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On the cover page “the Dunhuang manuscript”. In 1900 a Taoist monk (Abbot Wang) 
discovered thousands of medieval buddish manuscripts, paintings and other document 
dated back to the 8th century in a hidden cave near the ancient Silk Road town of 
Dunhuang. Some of those concerned with medical matter were translated by scholars 
and brought to our attention. With the courtesy of Anthony Butler one of these 
manuscripts is reproduced in the present thesis. As depicted in the translation below, 
the manuscript clearly shows that inorganic nitrate was used as a therapeutic agent for 
what appears to be angina and digital ischaemia. Twelve centuries later the results of 
the present thesis provide a mechanistic explanation of the biological effect of inorganic 
nitrate………have a pleasant reading! 
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ABSTRACT 
Inorganic nitrate (NO3

-) and nitrite (NO2
-) have generally been considered stable 

inactive end products of nitric oxide (NO) or unwanted residues in the food chain. 
While several recent studies surprisingly demonstrate that nitrite is reduced to bioactive 
NO in blood and tissues, the more stable anion nitrate is still considered to be inert.  
We investigated if inorganic nitrate could be bioactivated in vivo to generate nitrite 
systemically. After oral intake and absorption, nitrate is concentrated in saliva, where 
much is reduced to nitrite by oral bacterial nitrate reductases. We show here that 
systemic nitrite levels increase greatly after oral nitrate intake, demonstrating for the 
first time that nitrate is in fact a substrate for systemic generation of nitrite and 
eventually NO. We show that oral bacteria and the entero-salivary recirculation of 
nitrate play a major role in the in vivo bioactivation of nitrate. In addition to this major 
prokaryotic pathway, we discovered a mammalian functional nitrate reductase 
(eukaryotic pathway) that also regulates nitrite and NO homeostasis.  
Subsequent studies have confirmed robust physiological effects of dietary nitrate, all of 
which are compatible with generation of NO. These include a lowering of blood 
pressure and inhibition of oxygen consumption in humans, and protection against 
ischaemia-reperfusion injury and reversal of metabolic syndrome in animals. This has 
made us speculate that the strong cardioprotective effects of a diet rich in vegetables, at 
least partly is explained by the high nitrate content in these foodstuffs.  
Differently from inorganic nitrate, organic nitrates such as glyceryl trinitrate (GTN) are 
generally recognized to act via NO donation, and these drugs have been used in the 
treatment of cardiovascular disorders for >100 years. Despite this long history, their 
metabolism is still a matter of debate. It is known that liver first pass metabolism can 
strongly affect their disposition and activity. Thus a careful investigation of the hepatic 
metabolism is crucial for compounds designed for oral administration. In the second 
part of this project the liver metabolism of a novel class of hybrid organic nitrates, the 
nitrooxybutyl-esters derivatives of anti-inflammatory or anti-oxidant compounds was 
investigated and compared with the prototypic organic nitrate GTN. These compounds 
are claimed to retain the properties of the parent compound with increased, NO-related, 
safety and tolerability. It was shown that nitrooxybutyl-ester derivatives are rapidly 
cleaved in vitro in liver fractions to their parent compounds and the organic nitrate 
moiety nitrooxybutyl alcohol (NOBA). As for GTN, NOBA is mainly denitrated by the 
glutathione S-transferase through a clearance based mechanism, i.e. direct metabolism 
to NOx (nitrite + nitrate) with no main acute bioactivation to NO. The NOx generated 
during first passage could therefore contribute to the “NO related” effect of organic 
nitrates when given orally. Moreover, since NOBA is only slowly denitrated in the liver 
in vitro it might have the potential to partly survive first passage metabolism and be 
bioactivated to NO in other tissues. A complete picture of the metabolic profile of this 
class of organic nitrates in different tissues will help to facilitate development of more 
powerful and selective drugs in different therapeutic areas. 
In conclusion the results of the present thesis laid the bases that reversed the status of 
inorganic nitrate from inert end product of NO metabolism to important reservoir of 
NO. It follows that also the nitrate and nitrite generated from organic nitrate 
metabolism might play an important role in the final biological effect of these 
molecules. 
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1 INTRODUCTION 
On October 12, 1998, the Nobel Assembly at Karolinska Institutet announced that the 
Nobel Prize in Medicine and Physiology would be awarded to US scientists Robert 
Furchgott, Louis Ignarro, and Ferid Murad for their discoveries concerning nitric oxide 
(NO) as a signalling molecule in the cardiovascular system1,2,3. 
In sharp contrast to the short research history of the endogenous synthesis of NO, the 
introduction of organic nitrate-containing compounds for medicinal purposes marked 
its 160th anniversary in 2007. Glyceryl trinitrate (GTN) is the first compound of this 
category. Alfred Nobel (the founder of the Nobel Prize) himself had suffered from 
angina pectoris and was prescribed GTN for his chest pain. Almost a century later, 
research in the NO field has dramatically expanded and the role of NO in physiology 
and pathology has been extensively studied in over 100.000 published papers.  
 
1.1 NITRIC OXIDE:  PHYSIOLOGY AND PATHOPHYSIOLOGY 

1.1.1 The L-Arginine/NOS pathway 

NO is biosynthesized by a family of enzymes referred to as the nitric oxide synthases 
(NOS)4. There are three primary isoforms of NOS that originate from separate genes 
and differ in their subcellular localization and mode of regulation. They are typically 
designated as endothelial (eNOS, NOS3), neuronal (nNOS, NOS1), and 
immunological/inducible NOS (iNOS, NOS2), although these designations do not 
strictly reflect their tissue expression or utility. All three NOS isoenzymes are dimeric 
flavoproteins containing an iron protoporphyrin (haeme) and tetrahydrobiopterin (BH4) 
as bound prosthetic group. They also contain binding site for L-arginine, reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) and Ca2+-Calmodulin. 
Sensitivity to Ca2+-Calmodulin  is controlled by phosphorylation of specific sites on the 
enzyme. It is believed that the flavins accept electrons from NADPH and transfer them 
to the haem iron, which binds oxygen and catalyzes the stepwise oxidation of L-
Arginine to NO and Citrulline. eNOS and nNOS are constitutively expressed, 
nevertheless, their levels can change in response to a variety of physiological events 
(e.g., hormonal influences)5. As the name indicates, iNOS is highly induced in a variety 
of cells, often as a result of immune stimulation (e.g., lipopolysaccharide, cytokines). 
Both eNOS and nNOS are regulated primarily by Ca2+ via the actions of calmodulin 
and give rise to only low (pico-nanomolar) concentrations of NO. In contrast, iNOS is 
not regulated by Ca2+ and may produce high (micromolar) levels of NO6.  
The NOS enzymes are critically dependent on molecular oxygen as a co-substrate to 
produce the free-radical gas NO. The Km values for oxygen (the oxygen concentration 
were NO production is half-maximal) is around 4 μM for eNOS, 130 μM for iNOS and 
350 μM for nNOS7 which is generally higher than the normal oxygen tension in the 
tissue that ranges from as low as 3 μM in contracting muscles8 up to 60-100 μM in 
some tissues under resting conditions9,67. Since all isoforms are widely distributed the 
NO generated by any of the three isozymes can potentially affect different systems and, 
for example, cooperatively participate in modulation of vascular function. The Km value 
for oxygen of eNOS suggests that the L-arginine/eNOS pathway is progressively 
slowed if oxygen concentration is less than 10-20μM while the other two isoforms of 
NOS require higher concentrations of oxygen. This means that the formation of NO 
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from the enzymatic pathway is tightly regulated by the oxygen tension with more NO 
being generated at higher oxygen tension. 
 
1.1.2 Physiology of Nitric Oxide 

The first established physiological role for NO was as a vasorelaxant1,10. The 
mechanism by which NO elicits vasorelaxation is known to occur via activation of 
the enzyme soluble guanylate cyclase (sGC) in smooth muscle tissue. sGC is a 
heterodimeric haeme-containing soluble protein, which exists in the cytosolic fraction 
of virtually all mammalian cells and acts as a principal intracellular target for NO. 
Activation of sGC by NO results in an increased conversion of guanosine triphosphate 
(GTP) to the second messenger 3',5'-cyclic guanosine monophosphate (cGMP), which 
governs many aspects of cellular function via interaction with cGMP-dependent 
protein kinases, cyclic nucleotide gated ion channels, cyclic nucleotide 
phosphodiesterases and possibly other proteins (Fig. 1). In the vascular system the 
NO reduces peripheral vascular resistance (and hence systemic blood pressure) and 
controls regional blood flow. NO can activate sGC through an autocrine and/or 
paracrine signalling and in addition to vasorelaxation it also inhibits monocyte 
adhesion and migration, adhesion and aggregation of platelets, smooth muscle and 
fibroblast proliferation. These cellular effects probably underlie the anti-

atherosclerotic action of NO. The 
effects and function of NO however, 
go beyond its ability to regulate 
vascular tone and/or cell adhesion and 
proliferation. For example NO is a 
non-adrenergic non-cholinergic 
neurotransmitter in many tissues and it 
is important in the upper airways, 
gastrointestinal tract, bladder and in the 
control of penile erection. In addition 
NO is also implicated in the control of 
neuronal development, 

neurotransmission, appetite, nociception, memory and thus long term potentiation and 
synaptic plasticity in the central nervous system4,11. Although, sGC has become 
accepted as the primary NO receptor, and the NO-sGC-cGMP signal transduction 
pathway has been established as an important signal transduction system, NO also has 
a number of effects that are independent of cGMP, as for example its ability to 
competitively inhibit cytochrome P450 (CYP)12,13 and cytochrome c oxidase 
(COX)14,15, the terminal enzyme in the mitochondrial electron transport system, thus 
interacting with important metabolic functions and regulation of tissue oxygen 
consumption16. Another proposed cGMP-independent function of NO and its reaction 
products is to facilitate reversible S-nitrosation of critical thiols in proteins, thereby 
regulating their function17. For example S-nitrosation of complex I enzyme of the 
mitochondrial electron transport system has been suggested to inhibit the generation 
of reactive oxygen species (ROS) after ischaemia-reperfusion (I/R) insult18,19. The 
NO mediated regulation of mitochondrial function through modulation of ROS 
generation, inhibition of COX enzyme and limitation of the apoptotic cytochrome C 
release are all mechanisms likely to be involved in the protective effect of NO20,21,22 

Fig. 1. NO can act via the NO-sGC-cGMP protein kinase 
(PK) dependent or independent signal transduction 
pathway or via direct or undirect post translational 
nitros(yl)ation of proteins. 
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after an ischaemic insult. Finally, the cytotoxic and/or cytostatic effect of NO and its 
reaction products which is implicated in primitive non-specific host defence 
mechanism against numerous pathogens, including bacteria, viruses, fungi, protozoa 
and tumour cells occurs mostly via cGMP-independent mechanisms23.  
Today clinical applications of modern NO research include inhalation of NO to 
newborn babies with persistent pulmonary hypertension24 and the use of exhaled NO 
as a marker of airway inflammation in asthmatics25.  
 
1.1.3 NO and pathophysiology 

Being a homeostatic regulator in the vasculature, the absence of NO plays a role in a 
number of conditions and pathological states such as hypertension and 
vasospasm11,26. Moreover, deficiency in endogenous synthesis and bioavailability of 
NO has been associated with metabolic diseases. Indeed, polymorphism in the 
endothelial NO syntase gene is associated with metabolic syndrome in humans27,28 
and eNOS deficient mice displays many of its defining features, including 
hypertension, dyslipidimia, insulin resistance and increased weight gain29,6,30,31,32. The 
early stages of a number of these conditions share a specific pathophysiological 
feature, namely endothelial dysfunction. A widely accepted definition of endothelial 
dysfunction is therefore that of a reduction in endothelial NO. 
Decreases in NO formation may result either from reduced expression of eNOS or 
from changes in its substrates or cofactors, such as L-arginine or tetrahydrobiopterin 
(BH4). However, the most likely major mechanism for endothelial dysfunction is that 
of a reduced bioavailability of NO as a result of its interactions with oxygen-derived 
species, in particular the superoxide anion (O2

-). Inactivation of NO by O2
- 

contributes to oxidative stress, a term used to describe various deleterious processes 
resulting from an imbalance between excessive formation of ROS (and/or the 
oxidants derived from NO) and limited antioxidant defences11.  The ultrarapid 
reaction between NO and O2

- leads to the formation of the powerful oxidant species 
peroxynitrite. 
The origin of O2

- in the vasculature has been implicated to mitochondrial production 
and/or the activation of several enzymes such as NADPH oxidase,  xanthine 
oxidoreductase (XOR), vascular CYP enzymes and  ‘uncoupled NO synthase’ (a 
situation in which eNOS can generate O2

- rather than NO when the concentrations of 
either L-arginine or BH4 are low).  In turn, oxidative stress has been implicated in 
established clinical conditions such as dyslipidemia, diabetes, coronary artery disease 
and hypertension33,11,34. 
Protection against decreases in the generation of constitutive NO in the vasculature 
may prevent the development of vascular and metabolic diseases. This may be 
achieved by the use of antioxidants and/or alternative NOS independent sources of 
NO. 
Notably, while the low concentrations of NO generated by eNOS protect against 
atherosclerosis, higher concentrations of NO generated for example by inflammatory 
stimuli and iNOS induction is cytotoxic and can promote atherosclerosis either 
directly or via the formation of NO adducts, such as peroxynitrite. It has become 
apparent in the last few years that inhibition of mitochondrial respiration is an 
important component of the NO-induced tissue damage. This inhibition of 
respiration, which is initially reversible, becomes persistent with time as a result of 
oxidative stress35. This is consistent with the dual role of NO as a protective molecule 
at low concentration and toxic at persistently high concentrations. 
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1.2 NITRITE AND NITRIC OXIDE SYNTASE-INDEPENDENT NO 

GENERATION 

1.2.1 Metabolic products of Nitric Oxide 

The steady-state concentration and thus the biological effects of NO are critically 
determined not only by its rate of formation, but also by its rate of decomposition. 
In biological systems, the mode and rate of NO metabolism is dependent on its own 
concentration (see Table 1), its diffusibility the metabolic state of the tissue where it is 
produced and the surrounding concentration of other bioreactants36. NO is rapidly 
metabolized by reactions involving oxy-haemes, multi-copper oxidases, reactive 
oxygen derived species and other radicals (see Table 1). Its half life in vivo ranges 
from milliseconds to a few seconds depending on the micro environmental conditions 
in the tissue where it is produced. As such oxidative and nitrosative products of NO 
reactions can serve as a storage pool for bioavailable NO throughout the body. NO 
can be stabilized in blood and tissues to nitrate (NO3

-), nitrite (NO2
-) and to a 

quantitatively lower extent nitros(yl) species as S-nitrosothiols (RSNO), N-
nitrosamines (RNNO)  and NO-haemes37. While nitrate was generally been 
considered an inert end product of NO metabolism, RSNOs and more recently nitrite, 
have been implicated as important endocrine reservoir of NO38,39.  
 
