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Abstract

Surfactants are molecules with both hydrophobic and hydrophilic structural groups that adsorb at the air-water or oil-water interface and serve to
decrease the surface tension. Surfactants combine to form micelles that surround and break down or remove oils, making them ideal for
detergents and cleaners. Two of the most important classes of nonionic surfactants are alkylphenol ethoxylates (APEOs) and alcohol
ethoxylates (AEOs). APEOs and AEOs are high production-volume chemicals that are used for many industrial and residential purposes,
including laundry detergents, hard-surface cleaners, paints, and pesticide adjuvants. Commensurate with better appreciation of the toxicity of
APEOs and the base alkylphenols, use of AEOs has increased, and both sets of compounds are now ubiquitous environmental contaminants.
We recently demonstrated that diverse APEOs and AEOs induce triglyceride accumulation and/or preadipocyte proliferation in vitro. Both
sets of contaminants have also been demonstrated as obesogenic and metabolism-disrupting in a developmental exposure zebrafish model.
While these metabolic health effects are consistent across models and species, the mechanisms underlying these effects are less clear. This
study sought to evaluate causal mechanisms through reporter gene assays, relative binding affinity assays, coexposure experiments, and use
of both human cell and zebrafish models. We report that antagonism of thyroid hormone receptor signaling appears to mediate at least a
portion of the polyethoxylate-induced metabolic health effects. These results suggest further evaluation is needed, given the ubiquitous
environmental presence of these thyroid-disrupting contaminants and reproducible effects in human cell models and vertebrate animals.
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Abbreviations: AEQ, alcohol ethoxylate; APEQ, alkylphenol ethoxylate; AR, androgen receptor; CetAEQ, cetyl alcohol ethoxylate; DMSO, dimethyl sulfoxide; ER,
estrogen receptor; FBS, fetal bovine serum; GR, glucocorticoid receptor; hMSCs, human mesenchymal stem cells; LXRa, liver X receptor alpha; MEHP,
mono-2-ethylhexyl phthalate; NPEQO, nonylphenol ethoxylate; PPARy, peroxisome proliferator—activated receptor gamma; ppm, parts per million; RNA-seq,
RNA sequencing; RXRa, retinoid X receptor alpha; T3, triiodothyronine; TRp, thyroid hormone receptor beta.

Surfactants are molecules with both hydrophobic and hydro-
philic structural groups that adsorb at the air-water or oil-water
interface and serve to decrease the surface tension. Surfactants
combine to form micelles that surround and break down or re-
move oils, making them ideal for detergents and cleaners. Two
of the most important classes of nonionic surfactants are alkyl-
phenol ethoxylates (APEOs) and alcohol ethoxylates (AEOs).
APEOs are high production-volume chemicals that are used
for many industrial and residential purposes, including laundry
detergents, hard-surface cleaners, paints, and pesticide adju-
vants (1-4). Nonylphenol ethoxylates (NPEOs; a class of
APEOQOs) comprise approximately 80% of the total annual pro-
duction of nonionic surfactants (5). Ethoxylates degrade into
base alkylphenols (eg, nonylphenol, octylphenol), highly lipo-
philic chemicals with demonstrated toxicity (6-8). AEOs are
high production-volume chemicals designed as safer alternatives
to APEOs, and are also used in detergents, cleaners, and cosmet-
ics (9). Commensurate with better appreciation of the toxicity of

APEOs, use of AEOs has increased, and both sets of compounds
are ubiquitous environmental contaminants (35, 9-18).

Our laboratory and others have demonstrated APEOs and
AEOs in indoor house dust (19), municipal wastewater, surface,
ground, and finished drinking water (16, 20), and in unconven-
tional oil and gas wastewater (12), indicating widespread hu-
man exposure. Because of the toxicity of base alkylphenols
and efficient (90%-95%) polyethoxylate chain—shortening dur-
ing wastewater treatment (21-23), there has been movement
away from the APEOs for toxicity concerns. Degradation and
removal of APEOs/AEOs are dependent on temperature, oxy-
gen content, and adsorption, which can contribute to lower deg-
radation and greater subsequent releases into receiving streams
(23-25). As such, pg/L concentrations of APEOs have been re-
ported in wastewater/effluent, surface and groundwater, while
ng/L concentrations have been reported in drinking water
(5, 9-18). A recent meta-analysis suggests these concentrations
are consistent in water sources over time (26). Our laboratory
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reported ng/L-ug/L concentrations of AEOs (C4-Cy alkyl chain
length and 2-12 ethoxymer chain number) in unconventional
oil and gas flowback water and treated effluent (11-13), as well
as at a high frequency of detection in indoor house dust (19).
The US Environmental Protection Agency estimates that children
consume 60 to 100 mg of indoor house dust each day via routine
hand-to-mouth behavior (27), supporting the potential for bio-
accumulation (9, 28-31). Human exposure to the base com-
pounds has been shown in 90% to 100% of human urine,
breast milk, and other human biospecimens (32-34), and expos-
ure to the polyethoxylates is also consistently reported in humans
(9, 34-38). Indeed, despite analytical challenges in the measure-
ment of specific chain-length APEOs and AEOs, due to a lack
of commercially available specific ethoxylate chain length stand-
ards, they are routinely found in household dust and other envir-
onmental matrices (5, 9-18, 26, 36, 39-41) at concentrations
orders of magnitude exceeding those of compounds such as flame
retardants, plasticizers, and per/polyfluoroalkyl substances
(PFAS) that have considerably greater perceived toxicity.
However, there is a relatively little toxicity and health effect
data on APEOs and AEO:s.

Our laboratory has recently published several assessments
of polyethoxylate-induced metabolic health toxicity (40, 42-
44). Using a well-established in vitro model of adipogenesis,
we demonstrated that diverse APEOs and AEOs induce trigly-
ceride accumulation and/or preadipocyte proliferation (40,
42-44). Specifically, APEOs and AEOs in a range of carbon
chain lengths (C;1-Cy¢ alkyl chain lengths) induced up to
250% triglyceride accumulation (marker for adipocyte differ-
entiation, relative to rosiglitazone-induced maximum) and up
to 150% increased DNA content (preadipocyte proliferation,
relative to differentiated vehicle control) in the 3T3-L1 murine
preadipocyte model. These adipogenic effects appeared to be
mediated both by the presence and the length of the ethoxylate
chains, as the respective base compounds exhibited minimal
activity (42). These effects were reproducible across in vitro
models, with consistent patterns of response observed be-
tween 3T3-L1 murine preadipocytes and both male and fe-
male human mesenchymal stem cells (hMSCs) (43, 44).
Similarly, both APEOs and AEOs induced obesogenic effects
in a developmental exposure zebrafish model (43, 44). We
have focused this project on representative APEOs and
AEOs that are the most reported in environmental matrices
(8, 9, 12, 14, 26, 36, 40, 45): NPEOs and cetyl AEOs
(CetAEOs).

The goals of this study were to assess the causal mechanisms
underlying the metabolism-disrupting effects of NPEOs and
CetAEOs. A range of polyethoxylate chain length NPEOs
and CetAEOs were examined for molecular mechanisms
underlying their adipogenic and obesogenic effects using a
combination of receptor reporter gene assays, relative binding
affinity assays, and coexposure experiments in hMSCs.

Materials and Methods

Chemicals

Stock solutions of high-purity chemicals were prepared in 100%
dimethyl sulfoxide (DMSO) (Sigma catalog No. D2650), using
the molecular weight (control chemicals) or average molecular
weight (ethoxylated surfactants). Since none of the ethoxylates
included here have commercially available pure standards, we
used commercial mixtures with average ethoxylate chain
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lengths. Chemicals used are described in Table 1. All stock and
working solution vials were stored at —20 °C between uses.

