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Association between periodontitis

and mortality in participants with metabolic
dysfunction-associated steatotic liver disease:
results from NHANES

Zhaofu Zhang'", Qiuyun Zheng?", Yiheng Liu®, Guanhui Chen*" and Yiming Li*"

Abstract

Background [t has been reported that periodontitis was a risk factor for metabolic dysfunction-associated steatotic
liver disease (MASLD). The aim of this study is to investigate the impact of periodontitis on all-cause and cause-
specific mortality of MASLD patients.

Methods We included 11,019 individuals with metabolic dysfunction-associated steatotic liver disease (MASLD) from
the National Health and Nutrition Examination Survey. Multivariable Cox proportional hazards models were utilized to
analyze the estimated hazard ratios (HRs) and 95% confidence intervals (Cls) for all-cause mortality and cause-specific
mortality among participants with different periods of periodontitis status. Additionally, we employed restricted
cubic splines (RCS) curves to explore the dose-response relationship between clinical attachment level (CAL) and
pocket probing depth (PPD) and mortality rates. Finally, a series of sensitivity analyses and stratification analyses were
conducted to test the reliability and robustness of the results.

Results In this study, moderate to severe periodontitis significantly increased the all-cause mortality (HR 1.29, 95%

Cl 1.08-1.55; P=0.003) and cardiovascular disease (CVD)-related mortality (HR 1.41,95% Cl 1.10-1.79; P=0.006)
among MASLD participants. However, no significant effects of different periodontal statuses on cancer mortality were
observed among MASLD participants.

Conclusions A nationwide large-sample longitudinal study indicated that MASLD patients with moderate to severe
periodontitis experienced significantly higher all-cause and CVD-related mortality rates compared to those with no or
mild periodontitis.
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Introduction

Metabolic dysfunction-associated steatotic liver dis-
ease (MASLD), formerly named nonalcoholic fatty
liver disease (NAFLD), a metabolic stress liver injury
which is characterized by excessive accumulation
of triglyceride accumulation in hepatocytes in the
absence of alcohol and other specific reasons of liver
injury. It is one of the most common causes of liver-
related morbidity and mortality [1, 2, 3, 4]. The global
prevalence of MASLD is estimated to be 30.2% (95%
CI: 28.7-31.7%) [5]. Recently, various models have
indicated that MASLD will cause enormous clinical
and economic burden, as well as poor prognosis [4, 6,
7].

Over the last decades, it has been shown that the
influences of MASLD is not only limited to liver, but
growing evidence has indicated that MASLD is multi-
system disease, affecting extra-hepatic organs and
regulatory pathways. For example, it has been reported
that MASLD increases the risk of type 2 diabetes mel-
litus (T2DM), cardiovascular (CVD) and cardiac dis-
eases, and chronic kidney disease (CKD) [8, 9, 10].
The etiology of MASLD is diverse and the pathologi-
cal mechanisms are complex. It is currently believed
that inflammation, including both extrahepatic and
intrahepatic factors, is a key driving force in the devel-
opment of MASLD [9]. Extrahepatic factors, such as
increased carbohydrate and fat intake, progressive adi-
pose tissue dysfunction and insulin resistance could
act as pro-inflammatory factors, upregulating liver
inflammatory gene expression level and inducing met-
abolic disturbance and facilitating the development
of MASLD [11, 12, 13, 14, 15]. Intrahepatic factors,
oxidative stress in hepatocytes and mitochondrial
dysfunction could trigger the liver inflammation and
injury, and the injury further resulting the infiltration
of monocytes and lymphocytes, amplifying the liver
inflammation [16, 17, 18].

Periodontitis is a chronic multifactorial inflam-
matory condition caused by dental plaque biofilm,
characterized by localized inflammation due to oral
microbial infection, leading to the loss of dental sup-
porting tissues, the formation of periodontal pockets,
and bleeding of the gums [19]. Porphyromonas gin-
givalis (Pg), the key pathogen of periodontitis, can be
detected in the liver tissue of about 52.5% MASLD
patients, and the number of bacteria is positively cor-
related with the degree of liver fibrosis [20]. Another
study found that Pg can significantly increase the
inflammatory response and fibrosis degree in the liver
tissue of rats, promoting the progression of MASLD
[21]. Therefore, periodontitis is speculated as an
important risk factor for the development and prog-
nosis of MASLD [22, 23]. However, the association
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between periodontal status and mortality in adults
with MASLD still remains unclear.

In this study, we aimed to explore the association
between periodontitis and all-cause and cause-specific
mortality of adults with MASLD.

Method

Study population

The National Health and Nutrition Examination Sur-
vey (NHANES) is a public database of health and
nutrition research on U.S. populations. The design
incorporates a comprehensive stratification and
weighting methodology that ensures the sample is rep-
resentative of the U.S. population. The study included
individuals from the NHANES III (1988-1994), 1999—
2004, and 2009-2014 cycles, as data on periodontitis
was only available for these cycles [24]. The diagnosis
of hepatic steatosis was based on the calculation of the
hepatic steatosis index (HSI), which is based on the
following formula: HSI =8 x (alanine aminotransferase
(ALT)/aspartate aminotransferase (AST) ratio) + body
mass index (+2 for female; +2 for diabetes). Hepatic
steatosis was considered to be present when the HSI
was >36 [25, 26]. To ensure uniformity in the criteria,
13,468 participants aged > 30 years with complete data
on periodontitis and HSI>36 were included in the
subsequent analysis. Exclusion criteria included heavy
alcohol consumption (2,294), hepatitis B (47), hepati-
tis C (94), and missing data on mortality (14), resulting
in the inclusion of 11,019 participants for subsequent
analysis (Fig. 1).

