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Abstract

Top ocean predators such as marine mammals are threatened by intensifying anthropogenic activity, and understanding the
combined effects of multiple stressors on their physiology is critical for conservation efforts. We investigated potential interac-
tions between stress hormones and bisphenol contaminants in a model marine mammal, the northern elephant seal (NES). We
exposed precision-cut adipose tissue slices (PCATS) from blubber of weaned NES pups to cortisol (CORT), epinephrine (EPI),
bisphenol A (BPA), bisphenol S (BPS), or their combinations (CORT-EPI, BPA-EPI, and BPS-EPI) ex vivo and identified hundreds of
genes that were differentially regulated in response to these treatments. CORT altered expression of genes associated with li-
polysis and adipogenesis, whereas EPI and CORT-EPI-regulated genes were associated with responses to hormones, lipid and
protein turnover, immune function, and transcriptional and epigenetic regulation of gene expression, suggesting that EPI has
wide-ranging and prolonged impacts on the transcriptional landscape and function of blubber. Bisphenol treatments alone had a
weak impact on gene expression compared with stress hormones. However, the combination of EPI with bisphenols altered
expression of genes associated with inflammation, cell stress, DNA damage, regulation of nuclear hormone receptor activity, cell
cycle, mitochondrial function, primary ciliogenesis, and lipid metabolism in blubber. Our results suggest that CORT, EPI, bisphe-
nols, and their combinations impact cellular, immune, and metabolic homeostasis in marine mammal blubber, which may affect
the ability of marine mammals to sustain prolonged fasting during reproduction and migration, renew tissues, and mount appro-
priate responses to immune challenges and additional stressors.
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INTRODUCTION

Marine mammals are top ocean predators that serve as key
indicators of marine ecosystem health and stability. Many
marine mammal populations are in decline and are vulnera-
ble to the increasing and intensifying stressors caused by
anthropogenic activity, with up to 25% of marine mammal
species currently listed as threatened (1, 2). Anthropogenic
stressors include prey depletion, habitat degradation, and
physical, chemical, and sound pollution, among many others
(1, 3). Anthropogenic disturbance may induce physiological
stress responses in marine mammals, which are mediated by
two systems: the sympathetic nervous system and sympa-
thetic adrenal medulla (SAM), which produce catecholamines
(i.e., norepinephrine and epinephrine), and the hypothala-
mic-pituitary-adrenal (HPA) axis and glucocorticoid (GC) hor-
mones (e.g., cortisol) produced by the adrenal cortex. Both
systems mobilize energy stores, e.g., by stimulating lipolysis
in adipose tissue, to provide substrates for the increased
energy expenditure of behavioral and physiological responses
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to stress (4). If experienced repeatedly or chronically, stress
may deplete energy stores and impact the ability of animals
to respond to additional stressors, mount immune and antiox-
idant responses, or engage in energy-intensive life history
stages such as postnatal development and reproduction (5-8).

Catecholamines mainly exert their effects on target tissues
via rapid, nongenomic signaling by adrenergic receptors. For
example, in adipose tissue, activation of p-adrenergic recep-
tor, a type of G protein-coupled receptor (GPCR), leads to
phosphorylation and activation of enzymes and their regula-
tors involved in lipolysis and thermogenesis, which is medi-
ated by protein kinase A (PKA) and its allosteric activator
cAMP (9, 10). However, downstream effectors of adrenergic
signaling also include transcription factors such as cAMP
response element-binding protein (CREB) and CREB-regu-
lated transcriptional coactivators (CRTCs), which alter gene
expression in response to catecholamines (11, 12). GCs, in
contrast, mainly exert their effects via genomic mechanisms
by binding to intracellular receptors (glucocorticoid recep-
tors, GR) and altering gene expression. In adipose tissue, GR
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target genes include those involved in lipolysis and adipo-
cyte maturation, or adipogenesis (10, 13). GCs also have non-
genomic effects that are, in part, mediated by cAMP (14).
Because of the transient nature of the SAM response, cate-
cholamines have been mostly overlooked in studies of stress
in wildlife, which have focused on GC measurements,
thereby missing part of the stress response (4). However,
repeated or chronic stress has the potential to facilitate
downstream interactions between the two signaling path-
ways. Recent studies have shown that in liver, CREB, and GR
facilitate each other’s loading on enhancers of shared target
genes, either directly or indirectly via coactivators such as
CRTC2 and PGCI1A (15-17). While we have previously identi-
fied genes in marine mammal blubber that are responsive to
experimental HPA axis stimulation, these studies were con-
ducted under anesthesia, which blunts the SAM response to
research handling (18-20). The impacts of catecholamines
and their interactions with GCs on gene expression in ma-
rine mammals, and most wild animals, remain unknown.

Marine mammals are increasingly exposed to multiple, si-
multaneous stressors (e.g., physical disturbance and chemical
pollution), and understanding their combined effects on
physiology and health is critical for conservation efforts (21).
The physiological effects of stress hormones may be modu-
lated by endocrine-disrupting chemicals (EDCs) of anthropo-
genic origin, many of which are increasing in prevalence in
marine ecosystems due to coastal runoff and breakdown of
microplastics (22). Pervasive EDCs include bisphenol A (BPA)
and its alternatives (e.g., bisphenol S, BPS), which are addi-
tives/monomers used in commercial plastics manufacturing
that have been detected in marine mammals (23). While these
contaminants do not persist in animal tissues, ingestion of
prey contaminated with bisphenols may result in chronic ex-
posure, which may alter cortisol, testosterone, and thyroid
hormone levels, as has been shown in several cetacean species
(24). In humans and rodents, bisphenols have been associated
with obesity and insulin resistance, potentially via their inter-
action with nuclear hormone receptors, including estrogen
receptors, estrogen-related receptors, androgen receptor, per-
oxisome proliferator-activated receptors (PPARSs), thyroid hor-
mone receptors, and GR (25). In adipocytes, bisphenols have
been shown to stimulate lipogenesis, adipogenesis, interfere
with insulin signaling and adipokine production, and contrib-
ute to oxidative stress (26, 27). Therefore, bisphenol exposure
has the potential to alter metabolic homeostasis and adaptive
responses to other stressors in marine mammals.

We decided to investigate the downstream effects of and
potential interactions between stress hormones and bisphenol
contaminants in a model marine mammal, the northern ele-
phant seal (NES, Mirounga angustirostris). The NES is a deep-
diving, pelagic species that fasts on land for up to 3 mo during
postnatal development, annual molting, and reproduction, at
which times animals are easily accessible for research han-
dling. Although it is challenging to accurately measure bisphe-
nol levels in fasting animals, BPA has been detected in
myctophid fishes of the North Pacific (mean BPA concentra-
tions 0.686-1.28 ng/sample wet weight), a major prey source
of NES, which feed on mesopelagic fish 1,000-2,000 times per
day during foraging trips lasting up to 10 mo (28-30).
Therefore, it is likely that NES are routinely exposed to bisphe-
nols via their diet (potentially consuming ~2 pg BPA/day).
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Using our previously developed ex vivo culture system of pre-
cision-cut adipose tissue slices, or PCATS (31), we exposed
NES blubber to biologically relevant concentrations of cortisol,
epinephrine, and BPA and BPS and their combinations and
determined their effects on the transcriptome as a readout of
downstream effects on blubber physiology. We identified
genes that were differentially regulated in response to each
treatment as well as core groups of genes that responded to
multiple treatments, providing novel information on interac-
tive impacts of multiple stressors in marine mammals.

METHODS

Sample Collection

All animal handling procedures were conducted under
National Marine Fisheries Service permit 23188 and were
approved by the Sonoma State University Institutional Animal
Care and Use Committee. Blubber samples were collected in
Spring 2019 from weaned NES pups (n = 3; females) early in
their postweaning fasting period (as determined by presence
of natal pelage) at Ano Nuevo State Reserve (San Mateo
County, CA), as described previously (31). Animals were
chemically immobilized using an intramuscular injection of 1
mg/kg tiletamine-zolazepam HCI (Telazol, Fort Dodge Animal
Health); sedation was maintained with intravenous doses of
0.25-1 mg/kg ketamine as needed (Ketaset, Fort Dodge
Animal Health). Blubber biopsies were collected from the pos-
terior flank of each animal using a 6.0-mm diameter biopsy
punch (Miltex Integra). Samples were rinsed in phosphate-buf-
fered saline (PBS, Life Technologies) and stored until return to
the laboratory in oxygenated sampling medium composed of
Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L
glucose, 10 mM HEPES, 2 mM Glutamax (Life Technologies),
and antibiotic and antifungal mixture [100 U/mL penicillin,
100 U/mL streptomycin, 250 ng/mL amphotericin, 1 mg/mL
gentamycin (Life Technologies), and 40 U/mL nystatin
(Sigma-Aldrich)] at ~25°C, as previously described (31).

Culture Experiments

Blubber tissue was processed within 2-4 h after collection
as described previously (31). Biopsies were dissected into three
portions (innermost, middle, and outermost), and each por-
tion was precision cut into 1-mm PCATS using a mouse and
rat spinal cord matrix device (Ted Pella, Inc.) and razor blades.
PCATS were weighed, and four slices were added to each well
of a 24-well plate with 1 mL of prewarmed sterile culture me-
dium [DMEM with 1 g/L glucose (Gibco) supplemented with
5% fetal bovine serum (FBS; Gibco), 2% (wt:vol) bovine serum
albumin fraction V (Research Products International), and an
antibiotic-antimycotic mixture (100 U/mL penicillin, 100 U/
mL streptomycin, 250 ng/mL amphotericin, 50 ug/mL genta-
micin, and 40 U/mL nystatin)]. PCATS derived from inner,
middle, and outer blubber were cultured separately in sepa-
rate wells to distinguish metabolic responses of each layer to
hormones and contaminants for a different study. Plates were
placed in an incubator (37°C, 5% of CO,) on a shaker for 3 h;
media was replaced after 3 h of incubation to remove cell de-
bris resulting from slicing, and PCATS were cultured for an
additional 48 h (Fig. 1).
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Figure 1. Experimental design of the study. A: blubber biopsies were
obtained from free-ranging weaned elephant seal pups (n = 3), precision-
cut into 1-mm slices (precision-cut adipose tissue slices, PCATS), and cul-
tured in multiwell plates for 48 h. PCATS were cultured in control media
(gray) or with the addition of cortisol (blue, added during entire 48-h dura-
tion of culture), epinephrine (shaded, added during last 12 h of culture
only), bisphenol A (BPA, teal, for 48 h), bisphenol S (BPS, purple, for 48 h),
and their combinations as shown in B. Media was replaced every 12 h, and
PCATS were flash-frozen for RNA extraction after 48 h of treatment.
CORT, cortisol; EPI, epinephrine.

