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Abstract
Background: Increased attention has been focused on the associations of
periodontal disease with the onset and progression of cognitive impairment.
Although the associations are likely to be multifactorial, few studies have
explored the role of mitochondrial dysfunction in the periodontitis-dementia
link.
Methods: Cross-sectional data of 1,883 participants aged ≥60 years in the
National Health and Nutrition Examination Survey 2011‒2014 were analyzed.
The following data were collected: 1) general information on sociodemographic,
behavioral, and health-related factors; 2) periodontal status (mean attachment
loss [AL] and mean probing depth [PD]); 3) mitochondrion-derived biomarker
of mitochondrial dysfunction (blood sample concentration of methylmalonic
acid [MMA]); 4) cognitive function (Consortium to Establish a Registry for
Alzheimer’s disease immediate recall [CERAD-IR] and delay recall [CERAD-
DR], animal fluency test, and digit symbol substitution test [DSST]). Mediation
analysisweighted for complex survey designwas used to assess the effect ofMMA
on the association of periodontal statuswith cognitive function after adjusting for
potential confounders.
Results: Participantswith Stage III and IV periodontitis had lower scores on cog-
nitive performance and higherMMA levels than those with Stages I/II periodon-
titis. Circulating MMA was significantly associated with CERAD-DR (weighted
β [SE] = −0.076 [0.011]) and DSST (weighted β [SE] = −0.039 [0.009]), which
mediated 9.9% and 6.0% of the total association of mean PD with cognitive func-
tion. Moreover, MMA mediated 11.7% and 5.8% of the association of mean AL
with CERAD-DR and DSST, respectively.
Conclusion:The findings suggest thatMMA, a biomarker ofmitochondrial dys-
function, plays a mediating role in the link between periodontitis and cognitive
impairment in older adults aged ≥60 years.

KEYWORDS
cognitive function, elderly, methylmalonic acid (MMA), mitochondrial dysfunction,
periodontitis
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1 INTRODUCTION

Periodontitis affects the connective tissues around the
teeth and leads to tooth loss, occlusal dysfunction, and
general health problems. As the prevalence of periodon-
titis increases with age, moderate-to-severe periodonti-
tis affects almost two-thirds (64%) of the older pop-
ulation in the US.1 Increasing evidence suggests that
periodontal inflammation induces oxidative stress locally
and attenuates antioxidant capacity peripherally.2,3 The
mechanism underlying this phenomenon is recruitment
of white blood cells, predominantly polymorphonuclear
neutrophils (PMN),4 triggered by the subgingival biofilm.
For defense against periodontal pathogens, the “hyperac-
tivated” PMN phenotype is accompanied by an overpro-
duction of reactive oxygen species (ROS).4 Increased ROS
production in themitochondria further leads tomitochon-
dria damage and oxidative stress. Many lines of evidence
suggest the redox balance disruption caused by periodon-
titis can explain the development of systemic diseases (e.g.,
obesity, diabetes mellitus, and atherosclerosis).5,6 Also, the
shared pathology via oxidative stress and mitochondrial
dysfunctionmay link periodontitis and neurodegenerative
diseases in older adults.7
Cognitive impairment is a common phenomenon in

older people and can be seen as a prodrome of demen-
tia, such as Alzheimer disease (AD).8 The primary
pathogenesis of AD is linked to the accumulation of
amyloid-beta (Aβ) into plaques in the brain. Intracellu-
lar Aβ accumulation may aggravate mitochondrial dys-
function and oxidative stress.9 Specifically, intracellular
accumulation of oligomeric Aβ affectsmitochondrial func-
tion owing to enhanced ROS release and mitochondrial
fragmentation.10,11 Impaired mitochondrial production of
adenosine triphosphate (ATP) – which provides energy –
disturbs axonal transportation, resulting in synaptic dys-
function and ultimately triggering cell death.12
Mitochondria-derived methylmalonic acid (MMA) is

considered a biomarker of mitochondrial dysfunction.13
Defects in mitochondrial function, hinder ATP produc-
tion, and energy disturbance may affect MMAmetabolism
and induce tissue accumulation of MMA.14 A recent epi-
demiological study suggests that the circulating level of
MMA is a strong predictor of all-cause and cardiovascu-
lar mortality in the general population.13 Increased MMA
level is also associated with renal dysfunction, heart fail-
ure, and neurodegenerative disease.14 Serum MMA and
Vitamin B12 concentrations were predictive of the cogni-
tive decline rate in older adults.15 Given that MMA is a
Vitamin B12-dependent metabolite,16 mitochondrial dys-
function and oxidative stress might be involved in physi-
ological and pathological processes.
Several studies show that periodontitis is associatedwith

accelerated cognitive impairment and an increased risk for

dementia.17 A large retrospective cohort study indicated
that participants with untreated periodontal disease were
at greater risk of developing dementia.18 Studies from our
group and others have highlighted the mediating role of
low-grade inflammation and bacterial invasion in the asso-
ciation between periodontal inflammation and cognitive
impairment.19–21 However, only a few studies have focused
on the systemic effect of an increased oxidative burden on
the periodontitis–dementia link. Therefore, we aimed to
studywhether circulatingMMAmediates the link between
periodontal status and cognitive performance among older
adults.

