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Abstract

The impact of environmental pollutant exposure on periodontitis has raised significant concerns. But the association between
exposure to multiple polyaromatic hydrocarbons (PAHs) and periodontitis still remained unclear. Our study investigated
the association of exposure to multiple PAHs with periodontitis. A total of 1880 participants from the National Health and
Nutrition Examination Survey (NHANES) were included in this study. Urinary samples of the participants exposed to six
PAHs, namely, 1-hydroxynaphthalene (1-OHN), 2-hydroxynaphthalene (2-OHN), 3-hydroxyfluorene (3-OHF), 2-hydroxy-
fluorene (2-OHF), 1-hydroxyphenanthrene (1-OHPhe), and 1-hydroxypyrene (1-OHPyr), were investigated. Multiple logistic
regression, restricted cubic spline, and Bayesian kernel machine regression (BKMR) models were employed to identify the
association between PAH exposures and periodontitis. The dose—response analysis exhibited a gradual increase in the peri-
odontitis risk with an increase in multiple PAHs. After adjustment for several potential confounders, the odds ratio of the
highest quartile (Quartile 4) was 1.648 (95% confidence interval (CI) 1.108-2.456, P=0.014, P-t=0.017) for 2-OHN, 2.046
(95%CI 1.352-3.104, P <0.001, P-t=0.005) for 3-OHF, 1.996 (95% CI 1.310-3.046, P=0.001, P-t=0.003) for 2-OHF,
1.789 (95% CI 1.230-2.604, P=0.002, P-t=0.003) for 1-OHPhe, and 1.494 (95% CI 1.025-2.181, P=0.037, P-t=0.021)
for 1-OHPyr compared with that of the lowest quartile (Quartile 1). BKMR illustrated that the overall effect of the PAH
mixture was positively related to periodontitis. Mediation analysis identified blood neutrophils as a partial mediator of 3-OHF
and 2-OHF. Exposure to multiple PAHs was positively associated with periodontitis in US adults, and blood neutrophils
mediate the effects of 3-OHF and 2-OHF therein.
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Introduction and a poor quality of life (Peres et al. 2019). The levels of

inflammatory mediators, circulating hormones, immunosup-

Periodontitis is a crucial public health problem affecting the
oral health of the world population, with an estimated 43%
prevalence in US adults (Eke et al. 2018a; Eke et al. 2020).
It is a complex infectious disease attributable to several etio-
logic and contributory factors. Among them, a dynamic and
polymicrobial oral microbiome is a direct precursor (Lamont
et al. 2018; Slots 2000). Periodontitis can eventually lead
to tooth loss, a decline in chewing function, deformation,

Responsible Editor: Lotfi Aleya

P4 Yihong Fang
fjxhcsxd@163.com

Department of Stomatology, Fujian Medical University
Union Hospital, Fuzhou 35001, China

2 Fujian Medical University, Fuzhou 35001, China

pression, etc. can affect the susceptibility to periodontitis
(Kinane et al. 2017). Dentists treating periodontitis aim to
suppress or eradicate microbial pathogens in periodontal
pockets and the adjacent gingiva and stick to periodontal
maintenance therapy at regular intervals and long-term fol-
low-ups (Kwon et al. 2021; Slots 2020).

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
organic pollutants. They are characterized by more than 2
fused benzene rings (Sahoo et al. 2020). They also have high
lipid solubility, which allows them to easily pass through the
human skin and mucous membrane system (Kim 2013). How-
ever, their aqueous solubility is poor and decreases for each
additional ring system in their structural configurations (Sahoo
et al. 2020). Some PAH metabolites are highly carcinogenic
and teratogenic and damage cellular proteins, bind reactive
oxygen species (ROS) to biomolecules, and prompt DNA
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adduct formation, which is associated with an increased risk
of cancers (e.g., ovarian, uterine, breast, endometrial, cervical,
and lung cancers) and various birth defects (e.g., congenital
heart diseases, neural tube defects, and craniosynostosis) (Bar-
bosa et al. 2023). Therefore, the impact of PAHs on human
health has raised considerable public concerns.

On the whole, people might be exposed to the PAH mixture
from various sources, including automobile exhaust, asphalt,
coal tar, wildfires, agricultural combustion, chargrilled foods,
and smoke from tobacco (“NHANES 2013-2014" n.d.). PAHs
are ubiquitously distributed in the vapor phase, airborne parti-
cles, and settled dust (Ali et al. 2016). PAH metabolism has been
widely researched (Gao et al. 2018). After entering the body,
PAHs are easily metabolized through three major pathways
(namely, diol-epoxide pathway, o-quinone pathway, and radical
cation pathway) and transformed into biotransformation prod-
ucts that could destroy cellular structures. In particular, PAHs
are nitrated through an ionic reaction before liver biotransfor-
mation (Miyanishi et al. 1996). Their metabolites are eventually
eliminated through urine, thereby allowing feasibility for analysis
(“NHANES 2013-2014” n.d.; Vondracek and Machala 2021).

Many studies have explained that PAHs can cause DNA
damage (Miglani et al. 2019), oxidative stress (Zhang et al.
2021), the neutrophil influx, and other immune overreac-
tions (Zhang et al. 2016), and these cellular and molecular
alterations are confirmed to be associated with periodontitis
onset (Cekici et al. 2014). Further to elucidate, DNA dam-
age could lead to bone resorption in murine periodontitis
models (Luo et al. 2023). And higher oxidative stress was
shown to be associated with periodontitis in a population-
based study (Qu 2023). The evidence from both in vivo and
in vitro studies confirmed that in regard to inflammation
response, inflammatory cells, especially neutrophils, could
secrete cytokines and matrix metalloproteinases that con-
tributed to the destruction of the extracellular matrix in
periodontal tissues (Uitto et al. 2003). However, the associa-
tion between PAH exposure and periodontitis has not been
elucidated. Our study was therefore designed to investigate
the association between exposure to PAH mixture and peri-
odontitis in US adults. We also conducted the mediation
effect analysis to investigate the mediation effects of blood
neutrophils on the association, based on the data collected
and issued by National Health and Nutrition Examination
Survey (NHANES).

