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ABSTRACT

Northern elephant seals (NES) (Mirounga angustirostris) from the Afio Nuevo State Reserve (CA, USA)
were longitudinally sampled during the post-weaning fast in order to study the mobilisation and
redistribution of various classes of persistent organic pollutants (POPs), such as polybrominated diphenyl
ethers (PBDEs), polychlorinated biphenyls (PCBs), dichlorodiphenyldichloroethylene (p,p’-DDE) and
hexachlorobenzene (HCB) between blubber and blood. Inner and outer blubber layers were analysed
separately. Organohalogenated compounds were detected in all blubber samples in the decreasing order
of their concentrations: p,p’-DDE > PCBss>HCB > PBDEs. The concentrations of all studied compounds
were homogeneously distributed in the blubber layer at early fast, since the concentrations of POPs
were statistically not different in the inner and outer layers. With the progression of the fast, the
concentrations of PBDEs, PCBs and p,p’-DDE increased more sharply in inner blubber than in outer
blubber. As a result, their levels became significantly higher in inner blubber as compared to outer
blubber at late fast. The rise of pollutant concentrations in blubber might result from a less efficient
mobilisation than triglycerides and/or a reuptake by adipocytes of some of the pollutants released into
the circulation. The mobilisation of pollutants from blubber was higher at late fast. An increase of
pollutant concentrations was observed in serum between early and late fast. Lower halogenated
congeners (i.e. tetra-CBs) were present in higher proportions in serum, whereas the higher halogenated
congeners (i.e. hepta-CBs) were mainly found in the inner and outer blubber layers. The transfer ratios of
both PBDEs and PCBs from inner blubber to serum decreased with the number of chlorine and bromine
atoms. In addition, the distribution of both types of compounds between serum and blubber was
strongly influenced by their lipophilic character (log K,y values), with more lipophilic compounds being
less efficiently released from blubber to serum.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Letcher et al., 2010; Vanden Berghe et al., 2012). Marine mammals
are highly exposed to these fat-soluble chemicals because of their

Persistent organic pollutants (POPs), such as polychlorinated
biphenyls (PCBs), organochlorine pesticides (e.g. dichlorodiphenyl-
trichloroethane and its metabolites (DDTs), hexachlorobenzene
(HCB)) and polybrominated diphenyl ethers (PBDEs), have cap-
tured the attention of scientists since several decades. They
accumulate in living organisms and can biomagnify in aquatic
and terrestrial food webs (Covaci et al., 2002a; Jiirgens et al., 2013;
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high trophic-chain position and their long life spans. POPs are
preferentially accumulated in the adipose tissue (Debier et al.,
2003, 2006; Vanden Berghe et al., 2012), but also in various
compartments such as blood, liver and brain (Covaci et al,
2002b; de Wit, 2002; Mossner et al., 1994; Weijs et al., 2009).
The presence of POPs might generate an insidious threat, as they
are known to exert negative effects such as immunotoxicity and
endocrine disruption (Darnerud, 2008; Ross, 2002; Ylitalo et al.,
2005). Some POPs (e.g., PBDEs, PCBs or p,p’-dichlorodiphenyldi-
chloroethylene (p,p’-DDE)) may interfere with the metabolism and
blood transport of thyroid hormones and vitamin A (Das et al,,
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2006; Debier et al., 2005b; Vanden Berghe et al., 2010), which are
essential to ensure proper development of the pup.

During fasting periods, which are very common in the life cycle
of marine mammals, lipophilic molecules, such as POPs, are
liberated from the blubber into the blood circulation (Debier
et al., 2003, 2006; Vanden Berghe et al., 2012). Among marine
mammal species, northern elephant seals (NES) exhibit some of
the longest durations of natural fast (e.g. during reproduction,
moulting, post-weaning and lactation). During these periods, they
mobilise the triglycerides stored in the blubber in order to provide
energy and to maintain homoeostasis of the body. This phenom-
enon induces the combination of two effects: the release of
lipophilic pollutants into the circulation as well as the increase
of their concentration in the blubber, possibly because POPs are
less efficiently mobilised from blubber than lipids (Debier et al.,
2006; Vanden Berghe et al.,, 2012). During lactation, high levels of
POPs are transferred from the body stores of fasting females to the
pups through the consumption of lipid-rich milk (Debier et al.,
2006, 2012; Vanden Berghe et al., 2012). Upon weaning, NES pups
fast and mobilise primarily lipids from their large amount of
blubber. Previously, we have investigated the dynamics of mobi-
lisation of PCBs from blubber to blood during the post-weaning
fast of NES (Debier et al., 2006). PCBs appeared to concentrate in
the inner part of the blubber at the beginning of the fast, before
being released in high amounts in the circulation at the end
of the fast. This pattern has not been investigated for other POPs
(e.g. PBDEs, DDT and HCB). In general, little is known about the
mobilisation of pollutants during energy deprivation stages and
particularly in young and fasting animals.

In this paper, we describe the dynamics of mobilisation of POPs
(PBDEs, PCBs, HCB and p,p’-DDE) from the blubber to the blood
circulation of NES pups throughout their post-weaning fast.
Blubber was differentiated into inner and outer layers. Samples
were collected on free-ranging animals from the Afio Nuevo
colony from January to April 2010, caught four times throughout
the post-weaning fast. Individuals from the same colony were
already sampled in 2002 to provide information on the dynamics
of PCBs throughout the post-weaning fast of NES pups (Debier
et al., 2006).

