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ABSTRACT

Alzheimer’s disease, the most common type of dementia, is characterized by a gradual
decline in cognitive function. As a neurodegenerative disease, Alzheimer’s is distinguished by
neuronal loss and atrophy in regions of the brain responsible for learning and memory. Despite
many hypotheses to explain the potential causes of Alzheimer’s disease, its pathogenesis remains
poorly understood. Although risk factors such as aging and poor cardiovascular health have been
historically well-established in Alzheimer’s disease pathology, researchers are continually
exploring new hypotheses to explain its onset and progression. Porphyromonas gingivalis, a gram-
negative bacterium that is the main etiological agent in periodontal disease, has recently been
attributed to Alzheimer’s disease pathogenesis. Researchers suggest that P. gingivalis can travel
from the oral cavity into the brain, where it may contribute to the development of Alzheimer’s
disease. As a result, treating P. gingivalis colonization in the oral cavity could potentially offer
protection against Alzheimer’s disease. One proposed treatment is a dietary nitrate supplement,
which may reduce the abundance of P. gingivalis in the oral cavity and improve overall vascular
health. In this study, we administered a 10-day potassium-nitrate supplement of 4.84 mmol nitrate
per day to ten healthy participants and assessed changes in oral microbiome composition and
vascular health before and after the intervention. Participants attended the laboratory twice: once
before and once after the 10-day nitrate supplementation. At each lab visit, we took oral samples
from saliva, hard tissue (floss), and soft tissue (tongue swab) to evaluate the oral microbiome
composition. Additionally, we took measurements of endothelial function and blood pressure as
markers of vascular health. We assessed the composition of the oral microbiome, specifically the
relative abundance of Porphyromonas, using 16S rRNA gene sequencing. Blood pressure was
measured using photoplethysmography in the finger and endothelial function was analyzed using
a flow-mediated dilation test. Paired t-tests were used to analyze changes in the abundance of
Porphyromonas, blood pressure, and flow-mediated dilation responses from pre to post nitrate
supplementation. We hypothesized there would be a decrease in the relative abundance of
Porphyromonas in the oral cavity, a decrease in blood pressure, and an improvement in FMD
response post supplementation. We found that there were no clear changes in bacterial composition
and no significant shifts in the abundance of Porphyromonas from pre to post nitrate
supplementation from the different sample sites. However, we did find that the oral microbiome

associated with each sample site was closely related among individuals, and that the oral
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microbiome composition remained relatively stable over time. Furthermore, we found the highest
relative abundance of Porphyromonas in the subgingival sulcus (i.e., the floss sample type) as
compared to other areas of the oral cavity. As for vascular health, there were no significant changes
in blood pressure or flow-mediated dilation response. Although we did not detect significant
changes in oral microbiome composition or markers of vascular health after a short-term nitrate
supplementation, we did detect differences in the prevalence of Porphyromonas in the oral cavity.
The methodology and results presented here lay a foundation for future work and have the potential
to be developed into a larger scale study. If future studies see improvements post supplementation
in both oral microbiome composition and vascular health, the novel use of a dietary nitrate
supplement could be administered to people suffering from cognitive impairment, with the hope

of potentially providing protection against Alzheimer’s disease.
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1 INTRODUCTION

Alzheimer’s disease (AD), the most common form of dementia, is characterized by a
gradual decline in cognitive function (Kametani and Hasegawa 2018). As the seventh leading
cause of death in Canada, AD is a devastating disease that affects more than 40 million people
worldwide (Statistics Canada 2022; Santos et al. 2017; d’Errico and Meyer-Luehmann 2020). AD
is a neurodegenerative disease characterized by neuronal loss and brain atrophy, typically in the
hippocampus and entorhinal cortex regions of the brain that are responsible for learning and
memory (Raji 2009; Anand and Dhikav 2012). Due to its high prevalence, AD has been closely
studied for decades; however, its pathogenesis remains poorly understood and with no treatments
in place to effectively prevent or cure the disease (Santos et al. 2017). Although the etiology of
AD is not clearly characterized, risk factors contributing to the development of the disease have
been well-established, including aging, genetic predisposition, immune dysfunction, and poor
cardiovascular health (Armstrong 2013). However, recent research indicates that oral health may
also play an integral role in the development AD (Ide et al. 2016; Dominy et al. 2019).

For many years, researchers have distinguished AD by two abnormal structures formed
and dispersed in the brain, known as amyloid-B (AB) plaques and neurofibrillary tangles (NFTs)
(Glenner and Wong 1984; Grundke-Igbal et al. 1986). AR plaques are comprised of extracellular
AR peptide accumulations, while NFTs are aggregates of hyperphosphorylated tau proteins
(d’Errico and Meyer-Luehmann 2020). Researchers suggest accumulations of these structures
directly damage and destroy synapses in regions of the brain responsible for memory and cognition
(d’Errico and Meyer-Luehmann 2020). A3 plaques and NFTs are considered the hallmarks of AD
as their involvement either alone or together is suggested to contribute to AD pathology (Vogel et
al. 2021).

AB is a proteolytic product of the glycoprotein amyloid precursor protein (APP), and
regulates neuron growth, synaptic functions, neuroprotection, as well as nervous system
development (Chen et al. 2017; d’Errico and Meyer-Luehmann 2020). APP is a transmembrane
protein expressed in various brain tissues and neuronal synapses and is cleaved sequentially by -
and y-secretases, which are membrane-bound proteases (Murphy and Levine 2010; Chen et al.
2017). The cleavage of APP by y-secretase is imprecise and therefore results in AB fragments of

varied sizes, most often being either 40 (A4o) or 42 (AP42) amino acids in length (Murphy and



LeVine 2010). APa4o is the most abundant fragment form in healthy brains, while overproduction
of AP42 in relation to AB4o has been linked to AD pathology (Findeis 2007).

Once AB monomers are formed in the brain, they are typically released into the
extracellular space where they undergo proteolytic degradation or transportation out of the brain
(Chen et al. 2017). However, in AD, AP aggregates into soluble oligomers that can spread
throughout the brain and drive synaptic dysfunction, or into larger insoluble amyloid fibrils that
can further aggregate into amyloid plaques, with the majority being driven by AP4> (d’Errico and
Meyer-Luehmann 2020; Chen et al. 2017). AP plaque formation plays a role in AD pathogenesis
by inducing neuronal loss, synaptic dysfunction, and disrupting neural connectivity (d’Errico and
Meyer-Luehmann 2020; Chen et al. 2017; Murphy and Levine 2010). Although the mechanism
that drives AR deposition in AD remains unclear, early onset AD may be triggered by mutations
in the APP gene to increase the production of APB4>, or mutations in the PSEN1/2 gene which plays
a role in the cleavage of APP (Chen et al. 2017). In contrast, late onset AD may result from an
abnormal propensity of AB to aggregate into plaques or may be due to the role of AB as an
antimicrobial peptide (Kumar et al. 2017).

Antimicrobial peptides are a class of innate immune defense molecules that serve to protect
the host from microbial invasion (Soscia et al. 2010; Kumar et al. 2017; Gosztyla et al. 2018). The
role of A3 as an antimicrobial peptide in the brain is to function as a first line of defense against
invading pathogens, specifically by binding and intercepting microbes before entering neurons,
reducing microbial adhesion to the host cell, and even directly killing bacteria (Kumar et al. 2017,
Brothers et al. 2018). However, despite the protective role of A as an antimicrobial peptide, it
may become dysregulated in response to microbial invasion and lead to host cell toxicity,
inflammation, and degenerative pathologies, like those seen in AD (Kumar et al. 2017). Thus, the
large deposition of A plaques in AD patients may result from over reactivity of the brain’s innate
immune system in response to invading microbes (Kumar et al. 2017).

