& frontiers | Frontiers in

") Check for updates

OPEN ACCESS

EDITED BY

Jiun-Ling Wang,

National Cheng Kung University Hospital,
Taiwan

REVIEWED BY

Ulku Baser,

Istanbul University, Turkiye
Bernardo Oricna,

Federal University of Pelotas, Brazil

*CORRESPONDENCE
Kai Guo
kai.guo@upr.edu

RECEIVED 29 August 2024
ACCEPTED 07 January 2025
PUBLISHED 27 January 2025

CITATION

Guo K, Joshipura K, Ricart K, Patel RP,

Gower BA, Andriankaja OM and Morou-
Bermudez E (2025) Association of over-the-
counter mouthwash use with markers of nitric
oxide metabolism, inflammation, and
endothelial function—a cross-sectional study.
Front. Oral. Health 6:1488286.

doi: 10.3389/froh.2025.1488286

COPYRIGHT

© 2025 Guo, Joshipura, Ricart, Patel, Gower,
Andriankaja and Morou-Bermudez. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Oral Health

Original Research
27 January 2025
10.3389/froh.2025.1488286

Association of over-the-counter
mouthwash use with markers

of nitric oxide metabolism,
inflammation, and endothelial
function—a cross-sectional study
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Barbara A. Gower”, Oelisoa Mireille Andriankaja’ and
Evangelia Morou-Bermudez'

Surgical Science Department, School of Dental Medicine, University of Puerto Rico, San Juan, PR,
United States, ?School of Public Health, Ahmedabad University, Ahmedabad, India, *Department of
Pathology, University of Alabama at Birmingham, Birmingham, AL, United States, “Department of
Nutrition Sciences, Division of Physiology & Metabolism, School of Medicine, University of Alabama at
Birmingham, Birmingham, AL, United States, *Center for Oral Health Research (COHR), College of
Dentistry, University of Kentucky, Lexington, KY, United States

Introduction: Regular use of mouthwash can disrupt nitrate reduction by oral
bacteria and may affect systemic nitric oxide (NO) levels, which are important
for inflammation and endothelial function. We aim to assess the association
between over-the-counter (OTC) mouthwash use and nitrate/nitrite, markers of
inflammation (IL-6, TNF-a, CRP) and endothelial function (sICAM-1, sVCAM-1)
in serum and saliva, and to assess the relationship between nitrate/nitrite levels
and these biomarkers, as well as how OTC mouthwash modulated this
relationship. We hypothesize that nitrates/nitrites are associated with these
biomarkers, and that their associations would vary with the frequency of
mouthwash use.

Method: Our cross-sectional study used data and specimen from the baseline of
the San Juan Overweight Adult Longitudinal Study (SOALS). Robust Gamma
regression with log-link function, Spearman correlations and partial
correlations adjusted for covariates were used for the analysis.

Results: Using OTC mouthwash twice a day or more was significantly associated
with lower serum nitrite levels compared to less frequent use (B =-0.357, 95%
Cl: —0.650, —0.064), but not with other markers of inflammation and endothelial
function. Mouthwash use differentially impacted the relationship between nitrate/
nitrite and TNF-o, sICAM-1 and sVCAM-1. Specifically, in the participants who
used mouthwash less than twice a day or no use, TNF-a (8=-0.35 95% CI:
—0.52, -0.18), and sICAM-1 (B=-0.21, 95% ClI: —0.32, —0.09) were negatively
associated with serum nitrite. In the participants who used mouthwash twice a
day or more use, TNF-a was positively associated with serum nitrate (= 3.36,
95% Cl. 2.07, 4.65), salivary nitrite (B=1.04, 95% CI: 0.39, 1.69) and salivary
nitrate (B=0.48, 95% Cl: 0.25, 0.71); sICAM-1 was positively associated with
serum nitrate (B=158, 95% CI: 0.86, 2.29). In both subgroups of mouthwash
users, sVCAM-1 was positively correlated with serum nitrate and salivary nitrate.
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In addition, sVCAM-1 was positively correlated with serum nitrite in participants who
used mouthwash frequently (p_s = 0.18, p = 0.045).
Discussion: Regular use of OTC mouthwash was associated with systemic nitric

oxide. This

raises concerns about

its potential effects on the levels of

inflammatory and endothelial biomarkers associated with cardiometabolic diseases.

KEYWORDS

over-the-counter (OTC) mouthwash, inflammatory biomarkers, endothelial function,
nitric oxide (NO), nitrite (NO,), nitrate (NO5)

1 Introduction

Endothelial cells are involved in several processes including
regulation of vascular tone, cell adhesion, smooth muscle
proliferation and inflammation (1). Endothelial dysfunction leads
to an imbalance of vasodilation and vasoconstriction, elevated
reactive oxygen species (ROS) and inflammatory factors, and
diminished nitric oxide dependent signaling. Endothelial cell
dysfunction, together with systemic and local inflammation are
closely related to the development of atherosclerosis, which leads
to cardiometabolic diseases (CVD).

During inflammation, endothelial cells become activated and
produce cytokines such as interleukin-6 (IL-6), tumor necrosis
factor (TNF-a), and upregulate adhesion molecules, including
intercellular adhesion molecule-1 (sSICAM-1), vascular adhesion
molecule-1 (sSVCAM-1). These inflammatory cytokines stimulate
the hepatic secretion of C-reaction protein (CRP) and other
mediators. TNF-o. and IL-6 are multifunctional cytokines with
multiple biological activities. Many studies have confirmed that
TNF-o and IL-6 promote oxidative stress, lead to continuous
production of lipid peroxides, produce multiple toxic factors,
endothelial damage, and with
prostaglandin homeostasis (2). sSICAM-1 and sVCAM-1 play a
critical role in mediating the firm adhesion of leukocytes to
endothelial
inflammatory diseases. In addition, C-reactive protein (CRP) is a

cause vascular interfere

vascular cells in various acute and chronic
protein that appears in the acute phase of infectious or non-
infectious inflammatory diseases (3). CRP is not just an
inflammatory marker but also directly involved in the
inflammatory process itself (4): it stimulates monocytes to release
inflammatory mediators, including TNF-o, IL-6, and IL-1,
promotes vascular endothelial cells to up-regulate the expression
of adhesive factors, such as sICAM-1 and sVCAM-1, and
induces endothelial cells to express pro-inflammatory cytokines.
Nitric oxide (NO) is a signaling molecule that regulates
inflammation, vascular tone, and insulin sensitivity. It exerts a
protective function in the vascular endothelium, reducing levels
of inflammation markers and endothelial damage (5, 6). In
endothelial cells, NO is synthesized from L-arginine via the

endothelial nitric oxide synthase (eNOS). More recent studies

Abbreviations

have identified an additional source of NO-signaling equivalents
from dietary nitrate consumption that is independent of nitric
oxide synthase (7-9).
convert exogenous (dietary) and endogenous (recycled) nitrate

Specifically, commensal oral bacteria

(NOs3) into nitrite (NO,). Upon swallowing, nitrite is converted
to NO via host pathways in the circulation and tissues.
Mouthwash has been promoted to be part of daily oral hygiene
routine, hence many people use it regularly, once or even twice a
day. However, regular use of mouthwash can disrupt oral nitrate
metabolism, affecting systemic NO levels and related biological
and clinical outcomes (10).

The potential link between mouthwash use and systemic health
has gained increasing interest in recent years, particularly as the
COVID-19 pandemic has increased the focus on the role of
mouthwash as an oral antiseptic that may be useful in reducing
the oral viral load. Some studies highlighted some common
systemic conditions that are influenced by mouthwash use,
including cardiovascular disease, diabetes, oral cancer, etc
(11, 12). Mouthwashes have different modes of action, depending
on their active ingredients, concentrations, and how and how
often they are used. In the case of over-the-counter (OTC)
mouthwash, our previous publications from the San Juan
Overweight Adults Longitudinal Study (SOALS) among 945
individuals demonstrated that frequent routine use of OTC
mouthwash significantly increased the risk of prediabetes/diabetes
and hypertension independently of major confounders (13, 14).
Additionally,
mouthwash impacts the levels of nitric oxide metabolites, and

some studies have shown that the wuse of
reduces serum and salivary levels of CRP, TNF-a, and IL-6 due
to its anti-inflammatory effect, sustained bacteriostatic effect and
regulation of oral flora balance (15-18). However, most of these
studies focused on specific types of mouthwash, including
chlorhexidine or mouthwash combinations containing other
ingredients (e.g., aspirin or minocycline) rather than OTC
mouthwashes; targeted only specific populations (e.g., patients
with periodontitis); were short-term clinical trials; and focused
only on salivary nitrate and nitrite levels rather than systemic.
Studies assessing the association between serum and salivary
nitric oxide metabolites and pro-inflammatory markers and
markers of endothelial dysfunction are limited, and little is

OTC, over-the-counter; NO, nitric oxide; NO,, nitrite; NO;, nitrate; IL-6, interleukin-6; hs-CRP, high sensitivity C-reactive protein; TNF-o, tumor necrosis factor-
o; SICAM-1, soluble intercellular adhesion molecule 1; sSVCAM-1, soluble vascular cell adhesion molecule 1; BMI, body mass index; METs, metabolic equivalent
score; SD, standard deviation; GSD, geometric standard deviation; IQR, inter-quartile range; LOD, limit of detection; SOALS, San Juan Overweight Adult

Longitudinal Study.
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known about how regular use of over-the-counter mouthwash
affects these associations. In fact, these elements have never
existed independently but have interacted and operated
synergistically. The objective of this cross-sectional study, is to
utilize the baseline data of SOALS to assess potential associations
between OTC mouthwash use and pro-inflammatory (IL-6, TNF-
o, CRP) markers, markers of endothelial dysfunction (sICAM-1,
sVCAM-1) and nitric oxide metabolites, and to evaluate the
relationships between these markers among overweight/obese
individuals. We hypothesize that regular use of OTC mouthwash
impacts the levels of nitrates/nitrites and inflammatory markers
and endothelial function; nitrates/nitrites are associated with
and endothelial

associations vary with the frequency of OTC mouthwash use.

