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Abstract
Some heavy metals are associated with periodontitis; whereas most of these associations have focused on individual metal, 
there are no specific studies on the effects of combined heavy metal exposure on periodontitis. We conducted an analysis 
on the association between urinary heavy metal exposure and periodontitis in participants aged 30 years and older using 
multiple logistic regression and Bayesian kernel machine regression (BKMR). This analysis was performed on data from 
the National Health and Nutrition Examination Survey from 2011 to 2014. The study found that using logistic regression, 
the 4th quartile of urinary lead and molybdenum and the 3rd quartile of urinary strontium were positively associated with 
periodontitis compared to the reference quartile after adjusting for covariates. Odds ratio (OR) with 95% confidence inter-
val (CI) was 1.738 (1.069–2.826), 1.515 (1.025–2.239), and 1.498 (1.010–2.222), respectively. The 3rd and 4th quartiles 
of urinary cobalt were negatively associated with periodontitis, and their ORs and 95% CIs were 0.639 (0.438–0.934) and 
0.571 (0.377–0.964), respectively. The BKMR model showed that urinary barium, lead, and molybdenum were positively 
associated with periodontitis in a range of concentrations and urinary cobalt, manganese, tin, and strontium were negatively 
correlated with periodontitis. Furthermore, the overall association between urinary heavy metals and periodontitis was posi-
tive. Our study provides evidence for an association between exposure to multiple urinary heavy metals and periodontitis. 
However, further longitudinal studies are needed to explore the specific mechanisms involved.
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Introduction

Periodontitis is the most common irreversible chronic 
inflammatory disease in the world, which disrupts the oral 
connective tissue and affects dental support, ultimately 
leading to tooth loss (Ebersole et al. 2017), in addition to 
increasing the burden of chronic diseases (Petersen and 
Ogawa 2012). Periodontitis is the sixth most common 
human disease, with an overall prevalence of approximately 
45–50%. It was estimated that periodontitis would affect 
above 50% of the global population in the future (Kasse-
baum et al. 2014). An estimated 42% of Americans who 
are 30 years of age or older have periodontitis (Eke et al. 
2018). In addition to its adverse effects on the oral cavity, 
periodontitis can also cause mild systemic inflammation 
that can eventually trigger or exacerbate known chronic 
inflammatory diseases, such as cardiovascular diseases, 
including hypertension (Munoz Aguilera et al. 2020), dia-
betes (Preshaw and Bissett 2019), and Alzheimer’s disease 
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(Liccardo et al. 2020). The development and severity of 
periodontitis are influenced by a variety of factors, includ-
ing oral plaque bacteria, lifestyle choices, and environmen-
tal factors (Ambili et al. 2014; Bartold 2018; Peres et al. 
2019). The onset of periodontitis is strongly influenced 
by an unhealthy lifestyle, with smoking being one of the 
most important contributing factors (ALHarthi et al. 2019). 
Meanwhile, dietary factors are also associated with the 
degree of periodontitis, with a high intake of carbohydrates 
and a deficiency of vitamins C and D being risk factors for 
periodontitis (Chapple et al. 2017). In addition to these 
factors, previous research has suggested that heavy metal 
exposure may be related to the onset of periodontitis (Won 
et al. 2013). Copper and periodontitis have a linear connec-
tion, according to a research based on the National Health 
and Nutrition Examination Survey (NHANES) in the USA, 
with high copper intake increasing the risk of periodontitis 
(Li et al. 2022). In the Korean National Health and Nutri-
tion Examination Survey, elevated levels of blood lead (Pb) 
and blood mercury were associated with the prevalence of 
periodontitis in men (Kim and Lee 2013). Prior research 
has focused on single metal exposures; however, we are 
often exposed to several heavy metals simultaneously, lead-
ing to complex interactions.

