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EXECUTIVE SUMMARY

Plastic pollution is an urgent and growing global crisis, with over 360 million tons of plastic
produced annually and approximately 8 million tons entering our oceans each year. Plastics
contain chemical additives that improve their function, but these chemicals are not chemically
bound to the polymer and can migrate out of the plastic and into the environment.

Many of these additives are lipophilic, putting marine mammals at particular risk of
bioaccumulation of these contaminants due to their large lipid deposits and long lifespans. While
previous research has demonstrated impacts of plastic additives on cellular, endocrine, immune,
and reproductive systems in marine mammals, their effects on stress-response pathways remain
underexplored. If additives exacerbate stress response at the molecular level, they may
negatively impact marine mammals’ ability to forage or reproduce.

This study investigated whether plastic additives influence the glucocorticoid receptor (GR)
pathway, a key regulator of stress response. A literature review identified 26 plastic-derived
chemical additives present across 29 cetacean species, with diethyl phthalate (DEP) and di-2-
ethylhexyl phthalate (DEHP) among the most prevalent.

Fibroblast cell lines from four marine mammal species — humpback whale (Megaptera
novaeangliae), goose-beaked whale (Ziphius cavirostris), Atlantic bottlenose dolphin (Tursiops
truncatus), and Tamanend’s bottlenose dolphin (Tursiops erebennus) — were exposed to varying
concentrations of DEP and DEHP for 24 hours. The expression of three GR-related genes
(ANGPTLA4, ICAM1, and PTGS2) was quantified using reverse-transcription quantitative PCR
(RT-gPCR).

Results showed no consistent dose-dependent changes in gene expression for either chemical.
Although DEP exposure was associated with significantly increased ANGPTL4 expression,
overall expression levels were low, variability across samples was high, and standard curves
were inconsistent, indicating a need for additional validation of this finding.

This study suggests that diethyl phthalate (DEP) and di-2-ethylhexyl phthalate (DEHP), two
widely detected plastic chemical contaminants in marine mammals, do not strongly induce a GR-
mediated stress response as observed by expression of ANGPTL4, ICAM1, or PTGS2 genes.
The potential for effects induced within alternative pathways or outside the sampled time frame,
however, cannot be ruled out. Continued research on these plastic additives and the identification
of thresholds of adverse biological effects are essential for supporting science-based regulatory
strategies aimed at mitigating the long-term impacts of plastic additives on marine mammals.
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1. Introduction

A. Plastic Pollution and Marine Organismal Health

Global plastic consumption has increased drastically in recent decades, causing plastic debris
to enter the marine environment (Kruse et al., 2023). With more than 360 million tons of plastic
produced each year, an estimated 8 million tons enter the ocean annually (Keerthika et al., 2023;
Kruse et al., 2023). The presence of plastics in marine environments is driven by improper
disposal, loss from waste streams, and introduction through sewage and runoff (Keerthika,
2023).

Discussions of the ecological and toxicological effects of plastics in marine environments
often misrepresent plastic as a “pure” polymer. In reality, no plastic is manufactured without
additives (Lynch et al., 2022). Thousands of different chemicals are used as plastic additives,
many of which have been identified as harmful to the environment (Ullah et al., 2023). A piece
of plastic is made of refined crude oil with an average of approximately 20 added chemical
compounds that contribute to function, performance, or appearance of the plastic (Costa et al.,
2023; Hermabessiere et al., 2017; Lynch et al., 2022; Ullah et al., 2023). Plasticizers, fillers, and
flame retardants account for about 75% of all additives produced (Lynch et al., 2022).

Plastic additives are known to leach into marine environments as they are not chemically
linked to the polymer backbone of the host plastic and can migrate freely within the plastic
structure (Lynch et al., 2022). While some of these chemicals, like phthalates, can biodegrade
into less toxic metabolites in the water column or within food webs, many are observed to
bioaccumulate in marine sediments and organisms (Hart et al., 2018; Lynch et al., 2022). The
largest plastic additive sink is marine sediment as plastics and organic materials settle on the
ocean floor over time (Lopez-Martinez et al., 2023; Lynch et al., 2022). These chemicals also
accumulate in marine organisms, which are exposed via inhalation, dermal absorption, and
ingestion of either plastics or the free additives. Ingestion occurs due to plastic’s presence in
surrounding waters and misidentification as prey, or indirectly through trophic transfer
(Keerthika et al., 2023; Nelms et al., 2018).

The chemical properties of plastic additives tend to make them lipophilic (Costa et al., 2023).
Marine mammals are therefore at particular risk of bioaccumulation of these contaminants due to
their large lipid deposits, in addition to their long lifespans (Schaap et al., 2023). Plastic marine
debris and associated chemicals have been found in both filter-feeding baleen whales (Mysticeti)
and echolocating toothed whales (Odontoceti) (Lopez-Martinez et al., 2023; Zimmer-Correa et
al., 2024). Once in the body, the chemicals can travel to various organs and tissues to trigger
toxicity responses (Garcia-Garin et al., 2022; Jeong et al., 2024; Schaap et al., 2023; Xie et al.,
2024). Although some of these chemicals can be metabolized, some are maintained in marine
mammal tissues and cause chronic low-level exposure (Garcia-Garin et al., 2022). Accumulated
pollutants can then be transferred between mother and calf through gestation and lactation (Sala
et al., 2022).