inflammatory markers function, and the

2.1 Study population

The San Juan Overweight Adults Longitudinal Study (SOALS) is a
cohort of non-institutionalized Hispanic adults in Puerto Rico
). Its
recruitment and baseline data collection started in 2011, and the

recruited primarily from the San Juan metropolitan area (

3-year follow-up began in 2014 and was completed in 2016.
Inclusion criteria for SOALS at baseline included (1) age between 40
and 65 years; (2) overweight/obese (body mass index, BMI>25.0 kg/
m?); and (3) no physician diagnosis of diabetes or major
cardiovascular disease. Additional exclusion criteria included
pregnancy, hypoglycemia, congenital heart murmurs or heart
disease, heart valve disease, endocarditis, rheumatic fever, bleeding
disorders and active dialysis treatment. Informed consent was
obtained from all participants prior to performing the study
procedures. Interviewer administrated questionnaires
( ) collected information on age, sex, smoking,
alcohol intake, frequency of oral hygiene aids including OTC
mouthwash use (not limit type/brand), dental treatment and history,
anthropometric measurements (NHANES III procedures), physician
diagnosed diseases, family medical history, medication use, sleep
breathing disorders, time and frequency of physical activity during a
typical week, how often participants ate specific food items that were
pertinent to diabetes risk, etc. Blood pressure was measured three
times following the gold standard Korotkoff auscultatory method.
Full-mouth oral exams included probing depth, gingival recession,
plaque index, and bleeding on probing (BOP), number of missing
teeth and caries (a modified version of the NHANES procedures). In
addition, blood samples were drawn at fasting (used in this present
study), and at 30-mins, 1-hour and 2-hour after consumption of a
glucose drink containing 75 g dextrose. Fasting blood was processed
for glucose, insulin, HbAlc and hs-CRP at that time. HOMA-IR was
calculated using fasting glucose and insulin. In addition, samples of
saliva, plaque and gingival crevicular fluid (GCF) were also collected
in SOALS baseline study.

This current study used biospecimen (fasting serum and saliva),
clinical and questionnaire data (e.g., mouthwash use and potential

confounders) from SOALS baseline. Of the 1,351 participants
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enrolled in SOALS baseline study, 4 were excluded because they
were out of range for age (confirmed by date of birth), 1 was
excluded because we identified that participant came to the
SOALS baseline twice, bringing the total number of eligible
SOALS participants to 1,346. In this present cross-sectional study,
145 participants with diabetes mellitus (laboratory diagnosis) and
one participant on antibiotics were further excluded, resulting in a
total of 1,200 participants ( ). The study was approved by
the Institutional Review Board of the Office for the Protection of
Human Research Subjects at the University of Puerto Rico on
February 1, 2019 (UPR |Institutional Review Board,
IRB#A4840318), and reported in accordance with STROBE
( “STROBE checklist”). All
procedures were performed in compliance with the Declaration of

guidelines

Helsinki of 1975, as revised in 2013, and institutional guidelines.
Informed consent was obtained from all participants prior to
performing the study procedures.

2.2 Sample collection and laboratory
measurements

Methods for blood and saliva collection in SOALS baseline
). Briefly,
SOALS participants were asked to fast for 10 h prior to the study

have been previously described in detail (13, 14,

visit. Venous blood samples were drawn at fasting using a
standard protocol and silicone-coated sterile blood collection
tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ,
USA). Blood was centrifuged at 3,000 rpm for 15 min within
10 min of blood draw to separate RBC from serum/plasma, and
EDTA tubes for plasma samples and serum were frozen and
stored at —80°C. Unstimulated saliva samples were collected
30 min after consumption of glucose drink containing 75¢g
dextrose, and were centrifuged (2,600xg, 15min at 4°C).
Supernatant was aliquoted and stored at —80°C.

Serum high-sensitivity C-reactive protein (hs-CRP) values were
assessed in 2012 by the Immuno Reference Laboratory in Puerto
Rico, and measurements of serum markers of inflammatory
(IL-6, TNF-0) and endothelial dysfunction (sSICAM-1 and
sVCAM-1) were analyzed and ascertained at the University of
Alabama at Birmingham in 2016 (19).

SOALS baseline fasting serum and after-glucose saliva samples
were transported in several batches during 17th July 2019 and 24th
January 2022 on dry ice to Dr. Rakesh Patel’s laboratory at
University of Alabama at Birmingham for nitric oxide
metabolites (nitrite and nitrate) measurements. Serum samples
were thawed on ice in the dark and mixed with ice-cold
methanol (1:2 volivol) and centrifuged (10,000 xg, 10 min).
Serum and saliva nitrite and nitrate were measured by HPLC
(high-performance liquid chromatography)-coupled to the Griess
assay (Eicom) (20-22), and later calculated by comparison with
standard curves (20, 23). Nitrite levels were also measured by
triodide reduction to NO and measurement by reaction with
ozone using the Sievers'™ Nitric Oxide Analyzer NOA 280i
instrument (Zysense, NC). The limit of detection (LOD) for

serum nitrite was 0.01 pM. 346 (32.52%) of the 1,064 serum
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1,351 participants free of physician-diagnosis of diabetes attended SOALS baseline exam (2011-2014)

Excluded (n=150)

1 duplicate

145 diabetics based on ADA cutoffs

4 out of age criteria based on the birth dates

A

1,201 eligible participants without diabetes completed baseline exam

weeks

Y

Excluded one participant who took antibiotics in the last two

1,200 participants from SOALS baseline included in this study

samples)

CRP in 2012: 3 excluded (hemolyzed serum

Excluded (n=603):

glucose baseline and follow-up

loss

hemolyzed
1 outlier

IL-6, TNF-a, sICAM-1, sVCAM-1 in 2016:

255 did not appear for follow-up exam
23 missing values for fasting and 2-hour

75 missing values for clinical attachment

249 missing serum or plasma samples for
either baseline or follow-up, or the samples

Excluded (n=136):
10 missing serum samples,
126 samples hemolyzed

Serum nitrite and nitrate in 2019-2022:

Saliva nitrite and nitrate in 2019-2022:
v Excluded: 122 missing saliva samples

| n=1197
—— »| n=597
————»| n=1064
——FFF » n=1078

FIGURE 1

Flow diagram of recruitment of participants from the previous study of San Juan Overweight Adults Longitudinal Study (SOALS).

nitrite measurements were below the LOD. These measurements
were substituted by LOD/2, i.e., 0.005 uM, because the data were
highly skewed with geometric standard deviation (GSD) factor of
3.78, which is greater than 3.0 (24). In addition, serum nitrite
and nitrate measurements were adjusted for recovery efficiency
rate, which corresponded to the percent recovery of nitrite and
nitrate after the samples were treated with methanol for protein

Frontiers in Oral Health

removal. Saliva samples did not require protein extraction prior
to measurement; therefore, salivary nitrite and nitrate values were
not adjusted for recovery efficiency rate. Serum nitrite was
measured in pM, while serum nitrate, salivary nitrite, and
salivary nitrate were measured in mM.

Although laboratory measurements of all the same biomarker
were conducted during a time interval (e.g., serum and salivary

frontiersin.org
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nitrite and nitrate were measured from 2019 to 2022), standardized
laboratory methods and standards were adopted to obtain
consistent and reliable results.

2.3 Mouthwash use and covariates
assessment

The SOALS baseline interviewers-administered questionnaire
assessed information on the frequency of use of over-the-counter
(OTC) mouthwash. Because the aim of SOALS was to assess the
overall risk of using over-the-counter mouthwash, rather than any
specific type or brand, the different types of mouthwash were not
distinguished. The primary exposure in this present study,
frequency of mouthwash use, was categorized as twice or more
daily use vs. less frequent use or no use, which is consistent with
previous SOALS publications (13, 14), published clinical trials
literature (25-27) and advertisements/recommendations suggesting
that alcohol-free mouthwash significantly reduces oral bacteria over
a period of up to 12h (28). We refer to mouthwash use twice or
more per day as “frequent use” and less frequent or no use as
“infrequent use”. Important covariates collected through the
SOALS baseline questionnaire included age, sex, smoking status
(nonsmoker, former smoker, current smoker), and duration and
frequency of physical activity in a typical week. A metabolic
equivalent (MET) score was assigned to each activity based on
intensity, and the total MET score for each participant was
calculated as MET hours/week.

2.4 Sample size

Out of a total of 1,200 eligible participants, 126 participants
had hemolysis in their fasting serum samples and 10 participants
had missing samples, so serum nitrite and nitrate levels were
measured for 1,064 participants. Of the 1,200 participants, 122
participants had missing saliva samples, so saliva nitrite and
nitrate were measured for 1,078 participants.

10.3389/froh.2025.1488286

Of the 1,200 participants, 1,197 serum hs-CRP values were
assessed in 2012 after excluding 3hemolyzed serum samples. 602
participants were excluded from the measurements of serum
markers of inflammatory (IL-6, TNF-o) and endothelial
dysfunction (sICAM-1 and sVCAM-1), if they did not complete
SOALS follow-up, or lacked key data for SOALS (smoking status,
periodontal parameters, and glucose levels), or had missing or
hemolyzed serum or plasma sample at either SOALS baseline or
follow-up, resulting in 598 participants whose serum markers of
inflammatory (IL-6, TNF-o) and endothelial
(SICAM-1 and sVCAM-1) were measured in 2016.

In summary;, after replacing one extreme value for salivary nitrate,
serum IL-6, TNF-o, SICAM-1, and sVCAM-1 with missing value, the
final sample size for this study included the following measurements:

dysfunction

serum nitrite and nitrate (n=1,064), salivary nitrite (n=1,078),
salivary nitrate (n = 1,077), serum IL-6, TNF-0, SICAM-1, sVCAM-1
(n=597) and hs-CRP (n =1,197) (Figures 1, 2).

Using the G* Power software, at an alpha level of 0.05, a sample
size of 597 enables us to evaluate correlations as low as 0.11
(a small effect size) with 80% power, and with a sample size of
1,000, this power even increases to 94%.

