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Abstract

Research suggests that thyroid cancer incidence rates are increasing, and environmental exposures 

have been postulated to be playing a role. To explore this possibility, we conducted a pilot study to 

investigate the thyroid disrupting bioactivity of chemical mixtures isolated from personal silicone 

wristband samplers within a thyroid cancer cohort. Specifically, we evaluated TRβ antagonism of 

chemical mixtures extracted from wristbands (n = 72) worn by adults in central North Carolina 

participating in a case-control study on papillary thyroid cancer. Sections of wristbands were 

solvent-extracted and analyzed via mass spectrometry to quantify a suite of semivolatile 

chemicals. A second extract from each wristband was used in a bioassay to quantify TRβ 
antagonism in human embryonic kidney cells (HEK293/17) at concentrations ranging from 0.1 to 

10% of the original extract (by volume). Approximately 70% of the sample extracts tested at a 1% 

extract concentration exhibited significant TRβ antagonism, with a mean of 30% and a range of 0–

100%. Inhibited cell viability was noted in >20% of samples that were tested at 5 and 10% 

concentrations. Antagonism was positively associated with wristband concentrations of several 

phthalates, organophosphate esters, and brominated flame retardants. These results suggest that 

personal passive samplers may be useful in evaluating the bioactivities of mixtures that people 

contact on a daily basis. We also report tentative associations between thyroid receptor 

antagonism, chemical concentrations, and papillary thyroid cancer case status. Future research 

utilizing larger sample sizes, prospective data collection, and measurement of serum thyroid 

hormone levels (which were not possible in this study) should be utilized to more comprehensively 

evaluate these associations.

Graphical Abstract

INTRODUCTION

The gold standard for measuring human exposure to organic contaminants is via 

measurement of biomarkers in human blood and urine. However, these assessments are often 

both difficult and expensive to collect, with high costs and logistical limitations (e.g. 

scheduling difficulties and small volumes of biospecimens). As such, there is a critical need 

to develop and validate external, noninvasive sampling devices that can effectively 

recapitulate human exposures. Silicone wristbands have been increasing in popularity and 

have shown promise in measuring personal exposure to complex mixtures of volatile and 

semivolatile contaminants (SVOCs), including polycyclic aromatic hydrocarbons,1–3 

brominated flame retardants and organophosphate esters (BFRs and OPEs, respectively),2,4,5 

pesticides,6–8 and other chemicals,1,7,9 with good performance in recovery and stability tests 

across a wide range of chemical classes.9 These personal passive samplers can be used to 

estimate exposure to contaminants via both dermal and inhalation routes10 and can be 
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utilized to create personalized exposure profiles encompassing multiple microenvironments.
11 Moreover, measurements from silicone wristband extracts have been demonstrated to 

correlate well with biomarkers of exposure in human biospecimens (serum and urine),4,5,12 

suggesting a robust association between external wristband chemical concentrations and 

internal chemical concentrations. These samplers also have superior performance in 

predicting the internal dose for some compounds relative to external exposure methods, such 

as hand wipes, household dust,5,12 or air monitoring samplers.3 Wristbands have been 

deployed in several human studies and have been used to evaluate chemical exposures for 

diverse populations across multiple continents,8,13 suggesting utility in interrogating 

exposure to chemical mixtures. They also have been successfully utilized with children6,14 

and even pets,15,16 demonstrating their versatility.

Many of the contaminants detected by wristbands are considered to be endocrine disrupting 

chemicals (EDCSs) that can disrupt normal hormone action and contribute to adverse 

outcomes in humans, wildlife, and laboratory animals.17–19 The proper and unimpeded 

function of hormones is essential to normal development, maturation, and prevention of 

chronic diseases. While EDCs have been found to disrupt a number of receptor systems, 

disruption of nuclear receptors is better described than most receptors and has been linked to 

adverse outcomes at environmentally relevant levels.19–25 Notably, chemicals that disrupt 

thyroid receptor (TR) signaling have been widely reported across the literature. Receptor 

agonists are infrequently reported in environmental matrices; these typically include 

endogenous hormones and pharmaceuticals, which have low bioactivities.26,27 Receptor 

antagonists, in contrast, come from diverse chemical classes and have been widely reported 

in diverse environmental matrices,28,29 including natural and drinking water sources,30,31 

varied source wastewaters,32–35 and indoor household dust.36,37 Chemicals that inhibit 

thyroid signaling have been linked to disrupted thyroid function; impaired 

neurodevelopment; behavioral modifications;28,38–40 metabolic health, adipogenesis, 

lipogenesis, and thermogenesis;41–44 and the development of thyroid cancer.45,46

Thyroid cancer rates have increased approximately 3.6% per year in the US,47 with current 

incidence rates of greater than 14 per 100,000;48 this is mirrored internationally, with rates 

rising similarly in most other countries.49 Thyroid cancer is classified into four histological 

types, including papillary (~80% of cases), follicular (~15% of cases), anaplastic, and 

medullary.50 While some researchers and clinicians have posited that these increases are due 

to improved surveillance and diagnostic changes,51 several factors suggest otherwise: (1) 

there has been an increase in papillary thyroid cancer (PTC) cases even with large tumor 

sizes that would presumably not be impacted by diagnostic changes, and (2) there has been a 

parallel increase in thyroid cancer mortality that would be unexpected if there is improved 

surveillance and diagnosis.52 This worsening public health trend has promoted increased 

attention to assess potential factors. We have long appreciated a role for environmental 

contamination in thyroid cancer influence, reporting sharp spikes in incidence following 

radioactive iodine exposure in Chernobyl53 and Fukushima54 accidents (though importantly, 

increases in thyroid cancer incidence and mortality were evident before these disasters47) 

and higher rates of incidence for populations living in volcanic regions.55 These and findings 

of elevated thyroid cancer incidence near National Priority Contaminated Sites56 have 

spurred investigations into the role of EDCs, particularly, TR disrupting chemicals. A recent 
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review summarized evidence for elevated thyroid cancer incidence from occupational 

exposures in various industries (e.g. construction, papermaking and wood processing, 

agricultural activities, etc.) as well as evidence for diverse SVOCs (particularly, phthalates, 

bisphenols, and certain heavy metals) in contributing to thyroid cancer incidence.46 The 

causal mechanism of action for these effects has been posited to be TR disruption.46 In 

support of this, controlled exposure studies in vivo with well-characterized TR antagonists 

[including potassium perchlorate, propylthiouracil (PTU), and carbimazole] have 

demonstrated a causal role in the development and/or progression of PTC.57–62 However, 

research on causative contaminants in the development of thyroid cancer has primarily 

focused on single contaminants rather than environmentally relevant mixtures.

