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• Assessed potential combination effects of
inorganic and organic contaminant mix-
tures.

• Greater than expected activity observed
for mixtures on nuclear receptor bioactiv-
ities.

• Greater than expected activity observed
for mixtures on adipogenesis in human
mesenchymal stem cells.

• Results support further testing of more
complex contaminant mixtures that better
reflect environmental exposures.
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Chronic health conditions are rapidly increasing in prevalence and cost to society worldwide: in the US, >42 % of
adults aged 20 and older are currently classified as obese. Exposure to endocrine disrupting chemicals (EDCs) has
been implicated as a causal factor; some EDCs, termed “obesogens”, can increase weight and lipid accumulation
and/or perturb metabolic homeostasis. This project aimed to assess the potential combination effects of diverse inor-
ganic and organic contaminant mixtures, which more closely reflect environmentally realistic exposures, on nuclear
receptor activation/inhibition and adipocyte differentiation. Herein, we focused on two polychlorinated biphenyls
(PCB-77 and 153), two perfluoroalkyl substances (PFOA and PFOS), two brominated flame retardants (PBB-153 and
BDE-47), and three inorganic contaminants (lead, arsenic, and cadmium). We examined adipogenesis using human
mesenchymal stem cells and receptor bioactivities using luciferase reporter gene assays in human cell lines. We ob-
served significantly greater effects for several receptor bioactivities by various contaminant mixtures relative to indi-
vidual components. All nine contaminants promoted triglyceride accumulation and/or pre-adipocyte proliferation in
human mesenchymal stem cells. Comparing simple component mixtures to individual components at 10 % and 50 %
effect levels revealed putative synergistic effects for each of the mixtures for at least one of the concentrations relative
to the individual component chemicals, some of which also exhibited significantly greater effects than the component
contaminants. Our results support further testing of more realistic and complex contaminant mixtures that better re-
flect environmental exposures, in order to more conclusively define mixture responses both in vitro and in vivo.
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1. Introduction

Humans are regularly exposed to complex mixtures of endocrine
disrupting chemicals (EDCs), beginning as early as gestation (Dallaire
et al., 2003; Houlihan et al., 2005) and continuing throughout our lives
(Environmental Protection Agency (EPA), 2017; Fraser et al., 2012;
Landrigan et al., 2002; Mogensen et al., 2015; Rudel et al., 2003; Watkins
et al., 2013). EDCs are able to disrupt normal hormonal action (Diamanti-
Kandarakis et al., 2009; Gore et al., 2015), and have been demonstrated
to contribute to adverse health risks in humans and animals (Rudel et al.,
2003; Stapleton et al., 2006; Stapleton et al., 2009). Metabolism disrupting
chemicals (MDCs) have been demonstrated to disrupt metabolic health via
disruption of weight gain, adiposity, glucose/insulin signaling, and/or
other mechanisms (Heindel et al., 2017; Heindel et al., 2022; Heindel
et al., 2015; Kassotis et al., 2022b; Lustig et al., 2022), some of which
have been shown to occur through endocrine mechanisms (Fang et al.,
2015a; Fang et al., 2015b; Fang et al., 2015c; Kassotis et al., 2020;
Kassotis et al., 2018a; Kassotis et al., 2019; Kassotis et al., 2018b). Our un-
derstanding of health outcomes linked with chemical exposures is limited,
and has primarily focused on single chemicals and often with high concen-
trations that do not accurately reflect realistic environmental exposures
(Martin et al., 2021). Limited research has evaluated more complex
chemicals mixtures (Martin et al., 2021), particularly mixtures comprised
of both inorganic and organic contaminant components. Given we know
that humans are routinely exposed to between hundreds and thousands of
chemicals daily (Hoffman et al., 2018; Kassotis et al., 2016; Lyche et al.,
2010; Phillips et al., 2018; Schilmann et al., 2010), characterizing the ef-
fects of realistic, complex environmental mixtures is of profound impor-
tance.

One environmental mixture that represents a chronic exposure source is
household dust, which is a reservoir for thousands of chemicals that
leach from consumer products and building materials in the home
(e.g., phthalates, flame retardants, pesticides, polycyclic aromatic hydro-
carbons, phenols, and perfluoroalkyl substances (PFAS)) (Kademoglou
et al., 2017; Mitro et al., 2016; Rasmussen et al., 2013; Rudel et al., 2003;
Stapleton et al., 2008; Stapleton et al., 2005; Stapleton et al., 2006;
Stapleton et al., 2009; Suzuki et al., 2007; Suzuki et al., 2013). Many of
the chemicals commonly reported in household dust are MDCs (Heindel
et al., 2017; Heindel et al., 2022; Heindel et al., 2015; Kassotis et al.,
2022b; Lustig et al., 2022), and/or EDCs (Chou et al., 2015; Fang et al.,
2015a; Fang et al., 2015b; Fang et al., 2015c; Kollitz et al., 2018; Suzuki
et al., 2007). We have previously shown that low concentrations of many
household dust samples promote robust adipocyte differentiation and pro-
liferate precursor cells in vitro (Kassotis et al., 2019). The extent of dust-
induced triglyceride accumulation was significantly and positively corre-
lated with a number of individual semi-volatile organic contaminants
(SVOCs) (Kassotis et al., 2021a; Kassotis et al., 2019). We also assessed
whether mixtures of SVOCsmight be responsible for the adipogenic effects;
while we reported greater effects for the SVOC mixture than for individual
components (Kassotis et al., 2021a), we could not explain the bulk of the
observed adipogenic activity. This suggested that there might be underex-
plored contaminants in thesemixtures that might be contributing to the ob-
served bioactivities. We also reported significant, positive associations
between house dust-induced triglyceride accumulation in vitro and the
body mass index (BMI) of adult residents (Kassotis et al., 2019). Given
that the US EPA estimates that children ingest 60–100 mg of indoor dust
per day (Environmental Protection Agency (EPA), 2017), contributing to
increased child body burdens for diverse contaminants (Dixon et al.,
2009; Stapleton et al., 2012; Watkins et al., 2011; Watkins et al., 2012), de-
termination of mixture effects for these common co-occurring contami-
nants is urgently needed.

To start addressing this question, we composedmixtures of common co-
occurring organic and inorganic contaminants, with particular relevance to
Michigan, United States. SVOCs were selected based on high frequency of
detection in residential household dust samples (Kassotis et al., 2021a),
and included two polychlorinated biphenyls (PCBs; PCB-77 and 153), two
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PFAS (perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS)), two brominated flame retardants (BFRs; 2,2′,4,4′-
tetrabromodiphenyl ether (BDE-47) and 2,2′,4,4′,5,5′-hexabromobiphenyl
(PBB-153)), and three inorganic contaminants (lead, arsenic, and cad-
mium). These contaminants have been reported to co-occur in household
dust with high frequencies (Table S1) and there are previous reports of
many of these chemicals as MDCs (Green et al., 2018; Martini et al.,
2018; Rodriguez et al., 2020; Taxvig et al., 2012; Tung et al., 2014;
Watkins et al., 2015), suggesting potential for mixture effects on metabolic
outcomes. Specifically, average concentrations of arsenic ranged from
1600 to 62,000 ng/g, average lead concentrations ranged from
49,100–573,000 ng/g, and average concentrations of cadmium were
1100–1,900,000 ng/g (Table S1). Concentrations of organic pollutants
were approximately 100 times lower than the inorganic contaminants in
most studies, with the highest reported concentrations for BDE-47 and
PFOA, and very limited data available for PBB-153 and PCB-77
(Table S1). Michigan has particularly high exposures of PBB-153 following
an agricultural accident in 1973–1974, when “FireMaster”, a mixture of
PBBs, was accidentally added to cattle feed in place of “NutriMaster”, a nu-
tritional supplement, contaminating diverse agricultural products and
highly exposing the population of Michigan (Di Carlo et al., 1978; Jones
et al., 1975; Robertson and Chynoweth, 1975). Four decades later, exposed
residents still maintain higher levels of specific PBBs (e.g., PBB-153) than
the rest of the US, and Michiganders born after the incident, while lower
than the exposed Michiganders, still have higher PBB levels than the gen-
eral US population (Chang et al., 2020).

