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Abstract

Tris(1,3-dichloro-2-propyl) phosphate (TDCPP) is an organophosphate flame retardant. The 

primary TDCPP metabolite, bis(1,3-dichloro-2-propyl) phosphate (BDCPP), is detectable in the 

urine of over 90 % of Americans. Epidemiological studies show sex-specific associations between 

urinary BDCPP levels and metabolic syndrome, which is an established risk factor for type 

2 diabetes, heart disease, and stroke. We used a mouse model to determine whether TDCPP 

exposure disrupts glucose homeostasis. Six-week old male and female C57BL/6J mice were given 

ad libitum access to diets containing vehicle (0.1 % DMSO) and TDCPP resulting in the following 

treatment groups: 0 mg/kg/day, 0.02 mg/kg/day, 1 mg/kg/day, or 100 mg/kg/day. After being on 

the experimental diet for five weeks without interruption, body composition was analyzed, glucose 

and insulin tolerance tests were performed, and fasting glucose and insulin levels were quantified. 

TDCPP at 100 mg/kg/day caused male sex-specific adiposity, fasting hyperglycemia, and insulin 

resistance. TDCPP-induced modulation of nuclear receptor activation was investigated using an in 

vitro screen to identify potential mechanisms of metabolic disruption. TDCPP activated farnesoid 

X receptor (FXR) and pregnane X receptor (PXR), and inhibited the androgen receptor (AR). PXR 

target genes, but not FXR target genes, were upregulated in livers from mice exposed to 100 mg 

TDCPP/kg/day. Interestingly, PXR target genes were differentially expressed in livers from both 

males and females. It remains to be determined whether TDCPP-induced metabolic disruption 

occurs via modulation of nuclear receptor activity. Taken together, these studies build upon the 
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association of TDCPP exposure and metabolic syndrome in humans by identifying sex-specific 

effects of TDCPP on glucose homeostasis in mice.
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1. Introduction

Flame retardants have been used since the 1970′s to protect against fire losses, and 

subsequently the fire death rate in the U.S. has decreased 70 % (Ahrens, 2017). A variety 

of effective flame retardants are now in widespread use, but there are health concerns 

associated with human exposure. In particular, brominated flame retardants are harmful 

to human health and as a consequence many of these have been banned or voluntarily 

phased-out of commercial use (Birnbaum and Staskal, 2004). Polybrominated diphenyl 

ethers (PBDE) were the primary flame retardant used in residential and office furniture 

prior to their discontinuation in 2004 when specific congeners were voluntarily phased-out 

due to their environmental persistence, bioaccumulation, and impairment of neurological 

development (Birnbaum and Staskal, 2004; Eriksson et al., 2001; Viberg et al., 2002). 

Organophosphate flame retardants (OPFR) replaced PBDEs as the primary commercial 

flame retardant, and while there are several OPFRs in use, tris(1, 3-dichloro-2-propyl) 

phosphate (TDCPP) is perhaps the most widely used (Stapleton et al., 2012; Wang et al., 

2019b). TDCPP is sprayed onto polyurethane foams that are used for seating in homes, 

offices, and vehicles (Stapleton et al., 2009; van der Veen and de Boer, 2012). The TDCPP 

is not bound to the foams and off-gasses resulting in human exposure (Cequier et al., 2015; 

van der Veen and de Boer, 2012). Despite its widespread use, it is unclear whether exposure 

to TDCPP adversely impacts human health.

Epidemiological studies from the National Health and Nutrition Examination Survey 

(NHANES) correlated urinary OPFR metabolite levels to metabolic syndrome (MetS) and 

each of the MetS components (Luo et al., 2020). Only metabolites of tris(2-chloroethyl) 

phosphate and TDCPP showed positive associations with MetS, and the association was 

specifically in males. Although no single MetS component showed an association with 

TDCPP exposure, the exposure relationship identified using multivariate models was largely 

derived from MetS components most associated with insulin resistance, i.e. hyperglycemia 

and central adiposity. Interestingly, there was a dose-specific negative association between 

TDCPP exposure and hyperglycemia in females indicating the possibility of sexually 

dimorphic effects (Luo et al., 2020). It remains to be determined whether TDCPP causes 

metabolic disruption or is simply associated with behaviors that promote MetS. For 

example, because TDCPP is used for indoor seating, it is possible that TDCPP exposure 

is simply a consequence of a sedentary lifestyle.

