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1 The sensitivity of the developing embryo to xenobiotics is highly dependent on the expression of
metabolizing enzymes including cytochromes P450 (CYP). In the present study, therefore, the ontogeny
of the CYP-dependent system in the chick was investigated with testosterone hydroxylase activity as a
marker of CYP expression.

2 Chicken embryo livers were assayed for basal and phenobarbitone (PB)-induced regio- and stereo-
selective testosterone hydroxylase activity, from the ®rst appearance of the liver as a discrete organ at 5
days of incubation through day 10 posthatching. In addition, whole embryo preparations were assayed
at 3 and 4 days of incubation.

3 Whereas testosterone 16b-hydroxylase and androst-4-ene-3,17-dione-linked activities were expressed
during all stages of embryonic development, testosterone 6a-, 6b-, 7a- and 16a-hydroxylase activities
were observed only in basal embryos from 8 days of incubation. Furthermore, testosterone 2a- and 2b-
hydroxylase activities were detected exclusively from 10 days of incubation onward. All activities
increased steadily throughout development as did the responsiveness of the embryonic liver to PB
induction.

4 A typical pattern of development with a higher activity from 10 to 14 days of incubation
(testosterone 16a-, 7a-, 6a- and 2b-hydroxylase activities; up to 4.1+0.3 pmol mg71 protein min71 at 13
days of incubation for testosterone 7a-hydroxylase) or shifted to 14 to 18 days of incubation
(testosterone 6b-, 2a- and 16b-hydroxylase activities: up to 56.6+1.4 pmol mg71 protein min71 at 16
days of incubation for testosterone 6b-hydroxylase) was observed. There was a tendency towards an
increased activity for all activities around hatching, speci®cally from 19 days of incubation to 4 days
posthatching (up to 1,759.3+179.4 pmol mg71 protein min71 at 1 day posthatching for androst-4-ene-
3,17-dione-linked activity).

5 The highest level of PB-induced enzyme activity was observed for testosterone 2a-hydroxylase activity
(95.14+7.35 and 660.19+45.27 pmol mg71 protein min71) at 12 days of incubation and day 3
posthatching, respectively. Except for testosterone 2a- and 2b-hydroxylase activities at 3 to 4 days of
incubation, all metabolites were detectable during the ®rst period of organogenesis in the presence of PB.

6 The use of highly speci®c substrates, studies on the immunoinhibition of metabolism by polyclonal
antibodies raised against highly puri®ed rat CYPs, and the use of selective inhibitors seemed to reveal a
wide pleiotropic response with the posssible presence in liver of PB-treated chickens of CYP1A together
with CYP2H1/H2, CYP2E and CYP3A.
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Introduction

The development of the cytochrome P450 (CYP) mono-oxy-
genase system can a�ect the sensitivity of a developing or-
ganism to toxins and drugs (Todd & Bloom, 1980; Juchau et
al., 1985; Hamilton & Bloom, 1986; Lorr et al., 1989). CYP
comprises a superfamily of haemoproteins that metabolize a
large number of endogenous, as well as exogenous, chemicals
giving rise to reactive intermediates or inactive water-soluble
products through oxidative, reductive, peroxidative and desa-
turative mechanisms (Gonzalez, 1989; Guengerich, 1993). It is,
thus, relevant to investigate CYP expression during embryonic
and neonatal development when cells are growing rapidly and
hence more vulnerable to toxins. Of particular importance is
the study of the role of speci®c CYPs in mediating selective
tissue injury and transformation during development (Eskola
& Toivanen, 1974).

Fourteen families of CYPs are found in mammals (Nelson
et al., 1996), eight of them contain a single enzyme that plays a
critical role in biotransformation or synthesis of steroid hor-
mones, fatty acids and cholesterol. Endogenous metabolism by
these enzymes is usually considered crucial for physiological
homeostasis and development. Based on di�erences in sub-
strate speci®city between species, genetic polymorphisms and
the divergence of these enzymes during evolution, it was ar-
gued that CYP evolved to metabolize xenobiotics with a cru-
cial selective role in neutralizing phytotoxins (Nelson &
Strobel, 1987; Gonzalez & Nebert, 1990). The CYP family
probably evolved from a common ancestor, based on a high
sequence similarity between all species (Nebert & Gonzalez,
1987). Three CYP families (designated CYP1, CYP2 and
CYP3) metabolize primarily foreign compounds. The CYP3
family (pregnenolone-16a-carbonitrile-(PCN)-inducible) is es-
timated to have diverged from pre-existing forms approxi-
mately 1,100 million years ago. The estimated divergence time
for the major 3-methylcholanthrene-(MC)-(CYP1) and phe-
nobarbitone-(CYP2)-inducible families is 800 million years ago1Author for correspondence.
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(Thomas & Capecchi, 1987). Since the avian-mammal diver-
gence was around 300 million years ago (Dickerson, 1971), the
avian genome contains representative members of all three of
these families of CYP genes (Sinclair & Sinclair, 1993). Thus,
the chicken is a good species to study CYP evolution because
of its evolutionary position between mammals and lower or-
ders. Such an experimental model is widely used in the ®eld of
genetic toxicology, as the early chicken embryo is capable of
activating a wide spectrum of xenobiotics to produce DNA
damaging metabolites (Bloom, 1983; Brunstrom, 1986). In
addition, this model can be a sensitive indicator of chemical
toxicity and/or teratogenicity (Hamilton et al., 1983).