As such, the goals of this study were to assess potential mixture effects
underlying interactions between diverse and complex co-occurring contam-
inant mixtures on adipogenic outcomes through a broad scope. We
examined each of these nine contaminants individually, alongwith 10mix-
tures of various combinations of them: PFAS mixture, BFR mixture, PCB
mixture, inorganic mixture, PFAS + inorganic mixture, BFR + inorganic
mixture, PCB + inorganic mixture, organic mixture (all six organics), a
total mixture (all nine contaminants), and an environmental mixture (all
nine contaminants) that approximated relative proportions of these con-
taminants as reported in household dust samples (e.g., with a 100-fold dif-
ference between organic and inorganic concentrations). Each chemical and
mixture of chemicals were examined for adipogenic activity using human
mesenchymal stem cells andmurine 3T3-L1 cells as well as for receptor bio-
activities (agonism and antagonism) on several known adipogenic path-
ways (Kassotis et al., 2017b; Li et al., 2011; Shao et al., 2016), including
peroxisome proliferator activated receptor gamma (PPARγ), retinoid X re-
ceptor alpha (RXRα), glucocorticoid receptor (GR), and thyroid receptor
beta (TRβ). We examinedmixture effects as predicted by the concentration
addition model and compared these predictive model results with mea-
sured responses from bioassays. We also measured concentrations of inor-
ganic contaminants in a subset of household dust samples and correlated
these concentrations with previously measured adipogenic and receptor
bioactivities.

2. Materials and methods

2.1. Chemicals

Chemicals for use in bioassays were purchased as follows: rosiglitazone
(peroxisome proliferator activated receptor gamma, PPARγ, agonist; Sigma
cat # R2408, ≥98 %), T0070907 (PPARγ antagonist; cat # R2408,
≥98 %), triiodothyronine (T3; thyroid hormone receptor beta, TRβ, ago-
nist; VWR cat # 80057–656, ≥98 %), 1–850 (TRβ antagonist; Millipore
cat # 609315,≥98 %), dexamethasone (glucocorticoid receptor, GR, ago-
nist; D4902-25MG), mifepristone (GR antagonist; M8046-100MG),
LG100268 (retinoid X receptor alpha, RXRα, agonist; SML0279-5MG),
and HX531 (RXRα antagonist; SML2170-5MG). Stock solutions were pre-
pared in 100 % DMSO (Sigma cat # D2650) and stored at−20 °C between
uses. Details of test chemicals are provided in Table S2. Mixtures of
chemicals were comprised of equimolar concentrations of contaminants,
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including the PFAS mix (combination of the two PFAS), the BFR mix (com-
bination of the two BFRs), the PCB mix (combination of the two PCBs), a
PFAS+inorganicmix (bothPFAS and three inorganics), a BFR+ inorganic
mix (both BFRs and the three inorganics), a PCB + inorganic mix (both
PCBs and the three inorganics), an inorganic mix (all three inorganics),
an organic mix (all six organics), and a total mix (all six organics and
three inorganics). Throughout the manuscript, a 1 μM mixture concentra-
tion will be used to denote 1 μMof each of the component chemicals rather
than the summed concentration of the components. An additional environ-
mental mix was designed of all 9 contaminants, with the inorganics at 100-
fold higher concentrations than the organics to reflect the average propor-
tional difference between these inorganics and organics as described in the
literature (Table S1). A description of each mixture is detailed in Table S3.

2.2. Reporter gene activity bioassays

HEK-293T/17 human embryonic kidney cells were purchased from the
ATCC (cat# CRL-11268, lot# 70022180) and were maintained in growth
media (DMEM-HG, Gibco #11995, with 10 % fetal bovine serum, Sigma
F2442-500ML, and 1 % penicillin and streptomycin, Gibco 15140), ensur-
ing cells did not reach confluency. Ishikawa endometrial adenocarcinoma
cells were purchased from Sigma (cat# 99040201, lot# 17C011) and
were maintained in growth media (MEM, Gibco 11090, with 5 % newborn
calf serum, Fisher 16010159, 1 % glutamax, Gibco 35050, 1 % non-
essential amino acids, Gibco 11140, and 1 % penicillin and streptomycin).
Near confluent flasks were switched to white medium (same base media
without phenol red, and with charcoal-stripped fetal bovine serum) at
least two days prior to transfection. To transfect, flasks were treated with
a combination of Lipofectamine LTX & Plus reagent (Invitrogen cat#
15338-100) and plasmids in Opti-MEM (Gibco 11058), then recovered over-
night inwhite assaymedia (mediawithout phenol red). Plasmids consisted of
human hormone receptor constructs (PPARγ: pcDNA-PPARγ1, TRβ: hTRβ1-
pSG5, GR: pRST7-GR, RXRα: pcDNA-RXRα), reporter gene plasmids
(PPARγ: DR1-luciferase, TRβ: pGL4-TK-2X-TADR4, GR: MMTV-luciferase,
RXRα: DR1-luciferase), and a constitutively-active CMV-β-Gal normalization
plasmid (all plasmids were generous gifts of the Donald McDonnell Lab).
PPARγ, RXRα, and TRβ plasmids were transfected into HEK293 cells and
GR into Ishikawa cells. The following morning, transfected cells were seeded
at approximately 60,000 cells per well into 96-well tissue culture plates and
allowed to settle for several hours. Plated cells were then induced with dose
responses of positive and/or negative controls and test chemicals using a
0.1 % DMSO vehicle. Cells were treated for approximately 18–24 h and
then lysed for luciferase and beta galactosidase assays.

Raw luminescence values were converted to fold inductions relative to
the solvent control responses (0.1 % DMSO) and then were used to calcu-
late percent bioactivities relative to positive control agonists and/or antag-
onists. For agonist bioassays, chemical values were compared to the
maximal positive control responses to determine percent activity. For an-
tagonist bioassays, percent activity was calculated as percent enhancement
or suppression relative to the half maximal positive control responses. Sig-
nificant reduction in constitutively active beta galactosidase promoter ac-
tivity (≥15 %) was used as an indirect marker of toxicity and receptor
bioactivities were only reported in the absence of this presumed toxicity.