Rodent studies support OPFR-induced metabolic disruption (Krumm et al., 2018; Wang et 

al., 2019a). However, in the study testing TDCPP only, the TDCPP concentration (125–500 

mg/kg/day) far exceeds estimated human exposure levels (0.02 mg/kg/day). Experiments 
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by Krumm et al. used doses much closer to human exposure level (1 mg/kg/day) and 

showed male-sex specific hyperglycemia without increased adiposity or insulin resistance 

(Krumm et al., 2018). However, because the study used an OPFR mixture, it is unclear 

whether TDCPP contributed to the observed phenotype. In the present study, TDCPP 

was incorporated into low phytoestrogen diets at concentrations that include the estimated 

human exposure dose (0.02 mg/kg/day), the 1 mg/kg/day dose used by Krumm et al., as 

well as a dose of 100 mg/kg/day, which is near the established lowest observable effect 

limit of 62 mg/kg/day (Chemicals, 1998). We performed body composition analysis and 

determined the impact of TDCPP exposure on glucose homeostasis. Finally, to elucidate 

mechanisms of potential metabolic disruption and sex-specific effects, we screened TDCPP 

for transactivation of 26 nuclear receptors, including the sex hormone receptors.

2. Methods

2.1. Experimental animals

All rodent experiments were approved by the University of Kentucky Institutional Animal 

Care and Use Committee. C57BL/6J mice were purchased from The Jackson Laboratory 

at 5 weeks of age. Mice were housed 2–4 mice per cage at temperature of 21 °C, 50 % 

humidity, and 14:10 light cycle. Mice were given ad libitum access to food and water. Mice 

acclimatized for 7 days before being sorted into treatment groups with approximately equal 

body weights. TDCPP (Santa Cruz Biotechnology, Dallas, TX) was incorporated into a 

purified low phytoestrogen base diet (TD.95092, Envigo, Indianapolis, IN). Diets contained 

0.1 % DMSO (Sigma, Burlington, MA) supplemented with either 0.00 mg TDCPP/kg 

(Control), 0.166 mg TDCPP/kg, 8.31 mg TDCPP/kg, or 831 TDCPP/kg corresponding to 

estimated dietary TDCPP intake of 0.0 mg/kg body weight/day, 0.02 mg/kg body weight/day 

1.0 mg/kg body weight/day, and 100 mg/kg body weight/day, respectively. Food intake and 

body weights were recorded weekly for each of the 5 weeks of experimental exposure prior 

to metabolic phenotyping. Mice were maintained on their designated diets for the duration 

of the study. Researchers conducting body composition analysis, glucose tolerance tests, and 

insulin tolerance tests were experimentally blinded.

2.2. Urinary BDCPP measurement

After consuming diets for at least 4 weeks, spot urine was collected in non-fasted mice 

and stored at 4 °C. BDCPP in urine was extracted and analyzed using published methods 

with minor modifications (Cooper et al., 2011; Hou et al., 2020). Urine samples were 

transferred into 1.5 mL tubes and spiked with 5 μL of 1 μg/mL BDCPP-d10 (internal 

standard, IS), and the pH was adjusted by addition of 0.1 mL of 10 mM ammonium acetate 

(pH=5, adjusted with acetic acid). After vortex-mixing for 1 min, samples were purified 

using solid phase extraction (Strata-X-AW, 30 mg, 1 mL cartridge, Phenomenex). The SPE 

cartridge was conditioned with 1 mL of methanol and 1 mL of pure water. After loading 

the sample, cartridges were rinsed with 1 mL of water and the analyte was eluted with 

1 mL of 5 % pyrrolidine in acetonitrile, and the eluate was collected in 4 mL vials and 

concentrated under a gentle stream of nitrogen to near dryness and reconstituted with 0.2 

mL of water-methanol (4:1). BDCPP analysis was performed on an AB Sciex 4000 Q 

Trap coupled with an Exion LC system. The Analyst software package was used for data 
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collection and analysis. Chromatography was carried out with a C8 reverse-phase column 

(Waters ACQUITY UPLC BEH C8, 2.1 × 50 mm, 1.7 μm) maintained at 40 °C and the flow 

rate was 0.4 mL/min. Mobile phase A and B consisted of 0.1 % formic acid in water and 

0.1 % formic acid in methanol. A gradient program was used as follows: (T min/ %A): 0/80, 

4.0/5, 8.0/5, 8.1/80, 10.5/80. The injection volume was 5.0 μL. The mass spectrometer was 

equipped with an electrospray ionization (ESI) source and operated in positive mode under 

the following operating parameters: IonSpray Voltage 4.5 kV, Desolvation temperature 400 

°C, Ion Source Gas 1 40 psi, Ion Source Gas 2 30 psi, Curtain Gas 40 psi, Collision Gas 

Medium, Entrance Potential 10.0 V, and CXP 10 V. Quantitative analysis was conducted by 

monitoring the precursor ion to product ion transitions of m/z 321.1/99.1 (BDCPP, DP 85 

V and CE 28.0 V) and 321.1/209.2 (BDCPP, DP 80 V and CE 16.0 V), m/z 331.2/101.2 

(BDCPP-d10, DP 80 V and CE 32.0 V), with a dwell time of 0.15 s. In this study, two ion 

transitions were selected: m/z 321.1→99.1 was used for quantitation and m/z 321.1→209.2 

as confirmation. Standard samples spiked in control urine were prepared as described above 

with concentrations of 10, 25, 50, 100, 200, and 1000 ng/mL and then quantitation was 

conducted using corresponding standard curves using Sciex MultiQuant software.

