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ABSTRACT: Perinatal polychlorinated biphenyl (PCB) exposures still remain a serious health concern
because offspring receive PCB burden from mother during vulnerable processes of development. Since
cytochrome P450 (CYP) represents a toxicological endpoint, in the present study, representing an
extended investigation of a previous multitasked one, we explored the long-term responsiveness of
CYP1A and CYP2B isoforms by Western blot analysis in liver and whole brain of lactating (PN12), weaning
(PN21), and adult offspring (PN60) rats prenatally and lactationally exposed to a reconstituted PCB mix-
ture (RM) of noncoplanar PCB138, 153, 180, and coplanar PCB126 congeners. We chose highly chlori-
nated PCBs instead of lower chlorinated one, because their recalcitrance to biotransformation makes
easy their accumulation/persistence in tissues and breast milk. Dioxin-like congener PCB126 binding aryl
hydrocarbon receptor (AHR) is responsible of many toxic effects. Pregnant Sprague-Dawley dams with
high affinity AHR received subcutaneous injection of RM (10 mg/kg body weight) daily during gestation
(days 15-19) and twice a week during breast-feeding. The results evidenced a transfer of PCBs to neo-
nates through milk and a significant responsiveness of hepatic CYP in both mothers and offspring. In liver
of exposed progeny, CYP isoforms exhibited a significant increment at PN12 (70% over control) and at
PN21 (270% over control). Contrary to dams, in adult PCB offspring CYP levels showed a decline up to
values similar to those of control. This transient developmental responsiveness of CYP isoforms in off-
spring liver reflects roughly the time course of hepatic PCB levels previously reported. Even if congeners
were detected in brain, we failed in evidencing a responsiveness of CYP isoforms probably because of
region-specific CYP expression in this organ. In conclusion, induction of offspring hepatic CYP is index of
liver PCB burden, and despite the insensitivity of whole brain CYP we cannot exclude brain vulnerability
toward PCB. © 2012 Wiley Periodicals, Inc. Environ Toxicol 29: 856-866, 2014.
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subsequently banned worldwide because of their toxicity.
Despite this measure, these contaminants still persist ubiq-
uitously in the environment in consequence of their chemi-
cal stability. Moreover, the lipophilic nature and resistance
of PCBs toward biotransformation give rise to their accu-
mulation and biomagnification in the food chain and to
their presence in all the biological matrices including
human adipose tissue, blood, and milk (Gallenberg and
Vodicnik, 1989).

One of the most serious health concerns from PCB envi-
ronmental contamination is the exposure during the critical
period of development, when the processes of differentia-
tion and maturation of immune, neurological, and physio-
logical systems make fetus and neonate particularly vulner-
able (Eriksson et al., 2006; Cocchi et al., 2009; Colciago
et al., 2009).

Although PCBs are transferred through placenta to the
fetus already during gestation (Mitsuro et al., 2005;
Bonfanti et al., 2009), milk, with its high lipid content, can
represent a concentrated delivery mechanism of PCBs to
neonates (Dekoning and Karmaus, 2000; Filho et al., 2009).
A number of human epidemiologic and animal experimen-
tal studies have established an association between PCB
exposure and neurodevelopmental and neurobehavioral
deficits (Eriksson et al., 2006; Roegge and Schantz, 2006;
Piedrafita et al., 2008; Colciago et al., 2009).

It is still debated if PCBs exert their toxicity by produc-
ing hormonal perturbations or by binding cytosolic recep-
tors that act as transcription factors responsible to mediate
several of the effects induced by these compounds. The
binding to cytosolic receptors produces a well-known bio-
chemical effect that is the induction of cytochrome P450
(CYP), an enzyme superfamily that catalyzes the detoxifi-
cation or bioactivation of xenobiotics. The pattern of chlo-
rine substitutions in the two phenyl rings gives each PCB
congener the ability to induce CYP-specific isoforms: co-
planar or dioxin-like PCBs enhance CYP1 family expres-
sion (i.e., CYP1A) through the binding to the aryl hydrocar-
bon receptor (AHR), while noncoplanar PCBs have been
shown to increase expression of CYP2 (i.e., CYP2B) and/or
CYP3 (i.e., CYP3A) families particularly in mammals (Safe,
1994) through the constitutive androstane receptor and preg-
nane-X-receptor, respectively. In particular, PCBs with two
ortho chlorine substitutions (i.e., PCB153 and 180) have been
reported to induce preferentially CYP2B isoforms, whereas
congeners with more than two ortho chlorines (i.e., PCB155)
are efficacious inducers of CYP3A in hepatocyte cultures and
in rats (Schuetz et al., 1986).

