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Abstract
Background Volatile organic compounds (VOCs) are ubiquitous environmental pollutants which have been 
suggested to have adverse effects on human health. While the influence of environmental pollutant exposures on 
periodontitis has attracted elevating attention in recent years, the epidemiological evidence on the association 
between VOCs exposure and periodontitis was scarce. This study aimed to investigate the potential mediating role of 
systemic inflammation factors in the complex association between VOCs exposure and periodontitis.

Methods Utilizing data from the National Health and Nutrition Examination Survey (NHANES) 2011–2014, we 
examined the impacts of VOCs exposure on periodontitis. Concentrations of urinary metabolites of VOCs (mVOCs) 
were measured using electrospray tandem mass spectrometry to evaluate internal VOCs exposure. Multivariable 
logistic regression, restricted cubic spline regression (RCS), Bayesian kernel machine regression (BKMR) and Quantile 
g-computation (QGC) models were performed to investigate the impacts of VOCs exposure on periodontitis. 
Mediation models were applied to assess the mediated effects of systemic inflammation on the association between 
mixed VOCs exposure and periodontitis. Besides, we analyzed the association between mixed VOCs exposure and 
periodontitis in stratified age, gender, and smoking status subgroups.

Results 1,551 participants were ultimately included for further analyses, of whom 45.20% suffering from 
periodontitis. Multivariable logistic regression and RCS identified positive associations between single urinary mVOCs 
and periodontitis (P < 0.05). Notably, BKMR and QGC models suggested that mixed VOCs exposure was significantly 
associated with periodontitis, with 2-Aminothiazoline-4-carboxylic acid (ATCA) contributing the most (conditional 
posterior inclusion probability = 0.997). Moreover, systemic inflammation markers (leukocyte and lymphocyte counts) 
were found to partly mediate the association between VOCs exposure and periodontitis (P < 0.05). No interaction 
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Introduction
Periodontitis is a common chronic inflammatory disease 
in tooth-supporting tissues caused by oral microorgan-
isms initially [1]. Besides, according to recent epidemio-
logical studies, approximately 46% of total U.S. adults 
suffered from periodontitis, while the prevalence of peri-
odontitis has been increasing for decades [2, 3]. Previous 
studies have indicated that periodontitis was associated 
with numerous systemic diseases, such as cardiovascular 
diseases [4, 5], diabetes [6] and chronic kidney diseases 
[7], bringing heavy burden to public health. Notably, an 
increasing number of studies have shown that environ-
mental pollutants, including heavy metals [8] and poly-
cyclic aromatic hydrocarbons [9], could be important 
contributors in the progression of periodontitis.

Volatile organic compounds (VOCs) are ubiquitous 
environmental pollutants mainly originating from fuel 
burning, industrial emissions, building materials [10], 
consumer products containing fragrance [11] and tabaco 
smoke [12], etc. Previous epidemiological studies have 
linked VOC exposure with several chronic diseases, such 
as diabetes [13], kidney dysfunction [14], cardiovascular 
disorders [15, 16], whereas the epidemiological evidences 
of the potential impacts of VOCs exposure on periodon-
titis and oral health were limited. A cross-sectional study 
including 3,413 participants showed a positive trend 
between polycyclic aromatic hydrocarbons, a group of 
semi-VOCs with periodontitis [17]. Another study by 
Fernanda et al. also considered higher salivary VOCs lev-
els as potential biomarkers of oral cancer [18]. In previ-
ous studies, Dong et al. (2024) have revealed the positive 
correlation between five blood VOCs and periodontitis 
[19]. Additionally, Kwon et al. (2018) found that VOCs 
could be inhaled through oral cavity and airways and 
therefore lead to respiratory health problems [20]. None-
theless, the relationship between urinary metabolites of 
VOCs (mVOCs) and periodontitis remains unknown so 
far.

Recently, a prospective cohort study experiment sug-
gested that exposure to acrylamide, a common type of 
VOC, could play a critical role in exacerbating inflamma-
tion and activating oxidative stress in tissues, leading to 
disorders and abnormal metabolism [21]. Inflammation 

was long considered as an essential etiological factor in 
periodontitis progression [22]. Accumulating data from 
previous researches indicated that inflammation and oxi-
dative stress induced by VOCs could enhance the preva-
lence of chronic disorders and organ dysfunction [23]. 
Based on present evidence, we speculated that VOCs 
exposure could impact periodontitis via promotion of 
inflammation. Urinary mVOCs were reliable sources for 
assessing environmental VOCs exposure in the popula-
tion [13, 23]. Therefore, we used urinary mVOCs as indi-
cators for VOCs exposure in this study. Utilizing data 
from NHANES 2011–2014, this study aimed to provide 
novel epidemiological evidence for the potential mediat-
ing role of systemic inflammation factors in the complex 
association between urinary mVOCs and periodontitis 
among U.S. adults.

