JOURNAL OF ORAL MICROBIOLOGY
2025, VOL. 17, 2489612
https://doi.org/10.1080/20002297.2025.2489612

Taylor & Francis
Taylor &Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS

Nitrate reduction by salivary bacteria, glucose metabolism, and lifestyle

Evangelia Morou-Bermudez
José C. Clementec and Kaumudi Joshipura®

2 Kai Guo?, Jairelisse Morales Morales?, Karina Ricart®, Rakesh P. Patel®,

aSchool of Dental Medicine, University of Puerto Rico Medical Sciences Campus, San Juan, PR, USA; "Department of Pathology,
University of Alabama at Birmingham, Birmingham, AL, USA; “Department of Genetics and Genomic Sciences, Icahn School of Medicine
at Mount Sinai, New York, NY, USA; 9School of Public Health, Ahmedabad University, Ahmedabad, India

ABSTRACT

Background: Nitrate reductases (NR) expressed in oral bacteria reduce nitrate to nitrite.
Depending on the environmental conditions and types of bacteria present nitrite can be
further reduced to ammonium via Dissimilatory Nitrate Reduction to Ammonium (DNRA), or
alternatively to nitric oxide (NO), which impacts cardiometabolic health.

Objective: To evaluate the associations between nitrate reduction by salivary bacteria, clinical
markers of glucose metabolism, and lifestyle factors that can modulate the oral environment,
potentially impacting DNRA and NR expression.

Methods: A cross-sectional study was conducted using a convenience sample of 144 parti-
cipants from the San Juan Overweight Adult Longitudinal Study (SOALS), which includes data
on glucose metabolism and lifestyle. DNRA and NR activities were measured in saliva under
aerobic or CO,-enriched conditions.

Results: DNRA activity was inversely associated with insulin resistance (HOMA-IR)
[aerobicsg vs.1st tertile: P=-0.48 (—0.81, —0.15); CO,-enricheds,q vsst tertile B=-0.42 (—0.68, —0.17)],
fasting blood glucose [aerobics,q vs.1st tertile =-0.144 (—0.268, —0.019); CO,-enrichedzq vs.1st tertile:
3=-0.070 (-0.130, —0.011)], and 2-h glucose [COy-enricheds,q vs1st tertile=-0.21 (—0.37, —0.04)].
Current smokers had lower DNRA activity than non-smokers under aerobic conditions [=-1.55
(—2.96, —0.14)], but higher under CO,-enriched conditions [ =0.93 (0.15, 1.71)]. Toothbrushing
frequency (twice/day vs. once/day) was positively associated with DNRA activity under CO,-
enriched conditions [B=4.11 (1.90, 6.32)] and with aerobic NR activity [ =1.20, (0.14, 2.27)].
Physical activity was inversely associated with aerobic NR [3=-0.01, (—0.022, —0.003)]. Under CO,-
enriched conditions NR was inversely associated with the BMI (3=-0.11, p =0.007). Aerobic NR
was higher when sucrose was added to the assays (NADP vs. sucrose $3=-0.74, p=0.02) and
positively associated with salivary nitrate levels (3 = 0.002, p = 0.002).

Conclusions: Nitrate reduction by salivary bacteria is inversely associated with insulin resis-
tance and can be modulated by lifestyle factors. This knowledge could lead to the develop-
ment of novel, non-invasive approaches for monitoring and preventing diabetes progression.

ONE SENTENCE SUMMARY
This study provides new evidence regarding the role of the salivary microbiome in glucose
metabolism, which could be applied to the development of novel, saliva-based, non-invasive
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approaches for monitoring and preventing diabetes progression.

Introduction

The reduction of nitrate (NO;") by nitrate reductases
encoded in oral bacteria is a critical step in the gen-
eration of nitric oxide (NO) through the entero-
salivary pathway [1]. NO is an endogenous signaling
molecule that plays an important homeostatic role in
endothelial function and glucose metabolism [2,3].
The oral microbiome’s role in NO metabolism was
established via its effect on blood pressure regulation,
but its contribution to diabetes through nitrate reduc-
tion is relatively less understood.