Although a direct role of these CYP isoforms in PCB tox-
icity has yet to be firmly established (Rifkind, 2006), it is
unquestionable whether the CYP-increased expression high-
lights the biological activity of these pollutants. Alterations
in constitutive levels of CYP isoform expression assume a
toxicological significance even more during prenatal and
postnatal development, when CYP isoform expression

undergoes significant physiological changes (Jorhi et al.,
2008). To the best of our knowledge, limited studies are
presently available on long-term effect of perinatal PCB ex-
posure on the expression of CYP isoforms, in particular in
relation to their toxicokinetic behavior (Curran et al., 2011).

Previously, we have carried out a multitasked study in
which we have evaluated PCB accumulation in liver and
brain along with the measurements of many morpho-func-
tional parameters from birth to adulthood in the same
groups of rats exposed in utero and via breast milk to a
reconstituted mixture (RM) of four ‘‘indicator congeners’’
selected among the most abundant in biological matrices,
of which three noncoplanar congeners (PCB138, 153, and
180), and a coplanar congener (PCB126; Bonfanti et al.,
2009; Cocchi et al., 2009; Colciago et al., 2009). We chose
a mixture of highly chlorinated PCBs instead of lower mo-
lecular weight one, because their recalcitrance to biotrans-
formation makes easy their accumulation and persistence in
tissues and biological matrices such as breast milk (Ramos
et al., 1997; Bachour et al., 1998; Lanting et al., 1998).
PCB126, even if detected in trace in biological matrices,
was selected because as dioxin-like congener is able to bind
AHR, whose activation mediates many toxic effects.

To highlight the AHR-mediated effects in our studies,
we chose a Sprague—Dawley rat strain (CD SPF/VAF) with
a high affinity AHR since a study by Curran et al. (2011)
demonstrates the importance of receptor binding affinity in
regulating the pharmacokinetics of coplanar PCBs.

The exposure to the RM covered the last period of gesta-
tion and all lactation interval (from gestation day 15 until
postnatal day 21), which in many mammal species coincide
with rapid growth, development, and sex differentiation of
the brain (Eriksson et al., 2006; Colciago et al., 2009). Last
of all, we chose a dose sufficiently low not to cause embry-
otoxicity but high enough to be effective in inducing long-
lasting toxic effects detectable also in adult offspring.

All the results from our multitasked study makes it clear
that developmental exposure to the four selected PCB com-
pounds produced important long-lasting changes in off-
spring such as alteration of dimorphic hypothalamic expres-
sion of the main enzymes involved in sex steroid metabolite
formation, disregulation of hypothalamic-pituitary growth
hormone (GH) axis, which controls GH secretion, in terms
of increased somatostatin expression in hypothalamic peri-
ventricular nucleus (both males and females) and lateral ar-
cuate nucleus (males only) and decreased GH mRNA levels
in the pituitary of male rats, a significant reduction of bone
mineral content and cortical bone thickness of tibiae in
male rats joint to increased width of the epiphyseal carti-
lage disk (Cocchi et al., 2009), as well as impairment of
sexual behavior and spatial learning (tested with Morris
water maze method) and memory retention (passive avoid-
ance test) specifically in males (Colciago et al., 2009).

Moreover, another study from our laboratory has demon-
strated that no induction of CYP1A1/2 (induced by the
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coplanar PCB126) and CYP2B1/2 (induced by the pheno-
barbital type inducers PCB153 and 180), as evaluated by
Western blotting, appears in fetal liver and brain at gesta-
tional day (GD) 20 even if a transplacental transfer of the
selected congeners occurred as demonstrated by bioaccu-
mulation data (Bonfanti et al., 2009).

In the current study, we intended to investigate the
responsiveness and the temporal variations in expression
profile of CYP1A and CYP2B protein isoforms, in the two
target tissues liver and brain of pups at postnatal day (PN)
12, weaning (PN21) and young adult males and females
(PN60) of Sprague—Dawley rat (CD SPF/VAF) following
prenatal and lactational exposure to the RM above reported.
Moreover, since milk is the way of contamination for
offspring, the transfer ratio for each analyte from adipose
tissue of dam to milk and from milk to the tissues of pups
at PN12 were evaluated. These data will be useful to deter-
mine in offspring the transfer rate of these contaminants via
suckling and to highlight the sensitivity of CYP induction
as a predictive method to evaluate the toxicity of the RM
congeners during the susceptible postnatal period.

