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ABSTRACT
Aims: Trimethylamine N-oxide (TMAO) is a compound involved in the pathogenesis of various systemic inflammatory diseases, 
including cardiovascular conditions. The aim of this study was to determine differences in saliva and serum levels of TMAO 
between periodontitis and healthy patients according to smoking status.
Methods: The study included four systemically healthy groups: periodontally healthy non-smokers (NS-Control; n = 25), non-
smokers with Stage-III-Grade-B periodontitis (NS-Periodontitis; n = 25), periodontally healthy smokers (S-Control; n = 25), and 
smokers with Stage-III Grade-C periodontitis (S-Periodontitis; n = 25). Periodontal parameters were recorded. TMAO levels were 
determined in saliva and serum samples using liquid chromatography-mass spectrometry (LC–MS/MS). TNF-α levels were 
measured by the ELISA method.
Results: Salivary TNF-α and TMAO levels were significantly elevated in the smoking periodontitis group compared to other 
groups (p < 0.001 and p = 0.003, respectively). Serum TMAO levels were also significantly higher in the smoking periodontitis 
group compared to non-smoking controls and non-smoking periodontitis. TMAO/SFR ratios were notably higher in the smok-
ing periodontitis group compared to other groups, and a strong positive correlation was observed between salivary TMAO and 
TNF-α levels (r = 0.892, p < 0.001).
Conclusion: The data suggested that TMAO and TNF-α are associated with inflammatory mechanisms of periodontitis in cases 
where periodontitis coexists with smoking.
Trial Registration: NCT06580431

1   |   Introduction

Approximately 8 million people a year worldwide have been 
come face to face with death by the use of tobacco products 
(Murray 2022). Smoking is correlated to increased levels of serum 
glucose, cortisol, free fatty acids, and adrenaline, as well as el-
evated blood pressure, heart rate, and consequently increased 
oxygen consumption by the heart (Abuse 2006). Inhalation of 

tobacco smoke or use of tobacco products leads to a significant 
increase in cardiovascular diseases, chronic obstructive pul-
monary disease (COPD), Crohn's disease, and various types of 
cancers, tightly correlating with significant pathologies such as 
periodontitis; this underscores the potential harmful effects of 
smoking on human health (Chaffee et al. 2021). Reducing smok-
ing is a critical step in preventing deaths and diseases. The com-
plex effects of smoking on the vascular system, immune system, 
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and inflammatory processes have been extensively investigated 
(Dahdah et al. 2022). At a cellular level, smoking disrupts the 
regulated secretion of adhesion molecule components, trigger-
ing inappropriate leukocyte-endothelial binding and activation, 
leading to leukocyte accumulation in blood vessels and conse-
quently exacerbating tissue damage associated with leukocytes 
(Ishida et al. 2024).

Periodontitis stands as one of the most widespread dental afflic-
tions, stemming from an inflammatory cascade that impacts 
periodontal tissues, manifesting through inflammation of the 
periodontal soft tissues and the progressive deterioration of peri-
odontal ligaments and alveolar (Yang et  al.  2021). Smoking is 
also a significant risk factor in the pathogenesis and progres-
sion of periodontitis, suppressing clinical signs of the inflamma-
tory response against infection (Johnson and Guthmiller 2007). 
Smoking reduces gingival vascularization, suppresses immune 
responses, impairs the morphological and functional healing of 
the periodontium, and alters biofilm complexity (Buduneli and 
Scott 2018). The effects of smoking on periodontal tissues have 
been associated with mechanisms such as decreased immuno-
globulin G (IgG) production and increased prevalence of peri-
odontopathogens. Furthermore, smoking may complicate the 
elimination of pathogens through mechanical therapy and de-
crease growth factor production (Adler et al. 2008). Periodontal 
clinical studies investigating the biochemical, clinical, and 
microbiological effects of smoking have revealed how pro-
inflammatory cytokines [e.g., tumor necrosis factor-α (TNF-α), 
interleukin-1 (IL-1), IL-8, IL-6, and transforming growth fac-
tor-β (TGF-β)] alter the host response against bacterial biofilms 
(Sharma et al. 2011). Numerous animal studies have indicated 
that TNF-α plays a significant role in inflammatory processes 
such as alveolar bone loss and destruction of connective tissue in 
experimental periodontitis (Gomes et al. 2016). These findings 
support observations in human studies, emphasizing the critical 
role of TNF-α in the pathogenesis of periodontitis (Garlet 2010). 
Recently, in a clinical study evaluating the relationship between 
smoking and periodontitis in terms of serum TNF-α levels, it 
was reported that smokers with periodontitis exhibited signifi-
cantly elevated TNF-α plasma levels (Knie et al. 2024).