1.2.2 The Nitrite-NO Pathway 

Nitrite is maintained within a narrow range in vivo38 with steady state plasma basal 
concentrations ranging from 100 to 600 nM in most mammals including humans40. 
Conversely, nitrite is more concentrated within cells and tissues (low micromolar) 
compared to plasma37,41. In vivo the half-life of exogenously administered nitrite is 
relatively short and can range between 18 and 54 min42 likely due to its rapid 
equilibration with tissues43,44 and reaction with oxy-haemes to form nitrate. The in vitro 
the half life of NO2

- in human blood is only about 110 seconds mainly due to its fast 
reaction with oxy-haemoglobin36 (see Table 1).  
In the past decade and during this thesis work it has become apparent that nitrite is an 
important mediator of physiological responses particularly during hypoxia.  In 1995 
Zweier et al.45 described a NOS-independent nitrite reduction in the ischaemic and 
acidic heart and some years later, a physiological role for nitrite in hypoxic and 
metabolic vasoregulation was suggested46,47. In a subsequent study infusion of sodium 
nitrite into the forearm brachial artery of healthy volunteers increased blood flow even 
at near physiological blood concentrations producing substantial vasodilation48. Nitrite 
is reduced to bioactive NO along a physiological and pathological pH and oxygen 
gradient by several mechanisms including haemoglobin48,49, myoglobin50,51, XOR52,53, 
aldehyde oxidase54, components of the mitochondrial electron transport chain55,56,  
CYP57,58, carbonic anydrase59, ascorbate60, polyphenols 61,62, protons63,64 and even 
NOS itself65 (Fig. 2). The generation of NO by these pathways is greatly enhanced 
during hypoxia and acidosis, thereby ensuring NO production in situations for which 
the oxygen-dependent NOS enzyme activities are compromised66,67. Nitrite reduction 
to NO and NO modified proteins during physiological and pathological hypoxia 
appear to contribute to physiological hypoxic signalling, vasodilation, modulation of 
cellular respiration,  cellular response to ischaemic stress48,50,18,19,68,46,47,37 protein 
expression44 angiogenesis69. Dose response studies in mice suggest a broad efficacy to 
safety range of nitrite of three orders of magnitude, with doses as low as 0.1 µmol/kg 
to 100 µmol/kg providing significant protection68.  Interestingly, in the studies the 
protective effect of nitrite was evident at very low plasma concentrations and an 
increase of plasma nitrite by approximately 40%, reduced liver and heart infarctions 
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by 50%68. Furthermore, 
the maximum 
protective effect of 
nitrite was achieved at 
a dose of 48 nmol 
nitrite (~2.5 µmol/kg) 
and declining at higher 
doses. This supports the 
idea that cytoprotection 
is reached already at 
low NO elevations 
(nano- to low 
micromolar range), 
whereas higher non-
physiologic values 
(high micro- to  
millimolar range) may 

lead to cellular apoptosis and necrosis68,70. The nitrite-mediated protective effect is 
independent from the classical L-arginine/NO pathway and abolished by co-
administration of the NO scavenger carboxy-PTIO (cPTIO) suggesting a role of NO 
as one final mediator of nitrite bioactivity68.  
Interestingly, while the l-arginine/NOS pathway is oxygen dependent the nitrite–NO 
pathway is gradually activated as oxygen tensions falls. It was proposed that as 
oxygen levels fall deeper and deeper from physiological hypoxia within blood vessels 
and tissue to pathological hypoxia in the setting of I/R injury, additional reduction 
mechanisms are being successively activated to provide a graded generation of NO. 
Therefore, the various mechanisms may operate in a cooperative manner67. In this 
sense, NOS-independent NO formation can be viewed as a back-up system to ensure 
that there is sufficient NO formation when oxygen supply is limited (Fig. 2). 
 
1.2.3 Sources of nitrite 

In mammalian physiology there are at least three sources of nitrite that contribute 
significantly to the endogenous nitrite pool. One is the oxidation of endogenous NO 
to form nitrite (see Table 1). In vivo the oxidation of NO is accelerated by at least two 
mechanisms. First, apolar molecules such as NO or oxygen partition preferably into 
lipid of protein fractions of low polarity. In cells, these low-polarity fractions acquire 
greatly enhanced local concentrations, and the oxidation reaction is accelerated by 
several orders of magnitude as it is second order in NO concentration71 (see Table 1). 
The second mechanism involves the copper-storage plasma protein ceruloplasmin. 
This protein catalyzes the oxidation of NO to nitrosonium ion (NO+), which is rapidly 
hydrolyzed to nitrite (see Table 1).  
Supportive data on the importance of these routes for NO2

- generation is that in eNOS 
knockout mice, the circulating nitrite levels are reduced by up to 70%40, and nitrite 
levels are also lower in mice lacking ceruloplasmin 72. 
Another major source of nitrite derives from the diet. Most direct dietary exposure to 
nitrite comes from nitrite added in processed, cured meats (~ 39%) and baked goods 
and cereals (~ 34%)73. Bacon and ham can contain as much as 9 mg/kg nitrite74. For 
the average population, the range of dietary nitrite intake has been reported to be 0–
20 mg per day73. 
Finally, a third important source of the nitrite comes from the reduction of 
endogenous or dietary-derived nitrate by nitrate reductase enzymes found in 

Fig. 2. NO can be “stabilized” in blood and tissues by oxidation to nitrite (NO2
-

) and nitrate (NO3
-). NO2

- in turn can be reduced back to bioactive NO through 
different enzymatic and non enzymatic pathways acting as an endocrine 
molecule that complements the L-arginine/NOS pathway along the 
physiological and pathological oxygen and proton  gradients. This system is 
involved in regulation of vascular tone, blood pressure control, oxygen supply 
to tissues, regulation of mitochondrial oxygen consumption, and cytoprotection 
against I/R injuries. 
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commensal  bacteria75,23. In an adult human, prokaryotic cells account for ~90% of all 
cells in the body76. Most of these bacteria reside in the gastrointestinal tract, with the 
highest density found in the oral cavity and the large intestine76.  
 
1.3 INORGANIC NITRATE 

1.3.1 Therapeutic use of inorganic nitrate – a historical perspective 

Although modern medical manuals and pharmacopoeias state that inorganic nitrate 
salts have no drug action other than as a diuretic, historical records show that it has 
been used extensively in medicine over the years to treat a number of conditions. For 
example sodium nitrate was given orally to treat chronic bronchitis because of its 
supposed effect on bronchial relaxation and bacterial killing. However, one of the 
oldest accounts of the use of nitrate in Chinese medicine is as a treatment for what 
appears to be angina and digital ischaemia in an 8th century Chinese manuscript 
uncovered at the Buddhist grotto of Dunhuang by a Taoist monk (Abbot Wang) at the 
beginning of the twentieth century77 (Fig. 3). This was brought to our attention and 
translated by Anthony Butler, Zhou Wuzong and John Moffett. The patient is 
instructed to take nitrate, hold it under the tongue for a time, and then swallow the 
saliva. The text is written vertically beginning on the right and progressing leftwards. 
 

 
 
 
The term qi related to a ‘fluid’ that, in a healthy person, flows harmoniously around 
the body. Its flow is disrupted during sickness. A bi spoon was a ceremonial spoon 
used in medicine. The addition of arsenic sulphide to a recipe was a common practice 
among Chinese physicians as its colour is that of healthy blood. It would have had no 
effect because of its low solubility. 
 
1.3.2 Pharmacokinetics and enterosalivary circulation of nitrate 

In 1994, two groups independently demonstrated that NO can be generated from 
salivary nitrite in the acidic gastric environment of humans63,64 in a process dependent 

Fig. 3. The Dunhuang Manuscript 
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on the entero-salivary circulation of inorganic nitrate. Actually, these were the first 
documentations of NO synthase-independent formation of NO in mammals. Dietary 
nitrate is rapidly and effectively absorbed in the upper gastrointestinal tract to the 
systemic circulation78 (Fig. 4, pathway a-1-2-b). In blood exogenous nitrate mixes 
with the nitrate generated from the oxidation of endogenous NO produced by the 
NOS enzymes. Plasma nitrate levels increase greatly after a nitrate rich meal with a 
relatively long half-life of 5-7 hours78. The volume of distribution of nitrate is 
approximately 0.3 l/kg or roughly equal to the extracellular volume78 suggesting a 
predominant distribution of ingested nitrate into the extracellular compartment. Much 
of the circulating nitrate is eventually excreted in urine where approximately 70% of 
the ingested dose is recovered79,80. Urinary nitrate reaches a maximum concentration 
4-6 hours after oral challenge with complete excretion of the dose within 24h. 
Clearance of nitrate from blood to urine approximates 26 ml/min81 indicating 
considerable renal tubular reabsorption of this ion. Other small amount of nitrate can 
be excreted in sweat, faeces and exhaled breath or excreted in urine in the form of 
urea or ammonia (~3%)82 but the fate of the remaining 30% is still unknown at 
present.  Interestingly as much as 25% of the circulating nitrate is actively extracted 
by the salivary glands and concentrated in saliva by an active not yet fully 
characterized mechanism that also transports iodide perchlorate and thiocyanate83 
(Fig. 4 pathway 3-c-4). Approximately 20% of salivary nitrate is then reduced to 
nitrite by commensal facultative or strict anaerobic bacteria in the oral cavity. These 
bacteria use nitrate as an alternative electron acceptor to oxygen during respiration, 
thereby effectively reducing salivary nitrate to nitrite by the action of nitrate 
reductases84,23 (Fig. 4 pathway d). The nitrate reducing bacteria in the oral cavity have 
been characterized both in rats85 and humans86. In humans they have been shown to 
be localized mainly in the crypts at the dorsal surface of the tongue and they belong 
primarily to the veillonella (anaerobic gram negative cocci), actinomyces and rothia 
species (gram positive facultative rods). Once in the oral cavity, salivary nitrite and 
the remaining unreduced nitrate are swallowed (Fig. 4 pathway 5) and, while nitrate 
starts a new enterosalivary cycle, much of the nitrite entering the acidic stomach is 
rapidly protonated to form nitrous acid (HNO2; pKa ~3.3), which decomposes further 
to form NO (see Table 1) and other reactive nitrogen intermediates (RNIs)63,64 (Fig. 4 
pathway e). Nitrite reduction to NO in the stomach lumen is greatly enhanced by 
reducing compounds such as vitamin C and polyphenols, both of which are abundant 
in the diet61,62,87.  Gastric NO and RNIs serve to regulate important physiological 
functions in the body like host protection (killing ingested pathogens)88,89,63,64 and 
protection of the gastric mucosa against luminal aggressors via stimulation of 
mucosal blood flow and mucus generation90,91 (Fig. 4 pathway 6-f). In a recent 
study92 we demonstrated that intragastric generation of NO requires continuous 
delivery of nitrite-containing saliva and is almost abolished in critically ill, intubated 
patients. Enteral supplementation with nitrite could fully restore gastric NO levels and 
protect these patients from the common development of gastric mucosal erosions and 
bacterial overgrowth. The importance of oral bacteria in gastric NO generation is 
clearly demonstrates also in experiments using germ-free sterile rats, in which gastric 
NO formation is negligible even after a dietary load of nitrate93. A complete reductive 
pathway from nitrate to nitrite and then NO has also been demonstrated in the oral 
cavity84, on the skin surface94 in the lower gastrointestinal tract95 and in urine96,97. 
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In summary all these studies demonstrated that inorganic nitrate is in fact a substrate 
for nitrite and NO generation in vivo. However the nitrate reductase activity was 
attributed exclusively to a prokaryotic pathway of nitrate bioactivation because 
mammalian cell were not believed to be capable of any nitrate reduction. Moreover 
the nitrate dependent formation of NO was thought to be confined only outside of the 
systemic circulation79. The results that will be presented in the present thesis reversed 
these claims and accordingly, nitrate nowadays has been shown to be implicated in 
important biological function also in blood and tissues. 
 

 
 

Fig. 4. The enterosalivary recirculation of nitrate 

 
1.3.3 Sources of nitrate 

There are mainly two sources of inorganic nitrate in the body. An exogenous source 
linked predominantly to the diet and an endogenous source linked to the oxidation of 
NO produced by NOS (see Table 1).   
Dietary nitrate intake derives predominantly from consumption of green leafy 
vegetables and this food group account for approximately 60–80% of the daily nitrate 
intake in people on a typical western diet98. Lettuce, spinach and beetroot contain 
more than 2.5 g/kg nitrate and can reach levels up to 7.4 g/kg74. Small quantities of 
nitrate may also be present in drinking water, fish and dairy products such as cheese. 
Other environmental sources of nitrate include cigarette smoke23 and car exhausts. 
These and other environmental pollutants contain volatile nitrogen oxides, some of 
which are converted to nitrate in the body. Under normal conditions the contribution 
of nitrate from the diet versus endogenous sources is roughly equal but with a diet rich 
in vegetables this source becomes dominant74. In fact a plate of green leafy vegetables 
such as spinach contains more nitrate than is formed endogenously over a day by all 
three NOS isoforms combined23,74. On average the dietary nitrate intake ranges from 
53 to 300 mg per day and intake is greater in people adhering to the typical 
Mediterranean diet or the traditional Japanese diet 73.  
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While NO is slowly oxidized predominantly to nitrite in aqueous conditions, in 
mammals it reacts rapidly with oxy-haemes (oxy-haemoglobin in blood) to form 
nitrate and methaemoglobin (see Table 1). Under basal conditions the endogenous 
part of nitrate comes predominantly from eNOS in vessels (up to 70%)23,74 and some 
also from the neuronal nNOS, but under inflammatory conditions and infection the 
inducible form iNOS produces large quantities of NO with a considerable increase in 
the concentrations of nitrate in plasma88. 
 
Table 1. Some of the relevant reactions of NO, nitrite and nitrate in the human body 

Enzymatic nitric oxide synthesis 
L-Arginine/NO pathway 
Arginine + O2 → NO + Citrulline 
 

Five-electron oxidation of the amino acid arginine catalyzed by nitric oxide synthase (NOS) 
Nitric oxide oxidation 
Reaction of NO with oxygen radicals 
    NO      +          O2

–        →       ONOO– 

Nitric Oxide             Superoxide                   Peroxynitrite 

ONOO–  →   NO3
–
 

ONOO– + H+    →     HONOO       →    OH•      +      NO2 
                                      peroxynitrous acid                                   nitrogen dioxide 
 

Nitric oxide reacts very rapidly with the superoxide radical to form the reactive intermediate peroxynitrite, 
which can isomerize to nitrate or can be protonated to form peroxynitrous acid. Peroxynitrous acid in turn can 
split into hydroxyl and nitrogen dioxide radicals. 
Reaction of NO with oxy-haemes 
NO      +            Fe2+O2                                  →                   Fe3+                               +         NO3

- 
                  

Oxy-haeme (e.g. oxyhaemoglobin)             Reduced-haeme (e.g. methaemoglobin) 
 

Nitric oxide is also rapidly oxidized by oxy-haemes like haemoglobin in red blood cells to form methaemoglobin, 
which in turn is reduced to normal haemoglobin by the enzyme methaemoglobin reductase. This reaction 
contributes significantly to the endogenous pool of nitrate in the body 
Auto-oxidation of NO 
2 NO   +  1/2 O2    →   2 NO2 
NO2   +   NO  →        N2O3 
                                       Dinitrogen trioxide 

N2O3 + H2O→ 2 NO2
- + 2H+ 

 

Auto-oxidation of NO is dependent on the concentration of NO itself (second order reaction in NO  
concentration). Consequently, the speed of this reaction becomes higher as NO becomes more concentrated. 
Nitrite formation via auto-oxidation of NO produced by NOS might contribute to the endogenous pool of nitrite 
in the body 
Nitrosation of thiols and amines 
2 NO + O2 → 2 NO2 
NO2 + NO→ N2O3 
N2O3    +     RSH     →     RSNO     +    NO2

-   +   H+ 

                            Thiol                   Nitrosothiol 

N2O3   +         RR’NH        →      RR’NNO     +   NO2
-    +   H+ 

                          Secondary amine                      N-Nitrosamine 
 

Dinitrogen trioxide is a powerful nitrosating agent for a great variety of organic side-groups, especially thiols to 
form S-nitroso compounds and secondary amines to form N-nitrosamines 
Reaction of NO with multi-copper oxidases 
NO       +                 Cu2+                                  →          NO+            +              Cu+ 
                       Multicopper protein (e.g Ceruloplasmin)             Nitrosonium ion                      Reduced copper  

NO+  +  H2O  →        HNO2      +   H+ 

                                               Nitrous acid                      
HNO2 ↔ H+ + NO2

– 
 

Nitrite formation in the body via oxidation of NO to NO+ by the multicopper oxidase ceruloplasmin in plasma 
contributes significantly to the endogenous pool of nitrite in the body  
Nitrite oxidation 
Reaction of NO2

– with oxy-haemes 
4 NO2

– + 4 Fe2+O2 + 4 H+ → 4 NO3
– + 4 Fe3+ + 2 H2O + O2 

 

Nitrite reacts with oxy-haemes as for example oxy-haemoglobin to generate methaemoglobin and nitrate. This 
reaction follows an autocatalytic time course speeding up as a function of time. This is indicative of a free-radical 
chain reaction. 
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Nitrite reduction 
Reaction of NO2

– with  reduced haemes (haemoglobin/myoglobin/CYP/eNOS) 
NO2

– + Fe2+ + H+ → NO + Fe3+ + OH– 
 

Reduction of nitrite to NO occurs in blood and tissues and proceeds through interactions with reduced haemes 
as for example haemoglobin with the resulting formation of NO and methaemoglobin. 
Reaction of NO2

– with  Xanthine Oxidoreductase (XOR) 
NO2

–         +              Mo4+            +     H+    →  NO      +           Mo5+          +      OH– 

                     Molybdenum site of  XOR                                                             Reduced molybdenum   
 
Reduction of nitrite to NO in tissues by XOR occurs at the molybdenum site of the enzyme that can accept 
electrons from different species as for example xanthines.                  
Reaction of NO2

– with  Protons (acidic disproportionation of nitrous acid) 
NO2

– + H+ → HNO2 
2 HNO2 → 2 N2O3 + H2O 
N2O3 → NO + NO2 
 

Nitrite is protonated under acidic conditions (such as those in the stomach) to generate nitrous acid, which will 
spontaneously yield dinitrogen trioxide, nitric oxide and nitrogen dioxide.  
Reaction of NO2

– with Ascorbate (Asc) 
NO2

– + H+ → HNO2 
2 HNO2 + Asc → 2 NO + dehydroAsc + 2 H2O 
Reaction of NO2

– with Polyphenols (Ph-OH) 
NO2

– + H+ → HNO2 
Ph-OH + HNO2 → Ph-O• + •NO + H2O 
 

In the presence of ascorbic acid or polyphenols, the acidic reduction of nitrite is greatly enhanced with less 
generation of N2O3 and NO2. 
Nitrate reduction 
Bacterial nitrate reductase 
NO3

– + 2e– + 2H+ → NO2
– + H2O 

 

Nitrate is reduced by a bacterial nitrate reductase. Facultative or strict anaerobic bacteria use nitrate as an 
alternative electron acceptor to oxygen under hypoxic conditions. Commensal bacteria in the oral cavity 
contribute to nitrite formation via a two-electron reduction of nitrate. 

