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Introduction
Growth hormone (GH) regulates sex-specific drug metabolizing enzyme (DME) expression
(1) and altered clearance of multi-enzymatic substrates following GH replacement has been
demonstrated. (2,3) Baseline pharmacokinetic alterations have also been described suggesting
GH deficiency itself alters DME activity. (3–5) However, effects on individual enzymes have
not been characterized. We therefore assessed activities of DMEs likely to be affected in
children with GH deficiency, a condition affecting 1 in 3,500 children, (6) and compared them
to pediatric historical controls. (7)

Results
Evaluable molar ratios were available in 12 GH deficient (GHD) children (9 males) and 24
historical controls with (n=12) and without (n=12) cystic fibrosis (CF) (14 males). Given the
lack of difference between controls with and without CF (8), ratios for these groups were
combined. Demographics and probe substrate doses are presented in Table 1. All subjects were
Caucasian and sex distribution was independent of study group (p = 0.47). GHD subjects were
significantly older (11.5 vs. 6.8 years, p < 0.0001) than controls. CYP2D6 genotype was
determined in all subjects and was concordant with the DM/DX ratio. Four subjects (n=1 GHD,
n=3 control) were genotypic poor metabolizers (PMs) and excluded from CYP2D6 analysis.
Five subjects (n=1 GHD, n=4 control) were phenotypic rapid acetylators and, given the limited
number in each group, were excluded from NAT-2 analysis.
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Molar ratios are summarized in Table and Figure 1. Lower ratio values indicate reduced activity
for CYP1A2, NAT-2 and XO and increased activity for CYP2D6. Unadjusted CYP1A2 and
NAT-2 ratios were significantly lower in GHD children. In contrast, no apparent differences
in activities of CYP2D6 and XO were noted. Observed mean percent differences were 29%,
122%, 11%, and 38% for CYP1A2, NAT-2, XO and CYP2D6. Post hoc analysis revealed the
power to determine a 50% difference in CYP1A2, NAT-2, XO and CYP2D6 activities was
0.99, 0.83, 0.99 and 0.07. Minimum detectable differences (β = 0.2, α = 0.05) for CYP1A2,
NAT-2, XO and CYP2D6 were 23%, 111%, 24% and 188%.

There were no apparent correlations between age and enzyme activity for CYP1A2
(Spearman’s ρ = −0.296, p=0.08), XO (Spearman’s ρ = 0.08, p=0.67) or CYP2D6 (Spearman’s
ρ = −0.35, p=0.85) (Figure 2). In contrast, NAT-2 activity was significantly correlated with
age (Spearman’s ρ = −0.507, p=0.004). Adjustment of ratio comparisons confirmed values for
NAT-2 were confounded by age and revealed no significant differences (p = 0.44). The
difference in XO activity also achieved statistical significance following age adjustment (p =
0.03). All other relationships were stable with respect to age correction and age-adjusted
CYP1A2 and XO ratios were significantly lower in GHD children.

Discussion
Hormones are important in regulating expression and activity of DMEs and other enzymes
(e.g., 11 beta-hydroxysteroid dehydrogenase 1) and alterations in clearances of multi-
enzymatic drug substrates and endogenous compounds (e.g., cortisol) and have been observed
in patients with endocrinopathies (9,10), conditions associated with hormonal dysregulation
(11) and cell culture models. (12) Pharmacokinetic alterations have also been noted in GHD
adults (2) and children (3–5). Given the role of GH in regulating sex-specific CYP450
expression and activity (1), it is possible these changes occur consequent to dysregulation of
GH and/or its downstream mediators. However, the impact of GH deficiency on individual
DMEs has not been investigated. We therefore evaluated activities of specific DMEs in children
with idiopathic GH deficiency and compared them to those previously obtained in children
with presumably normal GH levels.