A higher abundance of nitrate-reducing bacteria in
the subgingival dental plaque has been associated with

reduced insulin resistance [4], while other nitrate-
reducing bacteria, such as Prevotella and Veillonella,
have been associated with impaired glucose metabo-
lism [5]. Oral nitrate supplementation improves insu-
lin sensitivity in obese individuals, and this effect is
abolished by antibacterial mouthwash [6]. Our long-
itudinal study on >1,000 overweight adults in Puerto
Rico (San Juan Overweight Adult Longitudinal
Study - SOALS) found the use of over-the-counter
(OTC) mouthwash twice a day or more was associated
with a 55% higher risk of developing pre-diabetes or
diabetes during a three-year observation period, after
adjusting for confounders [7]. Collectively, these
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clinical observations suggest that oral bacteria may
impact glucose metabolism through nitrate reduction,
but direct evidence regarding this association in
humans is lacking.

The reduction of nitrate (NO; ) by bacterial
nitrate reductase (NR) initially generates nitrite
(NO,"), which is then further reduced either to
ammonium (NH,") via dissimilatory (DNRA-
NrfA) or assimilatory (NirB, AniA) pathways, or
to NO via denitrification (NirK, NirS). In natural
ecosystems, these pathways are controlled by envir-
onmental parameters, including oxygen availability
and type of electron donors vs. electron acceptors
available, for example, carbon-to-nitrate ratio and
nitrate-to-nitrite ratio [8-10]. In the oral environ-
ment, these parameters could be modulated by life-
style factors, such as oral hygiene practices,
smoking, and diet [11]. Therefore, the objectives
of this study were to evaluate associations between
nitrate reduction pathways in salivary bacteria and
clinical markers of glucose metabolism, and to
assess the impact of lifestyle and other host factors
on these pathways.

Methods
Participants

A cross-sectional study was conducted using baseline
saliva samples and data from a subset of participants in
the SOALS [7]. The study was approved by the
University of Puerto Rico Human Research Subjects
Protection Office Institutional Review Board (IRB
#2290032918) and is reported following STROBE
guidelines. The recruitment of the participants and
sample collection took place between 2011 and 2013;
saliva and blood samples were stored at —80°C under
controlled conditions. SOALS cohort participants were
overweight adults aged between 40 and 65 years with-
out physician-diagnosed type 1 or type 2 diabetes who
were not taking insulin or oral anti-hyperglycemic
medications [12,13]. Exclusionary criteria for the
SOALS cohort included pregnancy, hypoglycemia,
congenital heart murmurs or heart disease, heart
valve disease, endocarditis, rheumatic fever, bleeding
disorders, and active dialysis treatment. The present
study included a convenience sub-sample of 144 base-
line saliva samples (pellets and supernatants stored
separately) from consecutively recruited SOALS parti-
cipants with the following additional eligibility criteria
applied: a) participants were not taking antibiotics, and
b) a sufficient amount of saliva sample was available for
the proposed assays. Clinical, behavioral, and socio-
demographic metadata were available from SOALS
with collection methods described below.

Clinical procedures and sample collection

Clinical procedures for the collection of blood and saliva
samples in SOALS have been previously described in
detail [7]. Briefly, participants were asked to fast for
10 h before the study visit. Blood samples were drawn
during fasting at 30 min, 1-h, and 2-h after consuming
a glucose drink containing 75g dextrose, using
a standard protocol and silicone-coated sterile blood
collection tubes (Becton Dickinson Vacutainer Systems,
NJ). Blood was centrifuged to separate red blood cells
(RBCs) and serum/plasma, and EDTA tubes for plasma
samples and serum were stored at —80°C. Fasting blood
was processed for glucose, insulin, and HbAlc. Glucose
was assessed using a SIRRUS analyzer (intra-assay coef-
ficient of variation 1.21%; inter-assay 3.06%). Insulin was
measured using chemiluminescence assays with
a TOSOH analyzer (intra-assay coefficient of variation
1.49%; inter-assay 4.42%). Homeostasis Model
Assessment of Insulin Resistance (HOMA-IR) was cal-
culated as (Fasting glucose x Fasting insulin)/405.
HbA1c was assessed using a latex immunoagglutination
inhibition method (intra-assay coefficient of variation
2.89% and inter-assay 1.88%). Whole unstimulated saliva
was collected 30 min after administering the glucose
drink. Saliva samples were centrifuged 2600 x g for
15 min at 4°C; pellets containing the salivary bacteria
were stored separately from the saliva supernatant
at —80°C.

