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Objective: This study aimed to assess the relationship between blood heavy
metals and a higher prevalence of osteoporosis in middle-aged and elderly US
adults using the National Health and Nutritional Examination Surveys (NHANES).

Methods: The secondary data analysis was performed using the data of
NHANES 2013-2014 and 2017-2018. We used the information, including
physical examination, laboratory tests, questionnaires, and interviews, provided
by participants in NHANES. Logistic regression and weighted quantile sum (WQS)
regression models were used to explore the relationships between levels of blood
heavy metals and a higher prevalence of osteoporosis.

Results: A total of 1,777 middle-aged and elderly participants were analyzed
in this study, comprising 115 participants with osteoporosis and 1,662 without
osteoporosis. Adjusted model 1 showed a significant positive relationship between
cadmium (Cd) levels and a higher prevalence of osteoporosis (quartile 2, OR
= 7.62; 95% Cl, 2.01-29.03; p = 0.003; quartile 3, OR = 12.38; 95% ClI, 3.88-
39.60; p < 0.001; and quartile 4, OR = 15.64; 95% ClI, 3.22-76.08; p = 0.001).
The fourth quartile of selenium (Se) level (OR = 0.34; 95% CI, 0.14-0.39; p <
0.001) led to a lower prevalence of osteoporosis and exerted a protective effect on
model 1. Other models produced similar results to those of model 1. A subgroup
analysis showed that Cd levels were positively related to a higher prevalence of
osteoporosis in all three models in women, while this relationship was not found
in men. The fourth quartile of the Se level was related to a lower prevalence of
osteoporosis in both male and female analyses. A significant positive relationship
was found between the blood Cd level and a higher prevalence of osteoporosis
in the non-smoking subgroup. Blood Se level showed a protective effect on the
fourth quartile in both the smoking and non-smoking subgroups.

Conclusion: Blood Cd level aggravated the prevalence of osteoporosis, while
blood Se level could be a protective factor in osteoporosis among the US
middle-aged and older populations.
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Introduction

Osteoporosis is a systemic metabolic disease and remains a
global health problem, which is increasingly becoming common
in both developing and developed countries (1). It is estimated
that there were 10.2 million cases of osteoporosis among the US
population aged over 50 years in 2010 and that this number will
reach 13.5 million by 2030 (2, 3). Osteoporosis is characterized by a
loss of bone mineral density (BMD), which leads to an increased
risk of fragility fractures and thus an increased economic and
medical burden on the patient (4). As the definition of osteoporosis
either by experts or by an explanation based on histology did
not prove to be practical for patient care, a panel of the World
Health Organization (WHO) defined osteoporosis as BMD values
of 2.5 standard deviations (SDs) or more below the mean of the
young adult reference group (5). There are many risk factors for
osteoporosis and BMD reduction, including older age and female
gender (6). In recent years, it has been hypothesized that heavy
metals may be associated with the risk of degenerative diseases and
fractures (7).

Heavy metals have been demonstrated to be associated with
adverse health effects. Moreover, exposure to heavy metals in the
environment will affect genes and increase disease susceptibility (8).
The accumulation of heavy metals in the human body will change
hormone metabolism and lead to vasoconstriction, thus leading
to adult diseases (7). Accordingly, a recent study revealed that
the accumulation of blood heavy metals in bones increases bone
resorption and changes bone mineral content, which will eventually
lead to osteoporosis and bone fracture (9). Several studies indicated
a negative correlation between daily or long-time exposure to
cadmium (Cd), lead (Pb), mercury (Hg), and BMD (10). However,
no significant correlation between dietary intake of these heavy
metals and bone parameters was observed (11).

The relationship between blood heavy metals and the risk
of osteoporosis has only been reported in observational studies
involving small sample sizes (12). Moreover, several bodies of
research determined the exposure to heavy metals based on
the urinary or environmental levels of heavy metals (13-15).
Nevertheless, it is unclear whether blood heavy metal levels are
associated with osteoporosis in the general aging population.
Therefore, this study aimed to assess the relationship of blood heavy
metals with a higher prevalence of osteoporosis in a US population
of middle-aged and elderly people using the National Health
and Nutritional Examination Surveys (NHANES). Investigation of
the correlation between blood heavy metals and osteoporosis is
important as people may experience cumulative exposure in some
circumstances and osteoporosis is a threat to the aging population.
An analysis of the relationship between aging and osteoporosis
could help prevent osteoporosis and reduce the exposure of the
aging population to the risk factors.

Methods
Study subjects

This study was performed as a secondary analysis using the data
collected in NHANES 2013-2014 and 2017-2018, and the data were
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collected by physical examination, laboratory tests, questionnaires,
and interviews. Details of the NHANES can be found on the website
of the American Centers for Disease Control and Prevention
(https://www.cdc.gov/nchs/nhanes). In the present study, we first
enrolled all participants from NHANES 2013 to 2014 (N = 10,175)
and 2017 to 2018 (N = 9,254). Then, we excluded participants
with incomplete information on blood heavy metals (N = 7,330),
BMD data (N = 8,347), and missing basic information as well as
those aged below 40 years (N = 1,975). In the end, a total of 1,777
individuals were included in the final analysis (Figure 1).

Evaluation of osteoporosis

The BMD values at different sites (the total femur, the femur
neck, the trochanter, and the trochanter intertrochanter) were
measured using dual-energy x-ray absorptiometry (DXA) with
Hologic QDR-4500A fan-beam bone densitometers (Hologic, Inc.,
Bedford, MA, USA). The regions of the proximal femur of the
left hip were routinely examined. An examination of the left
hip was replaced by the right hip on the condition that the
participant reported having replacement or metal objects in the
left leg. Any participant who was pregnant, who weighed over
300 pounds, or had a history of radiographic contrast material,
fractures, replacements, or pins in both hips was excluded from the
DXA examination.

Osteoporosis was defined as BMD values of 2.5 standard
deviations (SDs) or more below the mean of the young adult
reference group according to the guidelines of the World Health
Organization (WHO) (5). This study assessed osteoporosis in
four regions of the femur: the total femur, the femur neck,
the trochanter, and the intertrochanter, and the thresholds
were 0.67 g/cm?, 0.56 g/cm?, 0.46 g/cm?, and 0.79 g/cm?,
respectively (16). Osteoporosis in any femoral region was defined
as overall osteoporosis.

Assessment of heavy metals

After performing the step involving a simple dilution sample
preparation, blood heavy metals, such as Pb, Cd, total Hg, selenium
(Se), and manganese (Mn), were directly measured in whole blood
samples by mass spectrometry. To carry out a uniform distribution
of cellular components, a small amount of whole blood was
extracted from a larger sample of whole blood after mixing during
the dilution phase. Dilution of blood includes simple dilution of
1 part sample + 1 part water + 48 parts diluent during sample
preparation before analysis. Liquid samples were introduced into
the mass spectrometer through the inductively coupled plasma
ionization ion source (17).

