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Abstract: Prenatal exposure to a mixture (MIX N) of eight endocrine-disrupting chemicals has been
associated with language delay in children in a Swedish pregnancy cohort. A novel approach was
proposed linking this epidemiological association with experimental evidence, where the effect of MIX N
on thyroid hormone signaling was assessed using the Xenopus eleuthero-embryonic thyroid assay (XETA
OECD TG248). From this experimental data, a point of departure (PoD) was derived based on OECD
guidance. Our aim in the current study was to use updated toxicokinetic models to compare exposures of
women of reproductive age in the US population to MIX N using a Similar Mixture Approach (SMACH).
Based on our findings, 66% of women of reproductive age in the US (roughly 38 million women) had
exposures sufficiently similar to MIX N. For this subset, a Similar Mixture Risk Index (SMRI) was
calculated comparing their exposures to the PoD. Women with SMRIyy > 1 represent 1.1 million women
of reproductive age. Older women, Mexican American and other/multi race women were less likely
to have high SMRIyy values compared to Non-Hispanic White women. These findings indicate that a
reference mixture of chemicals identified in a Swedish cohort—and tested in an experimental model for
establishment of (PoDs)—is also of health relevance in a US population.

Keywords: mixtures risk assessment; causal inference; endocrine-disrupting chemicals

1. Introduction

Humans are exposed to endocrine-disrupting chemicals (EDCs) from many different
sources (e.g., plasticizers, personal care products, water, air, food, and food containers)
and compounds (e.g., phthalates, phenols, per-fluorinated compounds). There is growing
evidence that prenatal exposures to mixtures of EDCs are associated with adverse health
outcomes, including neurodevelopmental disorders [1,2]. This is particularly problematic
based on the large number of EDCs in our environment that are detected in human biomon-
itoring studies [3] and the fact that regulatory guidelines for EDC exposure are generally
one at a time, not accounting for human-relevant unintended EDC mixture exposure.

Caporale et al. [3] reported on a novel approach linking epidemiological associations
from a pregnancy cohort with experimental evidence to establish a causal relationship be-
tween exposure to a mixture of EDCs with developmental neurotoxicity, partly mediated by
thyroid hormone (TH) disruption. Epidemiological evidence in the Swedish Environmentsal,
Longitudinal, Mother and child, Asthma and allergy (SELMA) study [4] established that
prenatal exposure to EDCs was associated with cognitive development in children at 2.5 years
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of age [5]. Language delay is an early marker of adverse neurodevelopment effects later in life
such as autism, cognitive function, etc. [5]. The established ‘typical” mixture (i.e., reference
mixture) from this cohort of pregnant women including 8 compounds (Table 1) (called MIX N
based on the geometric mean from the biomonitoring data) was experimentally evaluated
at human-relevant levels, among others in the Xenopus eleuthero-embryonic thyroid assay
(XETA) where the TH-disrupting capacity of the mixture was investigated [3]. We focused on
the TH-axis based on its essential role in brain development reported in epidemiological and
experimental evidence of EDC-regulated dysregulation [3]. A point of departure (PoD) was
estimated using OECD guidance values for a benchmark response. The resulting benchmark
dose estimate was translated back to human concentration values using a similar mixture
approach (SMACH) [3]. In the first step, the subset of the cohort with sufficiently similar
exposures to the reference mixture (MIX N) was established. In the second step, a Similar
Mixture Risk Index (SMRI) was estimated based on exposure concentrations relative to the
PoD, where values exceeding 1 indicate exposures of concern.

Table 1. MIX N concentrations based on SELMA biomonitoring data, where neurodevelopmental
adversity was observed [3].

Molecular Weight Concentration Mixin,
Compound ! CAS (g/mol) s (mol/L) Proportigns

MEP 2306-33-4 194.18 2.7 x 1078 0.27
MBP 131-70-4 222.24 226 x 1078 0.23
MBzP 2528-16-7 256.25 1.05 x 108 0.11
MINP 106610-61-1 292.4 2.06 x 1078 0.21
BPA 80-05-7 228.29 4x107° 0.04
PFHXxS 355-46-4 400.12 32 %1077 0.03
PENA 375-95-1 464.08 1.1 x 1072 0.01
PFOS 1763-23-1 500.13 1.03 x 108 0.10

1 Full names in Section 2.1.

The objective of this paper was to perform a SMACH analysis and identify risk in US
populations based on the derived PoD from MIX N as described in Caporale et al. [3]. To
do that, biomonitoring data were extracted from the US National Health and Nutrition
Examination Survey (NHANES) database and translated into plasma concentrations using
gestation physiologically based toxicokinetic (PBTK) modeling. With survey sampling
weights, we estimated not only the percentage of women of reproductive age in the US
population with sufficiently similar exposures to MIX N, but also the percent of those
women that during pregnancy would have sufficiently similar MIX N exposure in levels
associated with SMRI > 1, indicating exposures of concern.