Evaluation of periodontitis

In mobile examination centers, data pertaining to
the oral health component are recorded directly on
computerized data collection forms. The NHANES
included periodontal examination records from both
the maxillary and mandibular quadrants. However, in
order to maintain a consistent diagnosis of periodonti-
tis across cycles, only the proximal buccal and mesio-
buccal sites were selected for the subsequent analysis.
Mild periodontitis was defined as >1 interproximal
sites with >3 mm clinical attachment level (CAL), or
>1 interproximal sites with >4 mm pocket probing
depth (PPD). Moderate periodontitis was defined as
>1 interproximal sites with >4 mm CAL, or >1 inter-
proximal sites with >5 mm PPD. Severe periodontitis
comprised>1 interproximal sites with >5 mm PPD,
or >1 interproximal sites with CAL>6 mm (on the
same site or different sites) [27]. As in previous stud-
ies [28, 29], in order to examine the possible effect of a
higher prevalence of mild periodontitis on the results,
we used no/mild periodontitis as the normal group
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Participants from Participants from
NHANES Il with NHANES 1999-2004
age>30 years with age>30 years
old,complete old, complete
periodontitis data periodontitis data
and HSI>36 and HSI>36
n=2931 n=4,144

Participants from
NHANES 2009-2014
with age>30 years
old, complete
periodontitis data
and HSI>36
n=6,393

Enrolled(n=13,468)
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Significant alcohol use(n=2294)
Hepatitis B(n=47)

A

Hepatitis C(n=94)
Missing mortality data(n=14)

Eligible study
population(n=11,019)

Fig. 1 Flowchart of participant selection. NHANES, National Health and Nutrition Examination Survey; HSI, Hepatic steatosis index

and moderate/severe periodontitis as the observation
group.

Determination of mortality

We combined periodontitis data from NHANES III
(1988-1994), 1999-2004, 2009-2014 with mortality
data from the National Center for Health Statistics
(NCHS) (NCHS Data Linkage-Mortality Data - Public-
Use Files (cdc.gov)). Thus, this study on the relation-
ship between periodontitis status and mortality can be
considered as a prospective study [30]. Deaths from
cardiovascular disease are defined as (ICD-10 codes
100-109, 111, 113, 120-151, and 160-169) and deaths from
cancer are defined as (ICD-10 codes C00-C97) [31].

Covariates

The identification of confounding factors was based
on clinical experience and included a range of vari-
ables, including age, sex, race, socioeconomic status
(SES), physical activity, smoking status, alcohol con-
sumption, healthy eating index (HEI), and body mass
index (BMI). The analysis of covariates in this study
did not include alcohol consumption because the

study population comprised individuals with MASLD.
Therefore, those who consumed a significant amount
of alcohol ( defined as more than 14 drinks/week for
men or more than 7 drinks/week for women) were
excluded [32]. The race category was divided into four
groups: non-Hispanic white, non-Hispanic Black, His-
panic, and others. Poverty income ratio, occupation,
education level, and health insurance coverage were
used to assess socioeconomic status (SES), which was
categorized into low, medium, and high levels [33].
Physical activity was categorized as inactive, insuffi-
cient, and recommended [34]. Smoking status was cat-
egorized as never smoked, ever smoked, and currently
smoked. The HEI-1995 was adapted to the NHANES
(1988-1994) cycle, while the HEI-2015 was adapted
to the NHANES 1999-2004 and 2009-2014 cycles
[29]. BMI was defined as height divided by weight
squared(kg/m?). Obesity was defined as BMI>30 kg/
m? [35]. Furthermore, we considered six additional
covariates: estimated glomerular filtration rate (eGFR),
diabetes, hypertension, cardiovascular disease, hyper-
lipidemia, and cancer status, among which hyper-
lipidemia is characterized by triglyceride levels of
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>150 mg/dL, total cholesterol levels of 2200 mg/dL,
low-density lipoprotein (LDL) levels of =130 mg/dL,
or high-density lipoprotein (HDL) levels of <50 mg/dL
for women and <40 mg/dL for men. Moreover, indi-
viduals who reported the use of lipid-lowering medica-
tions are also classified as having hyperlipidemia [36].

Statistical analysis

Given the intricate design encompassed by NHANES,
all analyses in this study were conducted with the
effect of weights taken into account. The student’s
t-tests was used for continuous variables and the x2
test for categorical variables. Data were presented as
weighted mean standard error (SE) for continuous
variables and weighted percentages SE for categorical
variables.

Firstly, a multifactorial Cox proportional risk model
was employed to calculate the risk of death Hazard
Ratios (HRs) and 95% confidence intervals (CIs) for
all-cause and idiosyncratic mortality under differ-
ent covariates [37]. We chose different models for our
analysis. Model 0 was not adjusted for any covariates.
Model 1 was adjusted for age, sex, and race. Model 2
was further adjusted for education level, PIR, physi-
cal activity, smoking status, HEI, and BMI based on
model (1) Model 3 was further adjusted for eGFR, dia-
betes mellitus, hypertension, cardiovascular disease,
hyperlipidemia, and cancer status based on model (2)
Secondly, the Weibull accelerated failure time model
was employed to evaluate whether moderate to severe
periodontitis reduced the expected survival time for
all-cause mortality and cardiovascular disease-related
mortality among participants with diabetes [38]. At
last, a Kaplan-Meier survival curve was used to show
all-cause mortality and cardiovascular mortality for
different periodontal statuses. In addition, we used
restricted cubic splines (RCS) to more intuitively
reflect the dose-response relationship between peri-
odontal status (including CAL and PPD) and all-cause
and cause-specific mortality.

In order to ascertain the reliability of the results, a
series of sensitivity analyses were also performed. At
first, a multifactorial Cox proportional risk model
analysis was performed after excluding those who
died within 2 years of follow-up in order to reduce
potential reverse causality bias. Second, we also veri-
fied the association between mean CAL and mean
PPD with mortality. Finally, we also stratified analy-
ses according to age (<45 or =45 years), sex(male or
female), race(non-Hispanic white, non-Hispanic Black,
Hispanic, and others), education level(<high school
or >high school), PIR(<1, 1<PIR<3, >3), smoking
status(never smoker, former smoker, current smoker),
HEI (quartiles), obesity(yes or no), hypertension(yes or
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no), and diabetes(yes or no). The interaction p-values
were calculated by examining the corresponding mul-
tiplicative interaction term.

