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ABSTRACT: Humans spend most of their time indoors and
thus have long-term exposure to chemicals. Dust is a sink for
most indoor chemicals, and its ingestion is an important
pathway for chemical uptake. Therefore, the chemical atlas
from dust is an ideal environmental sample to investigate the
indoor exposome and associated risk. In this study, we aimed
to establish an indoor exposome database through compre-
hensive data mining on the occurrence of identified
compounds in dust, and we prioritize chemicals of health
concern. Through an extensive literature review (2849
articles), 355 chemicals and their concentrations were
documented and analyzed for human exposure. Together
with 81 compounds without concentration and 75 volatile
organic compounds, we have established an indoor exposome database with 511 chemicals. Sixteen toxicological end points
were selected for toxicity prioritization. Toxic equivalency factor (TEF)-based toxicity, calculated from EPA’s ToxCast database,
revealed a comprehensive atlas of the chemicals that had a primary contribution. Many of the prioritized compounds are
currently neglected or are not actively studied. Overall, this investigation provides one of the most comprehensive analyses on
chemical occurrence in indoor dust and prioritizes their chemical toxicity. Our findings can be used as a database for future

Chemical Chemical
Concentration Inventory

Air Exposome

()  Dust Exposome
Bioaccessibilty

\4 A4

Human Exposure

|

Toxicity Index Calculation

S Human Exposome

| A=

Toxicity of Dust Extract ToxCast Toxicity &

/ Chemical Prioritization

exposome studies of the indoor environment and provide guidance for indoor risk assessments.

B INTRODUCTION

The human exposome and related health effects have been a
heavily researched topic in environmental studies in recent
years. Chemical exposure, which is part of the overall human
exposome, is challenging to study due to the extensive
chemical inventory and their different exposure levels." Taking
the indoor environment as an example, numerous sources of
chemical emissions in the indoor environment have been
recognized, including construction/decoration material, furni-
ture, utensils, personal care products, and human behaviors.
Indoor dust has been increasingly examined as a critical
environmental matrix for the characterization of indoor
environmental quality, human indoor chemical exposure, and
novel chemical occurrence, benefiting from its easy sampling
method and accessibility.”®> Many semivolatile organic
compounds (SVOCs), such as phthalates and flame retardants,
are not chemically bound to their commercial products, and
they may migrate over time, resulting in ubiquitous and
abundant accumulation in dust. For example, phthalates, flame
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retardants, and plasticizers have been detected in dust at
concentrations as high as mg/g dust. Therefore, indoor dust
represents a pool of hundreds or thousands of chemicals to
which humans are exposed on a daily basis.

Humans, especially infants and young children, spend the
majority of their time (>95%) indoors where they are
chronically exposed to the chemicals present in dust due to
their increased hand to mouth activity, dermal contact, and
crawling behavior." The United States Environmental
Protection Agency (EPA) estimates that children ingest SO
to 100 mg of dust per day indoors, suggesting a high chance of
exposure to chemicals associated with dust particles. Dust
ingestion has also been confirmed as a very important chemical
uptake pathway in many studies. For example, serum
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concentrations of polybrominated diphenyl ethers (PBDEs) of
toddlers and adults were significantly correlated with those
detected in house dust.”® Therefore, house dust is an
environmentally relevant matrix for the investigation of
chemical exposure and its associated risks in the indoor
environment.

Both targeted and untargeted analysis of environmental
chemicals in dust have been extensively investigated in recent
decades. Targeted analysis has the advantages of high
sensitivity but has reduced compound coverage, whereas
untargeted analysis is challenged by lower sensitivity and
extensive work for chemical identification and characterization.
A simple search with the keywords “chemical” and “dust”,
“house dust”, or “indoor dust” in search engines, including
PubMed and Web of Science, resulted in over 5000
publications. The concepts of “indoor exposome” or “dust
exposome” representing the summation of one’s lifetime
indoor exposure to chemicals or microbes, have been
introduced in several recent reviews with great significance in
characterizing human indoor exposure.”” The meta-analysis of
indoor chemical levels in dust has been nicely investigated in a
few previous studies, showing ubiquitous indoor exposure to
many legacy or emerging contaminants.”>* However, most of
those studies were conducted either in the U.S. only,8 or
studying a few targeted compounds.” There is a global
monitoring boom of environmental chemicals in the past
decade and many known or novel compounds have been
identified due to the advance of analytical techniques. To
provide a more complete database for human indoor exposome
research, it is of great scientific interest to further conduct a
comprehensive review on the occurrence and levels of all
identified compounds in indoor dust. More importantly,
additional relevance is to associate chemical exposure in
indoor environments with toxicity and to prioritize chemicals
with the highest health concern. EPA’s ToxCast has previously
been used to prioritize approximately 1800 pure chemicals
based on activity assays with more than 700 high-throughput
end points.”'” On the basis of the human indoor exposome
and the activities of the compounds from ToxCast database,
we can bridge the gap in the risk assessment of prioritized toxic
compounds at environmentally relevant levels.