2. Materials and Methods
2.1. Study Participants

Participants included subjects from NHANES cycles G-I (2011-2016) with human
biomonitoring (HBM) values for the eight compounds, including phthalates (urinary):
Mono-ethyl phthalate (MEP), Mono-n-butyl phthalate (MBP), Mono-benzyl phthalate
(MBzP), Monoisononyl phthalate (MINP), and bisphenol A, (BPA); as well as perfluori-
nated compounds (serum): Perfluorohexane sulfonic acid (PFHxS), Perfluorononanoic acid
(PFNA), and Perfluorooctane sulfonic acid (PFOS).

Demographic values included age, sex, pregnancy survey question, and NHANES
respondent identifiers (i.e., survey sampling weights and sequence number). Survey sampling
weights were included as a measure to evaluate how representative the collected dataset is to
the population. For further analysis, female participants between 15 and 46 years of age were
selected and represent women of reproductive age. The list of all analyzed variables retrieved
from the NHANES database is included in Supplementary Material.
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2.2. Regulatory Values

The International Society of Exposure Science (ISES) has created the international HBM
Working Group (i-HBM) and developed a Biomonitoring Guidance Value (HB2GV) Dashboard
which contains a compilation of currently available human biomonitoring guidance values
developed by international organizations (https:/ /biomonitoring.shinyapps.io/guidance/
(accessed on 25 January 2023)). The purpose of the tool is to facilitate the search for guidance
values developed for specific chemicals. The tool contains Reference Dose (RfD) values from
in vivo studies, Biomonitoring Equivalent (BE) levels, and values derived on the basis of
toxicological and epidemiological studies that suggest no risk (HBM-I) or serve as thresholds
to initiate action (HBM-II). For ease of general discussion, we subsequently refer to these as
BE values. These values provide the opportunity to compare human biomonitoring data
from human studies to regulatory guidance values. Such published BE values are tabularly
presented for comparison to measured concentrations in NHANES (see Section 3, Table 2),
and for comparison to results from the mixture approach of SMACH.

Table 2. Summary statistics (median, 95th percentile) for MIX N compounds for levels (ug/L) in
urine (phthalates and BPA) and plasma (PFAS) as documented by NHANES (2011-16). Biomonitoring
guidance values (ug/L) are provided for comparison. The minimum guidance value is displayed if
more than one is given (https:/ /biomonitoring.shinyapps.io/guidance/ (accessed on 25 January 2023)).

Biomonitoring NHANES Women
Compound Equivalent (BE) _IZIEI;I;IIESS 641 (15-46 Years Old)
Values n= S n = 57,748,243 1
Median 95th Percentile Median 95th Percentile

MEP 18,000 (age 6 and up) 30.3 531.4 31.0 504.8

MBP 200 (age 6 and up) 9.5 46.7 10.0 50.6
MBzP 3800 (age 6 and up) 41 32.5 4.8 41.7
MINP 390 (age 6 and up) 0.6 12.5 0.6 17.5

100 (children)

BPA 200 (adults) 1.2 7.8 1.2 7.3
PFHxXS - 1.3 5.4 0.7 3.2
PFNA - 0.7 2.2 0.5 1.8
PFOS 5 55 194 3.3 104

1 With sampling weights.

2.3. From In Vitro to Cohort

The reference mixture described in Caporale et al. [3] for use in SMACH consists of
8 EDCs with human-relevant mixing proportions given in Table 1. Derivation of mixing
proportions and description of the tested in vitro assay have been described previously [3].
In brief, analysis of biomonitoring data collected during gestation from a Swedish preg-
nancy cohort, the SELMA study, highlighted 8 EDCs associated with language delay based
on weights from a Weighted Quantile Sum (WQS) regression analysis (e.g., [3]). Biomon-
itoring data were derived from measurements in urine or plasma at the 10th week of
gestation (GW10). Caporale et al. [3] proposed a method to determine the maternal plasma
concentrations for all 8 EDCs, and the derived proportions were defined as MIX N (Table 1).
MIX N was assessed using the XETA assay [6] in a dose response (0.1-1000X, with 1X
concentrations presented in Table 1). The derived PoD of MIX N from the XETA assay
was the basis to perform a SMACH analysis in the SELMA cohort. For those women with
exposures sufficiently similar to MIX N, a SMRI was calculated and exposures of concern
were determined based on values exceeding 1.