Reporter Gene Activity Bioassays

Human embryonic kidney cells (HEK-293T/17; ATCC No.
CRL-11268, lot No. 70022180) were maintained in growth
medium (Dulbecco’s Modified Eagle Medium [DMEM]-HG,
Gibco No. 11995, with 10% fetal bovine serum (FBS), Sigma
F2442-500ML, 100 U/mL penicillin and 100-pg/mL streptomy-
cin, Gibco 15140). Human endometrial adenocarcinoma cells
(Ishikawa; Sigma No. 99040201, lot No. 17C011) were main-
tained in growth medium (MEM, Gibco 11090, with 5% new-
born calf serum, Fisher 16010159, 1% GlutaMAX, Gibco
35050, 1% nonessential amino acids, Gibco 11140, 100-U/mL
penicillin and 100-pg/mL streptomycin). Human hepatocellular
carcinoma cells (HepG2; ATCC No. HB-8065, lot No.
70032516) cells were maintained in DMEM-HG with
10% FBS, 100 U/mL penicillin and 100-pg/mL streptomycin.
Zebrafish embryonic fibroblast cells (ZF4; ATCC No.
CRL-2050, lot No. 63991780) were maintained in DMEM:F12
(Gibco No. 11320) with 10% FBS, 100-U/mL penicillin, and
100-pg/mL streptomycin. All cells were maintained in a subcon-
fluent state in 5% CO,-supplemented incubators, with human
cell lines at 37 °C and zebrafish cells at 28 °C. To prepare for trans-
fection, near confluent flasks were switched to white assay me-
dium (same base media without phenol red, and with
charcoal-stripped FBS) at least 2 days prior to transfection.
After 2 days, flasks were treated with a combination of
Lipofectamine L'TX & Plus reagent (Invitrogen catalog No.
15338-100) and plasmids in Opti-MEM (Gibco 11058), then re-
covered overnight in white assay media. Plasmids consisted of hu-
man hormone receptor constructs: peroxisome proliferator—
activated receptor gamma (PPARy: pcDNA-PPARy1), thyroid
hormone receptor beta (TRB: hTRB1-pSGS), glucocorticoid re-
ceptor (GR: pRST7-GR), retinoid X receptor alpha (RXRa:
pcDNA-RXRa), liver X receptor alpha (LXR: pcDNA-LXRa),
and androgen receptor (AR: CMV-AR1). An estrogen receptor al-
pha (ERa) expression plasmid was not used due to high endogen-
ous receptor expression in Ishikawa cells. Reporter gene plasmids
were used as follows: PPARy: DR1-luciferase, TRB: pGL4-
TK-2X-TADR4, GR: MMT V-luciferase, RXRa: DR1-luciferase,
LXR: DR1-luciferase, AR: PSA Enhancer-luciferase, and ERoa:
3xERE-TK-luciferase. These plasmids were generous gifts of the
Donald McDonnell Lab (Duke University) other than AR plas-
mids, which were gifts of the Dennis Lubahn Lab (University of
Missouri). A constitutively active NanoLuc luciferase normaliza-
tion plasmid (Promega catalog No. N1501) was used for normal-
ization to putative cytotoxicity. PPARy, RXRa, and TRp plasmids
were transfected into HEK293 cells; AR into HepG2 cells; and GR
and ER into Ishikawa cells.

Zebrafish receptor plasmids (PPARy, TRB, GR, RXRa, LXRa
and AR) were created via Thermo GeneArt service, inserting the
sequence of the zebrafish receptor ligand binding domains into
the pcDNA3.4-TOPO backbone. The plasmid DNA was puri-
fied from transformed bacteria and concentration was deter-
mined by UV spectroscopy. Constructs were verified by
sequencing, and plasmids were amplified to 1 mg and shipped
to the laboratory for direct use in assays. Transfections were per-
formed as described earlier but with the zebrafish receptors, hu-
man receptor response elements, normalization vector, and ZF4
cell line, with all assays in zebrafish cells performed at 28 °C.
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Table 1. Polyethoxylates and control chemicals

Chemical Acronym CAS no. Manufacturer Catalog no. Avg MW  Molecular formula
Alkylphenols/ethoxylates

4-Nonylphenol NPEO(0) 84852-15-3 Acros Organics 416240010 220.4 CysH,40

Nonylphenol ethoxylate (1-2) ~ NPEO(1-2)  N/A Chem Service S-346 294 C15H,4,0(C,H50)4.,
Nonylphenol ethoxylate (4) NPEO(4) N/A Chem Service S-347 396 C15H,4,0(C,H50),
Nonylphenol ethoxylate (6) NPEO(6) N/A Chem Service S-348 484 C15H,,0(C,H50),
Nonylphenol ethoxylate (9-10) NPEO(9-10) N/A Chem Service S-350 602.8 C15H3,0(C,H50)9.19
Nonylphenol ethoxylate (20) NPEO(20) N/A Chem Service S-354 1101 C15H54,0(C3H;50)50
Alcohols/ethoxylates

Cetyl alcohol CetAEO(0) 36653-82-4  Chem Service N-11416-1G 242.5 C1¢H330H

Cetyl alcohol ethoxylate (1-2)  CetAEO(2)  N/A Sigma 388831-100G 330 C16H33(OCH,CH,),OH
Cetyl alcohol ethoxylate (4) CetAEO(4) N/A Parchem Ceteth-4 419 C16H33(OCH,CH,),OH
Cetyl alcohol ethoxylate (6) CetAEO(6) N/A Barnet BC-5.5 507 C,6H33(OCH,CH,)OH
Cetyl alcohol ethoxylate (10) CetAEO(10) N/A Barnet BC-10 683 C46H33(OCH,CH,);,OH
Cetyl alcohol ethoxylate (20) CetAEO(20) N/A Chem Service NG-S317-1G 1123 C,¢H33(OCH,CH,),,OH
Control chemicals

Tributyltin chloride TBT 1461-22-9 Sigma 442869 325.5 [CH;3(CH,)3]5SnCl
Mono(2-ethylhexyl) phthalate =~ MEHP 4376-20-9 Santa Cruz Biotechnology  sc-396467 278.3 C16H2,04

Rosiglitazone ROSI 122320-73-4  Sigma R2408-10mg 357.43 C1gH19N305S
Dexamethasone DEX 50-02-2 Sigma D4902-25mg 392.46 C,,Hy9FO5

L.G100268 — 153559-76-3  Sigma SML0279-5mg  363.49 C,4HoNO,

T0901317 — 293754-55-9  Sigma T2320-10mg 481.33 C17H1,NSOsFy
Flutamide — 13311-84-7  Sigma F9397-5G 276.21 C11H11F3N,04
BMS-564,929 BMS 627530-84-1 Tocris 5274 305.72 C14H1,CIN;O3

1-850 — 251310-57-3  Sigma 609315-M 463.41 C,1H50F3NsO,4
Triiodothyronine T3 6893-02-3 Sigma T2877-100mg  650.97 C1sH,I3NOy
17B-estradiol E2 50-28-2 Sigma E8875-250mg  272.38 C1gH540,

Fulvestrant — 129453-61-8  Sigma 14409-25MG 606.77 C3,H47FsO5S

T0070907 — 313516-66-4 Sigma T8703-5MG  277.66  Cy,HsCIN;O;

Dimethyl sulfoxide DMSO 67-68-5 Sigma 34869-100mL 78.1 (CH;),SO

Chemical identification, ordering information, and basic physicochemical properties for each of the alkylphenols, alcohols, polyethoxylates, and control chemicals
examined in this study. Molecular formulae contain base carbon number as well as average ethoxylate chain number.
Abbreviations: MW, molecular weight; N/A, not available.

Transfected cells were subsequently seeded at 50 000 to
70 000 cells per well into 96-well tissue culture plates and al-
lowed to settle. Settled cells were then induced with doses span-
ning 4 to 6 orders of magnitude of test chemicals using a 0.1%
DMSO vehicle. Cells were treated for 18 to 22 hours and then
lysed for dual luciferase assays (Promega, PR-E1960). Raw lumi-
nescence values were converted to fold inductions relative to the
vehicle control responses and were then used to calculate per-
centage bioactivities. For agonist bioassays, polyethoxylate-
induced responses were compared to the maximal positive
control-induced responses to determine percentage activities.
For antagonist bioassays, cells were treated with a half-maximal
response concentration of a positive control chemical (as deter-
mined in agonist bioassays) in the absence or presence of differ-
ent concentrations of polyethoxylates, and activities were
calculated as percent enhancement or suppression relative to
the positive control-induced response. These concentrations, de-
termined based on full-dose response curves of positive control
chemicals, were 1-nM T3 for TR antagonism testing, 1 pM for
ER antagonism testing, and 1-nM BMS-564 929 for AR antag-
onism testing. Statistically significant reduction in constitutively

active NanoLuc luciferase activity (>15%) was used as an indir-
ect marker of toxicity and receptor bioactivities were reported
only in the absence of apparent toxicity. Control transfections
were performed with the luciferase promoter backbones in the
absence of the hormone response elements; no significant induc-
tion of luminescence was observed for any test chemicals in the
absence of the hormone response elements.

