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ABSTRACT: Orally administered caffeine and dextromethorphan
(DM) were used as pharmacologic probes to determine the effect of
infant diet on acquisition of cytochrome P-450 (CYP) enzyme activ-
ity during the first 6 mo of life. The caffeine elimination rate constant
(ke) was determined from serum, and concentrations of caffeine, DM,
and their respective metabolites were measured in urine by high-
performance liquid chromatography (HPLC). Caffeine ke was low at
2 wk and displayed a significant positive linear correlation with age
(p � 0.001); increasing faster in formula-fed than in breast-fed
infants (p � 0.001). This occurred concomitantly with a significant
increase in urinary 1,7-dimethylxanthine (17X) and 1-methylxan-
thine (1X) (p � 0.001), suggesting faster acquisition of CYP1A2
activity in formula-fed infants. The urinary molar ratio of (17X �
1X)/caffeine and age strongly predicted caffeine ke (r

2 � 0.65; p �
0.001) irrespective of feeding type. CYP3A4 activity, assessed as the
molar ratio of 3-hydroxymorphinan/dextrorphan showed a similar
marked increase with postnatal age (p � 0.001) that was also greater
in formula-fed than in breast-fed infants. Formula feeding appears to
accelerate maturation of caffeine and DM metabolism by increasing
the activity of CYP1A2 and CYP3A4, respectively. Dietary modifi-
cation of CYP activity may modulate drug biotransformation and
thus alter systemic exposure to xenobiotics from a very early age.
(Pediatr Res 60: 717–723, 2006)

The benefits of breast-feeding have been recognized for
centuries. Only more recently have the bases of these

advantages begun to be elucidated. The identification of spe-
cific immunoglobulins in breast milk and the influence of
breast milk on gastrointestinal function and intestinal flora are
notable examples (1). Emerging data now support a positive
influence of breast-feeding on many facets of child health and
development (2–4). An aspect of breast-feeding that may
underlie its apparent influence on multiple biological pro-
cesses in the newborn is an ability to alter the developmental
expression of CYP enzyme activity.
The CYPs are a superfamily of heme-containing phase I

enzymes responsible for biotransformation of a large number
of endogenous substrates and a significant number of com-

monly used pharmacologic agents (5). They play a critical role
in maintaining homeostasis by ridding the body of byproducts
of cellular metabolism and waste products derived from di-
etary or other exogenous sources. Exposure to drugs, environ-
mental toxins, and even dietary components has been shown
to dramatically alter CYP expression and functional activity in
adults (6). Moreover, the expression of members of several
CYP families is dependent on development (7). Generally,
CYP expression and activity are low in fetal tissue, with
increasing activity apparently triggered by postnatal exposures
or events (8).
Activities of specific CYP enzymes can be assessed in vivo

by administration of specific probe substrates followed by
quantifying the amount of parent compound and metabolites
present in serum or urine. Oral caffeine administration is
commonly used as a pharmacologic probe to assess CYP1A2
activity in vivo (9). Previous studies indicate that caffeine
metabolism develops gradually during the first year of life
(10) with its elimination half-life being prolonged in breast-
fed infants compared with formula-fed infants (11). These
results were interpreted to suggest that breast milk may con-
tain an inhibitor of caffeine metabolism. In light of more
recent studies in adults showing that CYP1A2 activity can be
induced by dietary constituents (12), it may be more likely that
component(s) of commercial infant formulas increase
CYP1A2 activity in developing infants. Less is known about
the effects of infant diet on the development of other CYP
enzymes. However, expression and induction of CYP3A and
CYP2B enzymes have been shown to be increased by diet in
a rodent model (13).
Based on these preliminary data from both animal and

human studies, we hypothesized that infant feeding modality
may significantly alter the developmental profile of specific
CYP enzymes. The objective of this study was to assess
differences in the development of functional CYP activity
between healthy breast-fed and formula-fed infants adminis-
tered caffeine and DM as metabolic probes.
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MATERIALS AND METHODS

Participants and study protocol. Newborns recruited from well-baby
nurseries at two local hospitals were seen at 2 wk and then again at 1, 2, 3, 4,
and 6 mo postnatal age. At their first visit, informed consent was obtained,
newborn screens were checked, a birth history and physical examination were
performed, and blood samples were obtained for laboratory tests (complete
blood count, liver function tests, electrolyte panel). Any abnormal newborn
screen, laboratory test, or physical finding prompted immediate referral for
appropriate evaluation and treatment with exclusion or removal of an infant
from the study.