The chicken embryo and adult chickens are responsive to
PB induction (Strittmeyer & Umberger, 1969) giving rise to a
pleiotropic response (Gupta et al., 1990a). Full-length cDNA
sequences have been isolated for two major CYP forms in-
creased by PB-like inducers in chicken embryo livers. These
enzymes are 93% similar in their amino acid sequence (Hobbs
et al., 1986; Hansen & May, 1989) and are immunochemically
related to CYP2B1/2B2 induced by PB in rats (Brooker &
O'Connor, 1982). The chicken isoforms were named CYP2H1
and 2H2 (Hokama et al., 1988; Sinclair et al., 1990). More than
one MC or b-naphtho¯avone inducible CYP resembling the
rodent forms (CYP1A1/1A2 and CYP2E1) have also been
puri®ed from chicken liver (Gupta et al., 1990b; Nakai et al.,
1992).

Further investigations into the ontogeny of di�erent CYP
families are needed to de®ne the metabolic role of CYP in
mutagenicity and teratogenicity during development. Basal
and PB induction of CYP and aminopyrine N-demethylase
activity were found to be detectable in chicken liver by 7
days of incubation (Lorr & Bloom, 1987). However, the
time-course of PB induction of CYPs in chicken liver
throughout all embryonic stages of development has not
been critically examined.

The aim of the present investigation was to study the ex-
pression pattern of hepatic CYP-associated catalytic activities
in basal and PB-induced microsomes during embryonic and
neonatal development, by use of the regioselectivity and ste-
reoselectivity of testosterone as a polyfunctional substrate. In
vitro experiments with speci®c substrates, as well as studies on
the immunoinhibition of metabolism by polyclonal antibodies
raised against puri®ed rat CYP isozymes and the use of typical
CYP inhibitors, were performed to characterize the PB-
induced pleiotropic response.

Methods

Animals and treatments

Fertilized hen's eggs (White Leghorn, Cornell K-MFO line
of chickens representing a subline of the Cornel K-strain)
were purchased from a local breeder (Gagliardi E., Lugo,
Ravenna, Italy). This line is very sensitive to MC and PB
indution of CYP activities (Hamilton et al., 1983). Eggs
were incubated at 37.5+0.58C and at 85% relative humidity
and were rotated every 6 h. Experimental eggs were selected
for fertility and normal embryonic development by candling
(Hamilton et al., 1983). The ®rst incubation day was called
day 0 of embryonic incubation. The material for enzymatic
analysis was collected from 3 to 20 days of incubation and
through day 10 after hatching. A 1.5 mm diameter hole was
made in the shell directly over the air cell and PB or vehicle
(sterilized physiological saline) was injected through the in-
ner shell membrane into the ¯uids surrounding the embryo
(Spencer & Rifkind, 1990) with a Gilson micropipette ®xed-
volume (100 ml+1%). The hole was sealed with a 10 mm2

piece of adhesive tape. The eggs were returned to the in-
cubator and the embryos were assayed after 24 h, a period
shown to be su�cient for CYP induction (Lorr & Bloom,
1987). Newly hatched chickens were kept in chicken broo-
ders with heat lamps and provided with chicken feed and

water ad libitum. Embryos and hatched chicks were injected
with PB or vehicle at 50% of the LD50 calculated each day
by the method of Litch®eld & Wilcoxon (1987). This was
necessary because of the di�erent chemical susceptibility (i.e.
di�erent LD50) during embryogenesis (Spencer & Rifkind,
1990). Representative doses were: embryos at 5 days of in-
cubation received 4 mg of PB (2.2 mmol kg71, b.w.); em-
bryos at 14 days of incubation received 7.0 mg of PB
(3.9 mmol kg71, b.w.); embryos at 18 days of incubation
received 11.6 mg (6.5 mmol kg71, b.w.); and hatched chick-
ens received 100 mg kg71, b.w. PB (0.4 mmol kg71, b.w.)
(Lorr & Bloom 1987). Samples of pooled livers were used:
the number of individuals per treatment varied with embryo
age: 90 per treatment from 3 to 5 days of incubation, 70
embryos from 6 to 9 days of incubation, 60 embryos from
10 to 13 days of incubation, 50 embryos from 14 to 15 days
of incubation, 30 embryos from 16 to 17 days of incubation,
20 embryos at 18 days of incubation and over, 10 birds at
1 ± 5 days posthatching and 6 birds at 6 ± 10 days post-
hatching. The pooled livers were statistically considered as a
single individual.

Preparation of microsomal fraction

The embryo liver was placed in warm 0.05 M Tris-HCl bu�er
(pH 7.4) containing KCl 1.15% (w/v), 1 mM EDTA and
20 mM 2(3) tert-butyl-4-hydroxyanisole (BHT). Whole em-
bryos were assayed from 3 to 4 days of incubation since the
liver ®rst appeared as a discrete organ at 5 days of incubation.
The chickens were killed by cervical dislocation and their livers
quickly and aseptically removed and rinsed in warm 0.05 M

Tris-HCl (pH 7.4) bu�er. All subsequent steps were carried out
at 48C. For the preparation of the S9 fraction, the livers were
homogenized in 4 vol (w/v) of 0.05 M Tris-HCl bu�er (pH 7.4)
with a Te¯on pestle (Potter-Elvehjem) and centrifuged at
9,0006g for 20 min. The post-mitochondrial supernatant ob-
tained was centrifuged for 60 min at 105,0006g, the pellet
resuspended in 0.1 M K3P2O7 (pH 7.4), 1 mM EDTA and
20 mM BHT, and centrifuged again for 60 min at 105,0006g
to obtain the microsomal fraction (Paolini et al., 1995). The
resultant washed microsomal pellets were then resuspended
with a hand-driven homogenizer in 10 mM Tris-HCl bu�er
(pH 7.4) containing 1 mM EDTA and 20% glycerol (v/v).
Subcellular preparations were immediately frozen in liquid
nitrogen, stored at 7808C and used within a week.

