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The enterosalivary pathway generates systemic nitric oxide from dietary nitrate for vasodilation and 
blood pressure (BP) regulation, but standard antibacterial mouth rinses may disrupt this process. This 
study evaluated a bioactive mouth rinse infused with inorganic nitrate and antioxidants on mechanistic 
and clinical measures of the enterosalivary pathway, vascular health, and oral microbiome compared 
to an antibacterial mouth rinse containing chlorhexidine (CHX). Nine-week-old male Wistar rats were 
randomized to the bioactive or CHX rinse administered twice daily for one week. Systolic (SBP) and 
diastolic BP (DBP) were measured using tail cuff plethysmography. Blood and salivary nitrate and 
nitrite concentrations were determined by ozone-based chemiluminescence. Oral microbiome was 
assessed by 16S rRNA V4 gene amplicon sequencing. From baseline to week one, favorable changes in 
SBP (p = 0.008) and DBP (p = 0.016) were observed in the bioactive group compared to the CHX group. 
Blood and salivary nitrate and salivary nitrite concentrations (p < 0.05) were higher in the bioactive 
group. Compared to the CHX group, the bioactive group had significantly greater mean relative 
abundance of genera with established nitrate-/nitrite-reducing properties. Results suggest mouth rinse 
infused with inorganic nitrate and antioxidants favorably modulates the oral microbiome to support 
the enterosalivary pathway while reducing BP over one week.
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Abbreviations
AC	� Antioxidant capacity
ASV	� Amplicon sequencing variants
CHX	� Chlorhexidine
CVD	� Cardiovascular disease
DBP	� Diastolic blood pressure
MDA	� Malondialdehyde
NO	� Nitric oxide
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NOx	� Sum of nitrate and nitrite
NP-40	� Nonidet P-40
PCoA	� Principle coordinate analysis
ROS	� Reactive oxygen species
SBP	� Systolic blood pressure

Cardiovascular disease (CVD) remains the leading cause of death globally, and currently affects over 500 
million adults worldwide1. Oxidative stress and inflammation are fundamental to the onset and progression 
of CVD, as these processes underpin the development of subclinical disease, like elevated blood pressure and 
endothelial dysfunction2. Systemic oxidative and inflammatory stress influence the cells of the vasculature 
leading to structural and functional alterations observed in hypertension, as well as a reduction in nitric oxide 
(NO) bioavailability3.

Similar mechanisms underpin common oral conditions, including periodontal disease, such that detrimental 
bacteria promote the production of pro-inflammatory cytokines and reactive oxygen species (ROS) in the oral 
cavity4. The homeostatic imbalance that ensues is not limited to the oral cavity, rather inflammatory cytokines 
and ROS may be transmitted into circulation as a result of saliva’s constant flux with plasma5. Epidemiological 
and longitudinal studies have further expounded upon the relationship between oral and systemic health such 
that the poor condition of the oral cavity has been implicated in the onset of CVD6. Specifically, periodontal 
disease has been linked to a 19% increased risk of CVD development in young, healthy adults and a 44% increase 
in the older adult population7–9.

Supporting oral health comes in many forms, including daily brushing, flossing, and mouth rinse use, among 
others. Of interest, approximately 60% of adults in the United States adhere to a daily antibacterial mouth rinse 
regimen10. Common mouth rinses cannot differentiate among bacterial species and, thus, contribute to a reduced 
microbial diversity in the oral cavity11. Chlorhexidine is a common ingredient in mouth rinses prescribed by 
dental professionals, and it possesses broad spectrum anti-microbial properties12 .Unfortunately, an oral cavity 
devoid of commensal bacteria may have local and systemic consequences. Previous studies reported increases 
in blood pressure following the use of antibacterial mouth rinses in both normotensive and hypertensive 
individuals, as these rinses also reduce concentrations of protective bacteria critical to the enterosalivary nitrate-
nitrite-NO pathway. The enterosalivary pathway uses dietary inorganic nitrate as a substrate to generate systemic 
nitric oxide for vasodilation and blood pressure regulation13–15.