2.3. Body composition analysis

During the fifth week of dietary TDCPP exposure, body weight was recorded and fat 

mass and lean mass were quantified by nuclear magnetic resonance relaxometry using the 

EchoMRI-100 (Echo Medical Systems, Houston, TX).

2.4. Glucose tolerance test (GTT)

Male and female mice were fasted 6 h beginning when the lights turned on in the animal 

housing room (0600 h) to control for the circadian rhythm. Mice were then intraperitoneally 

injected with sterilefiltered D-glucose (Sigma, Burlington, MA) dissolved in PBS. Blood 

was sampled from the tail vein at 0, 15, 30, 60 and 120 min after glucose injection. 

Blood glucose was measured using AlphaTRAK 2 Glucose Monitoring System (Zoetis, 

Kalamazoo, MI).

2.5. Insulin tolerance test (ITT)

Mice were allowed to recover from the GTT for 48–72 h prior to insulin tolerance 

testing. Mice were fasted for 4 h beginning at 0600 h. Female mice were intraperitoneally 

injected with sterile-filtered 0.75 IU/kg regular human insulin (Lilly) diluted in PBS. In 

separate cohorts, male mice were injected with either 1 or 0.75 IU insulin/kg body weight. 

Blood glucose was measured via tail venipuncture at 0, 15, 30, 60 and 120 min after 

insulin injection using AlphaTRAK 2 glucometer. Mice were rescued with an injection of 

D-glucose and removed from remainder of the procedure if excessive lethargy, seizures, or 

blood glucose levels below 20 mg/dL were observed.

2.6. Fasting plasma collection

After 7 days recovery from ITT, mice were fasted for 4 h beginning at 0600 h. Mice 

were punctured in the submandibular vein using a Goldenrod Animal Lancet (Medipoint, 

Mineola, NY). Approximately 50 μL whole blood was collected into BD Microtainer tubes 
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with K2EDTA (Becton, Dickinson and Company, Franklin Lakes, NJ) and 5 μL blood 

sampled to measure fasting blood glucose levels using AlphaTrak2 glucometer. Blood 

was centrifuged at 2100 g for 15 min at 4 °C. Plasma was stored at − 80 °C for later 

quantification of fasting insulin levels. Ultra-Sensitive Mouse Insulin ELISA Kits (Crystal 

Chem, Elk Grove Village, IL) were used to quantify plasma insulin levels. HOMA-IR was 

calculated as the product of fasting glucose (mmol/L) and fasting insulin (μIU/mL) divided 

by 22.5. HOMA-B was calculated as the product of 20 x fasting insulin (μIU/mL) divided by 

fasting glucose (mmol/L) minus 3.5.

2.7. Terminal tissue collection

Male and female mice were weighed and euthanized via CO2 asphyxiation after 10 or 11 

weeks on TDCPP diets, respectively. Livers and testes were excised and weighed. Gonadal 

white adipose tissue (WAT) was collected but not weighed. All tissues were stored at − 80 

°C for later use.

2.8. Quantification of adipocyte size

Frozen WAT was placed in 10 % formalin at 4 °C for 48 h for fixation as previously 

described (Laforest et al., 2018). Following ethanol dehydration, WAT was paraffin 

embedded, sectioned, and H&E staining was performed. Sections were viewed on Nikon 

Eclipse 80i under 10X magnification. Thresholding was performed using Nikon’s analysis 

software, NIS-Elements AR. Cells were selected based on a diameter between 40 and 100 

μm and a circularity index between 0.3 and 1. Objects that fell below an area of 350μm2 

were removed from the sample and empirical cumulative distribution functions (ECDF) of 

the adipocytes were computed under three different levels of TDCPP exposure (i. e., of 0.0 

mg/kg/day,1.0 mg/kg/day, and 100 mg/kg/day). The benefit of using ECDF rather than a 

binned frequency distribution with 500μm2 increments includes the retention of the initial 

area information and the ability to study variation in overall area by exposure level with 

greater precision.

2.9. RNA extraction and relative mRNA quantitation

Total RNA from liver tissue was isolated using Pure Link Mini Kit (ThermoFisher Scientific, 

Waltham, MA) following the manufacture’s protocol. RNA quality and concentration were 

measured on Nanodrop 2000 UV-Vis Spectrophotometer (ThermoFisher, Waltham, MA).