Age-adjusted CYP1A2 and XO ratios were significantly lower in GHD children suggesting
activities of these isoforms may be reduced by GH dysregulation. CYP2D6 ratios were also
lower in GHD children although the difference was not statistically significant. Post-hoc
analysis revealed sufficient power to detect the estimated effect size for all enzymes except
CYP2D6 (power = 0.07). In addition to lacking statistical significance, the observed difference
in CYP2D6 is likely of minimal clinical relevance since it is within the range of normal intra-
individual variability previously reported in adults and of a magnitude less than expected to
produce significant alterations in clearance of CYP2D6 substrates. (13) Conversely, the
difference in CYP1A2 is comparable to that noted in a previous interaction study between
caffeine and omeprazole; (14) a finding which suggests GH deficiency may significantly alter
the clearance of concomitantly administered CYP1A2 substrates despite falling within the
range of reported normal intra-individual variability (4.5 – 49.3%). (15)

Observation of reduced CYP1A2 activity is consistent with prior pharmacokinetic data (3)
which demonstrated a theophylline elimination half-life in GHD children (7.2 hours)
substantially greater (~54%) than that previously reported in children with asthma (3.7 hours)
(16). The magnitude of effect noted in our study (29%), however, was less than expected from
these pharmacokinetic data. Since enzymes other than CYP1A2 contribute to theophylline
elimination, it is possible that their activities were similarly reduced by GH dysregulation and
consequently, represent a collective effect of GH deficiency on multiple enzymes/isoforms.
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Differences in body mass between children with GH deficiency and asthma may have also
contributed to previous results.

Although maturation of NAT-2 appears to occur over the first 4 years of life, apparent oral
clearance values for isoniazid, a prototypical NAT-2 substrate, decrease by approximately 45%
from age 6 to 16 years. (17) We noted a similar decrease in NAT-2 activity with increasing
age and our ability to identify GH-mediated effects on NAT-2 was therefore confounded by
potential developmental influences. Given that the onset of puberty is significantly delayed in
GHD children (18), however, it is likely that the “developmental” ages of our populations were
more similar than suggested by chronologic age. Although the observed difference (122%) in
NAT-2 activity was greater than expected solely from differences in developmental stage, age-
adjustment of values revealed no significant differences.

We conclude that activities of CYP1A2 and XO may be significantly reduced in GHD children.
Observed alterations in enzyme activity may have important clinical implications since
clearance of concomitantly administered pharmacologic substrates may be altered by GH
deficiency in children and adults. Adjustment of dosing regimens for drugs that are substrates
for these isoforms may therefore be necessary. Additional prospective studies utilizing age-
matched controls are required to confirm these preliminary results. GH may also alter activities
of other phase I (CYP2C19, CYP2C9, CYP3A4) and II (glucuronyl transferases,
sulfotransferases) DMEs and investigation of these isoforms is warranted.

Methods
Study sites

Four institutions within the Pediatric Pharmacology Research Unit (PPRU) network
participated: University of Louisville (Louisville, KY); Children’s Mercy Hospitals and Clinics
(Kansas City, MO), Case Western Reserve University (Cleveland, OH) and University of
California at San Diego (San Diego, CA). The protocol received approval from each
Institutional Review Board and the PPRU Network Steering Committee. Informed consent
was obtained from each subject’s parent and assent was obtained from children ≥ 7 years.
Procedures were performed in accordance with ethical standards of each Institutional Review
Board and Good Clinical Practice guidelines. The study was also registered with the clinical
trials registry sponsored by the United States National Library of Medicine
(www.clinicaltrials.gov, study identifier NCT00458991).

Study subjects
Pre- or early pubertal (Tanner stage 1 or 2) children (4–14 years) with short stature and
idiopathic GH deficiency were eligible. Short stature was defined as presence of the following:
height less than 5th percentile for age and sex or deceleration across two major percentiles on
standard pediatric growth curves and growth velocity less than 5 cm/year. GH deficiency was
defined as failure to raise serum GH concentrations greater than 10 μg/L following provocative
testing with at least two secretagogues. (19) Historical controls included children ages 3–8
years with and without CF. (7)

Children were excluded if they had an acute viral illness, fever or were receiving thyroid
hormone, corticosteroids or any medications and/or foods known to induce or inhibit CYP450,
NAT-2 or XO. (20–22) History of prior rhGH treatment, illicit drug/tobacco use or exposure
to second hand smoke > 8 hours/day was also exclusionary. Children with a non-idiopathic
etiology of GH deficiency or history of hepatic, renal, cardiac or thyroid disorders were
ineligible. Presence of organ dysfunction was based on clinical history and recent laboratory
tests, if available.
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Phenotyping procedure
Subjects abstained from caffeine or methylxanthine containing foods, charbroiled foods,
cruciferous vegetables and grapefruit/grapefruit juice for 48 hours prior to study. After an
overnight fast, urine was collected and each subject was given four-ounces of Coca-Cola®

(~11.5 mg caffeine) and 0.5 mg/kg (maximum 30 mg) of dextromethorphan (DM)
(Robitussin® Pediatric Cough, Wyeth, Madison, NJ). Urine was collected for 8 hours in
containers containing 2 grams of ascorbic acid to maintain pH less than 4. Start and stop times
of urine collection, total volume collected and urine pH were recorded. Each sample was mixed
and a 50mL aliquot frozen at −70°C until analysis.

