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ABSTRACT

The induction of cytochrome P450 (P450) enzymes in response to
drug treatment is a significant contributing factor to drug-drug
interactions, which may reduce therapeutic efficacy and/or cause
toxicity. Since most studies on P450 induction are performed in
adults, enzyme induction at neonatal, infant, and adolescent ages is
not well understood. Previous work defined the postnatal ontogeny
of drug-metabolizing P450s in human and mouse livers; however,
there are limited data on the ontogeny of the induction potential of
each enzyme in response to drug treatment. Induction of P450s at
the neonatal age may also cause permanent alterations in P450
expression in adults. The goal of this study was to investigate the
short- and long-term effects of phenytoin treatment on mRNA and
protein expressions and enzyme activities of CYP2B10, 2C29, 3A11,

and 3A16 at different ages during postnatal liver maturation in mice.
Induction of mRNA immediately following phenytoin treatment
appeared to depend on basal expression of the enzyme at a specific
age. While neonatal mice showed the greatest fold changes in
CYP2B10, 2C29, and 3A11 mRNA expression following treatment,
the levels of induced protein expression and enzymatic activity were
much lower than that of induced levels in adults. The expression of
fetal CYP3A16 was repressed by phenytoin treatment. Neonatal
treatment with phenytoin did not permanently induce enzyme
expression in adulthood. Taken together, our data suggest that
inducibility of drug-metabolizing P450s is much lower in neonatal
mice than it is in adults and neonatal induction by phenytoin is not
permanent.

Introduction

Drug-drug interactions (DDIs) are a major cause of adverse drug
reactions (ADRs) and occur when one medication interferes with the
efficacy or toxicity profile of another medication administered concur-
rently. Pharmacokinetic DDIs occur when the perpetrating drug affects
the absorption, distribution, metabolism, or excretion of other victim
drugs, shifting plasma concentrations outside of optimal therapeutic
windows (Palleria et al., 2013). Plasma concentrations are largely
determined by cytochrome P450 (P450)-mediated drug metabolism,
which can be inhibited or induced by xenobiotics. Several marketed
drugs induce the transcription of P450 genes via the activation of nuclear
receptors and are implicated in clinically significant DDIs (Lin, 2006).
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Patients may experience attenuated therapeutic efficacy if induced P450-
mediated metabolism decreases plasma concentration of other active
drug compounds taken simultaneously. Conversely, patients could
experience adverse effects due to accumulation of toxic metabolites
(Zanger and Schwab, 2013).

Like adults, many infants and children are exposed to multiple
medications at once, especially those that are hospitalized (Dai et al.,
2016). However, DDIs in the context of pediatric patients are not as well
understood as other DDIs. This is mainly due to the lack of appropriate
in vitro models and the fact that clinical trials are not usually performed
in pediatric patients (Bjorkman, 2006). Neonatal patients seem to be
particularly susceptible to ADRs due to diminished clearance capacities
in the first 2 years of life (Fabiano et al., 2012). It is well-established that
the neonatal liver is not fully developed at birth and undergoes a period
of postnatal maturation, during which metabolic function is not
comparable to that of adults. Drug metabolism by P450s, in particular,
varies greatly during the first 2 years after birth due to the ontogenic
regulation of P450 gene expression (Hines, 2008). Most drug-
metabolizing P450s, including CYP3A4,2C19, and 2C29, are expressed
at low levels during gestation, at birth, and during early postnatal life,
and do not reach expression levels comparable to that of adults until at
least 2 years of age (Treluyer et al., 1997; de Wildt et al., 1999). This
causes a diminished capacity for the metabolism of many drugs and is
implicated in numerous ADRSs in infants (Pearce et al., 2001; Hines,

ABBREVIATIONS: ADR, adverse drug reaction; AED, antiepileptic drug; BSA, bovine serum albumin; CAR, constitutive androstane receptor; DDI,
drug-drug interaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IDA, information-dependent acquisition; MPB, mobile phase B; MS,
mass spectrometry; P450, cytochrome P450; PBS, phosphate-buffered saline; RT-PCR, real-time polymerase chain reaction; SWATH-MS,
sequential window acquisition of all theoretical mass spectra; TOF, time-of-flight.
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2013). Other enzymes, such as CYP3A7, are only expressed in the fetal
and early postnatal liver and become undetectable once the liver is fully
matured (Lacroix et al., 1997).

Whereas the postnatal ontogeny of P450s in humans has been
established, the induction of P450s in response to drug treatment has
not been well studied in pediatric populations at different stages of early
development. It is largely unknown to what extent P450 activity can be
induced in neonates and children compared with adults. Whether the
capacity for enzymatic induction varies at different ages during postnatal
liver maturation is also not understood. Several studies have additionally
suggested neonatal exposures to inducer drugs, particularly the antiep-
ileptic drug (AED) phenobarbital, can cause permanent alterations to
expression and activities of P450s in adult rodents (Agrawal and
Shapiro, 1996, 2005; Tien et al., 2015, 2017; Piekos et al., 2017). There
also appears to be a window of sensitivity during neonatal life that allows
the imprinting of lasting changes to P450 expression following treatment
(Tien etal., 2015). This effect has not yet been validated with other small
molecule drugs.