The biological effects of each plastic additive vary due to the diversity of their chemical
classes (Lynch et al., 2022), though many have been shown to induce cellular damage, disrupt
endocrine and immune function, and impair reproductive ability (Jeong et al., 2024; Schaap et
al., 2023; Xie et al., 2024). Several additives—including 2,4-bis(dimethylbenzyl)-6-t-
butylphenol (antioxidant), di-2-ethylhexyl phthalate (DEHP; plasticizer), and polybrominated
diphenyl ethers (PBDEs; flame retardants)—have been observed to alter thyroid hormone levels



and receptor activity in marine mammals. Such disruptions have the potential to impact
metabolism, development, and growth in species where these chemicals have been observed,
such as fin whales (Balaenoptera physalus), blue whales (Balaenoptera musculus), bowhead
whales (Balaena mysticetus), and grey seals (Halichoerus grypus) (Fossi et al., 2025; Hall et al.,
2003; Routti et al., 2021).

DEHP has also been shown to impair cell proliferation and induce chromosomal
abnormalities during cell division in bottlenose dolphins (Tursiops truncatus) (Giovani et al.,
2022). Other phthalates have been shown to influence gene expression associated with lipid
metabolism and inflammation in fin, blue, and bowhead whales (Fossi et al., 2025). This class of
compounds also acts as endocrine disruptors in bottlenose dolphins and killer whales (Orcinus
orca) (Lemos et al., 2024).

Per- and polyfluoroalkyl substances (PFAS) are significantly correlated with increased
reactive oxygen species (ROS) production in killer whales, potentially leading to oxidative stress
and cellular damage (Lemos et al., 2024). Polychlorinated biphenyls (PCBs) are well
documented to impair marine mammal reproduction, with associations to elevated calf mortality
in bottlenose dolphins (Reddy et al., 2001; Wells et al., 2005), reduced pup production in
common seals (Phoca vitulina) (Reijnders, 1986), and abnormal uterine pathology in Baltic
ringed seals (Pusa hispida) (Helle et al., 1976). PCB exposure is also linked to reduced testes
weight in harbor porpoises (Phocoena phocoena), an indicator of fertility in seasonally breeding
mammals (Williams et al., 2021). Furthermore, high PCB burdens in harbor porpoises are
associated with increased mortality from infectious disease, suggesting immunotoxic effects
(Jepson et al., 2005).

Collectively, these organismal-level effects have the potential to scale up to population-level
consequences in marine mammals by reducing survival, fecundity, and overall population
viability. Assessing the likelihood and magnitude of such population-level impacts, however,
remains challenging. The impacts of most plastic chemical additives on marine mammals are still
not well understood due to the difficulty of studying and sampling marine mammals: they have
large home ranges, are often migratory, and many are highly protected (Schaap et al., 2023).
Much of the research on the effects of chemical additives has therefore been performed on
terrestrial mammals. Genomic evidence suggests, however, that terrestrial-focused research may
not be enough: the gene loss that occurred as marine mammals evolved in and adapted to ocean
environments—specifically the loss of the Paraoxonase 1 gene that defends mammals against
organophosporus toxicity—may leave marine mammals especially susceptible to damage caused
by chemical contaminants (Meyer et al., 2018). Given the critical roles marine mammals play in
ecosystem function and resilience, improving our understanding of the impacts of plastic
chemical additives is essential for accurately evaluating population-level risks and informing
effective conservation strategies (Schaap et al., 2023).

B. Stress Response in Marine Mammals

While the literature has established that plastic chemical additives can negatively affect
cellular, endocrine, immune, and reproductive function, there has been limited investigation into
their impacts on stress response pathways. Understanding these effects is especially important in
marine mammals as stress physiology becomes an increasingly prominent focus in both research
and management discussions. There is growing recognition of the numerous anthropogenic
stressors to which marine mammals are exposed: underwater noise pollution, fishing activities



and bycatch, entanglement, and vessel proximity or collisions can induce both acute and chronic
stress responses in these organisms (Melica et al., 2022; Wright et al., 2011).

The primary systems involved in stress response in marine mammals are the sympathetic
nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis. Upon perception of a
stressor, the SNS releases adrenaline and noradrenaline, increases heart rate, and redistributes
blood from non-essential organs to the brain and muscles. The HPA axis releases hormones,
including glucocorticoids such as cortisol, that suppress non-essential activities, such as
digestion, immune activity, growth, and reproduction (Wright et al., 2011).

The effects of glucocorticoids are moderated by glucocorticoid receptors (GR), a protein that
can be found in almost every cell in the body. The glucocorticoids bind to and activate a
cytoplasmic receptor. The ligand-activated glucocorticoid receptor then interacts with DNA at
specific glucocorticoid-responsive elements (GREs) to modulate the transcription of target genes
with the assistance of coactivators and chromatin complexes, thereby altering cell functions such
as metabolism and inflammation (Caratti et al., 2018; Nicolaides et al., 2000; Ramamoorthy &
Cidlowski, 2013). GR gene expression is cell type-specific (Love et al., 2017; Ramamoorthy &
Cidlowski, 2013). Plastic chemical additives may interact with this pathway by binding directly
to GR, or by secondarily activating the GR response genes by inducing other signals within a cell
(Eickelberg et al., 1999; Meakin et al., 2019).

Cortisol has been demonstrated to cause a hormetic stress response in goose-beaked whale
(Ziphius cavirostris) cells (see Appendix A). GR-mediated stress response genes ANGPTL4 and
ICAMI both showed slightly elevated expression at a low (1nM) cortisol dose, then peak at a
medium dose (100nM). Expression levels decreased at higher doses (1000nM )—though
remained slightly elevated—as the cortisol concentration may have had an inhibitory or toxic
effect (Calabrese, 2003; Mattson, 2008).

An effective stress response is essential for survival (Wright et al., 2011). Marine plastic
pollution and associated environmental contaminants can persist long term in individual marine
mammals, as these chemicals remain in the body and accumulate in tissues over time. If these
contaminants alter the GR stress response pathway, they may threaten the ability of marine
mammal cells to respond effectively to stressors, thereby potentially compounding the effects of
the many anthropogenic stressors to which these organisms are increasingly exposed. This study
investigated whether plastic chemical additives, derived from marine plastic pollution,
exacerbated stress response in marine mammal cells.