 
1.3.4 Nitrite and nitrate toxicity 

Nitrite and nitrate have for long been considered as unwanted carcinogenic residues 
in the diet99 or implicated in the development of methaemoglobinemia. While exposure 
studies on children and adults have not confirmed association between nitrate and 
methaemoglobinemia74, the risk associated with cancer is still a matter of great 
debate. Nitrite-derived reaction products in the stomach may nitrosate dietary amines 
leading to the formation of N-nitrosamines, a class of carcinogenic substances that 
could cause tumours through interactions with nucleic acids100,101. On these bases the 
main food organizations around the world have set strict limits for nitrite and nitrate 
daily exposure in humans. The European Commission’s Scientific Committee on 
Food (SCF) and World Health Organization (WHO) set an acceptable daily intake 
(ADI) of 0–3.7 mg/kg bw and 0–0.06 mg/kg bw for NO3

- and NO2
- respectively, 

while the USA Environmental Protection Agency (EPA) set a Reference Dose (RfD) 
of 7.0 mg/kg bw and 0.33 mg/kg bw per day for NO3

- and NO2
- respectively102. These 

strict regulatory recommendations are however in contrast with a report issued by the 
WHO organization itself that after a careful review of the all the available 
epidemiological studies concluded that there is no overall evidence that nitrate is 
carcinogenic to humans103. In fact several lines of experimental and epidemiological 
research have failed to show any causative link between nitrite and nitrate intake and 
development of cancer104,105,106,107 and in general a diet rich in vegetables that could 
lead to a nitrate intake far above the recommended limits is actually associated with 
reduced risk of cancer108,109,110. Notably, the ingestion of only 100 g of raw vegetables 
with a nitrate concentration of 2.5 g/kg will already lead to an intake of 250mg NO3

-. 
Consuming this item alone, a person of 60 kg, would exceed the ADI for nitrate by 
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13%. Moreover, the partial conversion of nitrate to nitrite (~ 5%) after such 
consumption would exceed the current ADI for nitrite by 247%.  
In conclusion no firm relationship exists between the NO2

-/NO3
- uptake and cancer 

and the few positive associations produced so far are relatively weak111,112,113. 
However, based on the general concern and the controversial limitation set by the 
authorities about NO2

-/NO3
- consumption, long term safety studies on humans are 

needed to definitely rule out any possible link between nitrite and nitrate intake and 
carcinogenicity. 
 
1.4 ORGANIC NITRATES 

1.4.1 Therapeutic use of organic nitrates 

GTN, the healthy progenitor of all organic nitrates, was first synthesized in 1846 by 
the Italian chemist Ascanio Sobrero, and the first literature report describing the 
synthetic procedure was given 1 year later114. The possible value of this new 
compound as a therapeutic agent soon attracted the attention of the homoeopathic 
physician Constantin Hering, and in the decades to follow it was used as a remedy for 
a number of diseases in homoeopathic medicine. In 1853 Hering suggested that GTN 
could be of therapeutic value in the treatment of angina pectoris. The first description 
of GTN as a therapeutic agent for the treatment of angina pectoris appeared in 1879 
in the classical articles in the Lancet by the English physician William Murrel115. 
Since then it has remained an important drug in the treatment of coronary artery 
disease and congestive heart failure116. 
The beneficial clinical effect of GTN is due to dilation of large coronary arteries, 
resulting in improved blood supply to the heart and venodilation, resulting in 
increased venous pooling and consequent reduction of venous return and cardiac 
preload116. The combination of increased supply and decreased demand of oxygen 
provides unique therapeutic benefit in cardiac ischaemia. Small arterial resistance 
vessels are much less sensitive to organic nitrates, and lowering of arterial blood 
pressure is relatively minor at therapeutic dosage.  
GTN is rapidly and efficiently absorbed from the mouth leading to a rapid onset of 
action that is suitable for the treatment of acute angina attacks. After absorption from 
the mouth or the skin GTN is rapidly cleared by hepatic metabolism (systemic t1/2 ~ 1 
min)117 to its dinitrate form  (GDN) which has a higher systemic halflife (t1/2 ~ 2h)117 

but a lower potency than GTN118. When GTN is given by oral route it undergoes 
extensive liver first-pass metabolism117,119 leaving its dinitrate form to circulate 
systemically with little or no parent compound appearing in blood117,120. For this 
reasons GTN is administered orally only for prophylaxis purposes due to its slower 
onset of action and higher doses required to reach therapeutic efficacy in comparison to 
sublingual or transdermal administration. Efforts to increase GTN duration of action 
and prophylaxis have led to the synthesis of other organic nitrates. These include 
isosorbide dinitrate (ISDN), isosorbide mononitrate (ISMN), and pentaerythritol 
tetranitrate (PETN). In particular ISMN has similar pharmacological actions as GTN 
but it is longer acting (up to 12 h for modified-release preparations) and it undergoes 
low hepatic metabolism after oral administration121. 
 
1.4.2 Mechanism of action of organic nitrates 

While NO release is widely considered as the common principle of action of organic 
nitrates, the exact mechanism through which these compounds generate NO is still 
largely a mystery. Several non-enzymatic and enzymatic systems have been suggested 
to be involved in the metabolism of organic nitrates, in particular of GTN. These 
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include thiols122, haemoglobin123, the cytosolic glutathione S-transferase 
(GST)124,125,126, XOR127,128,53, the mitochondrial aldehyde dehydrogenase 
(ALDH2)129,130,131 as well as the microsomal CYP/CYP reductase58,132,133. In addition, 
recent studies proposed a mechanism of bioactivation that is against the general belief 
of organic nitrates acting through the release of NO. These studies reported on a 
mismatch between GTN bioactivity, that is, vasodilation and/or sGC activation, and 
the amount of NO released compared with equi-effective concentrations of direct NO 
donors. These observations led to the proposal that GTN bioactivation does not 
results in formation of NO but of an as yet unidentified NO-related species which, 
unlike the free NO radical, may activate sGC134,135. 
In general the pathway of biotransformation leading to NO-generation/sGC-activation 
is referred to as “mechanism based” metabolism or “bioactivation”, in contrast to 
“clearance based” metabolism that is unrelated to NO-generation/sGC activation.  
The mechanism of denitration of organic nitrates is likely not identical in all tissues or 
biological mediums and a “mechanism based metabolism” or bioactivation may be 
exclusive of only certain tissues. At present the favourable candidate for GTN 
bioactivation in vascular cells is the mitochondrial enzyme ALDH2. This enzyme has 
been shown to be involved in the bioactivation of the so called high-potency nitrates 
(GTN, PETN) which require small concentrations in vivo (<1µM)136,137 to accomplish 
their therapeutic effect. While there is a general consensus on the key role played by 
ALDH2 on the bioactivation of high-potency nitrates, the pathways of denitration that 
lead to eventual generation of NO or NO like species from this enzyme is still a 
matter of debate.  Some groups137 suggested that GTN might be metabolized to NO in 
two different steps, first ALDH2 catalyzes its conversion to inorganic nitrite and then, 
compartmentalized nitrite formed within mitochondria is reduced to NO or NO like 
species by component of the respiratory chain55,56 or by acidic disproportionation (see 
table 1) in the mitochondrial intermembrane space. Other groups, however, 
convincingly suggested that ALDH2 is instead capable of independent direct 
conversion to NO through a 3-electron reduction mechanism131.  
Differently from high potency organic nitrates, low potency organic nitrates as ISDN, 
ISMN or the dinitrate metabolite of GTN (GDN), require higher concentration to 
exert a significant biological effect118. For these compounds the favourable candidates 
that leads to bioactivation in vascular tissues is the CYP enzyme(s) in the 
endoplasmic reticulum138,118. Different reports have shown that both low potency 
organic nitrates at pharmacological concentrations and high potency organic nitrates 
at supra-pharmacological concentrations lead to formation of measurable amounts of 
NO in vascular tissues in vivo139 and in vitro134 and that CYP enzyme(s) in the 
endoplasmic reticulum of vascular tissue also accounts for bioactivation of the high 
potency nitrates used at high doses118. 
While the exact mechanism of organic nitrate denitration is still a matter of debate, 
the fact that GTN is capable of NO generation in vascular tissue is quite well 
established. On the contrary whether GTN is also capable of generating NO in 
extravascular tissues, as for example in the liver, is still controversial. Different studies 
have so far provided evidence of NO generation from GTN incubated in subcellular 
liver fractions of animals140,132; however, despite the absence of reports proving the 
opposite, the general belief is that the liver cannot metabolize GTN to NO. Indeed, it is 
well established that hepatic metabolism can cause loss of bioavailable GTN to its final 
site of action (vascular tissue)119 but this should not be confused with the acute effect of 
this compound in the specific organ. Provided that the mechanism of hepatic 
denitration is the same for different organic nitrates, a clear understanding of whether 
or not GTN can generate NO in the liver may be quite important for the development of 
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new compounds; especially for those undergoing first pass metabolism or for molecules 
specifically designed to deliver NO in this organ141,142,143. Nitric oxide has been 
reported to be directly and indirectly involved in the inactivation of cytochrome 
P450144,145, suggesting that liver CYP-dependent drug metabolism may be drastically 
affected by oral co-administration of organic nitrates undergoing first pass metabolism. 
On another hand acute delivery of NO by organic nitrates in the liver may be beneficial 
in certain pathological settings associated with a decreased NO bioavailability as for 
example in chronic liver diseases146.  
 

1.4.3 Therapeutic limitations of organic nitrates 

The clinical use of GTN is limited by reduction of efficacy upon long-term 
application, resulting in a complete loss of haemodynamic effects after 24–48 h of 
continuous application; a phenomenon known as tolerance147. In stable angina 
patients, nitrate tolerance is avoided by intermittent application of the drugs, for 
example, overnight removal of GTN patches116, but tolerance seriously hampers 
continuous intravenous nitrate therapy of patients with acute heart failure or unstable 
angina147,148. Organic nitrate therapy not only induces tolerance but also endothelial 
dysfunction in patients with coronary artery disease149,150 and even in healthy 
controls151. 
Besides neurohormonal counter-regulation, also classified as pseudotolerance118, 
intrinsic vascular processes appear to be essentially involved in vascular tolerance to 
organic nitrates including; i) desensitization of sGC after prolonged exposure to 
organic nitrates, ii) increased vascular superoxide production118 limiting NO 
bioavailability due to rapid formation of the potent cellular oxidant peroxynitrite that 
may further aggravate oxidative stress and endothelial dysfunction118, iii) inactivation 
of the enzymes involved in the bioactivation of organic nitrate itself (as for example 
ALDH2 inactivation)136,118. The precise nature of the mechanisms underlying organic 
nitrates induced endothelial dysfunction and tolerance is however not yet fully 
established and the development of strategies to prevent these side effects is essential 
to expand the potential therapeutics of organic nitrates. 
 
1.4.4 Development of hybrid organic nitrates 

NO deficiency has been implicated in many pathological processes within the 
mammalian body providing a plausible biologic basis for the use of NO replacement 
therapy in these conditions. Exogenous NO sources may hopefully constitute a 
powerful way to supplement NO when the body cannot generate enough for normal 
biological functions. 
This theory has opened up the possibility of designing new drugs with the potential of 
delivering NO into tissues and the bloodstream. This objective has been reached by 
grafting an organic nitrate structure onto existing molecules with various spacers such 
as aliphatic or aromatic chain, with different degree of complexity. 
This approach has led to the synthesis of several new chemical entities in various 
pharmacological classes, whose profile seems to challenge the parent drug not only 
on the basis of new pharmacological properties but also on a better toxicological and 
safety profile152.  
For example, an important pharmacological effect of hybrid nitrates containing 
conventional non steroidal anti-inflammatory drugs (NSAIDs) as parent compounds is 
their ability to `spare' the gastrointestinal tract after either acute or chronic use in 
animals. Reduced gastrointestinal toxicity in comparison to their parent compounds 
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has been demonstrated in numerous studies for derivatives of naproxen153, 
aspirin154,155, diclofenac156,157, indomethacin 158 ketoprofen159, flurbiprofen160,161,159.  
Administration of NSAID is associated with inhibition of prostaglandin (notably 
PGI2 and PGE2) formation in the stomach mucosa leading to constriction of mucosal 
blood vessels with the potential for ischaemia, leukocyte entrapment and 
subsequently for diminished mucosal functionality leading to stomach ulceration and 
hemorrhage. Derivation of the NSAID with an organic nitrate moiety (NO-NSAID) 
has been reported to lead to increased mucosal gastric blood flow154,158,156, inhibition 
of leukocyte infiltration and adhesion162, caspase inactivation and decreased pro-
inflammatory cytokine release155,142. All these effects are likely to contribute 
significantly to the gastroprotective effect of NO-NSAIDs.  
Whether or not the improved pharmacological profile of these compounds is entirely 
due to generation of NO is at present unknown, however NO-NSAIDs, in addition to 
their ability to inhibit the formation of pro-inflammatory cytokines, can also inhibit 
the induction of iNOS or cyclooxygenase-2163,164,165,166. This effect could be linked to 
inhibition of the activity of the “pro-inflammatory” transcription factor NF-kB. 
Indeed, NO and NO-NSAIDs has been shown to decrease NF-kB activity167,168 
leading to decreased transcription of genes coding for cyclooxygenase 2 and possibly 
also of iNOS.  
NO-NSAIDs have also been demonstrated to be protective on myocardial damage in 
animals169 and myocardial injury following ischaemia and reperfusion in the pig170. 
These effects might be correlated to an NO related coronary vasodilatation, inhibition 
of neutrophil and/or platelet trapping in the coronary microcirculation, decreased 
mitochondrial ROS generation and cytoprotection. 
Hybrid organic nitrates have been observed to manifest improved biological properties 
beyond those of the parent compounds in a number of different conditions as for 
example, arthritis153,171, irritable bowel disease and colitis162, inflammatory diseases 
of the central nervous system172, pain and hyperalgesia171,173, thrombosis and 
dyslipidemia174,175,166, cancer chemotherapy176,168, osteoporosis177, bronchial asthma 
and allergy178,179, liver disease141,142. 
At present the most characterized hybrid organic nitrates belong to the class of the 
nitrooxybutyl-ester derivatives of anti-inflammatory or anti-oxidant agents whose 
structure is of a nitric ester (-ONO2) connected via a butyl linker to the parent 
compound by a carboxyl-ester bond.  In particular, nitrooxybutyl-ester derivatives of 
flurbiprofen and ferulic acid have important potential therapeutic implication in 
neurodegenerative diseases180,181. Although the pre-clinical pharmacological profile of 
these compounds is well established, their metabolism and pathway of denitration in 
the different organs is still largely unknown. Moreover organic nitrates are known to 
undergo different first passage metabolism in the liver and this could change 
dramatically their disposition and effectiveness in vivo. Being targeted mainly for 
chronic diseases nitrooxybutyl-ester derivatives are generally designed to be 
administered by oral route and therefore a clear understanding of the metabolic 
pathways leading to the denitration of these compounds in the liver is critical to better 
understand their acute affect during first passage and their general disposition in vivo. 
Such understanding is the aim of the second part of this thesis.   
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2 AIMS OF THE PRESENT THESIS 
 
The two main overall objectives of this thesis were:  
 
1) To investigate the role of inorganic nitrate as a substrate for nitrite and eventually 
nitric oxide generation in the systemic circulation of humans. 
 