Trimethylamine (TMA) is derived from dietary sources contain-
ing choline, carnitine, and betaine in humans, metabolized by 
gut microbiota. These metabolites are rapidly oxidized to TMA 
N-oxide (TMAO) by the liver enzyme flavin monooxygenase 
3 (FMO3). TMAO is an amine oxide formed from the metabo-
lism of choline-rich foods by intestinal bacteria, known for its 
pro-inflammatory effects contributing to vascular inflamma-
tion and endothelial dysfunction (Kumari et  al.  2022; Janeiro 
et  al.  2018). Elevated circulating TMAO levels are recognized 
as an independent predictor of adverse cardiovascular events. 
On the one hand, by activating nuclear factor kappa B (NF-kB), 
TMAO can increase the expression of inflammatory genes such 
as IL-1 and enhance oxidative stress, thereby augmenting the 
indicators of inflammatory markers associated with TMAO. 
Additionally, TMAO can contribute to inflammatory processes 
by enhancing macrophage chemotaxis and increasing the ex-
pression of inflammatory cytokines like TNF-α and IL-6 (Ma 
et  al.  2017; Wang et  al.  2023) Moreover, a broad literature in-
dicates its association with various health issues including cor-
onary artery disease, elevated blood lipids, diabetes, obesity, 

insulin resistance, metabolic syndrome, cancer, and kidney 
failure (Fletcher and Subramaniam 2018) (Janeiro et al. 2018). 
There is limited literature investigating the relationship be-
tween periodontal disease and TMAO. The clinical study indi-
cates elevated circulating levels of TMAO in patients with Stage 
III-IV periodontitis, correlating with vascular endothelial dys-
function (Zhou et al. 2022). The animal study reports that P. gin-
givalis oral administration induced experimental periodontitis 
in mice, resulting in the increase of plasma TMAO and LPS, 
which was linked to aggravated atherosclerosis (AS) plaques 
(Xiao et al. 2022). Moreover, Wang et al. (2024) evaluated the ef-
fect of P. gingivalis, Fusobacterium nucleatum, and Streptococcus 
mutans oral administration on serum TMAO levels and TMAO-
TMAO pathways in mice. Similar to previous animal study 
results, Pg, compared to the other selected bacteria, caused ele-
vation of plasma TMAO levels and significantly influenced the 
TMA-TMAO pathway via lipid metabolism (Wang et al. 2024).

Although the relationship between TMAO and inflamma-
tion has been evaluated from a limited perspective, the role of 
TMAO on periodontal inflammation through smoking has not 
been fully elicited. To date, according to our knowledge, there 
is currently no data on TMAO and periodontal inflammation 
in smokers with periodontitis. The hypothesis of this study is 
that cigarette smoking may trigger periodontal inflamma-
tion by increasing TMAO levels both locally and systemically. 
Accordingly, our aim is to measure TMAO levels in serum and 
saliva samples from periodontitis patients who smoke and those 
who do not and to evaluate the relationship of these molecules 
with periodontal inflammation. The findings could contribute 
to understanding possible effects of periodontitis related to the 
pathogenesis of cardiovascular diseases under the influence of 
nicotine due to analyzing a unique marker.

2   |   Materials and Methods

2.1   |   Subjects and Study Design

Five hundred and twenty-seven patients who applied to 
Istanbul Medipol University Faculty of Dentistry Department of 
Periodontology were screened for study population. All partici-
pants included in this study were systemically healthy. The ex-
clusion criteria for this study were (1) declined to participate and 
being under 18 and over 65 years of age; (2) having any systemic 
inflammatory diseases such as diabetes, rheumatoid arthritis, or 
systemic conditions, including immunodeficiency syndrome, car-
diovascular disorders, or hepatic disorders; (3) the use of antibi-
otics and/or anti-inflammatory nonsteroidal anti-inflammatory 
drugs within 3 months preceding the study; (4) having nonsurgi-
cal periodontal treatment (previous 6 months); (5) having surgi-
cal periodontal treatment (previous 12 months); (6) having < 20 
natural teeth excluding the third molars. Smokers were classified 
as individuals smoking ≥ 10 cigarettes a day for at least 5 years, 
whereas non-smokers were individuals who had never smoked in 
their life (Yilmaz et al. 2024). The clinical diagnoses of periodon-
titis and a healthy periodontium were based on clinical and radio-
graphic criteria, as detailed previously (Tonetti, Greenwell, and 
Kornman 2018). The healthy periodontium was defined to have a 
presence of a pocket probing depth (PPD) ≤ 3 mm and < 10% bleed-
ing (Chapple et al. 2018). Periodontitis was defined as individuals 
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with a detectable interdental clinical attachment level (CAL) at ≥ 2 
non-adjacent teeth. For each tooth, interdental CAL at the side of 
the greatest loss was recorded, and CAL ≥ 5 mm was diagnosed 
as stage-III periodontitis (Tonetti, Greenwell, and Kornman 2018). 
The patients were graded according to the bone loss/age index as 
Grade B (index score between 0.25 and 1.00). However, the grade 
was upgraded to a higher grade as Grade C for smokers. Briefly, of 
537 patients, 34 patients were excluded because of the remaining 
natural teeth number, 51 patients were excluded due to antibiotic 
usage during the last 3 months, and 15 patients declined to par-
ticipate the study. Our data is presented in Figure 1 as a STROBE 
checklist (Figure 1).

The present study was approved by the human subject ethics 
board of Istanbul Medipol University (date: 21.12.2023; Number: 

1061) for the use and access of human subjects in research and 
was conducted in accordance with the Helsinki Declaration of 
1975, as revised in 2013. The informed consent was signed by all 
included subjects.

2.1.1   |   Clinical Parameters

The full-mouth periodontal indices of the plaque index (PI), 
PPD, CAL, and bleeding on probing (BOP) were recorded by a 
single calibrated examiner (I.B.) by using the William's mark-
ings periodontal probe (William's probe, Hu-Friedy, Chicago, 
IL) (Cekici et al. 2022). Mean scores for the full mouth of PPD 
and CAL in mm and the percentage of sites with BOP were cal-
culated for each subject.