Each sample was diluted to 100 ng/μL and cDNA was synthetized from 0.4 μg 

RNA with qScript cDNA Supermix (Quanta Biosciences, Beverly, MA) according 

to manufacturer’s instructions. RT-qPCR was conducted with TaqMan Fast Advanced 

Master Mix (ThermoFisher, Walthman, MA), and the Taqman Gene Expression Assays 

(ThermoFisher, Walthman, MA) in Table 1. Relative gene expression was determined using 

the ΔCT method. Briefly, target gene expression relative to the endogenous control was 

determined for each sample using the equation 2(C
T

(Actb)-C
T

(Target)). Next, the relative gene 

expression in the Control group was averaged to obtain a calibrator value. Each sample’s 

relative gene expression was then divided by the calibrator to obtain a relative quotient for 

each target.
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2.10. Nuclear receptor transactivation

Nuclear receptor activity was evaluated in vitro by Indigo Biosciences (State College, 

PA) using Reporter Cells expressing human nuclear receptors, except for mCAR and 

mPXR which expressed murine receptors. Androgen receptor, estrogen receptor α, 

estrogen receptor β, glucocorticoid receptor, mineralocorticoid receptor, and progesterone 

receptor Reporter Cells expressed the native nuclear receptor, and their genetic response 

elements contained the native promotor sequence functionally linked to luciferase. For all 

other Reporter Cells, hybrid receptors were used in which the native N-terminal DNA 

binding domain (DBD) was replaced with the yeast Gal4 DBD. In the hybrid cells, the 

Gal4 upstream activating sequence was functionally linked to luciferase. Reporter Cell 

suspensions were seeded onto 96 well plates. Cells were treated with 1 nM, 0.1 μM or 10 

μM TDCPP (n = 3) or 0.1 % DMSO vehicle (n = 6). Treated Reporters Cells were incubated 

for 24 h at 37 °C and 5 % CO2. Media was replaced with luciferase detection reagent and 

after 10 min, relative luminescence units (RLU) were recorded to determine nuclear receptor 

activity. For nuclear receptor antagonist studies, reference agonists were added to Reporter 

Cell suspension with or without 10 μM TDCPP. After 22 h incubation, media was replaced 

with luciferase detection reagent and RLU quantified after 10 min. Nuclear receptor 

activation and inhibition studies used reference agonists and antagonists, respectively, for 

positive controls. For select Reporter Cells (AR, ERα, LXRβ, PPARα, RARβ, RXRα, 

and VDR), Live Cell Multiplex Assays (LCMA: Indigo Biosciences) were performed to 

determine whether TDCPP caused cytotoxicity, which could confound antagonism results. 

LCMA uses cell-permeate fluorogenic substrate Calcein-AM to assess cell viability with 

staurosporine used as a positive control. For these studies, after 22 h incubation with 

reference agonist and 10 μM TDCPP, media was discarded, rinsed with LCMA Buffer, and 

LCMA Reagent added to cells. After 45 min incubation, fluorescence was quantified. Cells 

were rinsed again and luciferase detection reagent added for 10 min after which Reporter 

Cell luminescence was measured to determine nuclear receptor activation.

2.11. Statistical analysis

One-way Analysis of Variance (ANOVA) was performed within each sex with post-hoc 

Dunnett’s to correct for multiple testing. If data failed Brown-Forsythe equal variance 

test or D′Agostino and Pearson normality test, then One-way ANOVA was performed on 

log-transformed data. If transformed data failed either equal variance or normality test, then 

data were analyzed On Ranks. GraphPad Prism 8 was used for these tests and generating 

figures. GTT and ITT data were analyzed by Repeated measures ANOVA using SigmaPlot. 

For in vitro nuclear receptor transactivation, we fitted a One-way ANOVA model for each of 

the 26 nuclear receptors using R statistical software program (R Development Core Team, 

2021). To test for an effect of dose on receptor activation, we compared each treatment to 

the control group. P-values were adjusted according to the False Discovery Rate (FDR) to 

correct for multiple comparisons. For antagonist studies which only used 1 concentration 

of TDCPP, we performed T-tests with Bonferroni-Hochberg correction for multiple testing. 

To test for an effect of dose on the adipocyte area distributions we used the Kolmogorov-

Smirnov (K-S) test that measures the compatibility between the empirical distributions of 

different populations.
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3. Results

3.1. TDCPP exposure

Mice were group housed 2–4 mice per cage, therefore, food consumption for the cage was 

taken as a function of total mouse weight within a given cage. A total of 3 cages of mice 

per treatment were used in these studies. There was not a treatment effect on food intake 

in males (p = 0.083) or females (p = 0.441) (Fig. 1A). Based upon the average dietary 

intake over the course of 5 weeks on the TDCPP diets, male mice were calculated to 

consume 0.00 mg/kg/day, 0.02 mg/kg/day, 0.98 mg/kg/day and 99.14 mg/kg/day. Females 

on average consumed 0.00 mg/kg/day, 0.02 mg/kg/day, 1.08 mg/kg/day, and 112 mg/kg/

day. These values are very close to the target doses of 0.00, 0.02, 1, and 100 mg/kg/day. 