Stata 16.0 statistical analysis software (StataCorp,
College Station, TX, USA) and R 4.2.1 soft-ware (http:/
/www.R-project.org, The R Foundation, Aus-tria) were
used for all analyses. A two-tailed pvalue<0.05 indi-
cated a statistically significant result.

Result

Demographic characteristics of participants

Table 1 displays the distribution of periodontitis char-
acteristics in the MASLD population. A total of 11,019
MASLD populations with complete periodontitis as
well as mortality data were included in this study, with
a mean age of 50.85 years and 53.51% females. Com-
pared to participants with no/mild periodontitis, those
with moderate/severe periodontitis were more likely to
be older (55.06 vs. 48.71, P<0.001), male (53.92% vs.
42.72%, P <0.001), current smokers (18.53% vs. 11.82%,
P<0.001), lower eGFR (87.98 vs. 92.89, P<0.001),
diabetes (27.29% vs. 16.40%, P<0.001), hypertension
(53.09% vs. 45.01%, P<0.001), cardiovascular disease
(9.43% vs. 5.93%, P<0.001), hyperlipidemia (80.98%
vs. 74.21%, P<0.001), and cancer status ( 10.78% vs.
8.50%, P=0.005). However, there was no significant
difference between the two groups in terms of BMI
and HEIL

Association between periodontitis status with all-cause
and specific mortality

In the study, with a median follow-up of 10.58 years,
there were 2,293 deaths, including 645 cardiovascu-
lar deaths and 526 cancer deaths. In the unadjusted
model (model 0), the Cox proportional risk model
showed that the HR was significantly higher in the
moderate/severe periodontitis population than in par-
ticipants with no/mild periodontitis (HR 2.19, 95% CI
1.93-2.48; P<0.001); Adjusted for age, sex, and race in
model 1 (HR 1.65, 95% CI 1.45-1.88; P<0.001); model
2 further adjusted for SES, smoking status, physical
activity, BMI, and HEI (HR 1.32, 95% CI 1.15-1.54;
P<0.001), model 3 adjusted in addition to model 2 for
ALT, AST, eGFR, diabetes, hypertension, hyperlipid-
emia, cardiovascular disease, and cancer (HR 1.29,
95% CI 1.08-1.55; P<0.003). Similar findings were
observed for periodontitis status and cardiovascular
mortality in both the unadjusted model 0 and the fully
adjusted model 3. The moderate/severe periodontitis
cohort exhibited a signifiantly elevated cardiovascular
mortality rate compared to participants with no/mild
periodontitis in model 0 (HR 2.42, 95% CI 1.91-3.06;
P<0.001) and in model 3 (HR 1.41, 95% CI 1.10-1.79;
P=0.006). However, our study identified a significant
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Table 1 Baseline characteristics of participants with MASLD according to periodontal status
Variables Overall Periodontal status Pvalue
No/Mild periodontitis Moderate/Severe periodontitis

HSI 43.06(0.14) 43.11(0.15) 42.89(0.31) 0411
Age, years 50.85(0.16) 48.71(0.19) 55.06(0.25) <0.001
Male, % 46.49(0.66) 42.72(0.83) 53.92(1.07) <0.001
Race/ethnicity, % <0.001

Non-Hispanic white 70.44(0.51) 73.07(0.62) 65.24(0.91)

Non-Hispanic black 11.53(0.28) 10.73(0.34) 13.13(0.49)

Hispanic 5.87(0.26) 546(0.32) 6.68(0.44)

Others 12.16(0.34) 10.74(0.40) 14.95(0.64)
SES, % <0.001

Low 17.53(0.71) 13.52(0.69) 23.51(0.66)

Moderate 45.31(0.82) 43.02(0.86) 49.01(0.72)

High 37.16(0.77) 43.46(0.75) 27.48(0.80)
Physical activity, % <0.001

Inactive 48.63(0.66) 46.50(0.83) 52.82(1.08)

Insufficient 28.12(0.59) 29.35(0.76) 25.68(0.93)

Recommended 23.25(0.58) 24.15(0.73) 21.45(0.93)
Smoking status <0.001

Never 57.08(0.66) 60.94(0.82) 49.48(1.08)

Former 28.84(0.60) 27.24(0.75) 31.99(1.02)

Current 14.08(0.46) 11.82(0.54) 18.53(0.86)
HEI, % 0.521

Quartile 1 26.72(0.59) 27. 09(0 76) 26.00(0.95)

Quartile 2 27.22(0.59) 14(0.74) 27.37(0.97)

Quartile 3 22.81(0.56) 22.61(0.69) 23.21(0.92)

Quartile 4 23.25(0.55) 16(0.68) 23.42(0.90)
BMI status (kg/m2), % 0614

<30 37.06(0.64) 14(0.81) 36.90(1.05)

>30 62.94(0.64) 62. 86(0 81) 63.10(1.05)
eGFR, mL/min/1.73 m2 91.24(0.26) 92.89(0.32) 87.98(0.41) <0.001
ALT(IU/L) 30.01(0.83) 29.71(047) 31.06(3.34) 0437
AST(IU/L) 24.71(0.29) 24. 90(0 36) 24.05(0.38) 0.168
GGT(IU/L) 32.02(0.65) 14(0.74) 35.06(1.31) 0.108
TC(mg/dL) 216.27(0.94) 209.01(1.02) 234.66(2.18) <0.001
HDL-c(mg/dL) 48.12(0.28) 4835(0.32) 47.32(0.54) <0.001
TG(mg/dL) 167.43(3.09) 161.76(3.26) 187.01(7.79) 0.006
Uric acid(pmol/L) 332.83(1.74) 328.80(1.98) 346.73(3.59) <0.001
Diabetes mellitus, % 20.07(0.50) 16.40(0.58) 27.29(0.93) <0.001
Hypertension, % 47.74(0.66) 45.01(0.83) 53.09(1.09) <0.001
Hyperlipidemia, % 76.49(0.56) 74.21(0.72) 80.98(0.82) <0.001
CVD, % 7.11(0.32) 5.93(0.36) 9.43(0.61) <0.001
Cancer, % 9.27(0.38) 8.50(0.47) 10.78(0.67) 0.005