2 MATERIALS ANDMETHODS

2.1 Study design and population

A cross-sectional study using the data from the National
Health and Nutrition Examination Survey (NHANES)
2011–2012 and 2013–2014 collecting periodontal and cog-
nitive data was conducted. NHANES is a representative
survey performed in 2-year cycles among civilians in the
US. The survey contains health and nutrition information
from a stratified, multistage probability sample of non-
institutionalized civilians in the US.22 All data collection
procedures for the survey were approved by the National
Center for Health Statistics research ethics review board.
Written informed consent was obtained from all NHANES
participants.23 The present study was exempt from ethics
review because it consists of publicly released NHANES
data. We followed the reporting of observational studies in
epidemiology (STROBE) criteria to report this study. From
the total participants of NHANES 2011–2012 and 2013–
2014, elderly individuals (aged ≥60 years) with at least one
tooth, who had undergone cognitive function assessments,
had received a complete periodontal examination, and had
completed laboratory tests for oxidative biomarkers, were
included in the present study population.

2.2 Periodontal status assessment

Trained and calibrated examiners conducted periodontal
probing examinations in mobile examination centers. Par-
ticipants who had at least one tooth in the dentition were
eligible for a full-mouth periodontal examination of all
four quadrants. Attachment loss (AL) and probing depth
(PD) were measured at six sites per tooth using a Hu-
Friedy PCP-2 periodontal probe.24 PD and AL have shown
an acceptable level of reliability, with inter-class corre-
lation coefficients ranging from 0.80–0.90 and 0.79–0.86,
respectively.24 Mean PD and mean AL were computed for
each participant. These continuous variables were scaled
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by z-score transformation. The number of missing teeth
was also recorded in the dentition examination.
For the purpose of this study, the 2018 World Workshop

Classification System was used to classify periodontitis.25
First, periodontitis was diagnosed when the interdental
AL ≥1 mm in ≥2 non-adjacent teeth or AL in the buc-
cal/lingual sites was≥3 mmwith PD>3 mm in ≥2 teeth.26
Second, in terms of periodontitis severity, the maximum
AL of 1–2mmwas defined as Stage I periodontitis; 3–4mm
as Stage II; ≥5 mm as Stage III/IV. Third, the complexity
of management was also evaluated. Patients with Stage II
periodontitis were reclassified as Stage III if the maximum
PD was ≥6 mm. Patients with Stage III periodontitis were
reclassified as Stage IV if tooth number was <20.27 Due to
the small proportion of participants with Stage I periodon-
titis (4.6%) in the present study, Stage I and II were com-
bined into one category. In brief, we classified the patients
with periodontitis as Stage I/II, Stage III, and Stage IV.

2.3 Cognitive function assessment

Cognitive function assessment was conducted among
participants aged ≥60 years. A series of cognitive tests
were used in the NHANES 2011–2014, including the tests
developed by the Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD), animal fluency test (AFT),
and digit symbol substitution test (DSST). For all per-
formed cognitive tests as described below, higher scores
indicate better cognitive performance. All scores were
standardized using z-score transformation.

1. The CERADword learning test assesses immediate and
delayed recall of new verbal information.28,29 The test
consists of two parts: three learning trials, duringwhich
participants were asked to read aloud 10 words and sub-
sequently recall asmany as possible; and a delayed trial,
which was conducted after the AFT and DSST. The
CERAD scores are the number ofwords the participants
can recall in three learning trials and one delayed trial,
whichwere designed to assess immediate (ranging from
0 to 30) and delayed (ranging from 0 to 10) ability to
learn verbal information, respectively.

2. The AFT assesses categorical verbal fluency.30 Partici-
pants were instructed to name as many animals as pos-
sible within 1 minute and could obtain one point for
each named animal. The AFT score was the total num-
ber of points obtained.

3. The DSST, a subtest of the Wechsler Adult Intelligence
Scale,31 was administered to assess executive func-
tion and processing speed.32 Participants were asked to
match as many symbols paired with numbers as pos-
sible within 2 minutes. Following the standard scoring

method, a score was given for each correctly matched
symbol (with the maximum score being 133).

