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Determinants of Drug Response in Infants

Disease

Environment ‘ 1 r Genetics

Absorption

Distribution Exposu re
Receptor Interaction ——

Biotransformation Response
Excretion




The Challenge of Pediatric Clinical
Pharmacology: Determining the Source(s) of
Variability......
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Critical Role of Pharmacokinetics in
Pharmacotherapy

e The combination of
ME dictate exposure
which dictates dose.

» Exposure along with the
Interaction with
therapeutic targets
(e.g., receptors) e
dictates response.




Drug Absorption
Developmental Changes in Gastric pH
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Gastrin

HCI production
Agunod et al. Amer J Digest Dis 1969;14:400
Mozam et al. J Pediatr 1985;106:467
Rodgers et al. J. Pediatr Surg 1978;13:13




Developmental Alterations in Intestinal Drug Absorption
Influence of Higher Gastric pH

Orally Administered Penicillin (10,000 U/Ib)

—e— Preterm neonate

—m— Fullterm neonate
Infants (2 wk-2 yr)
Children (2-13 yr)
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Huang et al. J Pediatr 1953;42:657



Drug distribution
Age-dependent changes in body composition
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IC H,0 Protein Fat

Premature
Newborn
4 mo
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Drug Biotransformation
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Ontogeny of CYP3A4

From Lacroix D et al. Eur. J. Biochem. 247: 625-634, 1997

Infant
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Human Hepatic DME Ontogeny

Class 1

ADHI1A
CYP3A7
FMO1
GSTP
SULTIE1
SULTIA3

Class 2

CYP2C19
CYP3A5
GSTAl
GSTAZ2
SULTIAI

Hines, Pharmacol & Therap. 118:250-267, 2008

ADHIB
ADHI1C
AOX
CYP1A2
CYP2C9
CYP2D6
CYP2E1
CYP3A4
EPHX1

EPHX?2
FMO3
GSTM
SULT2A1
UGT1A1
UGT1A6
UGT2B7
PONI1
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Human DME Ontogeny
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>1-24 mo  >2-18 yrs  Adult
Age
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Impact of Ontogeny on Drug Metabolism

Changes in Metabolic Capacity
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From Kearns GL, et al. N Engl J Med 2003;349:1157-67
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Midazolam Clearance in Neonates

Adapted from Burtin et al. Clin. Pharmacol. Ther. 56:615-25, 1994

A 4-OH Mid
1-OH Mid

2500
Birth Weight (g)
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Impact of Age on Linezolid Pharmacokinetics

Kearns GL, Jungbluth GL, Abdel-Rahman SM, Hopkins NK, Welshman IR,

Grzebyk RP, Bruss JB, van den Anker JN. Impact of ontogeny on

linezolid disposition in neonates and infants. Clin Pharmacol Ther 2003:74(5):413-422.

Parameter Adult Child Infant
(n=57) (n=44) (n=10)

Vdss (L/kg) 0.63+0.13 0.71 =£0.18 0.83 +0.18

Cl (L/hr/kg) 0.10 + 0.03 0.30 + 0.12 0.52 + 0.15
t/- (hr) 46+1.7 3.3+0.9 2.0%0.9

CmaxXmom (Mg/L) 19.7 +4.9 17.0+5.2 12.5+ 3.5
C12 prea (MQ/L) 3.3+21 0.41+0.72 0.03 + 0.05

T=>MICgyo (%) 70-100% 35-70% 20-35%




Linezolid Plasma Clearance Association with PCA

Pratarm; = & days
Preterm; = B days
Full term; = & days
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Linezolid Plasma Clearance Association with PNA

Preterm; = 8 days

Preterm; = 8 days
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Linezolid plasma clearance in neonates

Preterm; = & days
Preterm; = 8 days
Full term; = 8 days

Full term; = 8 days
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Propofol clearance almost exclusively
depends on metabolic clearance

4-hydroxypropofol
OH

CYP?
(24 - 60%)
—_—

uoria oz
SULT?