Ascertainment of covariates
Information on demography and lifestyle factors was collected

by trained personnel, according to the statement mentioned on
the NHANES website. Demographic characteristics included age
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Participants in NHANES
2013-2014 (N=10,175)

Participants in NHANES
2017-2018 (N=9,254)

Pb (N=5,215, 0.07-34.11pg/dL)
Cd (N=5,215, 0.07-7.23pg/L)
Hg (N=5,215, 0.2-46.39 pg/L)

Se (N=5,215, 86.09-734.8 pg/L)

Mn (N=5,215, 1.75-54.92pg/L)

Pb (N=6,884, 0.05-42.48 pg/dL)
Cd (N=7,513, 0.07-13.03 pg/L)
Hg (N=7,513, 0.2-63.64 pg/L)

Se (N=7,513, 84.67-453.62 pg/L)

Mn (N=7,513, 1.57-52pg/L)

Missing information
on blood heavy metal
testing (N=4,960)

Subset of participants with
blood heavy metal
information (N=5,215)

Missing information
on blood heavy metal
testing (N=2,370)

Subset of participants with
blood heavy metal
information (N=6,884)

BMD (N=1,525, g/cm?)
Total Femur (0.362-1.563)
Femur Neck (0.481-1.361)
Trochanter (0.291-1.216)

Intertrochanter (0.389-1.802)

BMD (N=2,227, g/cm?)
Total Femur (0.370-1.550)
Femur Neck (0.144-1.421)

Trochanter (0.269-1.224)
Intertrochanter (0.419-1.805)

Missing information
on BMD (N=3,690)

Missing information
on BMD (N=4,657)

Subset of participants with
BMD information (N=1,525)

Subset of participants with
BMD information (N=2,227)

Missing information on other

covariates and age under 40
years (N=1,975)

Included in Final analysis (N=1,777)

FIGURE 1
Flowchart of the study population selection

(years), gender (male or female), race/ethnicity (Mexican, non-
Hispanic white, non-Hispanic black, Mexican American, and other
races), educational level (less than 9th grade, 9-11th grades, high
school, some college, or college graduate), and physical activity
(Yes and No). Alcohol consumption was defined as <12 or >12
alcoholic drinks per year. Smoking status was categorized into
never smokers or current smokers. Exposure to secondhand smoke
was indicated as no one in the household is a smoker or >1 one
member in the household is a smoker. Sedentary behavior was
defined as sitting for more than 6 h a day, which does not include
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time spent sleeping. The medical examinations were carried out in
mobile centers. Body mass index (BMI, kg/m?) was classified as
<25, 25-30, or >30. Diabetes was defined as reporting a previous
diagnosis or reaching a fasting glucose level of >126 mg/dl
Hypertension status was defined as reporting a previous diagnosis
(yes or no). Arthritis was defined as a doctor ever diagnosing
one to have had arthritis. A thyroid problem was defined as
a doctor ever diagnosing one to have had a thyroid problem.
Hypercholesterolemia was defined as total cholesterol values
>240 mg/dl. The estimated glomerular filtration rate (GFR) was
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calculated based on age, gender, and serum creatinine according to
the Chronic Kidney Disease Epidemiology Collaboration equation
(18). The annual household income was classified as <$20,000,
$20,000-$34,999, $34,999-$74,999, or >$75,000.

Statistical analysis

All analyses considered complex survey design factors,
including sample weights, clustering, and stratification, with
instructions for using NHANES data. Four-year sampling weights
were calculated by multiplying the sampling weights provided by
NHANES for 2-year cycles by two. Data were expressed as mean
=+ standard derivation (SD) for continuous variables and numbers
(percentages) for categorical variables. We used Student’s t-test
for continuous variables and the Chi-square test for categorical
variables. As the blood heavy metals displayed non-normal
distribution, categorical groups rather than continuous values were
used in statistical analysis. The levels of blood heavy metals (Pb,
Cd, Hg, Mn, and Se) were categorized into one of the four
groups based on quartiles (quartile 1: <25th percentile, quartile
2: 25th—50th percentile, quartile 3: 50th—75th percentile, and
quartile 4: >75th percentile). Categorical groups and continuous
analysis of blood heavy metals of logistic regressions with weights
were used to estimate the odds ratio (ORs) with 95% confidence
intervals (95% CIs) for the relationships between blood heavy
metals and the prevalence of osteoporosis. Model 1 was adjusted for
gender, age, and race, and model 2 was further adjusted for all the
covariates. Blood heavy metals were evaluated by using quartile 1
as the reference. We further used weighted quantile sum regression
(WQS) models with positive and negative directionality modes for
the mixed effects. A two-sided value of P of <0.05 was considered
statistically significant. All the analyses were conducted using SAS
version 9.4 (SAS Institute Inc., Cary, NC, USA) and R software
version 4.2.2 (Vienna, Austria).

Results

Characteristics of participants

The present study included a total of 1,777 participants,
involving 115 of them with osteoporosis and 1,662 without
osteoporosis. The weighted average age was 58.9 £ 0.4 years and
50.4% of them were men. Table 1 shows the basic characteristics of
the study participants. Compared with the non-osteoporosis group,
participants with osteoporosis were older and were more likely
to be women. These participants also had a higher prevalence of
normal BMI, arthritis, thyroid problems, a lower GFR, and a lower
annual household income. There were no significant differences
in race, education, smoking status, exposure to secondhand
smoke, alcohol consumption, physical activity, sedentary behavior,
hypercholesterolemia, or history of diabetes or hypertension
between the osteoporosis group and the non-osteoporosis group
(Table 1). Characteristics of participants based on the levels of
heavy metals in their blood are listed in Supplementary Tables S1-
S5. The weighted geometric mean (GM) and quartiles of
concentrations of blood heavy metals are listed in Table 2.
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Relationships of blood heavy metals with
osteoporosis

Tables 3, 4 show the relationships between levels of blood
heavy metals and osteoporosis using univariate logistic regression
and multivariate logistic regression, respectively. Cd levels had
a positive relationship with osteoporosis. Moreover, there is a
negative relationship between Se levels and osteoporosis. The
adjusted model 1 (adjusted by age, gender, and race) showed a
significant positive relationship between Cd levels and osteoporosis
(quartile 2, OR = 7.62; 95% CI, 2.01-29.03; p = 0.003; quartile 3,
OR = 12.38; 95% CI, 3.88-39.60; p < 0.001; and quartile 4, OR =
15.64; 95% CI, 3.22-76.08; p = 0.001). In Se element analysis, taking
the first quartile as a reference, the fourth quartile (OR = 0.34; 95%
CI, 0.14-0.39; p < 0.001) led to a lower prevalence of osteoporosis
and exerted a protective effect on model 1. However, the second
(OR = 0.52; 95% CI, 0.27-1.02; p = 0.056) and third quartiles
(OR = 0.46; 95% CI, 0.21-1.03; p = 0.059) were associated with
a numerically decreased prevalence of osteoporosis with borderline
significance. The third quartile of the Mn level showed a borderline
negative significant relationship with osteoporosis (OR = 0.47;
95% CI, 0.22-0.99; p = 0.049) in model 1. Pb and Hg have no
relationship with osteoporosis. Model 2 (adjusted by age, gender,
race, education, BMI, arthritis, thyroid problems, GFR, and annual
household income) and model 3 (adjusted by age, gender, race,
education, smoke, diabetes, hypertension, physical activity, BMI,
alcohol consumption, exposure to secondhand smoke, sedentary
behavior, arthritis, thyroid problems, hypercholesterolemia, GFR,
and annual household income) produced similar results to those of
model 1 for the relationship between blood heavy metals and the
prevalence of osteoporosis.

Blood heavy metals that make a major contribution to the
whole relationship of the mixture (Pb, Cd, Hg, Se and Mn)
were analyzed using the WQS models. The ranking of blood
heavy metals was based on the probability of the maximum
weight of blood heavy metals in the mixture. WQS with
a positive directional mode showed that Cd was positively
related to a higher prevalence of osteoporosis, while Se was
negatively related to the higher prevalence of osteoporosis
(Figure 2).

Subgroup analysis

In the subgroup analysis stratified by gender, logistic regression
analysis revealed that the third and fourth quartiles of the Se
level were associated with a lower prevalence of osteoporosis
(OR = 0.31; 95% CI, 0.10-0.92; p = 0.035, OR = 0.16; 95%
CIL, 0.04-0.63; p = 0.009, respectively) in model 3 in men.
There was no relationship between Cd levels and the prevalence
of osteoporosis in men (Supplementary Table S6). However, in
women, Cd levels were shown to be positively related to a higher
prevalence of osteoporosis (quartile 2, OR = 14.11; 95% CI,
2.12-94.13; p = 0.006; quartile 3, OR = 30.55; 95% CI, 5.90-
158.11; p < 0.001; and quartile 4, OR = 27.00; 95% CI, 3.34-
218.29; p = 0.002) in model 3. The fourth quartile of the Se
level was related to a lower prevalence of osteoporosis (OR =
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TABLE 1 Characteristics of participants with and without osteoporosis in the enrolled population of NHANES.