SES, socioeconomic status; HEI: health eating index; BMI: body mass index; eGFR: estimated glomerular filtration rate; CVD: cardiovascular disease, ALT: alanine
aminotransferase; AST: aspartate aminotransferase; GGT: gamma-glutamyltransferase; TC, total cholesterol; HDL-c: high-density lipoprotein cholesterol; TG:

triglycerides

The student’s t-tests was used for continuous variables and the 2 test for categorical variables

Data were presented as weighted mean (SE) for continuous variables and weighted percentages (SE) for categorical variables

association between periodontitis status and cancer
mortality in models 0, 1, and 2, but this association
was not observed in the fully adjusted model 3 (HR
1.15,95% CI 0.83-1.59; P=0.399) (Table 2).

The results of the Weibull accelerated failure time
model indicated that moderate to severe periodontitis

shortened the expected survival time for all-cause
mortality, CVD-related mortality, and cancer-related
mortality in participants with MASLD (all-cause: time
ratio, 0.90, CI: 0.86-0.95, p <0.001; CVD-related: time
ratio, 0.85, CI: 0.77-0.93, p<0.001; cancer: time ratio,
0.87, CI:0.77-0.99) (Table 3).
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Table 2 HR (95% Cls) for all-cause and cause-specific mortality according to periodontitis

Mortality Periodontal status PValue
No/Mild periodontitis Moderate/Severe periodontitis

All cause

Deaths/total 1106/6599 1187/4420
model 0 1.00 2.19(1.93,248) <0.001
model 1 1.00 1.65(1.45,1.88) <0.001
model 2 1.00 1.32(1.15,1.54) <0.001
model 3 1.00 1.29(1.08,1.55) 0.003

CVD-related cause

Deaths/total 294/6599 351/4420
model 0 1.00 242(1.91,3.06) <0.001
model 1 1.00 1.82(1.42,2. 34) <0.001
model 2 1.00 1.45(1.11,1.90) 0.005
model 3 1.00 1.41(1.10,1.79) 0.006

Cancer-related cause

Deaths/total 255/6599 271/4420
model 0 1.00 2.11(1.65,2.69) <0.001
model 1 1.00 1.59(1.24,2.04) <0.001
model 2 1.00 1.31(1.04,1.77) 0.042
model 3 1.00 1.15(0.83,1.59) 0.399

Model 0 was not adjusted for any covariates
Model 1 was adjusted for age, sex, and race
Model 2 was adjusted for age, sex, race, socioeconomic status, smoking status, physical activity, body mass index, and health eating index

Model 3 was adjusted for age, sex, race, socioeconomic status, smoking status, physical activity, body mass index, health eating index, ALT, AST, estimated glomerular
filtration rate, diabetes, hypertension, hyperlipidemia, cardiovascular disease, and cancer

Table 3 Time ratio (95% confidence intervals) for all-cause and cause-specific mortality according to periodontitis by Weibull model

Mortality Periodontal status PValue
No/Mild periodontitis Moderate/Severe periodontitis

All cause

Deaths/total 1106/6599 1187/4420
model 0 1.00 0.63(0.59,0.67) <0.001
model 1 1.00 0.79(0.74,0.83) <0.001
model 2 1.00 0.85(0.80,0.89) <0.001
model 3 1.00 0.90(0.86,0.95) <0.001

CVD-related cause

Deaths/total 294/6599 351/4420
model 0 1.00 0.59(0.53,0.66) <0.001
model 1 1.00 0.73(0.66,0.81) <0.001
model 2 1.00 0.78(0.71,0.87) <0.001
model 3 1.00 0.85(0.77,0.93) <0.001

Cancer-related cause

Deaths/total 255/6599 271/4420
model 0 1.00 0.62(0.54,0.70) <0.001
model 1 1.00 0.77(0.68,0.87) <0.001
model 2 1.00 0.85(0.75,0.96) 0.008
model 3 1.00 0.87(0.77,0.99) 0.028

Model 0 was not adjusted for any covariates
Model 1 was adjusted for age, sex, and race
Model 2 was adjusted for age, sex, race, socioeconomic status, smoking status, physical activity, body mass index, and health eating index

Model 3 was adjusted for age, sex, race, socioeconomic status, smoking status, physical activity, body mass index, health eating index, estimated glomerular
filtration rate, diabetes, hypertension, hyperlipidemia, cardiovascular disease, and cancer
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Furthermore, we conducted a Kaplan-Meier analysis
to investigate the relationship between periodontitis
status and all-cause (Fig. 2) and cardiovascular mortal-
ity (Fig. 3). The results revealed a statistically signifi-
cant difference in mortality between the two groups,
with a log-rank p value < 0.001.

Association between mean CAL/PPD and mortality

Furthermore, we conducted a separate analysis to
investigate the correlation between mean CAL and
mean PPD with mortality in the MASLD popula-
tion. As shown in Table 4, all-cause mortality rate was
found to be statistically significant in the fully adjusted
model 3 for the second quartile (Q2), the third quar-
tile (Q3), and the forth quartile (Q4) of mean CAL
when compared to the first quartile (Q1) (Q2: HR 1.24;
95% CI, 1.09-1.50. Q3: HR 1.50; 95% CI, 1.38-1.84.
Q4: HR, 1.85; 95% CI, 1.61-2.17. P-trend=0.010).
Similarly, in the fully adjusted model 3, a comparable
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relationship was observed between PPD quartiles and
all-cause mortality, (Q2: HR 1.03; 95% CI, 0.93 - 1.27.
Q3: HR 1.24; 95% CI, 1.21-1.59. Q4: HR, 1.31; 95%
CI, 1.19-1.62. P-trend<0.001). In addition, we also
observed a significant increasing trend relationship
between quartiles of mean CAL and PPD with cardio-
vascular mortality.