Material and methods
Study population
NHANES, implemented by the National Center for Health

Statistics, a branch of the US Centers for Disease Con-
trol and Prevention (CDC), is a nationwide program
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comprising a series of studies designed for evaluating the
health status and nutritional condition of both adults and
children. People can participate in NHANES only if they
have received an invitation from NHANES. These partici-
pants were randomly selected through a statistical process
using US census information. Once enrolled, a partici-
pant can represent 65,000 people with similar populational
characteristics (“NHANES—Participants—Why I was
selected” n.d.). The NHANES protocol was approved and
authorized by the National Health Statistics Ethics Review
Board of the CDC, and all participants had provided
written informed consent. A complete case in data was
adopted for statistical analyses. Among 19,931 individuals
who participated in NHANES from 2011 to 2014, 1880
individuals, who are aged 30 years or older, with com-
plete periodontal examination, urinary PAH assessment,
segmented neutrophil count, and potential confounders
(including age, sex, race, marital status, education level,
annual family income, smoking status, drinking, physical
activity, time since the last dental visit, abdominal adi-
posity, obesity, hypertension, dyslipidemia, dysglycemia,
cardiovascular diseases, arthritis, and urinary creatine),
were finally included as the study population (Fig. S1).

Measurement of PAH exposure

Professionally trained medical personnel collected biosa-
mples from the participants at mobile examination cent-
ers by using special devices. Thereafter, the samples were
well processed and stored. The urine samples were trans-
ported to the Laboratory Sciences Division of the CDC
National Center for Environmental Health, while blood
samples were delivered to the University of Minnesota for
testing. Several specific analytical methods such as enzy-
matic hydrolysis, extraction, derivatization, and analysis
by isotope dilution capillary gas chromatography-tandem
mass spectrometry (GC-MS/MS) in 2011-2012 NHANES
and isotope dilution high-performance liquid chromatogra-
phy—tandem mass spectrometry (on-line SPE-HPLC-MS/
MS) in 2013-2014 NHANES were used to quantify the
concentrations of mono-hydroxylated PAH metabolites
(OH-PAHSs). The details of the laboratory methods used
for detecting urinary PAHs can be found elsewhere at
https://wwwn.cdc.gov/nchs/data/nhanes/2011-2012/labme
thods/pah_g_met.pdf. During 2011-2014, a total of six
PAH metabolites were measured in NHANES, including
1-hydroxynaphthalene (1-OHN), 2-hydroxynaphthalene
(2-OHN), 3-hydroxyfluorene (3-OHF), 2-hydroxyflu-
orene (2-OHF), 1-hydroxyphenanthrene (1-OHPhe), and
1-hydroxypyrene (1-OHPyr). For PAHs with analytical
results below their corresponding lower limit of detection
(LLOD, in ng/L), the concentrations below LLOD were
considered a constant value—LLOD divided by a square


https://wwwn.cdc.gov/nchs/data/nhanes/2011-2012/labmethods/pah_g_met.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2011-2012/labmethods/pah_g_met.pdf

Environmental Science and Pollution Research (2023) 30:112611-112624

112613

root of 2. In accordance with a previous study (Oskar et al.
2021), PAH metabolites with a detection rate above 70%
were selected in our study.

Periodontal examination

Based on the probing depth (PD) and attachment loss (AL)
at interproximal regions, the Centers for Disease Control
and Prevention and the American Academy of Periodon-
tology case definition were used to classify periodontitis
severity in our study. According to the definition (Eke
et al. 2018b), periodontitis in the study population was
subdivided into four levels: “No,” participants do not have
any physical signs of periodontitis; “Mild,” participants
have two or more interproximal regions with AL >3 mm
and two or more interproximal regions with PD >4 mm
on different teeth or one site with PD > 5 mm; “Moderate,”
participants have two or more interproximal regions with
AL >4 mm on different teeth or two or more interproximal
regions with PD > 5 mm on different teeth; and “Severe,”
participants have two or more interproximal regions with
AL > 6 mm on different teeth and one or more interproxi-
mal site with PD > 5 mm. Based on a previous study, peri-
odontal health status was regrouped as “no or mild” and
“moderate or severe” (Li et al. 2021a).

Potential confounders

To obtain the most realistic results possible, we investi-
gated some sociodemographic and behavioral variables,
along with the number of teeth present and seven systemic
diseases associated with periodontitis, as potential con-
founding factors. Sociodemographic confounders were
gender (male and female), age (30-49 years and 50-80
years), race (Mexican American, non-Hispanic Asian, non-
Hispanic White, non-Hispanic Black, other Hispanic, and
other races), marital status (separated, married, divorced,
widowed, never married, and living with a partner), edu-
cational level (less than 11th grade, high school graduate,
some college or AA degree, and college graduate or above),
and family annual income (< $25,000, $25,000-$75,000,
and > $75,000). Behavioral confounders included smok-
ing status (non-smoker, smoking less than 100 cigarettes
during the lifetime; former smoker, smoking more than
100 cigarettes during the lifetime but less than 100 ciga-
rettes during the past year; current smoker, smoking more
than 100 cigarettes during both lifetime and the past year),
drinking (no, having less than 12 alcohol drinks per year;
yes, having at least 12 alcohol drinks per year), physical
activity (vigorous, moderate, and no or lower), and time
since last dental visit (less than 6 months and more than
6 months). Because both periodontitis and PAH expo-
sure were associated with systemic inflammation, some

systemic diseases (Ferrillo et al. 2023; Li et al. 2021b),
encompassing abdominal adiposity, obesity, hypertension,
dyslipidemia, dysglycemia, cardiovascular diseases, and
arthritis, were included as confounders (Table S1). Urinary
creatine was also incorporated as a confounder to avoid
urine dilution. Given that both periodontitis and PAH expo-
sure may be associated with the aforementioned factors, we
decided to calibrate for these confounders in our analyses.