2. Material and methods
2.1. Seal sampling

The sampling took place at Afio Nuevo State Reserve, CA, USA (37°06'30"N,
122°20'10"W) from January to April 2010, under the National Marine Fisheries
Service Marine Mammal Permit #87-1743-05. Twenty-two free ranging pups were
sampled at 1-, 4-, 7- and 10-week post-weaning (later also assigned early, mid, late
and very late fast, respectively). Each animal was specifically marked with dye and
was followed by observing the colony each day. NES pups were initially immobi-
lised with an intramuscular injection of Telazol at ~1 mg/kg of estimated body
mass and sedation was maintained through subsequent intravenous injections of
Ketamine (all drugs were from Fort Dodge Animal Health, Fort Dodge, IA, USA) as
needed. At each capture, blood was collected from the extradural vein into
Vacutainer serum tubes (Becton-Dickinson, Erembodegem, Belgium). Samples were
centrifuged at 1300 x g for 15 min at 4 °C and serum was aliquoted into microtubes
and stored at —20 °C until analysis. At weeks 1, 4 and 7, blubber samples were
taken after subcutaneous injection of lidocaine for local anaesthesia. A blubber
biopsy extending the full depth of the blubber layer was taken in the lateral pelvis
area using 6-mm biopsy punches (Miltex, Help Medical, Paris, France) and stored in
aluminium foil at —20 °C until analysis. This biopsy is considered as a representa-
tive sample since the anatomical area chosen for blubber collection has little
influence on pollutant content (Debier et al., 2006; Severinsen et al., 2000).

2.2. POP analyses

Blubber biopsies were cut into three equal parts. Inner (closest to the muscle)
and outer (closest to the skin) layers were analysed separately. In all blubber and
serum samples, 6 PBDEs (IUPAC numbers: BDE-28, -47, -99, -100, -153 and -154),

30 PCB congeners (IUPAC numbers: CB-28, -47, -49, -52, -74, -95, -99, -101, -105,
-110, -118, -128, -138, -146, -149, -151, -153, -156, -170, -171, -172, -174, -177, -180,
-183, -187, -194, -199, -206 and -209), p,p’-DDE and HCB were targeted.

Details of the preparation, extraction, clean-up and quality control for the blubber
samples are described in Covaci et al. (2008). Briefly, inner and outer blubber were
weighed (~150 mg), mixed with anhydrous Na,SO, and spiked with internal
standards (CB-143 and BDE-77) in each sample. Pollutant and lipid extractions were
carried out by automated Soxhlet method with n-hexane/acetone (3:1, v:v). Samples
were then loaded on acid silica (44% H,SO4, w:w) cartridge in order to clean them up
and were eluted with n-hexane and dichloromethane. Finally, solvents were evapo-
rated and purified extracts were reconstituted in iso-octane.

Serum samples were analysed as reported in Weijs et al. (2009) and Vanden
Berghe et al. (2012). In brief, internal standards (CB-143, e-HCH and BDE-77) were
added at 1.5 mL serum followed by deionized water and formic acid. The mixture
was sonicated for 20 min and loaded on solid-phase-extraction (SPE) cartridge
(200 mg, Oasis HLB, Waters, Milford, MA). Pollutants were eluted with dichlor-
omethane/methanol (1:1, v:v). Extracts were then dried and reconstituted in
hexane. PBDEs, PCBs, p,p’-DDE and HCB were eluted with n-hexane from a silica
SPE cartridge (500 mg, VWR, Belgium) topped with acidified silicagel (44% H,SO4,
w:w). Samples were then evaporated and reconstituted in iso-octane.

All compounds were measured with an Agilent 6890 gas chromatograph
coupled with a 5973 mass spectrometer system (GC-MS). All analytical details as
well as performed quality assurance and quality control are available in Vanden
Berghe et al. (2012).

2.3. Lipid determination

Lipid content in blubber was performed gravimetrically after the automated
Soxhlet extraction (see Section 2.2) and was used to normalise contaminant data.
For serum, different lipid classes (total cholesterol, phospholipids, triglycerides and
non-esterified fatty acids (NEFAs)) were measured using in vitro enzymatic
colorimetric method assays (Wako and Diasys, Sopachem, Eke, Belgium) following
the manufacturer's instructions. The total lipids of serum correspond to the sum of
the different targeted lipid classes.

2.4. Blubber morphometry

One blubber biopsy was taken as described above on three different animals,
sampled at 1-, 4- and 7-week post-weaning, respectively. Each sample was fixed in
4% buffered paraformaldehyde solution and then routinely embedded in paraffin.
Five-micrometer-thick slices were processed. Sections were counterstained with
hematoxylin eosine (Sigma-Aldrich, Bornem, Belgium). The mean relative propor-
tion of adipocytes was estimated by a point-counting technique. Equipment
consisted of an inverted microscope (20 x magnification, Axiostar Zeiss, Zeiss,
Zaventem, Belgium) and a video camera (AxioCam MRc Zeiss). Each adipocyte was
manually delineated and 700-1200 cells per condition were assessed. The surface
area of adipocytes (um2) was calculated using an image analyser software (AxioVi-
sion 4.7.1; 08-2008). Final results are expressed as distribution of cell area.

2.5. Statistics

Data were log transformed to achieve normality. For pollutant concentrations
below the limit of quantification (LOQ), a LOQ x detection frequency value was
assigned (see Supplementary Information). Statistical analyses were conducted
using SAS 9.3 software (SAS Institute Inc., Cary, USA). Linear mixed models were
used to test the differences in pollutant levels and profiles as well as lipid levels
throughout the post-weaning fast periods within a same tissue. Animal ID was
modelled as a random effect. Furthermore, pollutant and lipid concentrations were
analysed using one-way anova with a Tukey test for each capture in order to
compare the levels between tissues. The level of statistical significance was set at
p <0.05 for all analyses. Results are presented as means + SEM.

Regarding morphometry, statistical analyses were conducted using a Kolmo-
gorov-Smirnov test to compare two distributions of adipocyte profile area (SAS
9.3 software). Results of distribution of cell area are presented in percentage and by
class of adipocyte size.