Glucuronide and sulphate metabolites

v

Eliminated
(mainly in urine)
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Allegaert K, et al. Inter-individual variability in propofol pharmacokinetics in preterm

and term infants. Br J Anesth 2007 dec 99(6):864-70.
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r=0.83 (p <0.001)

1 l 1
29 31 33 35
gestational age (weeks)
Figure 1. Linear regression analysis of total body clearance of ceftazidime (mL/h)

versus gestational age (weeks) in 136 preterm infants on day 3 after
birth. Note the logarithmica_lly transformed vertical axis
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Changes in Metabolic Capacity E Integumentary Development
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All neonates are not created equal

post-conceptional age
gestational age
postnatal age
asphyxia at birth

PDA

prenatal drug exposure

These will increase variability
in outcome measures

28



Factors influencing drug disposition in
infants, children and adolescents............

Genetics
Environment
Disease
Treatment

Growth and
development

29



I[buprofen pharmacokinetics in preterm
infants with patent ductus arteriosus

Mjecrive: Our objective was to study the pharmacokinetics of ibuprofen in premarure infants with patent
ductus arterosus on day 3 and day 5 after birth,

Merhods: Thuprofen was administered on days 3, 4, and 5 by a 15-minute intravenous infusion of 10, 5,
and & mg/s kg, respectively, with the aim of closimy; the ductus arteriosus, Wiood samples were drawn at
vime zero and ar 0.5, 1, 2, 4, 12, and 24 hours after the firar and third doses. Ibuprofen plasma eoncen-
trations were assayed by HPLC.

Results: A voral of 27 premarure infants were included {gestational age, 28.6 = 1.9 weeks; birth weight,
1250 = 460 g values are mean + standard deviation), Ibnprofen pharmacokinerics followed a 2-compart-
meil apei model, Between the first and third doses (day 3 and day 5) there was a 5igniﬁqnt decrease of
the volume of distribution of the central compartmen (Vd ) (.244 versus 0171 L/kg; = A003) and area
under the plasma concentration-time curve {524 versus 447 mg - h/L; I'= 01). The decrease in Vd, was
oSt proneuiced in paticnts with a dosing ductus. Total body cléaraiee and plasina halt-lite did not
change significantly. No significant differences were observed in ibuprofen peak plasma concentrations
after the first and third doses in relaton o ductal st after reatment.

Canclwsion: Touproten pharmacokinetics showed a large interindividual variation in premature infanes dur-
ing wearment for parent ducmms arreriosus, and significant chanpes may oeeur between day 3 and day 5 after
birth in those infants with a closing ductus. These findings may have implications for the treatment sched-
ule with {buproten in patients with patene ducus arverdosus, (Clin Pharmacol Ther 200;7:336-43.)

Bart Van Overmeire, MD, PhDD, Daan Touw, PharmD, PhD, Paul J. C. Schepens, PhD,
Gregory L. Kearns, PharmD, and John N. van den Anker, MD, PhD

Edegem and Wilrigk, Belgium, Amsterdan and Rocrerdam, The Nesherlands, Kansas City, Mo, and
Coofai g Beg, lgg




Elevated Morphine Concentrations in Neonates
Treated With Morphine and Prolonged Hypothermia
for Hypoxic Ischemic Encephalopathy

Anikd Riska, MD®, Kis Tamas Melinda, MD®, Bama Vasarhelyi, PhD®, Tamds Machay, PhD®, Denis Azzopardi, MD<, Mikids Szabé, PhC®

*Fist Cpartment of Paediatics, Sermmelwets Liniversity, Budpest, Hungary; “Resaarch Group of Paediatics and Nephrolagy, Hungarian Academy; of Siences,
Budapast, Hungary; Civision of Clirical Sciences, Hammersmith Campus, Imperial College Londan, Linited Kingdom

The suthors hewe indicated they heve nafinancil ilagorships 1fevamt ta this stk todicbse,

What's Known on This Subject What This Study Adds

Ciaty cotaingd n a3uEsIncca that even shovt e ypathenia may have an eflec T 2im of our cosarvational shudy, herefrs, was 10 Imvestgate whether mosphine

n he metatiolsm of majcr anaeslcs and other dnugs Nadita e avalats o rec- phamacoHretics s akered duAng proicnged moderats ystam Fypothermia n -