2.3. Adipogenesis cell care and bioassays

Human bonemarrowmesenchymal stem cells (hMSCs) were purchased
from Lonza (catalog # PT-2501; lot # 155677; passage 2). Cells were main-
tained as suggested by manufacturer in manufacturer-specific mesenchy-
mal stem cell basal growth media (Lonza catalog # PT-3001). 3T3-L1
cells (Zenbio cat# SP-L1-F, lot# 3T3062104) were maintained in pre-
adipocyte media (Dulbecco's Modified Eagle Medium – High Glucose;
DMEM-HG; Gibco cat# 11995, supplemented with 10 % bovine calf
serum and 1 % penicillin and streptomycin) (Kassotis et al., 2017b). Cells
were maintained in a sub-confluent state until differentiation and each
thaw of frozen cells was utilized within three passages, with no appreciable
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modulation in response observed (i.e., positive and negative control re-
sponses compared across each biological replicate).

hMSCs and pre-adipocytes were induced to differentiate as described in
detail previously (Kassotis et al., 2022a). Briefly, cells were seeded in
provider-specific basal media into 96-well tissue culture plates (Greiner cat-
alog # 655090) at 10–30,000 cells per well. Once confluent (for 3T3-L1
cells, a further 48-hour window was allowed between confluency and dif-
ferentiation induction), differentiation was induced by replacing basal
media with test chemicals and/or controls using a 0.1 % DMSO vehicle in
differentiation media (Lonza catalog # PT-3102B; 3T3: DMEM-HG with
10 % fetal bovine serum, 1 % penicillin/streptomycin, 1.0 μg/mL human
insulin, and 0.5 mM 3-isobutyl-1-methylxanthine, IBMX). Lonza cells
were differentiated with three rounds of differentiation induction, according
to company instructions and as reported previously (Kassotis et al., 2022a).
Specifically, cells were treated with differentiation media and test chemicals
for three days, then switched to adipocytemaintenancemedia (Lonza catalog
# PT-3102A) for three days. This cycle was repeated twice more (three days
differentiation media and three days adipocyte maintenance media, each
with fresh test chemical dilutions) and then maintained in adipocyte mainte-
nance media, with media and test chemical changes every 3–4 days, until
21 days after the initial induction, when plates were assayed. 3T3-L1 cells
were differentiated for 48 h and then media was replaced with fresh expo-
sures diluted in adipocytemaintenancemedia (differentiationmedia without
IBMX). This media was refreshed every 2–3 days, until 10 days after the ini-
tial induction, when plates were assayed.

To assay plates, media was removed from all wells and cells were rinsed
with Dulbecco's phosphate-buffered saline (DPBS) and then removed. Dye
mixture was then added to each well (200 μL; 19 mL DPBS, 20 drops
NucBlue® Live ReadyProbes® Reagent, Thermo cat # R37605, and
500 μL Nile Red solution, 40 μg/mL, Sigma cat #72485-100MG). Plates
were incubated, protected from light, for 30–40 min at room temperature,
thenfluorescence wasmeasured using aMolecular Devices SpectraMax iD5
microplate spectrofluorimeter (485 nm/572 nm excitation/emission for
Nile Red and 360/460 for NucBlue). Triglyceride accumulation was calcu-
lated first as fold induction of individual chemical responses over the intra-
assay differentiated vehicle control responses (0.1 % DMSO) and then as
percent activities relative to the maximal rosiglitazone-induced response.
DNA contentwas calculated as percent deviation from the differentiated ve-
hicle control responses (positive values, pre-adipocyte proliferation;
negative values, cytotoxicity), and then was used to normalize total triglyc-
eride accumulation per well to triglyceride accumulation per DNA content.
Three biological replicates (separate assays and cell line passages), each in-
cluding four technical replicates (replicates within a single plate of a single
assay), were performed for each cell line and test chemical. Chemical place-
ment was randomized across plates and assays, and included both positive
and negative controls in every plate across several locations to foster repro-
ducibility. Efficacies and potencieswere determined as above. Assay perfor-
mance: 3T3-L1, intra-assay Z'-factor: 0.70–0.85; signal/noise: ~5.4-fold
change, mean CV range: 11.1–17.3 %; hMSCs, intra-assay Z′-factor:
0.62–0.74; signal/noise: ~3.9-fold change, mean CV range: 7.9–14.2 %.

2.4. Dust sample collection and processing

Anonymized dust samples were collected from central NC and processed
as described previously (Kassotis et al., 2019; Kollitz et al., 2018). These dust
samples were previously tested for adipogenic activity using 3T3-L1 cells and
for TRβ antagonism using reporter gene assays described herein. These re-
sults have been described in detail previously (Hoffman et al., 2017;
Kassotis et al., 2019). A subset of these dust samples (n=30) was processed
for measurement of inorganic contaminants (lead, cadmium, and arsenic)
herein, and associations made with existing bioactivity data.

2.5. Inorganic contaminant analysis in household dust samples

All solutions were made up in trace metal grade solvents. Samples
(~100 mg) were digested using the following microwave digestion
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procedure. The samples were added to a 10 mL digestion vessel with a Tef-
lon liner. 1 mL of concentrated nitric acid was added to the vessel contain-
ing the sample and was allowed to sit for 1 h. A second mL of concentrated
nitric acid was added, contents were swirled, and allowed digestion for an-
other hour. Lastly, 200 μL of hydrogen peroxide was added to the vessel,
swirled, and let sit overnight. The next day the vessels were capped tightly
and digested using a CEM Mars 6 microwave digestor (Matthews, NC,
USA). The microwave digestion method was a modified method for US
EPA 3052, in which the ramping of the temperature to 180 °C was length-
ened to 20 mins, and then held at 180 °C for 9.5 mins. Samples were left
to cool before dilution with DI water. All ICP-MS measurements were per-
formed on an Agilent 7700x ICP-MS (Santa Clara, CA, USA) in general pur-
posemode. The instrument was tuned using Agilent tuning solution for ICP-
MS 7500cs using the online ICP-MS Mass Hunter Software in helium (He),
high energy helium (HEHe), and hydrogen (H2) gas modes. Calibration
standards were made up using standards from High Purity Standards
(Charleston, SC, USA), and were diluted in a 2 % HNO3 solution (As, Cd,
and Pb were analyzed for this experiment). During sample analysis, quality
control samples included a blank (negative control) and a check standard
(25 ppb, prepared separately from the calibration standards, positive con-
trol) and were analyzed every 10 samples.

2.6. Mixture analysis of bioassay outcomes

Predictive utility of concentration addition for the observed adipogenic
effects was examined through use of the concentration addition mixture
model as described previously (Rajapakse et al., 2002; Rajapakse et al.,
2004; Silva et al., 2002), by summing each of the constituent chemical pro-
portions in the mixture with effect X, divided by their concentrations in iso-
lation that exhibited the same effect as the mixture, according to the
concentration addition equation: (∑n

i¼1
pi

ECxi
)−1 (Ermler et al., 2011).

To determine magnitude of deviations from additivity, the toxic effect
summation was determined as the proportion of the observed effects to

the predicted effects: Ratio = observed ECx mixtureð Þ
expected ECx mixtureð Þ (Martin et al., 2021). This

was then used to define the index of prediction quality, as described in de-
tail previously (Martin et al., 2021), creating a linearized symmetric scale to
express over- or underestimation as percentages of the ratios as below:

IPQ =
100∗ Ratio � 1ð Þ if Ratio≥1

100∗ 1 � 1
Ratio

� �
if Ratio < 1:

8<
:

As described previously (Martin et al., 2021), an IPQ of +75 % de-
scribes an observed effect concentration that is 75 % above that of the pre-
dicted value, whereas −75 % would be an observed effect that is 75 %
below the predicted value. IPQs were then used to determine effect type.
IPQs between −100 % and + 100 % were deemed additive, those <
−100 % were deemed antagonistic, and those > + 100 % were deemed
synergistic.