3. Results
3.1. Biometry of NES

At early fast, the mean mass of NES was 128 + 3 kg with a
mean body mass index (BMI) of 59+ 1kg/m2 Animals lost
weight throughout the fast to reach 96 + 2 kg with a BMI of 42 +
1 kg/m? after 7 weeks of fast (Table 1). The sex ratio of targeted
NES was 1:1.
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Table 1
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Biometry of northern elephant seals throughout the post-weaning fast period; mean + SEM (range).

n Post-weaning fast day [day] Mass [kg] Standard length [cm] BMI [kg/m?]
Week 1 22 1+1(0-4) 128 + 3 (92-148) 146 + 1 (131-156) 59 +1 (48-69)
Week 4 22 23 +1 (22-25) 110 + 2 (77-125) 147 + 2 (130-159) 5141 (41-63)
Week 7 22 46 + 2 (44-50) 96 + 2 (66-115) 151 +1 (132-160) 42 +1 (38-50)

(
Week 10 14 61 +2 (58-66)

Sex ratio (female:male)=1:1.

3.2. Changes of lipid contents in blubber and serum

Total lipid content of outer blubber increased during the first
half of the fast (p <0.001) and remained stable between weeks
4 and 7 (p=0.282) (Fig. 1A). In inner blubber, lipid content did not
vary between weeks 1 and 4 (p=0.261) and then decreased
slightly between weeks 4 and 7 (p=0.030), reaching lipid con-
centration similar to early fast (p=0.475) (Fig. 1A). The lipid
percentages were significantly higher in the inner blubber than
in the outer blubber (p=0.006 at week 1 and p < 0.001 at week 4),
except at week 7 (p=0.746).

Morphometric analysis of one blubber biopsy showed that the
proportion of small adipocytes (cell area <2800 um?) tended to
increase during the fast in both layers whereas the proportions of
mid-size adipocytes (2800 um? < cell area < 5600 um?2) as well as
large-size adipocytes (5600 um? < cell area < 8400 um?) tended to
decrease (Fig. 1B). The size of each class of adipocytes is shown in
Fig. 1C. The 2-sample Kolmogorov-Smirnov test highlighted a
significant difference in the distribution of adipocyte area
throughout the fast within the inner (0.001 < p < 0.017) and outer
blubber (0.001 < p < 0.036) (Fig. 1B). Furthermore, these distribu-
tions were also significantly different between the two layers for a
given capture (p < 0.001 at week 1, p=0.007 at week 4, p < 0.001
at week 7) (Fig. 1B).

The total lipids of serum were formed by phospholipids
(54 + 3%), total cholesterol (32 + 3%), triglycerides (9 +3%) and
NEFAs (5 +2%) (Table S1 in the Supplementary Information). The
total lipid content in serum increased sharply between weeks
1 and 4 (p < 0.001), then tended to stabilise between weeks 4 and
7 (p=0.051) and remained constant between weeks 7 and 10
(p=0.558) (Fig. 2A). NEFAs, which result from the lipolytic activity
and thus, the hydrolysis of triglycerides mobilised from the
blubber, doubled between weeks 1 and 10 (p < 0.001) (Fig. 2B).

3.3. Changes of POPs in blubber

3.3.1. PBDEs

Total PBDE concentrations were similar in inner and outer
blubber at the beginning of the fast and at mid fast (p=0.895 and
p=0.155, respectively). On the other hand, concentrations became
significantly higher in the inner layer as compared to the outer
layer at late fast (p=0.003). The appearance of a difference at late
fast resulted from variations in the dynamics of total PBDEs across
the fast between both layers. Indeed, while total PBDE content
increased significantly in the inner blubber throughout the fast
(p <0.001), it remained stable between weeks 1 and 4 (p=0.963)
and only increased between weeks 4 and 7 (p <0.001) in outer
blubber. Thus, the magnitude of the increase was much greater in
inner blubber than in outer blubber (Fig. 3A).

Among PBDE congeners that have been targeted, BDE-28 and
BDE-153 were detected only in a few samples of NES pups (Table
S2 in the Supplementary Information). Because of their low
detection rates, no statistical test was performed on these con-
geners. BDE-47 was the major congener representing 82 + 2%.
Within the outer blubber, the concentrations of BDE-47 and -100
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Fig. 1. Overall changes of lipids throughout the post-weaning fast of northern
elephant seal pups in inner and outer blubber layers (weeks 1, 4 and 7). (A) Lipid
levels in blubber (mean levels + SEM). Values with different symbols are signifi-
cantly different within a defined layer as well as for a considered period (p < 0.050).
(B) Distribution of adipocyte area arbitrarily classified in three categories of size.
The area of small-size adipocytes was lower than 2800 pmz The area of mid-size
adipocytes was between 2800 um? and 5600 pm? and the area of large-size
adipocytes, between 5600 pm? and 8400 pmz2. Distributions that do not share same
letter show significant differences (p <0.050). (C) Histological slide of northern
elephant seal adipose tissue (light microscopy). Symbols illustrate the three
categories of adipocyte sizes: « for large-size class, g for mid-size class and y for
small-size class.
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Fig. 2. Overall changes of lipids throughout the post-weaning fast of northern
elephant seal pups in serum (weeks 1, 4, 7 and 10). Total lipid concentration
(mean + SEM) (A) and non-esterified fatty acid (NEFA) concentrations (mean +
SEM) (B) measured in the serum, expressed in g/L. Values with different symbols
are significantly different (p < 0.050).

increased significantly between weeks 1 and 7 (p<0.001),
while BDE-99 and -154 remained stable over the fast (0.361 <
p < 0.647) (Table 2). Within the inner blubber, the concentrations
of BDE-47, -99, -100 and -154 rose significantly throughout the fast
(0.001 < p < 0.015) (Table 2).

3.3.2. PCBs

Total PCB concentrations were statistically similar in inner and
outer blubber at weeks 1 and 4 of fast (p=0.608 and p=0.132,
respectively). On the other hand, concentrations became signifi-
cantly higher at week 7 in the inner layer as compared to the outer
layer (p <0.001). Similarly to PBDEs, the increase of total PCBs
throughout the fast was sharper in inner blubber as compared to
outer blubber (p < 0.001 in inner blubber and 0.006 < p < 0.022 in
outer blubber) (Fig. 3B).