Statistical analysis

The data of the quadrennium (2011-2014), including
socioeconomic information, periodontal examination, and
PAH exposures, were combined and used for the analysis.
The Kolmogorov—Smirnov test was performed to verify
whether the continuous variables conformed to a normal
distribution. Considering the right-skewed distribution,
urinary PAH concentration underwent a logarithmical
transformation to achieve an approximately normal dis-
tribution in the algorithm for the analysis (Zhang et al.
2019). Normally distributed continuous variables, pre-
sented as mean + SD, were compared among the groups
with different periodontal statuses by using a ¢-test. Non-
normally distributed variables, presented as median [25%
percentile, 75% percentile], were compared using the
Mann—Whitney U-test. Categorical variables, described as
numbers (percentage), were compared using the chi-square
test. The Spearman test was used to determine the corre-
lation among PAHs, where substances with a coefficient
of association (%) of > 0.80 were considered to be highly
correlated (Schober et al. 2018). Previous studies (Korn
and Graubard 1991; Graubard and Korn 1999) have dem-
onstrated that when the primary variables, such as age,
gender, and race, used to calculate the sample weights, are
included as covariates in the model, the weighted results
might introduce an overestimation bias. NHANES weights
were therefore not used in our study. All statistical analy-
ses and plotting were conducted in R software (version
4.1.3).

Restricted cubic spline model

Compared with traditional regression models, restricted
cubic spline (RCS) is a practicable tool for investigating
the dose-response relationship and for minimizing resid-
ual confounding for continuous confounders (Desquilbet
and Mariotti 2010). We hypothesized non-linear associa-
tions between PAHs and moderate/severe periodontitis.
As recommended by Harrell (Harrell 2001), we used 4
knots in RCS to achieve better fitting by considering the
smoothness of the curve and avoiding the loss of accuracy
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due to overfitting. RCS was conducted to determine the
dose-response associations and avoid arbitrary PAH cat-
egorization in the logistic regression model.

Multiple logistic regression model

We used the multiple logistic regression model to quantify
the association between exposure to each PAH and the risk
of moderate/severe periodontitis. Odds ratio (OR) with
a 95% confidence interval (CI) was used to measure the
degrees of association. PAH exposure was assumed to be
positively associated with moderate/severe periodontitis.
Two models were constructed to address the potential bias
introduced by these confounders. Model 1 was the crude
model with none of the covariates adjusted, and Model 2 was
adjusted for age, sex, race, marital status, education level,
annual family income, smoking status, drinking, physical
activity, time since the last dental visit, abdominal adiposity,
obesity, hypertension, dyslipidemia, dysglycemia, cardio-
vascular diseases, arthritis, and urinary creatine. All urinary
PAHs were subdivided into four quartiles. Of them, the first
quartile acted as a reference. Trend tests were performed
based on variables with median values for each PAH quartile
included.

Bayesian kernel machine regression model

The Bayesian kernel machine regression (BKMR) model is
centered on an algorithm in which a Markov chain Monte
Carlo (MCMC) has been implemented (Bobb et al. 2015)
based on a Gaussian kernel function (Weng et al. 2022).
In our study, this model was used to investigate the overall
effect of mixed PAHs on periodontitis and calibrate the pos-
sible deviation caused by highly correlated variables. This
analysis was performed using “bkmr,” a R package, to deter-
mine the univariate, bivariate, and joint effects of PAHs,
which were evaluated through “PredictorResponseUnivar,”
“PredictorResponseBivar,” and “OverallRiskSummaries”
functions, respectively. The formula for BKMR is as follows:

Y = h[Clusterl = (3 — OHF, 2 — OHF),
Cluster2 = (1 — OHN, 2 — OHN,
1 — OHPhe, 1 — OHPyr)] + x;f + ¢,

In the given equation, Y* is the outcome variable, ¢;
is the normally distributed residual, x is the confounding
factor, and f is the coefficient of x. Function A[-] displays
the exposure—response correlations. Multiple PAHs were
assumed to have accumulative effects on periodontitis
and addictive interactions with each other. In each small
of the panel interaction section, if the slope of the bivari-
ate dose—response curve exhibited a clear change as the

@ Springer

exposure 2 concentration increased, the interaction between
exposure 1 and exposure 2 can be suggested to be significant
(Lee et al. 2021).

Mediation effect analysis

Mediation effect analysis was employed to investi-
gate whether blood neutrophils mediate the association
between PAH exposure and the outcome according to
the framework approach of mediation (Baron and Kenny
1986). We here assumed that blood neutrophils (M) medi-
ate the influence of PAH exposure (X) on periodontitis (Y).
The overall effects of each PAH on the outcome consist of
two individual parts, namely, the direct and indirect effects
(DE and IE, respectively). According to a previous study
(Barth et al. 2016), a mediation effect exists when the
following conditions are satisfied: (1) X must be signifi-
cantly correlated with Y; (2) X must also be significantly
correlated with M; (3) M must be significantly correlated
with Y when the effect of X on Y has been controlled;
and (4) after controlling for the mediator, X must be less
significantly related to Y. Partial mediation is considered
to exist when X remains significant after the mediator has
been controlled.