BPA-EPI ’ 1 nM bisphenol A (48 h) [100.nM epi‘

PCATS were exposed to the following treatments (Fig. 1):
control (culture media for 48 h); 2 uM cortisol (CORT, Sigma-
Aldrich) for 48 h; 100 nM epinephrine (EPI, epinephrine bitar-
trate salt, Sigma-Aldrich) added for last 12 h of culture, after
36 h of culture in control media; 2 pM cortisol for 48 h with
100 nM epinephrine (CORT-EPI) added for the last 12 h of cul-
ture, 1 nM bisphenol A (BPA, Sigma-Aldrich) for 48 h; 1 nM
bisphenol S (BPS, Sigma-Aldrich) for 48 h; 1 nM BPA for 48 h
with 100 nM epinephrine (BPA-EPI) added for the last 12 h;
and 1 nM BPS for 48 h with 100 nM epinephrine (BPS-EPI)
added for the last 12 h. Cortisol and epinephrine treatment
concentrations were determined based on levels reported in
vivo and those found sufficient to induce a lipolytic response
in PCATS from NES, respectively (20). BPA and BPS treatment
concentrations were determined based on the range of phenol
derivative concentrations that were measured in the blood of
Baltic gray seals (Halichoerus grypus) (32) and that were
shown to induce significant effects on lipolysis in 3T3-L1
mouse adipocytes (33). After 48 h of each treatment, PCATS
were rinsed in PBS, flash-frozen in RNase-free 2.0-mL bead
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tubes with 2.8-mm stainless steel beads (VWR), and stored at
—80°C until further processing. PCATS derived from inner,
middle, and outer blubber were pooled to obtain sufficient tis-
sue mass (~60 mg) for RNA isolation.

RNA Isolation and Sequencing

Frozen PCATS were homogenized in 1 mL of Qiazol (Qiagen)
in a Bullet Blender Storm 24 instrument (Next Advance) for
two cycles of 2 min at power 12, followed by shearing with a 21-
gauge needle. Total RNA was isolated using the RNeasy Lipid
Mini Kit (Qiagen) with a 15-min on-column DNase I digest.
RNA quantity was estimated using the RNA High Sensitivity
Assay on the Qubit 3.0 fluorometer (Life Technologies). RNA
integrity was assessed using the RNA 6000 Pico Assay on the
2100 Bioanalyzer (Agilent Technologies). The mean (+ SD)
RNA integrity number (RIN) for all samples was 8.7+0.3.
Strand-specific low-input (200 ng) cDNA library preparation
and Ilumina paired-end 150-bp sequencing were conducted
by Novogene Corporation, Inc. (Beijing, China).

Transcriptome Analysis

Transcriptome analyses were conducted using the Bridges
2 high-performance computing cluster at the Pittsburgh
Supercomputing Center using Extreme Science and
Engineering Discovery Environment (XSEDE; allocation
TG-IBN150010) (34). Raw sequencing files are available at
NCBI Short Read Archive (Accession No.: PRINA989379).
Sequence quality was assessed using FastQC v0.11.3. The
transcriptome was assembled de novo using Trinity v2.11.0
(35). The completeness of the transcriptome assembly was
assessed using BUSCO v5.0.0 and the Mammalia database
(36). Transcripts were annotated by BLASTX against the
UniProt SwissProt database (downloaded on March 8, 2021)
using DIAMOND v2.0.7 in ultrasensitive mode with an e-value
threshold of 1e-3 (37). The transcriptome assembly and anno-
tation files are available at https://doi.org/10.6084/m9.
figshare.21804192. Transcript abundance was estimated using
kallisto v0.46.1 in alignment-free mode (38).

Statistical Analyses

All statistical analyses and visualizations were conducted
using R (v4.1.0) and R-studio (v1.4.1106) (39). Supplemental
files and figures are accessible at https://doi.org/10.6084/m9.
figshare.23612637.v3. Differential gene expression analyses were
conducted using “tximport” and DESeq2 v1.35.0 (40), with
blocking by study subject from which blubber biopsies for
PCATS were obtained (design = ~ subject + treatment).
Differentially expressed genes (DEG) were extracted using
the DESeq2 results function (a0 = 0.1, pAdjustMethod =
“BH”). DEG lists were filtered to remove genes with log2
fold change < |1] and those lacking annotation. All DEG
data are available in Supplemental File S1. Potential inter-
active effects of hormone and bisphenol treatments on
gene expression were examined by coding CORT, EPI,
BPA, and BPS treatments as separate factors and rerun-
ning DESeq2 with an interaction term (e.g., design = ~
subject + CORT + EPI + CORT:EPI). Genes with log2 fold
change > 0 and < O (at P.adj < 0.1) were considered syn-
ergistically and antagonistically regulated, respectively
(41). Overlaps between DEG sets were analyzed using
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“UpSetR” package (42) and GeneVenn (http://www.
bioinformatics.org/gvenn/). Overrepresentation analyses
of DEG were conducted using “clusterProfiler” package
against the human genome background using Gene
Ontology (GO) Biological Process (BP) and WikiPathways
databases (43). GO BP terms and WikiPathways were con-
sidered significantly enriched at Benjamini-Hochberg
adjusted P < 0.05. Overrepresentation analysis results are
provided in Supplemental File S2. Network plots were gen-
erated using the GO BP overrepresentation data with cnet-
plot function in clusterProfiler. Heatmaps were generated
using trimmed mean of M values (TMM)-normalized and
log2-transformed gene counts with the “pheatmap” pack-
age (https://CRAN.R-project.org/package=pheatmap) with
scaling by row and complete clustering of rows and col-
umns by Euclidean distance. Principal components analy-
sis (PCA) plot of TMM-normalized and transformed (vst
function in DESeq2) gene expression data was created
using the plotPCA function in DESeq2. Differences in
TMM-normalized and log2-transformed counts of specific
genes between treatments were analyzed using linear
mixed-effects models (LMM) with treatment as a fixed
effect and animal from which PCATS were obtained as a
random effect [“Ime4” and “ImerTest” packages (44)]. Post
hoc tests were conducted using estimated marginal means
(with Benjamini-Hochberg adjustment for multiple com-
parisons) with the “emmeans” package (45). Model resid-
uals were visually assessed for homoscedasticity and
normality. Daily BPA consumption by NES was estimated
using published foraging data and measured BPA levels in
myctophids (28, 30), as follows: 1,000 feeding events/day
x 10 g BPA/fish x 20% of fish with detected BPA levels x 1
ng/g BPA in fish = ~2 ug BPA consumed/day.

RESULTS

The NES PCATS transcriptome assembly contained 1,413,571
contigs (transcripts) with a median contig length of 423 base
pairs, of which 85.3% had significant sequence similarity to
highly conserved mammalian genes (Benchmarking Universal
Single-Copy Orthologs, BUSCOs), suggesting high assembly
completeness. Of the assembled transcripts, 84,418 that were
expressed at >10 transcripts per million (TPM) in three or
more samples were used for differential expression analyses
comparing treatment groups (CORT vs. control, EPI vs.
control, CORT-EPI vs. control, BPA vs. control, BPS vs.
control, BPA-EPI vs. control, and BPS-EPI vs. control).
Because of high interindividual variability in transcrip-
tome profiles (Fig. 2), differences in gene expression between
treatments were analyzed with blocking by individual from
which PCATS were obtained. CORT, EPI, CORT-EPI, BPA, and
BPS treatments altered the expression of 273, 229, 756, 21, and
14 annotated genes in PCATS relative to control, respectively
(Fig. 3 and Supplemental File S1). BPA-EPI and BPS-EPI
altered expression of 216 and 267 genes relative to control,
respectively (Fig. 3). Four genes that were significantly upreg-
ulated by all treatments relative to control encoded the cata-
lytic subunit of cAMP-dependent protein kinase A (PRKACA),
cyclin-dependent Kinase-binding protein CABLES1, cAMP-
degrading enzyme PDE8A, and histone methyltransferase
KMT2D.
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Figure 2. Principal components analysis (PCA) plot of elephant seal preci-
sion-cut adipose tissue slices (PCATS) gene expression data. Gene counts
were normalized by library size (trimmed mean of M values, TMM) and
transformed (variance stabilizing transformation) using DESeq?2. Different
colors denote culture treatments, whereas different symbol shapes
denote individual seals from which PCATS were obtained. BPA, bisphenol
A; BPS, bisphenol S; CORT, cortisol; EPI, epinephrine.

Blubber Response to Stress Hormones

CORT, EPI, and CORT-EPI altered expression of a total of
996 genes in PCATS relative to control treatment, including
multiple isoforms of the same genes. Seventeen DEG were
upregulated in response to all three stress hormone treat-
ments, including the four that were also regulated by bisphe-
nols (Fig. 4). These genes were associated with lipolysis
(AQP?), fatty acid oxidation (HMGCS2), lipogenesis (THRSP),
thermogenesis (ALPL), negative regulation of inflammation
(TSC22D3) and gluconeogenesis (FAM3D), regulation of nu-
clear hormone receptor activity (PELPI), proteolysis (TGM2),
extracellular matrix (ECM) organization (CRISPLD2), Xenobi-
otic metabolism (FMO04), transmembrane voltage sensing
(TMEM266), and GPCR downregulation (ARRDC2).