Characteristic Total No osteoporosis Osteoporosis
(N=1,777) (N=1,662) (N = 115)
Age (weighted years, mean =+ SD) 589+04 58.4 1 0.4 669+ 1.5 32.75 <0.001
Gender, no. (weighted %)* 28.24 <0.001
Men 903 (50.4) 865 (52.0) 38(25.2)
Women 874 (49.6) 797 (48.0) 77 (74.8)
Race, no. (weighted %)* 7.54 0.342
Mexican 218 (8.8) 209 (9.2) 9(3.5)
Other Hispanic 165 (6.0) 154 (5.8) 11 (9.7)
Non-Hispanic white 788 (61.8) 728 (62.0) 60 (59.3)
Non-Hispanic Black 351 (13.4) 333 (13.3) 18 (14.0)
Other Race 255 (10.0) 238 (9.7) 17 (13.5)
Education, no. (weighted %)* 7.53 0.217
Less than 9th grade 209 (9.5) 187 (9.3) 22(12.3)
9-11 grade 503 (25.1) 470 (24.7) 33 (31.5)
High school graduate or equivalent 423 (24.0) 398 (23.8) 25(27.2)
Some college or AA degree 304 (17.5) 288 (17.8) 16 (13.5)
College graduate or above 338(23.9) 319 (24.4) 19 (15.5)
BML, no. (weighted %)* 34.40 <0.001
Normal (<25) 442 (23.5) 387 (22.0) 55 (46.0)
Overweight (25-30) 662 (38.3) 622 (38.6) 40 (33.8)
Obesity (>30) 673 (38.2) 653 (39.4) 20 (20.2)
Smoking status, no. (weighted %)* 1.25 0.350
Yes 382 (18.9) 354 (18.7) 28 (23.1)
No 1,395 (81.1) 1,308 (81.3) 87 (76.9)
Physical activity, no. (weighted %)* 1.72 0.277
Yes 350 (20.8) 332 (21.1) 18 (23.1)
No 1,427 (79.2) 1,330 (78.9) 97 (76.9)
Diabetes, no. (weighted %)* 1.03 0.406
Yes 362 (16.9) 345 (17.1) 17 (15.8)
No 1,415 (83.1) 1,317 (82.9) 98 (84.2)
Hypertension, no. (weighted %)* 3.59 0.162
Yes 878 (45.0) 814 (44.5) 64 (53.9)
No 899 (55.0) 848 (55.5) 51 (46.1)
Alcohol consumption, no. (weighted %)* 0.02 0.871
>12 times per year 247 (13.8) 234 (13.8) 13 (14.3)
<12 times per year 1,530 (86.2) 1,428 (86.2) 102 (85.7)
Exposure to secondhand smoke, no. (weighted %)* 1.77 0.441
Yes 452 (22.5) 421 (22.2) 31(27.8)
No 1,325 (77.5) 1,241 (77.8) 84 (72.2)
Sedentary behavior, no. (weighted %)? 0.05 0.872
Yes 1,025 (60.3) 957 (60.3) 68 (59.3)
No 752 (39.7) 705 (39.7) 47 (40.7)
(Continued)
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TABLE 1 (Continued)

10.3389/fpubh.2023.1045020

racteristic No osteoporosis Osteoporosis
(N =115)
Arthritis, no. (weighted %)* 8.71 0.016
Yes 677 (39.4) 617 (38.5) 60 (53.1)
No 1,100 (60.6) 1,045 (61.5) 55 (46.9)
Thyroid problems, no. (weighted %)* 5.54 0.038
Yes 253 (16.4) 436 (15.9) 32(24.7)
No 1,774 (83.6) 1,653 (84.1) 121 (75.3)
Hypercholesterolemia, no. (weighted %)* 1.15 0.301
Yes 763 (44.4) 712 (44.7) 51(39.3)
No 1,014 (55.6) 950 (55.3) 64 (60.7)
GFR, no. (weighted %)* 15.88 <0.001
<60 ml/min/1.73 m? 265 (13.2) 235 (12.5) 30 (25.7)
60-90 ml/min/1.73 m? 810 (47.7) 762 (47.9) 48 (44.4)
>90 ml/min/1.73 m? 702 (39.1) 665 (39.7) 37 (29.8)
Annual household income, no. (weighted %)* 26.77 <0.001
$0-$19,999 327 (11.2) 299 (10.8) 28 (18.5)
$20,000-$34,999 332 (13.8) 303 (13.3) 29 (20.6)
$35,000-$74,999 421 (24.3) 390 (23.7) 31 (34.5)
$75,000 and over 697 (50.7) 670 (52.2) 27 (26.4)

#Numbers of participants are unweighted. All percentage estimates are weighted.

TABLE 2 Blood levels of heavy metals by osteoporosis status in US middle-aged and elderly people from NHANES?.

Heavy metals

No osteoporosis (N = 1,162)

Osteoporosis (N = 115)

Q1 Q2 Q3 Q1 Q2 Q3
Lead (jug/dL) 1.16 <0.77 0.78-1.13 1.13-1.64 >1.64 1.21 <0.82 0.82-1.23 1.23-1.83 >1.83
Cadmium (jg/L) 0.32 <0.18 0.18-0.28 0.28-0.51 >0.51 0.55 <0.30 0.30-0.43 0.43-0.84 >0.84
Mercury (jug/L) 0.98 <0.47 0.47-0.92 0.92-1.87 >1.87 0.86 <0.43 0.43-0.75 0.75-1.46 >1.46
Selenium (jug/L) 19691 | <181.41 | 181.41-196.81 | 196.81-211.28 | >211.28 | 18231 | <165.95 | 165.95-183.39 | 183.39-198.8 = >198.8
Manganese (jg/L) 8.90 <7.22 7.22-8.84 8.84-10.64 >10.64 8.95 <7.0 7.0-8.87 8.87-11.45 >11.45

2All GM and Q1-Q4 estimates are weighted.

0.27; 95% CI, 0.14-0.53; p < 0.001) in model 3 in women
(Supplementary Table S7). Model 1 and model 2 produced similar
results to those of model 3 in both the men and women subgroup
analyses. In the subgroup analysis stratified by smoking status, a
significantly positive relationship was found between the blood
Cd level and the prevalence of osteoporosis in the non-smoking
subgroup, while no significant relationship was found in the
smoking subgroup. Blood Se level showed a protective effect in the
fourth quartile in both the smoking and non-smoking subgroups
(Supplementary Tables S8, S9).

Discussion
The present study explored the correlation between blood
heavy metals and the higher prevalence of osteoporosis in

a US population of middle-aged and elderly people. Based
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on the representative sample of the US population in
NHANES (2013-2014 and 2017-2018), we found that Cd
was independently associated with a higher prevalence of
osteoporosis, while Se was independently associated with
a lower prevalence of osteoporosis, and Pb, Hg, and Mn
showed no statistically significant effect on the prevalence of
osteoporosis.

Age, sex, and BMI are traditional risk factors for osteoporosis.
The amount of bone in an individual peaks in young adulthood
and one experiences subsequent loss with aging (19). Women lose
bone more rapidly due to the lack of estrogen with aging, while men
experience a slow loss of bone (20). Guidelines have recommended
BMD screening for osteoporosis in women aged 65 years or older
but clinical risk assessment tools for screening osteoporosis in
younger women (21, 22). In the present study, the average age
of participants in the osteoporosis group was older than that of
participants in the non-osteoporosis group, which was consistent
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TABLE 3 Univariate logistic analysis of osteoporosis in NHANES.