2.4 Mediator and covariate assessment

Concentration of circulating MMA is considered a
biomarker of mitochondrial dysfunction.13 Blood samples
of participants for measuring MMA concentration were
collected via venipuncture in mobile examination centers.
SerumMMA was measured by gas chromatography–mass
spectrophotometry with cyclohexanol derivatization. In
brief, the internal standard solution was added to 75 μL of
serum, andMMAwas extracted using liquid–liquid extrac-
tion. Subsequently, the extracted acid was derivatized with
butanol to produce a dibutyl ester. Then, the derivatized
sample was reconstituted in acetonitrile–water. MMA was
chromatographically separated from other compounds
and measured by liquid chromatography–mass spectrom-
etry using multiple reaction monitoring. MMA z-scores
were calculated using the mean and standard deviation of
the laboratory value.
A variety of covariates were selected because they were

hypothesized to be related to periodontitis and cognitive
impairment among older adults.21 Trained interviewers
collected sociodemographic information, health-related
behaviors, and comorbid conditions from in-person house-
hold interviews. These covariates included: 1) sociode-
mographic variables (age [year], sex [male or female],
race or ethnicity, educational attainment [≤high school,
college, or > college], and annual household income
[<20,000$, 20,000–75,000$, or>75,000$]). We categorized
the race or ethnicity as non-HispanicWhite, non-Hispanic
Black, and others (including Mexican American, other
Hispanic, and other races [e.g., multi-racial]); 2) behav-
ioral factors (smoking status [non-smoker, former smoker,
or current smoker], alcohol intake [≥12 drinks/year or
<12 drinks/year], and dental visit [<1 year, 1–3 years, or
>3 years]); and 3) health conditions (diabetes mellitus,
hypertension, dyslipidemia, obesity, abdominal adipos-
ity, cardiovascular disease, and cancer). We described the
detailed definitions and categories of health conditions in
Supplementary Table S1 in the online Journal of Periodon-
tology, as the previous study.33

2.5 Statistical analysis

All statistical analyses were adjusted for survey design and
weighting variables to account for the complex sampling
design. We constructed new sample weights (the original
2-year sample weight multiplied by 0.5) to account for
the use of combined NHANES cycles. The means,
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proportions, and standard deviations (SD) were
calculated and reported to describe the participant
characteristics. Comparisons among Stage I/II, III, and
IV periodontitis were performed using one-way ANOVA
for continuous variables and the Chi-square test for
categorical variables. Linear regression models were
developed to investigate the relationship of Stage I/II, III,
and IV periodontitis with the four cognitive assessments
(the z scores of CERAD-immediate recall [CERAD-IR],
CERAD-delayed recall [CERAD-DR], AFT, and DSST).
The crudemodel did not adjust for confounders.We devel-
oped age-, sex-, and race- or ethnicity-adjusted models,
and fully adjusted models. The final model was adjusted
for sociodemographic variables (age, sex, race or ethnicity,
educational attainment, and annual household income),
behavioral factors (smoking status, alcohol intake, and
dental visit), health-related factors (diabetes mellitus,
hypertension, dyslipidemia, obesity, abdominal adiposity,
cardiovascular disease, and cancer), white blood cell
count, and the number of lost teeth. Results are presented
as estimated effect sizes (β) and standard error (SE).
Mediation analysis was used to investigate whether the

associations between periodontal parameters (mean PD
and mean AL) and cognitive test scores are mediated by
mitochondrial dysfunction or oxidative stress (the z score
of MMA, Vitamin B12, and folate). As shown in Figure 1,
mediation framework was established on three pathways
(a, b, and c), as previous reported.21 Partial mediation anal-
ysiswas adopted as the effect of exposure on outcome (path
c in Figure 1) was not reduced to zero. The process mod-
eling outlined by Hayes (PROCESS macro v3.5)34 was per-
formed to estimate the indirect effect of the exposure (X) on
the outcome (Y) mediated via the mediator (M). The pro-
portion mediated was calculated using the following for-
mula: 𝛽 indirect effect∕𝛽 total effect × 100.
We performed a sensitivity analysis to demonstrate the

robustness of the results. (1) Periodontitis was defined as
described by the Centers for Disease Control and Preven-
tion/American Academy of Periodontology (CDC/AAP).35
The details of the case definition are described in Supple-
mentary Table S2 in the online Journal of Periodontology.
Vitamin B12 and folate insufficiency had a relationship to
cognitive decline. Thus, we defined serum Vitamin B12
and folate as biomarkers of oxidative stress in the medi-
ation model. Considering the low percentage of missing
data from the covariates analyzed (<5%), complete-case
multivariable regression was conducted. The cut-off for
statistical significance was set at P <0.05. Statistical analy-
ses were performed using software.*

* SPSS 26.0, IBM, Chicago, IL.