The goal of this work was to further examine the postnatal liver’s
capacity for P450 induction in response to inducer treatment at
different ages spanning neonatal, infant, and adolescent stages in
mice. This is a continuation of our previous studies that investigated
the effects of neonatal phenobarbital treatment on expression of P450s
in adult mice. Whereas no animal model is a perfect representation of
human drug metabolism, the mouse is a useful in vivo system for
studying developmental responses to drug treatment in a relatively
short amount of time and for establishing proof-of-concepts prior to
human pharmacokinetic studies (Turpeinen et al., 2007). Both short-
and long-term effects of a single phenytoin dose on P450 expression
and function were investigated, utilizing the novel sequential window
acquisition of all theoretical mass spectra (SWATH-MS) method to
quantify protein concentrations. Phenytoin was selected as an inducer
because, like phenobarbital, it is an AED commonly used to treat
neonatal seizures and a potent inducer of drug-metabolizing P450s
(Wang et al., 2004; Jackson et al., 2006; Zeller and Giebe, 2015).
Based on previous studies, we hypothesized the neonatal liver is
particularly sensitive to P450 induction by drug treatment and early
life phenytoin exposure causes permanent alterations to P450 metab-
olism in adulthood.

Materials and Methods

Chemicals and Reagents. Phosphate-buffered saline (PBS), 5,5-diphenylhy-
dantoin salt (phenytoin), trifluoroacetic acid, formic acid, and acetonitrile were
purchased from Sigma-Aldrich (St. Louis, MO). Urea and dithiothreitol were
obtained from Fisher Scientific Co. (Pittsburgh, PA). Iodoacetamide and
ammonium bicarbonate were purchased from Acros Organics (Morris Plains,
NJ). Tosyl phenylalanyl chloromethyl ketone—treated trypsin was obtained from
Worthington Biochemical Corporation (Freehold, NJ). Standard bovine serum
albumin (BSA) was purchased from Thermo Fisher Scientific (Waltham, MA).

Animals. C57BI/6 mice (Jackson Laboratories, Bar Harbor, ME) were housed
in accordance with the animal care guidelines outlined by the American
Association for Animal Laboratory Sciences and were bred under standard
conditions in the Animal Resources Facility at the University of Connecticut. The
use of these animals was approved by the University of Connecticut’s Institutional
Animal Care and Use Committee. At 12 weeks of age, mice were set up into
breeding pairs. To study short-term effects of drug treatment at different ages
during postnatal development, mice were administered a single dose of phenytoin
(100 mg/kg) or PBS vehicle control intraperitoneally on days 5, 10, 15, 20, 30, or
60 following birth. Twenty-four hours after the treatment, mice were sacrificed
and liver samples were collected. To study long-term effects of drug treatment,
mice on day 5 after birth were administered either phenytoin (100 mg/kg) or PBS
vehicle control intraperitoneally. Following treatment, mice were sacrificed at
different ages (day 10, 15, 20, 30, or 60 after birth) and livers were collected.
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Livers with gallbladders removed were snap frozen in liquid nitrogen and then
stored at —80°C. In both the short- and long-term studies, 4—6 livers were
collected at each age for both control and treatment groups. Both male and female
mice were included in this study.

Total RNA Extraction, Reverse Transcription, and Real-Time Polymer-
ase Chain Reaction. Total RNAs were isolated from whole livers using TRIzol
reagent according to the manufacturer’s protocol (Life Technologies, Guilford,
CT). RNA concentrations were measured using a NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE) at a wavelength of 260 nm. To obtain
cDNA, reverse transcription was performed using an iScript Reverse Transcrip-
tion Supermix according to the manufacturer’s protocol (Bio-Rad, Hercules, CA).
Real-time polymerase chain reaction (RT-PCR) was performed using a CFX-96
thermocycler system (Bio-Rad) with TagMan gene expression assays for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), CYP3Al16, 3All,
2B10, and 2C29 (Thermo Fisher Scientific). Fold changes of P450 expression
in the phenytoin-treated group compared with the PBS control group at each
postnatal age were calculated using the 2" method described by Livak and
Schmittgen (2001) with a normalization of P450 expression to GAPDH. A
consistent expression level of GAPDH is observed by either RNA-Seq or
RT-PCR in mouse liver during postnatal maturation (Supplemental Fig. 1).

Protein Sample Preparation and Liquid Chromatography-Tandem
Mass Spectrometry-Based Quantification. Whole mouse livers were chopped
into small pieces using scissors and homogenized in PBS (pH 7.4) by a tissue
grinder equipped with a Teflon pestle on ice. Liver S9 fractions were obtained by
centrifuging the homogenate at 4°C at 10,000g for 30 minutes. The supernatant
containing the S9 fractions was transferred to a Beckman ultracentrifuge tube and
centrifuged at 300,000g for 20 minutes. The liver microsomes were obtained by
resuspending the pellet with PBS using the tissue grinder. Protein concentration
was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).
Protein digestion was conducted according to a previously reported Lys-
C/Trypsin combinatorial digestion protocol (Glatter et al., 2012) with minor
modifications. An aliquot of 80 wg liver microsomal protein was mixed with the
internal standard BSA (0.2 ug). After adding a 10-fold volume of precooled
acetone, the mixture was incubated at —20°C for 2 hours and centrifuged. The
supernatants were removed and the precipitated proteins were washed with 80%
ethanol and then air-dried at room temperature. Proteins were resuspended in
4 mM DDT in 8 M urea solution containing 100 mM ammonium bicarbonate.
Samples were sonicated and then incubated at 37°C for 45 minutes. After samples
were cooled down to room temperature, 20 mM iodoacetamide in 8 M
urea/100 mM ammonium bicarbonate was added and incubated for 30 minutes
at room temperature for alkylation. Following incubation, the urea concentration
was adjusted to 6 M by adding 61.6 ul of 50 mM ammonium bicarbonate. Lysyl
endopeptidase (Wako Chemicals, Richmond, VA) was added at an enzyme-to-
protein ratio of 1:100 for the first step protein digestion for 6 hours at 37°C.
Samples were diluted to 1.6 M urea followed by a second digestion with trypsin at
an enzyme-to-protein ratio of 1:50 for an overnight incubation at 37°C. Digestion
was terminated by adding 1 ul trifluoroacetic acid.