10.3389/fpubh.2023.1045020

TABLE 3 (Continued)

Characteristic Univariate Characteristic Univariate
95% CI P-value 95% ClI P-value
Age (=60 years) 3.38 1.74-6.56 <0.001 Hg
Male 021 0.20-0.48 <0.001 Q 0.79 0.46-1.38 0.113
Race Q3 0.96 0.57-1.62 0.875
Mexican 0.28 0.08-0.96 0.043 Q4 0.53 0.24-1.66 0.413
Other Hispanic 121 0.42-3.46 0.723 Se
Non-Hispanic white 0.69 0.28-1.68 0.416 Q2 0.51 0.28-0.93 0.027
Non-Hispanic Black 0.76 0.26-2.25 0.619 Q3 0.36 0.19-0.70 0.002
Education Q4 0.22 0.13-0.35 <0.001
Less than 9th grade 2.08 1.03-4.20 0.042 Mn
9-11 grade 2.01 0.97-4.18 0.062 Q2 0.78 0.38-1.62 0.505
High school graduate or equivalent 1.80 0.80-4.05 0.157 Q3 0.69 0.37-1.31 0.256
Some college or AA degree 1.20 0.56-2.57 0.644 Q4 1.24 0.69-2.23 0478
BMI Al OR (95% CI) estimates are weighted.
Overweight (25-30) 0.25 0.14-0.44 <0.001
Obesity (>30) 042 0-27-0.66 <0.001 with that mentioned in previous studies. Studies demonstrated
Smoking status 1.31 0.75-2.29 0.348 that aging may cause interstitial inflammation and fibrosis in renal
Physical activity 0.70 036135 0284 tubuli, which are closely related to the excretion of heavy metals
(23). A recent study revealed that the renal burden of Hg increases
Diabetes 074 0:37-1.50 0405 with age (24). Another study in southwestern China showed
Hypertension 1.46 0.85-2.52 0.170 that higher blood heavy metals were found in older individuals
Alcohol consumption Loa 0.63-1.73 0.871 compared with younger adults (25). A previous NHANES 2005-
2006 study revealed a positive association between BMI and BMD
Exposure to secondhand smoke 135 0-63-2.88 0441 (26), which was similar to the results of the present study. The
Sedentary behavior 0.96 0.56-1.63 0.872 NHANES 99-02 data showed that environmental exposure to Cd
Arthritis 180 11-2.04 0.018 was negatively correlated with BMI (27). Another NHANES study
reported that blood Hg levels were inversely correlated with BMI
Thyroid problems 1.73 1.02-2.93 0.041 -
for adults (28). The present study showed similar results.
Hypercholesterolemia 0.80 0.53-1.22 0.305 The relationship between blood Cd level and osteoporosis
GFR has been revealed in a small number of cross-sectional studies
(29). Moreover, a recent study reported that Cd exposure was
<60 ml/min/1.73 m? 2.75 1.57-4.81 <0.001 . . . . S
associated with an up to 23% increase in the incidence of
60-90 ml/min/1.73 m? 1.24 0.78-1.95 0.367 osteoporosis, and the absolute cost of the burden of osteoporosis-
Annual household income related fractures caused by Cd is estimated to range between
50.$19.999 a0 , 0,003 EURE 0.12 and 2.6 billion (30). Furthermore, Chung revealed
-$19, . 1.53-7.51 X .
that blood Cd concentrations of >1.0 ug/L and >0.5 pg/L
$20,000-$34,999 3.06 1.28-7.32 0.012 were independent risk factors for incident osteoporosis in 243
$35,000-$74,999 288 1.40-5.90 0.004 participants and in 121 women, respectively, from the 2001 to
Pb 2002 Korea Genome and Epidemiology Study (31). The present
study showed similar results. However, the sample size of the
Q 0.95 0.43-2.08 0.892 resent study is relatively large and the research population is
p Y y larg pop
Q3 1.19 0.63-2.27 0.531 middle-aged and elderly populations, those who are more likely
to have osteoporosis since it is a threat related to the aging
Q4 1.33 0.69-2.56 0.399 )
population. A recent NHANES (2011-2018) study of young adults
Cd from 20 to 35 years revealed that blood Cd was independently
Q2 8.58 2.68-27.40 <0.001 negatively associated with lumbar BMD in women rather than men
@ 1519 | 595 3882 —0.001 (32). However, a few stud.les‘explored th.e relaflf)nshlp b‘etweetn
blood Cd and osteoporosis in men. This positive relationshi
p p p
Qt 1790 | 470-6820 <0001 was found in women in the present study but not in men.
(Continued)  Moreover, the smoking subgroup was first discussed, the results
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TABLE 4 Multivariate logistic analysis of osteoporosis in NHANES.

10.3389/fpubh.2023.1045020

Characteristic Model 1 Model 2 Model 3
95% ClI 95% ClI 95% ClI P-value
Age (=60 years) 3.78 1.96-7.28 <0.001 3.58 1.81-7.09 <0.001 3.39 1.63-7.05 0.001
Male 0.37 0.24-0.59 <0.001 0.38 0.23-0.61 <0.001 0.38 0.23-0.63 <0.001
Race
Mexican 0.28 0.09-0.83 0.021 0.26 0.09-0. 74 0.012 0.25 0.08-0.76 0.014
Other Hispanic 1.09 0.39-3.10 0.867 1.01 0.36-2.82 0.982 0.97 0.35-2.66 0.954
Non-Hispanic white 0.64 0.28-1.65 0.353 0.69 0.25-1.90 0.468 0.65 0.23-1.81 0.412
Non-Hispanic Black 0.64 0.21-1.96 0.434 0.69 0.21-2.22 0.530 0.70 0.22-2.28 0.559
Education
Less than 9th grade 1.60 0.60-4.33 0.351 2.21 0.78-6.22 0.137
9-11 grade 1.50 0.57-3.93 0.411 1.90 0.64-5.65 0.247
High school graduate or equivalent 1.52 0.56-4.16 0.416 1.70 0.58-5.04 0.336
Some college or AA degree 1.27 0.48-3.37 0.637 0.44 1.56-1.27 0.543
BMI
Overweight (25-30) 0.43 0.26-0.72 0.002 0.41 0.26-0.66 <0.001
Obesity (>30) 0.23 0.12-0.44 <0.001 0.21 0.10-0.43 <0.001
Smoking status 0.44 0.16-1.27 0.130
Physical activity 0.84 0.41-1.72 0.629
Diabetes 0.73 0.31-1.69 0.456
Hypertension 1.15 0.65-2.05 0.625
Alcohol consumption 0.62 0.34-1.13 0.115
Exposure to secondhand smoke 1.26 0.50-3.18 0.637
Sedentary behavior 1.18 0.58-2.41 0.648
Arthritis 1.32 0.72-2.41 0.367 1.37 0.75-2.53 0.310
Thyroid problems 1.05 0.58-1.88 0.881 1.04 0.58-1.89 0.892
Hypercholesterolemia 0.92 0.55-1.52 0.731
GFR
<60 ml/min/1.73 m? 1.44 0.75-2.76 0.272 1.37 0.73-2.58 0.329
60-90 ml/min/1.73 m? 0.79 0.48-1.31 0.361 0.79 0.48-1.32 0.374
Annual household income
$0-$19,999 1.96 0.83-4.61 0.124 1.88 0.77-4.54 0.164
$20,000-$34,999 2.68 1.12-6.37 0.026 2.46 0.97-6.20 0.057
$35,000-$74,999 2.86 1.28-6.39 0.010 2.84 1.25-6.48 0.013
Pb
Q2 0.86 0.40-1.88 0.705 0.73 0.32-1.64 0.444 0.69 0.31-1.55 0.365
Q3 0.78 0.40-1.51 0.459 0.60 0.33-1.63 0.112 0.64 0.33-1.25 0.189
Q4 0.76 0.41-1.39 0.382 0.52 0.30-0.94 0.030 0.53 0.28-0.98 0.044
Cd
Q2 7.62 2.01-29.03 0.003 10.01 2.16-46.39 0.003 10.01 2.05-48.83 0.004
Q3 12.38 3.88-39.60 <0.001 14.23 3.59-56.39 <0.001 14.15 3.31-60.52 <0.001
Q4 15.64 3.22-76.08 0.001 13.51 2.22-82.29 0.004 17.98 2.54-127.07 0.004
(Continued)
Frontiersin Public Health 08 frontiersin.org



https://doi.org/10.3389/fpubh.2023.1045020
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Huang et al.