C. Plastic Additives of Interest

This study aimed to conduct research on plastic chemical additives that are representative of
those found in cetacean tissues. To determine which plastic chemical additives are presently
found in cetacean species, a literature review was conducted to identify the chemical
contaminants that previous studies have detected in cetaceans. Thirty-one peer-reviewed articles
produced 143 unique chemical contaminants across 36 species of cetaceans (see Appendix B).

This list was manually cross-checked with a list of chemicals known to be used as plastic
additives (Vincoff et al., 2023), resulting in a final list of 26 plastic chemical additives across 29
cetacean species (Figure 1, Tables 1-2).

The 29 species containing plastic additives were a mix of odontocetes and mysticetes from
different ocean basins, inhabiting ranges both inshore and offshore, with varied typical dive
depths (Table 1). Of the 26 chemicals on the final list (Table 2), some stood out as frequently



occurring: diethyl phthalate (DEP) was found in 19 of 29 species and di-2-ethylhexyl phthalate
(DEHP) was found in 15 species.

Both DEP and DEHP are phthalates, which are the most widely used plasticizers in the
plastics industry. Of the 8.4 million metric tons of plasticizers manufactured globally in 2017,
approximately 65% were phthalates used by the polyvinyl chloride (PVC) industry. DEP and
DEHP are some of the most commonly used phthalate plasticizers in PVC (Lynch et al., 2022).

Environmental concerns about the use of phthalate plasticizers were expressed as early as
1978 (Giam et al., 1978), and since then they have been shown to induce oxidative stress, cell
degeneration, growth impairment, endocrine system disfunction, metabolic disorders, infertility,
tumor development, and cognitive disorders in mammals (Brassea-Pérez et al., 2022; Gutiérrez-
Garcia et al., 2024; Hunt et al., 2008). This class of chemicals has also been shown to impact
stress response pathways in marine mammals by influencing concentrations of aldosterone, a
mineralocorticoid that regulates blood volume and pressure (Lemos et al., 2024).

Both DEP and DEHP have been shown to cause reproductive toxicity (Cao et al., 2024;
Mondal et al., 2019; Weaver et al., 2020). As steroid hormones, including glucocorticoids as well
as reproductive hormones such as androgen, estrogen, and progesterone, all share similar
chemical structures (Ha & Bhagavan, 2023), the reproductive effects of DEP and DEHP may
suggest that these additives also have a stress response effect. In this experiment, marine
mammal cells were exposed to DEP and DEHP doses for 24 hours. The amplification of three
GR-response genes was then quantified to assess increases or decreases in the expression of gene

from this stress pathway.
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Figure 1. Process of identifying plastic additives of interest.



Table 1. Species with measured concentrations of plastic additives from literature review.

All Species DEP DEHP References
Andvik et al., 2024; Routti et
Blue whale X al. 2021
Bowhead whale X Routti et al., 2021
Burrunan dolphin
Clymene dolphin
Baini et al.,2017; Lemos et al.,
Common bottlenose dolphin X X 2024; Page-Karjian et al., 2020;
Sambolino et al., 2024
Cuvier's beaked whale X Page-Karjian et al., 2020
Dwarf sperm whale X Page-Karjian et al., 2020
East Asian finless porpoise Chen et al., 2024
. Baini et al., 2017; Garcia-Garin
Fi Whate X etal.,2022; Routti et al., 2021
Gervais' beaked whale X Page-Karjian et al., 2020
Harbor porpoise X X Andvik et al., 2024
Humpback whale
Indo-Pacific bottlenose
dolphin
. Andvik et al., 2024; Pedersen et
Long-finned pilot whale X al., 2024; Zhu et al., 2024
Melon-headed whale Page-Karjian et al., 2020
Minke whale X Chen et al., 2024
Narwhal X X Pedersen et al., 2024
North Atlantic right whale
Orea X Andvik et al., 2024; Lemos et
al., 2024; Pedersen et al., 2024
Pygmy sperm whale Page-Karjian et al., 2020
- . Baini et al.,2017; Page-Karjian
Risso's dolphin X et al,, 2020
Rough-toothed dolphin
Short-beaked common
dolphin
Short-finned pilot whale X X Sambolino et al., 2024
Sperm whale X X Andvik et al., 2024
Spinner dolphin
Spotted dolphin Page-Karjian et al., 2020
. . Baini et al.,2017; Vighi et al.,
Striped dolphin X 2023
White-beaked dolphin X X Andvik et al., 2024; Page-

Karjian et al., 2020 -



Table 2. Plastic chemical additives identified in marine mammals from literature review.

Abbreviation Chemical Name CAS Number
BBP Benzyl butyl phthalate 85-68-7
BDP Bisphenol A bis(diphenyl phosphate) 5945-33-5
BPA Bisphenol A 80-05-7
BPF Bisphenol F 620-92-8
DBP Dibutyl phthalate 84-74-2

DEHP Di(2-ethylhexyl)phthalate 117-81-7
DEP Diethyl phthalate 84-66-2
DIBP Diisobutyl phthalate 84-69-5

DNOP Di-n-octyl phthalate 117-84-0
DiDP Diisodecyl phthalate 26761-40-0
DiNP Diisononyl phthalate 28553-12-0

DnHxP Di-n-hexyl phthalate 84-75-3

EHDPHP 2-Ethylhexyl diphenyl phosphate 1241-94-7
MEHP Mono(2-ethylhexyl) phthalate 4376-20-9
Octocrylene Octocrylene 6197-30-4

PFDA Perfluorodecanoic acid 335-76-2
PFNA Perfluorononanoic acid 375-95-1
PFOA Perfluorooctanoic acid 335-67-1