Sensitivity analysis

A sensitivity analysis was performed to increase the
reliability of our findings. First, to avoid potential selection
bias, the baseline characteristics (gender and race) were
compared between the participants included (n=1880)
and those excluded (n=18,027). Age was not compared
between the participants because only participants
aged > 30 years were eligible for periodontal examinations.
Second, multiple imputations were conducted with random
forests to fill in missing values of potential confounders.
Random forest is a non-parametric method that can
simultaneously cope with different types of variables
by averaging over many unpruned classifications or
regression trees. It can outperform other methods when
potential interactions and non-linear associations are
suspected (Stekhoven and Buhlmann 2012). Third, serum
cotinine (non-smoker < 1 ng/mL, smoker > 1 ng/mL), a
nicotine metabolite and an indicator of tobacco smoke
exposure (Hudson-Hanley et al. 2021), was used to replace
smoking status in order to control potential confounding
bias in tobacco smoke exposure, such as second-hand
smoke. Fourth, considering PAHs might also derive from
dietary intake, the 2015 Healthy Eating Index (HEI-
2015), representing diet quality, was further adjusted in
accordance with a previous study (Yang et al. 2022).
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Results
Demographic characteristics

Table 1 lists the LLOD and detectable rates for urinary
PAHs and PAH distribution between participants with dif-
ferent periodontal conditions. 1-OHPyr had a detectable
rate of 83.99%, while other PAHs were almost completely
detectable (approximately 100%). Therefore, they were all
included in the study.

Among the 19,931 individuals who participated in the
NHANES program from 2011 to 2014, 1880 participants
with comprehensive data were finally included as the pre-
sent study population. The proportion of participants with
moderate/severe periodontitis was 45.69%. As shown in
Table 2, the participants with moderate/severe periodon-
titis were compared with those without periodontitis or
with mild periodontitis varied in gender, age, race, marital
status, educational level, annual family income, smoking
status, physical activity, time since last dental visit, abdom-
inal adiposity, hypertension, dyslipidemia, dysglycemia,
cardiovascular diseases, arthritis, the number of teeth pre-
sent, urinary creatinine, blood neutrophil count, and PAH
concentrations (all P values < 0.05).

Furthermore, the distribution characteristics of differ-
ent PAH quartiles are probed in Table S2. The participants
exposed to different quartiles varied in sex, age, race, mari-
tal status, educational level, annual family income, smok-
ing status, physical activity, time since the last dental visit,
abdominal adiposity, and obesity (all P values <0.05).

Associations between exposure to individual PAH
and periodontitis

Before the application of logistic regression models,
we employed RCS regression models to clarify the

dose-response associations between PAH exposure
and the outcome and avoid arbitrary categorization of
PAH concentrations. A potential non-linear associa-
tion was observed between 1-OHPhe and periodonti-
tis, but the association was not significant (P value for
Pontinearity = 0.2874; Fig. 1). We observed generally linear
dose—response associations between other PAHs and the
periodontitis risk (all P values for Py, icariey > 0-05).
Later, we constructed two multiple logistic regression
models to determine the association between single
PAH exposure and the outcome (Fig. 2). In Model 1,
all PAHs were positively associated with an increased
periodontitis risk. Compared with the reference (Quartile
1), crude ORs of the highest quartile (Quartile 4) were
2.537 (95% CI 1.953-3.305, P<0.001, P-t<0.001)
for 1-OHN, 2.210 (95% CI 1.703-2.875, P <0.001,
P-t<0.001) for 2-OHN, 2.900 (95% CI 2.228-3.786,,
P <0.001, P-t<0.001) for 3-OHF, 2.855 (95% CI
2.194-3.726, P <0.001, P-t<0.001) for 2-OHF, 1.761
(95% CI 1.359-2.287, P <0.001, P-t<0.001) for
1-OHPhe, and 1.828 (95% CI 1.416-2.365, P <0.001,
P-t<0.001) for 1-OHPyr. In Model 2, except for I-OHN,
positive associations between other PAHs and the risk of
moderate/severe periodontitis exhibited no attenuation
after adjustment for potential confounders. Compared
with the reference (Quartile 1), the periodontitis risk
increased by 1.648-fold (95% CI 1.108-2.456, P=0.014,
P-t=0.017) for the highest quartile (Quartile 4) of
2-OHN. Compared with the reference (Quartile 1), the
adjusted ORs of the highest quartile (Quartile 4) were
2.046 (95% CI 1.352-3.104, P <0.001, P-t=0.005)
for 3-OHF, 1.996 (95% CI 1.310-3.046, P=0.001,
P-t=0.003) for 2-OHF, 1.789 (95% CI 1.230-2.604,
P=0.002, P-t=0.003) for 1-OHPhe, and 1.494 (95%
CI1.025-2.181, P=0.037, P-t=0.021) for 1-OHPyr.

Table 1 Distribution levels of urinary PAHs in study population with periodontitis in NHANES 2011-2014 (n=1880)

PAHs LOD (ng/L) >LOD (%) Total population No or mild periodontitis Moderate or severe peri-
odontitis
Median [IQR], ng/L Median [IQR], ng/L Median [IQR], ng/L
Total PAHs — — 7375.55 [3521.62, 6338.00 [3020.00, 8851.00 [4413.50, 21,646.50]
15976.00] 13,483.00]
1-Hydroxynaphthalene 44 99.84 1409.00 [656.00, 4297.50]  1204.00 [586.00, 3133.00]  1846.00 [784.50, 6896.50]
2-Hydroxynaphthalene = 42 100 4626.50 [1936.75, 3923.00 [1670.00, 8585.00] 5520.00 [2353.00, 12,450.00]
10,360.00]
3-Hydroxyfluorene 10 97.29 72.00 [34.00, 207.00] 61.00 [30.00, 138.00] 87.00 [42.00, 341.50]
2-Hydroxyfluorene 10 100 188.00 [93.00, 459.75] 156.00 [78.00, 347.00] 238.00 [112.00, 676.00]
1-Hydroxyphenanthrene 10 99.41 108.50 [59.00, 208.00] 99.00 [53.00, 197.00] 120.00 [66.00, 220.50]
1-Hydroxypyrene 10 83.99 106.00 [49.50, 208.25] 94.00 [49.50, 188.00] 120.00 [59.00, 236.00]

NHANES National Health and Nutrition Examination Survey, PAHs polyaromatic hydrocarbons, LOD limits of detection, /QR interquartile range
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Table 2 Characteristics of NHANES participants between 2011 and 2014 (n=1880)

