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ABSTRACT 

 

Nitric oxide (NO) is an important cellular signaling molecule known mostly for 

its vasodilatative effects. Nitrate (NO3
-
) acts as an important NO source through 

reductive physiological pathways. Basal plasma NO3
-
 levels are a sum of the oxidation of 

endogenous NO and ingested dietary NO3
-
. Approximately 25% of dietary NO3

-
 is 

recovered by the salivary glands and concentrated up to 20-fold in saliva. Humans 

possess symbiotic NO3
-
 reductase activity from the anaerobic bacteria (Actinomyces and 

Veillonella) species found in the tongue’s cleft.  Preliminary genomic analyses of these 

species indicate the lack of nitrite (NO2
-
) reductase ortholog genes suggesting 

dissimilatory NO3
-
 reduction. The goal of Aim 1 of this research was to investigate and 

fully characterize the reduction of dietary NO3
-
 to reduced nitrogen oxides in the oral 

cavity. 

Recent research in the Kim-Shapiro lab shows that salivary NO3
-
 levels reach 

23.7 mM and salivary NO2
-
 levels reach 14 mM after beet juice ingestion (BJI). In 

addition, exhaled NO levels increase with high NO3
-
 doses (due to diet or contaminated 

drinking water). With such high oral NO2
-
 and increased exhaled NO levels, we sought to 

investigate the reducing chemistry of nitrogen oxides by oral bacteria and salivary 

components. Preliminary data from two separate studies reveal the increase of some 

nitrogen oxides after a high NO3
-
 load from Biotta

®
 BJI or added inorganic NO3

-
 to in 

vitro saliva samples. Anaerobic bacteria in saliva are capable of producing 29 nM/sec of 

NO as shown in a hemoglobin (Hb) conversion assay after BJI. Nitrous oxide (N2O) 

levels also increased within 1 hour after BJI as shown with gas chromatography. Using a 
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Nitric Oxide Analyzer online breath kit, exhaled NO increased an average of 54% in 9 

healthy volunteers after BJI.  An Ammonia Assay Kit was used to detect the production 

of NH4
+
 in saliva samples.  No significant increase in NH4

+
 was observed.  Overall, we 

were only able to account for an average of 30% of reduced inorganic NO3
-
 in saliva 

samples by detecting numerous reduced nitrogen oxides.  Future research should be 

directed towards determining the unaccounted-for NO3
-
 reduction through possible 

intracellular NO-complex formation. 

The second aim of this work was to investigate salivary NOx levels and the 

possible correlation with blood plasma NOx.  Several studies have shown that fasting 

plasma nitrite (NO2
-
) is an indicator of endothelial nitric oxide synthase (NOS) activity 

while plasma nitrate (NO3
-
) or the sum of NO2

-
 and NO3

-
 do not reflect NOS function. 

Plasma NO2
-
 can also be elevated through dietary NO3

-
 where the NO3

-
 is partially 

reduced to NO2
-
 by oral bacteria and enters the plasma through the digestive system. 

NO3
-
 is taken up from plasma by salivary glands and the cycle repeats itself. Thus, one 

may propose that salivary NO2
-
 is an indicator of plasma NO2

-
 and consequently of NO 

production. Many brands of nitric oxide (NO) saliva test strips have been developed that 

suggest that their product is indicative of circulatory NO availability. However, data 

supporting a relationship between salivary and plasma NO2
-
 or NO bioavailability is 

lacking. Here we have measured basal salivary and plasma NO2
-
 and NO3

-
 to determine if 

any correlation exists between these in 13 adult volunteers. We found no significant 

correlation between basal salivary and plasma NO2
-
. Also no correlation exists between 

salivary NO3
-
 and plasma NO2

-
. However, we did see a correlation between salivary NO3

-
 

and plasma NO3
-
, and between salivary NO2

-
 and plasma NO3

-
. In a separate study, we 
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compared the efficiency of salivary NO3
-
 reduction with the efficacy of increasing 

plasma NO3
-
 and NO2

-
 after drinking beet juice, a high NO3

- 
containing beverage, in 10 

adult volunteers. No significant correlation was observed between the ex vivo salivary 

reduction of NO3
-
 to NO2

-
 and plasma increases in NO3

-
 or NO2

-
. These results suggest 

that measures of salivary NO3
-
, NO2

-
 or NOx are not good indicators of endothelial 

function. In addition, the efficiency of saliva to reduce NO3
-
 to NO2

-
 ex-vivo does not 

demonstrate one’s ability to increase plasma NO2
-
 following the consumption of dietary 

NO3
-
. 

To better understand the salivary nitrogen oxide pathway, we aim to develop and 

utilize methods for the detection of the nitrogen compounds which result from dietary 

NO3
-
 ingestion and NO2

-
 reduction.  Additionally, we would like to further investigate the 

potential for a marker of endothelial function using saliva and oral bacteria.  This 

research would have clinical implications along with potentially leading to better 

understand of dietary NO3
-
 and NO therapeutics.
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CHAPTER 1 

 

AN INTRODUCTION TO NITRATE, NITRITE AND NITRIC OXIDE IN 

PHYSIOLOGY 
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1.1 An Introduction to Nitric Oxide, Nitrite, and Nitrate 

 

Nitric Oxide 

Nitrogen compounds, specifically the oxides, compose a class of molecules of 

increasing physiological importance (Table 1).
1,

 
2
  The human body utilizes nitrogen 

oxides in many ways; some beneficial while others thought harmful. The most well 

studied of the nitrogen oxides, nitric oxide (NO) was once regarded as an environmental 

pollutant found in motor exhaust and cigarette smoke that leads to ozone destruction and 

acid rain and possibly smoking-related physical complications.
3
  However, over the past  

 

Oxidation 
State 

Nitrogen Compounds 

+5 Nitrate - NO3
- 

+4 Nitrogen Dioxide - NO2 

+3 Nitrite - NO2
- 

+2 Nitric Oxide - NO 

+1 Nitroxyl - HNO 

0 Dinitrogen - N2 

-1 Hydroxylamine - NH2OH 

-3 Ammonia - NH3 
 

Table 1. The physiologically relevant oxidation states of nitrogen. Knowing oxidation 

states of these molecules helps to understand the redox chemistry in human physiology. 
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three decades, research has identified NO as an essential molecule in the human body.
4, 5, 

6, 7, 8, 9, 10
  NO, a very reactive radical gas, acts as a biological signaling molecule in vivo.

8
 

An important biological reaction of nitric oxide is S-nitrosation, the conversion of  thiol 

groups, including  cysteine residues in proteins, to S-nitrosothiols (RSNOs).
11

 S-

nitrosation is a mechanism for dynamic, post-translational regulation of most major 

classes of proteins.
11

 In addition, NO reacts with the heme-ligand of many heme-

containing proteins.
12

 

Moreover, NO is biosynthesized endogenously from L-arginine and co-substrates, 

oxygen and NADPH upon catalysis of the nitric oxide synthase (NOS) enzymes (Scheme 

1).
13, 14

 The three distinct NOS enzymes are neuronal NOS (nNOS), inducible NOS 

(iNOS), and endothelial NOS (eNOS).
14

  NO formation from nNOS and eNOS is calcium 

dependent and stimulates the formation of cyclic guanosine monophosphate (cGMP).
15,

 
16

  

Altogether, research from the past few decades have shown NO’s role in regulating 

platelet aggregation, neurotransmission, blood flow and pressure control, the immune 

response and many other bodily functions.
11,

 
13,

 
17,

 
18  As such, NO modulates the smooth 

muscle contraction and relaxation of the bronchial walls, which in turn regulates the 

airway, as evidenced by Gustaffson’s research which supports high NO production in 

asthmatics.
15,19

  Other experiments show that nitroglycerin elicits blood vessel relaxation 

after its conversion to NO with the subsequent formation of cGMP.
20

 This work 

identified NO as the well-known endothelium-derived relaxing factor released from 

endothelial cells that relaxes the adjacent muscle layer.
21

 NO derived from iNOS defends 

the body from inflammation by inducing high-output NO formation in an oxidative 

environment.
14

 This NO reacts with superoxide released from macrophages, to form toxic 

http://en.wikipedia.org/wiki/Nitrosylation
http://en.wikipedia.org/wiki/Thiol
http://en.wikipedia.org/wiki/Cysteine
http://en.wikipedia.org/wiki/Nitrosylation
http://en.wikipedia.org/wiki/Nitrosylation
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peroxynitrite, and these inflammatory conditions exist in microbial and tumor cells and 

explain iNOS’s role in host immunity.
14

 

 

 

 

Scheme 1. Reaction of Nitric Oxide Synthase (NOS). NOS works by using L-arginine 

from the blood as a substrate in the endothelium.  With NADPH and O2 present as co-

substrates, NOS converts L-arginine to L-citrulline, producing NO and releasing it into 

the smooth muscle. The NO then upregulates cGMP leading to the common vasodilatory 

effects.
22

 

 

Nitrate and Nitrite 

Nitrogen (N2) is essential for all living organisms. The oxidized forms of N2 

include NO3
-
 and NO2

-
 which are found as products of the nitrogen cycle. NO3

-
 and NO2

-
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are metabolized through the denitrification process or as substrates for bacterial reductase 

enzymes involved in respiration.
23

 Reduced nitrogen oxides result from this metabolism 

and N2 is ultimately formed and diffused back into the atmosphere. The description of the 

nitrogen cycle is an important prologue to mammalian NO3
-
 and NO2

-
 metabolism 

because many of the same steps occur. Previous work shows that mammalian NO3
-
 

metabolism never reaches NH4
+
 or N2 thereby stopping at reduced nitrogen oxides such 

as NO.
24, 25

 

The radical nature of NO ensures that the molecule would be reactive in the human 

body either by reduction or oxidation. In fact, with the abundance of hemoglobin found in 

the human erythrocyte, NO should be scavenged almost immediately.
12

 The oxidation of 

NO to NO3
-
 by oxyhemoglobin is a fundamental reaction, which is considered to be the 

major route of NO catabolism.
14

 The NO3
-
 produced is then concentrated amongst many 

areas in the human body: salivary glands, gut, and intestinal tract.
1, 2

 The acidity in the 

gut protonates NO2
-
 forming HNO2, leading to decomposition and the ultimate 

production of NO.
23, 24

 The intestinal tract and salivary glands both possess bacteria 

which harness NO3
-
 reductase enzymes

26, 27
 and the recycling of NO in the human body is 

becoming better understood. From the mentioned processes, NO is known to be 

produced, catabolized, and recycled within the human body. In the past decade, many 

research groups have targeted questions regarding the possibility of NO3
-
 and NO2

-
 as 

outside sources of NO.
1, 14, 28, 29, 30 

These ideas lead to the following questions. Which 

foods in our diet provide NO3
-
 and NO2

-
? What health benefits may we gain from these 

foods? Most importantly, what chemistry occurs with these nitrogen oxides once ingested 

to form NO? 
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1.2 NOS-Independent NO Generation 

 

Dietary Nitrate Source 

Until recently, the biosynthesis of NO was thought to be the only source of 

endogenous NO. However, recent research supports NO production from the reduction of 

dietary NO3
-
 and NO2

-
.
1, 14, 16, 17, 28

  As mentioned, the acidic conditions in the human gut 

and digestive tract are able to convert NO2
-
 to NO.

24, 31
 In addition, humans possess NO3

-
 

reducing bacteria in the salivary glands (Figure 1).
27, 32, 33

 

  

Figure 1. The Fate of Dietary Nitrate. Ingested nitrate is either excreted or concentrated 

in the salivary glands where it undergoes enterosalivary circulation entering the gut to be 

converted to NO, ultimately entering portal circulation followed by arterial circulation. 

 

So where do we obtain NO3
-
 and NO2

-
 in our diet? Almost all processed meats 

including bacon, canned fish, hot dogs, ham, and pork tenderloin contain added NO3
-
 and 
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NO2
-
 to aid with meat preservation.

34
 Bacteria reduce the NO3

-
 to NO2

-
. The NO2

-
 is 

further reduced by added ascorbate preservative to form NO that binds to the heme 

proteins in the meat preventing heme oxidation and brown coloration of the meat.
25

 This 

NO also helps kill harmful bacteria. The use of NO3
-
 and NO2

-
 as preservatives is 

controversial since NO2
-
 can react with free amines and form nitrosamines (known to be 

carcinogenic).
25

 On the contrary, many vegetables and fruits contain high NO3
-
 but very 

low NO2
-
. These foods include celery, cress, chervil, lettuce, rucola, and especially high 

levels of NO3
-
 are found in spinach and red beetroot (Table 2).

35, 36
 

 

Average NO3
-
 and NO2

-
 contents of vegetables, fruits, and processed meat samples 

Vegetables (mg/100 g) Fruits (mg/100 g) Meats/Processed meats (mg/100 g) 

Type NO3
-
 NO2

-
 Type NO3

-
 NO2

-
 Type NO3

-
 NO2

-
 

Spinach 741 0.02 Apple 0.3 0.008 Bacon 5.5 0.38 

Tomato 39.2 0.03 Banana 4.5 0.009 Ham 0.9 0.89 

Salad mix 82.1 0.13 Fruit mix 0.9 0.08 Hot dog 9.0 0.05 

Broccoli 39.5 0.07 Orange 0.8 0.02 Pork loin 3.3 0 

Classifying vegetables according to NO3
-
 content 

Nitrate content (mg/100 g fresh weight) 

Very Low, <20 Low, 20 to 50 Middle, 50 to 100 High, 100 to 250 Very High, >250 

Asparagus, 

eggplant, garlic, 

onion, green bean, 

pea, potato, sweet 

potato, tomato, 

watermelon 

Broccoli, carrot, 

cauliflower, 

cucumber, 

pumpkin 

Cabbage, dil, 

turnip, savoy, 

cabbage 

Chinese cabbage, 

fennel, leek, 

parsley 

Celery, cress, 

lettuce, red 

beetroot, spinach, 

rucola 

 

Table 2. Dietary intake of NO3
-
 and NO2

-
 according to the Dietary Approach to Stopping 

Hypertension (DASH) Diet.
35
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Knowing the NO3
-
 reducing ability of oral bacteria, one may question the validity 

of ingesting a high NO3
-
 food if it leads to high NO2

-
. However, free amines are 

particularly found in the gut and therefore the highest risk of nitrosamine formation 

would be ingesting a high NO2
-
 food which bypasses the oral bacteria (Figure 2).

