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The impact of heavy metals on
osteoporosis in postmenopausal
women

Shiyu Peng, Gaoxiang Zhang®, Decheng Wang®* and Zhiliang He*

Department of Spinal Trauma, Beijing Tongzhou District Hospital of Integrated Traditional Chinese and
Western Medicine, Beijing, China

Objective: Heavy metals are present in many environmental pollutants, and have
cumulative effects on the human body, which can lead to several diseases,
including osteoporosis (OP). However, limited information was known about
the correlation between OP and heavy metals, especially in postmenopausal
women. The current research was aimed to explore the association heavy
metals and bone mineral density (BMD) with OP risk among postmenopausal
women in the US.

Methods: This cross-sectional study enrolled participants in NHANES
2013-2014 and 2017-2020. ICP-MS was applied to detect five metals,
namely, Pb, Cd, Hg, Se and Mn, in blood. BMD was measured through DXA
and then converted to T-scores. At the same time, the impacts of exposure to
single and mixed metals on OP were assessed using multivariable logistic
regression, WQS, and BKMR models. The relationship was examined based on
age and BMI.

Results: Totally 905 postmenopausal women were enrolled for final analysis.
Among them, 161 (17.80%) participants had OP. Logistic regression indicated
that, Cd [OR (95% CI): 1.815 (1.076, 3.061) and 2.180 (1.309, 3.631), separately,
P for trend = 0.006] and Se [OR (95% CI): 0.570 (0.356, 0.914), 0.454 (0.276,
0.747) and 0.689 (0.433, 1.097), separately, P for trend = 0.071] were related to
OP in the adjusted model 1. Similar results to model 1 were obtained by the
rest models. Multivariate linear regression model analysis suggested that
subjects who had the greatest quartile of Cd level (Q4) exhibited lower BMD
within the entire femur (8=-0.112, P=0.007; P for trend = 0.003) compared
to those in Q1. The WQS analysis suggested that Cd was correlated positively
with increased OP risk, whereas Se inversely associated. In BKMR analysis,
exposure to mixed metals was significantly positively related to OP. In
subgroup analysis, Cd's impact on OP risk was most pronounced in the
50-60 year age and 25-30 kg/m? BMI subgroups, and Se offered protection
in older age and higher BMI groups.

Conclusion: This is the first study to determine the correlation between OP and
heavy metals among postmenopausal women in the US based on large data. The
results showed that the increased mixed metal concentration may lead to an
increased OP risk among postmenopausal women. Blood Cd level was
associated with an increased OP risk, and blood Se level served as the
predicting factor for OP. More investigations are warranted to demonstrate our
findings and elucidate the underlying biological mechanism.
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Osteoporosis (OP), the systemic metabolic disease, exhibits the
representative characteristics of decreased bone mass, decreased
bone mineral density (BMD), and deteriorating bone microstructure
(1, 2). As of 2010, there were 10.2 million US adults aged over
50 years diagnosed with OP (2). By 2030, the OP population is
estimated to be 13.5 million (3, 4). Osteoporosis increases the
financial and medical burden of patients and is a health issue
globally that needs to be addressed. There are different risk
and decreased BMD,

including genetic, dietary, or environmental factors (5, 6).

factors related to OP development

Rapid advancements in industrialization and urbanization have
resulted in increased exposure to heavy metals which can be found
in air, food, soil and water worldwide (7, 8). These metals can
infiltrate the

absorption through the skin, inhalation, or consumption of heavy

body through multiple pathways, including
metals in food and/or drinking water. Continuous exposure to
heavy metals can result in a disruption of the body’s internal
equilibrium, with these metals beginning to build up in the body
and being utilized as replacements for crucial elements (9). For
instance, lead can displace calcium, cadmium can take the place
of zinc, and aluminum can substitute for many trace elements
(9). Additionally, the accumulation of heavy metals can impair
the body’s key metabolic functions and upset the balance of
antioxidants. Similarly, the operation of various hormones and
the activity of vital enzymes can also be affected (10). In a word,
the general mechanism involved in heavy metal-induced toxicity
is recognized to be the production of reactive oxygen species
resulting oxidative damage and health related adverse effects
, 11-
(Cd), mercury (Hg), selenium (Se) and manganese (Mn). It has

). Traditional heavy metals include lead (Pb), cadmium

been discovered that exposure to heavy metals can lead to gene
variations and induce an increased risk of disease occurrence,
Blood
metal levels can be a good indicator of the extent of exposure

including degenerative diseases and fractures (13-18).
and body heavy metal accumulation (19). Meanwhile, many
studies have found that blood heavy metal accumulation within
bones is suggested to promote bone resorption while changing
bone mineral level, finally causing OP or even bone fracture (20).
For example, animal studies have shown cadmium to stimulate
the formation and activity of osteoclasts, breaking down the
collagen matrix in bone (21); one observational study showed
that daily or long-term Cd, Pb, and Hg exposure is negatively
correlated with BMD (22). Cd is found to be independently
related to the increased OP risk, Se is independently related to
the decreased OP risk, while Pb, Mn and Hg do not significantly
influence OP occurrence (23). However, the relation of blood
heavy metals with OP risk is only analyzed in observational
studies with small sample sizes at present (24). In addition,
many populations are found with a heavy metal exposure risk,
like post-menopausal women with particular vulnerability to OP
(16). It was essential to explore the relation between heavy
metals and OP, because people might experience heavy metal
and OP
threatened human health, particularly for postmenopausal

accumulation under certain working conditions
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women. Considering the lack of existing data on postmenopausal
women, more studies are required to better comprehend the
association of variation trends of blood heavy metals (such as
Pb, Hg, Cd, Se and Mn) with the OP risk of postmenopausal
women, aiming to shed more lights on clinical practice.