TBOEP Tris(2-butoxyethyl) phosphate 78-51-3

TBP Tributyl phosphate 126-73-8
TCEP Tris(2-chloroethyl) phosphate 115-96-8
TDBPP Tris(2,3-dibromopropyl) phosphate 126-72-7
TDCIPP Tris(1,3-dichloro-2-propyl) phosphate 13674-87-8
TEHP Tris(2-ethylhexyl) phosphate 78-42-2
TPHP Triphenyl phosphate 115-86-6
Triclosan Triclosan 3380-34-5

11. Methods

A. Marine mammal cell cultures

To explore the effects of this chemical on marine mammals, four fibroblast cell lines,
originating from biopsy samples, were prepared: humpback whale (Megaptera novaeangliae,
Mno), goose-beaked whale (Ziphius cavirostris, Zca), Atlantic bottlenose dolphin (Tursiops
truncatus, Ttr), and Tamanend’s bottlenose dolphin (Tursiops erebennus, Ttr estuary) (Costa et
al., 2022). All cells were cultured in F-media containing Dulbecco's Modified Eagle's Medium
(DMEM) with 10% Fetal Bovine Serum (FBS) and 1.1% Penicillin-Streptomycin, F12,
hydrocortisone, EGF, insulin, Fungizone/Amphotericin B, Gentamicin, cholera toxin, and Y-
27632. The cells were maintained in a humidified incubator at 37°C and 5% COa,. Cells were
trypsinized and passaged approximately every six days.

Once an adequate number of plates reached confluence, cells were plated in biological
triplicates in 12-well plates. Cells were incubated for 48 hours, then were exposed to an
experimental dose of DEP or DEHP (0OnM, 1nM, 10nM, 100nM, 1puM, 10uM, 100uM) for 24
hours. The selected doses represented the range of DEP and DEHP concentrations found in



marine mammal tissues in the literature (Baini et al., 2017; Lemos et al., 2024) (see Appendix
B).

B. RNA Extraction, reverse transcription, and RT-qPCR

Cells were treated for 24 hours with either chemical at a specific concentration in triplicate
biological replicates. RNA was extracted according to the Zymo Research Quick RNA Miniprep
Kit (Zymo #R1055) protocol. Attempts to quantify the RNA at this stage returned an error that
concentrations were too low to be read by the Qubit 2.0 Fluorometer. Extracted RNA was frozen
at -80°C until it was reverse transcribed according to the ThermoFisher Scientific High-Capacity
cDNA Reverse Transcription Kit (ThermoFisher #4368814) protocol. cDNA was stored at-20°C.

To determine how the different chemical doses impacted the GR stress response pathway,
Reverse-Transcription quantitative PCR (RT-qPCR) was performed on the cDNA in technical
triplicates using Luna Universal qPCR Master Mix (New England Biolabs #M3003X) and
primers for 4 target genes of the GR signaling pathway: intercellular adhesion molecule 1
(ICAM1), prostaglandin-endoperoxide synthase 2 (PTGS2), angiopoietin-like 4 (ANGPTLA4),
and endothelin-2 (EDN2). EDN2, ICAM1, and PTGS2 play roles in inflammation (Miller et al.,
2024, Musthafa et al., 2023; Sakoda et al., 2006). ANGPTL4 is involved in metabolism
(Koliwad et al., 2012). U1, a highly abundant gene involved in pre-mRNA splicing (O’Reilly et
al., 2013), was used as the loading control, or housekeeping gene. The same thermal cycling
program was used for all five genes, consisting of an initial denaturation at 95°C for 20 seconds,
40 cycles of 95°C for 1 second and 60°C for 20 seconds, a 95°C extension for 15 seconds, a final
extension at 60°C for 1:00, a final melt curve from 60°C to 95°C over 12 minutes, and a final
hold at 95°C for 15 seconds.

Cycle threshold (Ct) values, the thermal cycle number at which fluorescence amplified, for
DEP-exposed samples (n = 252) and DEHP-exposed samples (n = 144) for each of the five target
genes were recorded by an Eppendorf Realplex 4 thermocycler.

A standard curve was established for each gene using serial dilutions of two samples per
gene to determine if Ct values changed predictably as the DNA was diluted. To perform the
serial dilution, 4pL. of cDNA from a sample were aliquoted into an Eppendorf tube. 2uL of that
cDNA were transferred to a different Eppendorf tube containing 2ulL of DNase/RNase-free water
and mixed, creating a 1:2 dilution. 2pL of that dilution were transferred to a different tube
containing 2pL. of DNase/RNase-free water and mixed, creating a 1:4 dilution. This process was
repeated three more times to create 1:8, 1:16, and 1:32 dilutions.

To establish dose-response curves, Ct values were transformed into fold change values. To
normalize variation in sample input, ACt was calculated as:

ACtsample) = Ctarget gene) — Ct(housekeeping gene)

To compare experimental values to a control, AACt was calculated as:
AACt = ACt(experimental dose) — ACt(control)

Fold change between control and experimental values was calculated as:

Fold Change = 2-44Ct

10



The fold change values represent a ratio of increase or decrease relative to the control value.
A one-fold change hence indicates no change between treatment and control.

For statistical analysis, fold change values were log-transformed (log2) to recenter the scale
of change around zero (Bailey, 2019). An ANOVA test and post-hoc Tukey’s HSD were
performed for each gene.

I11. Results

A. RT-qPCR assays to assess stress responses

ANGPTLA4, ICAM1, and PTGS2 returned consistent Ct values and melt curves. EDN2 did
not consistently amplify, with missing Ct values and scattered melt curves, so was not included
in subsequent analyses.

A normal standard curve would show a one-unit increase in Ct for every 2x dilution.

