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ABSTRACT:

UDP-glucuronosyltransferases (UGTs) are critical for the metabo-
lism and clearance of drugs, chemicals, and hormones. The devel-
opment of UGT1A1 and 1A6 was studied in 50 pediatric liver sam-
ples using bilirubin, serotonin activity assays, and Western blot as
well as pharmacokinetic scaling. UGT activity developed age de-
pendently in pediatric liver. Maximal activity of 0.7690 nmol � min � �1

mg protein�1 was observed for UGT1A1 at 3.8 months. For
UGT1A6, activity matured at 14 months (4.737 nmol � min � �1mg
protein�1). Protein expression was not age-dependent, and activ-
ities did not correlate to protein levels for either enzyme. The in
vitro activities were used to calculate normalized hepatic clear-
ances using both allometric scaling and a physiologically based

pharmacokinetic model. For UGT1A1, allometry predicted normal-
ized adult clearances of 0.0070 l � h�1 � kg�1 at 3.0 (well stirred) and
2.8 years (parallel tube), whereas the Simcyp model showed nor-
malized clearances of 0.0079 l � h�1 � kg�1 at 2.6 (well stirred) and
2.5 years (parallel tube). For UGT1A6, only the Simcyp well stirred
model converged at 0.3524 l � h�1 � kg�1 at 12.6 months. These data
imply independent regulation of UGT1A1 and 1A6 where activity
has matured after 6 months to 1 year. Total hepatic clearance of
substances mediated by these enzymes may mature concurrently
or take longer because of other physiological factors. Late devel-
opment of UGT enzymes may contribute to chemical, drug, and
environmental toxicity.

Introduction

After cytochromes P450 (P450s), the UDP-glucuronosyltrans-
ferases (UGTs; E.C. 2.4.1.17) are one of the most critical families for
clearance and elimination of drugs, endobiotics, dietary compounds,
environmental chemicals, and hormones. Despite the importance of
these enzymes, published data on their developmental dynamics are
scarce (Radominska-Pandya et al., 1999). Notwithstanding, it is
widely believed that the main cause of pediatric adverse drug reac-
tions and chemical toxicity is the ontogenetic lack of drug metabo-
lism. For some metabolizing enzymes, this has been proven to be
incorrect, such as for the sulfotransferase and P450 3A7 enzymes that
are higher in neonates than in children, which may be detoxifying or
may form reactive metabolites (de Wildt et al., 1999; Richard et al.,
2001). However, evidence suggests that UGTs develop some time
after birth, and this developmental profile could contribute to negative
therapeutic outcomes. Adverse drug reactions are one of the leading
causes of pediatric death and illness in the United States (Impicciatore
et al., 2001); it causes approximately 79,000 pediatric hospitalizations
per year, of which 31,000 are life threatening or fatal (Miller et al.,
2003), with the majority occurring in children under the age of 5
(Schillie et al., 2009). Therefore, it is important to dissect the devel-

opment of individual metabolizing enzymes, including the UGTs, to
gain a comprehensive picture of pediatric detoxification capacity.

In the early 1980s, a late-fetal change (30–40 weeks of gestation)
in hepatic UGT1A1 (from 0.1 to 1.0% of adult activity levels) and
postnatal changes that are related to birth age, not gestational age,
were reported (Kawade and Onishi, 1981). Subsequently, researchers
used biochemical substrates to determine UGT activity in the fetal
liver, demonstrating that bilirubin (UGT1A1) and 1-naphthol (1A1,
1A3, 1A6, 1A7, 1A8, 1A9, 1A10, and 2B7) glucuronidation increase
postnatally. Despite these activity differences, similar levels of protein
expression were observed between a 13-week neonate and an adult
liver. Because neither the antibody nor the substrates were specific
(except bilirubin, which was not known at the time), evidence for the
maturation of single isoforms was not inferred (Coughtrie et al.,
1988). After this discovery, Burchell et al. (1989) demonstrated UGT
maturation with fetal and neonatal liver samples from several gesta-
tional time points. Similar development of activities to pan-specific
substrates were observed, except for serotonin (1A4), where adult
activities were observed in fetal (16–25 weeks) and neonatal liver up
to 10 days old (Burchell et al., 1989). More recently, individual UGT
isoform development in infants and young children, including two
fetal liver samples, were analyzed and showed that pediatric levels of
mRNA and protein for UGT isoforms did not differ from adults, but
activities were lower up to 2 years of age (Strassburg et al., 2002).