People live in an environment where heavy metals are 
widely distributed, including the atmosphere, soil, water, 
and various manufactured products (Liu et  al. 2019; 
Uchimiya et al. 2020). Due to increased human activity 
and the excessive release of metals and their compounds 
into the environment, people are increasingly exposed to 
various heavy metals for long periods of time. Long-term 
exposure to heavy metal mixtures can lead to adverse 
health effects. Heavy metals such as Pb, cadmium (Cd), 
zinc, and metallothionein may cause oxidative stress and 

inflammatory responses in tissues and cells (Aziz et al. 
2021; Han et al. 2013). Excessive Pb exposure can also 
significantly affect bone metabolism and the immune sys-
tem, making individuals more susceptible to periodontitis 
attacks (Saraiva et al. 2007). The impact of heavy metal 
exposure on the onset and progression of periodontitis is 
complex, as it is often compounded by synergistic, antago-
nistic, or additive effects between heavy metals. Therefore, 
it is insufficient to attribute the onset of periodontitis to 
individual metals alone.

Most previous studies have focused on individual metal 
exposure without considering interactions between differ-
ent metals, which may lead to biased results (Wang et al. 
2018). The possible health implications of simultaneous 
exposure to several metals and their mixed effects on 
periodontitis are still incompletely understood. In order 
to identify environmental risk factors for periodontitis 
and create more effective public health interventions, it is 
necessary to quantify the effects of heavy metal exposure. 
Therefore, it is necessary to perform a risk assessment 
between metals and periodontitis using a suitable statisti-
cal model. For the purpose of analyzing the joint impact of 
multiple urinary heavy metal exposures on periodontitis, 
we selected two statistical methods, including multiple 
logistic regression model and Bayesian kernel machine 
regression model (BKMR). Among them, the BKMR 
model can address nonlinear and complex interactions 
between chemical exposures and provide more accurate 
results than multiple logistic regression (Bobb et al. 2018). 
The purpose of our research is to provide evidence from 
a population that demonstrates the relationship between 
heavy metal-combined exposure and periodontitis and 
identify the heavy metals that have the greatest impact on 
periodontitis onset.

Fig. 1  The flowchart of analytic 
sample selection
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Methods

Study population

The NHANES, which uses a multi-stage sampling strategy 
to gather information on the health and nutritional status of 
adults and children in the USA, is carried out by the National 
Center for Health Statistics (NCHS), a division of the 
National Centers for Disease Control and Prevention. A total 

of approximately 5000 nationally representative samples are 
collected annually in each county in the USA. The sample of 
this study consists of two cycles in NHANES (2011–2012 
and 2013–2014), since both cycles have complete surveys 
for periodontitis and heavy metal concentrations. The two 
cycles were combined, with a total of 19,931 participants. 
Participants under 30 years of age and lacking data on peri-
odontitis and urine heavy metal measurements and related 
covariates were not included in this research. Participants are 
a population that is healthy and free from any comorbidities. 
The final analysis sample was 2269 participants with com-
plete urine heavy metal examinations as well as periodontitis 
examinations and related covariate data (Fig. 1).

Heavy metal measurements

Thirteen urinary heavy metals (barium (Ba), Cd, cobalt 
(Co), cesium (Cs), manganese (Mn), molybdenum (Mo), 
Pb, antimony (Sb), tin (Sn), strontium (Sr), thallium (Tl), 
tungsten (W), and uranium (Ur)) were included in this study. 
In NHANES, urine was collected by staff in a subsample, 
which accounted for one-third of the study population. The 
urine samples were stored under appropriate freezing condi-
tions and transported to the Laboratory Sciences Division at 
the National Center for Environmental Health in the USA. 
The analysis was conducted using an inductively coupled 
plasma dynamic reaction cell mass spectrometry (ICP-DRC-
MS) with the PerkinElmer ELAN DRC II model, manufac-
tured by PerkinElmer, a company based in the USA. No 
more than 80% of the urine metal concentrations observed 
in this study were below the limit of detection (LOD). 
NHANES converted metal concentrations below the detec-
tion limit using LOD divided by the square root of 2.