In this study, three statistical approaches, namely, multivariable
logistic regression, Bayesian kernel machine regression (BKMR),
and weighted quantile sum regression (WQS), were used for
assessing single and mixed effects of OP with whole blood Pb,
Cd, total Hg, Mn, and Se levels in the NHANES. Additionally,
we also conducted stratified analyses to reveal the health impacts
of these different
Association and prediction

metals across demographic subgroups.
of OP might

postmenopausal women to prevent OP and reduce exposure to

studies assist

risk factors.

Participants

The National Health and Nutritional Examination Surveys
(NHANES), first started in 1959 as the continuous program,
conducts cross-sectional examinations of population health and
nutrient in the US every year. Demographic, dietary, laboratory
test and questionnaire data are released at 2-year intervals. This
study recruited women aged >50 years who had complete
information on blood heavy metals and BMD from NHANES
in 2013-2014 and 2017-2020 (
into this study provided informed consents. Our study protocols

). The subjects enrolled

were approved by the ethics review board of National Center
for Health Statistics (NCHS) and written consent was obtained.
All  studies
guidelines/regulations.

were conducted in accordance with relevant

Heavy metal evaluation

After diluting the prepared whole blood samples, mass
spectrometry was performed to directly determine blood heavy
metal contents, including Pb, Cd, Hg, Se, and Mn. To uniformly
distribute cellular components, during the dilution stage, a low
portion of whole blood was obtained from a large whole blood
sample. To dilute the blood samples, one portion of sample was
mixed with one portion of water and 48 portions of diluent.
Later, the sample was added onto the mass spectrometer via the
inductively-coupled plasma ionization ion source (23, 25).

BMD measurement and OP diagnosis

BMD measurements were carried out in different body parts
(lumbar spine, total femur, and femoral neck) in NHANES.
Scanning was carried out with Hologic QDR-4500A fan-beam
densitometers (Hologic, Inc., Bedford, Massachusetts) based on
dual-energy x-ray absorptiometry (DXA). In general, examination
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2017 -2020 cycles (N=25735)

Enrolled population from NHANES 2013 - 2014 and

Exclusion:(N=23565)

Missing information of dual-energy X-ray absorptiometry femur
and spine (N=21821)

Missing information of blood heavy metals (N=527)

Missing information of postmenopausal woman(N=1226)

A4

NHANES(2013-2014,2017-2020)(N=2170)

v

Exclusion:(N=1256)

Missing information of demographic data(N=6)
Missing information of hypertension(N=374)

Missing information of diabetes(N=171)

Missing information of personal fracture history(N=2)
Missing information of parental fracture history(N=183)
Missing information of BIM(N=447)

Missing information of smoking(N=73)

v

Final included participants (N=905)

FIGURE 1
The flowchart of dataset combination.

was performed on left hip, while examination on right hip was only
conducted in the case of the self-reported pin, fracture, or
replacement of left hip. Lumbar spine BMD was calculated as the
mean of 1st-4th lumbar vertebrae. Pregnant women, patients
with a history of bilateral hip pins/fractures/replacement or
radiographic contrast material use, and patients with >450 Ibs
were excluded from DXA. OP was defined as the average peak
BMD of lumbar spine, total hip and femoral neck based on the
US NHANES III database and the associated standard deviation
(SD) among white women with the age of 20-29 vyears.
Subsequently, BMD levels of lumbar spine, total hip and femoral
neck were converted to T-scores (26-28) with the constructed
approach. T-score <-2.5, —2.5 < T-score <-1, and >-1

represented OP, osteopenia, and normal, respectively. We

deemed normal subjects and those with osteopenia as non-OP.

Covariate evaluation

Consistent with statements at the NHANES website, data were
obtained at all study sites by the trained personnel following the
specific procedures. Covariates included age, race, education,
marital status, body mass index [BMI, calculated through the
division of body weight (kg) by body height squared (m?)],
smoking, diabetes, hypertension, parental OP history, and
previous fractures. The digital weight scale was used to take body
weight of patients (kg). The stadiometer equipped with the
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adjustable head piece and the fix vertical backboard was utilized
to measure the standing height of patients.

