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Abstract

The rubber antioxidant 6PPD has gained significant attention due to its highly toxic transformation
product, 6PPD-quinone (6PPDQ). Despite their detection in urines of pregnant women, the
placental transfer and developmental toxicity of 6PPD and 6PPDQ are unknown. Here, we

treated C57BI/6 mice with 4mg/kg 6PPD or 6PPDQ to investigate their urine excretion and
placental transfer. Female and male mice exhibited sex difference in excretion profiles of 6PPD
and 6PPDQ. Urine concentrations of 6PPDQ were one order of magnitude lower than those

of 6PPD, suggesting lower excretion and higher bioaccumulation of 6PPDQ. In pregnant mice
treated with 6PPD or 6PPDQ from embryonic day 11.5 to 15.5, 6PPDQ showed ~1.5-8 times
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higher concentrations than 6PPD in placenta, embryo body, and embryo brain, suggesting higher
placental transfer of 6PPDQ. Using in vitro dual-luciferase reporter assays, we revealed that
6PPDQ activated the human retinoic acid receptor a (RARa) and retinoid X receptor a (RXRa)
at concentrations as low as 0.3 UM, which was ~10-fold higher than the concentrations detected

in human urines. 6PPD activated the RXRa. at concentrations as low as 1.2 uM. These results
demonstrate the exposure risks of 6PPD and 6PPDQ during pregnancy and emphasize the need for

further toxicological and epidemiological investigations.
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INTRODUCTION

N-(1,3-dimethylbutyl)- A/ -phenyl-p-phenylenediamine (6PPD) is widely used in tire rubber
as an antioxidant at ~0.4-2% by weight.1 Recently, 6PPD raised significant concerns due

to its transformation product, 6PPD-quinone (6PPDQ), which showed extremely high acute
toxicity in several aquatic species at environmentally-relevant concentrations.2=6 6PPDQ is
generated through the reaction of 6PPD with atmospheric ozone and discharged largely
through tire wear particles and stormwater runoff.2:” 6PPDQ has been reported to induce
acute mortality in coho salmon Oncorhynchus kisutch, brook trout Salvelinus fontinalis,
rainbow trout Oncorhynchus mykiss, and white-spotted char Salvelinus leucomaenis
Pluvius, with 24/96-hr median lethal concentrations (LCsg) ranging from 0.095 to 1.0 pg/
L.2-% Global studies have now reported 6PPD and 6PPDQ ubiquitously in aquatic systems.8-

16

Beyond ecological risks, emerging evidence suggests that humans also have considerable
exposure risks to 6PPD and 6PPDQ. 6PPD and 6PPDQ have been detected in air and
atmospheric particles,®17-21 indoor dust,18:22 playground dust,23 as well as crumb rubber
and consumer products.24 More importantly, 6PPD and 6PPDQ were recently reported in
human urine, with pregnant women showing the highest exposure (median concentrations:
6PPD, 0.068 ng/mL; 6PPDQ, 2.91 ng/mL), followed by non-pregnant adults (6PPD,
0.018 ng/mL; 6PPDQ, 0.40 ng/mL) and children (6PPD, 0.015 ng/mL; 6PPDQ, 0.076
ng/mL).2° These results raise concerns about the potential health effects of 6PPD and
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6PPDQ, especially during gestation. Studies have suggested that 6PPD and 6PPDQ can
cause developmental and neurotoxicity in vitro and in zebrafish and elegan models.26-29
For example, 6PPDQ can form DNA adducts in mammalian cells, indicating potential

for teratogenic effects.26 Exposure to 6PPDQ caused abnormal locomotion behaviors in
Caenorhabditis elegans at 0.1-10 pg/L and neurodegeneration at 10 pg/L.2” 6PPD and
6PPDQ exposure to zebrafish embryos (10 and 25 pg/L) during the developmental period
(1-96 hours post fertilization) caused morphological changes, behavioral toxicity, and
cardiotoxicity in zebrafish larvae.28 Exposure of zebrafish embryos to 6PPD (0.22 mg/L;
2-120 hours post fertilization) caused developmental toxicity and altered hormone levels
and gene expressions in embryos.29 Although developmental effects have not been observed
in mammals for 6PPD and 6PPDQ, these results suggest that the mammalian embryonic
stage may also be sensitive to these chemicals due to the physiologic similarities to the
model organisms.3%-31 In mammalian systems, the placenta serves as a barrier to protect the
fetus from circulating environmental contaminants.32:33 However, some contaminants with
specific physicochemical properties or binding activities can cross the placental barrier,34~
36 Jeading to fetal exposure.3739 It is currently unclear whether 6PPD and 6PPDQ can