Inhibition studies

Immunoinhibition experiments were performed with rabbit
polyclonal antibodies anti-(rat CYP2B1/2), anti-(rat CYP
3A1/2), anti-(rat CYP2E1) and anti-(rat CYP1A1/2). Hepa-
tic microsomes, taken from PB-treated chickens at 2 days
posthatching, were preincubated in 0.1 M phosphate Na+/
K+ bu�er (pH 7.4) in the presence of antibodies (6 mg
protein nmol71 cytochrome P450) for 20 min, then incu-
bated in the testosterone assay. The incubation of the mi-
crosomes with the speci®c rat CYP1A1 inhibitor a-
naphtho¯avone (0.5 mM) was performed for 10 min before
the enzymatic assay.

Testosterone hydroxylase activity

Incubation and isolation Incubations contained either liver
microsomes or whole embryos (equivalent to 1 ± 2 mg pro-
tein), 0.6 mM NADP+, 8 mM glucose 6-phosphate, 1.4 u
glucose 6-phosphate dehydrogenase and 1 mM MgCl2, in a
®nal volume of 2 ml 0.1 M phosphate Na+/K+ bu�er (pH
7.4). The mixture was preincubated for 5 min at 378C. The
reaction was performed at 378C by shaking and started by
the addition of 80 mM testosterone (dissolved in methanol).
After 10 min, the reaction was stopped with 5 ml ice-cold
dichloromethane and 12 nmol corticosterone (internal stan-
dard) in methanol. After 1 min vortexing, phases were se-
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parated by centrifugation at 2,0006g for 10 min and the
aqueous phase was extracted once more with 2 ml dichlor-
omethane. The organic phase was extracted with 2 ml 0.02 N

NaOH to remove lipid constituents, dried over anhydrous
sodium sulphate and transferred to a small tube. Dichloro-
methane was evaporated at 378C under nitrogen and the
dried samples stored at 7208C. The samples were dissolved
in 100 ml methanol and analysed by high performance liquid
chromatography (h.p.l.c.) (Platt et al., 1989).

H.p.l.c. separation and quanti®cation Chromatographic
separations were performed with a system consisting of a
high-pressure pump (Waters Model 600E, Multisolvent De-
livery System), a sample injection valve (Rheodyne Model
7121, Cotati, CA, U.S.A.) with a 20 ml sample loop and an
ultraviolet (u.v.) detector (254 nm, Waters Model 486,
Tunable Absorbance Detector) connected to an integrator
(Millennium 2010, Chromatography Manager). For re-
versed-phase separation of metabolites, NOVA-PAK C18
analytical column (60 AÊ , 4mm, 3.96150 mm, Waters) was
used as stationary phase. The mobile phase consisted of a
mixture of solvent A (7.5% (v/v) tetrahydrofuran in water)
and solvent B (7.5% (v/v) tetrahydrofuran and 60% (v/v)
methanol in water) at a ¯ow rate of 1 ml min71. Metabolite
separation was performed by a gradient from 30% to 100%
(v/v) of solvent B over 30 min. The eluent was monitored at
254 nm and the area under the absorption band was inte-
grated. The concentration of metabolites was determined by
the ratio between respective metabolite peak areas and
corticosterone (internal standard) and the calibration curves
obtained with synthetic testosterone derivatives (Van der
Hoeven, 1984; Paolini et al., 1996a).

Ethoxyresoru®n O-deethylase activity

The reaction mixture consisted of 0.025 mM MgCl2, 1.7 mM
ethoxyresoru®n, 0.08 ml of sample (0.32 mg of protein) and
130 mM NADPH in 2.0 ml 0.05 M Tris-HCl bu�er (pH 7.4).
The rate of resoru®n formation at 378C was calculated by
comparing the rate of increase in relative ¯uorescence to the
¯uorescence of a known amount of resoru®n (excitation
522 nm, emission 586 nm) (Lubet et al., 1985).

Protein concentration

Protein was determined according to the method described by
Lowry et al. (1951) and Bailey (1967), with bovine serum al-
bumin as standard. Samples were diluted 200 times to provide
a suitable protein concentration.

Chemicals

Phenobarbitone (PB) was purchased from Merck and Co.
(Rahway, NJ). Nicotinamide adenine dinucleotide phosphate,
oxidized form (NADP+), 16a-hydroxytestosterone, corticos-
terone, testosterone and androst-4-ene-3,17-dione (17-OT)
were purchased from Sigma Chemical Co. (St. Louis, MO,
U.S.A.); glucose 6-phosphate and glucose 6-phosphate dehy-
drogenase from Boehringer-Mannheim (Germany); h.p.l.c.
grade methanol, tetrahydrofuran and dichloromethane from
Labscan Ltd. (Co. Dublin, Ireland); 7a-, 6b- and 16b-hydro-
xytestosterone from Steraloids (Wilton, NH); 6a-, 2a- and 2b-
hydroxytestosterone were a generous gift from Dr P.G. Ger-
vasi (CNR Pisa, Italy); rabbit polyclonal antibodies against
puri®ed rat liver CYPs for CYP1A1/A2, 2B1/B2, 2E1 and
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Figure 1 Developmental pro®le of the testosterone hydroxylases, (a) 2b-hydroxytestosterone, (b) 16b-hydroxytestosterone, (c) 16a-
hydroxytestosterone and (d) 2a-hydroxytestosterone, in chicken from 3 days of incubation through 10 days posthatch. (&) Control
and (&) sodium phenobarbitone-induced avians. Values are means of six independent experiments; vertical lines show s.d. *P50.05,
**P50.01 vs control, by Wilcoxon's rank method.
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3A1/A2 (Edwards et al., 1995) were purchased from Chemicon
International Inc. (Temecula, CA, U.S.A.) and CYP-inhibitors
(4-methylpyrazole, 2-methyl-1,2-di-3-pyridyl-1-propanone
(metyrapone), a-naphtho¯avone and troleandomycin) pur-
chased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). All
chemicals and solvents used were of the highest purity com-
mercially available.