In summary, the aims of the current study included the
following. First, we conducted an extensive literature search on
the occurrence and levels of both organic and inorganic
chemicals in the indoor dust worldwide. Second, we estimated
human exposure to these chemicals by considering dust
ingestion, dermal contact, and bioaccessibility. Third, the
concentrations of those compounds were combined with
ToxCast in vitro bioassays to prioritize the chemicals in terms
of toxicity, using different end points. Overall, we believe that
this study is the first to provide useful information to
characterize the “exposome” of house dust, and the results
can be used as guidance for future exposure studies and indoor
risk assessments.

B METHODS

Chemical Search. To investigate the occurrence and levels
of organic and inorganic chemicals in house dust, we
conducted an extensive literature search on in-house dust
chemicals worldwide. The search criteria and workflow are
described in detail in Text S1 in the Supporting Information
(SI). Briefly, we only included the studies using mass
spectrometry based analytical method during our manual

screening of the possible literature hits. We also excluded the
samples from polluted areas (e.g, e-waste and production
industry) or special environment area (e.g., agricultural
pesticide spraying region). The chemicals in the search results
were assigned to one of the following categories: (1)
environmental phenols (n = 16 chemicals plus 2 with unknown
concentrations), (2) flame retardants (n = 62 plus 1
unknown), (3) fungicides (n = 13 plus 2 unknown), (4)
herbicides (n = 7 plus 1 unknown), (5) pesticides/insecticides
(n = 34 plus 19 unknown), (6) metals (n = 12), (7) musks (n
= 12), (8) polychlorinated biphenyls (PCBs) (n = 21), (9)
polycyclic aromatic hydrocarbons (PAHs) (n = 31), (10)
dioxins (n = 30), (11) personal care products (n = 17 plus 10
unknown), (12) endogenous compounds (n = 4 plus 6
unknown), (13) perfluorinated compounds (n = 20), (14)
plasticizers (n = 27 plus 4 unknown), (15) polycyclic aromatic
compound (PACs) (n = 23), (16) siloxanes (n = 15), (17)
food additives (n = S unknown), (18) azo dyes (n = 8
unknown), (19) volatile organic compounds (VOC, n = 75)
and (20) others (n = 11 plus 23 unknown). The final list after
manual screening resulted in 2849 publications. The median
concentration, standard deviation, sample size, and study
location (country or region) were extracted from the literature.
The concentration of each compound was calculated based on
the sample size weighted median concentrations. The
concentration variation was estimated either by inter- or
intra (if there is only one study) -standard deviations and
standard errors weighted by sample size from the literature.
The final list is presented in the SI Table SI, including
chemical name, CAS registry number, formula, exact mass,
weighted median concentration, weighted standard deviation
(error), study numbers, and category.

Human Dust Exposure Model. The human dust
exposure assessment was evaluated, mainly considering
nondietary dust ingestion and dermal adsorption. The
human daily exposure to each documented chemical in the
dust was calculated by the equations reported in the Agency
for Toxic Substances and Disease Registry’s Public Health
Assessment Guidance Manual."' The exposure factor distribu-
tions (e.g., dust ingestion rate and body weight) referred to the
U.S. EPA’s Exposure Factors Handbook for adults.'” Exposure
uncertainty and variability were simulated by Monte Carlo
from assigned exposure factors and measured contaminant
concentrations.> The input parameters were randomly drawn
from corresponding probability distributions. Thereafter,
Monte Carlo simulations were performed 100000 times to
calculate the daily dose (ug/kg/day) and estimate exposure
(ug/day) via nondietary dust ingestion and dermal absorption.
A further description of the dose calculations and Monte Carlo
input parameters is summarized in Text S2 in the SL