Dietary inorganic nitrate is found most abundantly in green, leafy vegetables16. Common dietary patterns 
like the Dietary Approaches to Stop Hypertension diet safely provide nitrate levels up to 500% greater than the 
acceptable daily intake determined by the World Health Organization17. As inorganic nitrate is the primary 
substrate for the enterosalivary pathway, it is vital to blood pressure regulation and overall cardiovascular health 
as a result of its conversion to the vasodilatory molecule NO18,19. Briefly, ingested inorganic nitrate is digested, 
absorbed, and approximately 25% of circulating nitrate is concentrated in the salivary glands and secreted into 
the oral cavity. Facultative anaerobic bacteria present on the dorsal tongue facilitate the reduction of nitrate to 
nitrite via nitrate reductase enzymes. Genera such as Neisseria, Haemophilus, and Veillonella are recognized as 
key nitrate-reducers, yet the complete identification of bacteria with these properties is ongoing20–22. Nitrite 
is then converted to NO to influence vascular health under the acidic conditions of the stomach, in plasma 
or tissues by various nitrite reductase enzymes (such as deoxygenated hemoglobin, myoglobin, xanthine 
oxidoreductase, and aldehyde oxidase), or, in some instances, at the gingival margins23,24. While vasoprotective, 
these metabolites also support oral health through anti-microbial properties25.

Acknowledging the complex relationship between oral hygiene practices and cardiovascular health, this 
study aimed to target the prevention of both oral and vascular diseases by establishing the efficacy of a bioactive 
mouth rinse intervention: an alcohol-free, green tea-infused mouth rinse with added inorganic nitrates and 
antioxidants, specifically vitamin C and green tea-derived catechins. It was hypothesized that the bioactive mouth 
rinse would offset the rise in blood pressure that has been observed following the use of antibacterial mouth 
rinses, as it provided inorganic nitrate to support the enterosalivary pathway while concurrently preserving the 
oral microbiome. Furthermore, antioxidants with established oral health benefits were included to positively 
influence redox balance while also supporting the enterosalivary pathway through the enhancement of nitrate 
and nitrite reduction for increased generation of NO26,27.

As such, the purpose of this study was to determine whether the use of the bioactive mouth rinse twice 
daily influenced mechanistic and clinical measures of the enterosalivary pathway, redox status, and vascular 
health over a one-week period compared to a standard mouth rinse containing chlorhexidine. This study also 
investigated changes in the oral microbiome that ensue following the use of the bioactive and chlorhexidine 
mouth rinses during the intervention period.

Methods
Experimental animals and study design
Male Wistar rats (n = 20, five weeks old) were purchased from Charles River Laboratories (Wilmington, MA, 
USA). Animals were individually housed in a climate-controlled environment (23  °C ± 1  °C, 12 h light-12 h 
dark cycle). Autoclaved water was replaced twice weekly to diminish the potential for bacterial overgrowth28. 
All procedures were carried out with accordance to the National Institutes of Health’s Guide for the Care and 
Use of Laboratory Animals. All methods are reported in accordance with the ARRIVE guidelines and were 
approved by the Institutional Animal Care and Use Committee of the University of Alabama (IACUC# 20-10-
3981) (Tuscaloosa, AL, USA).

Following a seven-day acclimation period with free access to food and autoclaved water, rats were 
transitioned to a 10% fat-purified diet (Research Diets, New Brunswick, NJ, USA) (Supplemental Table 1) and 
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were trained until nine weeks old through daily handling and restraint to reduce stress during intervention 
administration and experimental procedures. Following this three-week training period, rats were randomized 
to either the bioactive-infused mouth rinse group or the chlorhexidine-based (CHX) mouth rinse group for a 
one-week period (n = 10/group). A baseline assessment was conducted for both groups that consisted of oral 
microbiome sampling and blood pressure evaluation. After the intervention period began, the assigned rinse 
was administered twice daily (once in the morning and once in the evening) for a one-week period based on 
group assignment. Mouth rinse administration followed methods successfully employed in previous animal 
mouth rinse research29. In short, the rat was restrained in an upright position and 0.3 mL of the assigned mouth 
rinse was applied to the dorsal tongue using a micropipette in a controlled manner to ensure complete delivery 
without swallowing. The mouth rinse was delivered by the same study team members throughout the entire 
study period.

Due to the terminal nature of the salivary and blood collection procedures, described herein, and required 
sample volume, a separate group of male Wistar rats, raised under the same living and training conditions, 
underwent biospecimen collection followed by euthanasia without intervention assignment. These biospecimens 
were used to determine pre-intervention levels of nitrate, nitrite, and redox status in saliva and serum that could 
be compared to post-intervention levels.