Statistics and computer analysis

Statistical analysis on biochemical data was performed by
means of Wilcoxon's rank method as described by Box and
Hunter (1978). The software used was Sigma Plot 5.0, Mil-
lennium 1.1 and Windows 3.1 run on an AT 486 IBM-com-
patible computer.

Results

The development of basal (control) and PB-induced testos-
terone hydroxylase activity in the liver from 5 days of incu-
bation through to day 10 posthatching is shown in Figures 1
and 2. Because before 5 days of incubation the liver is not
present as a discrete organ, at 3 and 4 days of incubation
measurements were made on the whole embryo preparations.
Basal testosterone hydroxylase activity increased steadily
throughout development up to 10 days of incubation, with
some exceptions. For example, both testosterone 16b-hydro-
xylase and androst-4-ene-3,17-dione-linked activities, highly
expressed at the beginning of the embryonic period, decreased
during the ®rst organogenic period, reached a minimum at 10
and 8 days of incubation for testosterone 16b-hydroxylase and
the atypical androst-4-ene-3,17-dione-linked mono-oxygenase

(Waad et al., 1988; Bellucci et al., 1996) activities, respectively,
and then started to increase following a comparable pro®le to
that shown by the other mono-oxygenases measured. How-
ever, testosterone 6a-, 6b-, 7a- and 16a-hydroxylase activities
were detected in control embryos from 8 days of incubation,
testosterone 2a- and 2b-hydroxylase activities were detected
from 10 days of incubation onward and testosterone 16b-hy-
droxylase and androst-4-ene-3,17-dione-linked activities were
expressed throughout embryonic development. From 10 days
of incubation onward, testosterone hydroxylase activity
showed either a peak of speci®c activity from 10 to 14 days of
incubation (testosterone 16a-, 7a-, 6a- and 2b-hydroxylase
activities; for testosterone 7a-hydroxylase up to 4.1+0.3
pmol mg71 protein min71 at 17 days of incubation) or from 14
to 18 days of incubation (testosterone 6b-, 2a- and 16b-hy-
droxylase activities; for testosterone 6b-hydroxylase up to
56.6+1.4 pmol mg71 protein min71 at 16 days of incubation).
After the ®rst peak, activities increased again around hatching,
speci®cally from 19 days of incubation to day 4 posthatching
(up to 1,759.3+179.4 pmol mg71 protein min71 at day 1
posthatching for androst-4-ene-3,17-dione-linked activity).

PB-induction allowed measurement of activity during the
®rst organogenic period, with the exception of testosterone 2a-
and 2b-hydroxylase activities at 3 and 4 days of incubation.
Unexpectedly, the initial pro®le of the androst-4-ene-3,17-
dione-linked activity as well as testosterone 16b-hydroxylase
activity started from lower levels with respect to that occurring
in untreated embryos, probably due to the toxic e�ect of the
inducer itself towards the enzyme involved (Paolini et al.,
1996b). In contrast, the formation of the other testosterone
metabolites was increased in PB-induced preparations, parti-
cularly for testosterone 2a-hydroxylase activity which was
104.5 to 13.4 fold of the respective control value at 12 days of
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Figure 2 Developmental pro®le of the testosterone hydroxylases, (a) 2b-hydroxytestosterone, (b) 16b-hydroxytestosterone, (c) 16a-
hydroxytestosterone and (d) 2a-hydroxytestosterone, in chicken from 3 days of incubation through 10 days posthatch. (&) control
and (&) sodium phenobarbitone-induced avians. Values are means of six independent experiments; vertical lines show s.d. *P50.05,
**P50.01 vs control, by Wilcoxon's rank method.
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incubation (up to 95.1+7.4 pmol mg71 protein min71) and
day 3 posthatching (up to 660.2+45.3 pmol mg71 protein
min71), respectively.