TABLE 4 (Continued)

10.3389/fpubh.2023.1045020

Characteristic Model 1 Model 2 Model 3
95% CI P-value 95% ClI P-value 95% Cl P-value

Hg

Q2 0.93 0.52-1.66 0.801 0.89 0.48-1.68 0.728 0.89 0.47-1.67 0.710
Q3 1.16 0.68-1.96 0.592 121 0.69-2.12 0.516 1.23 0.69-2.21 0.486
Q4 0.62 0.28-1.37 0.235 0.69 0.31-1.54 0.366 0.61 0.27-1.37 0.229
Se

Q2 0.52 0.27-1.02 0.056 0.50 0.26-0.95 0.035 0.51 0.27-0.95 0.032
Q3 0.46 021-1.03 0.059 057 0.26-1.26 0.164 0.56 0.24-1.27 0.165
Q4 034 0.14-0.39 <0.001 0.26 0.15-0.25 <0.001 0.26 0.15-0.45 <0.001
Mn

Q2 0.53 0.21-1.30 0.163 0.61 0.28-1.35 0.225 0.62 0.29-1.31 0.212
Q3 047 0.22-0.99 0.049 0.57 0.25-1.29 0.177 0.53 0.23-1.22 0.135
Q4 071 0.33-1.54 0.390 0.97 0.49-1.93 0.940 0.90 0.46-1.79 0.770

Model 1: Adjusted by age, gender, and race.

Model 2: Adjusted by age, gender, race, education, BMI, arthritis, thyroid problems, GFR, and annual household income.
Model 3: Adjusted by age, gender, race, education, smoke, diabetes, hypertension, physical activity, BMI, alcohol consumption, exposure to secondhand smoke, sedentary behavior, arthritis,

thyroid problems, hypercholesterolemia, GFR, and annual household income.
All OR (95% CI) estimates are weighted.

Cd

Pb

Hg

FIGURE 2

Identification of blood heavy metals in the mixture using the WQS model. (A) positive WQS model; (B) negative WQS model.

revealed that smoking did not affect the relationship between
blood Cd and the prevalence of osteoporosis. Furthermore, a
recent study involving 488 women showed no correlation between
blood Cd and osteoporosis (33). The potential mechanisms
underlying the relationship between Cd and osteoporosis have been
explored, including impairing the viability, proliferative ability,
and osteogenic differentiation of bone marrow mesenchymal
stem cells (BMMSCs) through the NF-kB and P2X7-PI3K-
AKT signaling pathways (14, 34). Thus, the dysfunction of
BMMSCs might be the main cause of Cd-related osteoporosis.
In vitro studies showed that Cd stimulated osteoclastogenesis
by increasing RANKL expression (35). Moreover, recent studies

Frontiersin Public Health

suggested that Cd induces bone osteoblast apoptosis via ROS (36).
In addition, a further study demonstrated that Cd suppressed
osteogenesis by inhibiting the Wnt/B-catenin pathway (37). In
vivo studies further demonstrated that Cd induces a decreased
expression of Runx2 and matrix proteins such as ALP, OCN,
and COLIla2 (38). Another study found that Cd affected
BMMSC differentiation by stimulating adipogenesis at the
expense of osteoblastogenesis (39). Furthermore, other potential
mechanisms, including Cd-related NF-kB and P2X7-PI3K-AKT
signaling pathways, have recently been demonstrated to impair
the viability, proliferative ability, and osteogenic differentiation of
BMMSCs (14, 34).
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Low blood Se status has been demonstrated to be correlated
with skeletal disease, especially female the prevalence of
osteoporosis (40, 41). A significant and positive relationship
was observed between BMD and Se in a study involving 280
Spanish women (15). Beukhof et al. demonstrated that Se status
was positively associated with BMD in a cohort of 387 healthy
aging European men (42). In addition, some other studies revealed
that Se was negatively associated with fractures induced by
osteoporosis (43-45). Our findings were consistent with the
findings of these studies. Furthermore, the present study also
demonstrated that blood Se reduced the prevalence of osteoporosis
in men. Moreover, this relationship was found in both the smoking
group and the non-smoking subgroups. However, some previous
studies did not suggest a relationship between Se and BMD in
healthy women (46). In addition, no relationship between Se and
osteoporosis has been reported in either an Asian or a European
population (47-49). These results might be observed due to the
differences in sample characteristics and loss of power (91-290
subjects). The potential mechanism for this viewpoint has been
demonstrated in vitro, with evidence suggesting that Se enhances
the osteoblastic differentiation of BMMSCs by downregulating the
differentiation and formation of mature osteoclasts (50). Other
in vitro studies have demonstrated that Se influences osteoblastic
differentiation and subsequent bone resorption by regulating
oxidative stress (51, 52). Previous studies revealed that inadequate
levels of Se may alter bone metabolism and delay bone growth. In
vitro studies showed that Se had a positive effect on osteoblastic
differentiation and subsequent bone resorption by regulating
oxidative stress (53). In addition, Wnt/LRP8/ApoER2 pathway
was suggested as a fundamental intracellular Se transportation
pathway for altering bone metabolism (54). Animal studies
also found that bone metabolism changed with Se deprivation.
Such effects were related to a decrease in GPXI activity, blood
concentrations of calcium, plasma insulin-like growth factor,
pituitary growth hormone, and an increase in blood 1,25-
dihydroxyvitamin D3, parathyroid hormone, and urinary calcium
concentration (52). These changes were demonstrated to be
associated with bone volume and BMD reduction, impairing bone
microarchitecture (55).

The relationship between blood Pb and bone health has been
reported in several epidemiological studies, but with inconsistent
conclusions. A previous NHANES study (NHANES III) of adults
aged >50 years showed that blood Pb was inversely correlated
with BMD among white participants (56). In contrast, a significant
inverse relationship between Pb and osteoporosis has been reported
in the Korea National Health and Nutrition Examination Survey
(2008-2011) (7). However, another previous study showed that
blood Pb was not associated with BMD (57), which was consistent
with that mentioned in the present study. In addition, we
performed further analysis with gender and smoking subgroups
and observed no relationship. A previous NHANES study (2005-
2010) showed that a low blood Hg level was associated with an
elevated risk of osteoporosis in young men (20-29 years) and
women (30-39 years) (58). However, this relationship between
the middle-aged population and the elderly population remains
unclear. Our study showed that blood Hg was not associated with
an increased prevalence of osteoporosis in low or medium blood
Hg levels. However, a high blood Hg level was found to show
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a positive relationship with a higher prevalence of osteoporosis
in men but not in women. High blood Hg levels were found
to be associated with reduced BMD in the femur neck in the
Korean National Health and Nutrition Examination Survey (2008-
2010) (59). These inconsistent findings on the relationships of
blood Hg with osteoporosis may be due to the heterogeneity
between these studies. The relationship between blood Mn and
osteoporosis remains unclear. A previous study of 91 elderly
men showed no correlations between blood Mn level and BMD
(47). Another research of 304 retired workers revealed that a
high Mn exposure level was correlated with a higher risk of
osteoporosis (60). No relationship was observed in the present
study. This finding was similar to that of a previous study with
a small sample size (61). However, further subgroup analysis
showed that a higher blood Mn level was positively associated
with a higher prevalence of osteoporosis in men and non-smoking
subjects. These inconsistent findings may have contributed to
the different biological specimens and the variation in Mn
exposure levels.

The present studies showed that elevated blood Pb, Hg,
and Mn levels were not correlated with a higher prevalence of
osteoporosis. However, some studies showed either a positive or
a negative relationship between these heavy metals and BMD
(11, 62). The possible mechanism for the positive relationship may
be attributed to oxidative stress-related toxicity in inhibiting the
function of osteoblasts (63). Thus, it remains controversial as to
whether the contents of Pb, Hg, and Mn can directly influence
BMD and affect the pathogenesis of osteoporosis. The positive
relationship between Cd exposure and a higher prevalence of
lower BMD were proven in both animal models and human-
based studies. These biological mechanisms are complex and
are not fully understood. Excessive Cd exposure will reduce
the production of calcitriol, decompose the collagen matrix
in the bone, interfere with the mineralization of bone cells,
inhibit the activity of osteoblasts, and stimulate the activity of
osteoclasts, thus damaging bone health (10). The relationship
between Se and bone health has been widely studied. As an
essential component of selenoprotein, Se plays an important
role in the maintenance of bone homeostasis through cell
proliferation regulation and antioxidant protection (55). Further
studies are worth being conducted to determine the relationship
between Se exposure and osteoporosis and to explore the
underlying mechanism.