25
    The 

ingested NO3
-
 is easily excreted through the digestive system while a small amount is 

concentrated in the salivary glands after being absorbed through the bloodstream.
18

 

 

 

Figure 2. Physiological disposition of nitrate, nitrite, and nitric oxide from endogenous 

production and exogenous (dietary) sources.
36

 

 

 

Dietary Nitrate Benefits 

From a dietary perspective, NO3
-
 and NO2

-
 were thought to be unwanted residues 
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from NO3
-
-rich foods which harnessed potential carcinogenic effects.

25
 However, 

research performed in the past decade has presented proof of NO3
-
 and NO2

-
 serving as 

storage pools for NO-like bioactivity as they are recycled in blood and tissues forming 

NO and other nitrogen oxides.
2
 Most research topics point to the cardiovascular health 

benefits of ingesting NO3
-
 and NO2

-
 as shown with participants using the Dietary 

Approach to Stopping Hypertension (DASH) diet.
35

 The recent report by Webb et al. 

shows that dietary NO3
-
 through its reduction to NO2

-
 and NO can lower blood pressure, 

prevent ischemia/reperfusion-mediated endothelial dysfunction, and attenuate platelet 

aggregation in humans.
18

  Since this work, more studies have been used to directly target 

the benefits of NO3
-
 ingestion through one single high NO3

-
 food such as beet juice or 

with inorganic NO2
-
/ NO3

-
 administration through drinking water. Drinking a bottle of 

Biotta® beet juice has been shown to directly contribute to decreased blood pressure with 

both short-term and long-term effects.
17, 18, 37

  Also, drinking Biotta® beet juice 

confirmed that NO2
-
 derived from dietary NO3

-
 can increase exercise performance and 

brain perfusion in older adults, specifically in critical regions involved in executive 

functioning.
17

 NO2
-
 administered in drinking water affects steady-state concentrations of 

NO products/metabolites and NO2
-
 insufficiency leads to increased ischemia/reperfusion 

injury in healthy mice which can be reversed though nitrite supplementation in drinking 

water
30, 38

  Dietary NO2
-
 insufficiency unmasks NO biochemistry in eNOS-knockout mice 

which are then restored with NO2
-
 supplementation.

30
  This result directly implies that 

dietary NO3
-
 is converted to NO2

-
 and further reduced to NO in mice and possibly 

humans. Most recently, Hezel et al presented a startling discovery regarding dietary 

inorganic NO3
-
 through drinking water.

39
  When administered to eNOS-knockout mice, 
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NO3
-
 increased tissue and plasma levels of bioactive nitrogen oxides. In addition, NO3

- 

treatment reduced visceral fat accumulation and the circulating levels of triglycerides 

while also reversing the prediabetic phenotype common in mammals with eNOS 

deficiency.
39

  Research has proven the importance and benefits of nitrogen oxides in the 

human biological system. However, the oral cavity and its nitrogen oxide chemistry have 

lacked attention until recently. The abundance of bacteria in the clefts of the tongue and 

in salivary circulation suggests that both aerobic and anaerobic chemical pathways 

inhabit the oral cavity. 

 

Oral Bacteria Producing Nitrogen Oxides 

Dietary NO3
-
’s path in the human body is a subject recently determined by 

researchers. NO3
-
 enters the digestive system and is absorbed through the wall of the 

stomach and small intestine.
30

 Once in the bloodstream, NO3
-
 reenters the enterosalivary 

circulation byway of the salivary glands. Lingual bacteria then reduce NO3
-
 to NO2

-
 

during anaerobic activation using these nitrogen oxides as terminal electron acceptors.
27

 

Alving’s group shows an increase in exhaled NO along with an increase in salivary NO 

after both NO3
-
 and NO2

-
 mouthwash.

40
  Recently, Doel et al were able to show that the 

anaerobic bacteria responsible for the majority of NO3
-
 reduction on the tongue include 

Actinomyces spp. and Veilonella spp.
27

 The same bacteria harnessing NO3
- 

reductase 

enzymatic activity may have the ability to reduce NO2
-
 as well. However, our preliminary 

genomic analyses of these species indicate the lack of NO2
-
 reductase ortholog genes, and 

it has been proposed that these oral bacteria have a symbiotic relationship that could 

explain the formation of reduced nitrogen oxides from dietary NO3
-
 ingestion. 27

 



11 

 

1.3 Plasma and Salivary Nitrite: Possible Markers of Endothelial Function 

 

Plasma Nitrite as an Indicator of Endothelial Functions 

Recent research has been aimed at determining a marker for endothelial function. 

As a key event in early atherosclerosis, an indicator of endothelial dysfunction would be 

helpful for early diagnosis and for monitoring cardiovascular disease, metabolic 

syndrome and other conditions. 41, 42, 43,
 
44

  The culprit of endothelial dysfunction has been 

debated though most attribute defective synthesis and oxygen radical scavenging for the 

decrease in NO. 45, 46, 47
  Individuals with endothelial dysfunction show a decrease in 

flow-mediated dilation (FMD) and an increase of intima media thickness (IMT), both 

representative of atherosclerosis. 
48, 49, 50, 51 

 

A simple blood test to diagnose endothelial dysfunction or low NO bioavailability 

due to other conditions would be useful to establish given the cost of procedures to 

measure FMD and IMT.  The Kelm and Moncada labs have demonstrated that the 

majority of plasma NO2
-
 is derived from constitutive NOS-activity.

52, 53
  Observations 

have shown that upon regional nitric oxide synthase (NOS) inhibition in forearm 

circulation, vascular resistance increases linearly as plasma NO2
-
 levels decrease, thereby 

establishing plasma NO2
-
 as a potential measure of endothelial function.

52
 

 

Plasma Nitrate 

In some of the same NO2
-
 studies, plasma NO3

-
 was ruled out as an indicator of 

NOS function. The Moncada lab showed that only 16% of isotopic L-arginine infused 

into circulation was represented in plasma NO3
-
 levels versus 90% of plasma NO2

-
.
53
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Additionally, the Kelm laboratory demonstrated no significant change in plasma NO3
-
 in 

mammals with inhibition of NOS activity.
52

 These data are somewhat expected since 

plasma NO3
-
 has many NOS-independent factors which can drastically change the basal 

levels such as dietary NO3
-
 intake, denitrifying liver enzymes, and renal function.

54, 55
 

Interestingly, Hibbs and colleagues showed that inducible-nitric oxide synthase (iNOS) is 

one of the main contributors to circulating NO3
-
 due to the increase of NO production 

after the addition of the cytokine-IL2.
56

 However, the general consensus is that, under 

most conditions, plasma NO3
-
 does not reflect NOS function or NO bioavailability. In 

addition, some investigators suggest that plasma NO2
-
 does not accurately reflect eNOS 

function and NO bioavailability.
57

 

 

Pathway of NO3
-
 to Plasma NO2

-
 

As stated previously, dietary NO3
-
 has become a known contributor to the pool of 

bioavailable NO.
1
 It is known that dietary NO3

-
 is reduced in the oral cavity by tongue 

flora, specifically by Actinomyces and Veilonella species.
27, 32

  Once ingested, NO2
-
 is 

non-enzymatically converted to NO in the gastric acidic milieu.
58

  NO3
-
 and remaining 

NO2
-
 are rapidly absorbed in the small intestine.  Plasma NO2

-
 can then be reduced to NO 

by various mechanisms.
1, 2

 Though most of the circulating NO3
-
 is excreted in urine, 

approximately 25% is extracted by the salivary glands and recycled through the 

enterosalivary circulation.
59

 Complementary to endogenous NO production, this cycle of 

dietary NO3
-
 being converted to NO in physiology is referred to as the nitrate-nitrite-

nitric oxide pathway.
1
 

Through this physiological pathway, it has been shown that dietary NO3
-
 will 
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increase plasma NO3
-
 and NO2

-
. In addition, dietary NO3

-
 has been shown to lower blood 

pressure with short and long term effects, be vasoprotective and reduce platelet 

aggregation, along with having acute effects on cerebral blood flow and an increase in 

exercise tolerance and performance.
1, 17, 18, 37, 60, 61, 62, 63

 Daily dietary NO3
-
 ingestion also 

improves endothelial function and vascular stiffness in hypercholesterolemia as shown in 

a mouse model. 
64, 65, 66, 67  

 

As evidence suggests that basal plasma NO2
-
 levels reflect NOS function and 

bioavailable NO, these measurements may have clinical utility. However, based on the 

nitrate-nitrite-NO cycle, one may also suggest that salivary NO2
-
 could have the same 

utility, as recently pointed out.
42

 Indeed, commercially available products exist that 

measure salivary NO2
-
 and claim to report NO bioavailability. However, until now, no 

published studies have shown a positive correlation between basal plasma NO2
-
 and 

salivary NO2
-
 levels. Thus, in this work, we sought to investigate the basal levels of 

plasma and salivary NO2
-
 and NO3

-
. 

 

Correlation of NOx in Blood Plasma and Saliva 

When studying increased plasma NO2
-
 after a high NO3

-
 load, Lundberg et al. 

observed attenuation after using an antibacterial mouthwash
35

, suggesting saliva’s 

conversion from NO3
-
 to NO2

-
 greatly affects plasma NO2

-
.  Consumption of high NO3

-
-

containing food or drinks increases plasma NO3
-
, NO2

-
 and thus NOx. However, many 

studies have observed a significant variation with the increase in plasma levels among 

individuals.
13, 24, 25, 28, 35

 Some individuals are poor or non-responders with respect to 

dietary NO3
-
 interventions as measured by increases in plasma NO2

-
.
24, 27, 36, 37

 Therefore, 
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considering the variations from person to person, it would be useful to easily determine 

individuals’ efficacy at converting oral NO3
-
 to plasma NO2

-
. In this study we 

hypothesized that saliva would reflect the ability to convert NO3
-
 to NO2

-
 in the oral 

cavity and that this ability would correlate with an individual’s dietary NO3
-
 to plasma 

NO2
-
 conversion efficacy. Thus we conducted a second study where we examined both 

ex-vivo conversion of NO3
-
 to NO2

-
 in saliva as well as in vivo conversion of dietary 

NO3
-
 to plasma NO2

-
. 

 

1.4 Methods of Nitrogen Oxide Detection 

 

Chemiluminescence Detection of NO3
-
, NO2

-
 and NO 

A  common  technique  for  the  detection  of  nitrogen  oxides  including  NO3
-
,  

NO2
-
,  NO,  S-nitrosothiols, and any NO-bound protein complexes is reductive 

chemiluminescence.  The Nitric Oxide Analyzer 280i is an instrument which employs 

reductive chemiluminescence using a reductive assay, made unique for each sample type, 

held within a glass purge vessel. The sample is injected into the reductive assay. Any 

gaseous NO produced in the reductive assay is then forced out of the purge vessel by 

positive-pressure argon and into the instrument. In general, these chemiluminescence-

based assays correlate NO concentration to the generated luminescence (NO2*  NO2) 

when NO reacts with ozone, producing NO2 in the excited state (NO2*) that releases light 

that is measured and correlated to the amount of NO (Scheme 2). 
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NO + O3  NO2 + O2 + hv 

Scheme 2. Chemiluminescence detection of NO species using the NOA.  Nitric oxide 

reacts with ozone to generate NO2* which decays back to NO2 releasing light (hv).  The 

amount of light produced is proportional to the mount of nitric oxide in the sample. 

 

For the determination of a specific nitrogen oxide, one must use multiple 

reductive assays in order to subtract the levels of lower-reduced nitrogen oxides. For the 

detection of NO3
-
, a vanadium chloride and hydrochloric acid assay is used (Scheme 3); 

however, this assay will detect any NO originally present in the sample and that which is 

reduced from both NO3
-
 and NO2

-
. Therefore, an additional assay must be performed to 

detect only NO2
-
 and NO and thus subtracted from the first assay to determine solely the 

NO3
-
 value in the sample of interest. 

 

2NO3
- + 3V3+ + 2H2O  2NO + 3VO2

+ + 4H+ 

Scheme 3.  The reaction of nitrate and vanadium in the purge vessel of the NOA to 

produce NO. 

 

The total sum of NO3
-
, NO2

-
 and NO is carried out using a vanadium chloride and 

hydrochloric acid assay. To detect only NO2
-
 and NO, the use of a sodium iodide in acetic 

acid assay is used (Scheme 4). Finally, to detect solely NO, a buffer assay can be used in 

the purge vessel. This will detect any NO already present in the sample without the 

reductive capacity to alter NO3
-
 or NO2

-
. Calibration curves can easily be employed using 
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sodium nitrate or sodium nitrite for the NO3
-
 and NO2

-
 samples, respectively. It is 

important to note that either curve would work for the detection of NO3
-
, NO2

-
 or NO 

since the area under the peak directly correlates to the NO present or produced from NO3
-
 

or NO2
-
 in the sample. 

