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Abstract

Associations of perchlorate, thiocyanate, and nitrate exposures with bone mineral density (BMD) in adults have not previously
been studied. This study aimed to estimate the associations of individual and concurrent exposure of the three chemicals
with adult BMD. Based on National Health and Nutrition Examination Survey (NHANES, 2011-2018), 1618 non-pregnant
adults (age > 20 years and 47.0% female) were included in this study. Survey-weighted linear regression models were used
to estimate individual urinary perchlorate, thiocyanate, and nitrate concentrations with lumbar spine BMD and total BMD
in adults. Then, weighted quantile sum (WQS) regression and Bayesian kernel machine regression (BKMR) models were
conducted to evaluate associations of co-occurrence of the three chemicals with adult BMD. In all participants, nitrate
exposure was inversely associated with lumbar spine BMD (/= —0.054, 95%CI: — 0.097,—0.010). In stratification analy-
ses, significant inverse associations were observed in female and participants older than 40 years old. In WQS regressions,
significant negative associations of the weighted sum of the three chemicals with total and lumbar spine BMD (= —0.014,
95%CI: —0.021,-0.007; f= —0.011, 95%CI: —0.019, — 0.004, respectively) were found, and the dominant contributor was
nitrate. In the BKMR models, non-linear dose-response associations of nitrate exposure with lumbar spine and total BMD
were observed. These findings suggested that environmental perchlorate, thiocyanate, and nitrate exposure may reduce adult
BMD and nitrate is the main contributor.
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Introduction

In light of worldwide aging population, osteoporosis and
fracture have led to increasing economic burden on health
care (Clynes et al. 2020). Bone mineral density (BMD) is a
widely used measurement for bone health status (Medina-
Gomez et al. 2018). Total body and lumbar spine are two

Responsible Editor: Lotfi Aleya

b4 LiLi
lily2017 @ gdmu.edu.cn

Dongguan Key Laboratory of Environmental Medicine,
School of Public Health, Guangdong Medical
University, Dongguan 523808, Guangdong Province,
People’s Republic of China

Department of Epidemiology and Statistics, School
of Public Health, Bengbu Medical College, Bengbu, Anhui,
People’s Republic of China

preferred sites suitable for BMD measurement from ado-
lescents to old age (Medina-Gomez et al. 2018). Reduction
in BMD is a significant risk factor for osteoporosis (Lane
2006), which increases bone fragility and susceptibility to
fracture (Clynes et al. 2020). Although genetic and lifestyle
factors are well-known determinants of BMD (Trajanoska
and Rivadeneira 2019; Weaver et al. 2016), recent studies
indicated that BMD is extremely sensitive to background
levels of environmental pollutants (Buha et al. 2019; Yang
et al. 2023). The clinical consequences and economic burden
of bone density loss require identification and management
of potential risk factors.

Perchlorate (Cl O}), thiocyanate (SC N7), and nitrate (N
O3) are ubiquitous in environment (Kumarathilaka et al.
2016; Qin et al. 2014; Singh et al. 2022). Perchlorate is a
strong oxidizing agent and can be formed by natural pro-
cesses and is extensively used in rocket fuel, fireworks,
and other industrial products (Baldieri et al. 2023; Kumar
et al. 2022; Sijimol and Mohan 2014). Industrial use of
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perchlorate is persistent in environmental media (Kumar-
athilaka et al. 2016). Thiocyanate, a toxic substance contain-
ing sulfur, carbon, and nitrogen, is a common pollutant in
industrial wastewaters from mine, printing, or coke indus-
tries (Wang et al. 2022). Additionally, cyanogenic glucosides
in plant foods and cyanide in cigarette smoke and vehicle
exhaust can also be metabolized into thiocyanate (Bhandari
et al. 2014; Lee and Kwon 2009; Narkowicz et al. 2018;
Oluwole and Oludiran 2013). As water-soluble inorganic
salt, nitrate concentrations are frequently exceeded the sur-
face and groundwater limits all over the world including
China (Bishayee et al. 2022; Zhang et al. 2021). Intensive
use of fertilizers in agriculture and industrial waste are the
major sources of nitrate pollution in the aquatic environ-
ment (Abascal et al. 2022). Besides, nitrate is widely used
as preservatives in meat products (Chazelas et al. 2022)
and inorganic nitrate is abundant in vegetables (Hord et al.
2009). As results of naturally occurring and anthropogenic
contamination, the three chemicals are ubiquitous in envi-
ronmental media and can cause adverse impacts on human
health (Serrano-Nascimento and Nunes 2022). The general
public is typically exposed to perchlorate, thiocyanate, and
nitrate via dietary ingestion, besides, thiocyanate can be a
major product formed from cyanide that enters into the body
(Cengiz et al. 2022; Huber et al. 2011; IARC 2018). Urinary
concentrations of the perchlorate, thiocyanate, and nitrate
are commonly used as biomarkers to evaluate their exposure
status (Lau et al. 2013).