2.7. Statistical analysis

Data for adipogenic and nuclear receptor bioactivities are presented as
means ± standard error of the mean (SEM) from the median of four tech-
nical replicates (intra-assay replicates) from three independent biological
replicates (separate assays). Lowest observed significant effect level
(LOEL) and significant differences between individual contaminants and
their mixtures were determined with Kruskall Wallis tests in GraphPad
Prism 9 using percent activities as calculated above. Relationships between
measures of adipogenic activity and activation or inhibition of specific nu-
clear receptors were evaluated using Spearman's correlations in GraphPad.
Spearman's correlations were also performed to examine relationships be-
tween inorganic contaminant measurements in dust and bioactivities re-
ported in these extracts previously (Kassotis et al., 2019). The principal
component analysis (PCA) was computed with RStudio version 2022.02.2
and R version 4.1.1 (r-project.org, version 4.1.3). The “PCA” command
from the FactoMineR package (Kassambara and Mundt, 2020) was used
4

to perform the PCA. To present the data, the biplot, scree plot, and correla-
tion matrix were performed with the commands “fviz_pca_biplot”,
“f_viz_eig” and “corrplot” from the factoextra (Kassambara and Mundt,
2020), ggplot2 (Fox and Weisberg, 2019), tidyverse (Wickham, 2016),
and corrplot (Wei and Simko, 2021) packages. The dataset included the av-
erage response of each cellular assay (hMSCs and receptor bioactivities) for
each individual chemical and mixtures.

3. Results

A set of common co-occurring contaminants (three inorganic and six or-
ganic) were evaluated for toxicity across endocrine receptor endpoints and
for adipogenic bioactivities, both individually and in various combinations.
Mixtures were evaluated for antagonistic, additive, or synergistic effects at
a range of concentrations to evaluate the potential interplay of these con-
taminants on adipogenesis-related endpoints. Selected inorganic contami-
nants were measured in a randomly selected subset of anonymized
household dust extracts to determine potential associations between inor-
ganic contaminants and dust extract-induced bioactivities.

3.1. Nuclear receptor activities of individual contaminants and mixtures

Both individual contaminants and their mixtures promoted agonism
and/or antagonism of the targeted hormone receptors, with the mixtures
often promoting greater effects than the component contaminants (Fig. 1,
Figs. S1–S5). Only the inorganic mix promoted significant GR agonism (sig-
nificantly greater response than each of the individual inorganic contami-
nants at 1 μM, p < 0.05; Fig. S4), with no other individual components or
mixtures significantly activating this receptor (Fig. 1A). In contrast, most
contaminants antagonized GR. The inorganicmix significantly antagonized
GR at 0.1 nM, and the environmental mix and BFRmix at 1 nM (Fig. 1E). At
10 nM, the PFASmix, PFAS+ inorganic mix, organic mix, PCB-77, the PCB
mix, and the PCB + inorganic mix all significantly antagonized GR; at
100 nM, PCB-153, PBB-153, BDE-47, and both lead and cadmium antago-
nized GR; and at 1 μM, PFOA, PFOS, arsenic, and the organic mix antago-
nized GR. The PFAS mix promoted significantly greater GR antagonism at
100 nM relative to the individual PFAS (Fig. S1), the BFR mix had signifi-
cantly greater response than component BFRs at 1 and 10 nM (Fig. S3),
and the inorganic mix had greater effects on GR antagonism at 0.1 and
1 nM than components (all p < 0.05; Fig. S4). More effects were observed
for PPARγ, with the inorganic mix activating PPARγ at 100 nM; the envi-
ronmental mix and BFR mix at 1 μM; and PFOA, arsenic, PBB-153, and
PCB-77 activating at 10 μM (Fig. 1B). The BFRmix had significantly greater
effects on PPARγ agonism at 1 μMand the inorganic mix had greater effects
at 100 nM and 1 μM (p < 0.05, Figs. S3–S4). Antagonism was again more
significantly affected; the PFAS+ inorganicmix, PCB-77, and environmen-
tal mix antagonizing PPARγ at 10 nM; the total mix, PCB+ inorganic mix,
and organic mix antagonizing at 100 nM; the PFASmix, lead, cadmium, in-
organic mix, and PCB mix at 1 μM, and PFOS only at 10 μM (Fig. 1F). The
PFAS+inorganics mix had significantly greater effects on PPARγ antago-
nism at 1 μM (Fig. S1), the PCB + inorganic mix had significantly greater
effects at 100 nM and 1 μM (Fig. S2), and the environmental mix had
greater activity than the component organic and inorganic mixtures at 10,
100, and 1000 nM (Fig. S5). Less potent agonism was observed for RXRα;
the environmental mix, PBB-153, BFR mix, BFR + inorganic mix, PCB-
77, and inorganic mix significantly activated RXRα at 1 μM and arsenic
only at 10 μM (Fig. 1C). The BFR + inorganics mix had greater effects on
RXR agonism at 100 nM (Fig. S3). Significant RXR antagonism was ob-
served for the organic mix at 10 nM; the BFR + inorganic mix at 100 nM;
the PCB+ inorganic mix, environmental mix, and lead at 1 μM; and for ar-
senic and cadmium at 10 μM (Fig. 1G). The PCB + inorganic mix had sig-
nificantly greater effects on RXR antagonism at 1 μM (Fig. S2) and the
environmental mix had greater activity at 1 μM (p < 0.05, Fig. S5). Lastly,
for TRβ agonism, the environmental mix and BFR mix significantly acti-
vated TRβ at 100 nM; PBB-153, the inorganic mix, and PCB-77 activated
TR at 1 μM; and arsenic only at 10 μM (Fig. 1D). The environmental mix



Fig. 1. Nuclear receptor bioactivities of organic and inorganic pollutants and their mixtures. Nuclear receptor bioactivities were determined following induction with
standard receptor agonists and antagonists. Bioactivities reported as percent activity relative to the positive control maximum for agonist activities (A-D) and as percent
enhancement or suppression of half maximal positive control response for antagonist activities (E-H). Receptor bioassays targeted the glucocorticoid receptor (GR; A, E),
peroxisome proliferator activated receptor gamma (PPARγ; B, F), retinoid X receptor alpha (RXRα; C, G), and thyroid receptor beta (TRβ; D, H). Asterisks (*, p < 0.05)
denote the lowest concentration for each contaminant and/or mixture with significant differences from assay baseline responses based on three biological replicates, each
containing four technical replicates. PCBs = polychlorinated biphenyls, PFAS = per/poly-fluoroalkyl substances, BFRs = brominated flame retardants.
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had greater activity for TR agonism at 1 μM relative to component mixtures
(p < 0.05; Fig. S5). Antagonism of TRβ was again more pronounced; PCB-
153 antagonized TR at 10 nM; PFOS, lead, and the organic mix at
100 nM; PFOA, PCB mix, PCB + inorganic mix, BFR + inorganic mix, en-
vironmental mix, and the inorganic mix at 1 μM; and BDE-47 at 10 μM
(Fig. 1H). The BFR+ inorganics mix had greater effects on TR antagonism
at 1 μM (Fig. S3).