Digested peptides were extracted and purified using Waters Oasis HLB
columns (Waters Corporation, Milford, MA) according to the manufacturer’s
instructions. Eluted peptides were dried in a Speed Vac SPD1010 (Thermo
Scientific, Hudson, NH) and reconstituted in 3% acetonitrile with 0.1% formic
acid. The peptide samples were centrifuged and one-half of the supernatant was
collected and supplemented with synthetic iRT standard solutions (Biognosys
AG, Cambridge, MA) prior to liquid chromatography—tandem mass spectrometry
(MS) analysis.

Peptides were analyzed in a TripleTOF 5600+ mass spectrometer (AB Sciex,
Framingham, MA) coupled with an Eksigent 2D Plus LC System (Eksigent
Technologies, Dublin, CA). Liquid chromatography separation was performed
via a trap-elute configuration, which included a trapping column (ChromXP
CI18-CL, 120 /u\, 5 wm, 0.3 mm cartridge; Eksigent Technologies) and an
analytical column (ChromXP C18-CL, 120 A, 150 x 0.3 mm, 5 wm; Eksigent
Technologies). The mobile phase consisted of water with 0.1% formic acid (phase
A) and acetonitrile with 0.1% formic acid (phase B) (Avantor, Center Valley, PA).
A total of 6 ug protein was injected for analysis. Peptides were trapped and
cleaned on the trapping column, with phase A delivered at a flow rate of 10 ul/min
for 3 minutes, followed by separation on the analytical column with a gradient
elution at a flow rate of 5 wl/min. For column equilibration, the gradient time
program was set as follows for phase B: 0~68 minutes at 3%—30%; 68—73 minutes at
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Fig. 1. Effects of phenytoin (PHY) treatment on the expression and activity of CYP2B10 at different ages during postnatal maturation. Male and female mice were treated
with either vehicle control (PBS) or 100 mg/kg PHY at different ages following birth. The short-term effects of PHY treatment were measured 24 hours after treatment.
Changes in gene expression were evaluated at the mRNA level using RT-PCR, and then fold changes were calculated using the 2724 method. Data points represent fold
changes in gene expression of individual mice treated with PBS or PHY compared with the average ACt of mice that received PBS control (A). Ct values from RT-PCR
experiments were also compared with the GAPDH Ct value in each individual mouse and the differences are expressed as 2~ [C'(P450) = CUGAPDIDL By ‘The dotted line
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30%—-40%; 73-75 minutes at 40%—-80%; 75-78 minutes at 80%; 7879 minutes at
80%—3%; and finally 79-90 minutes at 3%. The TripleTOF instrument was operated in
positive ion mode with ion spray voltage floating at 5500 v, ion source gas one at 28 psi,
ion source gas two at 16 psi, curtain gas at 25 psi, and source temperature at 280°C.

To generate the reference spectral library for SWATH-MS data analysis,
information-dependent acquisition (IDA) was performed for three pooled mouse
liver microsome samples with equal protein amounts. The IDA method included a
250 millisecond time-of-flight (TOF)-MS scan from 400 to 1250 Da, followed by
a tandem MS scan in high-sensitivity mode from 100 to 1500 Da (50 millisecond
accumulation time, 10 ppm mass tolerance, charge state from +2 to +5, rolling
collision energy and dynamic accumulation) of the top 30 precursor ions from the
TOF-MS scan. The IDA data from the pooled mice liver microsomes were
searched by MaxQuant (version 1.5.3.30; Max Planck Institute of Biochemistry,
Planegg, Germany). The mouse FASTA file with 16,911 protein entries was
downloaded from Uniport on August 29, 2016, and used as the reference
sequences for searches with trypsin/P as the protease. Peptide length was set
between 7 and 25 residues with up to two missed cleavage sites allowed.
Carbamidomethyl was set as a fixed modification. A false discovery rate of 0.01
was used as the cutoff for both peptide and protein identification.

All microsomes samples were analyzed using a SWATH-MS method with the
“SWATH (VW 100)” isolation scheme, which is comprised of a 250 millisecond
TOF-MS scan from 400 to 1250 Da, followed by MS/MS scans from 100 to
1500 Da performed on all precursors in a cyclic manner. The accumulation time
was 50 milliseconds per isolation window, resulting in a total cycle time of 2.8
seconds. The spectral alignment and target data extraction of the SWATH-MS
data were performed on Skyline-daily (version 3.7.1.11271; University of
Washington, Seattle, WA) with the reference spectral library generated from
the aforementioned IDA searches. The MS1 and MS/MS filtering were both set as
TOF mass analyzer with the resolution power of 30,000 and 15,000, respectively.
The retention time prediction was based on the auto-calculate regression
implemented in the iRT calculator. Proper peak selection was reviewed manually
with the automated assistance of Skyline-daily. The surrogate peptides used for
the quantification of CYP2B10, 2C29, 3A11, and 3A16 proteins are listed in
Supplemental Table 1. The selections were based on the uniqueness and
chromatographic performance of these peptides. The peak areas of the top 3-5
fragment ions were summed up and normalized to the internal standard BSA. The
BSA-normalized peak area of each peptide was further divided by the average
peak area of the 30 samples to calculate the relative abundance of the peptide. The
average of relative abundance of all surrogate peptides of a protein was used to
determine protein relative abundance.