Periodontitis measurement

In the NHANES 2011–2014 “Oral Examinations-Periodon-
tal Examinations” protocol, all periodontal examinations are 
performed by a dental hygienist at a Mobile Examination 
Center (MEC) and include measurement of six areas of each 
tooth (except third molar). Clinical attachment loss (AL) and 
probing depth (PD), two clinical periodontal measures, were 
included. Mild periodontitis was defined as ≥ 2 interproxi-
mal sites with AL ≥ 3 mm and < 4 mm and ≥ 2 interproxi-
mal sites with PD ≥ 4 mm not on the same tooth, or one site 
with PD ≥ 5 mm. Moderate periodontitis was defined as ≥ 
2 interproximal sites with AL ≥ 4 mm and < 6 mm (not on 
the same tooth), or ≥ 2 interproximal sites with PD ≥ 5 mm 
(not on the same tooth). Severe periodontitis was defined as 
≥ 2 interproximal sites with AL ≥ 6 mm not on the same 
tooth and ≥ one or more interproximal sites with PD ≥ 5 mm 
(Eke et al. 2012). Periodontitis was defined as the presence 
of these signs; otherwise, it was defined as no periodontitis.

Table 1  The basic characteristics of study participants from NHANES 
2011–2014

PIR, poverty income ratio. aWilcoxon rank-sum test was used for the 
skewed distribution data

Characteristics No periodontitis Periodontitis P values

Age (mean ± SD) 52.95 ± 15.22 55.28 ± 13.93 <0.001
BMI (mean ± SD) 28.76 ± 7.25 28.71 ± 6.73 0.637
Gender

  Male 596 (26.3%) 552 (24.3%) <0.001
  Female 745 (32.8%) 376 (16.6%)

Race
  Mexican Ameri-

can
126 (5.6%) 121 (5.3%) <0.001

  Other Hispanic 121 (5.3%) 91 (4.0%)
  Non-Hispanic 

White
664 (29.3%) 342 (15.1%)

  Non-Hispanic 
Black

239 (10.5%) 241 (10.6%)

  Other race 191 (8.4%) 133 (5.9%)
Education level
  ≤5 grade 91 (4.0%) 121 (5.3%) <0.001
  6–8 grade 151 (6.7%) 135 (5.9%)
  9–12 grade, no 

diploma
255 (11.2%) 225 (9.9%)

  High school 
graduate

399 (17.6%) 251 (11.1%)

  GED or equiva-
lent, more than 
high school

445 (19.6%) 196 (8.6%)

Family income-to-poverty ratio
  ≤1.30 357 (15.7%) 359 (15.8%) <0.001
  1.31, 3.50 432 (19.0%) 347 (15.3%)

  >3.50 552 (24.3%) 222 (9.8%)
Smoking status

  Yes 547 (24.1%) 486 (21.4%) <0.001
  No 794 (35.0%) 442 (19.5%)

Drinking status
  Yes 972 (42.8%) 681 (30.0%) 0.635
  No 369 (16.3%) 247 (10.9%)

Serum cotinine (ng/
mL)

0.02 (0.01, 0.24) 0.01 (0.05, 105.3) <0.001a

Urinary creatinine 
(mg/dL)

92 (49, 149) 105 (62, 153) 0.004a
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Covariates

Based on previous studies (Wang et al. 2018), covariates in 
this study included sociodemographic characteristics, smok-
ing status, drinking status, serum cotinine, and urinary creati-
nine. Additionally, considering the association between obesity 
and metal exposure, we include the body mass index (BMI) 
as a covariate in the analysis. The family poverty-to-income 

ratio was divided into three groups (Wu et al. 2020): ≤1.30, 
1.31–3.50, and >3.50. Those who have smoked more than 100 
cigarettes during their lifetime were considered smokers. Partic-
ipants were classified as drinkers if they consumed 12 or more 
cups of alcoholic beverages in any single year. Serum cotinine 
indirectly responded to environmental tobacco exposure. Age, 
BMI, serum cotinine, and urinary creatinine were considered 
continuous variables. More details can be found in Table 1.