Characteristic Total population No or mild periodontitis Moderate or severe periodontitis P value
(n=1880) (n=1021) (n=859)
Sociodemographic variables
Age (years, median [IQR]) 51.00 [40.00, 63.00]  47.00 [37.00, 59.00] 57.00 [45.00, 66.00] <0.001
Age (years, %) <0.001
3049 862 (45.85) 570 (55.83) 292 (33.99)
50-80 1018 (54.15) 451 (44.17) 567 (66.01)
Sex (%) <0.001
Male 972 (51.70) 456 (44.66) 516 (60.07)
Female 908 (48.30) 565 (55.34) 343 (39.93)
Race (%) <0.001
Mexican American 225 (11.97) 107 (10.48) 118 (13.74)
Non-Hispanic White 793 (42.18) 493 (48.29) 300 (34.92)
Non-Hispanic Black 411 (21.86) 177 (17.34) 234 (27.24)
Other Hispanic 177 (9.41) 93 (9.11) 84 (9.78)
Other race 274 (14.57) 151 (14.79) 123 (14.32)
Marital status (%) 0.001
Married 1078 (57.34) 619 (60.63) 459 (53.43)
Divorced 235 (12.50) 123 (12.05) 112 (13.04)
Separated 63 (3.35) 29 (2.84) 34 (3.96)
Widowed 127 (6.76) 47 (4.60) 80 (9.31)
Living with partner 130 (6.91) 71 (6.95) 59 (6.87)
Never married 247 (13.14) 132 (12.93) 115 (13.39)
Educational level (%) <0.001
< 11th grade 376 (20.00) 122 (11.95) 254 (29.57)
High school graduate 386 (20.53) 182 (17.83) 204 (23.75)
Some college or AA degree 555 (29.52) 321 (31.44) 234 (27.24)
College graduate or above 563 (29.95) 396 (38.79) 167 (19.44)
Annual family income (%) <0.001
< $25,000 583 (31.01) 227 (22.23) 356 (41.44)
$25,000-$75,000 750 (39.89) 404 (39.57) 346 (40.28)
>$75,000 547 (29.10) 390 (38.20) 157 (18.28)
Behavioral variables
Smoking status (%) <0.001
Non-smoker 1059 (56.33) 661 (64.74) 398 (46.33)
Former smoker 486 (25.85) 249 (24.39) 237 (27.59)
Current smoker 335 (17.82) 111 (10.87) 224 (26.08)
Drinking (%) 0.200
Yes 1389 (73.88) 767 (75.12) 622 (72.41)
No 491 (26.12) 254 (24.88) 237 (27.59)
Physical activity (%) <0.001
No or lower 918 (48.83) 418 (40.94) 500 (58.21)
Moderate 569 (30.27) 331 (32.42) 238 (27.71)
Vigorous 393 (20.90) 272 (26.64) 121 (14.09)
Time since the last dental visit (%) <0.001
Less than 6 months 859 (45.69) 558 (54.65) 301 (35.04)
More than 6 months 1021 (54.31) 463 (45.35) 558 (64.96)
Systemic diseases
Abdominal adiposity (%) <0.001
Tercile 1 of WHtR 605 (32.18) 372 (36.43) 233 (27.12)
Tercile 2 of WHtR 642 (34.15) 327 (32.03) 315 (36.67)
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Table 2 (continued)

Characteristic Total population No or mild periodontitis Moderate or severe periodontitis P value
(n=1880) (n=1021) (n=859)

Tercile 3 of WHtR 633 (33.67) 322 (31.54) 311 (36.20)

Obesity (%) 0.244
Normal 530 (28.19) 301 (29.48) 229 (26.66)
Overweight 617 (32.82) 320 (31.34) 297 (34.58)
Obese 733 (38.99) 400 (39.18) 333 (38.77)

Hypertension (%) <0.001
Normal 1016 (54.04) 630 (61.70) 386 (44.94)
Diagnosed 864 (45.96) 391 (38.30) 473 (55.06)
Dyslipidaemia (%) 0.076
Normal 500 (26.60) 289 (28.31) 211 (24.56)
Diagnosed 1380 (73.40) 732 (71.69) 648 (75.44)

Dysglycemia (%) <0.001
Normal 1364 (72.55) 791 (77.47) 573 (66.71)
Intermediate 155 (8.24) 75 (7.35) 80 (9.31)
Diagnosed 361 (19.20) 155 (15.18) 206 (23.98)

Cardiovascular diseases (%) <0.001
Normal 1740 (92.55) 969 (94.91) 771 (89.76)
Diagnosed 140 (7.45) 52 (5.09) 88 (10.24)

Arthritis (%) 0.001
Normal 1367 (72.71) 776 (76.00) 591 (68.80)
Diagnosed 513 (27.29) 245 (24.00) 268 (31.20)

Other related factors
Number of teeth present (median [IQR]) 27.00 [23.00, 28.00]  28.00 [25.00, 28.00] 25.00 [19.00, 28.00] <0.001

Urinary creatinine (median [IQR], mg/dL)

98.00 [54.75, 152.00]

93.00 [49.00, 154.00] 105.00 [62.00, 151.00] 0.005

Blood neutrophil (median [IQR], 1000 cell/ul)
Exposures

Total PAHs (median [IQR], ng/L)
1-Hydroxynaphthalene (median [IQR], ng/L)
2-Hydroxynaphthalene (median [IQR], ng/L)
3-Hydroxynaphthalene (median [IQR], ng/L)
4-Hydroxynaphthalene (median [IQR], ng/L)
5-Hydroxynaphthalene (median [IQR], ng/L)

3.90 [3.00, 4.90]

3.87 [3.55, 4.20]
3.15 [2.82, 3.63]
3.67 [3.29, 4.02]
1.86 [1.53, 2.32]
2.27 [1.97, 2.66]
2.04 [1.77,2.32]

