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a  b  s  t  r  a  c  t

This  study  measured  organochlorine  pesticides  (OCPs)  including  hexachlorocyclohexanes  (HCHs),
hexachlorobenzene  (HCB),  heptachlor  and  dichlorodiphenyltrichloroethanes  (DDTs),  polychlorinated
biphenyls  (PCBs),  polychlorinated  naphthalenes  (PCNs)  and  polybrominated  diphenyl  ethers  (PBDEs)
in  tissues  of  six  mother–fetus  pairs  of  harbor  seals  that  were  hunted  for  subsistence  in  Alaska  waters
of  the  Northern  Pacific  Ocean.  These  data  suggest  that  significant  amounts  of  these contaminants  were
transferred  from  mother  harbor  seals  to fetuses  during  pregnancy  and  distributed  among  fetal  organs.
The  tissue  distribution  depended  on  the  chemical  groups,  the  specific  compounds  in the  groups  and
the  target  organs.  Concentration  profiles  of

∑
OCPs,

∑
PCBs,

∑
PCNs  and

∑
PBDEs  were  remarkably

similar among  maternal  blubber,  liver,  and  placenta,  fetal  blubber,  and  liver  (except  for  HCHs),  possibly
indicating  that  the placenta  did  not  serve  as  a barrier  for all of  the  compounds  analyzed.  DDTs,  HCB,  HCHs,
PCBs and  PBDEs  could  penetrate  the  placenta  and  accumulate  in  the  blubber  of  the  fetus  in utero,  while

HCHs, PCBs  and  PBDEs  penetrated  the  placenta  and  accumulated  more  preferentially  in the  fetal  liver
than  in  the  fetal  brain  in comparison  with  DDTs  and  HCB.  Heptachlor  and  PCNs  penetrated  the  placenta
and  accumulated  in the  fetal  liver  and  brain  instead  of  fetal blubber.  Similar  maternal  transfer  trends  for
OCPs,  PCBs,  PCNs  and  PBDEs  were  shown  by  fetal  to  maternal  (FM)  blubber  ratios  and  FM  liver  ratios.
Prenatal  transfer  of  these  toxic  contaminants  from  mothers  to  fetus  presumably  through  the  placenta

the  fe
may  pose  health  risks  to  

. Introduction

The abundance of harbor seals, Phoca vitulina richardii in
laska has varied regionally in recent decades. Subsequent to a
idespread population decline in the Gulf of Alaska, populations

n some affected areas have either stabilized or are increasing,
et overall numbers of seals remain substantially reduced [1,2].
nvironmental pollution, changes of food resources, disease,
nd/or predation (human and non-human) have been suspected
o have contributed the decline or slow recovery. Persistent,
io-accumulative and toxic pollutants have been one concern,
nd organochlorine pesticides (OCPs), polychlorinated biphenyls

PCBs) and polychlorinated naphthalenes (PCNs) have been
etected in free-ranging Alaskan harbor seals [3–5]. The levels of
hese contaminants were associated with harbor seal body indices

∗ Corresponding author. Tel.: +1 808 956 2011; fax: +1 808 956 3452.
E-mail address: qingl@hawaii.edu (Q.X. Li).

1 Present address: California Department of Public Health, Environmental Health
aboratory Branch, 850 Marina Bay Parkway, G365, Richmond, CA 94804-6403, USA.

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.04.052
tus  during  early  development.
© 2012 Elsevier B.V. All rights reserved.

and ages [4,5]. Polybrominated diphenyl ethers (PBDEs), a class
of flame retardant chemicals, were also detected in other Alaskan
marine mammals including sea otters (Enhydra lutris kenyoni) [6],
spotted seals (Phoca largha)  [7,8], bearded seals (Erignathus barba-
tus) [8],  ringed seals (Phoca hispida) [8],  ribbon seals (Phoca fasciata)
[8] and polar bears (Ursus maritimus)  [9].  Laboratory and field
studies have reported that exposure to these organic halogenated
pollutants (OHs) have been associated with developmental abnor-
malities, immunotoxicity and reproductive impairment through
disruption of endocrine processes. Some authors have postulated
that environmental exposure is associated with outbreaks of infec-
tious disease in marine mammals by rendering them vulnerable
to infection by pathogens such as viruses and bacteria [10].