Thyroid disrupting chemicals also have been implicated in thyroid dysfunction and disease. 

Similar to cancer incidence, rates of thyroid disease also have been increasing, with >12% of 

US adults estimated to experience some form of thyroid disease in their lifetimes. In 

particular, hypothyroidism (characterized by high thyroid stimulating hormone [TSH] and 

low thyroxine [T4] concentrations) affects approximately 5% of the US population aged ≥12 

years,63 and rates have been increasing globally over the last several decades.64,65 We 

previously demonstrated that >40% of household dust extracts promoted TRβ antagonism in 
vitro.37 The potency of TRβ antagonism was positively correlated with the serum-free 

thyroxine (T4) concentrations of residents,37 suggesting that residents in households with 

more potent TRβ antagonist activities in dust had higher serum T4 levels. Other recent work 

evaluating companion felines reported that greater tris(1,3-dichloro-2-propyl) phosphate 

(TDCIPP) concentrations on silicone tags (worn on the collar) were associated with 

increased incidence of hyperthyroidism in domestic cats (higher free triiodothyronine [T3] 

and thyroxine [T4] concentrations).15 In sum, these studies provide evidence for a 

contributory role of TR antagonists in thyroid hormone dysregulation and dysregulated 

health in exposed humans and animals.

Herein, we conducted a pilot study to evaluate the potential to measure TRβ antagonism of 

mixtures isolated from silicone wristbands that were worn for one week by adults from 

central North Carolina who were participating in a research study focused on PTC. One 

gram sections of wristband were solvent extracted and analyzed via mass spectrometry to 

quantify a range of SVOCs (BFRs, OPEs, phthalates, and pesticides). Separate wristband 

extracts were reconstituted in tissue culture media and tested for their ability to antagonize 

TRβ using a reporter gene assay in human kidney cells. Bioactivity was assessed across a 

range of extract concentrations and was supported by dual cell viability measurements to 

ensure toxicity-independent effects. Dose-related responses were observed, and bioactivities 

(efficacies and potencies) were estimated and utilized to assess associations with SVOCs and 

PTC case status (i.e. thyroid cancer patient or control). Notably, this is the first study to 

assess the bioactivity of mixtures of chemicals isolated from silicone wristbands on nuclear 

receptor activation and may suggest that there are additional benefits from these passive 

sampling devices.
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MATERIALS AND METHODS

Chemicals.

Chemicals purchased for use in bioassays are as follows: triiodothyronine (T3; VWR cat 

#80057–656, ≥98%) and 1–850 (Millipore cat #609315, ≥98%). Stock solutions were 

prepared in 100% cell-culture grade dimethyl sulfoxide (DMSO) (Sigma cat #D2650) and 

stored at − 20 °C between use. Wristband extraction and mass spectrometry solvents of 

high-performance liquid chromatography grade (>99.5%) are as follows, unless otherwise 

specified: ethyl acetate (Fisher Sci #E196SK-4), hexane (J.T. Baker #9262–03, reagent 

grade, >95%), methanol (Fisher Sci #A456–4), acetone (VWR #BDH20067.400), and 

dichloromethane (Fisher Sci #D151–4).

Study Population.

Silicone wristbands (n = 72) were purchased from a commercial source (black in color, 

https://24hourwristbands.com) and were collected and processed as described previously.
4,5,12 Briefly, wristbands were collected from participants in a case-control study assessing 

environmental exposures and thyroid cancer.66 Patients were newly diagnosed with PTC 

between 2017 and 2019 and referred to endocrinology or endocrine surgery at the Duke 

Cancer Institute or Duke University Hospital; physicians approached and ascertained 

willingness to participate. Willing participants were consented and enrolled by the study 

team (n = 36), and age- and sex-matched control participants (n = 36) were recruited from 

other Duke patients undergoing routine wellness care or for unrelated medical conditions. 

Controls had no known history of malignant or benign thyroid disease. Serum samples were 

not collected from any study participants, and no serum thyroid hormone data were available 

for use in this study. Inclusion of participants was restricted to individuals between 20 and 

80 years of age; individuals living in Durham, Orange, Granville, Alamance, Person, Wake, 

or Chatham County, North Carolina (USA); individuals who had lived in the same 

household for at least two years; and individuals who were not pregnant. Study participants 

completed questionnaires with study staff and provided information on age, race/ethnicity, 

educational status, height, and weight for body mass index (BMI) calculations and other 

general health information. Participants were given a silicone wristband and directed to wear 

throughout all activities for one week; at the completion of the study period, wristbands 

were wrapped in foil, sealed in a zip top bag, and mailed to our laboratory, where they were 

stored at − 20 °C until analysis. All study protocols were reviewed and approved by the 

Duke University Health System Institutional Review Board.

Wristbands were precleaned via two 12 h Soxhlet extractions with 1:1 ethyl acetate/hexane 

and 1:1 ethyl acetate/methanol and then allowed to dry in a fume hood. Wristbands were 

then wrapped in aluminum foil and placed in amber glass jars to distribute to study 

participants. Field blanks were prepared as above, not worn, and were stored at room 

temperature until extraction.

Wristband Sample Collection and Processing.