be transferred from exposed mothers to their embryos in mammalian systems. Moreover,
the impact of 6PPD and 6PPDQ on nuclear receptor pathways such as thyroid hormone
receptors (TRs), retinoic acid receptor (RAR), and retinoid X receptor (RXR), which are
essential for embryonic development, remains unknown. According to U.S. Environmental
Protection Agency, chemicals that pose risks to children’s health should be prioritized

for assessment under the Toxic Substances Control Act.#041 Therefore, understanding the
maternal transfer and developmental effects of 6PPD and 6PPDQ is crucial for future
toxicological investigations and risk assessments.

Here, we seek to fill these knowledge gaps by investigating the gestational transfer of

6PPD and 6PPD-Q in mice. Female and male C57BI/6 mice were first treated with 6PPD
and 6PPDQ by oral gavage to determine urine excretion kinetics and relevant dosing
concentrations. Pregnant mice were then exposed to 6PPD and 6PPDQ (4 mg/kg by oral
gavage) from embryonic day (E) 11.5 to E15.5, and 6PPD and 6PPDQ concentrations in
dam liver, brain, and placenta, as well as fetus body and brain, were measured with internal
standard calibration using liquid chromatography coupled to an orbitrap high resolution
mass spectrometer (LC-HRMS). To investigate the potential developmental toxicity of 6PPD
and 6PPDQ, we further evaluated the agonistic and antagonistic potency of 6PPD (0.005-20
uM) and 6PPDQ (0.005-20 pM) towards TRs, RARa, and RXRa by in vitro dual-luciferase
reporter assay.

MATERIALS AND METHODS

Chemicals.

6PPD (>95% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 6PPDQ
(97% purity) and 6PPDQ-ds (96% purity) were purchased from Toronto Research
Chemicals (Toronto, ON, Canada). All solid standards were stored in airtight bottles at =20
°C. OPTIMA® grade acetone, chloroform, methanol (MeOH), acetonitrile (ACN), water,
and formic acid were purchased from Fisher Scientific (Pittsburgh, PA, USA).
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Urinary Excretion in Mice.

Animal protocols in this study were approved by the Institutional Animal Care and Use
Committee of the University of North Carolina at Chapel Hill. The C57BI/6 mice were
maintained under a 12-hour light and 12-hour dark cycle and provided with ad libitum
access to food and water. To investigate urine excretion Kinetics, we treated female and male
mice at age of 10-15 weeks with 6PPD or 6PPDQ (n = 12/group, with 6 females and 6
males) at 4 mg/kg by oral gavage, which mimics the primary exposure pathway of 6PPD
and 6PPDQ through oral ingestion reported in a previous study.® Chemicals were dissolved
in corn oil. The volume used for treatment was adjusted based on the body weight of the
mouse (5 mL/kg body weight). Mouse urine samples (10-60 pL) were collected prior to
treatment and 1, 5, and 24 hours after oral gavage, if available (n = 3-6 urine samples
collected for each sex at each time point; Table S3). Mice were gently held from behind and
positioned over foil to collect urine. Urine samples were collected into glass vials to avoid
sorption loss onto plastics,*2 and were spiked immediately with 150 uL. MeOH and 50 pL
of 500 ug/L 6PPDQ-ds in MeOH. The MeOH spike was employed because 6PPD reacts
fast in water (6PPD aqueous half-life at pH 7: ~5 hours),>4344 and our previous study has
suggested acceptable stability of 6PPD in MeOH when stored at —20 °C (69-96% recovery
after three months of storage).24 Samples were vortexed (1 min), frozen (-20 °C, 2 hours),
and centrifuged (2000 rpm, 4 °C, 10 min). The supernatants were collected in 200 pL glass
inserts and frozen at —80 °C until LC-HRMS analysis.

Maternal Transfer Mice Experiments.

C57BI/6 mice were set up with one male and two females per breeding cage. After overnight
breeding, male and female mice were separated, and the copulatory plug-positive females
were identified as E0.5. Pregnant mice were randomly assigned to control (n = 3; mice
treated with corn oil) and exposure groups (n = 3 per group; mice treated with 6PPD or
6PPDQ dissolved in corn oil) and were treated with vehicle control or chemicals (4 mg/kg)
from E11.5 to E15.5 once per day by oral gavage. On E15.5, pregnant mice were sacrificed.
Dam brain, liver, placenta, embryo body, and embryo brain samples were collected. Six

to eight placentae and embryos were collected from each dam and analyzed separately.