Concentrations of OHs detected in adult female marine mam-
mals have been generally lower than those in adult males
[4,5,11,12]. The reason for this difference was thought to be that
adult females transferred contaminants to their offspring during

gestation and lactation. Studies have shown that lactation is a major
maternal transfer route for OHs because of their assimilation in
maternal blubber and transfer into milk [13,14]. However, some
studies have shown that prenatal exposure of the mammalian fetus

dx.doi.org/10.1016/j.jhazmat.2012.04.052
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:qingl@hawaii.edu
dx.doi.org/10.1016/j.jhazmat.2012.04.052
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o PCBs and DDTs impairs fetal development [15,16],  because small
mounts of OHs transferred to the developing fetus could result in

 relatively high body burden in developmentally critical stages.
Several studies have demonstrated maternal transfer of OHs

n marine mammals. Tissue levels of OHs were reported in a sin-
le pregnant striped dolphin (Stenella coeruleoalba) and her fetus
17], a single harbor porpoise (Phocoena phocoena) fetus [18] and
1 pilot whale (Globecephala melas) fetuses [19]. OHs were inves-
igated in matched liver samples from five mother–fetus pairs of
ray seals (Halichoerus grypus)  [20], in blubber samples from 20
emale sea lions and their fetuses during late pregnancy [21] and
n stranded melon-headed whales in 1982, 2001/2002 and 2006
22]. These studies demonstrated placental transfer of OHs; how-
ver, information on the distribution of OHs in different tissues of
other–fetus pairs is extremely limited. In this study, samples of

lubber and liver were collected from six pregnant harbor seals and
amples of placenta, blubber, liver, and brain were collected from
heir corresponding fetuses. These seals were harvested during a
egal subsistence hunt conducted by Alaska Natives in the north-
rn and eastern Gulf of Alaska. A suite of OHs including OCPs, PCBs,
CNs and PBDEs were measured in these tissues to understand the
renatal exposure of harbor seals and tissue distribution of OHs in
regnant harbor seals and their fetuses.

. Materials and methods

.1. Sample collection and process

Reproductive tracts (including fetuses), blubber and liver were
btained from six pregnant harbor seals between January 2000
nd May  2002 as part of the Alaska Native Harbor Seal Commis-
ion Biosampling Program (Table 1). Five seals were harvested in
rince William Sound; and another seal (47271) was harvested
ear Ketchikan, Alaska (Table 1). Tissue sampling and assessment
f reproductive status were accomplished by gross dissection. Ages
f seals were determined by sectioning and counting growth layer
roups of canine teeth at Matson’s Laboratory in Milltown, MT  as
escribed by Blundell and Pendleton [23].

Ovaries were removed and measured for weight, length, width
nd depth. Both uterine horns and ovaries were opened lon-
itudinally and inspected for evidence of current and previous
regnancies. Fetuses were removed from uteri, sexed and mea-
ured for weight, standard and curvilinear length and axillary,
aximum and pelvic girths. A sample was collected from each pla-

enta. Brain, blubber and liver were collected from each fetus. All
amples were placed in Teflon sheets, wrapped with aluminum foil
nd frozen at −25 ◦C. Scalpels were rinsed with acetone between
issues.

.2. Sample preparation and instrumental analysis

The samples were prepared following the previously described
rocedure [24–26].  Briefly, individual tissues were homogenized,

yophilized and extracted with a mixture of hexane and methy-
ene chloride (1:1, v/v) on a Dionex ASE 200 system. The extract

as cleaned up with a sulfuric acid-modified silica gel column fol-
owed by a Florisil column. All samples were analyzed on a Varian
800 GC/Saturn 2000 ion trap mass spectrometer (ITMS, Varian,
alnut Creek, CA, USA). The GC was equipped with a 60 m ZB-l

olumn (0.25 mm i.d., 0.25 �m film thickness) with a constant flow
ate (2 ml/min) of carrier gas (helium). The MS/MS methods were

eveloped to analyze OCPs, PCBs, PCNs [24,26] and PBDEs [25], and
xpanded to analyze 145 PCB congeners (Table 1 in Supplemen-
ary content). 13C12-PCBs 28, 123, 169 and 170 were used as internal
tandards for the quantitation of PCBs. 13C12-PBDEs 3, 15, 28, 47, 99,
aterials 223– 224 (2012) 72– 78 73

153, 154, 139 and 183 were used to quantify PBDEs. 13C-p,p′-DDE
was  used to determine all OCPs.

Tissue distribution of OHs is generally related to tissue lipid con-
tent [28]. The concentrations of OHs are often normalized to lipid
weight (lw) [21,26]. However, due to the small amounts of tissue
available from fetuses, we could not lipid-normalize and, therefore,
concentrations of all OHs are reported as ng/g wet  weight (ww).
The maternal blubber was analyzed in duplicate or triplicate for all
individuals, but sample amounts allowed only single or duplicate
analysis for the placenta, maternal liver and fetal blubber, liver and
brain tissues.