FIGURE 1    |    STROBE checklist for healthy and periodontal disease participants due to smoking status.
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2.1.2   |   Sample Collection

To evaluate the selected markers in serum and saliva, samples 
were collected from each participant using standardized meth-
ods (Yilmaz et al. 2023). Unstimulated saliva samples were col-
lected from each participant early in the morning when they 
were fasting. The patients were made to sit comfortably while 
giving a saliva sample and were asked to rinse their mouths with 
distilled water beforehand. After 10 min of spitting, the samples 
were centrifuged for 10 min at 2800 g and then transferred into 
Eppendorf tubes. Blood samples were collected immediately 
after saliva collection by qualified staff (NB) and centrifuged at 
4000 g for 10 min to separate the serum. Saliva and serum were 
then stored at −80°C until analysis.

2.1.3   |   Laboratory Analysis

2.1.3.1   |   The TNF-α Analysis.  TNF-α levels in collected 
saliva and serum samples were measured by commercial 
ELISA kits (ELISA Cloud Immunoassay, Cloud Clone Corp; 
cat #SEA079Hu) and analyzed according to manufacturers' 
instructions. The standard curve of the assay was used to deter-
mine the analyte concentrations in each sample. All samples 
were analyzed in duplicate, and the mean values were used in 
subsequent calculations.

2.1.3.2   |   TMAO Analysis.  TMAO levels in saliva and serum 
were determined by a liquid chromatography–mass spectrom-
etry (LC MS/MS) method (LC–MS/MS, ESI Source, Thermo 
Scientific Accessmax), which was a modification of the method 
reported by Li et al. (2021) and similar to that reported in our 
previous study. To identify and quantify TMAO, samples were 
analyzed by an LC–MS/MS system equipped with a Thermo 
Dionex Ultimate 3000 UHPLC system and an TSQ Quantum 
Access Max quadrupole mass spectrometer (USA).

In addition to the determination of TMAO levels in saliva sam-
ples, the ratio of salivary TMAO to SFR was calculated for each 
group for evaluating the concentration of TMAO in a certain 
unit to uncover distinguishing characteristics among the study 
groups.

2.2   |   Statistical Analysis

The sample size analysis was carried out a priori with special 
software (3.1.9.2 G*Power; https://​www.​psych​ologie.​hhu.​de/​
arbei​tsgru​ppen/​allge​meine​-​psych​ologi​e-​und-​arbei​tspsy​cholo​
gie/​gpower.​html). For a large effect size of 0.40, power of 80%, 
and alpha value of 5%, the sample size was calculated to be at 
least 19 for each group, for a total of 76 people. To increase the 
power of the study, we decided to include 25 participants in each 
group (Yilmaz et al. 2024).

Statistical software (SPSS for Windows v.26, IBM SPSS Inc.) 
that is available commercially was used for all analyses. The 
Shapiro–Wilk test was used to evaluate the normality of the data. 
To compare variables among the four groups, the Bonferroni test 
was used as a “one-way analysis of variance (ANOVA)” multiple 
comparison test. The Kruskal–Wallis test was used for data that 

were not normally distributed. Correlations between biochem-
ical and periodontal clinical data were analyzed by using the 
Spearman correlation test.

3   |   Results

Table 1 represents demographic characteristics and clinical peri-
odontal parameters of the study population (Table 1). A total of 
100 systemically healthy subjects were involved in our study, 
comprising Group 1 = non-smokers with a healthy periodontium 
(NS-Control group; 12 females and 13 males; aged 37–46 years), 
Group 2 = non-smokers with Stage-III Grade B generalized peri-
odontitis (NS-Periodontitis group; 13 females and 12 males; aged 
40–50 years), Group 3 = smokers (≥ 10 cigarettes per day) with 
a healthy periodontium (S-Control group; 13 females and 12 
males; aged; 38–48 years), and Group 4 = smokers (10 ≥ per day) 
with Stage-III Grade C generalized periodontitis (S-Periodontitis 
group; 11 females and 14 males; aged 42–46 years). There were 
no differences of age and gender among all groups. Saliva flow 
rate (SFR) was significantly lower in the S-periodontitis group 
compared to NS-Control and S-Control (respectively; p = 0.001, 
p = 0.008), whereas no differences were observed between 
periodontitis groups (NS-periodontitis and S-periodontitis) 
(Table 1). For S-control and S-periodontitis groups, the number 
of cigarettes per day was 10.64 ± 2.63 and 11.24 ± 2.89, respec-
tively. The number of cigarettes for both smokers' groups was 
significantly higher compared to non-smokers groups, but there 
was no difference between S-periodontitis and S-control groups 
(Table 1). Briefly, all clinical periodontal parameters (PI, PPD, 
CAL, and BOP) were significantly higher in the non-smoking 
and smoking with periodontitis groups than in the NS-Control 
and S-Control groups (p < 0.001).

