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ABSTRACT: Persistent organic pollutants (POPs) are toxic, ubig- R
uitous, resist breakdown, bioaccumulate in living tissue, and biomagnify Blubber
in food webs. POPs can also alter energy balance in humans and wildlife. s
Marine mammals experience high POP concentrations, but consequen-

ces for their tissue metabolic characteristics are unknown. We used :;;‘.::t
blubber explants from wild, gray seal (Halichoerus grypus) pups to

studies

examine impacts of intrinsic tissue POP burden and acute experimental
POP exposure on adipose metabolic characteristics. Glucose use, lactate s;l::::?n
production, and lipolytic rate differed between matched inner and outer _ blubber

blubber explants from the same individuals and between feeding and Dioxin-like PCBs
natural fasting. Glucose use decreased with blubber dioxin-like PCBs
(DL-PCB) and increased with acute experimental POP exposure.
Lactate production increased with DL-PCBs during feeding, but decreased with DL-PCBs during fasting. Lipolytic rate
increased with blubber dichlorodiphenyltrichloroethane and its metabolites (DDX) in fasting animals, but declined with DDX
when animals were feeding. Our data show that POP burdens are high enough in seal pups to alter adipose function early in life,
when fat deposition and mobilization are vital. Such POP-induced alterations to adipose metabolic properties may significantly
alter energy balance regulation in marine top predators, with the potential for long-term impacts on fitness and survival.

B INTRODUCTION thyroid function in humans and wildlife.'’~** Recently, several
POPs have also been implicated as lipid disruptors in humans
and rodents.”>*° In fish and zooplankton, POPs can increase
fat deposition and lipogenic gene expression.”” ' Conversely,
exposure to POPs, such as dioxins, lindane, and OCPs, can
cause rapid energy reserve depletion, termed “wasting
syndrome”.>*™*° These apparently conflicting effects of

The impact of environmental and organismal accumulation of
man-made chemicals is a growing global challenge."”
Persistent organic pollutants (POPs) are toxic,” accumulate
in living tissues,” and resist biological and chemical
degradation.5 Widespread bans on their production initially
lowered environmental POP levels,’™® but reductions have

slowed or ceased more recently.'"™"* Legacy POPs are thus different POPs on a variety of energetic processes highlight
ubiquitous in the marine environment and remain a serious the need for further investigation of pollutant mixtures, doses
concern for top predators, in which biomagnification produces and exposure routes, and their physiological consequences for
the highest burdens.”'"'*~"¢ organisms in natural environments.

At high exposure levels POPs, such as polychlorinated
biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs) Received: August 1, 2018
and organochlorine pesticides (OCPs), including dichlorodi- Revised:  October 17, 2018
phenyltrichoroethane (DDT), impair fertility, reproductive Accepted: October 19, 2018
function, skeletal and neurological development, immunity and Published: October 19, 2018
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POP-induced alterations to energy balance may have
significant individual and population level consequences
because fatness is often positively associated with reproductive
fitness and survival.’® This is particularly true in marine
mammals,”” > which rely heavily on subcutaneous fat reserves
for insulation*>*' and as a metabolic fuel when food is scarce.
Many marine mammal species also undergo natural periods of
fasting during moulting, breeding, migration, or the postwean-
ing fast that occurs in many phocid pups.’”*~*

Marine mammals typically experience exceptionally high
POP burdens due to their high fat content and top tro}l)hic
level, and are regarded as sentinels of marine pollution.'*'®
POPs are transferred to suckling young as they undergo rapid
fat accretion.”” In fasting individuals, less hydrophobic POPs
are released into the bloodstream as lipid is mobilized and
more recalcitrant POPs concentrate in the remaining
blubber.”~>* Phocid pups thus experience high POP exposure
during both feeding and fasting, two fundamentally important
periods for adipogenesis, fat mobilization, and maturation of
energy balance pathways. Their reliance on adipose tissue to
fuel metabolism during fasting or while searching for food in
changing environments>> places these top predators at high
risk from adverse effects of POP exposure as a result of
impaired fat cell function.

Marine mammals show structural changes in fatty acid (FA)
content and thermal properties with blubber depth.***°~¢!
Effects of blubber depth and nutritional state on metabolic
function and sensitivity to POP exposure have not been
explored. High POP levels are associated with altered adipose
gene expression in seals,””~°* polar bears (Ursus maritimus),>®
and killer whales (Orcinus orca).®> POP cocktails from polar
bear fat can induce adipogenesis in mouse (Mus musculus)
preadipocyte cell lines and primary polar bear preadipocytes.®®
However, the consequences of POP-induced gene expression
changes for fat tissue function are unknown.