2.3. Quality assurance and quality control

Standard operating procedures [24–26] were followed for the
analysis of 20 samples in a batch. Each batch included one sol-
vent blank, one method blank and three alternative matrices (lard,
chicken liver and heart) spiked at a level of 10 ng/g ww. The sol-
vent and method blank showed no detectable concentrations for all
analytes. The mean recoveries from the analysis of spiked matrices
were in a range of 40–120% with relative standard deviations (RSDs)
of less than 20% (Table 1). The method detection limits (MDLs) were
0.00004–0.0017 ng/g for OCPs and 0.00011–0.057 ng/g for PCBs and
PCNs, and 0.00018–0.120 ng/g ww for PBDEs. In harbor seal tissue
samples, positive detection of the target compounds by GC/MS/MS
was  based on a match for the retention time, quantification ions and
the appropriate ratio (±20% deviation from the values determined
from the measurement of standards) of the qualification ions. Tar-
get compounds were quantified based on the integration of the
extracted ion chromatograms of the quantification ions relative to
the integration of the extracted ion chromatogram of the internal
standard.

2.4. Statistics and calculations

The total OCPs concentrations (
∑

OCPs) included 12 OCPs (�,
�, �, and �-HCH isomers, HCB, heptachlor, o,p′-DDE, p,p′-DDE,
o,p′-DDD, p,p′-DDD, o,p′-DDT and p,p′-DDT). The total PCB concen-
trations (

∑
PCBs) were reported as the sum of 145 PCB congeners

[26]. The concentrations of marker PCBs were the sum of concen-
trations of PCBs 28, 52, 101, 118, 138, 153 and 180. The total PCN
levels (

∑
PCNs) were reported as the sum of the concentrations

of 37 individual congeners in Halowax 1014, in which PCN con-
gener compositions were referred to in the study by Harner and
Bidleman [27]. The total PBDE levels (

∑
PBDEs) were reported as

the sum of 27 congeners [25]. Percentage contribution of PCBs,
PCNs and PBDEs congeners and homologues were calculated by
dividing concentrations of individual congeners and homologues
by

∑
PCBs,

∑
PCNs and

∑
PBDEs, respectively. Percentage con-

tribution of HCH and DDT isomers were calculated by dividing
concentrations of individual HCH and DDT isomers by

∑
HCHs

(sum of �, �, �, and �-HCH isomers) and
∑

DDTs (sum of o,p′-DDE,
p,p′-DDE, o,p′-DDD, p,p′-DDD, o,p′-DDT and p,p′-DDT), respectively.
Percentage distribution of HCB and heptachlor were calculated by
dividing the concentrations of HCB and heptachlor by

∑
OCPs.

Concentrations of contaminants in ng/g ww were used in all cal-
culations and statistics. Tissue partition coefficients in pregnant
harbor seals were calculated as the ratio of other tissue concentra-
tions to those in maternal blubber: tissues/maternal blubber parti-
tion coefficient = OHstissue (ng/g ww)/OHsmaternal blubber (ng/g ww).
Placental transfer ratios were calculated as the ratio of OHs concen-

trations in fetal blubber or fetal liver to those in maternal blubber
or maternal liver: fetal blubber/maternal blubber ratio (FM blub-
ber ratio) = OHsfetal blubber (ng/g ww)/OHsmaternal blubber (ng/g ww);
or fetal liver/maternal liver ratio (FM liver ratio) = OHsfetal liver



74 D. Wang et al. / Journal of Hazardous Materials 223– 224 (2012) 72– 78

Table 1
Specimen information for maternal harbor seals and their fetuses.

Identification no. Age (y) Collection date
(M/D/Y)

Length (cm) Mass (kg) Blubber
thickness (mm)

Fetus mass (g)

18877 3 02/09/2000 131 59.9 60 2100
18858 7 01/14/2000 144 91.7 45 1672
47050 10 02/02/2001 141 84.0 35 2151
47109 4 11/24/2001 122 63.1 33 111
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mobilization of lipids and lipophilic contaminants inside the ani-
mal  body [31]. Lipid movement between body compartments may
facilitate the distribution of lipophilic contaminants among blood

Fig. 1. Mean ratios of OHs (ng/g ww)  of maternal liver, placenta, fetal blubber, liver
and brain versus maternal blubber.

∑
PCBs included 145 congeners [26];

∑
OCPs

include
∑

HCHs, HCB, heptachlor and
∑

DDTs;
∑

DDTs is the total concentration

of o,p′-DDE, p,p′-DDE, o,p′-DDD; p,p′-DDD; o,p′-DDT, and p,p′-DDT;
∑

PBDEs is the∑
47116 4 11/18/2001 126
47271 7 01/31/2002 135

a Not determined.

ng/g ww)/OHsmaternal liver (ng/g ww). Concentration ratios of
HCHs,

∑
DDTs,

∑
PCBs,

∑
PBDEs and

∑
PCNs between tissues

n six-paired maternal and fetal seals were averages of the indi-
idual ratios not the ratios of the average concentrations. It is
oteworthy the two methods of calculation give similar but not

dentical results. The ratios we utilized are more pertinent for our
tudy since the ratios are computed for the individual seals before
veraging.