Rat antibodies to CYP1A1/A2, CYP2B1/B2, CYP2E1 and
CYP3A1/A2 were investigated for their ability to inhibit tes-
tosterone metabolism by chicken embryo hepatic microsomes;
subcellular preparations were taken from PB-treated chickens
at 2 days posthatching. Antibody concentration was selected to
give the highest inhibition of the formation of the speci®c
metabolites (Kaminsky et al., 1984). In this work attention was
focused on major changes (435/40%) in rates of formation of
the major products in each case (Figure 3). CYP2B1/B2 is
induced by PB and PCN in rats (Sinclair & Sinclair, 1993) as is
the homologue CYP2H1/H2 in chicken (Lorr et al., 1989).
CYP 2H1/H2 are immunochemically related to the major
forms of CYP induced by PB in the rat (Brooker & O'Connor,
1982). Anti-CYP2B1/B2 inhibited mainly 6a- and 16b-hydro-
xylations (*80%) and, to a lesser extent, 6b-, 2b- and 16a-
hydroxylations (*65%). Anti-CYP3A1/A2 exhibited a similar
pattern of inhibition especially with 16a-hydroxylation. Anti-
CYP2E1 antibodies inhibited testosterone 16b- and 2b-hy-
droxylase activities (*90%), as well as testosterone 6a-, 6b-
and 16a-hydroxylase activities (*80%). Interestingly, the
pleiotropic response induced by PB (which includes CYP2H1/
H2, 3A and 2E1) could also involve a CYP form belonging to
the CYP1A family as anti-CYP1A1/A2 strongly inhibited 16b-
and 16a- (*65/70%) and, to a lesser extent, 6a-hydroxylation
(*52%). These antibodies are also able to inhibit (*90%) the
O-deethylation of ethoxyresoru®n (a preferential CYP1A1
substrate) and a-naphtho¯avone (0.5 mM), a selective inhibitor
of rat CYP1A1 (Murray & Residy, 1990), was able to inhibit
markedly testosterone 16a- (*-80%) and 16b-hydroxylase
activities (*50%), whereas, in the other testosterone position
the inhibition was less than 30% (data not shown). Once again,
high levels of ethoxyresoru®n O-deethylase activity were found
in both basal and PB-induced chicken embryos, exhibiting a
pro®le with two peaks (Figure 4) occurring in di�erent periods
to those exhibited by testosterone hydroxylase activities. The
®rst one occurred at 9 days of incubation (*7 fold increase, up
to 25.0+2.0 pmol mg71 protein min71) and the second one at
day 8 posthatching (*4 fold increase up to
67.0+6.3 pmol mg71 protein min71).

Discussion

The chicken embryo exhibited testosterone hydroxylase activ-
ity from 3 ± 4 days of incubation, the earliest point in devel-
opment at which it is technically possible to assay activity and
a full day before the liver becomes a discrete organ. Induction
responsiveness to PB increased during development, reaching
adult levels of induction by 8 ± 9 days of incubation. The
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highest induced levels (testosterone 2a-hydroxylase) were re-
corded at 12 days of incubation and day 3 posthatching. Such
behaviour is similar to that observed for aryl hydrocarbon
(benzo[a]pyrene) hydroxylase activity in basal and 3,4,3',4'-
tetrachlorobiphenyl-(TCB)-induced chicken embryos (Hamil-
ton et al., 1983), even though, in contrast to TCB induction,
the PB-dependent induction increased during development
(Lorr & Bloom, 1987).

The sharp increase in testosterone hydroxylase inducibility
at hatching, closely paralleled the increase in control activity
peaking around hatching for both control and PB-treated
animals. Highest testosterone hydroxylase induction by PB
was observed after 3 days posthatching for 2a-hydroxylase
activity (13.4 fold versus control), whereas the highest speci®c
activity was achieved for androst-4-ene-3,17-dione-linked ac-
tivity (i.e., 3,403.4+233.8 pmol mg71 protein min71). Several
authors have shown such a `precipitous' increase of metabo-
lizing enzymes just before hatching followed by a decline
within the ®rst week (Rifkind et al., 1973; Hamilton et al.,
1983; Lorr & Bloom, 1987). One proposed mechanism for this
increase is a change in isozyme composition post-hatching
(Lorr et al., 1989). It seems that the pattern of activity closely
follows the progression of absorption of the contents of the
yolk sac. It has indeed been shown that lipid soluble yolk ex-
tracts induce metabolism in chick embryo liver microsomes
(Powis et al., 1976). Thus, the highly inducible mono-oxyge-
nase system during the hatching period could have evolved as a
speci®c mechanism for the e�cient metabolism of the lipid
constituents of the yolk (Lorr & Bloom, 1987). PB treatment of
embryos and chickens results in the induction of several he-
patic CYPs, such as CYP2B1/B2 (2H1/H2), CYP2E1 and
CYP3A (Lorr et al., 1989; Sinclair & Sinclair, 1993), giving rise
to a pleiotropic response similar to that observed in mammals
(Lubet et al., 1992).

Polyclonal antibodies against rat liver CYPs have been
shown to inhibit rat and mouse liver microsomal activities and
may be useful in supporting the presence and function of re-
lated forms in other species (Kaminsky et al., 1984; Waxman et
al., 1985). Chicken CYPs are immunochemically related to the
respective mammalian counterpart but cross reactions are
possible and must be considered in the interpretation of our
data. Therefore, the results obtained here, with anti-CYP2B1/
B2, 3A1/A2, 2E1 and 1A1/A2 rat antibodies, are indicative
and reveal the di�culty in di�erentiating the various CYPs and
correlating them to speci®c testosterone metabolites. They
show a high degree of inhibition by anti-CYP1A1/A2 of 16a-,
16b- and 6a-hydroxylase activities. This suggests the possible
presence of isoforms belonging to the CYP1A family (or very

similar isozymes) in PB-induced liver microsomes. Consistent
with this hypothesis, the inhibitory e�ects obtained from mi-
crosomes in the testosterone hydroxylase assay in the presence
of a-naphtho¯avone, a CYP1A1 inhibitor (Murray & Residy,
1990), were able to reduce markedly 16a-hydroxylase actitivy
by up to 80% (data not shown). Indeed, although no direct
correlation between rat and chicken isozymes has been de-
scribed, the other testosterone positions, with the exception of
16b-hydroxylase (*50%), were only slightly inhibited
(530%). Furthermore, ethoxyresoru®n O-deethylase activity
(a preferential CYP1A1/A2 probe in mammals) was induced
up to 7 fold at 9 days of incubation in PB-treated samples.
Peaks of activity occur early compared to that observed for
testosterone hydroxylase activities during embryonic develop-
ment, indicating the possible presence of a di�erent isoenzyme.
However, the contribution to this activity by other CYPs could
not be ruled out. Our study lends support to the hypothesis
that representative(s) of the CYP1A1/A2 family are present in
the overall pleiotropic response induced by PB in avians.
However, further studies are required to support our claims.