For individual UGT isoforms, postnatal development has been
described for UGT1A4 (Miyagi and Collier, 2007) and UGT2B7
(Zaya et al., 2006). Herein, we extend knowledge in this area by
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investigating the ontogeny of UGT1A1 and 1A6. Within the UGT
superfamily, these two enzymes are particularly important because
they have the widest tissue distributions, have been studied exten-
sively, and possess the broadest substrate affinities. The UGT1A1
isoform is involved in the metabolism and regulation of endobiotics
such as estrogen and bilirubin as well as the elimination of several
drugs (Burchell et al., 2000; Williams et al., 2004). Polymorphisms in
UGT1A1 have functional consequences that range from Gilbert’s
disease, a mild clinical syndrome, to the potentially fatal Crigler-
Najjar disease (Nagar and Blanchard, 2006). The UGT1A6 isoform is
also involved in drug metabolism and in the clearance of several
steroid and thyroid hormones and environmental chemicals (Ra-
dominska-Pandya et al., 1999; Court, 2005; Zhang et al., 2007).
Similar to 1A1, the 1A6 isoform is also polymorphic with expression
and activity affected by genetics as well as environmental and tissue-
specific factors (Bock and Köhle, 2005).

We hypothesized that UGT1A1 and 1A6 would show independent
developmental profiles and would not reach full enzyme activity for
several years. Furthermore, on the basis of a combination of enzyme
development and physiological development in childhood, we hypoth-
esized that hepatic clearance mediated by these enzymes would also
show a developmental delay. The goal was to increase our under-
standing of UGT ontogeny to improve pediatric pharmacology and to
better understand chemical and environmental toxicities.

Materials and Methods

Materials. Serotonin, bilirubin, MgCl2, glycine, 2-pentanone, n-butyl ace-
tate, HCl, ascorbic acid, UDP-glucuronic acid, NaOH, alamethicin (from
Trichoderma viride), phthalimide, ethyl ether, sodium hypochlorite solution
(5.65–6%), chloroform-D, sulfuric acid, sodium nitrite, dimethyl sulfoxide-D6,
ammonium sulfamate, and ethanol were purchased from Sigma-Aldrich (St.
Louis, MO). Serotonin enzyme-linked immunosorbent assays (ELISAs) were
purchased from Rocky Mountain Diagnostics (Colorado Springs, CO) and
Alpco Immunoassays (Salem, NH). Primary antibodies to UGT1A1 and 1A6
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), and
secondary antibodies were obtained from Jackson ImmunoResearch Labora-
tories Inc. (West Grove, PA). Western blotting ECL detection system was from
GE Healthcare (Chalfont St. Giles, UK).

Pediatric and Adult Liver Samples and Demographics. Individual pedi-
atric and pooled adult human liver microsomes were purchased from Xeno-
Tech, LLC (Lenexa, KS) and Puracyp (Carlsbad, CA) and were derived from
postmortem donors with healthy livers that were acquired through the United
Network for Organ Sharing with various causes of death (anoxia, cerebrovas-
cular aneurysm, head trauma, or motor vehicle accident). The samples were
processed within 8 h postmortem and were free of any infectious disease.
Protein content of the microsome samples were provided by the companies.
Pediatric microsomes (n � 50) were derived from single livers, and, in this
study, the sample population was composed of Asian (3%), Hispanic (14%),
African American (16%), American Indian (3%), and white (64%) donors,
with 15 females and 35 males. Samples ranged from 13 days to 20 years of age,
with an average age of 8.0 years. Pooled adult liver microsomes (XTreme 200
Pool; XenoTech, LLC) were derived from 200 donors and contained Asian
(4%), Hispanic (6%), African American (6%), and white (84%) ethnicities
with equal numbers of men and women (100 each). The average age was 50
years with a range of 17 to 78 years.

Synthesis and Preparation of Ethyl Anthranilate. Ethyl anthranilate was
synthesized as described previously (Staiger and Miller, 1959; Humburger and
Hahn, 1972). In brief, 0.2 mol of phthalimide was dissolved in 110 ml of
NaOH solution (2 M) for 10 min at 10°C, the temperature was then dropped
to 4°C, and the solution was left to stand for 16 h. Subsequently, a solution of
0.2 mol of sodium hypochlorite and 0.0183 mol of NaOH was added at 10°C
over 5 min, followed by rapid addition of 0.119 mol of sulfuric acid, and the
compound was heated to 35°C for 30 min. The product was filtered and
washed with three times its volume in water and then oven-dried at 50°C to
55°C for 15 h. This intermediate (isatoic anhydride) was dissolved in dimethyl

sulfoxide-D6 and checked for purity by 1H NMR, yielding a spectra corre-
sponding to the reference (in parts per million): 7.149 (1H, d); 7.259 (1H, t);
7.729 (1H, t); 7.789 (1H, d); and 11.713 (1H, s). Once acceptable purity was
obtained, a mixture of the isatoic anhydride with ethanol and NaOH was charged
to a round-bottom flask in the molar ratio 1:6:0.05. The slurry was stirred and
slowly heated to 65°C and held until bubbling ceased. The organic layer was
extracted after it was diluted in three times its volume with water. The final
product (ethyl anthranilate) was dissolved in chloroform-D and assessed for
purity by 1H NMR. The final product yielded the following spectra that also
corresponded to the reference spectra (in parts per million): 1.383 (3H, t);
4.319 (2H, d); 5.751 (2H, s); 6.642 (2H, double of t); 7.259 (1H, t); and 7.7887
(1H, d). The compound was subsequently used for the bilirubin diazotization.