Materials and methods
Study population
NHANES is a large cross-sectional study conducted by 
U.S. Centers for Disease Control and Prevention (CDC), 
dedicating to evaluate the health and nutrition status of 
U.S. population [24]. We enrolled 20,653 participants 
from cycle 2011–2014 of the NHANES, which contains 
demographical information, laboratory data, and ques-
tionnaires. In NHANES study, only participants aged 30 
years and older were eligible for the periodontal exami-
nation if they had one or more natural teeth and no 
health condition requiring antibiotic prophylaxis before 
periodontal probing [25]. Individuals without complete 
data on periodontal examination, VOCs measurements 
and covariates data were excluded. A total of 1,515 par-
ticipants (adults aged ≥ 30) were ultimately included in 
the study for further research. Participants selection flow 
chart could be found in Fig. S1.

This study was approved by The National Center for 
Health Statistics (NCHS) institutional committee and 
all participants have signed informed written consent. 
We adhere to STROBE guidelines for reporting obser-
vational studies [26]. The NHANES questionnaire 
instruments used in this study have been published by 
NCHS, and could be obtained from the website link for 
free: (NHANES 2013–2014 Questionnaire Instruments 

effect was identified between mixed VOCs exposure and periodontitis in age, gender and smoking status subgroups 
(P > 0.05).

Conclusion This study demonstrated a positive association between VOCs exposure and periodontitis, which was 
potentially mediated by systemic inflammation factors. Further longitudinal researches are demanded to clarify the 
underlying mechanisms.
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(cdc.gov)) [27]. More details on NHANES materials and 
methods are elaborated on the website (www.cdc.gov/
nchs/nhanes/).

Measurements of VOCs
Urine specimens from participants were processed, 
stored frozen at -20ºC and then shipped to National 
Center for Environmental Health for testing. Twenty-
six mVOCs were measured using ultra performance 
liquid chromatography coupled with electrospray 
tandem mass spectrometry (UPLC-ESI/MSMS). 
mVOCs with detection rate over 90% were selected 
in our study for further analyses (Table S1). Fifteen 
types of mVOCs including 2MHA (2-Methylhippu-
ric acid), 3-4MHA (3- and 4-Methylhippuric acid), 
AAMA (N-Acetyl-S-(2-carbamoylethyl)-L-cysteine), 
AMCC (N-Acetyl-S-(N-methylcarbamoyl)-L-cysteine), 
ATCA (2-Aminothiazoline-4-carboxylic acid), BMA 
(N-Acetyl-S-(benzyl)-L-cysteine), CEMA (N-Ace-
tyl-S- (2-carboxyethyl)-L-cysteine), CYMA 
(N-Acetyl-S-(2-cyanoethyl)-L-cysteine), DHBMA 
(N-Acetyl-S-(3,4-dihydroxybutyl)-L-cysteine), 2HPMA 
(N-Acetyl-S-(2-hydroxypropyl)-L-cysteine), 3HPMA 
(N-Acetyl-S-(3-hydroxypropyl)-L-cysteine), MA (Man-
delic acid), MHBMA3 N-Acetyl-S-(4-hydroxy-2-buten-
1-yl)-L-cysteine), PGA (Phenylglyoxylic acid), HPMMA 
(N-Acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine) 
were finally selected for further analyses. Parent com-
pounds of mVOCs included in this study could be 
checked in Table S2. More details can be found in the 
NHANES Laboratory Procedures Manual [28].

Definition of periodontitis
Periodontal health condition was evaluated through a 
full-mouth periodontal examination by licensed dental 
examiners. Six sites on all teeth, excluding third molars 
[2] were examined to assess clinical attachment loss 
(AL) and probing depth (PD). Definition of periodonti-
tis was based on the CDC/AAP (CDC, Centers for Dis-
ease Control and Prevention; AAP, American Academy 
of Periodontology) classification definition. Mild peri-
odontitis was defined as at least two interproximal sites 
with AL ≥ 3  mm and at least two interproximal sites 
with PD ≥ 4 mm (not on the same tooth) or one site with 
PD ≥ 5 mm; moderate periodontitis was defined as at least 
two interproximal sites with AL ≥ 4 mm (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 at least two interproximal sites with AL ≥ 6 mm (not on 
the same tooth) and at least one interproximal site with 
PD ≥ 5  mm [29]. Total periodontitis was defined as the 
combination of mild, moderate, and severe periodonti-
tis. The absence of evidence for mild, moderate or severe 
periodontitis indicated no periodontitis. As sensitivity 

analyses, other periodontal metrics were also considered 
as outcomes: the proportion of sites with periodontal 
probing depth (PPD) ≥ 4 mm, the proportion of sites with 
clinical attachment loss (CAL) ≥ 3 mm, mean CAL [30].