All tissue samples were contained in 2 mL sterile Eppendorf Safe-Lock tubes (Eppendorf,
Hamburg, Germany), wet tissue mass recorded, and then frozen at —80°C until chemical
extraction.

Tissue Extraction.

Tissue samples were thawed on ice for 30 min. Samples were spiked with 50 uL methanol
solution of 500 pg/L 6PPDQ-ds and equilibrated under room temperature for 30 min.
Preliminary data showed that MeOH had the highest extraction efficiency for 6PPD and
6PPDQ compared with MeOH:water 1:1 (v/v) and chloroform (data not shown). Therefore,
pure methanol was selected for tissue extraction. A pre-cleaned 5 mm stainless steel bead
(Qiagen Inc., Valencia, CA) and 0.8 mL of MeOH were added to each sample tube. Samples
were homogenized on a TissueLyzer (Qiagen Inc., Valencia, CA; 25 Hz, 5 min), centrifuged
(16000 rpm, 15 min), and the supernatants were collected into 2 mL glass vials. After the
extraction was repeated once, the combined supernatants for each sample were dried on a
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vacuum concentrator (liquid volume monitored constantly to avoid over-drying and potential
chemical loss), redissolved in 200 uL. ACN, and transferred into glass vial inserts. Because
precipitates were observed in the re-dissolved samples, they were centrifuged again at 4 °C
(2000 rpm, 10 min). The supernatants were then transferred into new vial inserts and frozen
at —80 °C until LC-HRMS analysis. Triplicate method blanks (empty Eppendorf tubes
without tissue samples) were included for each sample extraction batch (three extraction
batches, n = 9 method blanks total). 6PPD and 6PPDQ were not detected in method blanks.

Instrumental Analysis.

Urine samples and tissue extracts were injected (5 pL) into a Vanquish ultra-high
performance liquid chromatography (UHPLC) system coupled to a Q Exactive quadrupole
orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Kinetex polar
C18 column (150 x 2.1 mm, 2.6 um particle size, 100 A pore size; Phenomenex, Torrance,
USA) was employed with SecurityGuard C18 column (2.1 mm ID) at 30 °C column
temperature. The mobile phases (0.5 mL/min) were 0.1 % formic acid in both water (A) and
ACN (B) with the following gradient: 0-1 min 5 % B, 1-11 min 5-100 % B, 11-12 min 100
% B, 12-12.5 min 100-5% B, 12.5-15 min 5% B. The mass spectrometer was performed

in positive heated electrospray ionization (see Text S1 for detailed instrumental parameters).
The raw spectra were converted to .mzML files using MSconvert (ProteoWizard)#® followed
by feature extraction with MZmine 3.2.8%6 (see Table S1 for feature extraction parameters).
Peak areas of the chemical features for 6PPD (17/2269.2013 at 6.0 min, mass error 2

ppm), 6PPDQ (m/z299.1752 at 8.4 min, mass error 2 ppm), and 6PPDQ-d5 (/m/z 304.2067
at 8.4 min, mass error <1 ppm) were used for quantification. LC-HRMS data files are
available through the MassIVE repository (massive.uscd.edu) under the following identifier:
MSV000091363.

6PPD and 6PPDQ were quantified with 7-point calibration curves (0.5, 1, 5, 10, 50, 100,
500 pg/L with 125 pg/L 6PPDQ-ds, R2 >0.997) based on their peak area ratios to 6PPDQ-ds
as the internal standard. Fresh stock solutions of 6PPD (1 g/L in acetone) were prepared
for each analytical batch from solid standards to mitigate the stock solution instability.2443
Stock solutions of 6PPDQ and 6PPDQ-d5 (both at 100 mg/L in acetone) were prepared
once and stored at =20 °C until use. The limits of detection (LODs) and guantification
(LOQs) were defined as the analyte concentrations with signal-to-noise ratios of 3 and 10,
respectively. The LOD and LOQ of 6PPD in urine samples were 0.28 and 0.92 ng/mL, and
those for 6PPDQ were 0.19 and 0.63 ng/mL, respectively. In fetus brain samples (sample
weight <0.05 g), the LOD and LOQ of 6PPD were 0.43 and 1.4 ng/g, and those for 6PPDQ
were 0.13 and 0.43 ng/g, respectively. In all other tissue samples (sample weight ~0.1-0.5
g), the LOD and LOQ of 6PPD were 0.07-0.18 and 0.23-0.60 ng/g, and those for 6PPDQ
were 0.08-0.43 and 0.27-1.4 ng/g, respectively (Table S2). All the detected concentrations
in samples were >LOQs, except one urine sample in the 6PPD exposure group (n = 1/10)
and five urine samples in the 6PPDQ exposure group (n = 5/9) collected at 24 hours

