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Abstract 

Background  This study aimed to investigate the associations between metal exposures and periodontitis 
among U.S. adults, as well as the mediated effect of biological aging.

Methods  Using data from the National Health and Nutrition Examination Survey (NHANES) 2009–2014, we explored 
the single and mixed impacts of metal exposures on periodontitis through adjusted weighted logistic regression, 
robust Poisson regression, restricted cubic spline regression, and Bayesian kernel machine regression models. This 
study included 2,393 participants, with 46.9% experiencing periodontitis. Concentrations of nine urinary metals, 
including barium (Ba), cadmium (Cd), cobalt (Co), cesium (Cs), molybdenum (Mo), lead (Pb), thallium (Tl), tungsten 
(Tu), and uranium (Ur), were measured using inductively coupled plasma-mass spectrometry. In addition, we analyzed 
the association between metals and periodontitis, stratified by age, body mass index, gender, and smoking status. 
Mediation models were also applied to investigate the mediated effects of biological aging between metal exposures 
and periodontitis.

Results  Weighted logistic and robust Poisson regression identified positive associations between Cd, Pb and peri-
odontitis (P < 0.05). BKMR analyses indicated that mixed metal exposures were significantly associated with periodon-
titis, particularly among smokers, second-hand smokers, and males, with Cd, Pb, Tl, and Ba contributing the most. 
Furthermore, subgroup analyses observed a modifying effect on the associations between urinary Cd, Pb and peri-
odontitis in stratified gender and BMI subgroups in robust Poisson regression. Phenotype age was found to mediate 
the association between metals and periodontitis.

Conclusions  This study identified significant positive associations between metal exposures and periodontitis 
in the U.S. adults. In addition, the association between metal exposures and periodontitis could vary in different 
gender, BMI and smoking subgroups. These associations were likely partly mediated by biological aging, suggest-
ing that metals may potentially increase the risk of periodontitis by promoting cell senescence and overall aging 
of the body.
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Graphical Abstract

Introduction
Periodontitis is a chronic disease caused by bacteria-
induced inflammation of tooth-supporting tissues [1]. 
To date, periodontitis is the most common type of peri-
odontal diseases, affecting one in ten people globally [2]. 
Among American adults, the prevalence of periodontitis 
has reached 42.2% with 8% of the population suffering 
from severe periodontitis [3], making it the major cause 
of tooth loss [4]. Several epidemiological studies have 
demonstrated the close association between periodonti-
tis and various systematic diseases such as atherosclero-
sis, cardiovascular diseases [5, 6], type 2 diabetes [7], and 
cancer [8].

Notably, the impact of environmental exposures on 
periodontitis has attracted increasing attention in recent 
years. Metal exposures is a significant environmental 
concern, primarily stemming from industries such as 
battery manufacturing, metal processing, printing and 
other sources. With rapid industrialization, people are 

exposed to a mixture of metals, including lead and cad-
mium, through contaminated food, water, air, cigarettes, 
and occupational sources [9, 10]. Several studies have 
reported an increased risk of periodontitis due to exces-
sive exposure to individual metals [11]. For example, a 
cross-sectional study of 4716 participants demonstrated 
associations between cadmium, lead and periodonti-
tis [12, 13]. Another repeated-measures study with 391 
observations in 98 participants showed a strong positive 
correlation between urinary cesium (Cs) and pro-inflam-
matory cytokine endothelin-1 [14], while other studies 
reported an association between endothelin-1 and the 
progression of periodontitis [15]. In addition, exposure 
to uranium (Ur) has been found to inhibit periodontal 
bone formation in rats [16]. However, to date, the asso-
ciation between mixed metal exposures and periodonti-
tis remains unclear. Furthermore, aging is considered as 
a potential contributing factor to periodontitis accord-
ing to previous studies, and we speculate that biological 
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aging might mediate the association between metals and 
periodontitis. This study employed five statistical meth-
ods, including weighted logistic regression, robust Pois-
son regression, restricted cubic spline regression (RCS), 
Bayesian kernel machine regression (BKMR), and media-
tion models, to assess the effects of urinary barium (Ba), 
cadmium (Cd), cobalt (Co), cesium (Cs), molybdenum 
(Mo), lead (Pb), thallium (Tl), tungsten (Tu), and uranium 
(Ur) and biological aging on periodontitis among U.S. 
adults. The aim of this study is to investigate the associa-
tions between mixed metal exposures and periodontitis, 
as well as the mediating effect of biological aging. Data 
utilized in this study were acquired from National Health 
and Nutrition Examination Survey 2009–2014.