At all visits, an interim history of infant diet, medication use, and exposure
to environmental xenobiotics (e.g. cigarette/tobacco smoke) was obtained.
Mothers of breast-fed infants were also queried about their dietary habits
and asked to abstain from caffeinated food or beverages and medications
containing DM 24 h before a study visit and during sampling. Healthy infants
were administered oral caffeine citrate (7 mg/kg; prepared by dissolving the
powder in sterile water and mixing the solution 2:1 with cherry syrup) and
DM (0.3 mg/kg; supplied as Robitussin Pediatric Cough, Whitehall Robbins
Healthcare, Madison, NJ). They were then fitted with preweighed fiber-based
diapers (Tushies, Tender Care) for urine collection over the next 24 h. At the
2-wk and 2-, 4-, and 6-mo visits, approximately 0.3 mL of blood was drawn
by heelstick 2 h after drug administration and again at their return visit the
following day (approximately 24 h). Blood samples were sent to the Chil-
dren’s Mercy Hospital Clinical Laboratory for determination of caffeine
levels.

Investigators had no influence on the choice of feeding modality or choice
of formula. All procedures involving human subjects were conducted accord-
ing to the Declaration of Helsinki principles and received approval from the
institutional review boards of the participating hospitals.

Serum caffeine analysis. Serum caffeine levels were determined by HPLC
using a method that conforms to the guidelines of the College of American
Pathologists Clinical Laboratory Improvement Act. Serum (100 �L) was
added to 500 �L of an aqueous-based internal standard (�-hydroxytheophyl-
line; 5 �g/mL; Sigma Chemical Co., St. Louis, MO) and passed over a
solid-phase cartridge (Accubond C-18; Agilant, Palo Alto, CA). Eluted
samples were injected onto the HPLC system (Hewlett Packard 1050).
Analytes of interest were separated on a C18 column (4.6 � 250 mm, 5 �m)
using a mobile phase of methanol:deionized water (10:90) at a flow rate of
3 mL/min. Eluate was monitored by UV detection at 275 nm with caffeine
concentration determined against calibration standards that were run daily.
The method is linear between 0.5–30 mg/mL with an intra- and interassay
coefficient of variation for all standards that averaged 5%.

Urine collection. Study diapers were weighed, and fecal matter was
removed by separating the inner lining of the diaper from the absorptive
matrix. Urine was expressed by manual extrusion of the absorptive matrix
using a 60-mL syringe. Ascorbic acid was added to urine samples (final
concentration of 10 mg/mL) in an attempt to stabilize amino-6-formylamino-
3-methyluracil (AFMU). All samples were stored at �70°C before assay in
the Pediatric Pharmacology Research Unit (PPRU) core laboratory of the
Children’s Mercy Hospitals and Clinics.

Urine caffeine and metabolites. Weighted, pooled urine samples from the
24-h sampling period were adjusted to a pH between 4 and 5 with sodium
acetate (250 mmol/L) and filtered through a 0.22-�m nylon centrifuge tube
filter (Spin-X; Costar) before analysis. Caffeine and six of its major metab-
olites were determined in urine samples by reverse-phase HPLC with UV
detection (Hewlett Packard HP1100; San Fernando, CA). Samples (20 �L)
were injected onto the HPLC system with analytes of interest eluted on a C18
column (4.6 � 250 mm, 5 �m; Aqua-C18; Phenomenex; Torrance, CA) using
a mobile phase of methanol:0.1% acetic acid (85:15) pumped at a flow rate of
1 mL/min. Eluates were monitored at 275 and 290 nm with caffeine and
metabolite concentrations determined by use of peak height ratios against
calibration standards comprising a 7-point standard curve. Standard curves for
all metabolites were linear over a range of 6–200 �mol/L (r2 � 0.99). The
coefficient of variation for all standards was �10% except for the limit of
quantification (LOQ), which was consistently �20%. Initially, samples were
evaluated for the presence of 3,7-dimethylxanthine, 3,7-dimethylurate,
7-methlyxanthine, and 3-methylurate in addition to those caffeine metabolites
reported in this study (Fig. 1). However, none of these compounds were
consistently present above the limits of quantitation in our samples. Molar
fractions of caffeine and its measured metabolites were defined as (metabolite
or caffeine)/(137X � 1X � 1U � 17X � 17U � 13X � 3X) (see Fig. 1
legend for abbreviations).