F IGURE 1 Theoretical diagram of the mediation model for the
association between periodontal disease (exposure) and cognitive
impairment (outcome) with the biomarker of mitochondrial
dysfunction or oxidative stress as a mediator. Path a: regress
“mediator (M)” on “exposure (X)” to examine if “exposure (X)” is a
significant predictor of the “mediator (M).” If not, then it is unlikely
to mediate anything. Path b: regress “outcome (Y)” on “mediator
(M)” to test if the “mediator (M)” is significantly associated with
“outcome (Y).” If not, then it is unlikely to mediate anything. Path c:
regress “outcome (Y)” on “exposure (X)” to test if the “exposure (X)”
is significantly predictor of “outcome (Y)” (total effect). Path c’:
regress “outcome (Y)” on both “exposure (X)” and “mediator (M)”
to test if “mediator (M)” is a significant predictor of “outcome (Y)”
and to observe whether the association between “exposure (X)” and
“outcome (Y)” is attenuated when the “mediator (M)” is included
(direct effect)

3 RESULTS

3.1 General characteristics

Out of 19,931 participants of the NHANES 2011–2014,
2,813 adults aged ≥60 years have a complete periodontal
examination. Individuals with missing data on cognitive
function and oxidative biomarker assessments (NHANES
2011‒2012: n = 512; 2013–2014: n = 418) were subsequently
excluded. Finally, a total of 1,883 participants could be
included in the study population (Figure 2). The partici-
pants’ mean (SD) age was 68.6 (6.6), 50.3% were men, and
47.2% were non-Hispanic White individuals. Table 1 dis-
plays the characteristics of the study population using the
2018 World Workshop Classification system. There were
564 (29.9%) and 422 (22.4%) participants diagnosed with
Stage III and Stage IV periodontitis, respectively. Com-
pared with older adults aged ≥60 years with Stage I/II
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F IGURE 2 Flow diagram of participants in the National Health and Nutrition Examination Survey study (2011–2014)

periodontitis, those with Stage III and IV periodontitis
were men, current smokers, less educated, had a lower
income and less dental care, and were more likely to have
diabetes mellitus (all P < .001). The MMA increased with
increasing staging of periodontitis (P < .001). In contrast,
the cognitive function scores decreased with worsening
periodontal health (P < .001). The population character-
istics by CDC/AAP case definition are also described in
Supplementary Table S3 in the online Journal of Periodon-
tology.

3.2 Periodontitis and cognitive function

Unadjusted and adjusted associations between periodon-
titis and cognitive function z-scores are shown in Table 2.
In the weighted univariable analyses, both Stage III and IV
periodontitis showed inverse associations with four cogni-
tive functioning tests, compared with Stage I/II periodon-
titis. Among these associations, the effect size in the AFT
was relatively minor. A comparable pattern was observed
in the multivariable models adjusted for age, sex, and

race or ethnicity. In the weighted multivariable adjusted
models, Stage III periodontitis was significantly associ-
ated with worse immediate verbal memory (CERAD-IR:
weighted β [SE] = −0.229 [0.023]), worse delayed verbal
memory (CERAD-DR: weighted β [SE] = −0.269 [0.023]),
worse verbal fluency (as measured by AFT: weighted β
[SE]=−0.080 [0.025]), andworse processing speed (DSST:
weighted β [SE]=−0.139 [0.019]). Similarly, Stage IV peri-
odontitis showed a statistically significant association –
after adjustment of all covariates – with cognitive func-
tion test scores, except that of AFT (Table 2). In the sen-
sitivity analysis, similar results were observed using the
CDC/AAP case definition (see Supplementary Table S4 in
online Journal of Periodontology).

3.3 Mediation analysis

Mediation analysis was performedwith full adjustment for
potential confounders. Circulating MMA level was statis-
tically significantly associated with mean PD (weighted β
[SE] = 0.170 [0.013], P < .001) and mean AL (weighted
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TABLE 1 Characteristics of the study population overall and stratified by periodontal statusa