after oral gavage. The 6PPD concentration between the LOD and LOQ was estimated

as half of the LOQ in statistical analysis, following previous studies.*’-51 The 6PPDQ
urine concentration at 24-hours were not estimated (and noted as <LOQs throughout the
manuscript) due to the high frequency of samples between the LOD and LOQ. To evaluate
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method recovery, 6PPD and 6PPDQ were spiked in triplicate into ~0.1 g of control fetus
body samples (i.e., fetus body tissue without 6PPD and 6PPDQ) at three levels (5, 10, 50
ng/kg) and extracted together with the tissue samples. Recovery was defined as the detected
concentrations in spiked samples over nominal spike concentrations and was 63—-110% for
6PPD and 89-110% for 6PPDQ across the three spiking levels. The standard deviations

of the measured spike recoveries were <17% for both analytes at three spiking levels. The
absolute recoveries of 6PPDQ-ds in samples of exposed mice, defined as the peak areas in
samples over the peak areas in analytical standards, were 81 + 37% for urine samples, 91 +
22% for fetus brain samples, and from 40 + 15% to 58 + 14% in dam brain, liver, placenta,
and fetus body samples (Table S2).

Dual-luciferase Reporter Assays.

The dual-luciferase reporter assays for TRs, RXRa and RARa were carried out as described
previously with some modifications.38:52:53 The plasmids used for RARa and RXRa. assays
were pGAL4-(UAS)5-TK-LUC, pPCMX-GAL4- hRARa-LBD, and pPCMX-GAL4- hRXRa-
LBD, kindly provided by Professor Albert Braeuning (German Federal Institute for Risk
Assessment). Plasmids used for TRs assays were pcDNA3-TRa or pcDNA3-TRp, and
DR-4-TKLuc-reporter plasmid, kindly provided by Professor Lars C. Moeller (University

of Duisburg-Essen Germany). Following previous methods,>2-53 we employed Human
Embryonic Kidney 293 (HEK?293) cells due to their high transfection efficiency, high
reproducibility, and absence of interfering bioluminescence signals. In brief, HEK 293 cells
were seeded in 96 well plate in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum, and incubated for 24 hours before transfection with Fugene 6
(Promega, Madison, WI, USA) according to the manufacturer’s protocol. pGL4.74, which
contains renilla luciferase gene, was used as an internal control for transfection efficiency.
After incubating for another 24 hours, cells were treated with DMSO (0.2%), 6PPD (0.005-
20 puM, 4-fold serial dilution), or 6PPDQ (0.005-20 puM, 4-fold serial dilution) for 48 hours.
The activities of the firefly luciferase and renilla luciferase were measured following the
protocol in the dual-luciferase reporter assay kit (Promega, Madison, W1, USA). The results
were expressed as the average relative firefly luciferase activity.

Statistical Analysis.

Statistics were performed using Microsoft Excel and R (version 4.2.1). Results are presented
as mean = standard error of the mean. For animal experiments, the differences between
groups were compared using the Mann-Whitney U test. For in vitro cell assays, the Kruskal-
Wallis test followed by the Dunn’s post-hoc test was performed to determine statistical
significance. Results with p <0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Urine Excretion Tests.

To test the urine excretion kinetics of 6PPD and 6PPDQ, we treated female (n=6) and male
(n=6) mice with 6PPD or 6PPDQ at 4 mg/kg. Urine samples were collected pre-exposure
and 1, 5, and 24 hours after oral gavage; urine was available for 3—-6 mice for each sex

at each time point (Table S3). 6PPD and 6PPDQ were not detected in the pre-exposure
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samples (Figure 1a, Table S3). After oral gavage, urine concentrations of 6PPD and

6PPDQ in treated mice varied in a time-dependent manner (Figure 1a; Table S3). Urine
concentrations of 6PPD were 45 + 45 ng/mL after 1 hour of treatment, increased to 110