The bioaccessibility of pollutants was considered when
predicting the internal exposure concentrations of indoor dust
chemicals. We originally adopted a previously published
bioaccessibility empirical model'*'® to predict human
absorption that included the parameters of bioaccessibility,'®
and we found large discrepancies with some experimental data
(not shown). We finally used a bioaccessibility model from our
previously published experimental data,"” and the log K,,,, value
was used to predict the bioaccessibility of each chemical, which
was estimated using EPI suite (EPIWEB 4.1). For chemicals
with log K,,,, values higher than 8, bioaccessibility was assigned
as 0.2; for chemicals with log K, values lower than §,
bioaccessibility was given as 0.8. For chemicals with log K,
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Figure 1. Occurrence and levels of indoor dust chemicals. (A) The curve represents the cumulative distribution of chemical concentrations from all
chemical categories with available concentrations (total, n = 35S; endogenous compounds, n = 4; environmental phenols, n = 16; flame retardants-
PBDEs, n = 14; flame retardants-others, n = 48; fungicides, n = 13; herbicides, n = 7; pesticides/insecticides, n = 34; inorganic metals, n = 12;
musks, n = 12; PAHs, n = 31; PCBs, n = 21; dioxins, n = 30; perfluorinated compounds, n = 20; personal care product-parabens, n = 6; personal
care product-others, n = 11; plasticizers-bisphenol, n = 9; plasticizers-others, n = 18; PACs, n = 23; siloxanes, n = 15; others, n = 11). The chemical
with the highest concentration in each chemical category is labeled. (B) Contribution of each chemical category to the total indoor dust chemicals,

by percent.

values between S and 8, bioaccessibility was estimated by linear
normalization based on the following equation:

B=a+(b—a)><(8—logKow)
’ (8-5)

where B, is the normalized bioaccessibility in humans, and a
and b are constants that were assigned as 0.2 and 0.8 in this
study. For heavy metals without log K, values, their
bioaccessibility was estimated based on values from previous
studies.'®"”

ToxCast Search and Toxicity Index Calculation. The
EPA iCSS ToxCast Dashboard was employed to evaluate the
endocrine-related activity and other toxicities of house dust
chemicals. In vitro and in vivo toxicity tests using indoor dust,
as well as their component compounds, was extensively
summarized (Text S3 in SI) from previous studies. On the
basis of these reviews, the targeted assays covering the aryl
hydrocarbon receptor (AhR), androgen receptor (AR),
estrogen receptor alpha (ERa), nuclear factor of kappa light
polypeptide gene enhancer in B cells (NFxB1), and
peroxisome proliferator-activated receptor gamma (PPARy)
were chosen for further study. The toxicity potential or
prioritization of each chemical was represented as a toxic
equivalency (TEQ), which was estimated by multiplying its
human exposure amount (weighted median concentration) by
the toxic equivalency factor (TEF). A chemical’s TEF was
calculated from its respective ACs, in relation to the most

potent positive control that was retrieved from the EPA iCSS
ToxCast Dashboard. The chemical with the minimal ACjy is
considered as a positive control, and its TEF is referred to as 1.
The TEQ values of each chemical and its percentage in the
total TEQ were estimated based on the below equations:

TEE = ACqg + ACq,

SOmin

TEQ, = TEE X weighted median concentration,

and
TEQ % = TEQ, + TEQ _, X 100%

B RESULTS

Chemical List, Concentration, and Variability in Dust.
The occurrence and levels of indoor dust chemicals were
investigated using extensive literature review. In total, 511
chemicals were prioritized for their occurrence in house dust,
among which concentrations were documented for 35§
chemicals (SI Table S1—S3). The documented indoor dust
chemicals were estimated for their concentrations in dust by
calculated the weighted median concentration from each study.
In general, the concentrations of the documented indoor dust
chemicals ranged from 2.6 X 107 to 4.3 X 10° ug/g—a
staggering 9 orders of magnitude (Figure 1A). For most
chemical categories, the range of concentrations was 4 to S
orders of magnitude and was mainly centered between S X
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Figure 2. Human cumulative exposure to chemicals in indoor dust. (A) The documented indoor dust chemicals are ranked by the predicted
median exposure (ng/day) for adults. The bar indicates the median exposure to each chemical; the pink area represents the exposure range (5—
95%) derived from the Monte Carlo simulations. The chemicals with the highest exposure level in each chemical category are labeled. The red dots
indicate the median human bioaccessibility (ng/day) for chemicals. (B) Histogram of bioaccessibility distribution for all tested chemicals in the

study.

107 pg/g and 6 ug/g. As shown in Figure 1A, heavy metals
(total inorganic heavy metal: iron and titanium) and
endogenous compounds (e.g,, fatty acids) showed the highest
abundances (from 1.3 to 4.3 X 10° ug/g); polychlorinated
biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins and
dibenzofurans (dioxins) showed the lowest concentrations in
dust (from 2.6 X 107 to 1.9 X 1072 ug/g). Meanwhile, the
composition of dust chemicals was evaluated by chemical
category, which indicated that heavy metals (62.3%) are the
most abundant chemicals, followed by endogenous com-
pounds (20.7%), plasticizers (12.7%), flame retardants
(2.94%), and pesticides/insecticides (0.67%) (Figure 1B).
The rest of the categories accounted for less than 0.5% of the
total indoor dust chemicals.