Intervention details
The bioactive mouth rinse was composed of 5% green tea (Celestial Seasonings, Boulder, CO, USA), 14 mg 
sodium nitrate (Universal Preserv-A-Chem Inc., Mebane, NC, USA), and 40 mg ascorbic acid (Essential Depot, 
Sebring, FL, USA). All ingredients were food grade and available for safe use according to the Food and Drug 
Administration and the United States Department of Agriculture. To determine the dose of inorganic nitrate, 
principles of allometric scaling were employed and nitrate provision aligned with previous animal models30,31. 
Green tea concentration and vitamin C dose were based upon literature supporting the translocation of bioactive 
components from the oral cavity into circulation32,33.

The chlorhexidine-based mouth rinse was provided as a commercial antiseptic mouth rinse containing 0.2% 
chlorhexidine (Vedco Inc., Saint Joseph, MO, USA). This dose has been successfully implemented in previous 
animal studies29,34.

Outcome measure assessment
Oral microbiome
Rats were anesthetized using a combination of ketamine (80 mg/kg/body weight) and xylazine (5 mg/kg/body 
weight) injected into the intraperitoneal cavity (Patterson Veterinary, Loveland, CO, USA). Oral microbiome 
sampling followed a previously described protocol35. Briefly, the dorsal tongue of each rat was sampled using 
a sterile swab for 30 s. Swabs were stored at − 20 °C until time of analysis. Oral microbiome was assessed by 
16S rRNA V4 gene amplicon sequencing using an Illumina MiSeq Platform (Illumina, San Diego, CA, USA)36. 
Amplicon based sequence variants (ASV) were analyzed by QIIME bioinformatics to determine relative 
abundance of taxa as well as alpha- and beta-diversity37.

Blood Pressure
Blood pressure was measured non-invasively using the BP-2000-R-2 Blood Pressure Analysis System (Visitech 
Systems, Inc., Apex, NC, USA)38. The platform was pre-heated to 38 °C, and a resting period of 20 min was 
implemented for each rat to ensure body temperature and sedation stabilization prior to beginning the 
measurement cycle.

Saliva collection
A stimulated saliva sample was collected following a previously described protocol39. Briefly, an intraperitoneal 
injection of pilocarpine hydrochloride (10 mg/kg/body weight) was administered to stimulate saliva secretion 
(Enzo Life Sciences, Inc., Farmingdale, NY, USA). Each rat was positioned laterally and approximately 1 mL of 
saliva was collected and stored at − 20 °C until time of analysis.

Blood collection
Following oral microbiome sampling, blood pressure, and saliva collection, rats were euthanized via carbon 
dioxide inhalation. Blood was collected from the vena cava, and 400 μL was immediately combined with 100 μl 
of a stop solution (0.8 M potassium cyanide, 0.1 M N-ethyl-maleimide, and 10% NP-40) and stored at − 80 °C 
for analysis of nitrite concentrations40. The remaining blood was centrifuged and the obtained serum was stored 
at − 80 °C until analysis of all other outcome measures.

Nitrate and nitrite assessment in blood and saliva
Nitrite concentrations were determined using ozone-based chemiluminescence and triiode solution as previously 
described41. Briefly, blood samples were injected into a purge vessel containing triiode solution which rapidly 
converted not only nitrite, but also S-nitrosothiols, and iron nitrosyl compounds into free NO gas which was 
subsequently measured by the chemiluminescence analyzer (NOA 280i, Sievers, Boulder, CO, USA). Therefore, 
although nitrosothiols and iron nitrosyls make up a minor fraction of the compounds detected in plasma 
compared to nitrite40. It should be noted that this assay detects more than just nitrite. Absolute concentrations 
were calculated by comparing peak areas to a nitrite standard curve. Nitrate concentrations were determined by 
enzymatic reduction of nitrate to nitrite by incubation with nitrate reductase enzyme (Roche, Indianapolis, IN, 
USA) at 37 °C for 45 min followed by a previously described triiode assay42.
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Redox status in serum and saliva
Malondialdehyde (MDA), a product of lipid peroxidation, is a biomarker of oxidative stress. Serum and salivary 
MDA levels were quantified using the thiobarbituric acid reactive substances assay as previously described43. 
Results are expressed as mM MDA.