As well-known NIS uptake inhibitors, previous studies
have demonstrated that perchlorate, thiocyanate, and nitrate
can competitively inhibit iodine intake and affect thyroid
hormones synthesis (King et al. 2022; Suh et al. 2014). The
essential role of thyroid hormones in adult bone maintenance
is well established (Williams and Bassett 2018). Functional
integrity and structure of adult skeleton is maintained by the
bone remodeling cycle (Raggatt and Partridge 2010). The
skeleton is an exquisitely sensitive target tissue for thyroid
hormones (Bassett and Williams 2016). Circulating thyroid
hormones enter the nucleus and regulate bone maintenance
via binding and activating the thyroid hormone receptors
a and S expressed in the skeleton (Bassett and Williams
2016; Gogakos et al. 2010). Skeletal response to thyroid hor-
mones are incompletely characterized but involve the Ihh-
PTHrP feedback loop (Stevens et al. 2000), growth hormone,
insulin-like growth factor 1 (O'Shea et al. 2005), fibroblast
growth factor receptor signaling pathways (Barnard et al.
2005; Stevens et al. 2003), and the Wnt/beta-catenin pathway
(Wang et al. 2007). A series of studies have demonstrated
the consequences of thyroid hormone variation on BMD and
bone health in adults (Delitala et al. 2020; Williams and Bas-
sett 2018). Thyroid dysfunction including hypothyroidism
and hyperthyroidism can influent bone turnover reducing
bone density and enhance fracture susceptibility (Delitala
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et al. 2020; Vestergaard and Mosekilde 2003). Besides,
subclinical thyroid disease can also cause BMD reduction
and increased risk of fracture (Apostu et al. 2020; Xu et al.
2020). Moreover, variation of thyroid hormones even across
normal reference ranges were also related to low BMD and
increased risk of fracture (Aubert et al. 2017).

Accordingly, it is reasonable to speculate that perchlo-
rate, thiocyanate, and nitrate exposure may affect BMD. A
previous study conducted in threespine stickleback (Gaster-
osteus aculeatus) found that perchlorate exposure beginning
at 21 days post fertilization until sexual maturity at 1 year of
age can cause abnormal skeletal morphology of adult fish
(Furin et al. 2015). People gradually lose bone mass; previ-
ous studies showed that low BMD or deceases of BMD in
adults give rise to enhanced risk of osteoporosis in old age
(Xie et al. 2022; Xue et al. 2020). Thus, it is important to pay
attention to the effects of the three chemical exposures on
BMD in adults. However, to date, population-based studies
focused on perchlorate, thiocyanate, and nitrate exposure
with BMD in adults are scarce. Moreover, previous studies
suggested that perchlorate, thiocyanate, and nitrate can work
together in inhibiting iodine uptake (Horton et al. 2015;
King et al. 2022; Tonacchera et al. 2004). Thus, exposures
of the three chemicals should been considered together and
multipollutant analysis models are needed.

In this study, urinary perchlorate, thiocyanate, and nitrate
concentrations of 1618 non-pregnant adults (>20 years)
from the National Health and Nutrition Examination Survey
(NHANES) were measured. Lumbar spine BMD and total
BMD of them were measured in the mobile examination
centers. Based on data of NHANES from 2011 to 2018, rela-
tionships of perchlorate, thiocyanate, and nitrate exposures
with BMD were estimated.

Methods
Study population from NHANES

This study was based on the NHANES program, which is
a national survey that examines a nationally representative
sample of about 5,000 persons each year and became a con-
tinuous program since 1999 to meet emerging needs. Data
of NHANES was released after data cleaning, documenta-
tion and Disclosure Review Board (DRB) reviewing and was
publicly available in biennial cycles. In this study, data of
four biennial cycles (2011-2012, 2013-2014, 2015-2016,
and 2017-2018) was included. Participants (age > 20 years
old) with missing information on covariates or BMD exami-
nation results were excluded. Besides, those who did not
measure urinary perchlorate, thiocyanate, nitrate, iodine, or
creatinine concentrations were also excluded. The flow chart
of participant selection was presented in Fig. S1. Finally,
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1618 participants were included for final analysis. The
NHANES protocol was approved by the National Center
for Health Statistics (NCHS) Ethic Review Board (previ-
ously known as: NCHS Research Ethics Review Board and
the NHANES Institutional Review Board).

Measurement of urinary perchlorate, thiocyanate,
nitrate, iodine, and creatinine concentrations
according to NHANES procedures

Ion chromatography with tandem mass spectrometry (IC-
MS/MS) was used to measure urinary perchlorate, thiocy-
anate, and nitrate concentrations. The urinary iodine con-
centration was evaluated by inductively coupled plasma
dynamic reaction cell mass spectroscopy (ICP-DRC-MS).
Besides, an enzymatic method was used to measure the uri-
nary creatinine concentration using Roche/Hitachi Mod P in
2011-2012 and Roche/Hitachi Cobas 6000 chemistry ana-
lyzer in 2013-2018. Detailed procedures for urine sample
collecting and preparation, chemicals and reagents, equip-
ment and instrumentation, and quality control are available
at https://www.cdc.gov/nchs/nhanes/index.htm.

The lower limit of detection (LLOD) was 0.05 ng/mL for
perchlorate, 20 ng/mL for thiocyanate, 2.4 ng/mL for iodine,
700 ng/mL for nitrate, and 5.00 mg/dL for creatinine. For
target chemical concentrations below LLOD, the imputed fill
values (LLOD/sqrt(2)) were used for replacement.