Overall Stage I/II Stage III Stage IV P valued

Number 1,883 897 564 422
Weighted number 35,954,260 20,797,036 9,509,648 5,647,577
Continuous variables, mean (SD)
Age (year) 68.60 (6.61) 68.49 (6.55) 68.60 (6.66) 68.84 (6.68) 0.669
Body mass index (kg/m2) 28.92 (6.24) 28.91 (6.11) 28.81 (5.94) 29.07 (6.90) 0.811
Waist-height ratio (cm/cm) 0.61 (0.08) 0.61 (0.09) 0.61 (0.08) 0.62 (0.09) 0.364
Systolic blood pressure (mmHg) 132.32 (18.59) 131.01 (17.48) 132.53 (17.85) 134.85 (21.42) 0.002
Diastolic blood pressure (mmHg) 68.38 (13.75) 68.60 (13.02) 69.20 (12.90) 66.83 (16.10) 0.023
Non-HDL cholesterol (mg/dl) 138.01 (40.48) 138.97 (40.75) 137.04 (39.92) 137.29 (40.72) 0.619
Glycohemoglobin (%) 6.03 (1.08) 5.90 (0.84) 6.043 (1.11) 6.30 (1.40) <0.001
White blood cell count 6.89 (2.41) 6.67 (1.96) 7.06 (2.92) 7.13 (2.49) 0.001
Vitamin B12 (pg/mL) 551 (829.32) 567 (623.10) 548 (1218.67) 522 (506.9) 0.007
RBC folate (ng/mL) 588.89 (267.79) 621.34 (262.33) 571.16 (275.08) 544.51 (261.19) <0.001
CERAD immediate recall 18.00 (4.75) 19.41 (4.66) 17.22 (4.36) 16.04 (4.47) <0.001
CERAD delayed recall 6.29 (2.39) 7.01 (2.30) 5.94 (2.25) 5.25 (2.29) <0.001
Animal fluency test 17.04 (5.49) 17.98 (5.64) 16.88 (5.37) 15.26 (4.85) <0.001
Digit symbol substitution test 47.90 (17.22) 53.75 (16.45) 45.87 (16.26) 38.19 (14.96) <0.001
Methylmalonic acid (nmol/L)b 179 (105) 162 (95) 191 (107) 199 (215) <0.001
Number of lost teethb 6 (10) 3 (7) 4 (3) 16 (5) <0.001
Mean PD (mm) 1.47 (0.62) 1.13 (0.34) 1.70 (0.60) 1.89 (0.76) <0.001
Mean AL (mm) 2.22 (1.29) 1.40 (0.42) 2.49 (0.93) 3.59 (1.59) <0.001

Categorical variables, n (%)
Male 947 (50.3) 345 (38.5) 358 (63.5) 244 (57.8) <0.001
Race or ethnicitye <0.001
Non-Hispanic White 889 (47.2) 517 (57.6) 236 (41.8) 136 (32.2)
Non-Hispanic Black 419 (22.3) 142 (15.8) 137 (24.3) 140 (33.2)
Others 575 (30.5) 238 (26.5) 191 (33.9) 146 (34.6)

Education levelc <0.001
≤High school 835 (44.3) 298 (33.2) 254 (45.1) 283 (67.2)
College 553 (29.4) 299 (33.3) 168 (29.8) 86 (20.4)
>College 493 (26.2) 300 (33.4) 141 (25.0) 52 (12.4)

Annual household incomec <0.001
<20,000$ 393 (21.7) 134 (15.6) 121 (22.2) 138 (33.9)
20,000–75,000$ 970 (53.5) 456 (53.0) 300 (55.1) 214 (52.6)
>75,000$ 449 (24.8) 271 (31.5) 123 (22.6) 55 (13.5)

Smoking habitc <0.001
Non-smoker 982 (52.2) 542 (60.4) 273 (48.5) 167 (39.7)
Former smoker 682 (36.3) 311 (34.7) 201 (35.7) 170 (40.4)
Current smoker 217 (11.5) 44 (4.9) 89 (15.8) 84 (20.0)

Alcohol intake ≥12 drinks/yearc 1,305 (69.3) 614 (68.8) 404 (72.0) 287 (68.3) 0.339
Time since the last dental visitc <0.001
Less than 1 year 1,268 (67.4) 704 (78.5) 352 (62.4) 212 (50.4)
1–3 years 290 (15.4) 116 (12.9) 87 (15.4) 87 (20.7)
More than 3 years 324 (17.2) 77 (8.6) 125 (22.2) 122 (29.0)

Obesityc 679 (36.1) 323 (36.0) 205 (36.7) 151 (36.2) 0.971
Abdominal adiposityc 609 (32.3) 282 (32.1) 186 (33.9) 141 (35.3) 0.493

(Continues)
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TABLE 1 (Continued)

Overall Stage I/II Stage III Stage IV P valued

Hypertensionc 597 (31.7) 260 (29.1) 189 (33.6) 148 (35.2) 0.046
Dyslipidemia 535 (28.4) 261 (29.1) 159 (28.2) 115 (27.3) 0.779
Diabetes mellitusc 370 (19.6) 140 (15.6) 114 (20.2) 116 (27.6) <0.001
Cardiovascular diseasec 325 (17.3) 147 (16.4) 89 (15.8) 89 (21.1) 0.059
Cancerc 361 (19.2) 193 (21.6) 96 (17.1) 72 (17.1) 0.046

aPeriodontitis was defined by 2018 World Workshop Classification System.
bNon-normal distribution continuous variable, median (interquartile range).
cMissing values for total study: education (n= 2; <1%), income (n= 71; 3.8%), smoking (n= 2; <1%), alcohol (n= 9; <1%), dental visit (n= 1; <1%), obesity (n= 11;
<1%), abdominal adiposity (n = 56; 3.0%), hypertension (n = 6; <1%), diabetes (n = 5; <1%), cardiovascular disease (n = 1; <1%), and cancer (n = 3; <1%).
dAll P values were calculated with a two-sided significance level of 0.05.
eRace or ethnicity was categorized as non-Hispanic White, non-Hispanic Black, and others (including Mexican American, other Hispanic, and other races
[e.g., multi-racial]).
AL, attachment loss; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; HDL, high-density lipoprotein; PD, probing depth; RBC, red blood cell;
SD, standard deviation.