However, there are several limitations to the present study.
First, the present study used a cross-sectional design, and no
causal inference between blood heavy metals and the prevalence
of osteoporosis can be made. Second, although demographic,
medical history, and lifestyle variables have been adjusted using
logistic regression in the present study, confounding variables
may still exist and affect the correction between blood heavy
metals and the prevalence of osteoporosis. In addition, other
variables, such as diet and hypertriglyceridemia, were not included
in this analysis. Third, blood heavy metals were measured only
one time and this type of measurement might not reflect a
continuous exposure, thus measurement errors were inevitable.
Finally, the number of participants in the osteoporosis group
was relatively small and other treatment variables (vitamin D
and bisphosphate) were not included in the analysis; further
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larger sample studies are needed to confirm the results. However,
our study also carries some strengths. First, the present study
was based on a relatively large dataset from the US population.
Second, DXA is more accurate for the diagnosis of osteoporosis,
and, finally, we performed further subgroup analysis on the
relationship between blood heavy metals and the prevalence
of osteoporosis.

Conclusion

In conclusion, our study demonstrated that blood Cd level
aggravated the prevalence of osteoporosis, while blood Se level
could be a protective factor for the prevalence of osteoporosis
among the US middle-aged and older populations. However, the
results need to be confirmed in a prospective study.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories

and accession number(s) can be found in the

article/Supplementary material.

Ethics statement

The NHANES protocol is approved by the National Center for
Health Statistics Institutional Review Board, and written informed
consent is obtained. Written informed consent for participation
was not required for this study in accordance with the national
legislation and the institutional requirements.

References

1. Hauger AV, Bergland A, Holvik K, Stahle A, Emaus N, Strand BH. Osteoporosis
and osteopenia in the distal forearm predict all-cause mortality independent of grip
strength: 22-year follow-up in the population-based Tromso Study. Osteoporos Int.
(2018) 29:2447-56. doi: 10.1007/s00198-018-4653-z

2. Wright NC, Looker AC, Saag KG, Curtis JR, Delzell ES, Randall S, et al. The
recent prevalence of osteoporosis and low bone mass in the United States based on
bone mineral density at the femoral neck or lumbar spine. ] Bone Miner Res. (2014)
29:2520-6. doi: 10.1002/jbmr.2269

3. Carlson BC, Robinson WA, Wanderman NR, Sebastian AS, Nassr
A, Freedman BA, et al. Review and clinical perspective of the impact
of osteoporosis on the spine. Geriatr Orthop Surg Rehabil. (2019)
10:2151459319861591. doi: 10.1177/2151459319861591

4. Jepsen DB, Ryg J, Hansen S, Jorgensen NR, Gram J, Masud T. The combined
effect of Parathyroid hormone (1-34) and whole-body vibration exercise in the
treatment of postmenopausal OSteoporosis (PaVOS study): a randomized controlled
trial. Osteoporos Int. (2019) 30:1827-36. doi: 10.1007/s00198-019-05029-z

5. Looker AC, Orwoll ES, Johnston CC Jr, Lindsay RL, Wahner HW, Dunn WL, et al.
Prevalence of low femoral bone density in older US adults from NHANES III. ] Bone
Miner Res. (1997) 12:1761-8. doi: 10.1359/jbmr.1997.12.11.1761

6. Lunde A, Tell GS, Pedersen AB, Scheike TH, Apalset EM, Ehrenstein V, et al. The
role of comorbidity in mortality after hip fracture: a nationwide Norwegian study of
38,126 women with hip fracture matched to a general-population comparison cohort.
Am ] Epidemiol. (2019) 188:398-407. doi: 10.1093/aje/kwy251

7. Lim HS, Lee HH, Kim TH, Lee BR. Relationship between heavy metal
exposure and bone mineral density in korean adult. /] Bone Metab. (2016) 23:223-
31. doi: 10.11005/jbm.2016.23.4.223

Frontiersin Public Health

10.3389/fpubh.2023.1045020

Author contributions

HWe and ZH: conception and design. XW: administrative
support. HWa: provision of study materials or patients. XD
and SZ: collection and assembly of data, data analysis, and
interpretation. All authors wrote the manuscript and approved
the final manuscript. All authors contributed to the article and
approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.
1045020/full#supplementary-material

8. Maes GE, Raeymaekers JA, Hellemans B, Geeraerts C, Parmentier K, De
Temmerman L, et al. Gene transcription reflects poor health status of resident
European eel chronically exposed to environmental pollutants. Aquat Toxicol. (2013)
126:242-55. doi: 10.1016/j.aquatox.2012.11.006

9. Bjorklund G, Pivina L, Dadar M, Semenova Y, Chirumbolo S, Aaseth J. Long-term
accumulation of metals in the skeleton as related to osteoporotic derangements. Curr
Med Chem. (2020) 27:6837-48. doi: 10.2174/0929867326666190722153305

10. Jalili C, Kazemi M, Taheri E, Mohammadi H, Boozari B, Hadi A, et al. Exposure
to heavy metals and the risk of osteopenia or osteoporosis: a systematic review and
meta-analysis. Osteoporos Int. (2020) 31:1671-82. doi: 10.1007/s00198-020-05429-6

11. Lavado-Garcia JM, Puerto-Parejo LM, Roncero-Martin R, Moran JM, Pedrera-
Zamorano JD, Aliaga IJ, et al. Dietary intake of cadmium, lead and mercury and its
association with bone health in healthy premenopausal women. Int ] Environ Res Public
Health. (2017) 14:1437. doi: 10.3390/ijerph14121437

12. Banjabi AA, Kannan K, Kumosani TA, Yousef JM, Abulnaja KO,
Moselhy SS.  Association of blood heavy metal levels with osteocalcin
abnormality and incidence of osteoporosis in Saudi subjects. Braz ] Biol. (2021)
83:€248828. doi: 10.1590/1519-6984.248828

13. Pouillot R, Santillana Farakos S, Van Doren JM. Modeling the risk of low bone
mass and osteoporosis as a function of urinary cadmium in U.S adults aged 50-79 years.
Environ Res. (2022) 212(Pt B):113315. doi: 10.1016/j.envres.2022.113315

14. Luo H, Gu R, Ouyang H, Wang L, Shi S, Ji Y, et al. Cadmium
exposure induces osteoporosis through cellular senescence, associated with activation
of NF-kappaB pathway and mitochondrial dysfunction. Environ Pollut. (2021)
290:118043. doi: 10.1016/j.envpol.2021.118043

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1045020
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1045020/full#supplementary-material
https://doi.org/10.1007/s00198-018-4653-z
https://doi.org/10.1002/jbmr.2269
https://doi.org/10.1177/2151459319861591
https://doi.org/10.1007/s00198-019-05029-z
https://doi.org/10.1359/jbmr.1997.12.11.1761
https://doi.org/10.1093/aje/kwy251
https://doi.org/10.11005/jbm.2016.23.4.223
https://doi.org/10.1016/j.aquatox.2012.11.006
https://doi.org/10.2174/0929867326666190722153305
https://doi.org/10.1007/s00198-020-05429-6
https://doi.org/10.3390/ijerph14121437
https://doi.org/10.1590/1519-6984.248828
https://doi.org/10.1016/j.envres.2022.113315
https://doi.org/10.1016/j.envpol.2021.118043
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Huang et al.