3.1   |   Biochemical Results

The serum concentration of TNF-α was higher in the NS-
periodontitis group than in the S-control group (p < 0.05), 
whereas saliva concentrations of TNF-α was higher in the S-
Periodontitis group than in NS-control and NS-periodontitis, 
and the difference was statistically significant. Therewithal, sa-
liva TNF-α concentrations in both NS and S periodontitis groups 
were significantly elevated compared to S-control (respectively; 
p = 0.008, p < 0.001) (Figure  2). Non-smokers and smokers 
with periodontitis demonstrated significantly higher TMAO 
(p = 0.037, p = 0.003) concentrations in saliva than non-smoking 
controls (Figure 2). In addition, serum concentration of TMAO 
was statistically significantly elevated in the S-Periodontitis 
group than in NS-control and NS-periodontitis (p = 0.001, 
p = 0.023; p < 0.001) (Figure 2).

Since SFR is affected by smoking, we also calculated the ratio 
between salivary TMAO and SFR for evaluating the concentra-
tion of TMAO in a certain unit with this way to determine the 
role of this molecule in the determined inflammatory pathway 
(Figure 3). Besides, SFR is affected by smoking, and TMAO val-
ues were proportional to SFR in our study. In the S-Periodontitis 
group, in saliva, TMAO/SFR ratios were significantly higher 
than those in the NS-Control, NS-Periodontitis, and S-Control 
groups (respectively; p < 0.001, p = 0.023, p = 0.002). Similarly, in 
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TABLE 1    |    Demographic, clinical, and biochemical parameters of periodontitis and control groups.

Parameters NS-Control, n = 25
NS-Periodontitis, 

n = 25 S-Control, n = 25
S-Periodontitis, 

n = 25 p

Age (year) 42 (37–46) 46 (40–50) 42 (38–48) 43 (42–46) 0.265

Gender F/M 12/13 13/12 13/12 11/14 0.932

PIa 0.84 (0.46–0.97) 2.44 (2.20–2.74) 0.80 (0.65–0.91) 1.91 (1.62–2.20) < 0.001

PPD (mm)a 1.45 ± 0.24 3.74 ± 0.70 1.58 ± 0.26 3.67 ± 0.70 < 0.001

BOP (%)a 4.92 ± 3.19 60.08 ± 23.86 6.50 ± 2.73 34.41 ± 12.43 < 0.001

CAL (mm)a 0.00 (0.00–0.00) 3.99 (3.60–4.67) 0.00 (0.00–0.00) 4.14 (3.67–4.72) < 0.001

SFR 0.40 (0.30–0.45) 0.30 (0.25–0.40) 0.40 (0.30–0.40) 0.25 (0.20–0.35)b 0.002

Number of cigarettes (per 
day)

0.00 ± 0.00 0.00 ± 0.00 10.64 ± 2.63c 11.24 ± 2.89c < 0.001

TNF-α serum (pg/mL) 209 (176–245) 253 (233–270) 190 (164–199) 206 (180–248) 0.013

TNF-α saliva (pg/mL) 166 (155–189) 204 (148–339) 150 (126–167) 305 (239–368) < 0.001

TMAO saliva (ng/mL) 5.70 (2.93–6.76) 8.10 (4.06–14.0) 5.20 (3.60–11.1) 9.70 (6.03–14.2) 0.003

TMAO serum (ng/mL) 169 (117–211) 185 (135–252) 167 (133–313) 295 (217–335) 0.002

Note: Data shown as mean ± standard deviation and median (IQR). Statistical difference with the control group p < 0.05.
Abbreviations: BOP, bleeding on probing; CAL, clinical attachment lost; PI, plaque index; PPD, pocket probing depth; SFR, saliva flow rate; TMAO, trimethylamine 
N-oxide; TNF-α, tumor necrosis factor-alpha.
aBoth periodontitis groups are different from both control groups, there is no difference between both periodontitis groups or control groups.
bS-Periodontitis is different from NS-Control and S-Control (respectively; p = 0.001, p = 0.008).
cGroups of smokers are different from groups of non-smokers, but there is no difference between groups of smokers.

FIGURE 2    |    Serum and salivary TNF-α and TMAO levels in periodontitis and control groups. Salivary and serum levels of TMAO and TNF-α 
levels in smoker and non-smoker control (S-C and NS-C) and periodontitis (S-P and NS-P) groups. Box-and-whisker plots with the median (horizontal 
line) and interquartile range (box) values are shown. Significantly different (p < 0.05).
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the NS-periodontitis group, ratios were different from those in 
the NS and S control groups, which was statistically significant 
(p = 0.001, p = 0.037; Figure 3).

3.2   |   Correlation Analysis

Table  2 presents the correlation between clinical data and se-
lected biochemical analytes. Saliva and serum levels of TNF-α 
were low degree, positively and significantly correlated with 
all the clinical periodontal parameters (r values 0.296 to 0.413; 
p < 0.05; Table  2). There was significant correlation between 
saliva TMAO and PI, CAL, PPD, and BOP (r = 0.347, r = 0.302, 
r = 0.303, r = 0.208; p < 0.05, p < 0.001, respectively). The number 
of cigarettes, PPD, and CAL measurements showed a positive 

and significant correlation with TMAO serum levels (p < 0.05, 
Table 2).

TMA/SFR was positively correlated with all clinical parameters 
but with a moderate degree of significant correlation (p < 0.001). 
The positive correlation was found between TMAO/SFR and 
TMAO levels in both saliva and serum; saliva TMAO was the 
strongest (r = 0.892, p < 0.001; Table 2).