Methods
Study population
The participants were sourced from NHANES, a large-
scale cross-sectional survey conducted by the Centers 
for disease control and Prevention (CDC) to assess adults 
and children’s the physical and psychological health and 
nutritional status in the United State [17]. The National 
Center for Health Statistics (NCHS) institutional com-
mittee approved the NHANES. All participants signed 
an informed consent form. For more information on the 
NHANES method, visit the website: www.​cdc.​gov/​nchs/​
nhanes/.

We extracted three consecutive NHANES surveys 
cycles, spanning 2009–2010, 2011–2012, and 2013–2014. 
These cycles contained demographic, examination, 
laboratory, and questionnaire data. Individuals without 
complete information on urinary metals, periodontal 
examination, and relevant covariates were excluded from 
the analysis. Finally, a total of 2,393 participants were 
included in the study (Fig. S1).

Urinary metals measurement
Urine samples were stored at − 20  °C and transported 
to the U.S. CDC for testing. The samples were detected 
using inductively coupled plasma mass spectrometry 
(ICP-MS) following conjugation treatment by enzymatic 
hydrolysis of Glucuronidation metabolites [18]. Nine uri-
nary metal elements with detection rates exceeding 80% 
were selected for analysis: Ba, Cd, Co, Cs, Mo, Pb, Tl, Tu, 
and Ur [19]. Concentration of metals in urinary specimen 

of participants in three cycles (NHANES 2009–2014) was 
tested to evaluate metal exposure levels of individuals. 
Urinary metal levels were all adjusted for urinary creati-
nine. More details can be found in the NHANES Labora-
tory Procedures Manual.

Definition of periodontitis
Periodontal status was assessed through a full-mouth 
periodontal examination by a licensed and calibrated 
dental examiner. This comprehensive examination, which 
included gingival recession assessment and periodontal 
pocket depth measurement at the mobile examination 
center, is considered more accurate than a half-mouth 
examination [20]. Periodontitis was defined based on the 
criteria established by American Academy of Periodon-
tology (AAP) [1]. Mild periodontitis was defined as the 
presence of clinical attachment loss (AL) ≥ 3 mm at least 
two interproximal sites (not on the same tooth), and two 
interproximal sites with probing depth (PD) ≥ 4 mm (not 
on the same tooth), or at least one site with PD ≥ 5 mm. 
Moderate was defined as AL ≥ 4  mm at least two inter-
proximal sites with (not on the same tooth), or at least 
two interproximal sites with PD ≥ 5 mm (not on the same 
tooth). Severe periodontitis was defined as AL ≥ 6  mm 
at least two interproximal sites with (not on the same 
tooth) and at least one interproximal site with PD ≥ 5 mm 
[21]. Total periodontitis was defined as the combination 
of mild, moderate, and severe periodontitis. Due to the 
limited sample size of severe periodontitis, participants 
were eventually categorized as having periodontitis and 
non-periodontitis.

Measurements of biological aging markers
Biological aging has been recognized as a common risk 
factor for various chronic diseases in previous studies 
[22]. In  vivo experiments have linked periodontitis to 
aging and senescence [23]. To date, phenotype age is cur-
rently widely identified as a marker of biological aging, 
representing senescence in inflammation, immune sys-
tem and multiple organic functions [24]. In this study, we 
used 10 aging-relevant parameters, including albumin, 
creatinine, CRP, lymphocyte percent, mean cell volume, 
red cell distribution width, alkaline phosphatase, white 
blood cell count, chronological age, and glucose, to meas-
ure phenotype age [25]:

http://www.cdc.gov/nchs/nhanes/
http://www.cdc.gov/nchs/nhanes/
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Covariates
Information on age, gender, race/ethnicity, education 
level, poverty-to-income ratio (PIR), marital status, rec-
reational activities, cardiovascular diseases, diabetes sta-
tus, alcohol intake, alveolar bone loss, and dental floss 
usage were collected through standardized question-
naires. In addition, data on serum vitamin D, body mass 
index (BMI), total bone mineral density (BMD), renal 
function status, smoking status, and urinary creatinine 
was obtained from examination conducted by experi-
enced staffs.