The statistical analyses were performed with SPSS Statis-
ics (Version 17.0) software. Analysis of variance (ANOVA) and
tudent’s t-test were used to compare mean concentrations of con-
aminants among various tissues in fetuses and their corresponding

others. The level of significance used for all statistical tests was
 ≤ 0.05. All values below MDLs were treated as half of the MDL.

. Results and discussion

.1. Concentrations of OHs in maternal and fetal tissues

Mean concentrations (ng/g ww) of OHs in six maternal and
etal tissues are shown in Table 2. OHs concentration profiles
n fetal tissues resembled those in maternal tissues.

∑
PCBs and

DDTs were dominant contaminants among the chemical groups
f the target analytes in the maternal blubber and liver and in the
etal blubber, liver, brain and placenta (Table 2). In maternal and
etal blubber,

∑
PCBs were highest in concentration followed by

DDTs,
∑

PBDEs,
∑

HCHs, HCB, heptachlor and
∑

PCNs (Table 2).
OCPs is the sum of

∑
HCHs,

∑
DDTs, HCB and heptachlor.

PCBs,
∑

OCPs and
∑

PBDEs were higher in the maternal blub-
er than those in the maternal liver and placental tissues. This is
onfirmed by the less than 1.0 ratios of maternal liver to mater-
al blubber for PCBs, DDTs, PBDEs, HCHs and HCB (Fig. 1). The
aternal liver/maternal blubber ratios of heptachlor and PCNs,

owever, were significantly higher than those of PCBs, DDTs,
BDEs, HCHs and HCB (p < 0.048, Fig. 1). This suggests that hep-
achlor and PCNs were preferentially deposited in liver tissues
elative to PCBs, DDTs, PBDEs, HCHs and HCB, which were readily
eposited in maternal blubber tissue. Asplund et al. [28] similarly
bserved that the two PCN isomers 1,2,3,5,6,7- and 1,2,3,4,6,7-
exachloronaphthalene were selectively retained in the liver of rats
rally dosed with the commercial PCN product Halowax 1014 and
he concentration ratios in liver/adipose tissues were remarkably
igh. Wieistrand and Norén [29] reported that the concentrations
f 1,2,3,5,7/1,2,4,6,7-penta-CN and 1,2,3,4,6,7/1,2,3,5,6,7-hexa-CN
ere much higher in the liver than in adipose tissue in one human
ale subject.
Mean concentrations of HCB, heptachlor and PCBs were in the

ange of 0.07–0.85, 0.09–0.26 and 7.0–16.9 ng/g ww,  respectively
n the fetal blubber, liver and brain tissues (Table 2), again with

PCBs,
∑

DDTs,
∑

HCHs, HCB and
∑

PBDEs being numerically∑

igher in the blubber than in the liver and brain tissues. PCBs

n the fetal blubber was higher than those in fetal liver and brain
Table 2), but the difference was not significant (p = 0.119 and 0.130,
espectively). In contrast,

∑
OCPs and

∑
PBDEs in the fetal blubber
50.8 40 232
NDa 41 1553

were significantly higher or nearly so than those in the fetus liver
(p = 0.054 and 0.011, respectively) and brain (p = 0.027 and 0.036,
respectively) (Table 2). It is interesting that

∑
PCNs in the fetal

blubber were slightly lower, but
∑

PCNs were similar among the
maternal blubber, maternal liver, and fetal liver and fetal brain
(Table 2). It showed an equilibration through the placenta barrier.∑

PCBs,
∑

DDTs,
∑

HCHs, HCB and
∑

PBDEs are more readily
accumulated in the mother and fetal seal blubber (Table 2). It has
been reported that blubber contains more than 90% of the whole
body burden of contaminants [30] and plays important roles in the
total concentration of 27 congeners [25]; HCHs is the total concentration of �,

�,  �, and �-HCH isomers;
∑

PCNs is the sum of the concentrations of individual
congeners identified in Halowax 1014 [27]. The ratios were calculated by averaging
the  ratios of the two-compared tissues of the 6-paired maternal and fetal seals rather
than by using the data in Table 2.



D. Wang et al. / Journal of Hazardous Materials 223– 224 (2012) 72– 78 75

Table 2
Overall mean concentrations (ng/g ww) ± standard deviations of each chemical group in different tissues of the six-paired maternal and fetal harbor seals.