As it is well-known that chemical concentrations in dust can
vary greatly between samples, we further investigated the
variation of the documented indoor dust chemicals based on
the median values from different studies. Among the 280
chemicals with more than (including) two studies, 200
compounds (71.4% of the total) showed relative standard
deviation of less than 100% of the median concentration
(Figure S1). Therefore, most of the indoor dust chemicals
showed prevalent occurrence worldwide, with similar levels
within 1 order of magnitude, although the variation was usually
large in each individual study. The remaining prioritized
chemicals, which were reported at levels below detection limits
or were not quantitatively evaluated in the original studies,

were not included for downstream exposure and toxicity
analysis.

Human Exposure and Bioaccessibility Evaluation via
Dust Ingestion. Human exposure to the chemicals associated
with indoor dust was predicted from Monte Carlo simulations
by correlating the chemical concentration in dust with its
bioaccessibility (Figure 2A). In general, the estimated human
daily exposure to indoor chemicals ranged from 4.30 X 107® to
71.78 ng/day, ranging 9 orders of magnitude. Heavy metal
iron, which had a median exposure of 71.78 ng/day,
constituted the highest exposure level for adults, followed by
the endogenous compound palmitic acid (22.07 ng/day) and
the plasticizer bis (2-ethylhexyl) phthalate (16.29 ng/day).
Dioxins had the lowest exposure levels, which generally ranged
from 107® to 107° ng/day. The profile for human exposure was
similar to the distribution pattern of a chemical’s concentration
in dust. The human bioaccessibility for adults is predicted to
be systematically lower than the total exposures. As shown in
Figure 2B, the bioaccessibility was less than 0.3 for 91
chemicals among the 355 tested chemicals, between 0.3 and
0.5 for 43 chemicals, and the remaining 221 chemicals showed
a bioaccessibility higher than 0.5. Overall, the bioaccessible
fractions were highly correlated with the concentration, and
were unlikely to change the prioritization of the chemical by
ranking risk.

Chemical Toxicity Prioritization Using EPA’s ToxCast
Database. Published papers were extensively reviewed to
understand the toxicological effect of house dust exposure on

DOI: 10.1021/acs.est.9b00280
Environ. Sci. Technol. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b00280/suppl_file/es9b00280_si_001.pdf
http://dx.doi.org/10.1021/acs.est.9b00280

Environmental Science & Technology

mDioxins mEC mEP mFR mFungicides = Herbicides mMusks mOthers m PACs mPAHs mPCBs mPCP = Pesticides / Insecticides m PFCs = Plasticizer = Siloxanes

AhR Agonist
Pesticides /

AR Agonist-1
Pesticides /

icides Insecticides.

E % F
i

o Fungici
Plasticizer
23% ™

Plasticizer
32%

AR Antagonist-2 AR Antagonist-3

J

lasticizer

ERa Antagonist-1
M N Herbicides

ERa Antagonist-2
Musks
3%

Plasticizer
55%

Plasticizer
22%

NFkB Agonist-2 PPARYy Agonist

Fungicides,
2%

Pesticides / PCP
Insecticide; —_Insecticides
9

D
Plasticizer
75%
Plasticizer
/
I
Ful

AR Antagonist-1

H
er

ERa Agonist-2

Plasticizer
100%

NFkB Agonist-1

AR Agonist-2

ERa Agonist-1
Pesticides /

K Insecticides. L

Plasticizer
32%

ERa Antagonist-3
Pesticides /

1%
Plasticiz
2%
Plasticizer
21%

Fungici
3%

PPARYy Antagonist-1 PPARYy Antagonist-2
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endocrine disruption, disease occurrence, and immune activity
in vitro, in vivo, or in humans (see details in Text SS in SI). On
the basis of a summary of this review, 16 Tox21 assays from
EPA iCSS ToxCast Dashboard were used to assess the
bioactivity of 355 documented chemicals in this study. The
total 16 assays covered one AhR agonist, two AR agonists,
three AR antagonists, two ERa agonists, three ERa
antagonists, two NFxB1 agonists, one PPARy agonist, and
two PPARy antagonists (SI Table S4). Notably, 51.3% of the
355 chemicals of interest were not tested across all of the 16
assays. The 173 tested chemicals were classified into 16
categories, including endogenous compounds (n = 4),
environmental phenols (excluding bisphenols and parabens)
(n = 10), flame retardants (n = 22), fungicides (n = 10),
herbicides (n = 6), musks (n = 6), PAHs (n = 19), PCBs (n =
1), dioxins (n = 1), perfluorinated compounds (n = 11),
personal care products (n = 16), pesticides/insecticides (n =
29), plasticizers (n = 21), PACs (n = 6), siloxanes (n = 3), and
others (n = 8).