In addition to A plaques, NFTs may also play a central role in AD. NFTs are composed
of insoluble filaments of the microtubule-associated phosphoprotein tau, which is a protein
responsible for microtubule assembly and stability (Kametani and Hasegawa 2018). In AD, tau
becomes abnormally hyperphosphorylated, allowing microtubules to disassemble and free the tau
protein, which then aggregate into NFTs in the neuronal cytosol (d’Errico and Meyer-Luehmann

2020; Medeiros et al. 2011). Once NFTs are formed, they inhibit the microtubule network and



normal neuronal signaling, thus potentially compromising neuronal viability (d’Errico and Meyer-
Luehmann 2020). Healthy cells may also internalize aggregates of tau, or these aggregates may be
transferred through synaptic contacts between neurons, which results in the rapid spread of NFTs
in healthy brain areas (d’Errico and Meyer-Luehmann 2020).

Despite substantial evidence supporting the amyloid and tau hypotheses as drivers of AD,
researchers have recently highlighted other mechanisms that may play integral roles in AD
etiology. There is evidence suggesting cardiovascular health and more recently, oral health also
contribute to AD pathogenesis (de Bruijn and Ikram 2014; Kelleher and Soiza 2013; Ide et al.
2016). Cardiovascular diseases including stroke, coronary heart disease, and heart failure, as well
its risk factors, such as arterial stiffness and endothelial dysfunction, significantly increase the risk
of developing AD (de Bruijn and Ikram 2014; Stephan et al. 2017).

Arterial stiffness has been linked to neural inflammation, synaptic injury, NFTs, and an
increase in pulsative pressure that damages the brain microvascular system, which can all
contribute to AD (Moore et al. 2021; de Bruijn and Ikram 2014). Similarly, endothelial dysfunction
may also play a role in the development of AD (Kelleher and Soiza 2013). The endothelium is a
monolayer of endothelial cells that lines the lumen of all blood vessels, including the blood-brain
barrier (Kriiger-Genge et al. 2019). This layer of cells controls the degree of vascular relaxation
and constriction, regulates the exchange of molecules between the bloodstream and tissues, and
maintains the integrity of blood vessels (Kriiger-Genge et al. 2019; Deanfield et al. 2007). Healthy
endothelial function is largely dictated by the availability of nitric oxide (NO) in the body, which
i1s a molecule acquired both endogenously and exogenously, and acts as a potent vasodilator. In
turn, endothelial dysfunction, which is the impaired functioning of the lining of blood vessels, is
characterized by a decreased availability of NO, in which blood vessels are unable to properly
dilate in response to an adequate stimulus (Hughes et al. 2013). In turn, the integrity of the
endothelial layer may become increasingly compromised and the blood-brain barrier can become
permeable to toxic molecules that contribute to AD progression (Dede et al. 2007; Kelleher and
Soiza 2013; Lyros et al. 2014).

While the relationship between cardiovascular health and AD is relatively well-established,
how oral health contributes to AD pathology is not as well-characterized. Recently, several studies
have found periodontal disease to be closely linked to the development of AD (Ide et al. 2016;

Dominy et al. 2019; Beydoun et al. 2020). Periodontal disease, also known as gum disease, is a



gum infection that damages the tissues surrounding the teeth, often because of poor oral hygiene,
smoking, or genetic predisposition (Diaz-Zuiiiga et al. 2020; Tettamanti et al. 2017). The disease
is caused by the imbalance or dysbiosis of the commensal oral bacteria that leads to inflammation
of the gingiva (gums), the breakdown of connective tissue, and the formation of periodontal
pockets (Kinane et al. 2017; Leira et al. 2017). Notably, periodontal pockets, which are spaces
around the teeth underneath the gum line, create an environment that favours the proliferation of
bacteria, especially of gram-negative genera (Kamer et al. 2008).

One such bacterium is Porphyromonas gingivalis, a gram-negative anaerobic bacterium
that is the main etiological agent in periodontal disease (Kamer et al. 2008; Dominy et al. 2019;
Diaz-Zuiiiga et al. 2020). P. gingivalis typically exists in a healthy oral cavity in a commensal
relationship with the human host; however, these bacteria can quickly shift into a disease state if
they accumulate at high numbers in the subgingival dental plaque (Lamont and Jenkinson 1998;
Guo et al. 2010). P. gingivalis produces a variety of virulence factors including fimbriae and
proteolytic enzymes, which likely mediate its toxicity in the host (Lamont and Jenkinson 1998;
Guo et al. 2010). Of its proteolytic enzymes, gingipains, which are cysteine proteases, are involved
in 85% of P. gingivalis tissue destruction, therefore playing an integral role in its pathology (Guo
etal. 2010; Imamura 2003). Gingipains enable a tight adherence to sites in the oral cavity, allowing
P. gingivalis to exploit the host for sources of heme and iron, sustain chronic inflammation in the
host, and induce apoptosis in gingival epithelial cells (Shi et al. 1999; Guo et al. 2010;
Stathopoulou et al. 2009; Sheets et al. 2005). In P. gingivalis pathology, gingipains play a vital
role in exploiting host signalling pathways to invade the cell and degrade extracellular protein
matrices, as well as acting to manipulate the cytokine network to avoid host defence (Guo et al.
2010).

The home of P. gingivalis within periodontal pockets also enables it to gain easy access to
the circulatory system (Guo et al. 2010). P. gingivalis can travel out of the oral cavity by
manipulating monocytes for transport to the circulatory system, or by processes of bacteremia, in
which bacteria enter the bloodstream from gingival bleeding during teeth brushing and by chewing
food in periodontally compromised teeth (Kanagasingam et al. 2020; Singhrao et al. 2015; Dominy
et al. 2019). Once in the circulatory system, P. gingivalis can invade blood-brain barrier

endothelial cells, which may have become permeable as a result of endothelial dysfunction



(Singhrao and Harding 2020). P. gingivalis invasion may also occur through olfactory or
trigeminal cranial nerve infection that travels to the brain (Dominy et al. 2019).

In the brain, P. gingivalis spreads slowly from neuron to neuron, causing increased
infection over time, and contributing to AD by several mechanisms (Dominy et al. 2019). Given
the putative role of A3 as an antimicrobial peptide, AB4> has been shown to accumulate in the brain
and form amyloid plaques in response to influxes of P. gingivalis (Battersby et al. 2016; Dominy
et al. 2019). Furthermore, gingipains produced by P. gingivalis, can cleave tau proteins in the brain
that may contribute to NFT formation and degenerate neurons (Dominy et al. 2019; Diaz-Zuiiga
et al. 2020). Researchers also suggest that the inflammatory products produced in periodontal
disease induce further AB and tau protein production in brain tissue of patients with AD (Kamer
et al. 2008; Ishida et al. 2017).

The new-found link between P. gingivalis and AD has sparked efforts to try to treat P.
gingivalis associated AD. Dominy et al. (2019) have been instrumental in the field in developing
a drug to inhibit P. gingivalis proliferation. In recognition that antibiotics do not offer reliable
protection from P. gingivalis invasion, the researchers developed small molecule gingipain
inhibitors as treatment (Dominy et al. 2019). Given gingipains are necessary for P. gingivalis host
colonization, nutrient acquisition, and inactivation of host defenses, blocking gingipains in the
brain has the potential to inhibit P. gingivalis infection (Dominy et al. 2019). Dominy et al. (2019)
demonstrated that gingipain inhibitors can reduce the load of P. gingivalis in the brain, block
gingipain-caused neurodegeneration, decrease the ARs> host response, and reduce overall
neuroinflammation. These researchers suggest that gingipain inhibitors block the bacteria’s ability
to acquire heme and generate peptide nutrients, both of which are essential for energy production
and growth (Dominy et al. 2019).

Alongside gingipain inhibitors, an additional intervention worth assessing is the
administration of a dietary nitrate supplement. Vanhatalo et al. (2018) have demonstrated that
nitrate supplements can alter the salivary microbiome community composition, notably with a
decline in the abundance of Bacteroidetes, the phylum to which P. gingivalis belongs. Rosier et al.
(2020) recently found that in vitro nitrate supplementation significantly reduces P. gingivalis
abundance in saliva samples. These two studies suggest that a nitrate supplement could create an
oral environment that would be unfavourable for P. gingivalis proliferation and thus may

potentially protect against AD development and progression.