Silicone wristbands (n = 72 unique samples) were collected and processed based on 

previously described methods.4,5 Participants were asked to wear wristbands for one week, 
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after which they were wrapped in foil and stored at −20 °C until analysis. Half-gram 

sections were cut from each wristband and field blank, weighed, and placed into glass 

centrifuge tubes. Samples were extracted via a 20 min sonication in 3.0 mL of 1:1 hexane/

acetone and then evaporated to complete dryness under nitrogen gas. Samples were then 

reconstituted in 1 mL of cell culture assay media and sonicated for a further 10 min and then 

transferred to vials and stored at −20 °C. These extracts were used in bioassays and tested 

for their ability to antagonize TRβ, using a reporter gene assay in human kidney cells.

Targeted Chemical Analysis.

Separate 1 g sections of each wristband were analyzed via mass spectrometry to quantify 

BFRs, OPEs, pesticides, and phthalates. Samples were extracted and processed based on a 

modified version of previously described methods.4,5 Wristbands were spiked with a suite of 

isotopically labeled standards that were used for quantification of all analytes (Table S1). 

Samples were then extracted via sonication in 10 mL of a 50:50 (v/v) mixture of hexane/

dichloromethane for 15 min. The extraction was repeated three times, and the extracts were 

combined, concentrated to dryness, and reconstituted in 1 mL of hexane. Extracts were then 

purified using 8 g of deactivated, 100–200 mesh Acros Organics Florisil (Thermo Fisher 

Scientific, Waltham, MA, USA). Both an F1 (40 mL hexane) and an F2 fraction (40 mL 

ethyl acetate) were eluted, collected, and combined before being concentrated to 1 mL in a 

TurboVap benchtop concentrator (TurboVap II, Caliper Life Sciences). Sample elutes were 

then concentrated to near dryness and reconstituted in 1 mL of hexane. A different set of 

isotopically labeled standards were then spiked into each sample prior to mass spectrometry 

analysis to measure the recovery of the first set of isotopically labeled standards. Samples 

were analyzed for OPEs, pesticides, and phthalates using a Q Exactive GC Hybrid 

Quadrupole-Orbitrap GC–MS/MS system (Thermo Fisher Scientific, Waltham, MA, USA) 

operated in full-scan electron ionization mode. Samples were analyzed for BFRs using 

single quadrupole GC-MS (Agilent 6890N and 5975, respectively) (Agilent Technologies, 

Inc., Santa Clara, CA, USA) operated in electron capture negative chemical ionization mode. 

Method detection limits were calculated as three times the standard deviation of the field and 

lab blank responses. MDL values for all target analytes and percent recoveries for all 

internal standards are presented in the Supporting Information (Tables S1 and S2).

Reporter Gene Activity Bioassays.

Human embryonic kidney (HEK293/17) cells were obtained through the Duke Cell Culture 

Facility (ATCC cat #CRL-11268, lot #3579061) and were maintained as described 

previously.36 Cells were maintained in growth media (DMEM-HG, Gibco #11995, with 10% 

fetal bovine serum and 1% penicillin/streptomycin), ensuring that cells did not reach 

confluency. Cells were switched to white media two days prior (DMEM-HG without phenol 

red, Gibco cat #31053; 10% charcoal-stripped fetal bovine serum, Gibco #A33821; and 1% 

penicillin and streptomycin) to transfection. Near confluent cells were transfected in a flask 

as described previously.35,36,67 Briefly, cells were transfected in flasks using Lipofectamine 

LTX & Plus (Invitrogen cat #15338–100) according to manufacturer instructions and 

plasmids: receptor (6 μg; hTRβ1-pSG5), reporter gene (9 μg; pGL4-TK-2X-TADR4; 

receptor response element linked to the firefly luciferase gene), and a constitutively active 

normalization vector (3 μg; CMV-β-Gal; all plasmids were generous gifts of the Donald 
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McDonnell Lab, Duke University). After 5 h of transfection, 15 mL of white media was 

added to the flasks for overnight recovery. The next day, the transfected cells were seeded at 

approximately 60,000 cells per well into 96-well tissue culture plates (Midsci cat #TP92696) 

and allowed to settle for 4 h. Cells were then induced with a graded dose series of positive/

negative controls and/or wristband extracts using a 0.1% DMSO vehicle. Four blank bands 

were spiked with 1/10 (low/high) μmol T3 or 1/10 μmol 1–850 to serve as recovery controls 

for the bioassays. Cells were induced for approximately 18 h, then were lysed with buffer 

(10% glycerol, 0.25 M tris base, 2 mM CDTA, 0.5% Triton X-100, and 2 mM DTT), and the 

lysate was used for luciferase and β-galactosidase (β-gal) assays. Receptor bioactivities were 

calculated as a fold induction relative to the 0.1% DMSO solvent control and were then used 

to determine relative responses to control chemicals. For TRβ antagonism, activity is 

presented as a percent enhancement or inhibition of triiodothyronine (T3) response at its 

EC50 concentration (1 nM). Significant bioactivities were only determined in the absence of 

significant toxicity (≥15% change in response of constitutively an active β-gal promoter 

relative to the solvent control) as described previously.35,67 An additional cell viability assay 

was performed to validate inhibited cell health using the CellTiter-Glo assay (cell viability 

via ATP content; Promega cat #G7572), as described previously.68 Briefly, cells were rinsed 

with DPBS, and all but 30 μL was removed from wells, with the remaining 30 μL mixed 

with 30 μL of CellTiter-Glo reagent. Plates were incubated for 10 min and then read for 

luminescence; viability was assessed as a percent change from solvent controls. Inhibited 

cell health was measured via deviations of ≥15% in cell viability (ATP) assays. Four 

technical replicates (within each assay) and three biological replicates (separate assays/cell 

passages) were utilized for every test chemical and concentration. Positive and negative 

controls were utilized to assess efficacy, potency, and sensitivity of assays and compared to 

historical and literature values to ensure consistency (Figure S1). EC10/20 values were 

estimated using curves generated from raw luminescence data using a 4-parameter variable-

slope Hill model in GraphPad Prism 8.0.

QA/QC.