Table 2  Distribution of urinary 
heavy metals in NHANES 
2011–2014 (N=2269)

GM geometric meanm, K-S Kolmogorov-Smirnov test

Metals GM Mean Min P25 P50 P75 Max K-S values P values

Ba
  No periodontitis 0.97 1.60 0.04 0.48 0.94 1.98 60.11 0.643 0.802
  Periodontitis 1.02 1.85 0.06 0.51 1.00 2.07 87.40

Cd
  No periodontitis 0.2 0.35 0.03 0.10 0.21 0.40 6.94 2.72 0.001
  Periodontitis 0.26 0.43 0.03 0.13 0.28 0.52 6.19

Co
  No periodontitis 0.33 0.53 0.02 0.19 0.33 0.55 33.72 0.994 0.276
  Periodontitis 0.34 0.46 0.03 0.21 0.34 0.53 6.59

Cs
  No periodontitis 3.86 4.85 0.21 2.39 4.00 6.54 29.70 1.697 0.006
  Periodontitis 4.02 4.86 0.39 2.71 4.28 6.35 25.50

Mo
  No periodontitis 31.18 45.27 1.39 16.90 33.65 58.50 442.00 2.037 0.001
  Periodontitis 36.01 51.35 1.43 21.13 40.00 66.35 541.00

Mn
  No periodontitis 0.12 0.17 0.06 0.09 0.09 0.16 18.95 0.995 0.275
  Periodontitis 0.12 0.15 0.06 0.09 0.09 0.17 5.11

Pb
  No periodontitis 0.33 0.50 0.02 0.18 0.34 0.61 13.40 3.767 0.001
  Periodontitis 0.44 0.65 0.02 0.26 0.44 0.76 13.00

Sb
  No periodontitis 0.04 0.07 0.02 0.03 0.04 0.07 4.23 2.016 0.001
  Periodontitis 0.05 0.07 0.02 0.03 0.05 0.08 1.79

Sn
  No periodontitis 0.52 1.52 0.06 0.22 0.45 1.03 89.88 1.71 0.006
  Periodontitis 0.58 1.43 0.06 0.27 0.52 1.12 55.01

Sr
  No periodontitis 76.26 112.30 1.77 44.74 80.02 139.70 7565.49 1.849 0.002
  Periodontitis 84.77 116.20 3.58 51.34 88.14 148.40 904.79

Tl
  No periodontitis 0.14 0.18 0.01 0.08 0.15 0.23 1.21 1.233 0.096
  Periodontitis 0.14 0.18 0.01 0.10 0.15 0.23 1.21

W
  No periodontitis 0.05 0.09 0.01 0.02 0.05 0.10 2.48 2.044 0.001
  Periodontitis 0.06 0.11 0.01 0.03 0.06 0.12 3.86

Ur
  No periodontitis 0.006 0.010 0.001 0.002 0.005 0.011 0.722 1.413 0.037
  Periodontitis 0.006 0.012 0.001 0.002 0.005 0.116 0.843
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Statistical analysis

We used chi-square test and t-test to analyze categorical 
and continuous variables between the two groups, respec-
tively. For urinary creatinine and serum cotinine, we took 
the Wilcoxon rank-sum test. The characterization of con-
centration levels and distribution of heavy metals in both 
groups were accomplished using geometric means and 
quartiles. Furthermore, non-parametric test (Kolmogo-
rov-Smirnov test) was conducted to assess disparities in 
heavy metal levels between the two groups. We performed 
normality tests for urinary heavy metals, as their distribu-
tion was skewed, and we ln-transformed the concentrations 
of all heavy metals. To determine the correlation coeffi-
cients between urine heavy metals, we used the Pearson 
correlation. Normally distributed continuous variables 
were expressed as χ ± S . The SPSS 23.0 software and R 
4.1.0 software were used to process all statistical analyses, 
considered statistically significant at P<0.05. The SPSS 
23.0 software was developed by the International Business 
Machines Corporation, a company based in the USA.

Multiple logistic regression

NHANES uses a stratified, multilevel probabilistic clus-
tering procedure for sampling to ensure that the sample 
is representative; we thus weighted for subsamples. The 
relationship between the prevalence of periodontitis and 

urine heavy metal concentrations was examined using mul-
tiple logistic regression models. Based on previous related 
studies and theory, we included factors that might have 
an effect on the results (Wang et al. 2018). In the multiple 
logistic regression analysis, we fitted 2 models, model 1 
without adjusting for any confounding factors and model 
2 adjusting for relevant covariates. We log-transformed 
urinary creatinine so that it was used as an independent 
covariate rather than creatinine-adjusted concentration 
(Barr et al. 2005). Among the different urinary heavy met-
als (except Mn), we used the lowest quartile as a control 
and the second quartile, third quartile, and fourth quartile 
to calculate ORs and 95% CIs for the prevalence of the 
corresponding periodontitis. For urinary Mn, we calcu-
lated the corresponding OR and 95% CIs using the tertile. 
Because the number of urinary Mn below the detection 
limit is high, using quartile is not appropriate.