2) To investigate the in vitro metabolism of a novel class of hybrid organic nitrates 
(nitrooxybutyl-ester derivatives) in comparison to GTN in the liver. 
 
The specific aims were as follows: 
 

 To set up a bioanalytical method for a reliable and ultra-sensitive detection of 
nitrogen oxide species in biological matrixes; specifically: 

o Nitrate, nitrite and nitrosothiols in plasma, saliva and liver by 
chemiluminescence detection. 

 
 To evaluate the importance of the enterosalivary recirculation of inorganic 

nitrate as a source of nitrite in the human circulation  
 

 To determine the role of the oral flora in the systemic generation of nitrite 
following inorganic nitrate intake in humans. 

 
 To determine if mammalian cells possess any nitrate reductase activity that 

could contribute to systemic generation of nitrite after nitrate intake. 
 
 To assess the metabolic profile of nitrooxybutyl-ester derivatives of 

flurbiprofen and ferulic acid in the liver. 
 
 To identify the enzymes involved in the metabolism of nitrooxybutyl-ester 

derivatives of flurbiprofen and ferulic acid in the liver in comparison to GTN. 
 
 To determine the pathway of denitration of nitrooxybutyl-ester derivatives and 

GTN in the liver. 
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3 METHODS 
A summary of the methods used in this project is presented below. For a more detailed 
description the reader is referred to the individual papers. All studies and experiments 
were approved by the Ethics Committees at the Karolinska Institutet, at Uppsala 
University and by the Italian Ministry of Health. All subjects gave their informed 
consent. 
  
3.1 IN VIVO HUMAN STUDIES (PAPERS I, II, III) 

Healthy non-smoking volunteers took part in the study. All subjects remained under 
low dietary nitrate intake the day before the experiment (no vegetables, no processed 
meat) and fasted overnight. Food or drinks were not allowed during the experiments.  
A catheter was inserted into the antecubital vein of the left arm for repeated blood 
sampling.  
In PAPER I samples of blood (5 ml) were drawn from nine subjects (aged 26–46 
years, 5 males and 4 females) 30 min before and again immediately before ingestion 
of sodium nitrate (10 mg/kg in 100 ml water). After nitrate ingestion, blood was again 
sampled at 15, 30, 60 and 90 min. Urine was collected immediately before nitrate 
ingestion and then 1, 2 and 3 h after the nitrate load for nitrite+nitrate (NOx) 
measurement. 
In four of the subjects an additional experiment was performed on a separate day. To 
test if saliva could be a possible source of plasma nitrate/nitrite these four subjects 
were asked to completely avoid swallowing saliva during the first hour after intake of 
nitrate and blood samples were taken at the same intervals as described above and at 
120 and 150 min post nitrate ingestion. After 1 h, swallowing was again allowed. For 
all experiments saliva was collected at the same time points of blood sampling. 
In PAPER II two separate experiments (without or with mouthwash) were conducted 
in a cross-over design on separate days on seven subjects aged 24–51 years. In a first 
experiment (control experiment) samples of blood were drawn as in PAPER I, 30 
min before and again immediately before ingestion of sodium nitrate (10 mg/kg in 
100 ml water). In a second experiment (PAPER II and III) (mouthwash experiment) 
the same protocol was followed with the addition of an antibacterial mouth washing 
(10 ml of chlorhexidine solution, Corsodyl®, gargled twice for 1 min) 15 min before 
ingestion of sodium nitrate. An additional blood sampling immediately before 
mouthwash was performed during this second experiment. After nitrate ingestion, 
blood was again sampled at 15, 30, 60, 90, 120 and 180 min. Saliva was collected at 
the same time points of blood sampling.  
In a separate experiment in four of the subjects the middle and posterior tongue 
surface was scraped with a sterile inoculation loop before and 10 min after gargling 
with a chlorhexidine mouthwash solution exactly as described above. The collected 
material was placed in 1 ml Mueller Hinton broth containing 1 mM sodium nitrate. 
This solution was used for determination of viable counts on blood agar plates. Plates 
were incubated anaerobically for 20 h at 37°C. The rest of the solution was left in the 
closed tube, incubated for 2–4 h at 37°C to determine nitrite formation.  
In PAPERS I, II and III blood and saliva samples were collected in tubes containing 
EDTA (final concentration 2 mM) and N-ethylmaleimide (NEM), final concentration 
5 mM) and immediately centrifuged at 1300g for 10 min at 4°C within 30 s of 
sampling. Samples of plasma and saliva were kept at -80°C until measurements 
which were done later the same day for RSNO and nitrite assessment or within 3 
weeks for nitrate assessment. Nitrite, nitrate and RSNO were all measured by 
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chemiluminescence detection (CLD) with the exception of nitrate in PAPER II that 
was measured via a highly sensitive HPLC method (ENO-20, Eicom).  
 
3.2  IN VITRO STUDIES (PAPERS III, IV,V) 

Whole blood, blood plasma, homogenate of liver and other organs, and subcellular 
liver fractions were obtained from different strains of conventional and germ free 
mice and rats (PAPER III and IV). Human liver homogenate was obtained from 
people undergoing liver resection due to malignancies (PAPER III). Human liver 
subcellular fractions were purchased from a commercially available pool of human 
fractions (PAPER V). In vitro incubations in the single subcellular fractions or in 
reconstituted homogenate (microsomes + mitochondria + cytosol) were performed at 
the same protein concentrations of the individual concentrations of liver 
homogenate140. The following cofactors were used for liver incubations: Microsomes, 
NADPH; Mitochondria, NADPH + NAD+ + NADH; Cytosol and reconstituted liver 
homogenate, NADPH + NAD+ + NADH + reduced glutathione (GSH); Homogenate 
of different organs, NADPH + NAD+ + NADH + GSH +UDP glucuronic acid 
(UDPGA). 
The different test compounds (nitrooxybutyl-ester derivatives of flurbiprofen and 
ferulic acid  (HCT 1026 and NCX 2057, respectively),  nitrooxybutyl alcohol 
(NOBA), GTN, ISMN, NaNO3, NaNO2 and the spontaneous NO donor NOC-5 as 
well as the inhibitors ethacrynic acid (EA), bromosulfophthalein (BSP), NEM, and 
tetraisopropyl pyrophosphoramide (isoOMPA) or allopurinol were dissolved in 
acetonitrile, dimethyl sulfoxide, or water and added to the incubation at a total final 
solvent concentration ≤ 1% v/v.  
Homogenates and liver fractions were dissolved at the final protein concentrations in 
0.1 M phosphate buffer at pH 7.4. All incubations were performed at 37°C. 
In PAPER III and IV deoxygenated conditions were performed in a sealed 
environment with a stream of N2 (0% oxygen). Specific O2 concentrations were 
created by mixing cylinder oxygen gas (95%) with pure nitrogen gas. Oxygen 
concentrations in the medium were determined using a clinical blood gas analyzer 
(ABL505, Radiometer). 
For most experiments different aliquots of the incubation mixture were removed at 
fixed times after addition of the test compounds and treated in different ways 
depending from the analyte under investigation and the analytical methods used.  
Nitrite and nitrate were measured by CLD or with ENO-20 HPLC system. RSNO 
were assayed with CLD. Samples for CLD analysis were collected in tubes 
containing EDTA (final concentration 2 mM) and NEM (final concentration 5 mM) 
while those for ENO-20 HPLC assay were deproteinized with methanol and the 
supernatant submitted for analysis. 
Samples for HCT 1026 and NCX 2057 metabolite profiling (PAPER IV) were 
deproteinized with (2x) acetonitrile + phosphoric acid 1% (v/v) and processed for 
HPLC/UV analysis.  
For nitrosylhaemoglobin (HbFe(II)NO) assay (PAPER IV) aliquots of 500µl were 
taken by a degassed syringe from deoxygenated whole rat blood incubated with 
100µM of test compound and immediately transferred to quartz tubes (4-mm i.d.). 
The plasma-erythrocytes were directly separated by tube centrifugation and stored in 
liquid nitrogen until electron paramagnetic resonance (EPR) spectroscopy assay. 
For the evaluation of the inhibitory potential of the different “NO donors” (PAPER 
V) on CYP1A2, phenacetin, which is selectively converted to acetaminophen by 
CYP1A2, was used as a probe substrate. After thirty minutes of incubation in 
reconstituted homogenate with the drug (NOC-5, GTN, ISMN, NOBA), phenacetin 
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(dissolved in acetonitrile) was added at the final concentration of 50µM. After one 
hour of incubation 200µl of the incubation mixture was spiked with 20µl of internal 
standard (ketoprofen 5mM) and deproteinized with 400 µl of acidified acetonitrile 
(acetonitrile + formic acid 0,1% (v/v)) for HPLC-MS/MS determination of 
phenacetin and acetaminophen. The amount of acetaminophen formation in presence 
or absence of the drug was used to assess the inhibition of the different compounds on 
CYP1A2 activity. 
For direct electrochemical measurement of NO (PAPER V) the sensor was immersed 
in 4 ml of reconstituted human liver homogenate under continuous stirring and the NO 
signal recorded continuously over 1 hour. 
For NO detection with the fluorescent probe DAF-2 DA (PAPER III) NO production 
was measured over time following the addition of 10 mM of DAF-2 DA into the 
incubation mixture and measurement of the fluorescence with a microplate reader 
(Molecular Devices) with excitation at 485 nm and emission at 538 nm. Changes in 
fluorescence were measured each hour during 15 h. 
 
3.3 IN VIVO ANIMAL STUDIES (PAPER III) 

Nitrate (NaNO3, 10 mg /kg) or placebo (NaCl) diluted in phosphate-buffered saline 
(PBS, pH 7.4) was administered into the intraperitoneal cavity of germ-free mice and 
into C57BL/6 wild-type (NOS3+/+) and eNOS-deficient mice (NOS3–/–). Animals 
were killed 1 h later and blood samples collected in tubes containing EDTA (final 
concentration 2 mM) and NEM (final concentration 5 mM) and immediately 
processed for plasma preparation. Nitrite and nitrate in the plasma were measured by 
CLD. 
To test the effect of allopurinol in vivo the right femoral vein of rats was cannulated 
for drug infusions and blood sampling. 30 mg/kg allopurinol (Sigma-Aldrich, 
Sweden) diluted in 0.1 M NaOH (pH 11), or in the control group 0.9% saline (set to 
pH 11) was given intraperitoneally. After 60 min, 10 mg/kg of nitrate diluted in 0.9% 
saline was given intravenously. Blood samples were then collected during 1.5 h and 
processed as above. 
For blood pressure measurements, anesthetized rats received an intravenous bolus 
dose of nitrate (10 mg/kg) or placebo (NaCl) diluted in PBS (pH 7.4) followed by 
intravenous infusion of the same (3 mg/kg/h). 60 min after the addition of nitrate or 
placebo, 50 mg/kg of L-NAME was given as an intravenous bolus dose and then 
blood pressure was monitored during 10 min. After blood pressure measurement 
suprarenal clamping of the abdominal aorta was performed and after 30 min of 
ischaemia the clamp was removed and the abdominal aortic blood flow measured for 
60 min. 
 

3.4 ANALYTICAL METHODS (PAPERS I-V) 

3.4.1 Chemiluminescence detection 

Nitrite, nitrate, and RSNOs were determined by chemiluminescence after reductive 
cleavage and subsequent determination of the NO released into the gas phase182. The 
detector is based on the reaction of NO with ozone (O3) to give nitrogen dioxide 
(NO2). A proportion of the latter arises in an electronically excited state (NO2

*), 
which, on decay to its ground state, emits light in the near-infrared region and can be 
quantified by a photomultiplier. 
The samples were directly introduced via a gastight syringe into the reduction 
solution of a microreaction purge vessel coupled with a condenser and heating jacket 
unit. The condenser jacket temperature was controlled by a continuous flow of cold 
water while the temperature of the heating jacket was controlled by a continuous flow 
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of warm water regulated by a constant-temperature circulating bath. Nitrogen was 
used as the carrier gas of NO. The flow could be adjusted with a needle valve 
integrated with the purge vessel, and the outlet of the gas stream was passed through a 
scrubbing bottle containing sodium hydroxide (1 mol/L, 0°C) to trap traces of acid 
before transfer into the NO analyzer. A rapid-response chemiluminescence NO 
system was used to detect the NO signals and collect the data that were further 
manipulated with a chromatographic software, and reported as area under the curve. 
For nitrite and RSNO determination the reducing mixture consisted of 45 mmol/L 
potassium iodide (KI) and 10 mmol/L iodine (I2) in glacial acetic acid kept at a 
constant temperature of 60°C and continuously bubbled with nitrogen. Nitrite 
measurements were performed by direct sample injection into the reducing solution 
and the amount of nitrite was quantified by simple subtraction of the peak area of 
sample aliquots pretreated with sulfanilamide from that of untreated aliquots [10% 
(v/v) of a 5% solution of sulfanilamide in 1 N HCl is added to the biological sample 
(final concentration 29 mmol/L) and incubated for 15 min at room temperature] (Fig. 
5). Under these conditions, nitrite reacts with sulfanilamide to form a stable 
diazonium ion that is not converted to any appreciable extent to NO by the reducing 
mixture. The calibration curve was obtained with freshly prepared nitrite standard 
solutions in ultrapure water. 

 
Fig. 5. Determination of nitrite and RSNO by CLD. Biological samples are collected with NEM (for SH-group 
protection) and EDTA (for metals group protection). The biological sample is split in three aliquots (1, 2 and 3) 
and treated in different ways: 1) untreated sample, 2) treated with sulphanilamide/H+ to get rid of nitrite signal, 
3) treated with sulfanilamide/HgCl2/H

+ to get rid of nitrite and RSNO signal. The three aliquots are then injected 
into a reducing solution of potassium iodide (KI) + iodine (I2) in glacial acetic acid at 60°C and the quantitative 
release of NO detected by chemiluminescence. Nitrite is quantified by subtraction of peak areas 1 - 2 and RSNO 
by subtraction of peak areas 2 - 3.  

 
RSNO measurements were performed by direct sample injection into the reducing 
solution and quantified by simple subtraction of the peak area of sample aliquots 
pretreated with sulfanilamide + mercuric chloride at room temperature for 30 min 
[10% (v/v) of a solution 5% sulfanilamide + 0.2% HgCl2 in 1 N HCl] from that of 
sample aliquots treated just with sulfanilamide at room temperature for 15 min [10% 
(v/v) of a solution 5% sulfanilamide in 1 N HCl]. Under these conditions, HgCl2 
selectively cleaves the S–NO bond182 without affecting peak shape or recovery of 
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other detectable NO species. The calibration curve was obtained with freshly 
prepared S-nitrosoglutathione.  
Nitrate + nitrite (NOx) were reduced to NO and determined with a solution of 
vanadium(III) chloride in 1 N hydrochloric acid (saturated solution) at 95°C. The 
amount of nitrate was quantified by subtraction of the nitrite concentration. To avoid 
foaming of the reducing solution after protein-rich sample injections (e.g., plasma), 
samples were deproteinized prior to analysis with cold ethanol. The calibration curve 
was obtained with freshly prepared nitrate standard solutions in ultrapure water. 
 