Evaluation of Enzymatic Activities. Liver tissues were homogenized in ice-
cold 100 mM PBS (pH 7.4) and S9 fractions were obtained by centrifugation. Protein
concentrations were determined using a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Rockford, IL). Pentoxyresorufin O-dealkylation, paclitaxel
6-hydroxylation, and midazolam 1’-hydroxylation, were used as probes for
CYP2B10 (Lam et al., 2010), CYP2C29 (Gustafson et al., 2005), and CYP3AI11
(Lam et al., 2010) activities, respectively. Incubations were carried out in 100 mM
PBS (pH 7.4), containing 0.1 mg of mouse liver S9 protein and 30 uM substrate for a
final volume of 95 ul. The reactions were initiated by adding 5 wl of 20 mM NADPH
and continued for 30 minutes for pentoxyresorufin and paclitaxel or 10 minutes for
midazolam. Incubations were terminated by adding 100 wl of ice-cold acetonitrile.

After centrifugation at 15,000 rpm, a 1.0 ul aliquot was injected into a Waters
Synapt G2-S QTOFMS system for metabolite quantification analysis. Chromato-
graphic separation of metabolites was performed on an Acquity UPLC BEH C18
column (2.1 x 50 mm, 1.7 wm; Waters Corporation). Mobile phase A consisted of
0.1% formic acid in water and mobile phase B (MPB) consisted of 0.1% formic acid
in acetonitrile. The gradient for aqueous extraction began at 5% MPB and held for
0.5 minutes, followed by 5 minute linear gradient to 95% MPB, held for 2 minutes,
and decreased to 5% MPB for column equilibration. The flow rate of the mobile
phase was 0.50 ml/min and the column temperature was maintained at 50°C. The
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G2-S QTOFMS system was operated in resolution mode (resolution ~20,000) with
electrospray ionization. The source and desolvation temperatures were set at 150 and
500°C, respectively. Nitrogen was applied as the cone gas (50 1/h) and desolvation
gas (800 I/h). The capillary and cone voltages were set at 0.8 kV and 40 V. The data
were acquired in positive ionization mode. QTOFMS was calibrated with sodium
formate and monitored by the intermittent injection of lock mass leucine encephalin
(m/z =556.2771) in real time. Quanlynx software (Waters Corporation) was used for
quantification of the concentration of metabolites.

Enzyme reactions were validated to be linear over the 30-minute incubation
periods. The linear ranges of detection for resorufin, 1'hydroxymidazolam, and
hydroxytaxol were 1-300 ng/ml, 0.2—-200 mg/ml, and 8—1000 ng/ml, respectively.

Statistical Analysis. Data are presented as the mean * S.E. Statistical analyses
were performed using the GraphPad Prism 7 software program (GraphPad
Software, Inc., La Jolla, CA). Comparisons between groups were done using
Student’s ¢ test and were determined using the two-stage linear step-up procedure
of Benjamini, Krieger, and Yekutieli (2006) with Q = 1%. A value of P < 0.05
was considered to be significant.

Results

To evaluate the impact of phenytoin exposure on the expression and
function of drug-metabolizing P450s throughout postnatal maturation, a
mouse model was used. Short-term effects of drug treatment were
evaluated at 24 hours following administration of a single dose of
phenytoin in mice at different ages. Long-term effects of drug treatment
were evaluated by administering a single dose of phenytoin at the age of
5 days after birth and then collecting livers at different time points
throughout development, beginning on day 10 after birth. When
comparing mouse to human ages (and considering total lifespans),
9 days in the mouse has been compared with 1 year in the human.
Additionally, mice are weaned between days 21 and 28 of age, while
humans are weaned between 6 and 12 months of age (Dutta and
Sengupta, 2016). Based on this, the age on day 5 in mouse would
correlate with roughly the first 3-6 months of life in humans when
hepatic P450 expression is known to be rapidly changing. The
expression of hepatic murine CYP2B10, 2C29, 3Al1l, and 3A16
enzymes was evaluated as representative members of the CYP2B, 2C,
and 3A subfamilies that are known to be involved in the metabolism of
xenobiotics and drugs across species (Martignoni et al., 2006). The
effect of drug treatment on each enzyme was measured at the mRNA
level using RT-PCR, at the protein level using SWATH-MS quantifi-
cation, and at the enzymatic activity level using in vitro P450 probe
substrates and liquid chromatography MS quantification. SWATH-MS
is a relatively novel method for measuring protein concentrations, but
previous studies have suggested lower limits of peptide quantitation in
the 0.1-10 fmol range (Collins et al., 2017). Both male and female mice
were evaluated collectively for data presented at ages younger than day
30; however, male and female data were evaluated separately on day
60 after birth. At each time point, mice that received drug treatment were
compared against age-matched mice that received a vehicle control.