Covariates
The covariates in this study included basic demo-
graphic information, BMI (body mass index) data, 
laboratory test, living habits, health conditions and dis-
eases. Demographic information included age, gender, 
marital status, ethnicity, education level, income level, 
which was obtained from questionnaires. Marital sta-
tus was categorized as married/cohabited, widowed/
divorced/separated, and never married. Race/ethnicity 
was grouped into Non-Hispanic White/Black, Mexican 
American, other Hispanic, and other races. Education 
level was divided into lower than high school, graduate/
GED (General educational development) or equivalent, 
and college or above. Compared to PIR (poverty income 
ratio) = 1, participants were grouped into the low-income 
and normal-income levels [31]. BMI was obtained from 
body examination data and was divided into four groups 
(< 18.5, 18.5–24.9, 25-29.9, ≥ 30 kg/m2) [17]. Urinary cre-
atinine concentration, blood cotinine concentration and 
serum 25(OH)D concentration was tested in laboratory. 
Of note the serum 25(OH)D concentration was catego-
rized into four groups (< 30, 30–50, 50–75, > 75 nmol/L) 
[32]. Information of health condition and diseases was 
collected and defined by questionnaires. 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; 5) Ever told you had a stroke [4]. Diabetes 
was determined by the questions “Doctor told you have 
diabetes”. Chronic kidney diseases were defined by the 
questions “Doctor told you have chronic kidney diseases” 
[33]. Drinking status was divided into “yes” or “no” by the 
questions “Have you had at least 12 drinks of any type 
of alcoholic beverage in any one year?”. Non-smokers 
(without tobacco exposure), second-hand smokers, and 
smokers were distinguished by the comprised questions 
“Smoked at least 100 cigarettes in life” and blood cotinine 
concentration (< 0.015, 0.015–3.08, > 3.08 ng/mL) [34]. 
Dental floss usage data was collected through question-
naires and was classified into 4 groups (0, 1–2, 3–4, and 
5–7 days per week) [35].

Evaluation of systemic inflammation
Systemic inflammation was assessed using circulatory 
leukocyte counts, lymphocyte counts, neutrophil counts, 
and monocyte counts, referring to previous epidemio-
logical researches [36]. Leukocyte counts, lymphocyte 
counts, neutrophil counts, and monocyte counts were 
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obtained utilizing complete blood count tests with the 
Coulter HMX Hematology Analyzer [24].

Statistical methods
Continuous variables were presented as mean and stan-
dard 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. Since the distri-
bution of mVOCs was skewed, we performed logarithm 
transformation for mVOCs to normalize the distribution. 
Spearman correlation analysis was applied to examine 
the correlation between urinary metabolites of VOCs 
included in this study.

Multivariable logistic regression was performed to 
investigate the association between mVOCs and peri-
odontitis after adjusting for all available covariates 
including demographic information, comorbidities, and 
urinary creatinine listed above. The mVOCs were fit-
ted as both continuous and quartiles variables in multi-
variable logistic regression models, respectively. Other 
periodontal metrics as outcomes were also fitted in the 
multivariable logistic regression models as sensitivity 
analyses. Then we also applied restricted cubic spline 
(RCS) regression with 3 knots to explore the non-linear 
associations, using the median values of urinary mVOCs 
as reference.

Bayesian kernel machine regression (BKMR) and 
Quantile g-computation (QGC) models were performed 
to evaluate the effects of mixed VOCs exposure on 
periodontitis. Hierarchical BKMR analyses utilized the 
Gaussian predictive process via the algorithm of Markov 
chain Monte Carlo (MCMC) sampler for 10,000 itera-
tions [37]. Fifteen mVOCs were divided into three groups 
according to spearman correlation analyses to fit Hier-
archical BKMR [38]. Group and conditional posterior 
inclusion probabilities (PIPs) were applied to estimate the 
significance of environmental pollution exposures. We 
also explored the univariate exposure-response function 
of mVOCs [38]. Considering the BKMR is semi-paramet-
ric model and cannot obtain exact estimates, we used the 
QGC model as a complement. QGC models are emerg-
ing statistical methods to assess the linear and nonlinear 
relationship between mixed exposures and health out-
comes, and the weight of each pollutant suggests the cor-
responding importance in total effects [39]. Both BKMR 
and QGC were fully adjusted by all available covariates 
listed above.

Besides, given that age, gender, and smoking status 
could have potential interaction effects, we also per-
formed stratified analyses based on QGC to explore the 
association between VOCs exposure and periodontitis 

in stratified subgroups including aforementioned fac-
tors. Finally, we performed mediation models (boot-
strap = 1000) to investigate the potential mediating effects 
of inflammatory markers on the associations between 
mixed VOCs exposure and periodontitis after adjusting 
for all available covariates listed above.

The statistical analyses in this study were conducted 
using R software (version 4.3.1). R packages “rms” (ver-
sion 6.7-0), “bkmr” (version 0.2.2) “qgcomp” (version 
2.15.2), “qgcompint” (version 0.7.0) and “mediation” 
(version 4.5.0) were used in the present study. A 
P-value < 0.05 was considered statistically significant.