Prior to assessing antioxidant capacity, serum was deproteinated using methanol/acetonitrile/acetone (1:1:1, 
v/v/v) as previously described44. The oxygen radical absorbance capacity (ORAC) assay on a FLUOstar Optima 
plate reader (BMG Labtech, Cary, NC, USA) was used to measure the antioxidant capacity of deproteinated 
serum and saliva45. The compound 2, 2-azobis(2—amidino-propane) dihydrochloride was used as the peroxyl 
radical generator and Trolox, a water-soluble analogue of vitamin E, served as the reference antioxidant standard. 
Results are expressed as μM Trolox equivalents.

Statistical analysis
As inorganic nitrate is the bioactive compound of highest priority in the intervention, sample size calculations 
were based on previously published research evaluating inorganic nitrate provision and blood pressure in an 
animal model. For example, Pinheiro et al. 2016 implemented a similar nitrate dose using drinking water and 
reported a significant increase in circulating nitrate/nitrite levels with reductions in blood pressure compared to 
controls (n = 10 Wistar rats/group). As such, the current study implemented a sample size of 10 Wistar rats per 
group for the provision of 14 mg nitrate twice daily in the bioactive mouth rinse. This number of animals and 
dose allowed for 80% power to detect significant differences at p < 0.05.

Data are presented as mean ± SEM or median (25th percentile, 75th percentile) based on normality. 
Differences between groups were evaluated using independent t-tests or Mann–Whitney U tests, and paired 
t-tests or Kruskal Wallis tests were used to determine within-group changes. Kruskal Wallis tests were used 
to compare genera-level relative abundance of bacterial operational taxonomic units between groups. Change 
variables were calculated and analyzed for SBP and DBP only due to significant differences in baseline SBP 
between groups (Completion–Baseline = Change). Associations between outcome measures were also assessed 
using Pearson’s or Spearman’s correlation coefficients based on normality of data. Significance was defined as 
p < 0.05. All analyses were performed using SPSS Statistics version 25 (SPSS, Inc., Chicago, IL, USA).

Results
Blood pressure
From baseline to study completion, SBP and DBP did not significantly change in the CHX rinse group (p = 0.501, 
p = 0.303). In contrast, SBP and DBP were significantly reduced in the bioactive rinse group such that SBP and 
DBP were reduced by 15.6% mmHg (p = 0.008) and 28.8% (p = 0.005), respectively. No significant changes in 
heart rate were observed in either group.

Overall, changes in SBP and DBP from baseline to study completion were significantly greater in the 
bioactive rinse group (SBP: − 19.2 ± 5.7 mmHg, DBP: − 18.4 ± 5.5 mmHg) compared to the CHX rinse group 
(SBP: + 3.5 ± 5.0 mmHg, DBP: + 6.3 ± 5.7 mmHg) (SBP: p = 0.008, DBP: p = 0.005). Changes in heart rate were not 
significantly different between the groups.

Circulating Nitrate and Nitrite Concentrations
There was not a significant increase in blood or salivary nitrate or nitrite concentrations in the CHX rinse 
group (Blood: p = 0.623, p = 0.098, respectively; Salivary: p = 0.572, p = 0.553, respectively) after one week of 
intervention. In contrast, significant alterations were observed in the bioactive rinse group such that blood 
and salivary nitrate increased by 32.4-fold (p < 0.001) and 5.7-fold (p = 0.004), respectively, after one week of 
intervention. Blood and salivary nitrite concentrations did not significantly change in the bioactive rinse group.

At study completion, blood nitrate concentrations were significantly greater in the bioactive rinse group 
compared to the CHX rinse group (p < 0.001, Fig. 1; Table 1). Blood nitrite was not significantly different between 

Fig. 1.  Differences in (A) blood nitrate and (B) blood nitrite between the bioactive-infused mouth rinse 
group and the chlorhexidine mouth rinse group at week one. Bioactive = bioactive-infused mouth rinse group; 
CHX = chlorhexidine mouth rinse group. Data presented as mean ± standard deviation or median (25th 
percentile, 75th percentile) depending upon normality assessment. *denotes significance of p < 0.05.