Bayesian kernel machine regression (BKMR)

The BKMR model is commonly used in environmental 
epidemiology to assess the health effects of mixtures of 
multiple pollutants due to its ability to estimate nonlinear 
and interacting exposure-response functions (Zhang et al. 
2019). The model was performed for 10,000 iterations 
using a Markov chain Monte Carlo (MCMC) approach. 
The post-processing functions in this study were obtained 
from the fitted BKMR model (Bobb et  al. 2015). The 

Fig. 2  Pearson’s correlations 
among the urinary concentra-
tions of 13 heavy metals (N 
= 2269), NHANES, USA, 
2011–2014. Note: **P<0.01
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posterior inclusion probability (PIP) is used to measure 
the contribution of the components, which is derived from 
the selection process of the variables fitted to the BKMR. 
The overall effect of the heavy metals and 95% credible 
interval was defined as the difference of the estimated risk 
of periodontitis when all of the heavy metals were fitted at 
a specific percentile, compared with the median. We fixed 
all other heavy metals at their median levels and controlled 
for relevant covariates and then used individual exposure-
response function to reflect the relationship between indi-
vidual urinary heavy metal and periodontitis.

Result

Study population characteristics

The study included a total of 2269 participants, all of 
whom were 30 years of age or older (Table 1). The mean 
age of the participants was 53.9 ± 14.7 years. Females 
occupied 49.4%. The prevalence of periodontitis was esti-
mated at 40.9%. Compared to non-periodontitis partici-
pants, periodontitis patients were significantly older, had 
lower educational attainment, and had lower household 
income. Statistically significant differences between peri-
odontitis and non-periodontitis participants were found 
between age, gender, race, education, household PIR, 
smoking status, serum cotinine, and urinary creatinine, 
except for BMI (P=0.637) and drinking status (P=0.635). 
More detailed information is provided in Table 1. Table 2 
presents the geometric means, means, and quartiles of uri-
nary heavy metal concentrations in the two studied popu-
lation groups. The highest geometric mean is observed for 
Sr (84.77 μg/L). Furthermore, Table 2 highlights notable 
disparities in heavy metal exposure levels between the 
two population groups, with the exception of Ba, Co, Mn, 
and Tl. Notably, individuals with periodontitis exhibit 
elevated levels of heavy metal concentration in their urine 
compared to the control group, with Pb and Mo concen-
trations being particularly pronounced.

Pearson’s correlations among the urinary heavy 
metal concentrations

Figure 2 shows the heat map of the correlation between the 
13 urine heavy metals obtained using the Pearson correlation 
matrix. We found positive correlations among the 13 urine 
heavy metals. The correlations between urine heavy metals 
ranged from a weak correlation of 0.18 to a strong correla-
tion of 0.77. We found the highest correlation between Tl 
and Cs (r=0.77, P<0.01) and a strong correlation between 
Pb and Cd (r=0.57, P<0.01).

Association between individual urine heavy metal 
and periodontitis

As shown in Fig. 3A, in the results of the multivariate 
logistic regression without adjusting for confounders, 
when the 3rd and 4th quartiles were compared with the 
reference quartile, urine Co was negatively associated 
with periodontitis (OR (95% CI): 0.480 (0.311–0.740) 
and 0.434 (0.268–0.703), respectively), urine Pb was pos-
itively associated with periodontitis (OR (95% CI): 1.755 
(1.162–2.649) and 2.237 (1.554–3.220), respectively). 
Urine Sr was positively associated with periodontitis 
only when the 3rd quartile was compared with the refer-
ence quartile (OR (95% CI): 1.680 (1.095–2.578)). After 
adjustment for relevant confounding factors, as shown in 
Fig. 3B, the 3rd quartile of urine Pb was no longer associ-
ated with periodontitis, while the 4th quartile remained 
positively associated with periodontitis (OR (95% CI): 
1.738 (1.069–2.826)). Similarly, the 3rd and 4th quar-
tiles of urine Co were still negatively correlated with 
periodontitis (OR (95% CI): 0.639 (0.438–0.934), 0.571 
(0.377–0.964), respectively). Among other urinary heavy 
metals, the 3rd quartile of Sr was associated with peri-
odontitis (OR (95% CI): 1.566 (1.059–2.315)). In addi-
tion, the 4th quartile of Mo was positively associated with 
periodontitis (OR (95% CI): 1.515 (1.025–2.239)).