3.80 [2.90, 4.80] 4.00 [3.10, 5.20] <0.001
3.80 [3.48, 4.13] 3.95 [3.64, 4.34] <0.001
3.08 [2.77, 3.50] 3.27[2.89, 3.84] <0.001
3.59[3.22, 3.93] 3.74 [3.37, 4.10] <0.001
1.79 [1.48, 2.14] 1.94 [1.62, 2.53] <0.001
2.19[1.89, 2.54] 2.38[2.05, 2.83] <0.001
2.00[1.72,2.29] 2.08 [1.82,2.34] <0.001

NHANES National Health and Nutrition Examination Survey, PAHs polyaromatic hydrocarbons, WHtR waist-to-height ratio, QR interquartile range

Overall effects of the mixture of six PAHs
on periodontitis

The Spearman test was used to determine the correlation
among PAHs. A high correlation was observed between
3-OHF and 2-OHF (r2 =0.95), and moderate correlations
were observed among other PAHs (r*=0.50-0.80) (Fig.
S2). A manual hierarchical selection in BKMR was con-
ducted to inform the model, subgrouping PAHs in two clus-
ters (Cluster 1 containing 3-OHF and 2-OHF and Cluster
2 containing others). Table S3 presents the significance of
every cluster and substance in the periodontitis risk, which

was quantified by posterior inclusion probabilities (PIPs)
with a higher value indicating a more important role. With
all other PAHs maintained at their median levels, the asso-
ciation between each PAH component and the outcome was
presented in the univariate section (Fig. S3). The overall
effects of the PAH mixture on the outcome are depicted
in Fig. 3, where the risk of moderate/severe periodontitis
increased with an increase in PAH concentrations with 95%
CI constantly away from 0, thereby indicating a positive
correlation between the PAH concentrations and moderate/
severe periodontitis. For example, compared with the 25th
percentile of PAH exposure, the 75th percentile increased
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Fig.1 Dose-response relationship between single PAHs and the
risk of periodontitis. a 1-OHN; b 2-OHN; ¢ 3-OHF; d 2-OHF; e
1-OHPhe; f 1-OHPyr; PAHs polyaromatic hydrocarbons, 1-OHN

the periodontitis risk by 9.34-fold. In the model, Cluster 1
played the most crucial role (PIP¢ .,  =0.900), in which
2-OHF had a more indispensable role (PIP, o;;z=0.693)
than 3-OHF did (PIP; gyp=0.307), while 2-OHN func-
tioned predominantly in Cluster 2 (PIP, oy =0.794,
PIPyster 2 = 0.698). No significant interaction was observed
among urinary PAHs (Fig. S4).

Blood neutrophils partially mediated the effects
of PAH exposure on periodontal health

We performed the mediation effect analysis to determine
whether neutrophils act as a mediator in the effects of PAHs
on the periodontitis risk. 3-OHF and 2-OHF increased the
periodontitis risk by affecting the blood neutrophil level
(Fig. 4). To be more specific, neutrophil-mediated effect
contributed to 3.9% of the total effect of 3-OHF exposure
on periodontitis (IE 0.003, 95% CI=0.000-0.010, P=0.040;
DE=0.073, 95% C10.032-0.100, P <0.001) and 6.0% of the
total effect of 2-OHF exposure on periodontitis (IE 0.005,
95% C1=0.002-0.010, P<0.001; DE=0.077, 95% CI
0.041-0.110, P <0.001). Two multiple logistic regression
models were also constructed before and after the calibra-
tion of the blood neutrophil count. As shown in Fig. S5, the
associations between 3-OHF and 2-OHF exposure and the
periodontitis risk weakened but remained significant after
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1-hydroxynaphthalene, 2-OHN 2-hydroxynaphthalene, 3-OHF
3-hydroxyfluorene, 2-OHF 2-hydroxyfluorene, 1-OHPhe 1-hydroxy-
phenanthrene, 1-OHPyr 1-hydroxypyrene

the blood neutrophil count was calibrated. Therefore, neutro-
phils were considered to partially mediate the associations.

Sensitivity analysis

First, the excluded and included populations did not vary
significantly in gender and race (Table S4). Among 18,027
participants excluded, 15.9% were Mexican American,
32.4% were non-Hispanic White, 25.1% were non-Hispanic
Black, 10.3% were other Hispanic, and 16.3% belonged to
other races. Male participants accounted for 49.2% in the
excluded population, while female accounted for 50.8%.
Second, by including participants with missing values of
potential confounders, 2177 participants were enrolled in
the study. The inclusion of the previously excluded popu-
lation did not significantly change the results (Fig. S6).
However, after adjustment for the potential confounders,
the association between Quartile 3 of 2-OHN, 3-OHF,
and the outcome became significant (OR 1.401, 95% CI
1.027-1.912, P=0.034 for Quartile 3 of 2-OHN; OR
1.394, 95% CI 1.018-1.910, P =0.039 for Quartile 3 of
3-OHF). Third, after adjustment for serum cotinine as the
replacement of smoke status, the results remained generally
robust, except for Quartile 2 of 2-OHN (OR 1.383, 95% CI
1.006,1.903, P=0.046) and 1-OHPyr (OR 1.357, 95% CI
0.995-1.851, P=0.054) (Table S5). Fourth, after further
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Exposure Model 1 OR(95% CI) P-value Model 2 OR(95% CI) P-value
1-OHN
Quartile 1 Reference Reference
Quartile 2 He 1.162(0.894,1.512) 0.262 H 0.979(0.720,1.330) 0.891
Quartile 3 - 1.378(1.062,1.790) 0.016 e 1.058(0.768,1.456) 0.730
Quartile 4 —— 2.537(1.953,3.305) <0.001 i 1.269(0.878,1.834) 0.204
P-t <0.001 0.201
2-OHN
Quartile 1 Reference Reference
Quartile 2 F— 1.293(0.996,1.681) 0.054 HE 1.101(0.805,1.506) 0.547
Quartile 3 - 1.453(1.120,1.888) 0.005 e 1.238(0.886,1.731) 0.211
Quartile 4 —— 2.210(1.703,2.875) <0.001 —— 1.648(1.108,2.456) 0.014
P-t <0.001 0.017
3-OHF
Quartile 1 Reference Reference
Quartile 2 i 1.516(1.166,1.973) 0.002 —— 1.670(1.222,2.286) 0.001
Quartile 3 (- 1.409(1.084,1.835) 0.011 —— 1.389(0.992,1.946) 0.056
Quartile 4 —a— 2.900(2.228,3.786) <0.001 — 2.046(1.352,3.104) <0.001
P-t <0.001 0.005
2-OHF
Quartile 1 Reference Reference
Quartile 2 i 1.399(1.075,1.824) 0.013 —— 1.371(0.999,1.882) 0.051
Quartile 3 —— 1.682(1.295,2.189) <0.001 —— 1.629(1.156,2.298) 0.005
Quartile 4 —— 2.855(2.194,3.726) <0.001 —— 1.996(1.310,3.046) 0.001
P-t <0.001 0.003
1-OHPhe
Quartile 1 Reference Reference
Quartile 2 —_— 1.629(1.255,2.117) <0.001 = 1.660(1.217,2.268) 0.001
Quartile 3 —— 1.702(1.314,2.210) <0.001 —0— 1.691(1.212,2.364) 0.002
Quartile 4 ——— 1.761(1.359,2.287) <0.001 —— 1.789(1.230,2.604) 0.002
P-t <0.001 0.003
1-OHPyr
Quartile 1 Reference Reference
Quartile 2 - 1.345(1.036,1.746) 0.026 b= 1.412(1.038,1.922) 0.028
Quartile 3 —— 1.636(1.267,2.117) <0.001 —— 1.518(1.102,2.094) 0.011
Quartile 4 —-— 1.828(1.416,2.365) <0.001 — 1.494(1.025,2.181) 0.037
P-t | <0.001 — 0.021
0 1 2 3 4 1 2 3
Odds Ratio Odds Ratio