Dietary nitrate supplements may also improve systemic vascular health. A nitrate
supplement increases the production of NO, a potent vasodilator, in the body and thus has the
potential to improve overall physiological health by both lowering blood pressure and improving
endothelial function. NO is naturally produced by two pathways in the body. The first is the
endogenous L-arginine/NO-synthase pathway, and the second is the enterosalivary nitrate-nitrite-
NO pathway. In the endogenous L-arginine/NO-synthase pathway, NO is synthesized from the
amino acid L-arginine by endothelial NO synthases. However, NO can also be derived from nitrate
in the diet, such as from vegetables or water (Koch et al. 2017; Tribble et al. 2019). This process
is termed the enterosalivary nitrate-nitrite-NO pathway and provides the body with an alternate
source of NO (Tribble et al. 2019).

The enterosalivary nitrate-nitrite-NO pathway relies on the reduction of dietary nitrate to
nitrite by nitrate-reducing oral bacteria, in which these bacteria utilize nitrate as an alternative
electron acceptor in anaerobic respiration (Koch et al. 2017; Tribble et al. 2019; Sundqvist et al.
2020; Alzahrani et al. 2021). Approximately 60-70% of consumed nitrate is released in the urine,
while the remaining 25% is reabsorbed from the plasma and concentrated into the saliva to be used
in the enterosalivary pathway (Hobbs et al. 2013). Upon the conversion of nitrate to nitrite by oral
bacteria, roughly 80% of nitrites are swallowed and are protonated to form nitrous acid (HNO;)
which spontaneously decomposes into NO as facilitated by acids in the stomach (Alzahrani et al.
2021; Lundberg et al. 2008; Hobbs et al. 2013). The human body lacks nitrate reductase abilities
and thus rely on the presence of oral bacteria to supplement NO and to regulate proper vasodilation
in the body (Tribble et al. 2019).

It is important to consider that the production of NO from the endogenous L-arginine/NO-
synthase pathway can often become compromised, such as in cardiovascular diseases, and the
reduced availability of NO in the body limits the ability of the arteries to properly dilate or maintain
endothelial layer integrity (Kelleher and Soiza 2013; Velmurugan et al. 2016). The consumption
of nitrate, such as from a nitrate supplementation, may be able to restore adequate NO
concentrations to ensure healthy endothelial function, decrease blood pressure, and maintain
endothelial layer integrity, especially in the blood brain barrier (Dejam et al. 2004; Vanhalato et
al. 2018; Rosier et al. 2020). In turn, these effects may be able to slow the entry of bacteria, such

as P. gingivalis, into the brain and thus potentially protect against the development of AD.



In the present study, we assessed the effects of a dietary nitrate supplementation on the oral
microbiome and overall vascular health in a healthy study population. We hypothesized that a
dietary nitrate supplement will reduce the abundance of P. gingivalis, a microbe linked to AD
pathogenesis, in the oral microbiome, as well as improve secondary vascular outcomes tied to
cardiovascular disease. To test this hypothesis, we administered a 10-day dietary nitrate
supplement, in the form of potassium nitrate, to ten healthy participants. We assessed changes in
the oral microbiome, specifically the abundance of Porphyromonas genus, using 16S rRNA gene
sequencing, as well as assessed changes in secondary vascular outcomes of blood pressure and

endothelial function as surrogate markers of cardiovascular disease risk.

2 MATERIALS AND METHODS

2.1 Ethical approval

Ethical approval was granted by the Thompson Rivers University Research Ethics Board
and Biosafety approval was granted by the Thompson Rivers University Biosafety Committee. All
participants gave their written and informed consent, both after the experimental procedure and

risks had been explained to them and prior to the start of testing.

2.2 Study participants

Ten healthy participants including 7 males and 3 females between 20-49 years of age were
recruited to participate in the study. Mean participant age was 30.8 & 10.5 years, height was 177.5
+ 7.6 cm, and weight was 73.8 = 10.6 kg. Recruitment was of Thompson Rivers University
professors and students, as to limit contact with the public due to the COVID-19 pandemic at the
time of testing. Participants were screened prior to testing to ensure they met inclusion criteria. All
participants had their initial vaccination for COVID-19 (> 2 weeks prior to testing), no blood or
platelet/bleeding disorders, and no known cardiac diseases and/or cardiovascular risk factors. None
of the participants were hypertensive, smokers, diabetics, or had other known metabolic diseases.
The participants were not taking medication or being treated for any disease, did not experience
aversion to the sight of blood and/or needles, and were over 19 years of age and under 60 years of
age.

Preceding testing, participants were instructed to arrive at the laboratory rested, having

refrained from strenuous physical activity, alcohol, marijuana, or non-prescription drug ingestion



24 hours prior to sampling. They were instructed not to cycle or run to and from the laboratory on
sampling days, nor partake in any physically demanding work in the hours after the sampling day.
Participants were asked to avoid caffeine on the day of sampling before their testing, eating within
four hours prior to sampling, and blood donations eight weeks prior to, and eight weeks after
participation. Additional participant exclusions included using antimicrobial or antiseptic tooth
paste 48 hours prior to testing, mouthwash 48 hours prior to test, and flossing on the morning of

test days, following criteria used in the NIH Human Microbiome Project (2010).

2.3 Experimental design

Participant testing consisted of blood pressure and ultrasonographic measurements, blood
extraction, and oral bacterial sampling. Upon arrival at the lab, participants were placed in a supine
position in a dimly lit, temperature controlled (21-24°C) room and were instrumented with a non-
invasive continuous blood pressure monitor. Once an adequate blood pressure signal was
recording, the lights were turned off and the participant was left in a supine position for ten minutes
to ensure baseline sampling was taken at rest, with minimal sympathetic nervous system activation.

Once the rest period was complete, participants underwent a flow mediated dilation (FMD)
protocol to measure endothelial dependent dilation of the brachial artery using Doppler ultrasound
as described below. Following the FMD, 6 mL of blood was drawn from an antecubital vein for
later analysis of blood nitrite-nitrate concentrations. Oral samples of saliva, floss, and tongue swab
were then taken for oral microbiome analysis. At the end of sampling, participants were given
twenty 400 mg potassium nitrate oral supplements, containing 2.42 mmol of nitrate each, to be
taken twice a day for the 10 days preceding their post testing. The total intake of nitrate each day
was therefore 4.84 mmol. The concentration of nitrate was chosen as per previous work by Wylie
et al. (2013) and the WHO suggestion that 4.2 mmol of nitrate in a 70 kg adult is an acceptable
daily intake (Hobbs et al. 2013). The duration of 10 days was chosen as per the work of Vanhatalo
et al. (2018). Male participants returned two weeks after their pre-testing for post testing, while
females returned 28 days after their pre-testing to control for potential influences of the female
menstrual cycle. In both groups, the nitrate supplements were taken in the final 10 days preceding
post supplement testing. Upon return for post testing, the same procedures described above were

repeated (Figure 1).
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Figure 1. Experimental procedure of pre and post nitrate testing.

2.4 Vascular assessments

2.4.1 Blood pressure

Participants were instrumented with a non-invasive continuous blood pressure monitor that
output an analog continuous waveform to a BIOPAC data acquisition system (Biopac MP160,
Biopac Systems, California, USA). The CNAP monitor consisted of finger cuffs placed around the
left index and middle fingers, one of which was monitored continuously using
photoplethysmography. Blood pressure was recorded during the initial 10-minute rest period and
through the duration of the FMD protocol. Each participant’s resting blood pressure was

determined by averaging their values over 300 seconds midway through the rest period.

2.4.2 Endothelial function

Endothelial function was assessed using a brachial artery flow mediated dilation (FMD)
protocol that measures an endothelium-dependant dilation after a period of occlusion downstream
of the assessed artery. A pneumatic cuff around their right forearm was connected to a pressure
monitor and an inflation bulb. Doppler ultrasound was used to image a longitudinal section of the
right brachial artery, with clearly defined intima-media borders (Epiq 5G, Philips Health Care,
Canada). Prior to proceeding with the FMD protocol, a 30 second video was recorded of the right
brachial artery at rest. To carry out the FMD protocol, the cuff around the right forearm was
inflated to 220 mmHg and held for 5 minutes to inhibit blood flow into or out of tissues beyond
the cuff (i.e., the right forearm and hand). A 3-minute video of the right brachial artery was taken,

starting 30 seconds before the cuff was deflated (at 4:30 minutes of the 5-minute protocol) and



extended two and a half minutes after the cuff was deflated to capture the vessel’s response to
blood flow re-establishment.