The contributions by individual chemicals were analyzed for
each assay. Interestingly, each end point showed obviously
different chemical toxicity prioritization, and had its own
dominant contributor(s). In the AhR agonist assay, the

bioactivity scores ranged from <0.1% to 44.23% for the 173
tested indoor dust chemicals. Among these chemicals,
pesticides/insecticides contributed $5.0% (Figure 3A), within
which cypermethrin was the dominant contributor, accounting
for 44.23%, followed by flame retardants (17.8%) and PAHs
(14.6%) (Figure 4). In the AR agonist-1 assay and the AR
agonist-2 assay, environmental phenols made the most
significant contribution, > 99.9% and 90.5%, respectively
(Figure 3B and C); and almost all of the contribution was
attributed to 4-nitrophenol (Figure 4). In the AR antagonist-1
assay, plasticizers (75.4%), endogenous compounds (10.7%)
and flame retardants (7.5%) were the three main contributors
(Figure 3D). The dominant contributors are diisononyl
phthalate (DINP) (51.3%) and bis (2-ethylhexyl) phthalate
(DEHP) (19.8%) in plasticizers, myristic acid (MA) (8.2%) in
endogenous compounds and tri (2-butoxyethyl) phosphate
(TBOEP) (6.1%) in flame retardants (Figure 4). In the AR
antagonist-2 assay, the important contributions were from
endogenous compounds (35.6%), fungicides (24.5%), plasti-
cizers (23.4%) and PAHs (11.2%) (Figure 3E). The most
dominant chemicals in each category were dibutyltin
dichloride (DBTC) (21.2%) in fungicides, palmitic acid
(PA) (15.6%), and oleic acid (OA) (13.1%) in endogenous
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compounds, DEHP (11.6%) in plasticizers and benzo(a)-
pyrene (B(a)P) (8.8%) in PAHs (Figure 4). The AR
antagonist-3 assay showed a similar chemical distribution
pattern as the previous two AR antagonist assays; the top
contributor was endogenous compounds (46.7%), followed by
plasticizers (32.3%), fungicides (7.4%), and flame retardants
(6.5%) (Figure 3F), and the dominant chemical in each
corresponding category was PA (20.6%), DEHP (15.2%),
DBTC (5.1%), and TBOEP (3.3%) (Figure 4).

In the ERa agonist-1 assay, herbicides had the highest
contribution (91.3%) (Figure 3G), and MCPA-2-ethylhexyl
was the main dominant contributor (91.3%) (Figure 4).
Endogenous compounds were the dominant contributors in
the ERa agonist-2 assay, which accounted for 95.5% (Figure
3H), within which the contribution was mainly from PA
(Figure 4). In the ERa antagonist-1 assay, PAHs (43.7%),
flame retardants (22.1%), endogenous compounds (19.2%),
and plasticizers (12.7%) were the most vital contributors
(Figure 31), and the most abundant chemicals were TBOEP
(21.9%) and three PAHs, including benzo(b,k)fluoranthene
(B(bk)F) (18.2%), benzo(a)anthracene (BA) (13.1%), and
dibenzo(a,h)anthracene (DB(a,h)A) (10.8%) (Figure 4). In
the ERa antagonist-2 assay, flame retardants were the most
critical contributors (91.6%) (Figure 3]), and the representa-
tive chemical was hexabromobenzene (HBB) (91.5%) (Figure
4). In the ERa antagonist-3 assay, the most important
contribution came from endogenous compounds (53.8%),
followed by plasticizers (32.4%) and personal care products
(5.6%) (Figure 3K); and the representative chemical in each
respective category was PA (23.7%), OA (19.8%), DEHP
(17.5%), and triclocarban (TCC) (5.2%) (Figure 4). In the
NFxB agonist-1 assay, plasticizers were the most important
contributor (>99%) (Figure 3L), and all of the contribution
was from tri-o-cresyl phosphate (TOCP) (>99.9%) (Figure 4).
In the NFxB agonist-2 assay, the top three contributors were
plasticizers (54.7%), herbicides (29.3%), and pesticides/