Statistical analysis

Through data weighting, estimates for the US population were
obtained and examined through layering and clustering.
Continuous data with normal distribution were indicated by
mean + standard deviation (SD) during descriptive analysis and
explored by Student’s t-test, while those with non-normal
distribution were indicated by median and quartile range and
explored through non-parametric tests. Meanwhile, categorical
data were expressed as frequency and frequency percentage and
compared by Chi-squared test. Blood heavy metal levels (Pb, Cd,
Hg, Se, and Mn) were determined based on quartiles (quartiles
1-4 indicating <25th, 25th-50th, 50th-75th, and >75th
percentile). Logistic regression was carried out to study odds
ratios (ORs) and 95% confidence intervals (Cls), aiming to
examine the relation of blood heavy metals with OP risk.
Quartile 1 was used for reference when evaluating blood heavy
metals. Model 1 was adjusted for hypertension, diabetes, parental
OP history, previous fractures, and marital status. Model 2 was
adjusted for race, education level, and age based on Model
1. While Model 3 was adjusted for all associated covariates. All
the exposures were In-transformed before analysis. In addition,

mixed effects were analyzed by adopting weighted quantile sum
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regression (WQS) models in both positive and negative

directionality modes. Bayesian kernel machine regression
(BKMR) provides a versatile and succinct estimation of the
multivariate exposure-response relationship. The combined
effects of each metal (“BKMR” packages) was assessed, while the
dose-response relation of one individual metal with OP risk was
also evaluated with the other metal levels being constant. This
study established multivariate linear regression models to
determine the relations of blood heavy metals with total spinal,
total femoral, and femoral neck BMD. Subgroup analysis
stratified by sex was also conducted to examine the relation of
blood heavy metals with OP risk. Moreover, trend test was
the
multivariable models. Statistical analysis was completed with
SPSS (version: 24.0; SPSS, Chicago, IL) and R (version 3.5.3).

The significance level was set at p <0.05.

performed among elevating exposure groups using

Patient features

After excluding non-qualified patients ( ), there were
totally 905 subjects enrolled into this study, including 161 cases
with OP and 744 with no OP. displays patient features
with and with no OP. Compared with non-OP patients, OP
patients were older and thinner, exhibiting low education levels,
a parental OP history, and a lower probability as non-Hispanic
Black. On the contrary, non-OP patients showed the lower blood
Cd levels (P=0.022). Total spinal, total femoral, and femoral
neck BMD of non-OP patients were significantly higher than
OP patients.

Relationship between blood heavy metals
and OP

Multivariate logistic regression was performed to examine the
relation of blood heavy metals with the OP risk, with effect value
being indicated by OR and 95% CI ( ). The data from
Model 1 was adjusted for hypertension, diabetes, history of
osteoporosis in parents, previous fractures and marital status; in
Model 2, race, education level, and age were adjusted based on
Model 1; while Model 3 was adjusted for all covariates. In Model
1, a higher quartile of Cd [1.815 (95% CI: 1.076, 3.061); 2.180
(95% CI: 1.309, 3.631); P for trend = 0.006] was correlated with an
increased OP risk. Cd level was also associated with the higher OP
risk, and the significance was marginal [1.804 (95% CIL: 1.037,
3.137); P for trend=0.059] in Model 2. Blood Se level was
significantly negatively related to the OP risk in Models 1, 2, and
3, i.e, (0.570 (95% CI: 0.356, 0.914); 0.454 (95% CI: 0.276, 0.747)
(P for trend =0.071) in Model 1; (0.519 (95% CI: 0.314, 0.857);
0.415 (95% CI: 0.245, 0.704); 0.558 (95% CI: 0.339, 0.917); (P for
trend = 0.015) in Model 2; (0.507 (95% CI: 0.299, 0.862); 0.401
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TABLE 1 Basic characteristics of the OP and non-OP population of
NHANES.

Variables Osteopor05|s
osteopor05|s

Number, n (%) 744 (82.20%) 161 (17.80%)

Age (years)

50-60 335 (45.0) 44 (27.3) <0.001
60-70 269 (36.2) 60 (37.3)
>70 140 (18.8) 57 (35.4)
BMI (kg/m?), n (%)
<25 171 (23.0) 88 (54.7) <0.001
25-30 263 (35.3) 50 (31.1)
>30 310 (41.7) 23 (14.3)
Race, n (%)
Mexican American 65 (8.7) 16 (9.9) <0.001
Other Hispanic 94 (12.6) 22 (13.7)
Non-Hispanic White 278 (37.4) 63 (39.1)
Non-Hispanic Black 200 (26.9) 16 (9.9)
Other race 107 (14.4) 44 (27.3)
Education, n (%)
Less than 9th grade 54 (7.3) 19 (11.8) 0.003
9-11th grade 59 (7.9) 21 (13.0)
High school 185 (24.9) 47 (29.2)
Some college 262 (35.2) 34 (21.1)
College graduate 184 (24.7) 40 (24.8)
Marital status, n (%)
Married or living with 389 (52.3) 85 (52.8) 0.619
partner
Widowed, divorced or 341 (45.8) 71 (44.1)
separated
Never married 14 (1.9) 5(3.1)
History of smoking, n (%)
No 498 (66.9) 104 (64.6) 0.581
Yes 246 (33.1) 57 (35.4)
History of hypertension, n (%)
No 514 (69.1) 105 (65.2) 0.351
Yes 230 (30.9) 56 (34.8)
History of diabetes, n (%)
No 607 (81.6) 137 (85.1) 0.309
Yes 137 (18.4) 24 (14.9)
History of osteoporosis in parents, n (%)
No 597 (80.2) 114 (70.8) 0.011
Yes 147 (19.8) 47 (29.2)
History of previous fractures, n (%)
No 669 (89.9) 137 (85.1) 0.093
Yes 75 (10.1) 24 (14.9)
Blood lead (ug/dl) 1.35 (0.86) 1.30 (0.71) 0.488
Blood cadmium (pg/L) 0.51 (0.46) 0.65 (0.78) 0.022
Blood mercury (ug/L) 1.50 (2.10) 1.49 (1.93) 0.962
Blood selenium (pg/L) 189.11 (33.70) 187.14 (32.20) 0.499
Blood manganese (ug/L) 9.61 (3.22) 10.16 (3.40) 0.052
Bone mineral density
Total femur (gm/cmz) 0.89 (0.12) 0.68 (0.10) <0.001
Femoral neck (gm/cm?) 0.75 (0.12) 0.56 (0.08) <0.001
Total spine (gm/cm?) 0.98 (0.14) 0.75 (0.11) <0.001