For the diazotization, 15 �l of ethyl anthranilate suspended in 1.5 ml of HCl
(0.15 M) was treated with 45 �l of freshly prepared sodium nitrite (5 mg/ml)
and then incubated at room temperature for 5 min. An aliquot of 15 �l of
freshly prepared ammonium sulfamate (10 mg/ml) was added and incubated at
room temperature for 3 min, after which it was used immediately in the
UGT1A1 assay.

UGT1A1 Activity and Intrinsic Liver Bilirubin Concentrations. The
activity of UGT1A1 was determined as described previously (Heirwegh et al.,
1972). In brief, 150 �l of Tris-HCl buffer (0.4 M) (pH 7.7) containing bilirubin
(0.125 mM), UDP-glucuronic acid (5 mM), MgCl2 (5 mM), alamethicin (50
�g/mg protein), and microsomes (0.5 mg/ml) was incubated for 15 min at
37°C. The reaction was stopped by the addition of 150 �l of glycine-HCl
buffer (0.4 M) (pH 2.7) and placed on ice for a few minutes. Next, 150 �l of
ethyl anthranilate diazo reagent was added to the mixture and incubated at
room temperature for 30 min in the dark, and then the reaction stopped with
150 �l of freshly prepared 10% ascorbic acid solution (w/v). Bilirubin gluc-
uronides were extracted with a 3� volume of 2-pentanone/n-butyl acetate
(17:3, v/v) and frozen at �20°C. After freezing, samples were thawed, vor-
texed, and centrifuged at 2500g for 10 min. Samples were refrozen at �20°C,
and bilirubin glucuronides were detected in the organic phase by absorbance at
530 nm in a Spectramax 340 plus spectrophotometer (Molecular Devices,
Sunnyvale, CA). Bilirubin glucuronide concentrations were calculated using
the � � 44.4 � 103 l mol�1 cm�1. Intrinsic levels of bilirubin glucuronide
were also determined for each sample as described previously, with the
exception that UDP-glucuronic acid was not added. Each sample was read in
triplicate. Before experimentation, a kinetic time point assay (at 0, 15, 30, 45,
60, 75, and 120 min) was performed to determine the optimal incubation
period (15 min). Results were expressed in nanomole bilirubin metabolized per
minute per milligram protein. Bilirubin was chosen because it is a highly specific
substrate for UGT1A1. The intra- and interassay coefficients of variation for the
pooled adult human liver microsomes (positive controls) were 8.5 and 19.0%,
respectively.

UGT1A6 Activity and Intrinsic Liver Serotonin Concentrations. The
activity of UGT1A6 was measured as described previously (Krishnaswamy et
al., 2003). In brief, 100 �l of potassium phosphate buffer (0.25 M) (pH 7.5)
containing serotonin (100 �M), UDP-glucuronic acid (5 mM), MgCl2 (5 mM),
alamethicin (50 �g/mg protein), and microsomes (0.2 mg/ml) was incubated
for 20 min at 37°C. Subsequently, reactions were diluted 50-fold and analyzed
with a commercial serotonin ELISA per the manufacturer’s instruction [Alpco
Diagnostics (Salem, NH) and Rocky Mountain Diagnostics]. Intrinsic levels of
serotonin were also determined for each sample as described above, except
UDP-glucuronic acid was not added. Because the Km of serotonin (5.2–8.8
mM) is far larger than physiological conditions, a single concentration of 100
�M was used. Because the specificity of the commercial ELISA is less than
0.2% for serotonin metabolites, a substrate depletion approach was used.
Specific activity of UGT1A6 was calculated as follows: 100 �M serotonin �
intrinsic serotonin � concentration after 20 min of incubation. Each sample
was assayed in duplicate. Results were expressed in nanomole serotonin
metabolized per minute per milligram protein. Serotonin was chosen because
it is a highly specific substrate for UGT1A6. The average r2 of the standard
curves from the ELISA kits were 0.983 � 0.007. The intra- and interassay
coefficients of variation for the pooled adult human liver microsomes (positive
controls) were 16.2 and 16.6%, respectively.