Changes in FMD response were analyzed and compared between the pre and post nitrate
supplementation conditions. First, end diastolic diameter (in millimeters) was averaged between
20 and 30 cardiac cycles during rest (FMDmin), and was compared to the average of the three
maximum end diastolic diameters upon cuff deflation (FMDmax). Subsequently, calculations were
carried out to determine the absolute and relative difference between FMDmin and FMDmax. The
absolute difference was calculated using the equation FMDmax — FMDuin, while the relative
difference was calculated using the equation [(FMDmax — FMDmin) / FMDmin] x 100%. These values
were calculated for both the pre and post supplementation conditions. Baseline end diastolic
diameters at rest were recorded both pre and post supplementation, as this value may have changed
upon oral administration of the nitrate supplement and needed to be controlled for during the
analysis.

2.4.3 Blood plasma nitrate and nitrite

To assess blood nitrite-nitrate levels, 6 mL of venous blood was drawn from an antecubital
vein. The blood was centrifuged at 400 relative centrifugal force (rcf) and 21 °C for 8 minutes.
Subsequently, 1 mL of plasma was separated, flash frozen in liquid nitrogen, and stored at -80°C
for later determination of nitrate and nitrite concentration using a Griess Reaction modified from

Romitelli et al. (2007) and Ghasemi et al. (2007).

2.5 Oral sampling

Following blood collection, three oral samples were collected for microbial analysis, as per
methodology outlined in the NIH Human Microbiome Project — Core Microbiome Sampling
Protocol (2010) and altered where necessary.
2.5.1 Saliva

To obtain unstimulated saliva, participants allowed saliva to build up in their mouth for 1
minute and drooled into a 15 mL centrifuge tube. In total, 1 mL of saliva was required, and so
participants underwent this process numerous times to ensure sufficient sample was obtained.
Subsequently, 200 uL of saliva was separated and placed into a 2 mL screw top tube containing 1
g sterile ceramic beads and 600 uL Buffer RLT Plus (lysis buffer), with the latter being obtained
from an AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Germany). The remaining 800 puL of saliva

was centrifuged at 3500 rcf and 21 °C for 10 minutes to pellet. The supernatant was discarded, and
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600 uL Buffer RLT Plus was added to the pellet biomass. Both the saliva and centrifuged saliva

samples were flash frozen in liquid nitrogen and stored at -80 °C until future DNA extraction.

2.5.2 Soft tissue tongue swab

Samples of soft tissue tongue swabs were obtained following saliva sampling. Participants
rinsed their mouth with water to wash away any saliva that was coating their tongue, which ensured
the tongue swab represented the tongue microbiota, and not the salivary microbiota. A sterile
cotton tipped swab was used to swab 1 cm? of the center of the tongue for 5 to 10 seconds. The
swab was then trimmed and placed in a 2 mL screw cap tube containing 1 g sterile ceramic beads
and 600 puL Buffer RLT Plus. The tube was flash frozen in liquid nitrogen and stored at -80 °C
until future DNA extraction.
2.5.3 Hard tissue floss

The third and last oral sample taken was a hard tissue gum line sample obtained by flossing.
Participants were instructed to floss four teeth, each twice, with sterile disposable floss picks for a
total of eight floss samples. The teeth flossed were between each canine and first premolar in the
top right, bottom right, top left, and bottom left areas of the mouth. The floss of each pick was
removed with a sterile razor and all eight floss samples were placed together in a 2 mL screw top
tube containing 1 g sterile ceramic beads and 600 pL Buffer RLT Plus. If participants bled during
flossing, the floss was discarded, and they were instructed to floss between the first and second
premolar of the same area instead (e.g., top right). The tube was then flash frozen in liquid nitrogen

and stored at -80 °C until future DNA extraction.
2.6 DNA sequencing and analysis
2.6.1 DNA extraction

Oral samples from both pre and post nitrate supplementation (saliva, centrifuged saliva,
tongue swab, and floss) of the 10 participants were isolated using an AllPrep DNA/RNA Mini Kit
(Qiagen, Hilden, Germany). Samples were frozen in Buffer RLT Plus and were stored in tubes
containing 1 g of sterile silica beads, except for the centrifuged saliva samples that were transferred
into bead containing tubes upon thaw. Once all samples were thawed, 6 pL of beta-
mercaptoethanol (BME) was added to each sample, samples were homogenized by bead beating
(vortexing) for 5 minutes and centrifuged at 8000 rpm for 30 seconds following the methodology
outlined by Moen et al. (2016). From then onwards, manufacturer’s instructions were followed.

Once the DNA had been extracted, it was quantified on a Qubit 2.0 Fluorometer (Invitrogen,
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Carlsbad, CA, USA) using the Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific,
Massachusetts, USA).
2.6.2 Amplification

Polymerase chain reaction (PCR) of the V4 hypervariable region in the bacterial 16S rRNA
gene was carried out on each of the 80 extracted DNA samples. A 20 uL reaction mixture was
prepared in a microcentrifuge tube containing a final concentration of 1X GoTaq Green Master
Mix (Promega, Madison, USA), 0.05 uM forward primer (341F 5TACGGGAGGCAGCAQG),
0.05 uM reverse primer (806R S’GGACTACVSGGGTATCTAAT), and 2 pL isolated DNA from
each sample. In place of the 2 L DNA sample, 2 pL of bacterial genomic DNA was used as a
positive control and 2 pL of PCR-grade water as a negative control. Each 20 pL reaction mixture
was transferred to a well in a 96-well PCR plate and PCR was completed in a SimpliAmp Thermal
Cycler (Thermo Fisher Scientific, Massachusetts, USA). PCR thermocycling conditions included
an initial denaturation for 4 minutes at 95°C; 25 cycles of denaturation for 30 seconds at 95°C,
primer annealing for 45 seconds at 53.4°C and 2 minutes at 72°C; and a final extension for 5
minutes at 72°C. PCR amplification was assessed in all samples and controls by running 5 pL of
product on a 1% agarose gel prepared in TAE buffer, and product sizes were determined by
comparison to 500 ng of 1 kb Plus Ladder run on the same gel. The gel was run at 80 volts for 30
minutes and visualized on a UV transilluminator.

The amplicons were purified prior to a second round of PCR by mixing 18 pL of agencourt
AMPure XP (Beckman-Coulter, Brea, USA) beads with 10 uL of PCR product in a 96-well plate.
After five minutes, the PCR plate was placed on a DynaMag-96 side magnetic PCR plate (Thermo
Fisher Scientific, Massachusetts, USA) for two minutes to allow the beads now containing the
DNA to migrate to the magnet. The reaction solution was discarded, and the beads were washed
twice with 200 uL 70% ethanol for 30 seconds. After the second wash and all ethanol had been
removed, the beads were left to dry for five minutes. The 96-well plate was taken off the DynaMag-
96 side and 20 pL TE buffer was added to the wells and mixed to elute the DNA. The mixture was
left to sit for three minutes and then transferred to the DynaMag-96 side for an additional minute
to let the beads separate from the solution. The beads were discarded, and the solution was
transferred to a new plate and stored at -20 °C. The purified amplicons were quantified with the
on the Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) using the Qubit™ dsDNA HS
Assay Kit (Thermo Fisher Scientific, Massachusetts, USA).
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A second round of PCR was carried out on each cleaned first round PCR product. Reactions
were prepared identically to that describe for the first round PCR, but with modified primers:
forward primers contained Ion Xpress barcode sequences (341F 5!
CCATCTCATCCCTGCGTGTCTCCGACTCAG]barcode]TACGGGAGGCAGCAG) and
reverse primers contained the Ion P1 adapter sequence (806R
5'CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGATGGACTACVSGGGTAT
CTAAT). Positive and negative controls were prepared for PCR in the same manner as in first
round PCR. The thermocycling conditions of the second round PCR were identical to first round,
except that the primer annealing step was carried out at 65°C as opposed to 53.4°C and the program
consisted of 20 cycles instead of 25 cycles. PCR amplification was again assessed on a 1% agarose
gel in TAE buffer and amplicons were purified following the same methodology previously
described. A final quantification of the purified amplicons was carried out using the Qubit 2.0
Fluorometer (Invitrogen, Carlsbad, CA, USA) and Qubit™ dsDNA HS Assay Kit (Thermo Fisher
Scientific, Massachusetts, USA).