Categorical variables are presented as frequencies (%); continuous variables with normal
distribution are shown as means (SDs); continuous variables with a skewed distribution
are shown as medians (inter-quartile ranges).
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TABLE 2 Odds ratio of osteoporosis across quartiles of blood heavy metals.

10.3389/fenvh.2025.1468404

aracte ode ode ode
. », O 3 . » O 3 . » O a
Blood lead (ug/dl)
Q1 <0.77 Reference - Reference - Reference -
Q2 0.78-1.16 0.792 (0.487, 1.289) 0.348 0.841 (0.501, 1.412) 0.513 0.714 (0.414, 1.232) 0.226
Q3 1.17-1.66 0.880 (0.542, 1.429) 0.606 0.869 (0.516, 1.464) 0.599 0.736 (0.423, 1.278) 0.276
Q4 >1.67 0.909 (0.561, 1.475) 0.700 0.894 (0.530, 1.507) 0.673 0.716 (0.410, 1.251) 0.241
P for trend 0.883 0.779 0.352
Blood cadmium (ug/L)
Q1 <0.25 Reference - Reference - Reference
Q2 0.26-0.38 1.578 (0.928, 2.681) 0.092 1.447 (0.830, 2.524) 0.193 1.482 (0.831, 2.643) 0.183
Q3 0.39-0.61 1.815 (1.076, 3.061) 0.025 1.361 (0.780, 2.373) 0.278 1.301 (0.725, 2.335) 0.377
Q4 >0.62 2.180 (1.309, 3.631) 0.003 1.804 (1.037, 3.137) 0.037 1.485 (0.813, 2.712) 0.198
P for trend 0.006 0.059 0.352
Blood mercury (pg/L)
Q1 <0.39 Reference - Reference - Reference
Q2 0.40-0.83 0.697 (0.419, 1.158) 0.164 0.717 (0.422, 1.219) 0.219 0.679 (0.389, 1.185) 0.173
Q3 0.84-1.70 1.023 (0.636, 1.644) 0.926 1.069 (0.646, 1.769) 0.796 1.144 (0.673, 1.945) 0.620
Q4 >1.71 1.020 (0.633, 1.642) 0.936 0.935 (0.554, 1.579) 0.802 0.803 (0.462, 1.395) 0.436
P for trend 0.518 0.877 0.675
Blood selenium (pg/L)
Q1 <172.07 Reference - Reference - Reference
Q2 172.08-185.67 0.570 (0.356, 0.914) 0.020 0.519 (0.314, 0.857) 0.010 0.507 (0.299, 0.862) 0.012
Q3 185.68-201.84 0.454 (0.276, 0.747) 0.002 0.415 (0.245, 0.704) 0.001 0.401 (0.231, 0.696) 0.001
Q4 >201.85 0.689 (0.433, 1.097) 0.116 0.558 (0.339, 0.917) 0.021 0.515 (0.306, 0.866) 0.012
P for trend 0.071 0.015 0.009
Blood manganese (pg/L)
Q1 <7.49 Reference - Reference - Reference -
Q2 7.50-9.30 0.905 (0.541, 1.513) 0.704 0.757 (0.438, 1.310) 0.320 0.834 (0.470, 1.480) 0.535
Q3 9.31-1141 1.007 (0.609, 1.666) 0.978 0.776 (0.449, 1.342) 0.365 0.898 (0.505, 1.597) 0.715
Q4 >11.42 1.525 (0.946, 2.456) 0.083 0.950 (0.547, 1.653) 0.857 1.071 (0.601, 1.909) 0.815
P for trend 0.045 0.941 0.655

“Model 1 is shown as the odds ratio (95% confidence interval); adjusted for history of hypertension, diabetes, osteoporosis in parents, previous fractures and marital status.

*Model 2 is shown as an odds ratio (95% confidence interval); further adjusted for race, education level and age.
“Model 3 is shown as odds ratio (95% confidence interval); further adjusted for history of smoking and BMIL

(95% CI: 0.231, 0.696); 0.515 (95% CI: 0.306, 0.866); (P for
trend = 0.009) in Model 3. However, blood Pb, Hg, and Mn levels
were not associated with DKD in three models (p > 0.05).