MATERIALS AND METHODS

Chemicals

PCB138  (2,2',3,4,4,5-Hexachlorobiphenyl), ~PCB153
(2,2',4,4',5,5'-Hexachlorobiphenyl), PCB180 (2,2/,3,4,4',5,
5'-Heptachlorobiphenyl), PCB126 (3,3',4,4’,5-Pentachloro-
biphenyl) [purity 100%], present in the mixture, were sup-
plied by Chemical Research (Rome, Italy), PCB30, 40,
128, and 141, used as internal or recovery standards, were
supplied by Dr. Esternstorfer (Augsburg, Germany). All
solvents (residue analysis grade, Merck, Settimo Milanese,
Italy) were checked by gas chromatography (GC) before
use. Sulfuric acid superpure for trace analysis was pur-
chased from Carlo Erba Reagents (Arese, Italy). Prepacked
florisil columns (Ultraclean SPE Florisil 500 mg/4 mL)
were purchased by Alltech (Sedriano, Italy). Cellulose
extraction thimbles for Soxhlet were purchased by Albet
(Barcelona, Spain). Protease inhibitor cocktail and the
enhanced chemiluminescence detection kit were purchased
from Roche (Monza, Italy). The polyclonal antibodies
against CYP1A1/2 and CYP2B1/2 were purchased from
Chemicon (DBA, Segrate, Italy). All other chemicals were
obtained from Sigma (Milan, Italy).

PCB Mixture

The reconstituted PCB mixture (RM) was composed
by PCB138, 153 (both hexachlorobiphenyls), and 180
(heptachlorobiphenyl) at the same concentration (each rep-
resenting one-third of the total), while PCB126 (coplanar
pentachlorobiphenyl), normally present in trace in biologi-
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cal extracts, was added to the total mixture in a 1/10 000
ratio. These congeners were dissolved in peanut oil (20 mg
mixture/mL oil) in order to prepare a solution suitable for
subcutaneous injection. The subcutaneous route was used
to ensure complete absorption and a systemic distribution
of RM in maternal tissues.

Animals and Treatment

The work presented in this article represents the analysis of
biological samples collected during the course of a study
aiming to evaluate the alterations of neuroendrocrine, meta-
bolic, and behavioral functions in offspring exposed to PCB
RM during gestation and lactation. The details of treatment,
performed in the Department of Endocrinology Animal
Facility, University of Milan, as well as results of birth out-
comes, litter parameters, and other investigations have been
reported in previously published articles (Bonfanti et al.,
2009; Cocchi et al., 2009; Colciago et al., 2009).

Briefly, nulliparous female (3—5 months) of Sprague—
Dawley rats (CD SPF/VAF, Charles Rivers, Calco, Italy)
were housed individually in clean polypropylene cages and
maintained in a controlled conditions (environmental tem-
perature, 21-23°C; light schedule:14 h light-10 h dark). All
animals were fed with a standard pellet diet and tap water
ad libitum.

Sperm-positive vaginal smears were considered as day 0
of gestation (GDO). Pregnant rats (n = 30) were allocated
randomly into two groups. Dams in group 1 received subcu-
taneous injection of RM 10 mg/kg body weight/die (0.5
mL/kg; corresponding to 3.333 mg/kg body weight/die for
each noncoplanar congener and 1 pg/kg body weight/die
for PCB126) from GD15 to GD20; dams in group 2 served
as control and received peanut oil in an identical manner.
All the dams deliver spontaneously and during breast-feed-
ing until PN 21 were treated with the same dose, twice a
week (in particular at PN3, PN6, PN10, PN13, PN17).
From each group, five dams and their litters were sacrificed
at PN12 and PN21, respectively. After weaning the remain-
ing litters were reared for sex, housed separately (four rats
for each litter per cage), and young adults (PN60) with their
mothers were sacrificed.

All analysis were performed on all dams of each experi-
mental time point and on single offspring female (n = 3)
and male (n = 3) randomly selected from each litter.

PCB Quantification

Samples of breast milk (PN12) obtained from pup gastric
contents and dam mesenteric adipose tissue were collected
from different individuals, snap-frozen in liquid nitrogen and
stored at —80°C until determination of PCB content by gas
chromatography/mass spectrometry as previously described
in Cocchi et al. (2009). Briefly, all samples were