In the SOALS cohort, interviewer-administered
questionnaires were used to assess the frequency of
oral hygiene practices, including mouthwash use. The
questionnaire collected information on important
covariates, including age, gender, smoking, alcohol
intake, and time and frequency of physical activity
during a typical week. Each activity was assigned
a metabolic equivalent (MET) score based on the
intensity, and the total MET score was computed
for each individual as MET hours/week.
Anthropometric measurements were taken according
to the NHANES IIT procedures, and replicate mea-
sures were averaged.

Nitrate reduction assays

Nitrate reduction assays were performed between
2021 and 2022 using salivary pellets. Salivary pellets
were defrosted on ice, resuspended in PBS and incu-
bated with 50 mm potassium nitrate for 2-3h at
37°C under aerobic conditions (ambient air) or
CO,-enriched conditions (BD GasPak™ EZ CO,,
New Jersey, USA), which are more similar to the
oral environment and exhaled air [14,15]. The reac-
tions included 1 mm of either NADP or sucrose,
which have been shown to affect nitrate reduction



in our pilot experiments [16]. Control reactions
without nitrate were included for each sample.
Nitrite was measured using the Sievers'™ Nitric
Oxide Analyzer NOA 280i instrument (Zysense,
NC), and ammonium was measured with the
Nessler’s reagent using ammonium sulfate as stan-
dard (Fisher Scientific, Fair Lawn, NJ, USA). Protein
concentration of the salivary suspensions was deter-
mined with the Bradford method using bovine
serum albumin as standard (Bio Rad, Hercules, CA,
USA). DNRA activity was defined as nmoles NH,"
/min/mg of protein, and NR activity as nmoles NO,~
/min/mg of protein.

Nitrate and nitrite measurements in saliva
samples

Nitrate and nitrite were measured in saliva super-
natants, stored separately from the pellets. After
thawing, saliva was centrifuged (5000 x g, 10 min),
and supernatant nitrite and nitrate were measured
by HPLC-coupled to the Griess reaction (Eicom).
Nitrite levels were also measured by triiodide reduc-
tion to NO and measurement by reaction with ozone
using the Sievers NO-analyzer [17].
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Statistical procedures

Descriptive analyses were presented and compared to
overall SOALS participants (Table 1). Continuous
variables (HOMA-IR, HbAlc, fasting glucose,
2-h glucose, aerobic and CO,-enriched DNRA, and
NR) were all larger than zero, positively skewed, and
widely distributed. Therefore, measurements in the
descriptive table were expressed as median and inter-
quartile ranges (IQR); other continuous measure-
ments used mean and standard deviation (SD), and
count data were used percentages. One outlier in the
CO,-enriched DNRA variable (55 nmoles NH,*/min/
mg) was replaced with a missing value to ensure data
integrity. In the primary analysis, we assessed the
association between DNRA/NR levels as exposures
(using tertiles) and glucose metabolism-related out-
(HOMA-IR, HbAlc,
Gamma regression models were

comes fasting  glucose,
2-h glucose)
employed because these continuous outcomes were
severely positively skewed, and conventional linear
regression models, even when using their trans-
formed levels as outcomes, were no longer appropri-

ate [7]. Gamma regression is widely recommended

Table 1. Descriptive statistics of study variables in the entire SOALS vs. the participants
of this study: mean (SD) (if not specified) or %.