Chemical groupsa Maternal tissues Fetal tissues

Blubber (n = 6) Liver (n = 5) Placenta (n = 6) Blubber (n = 6) Liver (n = 6) Brain (n = 6)
∑

HCHs 8.4 ± 3.8 0.23 ± 0.09 0.43 ± 0.24 3.3 ± 2.4 0.56 ± 0.33 0.21 ± 0.21
HCB  3.6 ± 0.63 0.16 ± 0.03 0.22 ± 0.25 0.85 ± 0.60 0.11 ± 0.04 0.07 ± 0.05
Heptachlor 0.32 ±  0.38 0.15 ± 0.09 0.62 ± 0.58 0.09 ± 0.02 0.26 ± 0.18 0.20 ± 0.15∑

DDTs 121.6 ± 67.2 2.6 ± 1.4 1.5 ± 1.3 8.0 ± 6.6 1.1 ± 1.0 0.44 ± 0.38∑
PCBs 148.1 ± 37.8 6.9 ± 2.3 8.4 ± 4.4 16.9 ± 8.3 7.2 ± 4.9 7.0 ± 6.4∑
PBDEs 14.6 ± 7.7 0.60 ± 0.52 0.59 ± 0.31 5.1 ± 2.7 0.71 ± 1.2 2.1 ± 4.9∑
PCNs 0.96 ± 0.38 0.74 ± 0.31 2.8 ± 3.2 0.32 ± 0.18 0.87 ± 0.50 0.76 ± 0.73∑
OCPs 144.3 ± 65.0 3.4 ± 1.4 3.2 ± 1.4 15.5 ± 11.2 2.6 ± 1.6 1.1 ± 0.69

∑
HCHs is the sum of the concentrations of �, �, �, and �-HCH isomers;

∑
DDTs is the sum of the concentrations of o,p′-DDE, p,p′-DDE, o,p′-DDD; p,p′-DDD; o,p′-DDT, and

p,p′-DDT;
∑

OCPs is the sum of
∑

HCHs,
∑

DDTs, HCB and heptachlor;
∑

PCBs is the sum of the concentrations of 145 PCB congeners [26];
∑

PBDEs is the sum of the
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greater accumulation potential for these contaminants in tissues of
less lipid content. Lower levels of persistent organic contaminants
were reported in brain tissues of adult marine mammals [40,41].

Fig. 2. Percentage distribution of OCP congeners (A), PCB homologues (B), and PCN
oncentrations of 27 congeners [25];
∑

PCNs is the sum of the concentrations of 3

nd tissues [32,33]. Therefore, blubber tissue is often used to assess
xposure of free ranging marine mammals to these contaminants.
owever, PCNs and heptachlor showed relatively low accumula-

ion potential in maternal and fetal blubber. It suggested that tissue
istributions and toxicokinetics of OHs depend upon the chemical
tructures and properties [9].

In the placenta, mean concentrations of OHs were not signif-
cantly different (Table 2). Although no significant difference was
bserved (p > 0.05),

∑
PCNs in placenta were slightly higher than in

he fetal blubber, liver and brain as well as in the maternal blubber
nd liver. Levels of heptachlor in placenta were higher in the fetal
lubber, liver and brain and the maternal blubber and liver. This

s also demonstrated by values of far greater than 1.0 for placenta
o maternal blubber ratios for heptachlor (3.2) and PCNs (5.0), and
ess than 1.0 of placenta to maternal blubber ratios for PCBs, DDTs,
BDEs, HCHs and HCB (Fig. 1). Higher levels of PCNs in placenta
re primarily due to the higher contributions of tri-, tetra-, penta-
nd hepta-CN congeners (Fig. 2C), indicating that the placenta can
erve as a barrier to prevent transfer of contaminants from moth-
rs to fetuses [19,21]. The preferential accumulation of PCNs and
eptachlor in the placenta might result from preferential binding
f heptachlor and PCNs to proteins or other components in the tis-
ue. However, in humans, Polishuk et al. [34,35] reported 0.28 ppm
f heptachlor in the maternal blood, 0.5 ppm in the placenta and
.0 ppm in the fetal blood. These results suggested that heptachlor
an readily cross the placenta to become more concentrated in the
etus.

Similar concentrations of OHs were observed in mater-
al and fetal liver (Table 2). OH concentrations for fetal

iver in decreasing order were
∑

PCBs >
∑

DDTs >
∑

PCNs >
PBDEs >

∑
HCHs > heptachlor > HCB. It is noteworthy that

OCPs is the sum of
∑

HCHs,
∑

DDTs, HCB and heptachlor. OH
oncentrations for maternal liver were similar, only heptachlor
nd HCB were reversed. The ratios of the fetal liver to maternal
lubber were 1.1 for heptachlor and 0.74 for PCNs (Fig. 1), possibly

ndicating preferential accumulation for these contaminants in
issues of less lipid content. Hepatic CYP450 isozymes are involved
n xenobiotic detoxification and steroid metabolism [36]. Mixed
unction oxidase (MFO) activity in newborn harbor seal pups and
etuses were significantly lower than that in adult females [37].
he lower MFO  activity suggests that fetal liver tissues have lower
otential to sufficiently detoxify these organic contaminants. With

ittle possibility for fetal livers to metabolize OHs, harbor seal
etuses may  be at an increased risk for toxicity as compared to

heir mothers. Effects of these contaminants are mostly related
o disturbances of hormonal and endocrine systems as they can
ind to and interact with several hormone receptors and transport
roteins [38,39].
eners identified in Halowax 1014 [27].