LONG-TERM CYP450 RESPONSIVENESS TO PCB MIXTURE IN RAT OFFSPRING 859

homogenized with sodium sulfate anhydrous, spiked with 25
ng of PCB40 and 128 to check recovery efficiencies of meth-
odology and Soxhlet extracted for 24 h in n-hexane. The
extracts were reduced in a rotary evaporator under vacuum
to 5 mL, concentrated in a vial under a gentle nitrogen flow
to 2 mL, then an equal volume of sulfuric acid was added,
vortexed for 5 min and let it stand for 24 h. Hexane layers
were pipetted off and charged on Ultraclean SPE Florisil,
which was eluted with 8 mL of ethylacetate: hexane (1:9)
and 1 mL of hexane. The sample, reduced under gentle
stream of nitrogen to 0.5 mL, was transferred to 2 mL GC
vials. All extracts were further concentrated to facilitate sol-
vent exchange to 25 uL of dodecane containing two internal
standards (PCB30 and 141) for subsequent PCB quantifica-
tion analysis. Each extract were analyzed in triplicate by GC
(gas chromatograph Agilent 6890N equipped with a 50
mCPSil8 column 0.25 mm i.d. and 0.25-um film thickness),
coupled with Mass Selective Detector (Agilent MSD
5973N), positive electron impact (EI+) source in selected
ion monitoring (SIM) mode. Samples (2 uL) were injected
by an Agilent 7683 auto injector, with the injection port at
250°C in splitless mode. The carrier gas was helium, and the
flow rate 1 mL/min. The oven program was: 100°C for 2
min, 20°C/min —140°C, 4°C/min —200°C, 200°C for 13
min, 4°C/min —300°C, 300°C for 10 min. The quadrupole
MS was set in SIM mode, with an EI+ source, a source tem-
perature of 250°C, interface temperature of 280°C. The
mean recovery of each analyte ranged between 70 and
110%, and reproducibility was calculated by means of a trip-
licate analysis giving an overall 10% error. A series of proce-
dural blanks were analyzed periodically. Reported values
were averaged for the measure of analytical variance and
blank-corrected. Method detection limit was determined as
the instrument detection limit of the lowest concentration
standard of each analyte, which was 0.5 pg/uL for each con-
gener. Analytical (instrument) variation is typically <10%
as measured by repeated injections of samples.

Microsome Preparation for Cytochrome
P450 Analysis

As previously described in Bonfanti et al. (2009), fragments
of about 0.5 g from livers and brains of different individuals
both for dams and offspring were homogenized in ice-cold
0.15 M KCl (v:w), centrifuged at 9000 X g, at 4°C for 10
min and the collected supernatants were then ultracentri-
fuged at 100 000 X g, at 4°C for 1 h in order to obtain
microsomal pellets that were stored at —80°C until further
biochemical analysis.

The brain samples were collected as follows: the hypo-
thalamic areas from each dam and pup were separated from
the entire brain to assess specific parameters (see Cocchi
et al., 2009; Colciago et al., 2009) and processed separately.
The remaining tissue (cerebellum included) was used for
the purpose of this work.

Spectrophotometric Cytochrome P450 Assay

The hepatic total content of CYP was determined spectro-
photometrically in livers and brains according to Omura
and Sato (1964). Briefly, microsomal pellets were dissolved
in Tris-HCI buffer 0.1 M pH 7.4 (1:1 w:v) and then diluted
1:10 in the same buffer. Few crystals of solid sodium
dithionite (Sigma Aldrich, Milano, Italy) were added to 2
mL of microsomal suspension and the sample was gently
saturated with bubbles of carbon monoxide for ~60 s. The
reduced-CO spectrum was recorded from 400 to 500 nm
using a Jasco V-530 spectrophotometer. The specific con-
tent of CYP (nmol/mg protein) was calculated according to
Lambert—Beer’s Law using an extinction coefficient value
for CYP of 0.091 nM/cm.

SDS-PAGE and Immunoblotting

Aliquots of each microsomal sample were used for protein
determination according to Lowry et al. (1951). Microso-
mal proteins for CYP1A1/2 and CYP2B1/2 isoforms
(40 ug/well), obtained from individual dams and offspring
were mixed with sample buffer, loaded onto 10% SDS-
polyacrylamide gel, separated electrophoretically at a con-
stant voltage (120 V, 0.007 A) and then transferred onto a
nitrocellulose membrane (Schleicher & Schuell, BAS 85,
Dassel, Germany) with the semidry method for 90 min at
room temperature. The membrane was incubated with 5%
nonfat dry milk in PBST (16 mM Na,HPO4 1.9 mM
NaH,POy,, 6.7 M NaCl, pH 7.5, 0.1% Tween 20; blocking so-
lution) overnight at 4°C and then incubated with primary pol-
yclonal antibody directed against rat CYP1A1/2 or CYP2B1/
2 cytochrome P450 (Chemicon International, Temecula, CA)
diluted 1:1000 in blocking solution, at 37°C for 2 h. After
washing in PBST buffer, the blot was incubated with second-
ary antibody (anti-rabbit IgG, peroxidase linked F(ab’)2 frag-
ment, 1:1500 in 3% blocking solution) for 1 h at room tem-
perature. After washing in PBST buffer, the blot was detected
with an enhanced chemiluminescence detection kit. At least
two independent blots for each liver and brain sample (dams
n = 5 for each group and offspring n = 6 for each dam) were
performed and the quantification of the signal was analyzed
by the image analysis software Image] (Scion Corporation,
Frederick, MD). Any change in protein levels was expressed
as percentage over control.