SOALS (N = 1342)

Current study (N = 144)

Assessments from SOALS baseline
Age in years
Sex (Female)
Smoke status

None

Former

Current
BMI (kg/m?)
Physical activity: METs
HOMA_IR (mg/dL): median (IQR)
HbA1c (%): median (IQR)
Fasting glucose (mg/dL): median (IQR)
2-hour glucose (mg/dL): median (IQR)
Mouthwash Use

<Once a day or never

Once a day

> twice a day
Flossing

Less than once per week or never

Less than once per day

Once per day

Twice per day or more
Brushing

Less than once per week or no use

Once per day

Twice per day

More than twice per day
Laboratory measurements
Saliva nitrite (uM): median (IQR)
Saliva nitrate (uM): median (IQR)
Electron donor

Sucrose

NADP
DNRA_aerobic® (N = 65): median (IQR)
DNRA_CO,” (N =60): median (IQR)
NR_aerobic® (N = 83): median (IQR)
NR_CO,® (N =61): median (IQR)

50.51 (6.72) 49.76 (6.14)
71.54% 63.19%
62.78% 54.55%
17.71% 29.37%
19.51% 16.08%

33.45 (6.33) 34.70 (6.81)

20.98 (39.00) 23.39 (29.75)

222 (2.11) 2.20 (2.23)

5.70 (0.50) 5.80 (0.40)

93.00 (14.00) 92.00 (13.50)

113.00 (41.00) 108.00 (35.00)
55.97% 51.75%
20.97% 27.97%
23.06% 20.28%
38.36% 39.86%
20.45% 25.17%
21.87% 21.68%
19.33% 13.29%
0.07% 0.00%
9.18% 6.99%
57.69% 63.64%
33.06% 29.37%

59.72 (58.89)
106.08 (165.21)

47.27 (44.56)
99.53 (129.43)

— 27.78%
— 72.22%
— 0.11 (3.54)
— 1.23 (4.89)
— 0.05 (0.09)
— 0.08 (0.14)

*nmoles NH,*/min/mg protein;
Phmoles NO,-/min/mg protein.
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for modelling continuous outcomes with positive
skewness, and it also accommodates heteroscedasti-
city (non-constant variance) often present in skewed
data. This makes Gamma regression a more natural
fit and also more robust and reliable for our dataset.
Associations were adjusted for age and sex in the
simple models and then for covariates such as smok-
ing, BMI, and physical activity in the comprehensive
models.

For the same reasons mentioned above, we used
Gamma regression models to investigate the associa-
tion between continuous measurements of DNRA
and NR as outcomes and lifestyle factors, such as
flossing, smoking, brushing, and mouthwash use.
Covariates of age, sex, presence of sucrose vs.
NADP in the assay, and BMI were included in the
base model, and lifestyle factors were added to the
base model one at a time. The coefficients and 95%
confidence intervals (CIs) obtained from Gamma
regression models were included in the output tables.
Analyses were conducted using Stata/SE 16.1, and p
<0.05 was considered statistically significant.

Results

The participants (N =144, 36.81% males, 63.19%
females) were between 40 and 65 years old (mean
49.76 years, SD =6.14years) and were all over-
weight (BMI 25-55, mean =34.70, SD =6.81). The
sociodemographic and clinical profile of this
study’s cohort and salivary nitrate and nitrite levels
were similar to the larger SOALS cohort, as shown
in Table 1.

Impact of host-related and lifestyle factors on
DNRA activity

DNRA and NR were higher in CO,-enriched vs.
aerobic conditions (Table 1), but the differences
were not statistically significant (NR p=0.334;
DNRA p=0.097). Under aerobic conditions, NR
was lower when NADP was added in the assay
instead of sucrose (base model Pp=-0.74, p=0.02)
but positively associated with salivary nitrate levels
(B=0.002, 95% CI: 0.0007, 0.003). Under CO,-
enriched conditions, NR was inversely associated
with BMI (base model f=-0.11, p =0.007). Table 2
shows the significant coefficients for sucrose and
BMI in the individual models of each lifestyle fac-
tor. Age and sex were not significantly associated
with  DNRA or NR except in the model for
brushing.

Current and former smokers had lower DNRA
activity than never-smokers under aerobic condi-
tions [current vs. never P=-1.55 (-2.96, —0.14);
former vs. never f=-1.11 (-2.20, —0.02)] but higher

DNRA activity than never-smokers under CO,-
enriched conditions [f=0.93 (0.15, 1.71)]
(Table 2). Frequency of brushing was positively
associated with DNRA under CO,-enriched condi-
tions [twice/day vs. once/day B =4.11 (1.90, 6.32);
more than twice/day vs. once/day P=3.06 (0.94,
5.18)] and with aerobic NR [twice/day vs. once/
day p=1.2, (0.14, 2.27)]. Mouthwash use was not
associated with DNRA or NR under any condi-
tions. Physical activity was inversely associated
with aerobic NR [B=-0.01, (-0.022, —0.003)].