insecticides (10.7%) (Figure 3M), and the three most
abundant chemicals were bisphenol A diglycidyl ether
(BADGE) (54.1%), 2,4-D isooctyl ester (29.3%), and
chlorpyrifos (6.1%) (Figure 4). In the PPARy agonist assay,
endogenous compounds (66.2%), plasticizers (21.9%), and
herbicides (6.1%) were three main contributors (Figure 3N),
and the most abundant chemical in each respective category
was MA (64.3%), TOCP (16.1%), and MCPA-2-ethylhexyl
(6.1%) (Figure 4). In the PPARy antagonist-1 assay, personal
care products (53.0%) and perfluorinated compounds (36.7%)
were two dominant contributors (Figure 30), and the
corresponding dominant chemicals were methyl palmitate
(MP) (52.9%), and perfluorohexanoic acid (PFHxA) (36.7%)
(Figure 4). In the PPARy antagonist-2 assay, the most critical
contributions came from fungicides (38.5%), endogenous
compounds (31.6%), and plasticizers (20.9%) (Figure 3P), and
the most abundant chemicals were DBTC (32.2%), PA
(13.9%), OA (11.6%), and DEHP (10.3%), respectively
(Figure 4).

B DISCUSSION

In this study, we first conducted an extensive literature search
on the occurrence and levels of chemicals existing in indoor
dust worldwide. Second, we estimated human exposure to
these chemicals by considering dust ingestion, dermal contact,
and bioaccessibility; and third, through a combination of the
concentration and ToxCast in vitro activity assay, the toxicity
of chemicals was prioritized in terms of different end points.
Overall, we have built up an indoor dust exposome database
with S11 chemicals, among which 355 have their levels found
in indoor dust. The exposome database, conceptually and
practically, provides a holistic view of exposome monitoring
targets. It also provides input data for future large-scale
multimedia modeling for air pollutants. The risk prioritization
can also provide supporting information for pollution
mitigation control.
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In previous reviews on dust samples, the number of
chemicals was usually less than 20—40.>”%*°"** The search
result from this study is much more recent and comprehensive,
covering most of the key chemical groups found in indoor dust.
Although most chemicals showed high heterogeneity in their
occurrence and levels, heavy metals, endogenous compounds,
plasticizers, pesticides/insecticides, flame retardants, and
siloxanes were the most abundant chemical groups. The
abundant accumulation of these chemicals is mainly due to
their wide range of sources in daily life and their characteristic
of being persistent in the environment. For example, flame
retardants are broadly applied in daily life and have been
focused on in recent decades. A number of flame retardants
showing significant adverse health effects in humans and
animals have been or are being phased out (e.g, PBDEs).
However, health concerns raised by flame retardants remain
due to the persistence and accumulation of legacy flame
retardant chemicals, especially at low exposure levels. Addi-
tionally, the health effects of alternative flame retardants that
are replacing the phased-out chemicals remain unclear at
indoor exposure levels.

Although the concentrations of chemicals varied greatly
between dust samples, we have found that the median/mean
values calculated from a large sample size did not vary greater
than 1 order of magnitude between different countries. For
some chemicals, such as plasticizers and flame retardants,
which have common sources in global indoor environments,
the RSD of their median concentrations are even less than
40%. The application of some pesticides and insecticides, such
as allerthrin and esfenvalerate, might be unique across
countries or households, resulting in a significant heteroge-
neous distribution. Therefore, we believe that the concen-
tration profile from this large-scale literature review can be
representative of the occurrence of these chemicals in indoor
environments.

Human exposure to these prioritized chemicals was
simulated, showing a similar distribution with that of chemical
concentrations in the dust. Compared with dermal contact,
dust ingestion was more important for the total exposure
contribution. The bioaccessibility varied greatly between
compounds; however, it did not significantly change human
exposure and toxicological prioritization. This might be due to
the fact that the log K, values of most compounds in dust are
within the range of 3.0 to 8.0.

As another key component of this study, the potential health
effects and the causal compounds of indoor dust were
summarized, revealing several key biomarker assays. A total
of 16 Tox21 assays were used to assess the bioactivities of 355
chemicals (excluding VOCs) collected from the literature
review, among which 173 chemicals were tested across all 16
assays, showing different toxicity prioritization patterns. In the
AhR agonist assay, cypermethrin, which accounted for 44.23%,
was the principle AhR agonist activity contributor owing to its
relatively lower ACg, (0.035 yM) and higher concentration
(3.32 pg/g). Interestingly, the contribution from well-known
potent AhR agonists, such as chlorinated/brominated dioxins
and some PAHs, was negligible due to their low levels. For
example, TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), a
potent AhR ligand, was also included in this study and had a
much lower ACg, value (2.75 X 107* yM). However, TCDD
did not show significant AhR agonist activity due to its low
concentration (5.8 X 107° ug/g). This was consistent with
previous reports showing that cypermethrin had an agonistic