 

I- + NO2
- + 2H+  NO + 1/2I2 + H2O 

Scheme 4. The reaction of iodide with nitrite in the purge vessel of the NOA to produce 

NO. 

 

HPLC detection of NO3
-
 and NO2

-
 

The detection of NO3
-
 and NO2

-
 can also be carried out using the HPLC-based 

Eicom NOx analyzer. This method is accomplished by the combination of a diazo 

coupling and chromatography. The instrument performs an HPLC-based assay to detect 

both NO3
-
 and NO2

-
 specifically but simultaneously in a given sample. NO3

-
 and NO2

-
 are 

separated from other substances on a unique separation column and mobile phase. In the 

next step, the unique reduction column reduces NO3
-
 to NO2

-
 while the already-present 

NO2
-
 in the sample passes through. The sample’s original NO2

-
 then reacts with standard 

Griess reagents and generates diazo compounds, which have a pink color. The level of 

NO2
-
 can be monitored with peak height or area with a retention time of 4.5 min from the 

injection sample. The NO3
-
, taking more time to pass through the reduction column, has a 

retention time of 8.5 min from the injection sample. The level of diazo compound is 

measured by absorbance at 540 nm using a visible detector. 
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The advantages with this method of detection are the simultaneous detection of 

NO3
-
 and NO2

-
 as representative individual peaks in contrast to reductive 

chemiluminescence assays. Additionally, the instrument has an autosampler whereas the 

chemiluminescence assays require repeated manual injections. Disadvantages include the 

inability to consistently measure turbid or complex biological samples such as saliva and 

that each injection takes a minimum of 8 minutes compared to only a few seconds for 

chemiluminescence assays using the NOA 280i.  Additionally, the ENO-20 can only 

detect free NO3
-
 to NO2

-
, contrasting from the NOA 280i. 

 

Chemiluminescence Detection of Exhaled NO 

The detection of exhaled NO has become increasingly important among 

researchers. Research shows a direct correlation of exhaled NO values to severity in 

asthmatics
68

. In addition, exhaled NO may be indicative of endogenous NO 

bioavailability.
19

 Using the Nitric Oxide Analyzer 280i, exhaled NO levels can be 

measured using an attachment which bypasses the purge vessel mentioned in the previous 

section. The attachment includes a mouthpiece which contains a filter for any saliva or 

particulate matter and tubing directed into the instrument. Any gaseous NO exhaled from 

the breath is directed into the instrument where the NO reacts with ozone, producing NO2 

in the excited state (NO2*) releasing photons of light that are measured and attributed to 

the exhaled NO. 

An example output for the exhaled breath attachment is shown in Figure 3. The 

green rise in the spectra represents sustained pressure for at least a 10 second interval. 

During this exhalation interval, the NO detected by the instrument is indicated by the red 
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line. The software uses three exhalations to average out a single NO “reading” at a given 

time-point, measured in ppm. A calibration curve can be made using the supplied tank of 

99.9% NO gas. This exhaled-breath attachment is extremely precise as represented in 

Figure 3. Additionally, the software shows real-time pressure output and automatically 

omits exhalations if the pressure is not sustained. 

 

 

Figure 3. Sample Output of Exhaled NO Detection. Three exhalations are shown. The 

green line represents the sustained pressure output for each exhalation. The red line 

represents the NO detected during the exhalation. 

 

Deoxygenated Hemoglobin Trap for Detecting NO Production 

The detection of NO has been historically difficult due to its transient half-life. 

The biological half-life has been reported to be in the order of milliseconds.
69

  To detect 

and possibly quantify NO in a biological sample, a trap for produced or released NO is 

ideal. Research shows that deoxygenated hemoglobin has NO2
-
 reductase capabilities and 
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is a very effective scavenger of NO.
70

 

Hemoglobin is an oxygen transport protein in human physiology but can 

effectively bind many small molecules. The reservoir of bioavailable NO is affected by 

hemoglobin inside and outside the erythrocyte.
71

 Ferrous hemoglobin with an oxidation 

state of 2+ is commonly referred to as deoxygenated hemoglobin. This state of 

hemoglobin directly reacts with NO (Scheme 5). 

 

NO + HbFe2+  HbFe2+-NO 

 

Scheme 5. Binding of nitrosyl-hemoglobin. NO is scavenged to ferrous hemoglobin 

forming a nitrosyl-hemoglobin NO complex 

 

 Additionally, ferrous hemoglobin will react with NO2
-
 and reduce each molecule 

to NO.  The hemoglobin is oxidized to 3+, also commonly referred to as methemoglobin. 

Another ferrous hemoglobin protein scavenges the NO product and forms a nitrosyl-

hemoglobin NO complex.  This reaction will be discussed further in Chapter 2. 

Utilizing this known mechanism of hemoglobin, the production of NO in a 

biological sample can potentially be trapped. Moreover, since the production of nitrosyl-

hemoglobin can be quantified, the production of NO can be correlated and quantified as 

well. 

With saliva samples, NO is suspected to be produced from dietary NO3
-
 by the 

oral flora which inhabits the tongue and oral cavity. Direct identification and 
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quantification of this NO is nearly impossible with such a short half-life and transient 

nature of the molecule. In vitro saliva sampling with the addition of inorganic NO2
-
 and 

the afore mentioned hemoglobin trap could serve as a method for NO quantitation. 

To begin, the method can be employed by collecting a saliva sample and 

selecting a known amount of hemoglobin. Using positive-pressure argon, the 

hemoglobin loses oxygen and giving the deoxygenated form. In addition, the saliva 

sample would also need to be deoxygenated so that hemoglobin is not re-oxygenated 

upon mixing. Once deoxygenated, the saliva sample can be added to a quartz cuvette. 

The next step is to add inorganic NO2
-
 or NO3

- 
mimicking a dietary amount. 

Simultaneously, a known amount of deoxygenated hemoglobin is added to the saliva- 

NO2
-
 mixture and begin scanning immediately using UV/Vis spectrometry. By using a 

hemoglobin fitting file, one can fit each spectrum and quantify the states of hemoglobin 

over time. If saliva reduces NO2
-
 at a faster rate than the deoxygenated hemoglobin, the 

scavenging of NO by deoxygenated hemoglobin would cause a rapid increase in the 

absorbance indicative of nitrosyl-hemoglobin formation. However, it is likely that the 

proposed method would produce some methemoglobin. As a result, one NO will be 

formed from this NO2
-
 reduction by deoxygenated hemoglobin. Therefore, since 

deoxygenated hemoglobin is present and able to scavenge this NO, artifactual nitrosyl 

hemoglobin will be formed in the process. To correct for this artifactual nitrosyl 

hemoglobin, one could assume the 1:1 ratio of methemoglobin and nitrosyl-

hemoglobin during the NO2
-
 reduction and subtract that concentration from the final 

nitrosyl-hemoglobin amount. Finally, the corrected nitrosyl-hemoglobin amount can be 

directly attributed to the NO produced from saliva. To determine the kinetics of NO 
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production in saliva, one could scan the samples over time and plot the data using a 

Michaelis-Menten kinetics plot. 

Michaelis-Menten kinetics is commonly used in biochemistry to model enzyme 

kinetics.  The model is designed in the form of an equation describing the rate of 

enzymatic reactions.  Reaction rate, termed velocity, is related to the concentration of a 

specific substrate (Scheme 6). 

 

v = d[P]/dt = Vmax[S]/Km+[S] 

Scheme 6. Equation representing the velocity of enzyme kinetics.  v is the velocity of 

the reaction. Vmax represents the maximum rate achieved by the system. Km is the 

substrate concentration at Vmax/2.  [S] represents the concentration of substrate. 

 

In order to utilize the Michaelis-Menten model when completing the 

hemoglobin conversion assay, one can plot the initial velocity of the product formation 

versus changing substrate concentrations.  In this case, the product formed would be 

nitrosyl-hemoglobin and the substrate would be the added inorganic NO3
-
 or NO2

-
.  If 

saliva is able to reduce NO2
-
 enzymatically to NO, once plotted, the data should 

resemble a Michaelis-Menten model (Figure 4).  If the data is plotted and trends in a 

linear fashion, this could be a clue that NO2
-
 reduction in saliva is non-enzymatic (i.e. 

chemical). 
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Figure 4.  Hypothetical enzyme kinetics plot based on the Michaelis-Menten model.  

When plotting the initial velocity of the product formation (substrate bound to enzyme) 

versus the concentration of substrate, one can determine the Vmax and thus interpolate 

the Km value. 

 

Once the data is plotted and verified to be Michaelis-Menten, one can determine 

the maximum velocity (of NO2
-
 reduction in this case) and interpolate the Km.  The Km is 

the substrate concentration at which the reaction rate is at half of the Vmax; therefore, 

interpolation to determine Km for the plotted data can be completed knowing the Vmax.  

Km indicates the relative affinity of the substrate for the enzyme, although very specific to 

the respective reaction.  The rate will approach Vmax more quickly with a low Km, 

indicating a high affinity. 

 

Headspace Gas Chromatography Detection of N2O and N2 

Gas chromatography is a very common technique used to analyze volatile 

Vmax 

Km 

@ ½ Vmax 
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substances in the gas phase. However, a technique commonly used is headspace gas 

chromatography which is simply the injection of sample headspace gas into the 

instrument and detected using an array of detectors. A Thermal Conductivity Detector 

(TCD) was used in this case. TCD works by measuring the change in carrier gas thermal 

conductivity caused by the presence of the sample, which has a different thermal 

conductivity from that of the carrier gas. TCDs usually employ two detectors, one of 

which is used as the reference for the carrier gas and the other which monitors the 

thermal conductivity of the carrier gas and the sample mixture. Carrier gases such as 

helium or hydrogen have very high thermal conductivities so the addition of even a small 

amount of sample is readily detected. Molecular sieve (5 angstrom) columns, separate 

many gases from gas mixtures with suitable instrument conditions such as temperature 

and carrier gas flow rate. 

Recent research showed that N2O and N2 can be separated and detected using gas 

chromatography from dental plaque samples which reduced NO3
-
 and NO2

-
 to form these 

products
33

. Difficulties could arise when detecting N2 due to the large amount of N2 in the 

air and thus possible contamination to samples. With this in mind, it’s possible to use 

isotopic 
15

N-NaNO3 with in vitro studies and mass spectrometry to detect and identify the 

mass of the resulting 
30

N2 produced.  Prior to the detection of N2/
30

N2 and N2O, a 

calibration curve can be created using ultra-high purity tanks of the respective gas. 

 

Using an Ammonia Assay Kit for the Detection of NH4
+ 

To determine the amount of ammonia in a biological sample, using an established 

method and convenient kit is the best method for detection. The Ammonia Assay Kit 
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(Sigma Aldrich) uses an enzymatic assay and UV/Vis spectroscopy to quantify ammonia 

in a biological sample. Ammonia present in the sample reacts with α-ketoglutaric acid 

and NADPH in the presence of L-glutamate dehydrogenase to form L-glutamate and 

NADP
+ 

(Scheme 7). The decrease in absorbance at 340 nm, due to the oxidation of 

NADPH, is proportional to the ammonia concentration. The Ammonia Assay Kit is 

recommended for the determination of ammonia concentrations in the range of 0.02-15 

µg/mL. 

 

 

Scheme 7. The enzymatic process of α-ketoglutarate and ammonia to form L-glutamate, 

catalyzed by L-glutamate dehydrogenase and NADPH. 

 

1.5 Study Rationale 

 

 Since research is lacking on the pathway of dietary NO3
-
 in saliva, it was our goal 

to first investigate the salivary nitrogen oxide pathway.  We wanted to determine the 

products formed after inorganic NO3
-
 or NO2

-
 was introduced to saliva.  Additionally, we 
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wanted to determine if these products were produced chemically or enzymatically in 

saliva.  Lastly, if salivary bacteria controlled the product formation enzymatically, we 

sought to determine if it was an anaerobic process, aerobic process or combination of the 

two processes. 

 As mentioned previously, dietary NO3
-
 is reduced by salivary bacteria and thus 

increases circulating NO2
-
 and NO in physiology.  Though this salivary NO2

-
 production 

is a known contributor to the physiological NO pool, we sought to determine if salivary 

NO2
-
 would correlate with plasma NO2

-
 levels and thus serve as a marker of NO 

bioavailability and endothelial function. 
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CHAPTER 2 

 

THE NITROGEN OXIDE PATHWAY IN SALIVA 
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2.1 An Introduction to Enterosalivary Circulation 

 

NO3
-
 Reduction in Oral Bacteria 

Through cancer research in the 1970’s, Spiegelhald, et al showed that up to 25% 

of circulating NO3
-
 is actively taken up by the salivary glands.

72
  This NO3

-
 is 

concentrated 10- to 20- fold in human saliva.  Since this discovery, further research has 

determined that high NO3
-
 ingestion and effective absorption in the upper gastrointestinal 

tract will lead to millimolar concentrations of NO3
-
 in saliva.

59,
 

73
  Once in saliva, 

facultative anaerobic bacteria present in the crypts of the posterior part of the tongue will 

reduce NO3
-
 to NO2

-
 by enzymatic NO3

-
 reductase activity.