Within PCB groups, PCB-206, the only nona-CB targeted in this
study, and CB-209, the deca-CB, were not detected in any sample.
As a result, those congeners were not included in statistical
analyses (Table S3 in Supplementary Information). In both blubber
layers, the main classes were hexa-CBs (PCB-128, -138, -146,
-149, -151, -153 and -156) followed by penta-CBs (PCB-95, -99,
-101, -105, -110 and -118), hepta-CBs (PCB-170, -171, -172, -174,
-177, -180, -183, -187), tetra-CBs (PCB-47, -49, -52, -74), tri-CBs
(PCB-28) and octa-CBs (PCB-194 and -199) across the fasting
period. PCB-153 formed almost one half of hexa-CB congeners

(42 + 2% in outer blubber and 42 + 1% in inner blubber) and PCB-
138, one third (32 +2% in outer blubber and 33 +2% in inner
blubber). In the class of penta-CBs, two congeners were predomi-
nant: PCB-99 (30 + 5% in outer and inner blubber layers) and PCB-
118 (38 £+ 4% in outer blubber and 38 + 3% in inner blubber). Two
congeners were important in the group of hepta-CBs: PCB-180
(30 + 1% in outer blubber and 30 + 2% in inner blubber) and PCB-
187 (31 +3% in outer blubber and 29+ 3% in inner blubber).
Within the class of tetra-CBs, PCB-74 (59 + 4% in outer blubber
and 56+ 1% in inner blubber) followed by PCB-52 (18 +5%
in outer blubber and 18+ 4% in inner blubber) were the
most representative congeners. Finally, the class of octa-CBs were
mainly composed of PCB-199 (93 + 2% in outer blubber and
87 + 3% in inner blubber).

In the outer blubber, concentrations of tri-CBs remained stable
between early and late fast (p=0.216), whereas the concentrations
of tetra-, penta-, hexa-, hepta- and octa-CBs increased (p < 0.001)
(Table 2). In the inner blubber, similar dynamics were observed for
tri-CBs (p=0.411) and the other congener classes (p <0.001)
(Table 2). The magnitude of the increase of concentration between
early and late fast varied among PCB classes, especially in inner
blubber. Indeed, the rises were significantly higher for octa- and
hepta-CBs than for hexa- and penta-CBs (0.001 < p < 0.018), which
were themselves significantly higher than for tetra- and tri-CBs
(p <0.001). On the contrary, the rises between early and late fast
were similar between octa- and hepta-CBs (p=0.078), hexa- and
penta-CBs (p=0.330) and tetra- and tri-CBs (p=0.648).

3.3.3. p,p’-DDE

p.p’-DDE contents were similar between both blubber layers for
the first two captures (0.073 < p < 0.847) and became statistically
higher in inner layer at week 7 (p<0.001). Here again, the
increase of p,p’-DDE concentrations over the fast was more
accentuated in inner blubber as compared to outer blubber
(0.001 < p < 0.038) (Fig. 3C).

3.34. HCB

HCB concentrations did not differ between the two blubber
layers at each studied time (0.132 < p < 0.475). The HCB concen-
trations increased slightly, but significantly, between early and late
fast in both layers (p < 0.001 for the both blubber layers) (Fig. 3D).

Among all studied pollutants, PBDE and HCB concentrations
were within the same order of magnitude in the blubber, whereas
PCB and p,p’-DDE concentrations were between one and two
orders of magnitude higher. p,p’-DDE concentrations were system-
atically the highest in all blubber samples.

3.4. Changes of POPs in serum

3.4.1. PBDEs

The concentrations of total PBDEs in serum (expressed per unit
of wet weight or per unit of lipid weight) increased significantly
throughout the fasting period (p <0.001) (Fig. 4A and B). The
dynamics of PBDEs were also expressed per unit of circulating
NEFAs, as this lipid class directly reflects the lipolytic process and
thus, the mobilisation of blubber triglycerides. Total serum PBDE
concentrations expressed per unit of NEFAs dropped between
weeks 1 and 4 (p <0.001) before remaining constant until the
end of the fast (0.082 < p < 0.708). Concentrations at week 10 did
not statistically differ from those at week 1 (p=0.145) (Fig. 4C).

BDE-28, -153 and -154 were detected in only a few samples of
serum (Table S2 in the Supplementary Information). No statistical
test was thus performed with these congeners. BDE-47 was the
major congener representing 96 +4%. When the results were
expressed per unit of wet weight (Table 2), the concentrations of
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Table 2

Mean + SEM of levels of PBDE congeners, PCB classes, p,p’-DDE and HCB measured in outer and inner blubber layers as well as serum of weaned NES pups.

Outer blubber (ng/g lipid weight)

Inner blubber (ng/g lipid weight)

Serum (pg/mL wet weight)