N Conceming he Impactof ypothemmi an the phamacokingics of movphine phyiatad rechates, FsURIng In ekcessvel high mephine cancenkratians compared
Wi Iants ket noAmathemmi; s would be Imparant Infoematian fr cinics
Wishig 1o proviae hypothemi,
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PHARMACOGENETICS

The study of the role of genetic
factors in drug disposition,
response and toxicity - relating
variation in human genes to
variation in drug responses at the
level of the individual patient (the
right drug for the right patient)
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866 Mendel Lays down the principles of heredity
909 Garrod Publication of ‘Inborn Errors of Metabol

- 1932 Snyder Characterization of the phenylthiourea- P

on-taster as an autosomal recessive trait

954 Hughes et al. Relates isoniazid neuropathy to
‘metabolism —n-acetyltransferase
1956 Carson et al. Dlscovery of glucose G-6 PD
deficiency
1957 Kalow Charact rzes acety
deficien e

polymorphisms \ ‘
1962 Kalow The first textbook on pharmacogenetlcs
1979 Eichelbaumet al. Describes sparteine metabolism
polymorphism
1982 Eichelbaum et al. Recognition of link between
sparteine and debrisoquine. metabolism
1984 Wedlund et al. Description of the cytochrome
CYP2C19 polymorphism
1988 Gonzalez Explanation for the debrisoquine
phenotype
1997 Yates et al. Polymerase chain reaction (FCR)
- based methods used to detect thiopurine

Lo HENEDI E‘TJ‘HE.

& Facamp

id Mpsads  Phirsacic
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CYP2C19

Poor
metabolizer

35



CYP2D6 Pharmacogenetics

Stable metabolites,
Drug . > Excretion

“Functional” overdose

36



CYP2D6 Pharmacogenetics

CYP2D6 activity displays bimodal distribution
in Caucasian subjects

5-10% of Caucasian population deficient in
CYP2D6 activity

“Poor metabolizers” or “PMs” have two
“inactive” forms (alleles) of the CYP2D6 gene

PMs at increased risk for concentration-
dependent side effects with “normal” drug
doses

Some drugs may not work (codeine; tramadol)

37



Unravelling CYP2D6 Pharmacogenetic:

Individuals

=\
Extensive
Metabolizer

UM
ultrarapid
metabolize
~10-15 %

yy

0.1

IM
Intermediate

Metabolizer
~10-15 %

Griese et al.
Pharmacogenetics 1998,
Raimundo et al. CPT
2004,

Toscano et al.
Pharmacogenetics 2006
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Inferring CYP2D6 Phenotype from
Genotype: “Activity Score”

*1x2, *2x2

*1, *2, *10x2, *35, *41[2988G]
*9, *29, *45, *46

*10, *17, *41[2988A]

*3, *4, 75, *6, *7, *8, *11, *12, *15,
*36, *40, *42
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Relationship between CYP2D6 activity
(DM/DX) and Activity Score

1.25 1.50
Activity Score

Blake M, et al. 2007
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CYP2D6 Genotype-Phenotype

Correlation in First Year of Life

Urinary DM/DX Ratio

o.oo! - —m———/———™™—™@ T T
Activity Score: 0 0.75 125 175 »20 0 075 125 175 20 0 075 125 175 >»2.0

0.5 40 12.0
Age (months)
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Postmenstrual Age and CYP2D6 Polymorphisms Determine
Tramadol O-Demethylation in Critically ill Neonates and
Infants (Allegaert K, van den Anker JN, et al. Pediatr Res, 2008)
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CYP2D6 activity score
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Postmenstrual Age and CYP2D6 Polymorphisms Determine
Tramadol O-Demethylation in Critically ill Neonates and
Infants (Allegaert K, van den Anker JN, et al. Pediatr Res, 2008)
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CYP2D6 activity score
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Developmental Trajectories:
Pediatric Pharmacogenetics

/-
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How Your
Odds Are Set
in the Womb
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Case Report