The housekeeping gene, U1, had a normal standard curve, indicative of stable amplification
(Figure 2). ICAMI has reasonably consistent amplification, though changes in Ct were
sometimes non-linear and not exactly one unit. ANGPTL4 showed amplification across
dilutions, though demonstrated non-linearity, suggestive of variable amplification efficiency.
PTGS2 exhibited greater variability and non-linear behavior, indicating less stable amplification
efficiency. A limitation to these results, however, is that the dilutions and subsequent RT-qPCR
were performed on few samples, without the corroboration of replicates.

The housekeeping gene amplified at lower values, Ct values ranging from 10.31 to 16.00, as
compared to the GR response genes. The Ct value range for ANGPTL4 was 28.67 to 34.23, for
ICAMI1 was 24.89 to 36.41, and for PTGS2 was 28.36 to 36.41.

11
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Figure 2. Standard curves for housekeeping and target genes.
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B. Impact of additives on gene expression

Across DEP exposures for all four species, Ct values for Ul ranged from 7.58 to 19.76, for
ANGPTLA ranged from 23.46 to 37.29, for ICAM1 ranged from 21.53 to 33.79, and for PTGS2
ranged from 29.09 to 39.87. Outlying triplicate Ct values that made sample standard deviations
greater than 1 were manually removed. For fold change calculations and visualization of the
data, Ct values over 35 were removed (Grosdidier et al., 2017).

ANGPTLA had relatively consistently elevated fold change, though the standard deviations
of fold change values, representing variation between both biological and technical triplicates,
were large (Figure 3). Log fold change values, representative of the directionality of gene
expression, indicated that ANGPTL4 was almost always upregulated when exposed to a dose of
DEP, as compared to the control (Figure 4). An ANOVA test performed on fold change values in
the ANGPTL4 gene indicated that there were significant differences between treatment groups
(F(6,201) = 10.67, p<0.001). A post-hoc Tukey’s HSD indicated that fold change differed
significantly between all DEP doses and the control (p < 0.001), but there were no significant
differences between DEP doses across all species. Despite this consistency in elevated fold
change, there were no consistent dose-response trends.

ZCA Average Fold Change MNO Average Fold Change
nrol 1M oM 100nM 1™ oM 100uM nirod 1™ O 100nM 1M oM 100uM
TTR Average Fold Change TTREST Average Fold Change

— —— et 29 — e ——

o M oM 100nM 1M oM 100uM ﬁ
‘ . i
. atral 1M oM 100nM 1M M 100uM

Figure 3. ANGPTLA4 fold change for each species averaged across three biological replicates
with DEP exposure. Note that y-axes are not on the same scale.
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Figure 4. ANGPTLA4 log fold change for each species averaged across three biological replicates
with DEP exposure. Note that y-axes are not on the same scale.

ICAMI also had relatively consistently elevated fold change, though on a smaller scale than
ANGPTLA (Figure 5). Log fold change for ICAM1, though more variable than ANGPTL4, was
also primarily positive (Figure 6). Once again, however, there were large standard deviations and
no consistent dose-response trends. An ANOVA test for the ICAM1 gene did not find any

statistically significant differences between treatments across all species (F(6,237) = 1.841,p =
0.0919).
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Figure 5. ICAMI fold change for each species averaged across three biological replicates with
DEP exposure. Note that y-axes are not on the same scale.
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Figure 6. ICAMI log fold change for each species averaged across three biological replicates
with DEP exposure. Note that y-axes are not on the same scale.
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PTGS2 fold change and log fold change values suggested decreases in expression of the gene
(Figures 7-8). Once again, standard deviations were large and there were no consistent dose-
response trends. An ANOVA test for the PTGS2 gene did not find any statistically significant
differences between treatments (F(6,229) = 1.965, p = 0.0716), though a post-hoc Tukey’s HSD
revealed that the ANOVA had masked a significant difference in fold change between the
highest DEP dose (100uM) and the control (p = 0.0305).

PTGS2
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Figure 7. PTGS2 fold change for each species averaged across three biological replicates with
DEP exposure. Note that y-axes are not on the same scale.
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Figure 8. PTGS2 log fold change for each species averaged across three biological replicates
with DEP exposure. Note that y-axes are not on the same scale.

To examine dose-dependent effects of DEHP, four treatments were selected for analysis:
control, InM, 100nM, and 100uM. Across these DEHP exposures for all four species, Ct values
for U1 ranged from 8.98 to 34.41, for ANGPTL4 ranged from 10.00 to 39.56, for ICAM1 ranged
from 22.36 to 36.58, and for PTGS2 ranged from 28.92 to 37.04. Outlying triplicate Ct values
that made sample standard deviations greater than 1 were manually removed. For fold change
calculations and visualization of the data, Ct values over 35 were removed (Grosdidier et al.,
2017).

The Ct range for the housekeeping gene was notably wider in DEHP-treated samples than in
DEP-treated samples, indicating greater, and unusual, variability in amplification. The highest Ct
values were primarily observed in Zca, which notably showed no amplification for ANGPTL4 or
PTGS2. Although the biological replicate plates were seeded and cultured concurrently with the
DEP plates, it is possible that Zca cells exhibited reduced growth or yielded insufficient RNA or
cDNA, which may have contributed to the limited amplification observed.

As with DEP, there were no apparent dose-response trends in fold change relative to the
control as DEHP dose increased. ANGPTL4 had outlying values with large standard deviations
and no consistency across species in directionality of gene expression (Figures 9-10). An
ANOVA test indicated that there were no significant differences in fold change between
treatment groups for ANGPTL4 (F(3,83) = 1.599, p=0.196).
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Figure 9. ANGPTLA4 fold change for each species averaged across three biological replicates
with DEHP exposure. Note that y-axes are not on the same scale.
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Figure 10. ANGPTLA4 log fold change for each species averaged across three biological
replicates with DEHP exposure. Note that y-axes are not on the same scale.