3.4.2 ENO-20 HPLC assay 

Nitrate, nitrite in some experiments were measured by using an automated NO detector 
-HPLC system (ENO-20; EiCom, Kyoto, Japan) coupled with a commercial HPLC 
autosampler. The method is based on the separation of nitrite and nitrate by reverse-
phase/ion exchange chromatography (separation column), followed by on-line 
reduction of nitrate to nitrite with cadmium and reduced copper (reduction column). 
Nitrite is then derivatized with the Griess reagent and the level of diazo compounds 
produced by this reaction is measured by a visible detector at 540 nm. The mobile 
phase, which was delivered by a pump at a rate of 0.33 ml/min, was 10% methanol 
containing 0.15 mol/L NaCl/NH4C1 and 0.5 g/L 4Na-EDTA. The Griess reagent, 
which was 1.25% HC1 containing 5 g/L sulfanilamide with 0.25 g/L N-
naphthylethylenediamine, was delivered at a rate of 0.1 ml/min. The retentions times 
for nitrite and nitrate were 5.2 and 8.6 minutes, respectively. Parallel measurements 
with plasma and liver samples showed excellent agreement between the ENO-20 
HPLC and chemiluminescence methods for nitrite and nitrate measurements (inter-
assay variation with the two methods was less than 10%). 
 

3.4.3 Electronic paramagnetic resonance spectroscopy 

EPR spectroscopy was used to measure NO as formation of the paramagnetic 
HbFe(II)NO complex in whole deoxygenated rat blood. EPR measurements of frozen 
samples were carried out at 100 K with a Bruker EMX spectrometer (X band) 
equipped with a high sensitivity cylindrical cavity (ER4119HS; Bruker Elektronik 
GmbH, Rheinstetten, Germany). The spectrometer was operated at a microwave 
frequency of 9.33 GHz, microwave power of 20.1 mW, modulation frequency of 100 
kHz, modulation amplitude of 5.0 Gauss, number of scans of 20, resolution of 1024 
points, conversion time of 20.48 ms, time constant of 10.24 ms, sweep time of 20.97 
s, center field at 3300 Gauss and sweep width of 1200 Gauss. Recorded EPR data 
were manipulated and plotted using the Bruker WINEPR system, Version 2.11 and 
Origin for Windows, Version 7.0 (MicroCal, LLC, Northampton, MA, USA). All 
spectra were subtracted for the vehicle. The concentration of HbFe(II)NO was 
determined by double integration of the signal using CuSO4-EDTA as reference 
standard 
 
3.4.4 HPLC-UV analysis   

The metabolic profile of HCT 1026 and NCX 2057 and their respective 
metabolites was carried out by liquid chromatography analysis on an Agilent 1100 
system equipped with a UV/Visible diode array programmable detector. 
Separations were achieved by reverse phase elution with a Synergi Hydro-RP 80 Å 
column (150 x 4.6 mm i.d., particle size 4 µm) equipped with an AQ-C18 
precolumn (4 x 3 mm i.d.) maintained at 25°C. The mobile phase, acetonitrile 
(solvent A) and sodium phosphate buffer 25mM pH 2 (solvent B), was delivered at 
a flow rate of 1 ml/min. HCT 1026 and its metabolite flurbiprofen were detected at 
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 = 246 nm with the following gradient composition: 0 min A 20%, 1-8 min A 
80%, 9-11 min A 20%. Under these conditions the retentions times for HCT 1026 
and flurbiprofen were 6.8 and 4.2 minutes, respectively. 
NCX 2057 and its metabolite ferulic acid were detected at  = 325nm with the 
following gradient composition: 0 min A 20%, 4-8 min A 80%, 10-12 min A 20%. 
Under these conditions the retentions times for NCX 2057 and ferulic acid were 
6.1 and 4.1 minutes, respectively.  
NCX 2057, HCT 1026 and their metabolites were chromatographically separated 
and characterized on the basis of the typical UV fingerprint of the pure 
compounds. Chromatographic peaks were processed for spectral purity 
characterization by statistical analysis for automated comparison of spectra 
(Agilent Chemstation software). Only peaks showing spectral matching factors 
higher than 99% were considered acceptable. Chromatograms were integrated with 
an Agilent Chemstation software and area under the curve converted into 
concentration using reference compounds. 
 
3.4.5 HPLC-MS/MS analysis 

The phenacetin O-deethylase activity of CYP1A2 was evaluated by using liquid 
chromatography. Analyses were carried out on an Agilent 1100 system coupled with 
a triple quadrupole mass spectrometer (API 2000 LC-MS/MS system, Applied 
Biosystems/MDS Sciex Toronto, Canada). Separations were achieved by reverse 
phase elution with a Phenomenex Synergy Hydro-RP 80 Å (50 x 4 mm i.d., particle 
size 4 µm) equipped with a Phenomenex AQ-C18 precolumn (4 x 3 mm i.d.) 
maintained at 25°C. The mobile phase, water containing 0.1% formic acid (solvent A) 
and acetonitrile (solvent B), was delivered at a flow rate of 0.35 ml/min at the 
following gradient composition: 0-1 min A 100%, 1.10-4.30 min A 0%, 4.40-15 min 
A 100%. Under these conditions the retention times for acetaminophen, phenacetin 
and ketoprofen (internal standard) were 3.87, 4.12 and 4.4 minutes, respectively. 
The following mass spectrometer settings were used: turbo ionspray interface 
maintained at  300°C; detection (positive ion mode) of the analytes using the multiple 
reaction monitoring (MRM) scan mode was performed with collision activated 
dissociation gas (CAD) at 5 psi; curtain gas (CUR) at 20 psi; turbo ion spray voltage 
at +5500 V; channel electron multiplier (CEM) at 2400 V; source gases (GS1 and 
GS2) pressures at 40 and 50 psi, respectively; declustering potential (DP), focusing 
potential (FP) and entrance potential (EP) were set at 31, 370 and 10.05 V, 
respectively; experiments were performed using a dwell time of 50 ms. The spectra 
were acquired at unit resolution. 
The mass transitions [MRM] of acetaminophen, phenacetin and ketoprofen were m/z 
152→110, m/z 180→138 and m/z 255→105, respectively. Chromatograms were 
integrated with Analyst software (version 1.2 Applied Biosystem, CA, USA) and area 
under the curve converted into concentration using reference compounds. 
 
3.4.6 Electrochemical detection of NO 

The measurement of NO release was performed with the inNO nitric oxide 
measurement system using the amiNO-700 sensor electrode (Innovative Instruments 
Inc., U.S.A.). The output current was monitored and recorded on a Windows 98 
compatible system using analysis software provided with the inNO system. 
The sensor was calibrated by adding known volumes of standard nitrite solution to an 
acidified solution in the presence of iodide ion according to the manufacturer's 
specifications and settled for temperature compensation before the experiment.  
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3.5 DATA ANALYSIS 

In PAPER II the differences in the mean values among the groups within the same 
experiment were analyzed by one way repeated measures ANOVA and to isolate the 
groups that differ from the others we used a post hoc Holm-Sidak multiple 
comparison procedure. In PAPER III differences between groups were evaluated by 
an unpaired Student’s t-test. ANOVA was used to analyze differences between the 
curves. In blood pressure experiments a Wilcoxon signed rank test was used to 
calculate the difference between the groups. In PAPER IV and V NOx (NO3

- + NO2
-

), nitrite and nitrate values in the incubations were subtracted from the basal (time 0). 
One-way analysis of variance was used to evaluate differences between groups and it 
was followed by a Tukey post hoc test for comparisons between multiple groups. 
Values for Michaelis-Menten Vmax and Km determinations were obtained from 
Lineweaver-Burk double-reciprocal plots of velocities (V0) versus substrate 
concentrations using three to four concentrations (50, 100, 250 and 500 µM) in 
triplicates. IC50 values for enzyme inhibition were obtained by fitting to the sigmoid 
equation: Y= Y0 + [a / 1+(X/IC50)

b] were Y = % inhibition and X = inhibitor 
concentration. Differences were considered significant at p < 0.05. 
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4 RESULTS AND COMMENTS 
For a detailed description of results the reader is referred to the individual papers. 
 
4.1 PAPER I. NITRATE AS SOURCE FOR SYSTEMIC GENERATION OF 

NITRITE                        

In PAPER I a group of healthy volunteers were administered an oral sodium nitrate 
solution (10 mg/kg or 7.3 mg nitrate ion/kg) corresponding to a consumption of 
approximately 60-175g of a nitrate-rich vegetable.  
After intake, nitrate was rapidly absorbed to the systemic circulation and plasma 
levels increased from 30 ± 4 to 432 ± 44 µM in the first 30 minutes post 
administration (Fig. 6). 

 
 

Fig. 6. Temporal changes in plasma nitrate after NaNO3 intake (10mg/kg). Values are means ± s.e.m, (n=9). 

 
Circulating nitrate was rapidly extracted by the salivary glands and concentrated 
approximately 20-fold in saliva. At 30 min, salivary nitrate had increased from 0.19 ± 
0.03 to 8.2 ± 1.0 mM (Fig. 7). 

 
Fig. 7. Temporal changes in salivary nitrate after NaNO3 intake (10mg/kg). Values are means ± s.e.m, (n=9). 

 
Salivary nitrate was then partly reduced to nitrite by commensal facultative or strict 
anaerobic bacteria in the oral cavity. Salivary nitrite increased from 104 ± 21 to 713 ± 
150 µM (Fig. 8). Notably, we also observed increased levels of salivary RSNO (from 
25 to 297 nM) probably due to conversion of nitrite to RNIs in the mouth. 
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Fig.8 . Temporal changes in salivary nitrite after NaNO3 intake (10 mg/kg). Values are means ± s.e.m, (n=9). 

 
Following this characterization of the enterosalivary recirculation of nitrate we went 
on investigating the nitrite levels in plasma and, to our surprise, we noticed a 
consistent increase in systemic nitrite levels following nitrate ingestion. In fact, 
plasma nitrite already started to increase 15 min after nitrate intake and continued to 
increase during the entire observation period (Fig. 9). At 30 min, plasma nitrite had 
increased from 123 ± 19 to 229 ± 46 nM. At 90 min after nitrate ingestion, nitrite 
levels were 392 ± 68 nM. Differently from nitrite, plasma RSNO levels did not 
change significantly after the nitrate load with basal levels of 6.3 ± 1.4 nM. 

 
 

Fig. 9. Temporal changes in plasma nitrite after NaNO3 intake (10mg/kg).Values are means ± s.e.m, (n=9). 
 
These results unequivocally demonstrated for the first time that inorganic nitrate is in 
fact a source for systemic generation of nitrite. This finding was not trivial and its 
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importance will be deeply discussed in the next section of the thesis (general 
discussion). 
The next issue that was addressed in this study was related to the origin of systemic 
nitrite generation following nitrate intake. Where does the systemic increase of nitrite 
come from? Our hypothesis was that the plasmatic nitrite increase would originate from 
the swallowing of nitrite-containing saliva. In order to test this hypothesis, we set up an 
experiment in which a group of volunteers first ingested nitrate and then avoided to 
swallow saliva for the first 60 minutes after intake. As shown in Fig. 10a, in this 
experimental setting, plasma nitrite levels did not increase significantly during the 
period when the subjects avoided swallowing, but as soon as the test persons started to 
swallow saliva again, plasma nitrite levels increased. This finding clearly illustrated 
that saliva ingestion is in fact the source of plasma nitrite.  
 

 
Fig. 10. (a) Plasma levels of nitrate (blue filled circles) and nitrite (black filled squares) after NaNO3 intake 
(10mg/kg) and spitting of saliva for the first 60 minutes after intake. Values are means ± s.e.m., (n=4). (b) The 
increase in plasma nitrite originates from salivary ingestion following the enterosalivary recirculation of 
inorganic nitrate. 
 
4.2 PAPER II. ROLE OF ORAL MICROFLORA IN SYSTEMIC 

GENERATION OF NITRITE 

Following the results of PAPER I we went on investigating the role of the oral 
microflora in systemic generation of nitrite after nitrate intake (PAPER II). Given that 
the increase of plasma nitrite originates from saliva ingestion and that large quantities 
of nitrite and nitrate are swallowed following the enterosalivary recirculation of nitrate 
(Fig. 7 and 8) there are at least two possible mechanisms that could contribute to the 
systemic nitrite generation; First, parts of the nitrite swallowed can survive the acidic 
condition of the stomach and be absorbed into the systemic circulation. Second, nitrate 
taken up by the salivary glands and ingested is converted to nitrite by bacteria located 
in lower parts of the GI tract and then absorbed. A third possibility is that mammalian 
cells in the gut and liver can contribute to systemic nitrite levels but this was initially 
ruled out since eukaryotic cells were not believed to possess any nitrate reductase 
action (see further below). 
We set up a two-way crossover experiment in which the same subjects were supposed 
to again ingest nitrate (10mg NaNO3/kg) before and after rinsing the mouth with an 
antibacterial mouthwash (chlorhexidine) in an attempt to abolish nitrate-reductase 
activity by oral bacteria.  
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To test the effect of the mouthwash on oral nitrate reducing bacteria the posterior 
tongue surface of some volunteers that took part in the study was scraped before and 
10 min after gargling with the chlorhexidine mouthwash solution. The bacterial count 
in the mouthwash group was reduced by a mean of 80% versus the control group and 
the overall nitrate reducing capacity was virtually abolished by the mouthwash 
procedure.  
In the control experiment (nitrate load without mouthwash) plasma nitrate increased by 
265 ± 43 µM from basal levels 30 min after nitrate load reaching its maximum 
concentration (Cmax) one hour after load (280 ± 41 µM above basal levels). Similarly, in 
the mouthwash experiment plasma nitrate increased by 272 ± 30 µM 30 min after the 
nitrate load, and reaching its Cmax one hour later (320 ± 59 µM from basal levels). 
Three hours after the nitrate load, plasma nitrate was 192 ± 17 µM and 221 ± 27 µM in 
the control and mouthwash experiment, respectively. Basal mean plasma nitrate levels 
(values taken from both experiments prior to mouthwash) were 12.52 ± 3.31 µM. 
Following the enterosalivary recirculation, plasma nitrate is constantly taken up by 
salivary glands and concentrated in saliva. In the control experiment, salivary nitrate 
reached its Cmax already 30 min after nitrate ingestion with an increase of 12.7 ± 2.2 
mM from basal levels. The levels then declined slightly and 3 h after nitrate ingestion 
the increase from basal levels was 5.8 ± 0.9 mM. In the mouthwash experiment the 
Cmax was, as in the control situation, at 30-min after nitrate ingestion with an increase of 
17.1 ± 2.7 mM from basal levels. After 30 min no significant variations from Cmax were 
observed for the entire observation period. The basal mean salivary nitrate levels 
(values taken from both experiments prior to mouthwash) were 0.72 ± 0.19 mM.  
Salivary and plasma nitrite levels obtained in this work are depicted in Fig. 11. They 
clearly show that when the nitrate reductase activity of oral bacteria is stopped by the 
action of an antibacterial mouthwash, nitrite formation in saliva is completely abolished 
and the acute rise in plasma nitrite is markedly attenuated. In fact, in the control 
experiment salivary nitrite increased by 2.11 ± 0.56 mM already 15 min after nitrate 
load while in the mouthwash experiment salivary nitrite was virtually abolished 
immediately after antibacterial wash and remained below basal levels during the entire 
observation period after nitrate ingestion (Fig. 11a). This result clearly demonstrates the 
key role of oral flora in the conversion of salivary nitrate to nitrite.  
The temporal changes in plasma nitrite in the control experiment confirmed the 
findings obtained in PAPER I. Nitrite started to increase already 15 min after nitrate 
ingestion and continued to increase during the entire observation period. One hour after 
nitrate ingestion plasma nitrite had increased by 242 ± 34 nM and 3 h later the increase 
was 286 ± 62 nM (Fig. 11b). Interestingly in the mouthwash experiment nitrite levels 
remained unchanged early after the wash but then gradually increased following nitrate 
ingestion and reaching its Cmax 2 h after the load with a 72 ± 23 nM increase from basal 
levels (Fig. 11b). Despite the increase, the levels remained far below those seen in the 
control situation without the mouthwash demonstrating that dietary nitrate increases 
circulating levels of nitrite in a process that is heavily dependent on oral bacteria. 
With this experimental setting we were therefore able to demonstrate that the nitrite 
ingested following enterosalivary recirculation of nitrate and its bacterial conversion to 
nitrite in the mouth is the major source for systemic nitrite increase after an oral nitrate 
load.  
Another important observation of the present work was that although salivary nitrite 
was completely abolished after mouthwash, a small but significant nitrite increase 
could still be observed in plasma. We could see two possible explanations for this, the 
first being that the microflora in the stomach and small intestine contributes to some 
minor nitrate reduction. A second more intriguing explanation would be that 
mammalian cells in the gut wall, the liver or elsewhere in fact are capable of some 
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nitrate reduction. This open question laid the bases for the research conducted in 
PAPER III. 
 