74,
 

75
  In the absence of 

oxygen, these bacteria can use NO3
-
 as a terminal electron acceptor during respiration to 

gain adenosine-5’-triphosphate, and thus produce NO2
-
.  This swallowed NO2

-
 meets the 

acidic environment of the gastric milieu and is immediately protonated to form nitrous 

acid (HNO2).  The HNO2 formed then decomposes to form NO and other reactive 

nitrogen oxide species.
31,

 
58

  The NO2
-
 protonation and eventual reduction to these 

nitrogen oxide species is enhanced by low pH and ascorbic acid, polyphenols, or any 

other reducing compounds present.
76,

 
77

  Detection of intragastric NO has been measured 

at over 100 ppm
58

; however, most NO2
-
 enters systemic circulation and escapes the 

gastric conversion to NO.
59

   

Since human cells are not great converters of NO3
-
 to NO2

-
, oral commensal 

bacteria play a major role in human NO3
-
 reduction.  Many studies support this statement 

such as the research showing antibacterial mouthwash-use or the avoidance of 

swallowing saliva and the resulting abolishment of the biological effects of ingested NO3
-
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and in turn plasma NO2
-
 increase.

18, 59, 73, 78
 

Until recently, NO3
-
 reduction in human physiology was thought to occur only by 

dissimilatory NO3
-
 reductase activity in bacteria harnessed in the oral cavity or digestive 

tract.  In a dental biofilm, Shreiber et al showed that denitrification occurs in dental 

plaque by showing the detection of NO, N2O, and N2 after the addition of inorganic NO3
-

33
.  This work was the first to point to NO2

-
 reduction occurring in the oral cavity byway 

of bacteria.  Though plaque is a unique biofilm, saliva may also harness similar NO2
-
 

reductase capability to reduce NO2
-
 to NO and other intermediates or end-products such 

as ammonia.  Importantly, if NO is produced after a high NO3
-
 diet or dose, it is likely 

that the concentrations are effective for NO signaling to human host cells and thus may 

affect blood flow in the oral cavity along with signaling between nerves and 

inflammatory processes in the gums. Additionally, NO production would provide a basis 

for symbiotic interactions amongst human and bacteria. 

Ammonia is present in all bodily fluids including saliva.
79

  Concentrations of saliva 

have been shown to vary greatly between 1.1 and 12.3 mM.
80

  The cause of this wide 

variation in ammonia levels is speculated but unknown.  Contamination of saliva samples 

from food and micro-organisms may be the cause.  Sample collection and overall 

methodological flaws may also be the cause of this wide range as saliva samples should 

be stored at -20 degrees Celsius between collection and determination preventing 

degradation of urea which may increase ammonia levels detected.
81

  Lastly, the 

hydrolysis of urea by oral bacteria may affect the levels of salivary ammonia.  This 

hypothesis is supported when looking at whole saliva ammonia concentrations versus 

those of human parotid and submandibular/sublingual saliva.
82

  Streptococcus salivarius 
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and Helicobacter pylori are among the most prolific oral bacteria with urease activity.
83,  

84, 85
  Ammonia production in the saliva is thought to help raise the pH to counter acid 

production which is known to cause dental caries.
86,

  
87

  It is possible that dietary-derived 

NO3
-
 or NO2

-
 in saliva may also be reduced to ammonia, though the purpose of this 

symbiotic relationship would be unclear. Measuring the ammonia levels in saliva before 

and after a high NO3
-
 dose could help determine an end-product of the nitrogen oxide 

pathway in saliva. 

 

2.2 Methods 

 

Study Design 

All human subjects use was approved by an internal review board following 

federal and institutional guidelines.  For the saliva studies, 10 volunteers (5 male and 5 

female) participated between the age of 18 and 80 years old. Volunteers reported to the 

lab at 9:00 am on the day of their participation.  Individuals did not eat or drink within 

two hours of their participation. If the volunteers had eaten any food the morning of the 

sampling, they were told to avoid any high NO3
-
 foods (ex. spinach, beets, lettuce, and 

other green leafy vegetables). In addition, volunteers did not use mouthwash but were 

permitted to brush their teeth. Upon arrival, volunteers expectorated 5 mL of saliva which 

was collected in a sterilized 50 mL Corning tube.   

 

Measurements 

Salivary NO3
-
 and NO2

-
 levels were measured using two instruments: the Sievers 
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Nitric Oxide Analyzer 280i (NOA 280i) which employs a reductive chemiluminescence 

assay and an HPLC-based Eicom NOx Analyzer, model ENO-20 according to 

instructions of the manufacturer. For all measurements, standard curves were obtained 

and used for quantitative measurements.    

For the NOA 280i, to detect NO3
-
, NO2

-
 and NO, a vanadium chloride and 

hydrochloric acid assay was used.  Specifically, 0.8 g of vanadium chloride in 100 mL of 

1 N HCl is used for this assay.  10 mL of the reagent mix was used for each experiment. 

To detect only NO2
-
 and NO, the use of a sodium iodide in acetic acid assay was used.  

Specifically, 0.05 g of sodium iodide in 2 mL H2O is added to 8 mL of acetic acid to 

make up the reagent mix for this assay.  Assay mixtures were made up according to past 

research in the Rifkind lab. 
88

 The injection volume of the sample was 5 µL into the NOA 

purge vessel which contains the reductive assay.   

For the ENO-20, detection of NO3
-
 and NO2

-
 was completed simultaneously.  

NO3
-
 and NO2

-
 are separated from other substances on a unique, trade-secret separation 

column and mobile phase.  All separation and detection technologies are provided by 

Eicom for the ENO-20 including Griess reagent, separation columns, and reduction 

columns.  Procedures for saliva are included in the ENO-20 manual and shown in past 

research.
17

  After deproteination of the sample with 1:1 methanol, the autosampler uses a 

15 µL aliquot for sampling. 

For all experiments, each tube of saliva (5 mL) was immediately split into two 

samples upon collection, one designated for aerobic testing and the other for anaerobic 

testing. Both samples were placed in a round bottom flask and left to incubate in a 37 °C 

water bath. The anaerobic sample was capped and flushed with argon for 1 hr to 
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deoxygenate and induce anaerobic activity. After 1 hr of incubation, NaNO3 (10 mM) 

was added to each sample to mimic a high NO3
-
 beverage. Starting with a 0 min time 

point, the NO2
- 
produced was detected at 10 minute increments up to 90 minutes. The 

salivary rate (k) of NO2
-
 production was calculated and reported in µM/min. 

For experiments in which saliva was boiled, each saliva sample was added to a 

round bottom flask and placed in a water bath set to 70 °C, a temperature previously 

shown to denature bacterial cells.
27

 For experiments in which saliva was filtered, an 

aliquot of saliva (1 mL) was pushed through a 0.25 µm filter to omit bacterial cells from 

the salivary matrix. 

For experiments including hemoglobin, whole blood was centrifuged at 11,500 g 

for 2 min to remove plasma and leukocytes.  Next, the remaining red blood cells were 

washed to promote hemolysis and the hemoglobin was filtered and isolated.  Hemoglobin 

was deoxygenated under positive pressure argon and tested for purity by UV/Vis 

spectroscopy and a previously developed hemoglobin fitting file.  After determining 

concentration and purity, 100 µM deoxygenated hemoglobin was used for each 

experiment and mixed with 1.5 mL saliva, 1.5 mL phosphate buffered saline (pH 7.4, 10 

mM) saliva and varying (10 µM – 5 mM) concentrations of NO2
-
.  Reaction kinetics were 

determined using UV/Vis spectroscopy and the hemoglobin fitting file mentioned above. 

When detecting ammonia in saliva samples, an Ammonia Assay Kit (Sigma-

Aldrich, AA0100) was purchased and used according to product instructions and 

protocol.   

For the detection of N2O in saliva samples, gas chromatography with a thermal 

conductivity detector was used.  The capillary column (Agilent HP PLOT Molesieve 5A 
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30 m x 0.53 mm x 50 µm) was used to separate the gaseous sample (10-100 µL). The 

temperature of the injector, detector and oven was 200 °C, 350 °C, and 200 °C 

respectively. The retention time of N2O was approximately 3.4 minutes as determined by 

using 99.99% N2O (Airgas).  The peak area at this retention time was correlated to the 

concentration of N2O gas present.  A calibration curve was created using known amounts 

of N2O.  N2O produced in our saliva samples was then calculated using these calibration 

curves. 

For the detection of N2 in saliva samples, gas chromatography with a mass 

spectrometer detector was used.  The capillary column (Agilent HP PLOT Molesieve 5A 

30 m x 0.53 mm x 50 µm) was used to separate the gaseous sample (10-100 µL).  The 

temperature of the injector, detector and oven was 40 °C, 200 °C, and 200 °C 

respectively.  During sample analysis, the known mass of N2 (28 g/mol) was monitored 

for N2 production.  The peak area at this mass was correlated to the concentration of N2 

gas.  A calibration curve was created using known amounts of 99.99% N2 (Airgas).  N2 

produced in our saliva samples was then calculated using these calibration curves.  A 

similar method was used for isotopic-labeled 
30

N2 production which originated from the 

addition of inorganic Na
15

NO3 to saliva samples. 

 

Statistical Analysis 

For all salivary nitrogen compounds detected, levels are reported as the mean 

value of three injections.  A linear trendline was added to each plot to show relative 

correlation if applicable.  Because of high variance in salivary bacteria due to diet, 

hygiene, and overall health amongst each individual, duplicate measurements were 
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impossible as saliva samples would differ drastically day to day.  

  

2.3 Detection of Salivary Nitrogen Oxides and Nitrogen End Products 

 

Nitrate and Nitrite Detection  

To investigate the nitrogen oxide pathway in saliva, in vitro saliva samples 

represent the easiest testing method for the volunteer/patient.  Additionally, saliva 

represents a desired sample for the researcher with the ability to induce anaerobic activity 

with deoxygenation or keep at normal aerobic conditions by exposing to air.  In this 

work, each saliva sample was kept at 37 °C to mimic physiological temperature in the 

mouth and thus consistent reactivity of the salivary bacteria.  In general, a high NO3
-
 diet 

would provide millimolar (mM) amounts of NO3
-
 and high micromolar (µM) to low mM 

amounts of NO2
-
 to the enterosalivary circulation, detectable my monitoring NO3

-
 and 

NO2
-
 levels in saliva after ingestion.  Therefore, considering the average salivary levels 

after a high NO3
-
 diet, 10 mM of NO3

-
 or 1 mM of NO2

-
 was commonly added to the in 

vitro saliva samples used in this work. 

Considering the nitrogen cycle in bacteria and plant cells, starting with the 

detection and quantification of NO3
-
, NO2

-
 and NO salivary levels after a high NO3

-
 dose 

will present a yield and possibly insinuate further reduced nitrogen oxides or nitrogen 

end-products.  In general, all saliva samples were split up into two round-bottom flasks 

and incubated in a 37 degrees Celsius waterbath.  One sample-flask was capped and 

deoxygenated for 60 minutes to induce activity of anaerobic bacteria while the other 

sample was left open to air and allowed to react in the presence of oxygen.  
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Figure 5 represents the trend observed when adding inorganic NO3
-
 (10 mM) to 

saliva samples under aerobic and anaerobic conditions and detecting the sum of NO3
-
, 

NO2
-
 and NO by chemiluminescence.  NO3

-
 + NO2

-
 + NO levels were detected every 10 

minutes after addition of the inorganic NO3
-
 to each saliva sample.  Interestingly, the 

aerobic levels stayed consistent throughout the hour of detection whereas the anaerobic 

levels decreased linearly from 10 mM to approximately 8 mM resulting in 2 mM/hr or 33 

µM/min of NO3
-
 reduction.  This data was initially interpreted as NO3

-
 reduction 

occurring anaerobically and not aerobically.  After further analysis, we determined that 

NO3
-
 was most likely reduced under both conditions but that the NO2

-
 produced was not 

further reduced under aerobic conditions and thus resulting in consistent detection of 

NO3
-
 + NO2

-
 + NO levels. 

 To verify our conclusion of Figure 5 that NO2
-
 is reduced at a much faster rate 

anaerobically, an experiment was designed to add inorganic NO2
-
 to saliva samples and 

monitor the NO2
-
 + NO levels over a 1-hour period under both aerobic and anaerobic 

conditions.  Figure 6 represents the trend observed when adding inorganic NO2
-
 (1 mM) 

to saliva samples under both aerobic and anaerobic conditions and detecting NO2
-
 + NO 

levels using chemiluminesence.  As hypothesized from Figure 5, this data suggests rapid 
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Figure 5. The detection of NO3
-
 + NO2

-
 + NO after the addition of inorganic NO3

-
 (10 

mM) under both anaerobic and aerobic conditions.   

 

NO2
-
 reduction under anaerobic conditions (1.5 mM/hr) and slower reduction under 

aerobic conditions (0.5 mM/hr).  Additionally, this data reveals NO2
-
 reduction occurring 

at a high rate in saliva.  Until recently, NO2
-
 reduction was not thought to occur at a high 

rate or of significance compared to gastric NO2
-
 conversion to NO.  If by a bacterial 

process, this data suggests that saliva is capable of reducing NO2
-
 at a significant rate and 

confirms that NO2
-
 reductase enzymes are present in abundance in salivary bacteria. 

To confirm that salivary NO2
-
 conversion was the result of enzymatic NO2

-
 

reduction harnessed within bacteria as opposed to chemical conversion by the salivary 

matrix, saliva samples were boiled and filtered to inactivate bacteria. 
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Figure 6. The detection of NO2
-
 after the addition of inorganic NO2

-
 (1 mM) to saliva 

samples under aerobic and anaerobic conditions.   