Western Blot for UGT1A1 and 1A6 Protein in Pediatric Liver. The
expression of UGT1A1 and 1A6 protein was assessed with Western blot as
described previously (Collier et al., 2002). Primary antibodies were purchased
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from Santa Cruz Biotechnology, Inc. and were an affinity-purified goat poly-
clonal antibody raised against a peptide mapping near the N terminus of
UGT1A1 or 1A6 of human origin. In brief, microsomes from individual
pediatric livers (10 �g) and pooled adult livers (positive control, 10 �g) were
resolved on a 10% SDS-polyacrylamide gel electrophoresis gel under reducing
conditions, transferred to polyvinylidene difluoride membranes with semidry
transfer (Bio-Rad Laboratories, Hercules, CA), and then blocked in phosphate-
buffered saline with Tween 20 with 2% nonfat milk powder overnight. Sub-
sequently, membranes were washed and incubated with primary antibody
(rabbit anti-UGT1A1/1A6, 1:1000, and 2% nonfat milk powder) for 2 h at
room temperature. After primary incubation, membranes were washed again,
incubated with a solution of secondary biotinylated donkey anti-rabbit anti-
body (1:4000, 2% nonfat milk powder, 2% normal donkey serum) for 1 h at
room temperature, washed again, and then incubated with streptavidin-biotin-
ylated horseradish peroxidase (1:3000) for 1 h. Before detection, membranes
were washed a final time and bands were detected on-membrane with tetram-
ethylbenzidine substrate for 15 min at room temperature. Confirmation of even
protein loading was established by staining gels with Coomassie Blue. Band
intensities were calculated using ImageJ software (National Institutes of
Health, Bethesda, MD) and were normalized to the pooled control included on
every membrane.

Pharmacokinetics, Scaling, and Statistical Analyses. All analyses were
performed using GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA).
Adult levels of enzymatic activity and normalized clearances were determined
using a one-phase exponential association nonlinear equation (eq. 1), fitted
using GraphPad’s robust nonlinear regression and outlier removal method.
This model assumes that an enzyme will start at some activity at birth and
increase with a constant rate of development (K) that fits a curve ending in a
maximal rate of action (plateau). Y0 represents initial activity after birth, and
Ymax represents the maximal enzyme rate. Activity models were not weighted.

Y � Y0 � �Ymax � Y0��1 � e�KX� (1)

For analysis, a table of XY coordinates defining the modeled curve was gener-
ated, and the “age of adult activity/clearance” was defined as the youngest age at
which activity reached within 90% of the plateau level (90th percentile).

To evaluate hepatic drug clearance, our enzyme kinetic results were mod-
eled using both the well stirred (eq. 2) and the parallel-tube equations (eq. 3)
to calculate adult clearances.

CLhepatic(l/h) �
Qhepatic � fu � CLint

Qhepatic � fu � CLint
(2)

CLhepatic(l/h) � Qhepatic � �1 � e
�CLint�fu

Qhepatic � (3)

Here, Qhepatic is hepatic blood flow, CLint is intrinsic clearance, and fu is the
unbound fraction of the drug. Hepatic clearances were generated by using exper-
imental intrinsic clearances (Vmax/Km), assuming a liver size of 1500 g and a
hepatic flow rate of 1.5 l/min for adults. The literature Km values, which were used
to calculate intrinsic clearances, were 5.0 �M for bilirubin (UGT1A1) (Ciotti et al.,
1998) and 5.2 mM for serotonin (UGT1A6) (Krishnaswamy et al., 2003). Vmax

was calculated for each sample within the study by using experimental enzyme
activity, substrate concentrations, and Michaelis-Menten kinetics (125 �M biliru-
bin/1A1 and 100 �M serotonin/1A6). Because the Km for UGT1A6 exceeded
physiological concentrations of serotonin, a lower concentration was used that was
taken from the linear portion of the Michaelis-Menten curve and was subsequently
used to calculate Vmax. Microsomal protein per gram liver (MPPGL) was un-
known, so the standard variable of 45 mg/g was used (Houston, 1994). Plasma
unbound fraction for bilirubin and serotonin were 0.001 (Ostrow et al., 2003) and
0.17 (Breyer-Pfaff et al., 1989), respectively.

Subsequently, an allometric model (eq. 4) was used to scale calculated adult
clearances (well stirred and parallel-tube) to pediatric clearances by using
children’s weight as the scalar.

CLpediatric(l/h) � CLhepatic � � Wi

Wstd
�

3
4

(4)

Here, Wi is the weight of the individual and Wstd is the weight of an average
adult (20 years of age). Weight of each individual child was used, except for

eight subjects for whom weights were estimated by using the 50th percentile
for age and gender from the National Center for Health Statistics (2000)
growth charts. The average adult weight used was the 50th percentile at 20
years for each gender.