RCS curves were employed to illustrate the nonlin-
ear correlation between mean CAL and mean PPD
with all-cause and cardiovascular mortality. There was
a nonlinear relationship between mean CAL and mean
PPD with mortality (P for nonlinear < 0.05) (Fig. 4). The
risk of all-cause and cardiovascular mortality showed a
tendency to rise with increasing mean CAL and mean
PPD values. To examine the link between CAL, PPD
levels and mortality in MASLD participants, a Cox
proportional hazards model and a two-segment Cox
proportional hazards model were employed for analy-
sis. The inflection point values of CAL for all-cause
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Fig. 2 The Kaplan-Meier analysis of periodontitis with all-cause survival
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Fig. 3 The Kaplan-Meier analysis of periodontitis with cardiovascular survival

and cardiovascular mortality were both 1.42, as shown
in Table 5. When CAL was below 1.42, each 1-unit
increase was associated with a 2.29-fold higher risk
of all-cause mortality (HR 3.29, 95% CI 2.92-3.71;
P<0.001) and a 2.91-fold higher risk of cardiovascu-
lar mortality (HR 3.91, 95% CI 3.09-4.94; P<0.001).
When CAL exceeded 1.42, each 1-unit increase was
associated with a 20% higher risk of all-cause mortal-
ity (HR 1.20, 95% CI 1.16-1.24; P<0.001) and a 19%
higher risk of cardiovascular mortality (HR 1.19, 95%
CI 1.13-1.28; P<0.001). On the other hand, the inflec-
tion point value of PPD for all-cause and cardiovascu-
lar mortality risk was 1.35. When PPD was below 1.35,
each 1-unit increase was associated with a 94% higher
risk of all-cause mortality (HR 1.94, 95% CI 1.61-2.34;
P<0.001) and a 1.82-fold higher risk of cardiovascu-
lar mortality (HR 2.82, 95% CI 1.92-4.13; P<0.001).
When PPD exceeded 1.35, each 1-unit increase was
associated with an 19% higher risk of all-cause mortal-
ity (HR 1.19, 95% CI 1.09-1.29; P<0.001) and a 22%

higher risk of cardiovascular mortality (HR 1.22, 95%
CI 1.04-1.42; P<0.001).

Sensitivity analysis

To verify the accuracy of the results, we conducted the
following two sensitivity analyses. First, those partici-
pants who died within 2 years were excluded to pre-
vent reverse causation from influencing outcomes.
The results indicated that all-cause mortality (HR,
1.27; 95% CI, 1.09-1.48) and cardiovascular mortality
(HR, 1.37; 95% CI, 1.18-1.59) remained significantly
increased in those with moderate/severe periodon-
titis compared to those with no/mild periodonti-
tis (Table 6). Second, to ascertain the stability of the
results across populations, the analyses were also strat-
ified by age (<45 or =45 years), sex (male or female),
race (non-Hispanic white, non-Hispanic Black, His-
panic, and others), education level (<high school or
> high school), PIR (<1, 1 <PIR< 3, > 3), smoking status
(never smoker, ever smoker, never smoker), HEI (Q1,
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Table 4 The results of the sensitivity analysis according to quintiles of mean CAL and mean PPD as outcomes of exposure

Mean CAL Periodontal status P trend
Q1 Q2 Q3 Q4
All cause HR HR(95%Cl) HR(95%CI) HR(95%CI)
model 0 1(Ref) 1.72(1.49,1.98) 3.03(2.66,3.45) 4.38(3.88,4.96) <0.001
model 1 1(Ref.) 1.48(1.29,1.70) 17(1.89,2.47) 2.72(2.39,3.09) <0.001
model 2 1(Ref) 1.37(1.20,1.58) 87(1.66,2.20) 2.25(1.99,2.58) <0.001
model 3 1(Ref) 1.24(1.09,1.50) 50(1.38,1.84) 1.85(1.61,2.17) 0.010
CVD cause
model 0 1(Ref) 1.84(1.39,2.41) 3.29(2.55,4.25) 523(4.13,6.64) <0.001
model 1 1(Ref) 1.58(1.20,2.07) 2.34(1.80,3.03 3.23(2.53,4.13) <0.001
model 2 1(Ref) 1.46(1.11,1.92) 2. 03(1 62,2.70) 2. 72(2 06,3.55) <0.001
model 3 1(Ref) 130(099 71) 57(1.19,2.05) 11(1.64,2.79) 0.015
Mean PPD
All cause
model 0 1(Ref) 1.25(1.09,1.44) 1.79(1.57,2.05) 1.81(1.59,2.06) <0.001
model 1 1(Ref.) 1.26(1.09,1.45) 1.80(1.57.2.06) 1.88(1.65,2.14) <0.001
model 2 1(Ref) 1.13(1.00,1.30) 1.58(1.39,1.85) 1.60(1.37,1.85) <0.001
model 3 1(Ref) 1.03(0.93,1.27) 1.24(1.21,1.59) 1.31(1.19,1.62) <0.001
CVD cause
model 0 1(Ref) 1.58(1.19,2.11) 2.44(1.86,3.19) 247(1.89,3.22) <0.001
model 1 1(Ref.) 1.60(1.20,2.13) 2 46(1 88,3.23) 2.63(2.01,3.44) <0.001
model 2 1(Ref) 1.44(1.06,1.93) 13(1.66,2.80) 2.27(1.72,2.98) <0.001
model 3 1(Ref) 1.23(0.90,1.69) 62(1.25,2.30) 1.82(1.51,2.55) <0.001