BKMR analysis

The PIPs derived from the BKMR fitting process are 
summarized as shown in Table  3. Among the 13 uri-
nary heavy metals, Pb had the highest PIPs, indicating 
that it contributed the most to the effect of periodontitis. 
The overall association was mostly caused by Pb and Cs 
(PIPs: Pb=0.9986, Co=0.9648). The univariate exposure-
response functions for each urinary heavy metals are shown 
in Fig. 4. When the other 12 urinary heavy metals were 
fixed at median levels, we found an S-shaped exposure-
response function between Pb and periodontitis. Fur-
thermore, Mo was found to be positively associated with 
periodontitis, while Co, Mn, Sr, and Sn were negatively 
associated with periodontitis. Figure 5 shows the mixed 
effects of the urinary heavy metals on periodontitis from 
BKMR, and we found a significant positive correlation 
between urinary heavy metals and periodontitis.

Discussion

In this study, we analyzed the association between 13 urinary 
heavy metals and periodontitis. Two datasets (NHANES 
2011–2012, NHANES 2013–2014) were selected in this 
study, which included 2269 Americans aged 30 years and 
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Fig. 3  OR (95% CI) of associations between metals and periodontitis. Quartile 1 was set as the reference. The model was unadjusted (A). The 
model was adjusted by age, BMI, gender, race, education, family PIR, smoking, drinking, serum cotinine, and log-transformed creatinine (B)
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older. Our research findings indicate that concentrations 
of Co, Mn, Sr, and Sn within specific ranges in urine are 
negatively associated with periodontitis, whereas concen-
trations of Pb, Mo, and Ba are positively associated with 
periodontitis. The results of the multiple logistic regression 
differ depending on whether the covariates are adjusted or 

not. This may be due to the inclusion of variables related 
to periodontitis, which leads to more reliable and accurate 
results in the regression model.

In addition, the results of the BKMR model were not 
consistent with the results of the multivariate logistic 
regression model. It is possible that the BKMR model has 
the advantage of flexibility in assessing nonlinear associa-
tions as well as interactions, thus showing different results. 
When exposed to total urinary heavy metals, the overall 
effect was positively correlated with the risk of periodon-
titis. This shows that heavy metal-combined exposure has 
a negative effect on periodontitis episodes and that more 
rigorous management of the corresponding heavy metal 
concentrations is necessary in the real life. The BKMR 
model seems to better reflect the actual effect when used 
to observe the mixed effect of urinary heavy metal expo-
sure on periodontitis. Therefore, the results of this study 
are more reliable.

Heavy metal exposure to humans is a product of manufac-
turing and consumption. In nature, Co and its derivatives are 
abundantly dispersed. Co metal ions are widely distributed 
trace elements in nature, and their known biological function 
is as a metal component of vitamin B12 (Strachan 2010). 
Currently, there is no research elucidating the specific bio-
logical mechanism between Co and periodontitis. Previous 
studies have indicated that low levels of cobalt ions possess 
anti-inflammatory properties and can prevent IL-1β-induced 

Table 3  Posterior inclusion 
probabilities (PIPs) of BKMR 
model

Adjusted for age, BMI, gender, 
race, education, family PIR, 
smoking, drinking, serum coti-
nine, and log-transformed cre-
atinine

Metals Periodontitis

Ba 0.0078
Cd 0.0806
Co 0.9648
Cs 0.9168
Mo 0.0344
Mn 0.5986
Pb 0.9986
Sb 0.0834
Sn 0.6186
Sr 0.0326
Tl 0.1154
W 0.0116
Ur 0.0684

Fig. 4  Association and 95% 
credible intervals for each metal 
with periodontitis while fixing 
other metals at their median 
level. The model was adjusted 
by age, BMI, gender, race, 
education, family PIR, smoking, 
drinking, serum cotinine, and 
log-transformed creatinine
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cartilage degradation (Fu et al. 2020). Furthermore, similar 
research has demonstrated that cobalt-chromium particles 
can stimulate the generation of M2 macrophages, elevate the 
expression level of the anti-inflammatory cytokine IL-10, 
and, notably, reduce the expression of osteoclast-related 
transcriptional marker genes, aiding in the reduction of 
osteoclast numbers (Lu et al. 2023). This may help to explain 
why there was a negative connection between periodontitis 
and urine Co levels in this study.