Race/ethnicity was categorized into Non-Hispanic 
White/Black, Mexican American, other Hispanic, and 
other races [26]. Education level was categorized as lower 
than high school, graduate/GED (General educational 
development) or equivalent, and college or above. Com-
pared to PIR (poverty income ratio) = 1, the population 
was divided into the low-income and normal-income lev-
els [27]. Marital status was classified as married/cohab-
ited, widowed/divorced/separated, and never married. 
Vigorous/moderate recreational activities were defined 
by the questions “Vigorous recreational activities” and 
“Moderate recreational activities” [28]. Cardiovascu-
lar diseases were defined as meeting one of the follow-
ing situations: (1) Ever told had congestive heart failure; 
(2) Ever told you had coronary heart disease; (3) Ever 
told you had angina/angina pectoris; (4) Ever told you 
had heart attack; and (5) Ever told you had a stroke [6]. 
Diabetes was determined by the questions “Doctor told 
you have diabetes” or “Take diabetic pills to lower blood 
sugar” [29]. Daily alcohol intake was calculated through 
the drinking frequency in last 12 months multiply aver-
age intake divide 365. If males drank ≥ 2 cups or females 
drank ≥ 1 cup of alcohol per day would be defined as 
excessive [30]. The answer of “Ever been told of bone loss 
around teeth” was used to classify the situation of dental 
bone loss. The floss usage was grouped into 0, 1–2, 3–4, 
and 5–7 times per week [31].

Phenotype age = 141.50+

(

Ln
[

−0.00553 × Ln
(

exp
(

−1.51714×exp (xb)
0.0076927

))])

0.09165
.

xb = − 19.907− 0.0336× albumin+ 0.0095× creatinine+ 0.0954 × LnCRP

− 0.0120× lymphocyte percent+ 0.0268×mean cell volume

+ 0.3306× red cell distribution width

+ 0.00188× alkaline phosphatase+ 0.0554

× whiteblood cell count+ 0.0804 × chronological age

+ 0.1953 × glucose

The body mass index (BMI) was calculated by dividing 
the participants’ weight by the square of the height (kg/
m2) [32]. The serum 25(OH)D concentration was catego-
rized into four groups (< 30, 30–50, 50–75, > 75 nmol/L) 
[33], while BMD and urinary creatinine was included 
in the regression analysis as continuous variables. CKD 
(chronic kidney disease) was defined as eGFR (glomer-
ular filtration rate) < 60  mL/min/1.73 m2 and/or ACR 
(albumin to creatinine ratio) > 30  mg/g [34]. We com-
bined the questionnaire “Used tobacco/nicotine last 
5 days” and blood cotinine concentration (< 0.015, 0.015–
3.08, > 3.08 ng/mL) to distinguish non-smokers (without 
tobacco exposure), second-hand smokers, and smokers 
[30].

Statistical methods
Continuous variables were presented as mean and stand-
ard deviation (Mean ± SD) for normally distributed 
data, median and interquartile range (IQR) for skewed 
data, and comparative analysis was performed by t test 
or Kruskal–Wallis test. The categorical variables were 
expressed as case sample numbers (n) and percentages 
(%), and compared by Chi-square test. Spearman cor-
relation analysis was used to examine the correlation 
between urinary metals, with the concentrations of uri-
nary metals being transformed into logarithmic form.

First, three weighted logistic regression models were 
conducted to estimate the associations between single 
urinary metal and periodontitis by comparing to ter-
tile1 of each metal’s exposure level. Model 1 was a crude 
model; Model 2 included the basic demographic infor-
mation such as age, gender, race/ethnicity, the ratio of 
family income to poverty, education level, marriage, 
body mass index, recreational activities, smoking status, 
drinking status as covariates; Model 3 adjusted for car-
diovascular diseases, diabetes, CKD, serum vitamin D 
level, BMD, dental health problems and urinary creati-
nine based on Model 2. Considering the high prevalence 
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Table 1  General characteristics of participants in this study, NHANES 2009–2014 (n = 2393)

Overall Periodontitis P-value

Yes No

N 2393 1123 1270

Age < 0.001
 Mean (SD) 48.3 (12.7) 51.7 (13.1) 45.2 (11.5)