Lancet 2006; 368: 704

Pharmacogenetics of morphine poisoning in a breastfed
neonate of a codeine-prescribed mother

Gideon Koren, James Cairns, David Chitayat, Andrea Gaedigk, Steven | Leeder

» full-term healthy male infant

» day 7 pp: intermittent periods of difficulty in breastfeeding
» day 11: the baby had regained his birthweight

» day 12: grey skin, milk intake had fallen

» day 13: the baby was found dead

» autopsy: no abnormality
» blood concentration of morphine (metabolite of codeine):

70 ng/mL versus 0-2.2 ng/mL (typical)

46



Pharmacogenetics of Codeine

codeine site of action

!

cytbch v _&P450
N\

morphine

Eckhardt et al., Pain 199t
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Case Report

Lancet 2006; 368: 704

Pharmacogenetics of morphine poisoning in a breastfed
neonate of a codeine-prescribed mother

Gideon Koren, James Cairns, David Chitayat, Andrea Gaedigk, Steven | Leeder

Explanation:

» medication mother due to episiotomy pain:
codeine 60 mg plus paracetamol 1000 mg every 12 hrs for
2 weeks
Morphine concentration in stored milk: 87 ng/mL
mother: CYP2D6 genotype: CYP2D6*2x2 gene duplication

= Ultra rapid metabolizer phenotype

48



CYP2C19 Pharmacogenetics

> 1984: Unusual sedation in a subject receiving
anticonvulsant mephenytion

> Impaired 4-hydroxylation of S-mephenytoin
~ Affects 2-5% of Caucasians; 20-25% of Asians

> Affected drugs include omeprazole, lansoprazole,
pantoprazole, diazepam

> Major clinical consequence at present related to
omeprazole pharmacodynamics and efficacy
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Developmental Alterations in CYP2C19

Expression
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CYP2C19 Pharmacogenetics

Omeprazole PK After a Single 20 mg Oral Dose

Functional Alleles
I 6.0
a - 2 (n=5) )
KS) i 1 (n=4)
c 50 © 0(n=6) @
4+ -
v
o 4.0-
S _
| -
Tt  30-
< .
: _’ /
S 2.0 - r=0.873
= _ p < 0.0001
10

0 1000 2000 3,000 4000 5000 6000 7000
OPZ AUC (ng/ml/hr)

Sagar M, et al. Gastroenterology 2000;119:670-676
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Drug X: no relationship between CYP2C19 activity
score and Clearance

Faster 1.2
*
1 . 8 .
; ’
0.8 : .
'Y 4
0.6 . * ¢ ¢
*
0.4
0.2
O I I I I I
Slower 0 1 15 2 25 3
*Q%Q R Y A 7 77

CYP2C19 Activity Score
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Drug Y: a clear relationship between CYP2C19
activity score and Clearance

2
o = 0.4475 .
14 P < 0.001 .
1.2 *
1 - . ¢ ¢
Ke 0.8 -
0.6 : :
: . .
0.4 /:, ¢
0.2 / : *
Slower 0 1 15 2 25
*2*2 *1*2 *2*17 *1*1 *1*17

CYP2C19 Activity Score
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Metabolic Pathways for Selected Proton
Pump Inhibitors

5-O-Desmethylomeprazole 3-Hydroxyomeprazole

5-Hydroxyomeprazole yeprazole sulphone Pantoprazole
Omeprazole hydroxysulphone
Pantoprazole sulphone

Demethylated pantoprazole

Pantoprazole sulfate
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The need for drug studies in critically ill
preterm infants

* Drug studies in adults or animal models may
not adequately predict pharmacokinetic or
pharmacodynamic properties in neonatal
patients

Unable to reliably extrapolate adult data to
the neonatal population

Drugs must be studied in neonates to
determine their pharmacokinetics,
pharmacodynamics, appropriate dose, safety
and efficacy

56
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here are two ways o live your life.

One isas t|1<mg|1 uulhiu!._' 15 a miracle.

The ocher 15 as though evervthing iva miracle.

Allsert cin (1879-1955)
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