Week 1 Week 4 Week 7 Week 1 Week 4 Week 7 Week 1 Week 4 Week 7 Week 10
BDE-47 84+12% 86+11* 104+13°> 85+10° 107+16°% 154+22° 66.3+102% 81.8+11.2° 933 +12.5¢ 102.5 + 12.7¢
BDE-99 06+01** 04+01° 06+01° 04+01° 0.6+01° 1.0£01°¢ 23+16% 0.5+0.2° 23+03° 1.3+09°
BDE-100 0.7+0.1? 08+02% 09+02° 08+02" 1.0+03° 15 +0.4° 35+11° 1.7 +1.0° 1.0+ 1.6° 30+13%
BDE-154 0.7+0.1° 06+01° 06+01° 06+06 0.7+01° 0.9 +0.9¢ N.D N.D N.D N.D
Y PBDEs 1+12 10+12 13+2° 10+12 13+2° 19 +3¢ 72+ 1 84+13" 97 + 14° 107 + 15¢
>tri-CBs 4+1° 3+1° 4+1° 34120 2+0° 3+1° 149 + 232 173 + 262 5+3P 12 +8°¢
Y tetra-CBs 5+1° 6+2° 6+1° 5+12 7+2° 9+2°¢ 130 + 55¢ 153 + 617 69 + 13° 90 + 26°
Ypenta-CBs 112 +8* 154+17° 192 +12¢ 115+ 72 193 +22° 273 +18¢ 1033 +48° 1392 +77° 1644 + 81°¢ 1934 + 115¢
Yhexa-CBs 218+ 13° 302423  380433°  226+12°  382+44° 556 + 37¢ 1642 + 69° 1979 + 90° 2602 +126° 2961 + 174¢
Yhepta-CBs 64 +5° 93 +12° 126 + 8¢ 68 + 4% 249 + 93P 184 +13° 381 +30° 363 +18° 529 + 33° 572 +41°
Y octa-CBs 13+03? 19+03°  23404° 14+02*° 29+08° 4.5+ 0.9¢ N.D N.D N.D N.D
Y PCBs 419 +27° 579+ 63° 732+45° 436+25° 735+85" 1060 + 71¢ 3723 +172* 4533 + 246" 5058 +248° 5851 + 3484
p.p'-DDE 928 +62°  986+69" 1147 +84° 946+66° 1186+104° 1658 +145° 7416+ 636 10609 +872° 12514 +979° 14628 + 996¢
HCB 19+1° 20+1° 22+1° 18+1° 20+1° 24+1° 168 + 12* 309 + 14° 253 + 16° 430 + 294

For a defined tissue, values within a row followed by different letters are significantly different (p < 0.05).

N.D=not detected.

BDE-47 increased in the serum throughout the fast (p <0.001),
while the concentrations of BDE-99 and -100 remained stable
(p=0.550 and p=0.452, respectively) between early and late fast.
Similar tendencies were observed when individual PBDEs were
expressed per unit of serum lipids (Table S4 in the Supplementary
Information). On the other hand, when expressed per unit of
circulating NEFAs, levels of BDE-47, -99 and -100 decreased
significantly between weeks 1 and 4 (p < 0.001) before remaining

constant (BDE-47 and -99) (p=0.061 and p=0.911, respectively) or
increasing slightly (BDE-100) (p < 0.001) until the end of the fast
(Table S4 in the Supplementary Information).

3.4.2. PCBs
Total PCB levels (expressed per unit of wet weight or per unit
of lipid weight) rose in serum throughout the studied period
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Fig. 4. Time course of levels of total PBDEs, total PCBs, p,p’'~DDE and HCB in the serum of northern elephant seals during the post-weaning fast, expressed per unit of wet
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7 and 10). Values with different letters are significantly different (p < 0.050).

(p <0.001) (Fig. 4D and E). When the results were expressed per
unit of circulating NEFAs, total PCB concentrations dropped
between weeks 1 and 4 (p <0.001) and then slightly increased
between weeks 4 and 10 (p=0.012). Like for total PBDEs, concen-
trations at week 10 did not statistically differ from those at week 1
(p=0.463) (Fig. 4F).

Within PCB groups, octa-CBs (PCB-194 and-199), nona-PCB
(PCB-206) and deca-CB (PCB-209) were measured in only a few
samples (Table S3 in Supplementary Information). As a result,
these congeners were not included in statistical analyses. In
serum, we found mainly hexa-CBs (PCB-128, -138, -146, -149,
-151, -153 and -156), followed by penta-CBs (PCB-95, -99, -101,
-105, -110 and -118), tetra-CBs (PCB-47, -49, -52, -74) and hepta-
CBs (PCB-170, -171, -174, -177, -180, -183, -187) for the first part of
the fast and hexa-CBs followed by penta-CBs, hepta-CBs and then
tetra-CBs for the second part of the fast. Similar to blubber, PCB-28
was the only congener constituting the tri-CB class. The class of
tetra-CBs was composed of PCB-74 (50 + 18%) followed by PCB-47
(27 + 6%). The main congeners in the penta-CB class were PCB-99
(35 +2%) and PCB-118 (46 + 1%). PCB-153 formed almost one half
of hexa-CB congeners (44 + 1%) and PCB-138, one third (36 + 0%).
Finally, two congeners were predominant in the group of hepta-
CBs: PCB-180 (34 + 1%) and PCB-187 (36 + 1%).

When the results were expressed per unit of wet weight, tri-
CBs decreased significantly between weeks 1 and 10 (p < 0.001)
and tetra-CBs remained constant (p=0.085). The concentrations of
penta-, hexa- and hepta-CBs increased significantly between early
and late fast (p <0.001) (Table 2). When the levels of PCBs were
expressed per unit of serum lipids, tri- and tetra-CBs decreased
between weeks 1 and 10 (0.001 < p < 0.026), whereas penta-,
hexa- and hepta-CBs increased (0.001 <p < 0.005) (Table S4 in
Supplementary Information). When the different classes of PCBs
were expressed per unit of circulating NEFAs, the levels of tri- and
tetra-CBs decreased between weeks 1 and 10 (p <0.001). The
concentrations of penta-, hexa- and hepta-CBs dropped between
weeks 1 and 4 (0.001 < p < 0.035), then rose significantly between

weeks 4 and 7 (0.001 < p < 0.016) before remaining stable until
week 10 (0.291 < p < 0.751).

3.4.3. p,p’-DDE

Similar to previous studied pollutants, p,p’-DDE levels increased
significantly during the fast of NES when the results were expressed
per unit of wet weight and per unit of lipid weight (p <0.001)
(Fig. 4G and H). p,p’-DDE concentrations expressed per unit of NEFAs
remained constant between weeks 1 and 10 (p=0.977) (Fig. 4I).

34.4. HCB

The HCB levels increased significantly between early and late
fast when the results were expressed either per unit of wet weight
or per unit of lipid weight (p<0.001) (Fig. 4] and K). When
expressed per unit of NEFAs, the concentrations of HCB did not
differ between weeks 1 and 10 (p=0.070) (Fig. 4L).