Bone mineral density and covariates from NHANES

Bone measurements (including lumbar spine BMD and total
BMD) were obtained using Dual-energy x-ray absorptiom-
etry (DXA). The DXA examinations were conducted by
trained and certified radiology technologists. Further details
of the DXA examination protocol, quality control, and data
editing were located on the NHANES website (https://www.
cdc.gov/nchs/nhanes/index.htm).

Osteoporosis was defined as a lumbar spine BMD value
of more than 2.5 standard deviations (SDs) below the
mean of male and female participants aged between 20 and
29 years. Osteopenia was further evaluated as a lumbar
spine BMD value that was between 1 and 2.5 SDs below
the mean of male and female participants aged between 20
and 29 years (Compston et al. 2019; Kanis 1994; Mikitie
and Zillikens 2022).

Demographics variables of individual family, and house-
hold level information were obtained in home by trained
interviewers using Computer-Assisted Personal Interviewing
(CAPI) system. Information about lifestyles (for example:
physical activity, alcohol assumption, and smoking status)
were collected using questionnaires, which were adminis-
tered to participants both at home and in the mobile exami-
nation centers (MECs). With regard to physical activity,

suggested metabolic equivalent (MET)-minutes scores for
the physical activities were given by NHANES survey. We
further quantified the physical activity into three categories
(insufficient: no regular physical activity or some physical
regular activity but less than 500 MET-minutes per week,
moderate: 500-1000 MET-minutes regular activity per
week, high: more than 1000 MET-minutes regular activity
per week) based on the 2008 Physical Activity Guidelines
for Americans (CDC 2008). In addition, medical conditions
(for example: blood pressure, diabetes, arthritis, and thyroid
problem), prescription medication intake, and menopausal
status of participants were also collected using question-
naires. In NHANES survey, menopausal status was deter-
mined based on the responses to the questionnaire on repro-
ductive health. Women were asked, “Have you had at least
one menstrual period in the past 12 months? (Please do not
include bleedings caused by medical conditions, hormone
therapy, or surgeries)”. Participants answered “No” to this
question were subsequently asked, “What is the reason that
you have not had a period in the past 12 months?””. Women
who answered the reason as menopause/hysterectomy were
defined as menopausal women.

Statistical analysis

The NHANES is a complex, multistage, probability sample
design survey which requires consideration of weights in
statistical analysis (for details, see https://wwwn.cdc.gov/
nchs/nhanes/tutorials/Weighting.aspx). Weighted means
with standard error (SE) were used to describe the distribu-
tions of continuous variables. As for categorical variables,
numbers (n) and weighted percentages (%) were used to
describe their distributions. Then, distributions of variables
were presented by gender. The gender differences of cat-
egorical variables were estimated using Rao-Scott 4 test and
gender differences of continuous variables were evaluated
by weighted linear regression models.

Distributions of urinary nitrate, perchlorate, and thiocy-
anate concentrations were presented with geometric means,
percentiles, and range. Concentrations of these three chemi-
cals were adjusted for urinary creatinine (CR) concentra-
tions to compensate the variation in urine dilution. Creati-
nine adjustment of the chemical was based on the following
equation (Cone et al. 2009):

Concentration CR

CR

specimen median

Concentrationeg ygjusted =
specimen

CR-adjusted concentrations of the three chemicals were
log,,-transformed before introduction in regression models
to reduce the effect of extreme values.

Covariates were selected using a step-wise backward
elimination approach (Atashili and Ta 2007). This method
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starts with a full model that considers all of the variables
to be included in the model. Variables then are deleted one
by one if the estimate for exposure-outcome relationship
altered less than 10% after dropping the target confounder.
All remaining variables that have significant contribution to
the outcome were selected as covariates (Table S1). Based
on the stepwise backward elimination approach, the final
models were adjusted for age at interview, race, gender, body
mass index (BMI), education level, family income, alcohol
assumption, smoking status, physical activity, prescription
medication intake, menopause status, and urinary iodide
level of participants.

Firstly, the survey-weighted linear regression model
was used to estimate the association of individual perchlo-
rate, thiocyanate, and nitrate exposure with BMD. Logis-
tic regression model was used to estimate the association
between perchlorate, thiocyanate, and nitrate exposure with
osteopenia and thyroid dysfunction. Stratified analyses by
gender and age were then conducted and P value for inter-
action (interaction term of perchlorate, thiocyanate, and
nitrate exposure with gender or age was included in regres-
sion models) was estimated. Secondly, the association of
co-exposure to the three chemicals with BMD was evaluated
using weighted quantile sum (WQS) regression. A weighted
index of the three chemicals was constructed using WQS
regressions, which represents the whole burden of all three
chemicals. Then, the corresponding weight of each chemical
to the WQS index was calculated. The WQS regression is a
weighted quartile sum approach in conjunction with linear
regression, but cannot address the non-linear associations of
the three chemicals with BMD (Carrico et al. 2015). There-
fore, Bayesian kernel machine regression (BKMR) models
were then conducted to estimate the non-linear associations
of co-exposure to perchlorate, thiocyanate, and nitrate with
BMD and the potential interaction effects among the three
chemicals (Bobb et al. 2018).