Results
Descriptive analysis
1,551 Participants were ultimately included in our study, 
with 45.2% diagnosed with periodontitis and 54.8% with-
out. Table  1 displayed the baseline information for par-
ticipants, with an average age of 53.1 ± 14.7 years, and 
an almost equal proportion between males and females 
(52.4% vs. 47.6%). Participants in the periodontitis group 
tended to be older, men, non-Hispanic black, had rela-
tively lower education level, higher BMI, with a larger 
proportion of smoking or passive smoking, higher preva-
lence of diabetes and chronic kidney diseases, compared 
with the non-periodontitis group. (P < 0.05). No signifi-
cant differences were found in other demographic factors 
(P > 0.05).

Table S1 suggested that the detection rate of all 15 
types of urinary mVOCs were > 90%. Fig. S2 presented 
correlation coefficient matrices, and all mVOCs were 
positively correlated, with correlation coefficients rang-
ing from 0.02 to 0.97 (All P-values < 0.001).

Association between VOCs exposure and periodontitis by 
multivariable logistic and RCS regression
Figure 1 showed the positive associations between con-
tinuous variables of 2MHA, 3-4MHA, AAMA, AMCC, 
ATCA, CEMA, CYMA, DHBMA, 3HPMA, MA, 
MHBMA3, PGA, HPMMA and periodontitis using 
the fully-adjusted multivariable Logistics model (OR 
[95%CI]: 1.15 [1.04, 1.15], 1.13 [1.02, 1.24], 1.31 [1.14, 
1.51], 1.18 [1.04, 1.35], 1.28 [1.14, 1.45], 1.22 [1.06, 1.40], 
1.13 [1.06, 1.21], 1.34 [1.09, 1.67], 1.19 [1.05, 1.34], 1.44 
[1.23, 1.69], 1.30 [1.16, 1.47], 1.24 [1.06, 1.46], 1.30 [1.15, 
1.47], respectively) (P < 0.05). After dividing all mVOCs 
into quartiles, consistent trends were found with con-
tinuous mVOCs results (Table 2). The sensitivity analyses 
using the proportion of PPD ≥ 4  mm, the proportion of 
sites CAL ≥ 3 mm, mean CAL as periodontitis outcomes 
demonstrated similar statistical trends with the CDC-
AAP classification. (Table S3).

The adjusted RCS models demonstrated the dose-
response relationships between single urinary mVOCs 
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Periodontitis
Overall Yes No

Variables 1551 701 850
Age (years)
 Mean (SD) 53.1 (14.7) 55.6 (13.7) 51.1 (15.1)
Gender, n (%)
 Male 812 (52.4) 421 (60.1) 391 (46.0)
 Female 739 (47.6) 280 (39.9) 459 (54.0)
Race/Ethnicity, n (%)
 Mexican American 153 (9.9) 85 (12.1) 68 (8.0)
 Other Hispanic 159 (10.3) 77 (11.0) 82 (9.6)
 White 649 (41.8) 413 (48.6) 236 (33.7)
 Black 366 (23.6) 204 (29.1) 162 (19.1)
 Other Race 224 (14.4) 99 (14.1) 125 (14.7)
Marriage, n (%)
 Unmarried 205 (13.2) 96 (13.7) 109 (12.8)
 Married or cohabited 968 (62.4) 423 (60.3) 545 (64.1)
 Divorced 378 (24.4) 182 (26.0) 196 (23.1)
Education level, n (%)
 Less than High school 338 (21.8) 195 (27.8) 143 (16.8)
 High school graduate /GED or equivalent 313 (20.2) 162 (23.1) 151 (17.8)
 College or above 900 (58.0) 344 (49.1) 556 (65.4)
Ratio of family income to poverty, n (%)
 < 1 295 (19.0) 168 (24.0) 127 (14.9)
 ≥ 1 1256 (81.0) 533 (76.0) 723 (85.1)
BMI (kg/m2)
 < 18.5 17 (1.1) 8 (1.1) 9 (1.1)
 18.5–24.9 420 (27.1) 172 (24.5) 248 (29.2)
 25–29.9 531 (34.2) 252 (35.9) 279 (32.8)
 ≥ 30 583 (37.6) 269 (38.4) 314 (36.9)
Cardiovascular diseases, n (%)
 No 1410 (90.9) 635 (90.6) 775 (91.2)
 Yes 141 (9.1) 66 (9.4) 75 (8.8)
Diabetes status, n (%)
 No 1280 (82.5) 560 (79.9) 720 (84.7)
 Yes 225 (14.5) 116 (16.5) 109 (12.8)
 Borderline 46 (3.0) 25 (3.6) 21 (2.5)
Chronic kidney diseases, n (%)
 No 1500 (96.7) 669 (95.4) 831 (97.8)
 Yes 51 (3.3) 32 (4.6) 19 (2.2)
Smoking status, n (%)
 Nonexposed 738 (30.8) 251 (22.3) 487 (38.3)
 Exposed to SHS 1060 (44.3) 466 (41.5) 594 (46.7)
 Smokers 219 (9.1) 149 (13.2) 70 (5.5)
Drinking status, n (%)
 No 392 (25.3) 177 (25.2) 215 (25.3)
 Yes 1159 (74.7) 524 (74.8) 635 (74.7)
How many days using dental flosses per week? (days/week)
 0 303 (35.6) 262 (37.4) 565 (36.4)
 1–2 235 (15.2) 89 (12.7) 146 (17.2)
 3–4 210 (13.5) 100 (14.3) 110 (12.9)
 5–7 541 (34.9) 250 (35.7) 291 (34.2)
Serum vitamin D (nmol/L)
 < 30 115 (7.4) 73 (10.4) 42 (4.9)