3.2. Adipogenic activities of individual contaminants and mixtures

Both individual PCBs (Fig. 2A, B), both PFAS (Fig. 2C, D), and each of
the inorganic pollutants induced significant triglyceride accumulation in
the humanmesenchymal stem cell model (positive control responsemetrics
in Fig. S6), whereas the BFRs did not (Fig. 2E, F). Of these, PCB-153was the
most active, demonstrating significant activity even at 10 nM, whereas
most other contaminants induced significant effects only at 100 nM
(PFOS only at 1 μM). Every mixture also promoted significant effects, and
most often at lower concentrations than the individual contaminants. Spe-
cifically, the inorganic mixture promoted significant triglyceride accumula-
tion at 1 nM; and the PFAS mix, BFR mix, PCB mix, PCB+ inorganic mix,
BFR + inorganic mix, organic mix, total mix, and environmental mix in-
duced significant effects at 10 nM. The PFAS+ inorganic mix induced sig-
nificant effects at 100 nM only. Significantly greater effects were observed
for the mixtures relative to component chemicals in several cases; the PCB
mix exhibited significantly greater effects than either individual PCB at
10 nM (p < 0.05; Fig. 2A); the PFAS mix exhibited significantly greater ef-
fects than either individual PFAS at 10 and 100 nM (p < 0.05; Fig. 2C);
the BFR mix exhibited significantly greater effects than either individual
BFR at 10 and 100 nM (p < 0.05; Fig. 2E); the inorganic mix exhibited sig-
nificantly greater effects than either individual inorganics at 1 nM
(p < 0.05; Fig. 2G); the environmental mix exhibited significantly greater
effects than either component organic and inorganic mixtures at 10 and
100 nM (p < 0.05; Fig. 2I); and the total mix exhibited significantly greater
effects than either organic and inorganic mixtures at 100 nM (p < 0.05).
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Most individual contaminants also promoted pre-adipocyte prolifera-
tion, with both PFAS, both BFRs, PCB-153, and all three inorganics promot-
ing significant increases in DNA content relative to the differentiated
solvent controls (Fig. 2). Most mixtures also promoted significant effects
on pre-adipocyte proliferation, again at lower concentrations than was ob-
served for individual contaminants. The total mix, PFAS mix, and PCB mix
promoted significant increases in DNA content at 1 nM, the environmental
mix, inorganic mix, and BFR mix at 10 nM, and the organic mix at 1 μM.
Significantly greater effects were observed for the mixtures relative to com-
ponent chemicals in several cases; the PCB mix exhibited significantly
greater effects than either individual PCB at 1 and 10 nM (p < 0.05;
Fig. 2B); the PFAS mix exhibited significantly greater effects than either in-
dividual PFAS at 1 nM (p < 0.05; Fig. 2D); the total mix greater than the
component organic and inorganic mixtures at 1, 10, 100, and 1000 nM
and the environmental mix greater than the organic and inorganic mixtures
at 100 nM (p < 0.05; Fig. 2J).

Very different effects were observed for the same set of contaminants
and mixtures in the 3T3-L1 murine pre-adipocyte model (Fig. S7). Interest-
ingly, none of the contaminants were able to promote significant triglycer-
ide accumulation nor pre-adipocyte proliferation (Fig. S7A, B) in 3T3-L1
cells. In contrast, most contaminants and mixtures successfully inhibited
differentiation induced by a half maximal concentration of rosiglitazone
as measured by reduced triglyceride accumulation (Fig. S7C) and reduced
pre-adipocyte proliferation (Fig. S7D).

3.3. Associations between receptor bioactivities and adipogenic activities

Spearman's correlations were calculated to assess relationships between
nuclear receptor and adipogenic bioactivities across individual contami-
nants and mixtures. Receptor bioactivities tended to be positively corre-
lated with each other (Fig. 3); RXR antagonism was significantly and
positively correlated with TRβ, PPARγ, and GR antagonism. These correla-
tions were weakest with GR antagonism, which was positively correlated
with RXR antagonism but not significantly correlated with TRβ or PPARγ



Fig. 2. Adipogenic activity of organic and inorganic pollutants and their mixtures. Human mesenchymal stem cells were induced to differentiate as described in Methods.
Cells were assessed for degree of adipocyte differentiation after twenty-one days of differentiation while exposed to individual contaminants and their mixtures.
Triglyceride accumulation is provided as percent of maximal rosiglitazone-induced triglyceride accumulation and normalized to DNA content (A, C, E, G, I). Proliferation/
cytotoxicity is provided as percent increase or decrease in DNA content relative to differentiated solvent controls (B, D, F, H, J). Chemicals and mixtures are broken out
by class to aid in clarity of presentation; individual PCBs, PCB mix, and PCB + inorganic mix are found in panels A-B, PFAS (C\\D), BFRs (E-F), inorganics (G-H), and
summed mixtures (I-J). PCBs = polychlorinated biphenyls, PFAS = per/poly-fluoroalkyl substances, BFRs = brominated flame retardants.
Asterisks (*, p < 0.05) provided in color denote the lowest concentration for each contaminant and/or mixture with significant differences from assay baseline responses,
based on three biological replicates, each containing four technical replicates. Asterisks in black are paired with bars and represent significant differences between the
mixture and the component chemicals. Specifically, PCB mix is significantly greater than both individual PCBs in A at 10 nM; PCB mix is greater than components at 1
and 10 nM (B); PFAS mix is greater than both components at 10 and 100 nM (C); PFAS mix greater than components at 1 nM (D); BFR mix greater than components at
10 and 100 nM (E); inorganic mix greater than components at 1 nM (G); environmental mix greater than components (organic and inorganic mixes) at 10 and 100 nM
and total mix also greater at 100 nM (I); total mix greater than components (organic and inorganic) at 1, 10, 100, and 1000 nM and environmental mix at 100 nM (J).
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antagonism. RXR agonism was significantly and positively correlated with
TRβ, PPARγ, andGR agonism, and these associationswere consistent across
agonist activities for each receptor. Adipogenic activities were also inter-
related; total triglyceride accumulation for each activity type (hMSC, 3T3-
L1, and 3T3-L1 antagonism) was positively correlated with normalized tri-
glyceride accumulation. Neither triglyceride accumulation nor prolifera-
tion in the hMSCs were positively associated with these metrics in 3T3-L1
cells, reflecting the disparate nature of the adipogenic results in these
models for this set of chemicals and mixtures. Interestingly, normalized tri-
glyceride accumulation in hMSCs was positively correlated with inhibited
triglyceride accumulation in the 3T3-L1 antagonism model. Several inter-
esting associations were also determined between receptor bioactivities
and adipogenic activities. RXR agonism was negatively associated with
total triglyceride accumulation in the 3T3-L1 adipogenesis antagonism
assay. RXR antagonismwas positively correlated with triglyceride accumu-
lation antagonism and negatively correlated with proliferation antagonism
6

in 3T3-L1 cells. TRβ antagonism was positively correlated with prolifera-
tion in hMSCs, while TRβ agonismwas negatively associatedwith triglycer-
ide accumulation antagonism in 3T3-L1 cells. PPARγ antagonism was
positively correlated with triglyceride accumulation antagonism in 3T3-
L1 cells and negatively with proliferation antagonism. PPARγ agonism,
GR antagonism, and GR agonism were not correlated with any adipogenic
activities.