+ 48 ng/mL at 5 hours, and then decreased to 5.9 + 3.6 ng/mL at 24 hours. For 6PPDQ,
urine concentrations were 7.9 + 2.2 ng/mL, 4.3 £ 1.1 ng/mL, and <LOQ at 1, 5, and
24-hours post-treatment, respectively (Figure 1a). We do note that there is a potential low
bias in urine 6PPD concentrations due to the short aqueous half-life of 6PPD (~5 h aqueous
half-life at pH 7).54344 Although we spiked methanol (200 pL; ~3-20 times the volume

of urine) immediately into urine samples to mitigate aqueous reactions, the stability of
6PPD in water/methanol mixture remains to be tested. Therefore, 6PPD urine concentrations
should be considered semi-quantitative. Despite these quantification uncertainties, 6PPD
concentrations in mice urine were one order of magnitude higher than those of 6PPDQ (p <
0.05 in Mann-Whitney U test). This was consistent with the higher water solubility of 6PPD
(6PPD solubility, 560-1000 pg/L;4344 6PPDQ solubility, 38—67 ug/L*244) and suggests
higher excretion and lower bioaccumulation of 6PPD compared with 6PPDQ. Interestingly,
the peak urine concentrations of 6PPD appeared later than 6PPDQ (5 hours for 6PPD

vs 1 hour for 6PPDQ). This observation possibly indicates different binding affinities of
6PPD and 6PPDQ to mice kidney transporters, which could lead to altered reabsorption or
secretion efficiencies.>* Nevertheless, a comprehensive understanding of this phenomenon
requires further in-depth investigations.

Since 6PPD can undergo abiotic transformation to 6PPDQ in the environment, we
investigated whether this transformation process also occurs in vivo by screening for 6PPDQ
in urine samples from mice treated with 6PPD. 6PPDQ was only detected in five urine
samples from the 6PPD exposure group at 24 hours post-exposure (10 samples total;

Table S3). The detected concentrations were all <LOQs, suggesting that 6PPDQ is not

the major biotransformation product of 6PPD in mice. This is consistent with previous
observations that the 6PPD to 6PPDQ transformation ratio was less than 2% in human

liver microsomes,2° suggesting that human are exposed to 6PPDQ mainly through direct
environmental exposure rather than through 6PPD metabolism.

Many chemicals exhibit sex-related differences in metabolism and excretion.>>:56 When the
concentrations of 6PPD and 6PPDQ were evaluated separately in male and female samples,
6PPD were significantly higher in female urine samples than 6PPD at 1 hour (110 + 20

vs 17 £ 5 ng/mL) and 5 hours post treatment (140 + 40 vs 70 + 21 ng/mL; p<0.05 in
Mann-Whitney U test; Table S3, Figure 1b). In contrast, the 6PPDQ concentrations were
higher in male urine samples at 1 hour (10 £ 0.2 vs 6.1 + 0.8 ng/mL Table S3, Figure 1c),
despite the lack of statistical significance (p=0.057 in Mann-Whitney U test) potentially
due to the low sample sizes (n = 3 for male and n = 4 for female at 1 hour; Table S3).

The mechanisms for sex specific chemical excretion are complicated. Gender differences in
body weight, size, blood and organ volumes, perfusion rates, body water and fat content,
and enzyme activities could all contribute to the divergent absorption, distribution, and
metabolism profiles between males and females, and ultimately affect the elimination
rates.5>:57:58 Although detailed mechanisms remain unclear, our results underscore the sex
difference in the toxicokinetics of 6PPD and 6PPDQ.
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Overall, the concentrations of 6PPDQ in urine samples of mice exposed acutely at 4 mg/kg
were similar to those detected in human urine (<LOQ-4.3 ng/mL at 5-24 hour post exposure
in mice, 0.08-2.9 ng/mL in humans), while the urine concentrations of 6PPD in mice

were two orders of magnitude higher than those in human (5.9 ng/mL at 24 hour post
exposure in mice, 0.015-0.068 ng/mL in human).2> We considered the discrepancy for
6PPD acceptable due to the sample collection and analytical uncertainties of 6PPD (e.g.,
this study: immediate methanol spike after urine collection, immediate sample freezing at
—80 °C; population survey: at-home or in-hospital urine collection, sample frozen at —40

°C without methanol spike).2> We used the 4 mg/kg/d exposure for subsequent placental
transfer experiments to maintain 6PPDQ within environmentally relevant concentrations.

Organ Distribution and Placental Transfer of 6PPD and 6PPDQ.