In addition, a second model derived from Simcyp Pediatric (Sheffield, UK)
was used. The model calculated liver size maturation (eq. 5), Qhepatic (eq. 6),
MPPGL (eq. 7), and [P]pediatric, the amount of pediatric albumin (eq. 8). The
fraction unbound in the pediatric population, fu,Pediatric, was calculated (eq. 9)
by using adult fu and pediatric albumin levels, where [P]adult is 44 g/l (McNa-
mara and Alcorn, 2002). Body surface (in square meters) was calculated, based
on height and weight of the individual (eq. 10) by using a variation of DuBois
and DuBois (Wang et al., 1992), where height is in centimeters and weight is
in kilograms. For the 15 individuals where height and/or weight were missing,
values were estimated using the 50th percentile for age and gender from the
National Center for Health Statistics (2000) growth charts. The calculated
values using the Simcyp equations were then used to calculate hepatic clear-
ance using eqs. 2 and 3. Because fu, MPPGL, Qhepatic, and liver size were
scaled individually for each donor based on age or body surface area, the
allometric model was not applied here.

Liver Size (g) � (Body Surface Area)1.176 � 0.722 (5)

Qhepatic (l/h) � 0.265 � 10��0.6492�1.943�Age�0.8118�Age∧2�0.08891�Age∧3� (6)

MPPGL (mg/g) � 10�1.407�0.0158�Age�0.000382�Age∧2�0.0000024�Age∧3� (7)

�P	Peidatric (g/l) � 1.1287 � LN(Age) � 33.746 (8)

fu,Pediatric �
1

1 �
�1 � fu,Adult� � �P	Pediatric

�P	Adult � fu,Adult

(9)

BSA(m2) � 0.007184 � Height0.725 � Weight0.425 (10)

The goodness of fit for each model was assessed with an F test, r2 values,
absolute sums of squares, and S.E. of estimates (Sy.x). Both allometric and
Simcyp clearance values were normalized to individual body weights.

Results

UGT1A1 and 1A6 Activity. Both UGT isoforms’ activities devel-
oped in an age-dependent manner. Data were fit over the entire age
range of samples against two different one-phase exponential associ-
ations (starting at 0 and starting at some number) and biphasic (which
will model a rise to a peak then fall to a plateau) and sigmoidal
equations. F tests indicated that a one-phase exponential equation
starting at some number was the best fit models for both isoforms.

For UGT1A1, the model returned activities of 0.7848 pmol � min � �1

mg protein�1 at birth that increased constantly to apparent maximal
adult activities of 0.7690 � 0.081 nmol � min � �1mg protein�1 [95%
CI: 0.6028–0.9351], with the 90th percentile activity (90% of max-
imum) reached at 3.8 months of age (r2 � 0.04748, absolute sum of
squares � 13.52, Sy.x � 0.5363) (Fig. 1A). The model-derived
maximal activity for UGT1A1 agrees reasonably with the average
rates of bilirubin metabolism measured in pooled (n � 200) adult liver
microsomes of 0.58 � 0.056 nmol � min � �1mg protein�1.

For UGT1A6, derived activity was 2.560 nmol � min � �1mg
protein�1 at birth that increased to maximal adult activities of 4.737 �
0.33 nmol � min � �1mg protein�1 (95% CI, 4.041–5.434) with 90%
maximal activity occurring at 14 months of age (r2 � 0.09244,
absolute sum of squares � 178.8, Sy.x � 1.993) (Fig. 2A). The model
fit for UGT1A6 was in excellent agreement with average rates of
serotonin metabolism measured in pooled adult liver microsomes
(4.3 � 0.49 nmol � min � �1mg protein�1). Neither UGT1A1 nor 1A6
activities differed significantly with gender or ethnicity.

UGT1A1 and 1A6 Protein Expression. Both UGT1A1 and 1A6
were detected at 56 kDa (on separate Western blots), were visible at
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all postnatal ages, and did not differ significantly with gender or
ethnicity. In contrast to activity, UGT1A1 and 1A6 protein levels (de-
termined by area-density analysis compared with an adult standard in-

cluded on every blot) did not show any age dependence from 0 to 6
months of age (p � 0.4860 for 1A1 and p � 0.5799 for 1A6), 0 to 12
months of age (p � 0.9831 and p � 0.6769, respectively), 0 to 24 months
of age (p � 0.8482 and p � 0.2730, respectively), or during the entire
age range of samples from 13 days to 20 years (p � 0.6589 and p �
0.8455, respectively) (Figs. 1B and 2B). Furthermore, protein levels and
enzyme activities of UGT1A1 and 1A6 did not significantly correlate for
samples from 0 to 6 months of age (p � 0.9593 for 1A1 and p � 0.9522
for 1A6), 0 to 12 months of age (p � 0.9783 and p � 0.7092, respec-
tively), 0 to 24 months of age (p � 0.5118 and p � 0.4661, respectively),
or during the entire age range of samples (p � 0.4104 and p � 0.2193,
respectively) (Figs. 1C and 2C).