Relative Binding Affinity Assays

Relative binding affinity assays for ERa were performed using
commercially available assays (Thermo-Fisher PolarScreen
No. A15884) according to the manufacturer’s instructions
(46). Relative binding affinity assays for TR were performed
using Thermo-Fisher components and purified full-length hu-
man TRB. Briefly, fluorescent rhodamine-labeled triiodothyr-
onine (T3) was synthesized using a previously described
reaction by the Duke University Small Molecule Core (47).
In brief, T3 was mixed with equimolar TRITC (10 mM of
each; Sigma cat No. 87918) to conjugate rhodamine to the
amino group of the T3. The reaction was stirred and allowed
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to proceed overnight. Products were purified by column chro-
matography and checked by mass spectrometry to ensure
more than 95% purity. Solvent was then evaporated, leaving
behind purified rhodamine conjugated T3 as a free-flowing
burgundy powder and stored at —20 °C. While functionality
was not assessed prior to use, the previous publications direct-
ly assessed functionality using this conjugation protocol
(47, 48). We prepared a stock solution at 10 mM in DMSO
and stored at =20 °C until use. Relative binding affinity
experiments used Thermo Red Screening Buffer, with
purified TRPB and fluorescent T3 as per the Thermo-Fisher
PolarScreen Universal Protocol (49). A saturating concentra-
tion of T3 (20 uM) was added to minimum control wells,
then various doses of test compounds were added at 2x con-
centrations in 384-well plates. Then the TRp protein was com-
bined with the rhodamine-labeled T3 and added to all wells
except for the no receptor control wells. These received only
rhodamine-labeled T3 and the Red Screening Buffer, along
with the maximum polarization control wells. The assay
plate was mixed and incubated, protected from light, for
2 hours, then the fluorescence polarization was measured
(535/590 nm, bandwidths of 25/20 nm) and half-maximal in-
hibitory concentration (ICsq) values were determined based
on changes in fluorescence polarization and comparison to
maximum, minimum, and no receptor control wells. The Kd
for T3 displacement from the fluorescent T3-bound TR
was approximately 25 nM, which confirmed similar perform-
ance to previous assessments using this labeled T3 (47, 48).

Coactivator Recruitment Assays

LanthaScreen TR-FRET nuclear receptor coactivator recruit-
ment assays were performed according to the manufacturer’s
instructions (Fisher Sci catalog No. PV4686) (50). Briefly, no
agonist and maximal agonist controls were prepared in
TR-FRET coregulator buffer with maximal agonist control
set at 1 uM T3. Dilution series of all test chemicals and T3
control were then prepared using 12-point dose response
curves from 10 uM to 16.9 pM, then diluted with 0.5-nM
TR ligand-binding domain and also fluorescein-SRC2-2
(200 nM) combined with Tb anti-GST antibody (2 nM).
Plates were mixed and incubated at room temperature, pro-
tected from light, for 2 hours. Plates were then read at
wavelengths of 520 and 495 nm and percent activity was cal-
culated using emission ratios as follows: (emission ratio of
compound — emission ratio of no agonist control)/
(emission ratio of no agonist control — emission ratio of max
agonist control) X 100%. Assays are not validated in antagon-
ism mode by the manufacturer and so only agonism mode was
performed.

Coexposure Experiments in Human Mesenchymal
Stem Cells

Adipogenic responses to NPEOs and CetAEOs have been pre-
viously published in 3T3-L1 cells (42) and human mesenchy-
mal stem cells (hMSCs) (43, 44). To further assess causal
mechanisms underlying these effects, we performed coexpo-
sure experiments with known receptor ligands to determine
their abilities to reverse polyethoxylate-induced effects. To as-
sess potential causal effects through PPARY, we performed co-
exposures with 10-uM T0070907. For AR, we performed
coexposures with 10-uM BMS-564 929, for TR, we per-
formed coexposures with 10-uM T3 and also 10-nM T3,
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and for ER, we performed coexposures with 10-nM
17B-estradiol or 10-nM fulvestrant (agonist and antagonist,
respectively).

Adipogenesis differentiation assays were performed as de-
scribed in detail previously (43, 44, 51, 52). In short, Zenbio
hMSCs (catalog No. HBMMSC-F, lot No. HBMMSCO
71819A, female, White, aged 35 years) were maintained in a sub-
confluent state in basal medium (DMEM/Nutrient Mixture F-12,
DMEM/F-12; Gibco No. 11320, with 10% FBS, 100-U/mL peni-
cillin and 100-pg/mL streptomycin) and were used for all assays
between passage 8 (on receipt) and 13 (no more than 5 passages
from receipt). Human MSCs were seeded into 96-well plate plates
atapproximately 10 000 cells/well and induced to differentiate ac-
cording to a unified protocol (43,44, 51). After settling for at least
1 day, medium was replaced with test chemicals with or without
coexposures diluted in differentiation medium as described
earlier (Zenbio catalog No. DM-2; contains DMEM/Ham’s
F-12, HEPES, FBS, biotin, pantothenate, human insulin, dexa-
methasone, 3-isobutyl-1-methylxanthine [IBMX], a proprietary
PPARy agonist, penicillin, streptomycin, amphotericin B). After
3 days, differentiation medium was replaced with fresh test chem-
ical dilutions in adipocyte maintenance medium (AMM; Zenbio
catalog No. AM-1). AMM-diluted test chemicals were refreshed
every 3 to 5 days until assay at day 21. Triglyceride accumulation
and DNA content were measured 21 days after the start of differ-
entiation as described previously (53-57). Cells were rinsed with
Dulbecco’s phosphate-buffered saline (DPBS, Gibco 14040).
Dye mixture at 200 uL was then added to all wells (19-mL
DPBS; 20 drops NucBlue reagent, Thermo catalog No. R37605;
and 500 pL of 40 pg/mL Nile Red solution, Sigma catalog No.
72485-100MG). Plates were then incubated, protected from light,
for approximately 40 minutes at room temperature, then fluores-
cence was measured (485 nm/572 nm excitation/emission for
Nile Red and 360/460 for NucBlue). Fold change relative to the
vehicle control response (0.1% DMSO) was calculated and then
triglyceride accumulation determined as percent activity relative
to the maximum rosiglitazone-induced response. DNA content
was calculated as percentage change from the vehicle control re-
sponse, and this was then used to normalize triglyceride accumu-
lation. Three biological replicates (separate assays and cell
passages), each including 4 technical replicates (intraplate repli-
cates), were performed for all adipogenesis assays.

Transcriptomic Assessment of Human
Mesenchymal Stem Cells

hMSCs were cultured in basal media and isolated using
TRIzol prior to induction of commitment and differenti-
ation. RNA isolation and expression analysis was accom-
plished at the Wayne State University Genome Sciences
Core with the following methods. RNA was isolated using
Zymo’s Direct-zol RNA Purification Kit following the
standard protocol. An aliquot of the RNA was assessed by
microfluidics using the ScreenTape for the Agilent 2200
TapeStation. The electrophoretogram, RNA integrity num-
ber (RIN), and the ratio of the 285:18S RNA bands were col-
lectively examined to determine overall quality of the RNA.
RNA sequencing (RNA-seq) was used to determine expres-
sion profiles. Lexogen’s QuantSeq 3'mRNA-seq Library
Prep Kit (FWD for Illumina) was used for building
RNA-seq libraries using 100 ng of total RNA in 5 pL of
nuclease-free ultrapure water. Libraries were quantified on
the Qubit and Agilent 2200 TapeStation using the DNA
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High Sensitivity Screen tape. The barcoded libraries were multi-
plexed at equimolar concentrations and sequenced (75 bp reads;
>5 M reads per sample) on the NovaSeq 6000. Data was demul-
tiplexed using Illumina’s CASAVA 1.8.2 software. After quality
was assessed (58), reads were aligned to the human genome
(Build mm10) (59) and tabulated for each gene region (60).
Differential gene expression analysis was used to compare tran-
scriptome changes between conditions (61). Significantly altered
genes (log fold change >2; false discovery rate < 0.05) were used
to identify affected pathways (62). The data generated have been
deposited in NCBI’s Gene Expression Omnibus (63) and are ac-
cessible through GEO Series accession number GSE280008.

