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The	Dunhuang	manuscripts:
In	1900	a	Buddhist	monk	discovered	 thousands	of	medieval	Buddhist	manuscripts,	
paintings	and	other	documents	in	a	hidden	cave	near	the	ancient	Silk	Road	town	of	
Dunhuang.	 Some	 of	 those	 concerned	 with	 medical	 matters	 were	 recently	 brought	
together	for	consideration	by	scholars,	and	with	the	courtesy	of	Anthony	Butler	one	
of	the	Dunhuang	manuscripts	is	printed	in	this	thesis.	The	manuscript	evidently	shows	
that	medieval	Chinese	wisdom	was	well	aware	of	the	importance	of	oral	reduction	of	
nitrate, and the beneficial cardiovascular effects of nitrite.29

The Chinese characters are typed by Zhou Wuzong and translated by John Moffett.





Abstract
Nitrite	and	nitrate	are	distributed	throughout	the	human	body,	with	especially	high	levels	being	present	
in	saliva.	Until	recently,	these	anions	were	considered	merely	to	be	inert	end-products	of	the	oxidation	
of endogenous nitric oxide (NO). This thesis is part of a rapidly growing field of research which now 
reveals,	surprisingly,	that	the	nitrite	ion	can	be	reduced	chemically	to	NO	in	both	blood	and	tissues.	
Such	NO	may	play	an	important	role,	e.g.,	in	vasoregulation	and	host	defenses	against	bacteria,	similar	
to	that	played	by	NO	formed	from	L-arginine	via	the	action	of	NO	synthases.	
	 A	major	aim	here	has	been	to	characterize	the	reduction	of	nitrite	to	NO	and	other	nitrogen	oxides	in	
the	stomach,	as	well	as	the	actions	of	nitrite	in	the	gastric	environment,	where	the	levels	of	this	anion	are	
exceptionally	high,	due	to	reduction	of	nitrate	by	symbiotic	bacteria	in	the	oral	cavity.	First,	however,	
we	explored	the	possibility	that	very	low	levels	of	nitrite,	similar	to	those	present	in	blood	and	tissues,	
can	be	converted	into	vasodilatory	levels	of	NO.		
	 In	experiments	employing	rings	of	rat	aortic	tissue,	we	demonstrated	that	when	the	pH	of	the	buffer	
solution	is	lowered	to	resemble	a	situation	of	metabolic	acidosis	or	ischemia,	nitrite	is	reduced	to	NO	
with	concomitant	vasorelaxation.		
	 Next,	we	found	that	when	delivered	into	the	acidic	stomach	of	rats,	human	saliva	containing	nitrite	
causes	rapid	mucosal	vasodilatation	and	enhances	the	generation	of	mucus.	These	effects	are	dependent	
on	cyclic	guanosine	monophosphate	(cGMP)	and,	again,	paralleled	by	formation	of	NO.
	 Moreover,	we	demonstrated	that	the	high	levels	of	NO	and	other	nitrogen	oxides	generated	by	a	
mixture	of	human	saliva	and	gastric	juice	are	bactericidal	towards	a	laboratory	strain	of	Escherichia 
coli.	Similar	results	are	obtained	when	NO	itself	is	delivered	via	diffusion	through	a	silicone	balloon	
attached	to	a	gastric	tube.
 In the final study on human subjects we showed that continuous delivery of nitrite-containing saliva 
is	required	to	maintain	high	intragastric	levels	of	NO.	Indeed,	in	intubated,	critically	ill	patients,	who	
do	not	swallow	their	saliva,	gastric	NO	is	virtually	absent.	However,	upon	intragastric	administration	of	
nitrite,	a	normal	level	of	gastric	NO	is	rapidly	restored	in	these	individuals.
	 Together,	these	observations	clearly	illustrate	the	physiological	relevance	of	the	newly	discovered	
pathway	for	the	generation	of	NO	by	chemical	reduction	of	nitrite.	In	the	local	gastric	environment	NO	
may have important protective roles to play through stimulating gastric mucosal blood flow and mucus 
production,	as	well	as	by	killing	ingested	pathogens.	Critically	ill	patients	have	extremely	low	gastric	
levels	of	NO,	because	 they	cannot	 swallow	 their	 saliva.	These	patients	 are	prone	 to	develop	 stress	
ulcers	and	 their	stomachs	are	 rapidly	colonized	by	bacteria,	which	may	result	 in	serious	 infections,	
including	pneumonia.	Future	studies	will	reveal	whether	the	simple	procedure	for	restoring	intragastric	
NO	described	here	can	be	used	to	reduce	the	incidence	of	these	serious	complications	in	such	patients.	
	 Under	conditions	of	 ischemia	and	metabolic	stress,	 reduction	of	nitrite	 to	vasodilatory	 levels	of	
NO	can	also	occur	systemically.	We	propose	that	a	continuous	intake	of	nitrate-containing	food,	e.g.,	
vegetables	may	help	to	maintain	tissue	levels	of	nitrite	and	NO	at	adequate	levels	even	when	endogenous	
enzymatic	synthesis	of	NO	is	disturbed.	If	true,	these	considerations	could	have	a	profound	impact	on	
our	view	of	the	role	of	diet	and	commensal	bacteria	in	the	regulation	of	normal	physiological	processes	
and	prevention	of	cardiovascular	disease.	