Urine DM and metabolites. Pooled urine samples were adjusted to a pH
between 4 and 5 with sodium acetate (50 mmol/L; pH � 3). Samples were
deconjugated by the addition of 10 �L of �-glucuronidase (100,400 U/mL;
Sigma Chemical Co., St. Louis, MO) to each ml of urine and incubated

overnight (18 h) at 37°C. Levallorphan tartrate (10 �L; 50 �g/mL) was added
to each milliliter of deconjugated sample (internal standard), followed by
filtration using a 0.22-�m nylon centrifuge tube filter (Spin-X; Costar). DM
and three of its major metabolites were determined by reverse-phase HPLC
(Hewlett Packard HP1100; San Fernando, CA). Samples (20 �L) were
injected onto the HPLC system with analytes of interest eluted on a C18
column (4.6 � 150 mm, 5 �m; Nova Phenyl; Phenomenex; Torrance, CA)
and eluted with a mobile phase consisting of 10 mmol/L sodium acetate
(pH � 4): acetonitrile (23:77) pumped at a flow rate of 1 mL/min. Eluates
were monitored by fluorescence detection (235 and 310 nm) with DM and
metabolite concentrations determined by peak height ratio comparison to a
7-point standard curve prepared before each run. Standard curves for DM,
dextrorphan (DX), 3-hydroxymorphinan (3HM), and 3-methoxymorphinan
(3MM) were linear over a range of 0.1–10 �mol/L (r2 � 0.99). The coefficient
of variation for all standards was consistently �10%. DM and 3MM levels
were consistently below the limit of detection and were not included in
subsequent analyses. The molar fractional recovery of DX (frDX) and 3HM
(fr3HM) was defined as DX/(DX � 3HM) and 3HM/(DX � 3HM), respec-
tively. The molar ratio of 3HM/DX was used as to estimate CYP3A4 activity.

Data analysis. The apparent elimination rate constant was calculated from
serum caffeine concentrations using the following equation: ke � (ln C1 � ln C2)/
(t1 � t2). Blood sample collection times were recorded and used for this
calculation. The fractional molar recoveries of caffeine and its metabolites
were determined from pooled urine samples collected over a 24-h postdose
period. Due to the collection of multiple samples from the same individual
over time, a linear, mixed model analysis with random intercepts was
determined to be the most appropriate statistic to concomitantly evaluate
changes due independently to both age and diet (14). For these analyses,
cumulative exposure (in weeks) to either formula or breast milk was deter-
mined at each study visit. Infants reported to have received any combination
of formula and breast milk at a study visit were considered to have received
a diet exposure equivalent to one half of the interval between visits. These
cumulative exposure estimates allowed comparisons to be made between diets
over the 6-mo study period and account for those infants who were initially
breast-fed and then switched to formula during the study. This analysis, along
with analysis of variance with simple effects (Bonferroni) and linear regres-
sion analyses were performed using SPSS software. The level of significance
accepted for all statistical analyses was � � 0.05.