Information regarding the period of maximal PB induction
(i.e. 11 ± 12 days of incubation) are useful in in vivo quantita-
tive structure-activity relationship investigations, to sub-
stantiate a direct correlation between inducing ability and
hydrophobicity of chemicals found in vitro (Sinclair et al.,
1986; Hansch et al., 1990). It would be possible to determine
exactly the day at which the induction of a particular CYP is
highest to examine a series of chemicals metabolized by such
an isoform. Chick embryos have been shown to be an impor-
tant and valuable system in physiology (Hansch et al., 1990),
biochemistry (Van Mierop, 1967), toxicology (Speake et al.,
1992) and teratology (Vesely et al., 1992; Bruyere & Stith,
1993). A unique feature of the avian embryonic system is their
independence from maternal in¯uences, providing a very use-
ful model for studying developmental aspects of microsomal
metabolism. The substantial capacity of the chicken embryo
for CYP-mediated metabolic activation of a wide spectrum of
xenobiotics commends its continued use as a model to inves-
tigate the role of such an enzymatic family in the e�ects of
chemicals (including damage and transformation during early
development).

We thank Professor Frank J. Gonzalez, Chief of Laboratory of
Metabolism, National Cancer Institute at National Institutes of
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script and helpful advice. This work was supported by a MURST
40% grant.

References

BAILEY, Y.L. (1967) Techniques in Protein Chemistry. pp. 340 ± 341.
Amsterdam: Elsevier.

BELLUCCI, G., CHIAPPE, C., PUCCI, L. & GERVASI, P.G. (1996). The
mechanism of oxidation of allylic alcohol to a-, b-unsaturated
chetones by cytochrome P450. Chem. Res. Toxicol., 9, 871 ± 874.

BLOOM, S.E. (1983). Detection of sister chromatid exchange in vivo
using avian embryos. In Cytogenetic Assays of Environmental
Mutagens, ed. Hsu, T.C. pp. 137 ± 159. Totowa, N.J.: Allanheld
Osmun.

BOX, G.E.P. & HUNTER, W.G. (1978). Statistics For Experiments. pp.
80 ± 82. New York: Wiley.

BROOKER, J. & O'CONNOR, R. (1982). cDNA cloning and analysis of
chick embryo liver cytochrome P450 mRNA induced by
porphyrinogenic drugs. Eur. J. Biochem., 129, 325 ± 333.

BRUNSTROM, B. (1986). Activities in chick embryos of 7-ethox-
ycoumarin O-deethylase and aryl hydrocarbon (benzo[a]pyrene)
hydroxylase and their induction by 3,3',4,4'-tetrachlorobiphenyls
in early embryos. Xenobiotica, 16, 865 ± 872.

BRUYERE, H.J. & STITH, C.E. (1993). Strain-dependent e�ect of
ethanol on ventricular septal defect frequency in White Leghorn
chick embryo. Teratology, 84, 299 ± 303.

DICKERSON, R.E. (1971). The structure of cytochrome c and the
rates of molecular evolution. J. Mol. Evol., 1, 26 ± 45.

EDWARDS, R.J., SINGLETON, A.M., MURRAY, B.P., DAVIES, D.S. &

BOOBIS, A.R. (1995). Short synthetic peptides exploited for
reliable and speci®c targeting of antibodies to the c-termini of
cytochrome P450 enzymes. Biochem. Pharmacol., 49, 39 ± 47.

ESKOLA, J. & TOIVANEN, P. (1974). E�ect of in ovo treatment with
cyclophosphamide on lymphoid system in chicken. Cell. Im-
munity, 13, 459 ± 471.

GONZALEZ, F.J. (1989). The molecular biology of cytochrome
P450s. Pharmacol. Rev., 40, 243 ± 288.

GONZALEZ, F.J. & NEBERT, D.W. (1990). Evolution of the P450 gene
superfamily: animal-plant `warfare', molecular drive and human
genetic di�erences in drug oxidation. Trends Genet., 6, 182 ± 187.

GUENGERICH, F.P. (1993). Metabolic reactions: types of reactions
of cytochrome P450 enzyme. In Cytochrome P450 ed. Schenk-
man, J.B. & Greim, H. pp. 89 ± 103. Berlin: Springer-Verlag.

GUPTA, R, LAPADULA, D. & ABOU-DONIA, M. (1990a). Puri®cation
and characterization of cytochrome P450 isozymes from
phenobarbital adult hen liver. Comp. Biochem. Physiol., 96,
163 ± 176.

GUPTA, R., LAPADULA, D. & ABOU-DONIA, M. (1990b). Puri®cation
and characterization of P450 isozymes from b-naphtho¯avone-
induced adult hen liver. Arch. Biochem. Biophys., 282, 170 ± 182.