CORT treatment alone caused upregulation of 183 and
downregulation of 61 genes relative to control, of which 149
were not detected in any other comparison (Fig. 3 and
Supplemental File S1). CORT-regulated DEG included 37 that
were identified in a previous in vivo study of the effects of
ACTH administration on the blubber transcriptome of juve-
nile NES [e.g., ACSM1, AZGP1, CDO1, CEBPD, DDK1, FAM3D,
FKBP5, GPX3, HMGCS2, KLF9, LEP, MOGAT3, PERI, and
ZBTBI6; (19, 20)]. The top most significantly overrepresented
GO BP terms in the CORT-regulated DEG set (n = 136) were
response to steroid hormone, cellular response to organic
cyclic compound, blood vessel development, positive regula-
tion of cell migration, and positive regulation of cell motility
(Fig. 5 and Supplemental File S2). WikiPathways that were
overrepresented among the CORT versus control DEG set
(n = 5) included TGFB/Smad signaling pathway, comple-
ment and coagulation cascades, and microglia pathogen
phagocytosis pathway (Supplemental File S2). Manual search
of DEG functions of relevance to marine mammal physiol-
ogy identified specific CORT-regulated genes of interest
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Figure 3. UpSet plot showing overlap in sets of differentially expressed genes (DEGs; log2 fold change > |1|, adj. P < 0.1) in precision-cut adipose tissue
slices (PCATS) from weaned elephant seal pups (n = 3) in response to cortisol (CORT), epinephrine (EPI), CORT-EPI, bisphenol A (BPA), bisphenol S
(BPS), BPA-EPI, and BPS-EPI treatments (relative to control). Connections between dots indicate that DEGs were shared between conditions, whereas
unconnected dots show unique DEGs for each condition. The bars on the left indicate the number of DEGs identified in each treatment, whereas the col-
umns at the top show number of DEGs that were either unique or shared between treatments.

(Table 1) that were associated with adipokine signaling; adi-
pogenesis; angiogenesis; BMP signaling; circadian clock;
GPCR and cAMP-dependent signaling; immune function;
lipid catabolism, synthesis, and transport; protein synthesis;
redox homeostasis; regulation of apoptosis and autophagy;
regulation of estrogen and insulin signaling; response to his-
tamine and serotonin; and thermogenesis.

EPI treatment alone caused upregulation of 146 and
downregulation of 55 genes in PCATS relative to control, of
which 55 were not detected in any other comparison (Fig. 3
and Supplemental File S1). These included 8 “immediate-
early” norepinephrine-responsive genes identified in human
adipocytes (CREM, NR4A1l, NR4A2, NR4A3, JMY, MSC,
NCOR2, and POLR2A; (46)). The top most significantly

overrepresented GO BP terms in the EPI-regulated DEG (n =
154) set were response to extracellular stimulus, response to
nutrient levels, fatty acid oxidation, lipid oxidation, response
to starvation, response to steroid hormone, and intracellular
receptor signaling pathway (Fig. 6 and Supplemental File
S2). WikiPathways that were overrepresented in the EPI
versus control DEG set (n = 6) included PPAR signaling
pathway, nuclear receptors, adipogenesis, and estrogen re-
ceptor pathway (Supplemental File S2). Manual search of
DEG functions identified specific EPI-regulated genes of
interest (Table 2) that were associated with adipokine sig-
naling; amino acid catabolism; regulation of angiogenesis,
apoptosis, and autophagy; electron transport chain; em-
bryonic development; fatty acid oxidation; GPCR and

Figure 4. Heatmap showing scaled relative expression of 17
transcripts that were differentially expressed in response to
cortisol (CORT), epinephrine (EPI), and CORT-EPI treatments
(relative to control) in elephant seal precision-cut adipose
tissue slices (PCATS). Rows and columns were clustered by
Euclidian distance.
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cAMP-dependent signaling; immune function and inflam-
mation; lipogenesis; lipolysis; mRNA processing; negative
regulation of adipogenesis; nuclear receptor signaling; protein
synthesis; regulation of cell cycle, glucose metabolism, and
transcription; and response to a variety of neuroendocrine
signals (Table 2). One downregulated transcript was anno-
tated as PRKACA (“PRKACA.i2”) and was distinct from the
PRKACA transcript that was upregulated in all treatment
conditions (“PRKACA.i1”). Sequence alignment demon-
strated that PRKACA.i2 was a reverse complement of
PRKACA.i1, which may be an artifact of the de novo tran-
scriptome assembly.

The CORT-EPI combination treatment caused upregula-
tion of 420 and downregulation of 222 genes in PCATS, of
which 457 were not identified in any other comparison (Fig.
3 and Supplemental File S1). The top most significantly over-
represented GO BP terms in the CORT-EPI versus control
DEG set (n = 274) were circulatory system process, blood cir-
culation, vascular process in circulatory system, response to
steroid hormone, cellular response to organonitrogen com-
pound, and regulation of lipid metabolic process (Fig. 7 and
Supplemental File S2). The only WikiPathway that was over-
represented in the CORT-EPI DEG set was PPAR signaling
pathway (Supplemental File S2). Specific genes of interest
that were differentially expressed solely in response to
CORT-EPI (Table 3) included those associated with adipo-
genesis; adipokine signaling; adrenergic receptor signaling;
antioxidant function; apoptosis; caveolae formation; cell
cycle; corticosteroid biosynthesis; electron transport chain;
fatty acid metabolism and transport; glycogen synthesis;
inflammation and immune response; lipid droplet organiza-
tion; lipid synthesis and storage; lipolysis; nitric oxide path-
way; pentose phosphate pathway; protein synthesis; protein
ubiquitination and degradation; regulation of nuclear
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hormone receptor activity, PI3K-Akt-mTOR pathway, and
growth hormone signaling; response to a variety of neuroen-
docrine signals; unfolded protein response; and Wnt signal-
ing pathway.

Blubber Response to Bisphenols

BPA and BPS had a less pronounced effect on PCATS gene
expression than stress hormones. Only 21 and 14 transcripts
were differentially expressed in response to BPA and BPS
treatments alone relative to control, respectively (Fig. 3 and
Supplemental File S1). To increase our chance of discovery of
bisphenol-regulated genes, we also examined DEG that had
log2 fold changes < [1], as fold changes < 2 may be biologi-
cally significant (47). BPA and BPS each affected distinct
groups of genes (i.e., there were no DEG shared between
BPA vs. control and BPS vs. control gene sets, other than 4
genes that were identified in all treatments). BPA-respon-
sive genes (Table 4) included eight that were also differen-
tially expressed in response to treatment with CORT, EPI,
and/or CORT-EPI. Genes that were uniquely upregulated by
BPA treatment included the cytokine CXCL14, mTOR path-
way inhibitor DDIT4L, sodium ion channel regulator
SCN4B, cell migration regulator FAM110C, and calcium ion
pump ATP2C2 (Fig. 8). Genes that were uniquely downregu-
lated by BPA treatment included the ceramide biosynthesis
enzyme SGMS2, calcium channel regulator STIMATE, amino
acid symporter SLC38A5, and FAM25C (function unknown).
BPS-responsive genes (Table 4) included four that were differ-
entially expressed in response to CORT, EPI, and/or CORT-
EPI treatments. Genes that were uniquely differentially
expressed in response to BPS treatment (Fig. 8) included the
transcriptional regulator THAP3, mediator of TNF- and reac-
tive oxygen species (ROS)-induced necrosis PGAMS, BMP
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Table 1. Genes of interest differentially expressed in CORT-treated precision-cut adipose tissue slices from weaned

northern elephant seal pups

Transcript ID Gene Symbol log2 Fold Change Putative Function
TRINITY_DN9747_c0_g1 APLN —1.27 Adipokine signaling
TRINITY_DN20796_c0_g1 ZBTB16 3.90 Adipogenesis
TRINITY_DN8115_c0_g3 SFRP5 2.80 Adipogenesis
TRINITY_DN909_c0_g1 CDO1 2.06 Adipogenesis
TRINITY_DN3720_c0_g1 DKK1 1.25 Adipogenesis
TRINITY_DN5705_c0_g1 KLF9 110 Adipogenesis
TRINITY_DN5425_c0_g2 TGFBI -1.22 Adipogenesis
TRINITY_DN6067_c1_g2 ANGPT4 2.38 Angiogenesis
TRINITY_DN11004_cO_g1 TEK 1.03 Angiogenesis
TRINITY_DN3899_c3_g1 BMP7 1.25 BMP signaling pathway
TRINITY_DN8468_c0_g1 PERT 21 Circadian clock
TRINITY_DN3543_c0_g3 CRY2 1.89 Circadian clock
TRINITY_DN5306_c0_g1 PDETA 1.66 GPCR and cAMP-dependent signaling
TRINITY_DN3307_c0_g2 CD209L2 2.86 Immune function and inflammation
TRINITY_DN15672_c0_g1 BTNL9S 2.49 Immune function and inflammation
TRINITY_DN34771_c0_g1 ILT10RA 2.4 Immune function and inflammation
TRINITY_DN61440_c0O_g1 CIQA 1.53 Immune function and inflammation
TRINITY_DN11934_c0_g1 NFKBIA 113 Immune function and inflammation
TRINITY_DN505_c1_g1 ACSM1 3.28 Lipid catabolism
TRINITY_DN22758_c0_g1 ACOX2 2N Lipid catabolism
TRINITY_DN931_c0_g3 AQP7 1.78 Lipid catabolism
TRINITY_DN22991_c3_g1 ACSL1 1.30 Lipid catabolism
TRINITY_DN855_c0_g1 AZGP1 1.05 Lipid catabolism
TRINITY_DN22059_c0_g1 MOGAT3 2.26 Lipid synthesis
TRINITY_DN2269_c0_g1 THRSP 116 Lipid synthesis
TRINITY_DN6384_c0_g1 SCARB1 1.88 Lipid transport
TRINITY_DN24505_c1_g1 APOL6 1.03 Lipid transport
TRINITY_DN14819_c2_g1 IGFBP5 —1.43 Protein synthesis
TRINITY_DN8073_c0_g1 IGF1 —2.25 Protein synthesis
TRINITY_DN14282_c0_g2 GPX3 319 Redox homeostasis
TRINITY_DN1019_c4_g1 XDH 132 Redox homeostasis
TRINITY_DN3575_c0_g2 DEPP1 2.38 Regulation of apoptosis and autophagy
TRINITY_DN27679_c0_g1 EDAR 216 Regulation of apoptosis and autophagy
TRINITY_DN4547_c5_g1 CFLAR 145 Regulation of apoptosis and autophagy
TRINITY_DN439_c4_g1 BCL2L12 —1.94 Regulation of apoptosis and autophagy
TRINITY_DN72109_c3_g1 ZNF366 2.37 Regulation of estrogen signaling
TRINITY_DN7629_c0_g1 PIK3R3 1.83 Regulation of insulin receptor pathway
TRINITY_DN6225_c0_g1 PTPRE 119 Regulation of insulin receptor pathway
TRINITY_DN73275_c4_g1 HRH1 2.22 Response to histamine
TRINITY_DN11085_c0_g1 HTR2A 2.34 Response to serotonin
TRINITY_DN2004_c1_g2 HTR1B 139 Response to serotonin
TRINITY_DN3778_c0_g1 TGFBR3 1.01 TGF-B signaling pathway
TRINITY_DN42444_c0_g2 ALPL 2.32 Thermogenesis

Putative functions of proteins encoded by differentially expressed genes were obtained from UniProt. The complete differentially
expressed genes list is in Supplemental File S1. n = 3 pups; relative to control. CORT, cortisol; GPCR, protein-coupled receptor.

coreceptor RGMB, GTPase signaling regulator PLEKHGI, sele-
nium-responsive gene SELENOV, and CCDCI94 (function
unknown), which were all downregulated (Fig. 8). In addition,
steroid hormone biosynthesis enzyme HSD17B7 was downre-
gulated by 1.8-fold in response to BPS.