Gender, n (%) < 0.001
 Male 1199 (50.1) 634 (56.5) 565 (44.5)

 Female 1194 (49.9) 489 (43.5) 705 (55.5)

BMI < 0.001
 Median [IQR] 29.5 (24.7,33.0) 30.0 (24.7, 33.0) 29.0 (24.3, 32.5)

Race/ethnicity, n (%) < 0.001
 Mexican American 366 (15.3) 187 (16.7) 179 (14.1)

 Other Hispanic 253 (10.6) 128 (11.4) 125 (9.8)

 White 1049 (43.8) 421 (37.5) 628 (49.5)

 Black 459 (19.2) 289 (25.7) 170 (13.4)

 Other race 266 (11.1) 98 (8.7) 168 (13.2)

Marriage, n (%) < 0.001
 Unmarried 300 (12.5) 145 (12.9) 155 (12.2)

 Married or co-habited 1584 (66.2) 681 (60.6) 903 (71.1)

 Divorced 509 (21.3) 297 (26.5) 212 (16.7)

Education level, n (%) < 0.001
 Less than high school 547 (22.9) 377 (33.6) 170 (13.4)

 High school graduate /GED or equiva-
lent

519 (21.7) 306 (27.2) 213 (16.8)

 College or above 1327 (55.4) 440 (39.2) 887(69.8)

Ratio of family income to poverty, n (%) < 0.001
 < 1 641 (26.8) 218 (19.4) 423 (33.3)

 ≥ 1 1752 (73.2) 905 (80.6) 847 (66.7)

Recreational activities, n (%) < 0.001
 No 1208 (50.5) 677 (60.3) 531 (41.8)

 Moderate 701 (29.3) 295 (26.3) 406 (32.0)

 Vigorous 484 (20.2) 151 (13.4) 333 (26.2)

Smoking, n (%) < 0.001
 Nonexposed 738 (30.8) 251 (22.35) 487 (38.3)

 Exposed to SHS 1060 (44.3) 466 (41.5) 594 (46.8)

 1–9 CPD 219 (9.1) 149 (13.3) 70 (5.5)

 10–19 CPD 169 (7.1) 107 (9.5) 62 (4.9)

 > 19 CPD 207 (8.7) 150 (13.4) 57 (4.5)

Drinking status, n (%) < 0.001
 No 303 (12.7) 159 (14.2) 144 (11.3)

 Moderate 1725 (72.1) 749 (66.7) 976 (76.9)

 Excessive 365 (15.2) 215 (19.1) 150 (11.8)

Cardiovascular diseases, n (%) < 0.001
 No 2242 (93.7) 1016 (90.5) 1226 (96.5)

 Yes 151 (6.3) 107 (9.5) 44 (3.5)

Diabetes status, n (%) < 0.001
 No 2109 (88.1) 938 (83.5) 1171 (92.2)

 Yes 284 (11.9) 185 (16.5) 99 (7.8)

CKD, n (%) < 0.001
 Normal 2252 (94.1) 1024 (91.2) 1228 (96.7)
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of periodontitis, we further performed robust Poisson 
regression to explore the association between metals and 
periodontitis as sensitivity analyses for weighted logistic 
regression [35, 36]. All available co-variates were adjusted 
in the robust Poisson models, where urinary metals were 
fitted as both continuous and tertiles variables. Besides, 
we employed the restricted cubic spline (RCS) regression 
with three knots (10th, 50th, 90th) to explore the non-
linear associations of urinary metals and periodontitis, 
using the median values of urinary metals as references.

We used the Bayesian kernel machine regression 
(BKMR) model to assess the joint effect of mixed expo-
sure to nine urinary metals on periodontitis, allowing 
quantification and visualization of the overall exposure–
response relationship and the impacts of individual com-
ponents of the mixture to periodontitis. We modeled the 
exposure–response function using the Gaussian kernel 
function and ran it through the Markov chain Monte 
Carlo (MCMC) algorithm for 20,000 iterations [37]. Pos-
terior inclusion probabilities (PIPs), a variable impor-
tance measure ranging from 0 to 1, were calculated to 
identify the key anions that contribute most to the risk 
of periodontitis [38]. A PIP threshold of 0.5 was usually 
used to judge the importance of environmental expo-
sures. Then we investigated the univariate exposure–
response function when a single metal was at the 75th 
and 25th percentiles, while fixing other metals at their 
median concentrations [39]. We utilized the bivariate 
exposure–response function to explore potential interac-
tions among different exposures [40].