ICAMI and PTGS?2 values suggested some increases in gene expression, but the scales of
fold change varied widely across species (Figures 11-14). As with DEP, there was much
variation between biological and technical replicates. ANOVA tests indicated that there were no
significant differences in fold change between treatment groups for ICAM1 (F(3,130) =2.207,
p=0.0903) or PTGS2 (F(3,82) = 0.583, p=0.628).

18



ZCA Average Fold Change MNO Average Fold Change
X 000
[} 2500
80 2000
60 S0
&0 .0,
0 S0 .
+ ey —t 0 PR -
Cowrdl 1M 100nM 100uM Convat -,}4 1000M 10JuM
5000
A 10000
TTR Average Fold Change TTREST Average Fold Change
35
s &
4
) 2
o " " il
0 Contrd 1M 100nM 100uM
Conuwred ™ 100nM 100uM 1

Figure 11. ICAM1 fold change for each species averaged across three biological replicates with
DEHP exposure. Note that y-axes are not on the same scale.
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Figure 12. ICAMI1 log fold change for each species averaged across three biological replicates
with DEHP exposure. Note that y-axes are not on the same scale.
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Figure 13. PTGS2 fold change for each species averaged across three biological replicates with
DEHP exposure. Note that y-axes are not on the same scale.
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Figure 14. PTGS2 log fold change for each species averaged across three biological replicates
with DEHP exposure. Note that y-axes are not on the same scale.

V. Discussion

While DEP was associated with significantly increased expression of ANGPTL4, the
calculated fold change values for all four marine mammal species showed no consistent dose-
response trends to DEP nor DEHP. Variability between biological replicates was high. The
standard curves for each gene demonstrated variable amplification efficiency.

The variable standard curves may have been due to the primers not accurately recognizing
the sample DNA, though, after all target genes returned high Ct values in the initial experiment,
it was more likely that the variable standard curves were due to inadequate DNA expression
within the sample.

The relatively high Ct values observed across all GR-related genes, ranging from the 20s to
the high 30s, suggested that expression levels were near the lower limit of reliable detection for
RT-qPCR, meaning that neither DEP nor DEHP were stimulating the expression of these genes.
At very low levels of gene expression, effects such as background fluorescence in RT-qPCR can
strongly influence calculated fold changes, making it difficult to distinguish true gene
amplification from noise. Additional validation, such as alternative primers or complementary
expression assays, would be necessary to confirm any patterns.
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Despite there being some statistically significant differences between DEP treatment groups
and the control, these results suggest that DEP and DEHP do not strongly induce a GR-mediated
stress response via the genes examined within the experimental conditions tested, evidenced by
the absence of a clear dose-dependent response and the generally low expression levels observed.
The suggestion of a directional response, such as that seen for ANGPTL4 under DEP exposure,
highlights the need for replicated experiments to confirm this observation. Furthermore, it is
possible that DEP and/or DEHP act through alternative molecular pathways not captured by the
selected gene targets, or that responses occur outside the temporal window sampled.

V. Conclusion

Diethyl phthalate (DEP) and di-2-ethylhexyl phthalate (DEHP), two widely detected plastic
chemical contaminants in marine mammals, did not strongly induce a glucocorticoid receptor-
mediated stress response via the ANGPTL4, ICAMI1, or PTGS2 genes examined in this study.
While ANGPTL4 did show significantly increased gene expression under DEP exposure, the
high Ct values observed across all target genes, along with inconsistent standard curves, suggest
that such a pattern may be influenced by technical and/or biological variability rather than
representative of a biological trend.

The absence of a strong response in these genes, however, does not preclude DEP and DEHP
from affecting other physiological pathways in these organisms. DEP and DEHP may act
through alternative pathways not represented by the selected genes, or may require longer
exposure durations to elicit measurable changes. Future studies incorporating additional stress-
response pathways and extended exposure periods would provide a more comprehensive
assessment of DEP and DEHP’s biological effects. Another approach would be to evaluate
higher exposure concentrations to determine the threshold at which DEP and DEHP begin to
produce adverse effects. Although current environmental exposures in marine mammals may
remain below this threshold, continued bioaccumulation of plastic additives such as DEP and
DEHP could eventually result in biologically significant impacts (Routti et al., 2021).

Identifying biological thresholds for known harmful plastic chemical additives would provide
science-based targets to guide regulatory decision-making and limit continued environmental
release of these contaminants. Existing policies provide frameworks through which these
thresholds could be used to guide restrictions on chemical production and use. At the
international level, the Stockholm Convention and Basel Convention establish mechanisms for
restricting the production, use, and trade of persistent and hazardous chemicals (Basel
Convention, 2024; Diana et al., 2022; Stockholm Convention, 2024; United States Treaty
Collection, n.d.). At the national level, the Toxic Substances Control Act and the Lautenberg
Chemical Safety Act mandate the evaluation of commercially used chemicals for health and
environmental risks (Toxic Free Future, 2025; Watnick, 2019).

The urgency of proactive regulation is underscored by past efforts to regulate harmful
environmental contaminants like PCBs: although banned decades ago, their persistence and
bioaccumulation continue to produce ecological and biological consequences (Jepson et al.,
2016). To avoid repeating this pattern, comprehensive restrictions on harmful plastic additives
must be implemented in the near future.

Although these findings did not identify an immediate GR-mediated stress response to a
common chemical contaminant, they underscore the need for continued study of the effects of
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plastic additives in marine ecosystems and organisms. Furthermore, they highlight the
importance of establishing scientifically informed thresholds that can guide both environmental
management and regulatory action to prevent long-term ecological harm to marine mammals.
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Figure S1. Response of two GR-mediated stress response genes in Z. cavirostris cells to low,
medium, and high cortisol doses (Wisse, unpublished data, 2025).