 

Figure 7 represents the general trend observed when saliva was “boiled” at 65 

degrees Celsius to eliminate bacterial enzymatic activity.  The data reveals that NO2
-
 

reduction occurs only when bacteria are active in the saliva sample.  When subjected to 

high temperatures to inactivate bacterial enzymatic activity, saliva was not able to reduce 

NO2
-
 under aerobic or anaerobic conditions.  After the collection of this data, questions 

remained as to what “boiling” may have done to free-floating extracellular molecules in 

addition to inactivating bacteria. 

In addition to boiling saliva, another way to attenuate bacteria’s enzymatic 

activity is to exclude the bacteria by filtering with a 0.25 micron filter.  The filter size of 

0.25 microns is used to exclude the majority of bacteria while salvaging the rest of the 

saliva sample. 
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Figure 7.  The detection of NO2
-
 + NO levels after the addition of inorganic NO2

-
 (500 

µM) to aerobic saliva. One sample was boiled (blue) and the other, the control (red). 

 

Figure 8 represents the general trend observed when subjecting saliva samples to 

filtering.  The specific data shown in Figure 8 shows that filtering saliva eliminates NO2
-
 

production and thus NO3
-
 reduction in comparison to the control saliva sample.  Boiling 

and filtering saliva eliminated any normal bacterial enzymatic activity and thus caused 

consistent levels to be detected after the addition of inorganic NO3
-
 or NO2

-
 to saliva.  

This data confirms that salivary conversion of NO3
-
 is a bacterial reduction process and 

will not occur chemically extracellular.  In addition, the data reveals that salivary 

conversion of NO2
-
 is also a bacterial reduction process. 
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Figure 8.  The detection of NO2
-
 + NO levels after the addition of inorganic NO3

-
 (10 

mM) to aerobic saliva.  One sample was filtered (blue) and the other, the control (red). 

 

After confirming salivary reduction of NO3
-
 and NO2

-
 by bacteria, experiments 

were developed to better understand the pathway of salivary nitrogen oxide production 

and reduction.  From Figures 5 and 6, it is apparent that the levels of NO3
-
 + NO2

-
 + NO 

were decreased in saliva after a high NO3
-
 dose under anaerobic conditions and not under 

aerobic conditions.  Additionally, added inorganic NO2
-
 was reduced at a much faster rate 

under anaerobic conditions.  Therefore, considering the sets of data, a general hypothesis 

can be made that NO3
-
 is reduced both aerobically and anaerobically but that NO2

-
 is 

favored to be reduced anaerobically.  If correct, this hypothesis could explain the data in 

Figure 5 revealing consistent levels of NO3
-
 + NO2

-
 + NO under aerobic conditions. 

Figure 9 represents the general trend observed when detecting NO2
-
 production 

after the addition of inorganic NO3
-
 (10 mM) to saliva under both aerobic and anaerobic 
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conditions using chemiluminescence.  Under both aerobic and anaerobic conditions, 

saliva produced similar levels of NO2
-
 + NO.  As hypothesized, NO3

-
 is apparently 

reduced at similar rates under aerobic and anaerobic conditions while NO2
-
 reduction is 

favored anaerobically.  In terms of the oral bacteria involved, the collection of data thus 

far can be interpreted as NO3
-
 reductase enzymatic activity occurring with and without 

oxygen at similar rates.  On the contrary, bacteria which harness the NO2
-
 reductase 

enzymatic activity appear to be more efficient under anoxic conditions.  This suggests 

that the specific NO2
-
 reductase enzymes involved in salivary NO2

-
 reduction are present 

in bacteria which use NO3
-
 as the terminal electron acceptor as opposed to oxygen, 

typical of aerobic pathways in bacteria. 

 

 

Figure 9. The detection of NO2
-
 + NO after the addition of inorganic NO3

-
 (10 mM) to 

saliva samples under aerobic and anaerobic conditions. 
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Knowing that saliva has such a complex matrix as mentioned previously, the 

inconsistencies in an individual’s salivary bacteria should be expected day-to-day mainly 

based on differences in diet, medications, or mouthwash.  Therefore, correlating the 

disappearance or reproduction of bacteria which harness NO3
-
 and NO2

-
 reducing 

capabilities, the production of salivary nitrogen oxides are expected to vary greatly from 

day-to-day for a single individual and especially from person to person.  

To observe the differences in NO3
-
 reducing and NO2

-
 producing ability from 

person to person, a study with 8 volunteers was designed.  Each volunteer gave one saliva 

sample that would be split, incubated at 37 degrees Celsius, and subjected to anaerobic 

and aerobic conditions before adding inorganic NO3
- 
(10 mM).  Trends were observed in 

NO3
-
 + NO2

-
 + NO disappearance and NO2

-
 + NO appearance. 

 

 

Figure 10.  The detection of NO3
-
 + NO2

-
 + NO after the addition of inorganic NO3

-
 (10 

mM) to saliva samples under aerobic conditions (n=8). 
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Figure 10 represents 8 saliva samples with inorganic NO3
-
 (10 mM) added under 

aerobic conditions.  All 8 samples exhibited the same trend of unchanged NO3
-
 + NO2

-
 + 

NO levels over the 1-hour experiment.  This trend in data correlates well to Figure 5. 

Figure 11 represents 8 saliva samples with inorganic NO3
-
 (10 mM) added under 

anaerobic conditions.  All 8 samples exhibited reduction in NO3
-
 + NO2

-
 + NO levels 

although the reductive rates varied largely from 500 µM/hr to 10 mM/hr.  Altogether and 

similar to Figure 5, induced anaerobic activity showed a decrease in NO3
-
 + NO2

-
 + NO 

levels among all volunteers while aerobic activity presented consistency in NO3
-
 + NO2

-
 

+ NO levels for all volunteers.  As mentioned previously, if aerobic conditions allow 

NO3
-
 reduction while not promoting NO2

-
 reduction then NO2

-
 + NO levels should reveal 

unchanged.   

 

 

Figure 11.  The detection of NO3
-
 + NO2

-
 + NO after the addition of inorganic NO3

-
 (10 

mM) to saliva samples under anaerobic conditions (n=8). 
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Figure 12 reveals salivary NO2
-
 + NO levels increasing linearly under aerobic 

conditions for all but two volunteers.  The increase in NO2
-
 + NO levels varied largely 

from 30 µM/hr to 3 mM/hr.  Comparatively, Figure 13 reveals much larger average rates 

of salivary NO2
-
 + NO production for all volunteers under anaerobic conditions.  The 

increase in NO2
-
 + NO levels again varied largely from 110 µM/hr to 4 mM/hr.  As 

expected from previous work, anaerobic NO2
-
 production was favored in saliva samples 

over NO2
-
 production under aerobic conditions.  Interestingly, aerobic and anaerobic 

conditions did not correlate for each individual.  For example, the highest or lowest 

producer of NO2
-
 + NO under anaerobic conditions was not the highest or lowest 

producer of NO2
-
 + NO under aerobic conditions, respectively.  This data insinuates the 

variance in oral bacteria amongst volunteers.  While some volunteers produced NO2
-
 + 

NO at a high rate anaerobically in respect to all other volunteers, they did not necessarily 

correspond to high production of NO2
-
 + NO aerobically in respect to all other volunteers. 

 

 

Figure 12.  The detection of NO2
-
 + NO levels after the addition of inorganic NO3

-
 (10 

mM) in saliva samples under aerobic conditions. 
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Figure 13.  The detection of NO2
-
 + NO levels after the addition of inorganic NO3

-
 (10 

mM) in saliva samples under anaerobic conditions. 

 

While this set of data shows that NO3
-
 and NO2

-
 levels can easily be detected by 

chemiluminescence, NO levels are difficult to directly quantify in biological samples 

with similar methods.  As mentioned previously, NO has a transient half-life of only 

milliseconds making detection and quantification a difficult task, especially in biological 

samples where protein complexes can form and redox reactions can quickly convert the 

NO.  To date, no previous detection methods of salivary NO have been tried.   

 

Hemoglobin Conversion Assay for the Detection of NO 

To detect NO being produced in saliva from NO2
-
 reduction, an NO trap is 

necessary to bind and stabilize the NO for detection considering the transient half-life of 

the molecule.  As mentioned in Chapter 1, ferrous deoxygenated hemoglobin will form 

an iron-nitrosyl hemoglobin in the presence of NO.  NO binds ferrous heme protein at a 
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rapid rate with a k=10
-7

 M
-1

s
-1

.  Therefore, if deoxygenated hemoglobin is added to saliva 

while NO2
-
 reductase activity is occurring in saliva and thus producing NO, the rapid 

scavenging of NO by ferrous deoxygenated hemoglobin will result in iron-nitrosyl 

hemoglobin formation.  The rate of iron-nitrosyl hemoglobin formation can then be 

directly correlated to the rate of salivary NO production.  Though the NO scavenging by 

deoxygenated hemoglobin is a rapid reaction, other possible reactions with hemoglobin 

and salivary components should be considered. 

Basal salivary NO2
-
 levels tend to range from 10 – 100 µM as seen in our 

previous research.
89

  Additionally, if inorganic NO3
-
 is added to saliva then NO2

-
 levels 

will increase with NO3
-
 reduction.

27, 32
  Therefore, if deoxygenated hemoglobin is added 

to saliva to trap NO production after the addition of inorganic NO3
-
 or NO2

-
, the reaction 

of deoxygenated hemoglobin with NO2
-
 must be considered.  Scheme 8 represents the 

reaction of ferrous hemoglobin with NO2
-
.  The rate of this reaction is much slower with 

a k of approximately 1x10
-1

 M
-1

s
-1

 compared to the reaction of NO-scavenging by ferrous 

hemoglobin.
90

  The reaction produces a molecule of NO and the ferrous hemoglobin is 

oxidized to ferric methemoglobin.
91

   

 

 

NO2
- + HbFe2+ + H+  NO + HbFe3+ + OH- 

 

Scheme 8. NO2
-
 is reduced by ferrous hemoglobin to produce NO and methemoglobin 
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Since the reaction of NO2
-
 and ferrous hemoglobin will produce NO and 

ultimately form iron-nitrosyl hemoglobin from NO scavenging, the detection of iron-

nitrosyl hemoglobin could be falsely reported if the artifactual NO is not corrected for.  

Since methemoglobin is a product of this same reaction with NO2
-
 and ferrous 

hemoglobin, if the detection and quantification of methemoglobin is possible then 

considering the 1:1 ratio of methemoglobin and iron-nitrosyl hemoglobin, one can correct 

for the amount of artifactual NO production.  

The different states of hemoglobin can be monitored using a full range UV/Vis 

scan and known absorbance maxima from literature for each state of hemoglobin.
92

  A 

fitting file was created in Microsoft Excel to determine the concentration of each 

hemoglobin state in a single scan.  The fitting file was created using scans of previously 

determined states and concentrations of hemoglobin to determine the mixture of states in 

a given sample with unknown concentration.  States of hemoglobin in the fitting file 

included ferrous hemoglobin (deoxygenated), oxygenated hemoglobin, ferric 

methemoglobin, and nitrosyl-hemoglobin.  With NO2
-
 reduction and production of NO in 

saliva samples, each scan of the sample with deoxygenated hemoglobin present will 

reveal the amount of each state of hemoglobin during conversion.  For example, we 

anticipated deoxygenated hemoglobin levels to decrease over time during conversion to 

nitrosyl- or methemoglobin formation. 

Figure 14 represents a control experiment with deoxygenated saliva in the 

presence of deoxygenated hemoglobin (100 µM).  Without added inorganic NO3
-
 or NO2

-

, the state of hemoglobin (ferrous) is not affected in 10 minutes of UV/Vis monitoring.  

This experiment allows us to rule out hemoglobin’s possible reactions with saliva which 
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could possibly result in artifactual NO production or altered states of hemoglobin. 

 

 

Figure 14.  The reaction of deoxygenated hemoglobin (100 µM) in the presence of 

deoxygenated saliva. 

 

Figure 15 represents another control experiment with deoxygenated hemoglobin 

in the presence of NO2
-
 (500 µM) but without saliva.  As hypothesized, without saliva in 

the reaction, deoxygenated hemoglobin reacted with NO2
-
 to form a near 1:1 ratio of 

methemoglobin and nitrosyl-hemoglobin.   This experiment reveals how to correct for 

artifactual nitrosyl hemoglobin formation by subtracting the concentration of 

methemoglobin formation from the total nitrosyl hemoglobin.  In turn, the subtraction of 

this artifact will result in the total nitrosyl hemoglobin formation from the reaction of NO 

produced in saliva. 
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Figure 15.  The reaction of deoxygenated hemoglobin (100 µM) with NO2
- 
(500 µM).  

 

Figure 16 represents one deoxygenated saliva sample treated with varying 

amounts of inorganic NO2
-
.  As the amount of added inorganic NO2

-
 increases, the rate of 

nitrosyl-hemoglobin formation also increases. The amount of methemoglobin at a given 

point represents the amount of artifactual NO produced from deoxygenated hemoglobin’s 

reaction with NO2
-
.  Therefore, this amount is subtracted from the total nitrosyl-

hemoglobin to result in the nitrosyl-hemoglobin formed from salivary NO scavenging 

from NO2
-
 reduction only.  The general trend observed was that by increasing NO2

-
 added 

to saliva, NO was produced at a faster rate from salivary NO2
-
 reduction.  This was 

indicated by the increasing nitrosyl-hemoglobin totals for each experiment.  

The initial rates of nitrosyl-hemoglobin formation are important when 

determining the enzymatic kinetics for the reaction between salivary bacteria and NO2
-
.  