effect on AhR function by exposure to Hepal.12cR cells.”?
Cypermethrin has been widely used as a pesticide, and the
concentrations of cypermethrin in surface water can reach 2.8
ug/L.>* Cypermethrin has been reported to be a well-known
neurotoxicant. In vivo studies showed that cypermethrin
exposure resulted in alterations of motor function and
impairments of neurobehaviors in rodents.”” In both the AR
agonist-1 assay and the AR agonist-2 assay, 4-nitrophenol was
responsible for the principle AR agonist activity owing to its
extremely low ACg, (1.05 X 107> uM and 2.89 X 107 uM,
respectively). In a quantitative high-throughput screening assay
(qHTS), which was designed to identify small molecule
agonists of the AR signaling pathway, 4-nitrophenol was also
found to be an active AR agonist (from PubChem, BioAssay
AID: 743053). The 4-nitrophenol is a phenolic compound that
is mainly used to manufacture drugs, fungicides, insecticides,
and dyes and to darken leather. Notably, the concentration of
4-nitrophenol in house dust was reported in only one study.
Other than 4-nitrophenol, the main contributors in the AR
agonist assays 1 and 2 were both DINP and DEHP (Figure
S2). Three AR antagonist assays, based on different cell lines
or reporters, showed similar chemical distribution patterns. In
these three assays, the top contributors were all found to be
plasticizers, fungicides, and endogenous compounds, although
the contribution percentage varied. DEHP is a widely used
high production volume plasticizers and is reported to be an
endocrine-disrupting chemical with potent antiandrogenic
activity,”® which was consistent with our findings. DINP was
another critical plasticizer in the AR antagonist assays. DINP is
widely used in the plastics industry, food packaging, and
children’s toys and has been shown to disrupt the differ-
entiation of androgen-dependent tissues in male rat offspring,””
Interestingly, DBTC had the lowest ACy, values in all three
assays, 0.090 uM, 0.027 uM, and 0.492 uM, which explained
its important contributions. PA, OA, and MA are fatty acids
that were first reported to be present in house dust by Fang et
al,*® and their high contribution to AR antagonist activity was
due to their high concentrations, 1320.5 pug/g, 1103.75 ug/g,
and 244.08 ug/g, respectively. These fatty acids were detected
in all of the 20 samples (100% detection). Besides the fatty
acids, the second most important contributors in all three AR
antagonist assays were DEHP, DINP, and DBTC (Figure S2).

Interestingly, the chemical contributions were significantly
different in two ERa agonist assays. MCPA-2-ethylhexyl, which
is a commonly used herbicide, was the major contributor to
ERa agonist activities in the ERa agonist-1 assay, whereas fatty
acid PA was the dominant contributor in the ERa agonist-2
assay. The ACg, for MCPA-2-ethylhexyl was 1.27 X 10~° uM
in the ERa agonist-1 assay, but 1000 #M in the ERa agonist-2
assay. Similarly, the ACy, for PA was 1000 M and 0.505 uM
in two assays, respectively. The different ACs, values of same
chemical in these two assays may be due to different cell lines
(HEK293T, a human kidney cell line, and BG1, a human ovary
cell line) and different measurement times (24 h/48 h after
chemical dosing). After excluding these two significant
chemicals, the dominant contribution for the ERa agonist-1
assay was from plasticizers and PAHs, and was plasticizers and
fungicides for the ERa agonist-2 assay (Figure S3). The three
ERa antagonist assays also showed different toxicity patterns
due to different contributors. Flame retardant TBOEP was the
dominant contributor in ERa antagonist-1 assay due to its
relatively high concentration (211.14 ug/g). Three PAHs, BA,
B(bk)F, and DB(ah)A, were also responsible for ERa
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Figure 5. Heatmap of the documented chemicals in this study (all data are shown in log scale). (A) Heatmap of the chemical weighted median
concentrations in dust, exposure levels, human bioaccessibility, exact mass, log K, and log K_,. (B) Heatmap and hierarchical clustering of

chemical contributions in 16 Tox21 assays.

antagonist activity in the ERa antagonist-1 assay due to their
relatively low AC;, values (0.025—0.124 yM). It was reported
that eight PAHs (including BA, BKF, DB(ah)A, chrysene,
benzo[b]fluoranthene, benzo[e]pyrene, B(a)P, and indeno-
[1,2,3-cd]pyrene) were significantly antiestrogenic when tested
in the MCF-7 focus assay, which was consistent with our
results.”” These three PAHs were not significant in the other
two ERa antagonist assays due to their high ACj, values (1000
u#M). HBB, a relatively less studied brominated flame retardant
(BFR), contributed 91.4% to ERa antagonist activity in the
ERa antagonist-2 assay owing to its low ACg, (1.56 X 1076
uM). However, it was reported that even high concentrations
of HBB (3.6 uM) were not able to trigger f-galactosidase
production in the yeast cultures in the ERa activity assay.’’
These different results may be due to different cell lines or
reporter systems. Interestingly, PA, which played a critical ERa
agonist activity, showed significant ERa antagonist activity in
the ERa antagonist-3 assay, suggesting that PA is an allosteric
modulator, which has both ERa agonist and antagonist
potency.