Statistical Analysis

All values are represented as mean = SEM. Data were stat-
istically analyzed by the Statgraphics plus program for
Windows (version 5.1, MD) or by GraphPad Prism 4.
ANOVA and the Duncan Multiple Range test were applied
when normality and homogeneity of variance in several dis-
tributions of investigated parameters were satisfied. Data,
which did not conform to the assumptions, were analyzed

Environmental Toxicology DOI 10.1002/tox
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Fig. 1. Concentrations of each PCB congener in mesenteric adipose tissue of dams
PN12 and PN21 (A) and in milk obtained by offspring stomach at PN12 (B) measured by
gas chromatography/mass spectrometry. Statistical differences were evaluated with Dun-

can’s multiple comparison after ANOVA. Results are reported as mean = SEM (n

=5

dams, n = 3 offspring female, and n = 3 offspring male at considered experimental point).

by the Kruskal-Wallis test (a test for differences of location
in ranked data grouped by single classification) and the
Dunns test for comparing pair of groups as post-test.

RESULTS

Levels of PCB Congeners in Maternal
and Offspring Samples

PCB levels were analyzed in adipose tissue of dams at PN12
and PN21 and in milk at PN12. All other PCB level data in
maternal and offspring liver and brain, used to calculate the
transfer rates from mothers to milk and from milk to pup,
were reported in our previous articles (Cocchi et al., 2009).

None of the dosed congeners were found in any batches
of sample blanks, representing the level of reagent and lab-
oratory contamination, as well as in all control samples.
Detectable amounts of PCB 153, 138, and 180 were identi-
fied in all examined maternal and offspring tissues, while
PCB 126 concentration was less than the detection limit in
all samples.

The quantification of PCBs in dam mesenteric adipose
tissue has evidenced that congener levels differed slightly
over the two time intervals considered. In particular,
PCB180 concentration measured at the middle of lactation
period (PN12) increased at weaning (PN21), even if this
variation was not statistically significant [Fig. 1(A)].

Since milk represents a PCB elimination route for dams
and also gives a good estimate of exposure of breast-feed-
ing infants, we wished to investigate the contamination of
milk sampled at PN12. In this matrix PCB 153, 138, and
180 levels resulted to be considerable being only 2.5- to
4-fold lower than those in dam mesenteric adipose tissue
[Fig. 1(B)].

To estimate the transfer rates of single congeners from
dam tissues to milk, we have calculated the ratio between
the milk congener concentrations and those measured in
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dam tissues and we considered this parameter as the Trans-
fer ratio (Tr). Higher Tr values indicate higher transfer
rates. The Tr from adipose tissue to milk evidenced a
slightly higher transfer rate for PCB 153 in comparison
with PCB 138 and 180 [Fig. 2(A)]. Moreover starting from
our previously published data (Cocchi et al., 2009), the Tr
calculated from maternal liver and brain to milk has
demonstrated that these tissues release more easily the
congeners in comparison to adipose tissue [Fig. 2(B)].
Unlike adipose tissue, where PCB 153 was released more
readily, liver and brain set PCB 138 free more efficiently to
maternal milk (Fig. 2). Moreover, comparing the Trs of
liver and brain it is evident that PCB153 is retained more
effectively by brain than liver [Fig. 2(B)].

The transfer of dosed compounds to offspring during
lactation was analyzed calculating Tr from milk to brain
and liver of pups. The results demonstrated that PCB 153 is
more efficiently transferred through maternal milk to pups
in comparison to PCB 138 and 180, and that liver showed a
relatively higher retention of congeners than brain (Fig. 3).

Hepatic Total Cytochrome P450 Content and
CYP Isoform Expression in Maternal and
Offspring Tissues

Total CYP contents were investigated in maternal and off-
spring liver at time points PN12, PN21, and PN60 and the
results are shown in Figure 4. Constitutive CYP contents
remained unchanged in dams, suckling, weaning, and adult
offspring. RM administration to dams from GD15 to PN21
produced an increase in total mothers’ hepatic P450 con-
centration in comparison with their respective controls,
even if it resulted to be statistically significant (P < 0.05)
only at PN21 and PN60. Statistical analysis evidenced that
at PN60, the increment was significant (P < 0.005) with
respect to the contents measured in treated PN12 and PN21
dams [Fig. 4(A)].
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An increase of hepatic P450 total contents was observed
as well in offspring in response to maternal treatment at the
three time points [Fig. 4(B)]. The statistical analysis dem-
onstrated that the increment versus the corresponding con-
trols was significant (P < 0.001) only during lactation and
weaning, and that among PCB exposed pups a significant
peak (P < 0.001) of hepatic P450 total level was registered
in weaning offspring [Fig. 4(B)].

To assess changes in protein expression levels of both
hepatic and cerebral CYP1A1/2 and CYP2B1/2 isoforms in
mothers and offspring, we performed immunoblot analyses.