Input data for SMACH analysis are plasma concentrations in uM. For PFHxS, PENA,
PFOS, NHANES measurements were performed in serum and expressed in pg/L. For MEP,
MBP, MBzP, MINP, and BPA, NHANES measurements were performed in urine (ng/mL)
and toxicokinetic modeling was performed to estimate plasma concentrations. To do that,
the solve_pbtk function of httk was used [7,8]. The httk is an R software package for high-
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throughput toxicokinetics that integrates (a) calculation of chemical parameters to describe
partition across modeled tissues based on pKa, logKow, molecular weight (MW) and fraction
unbound, (b) experimentally derived hepatic clearance rates for more than 9600 chemicals,
and (c) physiological parametrization for toxicokinetic simulations [7]. Chemical parameters
were available via httk for BPA, MBP and MBzP. To parametrize for MEP and MINP, physico-
chemical parameters were calculated using the Marvin Protonation plugin (MW: 194.18; 292.4,
logKow: 1.99; 5.02, pKa: 3.08; 3.08) [9]. These phthalates are the primary metabolite of their
respective parent compound, diethyl phthalate (DEP) and diisononyl phthalate (DINP), for
which httk parametrization is available. It was assumed that MEP and MINP had the same
fraction unbound and intrinsic hepatic clearance as their parent compounds.

To derive conversion factors of studied chemicals between urine and plasma default
physiological parameters were used for solve_pbtk function of httk for BW = 78.5 kg.
Modeling was performed for all chemicals administered 3 times a day and daily dose
1 mg/kg BW. Estimates for plasma and urine concentrations were recorded for day 98.
For toxicokinetic modeling using httk, a linear relationship is assumed between dose and
predicted concentrations [10]. Per model compound, the following procedure was applied.

i.  Expected urine concentration (C,jpe_nii, Hg/L) using the following formula:

Aurine(pmol) * MW

Curine-httk (}lg/L) = urine volume per dﬂy (L) 1)

where A,y is the amount of renally excreted compound per day (umol), MW is molecular
weight of simulated compound (Table 1), and urine volume per day is the expected daily
urine volume for an adult woman adjusting for spot urine conversion (i.e., 1.6 L [11]).

ii.  Urine to plasma conversion factor (CFj,) was calculated:
CFust = Cplasma—httk (uM) / Curine-nisk (1g/ L)

where Cylasma-nitk 1s the predicted plasma concentration in a steady state.

For all case chemicals measured in spot urine, analytical measurements include decon-
jugation [12,13], which means that all simulated compounds were the ones quantified in
NHANES urine samples. Therefore, conversion factors were applied directly to NHANES
measured urinary concentrations (ng/mL) of MEP, MBP, MBzP, MINP, and BPA to calculate
plasma concentrations (uM) using the following formula:

Cplasma-NHANES (WM) = [NHANES measured urine] (ng/mL) % CFyyy )
where Cyusma-NHANES (M) is the predicted plasma concentration after conversion.

2.4. Testing for Sufficient Similarity

Following Marshall et al. [14], we tested for sufficient similarity to the experimentally
evaluated reference mixture (Table 1) using an equivalence testing approach. In short, we
evaluated the similarity between an individual’s plasma concentrations to the reference
mixture using the Euclidean distance between the benchmark dose (BMD) of the two
mixtures. The BMD, and lower one-sided confidence limit BMDL, for the reference mixture
is based on experimental results; in the data poor case described by Marshall et al. [14]
(Equation (5)), we estimated the BMD for the ith subject’s mixture by adjusting the total
dose of the mixture to that of the reference mixture (i.e., T)). The estimated distance measure
and its variance estimate are then given by

>
>

B
I
s

ii(ajr - aﬁ)z and var(d;) = var(T,) { ZC; (aj — aﬁ)z}
=

j=1
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where 4j, is the proportion of the jth component in the reference mixture and a;; is the
proportion of the jth component in the ith subject’s mixture, and

C C
Y 4= @i =1
=1 =1

Using equivalence testing methodology, we tested for sufficient similarity using the
principle of confidence interval inclusion, i.e., we claimed sufficient similarity in an alpha-
level test when the upper confidence interval on d does not exceed the radius of the
similarity region, R.

The similarity region assumed in Caporale et al. [3] was based on the benchmark
response (BMR) from the XETA assay established by the OECD guideline test n° 248 of 12%
reduction. The similarity region was assumed to be within an additional 12% reduction,
i.e., EDp49,—BMDgMR = 12% = 0.89 (in units of 1X) on the log10(conc + 1) scale.

This test for sufficient similarity was conducted on all subjects in the selected NHANES
data. NHANES uses a complex, multistage, probability sampling design where inference can
be made that is representative of the civilian, non-institutionalized US population. Sampling
weights were used to calculate summary statistics for the subset of NHANES who were
women of reproductive age and were determined to be sufficiently similar to Mix N.