Field blanks were extracted and purified as described above using cleaned wristbands that 

had not been worn by study participants. Laboratory or solvent blanks were prepared by 

performing the extraction process in the absence of a wristband to control for solvents and 

procedures utilized throughout extraction. To ensure that there was no bias in chemical 

extractions using hexane/dichloromethane (DCM) versus hexane/acetone (i.e. how 

wristbands were extracted for chemical analysis vs bioassays), we performed a small 

experiment in the laboratory. Six clean wristbands were spiked with a small volume (100 

μL) of iso-octane containing 24 SVOCs (~30 ng each) ranging in vapor pressure from 

approximately 3.0 × 10−7 to 3.0 × 10−3 mmHg. Two clean wristbands were used as 

processing blanks and were placed next to the spiked wristbands. The wristbands were 

allowed to dry in a hood overnight to evaporate off any residual solvent. The following day, 

three spiked wristbands, and one blank, were extracted in 50:50 hexane/DCM, and three 

spiked wristbands, and one blank, were extracted in 50:50 hexane/acetone, as described 

above for all samples. Extracts were blown to dryness with purified nitrogen and 

reconstituted in 1 mL of hexane for gas chromatography-mass spectrometry analysis as 

described above. The measured concentrations for each SVOC are presented in the 
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Supporting Information (Figure S2). Our results demonstrate no bias between the two 

methods.

Statistical Analysis.

Data for nuclear receptor bioactivities are presented as mean ± SEM from four technical 

replicates of two or three independent biological replicates. All in vitro experiments were 

performed and analyzed prior to receiving analytical and participant health outcome data, 

ensuring appropriate blinding procedures until data analysis. Relationships between 

bioactivities and the concentrations of each of the individual chemicals in wristband extracts 

were assessed for chemicals detected on greater than 60% of wristbands using Spearman’s 

correlations due to non-normal distributions. For these analyses, chemical concentrations 

below the method detection limit (MDL) were imputed as the MDL divided by two. Logistic 

regressions were also performed to better assess potential relationships between bioactivities 

and chemical concentrations on the wristbands using log-transformed chemical 

concentrations as a continuous measure. Though our sample size was quite small, we 

additionally conducted exploratory analyses investigating bioactivities and chemical 

concentrations in association with PTC using logistic regressions. Based on our a priori 

expectation of the potential for socioeconomic status and race to confound these 

associations,69–71 we adjusted for educational attainment (less than college degree or at least 

college degree), race (non-Hispanic white, non-Hispanic black, or other), and BMI. 

Correlation and regression analyses were performed using SAS statistical software (version 

9.4; SAS Institute, Inc., Cary, NC), and all results were assessed at α = 0.05 for significance.

RESULTS

Seventy-two silicone wristbands, worn for one week by participants, were solvent-extracted 

and tested at concentrations of 0.1, 1, 5, and 10% (of the original extract concentration or ~ 

1 g of wristband extracted into 1 mL of media) in cell assays. Two separate measurements of 

cell viability were used to ensure activity was occurring independently of inhibited cell 

health. Analytical measurements of select SVOCs were made from separate extracts from 

separate sections of the same wristbands, and relationships between TRβ antagonism, 

chemical concentrations, and health outcomes were assessed.

Concentrations of SVOCs in Wristband Extracts.

Concentrations of 49 chemicals were measured in wristband extracts (Table 1), including 

OPEs, novel (EH-TBB and BEH-TEBP) and legacy (polybrominated diphenyl ethers, 

PBDEs) BFRs, phthalates, and pesticides. Thirty-six of these chemicals were detected in 

>60% of wristband extracts, and concentrations ranged over 2 orders of magnitude. The 

concentrations of PBDEs generally ranged from 4–75 ng/g, and both novel BFRs had 

geometric mean levels of approximately 70 ng/g and detection frequencies ≥80%. The 

concentrations of OPEs were generally much greater, ranging from approximately 4–470 

ng/g, although more than 20% of the OPEs were detected in <60% of wristband extracts. 

Concentrations of pesticides ranged from 4–87 ng/g, and four of nine were detected at <60% 

frequency. Phthalates were reported more consistent and at greater concentrations, ranging 

from approximately 50–63,000 ng/g.
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Correlations across chemical classes were examined to assess the degree of co-occurrence in 

wristband extracts (Figure 1). PBDEs demonstrated high concordance across the chemical 

class, while weak or nonsignificant relationships were observed with newer BFRs (EH-TBB 

and BEH-TEBP). The OPEs also demonstrated particularly strong concordance, although 

these associations were weaker for TnBP, TCEP, and TCIPP. TCEP and TCIPP were more 

highly correlated with each other than the other OPEs, and TnBP was only correlated with 

TDCIPP. Many of the BFRs were also significantly and positively associated with most 

OPEs, most notably for BDE-209 and EH-TBB (Figure 1). Pesticides were not appreciably 

correlated with each other, with some exceptions. Chlorpyrifos was positively correlated 

with trans-chlordane, and permethrins were highly correlated with each other. The phthalates 

were highly intercorrelated with the exception of DEP, which was correlated with none of 

the other chemicals measured herein (one negative correlation with BEH-TEBP). Phthalates 

were also positively correlated with most OPEs and several BFRs.

Cell Viability.

Significant inhibition of cell viability was noted for >20% of samples in both viability assays 

at 5 and 10% wristband extract concentrations (Table 2, Figure 2). Therefore, these 

concentrations were largely not utilized for bioactivity determinations. Only one sample 

exhibited significant inhibition in 1% extract concentration and none in 0.1% (Figure 2). No 

significant inhibition was observed in either wristband field blanks or laboratory (solvent) 

blanks (Figure S3).

TRβ Antagonism of Silicone Wristband Extracts.

TR antagonism at the 0.1% concentration ranged from 0–63.2% (percent inhibition of added 

EC50 T3), with 42% of the samples exhibiting significant antagonism, and a mean of 10% 

(Table 2, Figure 3). Receptor antagonism at 1% concentration ranged from 0–100%, with 

82% of the samples exhibiting significant antagonism, and a mean of 30% (Table 2). No 

significant receptor antagonism was observed in either wristband field blanks or laboratory 

(solvent) blanks (Figure S3).