The PCA (Fig. 4A) presents the data grouped by the type of chemicals:
inorganic, organic or mixture, where mixture is the combination of inor-
ganic and organic chemicals. The antagonist responses of most receptors
(RXR, PPARγ, GR and TRβ) were positively correlated to the first dimen-
sion, while the agonist responses of all receptors, except GR, were nega-
tively correlated to the first dimension. All the receptors were positively
correlated to the second dimension, except GR agonism, which was corre-
lated to the third dimension. Cellular proliferation seemed to be associated
with each of the antagonist activities. The hMSC triglyceride accumulation



Fig. 3. Correlations of receptor bioactivities and adipogenic activities. Spearman's correlations were performed between receptor bioactivities (agonism and antagonism for
the retinoid X receptor alpha, thyroid receptor beta, peroxisome proliferator activated receptor gamma, and glucocorticoid receptor) with adipogenic bioactivities (in human
mesenchymal stem cells and 3T3-L1 murine pre-adipocytes, assessing both induction of adipogenesis, proliferation, and adipogenesis antagonism, with measurement of
rosiglitazone-mediated adipogenesis inhibition). Correlations performed using Prism 9; bolded samples represent significant (p < 0.05) correlations, and the color depicts
the strength and direction of the correlation. Darker colors represent a stronger correlation, blue coloration depicts positive correlations, and red depicts negative
correlations. Abbreviations: ag: agonism; antag: antagonism; hMSC: human mesenchymal stem cell; prolif: proliferation; NTG: normalized triglyceride accumulation; TTG:
total triglyceride accumulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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metrics were associated, but contrary to most of the other variables were
negatively correlated with dimension 2. Ellipses demonstrated that data
clustered according to the classes of exposure chemicals, with the mixture
and organic contaminants overlapping, while the inorganic chemicals clus-
tered separately. The scree plot (Fig. 4B) presents the percentage of ex-
plained variance for each dimension. The first two dimensions explained
~57 % of the data variability and the first three explained ~74 %. Dimen-
sions 3–5 together explain ~20 % of the data variability. The correlation
matrix (Fig. 4C) was used to examine the percent contribution of each var-
iable to the five dimensions. There is an important contribution of the GR
responses to dimensions 3–5, and a lesser contribution of the RXR and
TRβ responses to those dimensions.

3.4. Mixture effects of individual contaminants and mixtures

Quantitative determinations of mixture effects were made as has been
described in detail previously (Martin et al., 2021). Briefly, predicted ef-
fects as per concentration addition were defined for each combination of
contaminants; the proportion of expected versus observed effects were
used to calculate the toxic effect summation, which was used to define
the index of prediction quality (IPQ). IPQ values of > + 100 % were
deemed synergistic, values between +100 % and − 100 % were deemed
additive, and those <−100 % were deemed antagonistic. The majority of
the mixtures exhibited synergistic effects relative to predicted additive ef-
fects for both triglyceride accumulation (Table 1) and for pre-adipocyte
proliferation (Table 2) in hMSCs. In every case, concentration addition pre-
dicted EC10 (concentration that exhibits 10 % of maximal effects) or EC50

(concentration that exhibits 50 % of maximal effects) values that were
less potent than the observed effects as determined using hMSCs. In most
cases, these resulted in IPQ values of > + 100 %, suggesting that most of
thesemixtures acted synergistically on adipogenic outcomes. The PCB+in-
organicmixture and the BFR+ inorganicmixture exhibited additive effects
when calculated at the EC50 level, though these were also synergistic when
evaluated at the EC10 levels. While effect sizes were considerably lower for
pre-adipocyte proliferation, preventing calculation of anything other than
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EC10 values, all of these were synergistic, suggesting significant mixture ef-
fects for these various sets of chemicals on both adipogenic outcomes.

3.5. Inorganic contaminant measurements in household dust and correlations
with organics and bioactivities

A small set of anonymized dust samples (n = 30) was processed for
measurement of inorganic contaminants (lead, cadmium, and arsenic). Ar-
senicwas reported in 100%of the dust samples at concentrations from0.18
to 41.25 μg/g and amedian concentration of 1.52 μg/g (Table 3). Cadmium
was reported in 77 % of the dust samples at concentrations from
<0.05–1.21 μg/g and a median concentration of 0.20 μg/g. Lead was re-
ported in 100 % of the dust samples at concentrations from 1.06 to
503.49 μg/g and a median of 12.46 μg/g.

4. Discussion

These results demonstrate that complex mixtures of inorganic and or-
ganic contaminants, both individually and in various combinations, induce
significant disruption of nuclear receptors and promotion of adipogenesis,
with the more complex mixtures of contaminants promoting much greater
effects than the component contaminants in a number of cases.

Several notable associations were reported between adipogenic and
hormone receptor bioactivities. For example, TRβ antagonism was posi-
tively correlated with proliferation in hMSCs, supporting its importance
as a pro-adipogenic pathway, which we have reported previously
(Kassotis et al., 2021a; Kassotis et al., 2019). While limited associations
were observed with pro-adipogenic outcomes in 3T3-L1 cells, TRβ/RXR
agonism were negatively associated (and RXR antagonism was positively
correlated) with triglyceride accumulation antagonism in 3T3-L1 cells,
supporting a pro-adipogenic effect of these pathways. We generally re-
ported that across receptor bioactivities and adipogenic activities, mixtures
of contaminants promoted greater effects (e.g., more potent and/or more
efficacious responses) relative to their individual component contaminants,
though only some of these differences were significantly different. Organic



Fig. 4. Associations between receptor bioactivities and adipogenic activities. Principal component analysis (PCA) depicting the relationships between the cellular assays'
responses (agonist and antagonist activities for RXRα, PPARγ, GR, and TRβ as well as hMSC triglyceride accumulation and proliferation) and the exposure chemicals/
mixtures (inorganic, organic, or mixture). Individual points representing the mean of three biological replicates of each cellular assay (n = 19) at the maximal effect
concentration are grouped by chemical type, marked by the colored symbols and ellipses (A). The percentage of explained variances for each dimension is presented by
the scree plot (B). The contribution in percentage of each variable for the five first dimensions is presented in a correlation plot (C), where darker and larger circles
represent a higher contribution of the variable to a dimension, while lighter and smaller circles represent a lower contribution, as presented with the color legend on the
right. Abbreviations: GR: Glucocorticoid receptor; PPARγ: peroxisome proliferator activated receptor gamma; RXRα: Retinoid X receptor alpha; TRβ: thyroid hormone
receptor beta; ag: agonist; antag: antagonist; hMSC: human mesenchymal stem cell; prolif: proliferation; NTG: normalized triglyceride accumulation; TTG: total
triglyceride accumulation.
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mixtures tended to exhibit greater effects than individual component
chemicals (though not always significantly different), the addition of inor-
ganics often tempered these responses, and the total and environmental
mixtures often exhibited bioactivities at a magnitude between the individ-
ual contaminants and the mixtures comprised of similar contaminants and
inorganics.

The PCA revealed, as expected, a negative association of the agonist and
antagonist responses of the receptors analyzed. The PCA also suggested that
cellular proliferation of hMSCs might be more associated with the antago-
nist receptor bioactivities, while triglyceride accumulation was negatively
correlated with the receptor bioactivities. It also demonstrates a distribu-
tion of the inorganic chemical responses from the organic and the combina-
tion mixtures. This suggests that, in exposures to a mixture of organic and
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inorganic chemicals, the effects caused by the organics were the most po-
tent component in inducing receptor bioactivities. This is particularly inter-
esting given the much lower concentrations of the organics examined here
relative to the inorganics in environmental mixtures such as household dust
(Table S1) and as examined in the Environmental Mix.