Fig.2 Forest plot results for the association between single PAHs
and the risk of periodontitis in Model 1 and Model 2. Model 1 was
the crude model. Model 2 was adjusted for age, sex, race, marital sta-
tus, education level, annual family income, smoking status, drinking,
physical activity, time since the last dental visit, abdominal adiposity,
obesity, hypertension, dyslipidemia, dysglycemia, cardiovascular dis-

adjustment for HEI-2015, almost all results remained
robust, except for Quartile 2 of 2-OHF (OR 1.389, 95% CI
1.001-1.929, P =0.050) (Table S6).

Discussion

This is the first study exploring the association of PAH mix-
ture with moderate/severe periodontitis in the US popula-
tion. Multiple PAHs might increase the risk of moderate/
severe periodontitis. Among PAHs, 2-OHF was the most
crucial. The overall effects of PAH exposure were identified
as statistically significant by the BKMR model. No non-
linearity was observed between PAH exposure and the risk

eases, arthritis, and urinary creatine; 1-OHN 1-hydroxynaphthalene,
2-OHN 2-hydroxynaphthalene, 3-OHF 3-hydroxyfluorene, 2-OHF
2-hydroxyfluorene, 1-OHPhe 1-hydroxyphenanthrene, 1-OHPyr
1-hydroxypyrene, OR odds ratio, CI confidence interval, Pt P for
trend

of the outcome. Blood neutrophils partially mediated the
effects of 3-OHF and 2-OHF exposure on periodontal health.

To the best of our knowledge, clarity about the associa-
tion between PAH exposure and periodontal health is lack-
ing, but some evidence has indirectly supported the results
we observed. Sutton et al. reported that a 28% increase in
the periodontitis risk among 4,329 non-smokers was associ-
ated with environmental tobacco smoke (Sutton et al. 2017),
where PAHs might be produced through combustion and play
a role in periodontitis pathogenesis. Another study by Shiue
(Shiue 2015) demonstrated that PAH exposure is linked to
the loosening of teeth in adults, aching, and poor tooth health.

The pathogenic mechanisms of PAHs have been
reported in some studies, and we speculated that some of

@ Springer
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Fig.3 Overall effect of the
PAHS mixture on risk of (95%
Cls) periodontitis. Overall effect
of the PAHS mixture on risk

of (95% Cls) periodontitis. The
model has been adjusted for
age, sex, race, marital status,
education level, annual family
income, smoking status, drink-
ing, physical activity, time since
the last dental visit, abdominal
adiposity, obesity, hypertension,
dyslipidemia, dysglycemia, car-
diovascular diseases, arthritis,
and urinary creatine. The Y-axis
represents the estimated change
in the risk of the outcome when
six PAHs were set at particular 0.04-
percentiles (ranging from 25

to 75th) compared to the 50th

percentile of each PAH. Dots

indicate the estimate, and black

vertical lines represent 95% Cls

these mechanisms might be related to periodontitis occur-
rence. PAH metabolites can directly contribute to exces-
sive ROS production (Libalova et al. 2018) and lead to
oxidative stress in gingiva and alveolar bone (Javed et al.
2019), which is associated with periodontitis pathogen-
esis (Wang et al. 2017). On the one hand, such oxidative
stress can damage the DNA structure and trigger DNA
abduct formation, which is determined by the presence
of the electron-dense region (e.g., K region in phenan-
threne) in the structure (Sahoo et al. 2020). In an obser-
vational study (Rao et al. 2020), DNA damage was higher
in patients with chronic periodontitis. On the other hand,
PAHs can activate the aryl hydrocarbon receptor (AHR) of
immune cells and disturb immune homeostasis (O’ Driscoll
et al. 2018). Periodontitis could occur when the balance
between the microbial biofilm and the host’s immunity is
disequilibrated (Kinane et al. 2017). AHR regulates neu-
trophils, which can then participate in the formation of
bactericidal ROS and proinflammatory stimulation (Bock
2020). Neutrophils overwhelmed by several persistent
microbial biofilms can lead to severe, chronic inflamma-
tion by releasing matrix metalloproteinase-8 and IL-1 (a
destructive cytokine), thereby contributing to chronic peri-
odontitis (Gemmell et al. 1997; Sorsa et al. 2016).