Pharmacokinetic Modeling for UGT1A1 and 1A6. Table 1 sum-
marizes the modeled clearance values and goodness-of-fits for
UGT1A1 and 1A6 assessed in both the well stirred and parallel-tube
pharmacokinetic models. Interestingly, UGT1A1 showed a higher
normalized clearance at birth and then dropped to adult clearance
levels after a few years. Both the allometric and Simcyp models
returned similar maximal hepatic clearances and ages at which nor-
malized adult clearance is reached when raw data were incorporated
into the model. After the model results were scaled by using allometry
to account for pediatric clearance, apparent normalized maximal
(adult) clearance reached a plateau at 0.0070 l � h�1 � kg�1 for both
models (well stirred, Fig. 3A; parallel tube, Fig. 3B). The 90th
percentile of clearance was reached at 3.0 years (well stirred) and at
2.8 years (parallel tube). Simcyp models returned similar values to
reach a plateau at 0.0079 l � h�1 � kg�1 (well stirred, Fig. 3C; parallel
tube, Fig. 3D). The 90th percentile of clearance was reached at 2.6
years (well stirred) and at 2.5 years (parallel tube). Normalized pooled
adult clearances were 0.0070 l � h�1 � kg�1 for allometric scaling and
0.0064 l � h�1 � kg�1 for Simcyp scaling.

In contract, UGT1A6 increased to adult levels approximately 1 year
after birth. Both allometric models (Fig. 4, A and B) and Simcyp
parallel-tube model (Fig. 4D) did not converge. The normalized adult
clearance for the Simcyp well stirred model peaked at 0.3524 l � h�1 �
kg�1 (Fig. 4C). The 90th percentile of clearance was reached at 12.6
months, approximately the same age at which the enzyme matures (14
months). Normalized pooled adult clearances were 0.035 l � h�1 � kg�1

for allometric scaling and 0.033 l � h�1 � kg�1 for Simcyp scaling.

Discussion

The major finding here is that UGT1A1 and 1A6 activities develop
at different rates in the pediatric liver. The results for UGT1A1 are
similar to, and supported by, published studies into UGT1A4 (Miyagi
and Collier, 2007) and 2B7 (Zaya et al., 2006). In this study, the in
silico models indicate that UGT1A1 enzyme activity is present, but it
is very low at birth and increases to a plateau after 3.8 months. In
contrast, UGT1A6 has comparatively higher activity at birth and
increased to adult levels at 14 months. Both findings are consistent
with previous laboratory and clinical studies (Kawade and Onishi,
1981; Burchell et al., 1989). Despite activity differences, age-related
changes in UGT1A1 and 1A6 proteins were not observed, and enzyme
activities did not correlate with protein levels. Again, this is similar to
an earlier study demonstrating that UGT1A1 and 1A6 had similar
mRNA and protein expression between toddlers (6–24 months) and
adults but significantly different glucuronidation activities for several
pan-specific substrates (Strassburg et al., 2002). Interestingly, these
results in UGT1A isoforms contrast with the current knowledge
regarding ontogeny of UGT2B, where for UGT2B7 protein expres-
sion and activity correlate (Zaya et al., 2006).

Aside from UGTs, similar findings have been reported for other
pediatric liver enzymes including P450s 2C9, 2C19, and 3A4 (Hines,

FIG. 1. The development of UGT1A1 in the pediatric liver. A, activity toward 125 �M
bilirubin increased with age. Model returned an activity of 0.7848 pmol � min � �1mg
protein�1 at birth that increased to apparent maximal adult activity at 0.7690 � 0.081
nmol � min � �1mg (95% CI, 0.6028–0.9351). The 90th percentile of activity was
reached at 3.8 months of age (r2 � 0.04748, absolute sum of squares � 13.52, Sy.x �
0.5363). Each point represents each sample read in triplicate � S.E.M. The model is
unweighted and constrained by medium convergence criteria requiring five consecutive
iterations of the fit to change the sum-of-squares by less than 0.0001%. B, protein levels
did not correlate with age. Two-tailed Pearson correlation returned p � 0.6589 and r2 �
0.005801. C, protein levels did not correlate with enzyme activity. Two-tailed Pearson
correlation returned p � 0.4104 and r2 � 0.02002. Band intensities were calculated
using ImageJ software (National Institutes of Health) and were normalized to the pooled
samples on each Western blot.
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2007) and carboxylesterases 1 and 2 (Pope et al., 2005). Many of these
Phase I enzymes seem to be transcriptionally regulated. However,
because UGT1A enzyme activity and protein expression did not
correlate with each other herein or in a previous report (Strassburg et
al., 2002), it is possible that posttranslational modification regulates
UGT ontogeny. Comparatively little is known about the structure-
function relationships of UGTs than other metabolizing enzymes, in
part because a crystal structure has not been elucidated yet. One
important study shows that a specific glycosylation site on UGT2B15
and 2B20 is critical for modulating activity (Barbier et al., 2000). A
similar site/mechanism and associated developmental signal may ac-
count for changes in other isoforms’ catalytic activity after birth, such
as those observed herein.