Using the initial rate, one can determine the NO production in saliva after the addition of 

inorganic NO2
-
.  Michaelis Menten kinetics shows that as the substrate is increased, the 

velocity or rate of a reaction also increases.  For a given enzyme-substrate reaction, the 
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reaction will reach maximum velocity at a certain substrate concentration.  This implies 

that when substrate is increased, the initial rate of the reaction will increase but that the 

maximum velocity of the reaction is unchanged.  To determine if experiments follow 

Michaelis Menten enzyme kinetics, one can plot the initial rates versus the concentration 

of substrate. 

 

  

 

Figure 16. The reaction of deoxygenated hemoglobin (100 µM) over 10 minutes in saliva 

with varying amounts of inorganic NO2
-
 added.  The addition of NO2

-
, (A) 250 µM, (B) 

500 µM, (C) 750 µM, and (D) 1 mM convert deoxygenated hemoglobin to nitrosyl 

hemoglobin at increasing initial rates as added NO2
-
 is increased. 

A B 

C D 
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Figure 17 represents three saliva samples with inorganic NO2
-
 added and allowed 

to react with deoxygenated hemoglobin as described in the hemoglobin conversion assay 

above.  Each set of data differs slightly in the rates of the reaction most likely due to the 

varying amount and type of oral bacteria in each saliva sample.  With increasing NO2
-
, 

the rates of the reaction increased until relatively plateauing indicative of maximum 

velocity of the reaction being reached.  With this type of plot being formed, the data 

reveals that NO production in saliva occurs under normal enzyme kinetics.  The average 

maximum velocity for the saliva samples ranged from 6 µM/min to 12 µM/min. 

 

 

Figure 17.  The initial rates of deoxygenated hemoglobin reacting with NO produced 

from salivary NO2
-
 reduction.  As the added inorganic NO2

-
 increases, so too does the 

velocity of the reaction until maximum velocity is reached. The different symbols 

represent three different volunteers’ saliva sample. 
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The Detection of Ammonia 

Using the Ammonia Assay Kit mentioned in Chapter 1, ammonia levels were 

measured before and after the addition of inorganic NO3
-
 and NO2

-
 to in vitro saliva 

samples under aerobic and anaerobic conditions.  Basal levels of ammonia are relatively 

high in whole saliva which is attributed to the urease activity present in oral bacteria.  

Average basal salivary ammonia levels were found to be between 900 µM and 1.8 mM.  

 

 

Figure 18.  The detection of ammonia in saliva before and after the addition of inorganic 

NO2
-
 or NO3

-
.  Saliva under aerobic (left) and anaerobic (right) conditions at basal levels 

(blue bar), 1 hr after NO2
-
 (10 mM) addition (green bar), and 1 hr after NO3

-
 (10 mM) 

addition (purple bar). 
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Figure 18 represents the general trend observed when detecting ammonia in 

saliva.  Basal levels of ammonia did not significantly change when inorganic NO2
-
 (10 

mM) or NO3
-
 was added to saliva under aerobic or anaerobic conditions.  After repeat 

experiments without a change in ammonia, it is apparent that oral bacteria are not capable 

of reducing NO3
-
 or NO2

-
 to ammonia at a significant rate or amount. 

 

The Detection of Nitrous Oxide 

To continue with understanding of the salivary nitrogen oxide pathway, the 

detection of possible end products including N2O was carried out.  Using the method 

explained in Chapter 1, we measured N2O production in anaerobic saliva after the 

addition of inorganic NO3
-
 and NO2

-
 using GC.  A calibration curve was created using a 

1% N2O tank (Figure 19).  Known amounts of N2O were injected and used based on 

predicted moles of N2O detection in saliva sample. 

Figure 20 shows the detection of N2O in one saliva sample under anaerobic 

conditions.  Using the calibration curve shown in Figure 19, we calculated the 

concentration of N2O produced after the addition of inorganic NO3
-
 (10 mM) or inorganic 

NO2
-
 (1 mM).  Though the data reveals an increase in N2O levels, the N2O production is 

relatively small at 1.8% and 1.2% after the addition of NO3
-
 and NO2

-
, respectively.  The 

evidence in this data along with other similar experiments reveals the ability of saliva to 

convert NO3
-
 and NO2

-
 to N2O but not with a large enough yield to consider N2O a major 

product of the salivary nitrogen oxide pathway. 
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Figure 19. Calibration curve using a 1% N2O tank and GC detection.   

 

 

Figure 20. The detection of N2O after the addition of inorganic NO3
-
 or NO2

-
 to saliva 

under anaerobic conditions. 
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The Detection of Nitrogen Gas 

To continue with understanding of the salivary nitrogen oxide pathway, the 

detection of possible end products including N2 was carried out.  Using the method 

explained in Chapter 1, we measured N2 production in anaerobic saliva after the addition 

of inorganic NO3
-
 and NO2

-
 using GCMS.  A calibration curve was created using a 1% N2 

tank (Figure 21).  Known amounts of N2 were injected based on predicted moles of N2 

detection in saliva sample. 

 

 

Figure 21. Calibration curve using a 1% N2 tank and GCMS detection.   

 

Figure 22 represents the general trend observed when detecting N2 in salivary 

samples.  During the detection of N2 after addition of inorganic NO3
-
 or NO2

-
, the 

simultaneous detection of NO3
-
 or NO2

-
 was performed to ensure comparable reduction of 
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inorganic NO3
-
 or NO2

-
 as seen in previous experiments with saliva samples. Detection of 

N2 never exceeded 10% yield of the reduced inorganic NO3
-
 or NO2

-
.  In Figure 22, 

approximately 4% of the reduced inorganic NO3
-
 yield was converted to N2 at each 

timepoint.  Also worth mentioning is that there was no significant increase in the % yield 

of N2 detected at following timepoints, suggesting consistent N2 production throughout 

the 60 minutes.   

 

 

Figure 22. The detection of N2 in anaerobic saliva using GCMS detection.   

 

Following the Salivary Nitrogen Oxide Pathway in a Volunteer 

After performing the methods of detection for each nitrogen oxide and nitrogen 

end product, following the reduction of inorganic NO3
-
 in saliva by simultaneous 

detection of each product would lead to a better understanding of the salivary nitrogen 

oxide pathway.  To date, there is no research following and quantifying the salivary 

reduction of dietary NO3
-
 or inorganic NO3

-
 with in vitro saliva studies.  Since oral 
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bacteria varies greatly from person to person based on diet, oral hygiene and dental 

caries, the salivary nitrogen oxide pathway products would potentially have a large 

variance with each individual.  Investigating the nitrogen oxide pathway in volunteers 

could potentially lead to the discovery of an NO reservoir in enterosalivary circulation 

along with a better understanding of the symbiotic relationship that humans and the oral 

microbiome possess. 

 

  

Figure 23.  The detection of NO3
-
 using the ENO (left panel) and the detection of NO3

-
 + 

NO2
-
 + NO using the NOA (right panel) after the addition of inorganic NO3

-
 (10 mM) to 

an anaerobic saliva sample. 

 

Figure 23 shows the simultaneous detection of NO3
-
, using the HPLC-based ENO 

instrument, and of NO3
-
 + NO2

-
 + NO in the NOA after the addition of inorganic NO3

-
 

(10 mM) to one anaerobic saliva sample.  Using the ENO, it is evident that approximately 

3 mM of NO3
-
 is reduced in 90 minutes leading to a rate of 2 mM/hr, comparable to our 

previous studies.  Using the NOA to detect NO3
-
 + NO2

-
 + NO levels presented us with 
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data that correlated well with the ENO.  The levels were approximately 500 µM higher at 

90 minutes in the NOA which was expected since the NOA also detects NO2
-
 and NO.  

Our following experiments were carried out to trace the products of the NO3
-
 (3 mM) 

reduced in this single saliva sample. 

  Figure 24 shows the detection of NO2
-
 using the ENO and NO2

-
 + NO using the 

NOA for the same volunteer’s saliva sample in Figure 23.  After observing approximately 

3 mM of NO3
-
 reduction in the 90 minutes analyzed in Figure 23, the ENO detected 420 

µM of NO2
-
 production over the same 90 minutes while the NOA detected 560 µM of 

NO2
-
 + NO simultaneously in the same saliva sample, implying NO production of 140 

µM.  This data somewhat correlates with the previous data in Figure 23 since the 

difference in NO2
-
 + NO was approximately 500 µM and we were able to detect 560 µM 

NO2
-
 + NO here.  Thus far in the data analysis, only 560 µM of the approximate 3 mM of 

NO3
-
 reduction in this saliva sample has been accounted for. 

 

 

Figure 24.  The detection of NO2
-
 using the ENO (left panel) and NO2

-
 + NO using the 

NOA (right panel) after the addition of inorganic NO3
-
 (10 mM) to an anaerobic saliva 

sample. 
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Figure 25 shows the detection of N2O using the headspace GC method explained 

in Chapter 1 for the same saliva sample from Figures 23 and 24.  Detection using the GC 

revealed minimal production of N2O from inorganic NO3
-
, similar to our previous 

experiments.  Worth mentioning is that the production of N2O was linear suggesting 

consistent bacterial reductase activity during the 90 minute analysis.  At 90 minutes, the 

N2O yield was 3.55 % of the original 3 mM NO3
-
 reduced.   

 

 

Figure 25.  The detection of N2O using headspace GC after the addition of inorganic 

NO3
-
 (10 mM) to an anaerobic saliva sample. 

 

Figure 26 represents the final nitrogen compound detected (N2) while following 

the nitrogen oxide pathway in a single saliva sample after the addition of inorganic NO3
-
 

(10 mM).  Using GCMS, we were able to detect 12.67 % of the NO3
-
 reduced in the form 

of N2 after the 90 minute analysis.  Though N2 was a significant product worth 

mentioning, we originally predicted that N2 could be a majority of the final product based 

on typical denitrifying bacteria under anaerobic conditions. 93
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Figure 26.  The detection of N2 using GCMS after the addition of inorganic NO3
-
 (10 

mM) to a saliva sample under anaerobic conditions. 

 

 Table 3 represents the observations after the addition of inorganic NO3
-
 (10 mM) 

to a single saliva sample.  Using ENO data, we were able to determine that 2.85 mM of 

the initial 10 mM NO3
-
 added to the saliva sample was reduced and that 433 µM was 

accounted for with NO2
-
 production.  Using GC data, we were able to detect small 

amounts of N2, approximately 4% of the original NO3
-
 added to the saliva sample.  

Lastly, using GCMS, we were able to detect N2O production at approximately 13%.  

Overall, the detection of NO2
-
, N2O and N2 accounted for approximately 30%.   These 

observations were an example of the general trend seen when saliva samples were subject 

to NO3
-
 addition in all experiments.  Future work directed towards possible products of 

the unaccounted for NO3
-
 reduction should be carried out and are further discussed in the 

conclusion. 
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% Original NO3
-
 Reduction % NO2

-
 of NO3

-
 Reduced

28.5 15.19

% N2O of NO3
-
 Reduced % N2 of NO3

-
 Reduced

3.55 12.67

NO3
-
 Reduction Accounted for 31%

Unaccounted for 69%  

Table 3.  The summary of data analysis for the detection of multiple nitrogen oxides and 

nitrogen compounds after the addition of inorganic NO3
-
 to a saliva sample under 

anaerobic conditions. 

 

2.4 Conclusion 

 

This research reveals the ability of saliva to reduce inorganic NO3- to reduced 

nitrogen compounds including NO2
-
, NO, N2O, and N2 (Figure 27).  Much to our 

surprise, a majority of the reduction of inorganic NO3
-
 in our in vitro saliva samples was 

left unaccounted for after detecting NO3
-
, NO2

-
, NO, N2O, and N2.  The data shown above 

was a reflection of the difficulties when analyzing the salivary nitrogen oxides in multiple 

saliva samples.  As shown in Table 3, only 31.41% of the original reduced inorganic 

NO3
-
 could be accounted for when detecting NO2

-
, NO, N2O, and N2 as possible products 

in a single saliva sample. 

Possible limitations in our study include the nitrogen oxides and nitrogen 

compounds that we chose to detect.  Though it is common for anaerobic bacteria to 

reduce NO3
-
 to N2O and N2, it is also possible that the NO3

-
 is reduced to NO2

-
 and then 
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further enzymatically reduced to NO.  The transient half-life of NO is reason to believe 

that NO could be scavenged intracellularly after enzymatic NO2
-
 reduction and be 

undetectable if chelated or bound to protein.   

 

 

NO3
-
 

NO2
-
 

NO 

N2O 

N2 

Figure 27.  The human salivary nitrogen oxide pathway.  After the addition of inorganic NO3
-
 to 

saliva samples, which mimics a high NO3
-
 diet, NO2

-
, NO, N2O, and N2 were produced by 

salivary bacteria. 

 

When detecting the nitrogen oxide pathway in saliva in the future, determining a 

method to analyze and detect intracellular-trapped NO would be ideal.  If NO complexes 

are formed in protein active sites or externally bound to a protein then saliva may serve as 

a reservoir for NO after a high NO3
-
 diet.  The investigation of reactive oxygen species 

(ROS) or reactive nitrogen oxide species (RNOS) formation is also a worthy approach to 

discovering the unaccounted-for NO3
-
 reduction or conversion.  Also, the formation of 

nitrosamines is possible.  Tannenbaum et al has shown that saliva can produce 

nitrosamines even at neutral pH, though researchers have not investigated the production 
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after a high NO3
-
 or NO2

-
 dose.