Table 1 General characteristics of participants in this study, NHANES 2011–2014 (N = 1,551)
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exposures and periodontitis (Fig. S3). Wald test showed 
no significant non-linear correlation between mVOCs 
and periodontitis in both adjusted and unadjusted RCS 
models (P for non-linear > 0.05). (Table S4)

Association between mixed VOCs exposure and 
periodontitis by BKMR model
Notably, BKMR analyses identified the positive asso-
ciation between increasing mixed urinary mVOCs lev-
els and elevated periodontitis risk compared to the 25th 
and the 50th percentiles (Fig.  2A). Besides, conditional 

Fig. 1 Association between continuous variate of single mVOC and periodontitis risk using multivariable logistic model (N = 1,551). Note OR, odds 
ratio; CI, Confidence interval; *P < 0.05; **P < 0.01; ***P < 0.001. 2MHA (2-Methylhippuric acid), 3-4MHA (3- and 4-Methylhippuric acid), AAMA (N-
Acetyl-S-(2-carbamoylethyl)-L-cysteine), AMCC (N-Acetyl-S-(N-methylcarbamoyl)-L-cysteine), ATCA (2-Aminothiazoline-4-carboxylic acid), BMA 
(N-Acetyl-S-(benzyl)-L-cysteine), CEMA (N-Acetyl-S- (2-carboxyethyl)-L-cysteine), CYMA (N-Acetyl-S-(2-cyanoethyl)-L-cysteine), DHBMA (N-Acetyl-S-(3,4-
dihydroxybutyl)-L-cysteine), 2HPMA (N-Acetyl-S-(2-hydroxypropyl)-L-cysteine), 3HPMA (N-Acetyl-S-(3-hydroxypropyl)-L-cysteine), MA (Mandelic acid), 
MHBMA3 N-Acetyl-S-(4-hydroxy-2-buten-1-yl)-L-cysteine), PGA (Phenylglyoxylic acid), HPMMA (N-Acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine)

 

Periodontitis
Overall Yes No

 30 ≤ x < 50 332 (21.4) 166 (23.7) 166 (19.5)
 50 ≤ x < 75 557 (35.9) 250 (35.7) 307 (36.1)
 > 75 547 (35.3) 212 (30.2) 335 (39.4)
Urinary creatinine (mg/dL)
Mean (SD) 113.3 (71.5) 117.5 (68.0) 109.9 (74.0)
Note SD, standard deviation; BMI, body mass index; GED, general educational development; SHS, second-hand smoke

Table 1 (continued) 
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PIP represents the importance of each single mVOC 
in the overall effect. Results in Table S5 indicated that 
ATCA was the most significant risk factors for peri-
odontitis in mixed mVOCs (conditional PIP = 0.997, 
group PIP = 0.930) (Table S5). Furthermore, the univari-
ate effects between each single mVOC and periodonti-
tis were estimated when other mVOCs were fixed at the 
median levels. We observed an increased trend in peri-
odontitis risk with elevating AAMA, ATCA, MHBMA3, 
HPMMA and MA in Fig.  2B. Additionally, bivariate 
exposure-response relationship for single urinary mVOC 
were conducted to examine the effect of individual 
mVOC on periodontitis when fixing other mVOCs at 
either 25th, 50th, and 75th percentiles. Fig. S4 showed 
that the positive effect estimates for ATCA decreased 
with increasing quantiles of other mVOCs. Finally, the 
pairwise interactions analysis among urinary mVOCs 
were examined, while no significant interaction among 
mVOCs was found (Fig. S5).

Association between VOCs exposure and periodontitis via 
Quantile g-computation models
QGC models indicated that mixed VOCs exposure was 
significantly associated with periodontitis (OR [95%CI]: 
1.628 [1.325, 2.001], P < 0.001), which was consistent with 
BKMR analyses (Fig.  3A). Additionally, Fig.  3B showed 
the weight of each single mVOC in total effects of mixed 
VOC exposure on periodontitis, with MHBMA3, ATCA, 
HPMMA and MA contributing the most positive effects.