Correlations across bioactivity measures (at various dilutions) were calculated to assess 

relationships among samples (Figure 1). Measures of TR efficacy (the magnitude of TR 

inhibition at 0.1 and 1%) were strongly and positively correlated (Rs = ~0.6) and strongly 

negatively correlated with measures of TR potency (EC10 and EC20; Rs = 0.6–0.9), as would 

be expected. Both cell viability measures [β-gal and lactate dehydrogenase (LDH) at 10%] 

were positively correlated (Rs = ~0.6). TR efficacy at 1% was positively correlated with both 

measures of inhibited cell viability (Rs = ~0.25–0.6), while TR efficacy at 0.1% was 

correlated with neither. A similar relationship was observed with potencies, as the EC20 

values were negatively correlated with both cell viability measures (Rs = ~ −0.25 to (−0.5)), 

although the EC10 values were only correlated with the β-gal cell viability results (Figure 1).

Associations of TRβ Antagonism with Chemical Concentrations in Wristband Extracts.

Overall, chemical concentrations were not highly correlated with bioactivities. TCIPP 

concentrations were positively correlated with TR efficacy at 0.1% but not at 1%; in 

contrast, EH-TBB, BBP, DEHP, DEHT, DiNP, and TOTM concentrations were positively 
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correlated with TR efficacy at 1% but not at 0.1% (Figure 1). Concentrations of DEHP, 

DEHT, DiNP, and TOTM were negatively correlated with TR potency at 20% activity 

(EC20), but these were not significantly correlated with EC10 values. TDCIPP concentrations 

were significantly and positively correlated with both cell viability measures. DBP, DEHT, 

and DiNP were positively correlated with inhibited cell viability in the β-gal assay but were 

not significantly associated in the LDH release assay. In contrast, DEHA was positively and 

cis/trans-permethrin was negatively correlated with inhibited cell viability in the LDH assay 

but not in the β-gal assay.

Logistic regressions also were performed to further assess relationships between 

bioactivities (classifying samples as either active or inactive) and chemical concentrations on 

the wristbands (Figure 4) using log-normalized chemical concentrations as a continuous 

measure. Concentrations of BEH-TEBP, TCIPP, and TDCIPP were significantly associated 

with TR antagonism in these models, with odd ratios of 2.9 (95% confidence intervals, 1.11–

7.41, p < 0.05), 3.0 (1.08–8.52, p < 0.05), and 3.0 (1.04–8.51, p < 0.05), respectively. This 

can be roughly translated to indicate that each log unit increase in concentration results in a 

sample being ~3 times as likely to be active for TR antagonism (TR efficacy at 0.1%). 

Associations with TR efficacy at 1% were not evident. Concentrations of DEP and DiNP 

were positively associated and BEH-TEBP was negatively associated with inhibited cell 

viability via the β-gal assay (Figure S4). Concentrations of DiNP and DEHA were positively 

associated and cis/trans-permethrin were negatively associated with inhibited cell viability in 

the LDH assay (Figure S5).

Associations of TRβ Antagonism, Chemical Concentrations, and Health Outcomes.

Regressions were also performed to assess relationships between the TRβ bioactivity 

measures, chemical concentrations, and PTC. Across the four TRβ measures (maximal 

efficacy at 0.1 and 1% extract concentrations and potency/concentration at 10 or 20% 

inhibition of positive control), consistent trends were observed with elevated odds for PTC 

with increased bioactivity (Figure 5) after controlling for potential confounding by 

educational attainment, BMI, and race/ethnicity. Specifically, participants with wristbands 

active for TRβ antagonism were 1.49 and 2.13 (p = 0.12) as likely to have PTC using TR 

efficacies of 1 and 0.1%, respectively; however, ORs were not statistically significant. For 

regression analyses, potency was separated into tertiles. The low tertile represents the least 

potent samples (highest values and the weakest TR potencies). Odds ratios were higher for 

the high tertile and PTC (highest tertile for EC20 values consisting of the most potent 

samples; OR = 1.91); however, they were not statistically significant. While not significant, 

both TR activity measures demonstrated trends for increased odds of PTC with increased 

wristband TRβ antagonism.

Regression analyses were also performed between individual chemical contaminants on 

wristbands and the odds of PTC. Concentrations of TCEP, TDCIPP, 4-tBPDPP, B4tBPPP, 

T4tBPP, DiNP, and TOTM were significantly associated with increased odds of PTC case 

status: odds ratios of 2.3 (1.02–5.05, p < 0.05), 3.5 (1.20–10.47, p < 0.05), 4.6 (1.67–12.71, 

p < 0.01), 5.6 (2.03–15.34, p < 0.001), 3.6 (1.74–7.37, p < 0.001), 9.5 (2.37–38.29, p < 

0.01), and 3.5 (1.09–11.15, p < 0.05), respectively. For each log unit increase in DiNP in 
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wristband extracts, for example, samples were ~9.5 times as likely to be from a PTC patient 

(Figure 6). In contrast, BDE-100 concentrations had an odds ratio that was significantly less 

than one (OR = 0.5, 0.30–0.94, p < 0.05), suggesting an inverse association.

DISCUSSION

These results demonstrate for the first time the viability of measuring nuclear receptor 

bioactivity from silicone wristband extracts worn by study participants. We report that up to 

80% of wristband extracts was able to significantly antagonize TRβ at levels up to 100% 

inhibition of an EC50 T3 agonist, independent of inhibited cell viability. Notably, we 

measured these bioactivities at extract concentrations of 0.1–1% (of the extract from 1.0 g of 

wristband) in contact with the cells, as 5–10% concentrations exhibited significant inhibited 

cell viability. These low concentrations allow for greater use in a range of different 

bioassays, limiting the need for extracting large sections of the wristbands.