94
  In the acidic conditions of the gut, ingested NO2

-
 can be 

converted to nitrosamines which are thought to be potentially carcinogenic. 

Considering the transient half-life and reactivity of NO, intracellular NO 

complexes are likely to form and account for part or all of the unaccounted for salivary 

NO3
-
 and NO2

-
 reduction.  In the future, it would be useful to investigate these complexes 

using electron paramagnetic resonance spectroscopy (EPR).  Using known spectra from 

literature, it is possible to compare the unknown sample and determine if NO complexes 

are indeed forming.  For example, our preliminary investigation of a salivary protein, 

ceruloplasmin, and certain copper-containing nitrite-reductase enzymes reveal the 

formation of NO complexes in other systems (not saliva), as shown in literature.  Future 

work should be directed towards further investigation of these possible NO-complexes 

forming intracellularly using EPR and past literature. 
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3.1 Introduction 

 

As discussed in the Introduction, determining a diagnostic marker of endogenous 

NO bioavailability has been a major topic of research, one which would have clinical 

implications for monitoring cardiovascular disease, metabolic syndrome, and other 

conditions.
41, 42, 43, 44

 Endothelial dysfunction has been noted as a key event in early 

atherosclerosis. Due to defective synthesis, decreased levels of endothelium-derived NO 

characterize endothelial dysfunction.
45

   In addition, increased scavenging of NO by 

oxygen radicals results in low NO bioavailability associated with endothelial 

dysfunction.
46, 47

 Individuals with endothelial dysfunction show a decrease in flow-

mediated dilation (FMD) and an increase of intima media thickness (IMT), both 

representative of atherosclerosis.
48, 49, 50, 51

  Given the cost of procedures to measure FMD 

and IMT, it would be useful to establish a simple blood test to diagnose endothelial 

dysfunction or low NO bioavailability due to other conditions.  The Kelm and Moncada 

labs have demonstrated that the majority of plasma NO2
- 

is derived from constitutive 

NOS-activity.
52,

 
53

 Observations have shown that upon regional nitric oxide synthase 

(NOS) inhibition in forearm circulation, vascular resistance increases linearly as plasma 

NO2
-
 levels decrease, thereby establishing plasma NO2

- 
as a potential measure of 

endothelial function. 52
  

In some of the same studies, plasma NO3
-
 was ruled out as an indicator of NOS 

function. The Moncada lab showed that only 16% of isotopic L-arginine infused into 

circulation was represented in plasma NO3
-
 levels versus 90% of plasma NO2

-
.
53

 The 

Kelm laboratory demonstrated no significant change in plasma NO3
-
 in mammals with 
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inhibition of NOS activity.
52

  These data are somewhat expected since plasma NO3
- 
has 

many NOS-independent factors which can drastically change the basal levels such as 

dietary NO3
-
 intake, denitrifying liver enzymes, and renal function.

54,
 

55
  Interestingly, 

Hibbs and colleagues showed that inducible-nitric oxide synthase (iNOS) is one of the 

main contributors to circulating NO3
-
 due to the increase of NO production after the 

addition of the cytokine-IL2.
56

  However, the general consensus is that, under most 

conditions, plasma NO3
-
 does not reflect NOS function or NO bioavailability. In addition, 

there are even some investigators who suggest that plasma NO2
-
 does not accurately 

reflect eNOS function and NO bioavailability.
57

   

In recent years, dietary NO3
-
 has become a known contributor to the pool of 

bioavailable NO.
1
  It is known that dietary NO3

-
 is reduced in the oral cavity by tongue 

flora, specifically by Actinomyces and Veilonella species.
27,

 
32

   Once ingested, NO2
-
 is 

non-enzymatically reduced to NO in the gastric acidic milieu.
58

  NO3
- 

and remaining 

NO2
-
 are rapidly absorbed in the small intestine.  Plasma NO2

-
 can then be reduced to NO 

by various mechanisms.
1,

 
2
 Though most of the circulating NO3

-
 is excreted in urine, 

approximately 25% is extracted by the salivary glands and recycled through the 

enterosalivary circulation.
59

  Complementary to endogenous NO production, this cycle of 

dietary NO3
-
 being converted to NO in physiology is referred to as the nitrate-nitrite-

nitric oxide pathway.
2
 

Through this physiological pathway, it has been shown that dietary NO3
-
 will 

increase plasma NO3
-
 and NO2

-
.  In addition, dietary NO3

-
 has been shown to lower blood 

pressure with short and long term effects, be vasoprotective and reduce platelet 

aggregation, along with having acute effects on cerebral blood flow and an increase in 
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exercise tolerance and performance.
2,

 
17,

 
18,

 
37,

 
60,

 
61,

 
62,

 
63

  Daily dietary NO3
-
 ingestion 

also improves endothelial function and vascular stiffness in hypercholesterolemia.
64,

 
65,

 
66,

 

67
   

As evidence suggests that basal plasma NO2
-
 levels reflect NOS function and 

bioavailable NO, these measurements may have clinical utility.  However, based on the 

nitrate-nitrite-NO cycle, one may also suggest that salivary NO2
-
 could have the same 

utility, as recently pointed out.
42

  Indeed, commercially available products exist that 

measure salivary NO2
-
 and claim to report NO bioavailability.  However, until now, no 

published studies have shown a positive correlation between basal plasma NO2
-
 and 

salivary NO2
-
 levels.  Thus, in this work, we sought to investigate the basal levels of 

plasma and salivary NO2
-
 and NO3

-
. 

When studying increased plasma NO2
-
 after a high NO3

-
 load, Lundberg et al. 

observed attenuation after using an antibacterial mouthwash,
73

 suggesting saliva’s 

conversion from NO3
-
 to NO2

-
 greatly affects plasma NO2

-
.  Consumption of high NO3

-
-

containing food or drinks increases plasma NO3
-
, NO2

-
- and thus NOx.  However, many 

studies have observed a significant variation with the increase in plasma levels among 

individuals.
17, 18, 53, 61, 73

   It appears that some individuals are poor or non-responders with 

respect to dietary NO3
-
 interventions as measured by increases in plasma NO2

-
.
17, 60, 95, 96

  

It would be useful to easily determine individuals’ efficacy at converting oral NO3
-
 to 

plasma NO2
-
. In this study we hypothesized that saliva would reflect ability to convert 

NO3
-
 to NO2

-
 in the oral cavity and that this ability would correlate with an individual’s 

dietary NO3
-
 to plasma NO2

- 
conversion efficacy.  Thus we conducted a second study 

where we examined both ex-vivo conversion of NO3
-
 to NO2

- 
in saliva as well as in vivo 
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conversion of dietary NO3
- 
to plasma NO2

-
.   

 

3.2 Methods 

 

Study Design 

All human subjects use was approved by an internal review board following 

federal and institutional guidelines.  For the basal levels study, 13 volunteers (8 male and 

5 female) participated between the age of 18 and 80 years old. Volunteers reported to the 

lab at 9:00 am on the day of their participation.  Individuals did not eat or drink within 

two hours of their participation. If the volunteers had eaten any food the morning of the 

sampling, they were told to avoid any high NO3
-
 foods (ex. spinach, beets, lettuce, and 

other green leafy vegetables). In addition, volunteers did not use mouthwash but were 

permitted to brush their teeth. Upon arrival, blood was drawn from each volunteer from 

an antecubital vein and collected in a 4 mL lithium heparin vial.  Simultaneously, 

volunteers expectorated 5 mL of saliva which was collected in a sterilized 50 mL Corning 

tube.   

The beet juice study was ancillary to a larger study aimed at investigating 

potential additional benefits of beet juice combined with supervised exercise compared to 

supervised exercise alone. The larger study provided a great opportunity for the ancillary 

one discussed here to compare in vivo conversion of oral nitrate to plasma nitrite and ex 

vivo salivary conversion efficiency.  10 participants (5 male and 5 female) above the age 

of 55 were recruited.  All recruits consumed a bottle of concentrated beet juice (Beet it 

Sport shot, 500 mg NO3
-
) a day for 6 weeks.  On the first day of weeks 1, 3 and 6 
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participation, each recruit came in for sampling.  As described for the study above, 

volunteers did not use mouthwash or eat any high NO3
-
 foods but were permitted to brush 

their teeth.   Blood was drawn before and 1 hour after beet juice consumption. 

Immediately before the blood draw, participants expectorated a 5 mL saliva sample into a 

50 mL sterilized Corning tube.   One plasma sample was excluded due to hemolysis 

during sample preparation. In addition, two anaerobic saliva samples were excluded due 

to their having dried out during the deoxygenation procedure. 

 

Measurements 

Since salivary NO strips claim to be indicative of physiological NO, we sought to 

determine what these strips actually test in saliva.  Two brands of NO test strips, Nitric 

Oxide Test Strips (Berkeley Test) and Nitric Oxide Indicator Strips (Neogenis; Austin, 

TX), were placed in solutions of NaNO3 and NaNO2.  Since the strips have a colorimetric 

indicating tip, concentrations were varied in order to darken the strip with more reactant.  

Similar measuring techniques were used for both basal and beet juice studies.  

Blood was taken from an antecubital vein and collected in a 4 mL Lithium heparin vial. 

The tubes were immediately centrifuged at 11,500 g for 2 min. The supernatant plasma 

was removed and immediately frozen on dry ice in aliquots of ~0.4 mL of plasma and 

stored in a -80 °C freezer. Plasma NO3
-
 and NO2

-
 were determined and labeled “basal 

levels.”  For the beet juice studies, plasma NO2
-
 levels were determined in the before- and 

1 hr after-beet juice consumption timepoints. The difference was reported as the Δ 

plasma NO2
-
.   

Plasma NO3
-
 and NO2

-
 levels were measured using an HPLC-based Eicom NOx 
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Analyzer, model ENO-20 according to instructions of the manufacturer. For all 

measurements, standard curves were obtained and used for quantitative measurements.   

For the basal levels study, each tube of saliva was centrifuged at 11,500 g for 5 

minutes to exclude a large pellet of bacteria. The supernatant salivary matrix was 

removed and immediately frozen on dry ice in aliquots of ~1.0 mL of saliva until time of 

analysis. Freezing saliva is a method tested and employed by our lab which maintains the 

integrity of the sample after exclusion of the bacterial pellet.
97,

 
98

  Before instrumental 

analysis, saliva was thawed and mixed 1:1 by volume with methanol for deproteination (a 

method tested which maintains NO3
-
 and NO2

-
 but allows for a cleaner sample to 

eliminate possible syringe clogging of the HPLC system of the NOx analyzer).   Salivary 

NO3
-
 and NO2

-
 were determined and labeled “basal levels.”  

For the beet juice study, each tube of saliva (5 mL) was immediately split into two 

samples, one designated for aerobic testing and the other for anaerobic testing. Both 

samples were placed in a round bottom flask and left to incubate in a 37 °C water bath. 

The anaerobic sample was capped and flushed with argon for 1 hr to deoxygenate and 

induce anaerobic activity. After 1 hr of incubation, NaNO3 (10 mM) was added to each 

sample to mimic a high NO3
-
 beverage. Starting with a 0 min time point, the NO2

-

produced was detected at 10 minute increments up to 90 minutes. The salivary rate (k) of 

NO2
-
 production was calculated and reported in µM/min. 

Salivary NO3
-
 and NO2

-
 levels were measured using chemiluminescence-based 

Nitric Oxide Analyzers (Sievers, Inc.) according to instructions of the manufacturer. For 

all measurements, standard curves were obtained and used for quantitative measurements.   

Statistical Analysis 
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For the basal levels study, salivary NO3
-
 and NO2

- 
levels are reported as the mean 

value of three injections.  Plasma NO3
-
 and NO2

- 
are reported as the sole value measured.  

For the beet juice study, the aerobic and anaerobic salivary rate of NO2
-
 production was 

plotted against the change in plasma NO2
-
.  A linear trendline was added to each plot to 

show relative correlation.  Spearman correlation coefficients (r) were calculated to 

measure the linear correlation between the two variables plotted.  An r value less than -

0.5 or greater than 0.5 was considered significant. In addition, two-tailed p-values were 

calculated. A p-value less than 0.05 was considered significant.   

 

3.3 Results 

 

We first investigated sensitivity of oral commercial test strips to NO3
-
 and NO2

-
.  

The salivary NO test strips reacted with NaNO2 in solution, but not NaNO3 (Figure 27). 

There was no colorimetric change when the strips were submerged in NaNO3 solution of 

1 and 10 mM concentrations. When the strips were submerged in NaNO2, a very apparent 

colorimetric change was seen.  No  detectable  reaction  was observed  using  the  low  

concentration  of  NaNO2 (10  µM).   A light pink color was apparent at a concentration 

of 50 µM and the color darkened with increasing concentrations up to 10 mM NaNO2.   
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Figure 28.  Sensitivity of test strips to NO2
-
 and NO3

-
.  Nitric Oxide Test Strips were 

dipped in a NaNO3 or NaNO2 solution.  New unused test strips have a white tip where 

saliva is intended to be placed.  Reaction with the strip caused a light pink to deep red 

colorimetric change. 

 

As  these  test  strips  appear  to  measure  salivary  NO2
-
,  then,  assuming  plasma  

NO2
-
 reflects  NO bioavailability,  the  strips  would  measure  NO  bioavailability  as  

long  as  salivary  NO2
-
 correlates  with plasma  NO2

-
. Thus, we compared basal salivary 

NO2
-
 to plasma NO2

-
. We found that  salivary  NO2

-
 in volunteers  ranged  from 51  to 
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257  µM  while  salivary  NO3
-
 ranged  from 9  to  681  µM.   Plasma NO2

-
 in volunteers 

ranged from 60 to 184 nM while plasma NO3
-
 ranged from 19 to 61 µM.  Importantly, 

plasma NO2
-
 did  not  significantly  correlate  with  salivary  NO2

-
 (Figure  28A,  p  =  

0.87).   Plasma NO3
-
 significantly correlated with salivary NO3

-
 (Figure 28B, p = 0.05). 