BDCPP is the primary metabolite of TDCPP, and we measured BDCPP levels in the urine. 

BDCPP levels were below the limit of detection (LOD = 2 ng/mL) in Control group. As 

expected, the 0.02 mg/kg/day dose reproduced urinary BDCPP levels that were close to 

the maximum level of ~ 200 ng/mL observed in human populations (Boyle et al., 2019). 

Regression analysis indicates that dietary TDCPP exposure of 0.3 μg/kg/day would produce 

urinary levels of approximately 1.7 ng/mL, which is representative of the general adult 

American population (Boyle et al., 2019). Urinary BDCPP levels were 50-fold higher in 

mice exposed to 1 mg/kg /day compared to mice exposed to 0.02 mg/kg/day, which mirrors 

the 50-fold increase in dietary exposure. Mice exposed to 100 mg/kg/day produced average 

urinary BDCPP levels of 355,000 ng/mL, which is a 50-fold increase from urinary BDCPP 

levels of mice exposed to 1 mg/kg/day. This deviates from the expected 100-fold increase 

that was expected due to the 100-fold increase in dietary exposure. The cause of reduced 

urinary BDCPP levels may result from saturation of TDCPP metabolism and BDCPP 

urinary elimination, thus skewing the elimination toward other known routes, such as fecal 

excretion. Feces were not collected, therefore, we are unable to confirm this explanation.

3.2. TDCPP-induced adiposity

Body composition analysis was performed during the fifth week of TDCPP diet 

consumption. In males, there was no difference in body weight between treatment groups 

(Fig. 2A: p = 0.633), however, percent body fat was increased (p = 0.016), and percent lean 

mass was decreased in the 1 mg/kg and 100 mg/kg groups compared to Controls (p = 0.005) 

(Fig. 2B). Furthermore, the fat mass to lean mass ratio was increased in males in the 1 

mg/kg and 100 mg/kg groups (Fig. 2B: p = 0.015). Gonadal WAT was sectioned and stained 

to quantify adipocyte size in males. There was a difference in the ECDF distributions of 

adipocyte area by TDCPP exposure (Supplemental Fig. 1: p < 0.001). Males in the 1 mg/kg 

and 100 mg/kg groups had more adipocytes with area that fall above 4500μm2 relative to the 

Controls. Contrary to the TDCPP-induced adiposity in males, no effect of TDCPP on body 

weight (Fig. 2C: p = 0.840), percent body fat (Fig. 2D: p = 0.496), percent lean mass (p = 

0.242), or fat mass to lean mass ratio (p = 0.468) were observed in females. Taken together, 

these data indicate that TDCPP causes dose-dependent alterations in body composition that 

favors metabolic disruption only in males.
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3.3. TDCPP-induced metabolic disruption

Intraperitoneal glucose tolerance tests revealed no significant difference in glucose tolerance 

in males (Fig. 3A: p = 0.211). Although the incremental area under the curve for the male 

GTT was statistically significant (p = 0.045), there was not a TDCPP experimental group 

that differed from vehicle-exposed Control mice. Insulin tolerance tests showed that male 

mice exposed to 100 mg TDCPP/kg/day have whole body insulin resistance (Fig. 3B: p 

= 0.013). Glucose levels only declined 20 % in response to insulin whereas the Control 

group declined 50 %. Males also displayed fasting hyperglycemia (Fig. 3C: p = 0.017) with 

the 100 mg TDCPP/kg/day group being most affected (Dunnett’s p = 0.056), but fasting 

insulin levels were comparable between treatment groups (Fig. 3C: p = 0.636). Using the 

fasting glucose and insulin levels, we calculated the HOMA-IR for insulin resistance and 

HOMA-B for β-cell function, but neither showed an effect of TDCPP exposure (Fig. 3C: 

p = 0.779 and p = 0.151, respectively). In contrast to TDCPP-induced insulin resistance 

and fasting hyperglycemia observed in males, female mice were resistant to metabolic 

disruption. Compared to female vehicle-exposed mice, female mice exposed to TDCPP 

showed comparable glucose tolerance (Fig. 3D: p = 0.450), incremental glucose area under 

the curve (p = 0.278), insulin sensitivity (Fig. 3E: p = 0.750), fasting glucose (Fig. 3F: p = 

0.120), fasting insulin (p = 0.957), HOMA-IR (p = 0.977) and HOMA-B (p = 0.551). Thus, 

TDCPP disrupts glucose homeostasis specifically in males by attenuating insulin sensitivity.