To identify genes that were only regulated by the combi-
nation of EPI and bisphenols, we compared PCATS treated
with BPA-EPI and BPS-EPI to control. We identified 55 and
82 DEGs in BPA-EPI-and BPS-EPI-exposed PCATS relative
to controls, respectively, which were not identified in any
other hormone treatment (Fig. 3 and Supplemental File S1).
Of these, 10 upregulated DEGs were shared between BPA-
EPI- and BPS-EPI-treated blubber slices, which were associ-
ated with intracellular protein trafficking (ARFS), protein
depalmitoylation (ADBH10), cell adhesion (CEACAMI), neural
development (GFRA1, SSPO), GPCR signaling (GPR78), pen-
tose phosphate pathway (RBKS), negative regulation of the
MAP kinase pathway (SPRED?2), regulation of transcription
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(TEADI), and ECM (COL13A1). Genes of interest that were dif-
ferentially regulated only in response to BPA-EPI relative to
control (Table 5) included those involved in the BMP signaling
pathway, cell proliferation and apoptosis, glucose uptake and
glycolysis, immune response and inflammation, inhibition of
IGF signaling, oxidation of fatty acids and steroids, regulation
of steroid hormone receptors (including GR), and response to
DNA damage. Genes of interest that were differentially regu-
lated only in response to BPS-EPI relative to control (Table 5)
included those associated with antioxidant function, autoph-
agy, fatty acid oxidation, gluconeogenesis, glycogen synthe-
sis, chaperoning of heat shock proteins, immune response
and inflammation, regulation of the cell cycle, response to
DNA damage, unfolded protein response, and Wnt signaling
pathway. Both BPA-EPI and BPS-EPI caused the downregula-
tion of genes associated with primary cilia, one of which was
the most highly downregulated gene in BPS-EPI-treated
PCATS (Table 5).
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Potential Interactions between Stress Hormones and
Bisphenols

To identify potential interactive effects of CORT and EPI on
gene expression in PCATS, we first compared mean log2 fold
changes of 17 DEGs that were identified in the CORT versus
control, EPI versus control, and CORT-EPI versus control com-
parisons. We broadly defined additive effects as § = CORT-EPI
— (CORT + EPI) = 0, potential synergistic effects as 5 > 0, and
antagonistic effects as 8 < 0. Three genes (ALPL, HMGCS2,
and TSC22D3) suggested potential additive effects of CORT
and EPI on their expression (Supplemental Fig. S1), whereas
the remaining 15 genes suggested antagonistic interactions
between the two hormones (e.g., 4 genes shown in Fig. 9). To
detect more nuanced interaction effects, we also reran DESeq2
with an interaction term (CORT x EPI). We identified seven
annotated DEG with log2 fold change > 0, suggesting synergis-
tic effects, and 10 DEGs with log2 fold change < 0, suggesting
antagonistic effects (Supplemental File S3). The predicted
functions of genes that were synergistically regulated by CORT
and EPI included negative regulation of Wnt and GPCR signal-
ing, immune function, and glyceroneogenesis. Genes antago-
nistically regulated by CORT and EPI were associated with
angiogenesis, adipogenesis, epigenetic regulation of gene
expression, and NF-«B signaling, among others (Table 6).

To identify potential interactive effects of bisphenols and
EPI on gene expression in PCATS, we first compared mean
log2 fold changes of DEGs that were identified in the BPA/S
versus control, EPI versus control, and BPA/S-EPI versus con-
trol comparisons. The bisphenols showed potential antagonis-
tic effects with EPI (all 5 < —1.3) on expression of four DEGs
common to all of the comparisons: CABLESI, PRKACA,
PDESA, and KMT2D (Fig. 9). In addition, BPA and EPI showed
potential antagonism on SPPI expression (5 = —1.3), whereas
BPS and EPI showed a potentially antagonistic effect (5 =
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—1.7) on expression of a downregulated gene annotated as
RHO (rhodopsin). DESeq2 identified one additional gene that
was synergistically regulated by BPA and EPI (HNRNPM) and
one that was synergistically regulated by BPS and EPI
(RBMB6); both are associated with mRNA binding and process-
ing. The chemokine CXCL14 was identified as antagonistically
regulated by BPA and EPI, whereas three genes antagonisti-
cally regulated by BPS and EPI were involved in DNA damage
response (ERCC6L2), NAD(P)H damage repair (NAXE), and
ubiquinone biosynthesis (COQ4; Table 6).

DISCUSSION

Our understanding of the effects of multiple stressors on the
physiology of marine mammals has been hindered by the prac-
tical and ethical challenges of conducting functional studies in
free-ranging, large, fully aquatic, and federally protected spe-
cies. Moreover, previous marine mammal stress studies have
largely ignored the role of the SAM system in molecular
responses to stress and its interactions with the HPA axis and
anthropogenic contaminants, in part due to the rapid release
and short half-life of catecholamines. A biologically relevant ex
vivo system can address these challenges by enabling con-
trolled and combinatorial stressor experiments that are
impractical to conduct in vivo. We previously developed a ma-
rine mammal blubber slice culture system that preserves tissue
architecture and biological function ex vivo (31). In this study,
we used this system to examine the individual and combinato-
rial effects of CORT, EPI, and the bisphenol additives/mono-
mers BPA and BPS on global gene expression profiles in
blubber from weaned NES pups. We found that PCATS
retained molecular characteristics of the source individuals
and demonstrated a transcriptional response to CORT that mir-
rored that which we previously reported in vivo. We identified
core groups of blubber genes that were differentially regulated
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Table 2. Genes of interest differentially expressed in EPI-treated precision-cut adipose tissue slices from weaned
northern elephant seal pups

Transcript ID Gene Symbol log2 Fold Change Putative Function
TRINITY_DN4852_c0_g2 ANGPTL4 1.58 Adipokine signaling
TRINITY_DN851_c2_g1 LEP —1.22 Adipokine signaling
TRINITY_DN573_c0_g2 TDH 2.46 Amino acid catabolism
TRINITY_DN12162_c2_g1 WARS1 1.40 Angiogenesis
TRINITY_DN458874_c0_g1 SOX18 —1.02 Angiogenesis
TRINITY_DN5153_c1_g1 HEGT —-2.95 Angiogenesis
TRINITY_DN67025_c1_g2 ELAPOR1 1.66 Apoptosis and autophagy
TRINITY_DN30946_c0_g1 XKR6 —1.06 Apoptosis and autophagy
TRINITY_DN11030_cO_g1 NDUFAF6 177 Electron transport chain
TRINITY_DN9508_c1_g1 NOG 2.28 Embryonic development
TRINITY_DN56650_c1_g2 PAX1 222 Embryonic development
TRINITY_DN664_c0_g2 HOXB9 1.03 Embryonic development
TRINITY_DN745845_c1_g1 NODAL 1.01 Embryonic development
TRINITY_DN28487_c0_g1 HMGCS2 3.28 Fatty acid oxidation
TRINITY_DN713_c0_g3 ACOX3 1.56 Fatty acid oxidation
TRINITY_DN9251_c0_g1 ALDHIL2 1.33 Fatty acid oxidation
TRINITY_DN1605_c0_g1 ABCD1 —1.15 Fatty acid oxidation
TRINITY_DN50635_c0_g1 ACADT11 —1.83 Fatty acid oxidation
TRINITY_DN7566_c0_g2 PRKACA.i1 4.88 GPCR and cAMP-dependent signaling
TRINITY_DN648_c0_g1 PRKACA.i2 -3.55 GPCR and cAMP-dependent signaling
TRINITY_DN4279_c1_g1 ADRB3 2.24 GPCR and cAMP-dependent signaling
TRINITY_DN26499_c0_g1 PDE10A 215 GPCR and cAMP-dependent signaling
TRINITY_DN5346_c1_g1 ADCY5 213 GPCR and cAMP-dependent signaling
TRINITY_DN10085_c0_g1 CAMKI1G 1.26 GPCR and cAMP-dependent signaling
TRINITY_DN2983_c0_g4 ARRDC4 —1.58 GPCR and cAMP-dependent signaling
TRINITY_DN518_c0_g2 CXCL8 2.40 Immune function and inflammation
TRINITY_DN9803_c0_g1 CXCR4 112 Immune function and inflammation
TRINITY_DN9683_c0_g2 C1QBP —1.07 Immune function and inflammation
TRINITY_DN4215_c0_g1 ILT7RE —2.23 Immune function and inflammation
TRINITY_DN2269_c0_g1 THRSP 2.50 Lipogenesis
TRINITY_DN18919_c0_g1 PPARA —1.27 Lipogenesis
TRINITY_DN1061_c2_g1 PLIN2 1.99 Lipolysis
TRINITY_DN4487_c0_g1 AQP3 1.97 Lipolysis
TRINITY_DN931_c0_g3 AQP7 1.52 Lipolysis
TRINITY_DN5876_c0_g3 G0S2 1.24 Lipolysis
TRINITY_DN3038_c1_g1 AZGP1 1.00 Lipolysis
TRINITY_DN35156_c0_g1 RBMS5 —1.00 mMRNA processing
TRINITY_DN20777_c0_g1 TRIB3 1.21 Negative regulation of adipogenesis
TRINITY_DN1958_c1_g1 ASXL1 1M Negative regulation of adipogenesis
TRINITY_DN5027_c2_g3 NR4A3 2.97 Nuclear receptor signaling
TRINITY_DN152_c0O_g1 NRTH3 1.41 Nuclear receptor signaling
TRINITY_DN3184_c2_g1 NR4A2 1.31 Nuclear receptor signaling
TRINITY_DN1845_c5_g1 NR4AT 1.27 Nuclear receptor signaling
TRINITY_DN126365_c0_g2 EIF2A —1.95 Protein synthesis
TRINITY_DN30944_c0_g1 CDC23 —1.93 Regulation of cell cycle
TRINITY_DN3950_c0_g1 CABLES2 -3.41 Regulation of cell cycle
TRINITY_DN5084_c0_g2 PCK1 1.48 Regulation of glucose metabolism
TRINITY_DN9514_c1_g3 PDK4 1.58 Regulation of glucose metabolism
TRINITY_DN1905_c0_g2 SIK1 1.55 Regulation of glucose metabolism
TRINITY_DN3549_c0_g3 GFPT2 1.76 Regulation of glucose metabolism
TRINITY_DN18478_c0_g1 SIRT2 1.78 Regulation of glucose metabolism
TRINITY_DN19330_c1_g1 IGFBP3 1.37 Regulation of glucose metabolism
TRINITY_DN7162_c0_g2 NCOR2 232 Regulation of transcription
TRINITY_DN923_c0_g1 IMY 1.24 Regulation of transcription
TRINITY_DN7142_c1_g1 RCORI1 —3.18 Regulation of transcription
TRINITY_DN12802_c0_g1 CHRM4 1.81 Response to acetylcholine
TRINITY_DN206393_c0_g1 EDNRB 113 Response to endothelin
TRINITY_DN7591_c0_g1 ESR1 1.39 Response to estrogen
TRINITY_DN5870_c0_g2 HCAR2 1.20 Response to hydroxycarboxylic acid
TRINITY_DN10150_cO_g1 HTR1B —1.62 Response to serotonin
TRINITY_DN9772_c0_g1 SSTR2 2.63 Response to somatostatin
TRINITY_DN25855_c0_g1 TACR1 3.09 Response to substance P
TRINITY_DN3439_c0_g1 DHH —1.81 Steroid biosynthesis
TRINITY_DN34431_c0_g1 GLcen —1.67 Transcriptional response to GCs
TRINITY_DN20119_c0_g2 DGAT2 2.66 Triglyceride synthesis
TRINITY_DN5808_c0_g1 GPAT3 1.07 Triglyceride synthesis