2.6.3 Sequence library preparation

Each of the second-round PCR samples were pooled at equimolar concentrations. and
prepared for sequencing using an Ion 520™ and Ton 530™ Kit-Chef on an Ion Chef system.
Samples were sequenced on an Ion S5 XL using 400 bp chemistry (Thermo Fisher Scientific).
Data was processed using AMPtk for quality filtering (Palmer et al., 2018). OTU clustering was
carried out at 97% sequence identity, and taxonomy was assigned to each OTU (Palmer et al.,
2018). The reads grouped to a total of 431 OTUs. The sequencing data was normalized, and out

of 80 samples, 75 met the read target number of >1,500 reads.

2.7 Statistical analysis

To analyze changes in endothelial function between pre and post supplementation, we used
paired t-tests to compare the absolute and relative differences between FMDmin at rest and FMDmax
upon cuff deflation. To assess changes in blood pressure, paired t-tests were also used to compare
systolic, diastolic, and mean arterial blood pressure between pre and post nitrate conditions. One
participant was removed from the blood pressure analysis, while another was removed from the
FMD analysis, as either their blood pressure or FMD data was not properly recorded.

To assess changes in the oral microbiome from pre to post nitrate conditions, analyses were

carried out in R 4.0.0 (R Core Team, 2020). We assessed Bray-Curtis dissimilarity between pre
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and post nitrate conditions and among sample types in individuals. From these data we produced
a multidimensional scaling (MDS) plot to evaluate similarities in microbiome composition
between sample types and pre and post nitrate conditions for each participant. We also carried out
paired t-tests to analyze changes in the relative abundance of Porphyromonas from pre to post
nitrate conditions in each sample type, and a one-way repeated measures ANOVA to analyze if
there were any differences in the relative abundance of Porphyromonas between the four different
sample types of saliva, floss, tongue, and centrifuged saliva.

In all analyses of the oral microbiome, one participant’s pre saliva sample, two participants’
post saliva samples, one participant’s pre floss sample, and one participant’s pre centrifuged saliva
sample were removed because they had insufficient sequencing data (i.e., under 1,500 sequencing
reads). The corresponding pre/post samples of the insufficiently sequenced samples were also
removed in all oral microbiome analyses comparing pre and post nitrate conditions but were not
removed in the repeated measures ANOVA that compared Porphyromonas relative abundance

across sample types.

3 RESULTS
3.1 Vascular responses

3.1.1 Blood pressure
Resting systolic, diastolic, and mean arterial blood pressure was determined for both pre
and post nitrate conditions (Figure 2). Resting systolic, diastolic, and mean arterial blood pressure

did not differ significantly between pre and post nitrate conditions (p>0.05).
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Figure 2. Mean resting blood pressure pre and post nitrate supplementation for a) systolic b)
diastolic and ¢) mean arterial blood pressures. Lines indicate individual responses (n=9). There
were no differences between conditions (p>0.05).

3.1.2 Endothelial function
Absolute and relative FMD responses were determined for both pre and post nitrate
conditions among participants (Figures 3 and 4). Absolute and relative FMD response did not

differ significantly between pre and post nitrate conditions (p>0.05).
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Figure 3. Mean absolute change in brachial artery FMD in pre and post nitrate conditions. Lines
indicate individual responses (n=9). There were no differences between conditions (p>0.05).
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Figure 4. Mean relative change in brachial artery FMD in pre and post nitrate conditions. Lines
indicate individual responses (n=9). There were no differences between conditions (p>0.05).
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3.2 Oral responses

3.2.1 Oral microbiome composition

Relative abundances of each oral bacterial phylum were determined for saliva, floss,
tongue, and centrifuged saliva sample types in both pre and post nitrate conditions (Figure 5). The
relative abundances of each phylum within sample types did not show clear changes with nitrate
supplementation. The most abundant phyla in each oral sample type were Bacteroidetes,
Firmicutes, and Proteobacteria. Together these three phyla made up over 70% of the oral

microbiome composition in each of the four sample types.
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Figure 5. Relative abundance of bacterial phyla in saliva, floss, tongue, and centrifuged saliva
sample types both pre and post nitrate conditions (n=8).
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3.2.2 Sample structure

The Bray-Curtis dissimilarity metric was used to quantify variation in microbiome
composition between samples, and a nonmetric multidimensional scaling (NMDS) plot was used
to visualize trends with respect to changes in the oral microbiome composition of each individual
between pre and post nitrate conditions and in each sample type (Figure 6). The microbiome
associated with each sample type was closely related among individuals and did not show clear

changes from pre to post nitrate conditions.

Treatment
® Post
A pre

Type

NMDS2

Centrifuged saliva
® Floss
® Saliva

Tongue

NMDS1

Figure 6. Multidimensional scaling (MDS) plot reflecting Bray Curtis dissimilarities in oral
microbiome composition between samples. Plot shows comparisons between pre and post nitrate
conditions and sample types. Lines between points show individual responses (n=8).

3.2.3 Abundance of Porphyromonas

The mean relative abundance of sequencing reads grouping to the genus Porphyromonas
was assessed in both pre and post nitrate conditions and in the saliva, floss, tongue, and centrifuged
saliva sample types (Figure 7). There were no significant differences in the relative abundance of

Porphyromonas between pre and post nitrate condition in any sample type (p>0.05).
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Figure 7. Mean relative abundance of Porphyromonas in both pre and post nitrate conditions as
detected in a) saliva b) floss c¢) tongue and d) centrifuged saliva sample types. Lines indicate
individual responses (n=8). There were no differences between conditions in any sample type
(p>0.05).
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The mean relative abundance of Porphryomonas was compared using a one-way repeated
measures ANOVA to analyze if there were any differences between saliva, floss, tongue, and
centrifuged saliva sample types (Figure 8). The mean relative abundance of Porphryomonas in the
floss sample was statistically different from the saliva (p<0.001, t=4.74, df=8), tongue (p<0.001,
t=4.90, df=9), and centrifuged saliva (p<0.001, t=5.00, df=9) sample types.
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Figure 8. Relative abundance of Porphyromonas as detected in saliva, floss, tongue, and
centrifuged saliva (cent saliva) sample types (n=9). The floss sample type was statistically different
from saliva, tongue, and centrifuged saliva sample types (p<0.001 for all; denoted by a *).

4 DISCUSSION

This study assessed both changes in vascular health and oral microbiome composition of
healthy participants in response to a 10-day inorganic dietary potassium-nitrate supplementation
containing 2.42 mmol nitrate, which was supplemented twice a day for a total of 4.84 mmol nitrate
each day. We found that there were no clear changes in bacterial composition and no significant

shifts in the abundance of Porphyromonas from pre to post nitrate supplementation. Furthermore,
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we found that there were no significant differences in blood pressure or flow-mediated dilation

response post nitrate supplementation.

4.1 Effects of dietary nitrate on vascular response

To analyze the effects of dietary nitrate on vascular health, we took measurements both pre
and post nitrate supplementation of resting blood pressure as assessed by photoplethysmography
and endothelial function which we analyzed using a flow mediated dilation (FMD) test. We found
no significant changes post 10-day nitrate supplementation in either relative or absolute FMD
responses. Similarly, we found no significant changes from pre to post nitrate conditions of resting
systolic, diastolic, and mean arterial blood pressure.

A dietary nitrate supplement is thought to provide nitrate in the oral cavity that is readily
reduced to nitrite through the enterosalivary pathway, and then subsequently reduced to NO in the
body (Dejam et al. 2004; Vanhalato et al. 2018; Rosier et al. 2020). In accordance with the findings
of previous work, we hypothesized that a 10-day nitrate supplement would increase NO
bioavailability, the degree of dilation in the brachial artery, and thus would improve the FMD
response, which acts as a marker of endothelial health. In turn, we predicted blood pressure would
decrease to maintain constant blood flow. However, relative and absolute FMD responses, as well
as resting systolic, diastolic, and mean arterial blood pressure did not significantly change between
pre and post nitrate conditions.