Our study has some strengths. This is the first study inves-
tigating the association between multiple PAHs and periodon-
titis. Moreover, it is also the first study analyzing airborne
environmental pollutants as potential pathogenic factors of
periodontitis by using a mixed exposure model. PAH expo-
sures were assessed using urinary metabolites, which are
comprehensive indicators for diverse sources of exposure.
Several potential confounders associated with exposure and
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the outcome were also included to address confounding bias.
Some study limitations that must be noted are as follows.
First, because NHANES is a cross-sectional study where
exposure assessment is measured using one-shot urinary sam-
ples, drawing a clear causal relationship that long-term expo-
sure to PAHs could lead to periodontitis is difficult and needs
to be further validated in future cohort studies. Second, since
PAHs have relative short half-lives (Miyanishi et al. 1996), it
is difficult to obtain an accurate measurement of PAH concen-
trations in the human body. Third, the potential confounders
adjusted in this study when establishing models might not be
sufficient. For instance, pregnancy and menopause statuses
should have been included in our study because hormones
during specific physiological periods, such as menopause and
pregnancy, can influence dental health in a woman (Akes-
son et al. 2004; Nordin et al. 2004). Additionally, apart from
tobacco smoke and dietary intake, there might be other source
of PAH exposures, such as cooking (Wang et al. 2022) and
traffic (Wei et al. 2023), which was also not included in the
study. Because of the public non-availability of the data, the
confounders mentioned above were not included in our study.

Based on the large-scale population from NHANES, we
found that high exposure to PAHs was associated with an
increased periodontitis risk. Moreover, neutrophils acted
as a mediator of this association. Furthermore, our study
bridges the gap in the etiology of periodontitis. Urinary
assessment of PAHs may facilitate the diagnosis and treat-
ment of unexplained periodontitis. Longitudinal cohort
studies are urgently required to further validate the accumu-
lated adverse effects of multiple PAHs on periodontal health
over time and discover additional environmental pollutants
that can cause periodontitis.
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IE =0.002
(95%Cl = -0.000 to 0.010, P =0.120)

Proportion of mediation = 2.7%

» Periodontitis

DE = 0.008
(95%CI = -0.024 to 0.040, P = 0.840)

IE =0.003*
(95%Cl = 0.000 to 0.010, P = 0.040)

Proportion of mediation = 3.9%

» Periodontitis

DE = 0.073**
(95%ClI = 0.032 to 0.100, P < 0.001)

IE=0.012
(95%Cl = 0.003 to 0.020 , P = 0.280)

Proportion of mediation = 1.9%

1-OHPhe

>L Periodontitis

IE =0.002
(95%Cl = -0.000 to 0.010 , P = 0.080)

Proportion of mediation = 3.3%

»| Periodontitis

DE = 0.052***
(95%CI = 0.020 to 0.070, P < 0.001)

IE = 0.005***
(95%Cl = 0.002 to 0.010, P < 0.001)

Proportion of mediation = 6.0%

» Periodontitis

DE = 0.077***
(95%CI = 0.041 to 0.110, P < 0.001)

IE = 0.001
(95%CIl = -0.002 to 0.000 , P = 0.440)

Proportion of mediation = 1.7%

»| Periodontitis

1-OHPyr J

DE = 0.051
(95%CI = 0.004 to 0.090, P = 0.080)

Fig.4 Mediation analysis of neutrophil on the interaction between
PAH mixtures and prevalence of periodontitis. (A) Mediation effects
of blood neutrophil on the association between 1-OHN and peri-
odontitis; (B) mediation effects of blood neutrophil on the associa-
tion between 2-OHN and periodontitis; (C) mediation effects of blood
neutrophil on the association between 3-OHF and periodontitis; (D)
mediation effects of blood neutrophil on the association between

Conclusion

Using single exposure models (RCS and multivariate logis-
tic regression models), mixed exposure models (BKMR
models), and mediation effect models, our cross-sectional
study illustrates that exposure to multiple PAHs is asso-
ciated with an increased periodontitis risk in US adults,
and blood neutrophils mediate the effects of 3-OHF and
2-OHF on periodontitis. Moreover, our findings offer a
novel insight into the etiology of unexplained periodontitis
and suggest early prevention for the cause-specific peri-
odontal health problem.

DE = 0.056*
(95%Cl = 0.001 to 0.110, P = 0.040)

2-OHF and periodontitis; (E) mediation effects of blood neutrophil
on the association between 1-OHPhe and periodontitis; (F) mediation
effects of blood neutrophil on the association between 1-OHPyr and
periodontitis. PAHs polyaromatic hydrocarbons, 1-OHN 1-hydrox-
ynaphthalene, 2-OHN 2-hydroxynaphthalene, 3-OHF 3-hydroxyflu-
orene, 2-OHF 2-hydroxyfluorene, 1-OHPhe 1-hydroxyphenanthrene,
1-OHPyr 1-hydroxypyrene; *P <0.05; **P <0.01; ***P <0.001

Abbreviations PAHs: Polyaromatic hydrocarbons; NHANES: National
Health and Nutrition Examination Survey; /-OHN: 1-Hydroxynaph-
thalene; 2-OHN: 2-Hydroxynaphthalene; 3-OHF: 3-Hydroxyflu-
orene; 2-OHF: 2-Hydroxyfluorene; /-OHPhe: 1-Hydroxyphenan-
threne; /-OHPyr: 1-Hydroxypyrene; RCS: Restricted cubic spline;
BKMR: Bayesian kernel machine regression; WH{R: Waist-to-height
ratio; PIP: Posterior inclusion probability; HEI-2015: The 2015
Healthy Eating Index; OR: Odds ratio; 95% CI: 95% Confidence inter-
val; P-t: P For trend
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