Quintiles of mean CAL: Q1, <0.71 mm; Q2, 0.71-1.21 mm; Q3, 1.21-1.75 mm; Q4, > 1.75 mm
Quintiles of mean PPD: Q1, <0.95 mm; Q2, 0.95-1.30 mm; Q3, 1.30-1.62 mm; Q4, > 1.62 mm

Model 0 was not adjusted for any covariates
Model 1 was adjusted for age, sex, and race

Model 2 was adjusted for age, sex, race, socioeconomic status, smoking status, physical activity, body mass index, and health eating index

Model 3 was adjusted for age, sex, race, socioeconomic status, smoking status, physical activity, body mass index, health eating index, ALT, AST, estimated glomerular
filtration rate, diabetes, hypertension, hyperlipidemia, cardiovascular disease, and cancer

Q2, Q3, Q4), obesity (yes or no), hypertension (yes or
no), and diabetes (yes or no). The interaction p-values
were then calculated. The p-values for the interactions
were all >0.05 when stratified by populations except
education level in all cause mortality (Fig. 5). This sug-
gests that the relationship between periodontitis status
with all cause and cardiovascular mortality was rela-
tively stable.

Discussion
The cohort study is conducted based on NHANES, a
public database of health and nutrition research on
U.S. populations, showed periodontitis was related to
higher all-cause and CVD-related mortality of MASLD
patients. This study indicates that moderate or severe
periodontitis and higher level of CAL and PPD are
related to increased risk of all-cause and CVD-related
mortality, and this is the first study that report the
association between periodontitis status and mortality
of patients with MASLD.

Periodontitis, a common chronic inflammatory and
infectious disease, is caused by oral biofilm—mediated
microbial dysbiosis [39]. The biofilm components also

have access to periodontal tissue and host circula-
tion [39]. It not only causes tooth loss, but enter the
circulation and exacerbate or be associated with vari-
ous metabolic disorders, such as dyslipidemia, diabe-
tes, obesity and cardiovascular disease [29, 40, 41, 42,
43]. Recently, growing evidence has suggested that
periodontal disease has adverse effects on the patho-
physiology of liver disease [44, 45]. In particular, it was
reported that periodontal disease can negatively affect
MASLD, thus inducing the progression and worsen
of MASLD [42]. Whereas, it still remains unclear
whether the mortality of MASLD is related to peri-
odontitis. So this study mainly focused on the effect of
periodontitis and its severity on the MASLD mortal-
ity. In consistent with the above findings, our results
showed that MASLD patients with moderate or severe
periodontitis did have 28% higher risk of all-cause
mortality than those without or with mild periodonti-
tis (Table 2). As is reported that MASLD is considered
as the hepatic manifestation of metabolic syndrome
because it is closely associated with obesity, insulin
resistance, hypertension, and dyslipidemia. For exam-
ple, the triglyceride glucose (TyG) index has recently
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Fig. 4 Restricted cubic spline model of the relationship between Mean CAL and PPD with Mortality. (@) Mean CAL and all-cause mortality; (b) Mean CAL
and cardiovascular mortality; (c) Mean PPD and all-cause mortality; (d) Mean PPD and cardiovascular mortality

emerged as a powerful marker of insulin resistance and
metabolic dysfunction, both of which are key factors in
the development and progression of MASLD [46, 47].
Moreover, large numbers of researches have confirmed
that periodontitis can exacerbate various metabolic
disorders, such as diabetes, obesity, dyslipidemia, and
chronic kidney disease [48, 49]. Periodontitis-related
systemic inflammation may induce to insulin resis-
tance through elevated blood levels of adipocytokines,
such as tumor necrosis factor alpha, IL-6, and leptin,
which inhibit the insulin receptor and its downstream
signaling [50, 51]. Clearly, there is a bidirectional
three-way relationship among metabolic syndrome,
MASLD, and periodontitis, centering on insulin

resistance [42]. Consequently, the mutual influences
among these diseases may cause a higher mortality risk
in MASLD with peridontitis. Furthermore, the correla-
tion between mean CAL and mean PPD with mortality
in the MASLD population was investigated and a com-
parable relationship was observed between CAL and
PPD quartiles and all-cause mortality, implying there
may be a potential dose-response effect. These results
indicate that periodontitis is strongly linked with the
MASLD prognosis, and the severity of periodontitis
influence the mortality of MASLD.

Notably, we found the participants with moderate/
severe periodontitis were more likely to be older, male,
current smokers, lower eGFR, diabetes, hypertension,
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Table 5 Threshold effect analysis of CAL and PPD on mortality in MASLD participants

All-cause mortality Adjust HR(95% Cl) Pvalue
CAL
Fitting by the standard linear model 1.38(1.35,1.42) <0.001
Fitting by the two-piecewise linear model
Inflection point 142
<142 3.29(292,3.71)<0.001
>142 1.20(1.16,1.24) <0.001
Pfor Log-likelihood ratio <0.001
PPD
Fitting by the standard linear model 1.34(1.26,1.42)<0.001
Fitting by the two-piecewise linear model
Inflection point 1.35
<135 1.94(1.61,234)<0.001
>1.35 1.19(1.09, 1.29)<0.001
Pfor Log-likelihood ratio <0.001
CVD mortality
CAL
Fitting by the standard linear model 141 (1.35,1.46)<0.001
Fitting by the two-piecewise linear model
Inflection point 142
<142 3.91(3.09,4.94) <0.001
>142 1.19(1.13,1.28)<0.001
Pfor Log-likelihood ratio <0.001
PPD
Fitting by the standard linear model 145 (1.307, 1.609) < 0.001
Fitting by the two-piecewise linear model
Inflection point 1.35
<135 2.82(1.92,4.13)<0.001
>135 1.22(1.04,1.42)<0.001
Pfor Log-likelihood ratio <0.001

The analysis was adjusted for age, sex, race, socioeconomic status, smoking status, physical activity, body mass index, health eating index, ALT, AST, estimated
glomerular filtration rate, diabetes, hypertension, hyperlipidemia, cardiovascular disease, and cancer