In two NF«B agonist assays, plasticizers were found to play a
critical role. In the NFkB agonist-1 assay, TOCP was
responsible for the principle NFxB agonist activity owing to
its low ACs, (1.29 X 107 uM). TOCP has been widely used as
a plastic softener and a plasticizer in industry, and is reported
to have a toxic effect on the male reproductive system in
animals, in addition to neurotoxicity and immunotoxicity.31 In

the NF«B agonist-2 assay, BADGE accounted for 54.0% of
NF«B agonist activity. BADGE is a newly described PPARy
antagonist in adipogenic cells, and overexpression of the
coactivator p300 restored BADGE-suppressed promoter
activity of the NF«B-luciferase reporter gene, suggesting that
PPARy may interfere with NFxB transcriptional activity via
coactivator competition.”” However, BADGE did not show
significant PPARy antagonist activity in our results due to its
relatively high ACs,. It should be noted that endotoxin may
outweigh the contribution from other chemicals due to its high
potency in regulating NF«B activity; however, endotoxin is not
included in our results.

In the PPARy agonist assay, MA was the principle PPARy
agonist activity contributor, owing to its relatively high
concentration (244.08 yg/g). Besides MA, the second main
contributor was the plasticizer TOCP (16.0%) (Figure S2). In
the PPARy antagonist-2 assay, DBTC had the principle PPARy
antagonist activity contribution (32.2%) due to its relatively
low ACyy; the PPARy antagonist activity of DBTC was also
observed in the PPARy antagonist-1 assay, although at a lower
percentage (1.6%). DBTC was reported to be a partial agonist
to PPARy.>® This can be explained by the fact that a partial
agonist actually acts as an antagonist when both a full agonist
and a partial agonist are present. In the PPARy antagonist-1
assay, the personal care product MP was the dominant
contributor due to its relatively low AC,, However, the
concentration was reported in only one study, and PFHxA
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became one of the main contributors (78.1%) when MP was
excluded (Figure S2).

For the 16 assays with cluster analysis, it is interesting to
observe that the AR agonist and NFkB agonist, PPARy
antagonist and ERa antagonist, and ERa agonist and PPARy
agonist were closely correlated (Figure SB). It was reported
that NFxkB is part of a signaling network regulating AR
expression in prostate cancer,”” and signal cross talk existed
bidirectionally between PPARy and the ER in breast cancer
cells,*® which may explain the correlations between the assays
shown in our study.

This study has several limitations. First, the EPA’s ToxCast
database could only cover ~50% of the indoor chemicals
summarized in this study, and some of the key chemicals that
play critical roles in toxicity prioritization have very limited
studies. Second, the TEF method is limited, as it is assumed to
act through the same biological pathway, and dose-additivity is
not applicable. Third, we cannot predict the effects of chemical
mixtures using this model. Last, the toxicity contribution for
some groups of compounds with many congeners might be
underestimated. For example, existence of TCDD indicates the
co-occurrence of other dioxin chemicals; likewise, the presence
of PA also suggested the co-occurrence of many other
endogenous metabolites. During the meta-analysis, only the
levels of representative compounds in those chemical classes
have been reported. Therefore, nonbiased targeted and
nontargeted chemical screening in dust samples is still needed
in the future to fully prioritize the chemicals.

In conclusion, we have established an indoor exposome
database, and by using EPA’s ToxCast database, we prioritized
the chemicals in terms of their toxicity. The result showed the
heavy metals still consist of the largest quantity compared with
organic pollutants. However, the toxicity contribution of those
metals cannot be figured out without metal speciation
information. The result also showed that organic pollutants
such as phthalates (e.g, DEHP and DINP), plasticizers (e.g.,
BADGE and TOCP), flame retardants (e.g, TBOEP),
organotins (DBTC), and phenols (e.g., nitro-phenols)
significantly contributed to the bioassays with endocrine
disruption. Many of the primary contributors in some assays
were also unexpected. For example, pesticide/insecticide (e.g,
cypermethrin) use in indoor environment might incur health
concerns; however, very limited monitoring data is available for
those compounds and further studies should be conducted.
Besides the synthesized molecules, the effect of metabolites
and microbial products with biological origins such as
endogenous fatty acids and LPS should also be considered in
the dust exposome and risk prioritization.
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