2.5 Analyses methods

Continuous variables were summarized as mean and standard
deviation (SD), and count data were displayed as percentage.
However, markers of inflammation (IL-6, TNF-o, hs-CRP) and
endothelial function (SICAM-1, sVCAM-1), and nitrite and
nitrate in serum and saliva were greater than zero, positively
skewed and over-dispersed distributed. Their measurements were
summarized as median and inter-quartile range (IQR) (Table 1).
Accordingly, we used Gamma regression with robust variance
estimates and log-link function to assess the associations of these
biomarkers with mouthwash use and with nitrite and nitrate in
serum and saliva (Tables 2, 3). Adjustments were made for
major potential confounders (age, sex, smoking status, and
physical activity) identified based on the literature (29-32).
Physical activity was used as a confounder because physical

IL-6,

ED

SOALS baseline exam. SOALS follow-up
Specimen collected. exam.
Specimen collected.

FIGURE 2
Measurement timeline of biomarkers, nitrite and nitrate.

TNF-a,
SICAM-1,
sVCAM-1

2017 2018

nitrite and nitrate in
serum and saliva

Baseline Serum and saliva
nitrite and nitrate
measured
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activity plays a particularly important role in immune health
during aging and is known to alter the modulation and
production of nitrite oxide and pro-inflammatory cytokines,
including C-reactive protein (CRP) (29). Biomarkers as well as

TABLE 1 Participants’ characteristics SOALS baseline (N =1,200): mean
(SD) or %.

Mean (SD) or% = Median + IQR

Age (years) 50.4 (6.7) —
Female % 72.8 —
Education % —
<High school 122 —
High school 253 —
>Some college 62.5 —
Income <$20,000 % 56.0 —
Waist circumference (cm) 106.4 (14.3) —
Physical activity: METs 21.1 (38.4) —
Weight (kg) 88.1 (19.5) —
BMI 33.3 (6.3) —
Hypertension status % —
Normal 232 —
Pre-hypertension 316 —
Hypertension 45.2 —
Diabetes status % =
Normal glycemia 31.2 —
Pre-diabetes 68.8 —
Current smoker % 19.1 —
Alcohol consumption (g/d) 2.3 (5.8) —
Mouthwash Use % —
<Once a day or never 56.1 —
Once a day 21.1 —
>twice a day 22.8 —
hs-CRP (mg/L) (1 =1,197) 5.7 (6.3) 40 (6.4)
IL-6 (pg/ml) (n=1597) 1.0 (0.9) 0.8 (0.7)
TNF-a (pg/ml) (n=597) 2.5 (0.9) 2.3 (0.8)
SICAM-1 (ng/ml) (n=597) 539.0 (135.7) 519.4 (145.4)
SVCAM-1 (ng/ml) (n = 597) 599.7 (156.0) 577.2 (174.4)
Serum nitrite (uM) (n = 1,064) 0.079 (0.202) 0.029 (0.067)
Serum nitrate (mM) (n = 1,064) 0.022 (0.017) 0.019 (0.012)
Saliva nitrite (mM) (n=1,078) 0.063 (0.060) 0.047 (0.044)
Saliva nitrate (mM) (n=1,077) 0.140 (0.147) 0.101 (0.128)

10.3389/froh.2025.1488286

serum and salivary nitrites and nitrates were descriptively
summarized based on frequency groups of mouthwash use, and
measurements were compared between groups using Wilcoxon
rank-sum test (Table 4). Spearman correlations and partial
correlations adjusted for covariates were calculated between
biomarkers and nitrite and nitrate (Table 5).

Furthermore, stratified analyses were performed to examine the
effect of mouthwash use on the association of biomarkers with
serum or salivary nitrite and nitrate. Within each frequency
group of mouthwash use (< twice daily or no use; >twice daily),
Spearman correlations were calculated (Table 5) and Gamma
regression modeling was performed (Table 6).

Analyses were conducted using Stata 16.1.

3 Results

The characteristics of the participants and descriptive statistics of
the study variables are summarized in Table 1. Of all participants
(n=1,200), 72.8% were female; 19.1% were current smokers; 12.2%
had less than a high school education; 56.0% had an annual income
of less than $20,000; the mean BMI was 33.3 kg/m” and the mean
METs was 21.1; 45.2% had hypertension, 68.8% had pre-diabetes;
and 22.8% used mouthwash twice or more times per day. The
median values of the measurements for serum nitrite (uM), serum
nitrate, salivary nitrite and nitrate (mM) were 0.029, 0.019, 0.047 and
0.101, respectively. Median values for biomarkers were hs-CRP
(40 mg/L), IL-6 (0.8 pg/ml), TNF-o. (2.3 pg/ml), sICAM-1
(519.4 ng/ml) and sVCAM-1 (577.2 ng/ml).

3.1 Association between frequency of
mouthwash use and markers of
inflammation, endothelial dysfunction, and
NO metabolites

Compared with participants who used mouthwash once a day
or less, participants who used mouthwash twice a day or more had
higher median levels of markers of inflammation (CRP: 4.05 vs.

TABLE 2 Gamma regression evaluating associations of markers of inflammation, endothelial function and nitric oxide metabolism® (outcomes) with

mouthwash use (exposure; >2/day vs. less frequent use or no use).

Outcomes Unadjusted

Adjusted?®

95% CI p value N 95% CI p value Significant covariates®
CRP 1,196 —0.002 —0.148, 0.143 0.975 1,193 —0.014 —0.157, 0.128 0.843 Age, sex, METs
IL-6 597 0.009 —0.191, 0.209 0.930 596 0.019 —0.170, 0.209 0.842 Smoke, METs
TNF-a 597 0.060 —0.011, 0.131 0.097 596 0.068 —0.002, 0.138 0.058 METs
SICAM-1 596 0.027 —0.022, 0.075 0.279 595 0.019 —0.027, 0.065 0.420 Smoke
sVCAM-1 597 0.030 —0.021, 0.082 0.248 596 0.034 —0.017, 0.085 0.198 Age
Serum nitrite 1,063 -0.35 —0.706, 0.005 0.053 1,060 —0.357 —0.650, —0.064 0.017* Age, METs
Serum nitrate 1,063 0.025 —0.102, 0.153 0.696 1,060 0.030 —0.094, 0.153 0.638 Age, smoke
Saliva nitrite 1,077 0.098 —0.042, 0.238 0.171 1,074 0.082 —0.044, 0.208 0.203 Age, sex, smoke
Saliva nitrate 1,076 0.154 —0.005, 0.314 0.058 1,073 0.152 —0.003, 0.306 0.055 Age

*Adjusted by age, sex, smoking status, and METs.

bSerum nitrite in uM; serum nitrate and saliva nitrite and nitrate in mM.

“Those covariates were shown significant in the adjusted models with p value less than 0.05.
*Statistically significant at p <0.05.
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TABLE 3 Gamma regression (unadjusted and adjusted® models evaluating associations between markers of inflammation and endothelial function
(outcome) with serum/saliva nitrite/nitrate levels® (exposures; continuous measurements).

Serum nitrate

Serum nitrite

Saliva nitrite Saliva nitrate

p value | 95% ClI B | pvalue 95% CI B p value | 95% CI B | pvalue 95% CI

CRP

Unadjusted 0.06 0.533 —0.14, 0.26 —4.08 0.059 —-8.31, 0.15 —0.36 0.555 —1.56, 0.84 | 0.05 0.832 —0.45, 0.56

Adjusted 0.09 0.397 —0.12, 0.31 -2.22 0.318 —6.60, 2.15 0.38 0.519 —0.78, 1.54 | 0.20 0.403 -0.27, 0.67
Significant covariates: age, sex, physical activity (METs).

IL-6

Unadjusted 0.04 0.892 —0.51, 0.58 0.29 0.898 —4.08, 4.65 —0.24 0.729 —1.61, 1.12 0.14 0.650 —0.48, 0.77

Adjusted —-0.03 0.909 —0.49, 0.43 0.08 0.965 -3.63, 3.8 —0.21 0.740 —1.46, 1.03 0.07 0.806 —0.49, 0.64
Significant covariates: smoking status (for serum NOj only), physical activity (METs).

TNF-a

Unadjusted | —0.28* <0.001 —-0.41, -0.16 | 2.80* 0.001 1.22, 439 0.81* 0.007 0.22, 1.40 0.21 0.051 —0.0005, 0.41

Adjusted —0.31% <0.001 —0.43, —0.19 | 2.55* 0.002 0.95, 4.15 0.70* 0.022 0.10, 1.30 0.18 0.081 —0.02, 0.38
Significant covariates: physical activity (METs) (for serum NOy only)

sICAM—1

Unadjusted | —0.21% <0.001 —-0.29, —-0.12 0.59 0.170 —0.25, 1.43 —0.04 0.825 —0.41, 0.33 0.03 0.701 —0.10, 0.16

Adjusted -0.17* <0.001 —0.26, —0.08 0.49 0.255 —0.36, 1.35 | —0.006 0.974 —0.38, 0.37 0.07 0.330 —0.07, 0.20
Significant covariates: smoking status.

sVCAM-1

Unadjusted —-0.03 0.559 —0.12, 0.06 1.76* <0.001 0.89, 2.62 0.37 0.066 —0.02, 0.76 | 0.24* 0.001 0.10, 0.38

Adjusted —-0.05 0.296 —0.14, 0.04 1.56* <0.001 0.71, 2.41 0.26 0.193 —0.13, 0.64 | 0.22* 0.003 0.07, 0.36
Significant covariates: age.

“Adjusted by age, sex, smoking status, METs and frequency of mouthwash use (2 categories).

bSerum nitrite in uM; serum nitrate and saliva nitrite and nitrate in mM.
*Statistically significant at p < 0.05.

TABLE 4 Biomarkers of inflammation, endothelial function and NO metabolism® by mouthwash use frequency.

Biomarkers and NO metabolites

Mouthwash use

Infrequent Frequent
Median Median
CRP 924 3.96 6.44 272 405 6.43 0.632
1L-6 472 0.78 0.73 125 0.87 055 0.279
TNF-o, 472 2.28 0.78 125 2.48 0.88 0.102
SICAM-1 473 517.6 144.7 123 535.7 164.6 0271
SVCAM-1 473 575.4 173.9 124 588.5 186.4 0.261
Serum nitrite 818 0.032 0.071 245 0.023 0.045 0.003*
Serum nitrate 818 0.019 0.013 245 0.018 0.012 0.859
Saliva nitrite 849 0.045 0.043 228 0.051 0.052 0.090
Saliva nitrate 849 0.099 0.121 227 0.111 0.152 0.071

“Serum nitrite in uM; serum nitrate and saliva nitrite and nitrate in mM.
®p values of Wilcoxon rank-sum test.
*Statistically significant at p <0.05.