Sensitive analyses were conducted to estimate the stabil-
ity of associations of perchlorate, thiocyanate, and nitrate
exposure with BMD and osteopenia by the following: (1)
Excluding women with hypertension, arthritis, or thyroid
problem; (2) excluding postmenopausal women.

Statistical Analysis System (SAS statistical software, 9.4
version, SAS Institute Inc., Cary, USA) and the R software
(4.0.3 version, R Development Core Team, Vienna, Austria)
were used for statistical analyses.

Results
Basic characteristics

The basic characteristics are presented in Table 1. A
total of 1618 participants were included with an average
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age of 38.9+0.55 years. More than half of these people
are non-Hispanic white (66.5%), well-educated (66.1%
had an above high school education), and never smoke
(59.4%). Of all the participants, 347 (weighted: 23.2%)
were diagnosed with hypertension, 121 (weighted: 6.7%)
with diabetes, 98 (weighted: 7.9%) with thyroid problem, 7
(0.43%) with osteoporosis, and 327 (20.2%) with osteope-
nia. Mean lumbar spine and total BMD for all participants
was 1.03 (£0.15) and 1.12 (£0.11) g/cm, respectively.
The median concentration of lumbar spine and total bone
mineral content was 57.4 g and 2320.7 g, respectively.
Women (n="760) in this study had significantly higher rate
of overweight, higher education level, and less alcohol
assumption than male (n =858) (P <0.05).

Distributions of urinary perchlorate, thiocyanate,
and nitrate concentrations

Distributions of urinary nitrate, perchlorate, and thiocy-
anate concentrations are described with geometric means,
quartiles, and range (Table 2). Perchlorate and thiocyanate
and were detected in all samples, and nitrate were detect-
able in 99.9% samples. The median (25th—75th percen-
tiles) creatinine-adjusted concentration for perchlorate,
thiocyanate, and nitrate was 2.85 (1.82-4.78) ng/mL,
1,258 (674-2,686) ng/mL, and 46,482 (33,554-66,708)
ng/mL, respectively.

Associations of perchlorate, thiocyanate, and nitrate
exposure with BMD: linear regression models

Associations of individual perchlorate, thiocyanate, and
nitrate exposure with BMD were estimated using survey-
weighted linear regression models (Fig. 1). Among all par-
ticipants, nitrate exposure was associated with reduction
of lumbar spine (= —0.054, 95%CI: —0.097,-0.010)
after adjustment of potential confounders. Perchlorate and
thiocyanate exposure was inversely related to total BMD
though not significant after adjusting for potential con-
founders. When stratified by gender, significantly nega-
tive associations of nitrate exposure with lumbar spine
and total BMD in female were observed. However, no
significant interaction effect of perchlorate, thiocyanate,
or nitrate exposure with gender on BMD was observed (P
for interaction > 0.05). When stratified by age, nitrate expo-
sure was inversely associated with lumbar spine and total
BMD (= —0.063, 95%CI: —0.124,—-0.001; p= —0.039,
95%CI: —0.078,—0.001, respectively) in participants aged
40-60 years, but no significant interaction effect of perchlo-
rate, thiocyanate, or nitrate exposure with age on BMD was
observed (P for interaction > 0.05).
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Table 1 Basic characteristics Variables Overall Men Women P value”
(mean + SE or n (%)) of
participants (n=1618) n=1618 n=858 n=1760
Age (years) 38.9+0.55 38.9+0.65 38.9+0.70 0.69
<40 865 (50.9) 478 (51.5) 387 (50.9)
>40 753 (49.1) 380 (48.5) 373 (49.1)
BMI (kg/m?) 28.4+0.23 28.3+0.24 28.6+0.37 0.02
<18.5 30 (1.3) 14 (0.8) 16 (1.9)
18.5-24.9 573 (33.2) 268 (38.2) 305 (27.4)
25.0-29.9 512 (33.6) 265 (31.9) 247 (35.5)
>30 503 (31.9) 311 (21.9) 192 (35.2)
Race 0.61
Non-Hispanic White 663 (66.5) 359 (67.1) 304 (65.7)
Non-Hispanic Black 327 (10.1) 172 (9.7) 155 (10.6)
Mexican American 210 (9.6) 103 (9.5) 107 (9.8)
Other 418 (13.8) 224 (13.7) 194 (13.9)
Education <0.01
Under high school 255 (12.1) 150 (13.6) 105 (10.4)
High school or equivalent 349 (21.8) 196 (24.7) 153 (18.5)
Above high school 1014 (66.1) 512 (61.8) 502 (71.1)
Family PIR (< 5.00) 1293 (74.1) 688 (74.6) 605 (73.6) 0.69
Alcohol assumption (> 12 drinks/year) 327 (14.7) 117 (9.7) 210 (20.5) <0.01
Smoke status <0.01
Never 979 (59.4) 465 (53.8) 514 (65.9)
Ever 270 (17.6) 175 (21.2) 95 (13.4)
Current 369 (23.0) 218 (25.0) 151 (20.7)
Physical activity 0.58
Insufficient 711 (39.1) 368 (38.3) 343 (40.1)
Moderate 244 (16.2) 146 (19.0) 98 (12.9)
High 663 (44.7) 344 (42.7) 319 (47.0)
Hypertension (yes) 374 (23.2) 201 (25.5) 173 (20.5) 0.04
Diabetes (yes) 121 (6.7) 58 (6.5) 63 (7.0) 0.80
Arthritis (yes) 202 (12.3) 76 (9.3) 126 (15.7) <0.01
Thyroid problem, n (yes) 98 (7.9) 19 (3.6) 79 (13.0) <0.01
Lumber spine BMD (g/cm?) 1.03+0.15 1.03+0.16 1.03+0.14 0.29
Lumber spine BMC (g, median) 57.4 61.9 529 <0.01
Total BMD (g/cm?) 1.12+0.11 1.15+0.11 1.08+0.10 <0.01
Total BMC (g) 2320.7 2568.2 2082.5 <0.01
Osteoporosis 7 (0.43%) 3(0.35) 4(0.52) >0.99
Osteopenia 327 (20.2) 195 (22.7) 132 (17.4) <0.01