TABLE 2 Weighted associations between periodontitisa and cognitive functions

Weighted β coefficient (SE)

Unadjusted
Age-, sex-, and race- or
ethnicity-adjusted Fully adjustedb

CERAD immediate recallc

Stage I/II 0 [Reference] 0 [Reference] 0 [Reference]
Stage III −0.449 (0.024) −0.294 (0.022) −0.229 (0.023)
Stage IV −0.766 (0.029) −0.617 (0.028) −0.331 (0.036)

CERAD delayed recallc

Stage I/II 0 [Reference] 0 [Reference] 0 [Reference]
Stage III −0.484 (0.024) −0.334 (0.023) −0.269 (0.023)
Stage IV −0.737 (0.030) −0.606 (0.028) −0.355 (0.038)

Animal fluency testc

Stage I/II 0 [Reference] 0 [Reference] 0 [Reference]
Stage III −0.232 (0.026) −0.118 (0.025) −0.080 (0.025)
Stage IV −0.601 (0.032) −0.450 (0.031) 0.041 (0.039)

Digit symbol substitution testc

Stage I/II 0 [Reference] 0 [Reference] 0 [Reference]
Stage III −0.420 (0.023) −0.223 (0.020) −0.139 (0.019)
Stage IV −0.845 (0.028) −0.615 (0.025) −0.144 (0.031)

aPeriodontitis was defined by the 2018 World Workshop Classification System.
bAdjusted for age, sex, race or ethnicity, education, income, health behaviors (smoking habit, alcohol consumption, and dental visit), white blood cell count,
number of lost teeth, and health conditions (abdominal adiposity, obesity, hypertension, dyslipidemia, dysglycemia, cardiovascular disease, and cancer).
cCERAD immediate recall is a test of immediate verbal memory; CERAD delayed recall is a test of delayed verbal memory; animal fluency test is a test of verbal
fluency; and digit symbol substitution test is a test of processing speed. Then, these continuous scores of cognitive tests were transformed to z-score as outcome
variables in the linear regression model.
Bold indicates P value <0.05.
CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; SE, standard error.

β [SE] = 0.202 [0.015], P < .001, Table 3). After adjust-
ment for covariates and mean PD, the MMA level was
inversely associated with delayed verbal memory (as mea-
sured by CERAD-DR; weighted β [SE] = −0.076 [0.011],
P < .001) and processing speed (as measured by DSST;

weighted β [SE]=−0.039 [0.009], P < .001, Table 3). Com-
parable results were obtainedwhenmeanALwas regarded
as an exposure variable. The proportion of the associa-
tion of mean PD and mean AL with verbal memory medi-
ated by MMA ranged from 9.9% to 11.7% (Table 3). The
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TABLE 3 Mediating role of methylmalonic acid on the association between periodontal parameters and cognitive functionsa

Weighted β coefficient (SE) CERAD-IR CERAD-DR AFT DSST
Exposure: mean probing depth (PD)
Path a (X→M) 0.170 (0.013)*** 0.170 (0.013)*** 0.170 (0.013)*** 0.170 (0.013)***

Path b (M∣X→Y) −0.012 (0.010) −0.076 (0.011)*** −0.027 (0.014) −0.039 (0.009)***

Path c (X→Y) −0.146 (0.013)*** −0.131 (0.013)*** 0.044 (0.024) −0.117 (0.011)***

Path c’ (X∣M→Y) −0.144 (0.013)*** −0.118 (0.013)*** 0.040 (0.023) −0.110 (0.011)***

Indirect effect (X→M→Y) −0.002 (0.002) −0.013 (0.003)* 0.004 (0.002) −0.007 (0.003)*

Proportion mediatedb NAc 9.9% NAc 6.0%
Exposure: mean attachment loss (AL)
Path a (X→M) 0.202 (0.015)*** 0.202 (0.015)*** 0.202 (0.015)*** 0.202 (0.015)***

Path b (M∣X→Y) −0.016 (0.010)*** −0.078 (0.011)*** 0.019 (0.011) −0.038 (0.009)***