Subgroup analyses using QGC models
We conducted stratified analyses using QGC to reveal 
the potential moderate effect of age, gender, and smoking 
status. No significant difference was observed between 
mVOCs and periodontitis in different age, gender and 
smoking subgroups (P > 0.05) (Fig. S6), which supported 
the main analyses in BKMR and QGC models.

Systemic inflammation factors involved in the association 
between VOCs exposure and periodontitis
Given no interaction effect was found in BKMR analyses 
(Fig. S5), sum of quartiles of log-transformed mVOCs 
concentration were used to assess the mixed VOCs 
exposure for mediation analyses [40]. Figure  4 showed 
the significant results of mediation analyses. Leukocyte 
and lymphocyte counts were found to mediate the asso-
ciation between mixed VOCs exposure and periodontitis 
(P < 0.05), with proportion of mediation of 5.36%, 3.63%, 
respectively. While no significant mediation effect was 
observed for neutrophil and monocyte counts (P > 0.05).

Discussion
As mentioned above, this study found a significant 
positive association between single and mixed urinary 
mVOCs and periodontitis, as well as the mediating role 
of systemic inflammation. In multivariable logistic mod-
els, we found that urinary mVOCs including 2MHA, 
3-4MHA, AAMA, AMCC, ATCA, CEMA, CYMA, 
DHBMA, 3HPMA, MA, MHBMA3, PGA, HPMMA, 
whose parent compounds were xylene, acrylamide, N, 
N-Dimethylformamide, cyanide, acrolein, acrylonitrile, 
1,3-Butadiene styrene, crotonaldehyde, respectively, 