Quantitative determinations of mixture effects suggested that the hMSC
adipogenic effects (both triglyceride accumulation and pre-adipocyte pro-
liferation) were synergistic as compared to the predicted effects defined
by concentration addition. While several of the mixtures at the EC50 effect
level (PFAS + inorganics and BFRs + inorganics) exhibited lower-level
(deemed additive) effects, their effects at the EC10 level were strongly syn-
ergistic, suggesting that overall, these collections of adipogenic contami-
nants acted in a synergistic manner. In support of synergistic effects, we



Table 1
Mixture effect calculations for triglyceride accumulation in human mesenchymal
stem cells.

Activity level Effective concentration ECxmix (M)

Level x Observed Predicted
by CA

Index of
Prediction
Quality (IPQ)

Determination

PFAS mix: two PFAS
10 % 0.0025 0.15135 5954 % Synergistic
50 % 0.2 0.53992 170 % Synergistic

BFR mix: two BFRs
10 % 0.0008 2.45902 307,277 % Synergistic
50 % 7.5 10,909.1 145,355 % Synergistic

PCB mix: two PCBs
10 % 0.00075 0.00383 411 % Synergistic
50 % 0.015 8.97756 59,750 % Synergistic

PFAS + Inorganic mix: two
PFAS and three inorganics
10 % 0.018 0.04183 132 % Synergistic
50 % 1.2 2.38778 99 % Additive

BFR + Inorganic mix: two
BFRs and three inorganics
10 % 0.0025 0.04667 1767 % Synergistic
50 % 2 2.43123 22 % Additive

PCB + Inorganic mix: two
PCBs and three inorganics
10 % 0.003 0.00795 165 % Synergistic
50 % 0.185 2.19378 1086 % Synergistic

Inorganic mix: three
inorganics
10 % 0.00035 0.02850 8044 % Synergistic
50 % 0.1 1.47360 1374 % Synergistic

Organic mix: six organics
comprised of 2 PFAS, 2
BFRs, and 2 PCBs
10 % 0.0018 0.01117 520 % Synergistic
50 % 0.9 22.9805 2453 % Synergistic

Total mix: all six organics and
three inorganics

10 % 0.0033 0.01415 329 % Synergistic
50 % 0.5 3.92364 685 % Synergistic
Enviro mix: all six organics
and three inorganics
10 % 0.0015 0.02713 1709 % Synergistic
50 % 0.3 1.47174 391 % Synergistic

Mixture effect calculations performed to describe deviations from observed effects.
All mixtures were equimolar concentrations of constituent chemicals except for the
environmental mixture,which had the inorganic constituent chemicals at 100× the
concentrations of the organic contaminants, with both sets individually at equimo-
lar concentrations. Observed effects are the concentration in micromolar at which
the 10 % or 50 % effect levels were observed for each mixture. Concentration addi-
tion predictions were calculated as described in methods and according to standard
protocols and are provided asmicromolar concentrations at whichmixtures are pre-
dicted to have 10 % or 50 % effect levels. Index of predictive quality is a method to
create a linearized symmetric scale to determine deviations of observed results from
predicted, and are used to define whether the effects are “synergistic” (greater than
predicted), “additive” (approximately as per predicted values via concentration ad-
dition), or “antagonistic” (less than predicted).
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saw independent determinations of synergy for two separate measures of
pro-adipogenic activity in the human MSC model (both triglyceride accu-
mulation and pre-adipocyte proliferation), which supports that these con-
taminants elicited effects that occurred at significantly more potent
concentrations than would be anticipated by the concentration addition ef-
fectmodel. Importantly, some (but not all) of thesemixture effectswere sig-
nificantly greater than the effects of each of their components.

Several limitations are inherent in our mixture approach; our dose re-
sponse curves utilized 4–5 tested concentrations at 10-fold concentration
gaps, which hinders our ability to define an appropriate curve fit and limits
our subsequent ability to define a robust predicted mixture effect concen-
tration, particularly for the 50 % effect level. Future research should evalu-
ate effects using independent action or other more descriptive statistical
models that may be better suited to these complex mixtures. An inherent
9

limitation of both concentration addition and independent action is that
there is no capacity to account for opposing effects. For example, chemicals
that individually act to inhibit adipogenesis would not be properly ac-
counted for in these mixture models, whereas weighted quantile sum or
quantile g computation models are able to define both positive and nega-
tive effects onmixture outcomes such as this – though also generally require
much greater sample sizes than are possible in a toxicological dataset such
as described here. Further testing is warranted to define how these
chemicals may interact to promote greater than anticipated endocrine
and/or metabolic health outcomes.

Concerning discordance was observed between the effects in 3T3-L1
pre-adipocytes and hMSCs. Neither triglyceride accumulation nor prolifer-
ation in the hMSC model were positively associated with these pro-
adipogenic metrics in 3T3-L1 cells. Interestingly, antagonistic responses
in this assay were positively correlated with triglyceride accumulation in
hMSCs, reflecting a distinct metabolic disrupting profile between these
models. We recently reported strong concordance between 3T3-L1 and
hMSCs for a set of alkylphenol polyethoxylates (Kassotis et al., 2022a), sug-
gesting that this concordance/discordance may be specific to certain path-
ways and/or sets of contaminants. We also recently reported that there is
poor reproducibility between laboratories for 3T3-L1 cells, in part due to
cell line source and in part due to differences in differentiation protocols
used between laboratories (Kassotis et al., 2021b). Differences in species
(human versus murine), sex, stage of cell line commitment (multipotent
progenitors versus committed pre-adipocytes), and differentiation induc-
tion protocols (i.e., both component chemicals in differentiation media as
well as the differentiation time-course)may all contribute to the differences
in adipogenic responses observed here. Importantly, there is an incomplete
understanding of how these in vitro responses translate into functional
in vivo health outcomes (Kassotis et al., 2022b), which should be explored
further in future animal research.

We also reported select inorganic contaminant concentrations for a sub-
set of dust samples collected from households in central NC. Specifically,
levels of arsenic, cadmium, and lead had median concentrations of approx-
imately 1.5, 0.20, and 12.5 μg/g, with detection frequencies of 100 %,
77 %, and 100 %, respectively. These concentrations of arsenic are in the
same range as other median concentrations reported previously
(1.6–62 μg/g; Table S1). Median cadmium concentrations of 0.2 were 10-
fold or more lower than those reported previously (1.6–1900 μg/g; Ta-
ble S1). Median lead concentrations of 12.5 μg/g were generally lower
than those reported previously (49–573 μg/g; Table S1). While this was a
small subset of dust samples, the concentrations generally agreed with
those measured elsewhere with the possible exception of cadmium (litera-
ture median values of 1.6–4.3 μg/g). More widespread testing would need
to be performed to confirm whether concentrations are significantly differ-
ent than those reported in other studies.

Several previous publications by our group have reported on adipogenic
activity from complex mixtures of contaminants isolated from household
dust samples (Kassotis et al., 2021a; Kassotis et al., 2019). These publica-
tions have consistently reported adipogenic activity in ~90 % of samples
across a broad range of concentrations, even at concentrations <10 μg
dust equivalence per well. While we have consistently reported significant
associations with specific organic contaminants, we have not been able to
account for the total magnitude of the adipogenic and/or receptor bioactiv-
ities. These samples are extremely complex, with preliminary research
demonstrating the presence of thousands of different contaminants in
household dust (Ferguson et al., 2015; Hilton et al., 2010). We previously
utilized a cutting-edge mixtures approach using quantile g-computation
(Kassotis et al., 2021a), which found that contaminant mixtures were
strongly and positively associated with triglyceride accumulation, yet did
not account for the total magnitude of the adipogenic activity exhibited
by the extracts. We also observed no significant mixture effects for pre-
adipocyte proliferation or for thyroid receptor antagonism, suggesting
that other contaminants may be responsible for some of the missing com-
plexity of this activity. Herein we describe a previously unexplored contri-
bution, the co-occurring inorganic contaminants present in household dust



Table 2
Mixture effect calculations for pre-adipocyte proliferation in human mesenchymal stem cells.