Statistical Analysis

Cell data are presented as means + SEM from 4 technical rep-
licates of 3 independent biological replicates. Kruskal-Wallis
with Dunn’s multiple comparisons test was performed to de-
termine statistically significant differences across concentra-
tions and relative to DMSO controls (P < .05 considered
statistically significant), as well as between zebrafish and hu-
man receptor bioactivities. Statistical comparisons were
made using GraphPad Prism 10.0.

Results

Alkylphenol and alcohol polyethoxylates were assessed for
potential endocrine mechanisms underlying previously de-
scribed adipogenic responses in vitro and proobesogenic re-
sponses in vivo via receptor reporter gene assays, relative
binding affinity assays, and coexposure experiments to assess
causation.

Peroxisome Proliferator Activated Receptor Gamma
Activity

We previously published a lack of polyethoxylate-mediated
PPARYy activation via stable-transfected reporter gene as-
says and coactivator recruitment assays (42). In this study,
we used a transient transfection reporter gene assay in hu-
man cells with human PPARy. We again describe no signifi-
cant activity for any of the polyethoxylates on human
PPARy (Fig. 1A and 1B). However, we report robust activa-
tion of the zebrafish PPARy, with every alkylphenol and
ethoxylate activating zebrafish PPARy ranging from 65%
relative to the mono-2-ethylhexyl phthalate (MEHP) con-
trol up to 173% agonism for the NPEO-6 medium chain
length ethoxylate (Fig. 1C). Considerably lower activity
was observed for the cetyl alcohol polyethoxylates, with
CetAEO-6 inducing 23 % agonism relative to the maximal
MEHP response and CetAEO-4 and -20 inducing 16% to
17% agonism (Fig. 1D).

Glucocorticoid Receptor Activity

We next assessed activation of the GR as another primary adipo-
genic pathway (56, 64, 65). Again, we noted no statistically signifi-
cant activation of the human GR above the baseline response for
either the alkylphenol or alcohol polyethoxylates (Fig. 2A and
2B). However, polyethoxylates did activate zebrafish GR, with re-
sponses ranging from 32% of the dexamethasone-induced max-
imum for the base nonylphenol to 57% for NPEO-2, a lower
efficacy but greater potency response for NPEO-4 (48%), and
no significant activity for NPEO-6, -10, or -20 (Fig. 2C). A similar
pattern of responses was observed for the CetAEOs, with agonism

for the lower ethoxylate compounds only. Cetyl alcohol induced
39% agonism relative to the dexamethasone-induced maximum,
CetAEO-2 induced the highest activity (63 %), and CetAEO-4 and
-6 induced significant but lower responses (52% and 28%, re-
spectively). Neither CetAEO-10 nor -20 induced any significant
activation of zebrafish GR (Fig. 2D). The maximal responses for
nonylphenol, NPEO-2, -4, cetyl alcohol, CetAEO-2, -4, and -6
were all significantly greater than the agonist responses observed
for hGR.

Retinoid X Receptor Activity

Polyethoxylates were next tested for activation of RXRa.
None of the NPEOs activated RXRa, though the base nonyl-
phenol exhibited 38% of the maximal LG100268-induced re-
sponse (Fig. 3A). No significant activity was observed for any
of the CetAEOs on human RXRa (Fig. 3B). Again, in contrast
to human receptor responses, the longer-chain length NPEOs
induced significant agonism for zebrafish RXRa, with
NPEO-6, -10, and -20 inducing 18 % to 25% agonism relative
to the maximal LG100268-induced response (Fig. 3C).
Medium and long CetAEOs also activated zebrafish RXRa,
with CetAEO-4 and -6 inducing 20% and 37% agonism rela-
tive to the positive control maximum, respectively, and
CetAEO-20 inducing a more potent and efficacious response
(45%; Fig. 3D). While RXRa agonism was significantly great-
er for nonylphenol with human RXRao, zebrafish RXRa exhib-
ited significantly greater agonist bioactivities for NPEO-6,
-10, -20, CetAEO-2, -4, -6, and -20.

Liver X Receptor Activity

None of the polyethoxylates were able to activate human
LXRa (Fig. 4A and 4B). In contrast, low activity was observed
for zebrafish LXRa. NPEO-20 induced 37% activation rela-
tive to the T0901317-induced maximum response and
NPEO-2 induced a 100-fold less potent response of 16%
agonism relative to the positive control (Fig. 4C). Cetyl alco-
hol polyethoxylates (-4, -10, and -20) promoted 20% to
23% agonism relative to the positive control maximum
(Fig. 4D). The longest chain NPEOs (-10 and -20) as well as
cetyl alcohol and CetAEO-4, -10, and -20 had significantly
greater maximal LXRa agonism for the zebrafish receptor
than the human receptor.

Androgen Receptor Antagonism

Antagonism of AR is another well-described adipogenic mech-
anism (56, 64, 65). Nonylphenol polyethoxylates were able to
significantly antagonize the half-maximal BMS-564 929 activa-
tion of human AR. Specifically, NPEO-6 induced 28 % receptor
antagonism, NPEO-10 induced 43% receptor antagonism, and
NPEO-20 induced 65 % receptor antagonism (Fig. SA). Cetyl al-
cohol polyethoxylates were also able to antagonize AR action.
These effects were primarily focused in the longer-chain length
polyethoxylates, with CetAEO-6, -10, and -20 exhibiting 65%
to 71% antagonism of the half-maximal BMS-564 929 response
(Fig. 5B). Similar responses were observed for the zebrafish AR,
with longer-chain length polyethoxylates inducing significant
AR antagonism; NPEO-6, -10, and -20 induced 28%, 43%,
and 65% antagonism of the half-maximal BMS-564 929 re-
sponse, respectively (Fig. 5C). Each of the CetAEOs induced sig-
nificant AR antagonism, though similarly to human AR, the
longer-chain length CetAEOs induced the greatest degree of
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Figure 1. Peroxisome proliferator-activated receptor gamma bioactivities. Each polyethoxylate was tested for disruption of both human and zebrafish
peroxisome proliferator receptor gamma (PPARy). Human PPARy agonism was measured relative to rosiglitazone-induced maximum for A,
nonylphenol polyethoxylates and for B, cetyl alcohol polyethoxylates. Zebrafish PPARy agonism was measured relative to mono(2-ethylhexyl) phthalate
(MEHP)-induced maximum for C, nonylphenol polyethoxylates and for D, cetyl alcohol polyethoxylates. Data presented as mean + SEM from 3
independent experiments. *Lowest concentration with statistically significant increase over vehicle control response; P less than .05, as per
Kruskal-Wallis in GraphPad Prism 10. Dotted line represents mean positive control maximum response, and may not always reflect exactly 100% due to

differences in maximal concentration between assays.

antagonism. CetAEO-6, -10, and -20 induced 31%, 39%, and
22% antagonism of half-maximal BMS-564 929 response, re-
spectively, though shorter chain length polyethoxylates and
the base cetyl alcohol hydrophobe also induced significant an-
tagonism (Fig. 5D). While some significant differences existed
between species, these were less pronounced than the previously
described agonist bioactivities for other receptors. Short-chain
nonylphenols  (nonylphenol, NPEO-2, NPEO-4) and
CetAEO-4 exhibited greater antagonism for the zebrafish AR,
whereas CetAEO-6, -10, and -20 exhibited stronger maximal
AR antagonism for human AR.