Correlation between blood heavy metals
and BMD

Our study utilized multivariate linear regression analysis for
evaluating the correlation of blood heavy metals with BMD in
two distinct models (Table 3). For Model 1, compared with
lowest quartile (Q1l) of Cd level, patients showing the highest
quartile (Q4) exhibited lower total femoral BMD (8=-0.112,
P=0.007, P for trend =0.003); compared with the lowest quartile
(Q1) of Hg level, patients having highest quartile (Q2) showed
the increased femoral neck BMD (8=0.082, P=0.040, P for
trend =0.310). Model 1 also revealed that Mn level was
negatively related to total spinal and femoral neck BMD
(8=-0.098, P=0.015, P for trend =0.005; B=—0.106, P=0.009,
P for trend =0.007). After adjusting for all covariates, Mn level
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was also significantly positively related to total femoral and
femoral neck BMD (8=0.072, P=0.033, P for trend=0.753;
B=0.082, P=0.020, P for trend=0.978), but not significantly
associated with total spinal BMD.

Relations of blood heavy metals with OP
(based on WQS and BKMR)

WQS models were utilized to analyze blood heavy metals that
significantly contributed to the combined effect of mixed heavy
metals (Pb, Cd, Hg, Se and Mn). Blood heavy metals were
ranked according to their possible maximal weight in the
mixture. Based on WQS under the positive directional mode, Cd
was positively associated with the increased OP risk, whereas Se
displayed the negative relation with an increased OP risk
(Figure 2). Concerning BKMR results, Figure 3 displays the
exposure-response results of individual metals and the combined
effect on OP after being adjusted for confounders. After fixing
additional metals at the 50th percentile, Se gradually had the

05 frontiersin.org
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TABLE 3 Linear regression coefficients for blood heavy metals and BMD.

10.3389/fenvh.2025.1468404

ara BMD
ota B (p emora e B (p ota e B (p
ode odel 2° ode odel 2° ode odel 2°

Blood lead (ug/dl)

Q1 <0.77 Reference Reference Reference Reference Reference Reference

Q2 0.78-1.16 0.027 (0.679) 0.046 (0.186) 0.031 (0.443) 0.040 (0.267) 0.053 (0.195) 0.071 (0.052)

Q3 1.17-1.66 —0.002 (0.952) 0.027 (0.438) 0.028 (0.493) 0.043 (0.232) 0.025 (0.546) 0.046 (0.211)

Q4 >1.67 —0.051 (0.217) 0.006 (0.859) —0.040 (0.332) —0.001 (0.968) 0.023 (0.573) 0.044 (0.240)
P for trend 0.116 0.830 0.224 0.749 0.830 0.490
Blood cadmium (ug/L)

Q1 <0.25 Reference Reference Reference Reference Reference Reference

Q2 0.26-0.38 —0.012 (0.761) 0.027 (0.434) 0.018 (0.663) 0.049 (0.169) 0.016 (0.694) 0.022 (0.530)

Q3 0.39-0.61 —0.056 (0.162) 0.024 (0.486) —0.047 (0.245) 0.027 (0.448) —0.052 (0.195) 0.017 (0.649)

Q4 >0.62 —0.112 (0.007) —0.005 (0.895) —0.074 (0.073) 0.013 (0.733) —0.065 (0.119) 0.028 (0.461)
P for trend 0.003 0.661 0.029 0.914 0.057 0.546
Blood mercury (pg/L)

Q1 <0.39 Reference Reference Reference Reference Reference Reference

Q2 0.40-0.83 0.070 (0.081) 0.072 (0.033) 0.082 (0.040) 0.082 (0.020) 0.065 (0.107) 0.055 (0.118)

Q3 0.84-1.70 0.026 (0.512) 0.027 (0.434) 0.002 (0.961) —0.005 (0.885) —0.016 (0.689) —0.037 (0.304)

Q4 >1.71 —0.012 (0.766) 0.036 (0.299) —0.006 (0.881) 0.029 (0.427) —0.044 (0.275) —0.005 (0.898)
P for trend 0.266 0.753 0.310 0.978 0.058 0.501
Blood selenium (ug/L)

Q1 <172.07 Reference Reference Reference Reference Reference Reference

Q2 172.08-185.67 | 0.043 (0.289) 0.030 (0.384) 0.026 (0.528) 0.022 (0.540) 0.015 (0.717) 0.024 (0.510)

Q3 185.68-201.84 0.040 (0.325) 0.030 (0.381) 0.025 (0.532) 0.026 (0.471) 0.007 (0.865) 0.025 (0.491)

Q4 >201.85 0.022 (0.593) 0.046 (0.179) 0.025 (0.782) 0.041 (0.248) —0.065 (0.110) —0.012 (0.733)
P for trend 0.638 0.197 0.803 0.255 0.104 0.730
Blood manganese (pg/L)

Q1 <7.49 Reference Reference Reference Reference Reference Reference

Q2 7.50-9.30 0.019 (0.632) 0.027 (0.436) —0.009 (0.832) 0.019 (0.590) 0.025 (0.531) 0.060 (0.098)

Q3 9.31-1141 0.012 (0.774) 0.019 (0.598) —0.009 (0.821) 0.023 (0.531) —0.032 (0.423) 0.011 (0.758)

Q4 >11.42 —0.071 (0.080) —0.013 (0.734) —0.106 (0.009) —0.023 (0.562) —0.098 (0.015) 0.034 (0.391)
P for trend 0.056 0.622 0.007 0.515 0.005 0.660

“Linear regression adjusted for history of hypertension, diabetes, osteoporosis in parents, previous fractures and smoking.