Activity level Effective concentration ECxmix (M)

Level x Observed Predicted by CA Index of Prediction Quality (IPQ) Determination

PFAS mix: two PFAS at equimolar concentrations
10 % 0.001 0.03111 3011 % Synergistic

BFR mix: two BFRs at equimolar concentrations
10 % 0.00027 2.45902 910,647 % Synergistic

PCB mix: two PCBs at equimolar concentrations
10 % 0.000025 0.00383 15,219 % Synergistic

PFAS + Inorganic mix: two PFAS and three inorganics at equimolar concentrations
10 % 0.011 0.04183 280 % Synergistic

BFR + Inorganic mix: two BFRs and three inorganics at equimolar concentrations
10 % 0.0012 0.04667 3789 % Synergistic

PCB + Inorganic mix: two PCBs and three inorganics at equimolar concentrations
10 % 0.0025 0.00795 218 % Synergistic

Inorganic mix: three inorganics at equimolar concentrations
10 % 0.0055 0.02850 418 % Synergistic

Organic mix: six organics comprised of 2 PFAS, 2 BFRs, and 2 PCBs at equimolar concentrations
10 % 0.0027 0.01117 314 % Synergistic

Total mix: all six organics and three inorganics at equimolar concentrations
10 % 0.0013 0.01415 988 % Synergistic

Enviro mix: all six organics and three inorganics at environmental ratios as described above
10 % 0.00045 0.02713 5930 % Synergistic

Mixture effect calculations performed to describe deviations from observed effects. All mixtures were equimolar concentrations of constituent chemicals except for the environ-
mental mixture, which had the inorganic constituent chemicals at 100× the concentrations of the organic contaminants, with both sets individually at equimolar concentrations.
Observed effects are the concentration inmicromolar at which the 10% or 50% effect levels were observed for eachmixture. Concentration addition predictions were calculated
as described in methods and according to standard protocols and are provided as micromolar concentrations at which mixtures are predicted to have 10 % or 50 % effect levels.
Index of predictive quality is amethod to create a linearized symmetric scale to determine deviations of observed results from predicted, and are used to definewhether the effects
are “synergistic” (greater than predicted), “additive” (approximately as per predicted values via concentration addition), or “antagonistic” (less than predicted).

Table 3
Inorganic contaminant concentrations in dust extracts.

Sample ID Arsenic (μg/g) Cadmium (μg/g) Lead (μg/g)

2 0.53 0.09 7.74
3 0.33 <0.05 1.06
13 0.23 0.13 11.16
33 0.18 <0.05 2.32
46 5.20 0.30 14.35
48 1.38 0.09 20.93
49 0.86 0.04 7.07
73 0.54 0.19 13.76
75 41.25 0.28 98.27
76 1.22 1.21 503.49
77 1.47 0.25 8.07
79 1.93 <0.05 14.14
80 12.85 0.51 3.58
81 0.48 0.09 15.63
83 39.54 0.20 24.63
85 1.70 0.17 15.45
94 1.12 <0.05 1.39
97 2.22 0.16 10.70
102 1.57 <0.05 9.61
110 2.31 0.10 10.77
115 3.26 <0.05 6.05
120 2.21 0.49 10.44
121 1.46 0.22 67.99
122 3.48 0.35 47.08
123 5.61 0.17 39.99
132 1.18 0.26 47.63
134 1.20 0.07 17.29
138 7.96 0.34 18.02
139 0.98 0.50 8.58
149 1.95 <0.05 7.22
Mean 4.87 0.27 35.48
Median 1.52 0.20 12.46
Detection Frequency 100.0 % 76.7 % 100.0 %
MDL (ppb) 0.05 0.05 0.05

Analytical results and descriptive statistics for targeted inorganic contaminant con-
centrations for n = 30 residential household dust samples collected from central
NC. Detection frequency across these dust extracts is provided for all chemicals,
the mean and median concentrations, and the MDL (method detection limit).
<LOQ = concentrations below the MDL for a specific dust extract.
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extracts, albeit examining only a limited subset of inorganic contaminants
that may be present in this matrix. Further research is needed with larger
sample sizes to explore potential mixture effects of organic and inorganic
contaminant mixtures in environmental matrices.

Appreciably, there are some inherent limitations in our approach. We
evaluated receptor bioactivities for the contaminants and their mixtures
using cell lines that express the specific receptors endogenously. While
these aremore likely to exhibit effects in a physiologically relevant manner,
there may also be tissue-specific effects that limit our ability to generalize
these results to what may be observed using a pre-adipocyte or MSC
model. While our equimolar assessment of the contaminants (and our
skewed Enviro Mix, designed to approximate the 100-fold variations be-
tween inorganic and organic concentrations) was designed for ease of mix-
ture calculations and straightforward progression of effects, future efforts
should focus on realistic mixtures reflecting actual median concentrations
of each of the individual contaminants in household dust samples
(Table S1). More comprehensive coverage of concentrations would also
support curve fitting, and potentially more accurate determinations of po-
tencies (e.g., EC10, EC50 values), which isn't feasible for complex mixtures
of this type for multiple endpoints. This can be viewed as an exploratory
mixture assessment, which can and should be followed up on with more
comprehensive testing on certain specific interactions, allowing for a
more detailed assessment of the causal mechanisms and a more fine-
tuned approach tomixture effects across a more comprehensive tested con-
centration range. Similarly, we have also focused here on four adipogenic
pathways that are very commonly involved in pro- and/or anti-
adipogenic responses. While there were not clear associations present in
the correlation analysis for triglyceride accumulation, the majority of the
chemicals and mixtures active in hMSC cells also had activity at overlap-
ping concentrations on pro-adipogenic receptor pathways. It is also impor-
tant to recognize, as we have detailed previously (Heindel et al., 2022;
Kassotis et al., 2022b; Lustig et al., 2022), that there are numerous pro-
adipogenic mechanisms; examining all of these would be beyond the
scope of any one study. It is also likely that co-disruption of multiple
adipogenic activities at low levels can also result in markedly increased ef-
fects when considered in combination, a common phenomenon for mixture
assessments (Rajapakse et al., 2002; Silva et al., 2002; Thrupp et al., 2018).
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In summary, we report putatively synergistic and significantly increased
effects on adipogenic outcomes for several mixtures of organic and inor-
ganic contaminants. These apparent greater than anticipated effects across
diverse chemical classes suggests that these combinations could potentially
account for the robust adipogenic activity exhibited by small concentra-
tions of residential household dust reported previously (Kassotis et al.,
2021a; Kassotis et al., 2017a; Kassotis et al., 2019). Future research should
perform more detailed evaluations of specific endpoints and chemical sets,
evaluate whether these effects persist into whole organisms, whether they
are better predicted using other mixture models, and whether different in-
organics may temper or otherwise modulate the bioactivities of diverse or-
ganic contaminants and their mixtures. Future research should also
substantiate previous house dust findings using this and other hMSC or
pre-adipocyte models, which will support the findings here and may lend
increased relevance to human health outcomes.
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