Table 2 Association between quartiles of single mVOC and periodontitis risk using multivariable logistic model (N = 1,551)
mVOC Q1 Q2 OR (95% CI) Q3 OR (95% CI) Q4 OR (95% CI)
2MHA Ref. 1.29(0.95 ~ 1.76) 1.34(0.98 ~ 1.84) 1.58(1.14 ~ 2.21) **
3-4MHA Ref. 1.46(1.07 ~ 1.21) * 1.21(0.88 ~ 1.67) 1.57(1.11 ~ 2.23) *
AAMA Ref. 1.10(0.80 ~ 1.52) 1.35(0.97 ~ 1.88) 1.92(1.33 ~ 2.79) ***
AMCC Ref. 0.85(0.62 ~ 1.17) 1.10(0.79 ~ 1.52) 1.26(0.88 ~ 1.80)
ATCA Ref. 1.71(1.25 ~ 2.33) *** 1.67(1.21 ~ 2.31) * 2.15(1.53 ~ 3.03) ***
BMA Ref. 1.49(1.09 ~ 2.05) * 1.56(1.12 ~ 2.17) ** 1.55(1.08 ~ 2.22) *
CEMA Ref. 1.14(0.83 ~ 1.57) 1.35(0.97 ~ 1.89) 1.57(1.08 ~ 2.28) *
CYMA Ref. 1.24(0.91 ~ 1.70) 0.98(0.70 ~ 1.38) 1.64(1.14 ~ 2.36) **
DHBMA Ref. 1.34(0.98 ~ 1.85) 1.69(1.18 ~ 2.42) ** 2.02(1.30 ~ 3.14) **
2HPMA Ref. 1.16(0.85 ~ 1.59) 1.26(0.91 ~ 1.75) 1.56(1.11 ~ 2.21) *
3HPMA Ref. 1.24(0.90 ~ 1.70) 1.06(0.76 ~ 1.49) 1.53(1.08 ~ 2.18) *
MA Ref. 1.38(1.00 ~ 1.89) 1.47(1.05 ~ 2.07) * 2.00(1.36 ~ 2.94) ***
MHBMA3 Ref. 1.20(0.87 ~ 1.65) 1.50(1.07 ~ 2.11) * 1.91(1.34 ~ 2.73) ***
PGA Ref. 1.12(0.82 ~ 1.54) 1.46(1.04 ~ 2.06) * 1.23(0.82 ~ 1.82)
HPMMA Ref. 1.33(0.96 ~ 1.83) 1.38(0.98 ~ 1.96) 2.06(1.44 ~ 2.94) ***
Note Ref, reference. OR, odds ratio; CI, confidence interval; Q1, first quartile; Q2, second quartile; Q3, third quartile; Q4, fourth quartile. *P < 0.05; **P < 0.01; 
***P < 0.001. 2MHA (2-Methylhippuric acid), 3-4MHA (3- and 4-Methylhippuric acid), AAMA (N-Acetyl-S-(2-carbamoylethyl)-L-cysteine), AMCC (N-Acetyl-S-(N-
methylcarbamoyl)-L-cysteine), ATCA (2-Aminothiazoline-4-carboxylic acid), BMA (N-Acetyl-S-(benzyl)-L-cysteine), CEMA (N-Acetyl-S- (2-carboxyethyl)-L-cysteine), 
CYMA (N-Acetyl-S-(2-cyanoethyl)-L-cysteine), DHBMA (N-Acetyl-S-(3,4-dihydroxybutyl)-L-cysteine), 2HPMA (N-Acetyl-S-(2-hydroxypropyl)-L-cysteine), 3HPMA 
(N-Acetyl-S-(3-hydroxypropyl)-L-cysteine), MA (Mandelic acid), MHBMA3 N-Acetyl-S-(4-hydroxy-2-buten-1-yl)-L-cysteine), PGA (Phenylglyoxylic acid), HPMMA 
(N-Acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine)
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Fig. 3 Association between mixed mVOCs and periodontitis risk estimated by QGC models (N = 1,551). A: Overall effects of mixed mVOCs on periodon-
titis estimated by QGC. Note MSM fit, fitting marginal structural model. OR, odds ratio; CI, Confidence interval. B: Estimated weight of each single mVOC 
in total effects via QGC models. Note 2MHA (2-Methylhippuric acid), 3-4MHA (3- and 4-Methylhippuric acid), AAMA (N-Acetyl-S-(2-carbamoylethyl)-L-
cysteine), AMCC (N-Acetyl-S-(N-methylcarbamoyl)-L-cysteine), ATCA (2-Aminothiazoline-4-carboxylic acid), BMA (N-Acetyl-S-(benzyl)-L-cysteine), CEMA 
(N-Acetyl-S- (2-carboxyethyl)-L-cysteine), CYMA (N-Acetyl-S-(2-cyanoethyl)-L-cysteine), DHBMA (N-Acetyl-S-(3,4-dihydroxybutyl)-L-cysteine), 2HPMA (N-
Acetyl-S-(2-hydroxypropyl)-L-cysteine), 3HPMA (N-Acetyl-S-(3-hydroxypropyl)-L-cysteine), MA (Mandelic acid), MHBMA3 N-Acetyl-S-(4-hydroxy-2-buten-
1-yl)-L-cysteine), PGA (Phenylglyoxylic acid), HPMMA (N-Acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine)
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Fig. 2 Association between mixed mVOCs and periodontitis risk estimated by BKMR. (N = 1,551). A showed the overall effect of mixed urinary mVOCs 
on periodontitis with 95% confidence interval. B showed the correlation of each univariate exposure with periodontitis. Note 2MHA (2-Methylhippuric 
acid), 3-4MHA (3- and 4-Methylhippuric acid), AAMA (N-Acetyl-S-(2-carbamoylethyl)-L-cysteine), AMCC (N-Acetyl-S-(N-methylcarbamoyl)-L-cysteine), 
ATCA (2-Aminothiazoline-4-carboxylic acid), BMA (N-Acetyl-S-(benzyl)-L-cysteine), CEMA (N-Acetyl-S- (2-carboxyethyl)-L-cysteine), CYMA (N-Acetyl-
S-(2-cyanoethyl)-L-cysteine), DHBMA (N-Acetyl-S-(3,4-dihydroxybutyl)-L-cysteine), 2HPMA (N-Acetyl-S-(2-hydroxypropyl)-L-cysteine), 3HPMA (N-Acetyl-
S-(3-hydroxypropyl)-L-cysteine), MA (Mandelic acid), MHBMA3 N-Acetyl-S-(4-hydroxy-2-buten-1-yl)-L-cysteine), PGA (Phenylglyoxylic acid), HPMMA 
(N-Acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine)
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were significantly associated with periodontitis. Further-
more, both BKMR and QGC models showed that mixed 
VOCs were positively associated with higher risks of 
periodontitis. No significant interaction was revealed in 
age, gender, and smoking status subgroups when apply-
ing stratified QGC analyses. Notably, mediation analyses 
suggested that systemic inflammation markers (leukocyte 
and lymphocyte counts) potentially mediated the associ-
ation between mixed VOCs exposure and periodontitis.

This study identified a positive association between 
mixed VOCs exposure and periodontitis, where systemic 
inflammation potentially played a mediated role (Fig. 4.). 
Numerous studies have suggested that the progression of 
periodontitis involves extensive activation of pro-inflam-
matory cytokines and complex intracellular inflammatory 
responses [22, 41], in which mixed VOCs exposure could 
play a critical role [20]. A prospective cohort study sug-
gested that acrylamide(the parent compound of AAMA) 
could potentially activate inflammation process in adults 
by inducing plasma C-reactive protein [21]. Additionally, 
experimental studies also showed the pro-inflammatory 
role of VOC exposures. For example, evidence from an 
in vitro experiment suggested that acrolein, parent com-
pound of CEMA, could significantly stimulated the pro-
duction of High-sensitivity C-reactive protein [42]. Li et 
al. (2020) found that exposure to crotonaldehyde, which 