3.4. TDCPP effects on nuclear receptor activation

To elucidate mechanisms by which TDCPP causes metabolic disruption, we screened 

TDCPP for agonist activity against 26 nuclear receptors and for antagonist activity against 

18 nuclear receptors. TDCPP did not activate nuclear receptors at concentrations of 1.0 

nM or 0.1 μM. However, TDCPP at 10 μM caused significant changes in reporter gene 

activation compared to Reporter Cells exposed to Vehicle (Table 2). Significant nuclear 

receptor transactivation was revealed for mCAR, PPARγ, RXRβ, FXR, PXR, and mPXR, 

but only the latter 3 were activated at least 2-fold compared to Controls. TDCPP exposure at 

10 μM caused a 2.5-fold increase in human FXR activation (q = 6.61e-9), 17-fold increase 

in human PXR activation (q = 1.71e-16), and a 16-fold increase in mouse PXR activation (q 

= 6.82e-17). Human and mouse PXR activation was 57 % and 94 % relative to 30 μM PXR 

reference agonists Rifampicin and PCN, respectively, indicating robust activation. TDCPP-

induced antagonism was observed for AR, FXR, and RXRβ (Table 2). Although these 

were statistically significant, only AR activity was inhibited ≥ 50 % signifying potential 

physiologically relevant antagonism. Of note, TDCPP exposure caused 45 % inhibition of 

ERβ, but did not reach statistical significance (q = 5.68E-2).

FXR and PXR nuclear receptors are expressed primarily in the liver, therefore, we quantified 

relative gene expression of FXR, PXR, and genes regulated by these nuclear receptors in 

the liver. After 10 weeks on TDCPP diets, TDCPP did not affect gene expression of FXR 

or PXR (Fig. 4). However, the 100 mg TDCPP/kg/day caused differential hepatic gene 

expression of PXR-target genes Cyp3a11 and Gstm3. Cyp3a11 expression was increased 

4.6-fold (p < 0.001) in male livers and 1.7-fold in female livers (p < 0.001). Gstm3 was 

increased 2.5-fold (p = 0.013) in male livers and 2.7-fold (p < 0.001) in female livers. To 

support anti-androgen activity of TDCPP in male mice, we measured testes weight after 

Ngo Tenlep et al. Page 8

Toxicol Lett. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10 weeks on TDCPP diets, but there was no difference between treatment groups (data not 

shown).

4. Discussion

Epidemiological studies have uncovered a positive association with TDCPP exposure and 

MetS, and this effect is predominantly associated with the MetS components hyperglycemia 

and central obesity (Luo et al., 2020). Because insulin resistance is closely associated with 

these two MetS components, the current study was conducted to determine whether a causal 

relationship exists between TDCPP exposure and perturbations in glucose homeostasis. 

By incorporating TDCPP into the rodent diet, we show that dietary TDCPP exposure 

engenders adiposity, insulin resistance, and fasting hyperglycemia in male mice. Consistent 

with observations in humans, female mice were protected from TDCPP-induced metabolic 

perturbations.

A range of doses were used including the dose of 0.02 mg TDCPP/kg/day, which is the 

estimated level of human exposure. Indeed, our studies show this dose in C57BL/6J mice 

results in urinary BDCPP levels at the upper limits reported in humans (Boyle et al., 2019). 

However, we did not detect any perturbations related to adiposity or glucose homeostasis at 

this exposure level. Of course, humans are subject to more prolonged exposure to TDCPP 

as well as many other environmental factors that contribute, in varying degrees, to metabolic 

disruption. Perhaps further challenging mice with macronutrient dense Western Diet would 

uncover defects in glucose homeostasis at TDCPP-exposure levels that more closely reflect 

human exposure, but this remains to be determined. Mice treated with 1 mg TDCPP/kg/day 

exhibited male sex-specific adiposity without impairment in glucose homeostasis. Other 

studies show that oral exposure to OPFR mixture consisting of 1 mg/kg each of TDCPP, 

triphenyl phosphate, and tricresyl phosphate for 4 weeks caused fasting hyperglycemia in 

males but did not affect adiposity (Krumm et al., 2018). The inclusion of the non-chlorinated 

OPFR likely explains the differences between our two studies. As it stands, it was the 

100 mg/kg/day dose that caused metabolic disruption. Although this dose far exceeds 

human exposure level, it reproduces the male sex-specific insulin resistance associated with 

exposure in humans and provides a mouse exposure model where interventions can be tested 

in the future.

TDCPP exposure failed to impair glucose tolerance during GTT in male mice, but resulted 

in fasting hyperglycemia and insulin resistance during ITT. Typically with obesity, fasting 

hyperglycemia and insulin resistance are associated with fasting hyperinsulinemia, but this 

was not the case as fasting insulin levels were unaffected. Because insulin levels were 

not reflective of insulin resistance, HOMA-IR and HOMA-B were comparable between 

treatment groups. Thus, it would appear TDCPP-induced adiposity is not mediating the 

disruption in glucose homeostasis. Decreased β-cell function would explain the lack of 

fasting hyperinsulinemia, but decreased β-cell function with concomitant insulin resistance 

would combine to cause moderate to severe glucose intolerance during the GTT. Because 

glucose tolerance was normal in males despite insulin resistance, it is likely the case that 

100 mg TDCPP/kg/day is not causing β-cell dysfunction, but rather, TDCPP is causing 

hepatic insulin resistance. Future studies will employ hyperinsulinemic-euglycemic clamp 
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in TDCPP-exposed mice to reveal the defect in insulin action leading to diminished insulin-

mediated glucose lowering. In our study, metabolic disruption caused by dietary TDCPP 

exposure was male sex-specific, which agrees with epidemiological findings.