Figure 1. Proposed pathways of methylxanthine metabolism. 137X: 1,3,7-
trimethylxanthine (caffeine); 17X: 1,7-dimethylxanthine; 17U: 1,7-
dimethyluracil; 1X: 1-methylxanthine; 1U: 1-methyluracil; 7X: 7-methylxan-
thine; 7U: 7-methyluracil; 13X: 1,3-dimethylxanthine (theophylline); 13U:
1,3-dimethyluracil; 3X: 3-methylxanthine; 3X: 3-methyluracil; 37X: 3,7-
dimethylxanthine (theobromine); 37X: 3,7-dimethyluracil; AFMU:
5-acetylamino-6-formylamino-3-methyluracil; AAMU: 5-acetylamino-6-
amino-3-methyluracil. NAT2: N-acetyltransferase; CYP1A2: cytochrome
P-450 1A2; CTP2E1: cytochrome P-450 2E1. Only metabolites in bold were
consistently present above the limit of detection in urine of infants in this
study.
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RESULTS

Of 48 infants enrolled in the study, 38 completed two or more
study visits and were included in the data analysis (Table 1). A
reported history of smoking had no effect on caffeine elimination
in our patient population (data not shown). Table 2 details the
numbers of infants receiving a specific diet at each study visit.
Infants categorized as either breast-fed or formula fed received
�95% of their intake exclusively from these sources. Infants
receiving a combination of breast milk or formula during an
interim period were categorized as supplemented. Forty-four
percent of infants seen at 2 wk postnatal age were exclusively
breast-fed. Consistent with current trends (15), only 23% of
infants were exclusively breast-fed by their 6-mo visit.
The relationship between postnatal age and the caffeine

elimination rate constant (ke) in all study participants is de-
picted in Figure 2. Serum caffeine elimination was very low at
2 wk of age followed by a progressive increase in rate over the
first 6 mo of life. Regression analysis of these data revealed a
positive, linear correlation between ke and postnatal age (r2 �
0.469; p � 0.001).
To address whether developmental changes in caffeine

elimination occur before birth, a regression analysis of ke at
the first study visit versus postconceptional age was per-
formed. The postconceptional age of infants at their first study
visit (2–3 wk postnatal age) ranged between 36 and 43 wk.

Although the postconceptional age of the infants spanned
almost 2 mo, no significant relationship was identified with ke.
Figure 3 summarizes the relationship between serum caf-

feine ke and postnatal age stratified by diet. Caffeine elimina-
tion increased with age in infants exposed to all diets. At 2–3
and 4–6 wk of age, there were no significant differences in ke
between diets. At all remaining study visits, caffeine elimina-
tion was markedly and progressively greater in formula-fed
infants than in infants exclusively breast-fed (p � 0.01).
Caffeine elimination in supplemented infants was never sta-
tistically different from either formula or breast-fed infants,
likely reflecting the relatively small number of babies in this
diet group (Table 2). However, their average values were
consistently comparable to breast-fed infants.
The relative proportion of urinary caffeine metabolites in all

infants, regardless of diet, is displayed in Figure 4. Urine from
infants 2–3 or 4–6 wk of age contained predominantly un-
metabolized caffeine (137X). At subsequent visits, the relative
proportion of all caffeine metabolites increased as the propor-
tion of unmetabolized caffeine decreased. 1-Methylurate was
present earliest (2–3 wk) and its relative proportion increased

Table 1. Participant demographics

Demographics

No. of subjects enrolled 48
Failed screen/dropouts 10
Completed �5 study visits 35
Sex
Male 19
Female 19

Race
African American 14
White 17
Hispanic 3
Other 4

Gestational age at birth, wk
Range 34–43

Consent was obtained from 48 participants. Ten failed initial screening or
dropped out before completing a study visit. Thirty-eight infants completed
two or more study visits and were included in the data analysis.

Table 2. Diet summary

Diet summary

TotalBreast-fed
Breast-fed
and solids Supplemented

Supplemented
and solids Formula-fed

Formula-fed
and solids

2 wk 15 0 7 0 12 0 34
4 wk 13 0 8 0 14 2 37
8 wk 12 0 4 1 16 4 37
12 wk 9 0 4 1 18 5 37
16 wk 9 0 1 1 17 7 35
24 wk 6 2 1 1 9 16 35

At each study visit, an interim diet history was obtained from participant mothers. Infants were considered breast-fed or formula fed if they received �95%
of their intake from these sources. Infants receiving any other combination of breast milk and formula were categorized as supplemented. Solid food refers to
infant cereal, infant pureed jar food, or table food.