TR antagonism was positively correlated with concentrations of TCIPP, EH-TBB, BBP, 

DEHP, DEHT, DiNP, and TOTM on wristbands. We also observed significant associations 

via logistic regressions with BEH-TEBP, TCIPP, and TDCIPP (p < 0.05) promoting 

increased odds of TR antagonism. A number of phthalate esters have been rigorously 

demonstrated to act as TR antagonists in diverse models and/or be associated with thyroid 

dysfunction in humans. DEHT was demonstrated to disrupt thyroxine and TSH levels in a 

rodent model,72 and direct TR antagonism has been demonstrated in vitro for DEHP,30,73 

DiNP,30,74 and BBP.30 While we have not found literature evaluating impacts of TOTM on 

modulation of thyroid hormone signaling, there is evidence for effects on estrogen receptor 

α and β activation in a reporter gene assay75 and it demonstrated higher binding affinity to 

sex hormone binding globulin than dihydrotestosterone did in molecular docking 

experiments.76 Our laboratory previously reported that these OPEs/BFRs (TCIPP, TDCIPP, 

EH-TBB, and BEH-TEBP) were incapable of significantly antagonizing TRβ using a stably 

transfected human construct in human bone cells,37 though there are conflicting results in 

the literature. Other research supported an absence of activity for both TR α and β in a 

Chinese hamster ovary cell reporter gene model,77 with some research in a thyroid hormone-

dependent cell proliferation assay reporting agonistic effects.78 Conversely, others have 

reported antagonistic effects for EH-TBB and BEH-TEBP using a stable reporter assay (rat 

pituitary cells constitutively expressing both TRα/β),79 and the Tox21 database reports TR 

antagonist activity for TDCIPP. Outside of direct receptor testing, treatment with TDCIPP 

has been demonstrated to significantly inhibit thyroid hormone concentrations in 

developmentally exposed80,81 or adult-exposed82 zebrafish and in developmentally exposed 

chickens83 and disrupt thyroid hormone synthesis and signaling in rodents.84 TCIPP 

previously has been reported to modulate thyroid-dependent gene expression in chicken 

embryonic hepatocytes85 and alter thyroid hormone signaling in developmentally exposed 

chickens.83 BEH-TEBP has been reported to be associated with thyroid hormone (T3/T4) 

concentrations in humans,86,87 and its metabolite, mono(2-ethyhexyl) tetrabromophthalate 

(TBMEHP), reduced thyroid hormone concentrations in the rat model88 and deiodinase 

activity in a rat liver microsome model described previously REF. Developmental exposures 

to both BEH-TEBP and EH-TBB have been demonstrated to inhibit thyroid hormone 

(T3/T4) concentrations and thyroid-dependent gene expression in zebrafish.89 As such, 
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while some mechanistic assays do not demonstrate direct receptor antagonism at the level of 

the receptor, there is evidence for the majority of these phthalates, OPEs, and BFRs directly 

or indirectly interfering with thyroid hormone signaling as described above.

We also report that concentrations of TCEP, TDCIPP, 4-tBPDPP, B4tBPPP, T4tBPP, DiNP, 

and TOTM were significantly associated with PTC, with a ~8.5 times greater likelihood of 

being a case relative to a control with each log increase in DiNP concentrations on 

wristbands. Multiple studies have demonstrated thyroid cancer cell proliferation in vitro and 

in vivo90 and also significant associations between DEHP and thyroid cancer incidence 

and/or malignancy in human cohorts.91–93 DEHT was shown to increase thyroid C-cell 

hyperplasia in female rats chronically exposed to all doses.94 While there is no evidence of 

direct carcinogenicity for DiNP, it has been demonstrated to promote autoimmune thyroid 

disease through increased oxidative stress and activation of the Akt/mTOR pathway.95 

Notably, previous work from our laboratory reported significant associations between 

concentrations of TCEP in household dust and PTC, particularly for larger, more aggressive 

tumors,66 although a separate study measuring urinary TCEP at the time of diagnosis did not 

report an association.96 We also report a protective effect for BDE-100, which has been 

observed previously for serum concentrations in two separate studies,97,98 although only in 

the middle tertile or quartile of exposure and not in the highest exposure groups. We did not 

observe a significant protective effect in our previous study66 but did report exacerbated risk 

with increasing BDE-209 exposure, which we did not observe here.

Many of these and/or similar chemicals have been described as TR antagonists. While not 

statistically significant, the extent of TR antagonism measured herein was also positively 

associated with PTC. All four TR metrics (efficacy at 0.1 and 1% wristband extract 

concentration and potency at 10 and 20% antagonism) demonstrated a consistent positive 

relationship between the PTC status and TR efficacy and potency, suggesting a potential role 

for TR antagonism in the PTC associations. Thyroid hormones have long had well-

appreciated roles in angiogenesis, proliferation, and thyroid cancer,99 with thyroid hormone 

receptor mutations in particular linked to thyroid hormone resistance and cancer.99 

Researchers have previously demonstrated in mice that inducing a dominant negative 

mutation in the TRβ gene disrupts the thyroid pituitary axis, increases TSH and thyroid 

hormone concentrations, and subsequently leads to hyperplasia of the thyroid follicular 

epithelium.100 More detailed analysis of the progression to metastasis of this follicular 

carcinoma suggested activation of TSH signaling pathways and repression of peroxisome 

proliferator-activated receptor gamma (PPARγ) signaling,101,102 suggesting that TRβ might 

act as a tumor suppressor gene. To evaluate a causal role for elevated TSH, a major 

stimulator for thyrocyte proliferation, wildtype mice were treated with PTU to inhibit 

thyroid hormones; these mice exhibited enlarged thyroids but no metastatic thyroid cancer,
103 suggesting that TSH-induced growth is a prerequisite but not sufficient for metastasis. 