The polyclonal antibody against CYP1A1/2 recognized
a single band in control liver samples of all experimental
groups, most likely ascribable to CYP1A2, known as he-
patic constitutive isoform (Hu and Bunce, 1999; Spatzeneg-
ger et al.,, 2000). In details, a faint but detectable basal
expression of CYP1A2 was evidenced in microsomes col-
lected from control liver dams. A strong induction was
observed in response to RM treatment at all considered
time points, mainly referable to the inducible CYP1Al
hepatic isoform (Hu and Bunce, 1999; Spatzenegger et al.,
2000) [Fig. 5(A)]. As revealed from densitometric analysis,
CYPIA induction increased from lactation (PN12) to
weaning (PN21) time points of ~20%, reaching at PN60 a
level of 280% over the expression of lactating treated dams
[Fig. 5(A)].

The polyclonal antibody against CYP2B1/2 identified in
dam liver a single constitutive and PCB-induced CYP2B
expression [Fig. 5(B)]. The densitometric analysis demon-
strated that the induction in treated dams was statistically
significant (P < 0.005 for PN12 and P < 0.05 for PN21
and PN60) and time-dependent. In liver of PCB-treated
dams, CYP2B protein levels were about 200% higher than
the corresponding control values during lactation and wean-
ing period, while they increased remarkably reaching val-
ues 750% over control at PN60.

When examined in control and transplacentally/lacta-
tionally exposed offspring as a function of age, both

CYPI1A and CYP2B protein levels exhibited a similar pat-
tern of expression. Basal levels of both CYP families
remained nearly unchanged in liver of suckling (PN12),
weaning (PN21), and adult (PN60) control offspring while
in exposed progeny the protein expression levels exhibited
a significant increment at PN12 (about 70% over control)
and especially at PN21 (about 270% over control; see
legend of Fig. 6 for P values). Contrary to dams, in adult
PCB offspring CYP protein levels showed a decline up to
values not significantly different from those of the control
(Fig. 6).

On the whole, the time courses of CYP1 and 2 family
members induction in dams and offspring resemble the pro-
file of hepatic P450 total contents.

Differently from livers, in whole brains the low constitu-
tive levels of both CYPIA and CYP2B isoforms have not
been induced by treatment with the PCB mixture both in
dams and offspring (data not shown).

Interestingly, while in liver of dams the levels of induc-
tion undergo a drastic increase at PN60, a time point far
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Fig. 3. Transfer ratio of each PCB congener from milk (n =
5 dams) to liver and brain of single male (n = 3 for each
dam) and single female (n = 3 for each dam) pups at PN12
(Tr M-P) calculated as ratio between congener concentra-
tions in milk and in pup tissues.
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Fig. 4. Hepatic cytochrome P450 total content at time points PN12, PN21, and PN60 in
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away from the last PCB administration that occurred at
weaning, in liver of offspring the CYP isoform induction is
consistent but transient and restricted to lactation and wean-
ing periods (Fig. 7). In particular, CYP expression time
course in dams correlates with PCB levels measured in liver
at PN12, PN21, and PN60, whereas CYP expression time
course in offspring shows a latency period as CYPIA and
CYP2B induction becomes maximal at weaning (PN21)
when PCB concentrations in liver start to decrease (see
Cocchi et al., 2009).

DISCUSSION

The present study, representing an extended investigation
of a previous multitasked one, demonstrates that treatment
with a biologically relevant reconstituted PCB mixture of
dams during pregnancy and lactation results in an effective
transfer of PCBs to neonates and in a significant respon-
siveness of hepatic CYP in both mothers and offspring.
PCB congeners selected for our RM are present at high
concentration in the maternal mesenteric adipose reserves,
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Fig. 5. Representative Western blot and densitometric analysis of CYP1A (A) and CYP2B
(B) isoforms at each experimental point in control (C) and treated maternal liver. Quantifi-
cation was performed by computerized densitometric analysis of immunoreactive bands
on at least three separate blots for each sample (n = 5 dams for each group) to account
for blot to blot variation. Statistical differences were evaluated by Kruskal-Wallis test
coupled with Dunn’s test. All values are represented as mean = SEM. Significant differ-
ence from control * (P < 0.05); ™ (P < 0.005); *** (P < 0.001). Significant difference among
treated groups °° (P < 0.005); °°° (P < 0.001). Significant difference between PN60 and
PN21 treated groups +++ (P < 0.001). Significant difference between PN60, PN21, and
PN12 treated groups XXX (P < 0.001).
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Fig. 6. Representative Western blot and densitometric analysis of CYP1A (A) and CYP2B
(B) isoforms at each experimental point in control (C) and exposed offspring liver. Quantifi-
cation was performed by computerized densitometric analysis of immunoreactive bands
on at least three separate blots for each sample (n = 3 males and n = 3 females for each
dam) to account for blot to blot variation. Statistical differences were evaluated by Krus-
kal-Wallis test coupled with Dunn’s test. All values are represented as mean = SEM. Sig-
nificant difference from control * (P < 0.05); ** (P < 0.005); *** (P < 0.001). Significant differ-
ence among treated groups ° (P < 0.05); °° (P < 0.005).

