has been linked with the presence of megalin,
a low-density lipoprotein receptor in the renal proximal tubule and in
the labyrinth epithelium [16,17]. This megalin receptor also displays
polymorphism [18]. Finally, several mitochondrial DNA mutations were
reported to be associated with aminoglycoside-induced hearing loss.
The integration of all these covariates into a predictive model to further
tailor the population means risk of aminoglycoside toxicity towards an
individual predictor with reasonable sensitivity and specificity is still
needed. In a first attempt, Zimmerman and Lahavrecently provided
a systematic analysis on the multifactorial mechanisms behind how
mitochondrial DNA mutations, aminoglycosides and loud noise can
potentiate ototoxicity in extremely preterm neonates [18].

Pharmacogenetics Should be Tailored to Perinatal Life,
not Only Mirror Findings in Adults

The principles underlying the concept of personalized medicine
and pharmacogenetics reflect the notion that a specific (side) effect or
risk is not at random distributed in a population. This obviously holds
promises for personalized medicine in perinatal life [1,2,7]. We have
provided some observations on the impact of pharmacogenetics on
in vivo cytochrome P450 (CYP) CD6, C219 and N-acetyl transferase
(NAT) 2 activity in early life [8-10]. However, these observations are
still based on genotype-phenotype concordances described in adults
and - to a certain extent — still approach the infant as ‘a small adult’
(when does genotype-phenotype concordance appears ?).

In addition to such ‘adult type’ approach, there are also potential
age-specific concordances between genotype and phenotype only
present in perinatal life. In this way, pharmacogenetics should be
tailored to clinical research questions in perinatal life, and not only
mirrors findings in adults. This approach has been illustrated based
on compound specific observations (acetaminophen, codeine,
aminoglycosides) asreported in literature, but necessitates simultaneous
availability of clinical characteristics, pharmacologic observations and
polymorphisms (mother, fetus, infant).
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