4   |   Discussion

In this study, the levels of TMAO and TNF-α in both saliva 
and serum were assessed in individuals with periodontitis as 
well as in those with healthy gingiva, with a focus on smoking 

FIGURE 3    |    Salivary TMAO/SFR ratio levels in periodontitis and control groups. Salivary TMAO/SFR ratio in smoker and non-smoker control (S-
C and NS-C) and periodontitis (S-P and NS-P) groups. Box-and-whisker plots with the median (horizontal line) and interquartile range (box) values 
are shown. Significantly different (p < 0.05).

TABLE 2    |    Correlations between biomarkers and periodontal clinical parameters (Spearman correlation coefficients, r values) (n = 100).

Variables Serum TNF-α Salivary TNF-α Salivary TMAO Serum TMAO TMAO/SFR

Salivary TNF-α 0.135 — — — —

Salivary TMAO 0.003 0.114 — — —

Serum TMAO 0.000 0.146 0.555** — —

TMAO/SFR −0.008 0.143 0.892** 0.533** —

Age 0.075 0.124 0.181 −0.009 0.201*

PPD 0.334* 0.393** 0.303* 0.231* 0.405**

CAL 0.308* 0.413** 0.302* 0.248* 0.428**

BOP 0.327* 0.296* 0.208* 0.191 0.351**

PI 0.408** 0.381** 0.347** 0.159 0.408**

SFR −0.018 −0.126 −0.088 −0.175 −0.481**

Number of cigarettes −0.304* 0.031 0.155 0.230* 0.169

Note: Significantly different values are shown in boldface type, *p < 0.05; **p < 0.001.
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status. The absence of significant differences in demographic 
variables, such as age and gender, indicates that the data dis-
tribution is appropriate and balanced. This research sought to 
determine whether smoking significantly influences these pa-
rameters in the context of periodontitis. The study groups were 
delineated as non-smoking controls, smoking controls, non-
smoking periodontitis patients, and smoking periodontitis pa-
tients. In addition to comparing the serum and salivary levels 
of TMAO and TNF-α with clinical parameters, with the aim 
for elucidating the role of TMAO in periodontal inflammatory 
pathway, we computed the ratio of TMAO to SFR and analyzed 
the relative changes in the TMAO to SFR ratio to uncover dis-
tinguishing characteristics among the study cohorts. This ap-
proach can be considered as the main strength of the study. 
Figure  2 reveals that salivary TMAO levels were significantly 
higher in S-Periodontitis patients compared to the control group. 
Additionally, an increase in TMAO was observed in individuals 
with periodontitis, indicating that periodontitis contributes to 
elevated TMAO levels, thereby playing a role in the inflamma-
tory process. However, the impact of smoking remains ambigu-
ous. When comparing TMAO levels in smaller units, Figure 3 
presents a more nuanced analysis by evaluating TMAO levels 
in relation to the SFR. This approach highlights a more mean-
ingful result, demonstrating that TMAO levels increase with the 
presence of periodontitis, underscoring its role in inflammatory 
pathology. A significant difference in TMAO levels was found 
between S-Periodontitis patients and NS-Periodontitis patients, 
illustrating the cumulative effects of smoking and periodontitis 
on TMAO. The data suggest a notable change in TMAO levels 
per unit area. The principal distinction between Figures 2 and 
3 is the overall increase in TMAO levels associated with peri-
odontitis. The effect of smoking, however, remains a subject of 
discussion. Yet, when examining TMAO levels per unit area, 
the impact of periodontitis is clearly evident. The combination 
of smoking and periodontitis further elevates TMAO levels, in-
dicating that this molecule is influenced by both factors. As a 
biomarker for cardiovascular disease, TMAO is considered a 
risk factor for both periodontitis and smoking independently. 
Therefore, TMAO emerges as a significant molecule when both 
smoking and periodontitis are present.

During the data processing phase, several limitations were en-
countered. One limitation was the lack of analyzing gingival 
crevicular fluid (GCF) of participants included. However, saliva 
is the most studied biofluid in the scientific literature and con-
tains many enzymes and cytokines, which were indicators of 
periodontitis (Önder et al. 2023), and the content of the saliva is 
also influenced by various factors such as diabetes and AS and 
it harbors numerous microorganisms and their products which 
can cause challenge in detecting significant differences between 
the study groups (Li et al. 2022). In our study, for eliminating the 
factors that cause this complexity in saliva, only the systemically 
healthy participants were included, and the meticulous method-
ology was applied. Still, to understand the site-specific nature 
of the sample as a diagnostic marker, incorporating GCF analy-
sis could have provided more valuable insights and would have 
strengthened the validity of the research. Another limitation en-
countered was the inability to classify the smoking groups based 
on the duration of smoking and not to include biochemical val-
idation considering the serum nicotine levels. The association 
between the duration of smoking exposure and the prevalence 

as well as the extent of periodontitis has been thoroughly estab-
lished in the literature (Costa et  al.  2013). Nonetheless, inves-
tigating the length of smoking exposure and the confirmation 
of cigarette abstinence by systemic inspection in this research 
might have provided critical insights into the impact of the ex-
amined biomarkers on disease progression and this would also 
allow for stratification of the data by associating the specific 
dose–response relationship between smoking and TMAO levels. 
In the context of this study, including participants who had been 
smoking at least 10 cigarettes daily for a minimum of 5 years 
enhanced the transparency of our findings and improved the 
alignment with the study's objectives. Furthermore, the close 
similarity without significant differences in the daily cigarette 
consumption among the smoking groups (Table 1) supports the 
appropriateness of this criterion.