Figure 2. Relationship between caffeine ke and postnatal age. Lines represent
linear regression �95% confidence intervals. Regression analysis indicated a
significant positive linear correlation between caffeine elimination and age
(r2 � 0.469; p � 0.01). The numbers of infants included in the analysis at
each study visit are as indicated in Table 2.
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most rapidly. By 6 mo of age, it was the most prevalent form
of caffeine recovered from urine samples. 3-Demethylated
compounds [1,7-dimethylxanthine (17X); 1,7-dimethylurate
(17U)] were the next most prevalent caffeine metabolites and
showed a similar relative increase with age. 7-Demethylated
compounds [1,3-dimethylxanthine (13X); 3-methylxanthine
(3X)] showed a more variable age-related progression and
were the least abundant of the caffeine metabolites.
The molar fraction of caffeine and its metabolites were

stratified according to diet (Fig. 5). Infants receiving a sup-
plemented diet were not included in this analysis due to their
relatively small numbers. The proportion of unmetabolized
caffeine was similar in breast-fed and formula-fed infants at
their first three visits (Fig. 5A), but was consistently smaller in
formula-fed infants at subsequent visits. Linear mixed model
analysis indicated a significant decrease in the proportion of

unmetabolized caffeine in urine with age (y � �0.028x � 1;
p � 0.001) and a further decrease due to formula exposure
beyond that expected from age alone (y � �0.010x � 1;
p � 0.01). Conversely, the molar fractions of 17X and 1X
were greater in formula-fed infants than breast-fed infants at
all visits beyond 4–6 wk of age (Fig. 5B and C). Linear mixed
model analyses showed a significant increase in the molar
ratio of both 17X and 1X with age and an independent
increase in these ratios associated with formula exposure. The
molar fraction of the remaining caffeine metabolites were
more variable and showed no consistent correlation with
infant diet.
The effect of age and diet on the metabolism of DM is

depicted in Figure 6. DX constituted almost 90% of DM
metabolites at the first study visit (Fig. 6A). With increasing
postnatal age, the frDX decreased to approximately 50%,
whereas the fr3HM increased from just over 10% at the first
study visit (2–3 wks) to approximately 50% of total metabo-
lites by 6 mo of age. The increasing prevalence of 3HM at the
expense of DX reflects an apparent increase in DM N-
demethylation during this developmental time period (Fig. 7).
Ratios of urinary 3HM/DX have been shown to correlate well
with midazolam clearance in adults, suggesting this ratio
provides a surrogate for CYP3A enzyme activity in vivo (16).
The 3HM/DX molar ratio in urine from infants in this study
were stratified by diet and plotted as a function of age (Fig.
6B). Regression analysis indicated a significant increase in
3HM/DX with age in both formula-fed (r2 � 0.192; p �
0.001) and breast-fed (r2 � 0.455; p � 0.001) infants. Linear
mixed model analyses indicated that the rate of increase in the
molar ratio of 3-HM/DX with age occurred faster in formula-
fed infants [0.012/wk 95% confidence interval (CI): 0.009–
0.014] than in breast-fed infants (0.005/wk 95% CI: 0.001–
0.008) (p � 0.001).

DISCUSSION

Consistent with previously published results (10), we ob-
served an increase in caffeine elimination over the first 6 mo
of life. By 2 mo of age, the average caffeine ke was already
greater than that observed in 2-wk-old infants, indicating that
a measurable increase in caffeine metabolism occurs as early
as 1.5 mo of postnatal age. Although postconceptional age
spanned almost 2 mo, no significant relationship with caffeine
ke was observed at the 2-wk visit. Furthermore, negligible
amounts of caffeine metabolites were detected in urine at their
first visit (Fig. 4). Collectively, these results corroborate pre-
vious data (10,17) that suggest that there is minimal ability to
metabolize caffeine before birth. Rather, it appears that post-
natal exposures or events are required before the capacity to
metabolize caffeine begins to mature.
Results of this study provide evidence that an infant’s

dietary exposure plays a significant role in the development of
caffeine metabolism. The ability to metabolize caffeine devel-
oped faster in infants consuming formula than those fed breast
milk. Collective results suggest that more rapid caffeine elim-
ination in formula-fed infants occurs as a consequence of
increased conversion of caffeine to its 3-demethylated (17X)

Figure 4. Fractional molar recovery of caffeine and six of its metabolites in
urine samples collected during study visits. Abbreviations are as described in
Figure 1.