Key words: nitrate, nitrite, nitric oxide, gastro protection, ventilator-associated pneumonia,   
 bactericidal, vasodilation
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nonsteroidal anti-inflammatory drug
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superoxide
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Introduction 
Nitrogen	is	essential	for	the	survival	of	all	
living	organisms.	The	atmosphere	constitutes	a	
huge	nitrogen	reserve,	but	although	abundant	
in	every	breath	we	take,	the	nitrogen	in	the	air	
is biologically inert and must first be fixed into 
other	nitrogen-containing	compounds	in	order	
to	be	assimilated	by	plants	and	subsequently	
utilized by animals. Nitrogen fixation is achieved 
through	a	complex	interplay	between	bacteria	
and	higher	organisms	which	participate	in	the	so-
called	nitrogen	cycle.	
	 In	this	cycle	nitrate	and	nitrite	acts	as	key	
intermediates.	Man’s	 interest	 in	 these	anions	has	
fluctuated greatly across history and there has 
been	 a	 constantly	 ongoing	 debate	 as	 to	 whether	
these small molecules are harmful or beneficial to 
us.	
	 We	 have	 used	 nitrate	 and	 nitrite	 to	
preserve	 food,	 in	 the	 farming	 industry	 and	 even	
in	 medical	 care	 for	 centuries.	 However,	 nitrate	
and	 nitrite	 have	 since	 become	 associated	 with	
both	 methemoglobinemia	 in	 infants	 and	 with	
an	 enhanced	 risk	 for	 gastric	 cancer	 and	 other	
malignancies.172	 For	 these	 reasons,	 regulations	
concerning	 nitrate	 and	 nitrite	 intake	 have	 been	
formulated	 and	 extensive	 efforts	 taken	 to	 limit	
human	exposure	to	these	anions.

In the late 1980’s, scientific and medical 
interest	 in	nitrate	 and	nitrite	was	 rejuvenated	by	
the	 discovery	 that	 nitric	 oxide	 (NO),	 considered	
previously	 to	 be	 simply	 an	 air	 pollutant	 with	
putative	 harmful	 effects,	 is	 actually	 generated	
in	 the	 human	 body.	 This	 discovery	 sparked	 an	
enormous	 interest	 among	 researchers	 and	 today	
we	 know	 that	 NO	 is	 an	 essential	 regulator	 of	
numerous	aspects	of	mammalian	physiology.	This	
change	in	viewpoint	led	to	nitrate	and	nitrite	being	
regarded	 merely	 as	 inert	 breakdown	 products	
of	NO,	 as	well	 as	 indicators	of	 endogenous	NO	
synthesis.