3.96; IL-6: 0.87 vs. 0.78; TNF-ou: 2.48 vs. 2.28), endothelial function
(sSICAM-1: 535.7 vs. 517.6; sVCAM-1: 588.5 vs. 575.4), salivary
nitrite (0.051 vs. 0.045) and nitrate (0.111 vs. 0.099), whereas
serum nitrate levels remained essentially similar (0.018 vs. 0.019)
(Table 4). None of these differences were statistically significant.
On the other hand, serum nitrite levels were significantly lower
in participants with frequent mouthwash use (0.023 vs. 0.032;
Wilcoxon rank-sum test p=0.003) (Table 4). Consistent results
were observed using Gamma regression models (Table 2). In
these models, serum nitrite levels were significantly and inversely
associated with the frequency of mouthwash use (B=-0.36,
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95% CI: —0.65, —0.06) after adjusting for age, sex, smoking
status, and physical activity.

3.2 Association of inflammatory and
endothelial biomarkers with nitrite and
nitrate levels

Using Spearman correlation (Table 5, Figure 3) and Gamma

regression models unadjusted or adjusted for age, sex, smoking
status, physical activity and frequency of mouthwash use
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TABLE 5 Overall spearman correlations (rho) and correlations by mouthwash use (three levels) of inflammatory and endothelial biomarkers with nitrite
and nitrate in serum or saliva®, and covariates-adjusted partial correlation for overall (adjusted rho).

Overa ea group o O a e
eque eque
) ad eq p D P

Serum nitrite

CRP 1,061 0.012 0.025 816 0.014 244 0.014
1L-6 593 0.006 0.002 468 0.013 125 0.003
TNF-o 593 —0.097* —0.145* 468 —0.139* 125 0.087
SICAM-1 592 —0.028 —0.123* 469 —0.065 123 0.157
sVCAM-1 593 0.080 —0.046 469 0.061 124 0.180*
Serum nitrate

CRP 1,061 —0.041 —0.031 816 —0.024 244 —0.101
IL-6 593 —0.056 0.008 468 —0.080 125 0.021
TNF-o 593 0.036 0.100* 468 —0.022 125 0.231*
SICAM-1 592 0.004 0.007 469 —0.039 123 0.171
sVCAM-1 593 0.123* 0.097* 469 0.098* 124 0.214*
Saliva nitrite

CRP 1,076 —0.047 0.006 847 —0.047 228 —0.052
IL-6 541 —0.038 —0.015 432 —0.059 109 0.029
TNF-o 540 0.052 0.109* 431 0.040 109 0.089
SICAM-1 539 —0.021 —0.022 432 —0.022 107 —0.025
sVCAM-1 540 0.055 0.041 432 0.066 108 —0.002
Saliva nitrate

CRP 1,075 0.006 0.003 847 0.018 227 —0.044
IL-6 540 —0.015 0.022 432 —0.024 108 —0.004
TNF-o 539 0.055 0.092* 431 —0.014 108 0.316*
SICAM-1 538 0.025 0.032 432 0.020 106 0.044
sVCAM-1 539 0.121* 0.134* 432 0.092 107 0.215*

“Spearman correlation coefficient.

PPartial correlations were adjusted by age, sex, smoking status, physical activity, and mouthwash use (2 levels).

“Serum nitrite in uM; serum nitrate and saliva nitrite and nitrate in mM.
*Statistically significant at p < 0.05.

(Table 3), TNF-o. was negatively associated with serum nitrite
(unadjusted B=-0.28, 95% CI: —0.41, —0.16; adjusted p=—0.31,
95% CI: —0.43, —0.19), but positively associated with serum
nitrate (unadjusted B =2.80, 95% CI: 1.22, 4.39; adjusted B =2.55,
95% CI: 0.95, 4.15) and salivary nitrite (unadjusted B =0.81, 95%
CI: 0.22, 1.40; adjusted B=0.70, 95% CI: 0.10, 1.30). In addition,
sVCAM-1 was positively associated with nitrate in serum
(unadjusted B=1.76, 95% CI: 0.89, 2.62; adjusted B=1.56, 95%
CI: 0.71, 2.41), and nitrate in saliva (unadjusted p=0.24, 95% CI:
0.10, 0.38; adjusted B=0.22, 95% CI: 0.07, 0.36). SICAM-1 was
negatively associated with serum nitrite (unadjusted B=-0.21,
95% CI: —0.29, —0.12; adjusted p=—-0.17, 95% CIL: —0.26, —0.08).
No significant associations were found between CRP and IL-6
and any serum and salivary nitrite and nitrate.

3.3 Impact of mouthwash on association of
inflammatory and endothelial biomarkers
with nitrite and nitrate levels

Spearman correlation (Table 5) and Gamma regression models

adjusting for age, sex, smoking status and physical activity
(Table 6) were performed to observe whether mouthwash use
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modulated the associations between the biomarkers and NO
metabolites. In the participants who used mouthwash less than
twice a day or no use, serum nitrite was negatively correlated
with TNF-o. (Spearman correlation p_g=—0.14, p=0.003;
Gamma regression coefficient estimate =—0.35, 95% CI: —0.52,
—0.18), and with sSICAM-1 (B=-0.21, 95% CI —0.32, —0.09). In
the participants who used mouthwash twice a day or more use,
TNF-o. was positively associated with serum nitrate (p_g=0.23,
p=0.010; p=3.36, 95% CI: 2.07, 4.65), salivary nitrite (p=1.04,
95% CI: 0.39, 1.69) and salivary nitrate (p_s=0.32, p<0.001;
B=0.48, 95% CI: 0.25, 0.71); in addition, SICAM-1 was positively
associated with serum nitrate (p=1.58, 95% CI: 0.86, 2.29). In
both frequency groups of mouthwash users, sVCAM-1 was
positively correlated with serum nitrate and salivary nitrate, and
the coefficient estimates increased with the frequency of
mouthwash use from 1.54 (95% CI: 0.15, 2.92) to 1.85 (95% CI:
1.10, 2.60) for serum nitrate and from 0.20 (95% CI: 0.02, 0.38)
to 0.28 (95% CIL: 0.10, 0.47) for salivary nitrate. In addition,
sVCAM-1 was positively correlated with serum nitrite in
participants who used mouthwash frequently (o_s=0.18,
p=0.045). CRP and IL-6 were not associated with nitrite or
nitrate in serum and saliva samples, either overall or within each
group of mouthwash use.
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TABLE 6 Association between CRP, IL-6, TNF-0, sICAM-1 and sVCAM-1 (outcome) and serum/saliva nitrite/nitrate levels® were stratified by mouthwash

(M1°: infrequent use; M2°: frequent use) using covariate®-adjusted gamma regression:

estimates of coefficients and their 95% Cls.

B alue 957 B a 957 § p value | 95% B p value 95%
CRP
M1 | 813 0.13 0.275 —0.10, 0.36 | —1.71 0.474 —6.38,2.97 | 844 | 048 0.503 —0.92, 1.87 | 0.34 0.269 -0.27, 0.95
M2 | 244 | -0.52 0.243 —1.40, 0.36 | —5.20 0.295 —14.92, 453 | 228 | —0.06 0.954 —2.08,1.96 | —0.17 0.519 -0.70, 0.35
IL-6
Ml | 467 0.03 0.914 —0.56, 0.63 0.16 0.957 —5.54,5.85 | 431 | -0.23 0.774 —1.82,1.36 | 0.14 0.671 —0.52, 0.80
M2 | 125 | -0.33 0.093 —0.72, 0.06 | —-0.88 0.535 —3.66, .90 | 109 | —0.55 0.521 —2.25,1.14 | —0.38 0.139 —0.89, 0.12
TNF-a
MI1 | 467 | —0.35* <0.001 —0.52, —0.18 1.76 0.200 —0.93, 446 | 430 | 047 0.221 —0.28, 1.21 0.03 0.790 —0.18, 0.24
M2 | 125 | -0.15 0.141 —0.35, 0.05 3.36* <0.001 2.07, 4.65 109 | 1.04* 0.002 0.39, 1.69 0.48* <0.001 0.25, 0.71
SICAM-1
MI1 | 468 | —0.21* 0.001 —0.32, —0.09 | —0.34 0.622 —1.69, 1.01 | 431 | —-0.21 0.291 —0.61, 0.18 | 0.06 0.467 —-0.11, 0.24
M2 | 123 | —0.13 0.110 —0.29, 0.03 1.58% <0.001 0.86, 2.29 107 | 0.42 0.121 —0.11, 0.95 | 0.05 0.538 -0.11, 0.22
sVCAM-1
MI1 | 468 | —0.06 0.198 —0.14, 0.03 1.54* 0.030 0.15, 2.92 431 0.23 0.380 —0.28,0.73 | 0.20* 0.025 0.02, 0.38
M2 | 124 | -0.05 0.758 —0.36, 0.26 1.85% <0.001 1.10, 2.60 108 | 047 0.076 —0.05, 0.99 | 0.28* 0.003 0.10, 0.47

“Serum nitrite in uM; serum nitrate and saliva nitrite and nitrate in mM.

M1: using gamma regression model to examine the association between biomarkers and nitrite/nitrate levels among the participants who use mouthwash less than twice a day or no use.
“M2: using gamma regression model to examine the association between biomarkers and nitrite/nitrate levels among the participants who use mouthwash at least twice a day.

9Both models M1 and M2 were adjusted by age, sex, smoking status, and physical activity (METs).