Putative functions of proteins encoded by differentially expressed genes were obtained from UniProt. The complete differentially
expressed genes list is in Supplemental File S1. n = 3 pups; relative to control. EPI, epinephrine; GC, glucocorticoid; GPCR, protein-

coupled receptor.
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by all stressors, stressor-specific genes that responded to par-
ticular hormones or contaminants, and potential evidence of
interactions between hormones and contaminants on gene
expression. Differentially expressed genes were associated
with metabolic and cellular homeostasis, regulation of hor-
mone sensitivity and signaling, immune response, and other
functions, with implications for consequences of stress expo-
sure on physiology of marine mammals. We suggest that
future work using the PCATS system broaden our understand-
ing of stress effects on blubber physiology by including sam-
ples from animals of varying life history stages and sexes. This
would provide information on how ontogeny and life history
shape stress responses and enable more direct comparisons
with in vivo studies in NES.

Common Response of Blubber to Stressors

Four genes (PRKACA, PDESA, CABLESI1, and KMT2D) were
upregulated in PCATS in response to all treatments and their
combinations tested, suggesting that they may be potential
core markers of stress responses. The combination treatments
showed the potential for antagonistic effects of CORT and EPI
and of bisphenols and EPI on their expression, suggesting that
the simultaneous presence of GCs and/or contaminants
with catecholamines may limit blubber responses to the latter.
PRKACA encodes the catalytic subunit of PKA, which is acti-
vated in response to ligands that bind to GPCRs (e.g.,
catecholamines, ACTH) and functions to stimulate lipol-
ysis, thermogenesis, glucose uptake, and glycolysis (48).
We previously found that PRKACA protein abundance
increased in response to ACTH stimulation in NES blubber in
vivo (49), and Fang et al. (50) recently reported that mouse
adipocytes also upregulate PRKACA in response to BPA.
Therefore, PRKACA upregulation suggests that GPCR activa-
tion is a common feature of blubber responses to hormones
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and contaminants. This response is regulated by intracellular
negative feedback, as evidenced by the upregulation of
PDESA, a phosphodiesterase that inhibits PKA activity by
degrading cAMP (51). Upregulation of CABLESI and KMT2D,
which mediate the growth-suppressing effects of GCs and
restrict proliferation and differentiation of B cells, respec-
tively (52, 53), may lead to impaired cell turnover and immune
function in blubber in response to stress. These results sug-
gest that CORT, EPI, bisphenols, and their combinations may
impact cellular, immune, and metabolic homeostasis in ma-
rine mammal blubber, which may impact the ability of capital
breeding marine mammals to sustain prolonged fasting,
renew tissues, and mount appropriate responses to immune
challenges.

Thirteen genes responded to all hormone treatments
(CORT, EPI, and CORT-EPI), but not bisphenols, and included
several key regulators of lipid and immune homeostasis, such
as ALPL, THRSP, HMGCS2, FAM3D, and TSC22D3. HMGCS2
and FAM3D were also upregulated in blubber in vivo in
response to ACTH (19, 20). ALPL and TSC22D3 are induced by
GC and adrenergic receptors and mediate their effects on adi-
pogenesis, lipolysis, thermogenesis, adipokine production,
and immunity (54, 55), whereas THRSP and HMGCS2 stimu-
late fatty acid oxidation and mitochondrial respiration in adi-
pose tissue (55, 56). Upregulation of these genes in PCATS
highlights the wide-ranging effects of stress hormones on me-
tabolism and suggests that they are potential molecular indi-
cators of elevated CORT and EPI in marine mammal blubber.
CORT and EPI showed potential for additive effects on expres-
sion of ALPL, HMGCS2, and TSC22D3, which suggests that
lipid catabolism is maximally activated in the presence of
both stress hormones, albeit via noninteracting pathways.
Two other genes upregulated by CORT, EPI, and CORT-EPI
treatments, PELP1 and ARRDC2, inhibit the transcriptional
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Table 3. Genes of interest differentially expressed in CORT-EPI-treated precision-cut adipose tissue slices from
weaned northern elephant seal pups

Transcript ID Gene Symbol log2 Fold Change Putative Function
TRINITY_DN5512_c0_g1 PPARGCIA 217 Adipogenesis
TRINITY_DN7433_c0_g3 ZNF385A 1.02 Adipogenesis
TRINITY_DN4559_c0_g3 CEBPB 1.00 Adipogenesis
TRINITY_DN3444_c5_g1 ZBTB7A —-3.74 Adipogenesis
TRINITY_DN3567_c0_g1 CIQTNF3 —1.79 Adipokine signaling
TRINITY_DN1018_c1_g2 GRK3 2.46 Adrenergic receptor signaling
TRINITY_DN4217_c0_g2 LRP8 1.83 Adrenergic receptor signaling
TRINITY_DN5876_c1_g1 FHL5 1.70 Adrenergic receptor signaling
TRINITY_DN20089_c0_g1 ADRB2 1.28 Adrenergic receptor signaling
TRINITY_DN6223_c0_g1 GGA2 1.03 Adrenergic receptor signaling
TRINITY_DN601_c0_g1 PRDX5 —1.42 Antioxidant function
TRINITY_DN24555_c0_g2 SOD3 —2.68 Antioxidant function
TRINITY_DN534_c0_g1 GADD45G 1.63 Apoptosis
TRINITY_DN18032_c0_g1 FOXO3B 1.27 Apoptosis
TRINITY_DN5082_c0_g3 HIPK2 117 Apoptosis
TRINITY_DN6179_c0_g1 BMF —1.78 Apoptosis
TRINITY_DN20205_c0_g2 CAV1 -1.17 Caveolae formation
TRINITY_DN3551_c0_g2 MKI67 1.33 Cell cycle
TRINITY_DN4653_c0_g1 CDCA7L 1.09 Cell cycle
TRINITY_DN249120_c0_g1 POR 2.08 Corticosteroid biosynthesis
TRINITY_DN771_cO_g1 CYP11B1 1.24 Corticosteroid biosynthesis
TRINITY_DN4749_c0_g2 MT-ND5 —1.71 Electron transport chain
TRINITY_DN9360_c0_g2 NDUFA8 —1.21 Electron transport chain
TRINITY_DN56_c2_g1 FABP4 119 Fatty acid metabolism and transport
TRINITY_DN19943_c0_g2 SLC25A20 118 Fatty acid metabolism and transport
TRINITY_DN19658_c0_g1 SIK2 110 Fatty acid metabolism and transport
TRINITY_DN9849_c0_g1 ACACA 1.09 Fatty acid metabolism and transport
TRINITY_DN6427_c0_g1 ACACB —1.60 Fatty acid metabolism and transport
TRINITY_DN3644_c0_g2 PPP1R3B 118 Glycogen synthesis
TRINITY_DN6847_c0_g1 PPPIR3C —1.05 Glycogen synthesis
TRINITY_DN759138_c0_g1 TLR4 242 Immune function and inflammation
TRINITY_DN10909_c0_g1 IL1F10 2.28 Immune function and inflammation
TRINITY_DN8606_c0_g3 CXCL12 1.66 Immune function and inflammation
TRINITY_DN494_c0_g1 TNFRSF1B 1.41 Immune function and inflammation
TRINITY_DN448_cO_g4 CD46 1.27 Immune function and inflammation
TRINITY_DN27546_c0_g2 CARDS8 —1.21 Immune function and inflammation
TRINITY_DN64870_c0_g1 ANXAT -1.62 Immune function and inflammation
TRINITY_DN24480_c0_g3 CIDEB 1.38 Lipid droplet organization
TRINITY_DN3606_c0_g2 CIDEC 4.31 Lipid droplet organization
TRINITY_DN11508_c0_g1 FITM2 118 Lipid droplet organization
TRINITY_DN20029_c0_g1 PLINT 115 Lipid droplet organization
TRINITY_DN2623_c1_g1 FASN —113 Lipid synthesis and storage
TRINITY_DN4824_c0_g1 LPL —1.69 Lipid synthesis and storage
TRINITY_DN1471_c0_g2 LPIN1 1.62 Lipolysis
TRINITY_DN6120_cO_g1 PNPLA2 1.24 Lipolysis
TRINITY_DN10987_c0_g2 LIPG 1.07 Lipolysis
TRINITY_DN3336_c0_g1 GUCYI1AT —1.47 Nitric oxide pathway
TRINITY_DN11915_c0_g1 GUCY1B1 —1.53 Nitric oxide pathway
TRINITY_DN22648_c0_g2 RPIA 1.09 Pentose phosphate pathway
TRINITY_DN15345_c0_g1 TKT —1.04 Pentose phosphate pathway
TRINITY_DN380_c2_g2 EIF1B 1.49 Protein synthesis
TRINITY_DN468_c0_g3 RPST1 1.06 Protein synthesis
TRINITY_DN6235_c0_g2 ZER1 3.14 Protein ubiquitination and degradation
TRINITY_DN747553_c0_g1 UBE3C 2.78 Protein ubiquitination and degradation
TRINITY_DN5859_c1_g1 NCOA7 1.05 Regulation of nuclear hormone receptor activity
TRINITY_DN3482_c0_g3 ZMIZ1 m Regulation of nuclear hormone receptor activity
TRINITY_DN7105_c0_g1 TNS2 210 Regulation of PI3K-Akt-mTOR pathway
TRINITY_DN2496_c0_g2 PHLDA3 —1.21 Regulation of PI3K-Akt-mTOR pathway
TRINITY_DN15264_c0_g1 PIK3IP1 —2.05 Regulation of PI3K-Akt-mTOR pathway
TRINITY_DN315_c9_g1 LEPROTL1 —1.72 Regulation of growth hormone signaling
TRINITY_DN10278_c1_g1 NPR3 —1.57 Response to atrial natriuretic peptide
TRINITY_DN6866_c0_g2 EDNRA —1.35 Response to endothelin
TRINITY_DN46685_c0_g1 GPERT1 —2.50 Response to estrogen
TRINITY_DN8946_c0_g3 MTI1G 1.07 Response to glucocorticoids
TRINITY_DN18694_c1_g1 PTHIR —1.52 Response to parathyroid hormone
TRINITY_DN10047_cO_g1 STRA6L 1.69 Response to RBP4
TRINITY_DN9265_c1_g2 AVPRIA —1.66 Response to vasopressin
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Table 3.— Continued