as expected from their high degree of chlorination. Despite
this, only 4-fold lower concentration was found in maternal
milk. Several studies demonstrate that under environmental
exposure circumstances, the levels of organohalogens in
human milk reflect, to a great extent, adipose tissue levels,
a reservoir that is built up during several years and is mobi-
lized during lactation (Jensen, 1991). This behavior proves
the tendency of highly chlorinated PCB congeners to
remain unmetabolized and pass through the rich lipid bio-
logical matrices. Indeed, many studies have evidenced that
the profile of PCB congeners measured in milk samples of
marine mammals and humans is dominated by hexachloro-
biphenyl (i.e., PCB153, 138) and heptachlorobiphenyl con-
geners (i.e., PCB170, 180; Miranda et al., 2009; Someya
et al., 2010), which beside their lipophilicity are moved
from adipose tissue and vertically transferred from mother
to newborn through breast milk. From our transfer rate
data, it appears that liver and brain free more easily these
lipophilic congeners in comparison to adipose tissue.
Nevertheless adipose tissue, containing a PCB concentra-
tion an order of magnitude higher than that found in liver
and brain (Cocchi et al., 2009), gives a higher contribution
to the amount of PCBs detected in maternal milk.

Even though it is generally believed that milk with its
high lipid content is the most significant via of offspring con-
tamination, it has to be noticed that PCB transfer through
placenta can play an important role (Dekoning and Karmaus,
2000; Bonfanti et al., 2009). In our previous article, we evi-
denced relatively high Trs (ranging from 0.5 to 0.95) from
placenta to brain and liver of fetuses at GD20. It is notewor-
thy that at GD20 we have obtained a Tr from placenta to
fetal brain higher than that from placenta to fetal liver (mean
values of 0.8 vs. 0.6, respectively), while in this study the Tr

from milk to pup liver is higher than that from milk to pup
brain (mean values of 1.5 vs. 0.22, respectively). These
results suggest that during fetal period, brain is a target organ
for PCB accumulation, while during neonatal period liver
gains the role of depot organ. These data are consistent
with those described by Curran et al. (2011) in Ahr
P!Cypla2(+/+1) mice strain. The high Tr from milk to pup
liver could be the consequence of an efficient gastrointestinal
absorption of individual congeners in neonate rats. To this
end, a study reported that the individual congeners and their
mixtures are readily absorbed from the gastrointestinal tract
of rodents and monkeys to levels varying between 66 and
96% in relation to degree of chlorination (WHO, 2000). Con-
sidering the high efficiency of the PCB gastrointestinal
absorption, current neonatal exposures continue to raise seri-
ous concerns regarding potential health effects on developing
infants, even if PCB levels in human milk have decreased
consequently to their ban (Abballe et al., 2008).

In spite of the demonstrated transplacental transfer and
disposition of PCB congeners in liver and brain of fetuses,
fetal CYP1A and CYP2B isoforms were not sensitive to the
measured PCB levels (Bonfanti et al., 2009). Instead, in this
study we provided evidence that the effective transfer of
PCB congeners from milk to pup liver goes along with sensi-
tivity of the hepatic CYP isoforms toward inductive effects
of chemicals tested. Though the levels of PCB126 congener
were not analytically measured in milk, the increase in the
expression of hepatic CYP1ALl isoform in suckling pups
indicates that lactational transfer of this congener occurs.

When CYP temporal expression of dams and their off-
spring are compared, there are differences in CYP response
as the induction of CYP1A1/2 and CYP2B1/2 both in
mother and offspring is dependent on lactational transfer of

Environmental Toxicology DOI 10.1002/tox
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Fig. 7. Comparison between hepatic cytochrome P450
(total content, CYP1A and CYP2B isoform expression levels)
and PCB congener concentration in treated dams (A) and
pups (B). Since the reference scale for each considered pa-
rameter was different, experimental data were normalized to
obtain the relative value reported on y-axis. Relative value
referred to PCB congeners represents the ratio between sin-
gle congener concentration and total PCB concentration.
Relative value referred to CYP total content and CYP iso-
form expression represents the ratio between each value
obtained in PCB-treated samples and their respective con-
trol value at each time point.

PCBs. Although CYP response in dams acts as a faithful
biomarker of exposure, varying according to the elimina-
tion of PCBs through milk, CYP isoform levels in suckling
and weaning offspring do not match with the hepatic PCB
concentrations showing a delay in CYP response probably
related to the immaturity of this metabolic system in rat
neonates (Blake et al., 2005). Nevertheless, in adult off-
spring CYP isoform expression levels return to be not sig-
nificantly different from those of the control, reflecting
accurately the low PCB concentration in liver. In fact, in
rodents offspring the PCB concentrations in liver and brain
decline after weaning (Curran et al., 2011) mainly owing to
dilution in the increasing fat deposits, as demonstrated also
in children (WHO, 2000).