Figure 3. Effect of diet on caffeine ke with age. Boxes represent the
interquartile range; horizontal bars in the boxes represent median values;
whiskers represent the 10th–90th percentiles; circles represent values
between 1.5 and 3 boxes from the interquartile range. An asterisk indicates
the mean ke is significantly different from formula-fed infants (p � 0.01).
The numbers of infants receiving a specific diet at each study visit are as
indicated in Table 2.
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and 3,7-demethlyated (1X) metabolites. Linear mixed model
analyses indicated that formula feeding increased the propor-
tion of these metabolites independent of the effects of age
alone. Whether this effect is due to the presence of an inducer
in formula or an inhibitory factor in breast milk remains to be
elucidated.
Levels of urinary caffeine and its metabolites have been

used in various combinations to produce molar ratios pro-
posed as surrogate markers of CYP1A2 activity in adults (9).
The small amounts of caffeine metabolites in our very young
infants precluded the use of these ratios in our study. In an
attempt to determine a urinary caffeine metabolite ratio that
best predicted caffeine elimination in our infant participants,
linear regression analyses were performed between several
ratios of urinary caffeine metabolites and the serum ke. A
strong correlation was observed between the urinary molar
ratio of (17X � 1X)/caffeine and caffeine ke (r

2 � 0.57; p �
0.001). When postnatal age was added as a covariant to this
analysis {ke � 0.016[(17X � 1X)/caffeine)] � 0.002 (age in

weeks) � 0.009}, the predictive value increased further (r2 �
0.65; p � 0.001). The predictive value of this equation
compares favorably to correlations between caffeine elimina-
tion and urinary metabolites in adults (18).
The 3-demethylation of caffeine to 17X and its subsequent

conversion to 1X has been shown to be catalyzed predomi-
nantly by CYP1A2 (19) (Fig. 1). Moreover, previous studies
employing animal models and in vitro studies using human
liver microsomes suggest that CYP1A2 activity is actively
maturing during the first 6 mo of life (10,17). Thus, increasing
amounts of 17X (and 1X) with age observed in this study
likely reflect maturation of CYP1A2 activity. Indeed, accel-
erated formation of these caffeine metabolites in formula-fed
infants may occur as a result of maturation of CYP1A2
enzyme activity that is augmented by this dietary exposure.
Similarly, the DM metabolite ratio (3HM/DX) used in this

study may reflect maturation of CYP3A4 activity. Figure 7
summarizes the known biotransformation pathway of DM
(20,21). CYP2D6 activity appears to be present by 2 wk of age
as very little (�2%) DM was detected in urine of 2–3-wk-old
infants, whereas DX constituted almost 90% of recovered DM

Figure 5. Effect of infant diet on the fractional molar recovery: 1,3,7-trimethylxanthine (caffeine) (A); 17X: 1,7-dimethylxanthine (B); and 1-methylxanthine
(C). Bars represent average fractional molar recovery � standard error of the mean (SEM). Linear mixed model analysis indicated that consumption of infant
formula corresponded to faster metabolism of caffeine reflected by reduced amounts of unmetabolized caffeine and greater amounts of 17X and 1X in urine
samples (p � 0.001). The number of breast-fed (open columns) and formula-fed (filled columns) infants in each group are as indicated in Table 2. Supplemented
infants were not included in these analyses.