To examine the modification effect by age, gender, BMI 
and smoking status of the associations between single 
and mixed metals and periodontitis, we performed strati-
fied analyses based on total effect robust Poisson regres-
sion and BKMR. We used Wald test to investigate the 
interaction correlation [41].

The potential mediating effects of biological aging 
markers on the associations of single and mixed metals 
with periodontitis were estimated by mediation analyses 
(bootstrap = 1000). Models were adjusted for all available 
covariates listed above.

The statistical analyses for this study were performed 
using Stata version 17.0 (Stata Corp LP, College Sta-
tion, Texas, USA) and R software version 4.2.1 (R Foun-
dation for Statistical Computing, Vienna, Austria). We 
performed robust Poisson, RCS, BKMR and mediation 
analysis with the R packages “robustbase” (version 0.99-
2), “rms” (version 6.7-0), “bkmr” (version 0.2.2) and 
“mediation” (version 4.5.0), respectively. A P value < 0.05 
was considered statistically significant [42].

Results
Descriptive analysis
2393 participants were included in our study (Fig. S1), 
with 1123 individuals diagnosed with periodontitis and 
1270 subjects without (46.93% vs 53.07%). Table  1 pre-
sents the participants’ general information, with an 
average age of 48.25 ± 12.73  years, and a near-equal 

BMD bone mineral density, BMI body mass index, SHS second-hand smoke, CPD number of cigarettes per day. P-value in bold indicates <0.05

Table 1  (continued)

Overall Periodontitis P-value

Yes No

 Abnormal 141 (5.9) 99 (8.8) 42 (3.3)

BMD 0.572

 Median [IQR] 1.1 (1.0,1.2) 1.1 (1.0,1.2) 1.1 (1.0,1.2)

Serum vitamin D < 0.001
 < 30 695 (29.0) 274 (24.4) 421 (33.2)

 30 ≤ x < 50 198 (8.3) 120 (10.7) 78 (6.1)

 50 ≤ x < 75 564 (23.6) 296 (26.4) 268 (21.1)

 > 75 936 (39.1) 433 (38.5) 503 (39.6)

Ever been told of bone loss around teeth? < 0.001
 No 2111 (88.2) 962 (85.7) 1149 (90.5)

 Yes 282 (11.8) 161 (14.3) 121 (9.5)

How many days using dental flosses per week? < 0.001
 0 820 (34.3) 310 (27.6) 510 (40.2)

 1–2 366 (15.3) 148 (13.2) 218 (17.2)

 3–4 407 (17.0) 156 (13.9) 251 (19.8)

 5–7 800 (33.4) 509 (45.3) 291 (22.9)
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Fig. 1  Association between 9 urinary metals exposure and periodontitis using weighted logistic regression
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distribution between males and females (50.10% vs 
49.90%). Compared with the non-periodontitis group, 
participants in the periodontitis group had higher BMI, 
lower education level, less recreational activities, higher 
rates of active smoking and excessive drinking, had more 
diabetes, CKD and cardiovascular diseases, poorer dental 
bone health, and lower usage of dental floss (P < 0.05).

Table  S1 shows the distribution of urinary metals 
between periodontitis and non-periodontitis partici-
pants. The detection rate of the nine urinary metals were 
all > 80% (Table S1). Figure S2 presents correlation coef-
ficient matrices, and all metals were positively correlated, 
with correlation coefficients ranging from 0.29 to 0.77.

Association between urinary metals and periodontitis 
by weighted logistic, robust Poisson and RCS regression
Figure  1 displays OR and 95% CI on the single urinary 
metal exposures using three logistic regression models. 
Figure 1C shows the positive associations between expo-
sure to Cd, Cs and Pb and periodontitis at tertile3, after 

controlling for all available covariates (OR [95%CI] 2.64 
[1.13, 6.14], 1.71 [1.03, 2.82], 2.02 [1.15, 3.57], respec-
tively). The robust Poisson regression suggested that the 
association between Pb, Cd and periodontitis at tertile3 
were consistent with weighted logistic regression (prev-
alence ratio (PR) [95%CI] 1.26 [1.05, 1.51], 1.49 [1.24, 
1.80], respectively) (Table S2).