Notably, a range of thyroid disruption can potentially contribute to thyroid dysfunction, 

disease, and subsequent development of cancer, including iodide uptake, TSH signaling, 

deiodination/sulfation/glucuronidation enzyme activity modulation, disruption of 

transporters, and more.50 There is also an apparent contributory role for PPARγ, as mice 

with PPARγ insufficiency demonstrated increased cell proliferation and carcinogenesis and 
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treatment with a PPARγ agonist-delayed thyroid cancer progression,41,104 which may help 

explain the exacerbated cancer risk in obese individuals/animals.105

While no research previously has assessed bioactivities from wristband extracts, a number of 

studies have measured TRβ antagonism in household dust extracts. Research by our 

laboratory using a stably transfected human construct in human bone cells reported 

significant antagonism for 42% of dust extracts,37 while another study from our group 

reported that 76% of samples exhibited significant TRβ antagonism when tested using the 

transient transfection reporter assay used in the current experiments, which has a greater 

dynamic range.36 Other researchers have assessed TR bioactivities in dust extracts, reporting 

antagonism from both indoor and outdoor environments106 but at considerably higher 

concentrations than our previous research. We report a similar frequency of antagonism 

(~80%) to what we detected previously in household dust using the same transient 

transfection reporter assay, although this was achieved with much lower concentrations of 

wristband extracts relative to those required for household dust. As such, these extracts 

could be utilized to interrogate a diversity of nuclear receptors and interactions (agonism and 

antagonism) that would not be possible using household dust, for which the sample size also 

can be limiting.

We have previously reported concentrations for a number of these OPEs and BFRs on 

wristbands in other human cohorts. Levels of BFRs were previously measured on wristbands 

from a similar geographic region (central NC) in August 2016, with geometric mean 

concentrations of BFRs ranging from 2 to 56 ng/g wristband.4 Geometric means herein 

ranged from 3 to 73 ng/g, with ≤2-fold variances observed relative to previous ones. Levels 

of the OPEs were previously measured in a separate study of children (August 2015 to April 

2016) from a similar geographic region.12 This study did not provide geometric means, but 

comparing median concentrations to those here revealed equivalent levels of TCEP, five-

times higher TCIPP levels, two-times higher TDCIPP levels, and three-times lower levels of 

TPHP on current adult wristbands relative to previous child wristbands.12 Recent 

collaborative work from our group examined 22 OPEs on wristbands, with concentrations 

ranging from 20 to 520 ng/g.107 Most OPEs exhibited equivalent concentrations to present 

ones (within two or three-fold), although we reported 5–15-times higher detection 

frequencies here relative to previous ones.107 While previous studies have reported the 

presence and detection of phthalates and pesticides on wristbands, they have not provided 

quantitative measures per mass of wristband for the purpose of comparison to the values 

reported here.

We also reported significant inhibition of cell viability by the wristband extracts with 

increasing concentrations, with 20–40% exhibiting significant inhibition at wristband 

concentrations of 5 and 10%. Moreover, we reported associations between our indirect 

measures of toxicity and concentrations of several contaminants in the wristband extracts: 

TDCIPP was positively correlated with both cell viability measures; DBP, DEHT, and DiNP 

were positively correlated in the β-gal assay only; and DEHA was positively and cis/trans-

permethrin were negatively correlated in the LDH assay only. We previously assessed the 

toxicity and inhibited cell viability for each of the chemicals examined herein at 

concentrations up to 10 μM and did not report any significant cell viability impacts, 

Kassotis et al. Page 13

Environ Sci Technol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suggesting potent impacts from the mixtures of contaminants isolated from wristbands. 

Consistent findings of toxicity for TDCIPP between assays suggest a potential causal role 

for this contaminant. While the use of TDCIPP has increased in the residential indoor 

environment following the PBDE phase-out in 2005, it has been in use since the 1960s. It 

was phased out of use in children’s pajamas in 1977 after it was described as mutagenic108 

but has become one of the most widely used flame retardants in polyurethane foam over the 

last 10 years.109

While this research presents some novel information and insights, it is not without several 

limitations. For cancer associations, it is important to note that PTC is an indolent cancer, 

with estimated latency believed to be years to decades. Therefore, while we observed 

significant associations between specific chemicals and the odds of concurrent PTC in this 

cross-sectional study, these trends should be interpreted with caution. Because our sample 

size was relatively small and our study population was drawn from central North Carolina, 

our results may not be generalizable to the broader U.S. population. Nonetheless, we do not 

anticipate that the sample size or the heterogeneity of our study samples will impact the 

validity of the comparisons made herein. Moreover, the limited data available for the 

participants in this study limited our ability to account for a range of other potential 

confounding variables. Additional research in a larger population with prospective data 

collection is needed to confirm these findings. While we assessed 49 SVOCs herein, with 36 

detected in >60% of wristband extracts, it is likely that there are hundreds to thousands of 

chemicals that we are exposed to daily. For example, household dust is estimated to contain 

thousands of chemicals.110,111 As such, it is likely that there are other active constituents 

that are yet to be identified and measured, and future research should evaluate other potential 

contributory contaminants via both target and nontargeted analytical methods. A larger 

cohort would also support the use of a mixture model approach, which might be more 

informative than examining associations with individual chemicals present in the mixture. It 

is also possible that some associations observed here are due to co-occurring contaminants 

or mixture effects, which should be evaluated in future studies. We also appreciate the 

potential limited application of a direct TR binding screen, particularly given the small 

ligand binding domain of TRβ relative to other nuclear receptors.112 Previous work has 

described limited direct TR binding in the Tox21 library,113 though this analysis had less 

success in evaluating TR binding related to antagonism. These high throughput screens are 

often limited in species and tissue diversity, potentially limiting their generalizability. 

However, it should be noted that diverse mechanisms of TR disruption can contribute to 

thyroid cancer development and progression, as noted above50 and that despite these 

limitations, we report significant antagonistic effects in our in vitro model.

In closing, this study is the first to demonstrate the potential to measure nuclear receptor 

bioactivities in mixtures isolated from silicone wristbands. Wristbands provide a completely 

noninvasive and comprehensive marker for exposure to environmental contaminants present 

in the home, work, and outdoor environments. Trends observed in TR antagonism are 

similar to what we observed in our previous study using house dust. However, wristbands 

may be a better sampling tool, as they help account for exposures across multiple 

environments (encompassing home, work, and outside life), allow for a greater diversity of 

bioassay and analytical measurement testing, and are amenable to citizen science projects 
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(stable at room temperature and/or mail back to the study laboratory).9 These passive 

samplers have been demonstrated to capture both dermal and inhalation exposures10 and 

reflect significant correlations with internal biomarkers of exposure for a range of 

contaminant classes. While we have described the ability to utilize wristband extracts to 

measure TR antagonism, this extraction method and analysis protocol could be broadly 

applicable to various receptor-based tests and should be explored further in future research. 