There are many mechanisms by which xenobiotics cause sex-specific effects or metabolic 

disruption (Heindel et al., 2017). We interrogated nuclear receptors as possible mediators 

of the observed phenotypes because endocrine disruption of sex hormone nuclear receptors 

AR, ERα, and ERβ may facilitate sex differences (De Paoli et al., 2021; Muller et al., 

2005; Navarro et al., 2015). Moreover, other nuclear receptors such as LXR, PPARs, 

TR, GCR, and VDR have roles in macronutrient metabolism, which can influence insulin 

sensitivity and type 2 diabetes risk (Dixit and Prabhu, 2022; Dixon et al., 2021; Huang 

et al., 2013; Kokkinopoulou et al., 2021; Palomer et al., 2008). For some nuclear 

receptors, activation is associated with metabolic disruption, while for others, it is decreased 

activity that is associated with impaired metabolism. For instance, xenobiotic activation of 

estrogen receptors can cause obesity and insulin resistance (Provvisiero et al., 2016), while 

diminished PPAR activity can cause insulin resistance (Tsai et al., 2009). Therefore, in vitro 

studies for both TDCPP-induced nuclear receptor activation and inhibition were conducted. 

FXR was activated by TDCPP in vitro, but we did not find transcriptional evidence of 

FXR activation in mouse livers. As FXR activation is generally protective against impaired 

glucose tolerance (Gonzalez-Regueiro et al., 2017; Li et al., 2020; Shapiro et al., 2018), 

it was not expected that FXR-regulated genes would be differentially expressed in TDCPP-

exposed livers, especially in insulin resistant males. The xenobiotic nuclear receptor, PXR, 

was activated most robustly, and this was confirmed by gene expression analysis is livers of 

both male and female mice exposed to TDCPP. Importantly, while many PXR agonists are 

species specific (Krasowski et al., 2005), TDCPP activated both mouse and human PXR to 

similar extents, further qualifying our mouse model for the study of health effects associated 

with TDCPP exposure. PXR activation causes insulin resistance in humans and rodents 

(Rysa et al., 2013; Zhou, 2016), and PXR ablation alleviates metabolic disruption in obese 

and diabetic mice (He et al., 2013). Interestingly, our data support TDCPP-induced PXR 

activation in both male and female mice despite adverse phenotypes being male sex-specific. 

This may be due to the established protective effect of estrogen in females (De Paoli et 

al., 2021; Mauvais-Jarvis et al., 2013) or sexually dimorphic effects of downstream of PXR 

(Gong et al., 2006).

Our data also show that TDCPP is an anti-androgen in vitro, which is consistent with 

other studies (Kojima et al., 2013; Kojima et al., 2016). PXR agonist, rifampicin, exerts 

anti-androgen effects via PXR-mediated upregulation of androgen metabolizing enzymes 

Cyp3a and Sult2a1 (Zhang et al., 2010). Dexamethasone is an alternative positive control 

in PXR activation studies. Dexamethasone is an AR antagonist through direct binding 

to the AR rather than androgen metabolism (Park et al., 2021). In the present study, 

5-alpha-dihydro-11-keto testosterone was used as the AR reference agonist. Its susceptibility 

to PXR-mediated metabolism is unknown, therefore, it is likewise unknown whether 

TDCPP’s AR antagonism is via direct interaction with the receptor or via metabolism of 

the reference agonist. Regardless of its antagonism mechanism, TDCPP’s anti-androgen 

activity potentially contributes to metabolic disruption associated with exposure. Androgen 

deficiency in males is associated with increased adiposity and decreased lean mass (Navarro 
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et al., 2015; Singh et al., 2003), which we observe in our mouse model. However, we did not 

find a difference is relative testes weight even after 10 weeks on TDCPP diets, supporting 

that TDCPP is not causing systemic anti-androgen effects. Because TDCPP is readily 

metabolized by the liver, it may be that TDCPP’s anti-androgen effects are confined to 

the liver. Genetic ablation of AR activity specifically in the liver exacerbates obesity, insulin 

resistance, and impaired glucose tolerance in male mice challenged with high fat feeding 

(Lin et al., 2008). However, without the challenge of over nutrition, liver-specific AR 

knockout males have no impairment in glucose homeostasis (Lin et al., 2008), suggesting 

that TDCPP-induced AR antagonism is likely not the mechanism of sex-specific insulin 

resistance. However, to be certain, additional studies interrogating AR activity in TDCPP-

exposed mice are needed to determine whether TDCPP is acting as an anti-androgen in our 

mouse model, and further, to determine whether AR antagonism is the mechanism leading to 

TDCPP-induced insulin resistance.