YLinear regression further adjusted for race, education level, marital, age and BMIL.

decreased enhancing effect on OP, which was later weakened to
near zero (Figure 3A). OP risk was significantly related to metal
chemical mixture exposure (Figure 3B). The combined effect of 5
metals higher than 50th percentile significantly affected the OP
risk ratio. The OP risk significantly increased with the heavy
metals being higher than the set level (Figure 3B).

Relation of blood heavy metals with OP
analyzed by age- or BMI-stratified subgroup
analysis

To the relation of blood heavy metals with OP risk, subgroup
analyses stratified by age and BMI were conducted (Table 4).
As suggested by logistic regression, the fourth quartile of Cd level
was related to an increased OP risk (4.538 (95% CI: 1.309, 15.734;
P for trend =0.009; P for interaction =0.001) in the 50-60 years
subgroup. Additionally, Cd level was not significantly correlated
with OP risk in the 60-70 and >70 years subgroups. However, in
the 60-70 years subgroup, Se level exhibited negative relation with
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an increased OP risk [0.404 (95% CI: 0.172, 0.949); 0.362 (95%
CI: 0.155, 0.849); P for trend =0.010; P for interaction=0.431].
Significant differences were also found in the >70 years subgroup.
Based on BMlI-stratified subgroup analysis, blood Cd level was
significantly positively related to OP risk for the 25-30 kg/m’
subgroups, while no significant relationship was found in the <25
and >30 kg/m” subgroups. However, the association of blood Se
level with OP was significant in BMI (P for interaction = 0.001).
The higher blood Se (Q4) levels were related to the decreased OP
risk in the BMI 25-30 and >30 kg/m* subgroups. In the Pb, Hg
and Mn sections, all subgroups exhibited no significance.

Discussion

Based on our knowledge, this is the first and largest
population-based study analyzing the relation of blood single or
combined heavy metals with an increased OP risk among the US
postmenopausal women. Multivariate logistic regression showed
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FIGURE 2

Mn, manganese; Se, selenium.

The WQS model regression index weights of In-transformed blood concentrations of five metals for osteoporosis. (A) positive WQS model;
(B) negative WQS model. The model was adjusted for history of hypertension, diabetes, osteoporosis in parents, previous fractures, marital status,
race, education level, age, history of smoking and BMI. BMI, body mass index; WQS, weighted quantile sum; Cd, cadmium; Pb, lead; Hg, mercury;
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FIGURE 3

cadmium; Pb, lead; Hg, mercury; Mn, manganese; Se, selenium.

Exposure-response and joint effect of metals on osteoporosis were estimated by BKMR models. The model was adjusted for history of hypertension,
diabetes, osteoporosis in parents, previous fractures, marital status, race, education level, age, history of smoking and BMI. (A) Presents univariate
exposure-response functions and 95% confidence intervals for each metal exposure fixed at the median. (B) Joint effect of the mixture on
z-scores of five metals (Cd, Pb, total Hg, Mn, and Se) on osteoporosis risk. BKMR, Bayesian kernel machine regression; BMI, body mass index; Cd,
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that blood Cd and Se exposure were related to DKD. WQS model
analysis further underscored the hazardous impact of blood Cd
levels and the positive impact of blood Se levels. Mixed heavy
metals were significantly positively related to OP in BKMR
model. According to stratified analyses, Se was negatively
associated with OP among age 60-70 years, BMI 25-30 and
>30 kg/m>. Cd was positively associated with OP among age
50-60 years, BMI 25-30 kg/m>.

There are certain studies investigating how blood heavy metals
affect bone health or the OP risk (16, 23, 24). For example, a study
have shown a significant association between older women with
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higher blood lead levels and an increased risk of osteoporosis
(29);
A correlation has been observed between the concentration of
cadmium in the blood and the likelihood of developing

with a consequent susceptibility to bone fractures

osteopenia and osteoporosis among Korean women who have
additional
research is needed to establish the presence of a dose-response

undergone menopause. Nonetheless, longitudinal
gradient and to mitigate potential selection biases, particularly in
individuals suffering from osteoporosis of the femoral neck (16);
The study emphasized the association between Cd and Pb in the

blood and the incidence of osteoporosis in Saudi population (24).
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TABLE 4 Association between selenium intake levels and osteoporosis by sex.