Effects of Phenytoin Exposure on CYP2B10 Expression, In-
duction, and Function throughout Postnatal Maturation. The fold
increase of CYP2B10 mRNA induction 24 hours following phenytoin
administration was the greatest of all P450s measured; however, the
large value for fold induction may be overstated due to low basal
expression of CYP2B10 in the liver compared with other enzymes

represents GAPDH expression set to 1 (n = 4-6). Protein was quantified using a liquid chromatography—tandem MS method in males only on days 5 and 60 of age of PHY
treatment (C) (n = 5). Enzyme activity was confirmed by measuring the amount of pentoxyresorufin metabolite produced by S9 fractions isolated from day 5 and 60 male
liver samples (n = 5) treated with resorufin (D). The long-term effects of PHY treatment were investigated in a similar fashion. Mice were treated with 100 mg/kg PHY on
day 5 after birth, and then livers were collected (n = 3-6) at different later time points for measurements of mRNA (E), and for protein and enzymatic activity at 60 days of
age (F and G). The data are presented as mean * S.E. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2. Effects of phenytoin (PHY) treatment on the expression of CYP2C29 at different ages during postnatal maturation. Male and female mice were treated with either
vehicle control (PBS) or 100 mg/kg PHY at different ages following birth. The short-term effects of PHY treatment were measured 24 hours after treatment. Changes in gene
expression were evaluated at the mRNA level using RT-PCR, and then fold changes were calculated using the 22" method. Data points represent fold changes in gene
expression of individual mice treated with PBS or PHY compared with the average ACt of mice that received PBS control (A). Ct values from RT-PCR experiments were
also compared with the GAPDH Ct value in each individual mouse and the differences are expressed as 27 [C!P459) = CUGAPDIDI (By ‘The dotted line represents GAPDH
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(Fig. 1A). Mice at 10 days of age showed the greatest fold change in
mRNA expression when compared with control, whereas fold changes
at other ages were more comparable to those observed in adult mice
following phenytoin treatment. Adult males also had higher fold changes
than females at day 60; however, adult male mice are known to have
lower basal CYP2B10 expression than females. When comparing gene
expression to GAPDH, which was unaffected by phenytoin treatment,
CYP2B10 mRNA was much less abundant than GAPDH in control mice
but reached similar levels following drug exposure (Fig. 1B). The surge
in CYP2B10 expression at 30 days of age was also apparent and was
associated with a spike in the inducibility of the enzyme.

CYP2B10 protein was also quantified 24 hours after treatment in
neonatal mice at 5 days of age and adult male mice at 60 days of age
(Fig. 1C). Following vehicle treatment, CYP2B10 protein was nearly
undetectable in both neonates and adults; however, significant induction
of protein was evident at both ages following phenytoin treatment. The
inductive potential was far greater in adults than in neonates; however,
induced levels of CYP2B10 in the neonate significantly exceeded basal
levels in the adult. This observation was also reflected in a CYP2B10
enzyme activity assay determined by pentoxyresorufin O-dealkylation
in S9 fractions prepared from neonatal and adult liver samples (Fig. 1D),
indicating functional consequences of induction by phenytoin.

The long-term effects of phenytoin treatment on CYP2B10 were
examined using the same techniques. Mice at 5 days of age were all
administered a single dose of phenytoin or vehicle control and were
allowed to age to designated time points. Livers were then collected and
the effects on CYP2B10 mRNA and protein expression were evaluated.
Five days following phenytoin treatment, CYP2B10 mRNA was still
significantly induced at 10 days of age compared with mice that received
vehicle (Fig. 1E). No other significant alterations were observed in
CYP2B10 mRNA expression until the mice reached 60 days of age.
However, the increased expression was only observed in males and to a
smaller extent than the fold change observed at day 10. Howver, this
long-term effect was not reflected at the protein (Fig. 1F) or enzymatic
activity (Fig. 1G) levels since there were no significant differences in
CYP2B10 protein or pentoxyresorufin O-dealkylation in adult male
mice that received phenytoin treatment at 5 days of age.

Effects of Phenytoin Exposure on CYP2C29 Expression and
Induction throughout Postnatal Maturation. Induction of CYP2C29
mRNA and protein expression 24 hours following phenytoin treatment
was also examined at different ages. The amount of mRNA was
significantly greater in mice that received phenytoin compared with
mice that received vehicle at all ages tested, with 10 days of age
appearing to again be the most sensitive to enzyme induction (Fig. 2A).
When evaluating CYP2C29 mRNA expression relative to GAPDH
expression, CYP2C29 mRNA was much less abundant in neonates at
5 days of age in PBS-treated control mice, but steadily increased to levels
comparable to GAPDH at day 20 (Fig. 2B). Induced levels of CYP2C29
mRNA exceeded GAPDH expression by around 10-fold at all ages
except day 5, where it remained minimally expressed. This was also
reflected in CYP2C29 protein quantified at 5 days of age following a
24-hour exposure duration to phenytoin (Fig. 2C). Phenytoin-mediated
protein induction at 5 days of age was significant, but minimal compared
with induction at the adult age on day 60. Induced levels of CYP2C29
protein in the neonate were significantly lower than even basal levels of
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the protein in the adult. Enzymatic activity of CYP2C29 could not be
evaluated in these experiments due to insufficient protein isolated from
prepared microsomes.

Long-term effects of neonatal phenytoin exposure on CYP2C29
expression at later ages were not apparent. Following day 5 administra-
tion of phenytoin, there were no persisting alterations to CYP2C29
mRNA (Fig. 2D) in adulthood when compared with control mice. There
appeared to be significant upregulation of CYP2C29 mRNA in treated
mice at 20 and 30 days of age; however, the fold change in gene
expression may not be sufficient enough to produce biologic conse-
quences. Interestingly, CYP2C29 protein expression was lower in adult
mice that received phenytoin as neonates (Fig. 2E); however, we could
not further determine whether this would translate into a functional
decrease in CYP2C29 metabolic activity.