 
Fig. 11. Temporal changes in  salivary (a) and  plasma (b) nitrite levels after NaNO3 ingestion (10mg/kg). Filled 
black circles represent occasions where subjects rinsed their mouth with an antibacterial mouthwash 15 minutes 
before nitrate intake. Values are means ± s.e.m., (n=7). 
 
4.3 PAPER III. IDENTIFICATION OF A FUNCTIONAL MAMMALIAN 

NITRATE REDUCTASE ACTIVITY 

The initial aim of the project in PAPER III was again to evaluate the importance of 
commensal bacteria in nitrate metabolism in mammals. Although a few early reports 
indicated the presence of some nitrate reduction in mammalian tissues183,184, this had 
been studied in vitro and under strictly anaerobic conditions. Therefore the general 
view was that nitrate is not metabolized by mammalian cells and accordingly our 
hypothesis was that nitrate reduction to nitrite would not occur in the absence of 
bacteria.  
We initially set up an array of in vitro experiments in which sodium nitrate (0–600 
µM) was incubated in mouse liver homogenates in anaerobic conditions for 60 min. 
Surprisingly, in these experiments we noted a substantial degree of nitrate reducing 
activity as measured by the accumulation of nitrite (Fig. 12a), and this activity was 
heat labile, which indicates an enzymatic process (Fig. 12b). Surprisingly, the nitrate 
reductase activity was still effective in the presence of oxygen. At 6% oxygen, which 
should reflect normal tissue oxygenation (~60 µM), the activity was only 25% lower 
than at 0% oxygen (Fig. 12c). Notably, in these experiments the nitrite formation was 
evident already below 100 µM nitrate (Fig. 12a), which is in the range normally 
found in tissues184. 

 
 
Fig. 12. Nitrate reductase activity in mouse liver homogenates. (a) Dose-dependent nitrite generation in the 
presence of NaNO3 under anaerobic conditions. (b) Nitrite formation after 60 min incubation with 300 µM NaNO3 
under anaerobic conditions, in the presence of oxygen, after heating the homogenate or without addition of 
NaNO3. (c) Nitrate reduction in the presence of different amounts of oxygen.*P<0.05, **P < 0.01; error bars, 
s.e.m. 
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The nitrate reductase activity was then tested between different species and in a 
number of different organs. Nitrate reduction was present in liver homogenates from 
mice, rats and humans, with apparently higher activity in rodents (Fig. 13a) and with 
the highest activity in gastrointestinal tissue, liver and kidney and lower activity in 
the heart and lung (Fig. 13b). In most studied organs the nitrate reductase activity in 
the tissue homogenate was attenuated in the presence of allopurinol (2 mM), an 
inhibitor of XOR. The magnitude of this inhibition varied between approximately 
40% and 80%, with the greatest effect in the liver (Fig. 13b). The inhibitory effect of 
allopurinol was apparent not only during hypoxic conditions but also at physiological 
oxygen concentrations (Fig. 13c). In these studies the possibility of an increase of 
nitrite levels by induction of endogenous NO generation was ruled out following 
experiments performed in presence of a NOS inhibitor. 

 
Fig. 13. Mammalian nitrate reductase activity. (a) Nitrate reductase activity in livers from rodents and humans 
measured as nitrite accumulation in homogenates after 60 min of anaerobic incubation with NaNO3 (white bars). 
The generation of nitrite was inhibited by the XOR inhibitor allopurinol (2 mM, gray bars). (b) Nitrate reductase 
activity in homogenates of mouse colon, small intestine (from germ-free mice), stomach, kidney, liver, heart and 
lung (from conventional mice) expressed as nitrite concentration of anaerobic incubation with NaNO3. The 
generation of nitrite was significantly inhibited (P < 0.05) by allopurinol (2 mM) in all organs except the lung and 
heart. (c) Allopurinol also inhibited nitrite generation in mouse liver homogenate at physiological oxygen 
concentrations (6% O2). *P < 0.05, **P < 0.01, error bars, s.e.m. 
 

After confirming the presence of nitrate reductase activity in various tissue 
homogenates, we next went on to study the effect of sodium nitrate administration 
(10 mg/kg) on nitrite levels in vivo. We gave anesthetized rats a bolus dose of 
NaNO3. As expected, plasma nitrate increased immediately after the nitrate 
administration and continued to increase up to 15 min (Fig. 14a). Notably, nitrite 
levels increased gradually over the study period, starting at 145 ± 30 nM and 
increasing 8-fold to 1,164 ± 100 nM at 60 min (Fig. 14b). Importantly, this in vivo 
nitrate reduction occurred during normoxic conditions. When we pretreated the rats 
with allopurinol (30 mg/kg, intraperitoneally), the nitrate-induced increase in plasma 
nitrite was reduced by a maximum of 40%, 60–90 min after nitrate administration 
(Fig. 14b). This suggests that XOR substantially catalyzes the reduction of nitrate in 
vivo during normoxic conditions. 

 
 

Fig. 14. Nitrate reductase activity is present in vivo. Plasma nitrate (a) and nitrite (b) concentrations increase 
after an intravenous infusion of a bolus of NaNO3 (10 mg/kg) in anesthetized rats (n = 11). 7 additional rats were 
pretreated with 30 mg/kg of allopurinol given intraperitoneally 60 min before the NaNO3 infusion. Nitrate levels 
did not differ between the two groups whereas nitrite levels were lower (P < 0.05) in the rats receiving 
allopurinol. (c) The nitrate-induced increase in plasma nitrite is similar in wild-type NOS3+/+ (C57BL/6), germ-
free and NOS3–/– mice. The different strains of mice were given an intraperitoneal injection of 10 mg/kg NaNO3 or 
placebo (NaCl), and plasma nitrite was measured 1 h later. *P < 0.05, **P < 0.01; error bars, s.e.m. 
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As discussed in PAPER II, bacteria in the mouth and gastrointestinal tract can 
effectively reduce nitrate to nitrite23, and thus we couldn’t be certain that all nitrite 
generated in the in vivo experiments is exclusively of eukaryotic origin. To exclude 
any possible contribution coming from bacteria or NOS induction we performed an 
additional series of experiments in germ-free or NOS3-/- mice with intraperitoneal 
administration of sodium nitrate (10 mg/kg). Importantly, the plasma nitrite levels 
increased to the same extent in these animals as in the conventional mice (Fig. 14c). 
In summary, this demonstrates that the observed nitrate reduction is a true eukaryotic 
process. In addition, the observed eukaryotic nitrate reductase activity found in the 
present work in vitro using human liver tissue taken together to results of PAPER II 
showing a residual increase in plasma nitrite in vivo when the prokaryotic nitrate 
reductase pathway in the mouth was abolished, clearly suggests that mammalian 
functional nitrate reductase activity is also present in humans.  
After the characterization of nitrate reductase activity in vitro and in vivo we next 
investigated whether the nitrite formed from nitrate could be further reduced to NO. 
After incubation of mouse liver homogenate with 300 µM NaNO3 or 1 µM NaNO2 in 
presence of the NO-sensitive fluorescent probe DAF-2 DA we observed a signal 
suggestive of NO generation after about 2–3 h and reaching its maximal intensity 
after 10 h of aerobic incubation. These signals were inhibited by allopurinol, which 
suggests that in the liver XOR catalyzes a serial reduction of nitrate to nitrite and then 
NO, and this occurs also during oxygenated conditions. The data also suggest that this 
system is operating at a substantial rate already within the concentrations of nitrate 
and nitrite normally found in tissues. 
Finally, we tested whether the increase in plasma nitrite caused by the nitrate 
administration was associated with some functional effects measured as changes in 
blood pressure or prevention of hypoperfusion after ischaemia. We gave anesthetized 
rats sodium nitrate (10 mg/kg) followed by intravenous infusion of the same (3 
mg/kg/h). 60 minutes after, we gave rats 50 mg/kg of the NOS inhibitor L-NAME 
and monitored blood pressure. During the 10-min observation period the mean 
arterial blood pressure was ~10% lower in rats receiving nitrate compared with 
placebo rats (Fig. 15a). Following blood pressure measurement, suprarenal clamping 
of the abdominal aorta was performed and after 30 min of ischaemia the clamp was 
removed and blood flow measured. The results showed that the nitrate-treated rats 
maintained a higher blood flow during the early (0–10 min) and the late (10–60 min) 
post-ischaemic phase compared with the placebo treated rats (Fig. 15b). 
 

Fig. 15. (a) Nitrate 
attenuated the 
increase in blood 
pressure after NOS 
inhibition in rats and 
(b) prevented 
hypoperfusion after 
ischaemia. MAP, 
mean arterial 
pressure. *P < 0.05. 
Error bars, s.e.m. 
 
 

These last functional results demonstrated that nitrate is metabolized in vivo to nitrite 
and then further to a compound with ‘NO-like’ bioactivity. 
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4.4 PAPER IV AND V. ORGANIC NITRATE METABOLISM IN THE LIVER 

The second part of the thesis was aimed to investigate the metabolism and pathways of 
denitration of hybrid organic nitrates belonging to the class of the nitrooxybutyl-ester 
compounds in the liver in comparison with glyceryl trinitrate. For this purpose we 
selected two nitrooxybutyl-ester derivatives of flurbiprofen and ferulic acid, HCT 1026 
and NCX 2057, respectively, as representatives of this class of compounds. 
Before starting the experiments of PAPER IV it was known that nitrooxybutyl-ester 
compounds had a good stability in gastric juice but their fate during liver first passage 
was completely unknown. Therefore we set up a series of experiments intended to 
provide information on the effect of the hepatic first-pass after oral intake. 
In PAPER IV we incubated HCT 1026 and NCX 2057 in different subcellular liver 
fractions of rat (cytosol, microsomes or mitochondria) and observed that both 
compounds were rapidly and extensively metabolized at the carboxyl-ester function 
with a stoichiometric formation of flurbiprofen and ferulic acid, respectively, regardless 
the fraction of liver used in the incubation (Fig. 16). 

Fig. 16. Chemical structures and metabolic profile of HCT 1026 (a), NCX 2057 (b) and their metabolites arising 
from biotransformation pathways involving hydrolytic cleavage of the carboxylic and nitric ester functions in rat 
liver cytosol. HCT 1026 and NCX 2057(▼) incubated at 250 µM are rapidly metabolized to their respective 
parent compounds (▲). The nitric ester function is then slowly metabolized to NOx species (○). Data are 
presented as mean ± S.D., n  3. 
 
Differently from the ubiquitous metabolism at the carboxylic-ester function, HCT 1026 
and NCX 2057 showed a significant metabolism at the nitric ester function only in liver 
cytosol (Fig. 16). In this matrix the Michaelis-Menten kinetic parameters (Km and Vmax) 
for NOx formation of HCT 1026 and NCX 2057 were superimposable with those of the 
organic nitrate moiety nitrooxybutyl alcohol (NOBA) characterized as isolated 
compound (data not shown). These data demonstrated that HCT 1026 or NCX 2057 in 
the liver yield rapidly to the formation of the respective parent compound and of the 
organic nitrate NOBA. This latter is in turn metabolized at the nitric ester function by 
means of cytosolic enzymes.  
Overall this first set of data demonstrated that NOBA is the active metabolite retaining 
the “NO like” bioactivity of these class of compounds and should be used when 
investigating the NO releasing properties of nitrooxybutyl-ester compounds.  
In order to investigate the enzymes involved in the metabolism at the carboxylic and 
nitric ester functions we conducted a series of experiments with inhibitors showing 
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different specificities. HCT 1026 and NCX 2057 were incubated in rat liver cytosol 
(fraction showing the highest clearance among the different fractions tested) at the 
concentration of 250 µM in presence of iso-OMPA (2.5 mM), a butyrylcholine esterase 
inhibitor. As expected, the metabolism of both compounds was blocked in presence of 
the inhibitor clearly evidencing the key role of esterases in the rapid hydrolysis of these 
molecules to their respective parent compounds. In particular the metabolism of HCT 
1026 was inhibited by more than 80% after 6 h of incubation. 
Embracing the fact that NOBA is the active compound retaining the “NO like” activity 
of nitrooxybutyl-ester compounds, the characterization of the enzymes involved in the 
metabolism at the nitric ester function were performed using the isolated compound in 
the different fractions of the liver in comparison with the well known organic nitrate 
GTN.  
In rat liver both GTN and NOBA were significantly denitrated to NOx species only in 
the cytosolic fraction (Fig. 17). However, while GTN incubated at the concentration of 
250 µM was very rapidly metabolized at the nitric ester functions (80% within 15 min 
of incubation, initial rate V0  =  4.5 ± 0.15  nmol/mg/min) with a complete conversion to 
NOx species after 1 h of incubation (Fig. 17b), NOBA was only slowly metabolized 
with a sustained NOx generation (V0 = 0.25 ± 0.01 nmol/mg/min) and complete 
denitration after 6 h of incubation (Fig. 17a).   

 
Fig. 17. Metabolism of NOBA (a) and GTN (b) incubated at a final concentration of 250 µM. The profiles of NOx 
species generated were followed over the incubation time in liver microsomes (○), liver mitochondria (□), and 
liver cytosol (■). Both NOBA and GTN are significantly metabolized to NOx only in the cytosolic fraction. Data 
are presented as mean ± S.D., n  3. 

 
In general at least four enzymatic systems, namely the cytosolic GST and XOR, the 
mitochondrial ALDH2 as well as the microsomal CYP have been reported to play a 
role in the metabolism of organic nitrates. Since both NOBA and GTN were mainly 
metabolized in the cytosolic fraction of rat liver we focused our attention on GST and 
XOR as possible enzymes involved in the denitration of NOBA. To this purpose we 
incubated both GTN and NOBA in rat liver cytosol at the same conditions as above in 
the presence or absence of allopurinol (inhibitor of XOR) or bromosulfophtalein (BSP) 
(inhibitor of GST). The metabolism to NOx species of both NOBA and GTN was 
unaffected by the presence of XOR but was instead inhibited in a concentration 
dependent manner by BSP (Fig. 18). This clearly demonstrated the majour role of GST 
in the metabolism at the nitric ester function of both NOBA and GTN in rat liver. 
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Fig. 18. Effects of allopurinol (2.5 mM) and different concentrations of BSP on the metabolism of NOBA (a and c) 
and GTN (b and d) incubated at a final concentration of 250 µM in liver cytosol. The NOx species generated over 
time are unaffected by the presence (■) or the absence (□) of allopurinol but inhibited in a concentration 
dependent manner by BSP.  Data are presented as mean ± S.D., n  3. 

 
The results obtained in PAPER IV provided important information on the extent of 
denitration and on the enzymes involved in the metabolism of nitrooxybutyl-ester 
compounds and GTN in the liver but the mechanism of denitration remained 
unanswered from this first set of data. The identification of the pathway of denitration 
of these organic nitrates in hepatic tissue became therefore the aim of the investigation 
of PAPER V. 
In this last paper we investigated the metabolism of GTN, ISMN and NOBA in human 
liver by a multiple approach, using a spontaneous metabolism-independent NO donor 
(NOC-5) as a reference tool. 
Since diazeniumdiolates like NOC-5 releases 2 moles of NO per mole of parent 
compound 185 while GTN is quickly metabolized only at one of the three nitrate 
moieties117, for comparison purposes the compounds were incubated at equinormal 
conditions which means a concentration of GTN, ISMN or NOBA double that of NOC-
5 ([GTN] = [ISMN] = [NOBA] = 2[NOC-5]). 
When GTN and NOC-5 were incubated at equinormal concentrations in reconstituted 
human liver homogenate they generated identical quantities of NOx species (Fig. 19).  