2.5. Calculating the Similar Mixture Risk Index

The BMD and BMDL were calculated using the experimental XETA study [3] in units
of 1X and on the log10(conc + 1) scale. The BMD was estimated as 14X with BMDL = 8X
(Table S8 from Caporale et al. [3]). To translate back to the concentration scale,

R c
BMDeone = (10°MP — 1)y Cpj, and BMDLcoe = (108PL — Z Cpjr
j=1

where Cpj; is the plasma concentration (mols/L) of the jth component in the reference
mixture.

A SMRI was calculated for all women with sufficiently similar mixture composition to
the reference mixture. That is, the estimated BMD from the experimental study was used
to construct an index analogous to a hazard quotient:

¢, Cpj(mols/L)
SMRI = ; BMDL;(mols/L)

where BMDL; is the concentration of the BMDL from the jth component in the mixture.
Assuming the mixing proportions are equivalent between exposures for subjects considered
to be sufficiently similar to the reference mixture (i.e., ajj = ayj, j=1,...,c), the SMRI,f
index for the ith subject reduces to

Tiv-4 _ T
SMRI,5 = =1 2 o =T

where T is total dose.

To illustrate in a simple example of 3 chemicals (e.g., A, B, and C), assume the concen-
trations for the ith subject are 2.52, 2.7, and 0.78 units, respectively, and the concentrations
of the estimated BMDL are 3.2, 4.0, and 0.8 units. Thus, the total concentration of the
3 chemicals is T; = 6 for the ith subject and the BMDL is T, = 8 units. The mixing pro-
portions for the reference mixture of the 3 chemicals are 0.4, 0.5, 0.1, and the mixing
proportions for the ith subject are 0.42, 0.45, 0.13. Then, analogous to the hazard index (HI),
SMRIy; = (3% + 3 + %22) = 0.7875 4 0.675 + 0.975 = 2.4375. Here, the exposures are
all below the correspondlng BMDL for each chemical from the reference mixture; however,
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their sum exceeds the value of 1. In comparison and more conservatively, we calculate
the SMRI, for the sufficiently similar subjects assuming the mixing proportions are set
equal to the reference mixture, i.e., SMRI,,f = g % (3) = 2.25. Summary statistics and a
histogram of the SMR Iy values demonstrate the distribution of the index where values
exceeding 1 indicate exposures of concern.

All calculations were conducted in R using the survey, dplyr, and haven packages and

are available in the Supplementary Data.

3. Results

NHANES data were extracted from the CDC website from the 2011-16 cycles. There
were n = 5735 participants with concentrations from the eight EDCs in MIX N. Using sam-
pling weights, these participants represent nearly 242 million non-institutionalized people
in the United States (Table 2). The concentrations are expected to be somewhat similar
between the estimates for the full population and women of reproductive age (Table 2).

Additionally, included in Table 2 are published biomonitoring guidance values, re-
trieved by the HB2GV Dashboard (https:/ /biomonitoring.shinyapps.io/guidance/ (ac-
cessed on 25 January 2023)). As seen in Table 2, the BE values generally exceed the 95th
percentiles from NHANES, with the notable exception of PFOS.

In contrast to comparing human exposures to BE values one chemical at a time, we
used a similar mixture approach. The first step is to determine the women of reproductive
age who have sufficiently similar mixtures to the reference mixture (Table 1). In testing
sufficient similarity per woman, chemical concentrations were expressed in uM of plasma,
either estimated or measured. The urinary concentrations from the phthalates and BPA
were translated to plasma estimates using conversion factors derived based on PBTK
modeling in Table 3.

Table 3. Predicted urine and plasma concentrations (uM) of Mix N compounds for daily dose 1 mg/kg
BW, and their ratios (i.e., CFj;y) to be used as conversion factors for urine to plasma concentrations
for NHANES-derived measurements.

Predicted Concentrations—httk CFj,1x Samples Measured in:
Compound .

P Cptama M) Cype (ngimt) Ve (gm0 Plasma (/L)
MEP 0.018 2670 0.0000068 1
MBP 8.614 166680 0.0000517 1
MBzP 44.39 928906 0.0000478 1

MINP 0.013 1261 0.0000099 1
BPA 0.949 24256 0.0000391 1
PFHXS 1 0.00249
PFNA 1 0.00215
PFOS 1 0.00199

To illustrate the workflow, we take as starting point NHANES MBP measurement of
31 ng/mL in urine. The first step is toxicokinetic modeling to estimate MBP urine and
plasma concentrations in a steady state. For a dosing regimen of 1 mg/kg BW/day, a
78.5 kg woman is estimated to have Cpiasma-nitk (vpp) = 8-61 M. For the same individual,
the MBP renal excretion per day is estimated to be Ay, pyjes wBp) = 1200 umols, and the
expected daily urine volume adjusting for spot urine conversion to be 1.6 L [11]. From that,
we can calculate concentration in urine sample (C,,je_ptk MBP) M8 /L) with Equation (1):