The major functions of fat tissue are to store lipid and
release it for use as metabolic fuel. The balance between
lipogenesis and lipolysis depends on the nutritional state of the
organism and the hormonal milieu to which the tissue is
exposed, and may be influenced by POPs. Glucose uptake,
lactate production and glycerol release are important metabolic
properties of adipose tissue that contribute to whole animal
glucose homeostasis and energy balance. Adipose tissue
synthesizes triacylglycerol (TAG) from glucose,””*® such that
glucose uptake rates can be used to investigate metabolic
function of adipose tissue. Glucose uptake is altered by POPs
at tissue and the whole animal level in other animals.”~*” Of
glucose taken up by adipose, 20% is stored as TAG, and 70% is
used to synthesize lactate.”” Lactate production is thus an
important route of glucose disposal and may be influenced by
POP exposure. Glycerol is produced during lipolysis,”® and as a
byproduct of glycolysis,”® and is thus a major secretory product
of adipose tissue. Unlike FA, glycerol cannot be re-esterified by
adipose in vitro,*””® making its production a useful marker of
lipolytic,”® and, to some extent, glycolytic®® activity.

We measured glucose uptake, lactate production and
glycerol release as indices of metabolic activity in blubber by
employing an explant approach we have developed usin§
blubber biopsies from wild gray seals (Halichoerus grypus).”
Our approach allows experimental work to be performed in
vitro in remote field locations to investigate fat tissue
function,”" which, in marine mammals, was previously limited
to measurement of enzyme activities.”> Here, we used blubber

explants from wild gray seal pups, which remain on land during
both feeding (during suckling) and fasting (during the
postweaning fast). We investigated whether metabolic proper-
ties of blubber differ by tissue depth, nutritional state, and
intrinsic POP burden. We also investigated acute changes in
blubber metabolic characteristics in response to exogenous
experimental treatments with high, but biologically relevant,
POP concentrations.

B METHODS

Study Site and Animals. Field work was conducted on
the Isle of May, Scotland (56011’'N, 02033'W) from 7
November to 18" December 2016 under permit from Scottish
Natural Heritage (SNH). Gray seal females that were part of a
long-term study were observed from when they came ashore,
and the date of birth of their pups was recorded. Pups were
included if they were at an appropriate predicted mass for their
age (number of days postpartum) late in the suckling period
and if they did not have any obvious indications of ill health.
We collected blubber biopsies for POP analysis and explant
culture from 27 pups late in the suckling period (day 15). Pups
were then left to wean naturally from their mothers, which
occurred at approximately 18 days old. We then attempted to
resample the same pups once during the postweaning fast (day
12 after weaning). As pups were still feeding for several days
between the two sampling events, additional mass gain and
increases in blubber lipid percentage were possible between the
feeding/fasting sampling points. Four pups were removed from
the study because they developed an unrelated infection. This
gave a total of 27 pups (9 female and 18 male) sampled while
feeding and 23 (7 female and 16 male) of the same animals
sampled again during fasting.

Pups were defined as weaned based on daily observation to
determine maternal departure date.*’ Pups were then trans-
ferred to a large (~600 m?) fenced off area of the island, away
from the main colony, with access to a pool of fresh water, in
accordance with UK. Home Office guidelines and based on
prior studies.”””*

The sex of all pups was determined at early lactation (~day
S of suckling). Pups were weighed at early and late lactation;
when they were initially transferred into the pen (within 2 days
after weaning); and every S days in the pen. Pups less than 30
kg at weaning were excluded from the study. To ensure pups
were of a viable departure mass, early release criteria were set
at loss of 25% of weaning mass or reaching 30 kg, whichever
was the higher mass.”® It was not necessary to release any of
the study animals early. All pups were released into the colony
with ready access to the sea.

All animal procedures were performed under the UK. Home
Office project license #70/7806 and conformed to the U.K.
Animals (Scientific Procedures) Act, 1986. All research
received prior ethical approval from Abertay University and
the University of St Andrews Animal Welfare and Ethics
Committee.