Thyroid Hormone Receptor Antagonism

Antagonism of TRp was assessed next as a previously described
robust adipogenic pathway (56, 64, 65). The longer-chain
length NPEOs significantly antagonized the half-maximal T3

activation of human TRB. Specifically, NPEO-6, -10, and -20 in-
duced TRp antagonism ranging from 49% to 73%, with the
greatest effects observed for the longest-chain length polyethox-
ylates (Fig. 6A). Each of the CetAEOs as well as the base alcohol
induced significant TRB antagonism. This was lowest for the
base alcohol and the low-chain length (-2, -4) polyethoxylates,
with antagonism ranging from 17% to 27% reduction of the
half-maximal T3 response. The longer-chain length ethoxylates
(-6, -10, and -20) induced a greater degree of antagonism, ran-
ging from 47% to 62% (Fig. 6B). Responses on zebrafish TRp
were more varied. Only the nonethoxylated and low ethoxylate
chain length NPEOs induced significant antagonism of zebrafish
TRB, with antagonism ranging from 29% to 71% inhibition of
half-maximal T3 response (Fig. 6C). In contrast to the NPEOs,
the CetAEOs induced similar effects on zebrafish TRB as
for human. The longer-chain length polyethoxylates induced
significant antagonism ranging from 39% to 57% of half-

Gz0z Atenuer 9| uo 1senb Aq £685/8//6%19eba/Z1/S91/al0e/0pUS/W0d dNO dlWspEoe)/:SA]Y WOJ) POPEOUMOQ



Endocrinology, 2024, Vol. 165, No. 12

Human Glucocorticoid Receptor Agonism
140

% 120
=
2
§ 100
Q
w
o
o
2 80+
s Dexamethasone
L NPEO-0
s,o—
= NPEO-2
o
3 NPEO-4
£ a0+ NPEO-6
% NPEO-10
= 20 NPEO-20
—e —_—
11 -10 9 8 7 £ 5 4
Concentration (M)
C Zebrafish Glucocorticoid Receptor Agonism
1404
% 120 *
=
% 100
S8 | Dexamethasone ... .& o
§ 4 NPEO-0
£ 804 -4 NPEO-2
']
2 NPEO-4
o
5 go -+ NPEOSG
5 ® NPEO-10
g & NPEO-20
£ 404
<
o
[}
2 204
0 1

Concentration (M)

B Human Glucocorticoid Receptor Agonism
140

% 120
=
§ 1004
o
w0
o
o
fg 80 Dexamethasone
2 Cetyl alcohol
& 60- CetAEO-2
5 CetAEO4
E 404 CetAEO-6
< CetAEO-10
& CetAEO-20
2 204
o = " —
¢ 4 L : ) EY 1
-1 10 9 8 7 r] 5 4
Concentration (M)
D Zebrafish Glucocorticoid Receptor Agonism
140+
% 120
=
e
£ 100
S | @ Dexamethasone L o Ko
8 4 Cetyl alcohol
£ 80 -4 CetAEO-2
2 CetAEO4
o
5 6o CetAEO-6
S @ CetAEO-10
§ 4 CetAEO-20
£ 40
L= 4
4
]
= 20
0 1

Concentration (M)

Figure 2. Glucocorticoid receptor (GR) bioactivities. Each polyethoxylate was tested for disruption of both human and zebrafish GR. Human GR
agonism was measured relative to dexamethasone-induced maximum for A, nonylphenol polyethoxylates and for B, cetyl alcohol polyethoxylates.
Zebrafish GR agonism was measured relative to dexamethasone-induced maximum for C, nonylphenol polyethoxylates and for D, cetyl alcohol
polyethoxylates. Data presented as mean + SEM from 3 independent experiments. *Lowest concentration with statistically significant increase over
vehicle control response; Pless than .05, as per Kruskal-Wallis in GraphPad Prism 10. Dotted line represents mean positive control maximum response,
and may not always reflect exactly 100% due to differences in maximal concentration between assays.

maximal T3 response (Fig. 6D). To determine if these antagon-
istic effects were occurring directly at the level of the receptor
or through indirect interactions, relative binding affinity assays
were used with the human TRp. Neither the NPEOs nor the
CetAEOs were able to significantly displace fluorescently labeled
T3 from TR, suggesting that polyethoxylate-mediated antagon-
ism of TRP bioactivation occurred indirectly (Fig. 6E and 6F).
Again, these effects were relatively similar across species, with
no differences observed for the CetAEOs. Some differences
were observed for the NPEOs, where nonylphenol and
NPEO-4 had significantly greater maximal TRB antagonism
for zebrafish TRB and NPEO-6, -10, and -20 had significantly
greater maximal TRB antagonism for human TRp. Further as-
sessment was performed to assess the relative ability of the poly-
ethoxylates to recruit SRC2-2 and act as agonists of
ligand-dependent coactivator recruitment. Interestingly, every
cetyl alcohol and CetAEO was able to robustly recruit SRC2-2
(percentage activation >50%), with significant activation at

low to moderate nM concentrations (Fig. 6H). In contrast, while
greater than 40% significant activation was observed for nonyl-
phenol and NPEO-20 and for other NPEOs at lower efficacies,
these effects were also considerably less potent, occurring at
uM concentrations (Fig. 6G).

Estrogen Receptor Disruption

ER disruption has been reported for the base nonylphenol and
some of the NPEOs; previous reports suggested that increas-
ing polyethoxylate chain length decreased ER agonism, yet
the data suggest there may be intermediate chain-length effects
that could increase ER agonism (66). To examine this, we as-
sessed disruption of human ERa. As previously described, the
base nonylphenol exerted robust ER agonism up to 101%
relative to the maximal estradiol-induced response; however,
with a potency that was several orders of magnitude lower.
NPEO-2 induced an even more efficacious response of up to
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Figure 3. Retinoid X receptor alpha (RXRa) bioactivities. Each polyethoxylate was tested for disruption of both human and zebrafish RXRa. Human
RXRa agonism was measured relative to LG100268-induced maximum for A, nonylphenol polyethoxylates and for B, cetyl alcohol polyethoxylates.
Zebrafish RXRa agonism was measured relative to LG100268-induced maximum for C, nonylphenol polyethoxylates and for D, cetyl alcohol
polyethoxylates. Data presented as mean + SEM from 3 independent experiments. *Lowest concentration with statistically significant increase over
vehicle control response; Pless than .05, as per Kruskal-Wallis in GraphPad Prism 10. Dotted line represents mean positive control maximum response,
and may not always reflect exactly 100% due to differences in maximal concentration between assays.

113% agonism. Decreased agonism was seen with increasing
polyethoxylate chain length (eg, NPEO-4 induced 51% agon-
ism; Fig. 7A). The CetAEOs induced limited ER agonism, with
the base cetyl alcohol exhibiting 13% agonism relative to the
maximal estradiol response and CetAEO-2 exhibiting a ro-
bust 84% agonist response. None of the higher ethoxylate
chain length CetAEOs induced significant ER agonism
(Fig. 7B). We next examined ER antagonism, finding that
the longer-chain length NPEOs, which exhibited the least
agonism, exhibited minimal ER antagonism relative to the
half-maximal estradiol-induced response.  Specifically,
NPEO-10 and -20 induced 24% and 33% antagonism
(Fig. 7C). Interestingly, the CetAEOs demonstrated more ro-
bust ER antagonism. While the base compound exhibited no
significant ER antagonism, CetAEO-2 and -4 exhibited 20%
to 25% antagonism of the half-maximal estradiol response
and CetAEO-6, -10, and -20 induced increasing levels of an-
tagonism from 54% to 81% (Fig. 7D). Relative binding affin-
ity assays were then performed with human ERa to determine

direct vs indirect effects. The base nonylphenol and the me-
dium to long chain NPEOs significantly displaced fluorescent
estradiol from ERa, supporting direct effects at the level of the
receptor (Fig. 7E). Similarly, the longer-chain length CetAEOs
displaced fluorescent estradiol, whereas the base and shorter-
chain length CetAEOs did not significantly displace the fluor-
escent ligand (Fig. 7F).

Effects of Coexposures With Known Receptor
Ligands on Polyethoxylate-induced Adipogenesis
We have observed consistent adipogenic effects both in murine
and human adipogenesis models (42-44) as well as obesogenic
effects in zebrafish (43, 44). Therefore, we settled on further as-
sessment of 3 molecular mechanisms most likely to be causal fac-
tors in these effects. While effects on PPARy differed between
human and zebrafish receptors, PPARY is a critically important
pathway for adipogenesis, so this was selected as one pathway
for assessment. Coexposures were performed in hMSCs with
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Figure 4. Liver X receptor alpha (LXRa) bioactivities. Each polyethoxylate was tested for disruption of both human and zebrafish LXRa. Human LXRa
agonism was measured relative to T0901317-induced maximum for A, nonylphenol polyethoxylates and for B, cetyl alcohol polyethoxylates. Zebrafish
LXRa agonism was measured relative to T0901317-induced maximum for C, nonylphenol polyethoxylates and for D, cetyl alcohol polyethoxylates. Data
presented as mean + SEM from 3 independent experiments. *Lowest concentration with statistically significant increase over vehicle control
response; Pless than .05, as per Kruskal-Wallis in GraphPad Prism 10. Dotted line represents mean positive control maximum response, and may not
always reflect exactly 100% due to differences in maximal concentration between assays.