	 This	 attitude	 was	 altered	 again	 in	 1994	
by the finding that NO can be produced in the 
human	body	by	chemical	reduction	of	nitrite.14,	123	

Accordingly,	nitrite	is	no	longer	considered	simply	
to	be	a	breakdown	product	of	NO	but,	 in	 fact,	a	
precursor	for	generation	of	this	signaling	molecule	
or	perhaps	even	a	 signaling	molecule	 in	 its	own	
right.	The	research	described	in	this	thesis	is	part	
of	 the	continuing	biological	history	of	 the	nitrite	
ion.

History of nitrate, nitrite and 
no
As	 long	 as	 5000	 years	 ago,	 salt	 containing	
considerable	 amounts	 of	 nitrate	 was	 used	 to	
preserve	food	in	the	salty	deserts	of	Central	Asia	
and	 by	 cave	 communities	 living	 on	 the	 shores	
of	the	salt-rich	Dead	Sea.17	Moreover,	in	ancient	
China	and	India,	wall	saltpeter	(calcium	nitrate),	
which fluoresced on the walls of caves, was used 
in the curing of fish and meat. In the Middle Ages, 
saltpeter	(potassium	nitrate)	gained	popularity	as	a	
curing	agent	among	the	Greeks	and	Romans	who	
appreciated	the	reddish	color	it	gives	to	meat,	as	
well as its desirable flavor. 

	 It	was	not	until	the	late	19th	century	that	
the	 mechanism	 underlying	 food	 preservation	 by	
salting	 began	 to	 be	 understood,	 when	 Polenske	
found	 that	 the	 nitrate	 in	 cured	 meat	 is	 actually	
converted	 to	nitrite	by	bacteria.17	Ten	years	 later	
Haldane75	 could	 demonstrate	 that	 the	 chemical	
basis	 for	 the	 appearance	 of	 cured	 meat	 is	 the	
reaction	 of	 nitrite	 with	 hemoglobin	 to	 form	
nitrosohemoglobin.	In	1923,	the	understanding	that	
nitrite	rather	than	nitrate	is	the	preservative	factor	
led to permission being given for the first time, in 
the	United	States,	to	add	nitrite	instead	of	nitrate	
to	meat.	The	antimicrobial	effects	of	the	nitrite	in	
curing	salts	were	recognized	some	years	later	and	
were	shown	to	be	particularly	effective	against	the	
feared	 botulism,	 or	 “sausage”	 poisoning,	 caused	
by	Clostridium botulinum,	 an	anaerobic	bacteria	
that	produces	a	deadly	neurotoxin.117

	 In	 1859	 the	 English	 chemist	 Frederick	
Guthrie	 noted	 that	 the	 vapor	 from	 amyl	 nitrite,	



18	 H. Björne

which	 he	 was	 then	 currently	 studying,	 “upon	
inhalation caused an immediate flushing of 
neck,	 temples	 and	 forehead	 and	 an	 acceleration	
in	 the	 action	 of	 the	 heart”.73	 These	 suggestive	
vasodilatory	actions	of	nitrite	inspired	Sir	Thomas	
Lauder	 Brunton	 to	 administer	 amyl	 nitrite	 to	
his	patients	with	angina	pectoris	 and,	 in	what	 is	
considered to be the first report on the medical 
use	of	nitrite,	he	described	how	within	a	minute	
after	inhalation,	a	few	drops	of	amyl	nitrite	caused	
the	anginal	pain	to	disappear.24	Twelve	years	later,	
Murrel	demonstrated	 that	 similar	 relief	 could	be	
obtained	with	nitroglycerine	applied	lingually,	but	
with more beneficial kinetics, and such treatment 
soon	 became	 routine	 for	 alleviating	 anginal	
pain.	 However,	 the	 discovery	 of	 the	 Dunhuang	
manuscripts	 (see page 5)	 revealed	 that	 the	 use	
of	 nitrate	 and	 nitrite	 for	 medical	 purposes	 was	
actually	a	much	older	practice.29