Transcript ID Gene Symbol log2 Fold Change Putative Function
TRINITY_DN32691_c0_g1 SRD5A2 -1.67 Testosterone metabolism
TRINITY_DN54593_c0_g2 CREB3L2 2.38 Unfolded protein response
TRINITY_DN3324_c4_g1 WNTT11 1.95 Whnt signaling pathway
TRINITY_DN4873_c0_g2 TLE6 2.53 Whnt signaling pathway

Differentially expressed genes shown here were identified only in the CORT-EPI vs. control comparison. Putative functions of proteins
encoded by differentially expressed genes were obtained from UniProt. The complete differentially expressed genes list is in
Supplemental File S1. n = 3 pups; relative to control. CORT-EPI, cortisol-epinephrine.

activity of GR and promote degradation of beta-adrenergic
receptors in mice, respectively (57, 58), suggesting additional
mechanisms of intracellular negative feedback in response to
stress hormones. However, CORT and EPI showed poten-
tial antagonistic effects on their expression, with the
implication that simultaneous exposure to both hormones
may alter the ability of tissues to appropriately regulate
stress responses. Therefore, activation of both SAM and
HPA axes may lead to rapid depletion of energy stores and
impact the ability of marine mammals to sustain energy-
demanding life-history stages such as reproduction and
migration.

Blubber Response to Cortisol Treatment

The transcriptome response of PCATS to treatment with
CORT alone overlapped with that observed in blubber tissue
in vivo in response to cortisol elevation by ACTH (19, 20),

confirming that PCATS retain biological function in culture
and that the ex vivo system can be used to conduct biologi-
cally relevant manipulations. The CORT-induced response
included 37 of the same genes that were upregulated in
response to ACTH in our previous studies, as well as other
genes that shared functions with those identified in vivo (e.g.,
adipogenesis, lipid metabolism, and immune response) and
known GR targets. Three genes, ACSM1, CDOI, and PERI,
which encode an enzyme that catalyzes fatty acid activation,
a taurine biosynthesis enzyme involved in adipogenesis and
fatty acid oxidation (59), and a component of the circadian
clock, respectively, were upregulated in this study and both of
our previous in vivo ACTH administration studies (19, 20),
suggesting that they may represent a core response of ele-
phant seal blubber to cortisol elevation. Upregulation of com-
ponents of the circadian clock network, such as PERI, in
response to GCs highlights the complexity of blubber tissue

Table 4. Genes differentially expressed in BPA- and BPS-treated precision-cut adipose tissue slices from weaned

northern elephant seal pups

Transcript ID Gene Symbol log2 Fold Change Putative Function

BPA vs. control
TRINITY_DN5132_c1_g1 SGMS2* —2.86 Ceramide biosynthesis
TRINITY_DN16567_c0_g1 MLH3 1.48 DNA repair
TRINITY_DN61846_c0_g2 CHST15 1.38 Hexose biosynthesis
TRINITY_DN378_c2_g1 CXCL14* 5.79 Immune response and inflammation
TRINITY_DN9683_c0_g2 C1QBP —1.23 Immune response and inflammation
TRINITY_DN35062_c0_g2 SCN4B* 2.99 lon transport
TRINITY_DN5014_c1_g3 ATP2C2* 1.01 lon transport
TRINITY_DN2027_c0_g1 SLC38A5* —1.07 lon transport
TRINITY_DN528_c10_g1 STIMATE* —1.19 lon transport
TRINITY_DN32862_c0_g2 DDIT4L* 3.03 Negative regulation of mTOR pathway
TRINITY_DN34868_c0_g1 PLXNA4 2.34 Neural development and signaling
TRINITY_DN8625_c1_g1 DLGAP4 1.78 Neural development and signaling
TRINITY_DN14756_c0_g1 BTBD6 —2.46 Neural development and signaling
TRINITY_DN21402_c0_gz FAM110C* 1.89 Regulation of cell migration
TRINITY_DN665_c1_g1 TBC1D8 —1.61 Regulation of GTPase signaling
TRINITY_DN5761_c0_g1 SPP1 1.41 Response to steroid hormones
TRINITY_DN1308_c0_g2 FAM25C* —1.21 Unknown

BPA vs. control
TRINITY_DN15870_c2_g1 RGMB* —1.80 BMP signaling pathway
TRINITY_DN4788_c0_g1 KMT5C —1.65 Epigenetic regulation
TRINITY_DN648_c0_g1 PRKACA.i2 —2.83 GPCR signaling pathway
TRINITY_DN26459_c0_g1 TLE4 2.89 Negative regulation of Wnt signaling
TRINITY_DN15059_c1_g2 RHO —2.44 Phototransduction
TRINITY_DN8696_c0_g1 PLEKHGT* —1.34 Regulation of GTPase signaling
TRINITY_DN10007_cO_g1 THAP3* —-2.29 Regulation of transcription
TRINITY_DN13685_c0_g1 SELENOV* —1.29 Response to selenium
TRINITY_DN42299_c0_g2 HSD17B7* —0.82 Steroid hormone biosynthesis
TRINITY_DN1662_c0O_g4 PGAM3* —1.81 TNF- and ROS-induced necrosis
TRINITY_DN8773_c0_g1 CCDC194* —1.77 Unknown

Putative functions of proteins encoded by differentially expressed genes were obtained from UniProt. *Differentially expressed genes
that were only identified in the BPA vs. control or BPS vs. control comparisons. The complete differentially expressed gene lists are in
Supplemental File S1. n = 3 pups; relative to control. BPA, bisphenol A; BPS, bisphenol S; GPCR, protein-coupled receptor.
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and its role in tuning metabolic responses to environmen-
tal stimuli, as has been shown in adipose tissue of other
mammals (60).

Unlike defined hormone treatments in ex vivo culture, in
vivo ACTH administration also affects other hormones: it
increases aldosterone and reverse T3 levels and decreases total
T3 levels (61). Therefore, identifying genes that were differen-
tially regulated in response to CORT treatment alone ex vivo
(but not by ACTH administration in vivo) may enable us to dis-
entangle the effects of cortisol from that of other stress-altered
hormones in blubber. For example, CORT treatment, but not
ACTH administration, caused downregulation of IGF1 in blub-
ber, which may serve to promote fat mobilization by inhibiting
fat synthesis and storage pathways (62). Further studies will be
necessary to identify CORT-specific effects in marine mammal
blubber, as differences between DEG sets from different stud-
ies may also result from differences in experimental condi-
tions (e.g., magnitude and duration of cortisol elevation and
age class of study animals) and transcriptome analysis meth-
ods (e.g., different assembler versions, annotation databases,
and expression analysis approaches).

Similarly to our in vivo studies and work in other mam-
mals, CORT treatment of PCATS ex vivo altered expression
of genes associated with adipogenesis, angiogenesis, ECM
remodeling, fatty acid oxidation, and immune function.
Other CORT-regulated DEGs included those involved in
cAMP-dependent signaling, neurotransmitter catabolism,
TGFB and BMP signaling, responses to histamine, serotonin,
and IL10, and regulation of estrogen-dependent gene tran-
scription, suggesting that exposure to CORT may influence
tissue responsiveness to other neuroendocrine signals.
Together, the genes we have identified in both in vivo and ex
vivo studies suggest that cortisol elevation in marine mam-
mals likely alters rates of lipid and cellular turnover in blub-
ber, potentially impacting nutrient stores and the ability of
animals to respond to additional stressors.

Blubber Response to Epinephrine Treatment

The ex vivo system enabled us to examine the response
of blubber tissue to catecholamines, which are frequently
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overlooked in animal stress studies due to the transient na-
ture of the sympathetic stress response (4). Our previous in
vivo ACTH administration studies in elephant seals were
conducted under anesthesia, which blunts the sympathetic
nervous system response to experimental manipulation, dis-
sociating the HPA and SAM responses (18). Therefore, the
physiological consequences of “fight or flight” responses in
marine mammals, especially with respect to energy homeo-
stasis, remain unknown. The genomic effects of catechol-
amines on adipose tissue in other mammals have largely
been ignored, with the exception of a recent study that iden-
tified a network of immediate-early genes activated in
response to 3 h of norepinephrine stimulation in humans
(46). In this study, we identified clusters of genes that were
differentially expressed in elephant seal blubber in response
to EPI treatment alone and the combination of EPI and
CORT, including several immediate-early genes induced by
norepinephrine in human adipose tissue (46). Other EPI and
CORT-EPI-regulated genes included those involved in the
response to neuroendocrine signals, including catechol-
amines and steroid hormones, regulation of lipid and protein
turnover, glucose homeostasis, ion and metabolite transport,
adipogenesis, cell cycle, apoptosis, immune function, and
genetic and epigenetic regulation of gene expression.