Association of nitrate reductase and DNRA with
glucose metabolism

In multivariate models adjusted for age, sex, BMI,
smoking, and physical activity, HOMA-IR levels
were negatively associated with DNRA under both
aerobic [3™ vs. 1% tertile p= —0.48 (-0.81, —0.15)] and
CO,-enriched [3" vs. 1% tertiles p=-0.42 (-0.68,
—0.17)] conditions (Table 3). Under CO,-enriched
conditions, DNRA was inversely associated with
2-h glucose levels [B=-0.21 (-0.37, —0.04)], and with
fasting glucose in age and sex-adjusted models [2"¢
vs. 1% tertile: f= —0.064 (~0.127, —0.0007); 3" vs. 1%
tertile B=-0.070 (-0.130, —0.011)]. Under aerobic
conditions, DNRA was inversely associated with fast-
ing glucose [P=-0.144 (-0.268, —0.019)] and with
HbAlc [B=-0.054 (-0.105, -0.003)]. NR was not sta-
tistically associated with glucose metabolism out-
comes in the multivariate analysis. However, an
overall pattern of decreasing DNRA and NR activities
with increasing levels of HOMA-IR was observed
under all conditions (Figure 1).

Discussion

The reduction of nitrate by oral bacteria generates
nitrite, ammonium, and NO, and increases the oral
pH. For this reason, there has been a growing interest
in clinical applications of nitrate and nitrate-reducing
bacteria as probiotics/symbiotics to promote cardio-
metabolic and oral health [21-25]. Previous studies
have shown associations between nitrate-reducing
oral bacteria and predicted pathways in samples
from subgingival dental plaque or from the tongue
with cardiometabolic outcomes [4,26,27]. Our study
demonstrates directly that the capacity of salivary
bacteria to reduce nitrate is inversely associated with
insulin resistance, one of the hallmarks in the devel-
opment of type 2 diabetes and other metabolic dis-
orders [28]. By interpreting the coefficients in
Table 3, our data suggest up to 40% lower HOMA-
ir levels in the participants with the highest levels of
DNRA activity in their saliva (3" quartile) compared
to those in the 1* quartile. Significant inverse asso-
ciations were also observed between DNRA and other
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Figure 1.DNRA (nmoles NH,*/min/mg) and nitrate reductase (NO, /min/mg) activity of saliva samples by HOMA-IR categories
under aerobic (a, ¢) and CO,-enriched (reduced-oxygen) conditions (b, d). HOMA-IR categories have been defined according to
proposed thresholds for diabetes (<2: Normal, 2-2.9: Pre-diabetes, >3: Diabetes) [18-20].

clinical parameters of glucose metabolism, such as
blood glucose levels and HbAlc. Furthermore, our
findings suggest that lifestyle and host factors, such as
oral hygiene practices, smoking, physical activity,
BMI and the availability of sugars or nitrates in the
mouth, could significantly impact nitrate reduction in
oral bacteria and, consequently, cardiometabolic
health.

NO metabolism in humans involves an intricate
nexus of interconnected human and microbial path-
ways, which are tightly linked to glucose metabolism
(Figure 2). Consequently, type 2 diabetes has been
associated with impaired NO metabolism and bioa-
vailability, in part due to suppressed synthesis via
both the L-arginine-eNOS pathway and the entero-
salivary pathway [3,21]. As shown in Figure 2, insulin
signaling activates endothelial nitric oxide synthase
(eNOS) by phosphorylation via the PI3K-Akt path-
way, thus stimulating endogenous NO production
from L-arginine [29]. Increased endothelial NO levels
cause vasodilation, which increases the delivery of
insulin and glucose to skeletal muscle and fat, facil-
itating insulin-mediated glucose uptake. Conversely,
a deficiency of endothelial NO impairs the vascular
distribution of insulin to the tissues. It also affects

mitochondrial biogenesis, creating a vicious cycle that
may lead to metabolic abnormalities, including insu-
lin resistance [2]. Increased NO synthesis also
increases salivary nitrate levels through the entero-
salivary pathway [1]. Increased nitrate levels in the
saliva induce changes in the oral microbial commu-
nity, associated with a higher capacity to reduce
nitrate and increased NO-bioavailability [23,24].
This model can explain the significant inverse asso-
ciation between the production of ammonium from
nitrate in salivary bacteria and insulin resistance
observed in our study. Our findings support the
hypothesis that measuring the production of ammo-
nium from nitrate by salivary bacteria could be
applied to develop novel, non-invasive methods for
monitoring NO metabolism and insulin signaling
using saliva samples.