1200 umol] [222.24 -5
[ pmol] | ol — 166680 18 — 166680 &
161L L mL

Curinenttk (MBP) —
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In NHANES, measured concentrations are expressed in ng/mlL, ug/L are equivalent
units and can be used interchangeably. It is assumed that the simulated physiology is
representative of the US population and that exposure dose is linearly correlated with
urine excretion within the studied dose range [10]. Therefore, the ratio between Cplﬂsm,,_httk
(MBP) (uM) and C,pine_ptr (ng/mL) can be used as a conversion factor for estimating plasma
concentrations from measured urine concentrations per chemical. For our example of
31 ng/mlL, the estimated plasma concentration (Equation (2)) would be

ng1  8.61uM
Colasma-NHANES (MP) = | m%] x 16668”0,1% = 31 x 0.0000517 = 0.00160 xM
m

Similar calculations were conducted for all subjects for the five compounds measured
in urine. Measured levels of the three PFAS chemicals were transformed into uM units by
scaling to corresponding MW (Table 1).

Following Marshall et al. [14], we tested for sufficient similarity to the experimentally
evaluated reference mixture using an equivalence testing approach. In short, in the data-
poor case [14], the distance between each subject’s mixing proportions and the reference
mixture is calculated and translated to the scale of the estimated PoD of the reference
mixture. Sufficient similarity is tested per subject by comparing the upper 95% confidence
limit on the distance to the similarity region.

Using the R packages svydesign, svymean, and svglm for survey sampling estimation
with survey sampling weights to infer to a nationally representative population, 66% of the
women of reproductive age in these NHANES cycles were determined to have sufficiently
similar mixtures to the reference mixture (i.e., nearly 38 million women). For those women
with sufficiently similar mixtures to Mix N, we estimated the SMRIy; (mean = 0.271;
SE =0.011) and SMRI,¢ (mean = 0.139; SE = 0.004). The SMRIyy uses the measured mixing
proportions for each woman, while the SMRI, ¢ sets the proportions to the reference mixture.
By comparing their concentrations to the PoD, none of the values of SMRI, ¢ exceeded 1,
but 2.8% had SMRIy; values exceeding 1, i.e., 1.1 million women were estimated to have
SMRIyy values exceeding 1.

Finally, an exploratory analysis revealed characteristics of women of reproductive age
with higher SMRIyy values in a regression model with survey sampling weights (Table 4).
Older women were less likely to have high values (p = 0.021). Mexican American and
other/multi race women were significantly more likely to have lower SMRIy; values
compared to non-Hispanic White women (p = 0.002, p = 0.019, respectively).

Table 4. Parameter estimates and p values from a linear regression model (using survey sampling
weights) of log(SMRIyy;) in the women determined to be sufficiently similar to the reference mixture.

Coefficient Estimate Standard Error p Value
Intercept —1.261 0.144 <0.001
Age (years) —0.010 0.004 0.021
Poverty Index ! —0.025 0.077 0.747
Race %: MexAmer —0.267 0.080 0.002
Race: OtherHisp 0.071 0.093 0.450
Race: NonHispBlack 0.884 0.069 0.230
Race: Other/Multi —0.244 0.010 0.019

! og(poverty index + 1); 2 Non-Hispanic White is the reference group.

4. Discussion

Caporale et al. [3] integrated experimental and epidemiological evidence to estab-
lish mechanistic and correlative evidence for neurodevelopmental adversities of an EDC
mixture associated with language delay, i.e., MIX N. The construction and evaluation of
the mixture were based on the SELMA study. MIX N proportions were derived using a
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one-compartment model, based on urinary excretion factors for bisphenols and phthalates,
and measured values of the PFAS chemicals in serum [3]. The mechanistic evidence high-
lighted herein was based on an in vivo model that confirmed thyroid hormone signaling as
a key vulnerability to the experimentally evaluated mixture. The resulting dose-response
relationship was used to estimate a point of departure to use in a risk assessment metric
from a SMACH. Based on the results of the XETA studies, in the SELMA study 96% of the
pregnant women were determined to have sufficiently similar exposures to the reference
mixture. A SMRI was calculated from these women comparing their exposures to the PoD
and 54% of all the women had a SMRI above 1.