The investigation revealed that TMAO concentrations in saliva 
were significantly higher in both the NS-Periodontitis and S-
Periodontitis groups compared to the non-smoking control group. 
Nevertheless, no significant difference was detected between the 
S-Periodontitis and S-Control groups. In contrast, serum TMAO 
levels were significantly elevated in the S-Periodontitis group rela-
tive to both the S-Control and NS-Periodontitis groups. However, 
no significant variation in serum TMAO levels was observed be-
tween the S-Periodontitis and S-Control groups, indicating that 
elevated serum TMAO may occur independently of periodontal 
disease and is influenced by smoking. This finding supports the 
mechanism proposed by Xiao et  al.  (2022), which suggests that 
alterations in the gut microbiome and the subsequent increase in 
TMAO levels are underlying factors contributing to this observa-
tion. This research with ApoE−/− mice has shown that experimen-
tal periodontitis leads to gut dysbiosis and increased TMAO levels. 
These results suggest that periodontitis may disrupt the gut micro-
biome and metabolic processes, thereby enhancing liver and gut 
inflammation and potentially accelerating AS (Xiao et al. 2022). 
Moreover, in patients with periodontitis, inflammatory cytokines 
are elevated in both serum and gingival tissues. This elevation 
may increase the risk of cardiovascular and metabolic diseases due 
to shared pathogenic mechanisms (Sanz et al. 2020). This finding 
underscores the systemic impact of smoking on TMAO levels. 
High serum TMAO is acknowledged as an independent marker 
for adverse cardiovascular events. In a related study using a differ-
ent mouse model, chronic administration of TMAO induced early-
stage AS in non-genetically modified mice. This condition was 
characterized by specific histopathological lesions, and these alter-
ations were associated with elevated inflammatory marker levels 
in the serum (Florea et al. 2022). Another investigation observed 
that TMAO triggers excessive mitophagy in endothelial cells, 
thereby facilitating pyroptosis (Chen et al. 2024). The results com-
paring the S-Control and NS-Control groups indicate that elevated 
serum TMAO levels are associated with periodontal disease; how-
ever, smoking independently contributes to a significant increase 
in TMAO levels, regardless of periodontal disease. Furthermore, 
smoking appears to exacerbate the increase in serum TMAO levels 
associated with periodontal disease parameters. Comparisons be-
tween control groups reveal a positive correlation between TMAO 
levels in both serum and saliva.

Previous studies have observed elevated TNF-α plasma levels 
in smokers, with these levels being particularly increased in 
smokers with periodontitis (Nile et al. 2013). The variability in 

 16010825, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.15262 by Istanbul M

edipol U
niversity, W

iley O
nline L

ibrary on [15/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2289

TNF-α values in saliva across different groups is attributed to 
the influence of both systemic conditions and oral microbiota on 
salivary content. The presence of both smoking and periodonti-
tis represents two distinct inflammatory processes and factors 
that alter host responses, leading to a significant increase in 
TNF-α levels. Although TNF-α levels are high in both the NS-
Periodontitis and NS-Control groups, no significant difference 
is observed between them. A significant difference is noted 
between the S-Periodontitis and NS-Periodontitis groups. The 
variations in TNF-α levels between smokers and non-smokers 
suggest that TNF-α acts as a principal inflammatory mediator 
in periodontal disease for both smokers and non-smokers (Hao 
et al. 2023).

When evaluating the relationships between TMAO and TNF-α 
molecules with clinical parameters, the associations between 
age and periodontal parameters (PPD, CAL, BOP, and PI) are 
weak. Notably, salivary TMAO levels exhibit strong correlations 
with periodontal parameters. Additionally, while smoking may 
be associated with some biomarkers, its association with other 
biomarkers is not significant. Recent large-scale studies have 
demonstrated a strong association between both mild and se-
vere periodontitis and cardiovascular diseases (CVDs), stroke, 
and endothelial dysfunction. In particular, it has been suggested 
that severe periodontitis may play a significant role in the patho-
physiology of AS and CVDs by impairing endothelial function 
(Angjelova et  al.  2024). The mechanisms explaining the rela-
tionship between periodontitis and these diseases involve peri-
odontopathogens and inflammatory markers that affect the 
immune response. Although it is established that periodontal 
pathogens and their by-products enter the bloodstream, leading 
to endothelial dysfunction and atherosclerotic lesions, it remains 
unclear whether these microorganisms directly contribute to AS 
(Zardawi et al. 2021). Common periodontal pathogens identified 
in atherosclerotic plaques include Porphyromonas gingivalis, 
Aggregatibacter actinomycetemcomitans, and Fusobacterium 
nucleatum. Epidemiological evidence links these pathogens 
to AS. The mechanisms by which these pathogens contribute 
to AS include the disruption of the endothelial barrier, activa-
tion of the immune system, facilitation of monocyte adhesion 
and aggregation, and promotion of foam cell formation. These 
mechanisms contribute to the progression and destabilization 
of atherosclerotic plaques (Huang et  al.  2023). The elevated 
serum and salivary TMAO levels observed in our study sup-
port the mechanism proposed by a recent study from Guowu 
Gan et  al.  (2023), which highlights the association between 
Porphyromonas gingivalis infection, changes in gut microbiota, 
and the subsequent increase in TMAO levels. The study demon-
strated that Porphyromonas gingivalis infection-induced chronic 
apical periodontitis significantly altered the composition and di-
versity of gut microbiota in mice (Gan et al. 2023). Additionally, 
elevated levels of TMA N-oxide (TMAO) and a positive cor-
relation between TMAO levels and the relative abundance of 
Lachnospiraceae and Porphyromonadaceae were observed in 
ApoE−/− mice (p < 0.05). These findings suggest that gut micro-
biota may provide a critical link between oral infections and the 
pathogenesis of AS (Gan et al. 2023). According to our results, 
clinical indices BOP and PI, which show significant differences 
with salivary TMAO, exhibit positive correlations when ana-
lyzed (Table  1). Additionally, PI is corelated with the TMAO/
SFR ratio (Table 2). The correlation of the inflammatory marker 