Our study had important strengths, including the
availability of detailed, high-quality clinical and life-
style data and saliva samples from SOALS. Studies on
nitrate-reducing oral bacteria typically focus on the
tongue microbiome and other anaerobic areas of the
mouth (i.e. subgingival dental plaque) as the key oral
niches for nitrate reduction; however, a recent meta-
analysis using data from the Oral Microbiome Project
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Figure 2.Ammonium production from oral nitrate reduction as a biomarker of the entero-salivary pathway and insulin signaling.

demonstrated that saliva carries the highest propor-
tions of nitrate-reducing bacteria in the mouth [30].
All samples were collected, processed, and stored
under carefully monitored standardized conditions,
thus minimizing the risk of bias from using frozen
specimens. The measurements of nitrate/nitrite in the
saliva samples were within expected ranges based on
the literature [31,32].

Nitrite production from nitrate by salivary bacteria
was not significantly associated with insulin resis-
tance, as was the production of ammonium, although
the patterns were similar. Post hoc power estimates
from one-way ANOVA confirmed that the study had
sufficient power (0.9992) to detect differences in
HOMA-IR for NR under aerobic and CO,-enriched
conditions (Cohen’s f of 0.158 and 0.186, respec-
tively). The absence of significant associations with
NR could be due, in part, to the fact that nitrite is an
intermediate product in bacterial reduction pathways.
The amounts of nitrite measured in our assay reflect
the relative rate of reactions that produce it (nitrate
reduction) versus those that convert it to NO (bio-
chemical reduction in hypoxic/acidic environments,
bacterial denitrification) or ammonium (DNRA)
under specific conditions. The kinetics of these reac-
tions need to be studied in detail to more accurately

assess the association of nitrite with clinical out-
comes. These assays require larger sample volumes,
which were not available in SOALS, and can be
complicated by extreme diversity in the types and
numbers of nitrate-reducing bacteria and related
pathways in saliva samples [30], as well as the differ-
ent experimental conditions and host-related factors.
The lack of detailed kinetic data presents a limitation
of this clinical study, especially in the interpretation
of the results related to nitrite. Notwithstanding these
limitations, we were able to observe significant asso-
ciations with ammonium, which is a terminal pro-
duct that can be more accurately measured under
experimental conditions. Using this data we can opti-
mize the methodology that will permit a more precise
assessment of these pathways in future clinical stu-
dies. Ongoing analysis of the salivary microbiome of
the SOALS participants will provide more informa-
tion regarding the specific bacterial populations and
pathways associated with oral nitrate reduction, NO
metabolism, and cardiometabolic health.

The regulatory mechanisms of nitrate reduction in
oral bacteria, particularly those controlling the con-
version of nitrite into NO (denitrification) vs. ammo-
nium (DNRA), are largely unexplored. To begin
understanding these mechanisms, our study



employed an integrated clinical and ecological
approach that considered nitrate reduction within
the context of the oral environment by assessing
different oral conditions (aerobic vs. CO,-enriched),
as well as the impact of oral health-related behaviors
that may modulate the oral environment. Within the
previously discussed limitations of this approach, our
findings are consistent with a vast body of literature
regarding the universal controls of nitrate reduction
pathways in nature. For example, in most natural
ecosystems, these pathways are controlled by the
availability of carbon and nitrogen source, as well as
nitrate-to-nitrite ratio [9,10]. In our study, the addi-
tion of sucrose, a common electron donor for nitrate
reduction in oral bacteria, was associated with
increased nitrate reduction. Dietary nitrate supple-
mentation is known to promote the growth of deni-
trifying oral bacteria, such as Neisseria and
Haemophilus, while reducing DNRA-expressing spe-
cies, such as Prevotella and Veillonella [24]. In agree-
ment with these observations, in our study, salivary
nitrate levels were positively associated with nitrite
production, likely due to increased NR and decreased
DNRA activities.