Concentrations of any OH ranged from 0.07 to 7.0 ng/g ww in
the brain tissues of harbor seal fetuses, which were comparable to
those in the maternal liver and placental tissues and had an order
of

∑
PCBs >

∑
PBDEs >

∑
PCNs >

∑
DDTs >

∑
HCHs > heptachlor

>HCB (Table 2). The ratios of the fetal brain to maternal blubber
were 1.6 for heptachlor and 1.2 for PCNs (Fig. 1), possibly indicating
homologues (C) in maternal and fetal tissues. �, �, �, and �-HCH isomers were
calculated on

∑
HCHs. o,p′-DDE, p,p′-DDE, o,p′-DDD; p,p′-DDD; o,p′-DDT, and p,p′-

DDT were based on
∑

DDTs; HCB, and heptachlor were calculated based on
∑

OCPs

include
∑

DDTs,
∑

HCHs, HCB and heptachlor.
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Table 3
Concentration ratios of fetal tissues (blubber, liver and brain) to placenta.a

Chemical
groups

Fetal blubber/
placenta

Fetal
liver/placenta

Fetal
brain/placenta

∑
HCHs 10.2 ± 7.6 1.4 ± 0.65 0.58 ± 0.76

HCB 8.9 ± 9.8 0.93 ± 0.80 0.66 ± 0.45
Heptachlor 0.26 ± 0.20 0.93 ± 1.4 0.73 ± 0.93∑

DDTs 9.7 ± 8.2 0.76 ± 0.52 0.40 ± 0.40∑
OCPs 6.9 ± 5.8 0.87 ± 0.53 0.45 ± 0.43∑
PCBs 3.5 ± 3.6 1.4 ± 1.8 0.94 ± 0.68∑
PBDEs 11.3 ± 7.0 1.6 ± 3.1 2.7 ± 6.2∑
PCNs 0.17 ± 0.065 0.58 ± 0.60 0.57 ± 0.80
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ovement of OHs into brain may  be controlled by the blood–brain
arrier, specific transporters and chemical composition of the
rain matter [40]. However, the relatively high levels of some
ontaminants, e.g.,

∑
PBDEs and

∑
PCNs in fetal brains may

uggest that the blood brain barrier was ineffective for blocking
hese OHs entering into the fetal brains.

.2. Distribution of homologues and congeners in maternal and
etal tissues

.2.1. OCPs
Among the OCPs, p,p′-DDE was dominant in all maternal

nd fetal tissues (Fig. 2A). Mean percentage contributions (p,p′-
DE/

∑
DDTs) ranged from 21.4% in the fetal brain to 72.0% in

he maternal blubber. The percentage contribution of p,p′-DDE to
OCPs was the highest in the maternal blubber and decreased

rom the maternal blubber, liver to the placenta. Similar trends
ere found for p,p′-DDE in the fetal blubber, liver and brain. How-

ver, contributions of other OCP compounds varied a great deal. The
-, �-, �-HCHs showed higher contributions in the fetal blubber,

iver and brain tissues than the maternal tissues, implying a pref-
rential maternal transfer of HCH isomers into the fetus (Fig. 2A).
eptachlor (heptachlor/

∑
OCPs) showed high contributions in the

lacenta, fetal liver and brain (Fig. 2A). HCB concentrations were
imilar among all maternal and fetal tissues. Difference in OH dis-
ribution among tissues suggest that pathways for accumulation
re chemical and tissue specific (Fig. 2A).