Our objective in the current study was to follow the SMACH steps in another popula-
tion in comparison to the PoD from MIX N. We considered women of reproductive age in
the US NHANES (2011-2016 cycles) study. Urine to plasma ratios were estimated based on
PBTK modeling to account for physiological differences. We determined that 66% of them
had sufficiently similar exposures to MIX N, and 2.8% of the subset had SMRIyy; values
exceeding 1, indicating a level of concern for 1.1 million women. Women most likely to
have lower exposure levels were older women, and Mexican American and other/multi
race women. The difference of occurrence of the SMRI > 1 between the two cohorts may be
attributed to differences in exposure patterns between Sweden and the US in addition to
the different modeling approaches to derive urine to plasma ratios and genetic variation
that might affect toxicokinetic profiling.

Regulatory guidance values are derived from experimental studies. In particular, the
RfD is an estimate of daily exposure to humans (including sensitive subgroups) that is
likely to be without an appreciable risk of noncancer health effects during a lifetime. For
many environmental chemicals, toxicokinetic modeling is available to translate RfDs to
biomonitoring equivalent (BE) values [15]. Similarly, HBM-I values correspond to the
concentration of a compound in human biological material below which no adverse health
effects are expected to occur; in contrast, HBM-II values correspond to the concentration in
human biological material which, when exceeded, may lead to health impairment which is
considered as relevant to exposed individuals [16,17].

Epidemiological studies may provide evidence of associations between exposures and
health effects, with more evidence from cohort studies compared to cross-sectional studies.
Geographical and temporal considerations are key when cohort-to-cohort comparisons
are performed since exposure patterns and chemical legislation may change over time
and countries. Another key consideration is accounting for physiological and genetic
variability between cohorts, and the extent that these factors would affect administra-
tion, distribution, metabolism, and excretion (ADME). On the other hand, dose-response
studies in experimental settings provide more causal evidence linking exposures to ad-
verse health effects. Therefore, crystallized epidemiological associations to interpretable
in vitro evidence followed by in vitro to in vivo extrapolation protocols allow for the trans-
fer of knowledge from one cohort to another, which transcend the limitations of a direct
cohort-to-cohort comparison.

A similar mixture approach (SMACH) incorporates experimental evidence of adver-
sities from a human-relevant mixture and compares its estimated PoD to biomonitoring
concentrations. Epidemiological observations from one cohort are anchored with experi-
mentally derived evidence. The derived PoD is relevant to plasma concentrations; therefore,
by using toxicokinetics, it is possible for cross-study comparisons where geographical and
temporal variables of the study are not to be considered as confounding factors. For the
present work, toxicokinetic modeling was performed with the httk package developed by
the US Environmental Protection Agency to translate urinary concentrations from study
participants to estimate plasma concentrations so that all compounds are expressed in
the same units as the mixture. PBK parametrization was possible with the exception of
MINP and MEP, where hepatic clearance data were limited. In turn, it was assumed that
hepatic clearance is the same between parent (i.e., DINP and DEP) with primary metabolite
(i.e., MINP and MEP). We begin this translation herein by making simplifying assumptions
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about physiology (i.e., defined physiology representative of women of reproductive age
in US, clearance in pregnant and non-pregnant population is the same). It is important to
acknowledge the uncertainties that come from assumptions in parametrization of clearance
for MINP and MEP, the impact of inter-individual and dosing regimens differences might
have on estimates ADME and subsequently calculation of urine to plasma ratio for MIX
N compounds. Another point of uncertainty that needs to be investigated further is the
use of appropriate metabolites to monitor MINP. More specifically, MINP undergoes Phase
I and Phase II metabolism, and it is assumed that only 2.1% of the orally administered
DINP dose corresponds to MINP in urine. In turn, OH-MINP, a Phase I metabolite of MINP,
corresponds to ~18-20% of the orally administered DINP dose, and it would potentially be
a more suitable metabolite to monitor both DINP and MINP exposure [18]. The extension
of these assumptions and how these uncertainties can be addressed are currently under
exploration by our group.

We have provided the R code (see SI) used to test for sufficient similarity to MIX
N and then calculate the SMRI indices from subjects determined to have sufficiently
similar exposures. We are currently working with other international pregnancy cohorts
to implement this code with their measured EDC exposures that are included in MIX
N. Evidence to date demonstrates that pregnant women or women of reproductive age
have exposures to EDCs in MIX N that may be harmful to the neurodevelopment of
their children.

The work of Caporale et al. [3], as a paradigm, may serve as a guide to other re-
searchers who may want to incorporate experimental evidence of the adverse effects of
other human-relevant mixture(s) on vulnerable populations in international cohorts or
biomonitoring studies. This integrative strategy emphasizes the need to consider mixtures
during chemical testing and provides an approach that links experimental results with
relevant human exposures.