28



Appendix B
Literature Review Bibliography

Andvik, Clare, Pierre Bories, Mikael Harju, et al. “Phthalate Contamination in Marine Mammals off
the Norwegian Coast.” Marine Pollution Bulletin 199 (February 2024): 115936.
https://doi.org/10.1016/j.marpolbul.2023.115936.

Baini, Matteo, Tania Martellini, Alessandra Cincinelli, et al. “First Detection of Seven Phthalate
Esters (PAEs) as Plastic Tracers in Superficial Neustonic/Planktonic Samples and Cetacean
Blubber.” Analytical Methods 9, no. 9 (2017): 1512-20. https://doi.org/10.1039/C6AY02674E.

Becker, P. R, E. A. Mackey, R. Demiralp, M. M. Schantz, B. J. Koster, and S. A. Wise.
“Concentrations of Chlorinated Hydrocarbons and Trace Elements in Marine Mammal Tissues
Archived in the U.S. National Biomonitoring Specimen Bank.” Chemosphere, Biological
Environmental Specimen Banking, vol. 34, no. 9 (1997): 2067-98.
https://doi.org/10.1016/S0045-6535(97)00069-6.

Chen, Mengqin, Jiashen Tian, Zhiwei Gan, Jinhao Wu, Sanglan Ding, and Shijun Su. “Tissue
Distribution and Trophic Transfer of Organophosphate Triesters and Diesters in Three Marine
Mammals of the Liaodong Bay and the Northern Yellow Sea.” Journal of Hazardous
Materials 461 (January 2024): 132694. https://doi.org/10.1016/j.jhazmat.2023.132694.

Combi, Tatiane, Rosalinda Carmela Montone, Carmen Corada-Fernandez, Pablo A. Lara-Martin, Joao
Bosco Gusmao, and Marcos César de Oliveira Santos. “Persistent Organic Pollutants and
Contaminants of Emerging Concern in Spinner Dolphins (Stenella Longirostris) from the
Western Atlantic Ocean.” Marine Pollution Bulletin 174 (January 2022): 113263.
https://doi.org/10.1016/j.marpolbul.2021.113263.

Hart, Leslie B., Miranda K. Dziobak, Emily C. Pisarski, Edward F. Wirth, and Randall S. Wells.
“Sentinels of Synthetics — a Comparison of Phthalate Exposure between Common Bottlenose
Dolphins (Tursiops Truncatus) and Human Reference Populations.” PLoS ONE 15, no. 10
(2020): €0240506. https://doi.org/10.1371/journal.pone.0240506.

Foord, Chantel S., Drew Szabo, Kate Robb, Bradley O. Clarke, and Dayanthi Nugegoda. “Hepatic
Concentrations of per- and Polyfluoroalkyl Substances (PFAS) in Dolphins from South-East
Australia: Highest Reported Globally.” Science of The Total Environment 908 (January 2024):
168438. https://doi.org/10.1016/j.scitotenv.2023.168438.

Garcia-Garin, Odei, Berta Sala, Alex Aguilar, et al. “Organophosphate Contaminants in North
Atlantic Fin Whales.” Science of The Total Environment 721 (June 2020): 137768.
https://doi.org/10.1016/j.scitotenv.2020.137768.

Garcia-Garin, Odei, Wissam Sahyoun, Sopheak Net, et al. “Intrapopulation and Temporal Differences
of Phthalate Concentrations in North Atlantic Fin Whales (Balaenoptera
Physalus).” Chemosphere 300 (August 2022): 134453.
https://doi.org/10.1016/j.chemosphere.2022.134453.

Jeong, Yunsun, Jingchuan Xue, Kyum Joon Park, Kurunthachalam Kannan, and Hyo-Bang Moon.
“Tissue-Specific Accumulation and Body Burden of Parabens and Their Metabolites in Small
Cetaceans.” Environmental Science & Technology 53, no. 1 (2019): 475-81.
https://doi.org/10.1021/acs.est.8b04670.

Khairy, Mohammed, Emily Brault, Rebecca Dickhut, et al. “Bioaccumulation of PCBs, OCPs and
PBDEs in Marine Mammals From West Antarctica.” Frontiers in Marine Science 8 (December
2021). https://doi.org/10.3389/fmars.2021.768715.

29



Lemos, Leila S., Amanda C. Di Perna, Karen J. Steinman, Todd R. Robeck, and Natalia S. Quinete.
“Assessment of Phthalate Esters and Physiological Biomarkers in Bottlenose Dolphins (7ursiops
Truncatus) and Killer Whales (Orcinus Orca).” Animals 14, no. 10 (2024): 1488.
https://doi.org/10.3390/ani14101488.

Martineau, D., S. De Guise, M. Fournier, et al. “Pathology and Toxicology of Beluga Whales from
the St. Lawrence Estuary, Quebec, Canada. Past, Present and Future.” Science of The Total
Environment, Marine Pollution - Mammals and Toxic Contaminants, vol. 154, no. 2 (1994):
201-15. https://doi.org/10.1016/0048-9697(94)90088-4.

Megson, David, Thomas Brown, Gareth Rhys Jones, et al. “Polychlorinated Biphenyl (PCB)
Concentrations and Profiles in Marine Mammals from the North Atlantic Ocean.” Chemosphere
288 (February 2022): 132639. https://doi.org/10.1016/j.chemosphere.2021.132639.

Montoto-Martinez, Tania, Jesus De la Fuente, Raquel Puig-Lozano, et al. “Microplastics, Bisphenols,
Phthalates and Pesticides in Odontocete Species in the Macaronesian Region (Eastern North
Atlantic).” Marine Pollution Bulletin 173 (December 2021): 113105.
https://doi.org/10.1016/j.marpolbul.2021.113105.

Mossner, Stephanie, and Karlheinz Ballschmiter. “Marine Mammals as Global Pollution Indicators
for Organochlorines.” Chemosphere, Chlorinated Dioxins, PCB and Related Compounds 1995,
vol. 34, no. 5 (1997): 1285-96. https://doi.org/10.1016/S0045-6535(97)00426-8.