There are several possible factors that can impact NO bioavailability and the degree of
vascular response post nitrate supplementation. First, the timing of vascular assessments post
nitrate ingestion may influence the magnitude of vascular response. Assessments during peak or
heightened nitrate and nitrite blood levels ensures NO availability in the circulation and may
increase the chance of evoking significant responses. This factor is important to consider as the
time elapsed between nitrate supplementation and vascular assessment in our study was longer
than in other studies and may explain the non-significant vascular health changes seen in our study
but not in previous work. Second, the concentration and duration of nitrate supplementation needs
to be sufficient to induce significant vascular changes. Third, the form of nitrate (i.e., beetroot juice
or nitrate salts) may impact the effect of vascular health changes post supplementation. Lastly,
insufficient bioactivation of nitrate, the vascular health state of the study population, or small
sample size may also play a role in the degree of vascular response induced from nitrate

supplementation.
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4.1.1 Sample timing

It is first important to note that the timing of vascular assessments post nitrate ingestion
may influence vascular health responses. Many studies assessing the effects of nitrate
supplementation on vascular health have carried out measures within a short time window post
nitrate supplementation, while nitrate and nitrite levels in the blood were still elevated from the
most recent dose of nitrate (Wylie et al. 2013; Kapil et al. 2010; Burleigh et al. 2019). To determine
the timing of peak concentration of nitrate and nitrite post ingestion in the plasma, Wylie et al.
(2013) administered 70 ml of concentrated beetroot juice containing 4.2 mmol nitrate. They found
that the peak plasma nitrate concentration was reached 1-hour post administration, and
progressively decreased over the next 24 hours (Wylie et al. 2013). Similarly, they found peak
plasma nitrite concentration occurred 2-hours post administration, with a complete return to
baseline after 12 hours (Wylie et al. 2013). Studies conducted by van Velzen et al. (2008) and
Alzahrani et al. (2021) have also suggested that plasma nitrate and nitrite levels peak 1.5-1.8 and
2 hours after nitrate ingestion, respectively, and each have a half-life in the circulation of 5- or 6-
hours post supplementation.

Wylie et al. (2013) found that both systolic and mean arterial blood pressure decreased
significantly post administration of an acute dose of 4.2 mmol nitrate, with the peak response
occurring after 4 hours for systolic pressure and 1 hour for mean arterial pressure, but neither
remaining significantly reduced after 24 hours. Kapil et al. (2010) also found that systolic and
diastolic blood pressure were significantly reduced 3 hours after the administration of acute doses
of varying concentrations of nitrate (i.e., 2.5, 7.4, and 14.7 mmol nitrate); however, did not remain
significantly reduced after 24 hours (Kapil et al. 2010). The results of the studies by Wylie et al.
(2013) and Kapil et al. (2010) indicate that timing of vascular assessment post-acute nitrate
supplementation may affect the degree of vascular responses. A study by Burleigh et al. (2019)
confirms this notion, as they found that an acute dose of 12.4 mmol nitrate significantly improved
FMD response and reduced systolic blood pressure in the hours following administration.
However, these researchers found that blood pressure was not reduced after a 7-day nitrate
supplementation period using the same concentration of nitrate, likely due to a 10-hour gap from
the ingestion of the last nitrate dose and measurement the following day (Burleigh et al. 2019).
The results of Burleigh et al. (2019) suggest that 7 days of nitrate consumption may not have been

supplemented long enough to increase the abundance of nitrate-reducing bacteria in the oral cavity
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and thus increase the bioavailability of NO. As a result, the timing of vascular assessments post
nitrate supplementation may explain the discrepancies seen between vascular responses after an
acute and chronic dose of nitrate.

In our study, participants took their last nitrate supplement on the night of the tenth day
and came into the laboratory the next day for testing. Sampling start times on the eleventh day
ranged from 8:00 am to 3:30 pm, and therefore varied in the amount of time since the last nitrate
supplement had been consumed. Similar to the study conducted by Burleigh et al. (2019), a 10-
day supplementation may not have been long enough to establish increased numbers of nitrate
reducing taxa in the oral cavity and increase NO production. If this was the case, the time elapsed
between the last supplement and post supplementation testing would have decreased the
concentrations of nitrate and nitrite levels in the blood to levels insufficient to induce significant
changes in vascular health. Therefore, it is possible that the timing of post supplementation testing
in our study did not capture a sufficient concentration of nitrate or nitrite readily being converted
to NO to induce significant changes in blood pressure or FMD response. Although we were not
testing the effects of an acute dose of nitrate on short term vascular health responses, this
explanation may provide insight into the discrepancies seen between our study and similarly
designed studies analyzing vascular health responses post nitrate supplementation.

4.1.2 Nitrate concentration and duration

The concentration and duration of nitrate supplementation may also impact vascular
responses post supplementation. First, supplementing greater concentrations of nitrate may induce
larger vascular health responses in the long term, such as reduced blood pressure and improved
endothelial function. Kapil et al. (2010) demonstrated that there is a dose-dependent reduction in
blood pressure following the administration of varying concentrations of nitrate. The researchers
showed that the administration of 2.5, 7.4, and 14.7 mmol nitrate significantly reduced systolic
blood pressure by 2, 6, and 9 mmHg, respectively, and reduced diastolic blood pressure by 4, 4,
and 6 mmHg, respectively (Kapil et al. 2010). In this study, Kapil et al. (2010) also showed that
there was a dose-dependent increase in plasma nitrite by 1.3, 2, and 4-fold after administration of
2.5, 7.4, and 14.7 mmol of nitrate, respectively. Hobbs et al (2012) also tested the ingestion of
beetroot juice at varying concentrations of 2.3, 5.7, and 11.4 mmol and determined that the
concentration of nitrate supplements had near dose-dependent effects on lowering systolic blood

pressure in the 24-hour period post ingestion. Furthermore, Webb et al. (2008) showed previously
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that a highly concentrated single dose of 500 mL beet root juice containing 23 mmol nitrate
reduced systolic blood pressure greatly by 10 mmHg and diastolic blood pressure by 8 mmHg.
These studies suggest that higher concentrations of nitrate may induce greater vascular responses
after an acute dose of nitrate. Thus, supplementing larger concentrations of nitrate in the long-term
may increase the likelihood of improving vascular health outcomes. However, it should be noted
that highly concentrated doses of nitrate could potentially have harmful effects to human health,
such as contributing to the development of methemoglobinemia or gastrointestinal carcinogenesis,
and thus should be administered with caution (Keller et al. 2020).

Several studies have also seen significant responses in vascular function after administering
nitrate supplements for long durations of time, varying from 6 days to 6 weeks (Vanhatalo et al.
2018; Sobko et al. 2010; Bailey et al. 2009; Velmurugan et al. 2016). Multi-day ingestion of nitrate
may favourably alter the composition of the microbiome in the oral cavity by increasing the
number of nitrate-reducing taxa and thus increasing nitrite production rate (Velmurugan et al.
2016; Vanhatalo et al. 2018). Multi-day nitrate ingestion may therefore also increase NO
bioavailability, by increasing the storage of nitrate in skeletal muscle and potentially improving
the utilization of NO from these reserves in the longer term (Tan et al. 2022). Further work is
warranted to investigate the possible storage of nitrate in muscle and utilization of NO, and how
chronic supplementation of nitrate may affect these factors. It is possible that the administration
of 4.84 mmol nitrate daily for 10 days was not of sufficient concentration or duration to induce

significant vascular responses in our study.