As an alternative, it was demonstrated that adenosine-related nu-
cleotides inhibit rat UGT activity, an allosteric mechanism that may
also be relevant for developmental signaling (Nishimura et al., 2007).
There is further support for this mechanism in humans because the
naturally occurring soy compound daidzein has been shown to allos-
terically increase human hepatic UGT1A1 activity (Pfeiffer et al.,
2005). Allosteric signaling would allow UGT protein expression to
remain steady throughout childhood but enzyme activity to vary, based
on intracellular development and/or levels of signaling molecules.

An acknowledged limitation of this study is that the data herein are
derived from only postnatal samples. Despite this, some evidence that
UGT activity exists at birth for both UGT1A1 and 1A6 is presented
because our models do not converge to 0. Instead, the modeled
activities indicate that UGT1A1 at birth may be very low (in the order
of 1/1000 of adult activity) or, for 1A6, more than 50% of adult
activity levels, and this result is consistent with previous studies
(Burchell et al., 1989). Therefore, it would be useful for future work
to determine the molecular mechanisms behind enzyme maturation to
adult activities because purely transcriptional activation seems unlikely.

Beyond enzymology, when UGT1A6 hepatic clearances were
scaled and normalized, maximal clearance did not occur until 1 year
of age. This coincides with the age of enzyme maturation at 14
months. Although the modeled UGT1A1 clearance was higher at birth
and decreased to adult levels after 2 to 3 years of age, this should be
interpreted with caution because the results are in contrast to enzyme
maturation and may be an artifact of our small sample size in the age
ranges from 0 to 6 months. In addition, the regression used may not
accurately model the fast maturation of UGT1A1 with so few sam-
ples, so correct interpretation could also be that full clearance capacity
develops almost immediately after birth.

Because most chemicals are cleared by multiple enzymes, studying
a single enzyme may not give an accurate picture of whole-body
metabolism and clearance. For example, acetaminophen is metabo-
lized by UGT1A1, 1A6, and 1A9 and sulfotransferases directly (95%
of metabolism) and also by P450s, followed by sulfotransferases and
glutathione transferases (5% of clearance). For acetaminophen, clear-
ance matures at approximately 2 years of age, because of inherent
redundancy and promiscuity in hepatic metabolism (Anderson and
Holford, 2009). Despite this result, the data presented may be clini-
cally significant for drugs primarily or exclusively metabolized by a
single enzyme. This is a clinical issue for pediatric drug administra-
tion, such as the use of morphine (that is metabolized only by
UGT1A3 and 2B7) in neonates (Knibbe et al., 2009). A caveat to
making absolute statements regarding UGT development and clinical
clearances derived from this work is that, although scaling for P450
activities from in vitro to whole-body clearance has been relatively
accurate, scaling of UGT data is usually vastly underpredictive (Min-
ers et al., 2006). Hence, in vitro scaling attempts should be compared

FIG. 2. The development UGT1A6 in the pediatric liver. A, activity toward 100
�M serotonin increased with age. Model returned an activity of 2.560 nmol �
min � �1mg protein�1 at birth and increased to apparent adult activity at 4.737 �
0.33 nmol � min � �1mg protein�1 (95% CI, 4.0041–5.434). The 90th percentile
of adult activity was reached at 14 months of age (r2 � 0.09244, absolute sum
of squares � 178.8, Sy.x � 1.993). Each point represents each sample assayed
in duplicate. The model is unweighted and constrained by medium convergence
criteria requiring five consecutive iterations of the fit to change the sum-of-
squares by less than 0.0001%. B, protein levels did not correlate with age.
Two-tailed Pearson correlation returned p � 0.8455 and r2 � 0.001132.
C, protein levels did not correlate with enzyme activity. Two-tailed Pearson
correlation returned p � 0.2193 and r2 � 0.04403. Band intensities were
calculated using ImageJ software (National Institutes of Health) and were
normalized to the pooled samples on each Western blot.
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with clinical observations for correctness and also used to develop a
greater accuracy and predictivity of UGT scaling.

With regard to our scaling approaches, the allometric model to
three-forths power scaling was chosen because it has been shown that
this is generally superior to scaling by using the body surface area
(Anderson and Holford, 2009). Moreover, the Simcyp model was used
because of our desire to use a physiologically based approach to
pharmacokinetic scaling and to compare this to purely mathematical
pharmacokinetics. Of the several commercial models that exist, Sim-
cyp is the one we have available and has been used in the past to
evaluate pediatric scaling (Johnson et al., 2006). Comparison of the
models is important to assess whether the physiologically based
pharmacokinetic approach is superior for all data types and to refine
mathematical algorithms.