15. Rivas A, Romero A, Mariscal-Arcas M, Monteagudo C, Lopez G,
Lorenzo ML, et al. Association between dietary antioxidant quality score
(DAQs) and bone mineral density in Spanish women. Nutr Hosp. (2012)
27:1886-93. doi: 10.3305/nh.2012.27.6.6039

16. Cai S, Fan J, Zhu L, Ye J, Rao X, Fan C, et al. Bone mineral

density and osteoporosis in relation to all-cause and cause-specific
mortality in NHANES: a population-based cohort study. Bone. (2020)
141:115597. doi: 10.1016/j.bone.2020.115597

17. Xia E Li Q, Luo X, Wu J. Identification for heavy metals exposure
on osteoarthritis among aging people and machine learning for prediction:
a study based on NHANES 2011-2020. Front Public Health. (2022)
10:906774. doi: 10.3389/fpubh.2022.906774

18. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI,
et al. A new equation to estimate glomerular filtration rate. Ann Intern Med. (2009)
150:604-12. doi: 10.7326/0003-4819-150-9-200905050-00006

19. Weaver CM, Gordon CM, Janz KE Kalkwarf HJ, Lappe JM, Lewis

R, et al. The National Osteoporosis Foundation’s position statement
on peak bone mass development and lifestyle factors: a systematic
review and implementation recommendations. Osteoporos Int.  (2016)

27:1281-386. doi: 10.1007/s00198-015-3440-3

20. Pouresmaeili F, Kamalidehghan B, Kamarehei M, Goh YM. A comprehensive
overview on osteoporosis and its risk factors. Ther Clin Risk Manag. (2018) 14:2029-
49. doi: 10.2147/TCRM.S138000

21. Cosman F de Beur SJ, LeBoff MS, Lewiecki EM, Tanner B, Randall S, et al.
Clinician’s guide to prevention and treatment of osteoporosis. Osteoporos Int. (2014)
25:2359-81. doi: 10.1007/s00198-014-2794-2

22. Force USPST, Curry SJ, Krist AH, Owens DK, Barry MJ, Caughey AB, et al.
Screening for osteoporosis to prevent fractures: US preventive services task force
recommendation statement. JAMA. (2018) 319:2521-31. doi: 10.1001/jama.2018.7498

23. Weinstein JR, Anderson S. The aging kidney: physiological changes. Adv Chronic
Kidney Dis. (2010) 17:302-7. doi: 10.1053/j.ackd.2010.05.002

24. Song Y, Lee CK, Kim KH, Lee JT, Suh C, Kim SY, et al. Factors associated
with total mercury concentrations in maternal blood, cord blood, and breast milk
among pregnant women in Busan, Korea. Asia Pac J Clin Nutr. (2016) 25:340-
9. doi: 10.6133/apjcn.2016.25.2.16

25. Li Y, Zhang B, Yang L, Li H. Blood mercury concentration among residents
of a historic mercury mine and possible effects on renal function: a cross-
sectional study in southwestern China. Environ Monit Assess. (2013) 185:3049-
55. doi: 10.1007/s10661-012-2772-0

26. Yang S, Shen X. Association and relative importance of multiple obesity measures
with bone mineral density: the National Health and Nutrition Examination Survey
2005-2006. Arch Osteoporos. (2015) 10:14. doi: 10.1007/s11657-015-0219-2

27. Padilla MA, Elobeid M, Ruden DM, Allison DB. An examination of the
association of selected toxic metals with total and central obesity indices: NHANES
99-02. Int ] Environ Res Public Health. (2010) 7:3332-47. doi: 10.3390/ijerph7093332

28. Rothenberg SE, Korrick SA, Fayad R. The influence of obesity on blood mercury
levels for US non-pregnant adults and children: NHANES 2007-2010. Environ Res.
(2015) 138:173-80. doi: 10.1016/j.envres.2015.01.018

29. James KA, Meliker JR. Environmental cadmium exposure and osteoporosis: a
review. Int ] Public Health. (2013) 58:737-45. doi: 10.1007/s00038-013-0488-8

30. Ougier E, Fiore K, Rousselle C, Assuncao R, Martins C, Buekers J. Burden of
osteoporosis and costs associated with human biomonitored cadmium exposure in
three European countries: France, Spain and Belgium. Int ] Hyg Environ Health. (2021)
234:113747. doi: 10.1016/j.ijheh.2021.113747

31. Chung SM. Long-term sex-specific effects of cadmium exposure on osteoporosis
and bone density: a 10-year community-based cohort study. J Clin Med. (2022)
11:2899. doi: 10.3390/jcm11102899

32. Lu J, Lan J, Li X, Zhu Z. Blood lead and cadmium levels are negatively
associated with bone mineral density in young female adults. Arch Public Health. (2021)
79:116. doi: 10.1186/s13690-021-00636-x

33. Wang M, Wang X, Liu J, Wang Z, Jin T, Zhu G, et al. The association
between cadmium exposure and osteoporosis: a longitudinal study and
predictive model in a chinese female population. Front Public Health. (2021)
9:762475. doi: 10.3389/fpubh.2021.762475

34.Ma Y, Ran D, Cao Y, Zhao H, Song R, Zou H, et al. The effect
of P2X7 on cadmium-induced osteoporosis in mice. J Hazard Mater. (2021)
405:124251. doi: 10.1016/j.jhazmat.2020.124251

35. Chen X, Zhu G, Gu S, Jin T, Shao C. Effects of cadmium on
osteoblasts and osteoclasts in vitro. Environ Toxicol Pharmacol. (2009)
28:232-6. doi: 10.1016/j.etap.2009.04.010

36. Al-Ghafari A, Elmorsy E, Fikry E, Alrowaili M, Carter WG. The heavy
metals lead and cadmium are cytotoxic to human bone osteoblasts via induction
of redox stress. PLoS ONE. (2019) 14:¢0225341. doi: 10.1371/journal.pone.
0225341

Frontiersin Public Health

10.3389/fpubh.2023.1045020

37. Wu L, Wei Q, Lv Y, Xue J, Zhang B, Sun Q, et al. Wnt/beta-catenin pathway is
involved in cadmium-induced inhibition of osteoblast differentiation of bone marrow
mesenchymal stem cells. Int ] Mol Sci. (2019) 20:e1519. doi: 10.3390/ijms20061519

38. Brzoska MM, Moniuszko-Jakoniuk J. Disorders in bone metabolism of female
rats chronically exposed to cadmium. Toxicol Appl Pharmacol. (2005) 202:68-
83. doi: 10.1016/j.taap.2004.06.007

39. Bimonte VM, Besharat ZM, Antonioni A, Cella V, Lenzi A, Ferretti E, et al.
The endocrine disruptor cadmium: a new player in the pathophysiology of metabolic
diseases. ] Endocrinol Invest. (2021) 44:1363-77. doi: 10.1007/s40618-021-01502-x

40. Hoeg A, Gogakos A, Murphy E, Mueller S, Kohrle ], Reid DM, et al. Bone
turnover and bone mineral density are independently related to selenium status in
healthy euthyroid postmenopausal women. J Clin Endocrinol Metab. (2012) 97:4061-
70. doi: 10.1210/jc.2012-2121

41. Looker AC, Borrud LG, Hughes JP, Fan B, Shepherd JA, Sherman M. Total body
bone area, bone mineral content, and bone mineral density for individuals aged 8 years
and over: United States, 1999-2006. In: Vital and Health Statistics Series 11, Data From
the National Health Survey. (2013), p. 1-78

42. Beukhof CM, Medici M, van den Beld AW, Hollenbach B, Hoeg A, Visser WE,
et al. Selenium status is positively associated with bone mineral density in healthy aging
European men. PLoS ONE. (2016) 11:¢0152748. doi: 10.1371/journal.pone.0152748

43. Zhang J, Munger RG, West NA, Cutler DR, Wengreen HJ, Corcoran CD.
Antioxidant intake and risk of osteoporotic hip fracture in Utah: an effect modified
by smoking status. Am J Epidemiol. (2006) 163:9-17. doi: 10.1093/aje/kwj005

44. Sun LL Li BL, Xie HL, Fan E, Yu WZ, Wu BH, et al. Associations between the
dietary intake of antioxidant nutrients and the risk of hip fracture in elderly Chinese: a
case-control study. Br ] Nutr. (2014) 112:1706-14. doi: 10.1017/S0007114514002773

45. Melhus H, Michaelsson K, Holmberg L, Wolk A, Ljunghall S. Smoking,
antioxidant vitamins, and the risk of hip fracture. ] Bone Miner Res. (1999) 14:129-
35. doi: 10.1359/jbmr.1999.14.1.129

46. Arikan DC, Coskun A, Ozer A, Kilinc M, Atalay F, Arikan T. Plasma selenium,
zinc, copper and lipid levels in postmenopausal Turkish women and their relation with
osteoporosis. Biol Trace Elem Res. (2011) 144:407-17. doi: 10.1007/s12011-011-9109-7

47. Wang L, Yu H, Yang G, Zhang Y, Wang W, Su T, et al. Correlation between bone
mineral density and serum trace element contents of elderly males in Beijing urban
area. Int J Clin Exp Med. (2015) 8:19250-7.