Adrenergic signaling.

Treatment of PCATS with EPI caused upregulation of multi-
ple components of the adrenergic signaling pathway, includ-
ing two B-adrenergic receptor isoforms, several regulators of
adrenergic receptor sensitivity, an adenylyl cyclase isoform,
cAMP phosphodiesterases, and the cAMP response element
modulator CREM. Other EPI-upregulated genes included
known CREB targets (11), such as the kinases SIKI and SIK2,
nuclear receptors NR4Al, NR4A2, and NR4A3, metabolic
regulator PPARGCI1A, and enzymes PCKI and PDK4. SIK pro-
teins and NR4A receptors stimulate glucose uptake; inhibit
gluconeogenesis, lipogenesis, steroidogenesis, and inflam-
mation; and regulate the activity of other transcription fac-
tors such as CREB and PPARG (63, 64). Their upregulation in
blubber suggests potential detrimental consequences of
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Table 5. Genes that were differentially expressed only in BPA-EPI- or BPS-EPI-treated precision-cut adipose tissue

slices from weaned northern elephant seal pups

Transcript ID Gene Symbol log2 Fold Change Putative Function

BPA-EPI vs. control
TRINITY_DN6003_c2_g1 SMADS —3.99 BMP signaling pathway
TRINITY_DN3381_c2_g1 BLCAP 1.93 Cell proliferation and apoptosis
TRINITY_DN11685_c1_g1 TBCI1D1 4.81 Glucose uptake and glycolysis
TRINITY_DN2347_c1_g1 HK2 1.06 Glucose uptake and glycolysis
TRINITY_DN14897_c1_g2 CD300LF 3.55 Immune response and inflammation
TRINITY_DN116982_c0_g1 IKBKB 275 Immune response and inflammation
TRINITY_DN18325_c0_g1 IGFBP2 277 Inhibition of IGF signaling
TRINITY_DN924_c0_g2 RDHS5 —1.00 Oxidation of fatty acids and steroids
TRINITY_DN17928_c0_g1 ACADS —2.50 Oxidation of fatty acids and steroids
TRINITY_DN21247_c1_g1 TTC8 —-1.16 Primary ciliogenesis
TRINITY_DN9646_c0_g1 ZNF764 —-1.55 Regulation of steroid hormone receptors
TRINITY_DN13511_c1_g1 NSMCEZ2 233 Response to DNA damage
TRINITY_DN461400_c0_g1 ATRIP —4.21 Response to DNA damage

BPS-EPI vs. control
TRINITY_DN13603_c1_g3 NQO1 —-1.28 Antioxidant function
TRINITY_DN3395_c0_g2 ATG7 —2.14 Autophagy
TRINITY_DN1211_cO_g1 ACAAT —1.02 Fatty acid oxidation
TRINITY_DN4886_c2_g1 PC 3.67 Gluconeogenesis
TRINITY_DN1282_c0_g1 PCK2 1.03 Gluconeogenesis
TRINITY_DN51175_c0_g2 FBP2 174 Glycogen synthesis
TRINITY_DN28922_c0_g4 SACS 2.93 Heat shock protein co-chaperoning
TRINITY_DN27431_c0_g1 DNAJB12 —2.37 Heat shock protein co-chaperoning
TRINITY_DN1366_c1_g1 IL1B 3.61 Immune response and inflammation
TRINITY_DN19710_cO_g1 CD44 274 Immune response and inflammation
TRINITY_DN214795_c0_g1 TRDV3 2.33 Immune response and inflammation
TRINITY_DN476_c1_g1 CRLF1 2.20 Immune response and inflammation
TRINITY_DN19459_c0_g3 CXCL11 —1.38 Immune response and inflammation
TRINITY_DN13880_c1_g1 IRF1 —1.58 Immune response and inflammation
TRINITY_DN8664_c0_g3 NFATC2 —2.42 Immune response and inflammation
TRINITY_DN19911_cO_g1 CEP290 —1.15 Primary ciliogenesis
TRINITY_DN3174_c0_g2 CCDC32 —1.39 Primary ciliogenesis
TRINITY_DN18941_c0_g1 DPCD —4.81 Primary ciliogenesis
TRINITY_DN13272_c0_g1 CDKL4 1.26 Regulation of cell cycle
TRINITY_DN1658_c4_g2 CCND1 117 Regulation of cell cycle
TRINITY_DN9639_c0_g2 CCNP 1.10 Regulation of cell cycle
TRINITY_DN25387_c0_g1 FBXO31 4.08 Response to DNA damage
TRINITY_DN66484_c0_g1 PPP4R2 2.74 Response to DNA damage
TRINITY_DN2236_c0_g1 XPA —1.02 Response to DNA damage
TRINITY_DN10558_c5_g1 ERCC6L2 —1.38 Response to DNA damage
TRINITY_DN15667_c0_g1 UBAP2 -1.76 Response to DNA damage
TRINITY_DN41770_c4_g1 CRELD2 1.06 Unfolded protein response
TRINITY_DN2190_c3_g1 CTNND2 141 Wnt signaling pathway
TRINITY_DN2408_c0_g1 LEF1 1.02 Whnt signaling pathway
TRINITY_DN37095_c0_g1 TCF4 -1.70 Wnt signaling pathway

Putative functions of proteins encoded by differentially expressed genes were obtained from UniProt. The complete differentially expressed
gene lists are in Supplemental File S1. n = 3 pups; relative to control. BPA, bisphenol A; BPS, bisphenol S; CORT, cortisol; EPI, epinephrine.

catecholamine exposure in marine mammals, such as
impaired endogenous glucose production and sex hor-
mone synthesis, which are necessary for fasting and
reproduction (65). However, EPI-induced upregulation of
PPARGCIA (PGC1A), which stimulates mitochondrial bio-
genesis and adipocyte browning in white adipose tissue (66),
suggests some adaptive responses to catecholamines in blub-
ber. PCK1 (PEPCK) is involved in glyceroneogenesis, which is
necessary for reesterification of fatty acids released by lipoly-
sis (9), while PDK4 is a marker of a shift from glucose to fatty
acid oxidation (67). Upregulation of PCK1 and PDK4 in blub-
ber may serve as an indicator of increased lipid catabolism
in response to EPIL. EPI and CORT had synergistic effects on
expression of PPARGCIA, ADRB2, SIK2, and PCK1 in PCATS,
suggesting that their combination may substantially alter
metabolic homeostasis. Together, these results suggest that
EPI transcriptionally regulates the adrenergic signaling
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pathway and its targets in marine mammal blubber, which
may lead to altered sensitivity to catecholamines and
increases in energy expenditure and lipid and glucose ca-
tabolism during stress.

Neuroendocrine signaling.

EPI treatment altered expression of genes encoding receptors
for hormones, neurotransmitters, and other signaling mole-
cules, as well as components and targets of their signaling path-
ways in blubber. These included receptors for acetylcholine,
bradykinin, endothelin, estrogen, hydroxycarboxylic acid, reti-
noic acid, retinol-binding protein 4 (RBP4), serotonin, somato-
statin, substance P, and tumor necrosis factor o (TNFA), which
were upregulated by EPI and/or CORT-EPI, and receptors for ar-
ginine vasopressin, atrial natriuretic peptide, glutamate, growth
hormone, leukotrienes, and parathyroid hormone, which were
downregulated. Other DEGs were associated with the regulation
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Figure 9. Boxplots showing trimmed mean
of M values (TMM)-normalized and log2-
transformed counts of 4 genes that were dif-
ferentially expressed in response to hor-
mone and bisphenol treatments in elephant
seal precision-cut adipose tissue slices
(PCATYS). Different letters above the boxes
denote gene counts that were significantly
different between treatments [linear mixed-
effects model (LMM) followed by post hoc
tests, P < 0.1. Different colors denote
PCATS treatments, whereas different sym-
bol shapes denote individual seals from
which PCATS were obtained.
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of receptor sensitivity to steroid hormones, steroid biosynthesis,
and catabolism of neurotransmitters. EPI also downregulated
the gene encoding leptin adipokine (LEP), which regulates appe-
tite, lipolysis, and adipocyte browning (68). LEP was upregu-
lated by CORT but downregulated by EPI and CORT-EPI in
PCATS, suggesting that EPI impairs the blubber response to
CORT at the level of LEP transcription. The signaling pathways
and target genes regulated by these signaling molecules and
receptors are involved in angiogenesis, smooth muscle function,
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inflammation, cell proliferation, blood pressure control, neural
signaling, and metabolism, among many other diverse func-
tions, suggesting that catecholamines may alter tissue sensitiv-
ity and responsiveness to an array of neuroendocrine signals,
with potentially wide-ranging effects on physiology.

Lipid catabolism.
Catecholamines rapidly stimulate lipolysis in adipose tissue
primarily via posttranslational mechanisms. The downstream

Table 6. Genes identified as synergistically regulated (log2 fold change > 1) or antagonistically regulated (log2 fold
change < 1) by CORT and EPI, BPA and EPI, or BPS and EPI in precision-cut adipose tissue slices from weaned north-

ern elephant seal pups

Transcript ID Gene Symbol log2 Fold Change Putative Function

CORT x EPI interaction
TRINITY_DN63918_c0_g4 GAK 5.85 Endocytosis
TRINITY_DN14507_c0O_g1 ANXA6 5.51 Intracellular calcium storage
TRINITY_DN4873_c0_g2 TLE6 3.53 Negative regulation of Wnt signaling
TRINITY_DN20634_c0_g2 PCID2 2.98 Immune function
TRINITY_DN331_c1_g2 RGS3 1.33 Negative regulation of GPCR signaling
TRINITY_DN5084_c0_g1 PCK1 1.30 Glyceroneogenesis
TRINITY_DN5084_c0_g2 PCK1 1.26 Glyceroneogenesis
TRINITY_DN2508_c0_g1 ECSCR —-0.82 Angiogenesis
TRINITY_DN6067_c1_g1 ANGPT4 —-1.13 Angiogenesis
TRINITY_DN6067_c1_g2 ANGPT4 —1.78 Angiogenesis
TRINITY_DN909_cO_g1 CDO1 —-0.91 Adipogenesis
TRINITY_DN27111_c0_g2 PTAR1 —0.96 Posttranslational modification
TRINITY_DN8779_c0_g1 EZHIP —-1.13 Epigenetic regulation
TRINITY_DN16936_c0_g2 CDH13 —1.61 Cell—cell adhesion
TRINITY_DN27650_c0_g1 DTWD1 —2.33 tRNA processing
TRINITY_DN4417_c9_g1 SMIM12 —2.64 Unknown
TRINITY_DN27679_c0_g1 EDAR —2.86 NF-«B signaling