Oral hygiene practices such as tongue cleaning have
been shown to impact nitrate metabolism in tongue
bacteria by promoting aerobic, denitrifying species
such as Neisseria [27]. In our study, brushing frequency
was positively associated with ammonium production
under CO,-enriched conditions. Smoking differentially
impacts aerobic vs. anaerobic nitrate-reducing bacteria:
aerobic species such as the denitrifying genera Neisseria
and Haemophilus are generally reduced in smokers,
whereas more anaerobic genera, such as the DNRA
expressing Veillonella and Prevotella, generally increase
[33]. In accordance with this, our data showed that
ammonium production from nitrate in current smokers
was reduced under aerobic conditions but increased
under CO,-enriched conditions.

Regular mouthwash use (twice/day or more fre-
quently) was associated with a significantly higher
risk of developing diabetes/pre-diabetes in the SOALS
cohort, which we hypothesized could be due to an
impact on nitrate-reducing oral microbiome [7]; how-
ever, mouthwash use did not have a significant associa-
tion with the production of ammonium or nitrite by
salivary bacteria in this study. Previous studies have
suggested that OTC mouthwash formulations do not
have a significant impact on nitrate-reducing oral bac-
teria [34]. While our present study evaluated nitrate
reduction in saliva, mouthwash may have a more sig-
nificant impact on other oral microbial niches, such as
the tongue. Mouthwash has been suggested to differ-
entially impact oral nitrate reduction in human tongue
samples depending on the oral hygiene habits of the
participants (i.e. tongue cleaning) and the predominant
types of nitrate-reducing species present (denitrifiers
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vs. ammonium producers) [27]. A larger study with
more detailed information on the types of mouthwash
used and microbial composition will be required to
assess more precisely the impact of mouthwash on
nitrate reduction in different oral sites with respect to
clinical outcomes.

Our data showed significant associations
between the capacity of salivary bacteria to reduce
nitrate, BMI and physical activity, which, to our
knowledge, have not been previously reported.
These observations are not surprising because NO
is known to play important roles in various patho-
physiological processes involved in metabolism,
exercise, and energy expenditure through its invol-
vement in endothelial function, inflammation, and
mitochondrial biogenesis [35]. Notably, our popu-
lation consisted of older adults, who were all over-
weight or obese, conditions that are associated with
compromised endothelial function and NO synth-
esis, and that may have influenced our findings.
Recent studies suggest that periodontal disease,
a chronic inflammatory disease that is highly pre-
valent in older adults, can also impact nitrate
reduction in oral bacteria [36]; therefore, the peri-
odontal status of the participants should also be
considered in future studies. Environmental expo-
sures and pollutants, such as fine particular matter,
have recently been linked to the development of
insulin resistance through mechanisms related to
NO metabolism, such as oxidative stress, inflam-
mation and inhibition of the PI3K-Akt pathway
[37,38]; therefore, the physical environment, food
environment and diet, and other social determi-
nants of health and life-style factors which have
been linked to the development of diabetes and
insulin resistance [39] should be considered in
future studies to deeper dissect the role of the oral
microbiome in the development of diabetes
through NO metabolism.

In summary, this study employed an integrated
clinical and ecological approach to assess the role of
nitrate reduction by the salivary microbiome in
cardiometabolic health while adjusting for impor-
tant confounders. Our findings describe a symbiotic
pathway between the human body and its micro-
biome, which can lead to novel, non-invasive
approaches for monitoring the development of
insulin resistance and diabetes wusing saliva.
Despite the limitations and challenges of a clinical
study, our data also indicate that lifestyle factors,
such as oral hygiene and smoking, could modulate
nitrate reduction pathways in oral bacteria, poten-
tially impacting NO bioavailability and cardiometa-
bolic health. These observations highlight the
urgent need to better characterize the complex
mechanisms that regulate nitrate reduction in oral
bacteria and translate these findings into effective
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clinical interventions for improving oral and sys-
temic health.
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