The current article also makes an interesting contribution to exist-
ing knowledge because a maturational component has been added.
This maturation component cannot be described by allometry alone
when predicting pediatric clearances from adult data (Anderson and
Holford, 2009). Increases in enzyme activity per gram of microsomal
protein have been reported herein and elsewhere, and at least one
author has postulated an increase in MPPGL (Barter et al., 2008). This
seems sensible, although the developmental mechanisms of this, and

indeed its occurrence, have not been well measured. Although small,
this is the first report of the development of UGT1A1 and 1A6 in
normal pediatric livers from the neonate (13 days) to adult (20 years
of age) that also includes scaled, normalized hepatic clearances and
comparisons of pharmacokinetic and physiologically based pharma-
cokinetic models. The findings presented support and are supported
by previous publications that have taken a more general approach
using pan-specific antibodies and biochemical substrates. Further-
more, positive controls in these experiments used pooled adult
microsomes from 200 human donors to define “adult” levels of
activity; this is a useful and robust internal control because inter-
individual variation in glucuronidation activity can be high. In
addition, because the pooled adult samples contained an equal
number of males and females and ranged from 17 to 78 years,
gender and age biases in the “positive adult control” were mini-
mized, including any differential hormonal effects on enzyme
expression and activities. This result is similar for the pediatric
liver samples assessed that contained 15 female and 35 males
across all age ranges. Finally, although we did not specifically
determine polymorphisms of UGT1A1 or 1A6 in these samples,
the calculated clearances presented will be inclusive of polymor-
phic variations and true estimates of the population variability.

FIG. 3. The development of hepatic bilirubin clearance for
UGT1A1 in pediatric liver. A, the development using the well
stirred model with allometric scaling. Apparent adult clearance
reached a plateau at 0.0070 l � h�1 � kg�1. The 90th percentile of
adult clearance was reached at 3.0 years of age. B, the development
using the parallel-tube model with allometric scaling. Apparent
adult clearance reached a plateau at 0.0070 l � h�1 � kg�1. The 90th
percentile of adult clearance was reached at 2.8 years of age. C, the
development using the Simcyp and well stirred model. The model
showed a similar plateau at 0.0079 l � h�1 � kg�1. The 90th
percentile of adult clearance was reached at 2.6 years. D, the
development using the Simcyp and parallel-tube model. Clearance
reached a plateau at 0.0079 l � h�1 � kg�1. The 90th percentile of
adult clearance was reached at 2.5 years. Allometric models are
represented by F and solid lines, whereas Simcyp pediatric models
are E and dashed lines. Pooled adult clearance is shown as the
dotted lines. The model is unweighted and constrained by medium
convergence criteria requiring five consecutive iterations of the fit
to change the sum-of-squares by less than 0.0001%, and any outlier
is removed as determined by the residuals.

TABLE 1

Summary table for modeled clearance values

Clearances are expressed as l � h�1 � kg�1.

Parameter
Well Stirred Parallel Tube

Allometric Simcyp Allometric Simcyp

UGT1A1 clearance
Normalized adult clearance 0.0070 0.0079 0.0070 0.0079
R2 0.0131 0.0077 0.0131 0.0076
95% CI of adult clearance 0.0058, 0.0082 0.0063, 0.0095 0.0058, 0.0082 0.0063, 0.0095
Age within 90% of adult 3.0 years 2.6 years 2.8 years 2.5 years
Weighted sum-of-squares 0.0034 0.0058 0.0035 0.0059
Sy.x 0.0049 0.0064 0.0049 0.0064

UGT1A6 clearance
Normalized adult clearance Not converged 0.3524 Not converged Ambiguous
R2 0.0686
95% CI of adult clearance 0.3149, 0.3900
Age with 90% of adult 12.6 months
Weighted sum-of-squares 2.182
Sy.x 0.1548
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In summary, this study is not only important from a basic
biology/pharmacology standpoint, but also from medical, environ-
mental, and regulatory perspectives. Medications are already pre-
scribed that have not been studied adequately for safety in pediatric
medicine, and, as diseases of childhood continue to move from
acute to chronic etiologies, this trend will only increase. In addi-
tion, regulatory bodies are increasingly requested to raise pediatric
exposure limits and safety levels for environmental chemicals,
commonly without good human data. Studies such as these can
contribute by describing pediatric development and also by pro-
viding a relevant framework for the understanding of developmen-
tal physiology and pharmacology. This approach can improve the
understanding of childhood development, environmental safety,
and pediatric medicine.
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