.2.2. PCBs
Tri-, tetra-, penta-, hexa- and hepta-CB homologues were dom-

nant in all maternal and fetal tissues (Fig. 2B). Contributions of
exa-CBs, hepta-CBs and octa-CBs were in a decreasing order:
aternal blubber > liver > placenta and fetal blubber > liver > brain.

ontributions of di-CBs, tri-CBs and tetra-CBs increased in an
rder of maternal blubber > liver > placenta and in an order of
etal blubber > liver > brain. An approximately equal contribution
f penta-CBs was found among the maternal and fetal tissues
Fig. 2B). These results demonstrated that the lower chlorinated
CBs are transferred and accumulated in the fetal tissues more
eadily than higher chlorinated PCBs. The higher lipophilicity of
he higher chlorinated PCBs could inhibit their maternal transfer
nd thus maintain their predominance in the maternal side (21).
he marker PCBs covered 45.2–52.6%, 32.5–41.7% and 27.8–38.1%
f
∑

PCBs in the maternal blubber and liver and placenta, respec-
ively, and 28.2–50.7%, 28.2–34.4% and 27.1–31.6% of

∑
PCBs in

he fetal blubber, liver and brain, respectively. The relatively high
ercentages demonstrated the usefulness of the marker PCBs to
valuate exposure.

Homologue contributions increased from mono-CBs (0%) to
exa-CBs and then decreased to deca-CBs, with hexa-CBs being
he most dominant in the maternal blubber and liver tissues
Fig. 2B). In the placenta, PCB homologue contribution increased
rom mono-CBs (0%) to tetra-CBs and then decreased to deca-CBs,
ith tetra-CBs being the most dominant (Fig. 2B). Distributions of

CB homologues in the fetal blubber, liver and brain were very simi-
ar to those in the placenta. PCB homologue contributions increased
rom mono-CBs to tetra-CBs and then decreased to deca-CBs, with
etra-CBs being dominant (Fig. 2B). This unique distribution further
uggested mono- to tetra-CBs transferred preferentially to the fetal
odies compared to hexa-, hepta- and octa-CBs via placenta. After
aternal transfer, a different distribution of PCB homologues was

bserved in the fetal blubber, liver and brain. The differential dis-

ribution of PCB homologues in pregnant female harbor seals and
heir fetuses suggests that hexa-CBs be a dominant homologue in
he maternal blubber and liver tissues, while tetra-CBs were dom-
nant homologues in the placental and fetal tissues. This different
a The ratios were calculated by averaging the ratios of the two-compared tis-
sues of the 6-paired maternal and fetal seals rather than by using the overall mean
concentrations provided in Table 2.

preferential transfer of PCB homologues via placenta might cause
differential PCB homologue distributions between the adult males
and females.

3.2.3. PCNs
Tetra-, penta- and hexa-CN homologues were major homo-

logues in the maternal blubber and covered 24.5%, 32.1%, and 29.5%,
respectively. Tri-, tetra-, penta-, hepta-CNs turned to be major
homologues in the maternal liver, while tetra-CNs were dominant
(37.3–53.5%) in the fetal brain, liver and placenta. Hepta-CNs (CN
73/74 as major congers) contributed 12.3–18.0% in the maternal
liver and in the fetal blubber, liver, brain and placenta (Fig. 2C),
which were comparable to tri-CNs in these tissues (8.4–14.4%). CN
73 contributed 17.5% to

∑
PCNs in human serum, which the rel-

atively high CN 73 value in the human serum samples might be
due to the contribution from combustion sources [42]. Combustion
could also be the source of CN 73 in the harbor seals.

3.2.4. PBDEs
Although 27 PBDE congeners were analyzed, only PBDEs 28, 47

and 99 were dominant congeners, but no distinct pattern of tissue
distribution was noted (data not shown).

3.3. Effectiveness of placenta as OH barrier

The placenta is an important tissue for comparing maternal
transfer ratios of OHs. Table 3 lists the ratios of OH concentrations in
the fetal blubber, liver and brain to those in placenta. For

∑
HCHs,

HCB,
∑

DDTs,
∑

OCPs,
∑

PCBs and
∑

PBDEs, the mean ratios of the
fetal blubber to placenta were in the range of 3.5–11.3, while the
mean ratios of the fetal liver (0.76–1.6) and fetal brain (0.4–2.7) to
placenta were much lower, indicating that

∑
HCHs, HCB,

∑
DDTs,∑

OCPs,
∑

PCBs and
∑

PBDEs readily penetrate the placenta and
accumulate in the blubber of the fetus in utero (Table 3). For HCHs,
PCBs and PBDEs, the mean ratios of the fetal liver to placenta were
greater than 1 (Table 3), indicating that HCHs, PCBs and PBDEs cross
the placenta and preferentially accumulate in the fetal liver. Only
for PCNs and heptachlor were the mean ratios of fetal blubber to
placenta lower than fetal liver to placenta and fetal brain to placenta
(Table 3).

Similar concentration profiles were found between the fetal
blubber and the maternal blubber, and between the fetal liver and
the maternal liver, therefore, it would be reasonable to express
the maternal transfers by using fetal to maternal (FM) blubber OH
concentration ratios (FM blubber ratios) (Fig. 1) or FM liver OH con-
centration ratios (FM liver ratios) (Table 4).