 

Scientific Reports |        (2025) 15:26827 4| https://doi.org/10.1038/s41598-025-12060-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


groups. Salivary nitrate and nitrite concentrations were also significantly greater in the bioactive rinse group 
compared to the CHX rinse group (p = 0.003, p = 0.017, respectively, Fig. 2).

Circulating redox measures
There was a significant reduction in serum hydrophilic and total AC by 14.8% (p = 0.012) and 16.0% (p = 0.038), 
respectively, in the CHX rinse group after one week of intervention. No significant changes in serum antioxidant 
capacity measures were observed in the bioactive rinse group. Both the CHX rinse group and the bioactive rinse 
group exhibited a significant decrease in salivary lipophilic antioxidant capacity after one week of intervention 
such that concentrations were reduced by 51.7% (p = 0.007) and 59.3% (p < 0.001), respectively. Serum and 
salivary oxidative stress levels were not significantly altered after one week of intervention in either group.

At study completion, all serum antioxidant capacity measures were significantly higher in the bioactive 
rinse group compared to the CHX rinse group (hydrophilic: p = 0.038, lipophilic: p = 0.002, total: p = 0.002). No 
significant differences in salivary antioxidant capacity measures were observed between groups. Similarly, serum 
and salivary oxidative stress levels were not significantly different between groups.

Analysis of oral microbe composition
Beta- and alpha-diversity
Beta diversity group analysis was significantly different between the bioactive-infused mouth rinse group and 
chlorhexidine mouth rinse group using Bray–Curtis (p = 0.012) or unweighted unifrac metrics (p = 0.001) 
(Fig. 3).

Fig. 2.  Differences in (A) salivary nitrate and (B) salivary nitrite between the bioactive-infused mouth rinse 
group and the chlorhexidine mouth rinse group at week one. Bioactive = bioactive-infused mouth rinse group; 
CHX = chlorhexidine mouth rinse group. Data presented as mean ± standard deviation or median (25th 
percentile, 75th percentile) depending upon normality assessment. *denotes significance of p < 0.05.

 

Outcome measure

Bioactive CHX

Mean ± SEM Mean ± SEM

Blood nitrate (μM) 17.82 ± 2.23a 0.77 ± 0.42b

Blood nitrite (μM) 0.10 ± 0.02a 0.12 ± 0.024a

Salivary nitrate (μM) 17.63 ± 3.62a 2.18 ± 0.73b

Salivary nitrite (μM) 0.44 ± 0.12a 0.07 ± 0.02b

Serum hydrophilic AC (μM TE) 478.82 ± 29.46a 405.63 ± 9.31b

Serum lipophilic AC (μM TE) 646.84 ± 78.44a 439.56 ± 26.78b

Serum total AC (μM TE) 1125.66 ± 86.55a 845.19 ± 27.47b

Salivary hydrophilic AC (μM TE) 229.66 ± 67.21a 194.92 ± 48.63a

Salivary lipophilic AC (μM TE) 161.99 ± 27.00a 192.51 ± 55.96a

Salivary total AC (μM TE) 391.65 ± 91.59a 348.69 ± 98.08a

Serum oxidative stress (mM MDA) 0.19 ± 0.0008a 0.19 ± 0.004a

Salivary oxidative stress (mM MDA) 0.23 ± 0.003a 0.23 ± 0.004a

Table 1.  Differences in blood and salivary nitrate, nitrite, and antioxidant status between the bioactive-
infused mouth rinse group and the chlorhexidine mouth rinse group at week one. *AC : antioxidant 
capacity; Bioactive = bioactive-infused mouth rinse group; CHX : chlorhexidine mouth rinse group; MDA : 
malondialdehyde; TE :  Trolox equivalents. †Data presented as mean ± SEM for consistency. Between-group 
outcomes were assessed at week 1 using independent t-tests or Mann–Whitney U tests, dependent upon 
normality. Within each row, values that do not share a common superscript letter represent significant 
(p < 0.05) between-group differences at study completion.
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From baseline to study completion, the alpha diversity metric Shannon Diversity Index did not significantly 
change in the CHX rinse group (p = 0.180); however, a significant reduction in the observed species level was 
observed (p = 0.003). In contrast, the bioactive rinse group exhibited a significant reduction in the Shannon 
Diversity Index from baseline to study completion (p = 0.049). No significant changes in the observed species 
level were observed.