Biopsy Sampling. Biopsy sampling, transport, explant
creation, and culture protocols were adapted from a previous
study.91 Prior to sampling, pups were given a mass-specific
intravenous dose of Zoletil and subcutaneous injections of
Lignol at the biopsy sites. Three full depth blubber biopsies,
one 6 mm and two 10 mm, were taken.”* The 6 mm biopsy
was immediately wrapped in foil and frozen at —20 °C for POP
analysis.””*° The two 10 mm biopsies were cut immediately,
using sterile surgical scissors, into “inner” (blubber closest to
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Table 1. Means and Ranges for Study Pup Masses and Fat Content of 6 mm Biopsies, with Median Concentrations and Ranges
of POPs in Grey Seal Pup Blubber in Feeding and Fasting States

feeding mean

pup mass (kg) 419

biopsy fat content (% lipid) 78.5
feeding median

YNDL-PCB (ng g lipid) 35429

Y DL-PCBs (ng g™" lipid) 10.78

YPBDE (ng g~ lipid) 13.81
>'DDX (ng g™" lipid) 169.09

feeding range fasting mean fasting range

31.4-52.6 40 32.8—-50.4
67.8—85.5 82.9 56.3—88.9
feeding range fasting median fasting range
194.2—790.5 541.73 302.5—1253.8
5.5—45.6 19.78 9.6—151.2
6.4—57.9 20.2 10.2—-70.1
98.5—420.8 209.56 128.4—345.7

muscle layer) and “outer” (blubber closest to the skin) tissue,
and placed into separate 15 mL centrifuge tubes filled with
warm (37 °C) sterile Krebs Ringer solution (pH 7.4; NaCl;
7.89 g/L; KCl; 0.373 g/L; MgS0,;0.12 g/L; K,HPO,; 0.07 g/
L; Glucose; 0.99 g/L; HEPES; 4.77 g/L; CaCl; 0.11 g/L™
with 1% Antibiotic Antimycotic Solution (all chemicals
supplied by Sigma-Aldrich) for transport back to the field
laboratory. A single hidden suture (Ethicon Vicryl Suture
(W9114) Violet, 3—0, 20 mm, 75 cm with VICRYL Suture 1/2
circle “Taper Point Plus” Needle) was used to close 10 mm
biopsy sites, either vertically or horizontally through the skin.”®
Pups were observed remotely on a daily basis, and biopsy sites
checked at each reweighing to document healing. The second
sample was not taken until all the previous biopsy sites had
healed.

Explant Culture and POP Exposure. All biopsies were
returned to the field laboratory, processed, and placed in the
incubator within 30 min of collection, which is within
timeframes used in prior explant studies on livestock”””® and
wild seals.”* Upon arrival, tissue was washed with 1 mL sterile,
warm Krebs Ringer buffer. Visible hair, muscle, or blood
contaminated tissue was removed. Tissue was minced using a
sterile scalpel into 5—10 mg pieces, and 100 mg portions of
tissue were weighed out in a sterile Petri dish. The 100 mg
explants were dispensed into preprepared 12 well plates
warmed to 37 °C in a sterile, nonducted PCR hood. In total,
1500 uL of either complete cell culture media (medium 199,
Hanks’ Balanced Salts with 1% Antibiotic Antimycotic
Solution, 1% FA supplement and 5% charcoal stripped fetal
bovine serum) or complete media containing 150 ng/mL POP
mix (PCB Aroclor standard mix 1 (Sigma-Aldrich), containing
Aroclor 1016; 500 pg/mL, Aroclor 1260; S00 pg/mlL,
Decachlorobiphenyl (PCB 209); S0 pug/mL and 2,4,5,6-
Tetrachloro-m-xylene (an OCP); SO ug/mL in acetone:me-
thanol solution (2:3)) was added per well to generate control
and + POP experiments. Plates were placed in a humidified
incubator maintained at 37 °C and 5% CO, (Thermo
Scientific, Midi 40 CO, Incubator, model: 3404) for 24 h.
All media was drawn off after 24 h and frozen at —20 °C.
Explants were snap frozen in liquid nitrogen and stored at —80
°C.

Metabolite Measurement. Glucose, lactate, and glycerol
concentrations were measured in media from explant experi-
ments using Randox (County Antrim, U.K.) kits (glucose:
GL364, lactate: LC2389, glycerol: GY10S) and standards in an
RX Monza (Randox) Clinical Chemistry analyzer (Model:
328-14-0914) as described previously.”' Internal quality
control measurements lay within < + 15%. Intra and inter
assay variability for sample analysis was < 5%. Mean variation
between replicates from the same individual and of the same
nutritional state and tissue type for the three metabolites
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analyzed were as follows; glucose 26.6% (range 0.6—144%),
lactate 46.9% (range 3—164%), and glycerol 19.8% (range
0.5—106%). Rates of glucose removal and accumulation of
lactate (indices of glycolysis) and glycerol (indices of lipolysis)
were calculated per 100 mg tissue™' hour™".