A noteworthy result of this study is that the developmen-
tal responsiveness of the tested CYP isoforms to PCB expo-
sure in offspring liver is transient and does not alter persis-
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tently the expression of these enzymes. A different result
was found in rat offspring prenatally exposed to other
chemicals such as deltametrhin and lindane as these lipo-
philic compounds are able to imprint an altered expression
of cerebral and hepatic CYPs up to the adulthood (Jorhi
et al., 2006, 2008). The persistence in the increase in CYP
mRNA expression is explained by the authors through the
lactational transfer of these lipophilic compounds to off-
spring during the critical period of neurodevelopment. This
persistent alteration in postnatal development of CYPs has
been proposed to be involved in developmental neurotoxic-
ity of these pesticides, since it has been shown that CYPs
(i.e., CYP 2E1) are involved in physiological functions in
brain such as dopaminergic neurotransmission in the sub-
stantia nigra, possibly by participating in dopamine metab-
olism (Nissbrandt et al., 2001).

An unexpected result in our study regards the brain CYP
sensitivity, because both in mothers and offspring the con-
stitutive CYP1A and CYP2B isoforms were not responsive
to the induction by PCB mixture even if in this organ de-
tectable levels of each congener were accumulated (Cocchi
et al., 2009).

Nevertheless, as reported in our previous article (Col-
ciago et al., 2009) the RM PCB congeners accumulated in
brain during lactation and weaning were able to cause per-
sisting alteration in the control of the reproductive system:
in particular, the dimorphic hypothalamic expression of
both aromatase and the 5¢-Rs, two enzymes of testosterone
metabolism, was altered by the treatment. The puberty
onset in female-treated pups occurred earlier than in control
animals without cycle irregularity, while testicular descent
in males was delayed. A slight but significant impairment
of sexual behavior and an important alteration in memory
retention were also noted specifically in males. Further-
more, there are numerous reports indicating that PCBs
induce subtle and long-lasting neurological damages such
as impairment of motor and learning abilities (Ulbrich and
Stahlman, 2004; Piedrafita et al., 2008).

Since developmental neurotoxicity of our PCB RM was
not found to be correlated with an altered expression of
CYPs in brain of offspring prenatally and lactationally
exposed, an involvement of the local metabolizing enzymes
in PCB induced toxicity previously evidenced should be
excluded. Nevertheless, literature data reported either a
selective concentration of noncoplanar PCBs (i.e.,
PCB153) in several areas of weanling rat brain, such as cor-
pus callosum, internal and external capsules, medial lem-
niscus, tegumentum of mesencephalon and metencephalon
and cerebellar peduncles (Saghir et al., 2000), as well as a
localized expression of specific CYP isoforms (i.e., CYP
1A1/2) in rodent neurons of cerebral cortex, ippocampus,
Purkinje and granule cell layers of cerebellum (Chinta
et al., 2005). Unfortunately, we used whole brain for sam-
pling, thus losing the opportunity to highlight localized
effects within specific brain structures or cell types.
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In conclusion, the present study contributes to extend the
knowledge about vertical transfer of highly chlorinated PCBs
by maternal milk and responsiveness of hepatic and cerebral
CYP isoforms to these potent inducers during rat develop-
ment. In lactationally exposed offspring, the alteration of
liver CYP isoform levels indicates a transcriptional regula-
tion mediated, as known, by a binding of these environmen-
tal chemicals to cytosolic receptors (Bandiera, 2001), evi-
dencing their biological activity. On the other hand, in brain
the lack of CYP induction does not exclude the susceptibility
of this organ to PCBs during postnatal development as
reported in our previous articles (Cocchi et al., 2009; Col-
ciago et al., 2009). These considerations suggest the presence
of a different pathway in the neurotoxicity of these com-
pounds. Indeed, in literature PCB neurotoxicity has been
related to many different mechanisms: it has been proposed
their ability to alter patterns of ryanodine receptors (RyRs)
expression in brain, altering calcium flux in excitable cells
(Pessah et al., 2010; Kim et al., 2011); it has been suggested
pollutants ability to induce an inflammatory phenomena in
neurons, altering their function and inducing neurotoxicity
(Banks and Lein, 2012); lastly, PCB are able to disrupt some
epigenetic markers related to chromatin remodeling favoring
or silencing the translation of genes important for neuronal
development and function (Casati et al., 2012).

The relevance of the results previously obtained in our
multitasked studies to findings reported in this manuscript
is related to the confirmed transfer of PCBs from mother to
offspring during gestation and lactation. These data corrob-
orate that the perinatal period of life is at high risk for envi-
ronmental damages on public health.

The authors declare that there is no conflict of interest that
would prejudice the impartiality of this scientific work.
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