 
 
Fig. 19. Extent of denitration of GTN and NOC-5 in 
reconstituted human liver homogenate. GTN () and NOC-
5 () incubated at equinormal conditions (500µM and 
250µM for GTN and NOC-5, respectively) show the same 
extent of denitration to NOx species. Data are presented as 
mean ± S.D., n  3. 
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Assuming that the first metabolic step of organic nitrates in the liver is associated with 
the release of NO which is consequently oxidized to nitrite and nitrate, this data might 
have been taken as evidence for GTN and NOC-5 having exactly the same NO 
releasing kinetics in the liver. However, when looking at the generation of NO2

- and 
NO3

- separately (Fig. 20a and b) it became evident that a different pathway of 
denitration is occurring from these two molecules. While NOC-5 denitration is 
consistent with a direct generation of NO followed by oxidation to both NO2

- and NO3
- 

(see table 1, auto-oxidation of NO and reaction with oxy-haemes), GTN denitration led 
almost exclusively to the generation of NO2

-. 
 

Fig. 20. Metabolism of GTN (a) and NOC-
5 (b) in reconstituted human liver 
homogenate. GTN and NOC-5 were 
incubated at equinormal conditions 
(500µM and 250µM for GTN and NOC-5, 
respectively) and the profile of NO2

- and 
NO3

- species generated followed over the 
incubation time. Despite the identical 
NOx generation GTN shows a different 
NO2

-/NO3
- metabolic profile of the 

spontaneous NO releaser NOC-5. Data 
are presented as mean ± S.D., n  3. 

 
In addition to the different NO2

-/NO3
- metabolic profile, GTN and NOC-5 also showed 

different nitrosating potency in terms of S-nitrosothiol generation. In fact, consistent 
with the direct generation of NO that can in turn form the potent nitrosating agent N2O3 

(see Table 1), RSNO formation was higher for NOC-5 (Fig. 21a). A further indirect 
assessment of GTN metabolism came from experiments looking at the activity of 
CYP1A2, an enzyme potently inhibited by NO12. The spontaneous NO donor NOC-5 
was found to extensively inhibit CYP1A2 activity while organic nitrates did not (Fig. 
21b). Finally, we measured NO by electrochemical means and as shown in Fig. 21c, 
while NOC-5 directly released NO, GTN did not show any detectable NO formation.  
These results clearly suggested that the metabolic pathway leading to the denitration of 
GTN in the liver is not consistent with a direct release of NO but rather of nitrite.  

Fig. 21. Organic nitrate denitration in the liver is not consistent with a direct release of NO. Differently from the 
spontaneous NO releaser NOC-5, organic nitrates showed (a) a lower RSNO generation (b) a not significant 
inhibition of CYP1A2, an enzyme potently inhibited by NO, (c) no direct release of NO when electrochemically 
measured. Data are presented as mean ± S.D, n  3.*, p < 0.05. 
 

In a separate set of experiments performed in the different subcellular fraction we also 
demonstrated that GTN in human liver is metabolized exclusively by the cytosolic 
fraction by means of the enzyme GST. This is clearly evidenced by the fact that the 
denitration of GTN to NOx or nitrite in the presence of a complete pool of liver 
enzymes (microsomes + mitochondria + cytosol) was the same as when using the 
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cytosolic fraction. Moreover GTN metabolism in the cytosolic fraction was inhibited in 
a concentration dependent matter by the GST inhibitor BSP.  
The other organic nitrates tested in this work showed different degree of NOx 
generation. ISMN was negligibly metabolized while NOBA showed an intermediate 
degree of metabolism between GTN and ISMN (Fig. 22). In fact GTN incubated at 
500µM showed an initial rate of denitration (V0 NOx) equal to 13.0 ± 0.9 µM/min and 
generation of NOx species of 370 µM after 60 minutes of incubation while NOBA was 
metabolized with V0 NOx = 1,2 ± 0,1 µM/min and generation of NOx species of 70 µM 
after 60 minutes of incubation (Fig. 22). Although the extent of denitration in human 
liver was different, NOBA and GTN shared a common pathway of denitration that is; 
both compounds were not metabolized to NO. In fact as shown in Fig. 21b and c, 
NOBA showed a negligible degree of CYP1A2 inhibition and NO formation in 
reconstituted human liver homogenate evidencing a correlation with GTN in term of 
metabolic pathway of denitration in the liver. 

 
 
Fig. 22. Different organic nitrates show different degrees 
of denitration in human liver reconstituted homogenate. 
Compounds were incubated at a final concentration of 500 
µM and the profile of NOx species generated was followed 
over the incubation time. NOBA shows an intermediate 
degree of metabolism between the high hepatic clearance 
compound GTN and the low hepatic clearance compound 
ISMN. Data are presented as mean ± S.D., n  3. 

 
 

Taken together the results of PAPER IV and V showed that organic nitrates are 
metabolized in the liver to different extents predominantly by the cytosolic enzyme 
GST through a clearance based mechanism leading acutely to the formation of NOx but 
not NO.  
In tissues different from the liver however organic nitrates might be capable of NO 
generation. In particular in PAPER IV we demonstrated that nitrooxybutyl-ester 
compounds were capable of NO generation in deoxygenated whole blood. In fact when 
HCT 1026 or NCX 2057 were incubated in whole blood they produced a slow and 
sustained HbFe(II)NO accumulation as detected by EPR spectroscopy (Fig. 23).  
These data demonstrated that the mechanism for denitration of organic nitrates is likely 
not identical in all tissues or biological mediums and formation of NO may be 
exclusive of certain tissues. 
 

 
Fig. 23. HCT 1026 and NCX 2057 generate NO in deoxygenated rat whole blood. (a) Time course of HbFe(II)NO 
EPR spectra generated after incubation of HCT 1026 (100 µM). (b) Time course of HbFe(II)NO formation from 
HCT1026 and NCX 2057 incubated at 100µM. Data are presented as means ± s.e.m., n  3. 
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5 GENERAL DISCUSSION 
5.1 INORGANIC NITRATE IS A SUBSTRATE FOR SYSTEMIC NITRITE 

GENERATION 

Over the past decade, investigators studying NO biology and metabolism have 
demonstrated that the nitrite anion serves as a unique player in modulating tissue NO 
bioavailability. Numerous studies have examined how this oxidized metabolite of NO 
can act as a salvage pathway for maintaining NO equivalents through multiple 
reduction mechanisms in permissive tissue environments. In particular researchers 
have demonstrated that the nitrite–NO pathway is gradually activated as oxygen 
tensions falls, condition in which, the oxygen dependent l/arginine–NOS pathway is 
instead gradually deactivated. In this sense the NOS-independent NO formation from 
nitrite can be viewed as a back-up system to ensure that there is sufficient NO 
formation when oxygen supply is limited186. While the role of inorganic nitrite has 
been reconsidered over the past years, the more stable inorganic nitrate was still 
generally considered an inert end-product of NO metabolism when this thesis work 
started.  
In 1994, though, two groups had independently demonstrated that NO can in fact be 
generated from salivary nitrite in the acidic stomach environment of humans63,64 in a 
process dependent on the entero-salivary circulation of inorganic nitrate. This process 
was subsequently demonstrated to mediate important effects in gastroprotection and 
host defence23. Although these important findings reversed the status of inorganic 
nitrate as just an inert end product of NO metabolism, the biological activity of this 
ion following the entero-salivary circulation and conversion to nitrite in the mouth 
was thought to be restricted to the gastric milieu. This view was further enforced in 
2003, when a group of researchers failed to detect any increase in plasma nitrite 
following an oral intake of inorganic nitrate in healthy volunteers79. 
In our work we challenged the dogma that inorganic nitrate is not a substrate for 
nitrite generation in the systemic circulation. For this purpose we dedicated a 
consistent part of our time and efforts to the implementation and validation of a 
highly sensitive gas phase chemiluminescence technique for a reliable determination 
of nitrite in biological matrixes. Moreover we implemented a very tight protocol for 
the processing of blood samples after collection, namely; i) immediate stabilization of 
nitrite with NEM and EDTA to limit the interaction of these analytes with free thiols 
and metal residues in blood, ii) centrifugation of blood samples immediately after 
collection to avoid degradation of nitrite through reaction with haemoglobin (see 
table 1) and iii) bioanalysis within the same day of the experiment to avoid stability 
issues in plasma. We believe that it is mainly thanks to this methodological approach 
that in our first protocol (PAPER I) we were able to observe a sustained increase in 
plasma nitrite following ingestion of inorganic nitrate. This apparently simple result 
turned out to be the by far the most important findings of the present thesis with the 
strong implication that nitrate can indeed function as a substrate for further generation 
of nitrite and eventually bioactive NO into the systemic circulation.  
Considering that the nitrate content in spinach, beetroot or lettuce ranges from 250 to 
740 mg/100g74, the dose given in our studies (10 mgNaNO3/kg = 0.117 mmol/kg =  
7.3 mg nitrate ion/kg) for an average person of 60 kg equals a consumption of 60-175 
g nitrate-rich vegetable and it is approximately equal to the Reference Dose of 7.0 
mg/kg set by the food control authorities in the US.  
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This ingested nitrate is rapidly absorbed to the systemic circulation leading to a 10-
fold increase in plasma from basal levels. Nitrate is then taken up by the salivary 
glands and concentrated more than 20-fold in saliva. In the mouth approximately 8-
15% of this nitrate is converted to nitrite by bacterial nitrate reductases. Notably, the 
percentage of nitrate conversion to nitrite in the mouth observed after the load (8-
15%) is lower than in fasting condition (26-35%). This is due to the fact that bacterial 
nitrate reductases approach saturation at the high nitrate concentrations achieved 
following the dose187,82. In PAPER I we demonstrated that after the salivary 
recirculation of nitrate, the swallowing of saliva is responsible of the acute increase in 
plasma nitrite and in PAPER II we further characterized this process demonstrating 
that nitrite derived from the reduction of nitrate by oral bacteria is the major source for 
the systemic nitrite increase. However in the same work we also identified a second 
minor, but still physiologically relevant (see below) pathway of systemic nitrite 
generation following saliva ingestion. A characterization of this second pathway was 
made possible only after the results of PAPER III in which a novel mammalian nitrate 
reductase pathway that is active also during normoxia was identified. Since these 
mammalian enzymes were found to be most abundant in the gut and liver, it followed 
that the enterosalivary circulation of nitrate not only delivers high amount of nitrate to 
the bacterial enzymes in the mouth, but it also maximizes its exposure to the 
mammalian nitrate reducing enzymes after saliva ingestion. These findings suggested 
that the increase of plasma nitrate observed after nitrate intake in humans not only 
comes from a major prokaryotic pathway linked to conversion of salivary nitrate by 
the oral microflora but also by a minor eukaryotic pathway linked to conversion of 
ingested salivary nitrate by mammalian enzymes in the gut and liver.  
The results of PAPER III demonstrated that the entity of each of these two pathways 
of nitrate reduction is different in rodents with a more effective eukaryotic nitrate 
reduction than in humans. However, the seemingly lower eukaryotic nitrate reductase 
activity in humans is compensated for by the active higher concentration of nitrate in 
saliva relative to blood, which provides the oral bacteria with the substrate needed for 
effective nitrite generation23. Such high accumulation of nitrate in saliva is not 
present in rats103. Therefore, the overall capacity to generate nitrite from nitrate, by 
the combined action of eukaryotic and prokaryotic cells, seems comparable between 
different mammalian species. 
It is well known that plasma levels of nitrate are determined both by dietary intake of 
nitrate and by endogenous NOS-dependent NO production. Therefore one cannot rely 
on plasma nitrate measurements to estimate total body production of NO. An 
implication of the results of the present studies is that also plasma nitrite can be 
influenced by nitrate intake, a fact that may have to be considered when using plasma 
nitrite as an index of systemic NO production.  Moreover, it is important to note that 
nitrate and nitrite will accumulate in saliva also in the absence of a dietary intake. 
Endogenous NO is oxidized in blood to form nitrate that is taken up by the salivary 
glands and secreted in saliva. In PAPER II the fasting salivary nitrite levels were as 
high as 0.3 mM and much of this is derived from endogenous NO. In this way the 
oral bacteria serve to ‘‘reactivate” part of the oxidized endogenous NO so that it can 
eventually become bioactive NO again. How important is then saliva as a source of 
systemic nitrite? The question is difficult to answer because we still do not know how 
much of the nitrite that survives metabolism in the gut and liver and enters the 
systemic circulation. Nevertheless, we allowed ourselves to make a rough calculation 
based on the data that are available today. A reasonable estimate of average nitrite 
concentration in whole blood is 200 nM, corresponding to a total of 1 µmol nitrite in 
the circulation. Remarkably, every three minutes, the same amount of nitrite enters 
the stomach, considering a daily production of saliva of 1–2 L (1 ml/min) with a 
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concentration of 300 µM. Thus, even if only a fraction of this nitrite would survive 
systemically, saliva would still be a major source of circulating nitrite. 
Plasma nitrite levels in our experiments were about 3-4 folds higher after nitrate 
intake with an increase of approximately 300 nM from basal levels. This increase is 
highly significative if considered that in an earlier study in a mouse model of 
ischaemia–reperfusion as little as 2.4 nmol of nitrite, which only increased plasma 
nitrite by 30%, reduced liver and heart infarctions by 50%68. In PAPER II plasma 
nitrite increased as much as 70% even after complete depletion of the oral flora. This 
suggests that also the minor eukaryotic pathway of nitrate reduction taken on its own 
is likely sufficient for biological effects in humans.  
 