Path c (X→Y) −0.121 (0.015)*** −0.137 (0.015)*** 0.034 (0.014)* −0.138 (0.012)***

Path c’ (X∣M→Y) −0.120 (0.015)*** −0.121 (0.015)*** 0.032 (0.014)* −0.130 (0.012)***

Indirect effect (X→M→Y) −0.001 (0.002) −0.016 (0.004)* 0.002 (0.003) −0.008 (0.002)*

Proportion mediatedb NAc 11.7% NAc 5.8%

*Indicates P value < 0.05; **indicates P value < 0.01; ***indicates P value < 0.001.
a“exposure” (X): mean PD or mean AL; “mediator (M)”: methylmalonic acid; “outcome” (Y): assessment scores of cognitive functions. Mean PD or mean AL was
to z-score as exposure variables. Methylmalonic acid was to z-score as a mediator in the mediation analysis. CERAD-IR is a test of immediate verbal memory;
CERAD-DR is a test of delayed verbal memory; AFT is a test of verbal fluency; and DSST is a test of processing speed. These assessment scores of cognitive tests
were transformed to z-score as outcome variables in the mediation analysis.
bAnalytical steps of mediation model include: path a represents the effect of “exposure” (X) on “mediator (M)”; path b represents the effect of “mediator (M)” on
cognitive test scores “outcome” (Y); path c represents the total effect of “exposure” (X) on “outcome” (Y), without the adjustment for “mediator (M)”; and path
c’ represents the direct effect of “exposure” (X) on “outcome” (Y), after adjustment for “mediator (M).”; indirect effect represents an effect of “exposure (X)” on
“(outcome) Y” mediated by mediator (M). Proportion mediated = 𝛽 indirect effect∕𝛽 total effect × 100.
cIn path b, “mediator (M)” is not significantly associated with “outcome (Y),” indicating it is unlikely to mediate anything. Mediation model is not appropriate.
All models were adjusted for sociodemographic variables, health behaviors, health conditions, white blood cell count, and the number of lost teeth.
AFT, animal fluency test; CERAD-DR, Consortium to Establish a Registry for Alzheimer’s Disease Delayed Recall; CERAD-IR, Consortium to Establish a Registry
for Alzheimer’s Disease Immediate Recall; DSST, digit symbol substitution test; NA, not applicable; SE, standard error.

indirect effect of both mean PD and mean AL on process-
ing speed mediated by MMA was statistically significant,
with the proportion mediated being 6.0% and 5.8%, respec-
tively. Sensitivity analysis showed the mediating effect of
Vitamin B12 is consistent with MMA (see Supplemen-
tary Table S5 in online Journal of Periodontology). In com-
parison, folate was not found to mediate the relationship
between periodontal parameters and cognitive test scores
(see Supplementary Table S6 in online Journal of Periodon-
tology).

4 DISCUSSION

This study aimed to studywhether circulatingMMAmedi-
ates the link between periodontal status and cognitive
performance among older adults in the NHANES study
cohort. Community-dwelling older adults in the United
States with Stage III and IV periodontitis exhibited worse
cognitive performance than Stage I/II periodontitis. Mito-
chondrial dysfunction may play a mediating role in the
association of periodontitis with poor delayed verbalmem-
ory and processing speed. This suggests that the mediating

effect may have less influence on memory encoding but
may be more related to memory consolidation and exec-
utive function. Future work is needed to evaluate the spec-
ulation.
The observed relationships between periodontitis and

low cognitive performance are in line with a recent
study using the NHANES data.36 Previous studies investi-
gated the relationship betweenmitochondrial dysfunction,
periodontitis, and systemic conditions, including renal
function,37 glycemic status,38,39 endothelial function,40,41
and cardiovascular disease.42 A recent cross-sectional
study on 770 patients reported a bidirectional and
causal relationship betweenperiodontal inflammation and
Stage 3–5 chronic kidney disease.37 Structural equation
modeling showed that the observed relationship was sig-
nificantly mediated by systemic oxidative stress (as evalu-
ated by protein carbonyls and isoprostanes). However, con-
cerning periodontal and neurodegenerative diseases, there
are a lack of large-scale epidemiological studies involving
redox imbalance. An animal experimental study showed
that apolipoprotein knockout (ApoE–/–) mice with a Por-
phyromonas gingivalis infection had higher oxidative stress
levels than sham-infected ApoE–/– mice.43 Meanwhile,
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another animal study recently reported that salvianolic
acid B protects against Porphyromonas gingivalis-induced
cognitive impairment by inhibiting the ROS and increas-
ing antioxidative enzyme levels.44 The mechanism under-
lying the findings from the animal studies is consistent
with the assumed mechanism in the present population-
based study.
A biologically plausible mechanism for the observed