POP Analysis. Extraction and detection of POPs took place
at the Center for Analytical Research and Technology
(CART), University of Liége, Belgium, using standard
methods (Supporting Information SI 1). The 6 mm biopsies
yielded 385 + 7 (s.e.) mg blubber tissue per sample. Six non
Dioxin-Like PCBs (NDL-PCBs) (28, 58, 101, 138, 153, 180),
eight Dioxin-Like PCBs (DL-PCBs) (105, 114, 118, 123, 156,
157, 167, 189), and nine PBDEs (28, 47, 66, 85, 99, 100, 153,
154, 183) were analyzed at CART in the Department of
Chemistry. Four OCPs (0,p’-DDT, p,p’-DDT, dichlorodiphe-
nyldichloroethane (DDD), and dichlorodiphenyldichloroethy-
lene (DDE)) were analyzed at CART in the Laboratory of
Animal Ecology and Ecotoxicology (LEAE).

POP concentrations were measured in ng g~' lipid, summed
into ) NDL-PCBs, Y DL-PCBs, > PBDEs and Y DDXs (o,p’-
DDT, p,p’-DDT, DDD, DDE) and log transformed prior to
statistical analysis.

Statistical Analysis. Analyses were performed using the
statistical package R 3.4.1.” t tests were used to compare log
transformed POP concentrations between feeding and fasting
samples. Pearson’s correlation coeflicient was calculated
between all four Y POP types (log transformed Y NDL-
PCBs, Y DL-PCBs, Y.PBDEs and Y DDXs). As all POP
classes were highly significantly correlated, we explored the
effects of each POP class separately. Generalized additive
mixed models (GAMM)'% were used to identify the variables
that best explained glucose uptake, lactate production, and
glycerol production. Explanatory variables explored in these
models included log transformed Y NDL-PCBs, ) DL-PCBs,
Y PBDEs, and ) DDXs in the blubber at time of sampling
(each POP class tested separately in each model), the mass of
the pup, the tissue depth (inner or outer), the nutritional state
at sampling (feeding or fasting), the experimental conditions
(control or + POP) and the pup’s sex. Interaction terms
between nutritional state, tissue type, experimental conditions
and POP concentrations were also investigated (see SI Table
S1). The model was fitted using the multiple generalized cross
validation library mgcv.'”" The identities of individual pups
were fitted as random effect smooths'’” to account for the
same individual generating multiple explants and any variation
between replicates. The smoothing parameters were set by
maximum likelihood to reduce the risk of overfitting.'”> The
models were fitted with a Gaussian error distribution. Glucose
data were log transformed and glycerol data were square root
transformed. No transformation was needed for lactate data.
Model selection was performed by backward stepwise
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Figure 1. Scatter plot (left panel) and prediction line plot (right panel) showing the impact of intrinsic XDL-PCBs on glucose uptake in blubber
from gray seal pups, comparing inner (black) /outer (blue) tissue and feeding (filled triangles or solid lines) /fasting (open circles or dashed lines)

states (n = 27 feeding and n = 23 fasting pups). Individual was included as a random effect in the model.
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Figure 2. Prediction line plots showing the impact of exposure to acute exogenous POPs on glucose uptake in blubber from gray seal pups,
comparing inner (left panel) and outer (right panel) tissue and feeding/fasting states across the range of intrinsic EDL-PCBs in the blubber.

Individual was included as a random effect in the model.

elimination through examination of R? values, Akaike’s
information criterion (AIC) values, dAIC, Akaike’s weights,
QQ, and residual plots

B RESULTS AND DISCUSSION

POP Concentrations. Mean concentrations and ranges of
the summed POPs in gray seal pup blubber are given in Table
1.

Higher POP levels when pups were fasting (Welch’s two
sample t-test, p < 0.001 for all log transformed POP classes)
are consistent with previous work showing that lipid
mobilization during fasting concentrates more lipophilic
POPs in remaining fat tissue.”””">’ Blubber may thus be
more vulnerable to disruptive effects of contaminants during
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fasting if the POPs can interact with cellular machinery to exert
negative effects.