*Statistically significant at p <0.05.
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Heatmap plot of spearman pairwise correlations (rho) between inflammatory and endothelial biomarkers with nitrite and nitrate in serum or saliva.
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In 2020, 200 million Americans (60.2%) used mouthwash (33),
and 17 million people (8.3%) used it 14 times or more in a week

(34).

substances which can help reduce oral bacteria load and

Many mouthwash formulations contain antibacterial

gingivitis (35—

), but their clinical effectiveness in preventing

periodontitis and dental caries has not been proven (38, 39). The
use of antibacterial mouthwashes can disrupt the oral
microbiome, including beneficial bacteria involved in the

production of nitric oxide (NO) through the entero-salivary
pathway, and may increase the risk of cardiometabolic disease
and other NO-related conditions (7, 12,
paucity of research on the effects of over-the-counter mouthwash

). However, there is a

on systemic diseases. Our previous SOALS publications have
shown that long-term mouthwash use may have adverse systemic
effects and demonstrated a 55% increased risk for developing
pre-diabetes or diabetes and an 85% increased risk of physician-
diagnosed hypertension in individuals who used over-the-counter
(OTC) mouthwash >twice a day during a 3-year follow-up
period (13, 14). Unlike these previous studies that aimed to
assess the association between mouthwash use and the risk of
relevant clinical outcomes (e.g., hypertension, diabetes), the
present study aims to assess the association between mouthwash
use and nitric oxide metabolites and biomarkers, which may go
some way to explaining the increased risk of hypertension and
diabetes associated with mouthwash use. The results of the
present study demonstrated that participants who used OTC
mouthwash >twice a day had significantly lower systemic nitrite
levels compared to less frequent mouthwash users, suggesting
that the higher risk of diabetes and hypertension in these
individuals could be linked to reduced NO production via the
entero-salivary pathway.

Several small, short-term clinical trials have shown that
mouthwash has an effect on systemic (25, 41) or salivary NO
levels (26, 42, 43), or both systemic and salivary NO levels (12,

, 44) but the effects are not consistent in mouthwashes of
varying strengths and compositions (12). The majority of these

trials  use a  prescription  antibacterial = mouthwash
(chlorhexidine), and some of them only showed a significant
immediate impact of the mouthwash on salivary nitrate and
nitrite levels, rather than a systemic effect (26, 42). Few clinical
trials have evaluated the impact of specific OTC mouthwashes,
such as those containing essential oils or povidone-iodine, and
these did not appear to significantly affect the oral nitrate
reduction (45). SOALS had several major strengths compared to
these studies, such as a large sample size and consideration of
important confounders. In contrast to previous studies that only
evaluated short-term, immediate impact of prescription-strength
mouthwash, our study assessed the impact of regular, chronic
use of OTC mouthwash. Our results suggest that long-term use
of various types of OTC mouthwash formulations may be more
significantly associated with systemic NO levels compared to

the short-term use of prescription-strength mouthwashes, which
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appears to be primarily associated with salivary levels.
Importantly, the nitrate reduction pathways of oral bacteria are
rather complex and could be under the control of multiple
environmental factors, such as diet, and oral hygiene practices,
including mouthwash use (46). These pathways need to be
better characterized in order to more accurately assess the
associations between these factors and NO availability and
clinical outcomes.

Nitric Oxide is a potent vasodilator and anti-inflammatory
signaling molecule that plays multiple roles in the maintenance
of vascular homeostasis and in inflammation (40). Under
NO

inflammatory mediator and inhibits the expression of TNF-o

normal physiological conditions, acts as an anti-

and sICAM-1. TNF-o plays a pivotal role in inflammation as a
). In
animal models of inflammation, dietary supplementation with

“master-regulator” of inflammatory cytokine production (

nitrate acutely decreases leukocyte recruitment and reduces
SICAM-1 expression in TNF-o-stimulated endothelial cells, an
effect that is abolished by the use of an anti-septic mouthwash
(48). These observations have suggested that NO produced by
oral bacteria via the entero-salivary pathway plays the same
physiological role as the endogenously produced NO in vascular
endothelial function and inflammation; therefore, inhibition of
this pathway by mouthwash use could negatively impact these
important physiological functions (48). Consistent with these
TNF-a and SsICAM-1 were observed to be
negatively associated with serum nitrite levels in the present

observations,

study; furthermore, this association was altered by mouthwash
use, as it was only observed in the infrequent mouthwash users.
Frequent use of OTC mouthwash was associated with higher
levels of markers of inflammation (IL-6, TNF-o, CRP) and
endothelial function (sICAM-1, sVCAM-1). the
results were not statistically significant, which may reflect the

However,

localized effects of mouthwash on oral bacteria that may not
These
markers are more likely influenced by chronic systemic

significantly ~alter systemic inflammation markers.
conditions, which were not directly addressed in this study. The
other reason may be the small sample size of 597 and the effect
size detected in this study was smaller than the effect size
estimated prior to the study (0.11).

Our results demonstrate that serum nitrite levels were
(TNF-a)
endothelial (sICAM-1) biomarker levels, especially in the

negatively associated with inflammatory and
participants who did not use mouthwash frequently. Consistent
with these findings, frequent mouthwash use was associated
with reduced serum nitrite levels and increased levels of these
inflammatory and endothelial biomarkers. The relationships
with other NO-metabolites (e.g., serum nitrate, and salivary
nitrate and nitrite) were less significant. The reason for this
may be that serum nitrite is more closely related to systemic
NO bioavailability compared to the other NO metabolites in
the entero-salivary pathway. The relationship between NO and
other inflammatory and endothelial biomarkers was also less
clear. sVCAM-1 and sICAM-1 play a central role in leukocytes

recruitment, and its expression, like TNF-o, is consistently
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associated with and induced by active inflammation. Under
the of high
concentrations of lipopolysaccharide, endogenously produced

certain conditions, such as in presence
nitric oxide can upregulate TNF-a production in human
phagocytes (49, 50). Therefore, TNF-o, as well as sVCAM-1,
were positively correlated with serum nitrate and salivary
nitrate. IL-6 and CRP are often viewed as inflammatory
markers, but recent studies suggest that their roles are more
complex. IL-6, an interleukin, is both a pro-inflammatory
cytokine and an anti-inflammatory myokine, and has an
inhibitory effect on TNF-o. This duality complicates the
interpretation of its relationship with NO metabolites, which
are primarily involved in vascular and endothelial function and
Unlike other biomarkers, CRP is

synthesized primarily in liver hepatocytes, has a half-life of only

immune responses (51).

6-8h, and rises rapidly and quickly returns to the normal
range once treated. In addition, CRP exists in multiple
isoforms, notably native CRP (nCRP) and monomeric CRP
(mCRP), each of which exhibits distinct biological activities.
nCRP is generally considered anti-inflammatory, while mCRP
promotes inflammation. This variability may influence how
CRP interacts with NO production (52). The absence of
significant associations with CRP and IL-6 suggests that
transient changes in NO metabolism resulting from mouthwash
use may not have a measurable effect on these inflammatory
markers. In addition, both CRP and IL-6 are affected by
metabolic conditions (e.g., obesity and insulin resistance), which
can independently affect NO metabolism (53, 54). Furthermore,
their relationship may also be confounded by chronic diseases
) and
lifestyle factors (e.g., diet), as well as age, sex and physical

[e.g., cardiovascular disease (CVD) and diabetes] (
activity (58, 59). In this present study, we excluded participants
with known systemic conditions (e.g., CVD, diabetes, and active
renal disease); age, sex and physical activity were taken into
account and adjusted for; body mass index (BMI) was not
included as a covariate in the analysis due to its lack of
contribution to the models. Thus, it is possible that systemic
inflammation driven by undiagnosed systemic conditions or
even obesity may still influence the inflammatory markers
observed in this study.

Due to the large number of elements included in this study (i.e.,
biomarkers, nitrite and nitrate in serum and saliva, mouthwash),
and in order to avoid complexity and ambiguity, this present
study was done cross-sectionally, focusing only on the baseline of
the SOALS, despite the fact that the SOALS is longitudinal, but
the disadvantage is that we were unable to make any causal
inferences. In addition, we assessed the frequency of mouthwash
use, particularly using at least twice a day as a threshold for
frequent use, rather than the dose response, which introduced
some limitations in interpreting the results. However, most OTC
products are advertised to have up to 12 h of efficacy, suggesting
that twice-day use could have a sustained impact on the oral
microbiome. Our study used generic OTC mouthwash because
the overall risk of using OTC mouthwash was the focus of
SOALS’ concern and the data on mouthwash brands and
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ingredients were not collected. Since each brand of mouthwash
contains a variety of different ingredients, different formulations
may have a different impact on the nitric-oxide reducing
microbiome. Although we prioritized adequate sample sizes prior
to the study based on the study design and assumed small effect
sizes to enhance reliability and validity, the difference in sample
sizes for biomarkers (n=597 for IL-6, TNF-o, sICAM-1,
sVCAM-1; n=1,197 for hs-CRP) and NO metabolites (n = 1,064
for serum; n=1,077 for saliva) may have an influence on the
analysis. To evaluate the potential impact of sample size
differences, we conducted a sensitivity analysis, which focused on
CRP and NO metabolites because their numbers of observations
were larger than those of other biomarkers. In the analyses
evaluating associations between NO metabolites and biomarkers
(except CRP), the amount of data analyzed was made consistent
across all these biomarkers (n=597) by excluding automatically
the participants with missing values for biomarkers (even if their
NO metabolites were available). As for CRP, we re-analyzed the
data using only these 597 participants and the result showed that
CRP was still not significantly associated with serum nitrite,
salivary nitrite and nitrate, which is in line with the results of the
previous analysis, but CRP was significantly associated with
serum nitrate (gamma regression models, unadjusted p=—6.78,
95% CI: —11.67, —1.89; adjusted p=-54, 95% CI. —10.53,
—0.28), which was not previously observed when using a larger
number of participants. With regard to the statistical analyses
assessing the association between mouthwash use and CRP and
NO metabolites, we re-ran the analyses using only these 597
participants. The results were consistent with the previous ones,
except that the significant association between serum nitrite and
mouthwash became nonsignificant in the adjusted gamma
regression model (B=-0.23, 95% CI: —0.62, 0.16, p=0.248).
Thus, the difference in sample size gave us some inconsistent
results. Nonetheless, we still think it is a good idea to include as
many participants as possible in this study, rather than using
partial participants (for CRP and NO metabolites) just to be
consistent with the sample sizes of the other biomarkers (i.e.,
IL-6, TNF-0, SICAM-1 and sVGCAM-1). On the one hand, larger
samples are more accurately representative of the population and
tend to average out random variability, which can improve the
validity of the study and thus make it easier to detect small
effects even though some of them are necessarily meaningful or
practically significant; on the other hand, smaller samples might
show significant results and observe inflated effect sizes due to
low variability or biases, which are rather than a true effect and
SOALS employed
standardized protocols for sample collection, processing, storage,

may not hold in larger samples (60, 61).