Figure 1A shows a crude model. Figure 1B is adjusted 
for age, gender, race/ethnicity, the ratio of family income 
to poverty, education level, marriage, BMI, recreational 
activities, smoking status, drinking status. Figure  1C is 
further adjusted for cardiovascular diseases, diabetes, 
CKD, serum vitamin D level, BMD, dental health prob-
lems and urinary creatinine based on Fig. 1B. Note: OR, 
odds ratio; CI, Confidence interval; P–t, P for trend; 
*P < 0.05; **P < 0.01; ***P < 0.001.

The adjusted RCS models depict the dose–response 
relationships between single urinary metal exposures 
and periodontitis (Fig.  2). We identified significant 
liner correlations between urinary Cd and Pb and peri-
odontitis (P < 0.001). However, no statistically non-linear 

Fig. 1  continued
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association was observed between metals and periodon-
titis (P > 0.05).

Association between urinary metals and periodontitis 
by BKMR model
BKMR model shows the positive association between 
mixed urinary metal exposures and periodontitis com-
pared to the 25th and the 50th percentiles (Fig.  3A). 
Table S3 shows the posterior inclusion probability (PIP) 
for each metal exposure, where urinary Cd and Pb played 

the most important roles (PIP = 1.000). We estimated 
the univariate effect between exposure and periodonti-
tis by fixing other urinary metals at the 50th percentile 
exposure level (Fig. 3B). Urinary Cd and Pb are positively 
associated with periodontitis, while urinary Cs and Tl 
are negatively correlated. In addition, bivariate expo-
sure–response functions for single urinary metal at the 
25th, 50th, and 75th percentiles were applied to reveal 
the effect of individual metal on periodontitis when other 
metals were fixed at the 50th percentiles (Fig. S3). Finally, 
we examined the potential pairwise interactions among 

Fig. 2  Correlation between 9 urinary metals and periodontitis (ln-transformed) by using adjusted restricted cubic spline model. A–I RCS plots 
for Ba, Cd, Cs, Co, Mo, Pb, Tl, Tu, Ur, respectively
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urinary metals and found that the exposure–response 
curves were roughly parallel, suggesting no clues of inter-
action (Fig. S4).

Subgroup analyses
Based on the total effect robust Poisson models, we fur-
ther conducted subgroup analyses to explore the modi-
fying effects of stratified age, gender, BMI and smoking 
status in the association between metal exposures and 
periodontitis (Tables S4–S7). Potential interaction effects 
were observed in the association between Cd, Pb expo-
sure and periodontitis in gender and BMI subgroups. A 
stronger association between metal exposures and peri-
odontitis was found in males and BMI lower than 25 kg/
m2 subgroups, as evidenced by robust Poisson regression 
(Tables S4, S6). In addition, the BKMR model indicated 
a positive association between metals and periodontitis 
in males, while no statistically significant association was 
observed in females (Fig.  4B). Furthermore, a more sig-
nificant association of mixed metals exposure with peri-
odontitis was observed among smokers and second-hand 
smokers than non-smokers (Fig. 5).

Mediation analyses
Mediation analyses were performed to examine the 
potential mediating effect of phenotype age on the asso-
ciation between metals and periodontitis after adjust-
ing for all available covariates listed above. A significant 
mediation effects of phenotype age was found on the 

association between Cd, Pb and periodontitis, with pro-
portion of mediation of 31.06% and 38.25%, respectively 
(P < 0.05) (Fig. 6).

Discussion
This study identified that exposure to Pb and Cd was 
associated with periodontitis in the total population. 
Subgroup analyses showed that the effects were stronger 
in males, normal weight participants than females, over-
weight or obese participants, respectively. BKMR model 
suggested the positive association between the mixed 
metals exposure and periodontitis, in which urinary Cd 
and Pb contributed the most (PIP = 1.000). Furthermore, 
mediation analysis showed that biological aging could 
be a potential mediator for the association between Pb, 
Cd exposures and periodontitis risks. This is an impor-
tant finding that adds to our understanding of how these 
exposures may impact periodontal health.