BPA x EPI interaction
TRINITY_DN10020_c3_g1 HNRNPM 4.67 mRNA processing
TRINITY_DN378_c2_g1 CXCL14 —-5.57 Immune function

BPS x EPI interaction
TRINITY_DN3384_c4_g1 RBM6 391 mRNA processing
TRINITY_DN2341_c1_g1 COQ4 —0.89 Ubiquinone biosynthesis
TRINITY_DN5581_c0_g1 NAXE —1.59 NAD(P)H damage repair
TRINITY_DN10558_c5_g1 ERCC6L2 —2.07 Response to DNA damage

Putative functions of proteins encoded by differentially expressed genes were obtained from UniProt. The complete differentially
expressed gene lists are in Supplementary File S3. n = 3 pups. BPA, bisphenol A; BPS, bisphenol S; CORT, cortisol; EPI, epinephrine;

GPCR, protein-coupled receptor.
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mediator CREB also alters expression of genes associated with
lipid catabolism (12). Accordingly, expression of a number of
DEGs associated with lipolysis and fatty acid oxidation was
altered by EPI treatment in NES PCATS, highlighting the tran-
scriptional regulation of lipid catabolism by catecholamines.
Lipolysis-associated DEGs that were upregulated in response
to EPI encoded intracellular lipase ATGL (PNPLA2) and its in-
hibitor GOS2, lipid droplet proteins, glycerol-transporting
aquaporins, fatty acid-binding protein FABP4, lipid uptake in-
hibitor ANGPTL4, and the lipolysis-stimulating adipokine
AZGPL. In contrast, genes associated with lipid uptake, syn-
thesis, and storage (LPL and FASN) were downregulated in
response to EPIL. Other EPI-upregulated genes associated with
fatty acid oxidation included those encoding beta-oxidation
enzymes, a mitochondrial fatty acid transporter, and PPARG
coactivators, while the PPARG corepressor ASXL1 was down-
regulated. We observed clear interactions between hormones
on expression of lipid metabolism genes: PNPLA2, FABP4,
LPL, FASN, and PPARA were differentially expressed only in
response to CORT-EPI treatment, but not either hormone
alone. Again, the gene expression signature suggests a signifi-
cant shift toward lipid mobilization and oxidation in response
to stress hormones, with significant implications for fasting-
adapted marine mammals.

Other functions.

EPI treatment impacted expression of genes with myriad
other functions that may have profound impacts on ma-
rine mammal blubber physiology. These included genes
associated with inflammation, protein ubiquitination and
degradation, antioxidant function, adipogenesis, angio-
genesis, neurogenesis, cell cycle, apoptosis, ion transport,
cytoskeleton and ECM structure and function, and regu-
lation of gene transcription, including epigenetic modifi-
cation. Some DEGs associated with a particular function
(e.g., inflammation) were upregulated, whereas others
were downregulated, suggesting that these functions may
be fine-tuned in complex and context-dependent ways
during stress responses. These findings demonstrate that
catecholamines significantly alter the transcriptional
landscape of blubber tissue, with potential functional
impacts on cell and protein turnover and tissue, redox, and
immune homeostasis. Altered expression of transcriptional
and epigenetic regulators in response to EPI may have exten-
sive and prolonged impacts on blubber function, lasting long
beyond the half-life of catecholamines.

Blubber Response to Bisphenols

Studies in humans and rodents have shown that bisphe-
nols may induce DNA damage and mitochondrial dysfunc-
tion, alter redox homeostasis, reduce insulin sensitivity and
lipolysis, and have dose- and context-dependent effects on
adipogenesis and adipokine production (26, 69). In this
study, we found that bisphenol treatments alone had a weak
impact on the NES blubber transcriptome compared with
stress hormones. However, the combination of EPI with BPA
or BPS significantly altered the expression of genes associ-
ated with inflammation; cell stress; DNA damage; regulation
of Wnt, BMP, and B-adrenergic signaling pathways; nuclear
hormone receptor activity; cell cycle; mitochondrial func-
tion; primary ciliogenesis; and glucose and lipid metabolism
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in PCATS. BPA and BPS altered the expression of primarily
distinct sets of genes in blubber, as has been shown in mouse
adipocytes (70), and affected the transcriptional response of
blubber to EPI.

Genes that were responsive solely to bisphenols included the
chemokine CXCLI14 and mTOR inhibitor DDIT4L, which were
upregulated only in response to BPA, mitochondrial damage
response gene PGAMS, which was downregulated only in
response to BPS, and selenium-responsive gene SELENOV,
which was downregulated in response to both BPS and BPA.
The addition of EPI with BPA and BPS attenuated the effects of
bisphenols on the expression of these markers in blubber.
CXCL14 regulates insulin sensitivity, adipocyte browning, and
adipocyte-to-macrophage communication (71, 72), whereas
DDIT4L promotes autophagy in response to cell stress (73).
Their upregulation in PCATS in response to BPA suggests that
bisphenols may alter immune and metabolic function in blub-
ber. PGAMS5 induces mitochondrial biogenesis, fission, mitoph-
agy, and/or cell death, depending on the severity of damage to
this organelle (74). Its downregulation in response to BPS sug-
gests reduced sensitivity to mitochondrial damage, which could
impair mitochondrial health, and thus metabolic and redox ho-
meostasis, in marine mammals. SELENOV stimulates lipolysis
and increases energy expenditure (75); its downregulation in
PCATS in response to bisphenols is consistent with their obeso-
genic effects reported in other species (26). Together, changes
in expression of these markers suggest that bisphenols may
have complex effects on cellular homeostasis by altering
responses to cell stress, insulin sensitivity, and lipid metabolism
in blubber, and have implications for the ability of marine
mammals with high bisphenol loads to mobilize fat stores to
support energetically demanding life-history stages.

BPA and BPS treatments alone affected the expression
of genes that were also regulated by CORT and EPI, sug-
gesting that bisphenols may target similar pathways to
those regulated by stress hormones in blubber. Although
BPA has been shown to bind GR in biomedical model sys-
tems (76), it is unknown whether bisphenols interact with
B-adrenergic receptor or any downstream components of
its signaling pathway. BPA and EPI showed potential
antagonistic effects on expression of SPP1, which encodes
osteopontin, a proinflammatory cytokine associated with
insulin resistance and inhibition of adipogenesis (77), sug-
gesting that BPA may reduce immune and metabolic
responses to catecholamines. BPS and EPI showed a poten-
tial antagonistic effect on the gene encoding rhodopsin,
which was downregulated in response to both treatments
alone and in combination. Although RHO is mainly
involved in phototransduction in the retina, it is also
expressed in extraocular tissues such as adipose (78), and
it may regulate ADRB3 expression and lipolysis (79).
Therefore, the inhibitory effect of EPI and BPS on RHO
expression in PCATS may be mediated, in part, via adre-
nergic receptors. However, the functional consequences of
this effect are impossible to predict as the function of rho-
dopsin in adipose tissue in vivo is presently unknown.

Finally, we identified suites of genes that were differen-
tially expressed only in response to the combination of
bisphenol-EPI treatments, but not EPI, CORT, or EPI-CORT,
suggesting interactive effects of catecholamines and bisphe-
nols on their expression. These included inflammation

R519

Downloaded from journals.physiology.org/journal/gjpregu at Univ Catholique Louvain Bruxe (130.104.028.143) on November 7, 2023.


http://www.ajpregu.org

()) BLUBBER RESPONSE TO STRESS HORMONES AND CONTAMINANTS

regulators IKBKB and ILIB, antioxidant enzyme NQOI,
autophagy and adipogenesis regulator ATG7, DNA repair
enzymes, cell cycle regulators, B-oxidation enzymes, and
many others. The functions of these genes were consistent
with reported effects of bisphenols (i.e., DNA damage, oxida-
tive stress, cell proliferation, modulation of the immune sys-
tem, and obesity) in other systems (27). Interestingly, the most
highly downregulated genes by BPA-EPI and BPS-EPI were
associated with primary cilia, which are organelles that organ-
ize signal transduction pathways and play a role in adipogene-
sis (80). Most importantly, we found evidence of a potential
synergistic interaction of bisphenols and EPI on the expression
of RNA-modifying enzymes and antagonistic interactions on
the expression of genes associated with responses to metabo-
lite and DNA damage. These data suggest that bisphenols and
EPI may interact to dysregulate adipocyte proliferation and
differentiation in blubber, and that the combination of cate-
cholamines and bisphenols may impact DNA and RNA stabil-
ity, redox homeostasis, and inflammation. Therefore, marine
mammals with high levels of bisphenol exposure may be espe-
cially sensitive to the physiological effects of stress hormones.
Stressed marine mammals, in turn, may be more vulnerable to
the cytotoxic effects of contaminants.

Perspectives and Significance

Our study demonstrates the utility of ex vivo systems such
as PCATS for combinatorial and functional experiments in
marine mammals. Using this system, we identified blubber
genes that were regulated by cortisol, epinephrine, BPA,
and BPS individually and in combination, providing novel
markers of stress responses and contaminant exposure and
hypotheses on their downstream effects on marine mammal
physiology. To our knowledge, this is the first study to exam-
ine the marine mammal blubber transcriptome response to
direct stimulation with catecholamines and bisphenols. We
suggest that catecholamines may have long-lasting and
wide-ranging effects on blubber tissue (e.g., altered sensitiv-
ity to a variety of neuroendocrine signals and epigenetic reg-
ulation of gene expression), especially in combination with
GCs and bisphenols, and should, therefore, be considered
when evaluating the effects of stress on wildlife. Bisphenols,
in turn, may alter blubber responses to lipid-mobilizing hor-
mone signals and may impact DNA and mitochondrial sta-
bility, redox homeostasis, steroid hormone biosynthesis,
energy expenditure, immune responses, and other func-
tions, which have significant implications for marine mam-
mal health and survival. Although the study was limited by a
small sample size, one age class of animals, and single doses
of hormones and contaminants, it provides a framework for
further multistressor studies, which should examine the
impacts of varying concentrations of contaminants on
blubber responses to other stress-responsive hormones in
marine mammals, such as cortisol, aldosterone, and thy-
roid hormone.
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