associations is that periodontitis and cognitive impairment
may share a pathogenic background via mitochondrial
dysfunction. Circulating MMA, a mitochondrial interme-
diate metabolite, was recently suggested as a promising
biomarker of mitochondrial dysfunction.13 Relatively low
amounts of MMA are produced in the brain because of
the low methylmalonyl-CoA mutase activity. Neverthe-
less, the intracerebral accumulation of MMA could lead to
neurodegeneration and mitochondrial energy metabolism
impairment in methylmalonic acidemia.45 In vivo study,
chronic MMA treated rats presented water maze behav-
ioral deficits related to oxidative brain damage.46 Fibrob-
lasts from patients with methylmalonic aciduria, where
MMA accumulates in tissues, tended to show an impaired
mitochondrial morphology and decreased mitochondrial
respiration compared with control cells.47 Therefore, the
present study identified MMA as a novel but biologically
plausible biomarker of mitochondrial dysfunction.
Sensitivity analysis showed similar results when regard-

ing Vitamin B12 as biomarker of oxidative stress. Previ-
ous research supports that elevated serum MMA accom-
panied by vitamin B12 deficiency is associated with
cognitive impairment.48 Vitamin B12 itself is thought
to possess antioxidant properties that mostly manifest
as (1) modulation of cytokines and growth factors, (2)
direct/indirect scavenging of ROS, and (3) reduction of
oxidative stress caused by homocysteine and advanced
glycation end products.49 Moreover, a prospective cohort
study reported an inverse relationship between serum vita-
min B12 and periodontitis progression.50 The role of mito-
chondrial oxidative stress in periodontal destruction has
been reviewed before.51 Periodontitis-derived pathogens
alter energy production processes in themitochondria and
disrupt the balance between ROS production and antiox-
idant defenses.6 In brief, shared features of periodonti-
tis and cognitive impairments are mitochondrial oxidative
stress, that reinforces each other.
The findings of the present study have substantial etio-

logical and clinical implications. The interplay with oxida-
tive stress and inflammation may be involved in the
physiological processes and pathological processes of peri-
odontitis and warrants further in-depth study. A large-
scale cohort study suggested that maintaining periodontal
health could be a cost-effective way of reducing or delay-
ing the development of dementia.18 Mitochondrial dys-

function may be a potential mediator of the periodontitis–
dementia link. Our findings suggest that interventions
with antioxidative supplements can be performed among
patients with periodontitis to simultaneously improve
periodontal health and prevent the onset of cognitive dys-
function; however, the findings need to be confirmed in
future research.
The present study has several strengths. To the best of

our knowledge, this is the first population-based study to
reveal that mitochondrial dysfunction plays a mediating
role in the periodontitis–dementia relationship. Notably,
the observed relationship persisted after adjustment for
potential confounders, including sociodemographic char-
acteristics, lifestyle factors, and several health conditions.
Moreover, sensitivity analysis makes our results robust
and provides strength to our analysis. Lastly, four cogni-
tive function measures (including CERAD-IR, CERAD-
DR, DSST, and animal fluency test) were used to ade-
quately assess the domain-specific cognitive performance.
This study also has several limitations. Firstly, data on

measures of gingival bleeding were not available in the
NHANES 2011–2014. Gingival bleeding is regarded as an
important indicator of an individual’s activity and bur-
den of periodontal inflammation when studying cogni-
tive impairment. Secondly, there was no data on sys-
temic inflammatory markers and cytokines (e.g., tumor
necrosis factor-α, interleukin, and C-reactive protein) in
the NHANES data set. Oxidative stress and inflammation
are interrelated and mutually amplify each other in the
pathophysiological processes.6 Although white blood cell
count is regarded as a marker of systemic inflammation
and regressed in the multivariable model, it is hard to
exclude the potential impact of the inflammatory mech-
anism on the observed relationship. Thirdly, the cross-
sectional study design did not allow us to determine causal
and temporal relationships. Treatment studies with a long-
term follow-up are needed to provide a more comprehen-
sive picture of periodontitis and cognitive impairment and
confirm the role ofmitochondrial dysfunction in an under-
lying biological mechanism.

5 CONCLUSIONS

The present study suggests that increased severity of peri-
odontitis is negatively associated with multiple measures
of cognitive performance in older adults in the US. MMA
accounted for a statistically significant proportion of the
association of periodontitis with delayed verbal mem-
ory and processing speed. The present findings suggest a
potential role for mitochondrial dysfunction in mediating
the negative effect of periodontitis on cognitive function.
Although future prospective studies need to confirm these
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preliminary results, the findingsmay have substantial pub-
lic health relevance. Maintaining the periodontal health of
the elderly may reduce the pathogenic effects of systemic
oxidative burden on the progression of cognitive impair-
ment to dementia.
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