CYP ontogeny in phenobarbitone induced chicken 349M. Paolini et al



HAMILTON, J.W. & BLOOM, S.E. (1986). Correlation between
induction of xenobiotic metabolism and DNA damage from
chemical carcinogens in the chick embryo in vivo. Carcinogenesis,
7, 1101 ± 1106.

HAMILTON, J.W., DENISON, M.S. & BLOOM, S.E. (1983). Develop-
ment of basal and induced aryl hydrocarbon (benzo[a]pyrene)
hydroxylase activity in the chicken embryo in ovo. Proc. Natl.
Acad. Sci. U.S.A., 80, 3372 ± 3376.

HANSCH, C., SINCLAIR, J. & SINCLAIR, P.R. (1990). Induction of
cytochrome P450 by barbiturates in chick embryo hepatocytes: a
quantitative structure-activity analysis. Quant. Struct. Act.
Relat., 9, 223 ± 226.

HANSEN, A. & MAY, B. (1989). Sequence of chicken phenobarbital-
inducible P450 cDNA: regulation of two P450 mRNAs
transcribed from di�erent genes. DNA, 8, 179 ± 191.

HOBBS, A., MATTSCHOSS, L., MAY, B., WILLIAMS, K. & ELLIOT, W.

(1986). The cDNA and protein sequence of a phenobarbital-
induced chicken cytochrome P450. J. Biol. Chem., 261, 9444 ±
9449.

HOKAMA, Y., KOGA, N. & YOSHIMURA, H. (1988). Puri®cation and
characterization of two forms of chicken liver cytochrome P450
induced by 3,4,5,3',4'-pentachlorobiphenyl. J. Biochem., 104,
355 ± 361.

JUCHAU, M.R., GIACHELLI, C.M., FANTEL, A.G., GREENAWAY,

J.C., SHEPARD, T.H. & FAUSTMAN-WATTS, E.M. (1985). E�ects
of 3-methylcholanthrene and phenobarbital on the capacity of
embryos to bioactivate teratogens during organogenesis. Toxicol.
Appl. Pharmacol., 80, 137 ± 146.

KAMINSKY, L.S., KANNAN, G.A. & GUENGERICH, F.P. (1984).
Composition of cytochrome P450 isozymes from hepatic
microsomes of c57BL/6 and DBA 2 mice assessed by warfarin
metabolism, immunoinhibition and immunoelectrophoresis with
anti-(rat cytochrome P450). Eur. J. Biochem., 141, 141 ± 143.

LITCHFIELD, J.T. & WILCOXON, F. (1987). Con®dence Limits of
ED50. In Manual of Pharmacologic Calculations with Computer
Programs, ed. Tallaride, R.J. & Murray, R.B. pp. 153 ± 155. 2nd

Edition. Berlin: Springer Verlag.
LORR, N.A. & BLOOM, S.E. (1987). Ontogeny of the chicken

cytocrome P450 enzyme system: expression and development of
responsiveness to phenobarbital induction. Biochem. Pharmacol.,
36, 3059 ± 3067.

LORR, N.A., BLOOM, S.E., PARK, S.S., GELBOIN, H.V., MILLER, H. &

FRIEDMAN, F.K. (1989). Evidence for PCN-P450 enzyme in
chickens and comparison of its development with that of other
phenobarbital-inducible forms. Mol. Pharmacol., 35, 610 ± 616.

LOWRY, O.H., ROSEBROUGH, H.J., FARR, A.L. & RANDALL, R.J.

(1951). Protein measurement with the Folin phenol reagent. J.
Biol. Chem., 193, 265 ± 275.

LUBET, R.A., DRAGNEV, K.A., CHAUHAN, D.P., NIMS, R.W.,

DIWAN, B.A., WARD, J.M., JONES, C.R., RICEAND, J.M. &

MILLER, M.S. (1992). A pleiotropic response to phenobabital-
type enzyme inducers in the F344/NCr rat. Biochem. Pharmacol.,
43, 1067 ± 1078.

LUBET, R.A., MAYER, M.J., CAMERON, J.W., BURKE, D.M., WOLF,

T. & GUENGERICH, F.P. (1985). Dealkylation of pentoxyresor-
u®n: a rapid and sensitive assay for measuring induction of
cytochrome(s) P450 by phenobarbital and other xenobiotics in
rat. Arch. Biochem. Biophys., 238, 43 ± 48.

MURRAY, M. & RESIDY, G.F. (1990). Selectivity inhibition of
mammalian cytochrome P450 by chemical agents. Pharmacol.
Rev., 42, 85 ± 101.

NAKAI, K., WARD, A.M., GANNON, M. & RIFKIND, A. (1992). b-
Naphtho¯avone induction of a cytochrome P450 arachidonic
acid epoxygenase in chick embryo liver distinct from the
arylhydrocarbon hydroxylase and from phenobarbital-induced
arachidonic epoxygenase. J. Biol. Chem., 267, 19503 ± 19512.

NEBERT, D.W. & GONZALEZ, F.J. (1987). P450 genes: structure
evolution and regulation. Ann. Rev. Biochem., 56, 945 ± 993.

NELSON, D.R., KOYMANS, L., KAMATAKI, T., STEGEMAN, J.J.,

FEYEREISEN, D., WAXMAN, J., WATERMAN, M.R., GOTOH, O.,

COON, M.J., ESTABROOK, R.W., GUNSALUS, I.C. & NEBERT,

D.W. (1996). P450 superfamily: update on new sequences, gene
mapping, accession numbers and nomenclature. Pharmaco-
genetics, 6, 1 ± 42.