Glucose Uptake. Y DL-PCBs, experimental conditions,
tissue depth, and nutritional state best explained variation in
glucose uptake, along with an interaction between tissue depth
and nutritional state (GAMM: R* = 0.36, SI Table S2).
Y'NDL-PCBs, Y.PBDEs and ), DDX had no significant impact
on glucose uptake (SI Table S1). Uptake was higher in inner
compared to outer tissue (p < 0.001). Glucose uptake was
lower during fasting than feeding in outer blubber (p = 0.035),
but did not differ between nutritional states in inner tissue
(Figure 1). In both inner and outer tissue, glucose uptake was
inversely related to intrinsic ). DL-PCBs (p < 0.001) (Figure
1) and the slope of the relationship did not depend on
nutritional state. Acute exogenous POP exposure increased
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Figure 3. Scatter plot (left panel) and prediction line plot (right panel) showing the impact of intrinsic XDL-PCBs on lactate generation/uptake in
blubber from male gray seal pups (n = 34), comparing inner (black) /outer (blue) tissue and feeding (filled triangles or solid lines) /fasting (open
circles or dashed lines) states. Individual was included as a random effect in the model.

glucose uptake compared to controls, (GAMM: R* = 0.36, p <
0.001, SI Table S2, Figure S2), and the increase was not affect
by nutritional state or tissue depth (Figure 2). Doses of each
PCB congener given in the explant POP exposure conditions,
with the estimated percentage change for each PCB type
measured in blubber are given in SI Table S3. A boxplot of
glucose uptake data during different nutritional states and
tissue depths is provided in SI Figure SI.

These data show for the first time that metabolic activity in
phocid blubber is altered by the POPs accumulated in utero
and during suckling. POPs have been postulated to be
“obesogens” from epidemiological data in humans.”* Exper-
imental studies have demonstrated that POPs can alter
adipocyte function in rodents and human cell lines.”>'**
POPs are associated with altered adipose and liver expression
of metabolic pathway genes in adult polar bears®>*® and ringed
seals (Pusa hispida),”>®* but the functional consequences of
such changes for fat tissue have not been identified. Recent
experimental studies that replicate environmental or physio-
logical POP concentrations and congener mixtures provide
causal evidence of their immunological'” and adipogenic
effects.”’ Our work builds on these findings by showing that
existing POP concentrations in blubber tissue, generated in
utero and through lactational transfer, can alter metabolic
properties of adipose tissue in young, developing seals.

Our data are consistent with experimental studies showing
PCB 77, 153 and dioxin reduce glucose and insulin tolerance
in mice, guinea pigs (Cavia porcellus), rabbits (Oryctolagus
cuniculus), and in human cell lines.”””” PCBs are also
associated with dysfunctional glucose homeostasis in hu-
mans.”*"*" Here, only EDL-PCBs altered glucose uptake in
blubber explants, consistent with an aryl hydrocarbon receptor
(AhR)-dependent pathway in seals, as seen in other
species.”"””* POP-induced reduced glucose use is accompanied
by a fall in glucose transporter, GLUT4, mRNA expression and
GLUT!1 protein levels in other animals,” and may also occur
in seals. The opposite effects of an exogenous POP exposure to
the intrinsic XDL-PCB levels on glucose uptake may reflect the
difference between short (overnight) in vitro and long-term (in

13527

utero and over 15 days of suckling) exposure, which may
produce opposing effects on membrane fluidity and transport
properties.106 Alternatively, either the DL-PCB dose in the
acute exposure experiments may have been too low to affect
glucose uptake (SI Table S3) or the exogenous POP cocktail
produces different effects from the in vivo contaminant
mixture. We cannot distinguish between these possibilities
from our data.

Lower glucose uptake caused by DL-PCBs is likely to reduce
fat deposition rate, which may be problematic for pups laying
down fat while suckling. However, fat deposition may increase
if acute exogenous POP exposure increases glucose uptake.
Indeed, short-term exposure to a POP cocktail from polar bear
blubber induced adipogenesis in a mouse preadipocyte cell
line.”® The timecourse of POP effects on both adipogenesis
and lipogenesis needs to be explored.