While this study is not the first to show in vitro that TDCPP is a PXR agonist and AR 

antagonist, we are the first to investigate nearly all the nuclear receptors for agonist and 

antagonist activity and extrapolate our findings to a mammalian animal model. Studies have 

suggested that OPFR modulates thyroid function or estrogen activity (Krumm et al., 2018; 

Meeker and Stapleton, 2010), but our in vitro studies do not support a direct action of 

TDCPP on these nuclear receptors although we cannot exclude the possibility of indirect 

effects. Moreover, other OPFR or xenobiotics may contribute to the associated thyroid 

and estrogen disruption in those studies. Although we focused our investigation on TDCPP-

induced modulation of nuclear receptors, there are other potential mechanisms by which 

TDCPP can cause insulin resistance such as TDCPP-induced mitochondrial dysfunction 

(Kim et al., 2008; Le et al., 2021; Lee et al., 2019; Marroqui et al., 2018). The mechanisms 

by which TDCPP causes metabolic syndrome in men remains to be determined, and may 

include modulation of nuclear receptors, mitochondrial dynamics, and others yet to be 

uncovered.

Herein, we have described a mouse model of TDCPP exposure that reproduces sex-specific 

maladies associated with human exposure. Future studies using this preclinical exposure 

model should explore, among other potential mechanisms, the metabolic sequelae associated 

with TDCPP-induced modulation of PXR and AR nuclear receptors and the protective 

role of estrogens to elucidate the mechanism(s) by which TDCPP causes male-sex specific 

adiposity and insulin resistance.
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Fig. 1. 
TDCPP exposure. A) Mice were group housed according to sex and treatment, and weekly 

food consumption was recorded for the cage and averaged across body weight. B) After 

4 weeks of consuming TDCPP diets, spot urine was collected and BDCPP measured by 

LC-MS.
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Fig. 2. 
Evaluation of TDCPP-induced adiposity. Body weights (A and C) were recorded at baseline 

and after 5 weeks consumption of TDCPP-containing diets. EchoMRI was used to quantify 

the proportion of body weight attributed to fat mass and lean mass in males (B) and females 

(D). ‘a′ indicates data were log-transformed for statistical analysis. One-way ANOVA p-

values are included in each graph with symbols representing post-hoc analysis. * indicates p 

< 0.05 vs 0 mg TDCPP/kg/day. ** indicates p < 0.01 vs 0 mg/kg/day.
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Fig. 3. 
Glucose homeostasis in male and female mice. Glucose tolerance tests were performed 

after 6 h fast and area under the curve calculated (A and D). Insulin tolerance tests were 

performed after 4 h fast (B and E). Male mice were fasted 4 h and blood glucose levels were 

recorded and plasma collected for quantification of insulin and subsequent calculation of 

HOMA-IR and HOMA-B (C and E). ‘a′ indicates data were log-transformed for statistical 

analysis. One-way ANOVA p-values are included in each graph with symbols representing 

post-hoc analysis. ‘b′ indicates data were analyzed on Ranks. * indicates p < 0.05, 100 mg 

vs. 0.0 mg TDCPP/kg/day. # indicates p < 0.06, 100 mg vs. 0.0 mg TDCPP/kg/day.
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Fig. 4. 
TDCPP-induced gene expression in liver. Gene expression of Fxr, FXR-regulated genes 

(Bsep, Cyp8b1, Shp, and Ostβ), Pxr and PXR-regulated genes (Cyp3a11, Cyp7a1, Cyp7b1, 

and Gstm3) were quantified by RT-qPCR. n = 5–10. * indicates p < 0.05, 100 mg 

TDCPP/kg/day vs 0.0 mg TDCPP/kg/day.
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Table 1

TaqMan Gene Expression Assays.

Gene Symbol TaqMan Assay

Beta-actin Actb Mm00607939

Pregnane X Receptor (Nr1i2) Pxr Mm01344139

Farnesoid X Receptor (Nr1h4) Fxr Mm00436425

Small heterodimer parter (Nr0b2) Shp Mm00442278

Bile salt export pump (Abcb11) Bsep Mm00445168

Sterol 12-alpha-hydroxylase Cyp8b1 Mm00501637

Organic solute transporter subunit beta (Slc51b) Ostβ Mm01175040

Cholesterol 7-alpha-hydroxylase Cyp7a1 Mm00484152

cytochrome P450, family 3, subfamily a, polypeptide 11 Cyp3a11 Mm00731567

Oxysterol 7-alpha-hydroxylase Cyp7b1 Mm00484157

Glutathione S-Transferase Mu 3 Gstm3 Mm00833923
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