Variable Age BMI
50-60 60-70 >70 P for <25 25-30 >30 P for
OR (95% OR (95% OR (95% e op(95% OR(95% OR(95% " eraction
Cl), P Cl), P Cl, P Cl) Cl) (@]))
Blood lead (ug/dl)
Q1 <0.77 Reference Reference Reference 0.016 Reference Reference Reference 0.001
Q 0.78-1.16 | 1.621 (0.504, | 0.555 (0.249, | 0.782 (0.469, 0933 (0.399, | 0.773 (0320, | 0.103 (0.011,
5.214), 0.418 1.235), 0.149 1.302), 0.344 2.182), 0.873 1.867), 0.567 0.981), 0.048
Q3 1.17-1.66 | 2.073 (0.666, 0.712 (0.311, 0.839 (0.503, 0.559 (0.235, 0.892 (0.352, 1.505 (0.474,
6.458), 0.209 1.630), 0.421 1.401), 0.503 1.330), 0.188 2.260), 0.810 4.781), 0.488
Q4 >1.67 1.892 (0.594, 0.417 (0.160, 0.858 (0.512, 0.620 (0.265, 0.687 (0.255, 0.908 (0.275,
6.028), 0281 | 1.091), 0.075 | 1.437), 0.561 1.451), 0271, | 1.855), 0.459 | 2.993), 0.874
P for trend 0.356 0.121 0.719 0.211 0.530 0.702
Blood cadmium (ug/L)
Q1 <0.25 Reference Reference Reference 0.001 Reference Reference Reference 0.001
Q2 0.26-0.38 1.410 (0.328, 0.994 (0.423, 1.614 (0.952, 1.847 (0.720, 1.795 (0.654, 1.473 (0.458,
6.061), 0.644 2.338), 0.989 2.829), 0.074 4.736), 0.202 4.925), 0.256 4.734), 0.515
Q3 0.39-0.61 2.707 (0.783, 1.010 (0.424, 1.468 (0.848, 2.271 (0.902, 1.477 (0.516, 0.519 (0.130,
9.358), 0.116 2.402), 0.982 2.540), 0.170 5.722), 0.082 4.232), 0.468 2.080), 0.355
Q4 >062 | 4538 (1309, | 1.035 (0416, | 1.716 (0.976, 0916 (0.362, | 3.756 (1311, | 0.564 (0.114,
15.734), 0.017 2.579), 0.940 3.018), 0.061 2.321), 0.854 10.763), 0.014 2.793), 0.483
P for trend 0.009 0.930 0.158 0.219 0.013 0.284
Blood mercury (pg/L)
Q1 <0.39 Reference Reference Reference 0.001 Reference Reference Reference 0.001
Q2 0.40-0.83 0.710 (0.251, 0.614 (0.258, 0.720 (0.427, 0.755 (0.331, 0.935 (0.345, 0.520 (0.144,
2.012), 0.520 1.460), 0.270 1.215), 0.219 1.724), 0.505 2.534), 0.895 1.880), 0.319
Q3 0.84-1.70 1.260 (0.444, 1.003 (0.445, 1.180 (0.718, 0.718 (0.305, 2.379 (0.964, 0.716 (0.220,
3.576), 0.664 2.258), 0.995 1.938), 0.514 1.691), 0.449 5.872), 0.060 2.328), 0.579
Q4 >1.71 1.069 (0.422, 0.778 (0.315, 0.940 (0.563, 0.720 (0.331, 1.318 (0.473, 0.459 (0.101,
2.713),0.888 | 1.923),0.587 | 1.571), 0.814 1.566), 0407 | 3.668), 0.597 | 2.076), 0.312
P for trend 0.710 0.801 0.888 0.554 0.642 0.391
Blood selenium (ug/L)
Q1 <172.07 Reference Reference Reference 0.431 Reference Reference Reference 0.001
Q2 172.08- 0.594 (0.218, 0.679 (0.306, 0.493 (0.300, 0.785 (0.357, 0.310 (0.122, 0.308 (0.088,
185.67 1.620), 0.309 1.505), 0.340 0.808), 0.005 1.725), 0.547 0.786), 0.014 1.072), 0.064
Q3 185.68- 0.437 (0.152, 0.404 (0.172, 0.404 (0.241, 0.404 (0.177, 0.367 (0.147, 0.298 (0.082,
201.84 1.254), 0.124 0.949), 0.038 0.678), 0.001 0.954), 0.038 0.915), 0.031 1.090), 0.067
Q4 >201.85 | 1.135 (0447, | 0.362 (0.155, | 0.561 (0.344, 0.769 (0.372, | 0.348 (0.137, | 0.228 (0.055,
2.877), 0.790 0.849), 0.019 0.917), 0.021 1.683), 0.544 0.884), 0.027 0.943), 0.041
P for trend 0.777 0.010 0.015 0.399 0.039 0, 028
Blood manganese (ug/L)
Q1 <7.49 Reference Reference Reference 0.001 Reference Reference Reference 0.001
Q2 7.50-9.30 | 0.402 (0.130, 0.485 (0.189, 0.728 (0.426, 0.745 (0.326, 1.357 (0.514, 0.718 (0.152,
1.242), 0.113 1.244), 0.132 1.246), 0.248 1.703), 0.485 3.582), 0.538 3.384), 0.675
Q3 9.31- 0.503 (0.175, | 0.462 (0.175, | 0.765 (0.448, 1.026 (0.446, | 0.612 (0.204, | 1.950 (0.505,
11.41 1.448), 0.203 1.219), 0.119 1.305), 0.325 2.362), 0.951 1.831), 0.380 7.537), 0.333
Q4 >11.42 0.471 (0.169, 0.777 (0.299, 0.879 (0.521, 0.849 (0.366, 1.899 (0.708, 0.717 (0.150,
1.318), 0.152 2.023), 0.606 1.510), 0.641 1.970), 0.703 5.096), 0.203 3.437), 0.678
P for trend 0.275 0.998 0.847 0.833 0.252 0.884

Model 1 is shown as the odds ratio (95% confidence interval); adjusted for body mass index, age, race, marital status, history of osteoporosis in parents and history of previous fractures.