could be transformed to HPMMA, could significantly 
trigger inflammatory processes in rats by induction of 
pro-inflammatory cytokines including Interleukin-1β, 
Interleukin-6, and tumor necrosis factor-α (TNF-α) [43]. 
Another in vivo experiment on rats have shown that acry-
lonitrile, the parent compound of CYMA, could increase 
pro-inflammatory mediators including interferon-γ and 
TNF-α, and consequently inducing cell apoptosis in 
lungs. Hence, we speculated that elevated expression of 
pro-inflammatory cytokines induced by VOCs exposure 
could potentially lead to periodontal tissues damage by 
exacerbating inflammation in periodontal tissues and 
causing alveolar bone destruction, ultimately resulting in 
periodontitis [44]. While subgingival dental plaque was 
regarded as the main initiation factor for periodontitis 
[45], systemic inflammation induced by environmental 
VOC exposure potentially exacerbates the progression 
of periodontitis, which demands further mechanisms 
research.

Oxidative stress is another plausible cause for the links 
between VOCs exposure and periodontitis. It is well rec-
ognized that oxidative stress has long been considered 
a critical factor in connecting environmental pollut-
ant exposure with chronic diseases [46]. A population-
based study has suggested that mixed VOCs exposure 
could play a crucial role in the oxidative stress process 

Fig. 4 Estimated proportion of the association between mixed VOCs exposure and periodontitis risk mediated by systemic inflammation factors. NoteA: 
Leukocytes, B: Lymphocytes, C: Neutrophils, D: Monocytes; IE: the estimate of the indirect effect, DE: the estimate of the direct effect, Proportion of media-
tion = IE/(DE + IE). **P < 0.01; ***P < 0.001
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by inducing excessive reactive oxygen species (ROS) or 
deplete antioxidants, and consequently exacerbate redox 
imbalance [47]. According to an in vitro experiments, 
cyanide, which could be further transformed to ATCA, 
could induce apoptosis in differentiated cells by elevating 
intracellular ROS levels [48], while excessive ROS could 
cause nucleic acid damage, protein carbonylation, lipid 
peroxidation in periodontal tissues [49]. Findings from 
a cardiomyocytes experiment suggested that crotonal-
dehyde exposure could lead to extensive oxidative stress, 
which caused mitochondrial dysfunction and DNA dam-
age in tissues [50]. Furthermore, Ohnishi Li et al. (2009) 
found that excessive production of ROS could signifi-
cantly aggravate alveolar bone resorption in mice [51]. 
Based on previous studies, we hypothesized that accu-
mulation of ROS induced by VOCs exposure, together 
with excessive consumption of antioxidants could 
enhance the oxidative stress in periodontal tissues, trig-
ger apoptotic pathway of periodontal ligament stem cells 
[52] and meanwhile activate differentiation of osteoclasts 
[53], thus inducing deterioration in periodontal tissues, 
ultimately elevating periodontitis risks. However, further 
in vivo/vitro studies are needed to verify our hypotheses.

There were several strengths in the present study. 
This study comprehensively investigated the association 
between single and mixed urinary mVOCs and periodon-
titis. Systemic inflammation factors including leukocytes 
and lymphocytes could potentially mediated the associa-
tion between mixed VOCs exposure and periodontitis. 
Moreover, to ensure the robustness and sensitivity of 
our analyses, we employed the BKMR and QGC models 
to investigate the joint effects of mixed VOCs exposure 
on periodontitis. Additionally, subgroups analyses were 
consistent with the overall population, suggesting the 
robustness of our analyses. These findings might provide 
new initiatives for the early prevention and treatment 
of periodontitis to alleviate the periodontal health bur-
den in the future. Despite the strengths presented above, 
there were still some limitations in this study. First, the 
cross-sectional study design was unable to make the 
causal inference. Second, even though we evaluated the 
possible confounding variates in the analyses, there may 
still be some unknown residual confounding factors 
beyond control. Besides, we were unable to ascertain 
exposure durations of VOC due to the one-time assess-
ment of mVOCs. Additionally, RCS, BKMR and QGC 
models do not yet support weighted calculation. In order 
to maintain consistency with our main analyses, we 
did not adjust the sample weight in the logistic models, 
which would make the results less representative. Finally, 
genetic information and drug usage data were insuffi-
cient in the NHANES. Further longitudinal and in vivo/
vitro studies were demanded to explore the mechanism 
of impacts of VOCs exposure on the risk of periodontitis.

Conclusion
In summary, the present study revealed the significant 
association between single and mixed VOCs exposure 
with periodontitis by comprehensive utilization of five 
statistical methods. The mediated effect induced by 
systemic inflammation factors between mixed VOCs 
exposure and periodontitis was also observed. This 
study provided an insight into surveillance and public 
health for periodontal diseases from an environmental 
health perspective, aiming to raise public awareness of 
impacts of VOCs exposure on periodontal health and 
help develop health programs and policy to relieve global 
health burden in the future.
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