These findings indicate that a reference mixture of chemicals identified in a Swedish
cohort—and tested in an experimental model for the establishment of (PoDs)—is also of
health relevance in a US population.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxics11040331/s1, Supplementary Information 1: R code for
SMACH with NHANES and Mixture N.

Author Contributions: Conceptualization, C.G., C.-G.B. and ].R.; methodology, M.S., PL.A. and C.G;
software, M.S. and C.G.; formal analysis, M.L., ].-B.F,, B.D., M.S. and C.G,; resources, ].R., C.-G.B. and
C.G,; data curation, M.S.; writing—original draft preparation, C.G. and M.S.; writing—review and
editing, M.S., PL.A.,, M.L., ].-B.F,, J.R. and C.-G.B.; supervision, C.G.; funding acquisition, J.R., C.-G.B.
and C.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the EU’s Horizon 2020 research and innovation program
under grant agreements #234880 (EDC-MixRisk) and #825759 (ENDpoiNTs), and by the US National
Institutes of Health #T32ES0007334 and #R01ES015276.

Institutional Review Board Statement: Not applicable as the NHANES data are publicly available.

Informed Consent Statement: NHANES data are publicly available, and consent statements are
handled by CDC NHANES—Informed Consent (cdc.gov).

Data Availability Statement: The NHANES data are publicly available (https://wwwn.cdc.gov/
nchs/nhanes/).

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/toxics11040331/s1
https://www.mdpi.com/article/10.3390/toxics11040331/s1
https://wwwn.cdc.gov/nchs/nhanes/
https://wwwn.cdc.gov/nchs/nhanes/

Toxics 2023, 11, 331 10 of 10

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Berghuis, S.A.; Roze, E. Prenatal exposure to PCBs and neurological and sexual/pubertal development from birth to adolescence.
Curr. Probl. Pediatr. Adolesc. Health Care 2019, 49, 133-159. [CrossRef] [PubMed]

Jacobson, J.L.; Jacobson, S.W. Intellectual impairment in children exposed to polychlorinated biphenyls in utero. N. Engl. |. Med.
1996, 335, 783-789. [CrossRef] [PubMed]

Caporale, N.; Leemans, M.; Birgersson, L.; Germain, P.L.; Cheroni, C.; Borbely, G.; Engdahl, E.; Lindh, C.; Bressan, R.B,;
Cavallo, F; et al. From cohorts to molecules: Adverse impacts of endocrine disrupting mixtures. Science 2022, 375, 735. [CrossRef]
Bornehag, C.G.; Moniruzzaman, S.; Larsson, M.; Lindstrom, C.B.; Hasselgren, M.; Bodin, A.; von Kobyletzkic, L.B.; Carlstedt, E;
Lundin, F; Nanberg, E.; et al. The SELMA Study: A Birth Cohort Study in Sweden Following More Than 2000 Mother-Child
Pairs. Paediatr. Perinat. Epidemiol. 2012, 26, 456-467. [CrossRef] [PubMed]

Bornehag, C.-G.; Lindh, C.; Reichenberg, A.; Wikstrom, S.; Unenge Hallerback, M.; Evans, S.E,; Sathyanarayana, S.; Barrett, E.S.;
Nguyen, RH.N,; Bush, N.R.; et al. Association of Prenatal Phthalate Exposure With Language Development in Early Childhood.
JAMA Pediatr. 2018, 172, 1169-1176. [CrossRef]

OECD. Test No. 248: Xenopus Eleutheroembryonic Thyroid Assay (XETA); OECD Publishing: Paris, France, 2019. [CrossRef]
Pearce, R.G.; Setzer, R W,; Strope, C.L.; Sipes, N.S.; Wambaugh, ].E. httk: R Package for High-Throughput Toxicokinetics. J. Stat.
Softw. 2017, 79, 1-26. [CrossRef] [PubMed]

Kapraun, D.E; Sfeir, M.; Pearce, R.G.; Davidson-Fritz, S.E.; Lumen, A.; Dallmann, A.; Judson, R.S.; Wambaugh, ].F. Evaluation of a
rapid, generic human gestational dose model. Reprod. Toxicol. 2022, 113, 172-188. [CrossRef] [PubMed]

Cherinka, B.; Andrews, B.H.; Sanchez-Gallego, ].; Brownstein, J.; Argudo-Fernandez, M.; Blanton, M.; Bundy, K.; Jones, A;
Masters, K.; Law, D.R.; et al. Marvin: A Tool Kit for Streamlined Access and Visualization of the SDSS-IV MaNGA Data Set.
Astron. ]. 2019, 158, 74-89. [CrossRef]