NDL-PCBs, DDX, and PBDEs in blubber did not affect
glucose uptake, despite evidence of their impacts on glucose
homeostasis in other animals.**~*""%” Our data suggest that
the negative relationship between PBDEs and first year survival
of gray seal pups'®* is not driven by direct alterations to
adipose metabolic properties. PBDEs may alter adipose
function indirectly through endocrine disrupting effects, for
example, by altering thyroid or insulin function,®®#7/108:109
highlighting the need for improved understanding of energy
balance regulation in seals, and its disruption by POPs.

Glucose uptake was higher in inner tissue under all
conditions, suggesting deeper blubber has greater metabolic
activity than superficial tissue. This finding is consistent with
regional stratification in structure; the theorized role of
superficial blubber in thermoregulation; the possibility of
smaller, more numerous adipocytes that are more metabol-
ically active’® in deeper tissue; and the observation that deeper
blubber contains higher glycolytic enzyme levels compared to
superficial blubber in fin whales (Balaenoptera physalis’).

Glucose uptake fell as the animals transitioned from feeding
to fasting in outer blubber, but not in inner blubber. This likely
reflects high levels of fat deposition throughout the blubber
during feeding, followed by cessation of fat accumulation
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Figure 4. Scatter plot (left panel) and prediction line plot (right panel) showing the impact of intrinsic XDDX on glycerol generation in blubber
from gray seal pups, comparing inner (black) /outer (blue) tissue and feeding (filled triangles or solid lines) /fasting (open circles or dashed lines)
states (n = 27 feeding and n = 23 fasting pups). Individual was included as a random effect in the model.

during fasting. Metabolic rate falls in fasting pups,“’l 1% and this

is likely reflected in reduced demands by all tissues, including
blubber. Lower sensitivity to residual insulin present in
stripped FBS may explain lower glucose uptake and greater
decrease in outer tissue from fasting animals, a state in which
many animals become less sensitive to the effect of insulin on
glucose uptake.'"' ~"'? The lack of decreased glucose uptake in
inner blubber in fasting animals is surprising. It is, however,
plausible that cell membrane expression of GLUT4 and/or
insulin -independent GLUT1 are reduced to a greater extent in
outer compared to inner blubber during fasting. Indeed, fasting
northern elephant seals (Mirounga angustirostris) maintain
expression of GLUT4 in adipose cell membranes.""*

Previous studies of metabolic effects of POPs on marine
mammals have focused on adults.”¥****°° Concentrations of
POPs in adult seals are an order of magnitude greater than
those found in pups, with adult seal blubber containing several
thousand ) PCBs (ng/g)115 compared to the levels detected in
the pups here, which were in the hundreds of ng/g range
(Table 1). Here, we have shown that pups have already
accumulated high enough POP levels in their blubber to
impact on adipose function at less than 3 weeks of age, when
the ability to generate and regulate blubber is a key factor for
survival."'® Growing and dividing adipocytes are more
vulnerable to disruption by DL-PCBs because they have
higher AhR levels than mature, differentiated adipocytes."'”''®
The sensitivity to POP-induced alterations to adipose tissue
metabolism is therefore likely to be greatest in young marine
mammals, which are exposed to large quantities of POPs from
their mothers*”® and are likely to have a high proportion of
proliferating preadipocytes as a result of rapid fat deposition.'"”
The energy balance and survival consequences of reduced
glucose uptake in young pups now needs to be explored.

Lactate Production. Y DL-PCBs, tissue depth, nutritional
state, pup sex and interactions between Y DL-PCBs and
nutritional state, and tissue depth and nutritional state were
retained in the model that best explained lactate production
(SI Tables S1 and S2). YNDL-PCBs, ¥PBDEs, and ¥ DDX
had no significant impact on lactate production (SI Table S1).

Lactate production increased with DL-PCBs in feeding pups,
but decreased with DL-PCBs when pups were fasting
(GAMM: R? = 0.29, p = 0.003; SI Table S2, Figure S3).
Lactate generation was higher in males than in females (p =
0.05) and higher in inner tissue than outer tissue for any given
DL-PCB load in any given nutritional state (p = 0.001) (Figure
3). The difference between inner and outer tissue tended to be
greater during feeding than during fasting (p = 0.05S5). Lactate
generation was not impacted by acute exogenous experimental
POP exposure. A boxplot of lactate generation/uptake data
during different nutritional states and tissue depths is provided
in SI Figure S2.