Abbreviations: SE, standard error; BMI, body mass index; PIR, income to poverty ratio; BMD, bone min-
eral density, BMC, bone mineral content

“Refers to the difference between men and women

Associations of perchlorate, thiocyanate, and nitrate
exposure with osteopenia and thyroid dysfunction:
logistic regression models

Associations of perchlorate, thiocyanate, and nitrate expo-
sure with osteopenia were estimated using survey-weighted
logistic regression models (Table S2). After adjustment of
potential confounders, thiocyanate and nitrate exposures were

associated with increased risk of osteopenia though not sig-
nificant (OR =1.44, 95%CI: 0.56, 3.66, OR=1.32, 95%CIL:
0.29, 6.00). When stratified by age and gender, no significant
association of exposure to the three chemical with osteopenia
was found in any of the groups. Associations of exposures to
the three chemicals with thyroid dysfunction are presented in
Table S3, but no significant associations of the three chemical
exposures with thyroid dysfunction were found.
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Table 2 Distributions of urinary perchlorate, thiocyanate, and nitrate concentrations (ng/mL)

Chemicals LLOD DF (%) Mean+SE GM +GSE Quartiles Range
25th 50th 75th
Unadjusted
Perchlorate 0.05 100 4.10+0.17 2.58+0.07 1.39 2.51 4.87 0.13-583
Thiocyanate 20 100 2318117 1212 +49 563 1199 2612 21-34,800
Nitrate 700 99.9 57,202 +1,826 42,531+1170 25,080 43,496 73,425 495-10,500,000
Creatinine-adjusted
Perchlorate / / 4.38+0.21 2.98+0.08 1.82 2.85 4.78 0.15-514
Thiocyanate / / 2541107 1395 +48 674 1258 2686 30-40,114
Nitrate / / 58,502 +1,537 48,955+1,018 33,554 46,482 6,6708 566-687,556

Abbreviations: LLOD, lower limit of detection; DF, detection frequency; GM, geometric mean; SE, standard error
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Perchlorate

Fig.1 Associations of urinary perchlorate, thiocyanate, and nitrate
concentrations with lumbar spine BMD (A) and total BMD (B)
(n=1618). The models were adjusted for age at interview, race, gen-
der, body mass index (BMI), education level, family income, alcohol
assumption, smoking status, physical activity, prescription medication
intake, menopause status, and urinary iodide level of participants.

Co-exposure to perchlorate, thiocyanate,
and nitrate with BMD: WQS regression analysis

Associations of co-exposure of the three chemicals with

BMD are shown in Fig. 2. After adjusting for poten-
tial confounders, the regression coefficient for every unit
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P\ ini.e: Unadjusted interaction P value for chemical exposure and
sex, P : adjusted interaction P value for chemical exposure and

sex-int-a*
8eX, Py in.y’ Unadjusted interaction P value for chemical exposure

and age, P, v, adjusted interaction P value for chemical exposure
and age. *: P<0.05

increase of WQS index with lumbar spine BMD was —0.014
(95%CI1: — 0.021, - 0.007). The WQS results suggested
that nitrate was the dominant contributor to the reduc-
tion of lumbar spine BMD (WQS index weight: 94.0%),
followed by perchlorate (WQS index weight: 4.5%) and
thiocyanate (WQS index weight: 1.5%) (Fig. 2, Part A).
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Fig.2 Associations of perchlorate, thiocyanate, and nitrate co-expo-
sure with lumbar spine BMD (A) and total BMD (B) using weighted
quantile sum (WQS) regression models. The models were adjusted
for age at interview, race, gender, body mass index (BMI), education

Besides, a significantly inverse association of the weighted
sum of the three chemicals with total BMD (= —0.011,
95%CI1: —0.019,—0.004) was found in WQS regression
analysis. The main contributor to reduction in total BMD
was nitrate (WQS index weight: 77.1%), followed by thio-
cyanate (WQS index weight: 20.7%) and perchlorate (WQS
index weight: 4.6%) (Fig. 2, Part B).