However, our study is the first to explore the correlation of blood
heavy metals with factors including BMD and OP risk among
the US postmenopausal women on the basis of big data. Our
study examined the relations of blood heavy metals with bone
health based on 2 NHANES cycles (2013-2014 and 2017-2020)
in the US postmenopausal women, overcoming the problem of
insufficient data observed in previous articles. Age, sex, and BMI
are the conventional risk factors related to OP. The bone mass is

Frontiers in Environmental Health

the highest among young adults, which subsequently decreases
with the increasing age (30). In addition, women experience
rapider bone loss with age due to estrogen deficiency, while men
undergo slower bone loss (30). Therefore, we focused on
investigating the association of blood heavy metals with OP and
bone density among postmenopausal women. The results of this
study were consistent with many previous research reports. For
example, blood Cd levels are associated with the osteopenia and
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OP risk among the Korean postmenopausal women (16). Blood Cd
level increased the risk of OP, while blood Se level decreased the
OP risk in the US middle-aged and older adult populations in a
previous NHANES 2013-2014 and 2017-2018 study (23),
consistent with our findings.

Bone is a target organ for toxic metals. These metals are
correlated with lower BMD and OP (31). Cd exposure may result
in the decreased BMD through multiple potential mechanisms,
including suppressing proliferation, viability, and osteoblast
differentiation of bone marrow mesenchymal stem cells
(BMMSCs) via P2X7-PI3K-AKT and NF-xB pathways (32, 33).
Cd has been recently suggested to cause apoptosis of bone
osteoblasts through ROS (34).

decrease the synthesis of calcitriol, degrade the collagen matrix

Overexposure to cadmium can

within bones, disrupt the mineralization process of bone cells,
suppress the function of osteoblasts, and enhance the activity of
osteoclasts, thereby adversely affecting bone health (22).
Furthermore, Cd is found to inhibit Wnt/B-catenin pathway to
suppress osteogenesis (35). The lower blood Se level is related to
skeletal disorder, in particular OP in women (36). Nevertheless, in
some research, Se is not related to BMD among the healthy
females. Se exposure can lead to an increased risk of OP via
first, Se BMMSCs
differentiation into osteoblasts by decreasing mature osteoclast

several mechanisms. At can promote

generation and differentiation (37). Second, Se influences
osteoblastic  differentiation and subsequent bone resorption
through regulating oxidative stress (38-40). Third, Wnt/LRP8/

ApoER2 pathway is the basic intracellular Se transport pathway to
change bone metabolism (41). Based on animal studies, bone
metabolism is altered after Se deprivation, which is associated with
the decreased GPX1 activity, blood Ca content, pituitary growth
hormone level, plasma insulin-like growth factor level, whereas the
increased blood 1, 25-dihydroxyvitamin D3, urinary Ca, and
). Therefore, further studies
are worth being conducted to determine the relationship between

parathyroid hormone contents (39,

Cd and Se levels and OP and to explore the underlying mechanism.

There are certain strengths in this study. Firstly, this work was
carried out on the basis of the nationwide survey, in which BMD
was measured by expert scientists with established methods.
Secondly, this study is the first to focus on examining the
relation of blood heavy metals with parameters including OP and
BMD in the US postmenopausal women. Our findings showed
that Se might prevent OP occurrence, while Cd promoted OP
occurrence. After adjusting for confounders, subgroup analyses
stratified by age and BMI were carried out to determine the
association of Cd and Se with the changed OP risk. Nevertheless,
some limitations must be pointed out in this work. Firstly, the
present cross-sectional study might inevitably induce residual
confounding due to other unmeasured factors, regardless of
adjustment of some covariates. Secondly, we measured blood
heavy metals once only, which might be unable to indicate the
continuous exposure, causing measurement errors. Moreover,
WQS and BKMR cannot be employed to analyze weighted data,
probably leading to bias of the model results. However, it is
necessary to perform a cohort study to more accurately
understand the effects of metals on OP.
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To conclude, NHANES 2013-2014 and 2017-2020 data from
the United States suggest among postmenopausal women that
single and mixed blood metal levels are significantly related to
OP. Blood Cd level increases the OP risk, whereas blood Se level
protects from OP occurrence, revealing that appropriately
increasing Se intake can postpone OP occurrence and
progression in the US postmenopausal women. Association
studies and prediction of OP might assist postmenopausal
women to prevent OP and reduce exposure to risk factors.
Further experimental investigations and prospective cohort
studies are required to validate the connections and to clarify

fundamental mechanisms at play.
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