and analysis, but as with most large epidemiological studies using
frozen samples, some variation is expected; this is particularly
true for nitrite in serum, which is known to have a short half-
life. The laboratory measurements of nitric oxide metabolites in
serum and saliva (median 7.9 years) and biomarkers (except
CRP) in serum (median 4.7) were assessed a few years after
collection, but these specimens had been stored at —80°C, where
the effects of prolonged storage for up to 7 years at that
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temperature are virtually negligible (62, 63), and laboratory
technicians had been strictly adhering to the storage guidelines
and monitoring them. All samples were carefully inspected prior
to laboratory measurements and hemolyzed serum samples were
excluded. In addition, NO metabolites in saliva and serum were
measured continuously by the laboratory over the same time
period, their
measurements were within published ranges, demonstrating
feasibility, validity, and stability of the SOALS stored samples
(64, 65). Although specimens were collected at the same time
point (i.e, the baseline of SOALS), biomarkers and NO
metabolites were measured in the laboratory at different times.

eliminating possible biases or errors, and

However, in our study, all one biomarker was tested during the
same time interval, and in addition, strict calibration procedures
and standardized methods were made to reduce the possible
that
measurement times. The strength of our study is the large

variability may result from staggered laboratory

sample size, which included more than 1,000 samples with nitric
oxide metabolites and CRP measurements, as well as about 600

with
measurements. In addition, a number of important confounders

samples inflammatory and endothelial ~biomarkers
were adjusted for in our analyses, including physical activity

(METs) as described in the Methods.

5 Conclusions

We report that markers of inflammation (TNF-o) and
endothelial function (sVCAM-1, sICAM-1) were associated
with serum and salivary nitrite and nitrate levels in different
ways, and that chronic use of over-the-counter mouthwash
differentially impact the associations; furthermore, regular use
of OTC mouthwash was negatively associated with serum
nitrite and potentially increased levels of markers of
inflammation (TNF-a) and endothelial function (sICAM-1).
Our findings raise concerns about the potential impact of
mouthwash on other chronic inflammatory diseases associated
with endothelial dysfunction and highlight the need to
investigate the impact of OTC mouthwash use on the oral
microbiome, particularly on microbial pathways involved in
nitric oxide metabolism.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Institutional
Review Board of the Office for the Protection of Human
Research Subjects at the University of Puerto Rico. The studies
were conducted in accordance with the local legislation and

Frontiers in Oral Health

12

10.3389/froh.2025.1488286

institutional requirements. The participants provided their

written informed consent to participate in this study.

Author contributions

KG: Data curation, Formal Analysis, Software, Validation,
Visualization, Writing — original draft, Writing — review & editing.
KJ: Investigation,
Methodology, Validation,
Writing - review & editing. KR: Data curation, Investigation,

Conceptualization, ~Funding acquisition,

Project administration, Supervision,
Validation, Writing - review & editing. RP: Conceptualization,
Investigation, Methodology, Resources, Validation, Writing -
review & editing. BG: Data curation, Investigation, Resources,
Validation, Writing - review & editing. OA: Conceptualization,
Validation, Writing - review & editing. EM-B: Conceptualization,
Methodology,

administration, Supervision, Validation, Writing — review & editing.

Funding  acquisition,  Investigation, Project

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Institute for Dental and
Craniofacial Research [grant  numbers R01DE028195,
R01DE020111] and by the National Institute of General Medical
Sciences (NIGMS) of the National Institutes of Health [grant
number U54GM133807]. The content is solely the responsibility
of the authors and does not necessarily represent the official
views of the National Institutes of Health.

Acknowledgments

The authors thank the SOALS team (Francisco Mufoz-Torres,
Jeanpaul Fernandez, José L. Vergara, Tania Ginebra, Yashira
Maldonado, Margarita Ramirez-Vick, Elaine Rodriguez, Rosalyn
Romadn, Rafael Ruiz, Yadiris Santaella, Grace Vélez), the Human
Physiology Core Laboratory of the Diabetes Research Center
(P30DK079626) at University of Alabama at Birmingham (UAB)
for performing analyses for cytokines and adhesion markers, and
the laboratory staff who contributed to the supervision of the
specimens and the transportation.

Conflict of interest

RP is a coinventor on the use of nitrite salts for the treatment of
cardiovascular conditions and chronic ischemia and a co-inventor in
a provisional patent for methods to diagnose and predict chronic
lung and bowel disease in pre-term infants. EM-B is an inventor
on a provisional patent application for the use of ammonium
production from nitrate by oral bacteria as a biomarker for
monitoring insulin resistance filed by the University of Puerto Rico.

frontiersin.org


https://doi.org/10.3389/froh.2025.1488286
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

Guo et al.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

1. Dri E, Lampas E, Lazaros G, Lazarou E, Theofilis P, Tsioufis C, et al.
Inflammatory mediators of endothelial dysfunction. Life (Basel). (2023) 13(6):1420.
doi: 10.3390/1ife13061420

2. Ramirez-Ramirez V, Macias-Islas MA, Ortiz GG, Pacheco-Moises F, Torres-
Sanchez ED, Sorto-Gomez TE, et al. Efficacy of fish oil on Serum of TNFe, IL-1,
and IL-6 oxidative stress markers in multiple sclerosis treated with interferon Beta-
1b. Oxid Med Cell Longev. (2013) 2013:709493. doi: 10.1155/2013/709493

3. Xia QR, Liang J, Cao Y, Shan F, Liu Y, Xu YY. Increased plasma nesfatin-1 levels
may be associated with corticosterone, IL-6, and CRP levels in patients with major
depressive disorder. Clin Chim Acta. (2018) 480:107-11. doi: 10.1016/j.cca.2018.02.004

4. Schmidt FM, Schroder T, Kirkby KC, Sander C, Suslow T, Holdt LM, et al. Pro-
and anti-inflammatory cytokines, but not CRP, are inversely correlated with severity
and symptoms of major depression. Psychiatry Res. (2016) 239:85-91. doi: 10.1016/
j.psychres.2016.02.052

5. Lundberg JO, Weitzberg E. Nitric oxide signaling in health and disease. Cell.
(2022) 185(16):2853-78. doi: 10.1016/j.cell.2022.06.010

6. Wallace JL. Nitric oxide as a regulator of inflammatory processes. Mem Inst
Oswaldo Cruz. (2005) 100(Suppl 1):5-9. doi: 10.1590/S0074-02762005000900002

7. Vanhatalo A, L’Heureux JE, Kelly ], Blackwell JR, Wylie L], Fulford J, et al.
Network analysis of nitrate-sensitive oral microbiome reveals interactions with
cognitive function and cardiovascular health across dietary interventions. Redox
Biol. (2021) 41:101933. doi: 10.1016/j.redox.2021.101933

8. Liddle L, Burleigh MC, Monaghan C, Muggeridge DJ, Sculthorpe N, Pedlar CR,
et al. Variability in nitrate-reducing oral bacteria and nitric oxide metabolites in
biological fluids following dietary nitrate administration: an assessment of the
critical difference. Nitric Oxide. (2019) 83:1-10. doi: 10.1016/j.ni0x.2018.12.003

9. Velmurugan S, Gan JM, Rathod KS, Khambata RS, Ghosh SM, Hartley A, et al.
Dietary nitrate improves vascular function in patients with hypercholesterolemia: a
randomized, double-blind, placebo-controlled study. Am J Clin Nutr. (2016)
103(1):25-38. doi: 10.3945/ajcn.115.116244

10. Zhurakivska K, Troiano G, Caponio VCA, Dioguardi M, Laino L, Maffione AB,
et al. Do changes in oral microbiota correlate with plasma nitrite response?
A systematic review. Front Physiol. (2019) 10:1029. doi: 10.3389/fphys.2019.01029

11. Alrashdan MS, Leao JC, Doble A, McCullough M, Porter S. The effects of
antimicrobial mouthwashes on systemic disease: what is the evidence? Int Dent J.
(2023) 73(Suppl 2):582-8. doi: 10.1016/j.identj.2023.08.012

12. Senkus KE, Crowe-White KM. Influence of mouth rinse use on the
enterosalivary pathway and blood pressure regulation: a systematic review. Crit Rev
Food Sci Nutr. (2020) 60(17):2874-86. doi: 10.1080/10408398.2019.1665495

13. Joshipura KJ, Mufioz-Torres FJ, Morou-Bermudez E, Patel RP. Over-the-counter
mouthwash use and risk of pre-diabetes/diabetes. Nitric Oxide. (2017) 71:14-20.
doi: 10.1016/j.ni0x.2017.09.004

14. Joshipura K, Mufioz-Torres F, Fernandez-Santiago J, Patel RP, Lopez-Candales
A. Over-the-counter mouthwash use, nitric oxide and hypertension risk. Blood Press.
(2020) 29(2):103-12. doi: 10.1080/08037051.2019.1680270

15. Chen X, Wang L, He Z, Zhao H, Cai Y, Song S, et al. Effects of xipayi mouth
rinse combined with minocycline on localized aggressive periodontitis’ therapeutic
effect and the levels of CRP, TNF-o, IL-6 in serum. Ann Palliat Med. (2020)
9(5):3410-7. doi: 10.21037/apm-20-1653

16. Hasan F, Tkram R, Simjee SU, Iftakhar K, Asadullah K, Usman M. The effects of
aspirin gel and mouthwash on levels of salivary biomarkers PGE2, TNF-o. and nitric
oxide in patients with periodontal diseases. Pak ] Pharm Sci. (2019) 32(5):2019-23.
Available online at: https://pubmed.ncbi.nlm.nih.gov/31813866/

17. Schiirmann M, Aljubeh M, Tiemann C, Sudhoff H. Mouthrinses against SARS-

CoV-2: anti-inflammatory effectivity and a clinical pilot study. Eur Arch
Otorhinolaryngol. (2021) 278(12):5059-67. doi: 10.1007/s00405-021-06873-8

Frontiers in Oral Health

13

10.3389/froh.2025.1488286

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/froh.2025.