E11.5to E15.5 is a crucial period for embryonic development in mice, during which many
developmental processes occur that are essential for the proper growth and differentiation
of various tissues and organs, including the heart, lungs, liver, and nervous system,59-61
Any disruptions during this period may lead to various developmental abnormalities, such
as neurological disorders or birth defects.5263 To evaluate whether 6PPD and 6PPDQ can
cross the placenta and enter the developing embryo, we treated pregnant dams with vehicle
control, 6PPD, or 6PPDQ from E11.5 to E15.5. Samples collected included dam liver, dam
brain, placenta, and the body and brain of the embryos.

After treatment for 5 days, 6PPD and 6PPDQ did not alter the body weight, placenta
weight, or brain weight of the embryos compared to the vehicle-only controls (Figure 2).
6PPD and 6PPDQ were not detected in the method blanks or the vehicle-only group (Table
S4). In contrast, 6PPD and 6PPDQ were detected in all tissue types in the corresponding
exposure groups, demonstrating the bioaccumulation, placental transfer, and blood-brain
barrier permeation potentials of 6PPD and 6PPDQ. In the dams, liver appeared to be the
major target organ for both 6PPD and 6PPDQ after oral ingestion (6PPD, 200 + 180 pg/kg;
6PPDQ, 470 + 90 pg/kg), followed by brain (6PPD, 11 + 4 ug/kg; 6PPDQ, 84 + 6 ug/kg)
and placenta (6PPD, 9.2 + 5.3 ug/kg; 6PPDQ, 77 + 14 ug/kg) (Figure 3, Table S4). In

the fetuses, 6PPD and 6PPDQ were higher in body tissues (6PPD, 23 + 9 ug/kg; 6PPDQ,
34 + 5 pg/kg) than in the brain (6PPD, 8.6 + 5.0 pg/kg; 6PPDQ, 15 + 3 pg/kg). The
mechanisms for xenobiotics to cross the placenta typically involve passive diffusion, active
transport, and pinocytosis.3464 Chemicals with log K, values of —0.9 to 5 are suggested to
have higher cross-placental potentials through passive diffusion, while the placental transfer
of more lipophilic chemicals are slow or limited.55.66 The measured logK,,, values of
6PPD (4.84)*3 and 6PPDQ (4.30 + 0.02)*2 suggested that placental transfer through passive
diffusion is possible; however, the actual transfer mechanisms of 6PPD and 6PPDQ merit
further investigation. A previous study has shown that exposure to roadway runoff can
disrupt the blood-brain barrier of juvenile coho salmons, a potentially key mechanism for the
acute lethality of 6PPDQ to salmonids.6” Here, we corroborate this result by demonstrating
that 6PPD and 6PPDQ can cross the blood-brain barrier in mammalian systems. In the

fetal brain, lower concentrations of 6PPD and 6PPDQ were observed compared with the
dam brain (p < 0.05 in Mann-Whitney U test), indicating a partial protection effect of the
placenta.
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Notably, 6PPDQ showed higher bioaccumulation than 6PPD in all tissue types with
concentrations ~1.5-8 times higher (o < 0.05 for placenta, fetal body, and fetal brain; p

= 0.1 for dam brain; p= 0.2 for dam liver in Mann-Whitney U test; Figure 3). This is
consistent with the higher excretion of 6PPD than 6PPDQ in our toxicokinetics tests, and
the rapid depletion of 6PPD in human liver microsomes (65% depletion in 3 hours).2 In the
6PPD exposure group, 6PPDQ was detected in only one dam liver sample (n = 1/3, 6PPDQ
of 5.5 pg/kg) at 5% of the detected 6PPD concentration, consistent with previous results that
6PPDQ is not the main metabolite of 6PPD in liver metabolism.2> 6PPD was not detected in
tissues from the 6PPDQ exposure group (Table S4).

Human RAR and RXR Activation.