CYP2D6 genotyping
Blood samples (5 mL) were collected and genomic DNA isolated using a Qiagen® blood DNA
kit (Qiagen, Inc., Valencia, CA). CYP2D6 genotype was determined as described previously
(23) and alleles designated according to standard nomenclature (http://www.cypalleles.ki.se).
The following allelic variants were included in the analysis: *2, *3, *4, *5, *6, *7, *8, *9,
*10, *12, *14, *17, *29, *40, *41[2988G], *41[2988A], *42, *45/46 and *1×2, *2×2, *4×2
gene duplications. Subjects with two non-functional alleles were classified as PMs.

Analytical procedure
Urinary 5-acetylamino-6-formylamino-3-methyluracil (AFMU), 1-methylxanthine (1X), 1-
methyluric-acid (1U) and 1,7-dimethyluric acid (17U) concentrations were determined by
reverse-phase HPLC as described previously (24) using a modification of the methods of Grant
et al.. (25) Retention times and collision-induced dissociation provided specific identification
and quantification of the analytes via comparison of peak areas with those of analytical
standards in drug-free urine specimens. Response was linear from 1μM to 333μM for all
analytes. Intra- and inter-day coefficients of variation were less than 5%, with a lower limit of
quantitation assigned as the low standard (1μM).

Urinary concentrations of DM and its metabolite dextrorphan (DX) were determined via HPLC
with fluorescence detection as previously described. (26) Data were normalized to an internal
standard (levallorphan tartrate) and molar amounts determined using a seven-point standard
curve prepared daily in drug-free urine using peak height measurements. The analytical method
demonstrated linearity over the range of standard concentrations (0–10 nM for DM; 0–1,000
nM for DX) evaluated (r2 > 0.99). Intra- and inter-day coefficients of variation were less than
10%, with a lower limit of quantitation of 0.1μM for all analytes.

Phenotype assignment
The molar ratio of caffeine 7-demethylation products (AFMU + 1X + 1U) to the 8-
hydroxylation product (17U) was used as a marker of CYP1A2 activity. (27) The hydroxylation
molar ratio, 1U/(1U + 1X), was used as a measure of XO activity. (28) NAT-2 activity was
assessed using the molar ratio of AFMU/(AFMU + 1X + 1U), with a ratio of ≥ 0.34 indicative
of a rapid acetylator phenotype. (29) The molar ratio of DM to DX was used to estimate
CYP2D6 activity. Subjects with a DM/DX ratio of > 0.3 were classified as PMs and those with
a ratio of < 0.3 were classified as extensive metabolizers (EM). (30)

Statistical analysis—Residuals were calculated for each measure and their distributions
examined. Demographics were compared using the Student’s t test assuming equal variances.
Sex distribution was evaluated using the Fisher’s Exact test. Molar ratios were compared using
the Mann Whitney test. Given the lack of difference between controls with and without CF
(8), ratios for these groups were combined. The relation between age and enzyme activity was
explored graphically and statistically (Spearman correlation coefficient). Comparisons of
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enzyme activity were also age adjusted via fitting of linear models using study group as a
categorical factor and age as a continuous covariate. Post hoc power calculations were
performed to determine minimum detectable differences and actual power to detect a 50%
difference in enzyme activity. An effect size of 50% was selected based on prior
pharmacokinetic data demonstrating theophylline clearance values in GHD children
approximately 54% lower than those in children with asthma. (3) Statistical analyses were
performed using SPSS for Windows®, version 13.0 (SPSS Inc., Chicago, IL) and R®, version
2.5.1. (R Foundation for Statistical Computing, Vienna, Austria, www.r-project.org) with α
=0.05.
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Figure 1.
Caffeine and DM urinary molar ratios in children with GH deficiency and healthy controls
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Figure 2.
Caffeine and DM molar ratios as a function of age
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