Plasma NO3
-
 significantly correlated with salivary NO2

-
 (Figure 28C, p = 0.02).  Basal 

plasma NO2
-
 did not correlate with basal salivary NO3

-
 (Figure 28D, p = 0.41). 

For  the  second  study  we  investigated  whether  ex-vivo  conversion  of  NO3
- 
to  

NO2
-
 in saliva  correlates with in vivo conversion of dietary NO3

- 
to plasma NO2

-
.  

Changes in plasma NO2
-
 ranged from -270 to 740 nM.  The average increase in plasma 

NO2
-
 was 150 nM.   The  rates  of  salivary  NO2

- 
production  ranged from  0  to  201  

µM/min  in  aerobic  saliva  and  0  to  402  µM/min  in  anaerobic  saliva.   There was no 

correlation between the rate of aerobic salivary NO2
- 
production and the change in plasma 

NO2
-
 (Figure 29A). The trendline R

2
 value was 0.0240. The calculated r and p-values 

were 0.02 and 0.23, respectively. In addition, there was no correlation for the rate of 

anaerobic salivary NO2
-
 production versus the change in plasma NO2

-
 (Figure 29B). The 

trendline R
2
 value was 0.0003. The calculated r and p-values were 0.08 and 0.76, 

respectively.  Each plot includes all of the week 1, 3 and 6 time points for each 

individual.  It is worth  noting  that  there  was  no  correlation  when  comparing  only  

week  1,  3  and  6  time  points individually, aerobic or anaerobic salivary reduction of 

NO3
-
 (data not shown). 
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Figure 29.  Examination of basal salivary vs plasma levels of NO2
-
 and NO3

-
  (A) Basal 

plasma NO2
-
 and salivary NO2

-
 levels, p=0.87. (B) Plasma NO3

-
 and salivary NO3

-
, 

p=0.048. (C) Plasma NO3
-
 and salivary NO2

-
, p=0.020.  (D) Plasma NO2

-
 and salivary 

NO3
-
 levels, p=0.41. 

 

 

A B 

C D 
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Figure 30. Comparison of ex vivo salivary conversion of NO3
-
 to NO2

-
 to in vivo 

conversion of oral NO3
-
 to plasma NO2

-
. Patients (n = 10) were given 2.35 oz of 

concentrated beet juice (Beet-It) each day for six weeks.  Blood was drawn from each 

patient before and 1 hr after (Δ Plasma NO2
-
) beet juice consumption at weeks 1, 3, and 6 

(all 3 timepoints plotted for each individual).  Saliva samples were expectorated early 

each morning (before breakfast or tooth brushing) at weeks 1, 3, and 6.  Δ Plasma NO2
- 

was plotted
 
versus the rate of salivary NO2

-
 production after inorganic NO3

-
 (10 mM) was 

added to (A) aerobic (p-value=0.23, corr=0.02) and (B) anaerobic saliva (p-value=0.76, 

corr=0.08).  Neither condition shows a correlation. 

A 

B 
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3.4 Discussion 

 

We have investigated potential methods to assess individuals’ basal NO 

bioavailability and a potential salivary-based method to assess the individuals’ ability to 

convert dietary NO3
-
 to plasma NO2

-
. Our major findings were (i) Nitric Oxide Test 

Strips indicate a relative level of NO2
- 
in saliva, (ii) basal plasma and salivary NO2

-
 do not 

correlate, and (iii) ex vivo conversion of salivary NO3
-
 to NO2

-
 is not an indicator of in 

vivo dietary NO3
-
 conversion to plasma NO2

-
.  We also found that plasma NO3

-
 correlated 

with both salivary NO3
-
 and NO2

-
. As expected, there was no correlation between plasma 

NO2
-
 and salivary NO3

-
. 

As the Kelm lab has demonstrated, plasma NO2
-
 may be indicative of endothelial 

function.
49

  If salivary NO2
-
 reflected plasma NO2

-
, it could be an easy way to measure 

endothelial function, as suggested recently.
42

  However, we found no relation between 

basal and salivary NO2
-
 (Figure 28A). These data suggest that salivary NO2

-
 would not be 

a valid way to measure endothelial function and NO bioavailability. In addition, as we 

found that commercially available test strips measure salivary NO2
-
 (Figure 27), those 

strips are not likely to accurately assess NO bioavailability. It should be noted that we 

used the test strips in a setting where liquid was applied to them. Future work may 

consider whether other employments, such as putting the strip directly on the tongue, 

give different results.  

Our study for basal levels was designed primarily to determine if physiological 

levels of salivary NO2
-
 and plasma NO2

-
 correlated. Without recently using mouthwash, 

consuming a high NO3
-
 food or beverage, or medications, salivary and plasma NO2

-
 in 
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volunteers should reflect normal physiological levels.  We observed no correlation 

between basal salivary and plasma nitrite levels.  Interestingly, plasma NO3
-
 correlated 

with both salivary NO3
-
 and NO2

-
 (Figure 28B & 28C). As noted by the Kelm laboratory, 

plasma NO3
-
 is influenced by many NOS-independent factors such as dietary NO3

-
 

intake, saliva formation, and bacterial synthesis in the bowel.
52

  The positive correlations 

between plasma NO3
-
 and salivary NO2

-
 and NO3

-
 could be understood in terms of the 

nitrate-nitrite-NO cycle.
1
  Salivary NO3

-
 is converted to salivary NO2

-
 by oral bacteria 

and thus, these levels correlate with each other.
1, 2, 27, 32, 59 

 NO3
-
 enters the plasma and is 

taken back up into saliva.
1, 2, 59

  Thus salivary and plasma levels of NO3
-
 are linked. 

However, under basal conditions, plasma NO2
- 
levels are largely due to eNOS function

99
 

and thus do not correlate with salivary NO3
-
 or NO2

-
.  Indeed, we did not see a correlation 

between plasma and salivary NO2
- 
or NO3

-
.  

To further rationalize the lack of a correlation between plasma and salivary NO2
-

levels, it is important to consider nitrogen oxide chemistry occurring during consumption 

and in the gut. As suggested by work looking at nitrogen oxide production in the oral 

cavity, it is likely that salivary NO2
-
 is converted to further reduced nitrogen oxides such 

as NO, nitrous oxide, ammonia, and/or nitrogen gas
33, 40

 and also reactive nitrogen oxide 

species
100

 by bacteria which make up the human oral microbiome.
101

  Additionally, the 

acidic milieu of the gastric lumen will likely affect the levels of plasma NO2
-
 as evident 

in research showing increased NO levels after swallowing NO2
- 

containing saliva.
2,

 
58

 

Thus, variations in factors that influence gastric pH and nitrogen oxide absorption as well 

as those that influence chemistry in the oral cavity could lead to additional variations in 

plasma NO2
-
 that are not reflected in salivary NO2

-
. 
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The beet juice study was designed for exploring a correlation between in-vivo 

conversion of dietary NO3
-
 to plasma NO2

-
 and the efficacy of ex-vivo salivary NO3

-
 

conversion.  Several labs have shown that dietary NO3
-
 increases plasma NO2

-

substantially.
17, 18, 37, 59  

However, the efficacy of this conversion varies dramatically 

among individuals, perhaps due to their microflora.
17, 18, 53, 61, 73

  It would be useful to be 

able to easily assess individuals’ ability to convert dietary NO3
-
 to plasma NO2

-
. We 

hypothesized that the rate of ex-vivo salivary NO3
-
 to NO2

-
 conversion would serve this 

purpose. However, we saw no correlation between the in vivo efficacy of converting 

dietary NO3
-
 to plasma NO2

-
 and the ex-vivo conversion rate. This lack of correlation 

may be due to the bacteria in the saliva samples we collected not being representative of 

the oral bacteria that are mainly responsible for NO3
-
 to NO2

- 
conversion in vivo. These 

bacteria are thought to form biofilms
27,

 
32

 so that saliva may not necessarily reflect their 

number, distribution, or reflect optimum conditions for NO3
- 
reduction.  

Possible limitations to this study should be acknowledged. For the basal and beet 

juice studies, the sample sizes were 13 and 10 respectively. A larger sample size might 

show stronger correlations. For both studies we also used ex vivo salivary samples.  As 

mentioned we used expectorated saliva to assess salivary NO3
-
 to NO2

-
 conversion. 

Tongue scraping or swabbing or NO3
-
 to NO2

-
 conversion in the oral cavity itself 

(gargling with NO3
-
 and then expectorating) might show better correlations with in vivo 

dietary NO3
-
 to plasma NO2

- 
conversion.  Plasma samples in the beet juice study were 

taken before and 1-hr after beet juice consumption.  We have previously seen that plasma 

NO2
-
 levels are close to maximum one hour after consumption.

17
  However, others

18,
 

37
 

have found that plasma NO2
-
 does not reach a semi-steady maximum value until three 
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hours after consumption so that may have been a better choice for sampling.  It’s possible 

that several time points (such as at 1, 2 and 3 hours after consumption) are needed to 

obtain the maximum plasma NOx levels after a high NO3
-
 food or beverage for all 

individuals. 

 

3.5 Conclusion 

 

Our results argue against use of salivary NO2
-
 as a marker for NO bioavailability. 

In addition, the efficacy of ex-vivo NO3
-
 to NO2

-
 conversion cannot be used to assess 

individuals’ ability to convert dietary NO3
-
 to plasma NO2

-
. 
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CONCLUSIONS 

 

 This dissertation focuses on the salivary nitrogen oxide pathway and the 

relationship of salivary and plasma NOx.  Chapter 1 extensively reviews the importance 

and biological roles of NO and the recent research explaining the physiological pathway 

of dietary NO3
-
, termed the nitrate-nitrite-nitric oxide pathway.  Specifically, we were 

interested in detecting the fate of dietary NO3
-
 in saliva.  We present methods of detection 

for the nitrogen compounds we investigated including a trapping method for salivary NO 

using deoxygenated hemoglobin.  Additionally, GC and GCMS-based methods allowed 

us to identify and quantify N2O and N2 resulting from NO2
-
 reduction in salivary bacteria.  

In addition to these methods, we used common chemiluminescence techniques to follow 

a high NO3
-
 dose in in vitro saliva samples. 

Chapter 2 focuses on the investigation of the salivary nitrogen oxide pathway.  

While past research has focused solely on NO3
-
 reduction by salivary bacteria, this work 

presents the production of further reduced nitrogen oxides by salivary bacteria, 

insinuating NO2
-
 reduction in addition to NO3

-
 reduction.  We provide data that shows 

dietary NO3
-
 can be reduced to NO2

-
, NO, N2O, and N2 in in vitro saliva samples under 

anaerobic conditions.  By quantifying these nitrogen compounds, thus revealing a low 

percent yield of the original reduced NO3
-
, it is apparent that saliva is able to convert 

NO3
-
 and NO2

-
 into undetectable nitrogen oxides or nitrogen containing end-products.  

We were unable to detect these products using our methods of detection.  It is possible 

that the converted NO3
-
 and NO2

-
 products were trapped as intracellular complexes.  The 

salivary nitrogen oxide pathway remains inconclusive, though this research presents new 
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evidence of anaerobic NO2
-
 reduction in saliva. 

The products of the reduction of dietary NO3
-
 in saliva, namely NO2

-
 and NO, 

bring about many questions when determining the biological role of exogenous NO.  

Though many health benefits have been noted with dietary NO3
-
 ingestion, the direct 

contribution to NO bioavailability is a subject of debate.  Chapter 3 addresses the 

inconsistencies in literature when determining a marker for endothelial function and 

expands on the findings of salivary NOx and its relationship with plasma NOx.   

Since products exist which claim to measure NO bioavailability through salivary 

NO2
-
, we investigated the correlation of salivary NO2

-
 and plasma NO2

-
.  As a marker of 

endothelial function, plasma NO2
-
 can only be tested through blood sampling.  As 

literature proposes a less invasive or more convenient method of measuring NO 

bioavailability and thus endothelial function, salivary NO2
-
 was compared to plasma NO2

-
 

levels.  We report that basal salivary NO2
- 

and plasma NO2
-
 do not correlate.  

Additionally, no correlation was found when comparing basal total NOx levels.  These 

findings are the first to show a lack of correlation amongst salivary and plasma NOx 

levels and to discount salivary NO2
-
 as a marker of endothelial function. 

In addition to the basal levels study, a second study examined both ex vivo 

conversion of NO3
-
 to NO2

-
 in saliva and in vivo conversion of dietary NO3

-
 to plasma 

NO2
-
.  Similar to the basal levels study, no correlation was observed.  This data suggests 

that the reduction of dietary NO3
-
 by oral bacteria varies greatly from person to person.  

As a result, plasma NOx levels are influenced differently due to the variation in dietary 

NO3
-
 reduction. 

In the future, we hope to better understand the salivary nitrogen oxide pathway 
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and develop methods for the detection of the nitrogen compounds which result from 

dietary NO3
-
 ingestion and NO2

-
 reduction.  Additionally, we would like to further 

investigate the potential for a marker of endothelial function using saliva and oral 

bacteria.  This research would have clinical implications along with potentially leading to 

a better understanding of dietary NO3
-
 and NO therapeutics. 
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