Figure 6. Effect of age on DM metabolism. (A) Box plots of fr3HM (open
columns) and frDX (filled columns). Box plots are as defined in Figure. 3. (B)
Mean � SEM of the molar ratio 3HM/DX in formula-fed (open circles) and
breast-fed (filled circles) infants. Linear mixed model analysis indicated a
faster development of CYP3A4 activity as assessed by 3HM/DX in formula-
fed infants than in those receiving breast milk (p � 0.001). The numbers of
breast-fed and formula-fed infants in each group are as indicated in Table 2.
Supplemented infants were not included in these analyses. Figure 7. Proposed pathways of DM metabolism.
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metabolites. As the infants aged, the relative proportion of DX
decreased with a corresponding increase in the proportion of
3HM. The increase in 3HM with age likely reflects an in-
creased N-demethylation of DM to 3-methoxymorphinan fol-
lowed by rapid conversion to 3HM (i.e. 3-methoxymorphinan
was consistently below the level of detection) or possibly a
direct conversion of DX to 3HM. Since conversion of DM to
3-methoxymorphinan has been shown to be catalyzed by
CYP3A4 (20) and to a lesser extent by CYP2B6 (21) in adults,
the increase in 3HM with age may reflect the developmental
maturation of one or both of these enzymes. Ratios of urinary
3HM/DX have been shown to provide an acceptable surrogate
for CYP3A enzyme activity in vivo (16). We observed higher
3HM/DX ratios in formula-fed infants than in breast-fed
infants (Fig. 6 B) at all sampling periods. Thus, similar to
CYP1A2, maturation of CYP3A4 enzyme activity may also be
accelerated in formula-fed infants.
Molecular mechanisms regulating the expression of CYP1A2

and CYP3A have been described. CYP1A2 expression can be
induced by activation of the aryl hydrocarbon receptor (AhR)
and subsequent increased transcription of the CYP1A2 gene
(22). CYP3A4 expression can be induced by activation of
either the pregnane � receptor (PXR) or constitutive andro-
stane receptor (CAR), which forms heterodimers with the
retinoic acid receptor (RXR) before binding to response ele-
ments on the CYP3A4 gene (23). The ability of xenobiotics to
increase CYP1A2 or CYP3A4 levels and activity in adults
appears to work through these mechanisms. Similarly, there
may be specific ligand(s) present in infant formula and not in
human breast milk that can activate these nuclear receptors,
ultimately resulting in increased enzyme activity. In fact, a
recent report provides compelling data that infant formula
contains AhR ligand(s) that cause a marked up-regulation of
CYP1A1/1A2 mRNA and protein in a human hepatoma cell
line (24). CYP3A4 mRNA was induced to a lesser extent by
both breast milk and formula in this study, but did not appear
to involve substantial activation of PXR.
Alternatively, formula may affect maturational events inde-

pendent of known induction mechanisms. Whereas increased
expression in adults occurs by activity of these transcription
factors, exposure to infant formula may increase the rate of
acquisition of basal levels of expression. Thus, it may not be
that infant diet is inducing CYP1A2 or CYP3A4 activity per
se. Rather, it may accelerate the maturational expression of
these enzymes independent of induction. Whether similar
regulatory mechanisms control both maturational processes
and induction has not been established.
The consequence of increased CYP1A2 and CYP3A4 ac-

tivity following exposure to infant formula remains a salient
question. Our results do not espouse an advantage to either
diet, but rather highlight differences. The short-term conse-
quences of these differences are readily apparent in that altered
infant metabolism of drugs by dietary components may affect
their disposition and as a result their pharmacodynamics or
toxicity. In the long term, accelerated development of phase I
enzyme activity by infant formula may alter exposure to
modified xenobiotics and endogenous metabolites from a very
early age. Chronic exposure to these potentially reactive me-

tabolites coupled with genetic predisposition may contribute
to differences in susceptibility to specific disease processes
(neoplasms, autoimmune dysfunction). Accordingly, caffeine
itself has been reported to inhibit topoisomerase I (25) and the
carcinogenic potential of some environmental toxins is
thought to be mediated by altered CYP1A expression (26).
Neonates and young infants are in a dynamic state of

maturation that apparently has a dramatic influence on the
regulation of the genes responsible for the production and/or
activation of drug metabolizing enzymes. Our results provide
further insight into the developmental regulation of CYP
functional activity and, in particular, the potential for dietary
constituents to modulate “normal” developmental expression.
Future studies that identify the specific constituent(s) of an
infant’s diet that modulates CYP activity may help define the
cellular and genetic mechanisms responsible for diet-CYP
interactions and their physiologic significance.
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