Since both 6PPD and 6PPDQ were detected in the embryo body and brain tissues, we next
sought to determine whether they could disrupt TRs, RARa, and RXRa pathways with a
dual-luciferase assay. Triiodothyonine (T3), all trans retinoic acid (atRA), and 9-cis retinoic
acid (9-cis-RA), the endogenous TRs, RARa and RXRa agonists, were used as positive
controls, and respectively activated TRs, RARa, and RXRa in a dose dependent manner
(Figure S1 and S2). For both 6PPD and 6PPDQ, no significant changes in relative luciferase
activity were observed in the TRa and TRp assays after treatment at the concentration of 20
UM, indicating no agonistic or antagonistic activity towards TRa or TR at 20 uM (Figure
S2). In contrast, 6PPDQ activated the RARa in a dose dependent manner, with significant
changes observed at concentrations as low as 0.3 pM (p < 0.05 in Kruskal-Wallis test).
6PPDQ showed strong agonistic activity towards RARa, with a maximum fold change of
2.3 £ 0.1 fold over DMSO control (Figure 4). No significant changes in relative luciferase
activity were observed following 6PPD exposure to RARa, suggesting that 6PPD does

not behave as RARa agonist. RARa is an important transcription factor that plays crucial
roles in many biological processes, including cell growth, differentiation, and embryonic
development, which has been extensively studied as a potential drug target for various
diseases.®8-70 While there are many endogenous and synthetic drugs that can bind to RARs,
the identification of environmental chemicals as RAR ligands is relatively limited. Certain
polybrominated dipheny! ethers (PBDES) - flame retardant chemicals used in textiles,
furniture, and electronics, have been reported to have RAR agonistic activity. Among the 11
PBDEs and 6 OH-PBDEs tested, only one PBDE (BDE154) and three OH-PBDESs (2’-OH-
BDE?7, 4’-OH-BDE17, and 2’-OH-BDE68) showed RAR agonistic activity.”? Significant
RAR effects were observed at minimum concentrations of 50 or 500 ug/L for the PBDEs, !
similar to that for 6PPDQ (lowest effects seen at 0.3 uM (~80 pg/L)).

Both 6PPD and 6PPDQ were found to exhibit agonistic activity towards RXRa (p < 0.05

in Kruskal-Wallis test; Figure 4). 6PPD activated RXRa in a dose-dependent manner, with
significant increases observed at concentrations as low as 1.2 M, and a maximum increase
of 2.0 + 0.2 fold over control. 6PPDQ had a higher agonistic activity towards RXRa.,

with a significant increase first observed at 0.3 pM and a maximum increase of 2.5 + 0.4
fold over the control. Studies have shown that RXRs play important roles in embryonic
development, and postnatal treatment with RXR agonists can disrupt skeletal morphogenesis
in rats and enhance the differentiation of cardiomyocytes derived from embryonic stem
cells.”273 However, there is limited information on environmental chemicals that exhibit
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RXR agonistic activity. Organotin compounds are known to activate RXRs at nanomolar
concentrations and have been identified as the causal agents for the malformations in
Chinese sturgeon and the imposex in gastropods.’4 7> Our study identifies 6PPD and 6PPDQ
as new ligands that contribute to RXR agonistic activities in the environment.

ENVIRONMENTAL IMPLICATIONS

The ubiquitous usage of 6PPD and the detection of 6PPD and 6PPDQ in pregnant

women raise significant concerns about their health risks, particularly during the vulnerable
developmental periods. In this study, we reported for the first time that both 6PPD and
6PPDQ can cross the placental blood barrier and enter the developing embryo and brain. We
also report for the first time that 6PPDQ is a RAR agonist, and that both 6PPD and 6PPDQ
are RXR agonists. These nuclear receptors play crucial roles in embryonic development.
Consequently, when environmental chemicals with RAR and/or RXR agonistic activities are
maternally transferred to the embryos, there is a serious risk of developmental abnormalities
or birth defects.”5-8 Both 6PPDQ and 6PPD have been detected in human urine samples
with concentrations of 6PPDQ up to 8.58 pg/L (~0.03 uM) in pregnant women.2® Significant
increases in both the RARa and RXRa pathways were observed upon exposure to 6PPDQ
at 0.3 uM, which was approximately 10-fold higher than the concentrations found in

human urine samples. While this study focused on the effects of short-term exposure to
6PPDQ and 6PPD, humans are exposed to these chemicals over the lifespan. Given this
prolonged exposure, it is possible that these chemicals can disrupt the RARa and RXRa
pathways, leading to potential adverse health effects at exposure-relevant levels. Therefore,
there is an urgent need for continued research into the developmental toxicity of 6PPD

and 6PPDQ using both chronic exposure animal studies and epidemiological investigations.
Notably, we observed sex-specific excretion of 6PPD and 6PPDQ in mice urine samples,
adding to the increasing evidence that sex can have strong influences on the toxicokinetics,
toxicodynamics, and outcomes of environmental pollutants.%:79:80 |n future toxicology and
epidemiological studies of 6PPD and 6PPDQ, separate considerations for males and females
are merited.