BOP index stands out more prominently in this study compared 
to the bacterial load marker PI index.

Saliva plays a crucial physiological role in normal oral func-
tions such as swallowing, chewing, and taste perception 
(Vandenberghe-Descamps et  al.  2016). The SFR is pivotal in 
maintaining oral homeostasis and protecting the oral mucosa 
from dryness. Normal SFR ranges from 0.3 to 0.65 mL/min 
under stimulation and 1.5 to 6 mL/min; thus, an SFR of < 0.2 mL/
min indicates hyposalivation due to various external and inter-
nal factors such as smoking and glandular hypofunction (Grover 
et al. 2016). New smokers often report increased salivary flow 
due to continuous stimulation by nicotine, although protective 
components in saliva may be reduced. Some prospective stud-
ies suggest chronic smoking damages salivary glands, leading 
to a decrease in SFR. Interestingly, similar results have been 
observed in passive smokers, suggesting nicotine as a potent 
trigger. However, the effects of smoking are debated, as some 
studies show weak or no correlation between smoking and SFR 
(Qiu et al. 2017). Research has demonstrated that SFR initially 
increases significantly under nicotine stimulation, but prolonged 
exposure to nicotine and other toxic components can damage 
salivary gland tissues and cause oral dryness. This indicates that 
nicotine stimulation leads to periodic increases in SFR, which 
may help prevent dental caries by disrupting pathogenic activity 
and inhibiting tartar formation. Nevertheless, continuous stim-
ulation of taste receptors can reduce SFR and minimize its pro-
tective effects on periodontal tissues (Nigar et al. 2022).

Smoking is a major addictive behavior that significantly contrib-
utes to the onset of systemic diseases such as cardiovascular is-
sues, diabetes, and hypertension, all of which pose severe health 
risks. Furthermore, it influences the distribution and progression 
of periodontal conditions. The act of smoking alters the body's 
responses, elevates oxidative stress, promotes the formation of 
blood clots, decreases blood vessel formation, increases sympa-
thetic nerve activity, and damages the endothelial lining (Kondo 
et al. 2019; Zee 2009). The resulting oxidative stress leads to cel-
lular injury and is implicated in the development of several con-
ditions, including atherosclerotic CVD (ASCVD). Recent studies 
have shown that TMAO activates Nod-like receptor pyrin domain-
containing 3 (NLRP3) inflammasome in endothelial cells, in-
volving the production of reactive oxygen species (ROS) through 
mitochondrial ROS signaling pathways (Al Samarraie, Pichette, 
and Rousseau 2023). Another study has demonstrated that ciga-
rette smoke extract (CSE) increases oxidative stress, leading to the 
accumulation of ROS and mitochondrial damage. These effects of 
CSE are mitigated by TMAO. The findings indicate that oxidative 
stress and ROS accumulation play interconnected and interactive 
roles in the apoptosis induced by CSE (Chuangxin et  al.  2015). 
ROS contribute to tissue damage through various mechanisms, 
including DNA damage, lipid peroxidation, protein damage (par-
ticularly affecting gingival hyaluronic acid and proteoglycans), 
and oxidation of antiproteases. Recent years have seen a growing 
interest in the role of oxidative stress in the pathogenesis of peri-
odontal diseases. ROS play a critical role in the normal function-
ing of cellular metabolism and are continuously produced by cells 
(Wang, Andrukhov, and Rausch-Fan 2017). ROS are typically bal-
anced by biochemical antioxidants in aerobic cells. Recent studies 
have highlighted the impact of increased oxidative stress and im-
paired antioxidant defenses on the development and progression 
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of complications in coronary artery disease. Neutrophils, as the 
predominant white blood cells in circulation, provide primary 
defense against bacterial infections; they migrate to periodontal 
tissues and gingival sulcus when activated by pathogenic bio-
films and are considered major contributors to ROS production 
in periodontitis (Angjelova et al. 2024). Dysregulation of homeo-
stasis is often associated with an increase in ROS or a decrease in 
antioxidant capacity, leading to oxidative stress. Oxidative stress 
is linked to various systemic diseases such as cardiovascular dis-
orders, arthritis, and diabetes. Scientific literature indicates that 
oxidative stress may play a potential role in the development of 
periodontal diseases, as elevated ROS levels produced by inflam-
matory cells can contribute to tissue damage (da Silva et al. 2018). 
In a prospective randomized clinical study results showed that 
smoking cessation had minor effects on the gut microbiome and 
there was no significant changes in TMAO levels after an attempt 
at quitting smoking (Sublette et al. 2020). In a study conducted 
on a mice model, a significant increase in fecal choline and beta-
ine levels, which are the precursor of TMAO, were observed after 
smoke exposure (Fluhr et al. 2021). In parallel with the findings 
of Fluhr et al. (2021), our study also observed similar TMAO el-
evations associated with smoking. Clarifying the relationship 
between smoking and TMAO production may provide beneficial 
information in understanding the factors that cause CVD.