Similarly to blubber, serum of weaned NES pups was mainly
contaminated by p,p’-DDE and PCBs across the fasting period.
Their concentrations were two orders of magnitude higher than
those of PBDEs and HCB. Here again, p,p’-DDE concentrations were
systematically the highest in all samples.

3.5. Comparisons of POP profiles between tissues

3.5.1. PBDEs

There was no significant difference of PBDE profile between
outer and inner blubber, for a considered period (0.062 <
p < 0.998). The proportion of BDE-47 was lower in inner blubber
than in serum at each studied period (p <0.001), while the
proportions of BDE-100 and -154 were higher in inner blubber
than in serum at each studied period (p < 0.001). The proportions
of BDE-99 were also higher in inner blubber than in serum
(p <0.001), except at week 1 where the proportions were similar
between these two compartments (p=0.723) (Fig. 5A).
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(weeks 1, 4, 7 and 10).

3.5.2. PCBs

For a considered period within the post-weaning fast (weeks 1,
4 or 7), no significant difference was noted in the proportions of each
class of PCBs between outer and inner blubber (0.109 < p < 0.998).
The percentages of tri-, tetra- and penta-CBs were lower in inner
blubber compared to serum (p <0.001), whereas those of hexa-
and hepta-CBs were higher in inner blubber compared to serum
(p <0.001) (Fig. 5B).

3.6. Transfer ratios of POPs from blubber to serum

The transfer ratios (TR) from inner blubber to serum, which
correspond to the ratio of concentrations between serum and
inner blubber decreased with the number of chlorine and bromine
atoms within a period of fast (weeks 1, 4 and 7) for studied PBDE
congeners and PCB classes (Fig. 6A and B). Furthermore, an inverse
correlation was observed between the logarithm transformation of
TR from inner blubber to serum and the log K, values. This was
noticed at each studied period of fast (weeks 1, 4 and 7). These
results suggest an exponentially decreasing relationship between
TR and log K,., values. No relationships were found for p,p’-DDE
and HCB (results not shown).

4. Discussion

This is the first study that monitors and compares the levels,
profiles and dynamics of PBDEs, PCBs, p,p’-DDE and HCB in the
blubber and serum of NES pups throughout the post-weaning fast.

4.1. Levels and profiles of pollutants

Concentrations of targeted lipophilic groups measured in the
weaned NES were in the order p,p’-DDE > PCBs>HCB > PBDEs.

4.1.1. PBDEs

Weaned NES pups were marginally contaminated by PBDEs.
The only other study investigating PBDE concentrations in NES
focused on young (less than 1 year old), stranded individuals from
southern California. The total blubber PBDE concentrations were
20-30 times higher than in the present study (Meng et al., 2009).
The stranded animals used in Meng et al. (2009) were sampled
from 1994 to 2006, just before they died. The cause of death and
the degree of emaciation may influence the concentrations of
PBDEs and thus explain, at least partly, the higher concentrations
observed in their study. One must also note that 4-16 years
separate the sampling of the two studies. The lower PBDE
concentrations reported in our study might thus also be inter-
preted as a potential temporal trend as already observed in
harbour seals near Vancouver Island (Ross et al., 2013). The drop
of concentrations was explained by the withdrawal of the Penta-
and Octa-BDE mixtures from the market in 2004 (Ross et al., 2013).
Further investigations are however needed to confirm this hypoth-
esis for NES.

NES weaned pups were also less contaminated by PBDEs (one
order of magnitude) than weaned harbour seal pups from central
California. Higher levels of contamination are also reported in
marine mammals from other parts of the world, such as in harbour
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seals from northwestern North America (one order of magnitude)
(Ross et al., 2013) and from northwest Atlantic coast (one to two
orders of magnitude) (Shaw et al., 2012) and in grey seals from
Scotland (one order of magnitude) (Vanden Berghe et al., 2012).

The PBDE profile of weaned NES was mainly composed of
BDE-47. This congener is usually the dominant PBDE congener in
marine mammals (Meng et al., 2009; Vanden Berghe et al., 2012).
The high proportion of BDE-47 could be explained by different
factors, such as the importance of this congener, together with
BDE-99, in the Penta-BDE industrial mixture, widely used in the
1990s and 2000s (deWit, 2002), the ability of marine mammals to
debrominate BDE-99 into BDE-47 (Meng et al., 2009; Stapleton
et al., 2004) and the higher bioaccumulation potential of lower
brominated congeners (She et al., 2002).

4.1.2. PCBs

Total PCB levels reported in the present study were similar to
the concentrations measured in the blubber of weaned NES pups
sampled in the same colony in 2002 (Debier et al., 2005a, 2006).
There was thus no temporal change of PCB concentrations in the
blubber of NES weaned pups from Afio Nuevo colony between
2002 and 2010. The PCB concentrations were also comparable to
the data of healthy free-ranging yearling NES sampled in 1992 in
California (Beckmen et al., 1997). Similar concentrations were also
seen between 1997 and 2002 for NES pups along the Californian
coast (Blasius and Goodmanlowe, 2008). In addition, NES weaned
pups were contaminated within the range of PCB values encoun-
tered in NES lactating females from the same colony, most likely as
a consequence of the efficient transfer through the milk (Debier
et al,, 2012).

Other data about PCBs in NES concern stranded/diseased NES
pups and yearlings sampled in the 1990s and early 2000s. Levels
reported in those studies are between 2 and more than 50 times
higher than those reported in the present study (Beckmen et al.,
1997; Blasius and Goodmanlowe, 2008; Kajiwara et al., 2001;
Kannan et al., 2004). Such higher levels most probably result from
the fact that those animals were not in good condition. Indeed,
emaciation induces the concentration of pollutants within the
remaining amount of blubber. In addition, during their first year of
life, NES feed in the polluted coastal waters and do not gain much
weight, leading to a concentration of pollutants in the adipose
tissue. Their contamination thus rather reflects coastal pollution as
compared to weaned pups and adult females (Debier et al., 2005a).
The higher levels could also come, at least in part, from a pros-
pective temporal trend, as a consequence of the reduction of PCB
input since 1976 in USA and since 1977 in Canada. Data collected

from the 1970s to the 1990s indicate decreasing levels of PCBs in
the blubber of pinnipeds and cetaceans from the Pacific coast
(Aguilar et al., 2002). Nevertheless, the fact that the PCB concen-
trations reported in NES healthy yearlings in 1992 were compar-
able to those of the present study indicates that body condition
rather than temporal trend is the main factor involved in the
higher concentrations observed in stranded/diseased NES.