Effects of Phenytoin Exposure on CYP3A11 Expression, In-
duction, and Function throughout Postnatal Maturation. The short-
term effects on CYP3A11 mRNA induction following phenytoin
treatment were evident across all ages studied during postnatal devel-
opment. The greatest fold change between phenytoin-treated mice and
control mice occurred in neonates at 5 days of age, presumably because
this is when the basal expression of CYP3A11 is the lowest (Fig. 3A). As
mice matured following birth, basal expression of CYP3A11 mRNA
increased along with increased induced levels of mRNA with age (Fig.
3B). Maximal induction occurred at the adult ages (days 30 and 60),
which was also reflected in the expression of CYP3A11 protein (Fig.
3C). Protein quantification revealed that induced levels of CYP3A11 in
the neonate at 5 days of age were not statistically different from basal
levels of CYP3A11 protein in the adult. This was also confirmed by
enzymatic activity analyses with midazolam in liver S9 fractions (Fig.
3D). At 5 days of age, mice treated with phenytoin had similar rates of
1-hydroxymidazolam metabolite formation as adult mice treated with
vehicle control, while adult mice treated with phenytoin produced the
most metabolite overall.

There also appeared to be no significant long-term effects on
CYP3A11 expression or function following neonatal phenytoin expo-
sure. Following administration at day 5, phenytoin seemed to increase
the range of CYP3A11 mRNA expression at later ages between mice,
such as at 10 days of age where the S.E. in the fold changes of treated
mice was larger than in control mice. However, there were no significant
differences in the mean expression from control mice, except for a slight
increase at 30 days of age (Fig. 3E). This was also confirmed in protein
(Fig. 3F) and enzymatic activity (Fig. 3G) quantification. At the adult
ages, there were no significant differences in mice that received
phenytoin at 5 days of age of CYP3All protein expression or
midazolam metabolism.

Effect of Phenytoin Exposure on the Postnatal Repression of the
Fetal Enzyme CYP3A16. CYP3A16 is considered to be the fetal
enzyme of the CYP3A subfamily of enzymes. While it is highly
expressed immediately after birth, its expression declines steadily
throughout postnatal maturation and is undetectable in the adult liver.
Phenytoin treatment also appeared to significantly affect short-term
CYP3A16 expression at different ages during postnatal development.
Twenty-four hours after phenytoin administration, CYP3A16 mRNA
was significantly suppressed in mice at all ages examined (Fig. 4A). The
fold change in the decrease of expression was greatest at 20 days of age

expression set to 1 (n = 4-6). Protein was quantified 24 hours after PHY treatment using a liquid chromatography—tandem MS method in males only on days 5 and 60 after
birth (C) (n = 5). The long-term effects of PHY treatment were investigated in a similar fashion. Mice were treated with 100 mg/kg PHY 5 days after birth, and then livers
were collected (n = 3-6) at different later time points for measurements of mRNA (D) and at 60 days of age for measurement of protein concentration (E). The data are

presented as mean * S.E. *P < 0.05; **P < 0.01; ***P < 0.001.

202 ‘02 Yo N U0 SPUINOC 13dSY e BIo'SfeuIno fiadse'puip WwoJy papeojumod


http://dmd.aspetjournals.org/

Induction of P450s by Phenytoin in Developmental Liver 1247

154 8- *%
A g o PBS 8 o
IS [ kK o PHY 8 D= k%
288 00 *k 258 ©
o 5 € 10 % *% o 8 5 £
3 8 ° Hokk So 8 ?E o

o e 4 o

<58 o o °2a
S 2o 5 z‘ k o E <Zt 2a
ZFe s @ TEo a2
Ep ° o o Eo Q Q

Jo 8 ® & & .

5 10 15 20 30 Male Female
Postnatal days after birth Postnatal day 60 after birth
B 20+
" o PBS

-2 B PHY
N © —~
855
oo
X ke 6 10
Eg

0__:?/?/_9/5—0\?

5 10 15 20 30 60

Postnatal days after birth
1’-hydroxymidazolam

(9]
O

87 ‘g *%
E . o PBS *% 5 g 4 o PBS
S c 1 © PHY ° T © PHY
52 £E 3
2sa 49 el £
T 5 2E 2 *
i 2 = ° o
a >k o % £ 14 ‘OE’
oL ccon oo UEG Y = = T T
5 60 5 60
E Postnatal days after birth Postnatal days after birth
4+ o Day 5 PBS 2.0
[%2] [%2]
[0] [0
.5 -3 o Day 5 PHY 5 5~ o
2s g 34 (] o * 2a g 1.5+ _<_>g_ o )
26§ 2C g o [o)
8o 8 ° gz 8 oo~
82¢ 21 o S8 n10{ =+ 5
< o@d o <o o
Z >0 o i, ° 3 Z20 °
¥so Xsdo
ESe 1P £% & ¥ o £ S 205
= © =
0 T T T T 0-0 T T
10 15 20 30 Male Female
Postnatal days after birth Postnatal day 60 after birth
F 1.5 o Day 5 PBS G 2 2.07  1’-hydroxymidazolam
Yy T o Day 5 PBS
= © DaySPHY ¢ £ sl © Day 5 PHY
o wT=
g E 1.0 s gg o
o 59 .|
2 T e
& O o5 RS
& é 2 0.5
°©
=
0.0 T 0.0 T
60 60
Postnatal days after birth Postnatal days after birth

Fig. 3. Effects of phenytoin (PHY) treatment on the expression and activity of CYP3A11 at different ages during postnatal maturation. Male and female mice were treated
with either vehicle control (PBS) or 100 mg/kg PHY at different ages following birth. The short-term effects of PHY treatment were measured 24 hours after treatment.
Changes in gene expression were evaluated at the mRNA level using RT-PCR, and then fold changes were calculated using the 2724 method. Data points represent fold
changes in gene expression of individual mice treated with PBS or PHY compared with the average ACt of mice that received PBS control (A). Ct values from RT-PCR
experiments were also compared with the GAPDH Ct value in each individual mouse and the differences are expressed as 2~ (P40 = CUGAPDIDL By ‘The dotted line
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and this corresponded to the age in which CYP3A16 mRNA became
undetectable in phenytoin-treated mice (Fig. 4B). CYP3A16 mRNA was
not detected by RT-PCR in mice at 30 or 60 days of age; therefore, the
data are not shown. The decrease in CYP3A16 in response to phenytoin
treatment was also confirmed by protein quantification (Fig. 4C). At
5 days of age, CYP3A16 protein was decreased following drug
exposure; however, not significantly. CYP3A16 protein was not
detected in adults regardless of phenytoin administration.