Page-Karjian, Annie, Catherine F. Lo, Branson Ritchie, et al. “Anthropogenic Contaminants and
Histopathological Findings in Stranded Cetaceans in the Southeastern United States, 2012—
2018.” Frontiers in Marine Science 7 (August 2020). https://doi.org/10.3389/fmars.2020.00630.

Pedersen, Adam F., Stéphane Bayen, Lan Liu, et al. “Nontarget and Suspect Screening Reveals the
Presence of Multiple Plastic-Related Compounds in Polar Bear, Killer Whale, Narwhal and
Long-Finned Pilot Whale Blubber from East Greenland.” Environmental Pollution 357
(September 2024): 124417. https://doi.org/10.1016/j.envpol.2024.124417.

Reiter, Eva B., Beate . Escher, Elisa Rojo-Nieto, Hannah Nolte, Ursula Siebert, and Annika Jahnke.
“Characterizing the Marine Mammal Exposome by Iceberg Modeling, Linking Chemical
Analysis and in Vitro Bioassays.” Environmental Science: Processes & Impacts 25, no. 11
(2023): 1802-16. https://doi.org/10.1039/D3EMO00033H.

Rian, May Britt, Kristine Vike-Jonas, Susana Villa Gonzalez, et al. “Phthalate Metabolites in Harbor
Porpoises (Phocoena Phocoena) from Norwegian Coastal Waters.” Environment
International 137 (April 2020): 105525. https://doi.org/10.1016/j.envint.2020.105525.

Routti, Heli, Mikael Harju, Katharina Liihmann, et al. “Concentrations and Endocrine Disruptive
Potential of Phthalates in Marine Mammals from the Norwegian Arctic.” Environment
International 152 (July 2021): 106458. https://doi.org/10.1016/j.envint.2021.106458.

Sambolino, Annalisa, Filipe Alves, Marta Rodriguez, et al. “Phthalates and Fatty Acid Markers in
Free-Ranging Cetaceans from an Insular Oceanic Region: Ecological Niches as Drivers of
Contamination.” Environmental Pollution 360 (November 2024): 124693.
https://doi.org/10.1016/j.envpol.2024.124693.

Savoca, Matthew S., Anna R. Robuck, Michaela A. Cashman, et al. “Whale Baleen To Monitor Per-
and Polyfluoroalkyl Substances (PFAS) in Marine Environments.” Environmental Science &
Technology Letters 11, no. 8 (2024): 862-70. https://doi.org/10.1021/acs.estlett.4c00409.

Vighi, Morgana, Asuncion Borrell, Wissam Sahyoun, et al. “Concentrations of Bisphenols and
Phthalate Esters in the Muscle of Mediterranean Striped Dolphins (Stenella

30


https://doi.org/10.1016/0048-9697(94)90088-4
https://doi.org/10.1016/j.chemosphere.2021.132639
https://doi.org/10.1016/S0045-6535(97)00426-8

Coeruleoalba).” Chemosphere 339 (October 2023): 139686.
https://doi.org/10.1016/j.chemosphere.2023.139686.

Wang, Qi, Yuefei Ruan, Linjie Jin, et al. “Target, Nontarget, and Suspect Screening and Temporal
Trends of Per- and Polyfluoroalkyl Substances in Marine Mammals from the South China
Sea.” Environmental Science & Technology 55, no. 2 (2021): 1045-56.
https://doi.org/10.1021/acs.est.0c06685.

Williams, Rosie S., Andrew Brownlow, Andrew Baillie, et al. “Evaluation of a Marine Mammal
Status and Trends Contaminants Indicator for European Waters.” Science of The Total
Environment 866 (March 2023): 161301. https://doi.org/10.1016/j.scitotenv.2022.161301.

Williams, Rosie S., Andrew Brownlow, Andrew Baillie, et al. “Spatiotemporal Trends Spanning
Three Decades Show Toxic Levels of Chemical Contaminants in Marine Mammals.”
Environmental Science & Technology 57, no. 49 (2023): 20736-49.
https://doi.org/10.1021/acs.est.3c01881.

Xie, Zhenhui, Xiyang Zhang, Fei Liu, et al. “First Determination of Elevated Levels of Plastic
Additives in Finless Porpoises from the South China Sea.” Journal of Hazardous Materials 465
(March 2024): 133389. https://doi.org/10.1016/j.jhazmat.2023.133389.

Xue, Jingchuan, Nozomi Sasaki, Madhavan Elangovan, Guthrie Diamond, and Kurunthachalam
Kannan. “Elevated Accumulation of Parabens and Their Metabolites in Marine Mammals from
the United States Coastal Waters.” Environmental Science & Technology 49, no. 20 (2015):
12071-79. https://doi.org/10.1021/acs.est.5b03601.

Yordy, Jennifer E., Meagan A. M. Mollenhauer, Rachel M. Wilson, et al. “Complex Contaminant
Exposure in Cetaceans: A Comparative E-Screen Analysis of Bottlenose Dolphin Blubber and
Mixtures of Four Persistent Organic Pollutants.” Environmental Toxicology and Chemistry 29,
no. 10 (2009): 2143-53. https://doi.org/10.1002/etc.279.

Zhu, Linyan, Rossana Bossi, Pedro N. Carvalho, et al. “Suspect and Non-Target Screening of
Chemicals of Emerging Arctic Concern in Biota, Air and Human Serum.” Environmental
Pollution 360 (November 2024): 124605. https://doi.org/10.1016/j.envpol.2024.124605.

31


https://doi.org/10.1016/j.scitotenv.2022.161301
https://doi.org/10.1021/acs.est.3c01881
https://doi.org/10.1021/acs.est.5b03601
https://doi.org/10.1002/etc.279