Higher PCB concentrations (around one order of magnitude)
are usually reported in the tissues of marine mammals from the
Pacific coast of North America, such as live-captured harbour seals
near Vancouver Island (Ross et al., 2013) and harbour seal pups
from central California (Greig et al., 2011). In general, higher PCB
levels (around one order of magnitude) are also found in marine
mammals from other parts of the world, such as lactating grey
seals from Scotland (Vanden Berghe et al., 2012) and harbour seals
from Canada (Cullon et al., 2012).

The penta-, hexa- and hepta-CBs were the major components
of the PCB content, as previously observed in NES from the
same colony (Debier et al., 2005a, 2006, 2012), with CB-99, -118,
-138 and -153 being the biggest contributors to the burden
of PCBs.

4.13. p,p'-DDE

The levels of p,p’-DDE in the blubber of weaned NES, which
makes up more than 98% of total DDT (Debier et al., 2012; Greig et
al., 2011; Vanden Berghe et al., 2012), were lower than the levels of
total DDT previously reported in stranded yearling NES in 1990s
and 2002 (Beckmen et al., 1997; Kajiwara et al.,, 2001; Kannan et
al., 2004). As already explained for PCBs, a combination of coastal
feeding habits, poor body condition and temporal trends are most
probably at the origin of the higher total DDT levels reported in
those studies. On the contrary, the total DDT concentrations
encountered in the blubber of lactating females from the same
colony were comparable to the present results, which reflects the
high transfer of p,p’-DDE from mother to pup through the
consumption of milk (Debier et al., 2012). The high DDE/PCBs
ratio reported in NES weaned pups is a common pattern of
contamination on the west coast of North America (Debier et al.,
20054, 2012). More generally, the contamination of NES weaned
pups was similar to the one of adult female grey seals from
Scotland (Vanden Berghe et al., 2012) and higher than adult male
and female Weddell seals from Antarctica (Trumble et al., 2012).

4.14. HCB
The concentrations of HCB were in the same order of magni-
tude as those found in earlier investigations on stranded yearling



446 C. Louis et al. / Environmental Research 132 (2014) 438-448

NES in California (Kajiwara et al., 2001; Kannan et al., 2004). There
are also similar to those of lactating grey seals sampled in Canada
(Sermo et al., 2003) and harp seals sampled in Canada (Frouin et
al., 2012), but slightly higher than those of lactating grey seals
sampled in Scotland (Vanden Berghe et al., 2012).

4.2. Dynamics of POPs throughout the fast

During 6 weeks of post-weaning fast, weaned NES lost more
than 30 kg. Their lipid mass is reduced from 24-49% (Noren et al.,
2003). Blubber lipids, which are mainly composed of triglycerides,
are thus mobilised in high amounts during that period (Ryg et al.,
1988). The mobilisation occurs mainly from the inner blubber
layer, while the outer blubber layer remains relatively
stable (Vanden Berghe et al., 2012; Wheatley et al., 2008). In the
present study, constant lipid percentage per unit of weight was
observed in inner blubber between early and late fast. Similar
tendency was also highlighted in the blubber of NES lactating
females (Crocker et al., 2001). Such results were however different
from those of Vanden Berghe et al. (2012), for lactating grey seals,
in which a small, but significant drop of blubber lipid percentage
was seen. Adipocytes of fasting NES pups appear to shrink with
the hydrolysis of triglycerides and the mobilisation of NEFAs in the
circulation. Indeed, morphometric results showed an increase of
small-size adipocytes as well as a decrease of mid- and large-size
adipocytes in the blubber. In addition, there was a corresponding
rise of circulating NEFAs throughout the post-weaning fast. The
proportion of connective tissue being very small in phocid seals in
general (1-4%), it might explain the fact that the lipid percentage,
expressed per unit of blubber weight, did not change significantly
with the progression of the fast, despite the important triglyceride
mobilisation.

At early fast, the concentrations of PBDEs, PCBs and p,p’-DDE
were homogeneously distributed in the blubber. Similar results
were already observed for PCBs in the blubber of weaned NES
(Debier et al., 2006). During suckling, NES pups accumulate a large
fat deposit through the lipid-rich milk and lipophilic pollutants are
distributed evenly throughout the adipose tissue. The onset of
pollutant stratification within the blubber column may occur
during the first fasting period (i.e. the post-weaning fast) and
could be maintained throughout the life of adult animals by the
numerous “feeding/fasting” cycles (Debier et al., 2006). PCB and
DDT concentrations of NES lactating females are indeed charac-
terised by a stratification between inner and outer blubber (Debier
et al., 2012), a pattern also observed in other phocid seal species
(Debier et al., 2003; Vanden Berghe et al.,, 2012). The concentra-
tions of PBDEs, PCBs and p,p’-DDE expressed per unit of blubber
lipids of weaned NES rose throughout the fast. The phenomenon
was more pronounced in inner blubber, probably because of the
higher mobilisation of lipids from this layer. As a result, POP
concentrations became higher in inner blubber as compared to
outer blubber at late fast. This suggests a more efficient and
prominent mobilisation of lipids than POPs from blubber, as
already shown in weaned NES (Debier et al., 2006). It is possible
that such lipophilic pollutants preferentially remain within the
adipose tissue and/or are released into the circulation and then
reabsorbed by adipocytes, as a result of their affinity for this
lipophilic compartment (Vanden Berghe et al., 2012).