A positive association between Pb exposure and peri-
odontitis was demonstrated in Korean and American stud-
ies (Arora et al. 2009; Kim and Lee 2013). In this study, 
we also confirmed a positive association between urinary 
Pb exposure and periodontitis in certain concentration lev-
els. And the PIPs of urinary Pb exposure were the largest, 
which could indicate that Pb has the largest impact on 
the occurrence and development of periodontitis. Long-
term exposure to Pb in the human body can cause various 
pathological and physiological health disorders (Khalid 
and Abdollahi 2019). Although the mechanisms regarding 
the association between Pb exposure and periodontitis are 
not clear. Numerous studies have found higher levels of 
oxidative stress indicators in people with periodontitis, 
pointing to a possible link between the two conditions 
(Aziz et al. 2013; D'Aiuto et al. 2010). Prolonged exposure 
to Pb in humans predisposes to the production of reac-
tive oxygen species (ROS), which leads to redox imbal-
ance in the body and causes oxidative stress that severely 
affects the immune system, which may be a pathway for 
Pb exposure to affect periodontitis (Ahamed and Siddiqui 

2007; Chakraborty et al. 2014). In addition, Pb exposure 
may affect bone metabolism and the immune system. Pb 
affects osteocyte and bone matrix synthesis by interfer-
ing with calcium metabolism, disrupting bone remodeling 
and leading to a decrease in bone mass, which damages 
gingival and periodontal membranes as well as alveolar 
bone tissue (Khalid and Abdollahi 2020; Tort et al. 2018). 
Finally, Pb-induced radicals can disrupt the transcription 
signaling pathway mediated by mitogen-activated protein 
kinases (MAPKs), resulting in the transcription of inflam-
matory cytokines such as IL-6 and TNF-α, thereby exac-
erbating the inflammatory response (Milnerowicz et al. 
2015). The above-mentioned reasons explain to some 
extent the adverse effects of Pb exposure on periodontitis. 
However, further research is still required to determine 
the cause-and-effect link between periodontitis and Pb 
exposure.

In the present study, we found a positive correlation 
between urinary Mo and urinary Ba concentrations and 
periodontitis in the BKMR model, and no studies have 
shown a positive correlation between urinary Mo and uri-
nary Ba and periodontitis, but some studies have found 
that Mo ions may activate monocytes/macrophages, which 
in turn contribute to elevated levels of pro-inflammatory 
cytokines such as IL-6 and TNF-α, which can break oste-
oclast activity which in turn disrupts bone remodeling 
and adversely affects periodontal tissues (Caicedo et al. 
2009). This may be the reason why urinary Mo concentra-
tion is positively correlated with periodontitis. Similarly, 
it has been shown that metal Ba exposure is positively 