Discussion

The present study reveals both the immediate and persistent effects on
the expression and functions of several drug-metabolizing P450 enzymes
following exposure to the AED drug phenytoin during murine postnatal
development. Short-term induction of CYP2B10, 2C29, and 3A11 after
phenytoin administration for 24 hours seems to vary in extent based on
age and sex. Younger pups, such as those at 5 and day 10 days of age, had
higher fold changes relative to control for P450 induction; however, these
values may be overstated due to the low basal expression of P450s in the
neonatal period. With increasing age, the values for fold induction
decreased compared with control animals. Based on this, it is unclear how
induced levels of each enzyme change independent of their basal
expression levels. For this reason, we also chose to evaluate mRNA
expression of each P450 relative to GAPDH. GAPDH expression was not
altered by drug treatment and remained relatively consistent throughout
postnatal development. Analyzing gene expression in relation to GAPDH
allowed the ontogeny of each P450 enzyme to be observed in basal and
induced states at each age. Induction of each enzyme (CYP2B10, 2C29,
and 3Al11) appeared to be qualitatively proportional to the basal
expression level of the enzyme; the higher the mRNA expression of a
P450 at a certain age, the greater its induction capacity. On the other hand,
CYP3A16 appeared to be repressed to greater extents at increasing ages,
which correlated with decreasing basal expression.

For both CYP2B10 and 2C29, day 10 appeared to be the age most
sensitive to the inductive effects of phenytoin as evidenced by the greatest
fold changes in mRNA expression compared with control mice. In-
terestingly, this correlates with our previous data that show a surge of
CYP2B10 and 2C29 expression beginning at the same age (Peng et al.,
2012). Both of these enzymes are primarily under the transcriptional
control of the nuclear constitutive androstane receptor (CAR), while
CYP3A11 is known to be regulated primarily by the nuclear pregnane X
receptor. The expression of pregnane X receptor and CAR actually appear
to be the highest during early postnatal life in both mouse and infant
humans (Vyhlidal et al., 2006; Gunewardena et al., 2015). The conse-
quences of elevated expression of these nuclear receptors at the neonatal
stage in the expression and regulation of P450s are not understood.

The inducibility of other hepatic drug-processing genes utilizing
direct activation of pregnane X receptor and CAR has also shown to be
age dependent in mice (Li et al., 2016b). Greater fold changes in RNA
expression following xenobiotic treatment are typically observed at the
neonatal age. However, our study shows that despite the apparent greater
extent of RNA induction at younger ages, protein expression and
enzymatic activity following phenytoin treatment is still greater in adults
than neonates. The expression of CYP2B10, 2C29, and 3A11 proteins
is several magnitudes higher in adults than in neonates following
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phenytoin treatment, suggesting the adult liver has a greater capacity for
enzyme induction following drug treatment than the infant liver. In the
case of CYP2BI10, protein expression in the neonate following
phenytoin exposure exceeds that of adults in basal conditions with
vehicle treatment. However, the expression of CYP2C29 protein
following phenytoin treatment in the neonate does not reach adult
expression levels. These data suggest that induction in response to drug
treatment is not equivalent in neonatal and adult mice, even following
the same dose, and adult data cannot be extrapolated to younger ages.
Only liver samples from day 5 were used for protein and enzymatic
activity analyses of early life, thus additional ages will need to be
examined in the future.

Previous work from our laboratory has defined the ontogenic profiles
of all P450s in the mouse liver from 2 days before birth through day
60 after birth (Hart et al., 2009; Peng et al., 2012). The expression patterns
of the murine enzymes investigated in this study, namely, CYP2B10,
2C29, 3A11, and 3Al16, follow specific ontogenic patterns throughout
postnatal maturation, and our data show that induction varies depending
on developmental age as well. A better understanding of the mechanisms
regulating enzyme induction between the developing and fully mature
mouse liver are needed to understand this observation. The expression of
P450s in the human fetal, neonatal, and infant liver also follow distinct
ontogenic patterns that may be specific to each enzyme. However, there
are still marked differences between human and mouse P450-mediated
metabolism, especially in terms of enzyme induction and regulation.
Other studies have also highlighted the need for pediatric pharmacoki-
netics to be evaluated in age- and maturation-dependent models, rather
than grouping all neonatal and infant guidelines into one pediatric
category (Suzuki et al., 1994; Abduljalil et al., 2014).

The long-term effects of neonatal phenytoin exposure were also
investigated in our study. Following day 5 administration, CYP2B10 was
the only P450 that remained overexpressed at day 10. This mechanism
will have to be further elucidated since the half-life of phenytoin in adult
mice is only 16 hours (Markowitz et al., 2010); however, this might not
be true for neonates. At day 60, there appears to be slight, but significant,
overexpression of CYP3A11 and CYP2B10 RNA in male mice only.
However, the induction was not observed in the protein or enzymatic
activity analyses. Interestingly, CYP2C29 protein expression is signifi-
cantly downregulated at day 60 following neonatal phenytoin exposure,
despite no significant changes observed at the mRNA level.