Co-exposure to perchlorate, thiocyanate,
and nitrate with BMD: BKMR model

BKMR model showed a negative overall association of
the three chemicals co-exposure with lumbar spine BMD
(Fig. 3, Part A). Urinary nitrate concentration (75th percen-
tile vs 25th percentile) was significantly related to decreased
lumbar spine BMD when perchlorate and thiocyanate were
at their 25th, 50th, or 75th percentile level (Fig. 3, Part B).
The exposure-response results also showed a non-linear
dose-response association between nitrate exposure and
lumbar spine BMD with the other two chemicals at their
50th percentiles, but no significant associations of perchlo-
rate and thiocyanate exposure with lumbar spine BMD were
observed (Fig. 3, Part C). The associations between the per-
chlorate, thiocyanate, or nitrate exposure and lumbar spine
BMD showed no differences when the chemical on right
longitudinal axis fixed at different levels (25th, 50th, and
75th percentiles) and the remaining chemical at the median
(Fig. 3, Part D). Therefore, no significant interaction effect
among the three chemicals exposures on lumbar spine BMD
was observed. Similarly, co-exposure of the three chemi-
cals was negatively associated with total BMD. A non-linear

WQS index

T T 1
-0.02 -0.01 0.00

B (95% Cl) for total BMD

WQS index weight for total BMD

Perchlorate Thiocyanate Nitrate

level, family income, alcohol assumption, smoking status, physical
activity, prescription medication intake, menopause status, and uri-
nary iodide level of participants

relationship of nitrate exposure and total BMD was found
and no significant interaction effect of the three chemicals
exposures on total BMD was found (Fig. 4).

Sensitive analysis

Associations of perchlorate, thiocyanate, and nitrate expo-
sure with BMD after excluding participants with hyper-
tension, arthritis, and thyroid problem are presented in
Table S4. Similar to results among all participants, nitrate
exposure was significantly associated with decreased lumbar
spine and total BMD. Moreover, thiocyanate exposure was
inversely associated with total BMD though not significant
after adjusting for potential confounders. When stratified
by gender, nitrate exposure was associated with decreased
BMD in male and female though not significant after adjust-
ing for potential confounders. When stratified by age, sig-
nificant inverse associations of nitrate exposure with lumbar
spine and total BMD, thiocyanate exposure with total BMD
were observed in participants aged 40—60 after adjusting
for potential confounders. Table S5 presents associations of
exposure to the three chemicals with osteopenia restricted
to women without hypertension, arthritis, and thyroid prob-
lem. Significant positive trends of thiocyanate and nitrate
exposures were associated with the risk of osteopenia were
observed though not significant. When stratified by age and
gender, no significant association of exposure to the three
chemical with osteopenia was found in any of the groups.
Associations of perchlorate, thiocyanate, and nitrate
exposure with BMD after excluding postmenopausal women
are presented in Table S6. The significantly negatively
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Fig.3 Associations of urinary perchlorate, thiocyanate, and nitrate
concentrations with adult lumbar spine BMD using BKMR model.
The models were adjusted for age at interview, race, gender, body
mass index (BMI), education level, family income, alcohol assump-
tion, smoking status, physical activity, prescription medication intake,
menopause status, and urinary iodide level of participants. A The
Y-axis represents estimates difference (95% CI) in outcome when
all chemicals were fixed at specific percentile (X-axis) comparing to
chemicals all at their 50th percentiles. B Estimates and 95% CI of

association between nitrate exposure and lumbar spine
BMD still existed (= —0.045, 95%CI: — 0.086, —0.004)
after adjustment of potential confounders. Similarly, no
significant associations of exposure to the three chemicals
with osteopenia were found after excluding postmenopausal
women (Table S7).

Discussion

To the best of our knowledge, this is the first study that
evaluated associations of exposure to perchlorate, thio-
cyanate, and nitrate with lumbar spine and total BMD
in adults. The results showed that urinary nitrate con-
centration was significantly inversely associated with
lumbar spine and total BMD. Moreover, co-exposure
to the three chemicals was inversely associated with
BMD and nitrate was the dominant contributor to the
reduction of BMD.
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each chemical exposure (25th percentile vs 75th percentile) with out-
come when all other chemicals fixed at their 50th percentiles. C The
univariate exposure—response association of single chemical exposure
with outcome when others fixed at the 50th percentiles. D The bivari-
ate exposure-response associations of single chemical exposure with
outcome when the chemical on right longitudinal axis fixed at the
25th (red), 50th (green), and 75th (blue) percentiles and the remain-
ing chemical at the median. Abbreviations: Cl O,, perchlorate; SC
N7, thiocyanate; N O3, nitrate

Previous studies conducted in animals found that
perchlorate exposure was associated with some bony
characters, but relevant epidemiological studies are limited
(Bernhardt and von Hippel 2008; Bernhardt et al. 2006,
2011; Furin et al. 2015). A previous study conducted in fish
found that perchlorate exposure at greater than 12 mg/L
caused bony structure abnormalities and a concentration-
dependent manner was observed (Bernhardt et al. 2011).
Another study gave fish contaminated water with perchlorate
(30 or 100 mg/mL) at different time points (beginning
at 0, 3, 7, 14, 21, 42, 154, or 305 days post fertilization
until sexual maturity at 1 year of age) also found that
perchlorate exposure was related to some skeletal traits
and concentration of perchlorate was more important than
exposure time for disruption of skeletal traits (Furin et al.
2015). These findings suggest that there may be a threshold
concentration that triggers a physiological change. In our
study, no significant associations of perchlorate exposure
(median concentration: 2.1 ng/mL) with lumbar spine BMD
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Fig.4 Associations of urinary perchlorate, thiocyanate, and nitrate
concentrations with adult total BMD using BKMR model. The mod-
els were adjusted for age at interview, race, gender, body mass index
(BMI), education level, family income, alcohol assumption, smoking
status, physical activity, prescription medication intake, menopause
status, and urinary iodide level of participants. A The Y-axis repre-
sents estimates difference (95% CI) in outcome when all chemicals
were fixed at specific percentile (X-axis) comparing to chemicals all
at their 50th percentiles. B Estimates and 95% CI of each chemical