NELSON, D.R. & STROBEL, H.W. (1987). Evolution of cytochrome
P450 protein. Mol. Biol. Evol., 4, 572 ± 593.

PAOLINI, M., MESIRCA, R., POZZETTI, L., SAPONE, A. &

CANTELLI-FORTI, G. (1995). Induction of CYP 2B1 mediated
pentoxyresoru®n O-dealkylase activity in di�erent species, sex
and tissue by prototype 2B1-inducers. Chem. Biol. Inter., 95,
127 ± 139.

PAOLINI, M., POZZETTI, L., MESIRCA, R., SAPONE, A. & CANTELLI-

FORTI, G. (1996a). Testosterone hydroxylase in evaluating
induction and suppression of murine CYP isoenzymes by
fenarimol. Arch. Toxicol., 70, 451 ± 456.

PAOLINI, M., POZZETTI, L., PEDULLI, G.F., CIPOLLONE, M.,

MESIRCA, R. & CANTELLI-FORTI, G. (1996b). Paramagnetic
resonance in detecting carcinogenic risk from cytochrome P450
overexpression. J. Invest. Med (Clin. Res.), 44, 470 ± 473.

PLATT, J., MOLITOR, E., DOEHMER, J., DOGRA, S. & OESCH, F.

(1989). Genetically engineered V79 Chinese hamster cell.
Expression of puri®ed cytochrome P450 2B1 monooxygenase
activity. Biochem. Toxicol., 4, 1 ± 5.

POWIS, G., DRUMMOND, H., MACINTYRE, D.E. & JONDORF, W.R.

(1976). Development of liver microsomal oxidations in the chick.
Xenobiotica, 6, 69.

RIFKIND, A.B., GILLETTE, P.N., SONG, C.S. & KAPPAS, A. (1973).
Drug stimulation of d-aminolevulinic acid synthetase and
cytocrome P450 in vivo in chick embryo liver. J. Pharmacol.
Exp. Ther., 185, 214 ± 225.

SINCLAIR, J., CORNELL, N.W., ZAITLIN, L. & HANSCH, C. (1986).
Induction of cytochrome P450 by alcohols and 4-substituted
pyrazoles. Biochem. Pharmacol., 35, 705 ± 710.

SINCLAIR, J., WOOD, S., LAMBRECHT, L., GORMAN, N., MENDE-

MUELLER, L., SMITH, L., HUNT, J. & SINCLAIR, P. (1990).
Isolation of four forms of acetone-induced cytochrome P450 in
chicken liver by HPLC and their enzymatic characterization.
Biochem. J., 269, 85 ± 91.

SINCLAIR, J.F. & SINCLAIR, P.R. (1993). Avian cytochrome P450. In
Cytochrome P450, ed. Schenkman, J.B. & Greim, H. pp. 259 ±
277. Berlin: Springer-Verlag.

SPEAKE, B.K., NOBELE, R.C. & MCCARTNEY, R. (1992). Lipoprotein
lipase activity in tissues of the developing chick embryo. Biochem.
Soc. Trans., 20, 295S.

SPENCER, C.B. & RIFKIND, A.B. (1990). NAD(P)H: quinone
oxidoreductase (DT-diaphorase) in chick embryo liver. Compar-
ison to activity in rat and guinea pig liver and di�erences in co-
induction with 7-ethoxyresoru®n deethylase by 2,3,7,8-tetra-
chlorodibenzo-p-dioxin. Biochem. Pharmacol., 3, 327 ± 335.

STRITTMEYER, C. & UMBERGER, F. (1969). Oxidative enzyme
components of avian liver microsomes. Biochem. Biophys. Acta,
180, 18 ± 27.

THOMAS, K.R. & CAPECCHI, M.R. (1987). Site-directed mutagenesis
by gene targeting in mouse embryo-derived stem cells. Cell, 51,
503 ± 512.

TODD, L.A. & BLOOM, S.E. (1980). Di�erential induction of sister
chromatid exchange by indirect acting mutagen-carcinogens at
early and late stage of embryonic development. Environ.
Mutagen., 2, 435 ± 445.

VAN DER HOEVEN, T.H. (1984). Assay of hepatic microsomal
testosterone hydroxylases by high-performance liquid chromato-
graphy. Anal. Biochem., 138, 57 ± 65.

VANMIEROP, L.H.S. (1967). Location of pacemarker in chick embryo
heart at the time of initiation of heartbeat. Am. J. Physiol., 212,
407 ± 415.

VESELY, D., VESELA, D. & JELINEK, R. (1992). Embryotoxicity of 2-
toxin and secalonic acid in embryonic chicks varies with the site
of administration. Teratology, 46, 131 ± 136.

WAAD, A.W., SWINNEY, D.C., THOMAS, P.E., RYAN, D.E., HALL,

P.F., LEVIN, W. & GARLAND, W.A. (1988). Mechanism of
androstenedione formation from testosterone and episterone
catalyzed by puri®ed cytochrome P450b. J. Biol. Chem., 33,
17322 ± 17332.

WAXMAN, D., DANNAN, G. & GUENGERICH, F. (1985). Regulation
of rat hepatic cytochrome P450: age-dependent expression,
hormonal imprinting and xenobiotic inducibility of sex-speci®c
isoenzymes. Biochemistry, 24, 4409 ± 4417.

(Received November 12, 1996
Revised June 2, 1997

Accepted June 9, 1997)

CYP ontogeny in phenobarbitone induced chicken350 M. Paolini et al