∑
DDTs,

∑
OCPs and∑
PCBs had similar FM blubber ratios (0.10, 0.16, and 0.13, respec-
tively) (Fig. 1 and Table 4), which were lower than mean FM blubber
ratios (0.45 by ww and 0.97 by lw)  for PCBs and mean FM blub-
ber ratios (0.5 by ww and 1.1 by lw)  for DDTs in 20 mother–fetus
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Table 4
Concentration ratios of fetal blubber to maternal blubber and fetal liver to maternal
liver.a

Chemical groups Concentration ratios ± standard deviations

Fetal blubber/maternal
blubber

Fetal
liver/maternal liver

∑
HCHs 0.37 ± 0.28 2.3 ± 1.4

HCB 0.25 ± 0.17 0.59 ± 0.18
Heptachlor 0.58 ± 0.42 2.8 ± 3.0∑

DDTs 0.10 ± 0.084 0.33 ± 0.23∑
OCPs 0.16 ± 0.13 0.69 ± 0.43∑
PCBs 0.13 ± 0.087 0.89 ± 0.64∑
PBDEs 0.43 ± 0.26 1.1 ± 0.95∑
PCNs 0.42 ± 0.36 1.5 ± 1.4
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a The ratios were calculated by averaging the ratios of the two-compared tissues
f  the 6-paired maternal and fetal seals rather than by using the data in Table 2.

airs of California sea lions [21]. The FM blubber ratios observed
n the present study were also lower than mean

∑
PCB ratios (0.8)

nd mean
∑

DDT ratios (1.1) in long-finned pilot whales from the
aroe Islands [19] and in pregnant striped dolphins [17]. For HCHs,
CB, heptachlor, PBDEs and PCNs, the FM blubber ratios ranged

rom 0.25 to 0.43, which is much greater than those of PCBs and
DTs we analyzed (Table 4). The FM blubber ratios of PBDEs in the
arbor seals were comparable to the FM ratios of BDE 47 (0.47)
nd 99 (0.25) at the steady state in a human placenta perfusion
ystem [43]. It suggests that HCHs, HCB, heptachlor, PBDEs and
CNs would be more transferable from the harbor seal mothers
o their fetuses via placenta compared with PCBs and DDTs (Fig. 1
nd Table 4). Interestingly, although not identical to those FM blub-
er ratios, the FM liver ratios of HCB, DDTs, OCPs and PCBs were all

ess than 1, while the FM liver ratios of HCHs, heptachlor, PBDEs
nd PCNs were all greater than 1 (Table 4). These results further
emonstrated that HCHs, heptachlor, PBDEs and PCNs are more
ransferable than DDTs, OCPs and PCBs. As estimated by body bur-
ens of two pairs of melon headed whale mothers and fetuses
btained from Japanese coasts, maternal transfer rates of HCHs
5.6–6.0%) and HCB (3.7–5.0%) through gestation were also higher
han those of PBDEs (2.6–3.5%) and PCBs (3.5–3.6%), indicating that
CHs and HCB are more transferable than PCBs and PBDEs [44].
hese conclusions concur with those from the harbor seals in the
resent study. However, results of PBDEs from the whales [44] dif-
ered from the harbor seals in the present study, suggesting that
here exists a species and chemical specific differences in maternal
ransfer. Molecular size, shape and electronic properties of contam-
nants [43,45] and differences in affinity for carrier proteins (e.g.,
lbumin) may  control the transport of various congeners [46].

. Conclusion

A significant amount of OHs were transferred from mother har-
or seals to fetuses during pregnancy and distributed into at least
hree fetal organs. Concentration profiles of PCBs, OCPs, PBDEs and
CNs in fetal tissues resembled those in their mothers; however,
aternal and fetal distribution of these contaminants was  tissue

nd chemical specific. Of the three fetal tissues analyzed, OH con-
entrations were the highest in the fetal blubber. Concentrations of
CBs, OCPs and PBDEs were remarkably similar among the maternal
iver, placenta, and fetal liver (except for HCHs), possibly indicat-
ng that the placenta was neutral for all of the compounds analyzed.
CH, HCB and low halogenated congeners of PCBs, PCNs and PBDEs

′
ere preferentially transferred from mothers to fetuses, while p,p -
DE and highly halogenated congeners of PCBs, PCNs and PBDEs
ere relatively retained in the maternal tissues. Both FM blubber

atios and FM liver ratios showed that PCNs and PBDEs are more

[

aterials 223– 224 (2012) 72– 78 77

transferrable than OCPs and PCBs, while HCHs and heptachlor are
more transferable than HCB and DDTs. Prenatal transfer of OHs
even at a low concentration may  pose a threat to the critical early
development of the fetuses. The retention of some toxic congeners
in the mother seals may  serve as protection to the developing
fetus.
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