and total BMD in adults were observed. Perchlorate has
been widely used in firework, fertilizers, and other products
(Calder6n et al. 2022; Wu et al. 2011). Perchlorate is highly
stable in the environment and can be found in water, soil,
and foods (Kumarathilaka et al. 2016). General population
mainly exposed perchlorate through dietary ingestion
(ATSDR 2008). For NHANES participants, food was the
major source of perchlorate in most people (Lau et al. 2013).
The median urinary perchlorate concentrations in this study
are lower than that of adults from other countries (King et al.
2023). These findings indicated that perchlorate pollution in
the US is better than other countries. The null associations of
perchlorate exposure with BMD in this study may be due to
the low exposure level of perchlorate. Besides, the duration
and consistency of perchlorate exposure was unknown in
this study, chronic exposure of perchlorate is most likely to
cause any measurable effects on bone tissue due to the short
half-life of perchlorate (NRC 2005).

exposure (25th percentile vs 75th percentile) with outcome when
all other chemicals fixed at their 50th percentiles. C The univariate
exposure—response association of single chemical exposure with out-
come when others fixed at the 50th percentiles. D The bivariate expo-
sure—response associations of single chemical exposure with outcome
when the chemical on right longitudinal axis fixed at the 25th (red),
50th (green), and 75th (blue) percentiles and the remaining chemical
at the median. Abbreviations: Cl O}, perchlorate; SC N7, thiocyanate;
N 03’, nitrate

In this study, no significant associations of thiocyanate
exposure with lumbar spine and total BMD were found. Pre-
vious studies focused on thiocyanate exposure with bone
health are scarce though some studies reported the effect
of thiocyanate on iodine uptake inhibition (Allain and
McGregor 1993; Bassett and Williams 2016). However, the
clinically meaningful reduction of iodine uptake requires
a dose of thiocyanate at 200—400 mg (Reiter and Hérnulv
1984). Thiocyanate exposure at low level is not likely to
have adverse effects on thyroid function in healthy indi-
viduals. Moreover, it is worth noting that thiocyanate is a
metabolite of multiple sources. On the one hand, thiocy-
anate can be a metabolite of cyanide in tobacco (Bhandari
et al. 2014; Narkowicz et al. 2018), which can impair bone
homeostasis (Lu et al. 2021). On the other hand, green veg-
etables can also be metabolized into thiocyanate (Lee and
Kwon 2009; Oluwole and Oludiran 2013). Green vegetable
intake is beneficial for bone health (Rondanelli et al. 2021),
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which may modify the negative effect of thiocyanate on bone
health. Considering the complexity of thiocyanate exposure
routes, the effect of thiocyanate exposure on BMD may be
related to a variety of factors such as dietary pattern and
cyanide exposure.

Nitrate exposure was significantly associated with
reduction of lumbar spine and total BMD in adult and
WQS regression results showed that nitrate was the main
contributor in co-exposure of the three chemicals with
reduction of BMD. Previous studies on NIS inhibitors and
possible health effects mainly focused on perchlorate due to
its powerful ability of inhibiting iodide uptake (15 and 240
times to thiocyanate and nitrate, respectively) (Tonacchera
et al. 2004). However, a growing number of studies showed
that concentrations of thiocyanate and nitrate are much
high than perchlorate and may account for a much larger
proportion of iodine uptake inhibition (King et al. 2023;
Serrano-Nascimento and Nunes 2022; Yu et al. 2022).
Nitrate concentration in this study is over 400 and 15,000
times higher than thiocyanate and perchlorate, respectively.
High exposure level of nitrate may partly explain the
dominant reduction effect of nitrate on BMD in this study.