polyethoxylates and 10-uM T0070907. Coexposures signifi-
cantly decreased polyethoxylate-induced triglyceride accumula-
tion for every examined polyethoxylate, suggesting a causal or
contributory role in the adipogenic effects (Fig. 8A). However,
these effects were observed to be indirect, with T0070907 able
to attenuate adipogenesis promoted through diverse mecha-
nisms, including GR, TR, and AR (Fig. 9), whereas other control
chemicals did not significantly affect adipogenesis operating
through pathways other than their own. AR antagonism was
next assessed, as patterns of antagonistic response between hu-
man and zebrafish AR were comparable. Coexposure experi-
ments with polyethoxylates and 10-uM BMS-564 929 resulted
in no significant reduction of triglyceride accumulation for any
of the tested polyethoxylates, although CetAEO-4 significantly
increased AR activation, suggesting some interaction between
the AR agonist and polyethoxylates (Fig. 8B). Lastly, antagon-
ism was observed consistently across human and zebrafish

TRP for at least the medium and long polyethoxylate com-
pounds, so recovery with T3 was examined using both low
and high concentrations. T3 coexposure of 10 pM significantly
reduced polyethoxylate-induced triglyceride accumulation for
every NPEO (not the base nonylphenol) as well as the base cetyl
alcohol and CetAEOs-2, -4, and -6 (the longest-chain length
CetAEOs did not appreciably change; Fig. 8C). Using a 10-nM
T3 coexposure, none of the NPEOs had any significant change
in triglyceride accumulation, whereas recovery was still observed
for the CetAEOs, with significant decreases observed for
CetAEO-2 and -4, and near-significant reductions for cetyl alco-
hol, CetAEO-6, -10, and -20 (P <.10; Fig. 8D). Recovery was
also evaluated using both an ER agonist and antagonist. The
10-nM 17B-estradiol coexposure increased the triglyceride accu-
mulation for the longer-chain length NPEOs (-6, -10, and -20),
without appreciably changing any other polyethoxylates
(Fig. 8E). In contrast, 10-nM fulvestrant significant inhibited
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Figure 5. Androgen receptor (AR) antagonist bioactivities. Each polyethoxylate was tested for antagonism of both human and zebrafish AR. Significant
antagonism of human AR (significant decrease in half-maximal BMS-564 929-induced response) was measured for A, nonylphenol polyethoxylates and
for B, cetyl alcohol polyethoxylates. Significant antagonism of zebrafish AR (significant decrease in half-maximal BMS-564 929-induced response) was
measured for C, nonylphenol polyethoxylates and for D, cetyl alcohol polyethoxylates. Data presented as mean + SEM from 3 independent
experiments. *Lowest concentration with statistically significant decrease from half-maximal positive control-induced response; Pless than .05, as per
Kruskal-Wallis in GraphPad Prism 10. Dotted line represents half-maximal added agonist response for antagonism or binding affinity assays; decrease
from baseline reflects antagonism or displacement of agonist from receptor and increase represents additive agonism response.

polyethoxylate-induced triglyceride accumulation for nonylphe-
nol, NPEO-2, -4, cetyl alcohol, and CetAEO-4, while it appeared
to exacerbate the effects for the longer-chain length NPEOs
(Fig. 8F).These experiments support a contributory role of
TRp antagonism in the polyethoxylate-induced adipogenic
effects.

Discussion

We have previously described an adipogenic and obesogenic
role both of NPEOs and CetAEOs in murine preadipocytes,
hMSCs, and developmentally exposed zebrafish (42-44).
This work aimed to determine a putative causal or contribu-
tory mechanism in the observed metabolic health effects. As
such, we were looking for bioactivities that were shared
between human and zebrafish models, especially for the
medium-chain length polyethoxylates that seemed to exhibit
the greatest magnitude effects both in vitro and in vivo. To

that end, paired receptor reporter gene assays were performed
in human and zebrafish cells and with human and zebrafish re-
ceptors to assess interspecies comparisons (Fig. 10).

We focused on 6 endocrine pathways that we and others have
shown have clear metabolic health effects and pathways shown
to promote adipogenesis in vitro (64, 65, 67, 68). Four of these
receptors had relatively disparate responses between human
and zebrafish receptor bioactivities, including PPARy, RXRa,
LXRa, and GR. For each of these receptors, human responses
were significantly lower for each of the polyethoxylates as com-
pared to the zebrafish receptors. None of the base compounds
had any agonist activity for these human receptors except nonyl-
phenol for RXRa. PPARy has been well characterized in hu-
mans, with 2 different reporter gene assays demonstrating no
activity and both relative binding affinity and coactivator recruit-
ment experiments exhibiting no interaction of these polyethoxy-
lates with human PPARYy (42). In contrast, robust agonism was
observed for zebrafish PPARy, particularly for the NPEOs.
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Figure 6. Thyroid receptor beta antagonist bioactivities. Each polyethoxylate was tested for antagonism of both human and zebrafish thyroid hormone
receptor beta (TRP). Significant antagonism of human TR (significant decrease in half-maximal triiodothyronine-induced response) was measured for
A, nonylphenol polyethoxylates and for B, cetyl alcohol polyethoxylates. Significant antagonism of zebrafish TR (significant decrease in half-maximal
triilodothyronine-induced response) was measured for C, nonylphenol polyethoxylates and for D, cetyl alcohol polyethoxylates. Relative binding affinity
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labeled triiodothyronine from human TRB. Coactivator recruitment of SRC2-2 to human TR was measured for the G, nonylphenol polyethoxylates and
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Figure 7. Estrogen receptor alpha (ERa) bioactivities. Each polyethoxylate was tested for agonism, antagonism, and binding affinity for human ERa.
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nonylphenol polyethoxylates and for D, cetyl alcohol polyethoxylates. Relative binding affinity to human ERa was measured for E, nonylphenol
polyethoxylates and F, cetyl alcohol polyethoxylates as percentage displacement of fluorescently labeled estrone from human ERa. Data presented as
mean + SEM from 3 independent experiments. *Lowest concentration with statistically significant effect; Pless than .05, as per Kruskal-Wallis in
GraphPad Prism 10. Dotted line (A and B) represents mean positive control maximum response; may not always reflect exactly 100% due to
differences in maximal concentration between assays. Dotted line (C-E) represents half-maximal added agonist response for antagonism or binding
affinity assays; decrease from baseline reflects antagonism or displacement of agonist from receptor.

Gz0z Atenuer 9| uo 1senb Aq £685/8//6%19eba/Z1/S91/al0e/0pUS/W0d dNO dlWspEoe)/:SA]Y WOJ) POPEOUMOQ



Endocrinology, 2024, Vol. 165, No. 12

A PPARy Recovery of duced
80 "
N
B Folyethoxylate (PEO) *
3 PEO + 10 M TOO70807 —

— s
—1
=1

2 r T T r - T T " - r
#

T T
) q@o.m & o - ) & % o> o o P
o & & 4 & &
g ﬂﬁ_\@’ & & 8 & ¢ e-*‘# Q,a"p & & I
&
c £ TR Agonist Recovery of Polyethoxylate-Induced Adipogenesis
]
E 09 mm Polyethoxylate (PEO)
I PEG + 10 uM Triodothyronine
P
"
w *
60 > *
#
*
40 *
#
20 '—|
2 o
= a’@ & s o © L ] & o o »
& o {'0 & o O
& & & & & & o+ he‘?'o be’s' A S
< <
E £ ER Agonist Recovery of Polyethoxylate-Induced Adipogenesis
£
% 1597 mm Polyethasyiats (PEO) b
S B PEC + 10 nM Estradiol *

% Triglycerde

P IR S . 5 b g
f@‘g & & & & £ eaaf & & &L
Ly

+

13

B AR Agonist Recovery of Polyethoxylate-Induced Adipogenesis

Bl Polyethaxylate (PEO)
31 PEO + 10 uM BMS-564,929 &

> & s ® > 5 e >
& 5 ' S & o o a y
& 1=l o & O O
fé’ & & £ & & o & & n‘ago & &
L%
D . TR Agonist Recovery of Induced Adi
£
£ 17 g Paiyethoxyiate (PEC)
2 IS PEO + 10 M Triiodolhyronine
¥
2 a0
504
40
204
k:
]
g o
= o i »
O
f"' & & g
F ER Recovery of induced
150 Poiyeihoxyiate (PEO)
{3 PEO + 10 Mt Fuvestrant 2

E E R N
VAT A AP AV S S A

<

Figure 8. Human mesenchymal stem cells (hMSC) adipogenesis coexposure experiments. Each polyethoxylate was tested for triglyceride
accumulation (marker for adipocyte differentiation) after 21 days of induction in hMSCs. Polyethoxylates were tested at 10 uM concentrations and
coexposures were performed with A, 10-uM T0070907; B, 10-uM BMS-564 929; C, 10-uM triiodothyronine; D, 10-nM triiodothyronine; E, 10-nM
17B-estradiol; or F, 10-nM fulvestrant. Data presented as mean + SEM from 3 independent experiments. *Statistically significant enhancement or
attenuation of polyethoxylate-induced triglyceride accumulation; P less than .05, as per Kruskal-Wallis in GraphPad Prism 10.