At study completion, the Shannon Diversity index was not significantly different between groups, yet the 
observed species level was significantly lower in the CHX rinse group compared to the bioactive rinse group 
(p = 0.019).

Changes in mean relative abundance of nitrate- or nitrite-reducing bacteria
Kruskal–Wallis analysis revealed that the bioactive rinse group had significantly greater (p < 0.05) mean relative 
abundance of genera with established nitrate- or nitrite-reducing capabilities compared to the CHX rinse group, 
including Veilloneilla (CHX: 0.38%, Bioactive: 1.05%), Haemophilus (CHX: 0.05%, Bioactive: 0.11%), and 
Staphylococcus (CHX: 0.94%, Bioactive: 1.49%).

Correlations
Across both groups, significant inverse correlations between DBP and blood nitrate (r = − 0.619, p = 0.005), 
salivary nitrate (r = − 0.627, p = 0.007), and salivary nitrite (r = − 0.552, p = 0.022) were observed. DBP was 
also significantly inversely correlated with serum hydrophilic AC (r = − 0.478, p = 0.038), serum lipophilic AC 
(r = 0.456, p = 0.050), and serum total AC (r = − 0.542, p = 0.017).

In the bioactive rinse group only, DBP and salivary nitrate/nitrite were beneficially correlated with the relative 
abundance of Staphylococcus (Salivary nitrate: r = 0.795, p = 0.010), Veillonella (DBP: r = − 0.750, p = 0.020), 
Streptococcus (DBP: r = − 0.667, p = 0.050), and Neisseria (Salivary nitrite: r = 0.794, p = 0.011).

Discussion
The present study aimed to evaluate the influence of a novel bioactive mouth rinse containing inorganic nitrate 
and antioxidants on mechanistic and clinical outcomes of the enterosalivary pathway, redox status, and vascular 
health, as well as the oral microbiome, over a one-week period compared to a standard antibacterial mouth rinse 
containing CHX. In short, results suggest that a bioactive mouth rinse increases salivary and circulating levels of 
nitrate, favorably modulates the oral microbiome composition to support nitrate reduction, and reduces blood 
pressure compared to a CHX mouth rinse. To our knowledge, this is the first study to target the prevention of 
both oral and vascular diseases by evaluating the influence of a functional mouth rinse.

Previous research has established the blood pressure-lowering effects of dietary nitrate such that the provision 
of nitrate-rich foods or beverage resulted in improved vascular measures both short- and long-term46–48. The 
current study is unique in that it provided dietary nitrate in an oral hygiene intervention, thus relying on 
the translocation of compounds from the oral cavity into circulation at the salivary gland interface. Results 
demonstrated that the twice daily administration of a bioactive mouth rinse significantly lowered SBP and DBP 
over a one-week period.

Significant alterations in blood pressure have also been observed in other animal studies providing a similar 
dose of dietary nitrate, albeit by drinking water or oral gavage29,31,34. Interestingly, the current study observed a 
greater magnitude of improvement in both SBP and DBP compared to the aforementioned publications. These 
discrepancies may stem from differences in the intervention vehicle and composition. Moreover, although nitrate 
was the bioactive compound of greatest interest in the bioactive mouth rinse intervention, other antioxidants 
were included, namely catechins from green tea and vitamin C. Independently, these antioxidants influence the 
mechanisms underlying blood pressure control in animal and human models, and they enhance the reduction 
of nitrate and nitrite in the enterosalivary pathway for increased generation of nitric oxide16,24,49,50. It is plausible 

Fig. 3.  Overall oral microbiome composition by group visually represented using principle coordinate analysis 
(PCoA) plots at week one. Oral microbiome composition was significantly different between the bioactive-
infused mouth rinse group and chlorhexidine mouth rinse group using (A) Bray–Curtis and (B) unweighted 
unifrac. Each point represents a single oral microbiome sample. Red points denote the bioactive-infused 
mouth rinse group; Grey points denote the chlorhexidine mouth rinse group. Significance defined as p < 0.05. 
No significant difference (p > 0.05) was observed between the groups using weight unifrac analysis.
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that in combination, these factors resulted in an amplified blood pressure response over time. It is also important 
to consider the potential contributions of blood pressure variability among rodents owing to their outbred 
background. A significant difference in baseline SBP was observed between the bioactive and CHX mouth 
rinse groups despite standardized living and testing conditions. Accordingly, a change variable (Completion–
Baseline = Change) was calculated for both SBP and DBP and used to investigate the hypothesis. It is possible 
that the difference in baseline SBP may have contributed to the magnitude of change observed. However, no 
significant differences in DBP were observed between groups at baseline, and a significant difference at study 
completion was observed in favor of the bioactive mouth rinse group (Supplemental Table 2). Taken collectively, 
the overall favorable results reported for blood pressure following a bioactive mouth rinse intervention are 
stronger for DBP and require further investigation in animal and human subjects.