48. LiuSZ, Yan H, Xu P, Li JP, Zhuang GH, Zhu BE, et al. Correlation analysis between
bone mineral density and serum element contents of postmenopausal women in Xi’an
urban area. Biol Trace Elem Res. (2009) 131:205-14. doi: 10.1007/s12011-009-8363-4

49. Ilich JZ, Cvijetic S, Baric IC, Cecic I, Saric M, Crncevic-Orlic Z, et al. Nutrition
and lifestyle in relation to bone health and body weight in Croatian postmenopausal
women. Int ] Food Sci Nutr. (2009) 60:319-32. doi: 10.1080/09637480701780724

50. Li C, Wang Q, Gu X, Kang Y, Zhang Y, Hu Y, et al. Porous Se@SiO,
nanocomposite promotes migration and osteogenic differentiation of rat bone marrow
mesenchymal stem cell to accelerate bone fracture healing in a rat model. Int J
Nanomed. (2019) 14:3845-60. doi: 10.2147/1JN.S202741

51. Liu H, Bian W, Liu S, Huang K. Selenium protects bone marrow stromal
cells against hydrogen peroxide-induced inhibition of osteoblastic differentiation by
suppressing oxidative stress and ERK signaling pathway. Biol Trace Elem Res. (2012)
150:441-50. doi: 10.1007/s12011-012-9488-4

52. Cao JJ, Gregoire BR, Zeng H. Selenium deficiency decreases antioxidative
capacity and is detrimental to bone microarchitecture in mice. J Nutr. (2012) 142:1526-
31. doi: 10.3945/jn.111.157040

53. Vescini E  Chiodini I,
Scillitani A, et al. Selenium:
a narrative review. Endocr Metab Immune Disord Drug Targets.
21:577-85. doi: 10.2174/1871530320666200628030913

54. Pietschmann N, Rijntjes E, Hoeg A, Stoedter M, Schweizer U, Seemann P, et al.
Selenoprotein P is the essential selenium transporter for bones. Metallomics Integr
Biometal Sci. (2014) 6:1043-9. doi: 10.1039/c4mt00003j

Palermo A, Cesareo R, De Geronimo V,
a trace element for a healthy skeleton—
(2021)

55. Zeng H, Cao JJ, Combs GF Jr. Selenium in bone health: roles in antioxidant
protection and cell proliferation. Nutrients. (2013) 5:97-110. doi: 10.3390/nu5010097

56. Campbell JR, Auinger P. The association between blood lead levels and
osteoporosis among adults-results from the third national health and nutrition
examination survey (NHANES III). Environ Health Perspect. (2007) 115:1018-
22. doi: 10.1289/ehp.9716

57. Alfven T, Jarup L, Elinder CG. Cadmium and lead in blood in relation to
low bone mineral density and tubular proteinuria. Environ Health Perspect. (2002)
110:699-702. doi: 10.1289/ehp.110-1240916

58. Tang Y, Yi Q, Wang S, Xia Y, Geng B. Normal concentration range of blood
mercury and bone mineral density: a cross-sectional study of National Health and
Nutrition Examination Survey (NHANES) 2005-2010. Environ Sci Pollut Res Int.
(2022) 29:7743-57. doi: 10.1007/s11356-021-16162-w

59. Kim YH, Shim JY, Seo MS, Yim HJ, Cho MR. Relationship between blood
mercury concentration and bone mineral density in Korean men in the 2008-2010

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1045020
https://doi.org/10.3305/nh.2012.27.6.6039
https://doi.org/10.1016/j.bone.2020.115597
https://doi.org/10.3389/fpubh.2022.906774
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1007/s00198-015-3440-3
https://doi.org/10.2147/TCRM.S138000
https://doi.org/10.1007/s00198-014-2794-2
https://doi.org/10.1001/jama.2018.7498
https://doi.org/10.1053/j.ackd.2010.05.002
https://doi.org/10.6133/apjcn.2016.25.2.16
https://doi.org/10.1007/s10661-012-2772-0
https://doi.org/10.1007/s11657-015-0219-2
https://doi.org/10.3390/ijerph7093332
https://doi.org/10.1016/j.envres.2015.01.018
https://doi.org/10.1007/s00038-013-0488-8
https://doi.org/10.1016/j.ijheh.2021.113747
https://doi.org/10.3390/jcm11102899
https://doi.org/10.1186/s13690-021-00636-x
https://doi.org/10.3389/fpubh.2021.762475
https://doi.org/10.1016/j.jhazmat.2020.124251
https://doi.org/10.1016/j.etap.2009.04.010
https://doi.org/10.1371/journal.pone.0225341
https://doi.org/10.3390/ijms20061519
https://doi.org/10.1016/j.taap.2004.06.007
https://doi.org/10.1007/s40618-021-01502-x
https://doi.org/10.1210/jc.2012-2121
https://doi.org/10.1371/journal.pone.0152748
https://doi.org/10.1093/aje/kwj005
https://doi.org/10.1017/S0007114514002773
https://doi.org/10.1359/jbmr.1999.14.1.129
https://doi.org/10.1007/s12011-011-9109-7
https://doi.org/10.1007/s12011-009-8363-4
https://doi.org/10.1080/09637480701780724
https://doi.org/10.2147/IJN.S202741
https://doi.org/10.1007/s12011-012-9488-4
https://doi.org/10.3945/jn.111.157040
https://doi.org/10.2174/1871530320666200628030913
https://doi.org/10.1039/c4mt00003j
https://doi.org/10.3390/nu5010097
https://doi.org/10.1289/ehp.9716
https://doi.org/10.1289/ehp.110-1240916
https://doi.org/10.1007/s11356-021-16162-w
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Huang et al.

Korean National Health and Nutrition Examination Survey. Korean ] Fam Med. (2016)
37:273-8. doi: 10.4082/kjfm.2016.37.5.273

60. Li D, Ge X, Liu Z, Huang L, Zhou Y, Liu P, et al. Association between long-term
occupational manganese exposure and bone quality among retired workers. Environ
Sci Pollut Res Int. (2020) 27:482-9. doi: 10.1007/s11356-019-06694-7

61. Odabasi E, Turan M, Aydin A, Akay C, Kutlu M. Magnesium, zinc, copper,
manganese, and selenium levels in postmenopausal women with osteoporosis. Can
magnesium play a key role in osteoporosis? Ann Acad Med. (2008) 37:564-7.

Frontiersin Public Health

13

10.3389/fpubh.2023.1045020

62. Wei MH, Cui Y, Zhou HL, Song WJ, Di DS, Zhang RY, et al. Associations
of multiple metals with bone mineral density: a population-based study in
US adults. Chemosphere. (2021) 282:131150. doi: 10.1016/j.chemosphere.2021.
131150

63. Lu C, Svoboda KR, Lenz KA, Pattison C, Ma H. Toxicity interactions
between manganese (Mn) and lead (Pb) or cadmium (Cd) in a model
organism the nematode C. elegans. Environ Sci Pollut Res Int. (2018)
25:15378-89. doi: 10.1007/s11356-018-1752-5

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1045020
https://doi.org/10.4082/kjfm.2016.37.5.273
https://doi.org/10.1007/s11356-019-06694-7
https://doi.org/10.1016/j.chemosphere.2021.131150
https://doi.org/10.1007/s11356-018-1752-5
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Relationship of blood heavy metals and osteoporosis among the middle-aged and elderly adults: A secondary analysis from NHANES 2013 to 2014 and 2017 to 2018
	Introduction
	Methods
	Study subjects
	Evaluation of osteoporosis
	Assessment of heavy metals
	Ascertainment of covariates
	Statistical analysis

	Results
	Characteristics of participants
	Relationships of blood heavy metals with osteoporosis
	Subgroup analysis

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher's note
	Supplementary material
	References