Zebrafish have 5 PPARs, including pparaa, pparab, pparda,
ppardb, and pparg (69). Zebrafish PPARy has 67 % protein simi-
larity to humans, with approximately 81% and 94 %, respective-
ly, of the ligand-binding domain and DNA-binding domain
amino acids being identical (69). These differences, specifically
the replacement of zebrafish PPARy G312 and C313 by larger
serine and tyrosine residues, have been reported to generate steric
clashes that result in the inability of rosiglitazone to bind to and
activate the receptor (69, 70). This has resulted in differing effects
reported previously between zebrafish and human PPARy, with
rosiglitazone unable to activate zebrafish PPARy in vitro (70-72).
Interestingly, there are reports of metabolic health effects in ze-
brafish exposed to rosiglitazone (73) (though it specifically pre-
vented the loss of adipose during a short-term starvation rather
than promoting new adipose), suggesting differing responses in
the whole organism model, nonspecific receptor-level effects,
or effects via other signaling pathways such as the other zebrafish
PPAR isoforms, which have not been as completely evaluated in

receptor activation as compared to human orthologues. This
limited in vivo evidence also requires further substantiation.
PPARYy is generally considered the only nuclear receptor for
which activation is necessary and sufficient to promote adipogen-
esis (74, 75), suggesting a likely causal role in adipogenic and/or
obesogenic effects. Given this importance of PPARy to adipogen-
esis, we tested for a causal/contributory role of PPARy in the
polyethoxylate-induced effects. Our coexposure experiments
in hMSCs suggested a causal role for PPARy, with PPARy antag-
onist (T0070907) coexposure able to significantly decrease
polyethoxylate-mediated triglyceride accumulation in the adipo-
genesis assay. However, given the critical importance of PPARy
to the adipogenic process, we then tested whether the inhibitory
activity of T0070907 was specific to PPARy or was nonspecific
through coexposure testing with GR, TR, and AR ligands. The
PPARy antagonist robustly inhibited rosiglitazone-mediated adi-
pogenesis but also nonspecifically inhibited adipogenesis pro-
moted via flutamide, an AR antagonist, 1-850, a TR antagonist,
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Figure 9. Specificity of control chemical adipogenic responses. Human mesenchymal stem cells were induced to differentiate as described in
“Materials and Methods."” Cells were assessed for degree of adipocyte differentiation after 21 days of differentiation while exposed to control
chemicals and coexposures. Triglyceride accumulation is provided as percentage of maximal rosiglitazone-induced triglyceride accumulation (maximal
response when tested alone) and normalized to DNA content. Responses of these proadipogenic pathway ligands are examined A, alone; B, in
combination with a set concentration of T0O070907 (10 uM); C, in combination with a set concentration of triiodothyronine (T3, 10 uM), and D, in
combination with a set concentration of BMS-564 929 (BMS, 10 uM). Asterisks (P < .05) denote the lowest concentration for each chemical with
statistically significant differences from assay baseline responses, as per Kruskal-Wallis test.

and dexamethasone, a GR agonist. This suggests that the effect of
T0070907 may not be PPARYy specific, though this cannot be de-
termined precisely without further experiments. Previous data
support a nonspecific inhibition of adipogenesis for T0070907,
with no effects observed for the polyethoxylates on human
PPARy activation, binding, or coactivator recruitment (42).
While there are thus clear and apparent species-specific differences
across human and zebrafish receptors, these assays also used dif-
ferent positive control chemicals; rosiglitazone is the classic posi-
tive control for PPARy but does not activate zebrafish PPARy
(70). Thus, comparability in the scale of response is more difficult
due to differences in our respective control chemicals.

Based on similarities between effects on human and zebra-
fish receptors, AR and TRp were then evaluated as potential
causal pathways mediating the polyethoxylate-induced

adipogenic effects. The zebrafish AR is moderately well con-
served (76), with 53% similarity to human AR overall, though
72% and 68% sequence similarity to human AR for the DNA
and ligand binding domains, respectively (77). Moreover,
some evidence suggests that antiandrogenic chemicals may
act similarly between human and zebrafish ARs (78). In our
study, the short-chain NPEOs (ie, nonylphenol, NPEO-2,
NPEO-4) and CetAEO-4 exhibited greater AR antagonism
for zebrafish AR than human AR, whereas the longer-chain
length CetAEOs (ie, CetAEO-6, -10, and -20) exhibited great-
er human AR antagonism than for zebrafish AR. The
longer-chain length NPEOs appeared to exhibit similar antag-
onism between the species, suggesting some molecular differ-
ences between these groups of polyethoxylates. Nonetheless,
cotreatment with the AR agonist, BMS-564 929 did not
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Figure 10. Receptor bioactivity species comparison. Heat map depicting the percentage maximal agonism or antagonism for each human and
zebrafish receptor across the proadipogenic pathways evaluated here (top). Darker squares are higher efficacies for either agonism (to the left) or
antagonism (to the right) of the figure. Heat map depicting the bioactivity potencies (EC, responses; concentrations at which 20% agonism or
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potencies. *Statistically significant differences between human and zebrafish maximal responses for that receptor bioactivity, with asterisk placed on
the species with significantly greater activity. P less than .05, as per Kruskal-Wallis in GraphPad Prism 10.

meaningfully attenuate the polyethoxylate-induced triglycer-
ide accumulation, suggesting that this is not a likely causal/
contributory mechanism promoting the adipogenic effects
in vitro.

Modulation of TR signaling is a robust proadipogenic pathway
(53, 54, 64), and disruption of TR signaling is strongly associated
with obesity (79, 80). TR action is important for the maintenance
of metabolic health, lipid/carbohydrate metabolism, blood
pressure regulation, and body mass homeostasis (81, 82).
Hypothyroidism (decreased thyroid hormone) in humans is char-
acterized by weight gain (79, 80) (hyperthyroidism is similarly
characterized by weight loss), and hypothyroidism-induced
weight gain can be reduced via therapeutic thyroid hormone sup-
plementation (83-85). In line with this, antagonism of TR signal-
ing promotes adipocyte differentiation in vitro (53, 86) and in vivo
(87), though the mechanisms in vitro have not been sufficiently
characterized. It is possible that the antagonism disrupts thyroid
hormones normally present in the FBS of the differentiation me-
dia, though there is some evidence of reciprocal regulation of
TRs and PPARs in adipogenesis (86).