1488286/full#supplementary-material

18. Bescos R, Ashworth A, Cutler C, Brookes ZL, Belfield L, Rodiles A, et al. Effects
of chlorhexidine mouthwash on the oral microbiome. Sci Rep. (2020) 10(1):5254.
doi: 10.1038/s41598-020-61912-4

19. Andriankaja OM, Pérez CM, Modi A, Suaréz EL, Gower BA, Rodriguez E, et al.
Systemic inflammation, endothelial function, and risk of periodontitis in overweight/
obese adults. Biomedicines. (2023) 11(6):1507. doi: 10.3390/biomedicines11061507

20. Lang JD Jr, Teng X, Chumley P, Crawford JH, Isbell TS, Chacko BK, et al.
Inhaled NO accelerates restoration of liver function in adults following orthotopic
liver transplantation. J Clin Invest. (2007) 117(9):2583-91. doi: 10.1172/JCI31892

21. Honavar J, Bradley E, Bradley K, Oh JY, Vallejo MO, Kelley EE, et al. Chlorine
gas exposure disrupts nitric oxide homeostasis in the pulmonary vasculature.
Toxicology. (2014) 321:96-102. doi: 10.1016/j.tox.2014.04.005

22. Honavar J, Samal AA, Bradley KM, Brandon A, Balanay J, Squadrito GL, et al.
Chlorine gas exposure causes systemic endothelial dysfunction by inhibiting
endothelial nitric oxide synthasedependent signaling. Am ] Respir Cell Mol Biol.
(2011) 45(2):419-25. doi: 10.1165/rcmb.2010-01510C

23. Lang JD Jr, Smith AB, Brandon A, Bradley KM, Liu Y, Li W, et al. A randomized
clinical trial testing the anti-inflammatory effects of preemptive inhaled nitric oxide in
human liver transplantation. PLoS One. (2014) 9(2):e86053. doi: 10.1371/journal.pone.
0086053

24. Hornung RW, Reed LD. Estimation of average concentration in the presence of
nondetectable values. Appl Occup Environ Hyg. (1990) 5(1):46-51. doi: 10.1080/
1047322X.1990.10389587

25. Kapil V, Haydar SM, Pearl V, Lundberg JO, Weitzberg E, Ahluwalia A.
Physiological role for nitrate-reducing oral bacteria in blood pressure control. Free
Radic Biol Med. (2013) 55:93-100. doi: 10.1016/j.freeradbiomed.2012.11.013

26. Bondonno CP, Liu AH, Croft KD, Considine MJ, Puddey IB, Woodman R, et al.
Antibacterial mouthwash blunts oral nitrate reduction and increases blood pressure in
treated hypertensive men and women. Am ] Hypertens. (2015) 28(5):572-5. doi: 10.
1093/ajh/hpu192

27. McDonagh ST, Wylie L], Winyard PG, Vanhatalo A, Jones AM. The effects of
chronic nitrate supplementation and the use of strong and weak antibacterial agents
on plasma nitrite concentration and exercise blood pressure. Int ] Sports Med.
(2015) 36(14):1177-85. doi: 10.1055/s-0035-1554700

28.He S, Wei Y, Fan X, Hu D, Sreenivasan PK. A clinical study to assess the 12-hour
antimicrobial effects of cetylpyridinium chloride mouthwashes on supragingival
plaque bacteria. J Clin Dent. (2011) 22(6):195-9. Available online at: https://
pubmed.ncbi.nlm.nih.gov/22403975/

29. Xu S, Ilyas I, Little PJ, Li H, Kamato D, Zheng X, et al. Endothelial dysfunction
in atherosclerotic cardiovascular diseases and beyond: from mechanism to
pharmacotherapies. Pharmacol Rev. (2021) 73(3):924-67. doi: 10.1124/pharmrev.
120.000096

30. Ray A, Ch K, Maharana SM, Singh S. Endothelial dysfunction and its relation in
different disorders: recent update. Health Sciences Review. (2023) 7:100084. doi: 10.
1016/j.hsr.2023.100084

31. Poredos P, Poredos AV, Gregoric I. Endothelial dysfunction and its clinical
implications. Angiology. (2021) 72(7):604-15. doi: 10.1177/0003319720987752

32. Messner B, Bernhard D. Smoking and cardiovascular disease: mechanisms of
endothelial dysfunction and early atherogenesis. Arterioscler Thromb Vasc Biol.
(2014) 34(3):509-1. doi: 10.1161/ATVBAHA.113.300156

33. Statista. U.S. Population: Usage of mouthwash and dental rinse in the U.S. 2020.
(2022). Available online at: https://www.statista.com/statistics/276434/us-households-
usage-of-mouthwash-and-dental-rinse/ (Accessed October 6, 2023).

34. Statista. U.S. population: Usage frequency of mouthwash and dental rinse in the
last 7 days in the U.S. 2020, (2022). Available online at: https://www.statista.com/
statistics/276457/us-households-usage-frequency-of-mouthwash-and-dental-rinse/
(Accessed October 6, 2023).

frontiersin.org


https://www.frontiersin.org/articles/10.3389/froh.2025.1488286/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/froh.2025.1488286/full#supplementary-material
https://doi.org/10.3390/life13061420
https://doi.org/10.1155/2013/709493
https://doi.org/10.1016/j.cca.2018.02.004
https://doi.org/10.1016/j.psychres.2016.02.052
https://doi.org/10.1016/j.psychres.2016.02.052
https://doi.org/10.1016/j.cell.2022.06.010
https://doi.org/10.1590/S0074-�02762005000900002
https://doi.org/10.1016/j.redox.2021.101933
https://doi.org/10.1016/j.niox.2018.12.003
https://doi.org/10.3945/ajcn.115.116244
https://doi.org/10.3389/fphys.2019.01029
https://doi.org/10.1016/j.identj.2023.08.012
https://doi.org/10.1080/10408398.2019.1665495
https://doi.org/10.1016/j.niox.2017.09.004
https://doi.org/10.1080/08037051.2019.1680270
https://doi.org/10.21037/apm-20-�1653
https://pubmed.ncbi.nlm.nih.gov/31813866/
https://doi.org/10.1007/s00405-�021-�06873-�8
https://doi.org/10.1038/s41598-�020-�61912-�4
https://doi.org/10.3390/biomedicines11061507
https://doi.org/10.1172/JCI31892
https://doi.org/10.1016/j.tox.2014.04.005
https://doi.org/10.1165/rcmb.2010-�0151OC
https://doi.org/10.1371/journal.pone.0086053
https://doi.org/10.1371/journal.pone.0086053
https://doi.org/10.1080/1047322X.1990.10389587
https://doi.org/10.1080/1047322X.1990.10389587
https://doi.org/10.1016/j.freeradbiomed.2012.11.013
https://doi.org/10.1093/ajh/hpu192
https://doi.org/10.1093/ajh/hpu192
https://doi.org/10.1055/s-0035-�1554700
https://pubmed.ncbi.nlm.nih.gov/22403975/
https://pubmed.ncbi.nlm.nih.gov/22403975/
https://doi.org/10.1124/pharmrev.120.000096
https://doi.org/10.1124/pharmrev.120.000096
https://doi.org/10.1016/j.hsr.2023.100084
https://doi.org/10.1016/j.hsr.2023.100084
https://doi.org/10.1177/0003319720987752
https://doi.org/10.1161/ATVBAHA.113.300156
https://www.statista.com/statistics/276434/us-households-usage-of-mouthwash-and-dental-rinse/
https://www.statista.com/statistics/276434/us-households-usage-of-mouthwash-and-dental-rinse/
https://www.statista.com/statistics/276457/us-households-usage-frequency-of-mouthwash-and-dental-rinse/
https://www.statista.com/statistics/276457/us-households-usage-frequency-of-mouthwash-and-dental-rinse/
https://doi.org/10.3389/froh.2025.1488286
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

Guo et al.

35. Haraszthy VI, Sreenivasan PK. Microbiological and clinical effects of an oral
hygiene regimen. Contemp Clin Trials Commun. (2017) 8:85-9. doi: 10.1016/j.
conctc.2017.08.010

36. Vlachojannis C, Al-Ahmad A, Hellwig E, Chrubasik S. Listerine(R) products: an
update on the efficacy and safety. Phytother Res. (2016) 30(3):367-73. doi: 10.1002/ptr.
5555

37. Marya CM, Taneja P, Nagpal R, Marya V, Oberoi SS, Arora D. Efficacy of
chlorhexidine, xylitol, and chlorhexidine. b xylitol against dental plaque, gingivitis,
and salivary Streptococcus mutans load: a randomised controlled trial. Oral Health
Prevent Dentistry. (2017) 15(6):529-36. doi: 10.3290/j.0hpd.a39669

38. Autio-Gold J. The role of chlorhexidine in caries prevention. Oper Dent. (2008)
33(6):710-6. doi: 10.2341/08-3

39. Brookes ZLS, Bescos R, Belfield LA, Ali K, Roberts A. Current uses of
chlorhexidine for management of oral disease: a narrative review. J Dent. (2020)
103:103497. doi: 10.1016/j.jdent.2020.103497

40. Cyr AR, Huckaby LV, Shiva SS, Zuckerbraun BS. Nitric oxide and endothelial
dysfunction. Crit Care Clin. (2020) 36(2):307-21. doi: 10.1016/j.ccc.2019.12.009

41. Cutler C, Kiernan M, Willis JR, Gallardo-Alfaro L, Casas-Agustench P, White D,
et al. Post-exercise hypotension and skeletal muscle oxygenation is regulated by
nitrate-reducing activity of oral bacteria. Free Radic Biol Med. (2019) 143:252-9.
doi: 10.1016/j.freeradbiomed.2019.07.035