Lactate production is a major route of glucose disposal in fat
tissue.”” However, the inhibitory effect of DL-PCBs on glucose
uptake is only consistent with lactate production during fasting.
During feeding, lactate production increased with increased
DL-PCBs in the face of reduced glucose uptake. One
explanation is that the electron transfer chain experiences
increased push force during suckling, in combination with
inhibition by DL-PCBs,"*”’*" which could elevate lactate
production through increased reliance on glycolysis. Suckling
pups with higher DL-PCB burdens could thus experience
greater risk of metabolic acidosis from higher adipose lactate
production, with attendant risk of adipose dysfunction, greater
demand on liver gluconeogenesis to process the lactate, and
thus heightened energetic costs that could impact on efficiency
of mass transfer and fat accretion during suckling.

Adipose lactate production is a direct consequence of lactate
dehydrozgenase (LDH) activity.'”” LDH activity can fall during
fasting,'** and LDH gene expression and enzyme activity also
differ substantially between adipose depots in rats.'”” LDH
activity can also be modulated by PCB exposure in rat and dog
liver, and the effect is dose dependent.”*'*> Shifts in LDH
expression and activity may thus contribute to the differences
in lactate production between depths and nutritional states
seen here in response to DL-PCBs. Higher lactate generation
in inner tissue and the greater difference between regions
during feeding may be a result of greater glucose uptake and
metabolic activity in inner blubber during suckling. Regional
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diffefg,énces in metabolic properties may also relate to adipocyte
size.

Higher lactate production by adipose from males than
females has not been reported, either in adult seals” or in
humans and rodents'** and may result from the small number
of females here. However, since adult females accumulate fat
faster than adult males'”” and female juvenile northern
elephant seals spare fat more effectively than males,"*® it is
possible that some metabolic differences are present in pups’
blubber prior to overt size dimorphism. For example, females
may use more lactate to synthesize FA'*’ than males, releasing
less net lactate.

Glycerol Production. Nutritional state, an interaction
between tissue depth and nutritional state, and an interaction
between nutritional state and intrinsic blubber DDX were
significant terms in the best model to explain glycerol
production (SI Table S1 and S2, Figure S4). In addition,
extrinsic POP treatment, mass and sex were retained as non-
significant variables. Unexpectedly, glycerol production, was
higher during feeding than fasting (GAMM: R* = 0.74, p <
0.001 Figure 4). In addition, lipolysis was higher in outer than
in inner tissue during feeding, whereas inner tissue had a
higher lipolytic rate than outer tissue in the fasted state (p =
0.0003; SI Table S2). Finally, lipolytic rate increased with
intrinsic blubber DDX in fasting animals, whereas the opposite
relationship between DDX and lipolytic rate occurred in
feeding pups (p < 0.0001, Figure 4). A boxplot of glycerol
generation data from different nutritional states and tissue
depths is provided in SI Figure S3.

POPs, such as dioxin and related compounds, and OCPs
typically produce “wasting syndrome” at high doses,”* " likely
due to increased WAT lipolysis."** In contrast, some studies
on rat adipose or rodent cell lines show no effect of DDT or
DDE on lipolysis at lower doses.*"'** Our data show that
lipolysis is increased in blubber of fasting gray seal pups in
response to intrinsic tissue levels of DDT and its metabolites,
but decreased in feeding pups. These data suggest that, as in
bats, seal pups in negative energy balance may be most
vulnerable to the presence of DDX in their tissues.”*
Interestingly, the increase in lipolysis is greater in outer tissue,
which is proposed to be important for insulation,”®*”®" such
that DDT may negatively affect both thermoregulatory and
metabolic capability of blubber during fasting. A reduction in
lipolytic rate with DDX in feeding animals could reflect
inhibition of tissue turnover of FFA, increased lipogenesis or a
shift toward lactate production rather than glycerol generation
during glycolysis.”®

Lower glycerol production during fasting compared to
feeding contrasts starkly with the typical fasting increase in
lipolysis."*>'** Regional and nutritional differences may result
from depth changes in metabolic activity and adipocyte size."*
Lower glycerol production in fasting pups could also arise from
a reduction in aldolase activity.'*® In addition, higher lipolytic
rates in feeding animals may reflect their higher metabolic
rate,"""" faster rates of triglyceride turnover and/or greater
production of 3 carbon (3C) intermediates to protect tissues
against high fuel availability and provide fuel for actively
growing tissue elsewhere.”'*> High rates of glycerol
production in feeding animals could protect adipocytes from
metabolic acidosis, minimize overproduction of oxidizing
equivalents and maximize energy efficiency.’®"*’

Value and Wider Application of the Explant Method.