5.2 BIOLOGICAL ACTIVITY OF INORGANIC NITRATE 

The findings of the present thesis opened the field for nitrate research into the “nitric 
oxide community” and many groups independently started to investigate the functional 
effect of inorganic nitrate given at dietary doses. Surprisingly, this anion was found to 
have robust NO-like effects in both human and animal models. In particular nitrate was 
found to protect against ischaemia-reperfusion cardiovascular injuries188,191, to decrease 
whole body oxygen cost during exercise in humans190,200,193,201 and reverse features of 
metabolic syndrome in animal models203. These results were quite astonishing 
considering that this simple molecule was universally recognized as an inert compound 
until few years ago. 
In a study conducted in 2007 Bryan et al188 showed that in mice an oral nitrate 
supplementation that increased steady-state plasma level of nitrite to a similar extent of 
what observed in our studies afforded significant protection against myocardial I/R 
injury. This nitrate supplementation also increased significantly steady-state 
concentrations of heart nitrite, nitroso products, and nitrosyl–haeme products. Although 
the mechanism of nitrate-nitrite-mediated cytoprotection is unknown, NO is considered 
a mediator of the ischaemic preconditioning cell-survival program. The underlying 
mechanism by which NO provides tissue protection in IR is also not clear, but 
activation of soluble guanylate cyclase (sGC), inhibition of cytochrome c, inhibition of 
deleterious mitochondrial calcium uptake68 and inhibition of mitochondrial complex I 
and subsequent reduction in ROS production18 have been suggested. 
Reduced NO bioavailability is not only a central event in IR injury but contributes to 
the development of cardiovascular dysfunction. In particular hypertension affects more 
than one billion individuals worldwide and remains the most common risk factor for 
cardiovascular morbidity and mortality. In PAPER III we showed that administration 
of inorganic nitrate in rats attenuates the increase in blood pressure after NOS 
inhibition and prevents hypoperfusion after ischaemia (Fig. 15a and b). These results 
were associated to nitrate conversion to nitrite and then further to bioactive NO. In a 
double-blind, cross-over study in healthy volunteers189 administration of  sodium nitrate 
for 3 days in a dose similar to the one used in our studies (0.1 mmol/kg/day = 6.2 mg 
nitrate ion/kg/day), reduced diastolic blood pressure by approximately 4 mmHg 
compared with placebo (NaCl) suggesting formation of vasodilatory NO. These 
findings were confirmed in a similar conducted study with greater number of 
participants190 in which blood pressure lowering was also observed for systolic blood 
pressure.  Another study conducted using nitrate-rich nutrients191 showed that 
administration of 500 ml of beetroot juice (2-3 g/L nitrate ion) to healthy volunteers 
reduced both systolic blood pressure (SBP) (10 mmHg) and diastolic blood pressure 
(DBP) (8 mmHg) within 3 h of ingestion compared to placebo (water). This effect 
correlated with the Cmax of nitrite in plasma and lasted 24 h following single 
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administration. Interestingly, this functional effect was abolished if the subjects avoided 
swallowing after drinking the juice, again confirming the central role of enterosalivary 
circulation in bioactivation of nitrate. In the same study the inhibitory effects of nitrate 
on ex vivo platelet aggregation were demonstrated as well as prevention of endothelial 
dysfunction after a mild ischaemic insult in the forearm. Inhibition of platelet 
aggregation was also demonstrated in a previous study after oral administration of 
KNO3 (2 mmol = 124 mg nitrate ion) in healthy volunteers192. Other studies 
convincingly demonstrated that blood pressure decreases after administration of 
beetroot juice193 but confirmation that nitrate is indeed the active principle of this 
nutrient came from a randomized crossover trial reporting a dose-dependent decrease 
in blood pressure and vasoprotection after inorganic nitrate ingestion in the form of 
either potassium nitrate salt or beetroot juice with matched nitrate-content194. The use 
of potassium chloride as a control ruled out any possible role of K+ in the observed 
biological effects. Importantly in the same study the authors detected increased levels 
of plasma cGMP after nitrate ingestion, which strongly suggests increased NO 
formation.  
Recently, in work that was eventually not included in the present thesis195 we 
investigated the blood pressure effects of a 10-day period with traditional Japanese diet 
rich in vegetables compared with western-type diet in 25 healthy volunteers. 
Traditional Japanese diet is very rich in nitrate and the occurrence of cardiovascular 
diseases among this population is low. As expected the Japanese diet (average intake of 
18.8 mg nitrate ion/kg/day) greatly increased levels of nitrate and nitrite in plasma and 
saliva compared with the control diet. Importantly, DBP decreased on average 4.5 
mmHg compared with the control diet. Again, these findings support the importance of 
dietary nitrate on blood pressure regulation, and give one possible contributing factor to 
the healthy aspects of traditional Japanese food. 
NO is also known to be a key regulator of renal function, and emerging evidence 
shows that oxidative stress and subsequent NO-deficiency in the kidney are critically 
associated with the development of hypertension and other forms of cardiovascular 
disease196.  In a recent study conducted in a rat model of renal and cardiovascular 
disease197 it was demonstrated that in animals receiving nitrate, blood pressure was 
dose-dependently lowered. Moreover proteinuria and histological signs of renal injury 
were almost completely prevented along with reduction of cardiac hypertrophy and 
fibrosis. Dietary nitrate increased or restored tissue levels of bioactive nitrogen oxides 
and reduced the levels of oxidative stress markers in plasma and urine. Interestingly 
in this study inorganic nitrate were not observed to develop signs of tolerance. In 
another recent study inorganic nitrate supplementation in conscious rats during a 5-
day period reduced mean arterial pressure and DBP over the entire observation 
period198. Similar observations have been reported in non human primates with 
repeated administration of inorganic nitrite, indicating no development of 
tolerance199. Beyond its powerful effect in the cardiovascular system inorganic nitrate 
were also recently found to reduce metabolic cost during physical exercise. In fact in 
a study in healthy volunteers the metabolic cost of performing standardized constant 
load exercise was reduced after supplementation with 0.1 mmol/kg/day sodium 
nitrate for 2-3 days compared with placebo190,200. These highly surprising results have 
subsequently been confirmed also using beetroot juice as the nitrate source193,201. The 
molecular mechanisms behind the effect of nitrate on metabolism have not been 
settled in detail but a recent study suggests  a profound effects on basal mitochondrial 
function with a reduction in proton leak and optimization of ATP production as a 
major contributing factor202. This effect has been attributed to nitrate conversion to 
nitrite and eventually NO like species with the mitochondrion as the central target. 
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Finally, from studies conducted in mice lacking the gene for eNOS it has been 
suggested that a reduced NO bioavailability is a central event in the pathogenesis of 
metabolic syndrome including dyslipidemia, obesity, and insulin resistance30,29,6. 
In a recent study203, it was observed that nitrate supplementation (0.1 mmol/kg/day) 
for 10 weeks in mice lacking eNOS reduced visceral fat accumulation, lowered 
circulating levels of triglycerides, and reversed the pre-diabetic phenotype in these 
animals. These results suggest that stimulation of the nitrate–nitrite–NO pathway can 
partly compensate for disturbances in endogenous NO generation from eNOS. These 
findings may have implications for novel nutrition-based preventive and therapeutic 
strategies against cardiovascular disease and type 2 diabetes. 
 

 
 
Fig. 24. The Nitrate-Nitrite-NO pathway. In humans the enterosalivary circulation of nitrate maximizes exposure of 
NO3

- to bacterial nitrate reductases in the mouth (prokaryotic pathway) and to mammalian nitrate reductases in the 
gut and liver (eukaryotic pathway). Both these mechanisms contribute to elevate levels of nitrite- and NO-related 
species in blood and tissues leading to a decrease in blood pressure, protection against ischaemic injuries in vessels 
and decrease of whole body oxygen cost during exercise. Moreover nitrate supplementation has been shown to 
protect against I/R injury in the heart, reverse features of metabolic syndrome and restore renal function in animal 
models of cardiovascular disease. 

 
Overall this impressive amount of data generated rapidly during a 5-year period 
unequivocally demonstrates potent biological effects of dietary nitrate consistent with 
generation of NO. Moreover, literature searches performed recently have revealed 
that potassium nitrate was used in Chinese medicine during the 8th century as a 
therapeutic agent for the treatment of ischaemic diseases77 (Fig. 3). Twelve centuries 
later the results of the present thesis provide a mechanistic explanation of the 
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biological effect of NO3
-. In fact, nitrate can be converted to nitrite in vivo resulting in 

increased NO2
- plasmatic levels. Nitrite in turn is liable of biological effect trough 

serial reduction to bioactive NO in blood and tissues. This newly described nitrate-
nitrite-NO pathway represents a fundamentally different mechanism for the 
generation of NO in mammals that complement the L-arginine/NOS pathway along 
the physiological and pathological oxygen and proton gradients (Fig. 24). 
 

5.3 NUTRITIONAL IMPLICATIONS 

Epidemiological studies have shown that a diet rich in fruits and vegetables protects 
against development of cardiovascular disease and type 2 diabetes204,205,206,207. In 
particular the Dietary Approaches to Stop Hypertension (DASH) study found that 
diets rich in vegetables can lower blood pressure to levels similar to those achieved 
with single hypotensive medications208,209. This protection has been attributed to the 
high content of antioxidants, yet large clinical trials have failed to provide evidence in 
support of this theory210,211. The strongest protection against coronary heart disease 
was associated with the consumption of green leafy vegetables (e.g., spinach, 
lettuce)205,207, and intriguingly these vegetables are known to have a very high 
inorganic nitrate content98. Moreover a post hoc analysis of the nitrate content in fruit 
and vegetables of the DASH diet has revealed that subject in this study might have 
been exposed to nitrate doses of up to 1222 mg a day (exceeding of 450% the ADI for 
nitrate for a 60-kg adult). With accumulating data showing beneficial effects of 
nitrate in the cardiovascular system, researchers have suggested that nitrate might in 
fact be one active constituent in these healthy diets212,213,214. 
In 2002 the WHO reported that approximately 11% of all disease burden is a direct 
consequence of the deleterious effects of chronic hypertension. Specifically it has 
been suggested that, in moderately hypertensive subjects, a reduction of blood 
pressure similar to what obtained with dietary doses of nitrate (~5mmHg) can reduce 
the incidence of stroke by 22% and coronary heart disease by 16% and prevent up to 
75,000 deaths per year in the United Kingdom alone 191,201. The economic burden is 
therefore immense, and cost-effective interventions would be of considerable value. 
Future clinical studies are deemed necessary to elucidate if nitrate can offer a 
nutritional approach to prevention and treatment of cardiovascular disease but the 
possibility of increasing NO production by dietary intervention may have extremely 
important implications for public health. It would indeed be ironic if the long-lasting 
and widespread fear of nitrate and nitrite as threats to human health was replaced by 
enthusiasm and the emergence of novel dietary recommendations as well as 
therapeutic opportunities. 
 

5.4 ORGANIC NITRATES METABOLISM IN THE LIVER 

The main finding of the second part of the thesis (PAPER IV and V) is that organic 
nitrates are metabolized in the liver exclusively by the cytosolic enzyme GST through a 
clearance based mechanism leading acutely to the formation of NOx but not NO.  
Since organic nitrates as GTN are generally recognized to generate NO in vascular 
tissue, this finding implicates that the metabolism of these compounds must differ from 
tissue to tissue.  This could be attributed to the different enzymatic content and/or 
activity among different mammalian cells. Cytosolic GST is a detoxifying enzyme that 
is by far more abundant in the liver than anywhere else126. Therefore the strong 
cytosolic GST-mediated denitration in the liver is likely to prevent the compounds 
from reaching other subcellular compartments (such as mitochondria) and being 
transformed into bioactive NO. For these reasons, GST might be seen as an enzyme 
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responsible for the deactivation of organic nitrates, acting, at least in liver, as an acute 
scavenger of NO bioavailability.  
The “high hepatic clearance” organic nitrate GTN undergoes extensive liver first-pass 
metabolism119 at one of the three nitrate moieties leaving a dinitrate (GDN) which, 
having a longer half life circulates systemically117. Despite its extensive first pass 
metabolism GTN can still be administered by oral route for prophylactic purposes.  In 
our experimental setting GTN was rapidly denitrated in the liver to inorganic nitrite 
by a clearance based GST-mediated mechanism. This implies that both the 
combination of GDN and the inorganic nitrite that would be generated during first 
passage could account for the effect of this compound when taken by oral route for 
prophylaxis purposes. As already stressed in the first part of the thesis nitrite is in fact 
emerging as a stable circulating NO pool and a variety of pathways have been 
described for the reduction of nitrite to NO in blood and tissues38. Such NO formation 
is expected to be slower and more prolonged than direct release of NO from most NO 
donors. In addition, NO formation from nitrite is heavily dependent on oxygenation, 
pH and redox milieu meaning that generation is greatly enhanced in hypoxic or 
ischaemic areas214. Inorganic nitrite is strongly protective in animal models of 
ischaemia-reperfusion injury and therefore the potential use of nitrite as a therapeutic 
agent for the treatment of cardiovascular diseases is being considered. A limitation of 
nitrite therapy is however that NO2

- supplementation by the oral route may cause loss 
of bioavailability due to considerable conversion of nitrite to NO and reactive 
nitrogen intermediates under the acidic gastric conditions64. Our results suggest the 
interesting possibility of using high hepatic clearance organic nitrates, by oral route to 
deliver nitrite distal to the liver in different pathological conditions like hypertension, 
stroke and myocardial infarction. 
Nitrooxybutyl-ester compounds are organic nitrates structurally different from GTN. In 
our attempt to investigate their metabolism we found that in the liver the two 
derivatives of flurbiprofen and ferulic acid are rapidly cleaved to the respective parent 
compounds and the NO-bearing organic nitrate moiety NOBA by the action of hepatic 
esterases (Fig. 25). This latter is therefore the compound retaining the “NO like” 
activity of this class of compounds. Interestingly, NOBA shows an intermediate degree 
of metabolism (GTS mediated denitration to NOx) between the “high hepatic 
clearance” organic nitrate GTN and the “low hepatic clearance” compound ISMN. The 
slower metabolism of NOBA in the liver compared with that of GTN might allow this 
compound to overcome the liver first passage and reach (at least in part) the systemic 
circulation and being bioactivated to NO in the vascular compartment, red blood cells 
or elsewhere where a different enzymatic pool than in the liver exists. Moreover the 
NOx species generated during first passage could also contribute to “NO like” effect 
of these compounds.  
Interestingly, in a recent work it was demonstrated that inorganic nitrate given to rats 
for 1 week in the drinking water, dose dependently inhibited the acute gastric injury 
and inflammatory response caused by administration of the non-steroidal anti-
inflammatory drug diclofenac215. This effect can be attributed to conversion of nitrate 
to nitrite and then NO in the GI track.  It follows that the NOx generated from 
nitrooxybutyl-ester derivatives of flurbiprofen or ferulic acid during first passage could 
protect the stomach and greatly contribute to their final biological effect. 
The absence of intrahepatic generation of NO from organic nitrates as suggested by the 
results of the present thesis provides potentially important information for the 
development of new compounds and especially for those undergoing liver first pass 
metabolism or for molecules specifically designed to deliver NO to this organ.  NO is 
involved in the inactivation of CYP144,145, therefore generation of NO during first 
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passage from organic nitrates given in association with other CYP metabolism-
dependent drugs could lead to severe drug interactions. Our results suggest that CYP-
dependent drug metabolism of concomitant drugs should not be affected by oral co-
administration of organic nitrates. On another hand in particular conditions NO 
production in the liver might be beneficial. Physiologically the liver plays a central role 
in the metabolism and immune processes, and is a major target organ influenced by 
NO. NO production may be decreased during chronic liver diseases. A variety of 
pharmacological direct NO releasing prodrugs have been developed, and, when used 
appropriately, most of them have shown beneficial effects in the liver in a variety of 
pathological settings146. Due to their partially established safety profile the possibility to 
develop organic nitrates as therapeutic agents in the liver may come obvious from these 
observations. However the result of our metabolic studies cast doubts on the usefulness 
of organic nitrates as possible therapeutic NO donor agents in the liver. 
In conclusion, the biological effect of different organic nitrates will certainly depend 
from the location in which the metabolism occurs and the concomitant production of 
nitrite and nitrate can contribute significantly to their final pharmacological profile. It 
follows that the therapeutic potential of organic nitrates will not be unlocked until a 
clear identification of the mechanism of denitration in the different tissues is fully 
established. 
 

 
 

Fig. 25. Metabolism of nitrooxybutyl ester derivatives of flurbiprofen and ferulic acid in the liver.  HCT 1026 and 
NCX 2057 are rapidly cleaved to the respective parent compounds and NOBA by the action of hepatic esterases.  
The slower metabolism of NOBA to NOx species might allow this compound to reach the systemic circulation and 
be bioactivated to NO in vascular tissue, red blood cells or elsewhere. The NOx generated during first pass could 
be recycled to bioactive NO through the nitrate/nitrite/NO pathway contributing to the biological effect of these 
molecules. 
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6 CONCLUSIONS 
 
PART I (PAPERS I, II, II) 
 

 Inorganic nitrate is a substrate for systemic generation of nitrite and eventually 
nitric oxide in humans. 

 
 Salivary ingestion following the enterosalivary recirculation of inorganic nitrate 

is fully responsible for the systemic nitrite generation after nitrate intake in 
humans. 
 

 In the mouth, inorganic nitrate taken up by salivary glands is converted to nitrite 
by bacterial nitrate reductases and swallowed with saliva. This pathway is the 
major source for systemic nitrite increase after an oral nitrate intake in humans 
(prokaryotic pathway). 

 
 Mammalian cells possess nitrate reductase activity.  

 
 The enterosalivary recirculation of inorganic nitrate and saliva ingestion 

maximize exposure of inorganic nitrate in the gut and liver where the 
mammalian nitrate reductase activity is maximal.  This pathway contributes to 
systemic generation of nitrite after nitrate intake in humans (eukaryotic 
pathway) 
 

 Under basal conditions ingestion of saliva following the enterosalivary 
recirculation of inorganic nitrate in humans could be a major source of 
endogenous circulating nitrite. 
 

 Mechanistically the findings of the present thesis can explain the strong 
biological effect of inorganic nitrates and suggest a role for this anion in the 
protective effect of vegetables.  
 

PART II (PAPERS IV, V) 
 

 Organic nitrates are metabolized in the liver exclusively by the cytosolic 
enzyme GST through a clearance based mechanism leading acutely to the 
formation of NOx but not NO. 

 
 In the liver nitrooxybutyl-ester derivatives of flurbiprofen and ferulic acid are 

rapidly cleaved by esterases to the respective parent compounds and the organic 
nitrate moiety NOBA. 
 

 NOBA is therefore the compound retaining the “NO like” activity of 
nitrooxybutyl-ester derivatives of flurbiprofen and ferulic acid. 
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 Differently from GTN, NOBA is only slowly denitrated by GST in the liver and 
therefore it has the potential to survive (at last in part) liver first pass 
metabolism and be bioactivated in other tissues. 

 
 The generation of NOx species from organic nitrates during first pass 

metabolism could greatly contribute to the “NO like” effect of these compounds 
when taken by oral route. 
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