In BKMR models, nitrate at low concentration was
positively associated with BMD though not statistically
significant, and significantly negative association was found
with increasing of nitrate concentration. Previous studies
focused on nitrate exposure with bone health showed
conflicting results (Conley et al. 2017; Golchin et al. 2016;
Jamal et al. 1998, 2009; Liu et al. 2022). People generally
expose to nitrate via ingestion of food and water that are
contaminated by it (IARC 2018). Vegetables, especially
leafy vegetables, have been identified as a major source
of nitrate in diet (ATSDR 2017). Nitrate-rich foods were
used to reduce bone loss since dietary nitrate can enhance
nitric oxide (NO) bioavailability (Yousefzadeh et al. 2022).
The NO-cyclic guanosine monophosphate (cGMP)-protein
kinase G (PKG) pathway plays an important role in bone
health (Kim et al. 2021). Some studies reported high BMD
and lower rates of bone turnover in people using nitrate
(Jamal et al. 1998, 2009), and some studies reported no effect
of nitrate supplement on bone health (Conley et al. 2017;
Golchin et al. 2016). However, the use of related fertilizers
can result in high concentrations of nitrate in soil, water, and
agricultural products (Luo et al. 2022; Sarkar et al. 2021;
Zhang et al. 2015). Human intake of large quantities of
nitrate-contaminated water and food may cause disruption
of thyroid hormone levels (King et al. 2022; Xie et al. 2019),
which is critical for bone health (Zhu et al. 2022). In addition
to thyroid hormones, previous studies found that nitrate can
also affect steroid hormone levels (Poulsen et al. 2018).
The skeleton is a complex tissue, and hormonal control of
bone remodeling is elaborate (Bandeira et al. 2010; Noble
2016). Steroid hormones can exert action on osteoblasts by
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interacting with specific receptor proteins (Huang and Zheng
1999). Disruption of steroid hormones may also attribute to
the impact of nitrate exposure on BMD. The discrepancy
of nitrate exposure with BMD is likely to depend on the
complicated mechanisms of nitrate role in bone health at
different levels. Additional studies are needed to confirm the
findings in this study and verify the potential mechanisms.
Associations of thiocyanate and nitrate exposure with
BMD are more pronounced in females and participants
older than 40 years in this study. Males are likely to have
stronger bones and the lifetime risk of fracture was lower
than females (Nguyen et al. 2007). Epidemiological
studies have reported a progressively rise of osteoporosis
occurrence in males but a sharply increased risk of
osteoporosis in females after menopause was found
(Tewari et al. 2022). Differences between females and
males in bone architecture (Gabel et al. 2017), bone density
(Gabel et al. 2017), and sex hormones (Venken et al.
2008) may responsible for the vulnerability of females to
osteoporosis. Besides, a gradual increase in the occurrence
of osteoporosis was found with advancing age (Clynes et al.
2020). The major reason of increasing risk of osteoporosis
in the older is the decline in metabolism combined with
reduced calcium absorption and low physical activity
(Moayyeri 2008; Pattanaungkul et al. 2000). Females
and the elderly are at high risk of BMD reduction and are
likely to be more sensitive to environmental perchlorate,
thiocyanate, and nitrate exposures. No significant
associations between perchlorate, thiocyanate, and nitrate
exposure with osteopenia were found in this study. The
potential reason for this result is that age range of the
population in this study (mean + SD: 38.9 +0.55) usually
are not at the risk of osteoporosis or osteopenia. Though
no significant associations of perchlorate, thiocyanate,
and nitrate exposures with osteopenia were found, it is
worth noting that low BMD in youth may be the single
most important factors leading to the development of
osteoporosis in the elderly (Lane et al. 2000; Xue et al.
2020). Therefore, the effects of environmental perchlorate,
thiocyanate, and nitrate exposures on bone health on the
young and middle-aged people are also important.
Moreover, no significantly associations of the three ana-
Iyte exposures with thyroid dysfunction were found in this
study. The rate of thyroid dysfunction in US adults reported
in this paper are similar to the levels reported in other studies
(Zhang et al. 2024). As well-known NIS inhibitors, previ-
ous studies reported that the three analyte exposures may
affect thyroid hormone levels (King et al. 2023; Suh et al.
2014), but relationships of the three analyte exposures with
thyroid function are not consistent (Braverman et al. 2005;
Bruce et al. 2013; Chen et al. 2009; Inada et al. 1983; Tarone
et al. 2010; Ward et al. 2010). Some studies have shown that
perchlorate, thiocyanate, or nitrate exposure increases the
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risk of thyroid dysfunction (Chen et al. 2009; Inada et al.
1983; Ward et al. 2010), but others have found that exposure
of the three chemicals but does not cause thyroid dysfunc-
tion (Braverman et al. 2005; Bruce et al. 2013). Variation of
thyroid hormones even across normal reference ranges were
also related to low BMD and increased risk of osteoporo-
sis (Aubert et al. 2017). However, thyroid hormones were
only measured during the biennial cycle of 2011-2012; thus,
associations of perchlorate, thiocyanate, and nitrate expo-
sures with thyroid hormones are not included in this study.
Further studies are needed to estimate the mediation roles
of thyroid hormones in perchlorate, thiocyanate, and nitrate
exposure with BMD and osteoporosis.

The main strength of this study is that we evaluated indi-
vidual and combined effects of perchlorate, thiocyanate, and
nitrate exposure on adult BMD. Besides, contributions of
the three chemicals for reduction of BMD were identified.
Moreover, potential non-linear and interactions of the three
chemicals in relation to BMD were also estimated in this
study. However, this study has limitations too. Firstly, sen-
sitive windows of vulnerability to perchlorate, thiocyanate,
and nitrate exposure with BMD in this study were not evalu-
ated due to its cross-sectional design. Further studies with
prospective design are needed to estimate the sensitive win-
dow of perchlorate exposure with BMD. Moreover, potential
mechanisms of the three chemicals exposures with BMD
were not measured in this study; future studies are needed to
clarify the potential pathways. Besides, there are still some
unmeasured confounding factors though we adjusted for as
many confounders as possible. Moreover, this study was
conducted among adults; future studies conducted in sen-
sitive populations such as the elderly and postmenopausal
women are needed.

Conclusion

This study demonstrated that exposure to a mixture of per-
chlorate, thiocyanate, and nitrate may reduce BMD of adults
and nitrate seems to be the dominant contributor.
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