There are 3 zebrafish TRs, including a genome duplication
event for TRa, resulting in TRaA and TRaB as well as 2 TRB iso-
forms (although the TRp isoforms are identical other than a

9-amino acid insert in the hinge region between the ligand-
binding domain and the DNA-binding domain) (88). There is
high receptor conservation, with more than 80% sequence simi-
larity for zebrafish TRs to human. Zebrafish TRaA and TRaB
have 92% to 94% sequence similarity of the DNA-binding
domain and 86 % to 88% for the ligand-binding domain relative
to human (88). There is even higher conservation for TR, with
86% overall sequence similarly, 92% for the DNA-binding do-
main, and 89% for the ligand-binding domain (88). Some lim-
ited previous research on TRB binding comparisons specifically
found equivalent binding affinities of T3 and thyroxine for hu-
man and zebrafish TR, though some species-specific differences
for other environmental contaminants were observed (89).
There is also some evidence that other thyroid hormones, such
as 3,5-T2, are able to bind specifically to the TRp isoform with
the hinge region insert, but this does not appear to be the case
for the canonical TRP (90, 91) and thus we suspect this is not
a contributory factor for our results. Specifically, halogenated bi-
sphenols exhibited greater affinity for human TRp, whereas
halogenated phenols had greater affinity for zebrafish TRB
(89). This could explain the greater antagonism exhibited by
the shorter-chain length NPEOs for zebrafish TRp, given the
phenolic ring, whereas the CetAEOs, without any phenolic
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ring, had consistent responses between human and zebrafish
TRP. However, some of the longer-chain length polyethoxylates
had greater antagonism for human TR, which requires further
elucidation. Coexposure experiments supported a contributory
role for TR antagonism in polyethoxylate-induced adipogenic
effects, with high (10 pM) T3 coexposure able to attenuate the
triglyceride accumulation for all NPEOs, except for nonylphe-
nol, as well as cetyl alcohol and CetAEOs-2 through -6. While
this T3 coexposure was unable to modify the triglyceride accu-
mulation induced by the longest-chain length CetAEOs, the low-
er (10nM) T3 coexposure preferentially inhibited the
triglyceride accumulation induced by the CetAEOs, including
the longer-chain length CetAEQOs, without any apparent effects
on the NPEOs, suggesting that TR may play more of a contribu-
tory role for the CetAEOs than the NPEOs and effects at higher
concentrations may be less specific. We additionally performed
TR coactivator recruitment assays using SRC2-2 and demon-
strated a putative agonistic effect both of NPEOs and
CetAEOs recruiting SRC2-2, with much higher potency of effect
observed for the CetAEOs, supporting a potential indirect mech-
anism of TR disruption that would support the relative binding
affinity data and should be explored further.

Some limitations are inherent in our approach. We have yet
to confirm these molecular mechanisms in zebrafish via co-
exposures and/or genetic modification experiments.
Additionally, polyethoxylates were weakly active for zebrafish
LXR, GR, and RXR, pathways where no appreciable human
receptor activation was observed. While these pathways
were not focused on due to the nonconcordance of effects be-
tween zebrafish and humans, future work should better delin-
eate the mechanisms and implications of these differences. ER
bioactivity determinations were performed only with the hu-
man receptor, and future work should involve acquisition
and testing of zebrafish ERa for comparisons between the spe-
cies isoforms. The longer-chain length CetAEOs expressed a
high degree of human ERa antagonism, which was specific
and direct, as per relative binding affinity assays, and could
play a role in the adipogenic effects. However, coexposure ex-
periments both with estradiol and fulvestrant had no statistic-
ally significant effects on these longer-chain length CetAEOs,
suggesting they may not play a major contributory role in
this activity. Interestingly, many of the NPEOS, which exhib-
ited significant ER agonism, were inhibited with the fulves-
trant coexposures; while the lower ER agonism, longer-chain
length NPEOs exhibited enhanced triglyceride accumulation
with the estradiol (E2) coexposures. While ER effects ap-
peared to be direct, effects for TRB appeared to be indirect,
with the polyethoxylates unable to displace fluorescent T3
from the receptor, despite exhibiting robust receptor antagon-
ism both in human and zebrafish reporter assays. This could
occur through a number of mechanisms involving coregula-
tory protein recruitment, which we have begun to assess here
and that demonstrate some effects of the polyethoxylates on
coactivator recruitment to TRB. Moreover, similar responses
were observed for household dust samples, with T3 cotreat-
ment attenuating dust sample—induced triglyceride accumula-
tion in a similar adipogenesis model. House dust contains
complex mixtures of NPEOs and CetAEOs (19), among other
polyethoxylated surfactants, and small interfering RNA
knockdown of TRs was also able to attenuate the dust-
mediated effects (54), which should be reproduced with poly-
ethoxylates specifically. This could provide further support for
the TRB antagonism reported previously in household dust

Endocrinology, 2024, Vol. 165, No. 12

samples (92) and the causal role of that antagonism in adipo-
genic effects (54). We also observed relatively consistent inhib-
itions of triglyceride accumulation across the CetAEOs,
regardless of extent of TR antagonism, though perhaps com-
plicated by the differing effects on coactivator recruitment.
Further research is needed to more conclusively examine this
relationship. Interestingly, TRp is not expressed in these cells
in the basal state (precommitment and predifferentiation);
this may suggest that the effects instead may be occurring
through TR, though nuclear receptor expression is reported
to vary considerably throughout the commitment and differ-
entiation processes (93). Further research should evaluate
gene expression temporally to elucidate the specificity of these
effects.

As discussed in greater detail earlier, metabolism of these poly-
ethoxylates is well reported to occur through ethoxylate tail
length shortening, which would produce the shorter chain length
(and eventually base alkylphenol or alcohol) compounds. While
more efficient tail length shortening has been reported with high-
er temperatures, potentially contributing to differing responses
between human and zebrafish receptors, we would not expect
this to vary between receptors. There is also the potential that
shifts in temperature could influence octanol-water partition co-
efficient or other physicochemical parameters and could have in-
fluenced bioactivity independent of direct receptor modulation;
binding experiments were performed at ambient temperature,
zebrafish reporter bioassays at 28 °C, and human reporter bioas-
saysat 37 °C. More direct assessments of receptor disruption and
pharmacologic recovery can demonstrate direct effects and de-
lineate how these pathways may differ between species. Lastly,
there is a growing push for reducing and eliminating mammalian
vertebrate animal use, which may contribute to greater reliance
on alternate vertebrate models, such as zebrafish. Particularly in
light of this, increased attention is needed to understand some of
these interspecies’ differences to ensure accurate translation to
human health effects. It is important to note that consistent
health effects were observed here, though some differences in
mechanism were observed, suggesting that contaminants acting
through these less-conserved mechanisms may have lower hu-
man health translation. Improving models of coculture and sphe-
roids that may better reflect complex human physiology are
important as regulators seek to transition away from murine
models.

Itis also important to place these results in perspective with en-
vironmental concentrations and presumed human exposures.
Nonylphenol and its polyethoxylates tested here range in mo-
lecular weight from 220 to 1100 (cetyl alcohol polyethoxylates
from 240-1120). Most of the examined bioactivities occurred
at 1 and 10 uM concentrations. This translates to parts per mil-
lion (ppm) concentrations at 1 uM of 0.24 to 2.4 ppm for cetyl
alcohols and polyethoxylates and 1.12 to 11.2 ppm at 10 uM.
For nonylphenols and polyethxoylates, these concentrations
are equivalent to 0.22 to 2.2 ppm at 1 uM and 1.1 to 11 ppm
at 10 uM. These concentrations are regularly encountered in
the environment, in surface, ground, and drinking water sam-
ples, and residential household dust (9, 36). While concentra-
tions of alkylphenol and alcohol polyethoxylates generally
occur in the 1 to 100s parts per billion range in natural waters
and sediments (94-96), they are routinely found at low to mod-
erate ppm concentrations in sediments and soils (97-104), in
wastewater treatment plant and textile/paper mill effluents
(105, 106), and near proximate contamination sources such as
airports (107) or building materials (108). Further research is
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needed to better delineate human exposure concentrations for
these polyethoxylated compounds.

In conclusion, our research provides substantial insights
into the molecular mechanisms underlying the adipogenic
and obesogenic effects of NPEOs and CetAEOs both in hu-
man and zebrafish models. By employing paired receptor re-
porter gene assays, we identified substantial interspecies
differences in receptor bioactivities, notably with PPARy,
RXRo, LXRa, and GR receptors. Zebrafish PPARy exhib-
ited robust agonism, suggesting species-specific interactions
that may contribute to metabolism-disrupting effects, un-
like human PPARy, which showed no interaction with these
polyethoxylates. The nonspecific inhibition of adipogenesis
by the PPARy antagonist, T0070907, indicates a potential
broader mechanism of action beyond specific receptor path-
ways. Additionally, our findings highlight the differential
responses of AR and TR pathways between human and ze-
brafish, with longer-chain polyethoxylates showing vari-
able antagonistic effects. The attenuation of triglyceride
accumulation through T3 coexposure underscores a con-
tributory role for TRB antagonism and/or broader thyroid
hormone system disruption in the polyethoxylate-induced
adipogenesis. While our study establishes a foundational
understanding of these molecular interactions, further re-
search is necessary to confirm these mechanisms in zebrafish
models and explore additional pathways to fully elucidate
the metabolic health effects of polyethoxylates. This work
paves the way for future studies to better understand the
environmental and health implications of these commonly
encountered chemicals.
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