Table 6 Association of periodontitis with mortality after exclusion of participants who died within first 2 years of follow-up

Mortality Periodontal status PValue
No/Mild periodontitis Moderate/Severe periodontitis

All cause

Deaths/total 1025/6518 1109/4342
model 0 1.00 2.23(1.96,2.54) <0.001
model 1 1.00 1.68(1.46,1.92) <0.001
model 2 1.00 1.35(1.18,1.57) <0.001
model 3 1.00 1.27(1.09,1.48) 0.009

CVD-related cause

Deaths/total 268/6518 325/4342
model 0 1.00 2.59(2.02,3.32) <0.001
model 1 1.00 1.94(1.49,2.53) <0.001
model 2 1.00 1.58(1.20,2.09) 0.001
model 3 1.00 1.37(1.18,1.59) 0.001

Model 0 was not adjusted for any covariates
Model 1 was adjusted for age, sex, and race
Model 2 was adjusted for age, sex, race, education level, poverty income ratio, smoking status, physical activity, body mass index, and health eating index

Model 3 was adjusted for age, sex, race, socioeconomic status, smoking status, physical activity, body mass index, health eating index, ALT, AST, estimated glomerular
filtration rate, diabetes, hypertension, hyperlipidemia, cardiovascular disease, and cancer
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ALL-cause mortality CVD-mortality
Variables
HR (95% Cl) P P forinteraction HR (95%Cl) P P for interaction
Age ! 0.873 ! 0.663
<45 years 1.19(0.91,1.58) |——-_| 0.261 1.53(0.91,2.58) l-—.—a 0.111
245 years 1.18(1.08,1.29) —a— <0.001 1.30(1.09,1.54) —.— 0.002
Sex i 0.331 i 0.299
Male 1.15(1.02,1.31) —— 0.028 1.23(0.97,1.55) —— 0.085
Female 1.23(1.09,1.38) D —— 0.001 1.43(1.14,1.79) D —— 0.002
Race i 0.506 i 0.619
Non-Hispanic white  1.24(1.09,1.39) i —a— <0.001 1.30(1.05,1.61) il—I—i 0.015
Non-Hispanic black  1.18(0.98,1.41) »—-—a 0.082 1.53(1.07,2.17) .—.—u 0.018
Hispanic 1.05(0.84,1.33) ——-#———— 0.661 1.04(0.66,1.64) —B———1 0.877
Others 1.24(0.95,1.60) l—é—I—l 0.112 1.54(0.85,2.81) l—é—.—l 0.158
Educational level i 0.007 i 0.607
<high school 1.08(0.97,1.21) -.—-—c 0.157 1.29(1.05,1.59) o—-—u 0.017
>high school 1.36(1.19,1.56) —s——  <0.001 1.38(1.06,1.78) »—-—4 0.015
Poverty-income ratio E 0.440 E 0.564
low 1.21(0.99,1.48) v—-—c 0.060 1.55(1.06,2.67) n—-—| 0.024
moderate 1.13(1.01,1.27) il—-—l 0.048 1.21(0.96,1.51) lé—!—l 0.102
high 1.34(1.14,1.58) ——a—  <0.001 1.45(1.07,1.97) r—-—c 0.018
Smoking status 0477 0.090
Never 1.23(1.09,1.39) i —a— 0.001 1.39(1.09,1.75) i —a— 0.006
Former 1.18(1.03,1.36) —a 0.017 1.51(1.15,1.98) —o— 0.003
Current 1.15(0.92,1.44) IE—I—I 0.216 0.91(0.59,1.39) I—Ii—l 0.652
HEI 0.184 0.781
Quartile 1 1.06(0.89,1.25) F——s—i 0.541 1.49(1.08,2.06) ! ——y 0.016
Quartile 2 1.29(1.09,1.54) i —a— 0.004 1.18(0.85,1.65) l—é—I—i 0.314
Quartile 3 1.36(1.14,1.63) i ——a— 0.001 1.51(1.08,2.12) i ——— 0.018
Quartile 4 1.14(0.96,1.35) ._._. 0.124 1.27(0.92,1.76) .—-—4 0.141
Obesity 0.644 0.640
Yes 1.17(1.06,1.30) —a— 0.003 1.37(1.22,1.67) - 0.002
No 1.24(1.06,1.44) — 0.007 1.29(0.97,1.73) ..—-—| 0.085
Hypertension i 0.089 i 0.855
Yes 1.23(1.11,1.37) i —a— <0.001 1.33(1.11,1.61) i —a— 0.002
No 1.06(0.89,1.25)  F—i—it—i 0.503 1.33(0.95,1.86) — 0.101
Diabetes i 0.323 i 0.209
Yes 1.15(1.01,1.31) EI—I—I 0.041 1.29(1.01,1.64) :l—I—I 0.039
No 1.23(1.09,1.37) i — <0.001 1.35(1.08,1.68) i —a— 0.008
FIB-4 0.166 0.474
<145 1.25(1.03,1.52) — 0.025 1.56(1.05,2.31) |—-—| 0.027
21.45 1.31(1.08,1.66) E a1 0.029 1.77(1.19,2.61) E —_— 0.004
"I 1‘2 1ﬂ4 1|6 1‘ 1|5 2‘ 2|5