Within PCB groups, the increase of concentrations appeared to
vary with the chlorination degree of the congeners, especially in
inner blubber. The rise of concentrations was indeed more
pronounced for more lipophilic compounds such as octa- and
hepta-CBs, followed by hexa- and penta-CBs, followed by tetra-
and tri-CBs. It suggests that the mobilisation of POPs from blubber
is influenced, at least in part, by the physico-chemical properties of
the molecules (molecular weight, size and lipophilicity) (Vanden

Berghe et al,, 2012). By way of example, the mean log K,,, for
hepta-CBs is 7.0 (range: 6.93-7.17), which can therefore be
considered as extremely lipophilic, whereas the log K, for tri-
CBs (represented by PCB-28) is 5.55, which reflects a less lipophilic
character. The higher chlorinated, and thus more lipophilic, con-
geners concentrate more importantly in the blubber with the
progression of the fast than the lower chlorinated congeners.

Furthermore, it should be noted that the behaviour of HCB was
slightly different from the ones of PBDEs, PCBs and p,p’-DDE. It was
homogeneously distributed in the blubber at early fast and
increased slightly, over the course of fast, in both layers. It seems
that HCB (log Kow=>5.47; Gobas et al., (1988)) does not concentrate
in inner blubber lipids as dramatically as the other POP families.
HCB dynamic could thus be compared to the behaviour of lower
chlorinated PCBs, especially to tri- (log Ko, for PCB-28=5.55) and
tetra-CBs (mean log K,=5.9; range: 5.86-6.01). Due to their
less pronounced lipophilic character, they seem to be more easily
mobilised from blubber into the serum.

An increase in concentration of POPs was noted in the serum of
weaned NES throughout the fast, when the results were expressed
per unit of wet weight and per unit of lipid weight. Since blubber
is the main storage site of POPs (Wolkers et al., 2006), it is
reasonable to assume that the contamination of serum would
depend in part on the mobilisation of POPs from the inner layer,
which is more vascularised and metabolically active. As already
noted above, POPs may be mobilised from blubber into the
bloodstream together with lipids. One part of the discharged POPs
might then be reabsorbed by the blubber, while the other part is
put into circulation by the blood flow (Vanden Berghe et al., 2012).
Serum NEFAs increase significantly across the fast in weaned pups
but this increase may be strongly influenced by changes in rates of
re-esterification instead of enhanced lipolysis (Viscarra and Ortiz,
2013). When the POP levels were expressed per unit of serum
NEFAs, the concentrations of PBDEs and PCBs dropped between
weeks 1 and 4, before stabilizing until the end of the fast. These
dynamics support the hypothesis that the mobilisation of POPs
from adipose tissue is less important than the one of lipids
especially during the first part of the fast, but rises at the end of
the fast (Debier et al., 2003, 2006).

Within PCB groups, the dynamics of tri- and tetra-CBs differed
from those of other congeners and from the general tendency
discussed here above. Their levels, expressed per unit of wet
weight, lipid weight and NEFAs, decreased during the second part
of the fast. It is possible that those congeners, once mobilised into
the circulation, are efficiently taken up by other tissues such as the
liver and biotransformed. Indeed, marine mammals appear to be
capable of biotransforming PCBs to some extent, through the
production of CYPs in the phase I biotransformation process
(Nyman et al., 2001; Teramitsu et al., 2000). More investigations
are needed to warrant this hypothesis on the biotransformation of
tri- and tetra-CBs in NES pups.

4.3. Comparisons of POP composition between tissues

The PBDE and PCB profiles were fairly stable within the blubber
layers. Otherwise, the pattern of the inner blubber differed from
that of serum. Indeed, the lower halogenated congeners (BDE-47,
a tetra-BDE, and tetra- and penta-CBs) were present in higher
proportions in serum, whereas the higher halogenated congeners
(two penta-BDEs: BDE-99 and -100; a hexa-BDE: BDE-154;
together with hexa- and hepta-CBs) were found in higher propor-
tions in the inner blubber. Such pattern supports the selective
retention of some congeners in inner blubber. The TR of PBDE
congeners and PCB classes from inner blubber to serum was
indeed inversely related to their water solubility (log Kow), which
agreed with previous findings on the mobilisation of PCBs and
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PBDEs from the blubber of lactating grey seals (Vanden Berghe
et al,, 2012). This tendency has been also observed during weight
loss in humans (Dirtu et al., 2013). The less lipophilic contami-
nants (with low log K,,,) were more efficiently mobilised from
inner blubber to serum than the more lipophilic ones (with high
log Kow)

It is reasonable to think that the mobilisation of POPs is affected
by the lipid composition of both compartments. Phocid blubber
lipids contain more than 99% of non-polar triglycerides (Wheatley
et al., 2008), while circulating blood lipids consist of non-polar
triglycerides, but also NEFAs, cholesterol, cholesterol esters and
phospholipids (Sermo et al., 2003). The most apolar POPs would
thus preferentially remain in the adipose tissue.

5. Conclusions

With the exception of HCB, the weaned NES pups were charac-
terised by a relatively low contamination as compared to the levels
usually found in the literature on marine mammals. Nevertheless,
the significant release of POPs from blubber to serum during the
post-weaning fast may cause a potential risk for the health of such
young animals, which undergo a crucial period of development.
We observed a homogeneous distribution of POPs throughout
the blubber at early fast in NES weaned pups. At late fast, the
concentrations of PBDEs, PCBs and p,p’-DDE were higher in inner
than in outer blubber, as a result of the sharp increase of their
levels in the inner layer with the progression of the fast. These
findings could be explained by a more efficient mobilisation of
lipids from adipose tissue as compared to POPs. The behaviour
of POPs was influenced by the physico-chemical properties of the
molecules: the higher halogenated POPs (ie. the more lipo-
philic congeners) were preferentially kept within blubber with
the progression of the fast than the lower halogenated congeners.
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