Wildlife species are facing increasing anthropogenic threats

that can limit their ability to find food and store fat as an
energy reserve for lean times. Constrained, fragmented or
reduced foraging ranges'’® and decreased prey availabil-
ity"*'*% limit opportunities for fat accumulation, and force
individuals to rely on adipose stores more frequently to sustain
them until the next feeding opportunity. Understanding the
impact of natural and anthropogenic stressors on energy
balance requires experimental interventions that are practically
and ethically challenging to accomplish in marine mammals
and other wildlife species. In vitro methods are increasingly
being explored as alternatives to whole animal work and lethal
sampling. Prior efforts have generated viable skin tissue
samples for culture via dermal punches and biopsy darts in
both marine'*"'** and terrestrial'** wildlife species. Given the
importance of fat tissue to the health and survival of wildlife in
rapidly changing environments, there is a critical need for
methods to better understand their adipose physiology. We
previously used blubber explants from wild seals,which were
returned to tissue culture facilities in a mainland laboratory.”!
Here, we collected and maintained viable blubber explants for
24 h in a remote field laboratory, with only core tissue culture
equipment. The methodology outlined here could therefore be
adapted for use in other wildlife species in remote field
locations or where alternative in vitro methods are not
available.

Outlook. Our explant method clearly shows promise in
better understanding adipose tissue responses to contaminants,
and can be expanded beyond the parameters measured here.
Although establishment of cell lines would permit a wider
range of exposures, including time courses, dose responses, and
mixtures over longer duration experiments, such approaches
have been hampered by the absence of typical proliferation and
differentiation responses in primary cells from nonmodel
species.”® A focus on understanding the requirements of such
cell types and generation of cell lines would greatly facilitate
progress in toxicological studies on adipose from wildlife
species.

In summary, we have shown that dioxin-like PCBs disrupt
adipose glucose uptake and lactate production, and DDX
disrupt lipolysis in gray seal pups, using an experimental
explant approach. Our results are particularly important
because they demonstrate POP-induced alterations to adipose
tissue function in young animals in the first weeks of life, for
which rapid fat accumulation during suckling and mobilization
during fasting are vital for survival. They also highlight that
different POPs may impact different metabolic characteristics,
and that their effects are modified by nutritional state and
tissue depth, producing complex effects on tissue function.
Wider screening of metabolic properties of cells and tissue
from nonmodel organisms is key to identify energy-balance
disrupting effects of legacy and emerging contaminants. Our
methods and findings also have wider application in under-
standing drivers of juvenile survival of other top marine
predators, particularly in species that simultaneously experi-
ence high POP loads and rapid alterations in prey availability
and habitat.
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SI 1, Methodological details for POP detection; SI Table
S1, candidate GAMM models exploring different
summed POP types, potential interactions, and the top
models in the selection process; SI Table S2, model
output from all final GAMMSs analyzing metabolic
characteristics in explant experiments with their standard
errors, estimates, and p values; predictor variables in
parentheses indicate the tested group; SI Table S3, doses
of each PCB type given in the explant PCB culture
conditions, with the estimated percentage change for
each PCB type measured in blubber tissue; Y DL-PCB
within total dose: 1.6 ng; ) NDL-PCB within total dose:
202.6 ng; SI Figure S1, glucose uptake in inner and outer
blubber tissue from feeding and fasting gray seal pups (n
= 27 feeding and n = 23 fasting pups) with median,
upper, and lower quartiles; 1.5X interquartile range and
outliers shown; significant differences between groups
are detailed in the main text, as not all significant
parameters and interactions influencing glucose uptake
are plotted; individual was included as a random effect in
the model; SI Figure S2, lactate production in inner and
outer blubber tissue from feeding and fasting gray seal
pups (n = 27 feeding and n = 23 fasting pups) with
median, upper, and lower quartiles, 1.5X interquartile
range and outliers shown; significant differences between
groups are detailed in the main text, as not all significant
parameters and interactions influencing lactate gener-
ation/uptake are plotted; individual was included as a
random effect in the model; SI Figure S3, glycerol
generation in inner and outer blubber tissue from
feeding and fasting gray seal pups (n = 27 feeding and n
= 23 fasting pups) with median, upper, and lower
quartiles, 1.5X interquartile range and outliers shown;
significant differences between groups are detailed in the
main text, as not all significant parameters and
interactions influencing glycerol generation are plotted;
and individual was included as a random effect in the
model (PDF)
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