Due to our results, a decrease in BOP values in smoking groups 
supports the notion that smoking might suppress the disease, 
likely due to its well-documented suppressive effects on vascular 
responses. Smoking influences the host's response by elevating 
levels of critical pro-inflammatory cytokines, such as TNF-α. 
TNF-α, which is produced by monocytes, exerts extensive pro-
inflammatory and immune-regulatory effects on various cell 
types, including fibroblasts. Our research indicates that patients 
with periodontitis, particularly those who smoke, exhibit mark-
edly higher levels of salivary TNF-α compared to individuals in 
the control group. These findings align with previous research. 
Additionally, the observed positive correlation between serum 
TNF-α levels and BOP underscores TNF-α's role as a significant 
biomarker for diagnosing periodontitis (Lang et al. 1986). The 
lack of similar studies limits comparisons with our findings; 
however, salivary TMAO and TNF-α levels are more distinctly 
detectable in relation to periodontitis and smoking. This sug-
gests that TNF-α tends to increase due to negative conditions 
such as smoking and periodontitis and can be systemically de-
tected when both conditions are present.

This study emphasizes the importance of TMAO and TNF-α as 
significant inflammatory markers in the context of periodontitis 
and smoking. The investigation reveals a notable increase in sali-
vary TMAO and TNF-α levels in periodontitis patients who smoke 
compared to the control group, providing novel insights into the 
role of these biomarkers in the pathogenesis of periodontitis. The 
findings indicate that periodontitis is associated with a substan-
tial increase in TMAO levels, highlighting its involvement in the 
inflammatory processes underlying the disease. In our study, no 
correlation was observed between TNF-α and TMAO in neither 
saliva nor serum. This data does not support previous studies 
which demonstrated that acute TMAO injection induces inflam-
matory gene expression, including TNF-α, in LDLR−/− mice and 
five-sixths nephrectomy-induced chronic kidney disease (CKD) 
rats (Lai et  al.  2022; Seldin et  al.  2016). As mentioned before, 

the presence of two distinct inflammatory processes and factors 
that alter host responses in our study may cause the results to be 
contradictory. Moreover, the cumulative effects of smoking and 
periodontitis on TMAO underscore TMAO as a central molecule 
influenced by both factors, reinforcing its relevance as a marker 
for CVD risk. It is also noteworthy that the TMAO/SFR ratio is 
significantly higher in smoking periodontitis patients compared 
to non-smoking periodontitis patients, demonstrating the com-
bined impact of periodontitis, and smoking on TMAO levels. 
Owing to cues originating from the oral environment including 
not only salivary TMAO levels but also dental plaque accumula-
tion quantity (PI representation) might be a significant differen-
tial risk factor for developing CVDs such as vascular endothelial 
dysfunction and myocardial infarction via eliminating the pres-
ence or absence of standard risk factors, which include hyper-
cholesterolemia, diabetes, and hypertension. Understanding how 
TMAO works in periodontitis related to smoking could ultimately 
be subsidiary to monitor or even diagnose CVDs early in many 
people. Additionally, CVDs may become preventable with de-
creasing TMAO levels via treating the existing periodontitis.

Possible inflammatory molecules could have been evaluated to-
gether with TMAO in our study, but in this study, we preferred 
to evaluate TNF-α, whose relationship with TMAO has been 
evaluated many times in the context of systemic diseases, as a 
single guide molecule. Thus, it was thought that the TMAO–peri-
odontitis–smoking interaction could be conveyed more clearly. 
However, a comprehensive and detailed analysis is needed to bet-
ter understand the specific contributions of TMAO and related in-
flammatory molecules to periodontitis as modulated by smoking. 
This research makes a significant contribution to the literature 
by elucidating the effects of periodontitis and smoking on disease 
progression and clarifying the role of TMAO in these processes.

5   |   Conclusion

This study is the first to investigate the relationship between 
TMAO and TNF-α in the context of smoking and periodontitis. 
Despite the study's constraints, the results demonstrate an in-
crease in salivary levels of TMAO and TNF-α among individuals 
with periodontitis. Elevated TMAO and TNF-α levels in saliva 
may be linked to mechanisms involving heightened inflam-
mation or could contribute to the disease's pathogenesis. When 
periodontitis is present alongside smoking, serum levels of 
TMAO and TNF-α may serve as potential indicators for the con-
dition. Smoking is found to elevate the levels of these biomark-
ers in the serum. Notably, salivary TMAO and TNF-α levels are 
significantly higher in smokers with periodontitis compared to 
non-smokers with or without periodontitis.
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