We note that the statistical analysis in this study is limited by the sex differences and
sample sizes. The distinct excretion profiles of male and female mice have led to the
apparently large variations in urine concentrations when both sexes are considered together.
Additionally, although six animals were included for each sex in the urine excretion tests,
urine was not always available for all the animals at each time point (n = 3-6 urine

samples for each sex at each time). The reduced sample sizes also led to sometimes

large variations in the urine concentrations, reflecting the inherent biological variations in
animal models.8! Additional replicates would improve the statistical power of this study and
establish more representative data on the urine concentrations of 6PPD and 6PPDQ. Here,
we aimed to explore the excretion, bioaccumulation, placental transfer, and blood-brain
barrier permeation potentials of 6PPD and 6PPDQ, without attempting to benchmark the
toxicokinetic parameters of these chemicals.

Previous reports have highlighted the drastically increased aquatic toxicity and higher
environmental persistence of 6PPDQ compared with 6PPD.24.6:24.82 Here, we demonstrated
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that 6PPDQ is ~1.5-8 times more bioaccumulative in pregnant mice than 6PPD in both
dam and embryo tissues. More importantly, we also observed that 6PPDQ has higher RAR
and RXR agonistic potencies than 6PPD. Our results highlighted again that the inadvertent
formation of 6PPDQ from 6PPD is causing much higher ecological and human health risks
than previously appreciated. This study continues to stress the urgent need for more careful
consideration of environmental transformation products during the safety assessments of
high-production-volume commercial chemicals.
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Refer to Web version on PubMed Central for supplementary material.
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Synopsis:

6PPD and 6PPDQ can cross the placentae, enter the brains of developing embryos during
gestation, and act as RARa and RXRa agonists.
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Figurel.
Urine concentrations of 6PPD and 6PPDQ in mice at different time points after oral gavage.

(a) Concentrations of 6PPD and 6PPDQ in all mice (n = 12 per treatment group, with 6 male
and 6 female; urine samples were available for 7-12 mice at each time point). (b) 6PPD and
(c) 6PPDQ urine concentrations separated by sex. Male (n = 6) and female (n = 6) mice
were orally gavaged with 4 mg/kg of 6PPD or 6PPDQ in corn oil. Results are expressed as
means = SEM. SEM, standard error of the mean. Concentrations <LOQs were estimated as
LOQ/2 in statistical analysis. * (0 < 0.05), ** (p < 0.01) indicate concentrations significantly
different between male and female mice in Mann-Whitney U test. <LOD, 6PPD and 6PPDQ
were not detected in urine samples pre-exposure. <LOQ, 6PPDQ concentrations were not
estimated in urines of male mice at 24-hr because four out of six samples were detected at
concentrations <LOQ.
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(a) Body, (b) placenta, and (c) brain weights for the embryos at E15.5. Pregnant mice (n =3
per group) were treated with vehicle control (corn oil, n = 23 embryos), 6PPD (4 mg/kg in
corn oil, n = 23 embryos), or 6PPDQ (4 mg/kg in corn oil, n = 21 embryos) from E11.5 to

E15.5 by oral gavage.
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Concentrations (ug/kg) of 6PPD and 6PPDQ in (a) dam liver, (b) dam brain, (c) placenta,
(d) fetal body, and (e) fetal brain on E15.5. Pregnant mice (n = 3 per group) were treated
with vehicle control (corn oil, n= 23 embryos), 6PPD (4 mg/kg in corn oil, n=23 embryos),
or 6PPDQ (4 mg/kg in corn oil, n= 21 embryos) from E11.5 to E15.5 by oral gavage.

** (p<0.01) indicates 6PPD and 6PPDQ concentrations were significantly different in

Mann-Whitney U test.
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RAR and RXR agonistic activities of 6PPD and 6PPDQ. (a) Luciferase activities induced

by 6PPD and 6PPDQ at the concentrations ranged from 0.005-20 UM to test RAR agonistic
activity. (b) Luciferase activities induced by 6PPD and 6PPDQ at the concentrations ranged
from 0.005-20 UM to test RXR agonistic activity. *(p < 0.05), **(p < 0.01) indicate values
significantly different compared with the untreated group (control, 0.2% DMSO) in the
Kruskal-Wallis test followed by a Dunn’s post-hoc test. The results were expressed as means

+ SEM (n = 3). SEM, standard error of the mean.
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