To date, dietary nitrate interventions in humans have typically been provided in food or beverage form, 
including beet root juice, green leafy vegetables, or sodium nitrate, and in drinking water or oral gavage in 
preclinical models. Accordingly, the inorganic nitrate is swallowed, digested, and absorbed before undergoing 
concentration in the salivary glands for incorporation into the enterosalivary pathway19. This process results 
in an increase in circulating and/or salivary concentrations of nitrate and nitrite. In contrast, the current study 
primarily relied on the transfer of compounds from the oral cavity into circulation at the salivary gland interface 
since nitrate was delivered in an oral hygiene intervention. Results support the bioavailability of the bioactive 
mouth rinse such that blood and salivary nitrate concentrations were significantly increased after one-week, and 
these increases were significantly greater as compared to the CHX group. Significant inverse correlations were 
also observed between blood pressure and blood nitrate.

Of interest, the current study observed significant increases in blood nitrate, but blood nitrite was not 
significantly altered. It is unclear if other studies implementing a dietary nitrate intervention had a similar 
pattern of metabolite response, as most animal studies report a combined metric (NOx = nitrate + nitrite) or only 
report a single metabolite; however, Pinheiro et al. 2016 reported a significant increase in plasma nitrate by 60 – 
90 μmol/L in non-hypertensive and hypertensive adult rats after a four-week inorganic nitrate intervention31. The 
direction of findings from the current study aligns with Pinheiro et al., yet the magnitude of increase was lower. 
It is plausible that differences in methodologies used to quantify nitrate and nitrite underpin this discrepancy. 
In the current study, blood nitrite was not significantly different between groups at week one. This is distinct 
from another one-week inorganic nitrate intervention study in which plasma nitrite levels were significantly 
increased34. These results may be indicative of nitrite in circulation rapidly converted to more vasoactive NO 
metabolites in the current study, as evidenced by the changes in SBP and DBP observed.

To our knowledge, this is the first study to quantify nitrate and nitrite concentrations in saliva of rats. 
Salivary nitrate and nitrite concentrations were significantly higher in the bioactive rinse group compared to the 
chlorhexidine rinse group at study completion. Similar increases have been reported in human studies following 
a dietary nitrate intervention14,51. Overall, these results support the bioavailability of inorganic nitrate in the 
bioactive mouth rinse, as well as successful incorporation into the enterosalivary pathway.

The bioactive mouth rinse was developed with additional bioactive compounds including green tea catechins 
and vitamin C, to support the efficiency of the enterosalivary pathway and for potential downstream redox 
benefits owing to their antioxidant properties. However, no significant alterations in serum or salivary oxidative 
stress were observed. Similarly, salivary AC did not significantly increase in the bioactive rinse group at week 
one as originally hypothesized. In fact, both the bioactive rinse and CHX rinse groups exhibited a significant 
reduction in salivary lipophilic AC. These findings underscore the need for continued research evaluating 
how conventional and alternative mouth rinse use influence redox status in the oral cavity and systemically. 
Nevertheless, a bioactive mouth rinse administered twice daily was successful in maintaining circulating 
antioxidant concentrations compared to the chlorhexidine group over a one-week period.