Wetmore, B.A.; Wambaugh, ].F.; Ferguson, S.S.; Sochaski, M.A.; Rotroff, D.M.; Freeman, K.; Clewell, H.].; Dix, D.].; Andersen, M.E.;
Houck, K.A; et al. Integration of Dosimetry, Exposure, and High-Throughput Screening Data in Chemical Toxicity Assessment.
Toxicol. Sci. 2012, 125, 157-174. [CrossRef] [PubMed]

Sakhi, A.K.; Sabaredzovic, A.; Papadopoulou, E.; Cequier, E.; Thomsen, C. Levels, variability and determinants of environmental
phenols in pairs of Norwegian mothers and children. Environ. Int. 2018, 114, 242-251. [CrossRef] [PubMed]

CDC, Centers for Disease Control and Prevention. Laboratory Procedure Manual—Method No: 6301.02. 2014. Available online:
https:/ /wwwn.cdc.gov/nchs/data/nhanes/2011-2012 /labmethods/EPH_G_met.pdf (accessed on 25 January 2023).

CDC, Centers for Disease Control and Prevention. Laboratory Procedure Manual—Method No: 6306.04. 2013. Available online:
https:/ /wwwn.cdc.gov/nchs/data/nhanes/2011-2012/labmethods/phthte_g_met.pdf (accessed on 25 January 2023).
Marshall, S.; Gennings, C.; Teuschler, L.K.; Stork, L.G.; Tornero-Velez, R.; Crofton, K.M.; Rice, G.E. An Empirical Approach
to Sufficient Similarity: Combining Exposure Data and Mixtures Toxicology Data. Risk Anal. 2013, 33, 1582-1595. [CrossRef]
[PubMed]

Aylward, L.L.; Kirman, C.R.; Schoeny, R.; Portier, C.J.; Hays, S.M. Evaluation of biomonitoring data from the CDC National
Exposure Report in a risk assessment context: Perspectives across chemicals. Environ. Health Perspect. 2013, 121, 287-294.
[CrossRef]

Schumann, M.; Lilienthal, H.; Holzer, J. Human biomonitoring (HBM)-II values for perfluorooctanoic acid (PFOA) and per-
fluorooctane sulfonic acid (PFOS)—Description, derivation and discussion. Regul. Toxicol. Pharmacol. RTP 2021, 121, 104868.
[CrossRef]

Holzer, J.; Lilienthal, H.; Schumann, M. Human Biomonitoring (HBM)-I values for perfluorooctanoic acid (PFOA) and per-
fluorooctane sulfonic acid (PFOS)—Description, derivation and discussion. Regul. Toxicol. Pharmacol. RTP 2021, 121, 104862.
[CrossRef]

Koch, H.M.; Angerer, J. Di-iso-nonylphthalate (DINP) metabolites in human urine after a single oral dose of deuterium-labelled
DINP. Int. |. Hyg. Environ. Health 2007, 210, 9-19. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.cppeds.2019.04.006
http://www.ncbi.nlm.nih.gov/pubmed/31147261
http://doi.org/10.1056/NEJM199609123351104
http://www.ncbi.nlm.nih.gov/pubmed/8703183
http://doi.org/10.1126/science.abe8244
http://doi.org/10.1111/j.1365-3016.2012.01314.x
http://www.ncbi.nlm.nih.gov/pubmed/22882790
http://doi.org/10.1001/jamapediatrics.2018.3115
http://doi.org/10.1787/a13f80ee-en
http://doi.org/10.18637/jss.v079.i04
http://www.ncbi.nlm.nih.gov/pubmed/30220889
http://doi.org/10.1016/j.reprotox.2022.09.004
http://www.ncbi.nlm.nih.gov/pubmed/36122840
http://doi.org/10.3847/1538-3881/ab2634
http://doi.org/10.1093/toxsci/kfr254
http://www.ncbi.nlm.nih.gov/pubmed/21948869
http://doi.org/10.1016/j.envint.2018.02.037
http://www.ncbi.nlm.nih.gov/pubmed/29524920
https://wwwn.cdc.gov/nchs/data/nhanes/2011-2012/labmethods/EPH_G_met.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2011-2012/labmethods/phthte_g_met.pdf
http://doi.org/10.1111/risa.12015
http://www.ncbi.nlm.nih.gov/pubmed/23398277
http://doi.org/10.1289/ehp.1205740
http://doi.org/10.1016/j.yrtph.2021.104868
http://doi.org/10.1016/j.yrtph.2021.104862
http://doi.org/10.1016/j.ijheh.2006.11.008

	Introduction 
	Materials and Methods 
	Study Participants 
	Regulatory Values 
	From In Vitro to Cohort 
	Testing for Sufficient Similarity 
	Calculating the Similar Mixture Risk Index 

	Results 
	Discussion 
	References