4.1.3 Nitrate supplement form

Another factor that may affect the degree of vascular response to a nitrate supplementation
1s how the nitrate is administered (e.g., juices or salts). Sundqvist et al. (2020) and Tan et al. (2022)
have suggested that beetroot juice, a commonly used nitrate supplement, may contain other
compounds that influence the efficacy of the vascular response compared to other nitrate
supplement forms. Beetroot contains components that may alter blood pressure, such as betalains,
flavonoids, and ascorbic acid that could further increase the reduction of nitrite to NO and thus
may account in part for changes in vascular responses post supplementation (Sundqvist et al. 2020;
Tan et al. 2022). However, research carried out by Hobbs et al. (2012) controlled for this factor by
comparing the effects of betacyanin-deficient beetroot and regular beetroot supplements on blood

pressure and saw no significant differences between treatments. Many studies have seen significant
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vascular health improvements, such as decreased blood pressure, upon the administration of
inorganic nitrate salts, and therefore it does not seem a likely explanation in our study (Hobbs et

al. 2013; Kapil et al. 2010).

4.1.4 Sample population factors

Additional factors that could explain the degree of vascular response to a nitrate
supplement are the ability of oral bacteria to activate nitrate, the vascular health state of the
sampled population, and the sample size. First, if oral bacteria are not able to reduce nitrate to
nitrite, an individual will be unable to sufficiently activate nitrate and convert it to NO. A decreased
ability to activate nitrate can result from a variety of factors and may explain non-significant
vascular responses to nitrate supplementation (Sundqvist et al. 2020). However, in the context of
our study, this explanation is unlikely as we controlled for factors particularly known to affect
nitrate bioactivation in the oral cavity, such as antimicrobial mouthwash, antimicrobial toothpaste,
and other antibiotics and drugs (Sundqvist et al. 2020). Second, if participants were already in
good vascular health (e.g., had good endothelial function and blood pressure), there could have
been a ceiling effect and limitations to how participants responded to the nitrate supplement.
Regarding endothelial function, the baseline mean absolute FMD response was 0.44 + 0.19 mm in
our study, which can be compared to a mean value of 0.21 & 0.14 mm in healthy participants (mean
+ SD; age 29.2 + 6.1 years) as assessed by Rakobowchuk et al. (2017). Furthermore, the baseline
mean relative FMD response was 11.9 + 4.5% in our study, which can be compared to a study
analyzing 1542 healthy participants (age 44.5 + 9.8 years) that found mean relative FMD response
to be 7.5 + 3.3% (Maruhashi et al. 2020). In comparing the baseline FMD values in our study to
that of Rakobowchuk et al. (2017) and Maruhashi et al. (2020), it seems that our study population
did have good baseline endothelial function. As a result, participants may have been limited as to
how their endothelial function could improve once nitrate supplementation had commenced. A
final factor that may contribute to the non-significant vascular responses post supplementation
could be that our study was underpowered. Using a G power calculation, we determined that more
than 500 participants would be needed to identify the changes from pre to post supplementation as
significant.

It is important to note that previous studies have addressed many of the issues stated above
and have still not seen any differences in vascular health post supplementation. Sundqvist et al.

(2020) treated 231 subjects, who had systolic blood pressures between 130-159 mmHg, with a
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nitrate rich diet in the form of leafy green vegetables or with 4.84 mmol nitrate supplementation
twice a day for 5 weeks. After the 5-week period of nitrate supplementation, 24-hour blood
pressure was monitored, and no significant differences were found, despite controlling for many
of the aforementioned factors. As described by Wylie et al. (2013), there are responders and non-
responders to dietary nitrate supplements, and thus the participants in our study may have been
overrepresented by non-nitrate responders. However, Wylie et al. (2013) suggest that people are
more likely to respond to higher doses (e.g., 16.8 mmol) rather than lower doses (e.g., 4.2 mmol),

therefore highlighting an advantage of using higher concentrated nitrate supplements.
4.2 Effects of dietary nitrate on oral microbiome responses

4.2.1 Oral microbiome composition

We assessed the overall oral microbiome composition both pre and post nitrate
supplementation in saliva, floss, tongue, and centrifuged saliva sample types. There was no clear
change in the relative abundances of bacterial phyla in any of the oral sample types from pre to
post nitrate conditions. Previous studies have shown that short-term nitrate supplementation alters
the oral microbiome composition by increasing the abundance of certain health-associated
bacterial phyla and decreasing the abundance of periodontal-associated bacterial phyla (Rosier et
al. 2020). However, the mechanisms leading to decreases in the abundance of periodontal-
associated bacteria in the oral cavity remain largely unknown (Rosier et al. 2020). Rosier et al.
(2020) suggest that NO, as produced from nitrate reduction, has antimicrobial properties that may
limit the growth of certain periopathogenic species (i.e., species that contribute to periodontitis) in
the oral cavity. In fact, Backlund et al. (2014) found that certain periopathogenic species, such as
P. gingivalis, are highly sensitive to NO in vitro.

Furthermore, Rosier et al. (2020) have suggested that NO-releasing materials and metal
oxides may also act as antimicrobial molecules that limit the growth of periopathogenic species in
the oral cavity, such as Porphyromonas gingivalis, Prevotella intermedia and Fusobacterium
nucleatum. Metal oxides are thought to exert their antimicrobial effects by accumulating on the
cell membrane and causing cell death, penetrating membranes and disrupting the cell’s function,
Inactivating necessary proteins and enzymes, or compromising the production of ATP (Vargas-
Reus et al. 2012). However, the mechanism by which NO-releasing materials and metal oxides are
produced in the body after the consumption of a nitrate supplement, as well as their role in

decreasing the abundance of periopathogenic species, requires further work.
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A dietary nitrate supplement is also thought to promote health-associated and nitrate-
reducing bacterial species growth in the oral cavity (Rosier et al. 2020; Vanhatalo et al. 2018). The
bulk of nitrate-reducing bacteria are considered as facultative anaerobes that exist in the posterior
dorsum of the tongue and play integral roles in the enterosalivary pathway (Koch et al. 2017).
Certain species of Firmicutes (Staphylococcus, Streptococcus, and Veillonella), Actinobacteria
(Actinomyces), and other taxa such as Pasteurella, Rothia, Neisseria, and Haemophilus have been
identified as major nitrate reducers in the oral cavity (Koch et al. 2017; Zhurakivska et al. 2019).

Similar to the explanations of the vascular response, it is possible that the concentration
and duration of the 4.84 mmol 10-day nitrate supplement in our study was insufficient to alter the
oral microbiome composition, specifically the abundance of nitrate-reducing bacteria and
periopathogenic species. Velmurugan et al. (2016) administered 6 mmol nitrate in the form of
beetroot juice for 6 weeks in hypercholesterolemic participants and found that there was a 2.5-fold
increase in plasma nitrite after 6 weeks of supplementation, but only a 2-fold increase 3 hours post-
acute supplementation. The results of this study suggest that chronic nitrate supplementation over
longer durations may be required to provoke significant changes in oral microbiome composition,
specifically to increase nitrate-reducing taxa. Vanhatalo et al. (2018) utilized a concentrated
dietary nitrate supplement of 12 mmol nitrate per day for 10 days and noted increases in the relative
abundances of nitrate reducing bacteria, such as Rothia and Neisseria, as well as decreases in the
relative abundance of Prevotella. An increased abundance of nitrate reducing bacteria as seen in
Vanhatalo et al. (2018) suggests that the chronic administration of higher dietary nitrate
concentrations may enable an increased capacity of nitrate reduction in the oral cavity. The results
of these studies suggest that administering nitrate in larger concentrations and for longer durations
may increase the nitrate reducing abilities of the oral cavity.

It is important to note that the relative abundance of bacterial phyla detected in the various
oral samples seemed to accurately represent results found in previous studies. In all four pre and
post nitrate oral samples, 70% of the overall community composition was comprised of the phyla
Bacteroidetes, Firmicutes, and Proteobacteria. The remaining oral microbiome composition (i.e.,
less than 30%) showed more variability between oral sample types. The abundances of each
phylum and the variation between oral samples were very similar to that found in Koch et al.
(2017), which considered the average abundances compiled from various studies (Segata et al.

2012; Eren et al. 2014; Bik et al. 2010; Ahn et al. 2011; Keijser et al. 2008). Specifically, research

29



by Koch et al. (2017) detected the oral microbiome composition associated with the saliva, tongue
dorsum, and subgingiva, which were similar to our samples of saliva, tongue, and floss,
respectively. The similarity between our results and those of previous studies demonstrates

robustness in our method.