We also report significant associations between concentrations of specific semivolatile 

chemicals on wristbands and the odds of concurrent PTC and trends between wristband TR 

antagonism and PTC. These results provide support for the role of TR antagonists in the 

development and/or progression of PTC. Given the promising literature associating 

bioactivities derived from human tissues or biospecimens with various human health 

conditions,114–117 using these external noninvasive samplers may present new opportunities 

to assess potential relationships between contaminant mixtures and human health..
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Figure 1. 
Correlations among bioactivities and targeted chemical concentrations in wristband extracts. 

Spearman’s correlations between concentrations of targeted SVOC concentrations (only 

performed for chemicals with ≥60% detection) in silicone wristband extracts. Correlations 

performed using SAS 9.4; bolded samples represent significant (p < 0.05) correlations, and 

the color depicts the strength and direction of the correlation. Darker colors represent a 

stronger correlation, blue coloration depicts positive correlations, and red depicts negative 

correlations. TR_0.1% and TR_1% represent the efficacy/magnitude of TR antagonism at 

0.1 and 1% wristband extract concentration, respectively. TR_EC10 and TR_EC20 represent 

the potencies of TR antagonism (concentration of wristband extract at which 10 or 20% TR 

antagonism was observed). β-gal and LDH represent the magnitude of cell viability 

inhibition for each of these assays at 10% wristband concentration.
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Figure 2. 
Representative wristband extract-induced inhibited cell viability. HEK293T cells were 

transfected with plasmids and induced with wristband extracts and/or control chemicals as 

described in the Materials and Methods. Representative dose response curves are provided 

based on concentration of extraction in contact with the cells (0.1% = 1000-fold dilution of 

the extract into the exposure media). Cells were induced for approximately 18 h, after which 

cell viability was assessed by two different measures: via significant reduction in β-gal 

activity as per constitutively active promoter plasmid relative to vehicle/solvent control (A) 

and via significant release of LDH relative to a cytotoxic control (B). Data presented as 

mean ± SEM from two or three independent experiments and four technical replicates of 

each concentration within each.
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Figure 3. 
Representative wristband extract-induced TRβ antagonism. HEK293T cells were transfected 

with plasmids and induced with wristband extracts and/or control chemicals as described in 

the Materials and Methods. Representative dose response curves are provided for 

antagonistic extracts that did not exhibit inhibited cell viability based on concentration of 

extraction in contact with the cells (0.1% = 1000-fold dilution of the extract into the 

exposure media). Cells were induced for approximately 18 h, after which TR β antagonism 

was assessed via reduction in luciferase luminescence relative to EC50 (1 nM) concentration 

of T3 (A). Cell viability was assessed with the same cells in the same plates by two different 

measures: via significant reduction in β-gal activity as per constitutively active promoter 

plasmid relative to vehicle/solvent control (B) and via significant release of LDH relative to 

a cytotoxic control (C). Data presented as mean ± SEM from two or three independent 

experiments and four technical replicates of each concentration within each.
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Figure 4. 
TR antagonism regressions by chemical concentrations. Results of logistic regression 

models performed in SAS 9.4 using chemical concentrations in wristband extracts (log-

transformed) and TR β antagonism as measured by reporter gene assay at 0.1% extract 

concentration. Log-transformed chemicals were included as a continuous measure, and 

antagonism as a logistic measure (inactive or active for significant antagonism). Filled 

circles denote significant difference between inactive to active samples for specific 

chemicals, and open circles denote insignificance. Odds ratios indicate the likelihood that 

the extracts will be active for TR antagonism with each log increase in chemical 

concentrations. Interpretation: TCIPP with an odds ratio of 3.0 suggests that for each log 
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unit increase in TDCIPP, the likelihood that a sample will be active is approximately 3 times 

as high.
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Figure 5. 
TR antagonism and PTC case status. Logistic regression models performed in SAS 9.4 to 

assess relationships between TR antagonism metrics (maximal inhibition at 0.1% wristband 

extract concentration, potency of inhibition via concentration at which 20% of added agonist 

control was inhibited; EC20) and participant PTC status. These models controlled for 

potential confounding by race, BMI, and educational status, which we anticipated could be 

related to both exposure and health outcomes. Interpretation: odds ratio of 2.1 (A) suggest 

that active samples are approximately twice as likely to come from cases.
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Figure 6. 
Targeted chemical concentrations and PTC case status. Results of logistic regression models 

performed in SAS 9.4 using chemical concentrations in wristband extracts (log-transformed) 

and PTC case status of participants. Log-transformed chemicals are included as a continuous 

variable. Filled circles denote significant p < 0.05, and open circles denote p > 0.05. Odds 

ratios represent the likelihood that a participant will be a PTC case with each log increase in 

chemical concentrations. Interpretation: DiNP with odds ratio of 9.5 suggests an 8.5-times 

greater likelihood of having PTC with each log increase in DiNP concentration.
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Table 2.

Thyroid Antagonism and Cell Viability across Wristband Extract Concentrations
a

TR antagonism Cell viability

wristband extraction concentration (%) efficacy range (% activity) mean (%) median (%) % toxic (β-Gal) % toxic (LDH)

0.1 0.0–63.2 10.2 4.9 0.0 0.0

1 0.0–100.0 29.7 22.7 1.4 1.4

5 0.0–100.0 66.5 69.2 20.8 23.6

10 0.0–100.0 83.0 99.8 23.6 38.9

a
Descriptive statistics for TR antagonism and cell viability across each wristband extract concentration. TR antagonism provided as a range of 

percent antagonism across extracts as well as mean and median antagonism. Inhibited cell viability provided as the percentage of toxic samples via 
indirect cell viability measures as per significant reduction in a constitutively active promoter via β-gal assay and per LDH release assay. Statistics 
provided for n = 72 samples.
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