To date, the evidence from epidemiological studies on 
the effects of metal exposures on periodontitis was sparse 
and inconsistent. Previous studies have reported a corre-
lation between alveolar bone loss and blood Pb levels in 
US adults using linear regression models [12]. Other epi-
demiological studies suggested an association between 
urinary Cd and periodontal disease [11, 13]. In addi-
tion, a cross-sectional study by Li et  al. suggested that 
single and mixed metal exposure were associated with 
periodontitis. Besides, some studies have shown that Ur 
is an inhibitor of alveolar bone formation by histomor-
phometry in rats [16]. However, it has been reported 

Fig. 3  Effects of metal exposures on periodontitis estimated by BKMR. A Overall effect between mixed urinary metals and periodontitis. B 
Correlation of each univariate exposure with periodontitis
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that high concentrations of Ur in bone microenviron-
ment inhibited osteoclastic bone resorption [43], which 
could reduce the risk of periodontitis. Our study shows 
that mixed metals exposure was strongly associated 

with periodontitis, which supported the previous stud-
ies regarding cadmium exposures as a risk for periodon-
titis [13]. Furthermore, biological aging probably partly 

Fig. 4  Overall effects of metal exposures on periodontitis in different subgroups. A Age subgroups (A1: under 50 years old, A2: over 50 years old). B 
Gender subgroups (B1: males, B2: females). C BMI subgroups (C1: under 25 kg/m2, C2: over 25 kg/m2)
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mediated the association between metal exposures and 
periodontitis.

Our study suggested that biological aging potentially 
mediated the association between Pb and Cd exposures 
and periodontitis, one of the plausible mechanisms is 
that the generation of ROS under metal exposures [44] 
promoted the aging process in periodontal tissues. ROS 
are oxidants mainly produced by mitochondrion [45], 
which is considered as an important cause for cellular 
sequence and whole-body aging [46]. In  Vitro studies 
shows that redox cycling of metals such as Pb and Cd 

may deplete antioxidants [47], disrupting the balance 
between antioxidants and ROS. Pb inhibit antioxidant 
defense enzymes, such as superoxide dismutase and glu-
tathione reductase [48], leading to excessive production 
of ROS. In  vitro experiments, oxidative stress induced 
by ROS can cause lipid peroxidation [49], damage DNA 
by destroying the deoxyribose backbone structure, 
lead to protein degradation by modifying polypeptides 
[50], which may result in telomere shortening [25], thus 
exacerbating cellular sequence and biological aging in 
periodontal tissues. Besides, Cd cause mitochondrial 

Fig. 5  Overall effects of metal exposures on periodontitis in the subgroups with different smoking status. A Non-smokers (without tobacco 
exposure), B second-hand smokers, C smokers
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malfunction and induced mitochondrial DNA mutations 
[51], which induce excessive production of ROS [52] in 

mitochondria, causing oxidative phosphorylation dys-
function and cellular apoptosis through MAPK pathway 
[53], which exacerbate biological aging in periodontal 
tissues [54]. Furthermore, previous animal experiments 
have shown that excessive ROS is strongly associated 
with alveolar bone resorption in rats [55]. We speculate 
that metal exposures could increase the risk of perio-
dontitis due to overproduction of ROS and reduction of 
antioxidants, in which biological aging mediated the oxi-
dative stress process [54].

In addition, metal exposure has been linked to immune 
aging according to previous studies [56]. By influenc-
ing DNA methylation, metals could impair the cellular 
immune system, which featured with senescence-asso-
ciated secretory phenotype (SASP) [23]. SASP includes 
pro-inflammation cytokines such as interleukin-6 (IL-
6), tumor necrosis factor-α (TNF-α), and interferon-γ 
(INF-γ) [57, 58], which are involved in periodontitis 
progression. In  vitro cell experiments, Cd induces IL-6 
by activating the p65 NF-κB through phosphorylation of 
p38 MAPK [59]. IL-6 could enhance osteoclast function 
through the RANKL cytokine pathway [60] and cause 
pathological alveolar bone resorption [61, 62]. In mice, 
Cd can destroy alveolar bone [63], thus increasing peri-
odontitis risk. In cell experiments, Pb exposure can pro-
mote the production of TNF-α [58], leading to abnormal 
host immune response [64, 65], activating osteoclasts 
[61], and exacerbating alveolar bone destruction. Accu-
mulation of senescent osteocytes could damage peri-
odontal tissues by promoting inflammation and inducing 
deterioration in periodontal tissues [23]. More in  vivo/
vitro studies are needed to explore whether metal expo-
sure-induced periodontitis is immune aging-mediated 
mechanism.