Fig. 5  The overall effect 
estimates and 95% confidence 
intervals of the thirteen urinary 
metal mixtures on periodontitis 
when metal mixtures were set at 
a particular percentile (ranging 
from the 25th to 75th percen-
tiles) compared to the mixtures 
were held at their 50th percen-
tile, resulting from the BKMR 
model. The model was adjusted 
by age, BMI, gender, race, 
education, family PIR, smoking, 
drinking, serum cotinine, and 
ln-transformed creatinine
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correlated with oxidative stress indicators (Domingo-Rel-
loso et al. 2019). Oxidative stress is associated with the 
immune system, and when oxidative damage exceeds the 
scavenging effect of the body’s antioxidant system, reac-
tive oxygen species are formed leading to redox imbal-
ance. This may affect the onset and progression of peri-
odontitis (Sczepanik et al. 2020). Furthermore, our study 
found that urinary Mn, Sr, and Sn were negatively associ-
ated with periodontitis in the BKMR model. Although Sr 
was a risk factor for periodontitis in the multiple logistic 
regression model, urinary Sr was negatively associated 
with periodontitis over a range of concentrations after 
fitting by the BKMR model, which is more suitable for 
environmental pollutant studies. It has been shown that 
Sr ranelate can reduce the number of osteoclasts and 
inhibit osteoclast activity, thus protecting the alveolar 
bone and treating periodontitis (Karakan et al. 2017). This 
may explain the result that Sr is negatively associated 
with periodontitis. Previous studies have demonstrated 
a direct and significant negative correlation between the 
metal Mn and Sn and periodontitis (Kim et al. 2018; Kim 
et al. 2014), which is consistent with our findings. Mn is 
a micronutrient and a cofactor of superoxide dismutase 
(SOD), and it may be that Mn concentration increases 
SOD activity and decreases oxidative stress levels, thus 
reducing the occurrence of periodontitis. Regarding Sn, 
people are widely exposed to Sn due to the consump-
tion of canned foods (Shimbo et al. 2013), whereas the 
mechanism of the association between metal Sn exposure 
and periodontitis is still unclear and needs further study.

In addition, our research has found a positive correlation 
between co-exposure to heavy metals and periodontitis. 
Currently, the underlying mechanisms of this co-exposure 
have not been fully elucidated. Previous studies have sug-
gested that combined exposure to Pb and Cd is associated 
with systemic immune inflammation. The key mecha-
nism is the excessive production of ROS induced by the 
co-exposure to Pb and Cd, leading to oxidative stress and 
subsequent systemic immune inflammation (Zhang et al. 
2022). Additionally, co-exposure to heavy metals is associ-
ated with arthritis and levels of inflammatory factors (Fang 
et al. 2023). Different heavy metals may exhibit interactive 
effects on TNF-α (Luo et al. 2022). These outcomes are 
similar to our research findings. Metals such as Pb, Ba, and 
Mo may induce periodontitis through similar biological 
pathways, such as promoting inflammation, oxidative dam-
age, or increasing osteoclast activity, suggesting potential 
synergistic or enhanced effects among them. Conversely, 
Sr and Mn may reduce the number of osteoclasts and levels 
of oxidative stress, indicating potential antagonistic effects 
among Sr, Mn, Pb, Ba, and Mo. Therefore, further research 
is necessary to investigate their potential interactions and 
biological mechanisms.

The strengths of this study were as follows: First, we 
utilized a country-representative NHANES sample, which 
has excellent survey methodology and quality control. 
Second, we considered the interactions and nonlinear rela-
tionships between urinary heavy metals. This revealed, for 
the first time, the relationship between combined urinary 
heavy metal exposure and periodontitis. We also assessed 
the confounding effect between heavy metals and peri-
odontitis using the BKMR model, making the results more 
reliable. Finally, we took into account possible confound-
ing factors as carefully as possible in each model, thus 
greatly eliminating confounding bias. Nevertheless, our 
study has some limitations. First, the NHANES data is 
cross-sectional, which limits our ability to infer a causal 
relationship between urine heavy metal exposure and peri-
odontitis. Therefore, a causal relationship cannot be dem-
onstrated. In addition, the NHANES data does not have the 
regional information, which may be simultaneously asso-
ciated to the concentrations in urine and the diseases. We 
were unable to explore this potential relationship in our 
study. Lastly, diet is one of the most critical factors that 
affect periodontitis, but NHANES data did not provide us 
with sufficient dietary information. Therefore, longitudinal 
studies are necessary to further validate this relationship.

Conclusion

We found that there is a positive trend between the com-
bined exposure to urinary heavy metals and the risk of peri-
odontitis among individuals aged 30 and above in the USA. 
Additionally, we discovered that the relationship between 
urinary heavy metals and periodontitis varies depending on 
the specific type of metal. Our findings need to be confirmed 
in other longitudinal cohort studies but are of public health 
importance given the widespread exposure to heavy metals 
and the high burden of periodontitis. To further understand 
the biological connections between heavy metals and peri-
odontitis, more research is required.
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