42. Sundqvist ML, Lundberg JO, Weitzberg E. Effects of antiseptic mouthwash on
resting metabolic rate: a randomized, double-blind, crossover study. Nitric Oxide.
(2016) 61:38-44. doi: 10.1016/j.niox.2016.10.003

43. Ashworth A, Cutler C, Farnham G, Liddle L, Burleigh M, Rodiles A, et al.
Dietary intake of inorganic nitrate in vegetarians and omnivores and its impact on
blood pressure, resting metabolic rate and the oral microbiome. Free Radic Biol
Med. (2019) 138:63-72. doi: 10.1016/j.freeradbiomed.2019.05.010

44. Woessner M, Smoliga JM, Tarzia B, Stabler T, Van Bruggen M, Allen JD. A
stepwise reduction in plasma and salivary nitrite with increasing strengths of
mouthwash following a dietary nitrate load. Nitric Oxide. (2016) 54:1-7. doi: 10.
1016/j.niox.2016.01.002

45. Mitsui T, Harasawa R. The effects of essential oil, povidone-iodine, and
chlorhexidine mouthwash on salivary nitrate/nitrite and nitrate-reducing bacteria.
J Oral Sci. (2017) 59(4):597-601. doi: 10.2334/josnusd.16-0593

46. Morou-Bermudez E, Torres-Colon JE, Bermudez NS, Patel RP, Joshipura KJ.
Pathways linking oral Bacteria, nitric oxide metabolism, and health. J Dent Res.
(2022) 101(6):623-31. doi: 10.1177/00220345211064571

47. Parameswaran N, Patial S. Tumor necrosis factor-o. signaling in macrophages.
Crit  Rev  Eukaryot Gene Expr. (2010) 20(2):87-103. doi: 10.1615/
CritRevEukarGeneExpr.v20.i2.10

48. Jadert C, Petersson J, Massena S, Ahl D, Grapensparr L, Holm L, et al. Decreased
leukocyte recruitment by inorganic nitrate and nitrite in microvascular inflammation
and NSAID-induced intestinal injury. Free Radic Biol Med. (2012) 52(3):683-92.
doi: 10.1016/j.freeradbiomed.2011.11.018

49. Tripathi P, Tripathi P, Kashyap L, Singh V. The role of nitric oxide in
inflammatory reactions. FEMS Immunol Med Microbiol. (2007) 51(3):443-52.
doi: 10.1111/j.1574-695X.2007.00329.x

50. Yan L, Wang S, Rafferty SP, Wesley RA, Danner RL. Endogenously produced
nitric oxide increases tumor necrosis factor-alpha production in transfected human
U937 cells. Blood. (1997) 90(3):1160-7. doi: 10.1182/blood.V90.3.1160

Frontiers in Oral Health

14

10.3389/froh.2025.1488286

51. Del Giudice M, Gangestad SW. Rethinking IL-6 and CRP: why they are more
than inflammatory biomarkers, and why it matters. Brain Behav Immun. (2018)
70:61-75. doi: 10.1016/j.bbi.2018.02.013

52. Sproston NR, Ashworth JJ. Role of C-reactive protein at sites of inflammation
and infection. Front Immunol. (2018) 9:754. doi: 10.3389/fimmu.2018.00754

53. Pradhan AD, Manson JE, Rifai N, Buring JE, Ridker PM. C-Reactive protein,
interleukin 6, and risk of developing type 2 diabetes Mellitus. JAMA. (2001)
286(3):327-34. doi: 10.1001/jama.286.3.327

54. Gondo J, Bouenizabila E, Mayassi H, Okamba F, Matingou D, Hermans M, et al.
Association between metabolic syndrome components and Serum high-sensitivity
C-reactive protein or interleukin-6 levels among Congolese adults. Adv Biol Chem.
(2023) 13(3):71-81. doi: 10.4236/abc.2023.133006

55. Mankowska A, Pollak J, Sypniewska G. Association of C-reactive protein and
other markers of inflammation with risk of complications in diabetic subjects.
EJIFCC. (2006) 17(1):8-11. Available online at: https://pmc.ncbinlm.nih.gov/
articles/PMC5954428/

56. Wang J, Song X, Xia Z, Feng S, Zhang H, Xu C, et al. Serum biomarkers for
predicting microvascular complications of diabetes mellitus. Expert Rev Mol Diagn.
(2024) 24(8):703-13. doi: 10.1080/14737159.2024.2391021

57. Lainampetch J, Panprathip P, Phosat C, Chumpathat N, Prangthip P,
Soonthornworasiri N, et al. Association of tumor necrosis factor alpha, interleukin
6, and C-reactive protein with the risk of developing type 2 diabetes: a retrospective
cohort study of rural Thais. ] Diabetes Res. (2019) 2019:9051929. doi: 10.1155/2019/
9051929

58. Wassel CL, Barrett-Connor E, Laughlin GA. Association of circulating
C-reactive protein and interleukin-6 with longevity into the 80s and 90s: the rancho
bernardo study. J Clin Endocrinol Metab. (2010) 95(10):4748-55. doi: 10.1210/jc.
2010-0473

59. Ferrari SL, Ahn-Luong L, Garnero P, Humphries SE, Greenspan SL. Two
promoter polymorphisms regulating interleukin-6 gene expression are associated
with circulating levels of C-reactive protein and markers of bone resorption in
postmenopausal women. J Clin Endocrinol Metab. (2003) 88(1):255-9. doi: 10.1210/
j€.2002-020092

60. Bangdiwala SI. Understanding significance and P-values. Nepal ] Epidemiol.
(2016) 6(1):522-4. doi: 10.3126/nje.v6il1.14732

61. Perplexity, The phenomenon where a significant result is found with a smaller
sample size but not with a larger one, *Perplexity.ai* (AI Chatbot) [Large language
model]. Available online at: https://www.perplexity.ai/search/the-phenomenon-
where-a-signifi-qf31NMuOQtGwDu5KHDKA2w. (Accessed December 24, 2024).

62. Valo E, Colombo M, Sandholm N, Mcgurnaghan S, Blackbourn L, Dunger D,
et al. Effect of serum sample storage temperature on metabolomic and proteomic
biomarkers. Sci Rep. (2022) 12(1):4571. doi: 10.1038/s41598-022-08429-0

63. Pinto J, Domingues MR, Galhano E, Pita C, Almeida Mdo C, Carreira IM, et al.
Human plasma stability during handling and storage: impact on NMR metabolomics.
Analyst. (2014) 139(5):1168-77. doi: 10.1039/C3AN02188B

64. Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS, Tannenbaum SR.
Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids. Anal Biochem. (1982)
126(1):131-8. doi: 10.1016/0003-2697(82)90118-X

65. Tenovuo J. The biochemistry of nitrates, nitrites, nitrosamines and other
potential carcinogens in human saliva. J Oral Pathol. (1986) 15(6):303-7. doi: 10.
1111/j.1600-0714.1986.tb00630.x

frontiersin.org


https://doi.org/10.1016/j.conctc.2017.08.010
https://doi.org/10.1016/j.conctc.2017.08.010
https://doi.org/10.1002/ptr.5555
https://doi.org/10.1002/ptr.5555
https://doi.org/10.3290/j.ohpd.a39669
https://doi.org/10.2341/08-�3
https://doi.org/10.1016/j.jdent.2020.103497
https://doi.org/10.1016/j.ccc.2019.12.009
https://doi.org/10.1016/j.freeradbiomed.2019.07.035
https://doi.org/10.1016/j.niox.2016.10.003
https://doi.org/10.1016/j.freeradbiomed.2019.05.010
https://doi.org/10.1016/j.niox.2016.01.002
https://doi.org/10.1016/j.niox.2016.01.002
https://doi.org/10.2334/josnusd.16-�0593
https://doi.org/10.1177/00220345211064571
https://doi.org/10.1615/CritRevEukarGeneExpr.v20.i2.10
https://doi.org/10.1615/CritRevEukarGeneExpr.v20.i2.10
https://doi.org/10.1016/j.freeradbiomed.2011.11.018
https://doi.org/10.1111/j.1574-�695X.2007.00329.x
https://doi.org/10.1182/blood.V90.3.1160
https://doi.org/10.1016/j.bbi.2018.02.013
https://doi.org/10.3389/fimmu.2018.00754
https://doi.org/10.1001/jama.286.3.327
https://doi.org/10.4236/abc.2023.133006
https://pmc.ncbi.nlm.nih.gov/articles/PMC5954428/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5954428/
https://doi.org/10.1080/14737159.2024.2391021
https://doi.org/10.1155/2019/9051929
https://doi.org/10.1155/2019/9051929
https://doi.org/10.1210/jc.2010-�0473
https://doi.org/10.1210/jc.2010-�0473
https://doi.org/10.1210/jc.2002-�020092
https://doi.org/10.1210/jc.2002-�020092
https://doi.org/10.3126/nje.v6i1.14732
https://www.perplexity.ai/search/the-phenomenon-where-a-signifi-qf31NMuOQtGwDu5KHDKA2w
https://www.perplexity.ai/search/the-phenomenon-where-a-signifi-qf31NMuOQtGwDu5KHDKA2w
https://doi.org/10.1038/s41598-�022-�08429-�0
https://doi.org/10.1039/C3AN02188B
https://doi.org/10.1016/0003-�2697�(82)�90118-�X
https://doi.org/10.1111/j.1600-�0714.1986.tb00630.x
https://doi.org/10.1111/j.1600-�0714.1986.tb00630.x
https://doi.org/10.3389/froh.2025.1488286
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

	Association of over-the-counter mouthwash use with markers of nitric oxide metabolism, inflammation, and endothelial function—a cross-sectional study
	Introduction
	Materials and methods
	Study population
	Sample collection and laboratory measurements
	Mouthwash use and covariates assessment
	Sample size
	Analyses methods

	Results
	Association between frequency of mouthwash use and markers of inflammation, endothelial dysfunction, and NO metabolites
	Association of inflammatory and endothelial biomarkers with nitrite and nitrate levels
	Impact of mouthwash on association of inflammatory and endothelial biomarkers with nitrite and nitrate levels

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