Differences in dietary patterns, oral hygiene habits, and medication use, among other factors, all contribute 
to the inter-individual variability observed in oral microbiome composition21,22. Such variability influences the 
efficiency of the enterosalivary pathway owing to varying concentrations in the relative abundance of bacteria 
with established nitrate-reducing properties. Nitrate-rich foods have been hypothesized to induce changes in 
the oral microbiome to support an increased efficiency of nitrate reduction to nitrite and, subsequently, NO21. 
Results from the current study align with this hypothesis such that the bioactive mouth rinse containing nitrate 
favorably modified the oral microbiome in support of the enterosalivary pathway compared to the chlorhexidine 
rinse over a one-week period. For example, at the genus level, the bioactive mouth rinse resulted in a 
significantly greater mean relative abundance of previously identified nitrate- and nitrite-reducers, Veillonella, 
Haemophilus, and Staphylococcus compared to the CHX rinse. These genera possess nitrate reductase enzymes 
and metabolic flexibility that support the conversion of nitrate to nitrite. Significant positive correlations were 
also observed between the aforementioned genera and serum nitrate concentrations and salivary nitrate/nitrite 
concentrations. Current findings build upon those of Hyde and colleagues in which a one-week dietary nitrate 
intervention increased the mean relative abundance of Haemophilus and Streptococcus in male Wistar rats29. 
Direct comparison of results to other animal studies is limited by inconsistencies in methodology of microbiome 
assessment (i.e., culture-based techniques vs. 16S rRNA gene sequencing). The genus-level changes observed in 
this study align with those previously reported in human subjects. Specifically, Veillonella have been identified 
as a predominant nitrate-reducing bacteria on the human tongue, and Haemophilus and Staphylococcus have 
been highlighted as minor contributors29,52. Although not all major nitrate-reducing species were altered in the 
current study, observed increases and correlations in key genera suggest that the bioactive rinse may positively 
influence the oral microbiome and warrants continued investigation.

Significant differences in alpha-diversity and beta-diversity were also observed between the bioactive rinse 
group and the CHX rinse group after one week which suggests that the rinses cultivated two distinct oral 
microbiomes. Specifically, a significantly lower observed species level in the CHX rinse group suggests that the 
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antibacterial rinse was successful in disrupting the oral microbiome by lowering species richness. Differences in 
beta-diversity further support that the bioactive mouth rinse and the CHX mouth rinse cultivated two distinct 
oral microbiome compositions.

Collectively, significant alterations in the oral microbiome composition of the bioactive rinse group likely 
increased the efficiency of the enterosalivary pathway and, subsequently, increased nitrate/nitrite levels to 
support the observed changes in blood pressure.

This study advances the current understanding of dietary nitrate interventions on the enterosalivary pathway 
through the investigation of a dietary bioactive mouth rinse compared to a standard CHX mouth rinse. Results 
are strengthened by using purified diets and autoclaved water, as well as standardized animal training protocols 
to limit confounding variables. Additionally, gold standard methods, such as 16S rRNA gene sequencing with V4 
amplification, non-invasive tail cuff blood pressure with plethysmography, and ozone-based chemiluminescence, 
were included and allometric scaling was employed to support translation of findings. Despite strengths, 
the study is not without inherent limitations. Although Wistar rats are a well-established model to evaluate 
outcomes related to the enterosalivary pathway, there are noteworthy differences between rodents and humans. 
For instance, nitrate is not concentrated in rodent salivary glands to the same degree as humans, although the 
mechanism underpinning this difference is unclear53. Additionally, it is common for rodents to have variability 
in blood pressure despite standardized conditions (i.e., like consistency in time of day of readings) owing to their 
outbred background54. Such variability impacts the precision of results.

Overall, results suggest a mouth rinse infused with inorganic nitrate and antioxidants favorably modulates 
oral microbiome composition in support of the enterosalivary pathway and reduces blood pressure compared 
to standard CHX rinse treatment over a one-week period. Acknowledging that 1.98 billion adults worldwide 
are living with hypertension, optimizing oral hygiene practices may have significant public health implications, 
as this represents a feasible intervention that can easily be integrated into an individual’s daily routine. To date, 
most nitrate interventions in humans have been delivered as beetroot juice, nitrate-rich vegetables, or nitrate salt 
capsules. As such, short- and long-term investigation of the bioactive rinse among humans is needed to provide 
insight regarding bioavailability and clinical vascular and oral health measures. Such studies will overcome 
the aforementioned limitations associated with animal models, and enable the consideration of baseline oral 
microbiome composition as a mediating variable. Ultimately, supporting the potential translation of this 
bioactive rinse into clinical practice.

Data availability
The oral microbiome datasets generated and analyzed during the current study are available in the National 
Institutes of Health Sequence Read Archive (SRA) repository, PRJNA1274611. The remaining data that support 
the findings of this study are available from the corresponding author upon reasonable request.
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