4.2.2 Sample structure

Although we did not find differences in the relative abundances of bacterial phyla between
pre and post nitrate conditions, we did find that the oral microbiome composition in each of the
four sample types is very closely related among individuals. Furthermore, we identified that the
microbiome composition associated with each sample type remains relatively stable over time in
individuals, even in response to a nitrate supplement. The relative stability of the oral microbiome
has been well-established in previous work (Rasiah et al. 2005; Duran-Pinedo et al. 2021).
However, nitrate supplementation, as well as other interventions such as antimicrobial therapeutic
approaches, probiotics, and increased consumption of glucose and other high glycemic index foods
have been found to alter oral microbiome composition over time (Li and Tanner 2015; Baker and
Edlund 2019; Millen et al. 2022). This suggests that the oral microbiome can adapt when subject
to selective pressures or supplements, although it should be noted that the effects of these various
treatments are often reversed once the intervention has ceased (Romani Vestman et al. 2015; Li
and Tanner 2015). In this study, the stability of the oral microbiome in various areas of the oral
cavity is an interesting and important finding for future work assessing how the oral cavity
responds to nitrate supplementation.
4.2.3 Abundance of Porphyromonas

The relative abundance of the genus Porphyromonas was assessed both pre and post nitrate
supplementation. We hypothesized that administering 4.84 mmol dietary nitrate per day for 10
days would reduce the abundance of Porphyromonas in the oral cavity. Rosier et al. (2020)
previously demonstrated that treating saliva directly in vitro with 0.0016 mmol nitrate 5- and 9-
hours post-extraction significantly decreased the abundance of Porphyromonas. However, in each
of the four sample types taken from the oral cavity, we did not find significant differences between
the relative abundance of Porphyromonas from pre to post nitrate supplementation. As mentioned,
using a more concentrated nitrate supplements for longer durations may aid in reducing the

abundance of Porphyromonas in the oral cavity.
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Furthermore, our study is unique as we measured the response of three different oral cavity
areas to chronic dietary nitrate supplementation. Previous work has either analyzed the salivary
microbiome (Vanhatalo et al. 2018; Vanhatalo et al. 2021; Rosier et al. 2020) or tongue dorsum
microbiome (Burleigh et al. 2019) in response to nitrate supplementation; however, to our
knowledge, subgingival samples (i.e., floss) have not yet been assessed in this context. Given
Porphyromonas gingivalis is a bacterium residing mainly in the gums, it is thought that sampling
in the subgingival sulcus area (e.g., with floss) would demonstrate the highest prevalence of P.
gingivalis (Griffen et al. 1998). A study conducted by Griffen et al. (1998) did detect the highest
relative abundance of Porphyromonas in floss samples when compared to other areas in the oral
cavity, which aligns with the findings of our study. Using floss samples, in addition to saliva and
tongue samples, in our study provides a methodological foundation for future work to further

assess the effect of nitrate on Porphyromonas abundance in the oral cavity.

4.3 Conclusions and future work

With increased detection of AD worldwide, identifying potential treatments and preventative
strategies are crucial. Porphyromonas gingivalis is a bacterium that exists in the oral cavity and
has been recently linked to AD pathology. A dietary nitrate supplement has been suggested to
decrease the abundance of P. gingivalis in the oral cavity, as well as improve vascular health
outcomes, and thus potentially provide protection against the onset and progression of AD
(Dominy et al. 2019). In this study, we did not find significant differences in vascular health, oral
microbiome composition, or the abundance of Porphyromonas after a 10-day nitrate
supplementation, although we did develop a robust method that can be utilized in future studies.
Notably, this methodology detected differences in the prevalence of Porphyromonas in various
areas of the oral cavity. Furthermore, we did find that the oral microbiome associated with each
sample type was closely related among individuals, that the oral microbiome composition remains
relatively stable over time, and that the largest relative abundance of Porphyromonas is found in
the subgingival sulcus (i.e., in floss sample types) as compared to other areas of the mouth. The
methodology presented here lays a strong foundation for future work and has the potential to be
further developed into a larger scale study.

The administration of a more concentrated nitrate supplement over longer durations may allow
for an increased abundance of nitrate reducing bacteria to establish in the oral cavity and may

impact outcomes of vascular health post supplementation. Exploring the use of different sources
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of nitrate and utilizing a larger study population could provide further insight into how both
vascular health and the oral microbiome respond to chronic nitrate supplementation, as well as
minimize the possibility of ceiling effects. In addition, future work should also explore how
salivary nitrate concentrations respond to a nitrate supplement to ensure that the desired response
is attained. If future studies see improvements post supplementation in both oral microbiome
composition and vascular health, the novel use of a dietary nitrate supplement could be
administered to people suffering from cognitive impairment, with the hope of potentially providing

protection against Alzheimer’s disease.
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6 APPENDICES
6.1 Appendix A

Table 1. Resting mean systolic, diastolic, and mean arterial blood pressure pre and post nitrate
supplementation (n=9). Data is presented as mean £ SD.

Condition Systolic blood Diastolic blood Mean arterial blood
pressure (mmHg) pressure (mmHg) pressure (mmHg)

Pre nitrate 130 £ 12 75+4 102+7

Post nitrate 130+ 16 77+8 104+ 12

Table 2. Results of paired t-tests assessing mean systolic, diastolic, and mean arterial blood
pressure between pre and post nitrate conditions (n=9). Systolic, diastolic, and mean arterial
pressure did not differ significantly between pre and post nitrate conditions (p>0.05).

t-test statistics Systolic blood Diastolic blood Arterial blood
pressure (mmHg) pressure (mmHg) pressure (mmHg)

df 8 8 8

t value 23 23 23

p value 0.95 0.52 0.76

Table 3. Mean absolute and relative FMD responses pre and post nitrate conditions (n=9).

Condition Mean absolute FMD (mm) Mean relative FMD (%)
Pre nitrate 0.44+0.19 11.84 £4.51
Post nitrate 0.45+0.21 11.94+4.50

Table 4. Results of paired t-tests comparing mean absolute and relative FMD responses from pre
to post nitrate conditions (n=9). The mean absolute and relative FMD did not differ significantly
between pre and post nitrate conditions (p>0.05).

t-test statistics Absolute FMD Relative FMD
Degrees of freedom 8 8

t value 2.6 2.6

p value 0.50 0.60
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Table 5. Results of paired t-tests assessing the change in mean relative abundance of
Porphyromonas genus between pre and post nitrate conditions (n=8). There were no significant
differences between pre and post conditions in any sample types (p>0.05).

Saliva Floss Tongue Centrifuged saliva
df 7 8 9 8
t value 1.89 1.83 1.83 1.86
p value 0.35 0.83 0.84 0.54

Table 6. Within subject effects of the relative abundance of Porphyromonas in saliva, floss,
tongue, and centrifuged saliva sample types. There was a significant difference between sample
types (p<0.001).

Cases Sum of Squares df  Mean Square F p
Sample site 4.459¢-4 a 3 21486e-4 a11.929 +<.001
Residuals 2.991e-4 24 1.246e-5

Note. Type III Sum of Squares

a Mauchly's test of sphericity indicates that the assumption of sphericity is violated (p < 0.05).

Table 7. Between subject effects of the relative abundance of Porphyromonas in saliva, floss,
tongue, and centrifuged saliva sample types.

Cases Sum of Squares df Mean Square

Residuals 9.251e-5 8 1.156e-5

Note. Type III Sum of Squares
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Table 8. Post Hoc comparisons of the mean relative abundance of Porphyromonas between sample
types, with a Bonferroni correction. There were significant differences between the mean relative
abundance of Porphyromonas in the floss sample type as compared to saliva, tongue, and

centrifuged saliva sample types (p<0.001 for all).

Mean Difference SE t Pbonf

Saliva Floss -0.008 0.002 -4.739 < .001
Tongue 2.662¢-4 0.002 0.160 1.000
Centrifuged Saliva 4.379¢-4 0.002 0.263 1.000

Floss Tongue 0.008 0.002 4.899 <.001
Centrifuged Saliva 0.008 0.002 5.002 <.001

Tongue Centrifuged Saliva 1.716e-4 0.002 0.103 1.000

Note. P-value adjusted for comparing a family of 6
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