Fig. 6  Estimated proportion of the association between metal 
exposures and periodontitis mediated by phenotype age. A Cd, B Pb; 
DE: the estimate of the direct effect, IE: the estimate of the indirect 
effect, Proportion of mediation = IE/(DE + IE)

Fig. 7  Mechanism diagram demonstrating biological aging mediates the association between metal exposures and periodontitis
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Besides, the fact that the strength of the associations 
varied between metal exposures and periodontitis in 
different subgroups are noteworthy. Subgroup analyses 
suggested that the impact of single and mixed metals 
exposure on periodontitis appear to vary by gender, BMI 
and smoking status (Figs.  4, 5) (Tables S4–S7). Notably, 
subgroup analyses revealed that the association between 
mixed metals exposure and periodontitis were more sig-
nificant in males, while the influence of metal exposure 
on periodontitis in females was relatively limited. One 
of the plausible explanations was that males might be 
more vulnerable when exposed to metals than females. 
Previous researches suggested that females owned bet-
ter metals resistance, since higher estrogen levels pro-
vided females more protection against metal toxicity 
[66]. By comparison, males are more vulnerable to the 
toxicity of metals, which partly owe to hormone levels 
and lower density of estrogen receptors [66, 67]. Some 
studies pointed out that pathways of metal toxicity differ-
entiate in different genders, due to gender difference in 
metals absorption rates and metabolism [67, 68]. Besides, 
harmful effects of metals on periodontitis diverse among 
different BMI subgroups, which is consistent with previ-
ous studies [69, 70]. At the same time, we also observed 
that there is a difference in the effect of metal exposure 
on periodontitis in different smoking status subgroups 
in BKMR model, after controlling all available covari-
ates (Fig.  5). We speculated that the modifying effects 
of smoking status could be partly due to the distinct 
immune microenvironment between smokers, second-
hand smokers and non-smokers [71]. However, it should 
be noted that despite our efforts to adjust for available 
co-variates in the models, the existence of residual con-
founding could not be totally eliminated in the subgroup 
analyses. For example, the occupation as well as behav-
ioral factors could vary between males and females and 
thus influence metal exposure, while these data were 
inadequate in NHANES study. Besides, smoking is a 
strong established risk factor of periodontitis, which 
could cause residual confounding in subgroup analyses 
[30]. Therefore, we should interpretate the results of sub-
group analyses more cautiously. Besides, further mecha-
nism researches and cohort studies are needed to verify 
our hypotheses.

This is the first study focused on the mediated effects 
of biological aging in association between metal expo-
sures with periodontitis among U.S. adults in different 
subgroups. We identified the robust results that metal 
exposures associated with periodontitis by five statistical 
methods. Still, there are several limitations in the current 
study. First, we cannot determine the causality of metal 
exposures on periodontitis as well as metal exposures 
duration due to the cross-sectional study design. Second, 

metals have short half-lives, and a one-timepoint expo-
sure measurement of nine urinary metals might skew the 
results. Since RCS and BKMR models do not yet sup-
port weighted calculation, we only adjusted the sample 
weighted in the logistic model. In addition, medications, 
oral hygiene practice, the presence of dental plaque, and 
frequency of dental check-ups, are all known to be sig-
nificant in the development of periodontitis, however, 
detailed information on these factors was not collected 
in the NHANES survey data. Though we have considered 
almost every available confounding variate in our study, 
there might still be some residual confounding factors 
beyond our control. Therefore, further longitudinal stud-
ies, cohort researches as well as molecular experiments 
are needed to detail on the role and mechanism of metal 
exposures in periodontitis, which is significant for con-
trol and prevention of periodontitis (Fig. 7).

Conclusion
Using the data from NHANES 2009–2014 of the U.S. 
adults, our study revealed that biological aging might 
potentially mediate the impacts of metals on periodon-
titis, and mixed metals exposures were positively asso-
ciated with periodontitis. In addition, our subgroup 
analyses suggested that the association between metal 
exposures and periodontitis could vary in different gen-
der, BMI and smoking subgroups. These findings shed 
light on the complex relationships between metal expo-
sure, biological aging and periodontal health, and offer 
valuable insights for future research and public health 
initiatives.
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