Fig. 5 Forest plots of stratified analyses of periodontitis status with all-cause and cardivascular mortality
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cardiovascular disease, hyperlipidemia, and cancer
status. Then we further analyzed association between
periodontitis status with specific mortality induced by
cardiovascular diseases or cancer in MASLD patients.
Results indicated cancer-related mortality has no sig-
nificant difference between patients with or with-
out periodontitis. Though increasing evidence that
cancer is driven, at least in part, by chronic infection
and inflammation [52]. Interestingly, periodontitis, a
common chronic oral inflammatory disease driven by
exposure to biofilms, has been associated with several
forms of malignancy [53]. Nerverthless, due to the
diversity of cancer types and the complexity of patho-
genesis, the exact association between cancer and
periodontits still remains unclear and long term explo-
ration is still needed [54]. However, results showed
that CVD-related mortality was 43% higher, suggesting
a remarkable mortality association between periodon-
titis and people with MASLD. Moreover, moderate or
severe periodontitis reduces the survival probability
and time for all-cause and CVD-related mortality in
people with MASLD (Figs. 2 and 3), suggesting that
periodontitis may be an important factor for predict-
ing all-cause and CVD-related mortality in adults with
MASLD. It has been reported that though MASLD
have increased risks of end-stage liver disease, hepa-
tocellular carcinoma, and liver-related mortality, the
largest cause of death among patients with MASLD is
cardiovascular disease [55]. Also, it has been reported
that people with cardiovascular disease may have a
higher chance of getting further complications when
they have periodontitis and there was a significant
association between periodontitis and increased risks
cardiovascular mortality [56]. Particularly, recent sta-
tistical results show that in Europe CVD is responsi-
ble for 3.9 million deaths (45% of deaths). Therefore,
people with CVD realated diseases should actively
manage all their cardiovascular risk factors. Taking all
these into account, MASLD patients with CVD should
receive a comprehensive periodontal evaluation,
including full mouth probing and bleeding scores. If no
periodontitis is diagnosed initially, patients should be
recommended a preventive care regime and monitored
regularly (at least once a year) for changes in peri-
odontal status. If periodontitis is diagnosed, patients
should be informed that they may be at higher risk for
subsequent CVD complications, and they should reg-
ularly insist on the recommended dental therapeutic,
maintenance and preventive regimes. Besides, if the
periodontitis is not appropriately controlled, patients
should consult his/her physician timely [57].

There is multiple evidence that periodontitis may
be a hazard factor for MASLD. Previous researches
showed that the liver of patients with periodontitis
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is constantly under exposure to pathogenic factors
including bacteria and their by-products, reactive
oxygen species, inflammatory cytokines that released
from oral cavity systemically, and these are involved
in MASLD progression [42, 45]. P gingivalis (Pg),
one of the periodontopathic bacteria, is strongly indi-
cated to be involved in MASLD [58]. Yoneda et al.
analyzed various periodontopathic bacteria in saliva
collected from MASLD patients and found that the
detection frequency of P. g was obviously higher in the
MASLD patients than in the non-MASLD subjects
[59]. In an animal study, rats were infected with Pg
and fed with a high fat diet, results showed that infec-
tion with Pg aggravated the progression of MASLD,
and it is believed that Pg and its endotoxin play a key
role in the deterioration of MASLD [21]. Two pos-
sible pathways for the link between periodontitis and
MASLD were proposed. On one hand, not only bac-
teria can colonize the liver through blood circulation,
but the endotoxin and cytokines produced by bacteria
can enter the circulation system, evoking and result-
ing in liver inflammatory immune reaction and injury
[42, 60, 61]. Notabely, several signaling pathways that
periodontitis may affect MASLD have been gradually
been revealed. Ding indicated that P. gingivalis-derived
LPS might contribute to intracellular lipid accumula-
tion and inflammatory reaction of human hepatocel-
lular cells HepG2 via the activation of NF-kB and JNK
signaling pathways [62]. Moreover, the link between
MASLD and T helper 17 (Th17) has also attracted
attention in recent years. Th17 cells are a subset of T
helper cells defined subsets, which primarily secrete
IL-17 A. IL-17 A induces a number of proinflamma-
tory cytokines in both immune and non-immune cells
and plays a protective role against infection [63]. Inter-
estingly, it was found that there were a large number of
Th17 cells in the liver and peripheral blood of MASLD
animal models and the animal studies also showed that
the accumulation of Th17 cells in periodontal tissues is
dependent on oral bacteria, suggesting that there may
be a link among them and it is speculated that Th17
may be a key molecule for explaining the relationship
between periodontal disease and NAFLD [64, 65, 66].
Besides, another pathway that periodontitis may influ-
ence MASLD is attributed to LPS/TLR4 signaling. It
is reported that one of the constituents of periodontal
pathogens, LPS, could combine with Toll-like recep-
tor (TLR-2/4) and influence immune system [67]. As
Kupper cells in liver express high level of TLR4, they
recognize LPS quickly and generate inflammatory
cytokines, chemokines and ROS, inducing a cascade
of immune responses and further causing liver dam-
age [68]. On the other hand, another mechanism is gut
microbiome dysbiosis induced by enteral translocation
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of periodontopathic bacteria ruptures gut wall barrier
and accelerate delivery of hepatotoxins and enterobac-
teria to the liver through the enterohepatic circulation,
further leading to hepatic exposure to bacteria, endo-
toxin, and bacterial metabolite through the entero-
hepatic circulation by portal vein system [69, 70, 71].
Consequently, by hematogenous or enteral routes,
periodontitis greatly accelerating MASLD progression
and may result in higher mortality of MASLD [42].
This study is the first representative study on the
association between periodontitis and all-cause and
CVD-related mortality in patients with MASLD. How-
ever, there are some limitations in our study should
be noticed. First, data on periodontitis and MASLD
was obtained at baseline the same time, which may
not previously reflect the causal and mediating
effects between the conditions. Second, the covari-
ates acquired at baseline may have changed over
time, which may have weakened the true association
between periodontitis and mortality in people with
MASLD. Third, in this study, the severity of periodon-
titis was classified by CAL and PPD based on quartiles
of the study population, so the results are not compa-
rable to other studies using different sorting scheme.

Conclusions

In a nationally representative sample of US adults
with MASLD, we found that moderate or severe peri-
odontitis and high levels of mean CAL and PPD are
associated with an elevated risk of all-cause and CVD-
related mortality among adults with MASLD in the
US. Periodontitis has prognostic utility in explaining
residual risk of MASLD. Further researches are needed
to affirm our findings and establish causal inference.
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