Additional studies will be necessary to further distinguish why
neonatal exposure to phenobarbital produces overexpression of P450
mRNA, protein, and function in adulthood, while exposure to phenytoin
does not; phenobarbital upregulates the transcription of P450s through its
indirect action on the nuclear CAR (Wei et al., 2000). Previous work has
shown that direct activation using 1,4-bis[2-(3,5-dichloropyridoyloxy)]
benzene, a murine-specific CAR ligand, at the neonatal age also produces
permanent alterations to P450 expression (Li et al., 2016a) and function
in adulthood, which alters the efficacy of zoxazolamine administered later
in life (Chen et al., 2012). Phenobarbital exposure at the neonatal age also
caused a decrease in efficacy of omeprazole administered to adult mice,
suggesting its role in a possible nonconventional DDI (Tien et al., 2017).
Due to phenytoin’s ability to cause CAR activation, we presumed that
neonatal exposure would also cause a similar permanent alteration to

represents GAPDH expression set to 1 (n = 4-6). Protein was quantified using a liquid chromatography—tandem MS method in males only on days 5 and 60 after birth of
PHY treatment (C) (n = 5). Enzyme activity was confirmed by measuring the amount of 1"hydroxymidazolam metabolite produced by S9 fractions isolated from day 5 and
60 male liver samples (n = 5) treated with midazolam (D). The long-term effects of PHY treatment were investigated in a similar fashion. Mice were treated with 100 mg/kg
PHY 5 days after birth, and then livers were collected (n = 3-6) at different later time points for measurements of mRNA (E), and for protein and enzymatic activity at
60 days of age (F and G). The data are presented as mean = S.E. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. Effects of phenytoin (PHY) treatment on the expression of CYP3A16 during
postnatal maturation. Male and female mice were treated with either vehicle control (PBS)
or 100 mg/kg PHY at different ages following birth. Twenty-four hours after treatment,
livers were collected for quantification of mRNA by RT-PCR (n = 4-6). Changes in gene
expression were evaluated at the mRNA level using RT-PCR, and then fold changes were
calculated using the 222" method. Data points represent fold changes in gene expression
of individual mice treated with PBS or PHY compared with the average ACt of mice that
received PBS control (A). Ct values from RT-PCR experiments were also compared
with the GAPDH Ct value in each individual mouse and the differences are expressed
as 27 1CUP4S0) = CUGAPDH) By The dotted line represents GAPDH expression set to
1 (n = 4-6). Protein was quantified using liquid chromatography—tandem MS 24 hours
following PHY treatment in male neonates (day 5) and male adults (day 60) (C). The data
are presented as mean = S.E. *P < 0.05; **P < 0.01; ***P < 0.001.

P450 expression; however, this was not the case. Unlike 1,4-bis[2-(3,5-
dichloropyridoyloxy)], both phenobarbital and phenytoin produce CAR
activation indirectly. While they both are AEDs, these chemicals have
different mechanisms of action for treating seizures. It is plausible that
phenobarbital and phenytoin produce indirect CAR activation via
separate mechanisms or pathways, and a pathway further upstream of
CAR activation is what becomes permanently affected following
neonatal phenobarbital treatment that is not impacted by phenytoin
treatment.

Phenytoin and phenobarbital are both considered first-line therapy for
treating seizures in neonates with phenobarbital appearing to be slightly
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more efficacious (Painter et al., 1999; Booth and Evans, 2004; Pathak
et al., 2013). Both drugs have indications for acute treatment of infant
seizures as well as chronic administration for control of epileptic
disorders in infants and children. Phenytoin therapy, as with most other
AEDs, is initiated with a larger loading dose (18-20 mg/kg for pediatric
use), followed by subsequent lower maintenance doses for recurrent
seizure control. Appropriate doses are calculated based on the patient’s
body weight; however, it is unclear whether other factors are taken into
account (Hawcutt etal., 2011). In the current study, we administered mice
a single dose of 100 mg/kg phenytoin, which is equivalent to a human
dose of 8 mg/kg according to the Food and Drug Administration’s
Guidance for Industry to extrapolate human dose concentrations from
animal data. This is likely more representative of a maintenance dose
of phenytoin; however, this was the maximal dose we could achieve
while avoiding excessive toxicity. Perhaps a higher dosing concen-
tration, or multiple-day phenytoin treatment, would have produced
the permanent overexpression of P450s that was observed with
phenobarbital treatment.

Phenytoin has a narrow therapeutic index with a large propensity to
produce ADRs due to patient interindividual variability. Adverse side
effects of phenytoin are common and often include rashes, headache,
behavioral changes, Steven-Johnson syndrome, cardiovascular collapse,
and arrhythmias, especially with rapid intravenous administration, in
both children and adults (Bansal et al., 2013; Polat et al., 2015). Many
pediatric patients with severe epilepsy are often treated with polyther-
apy, and interactions between phenytoin and other AEDs and the
resulting adverse effects have been documented; for example, concur-
rent treatment with phenytoin and valproic acid produced phenytoin
toxicity in an adolescent epileptic patient despite adhering to pediatric
dosing guidelines for phenytoin (Carvalho et al., 2014). A better
understanding of the mechanism behind phenytoin-mediated P450
induction via CAR, especially through postnatal development, could
help alleviate the high risk of ADRs that commonly accompany
phenytoin treatment. Despite the high risk of potentially dangerous side
effects, phenytoin might be a better therapeutic option for seizure control
in infants since it may not produce the permanent effects on P450
expression and liver function caused by phenobarbital. These data
warrant further studies in humans.
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