	 The	 vasodilatory	 effects	 of	 nitrites	 were	
investigated	further	in	the	1920’s	and	high	doses	of	
sodium	nitrite	and	amyl	nitrite	were	found	to	dilate	
coronary	 blood	 vessels.	 Other,	 more	 spectacular	
experiments,	 for	 example,	 the	 “classic	 fainting”	
evoked	by	high	doses	of	sodium	nitrite,	were	also	
performed.130	 Sodium	 nitrite	 was	 employed	 to	
treat	hypertension	at	that	time,	but	its	low	degree	
of	potency	and	undesirable	side-effects	caused	it	
to	be	replaced	by	new	drugs.	
 Nitrate was first shown to be produced in 
the	 human	 body	 by	 Mitchell	 and	 his	 coworkers	
as	 long	 ago	 as	 1916,138 but this finding could 
not	be	explained	until	 the	endogenous	formation	
of	 NO	 was	 discovered.	 In	 1980,	 Furchgott	 and	
Zawadzki62	 realized	 that	 vascular	 relaxation	
induced	 by	 acetylcholine	 is	 dependent	 on	 the	
endothelium	 being	 intact	 and	 that	 this	 effect	 is	
mediated	by	a	labile	factor	which	they	called	the	
endothelium-derived	 relaxing	 factor	 (EDRF).	
Three	 years	 earlier,	 Murad	 and	 colleges7,	 101	 had	
actually	 shown	 that	NO	and	nitrogen-containing	
vasodilators	can	activate	soluble	guanylyl	cyclase	
(sGC)	 and	 subsequently	 increase	 intracellular	
levels	 of	 cyclic	 guanosine	 monophosphate	
(cGMP),	 thereby	 inducing	 relaxation	 of	 smooth	
muscle	cells.	In	1983	it	was	reported	that	EDRF	
also	induces	smooth	muscle	relaxation	by	elevating	
cGMP	 levels152	 and	 four	years	 later	 the	 research	

groups	 of	 Ignarro	 and	 Moncada	 demonstrated	
independently	that	EDRF	and	NO	are	identical.94,	

146	In	1998,	Furchgott,	Ignarro	and	Murad	shared	
the	 Nobel	 Prize	 in	 Physiology	 or	 Medicine	 for	
their	work	in	this	area.	
	 Today,	sodium	nitrite	is	still	used	clinically	
as	 an	 antidote	 for	 cyanide	 poisoning.	 Moreover,	
in	the	1960’s,	interest	in	inhaled	amyl	nitrite	was	
rekindled,	 this	 time	 in	 the	 form	 of	 recreational	
drug	commonly	referred	to	as	“poppers”.156	

sources of nitrite

The	 levels	 of	 nitrite	 in	 the	 body	 at	 any	 given	
time	 are	 closely	 related	 to	 the	 reactions	 which	
other	nitrogen	oxides,	i.e.,	nitrate	(NO

3
-)	and	NO,	

are	undergoing127	 (see Figure 1).	The	 two	major	
sources	of	nitrite	are	oxidation	of	NO	produced	by	
NO-synthase95	and	reduction	of	nitrate	by	bacteria	
in	 the	 digestive	 system.172	 In	 addition,	 small	
amounts	of	body	nitrite	come	from	food,	such	as	
processed	meat.163	Plasma	concentrations	of	nitrite	
in	humans	and	other	mammals	range	from	0.1-0.5	
µM	 and	 appear	 to	 be	 tightly	 regulated,	 whereas	
the	 concentrations	 in	 tissues	 are	 more	 variable	
and	 generally	 greater	 than	 10	 µM.155	 Nitrite	 is	
formed	 in	 particularly	 high	 amounts	 in	 the	 oral	
cavity	by	bacteria,	which	reduce	the	nitrate	in	the	
enterosalivary	circulation,	and	this	source	accounts	
for	as	much	as	90	%	of	the	total	nitrite	intake	by	
humans.6	

Enterosalivary	circulation	of	nitrate
For	people	who	consume	a	 typical	Western	diet,	
vegetables	account	for	60-80%	of	the	daily	intake	
of	nitrate,	with	only	a	minor	additional	contribution	
coming	 from	 drinking	 water.163	 In	 this	 context	
the	 highest	 concentrations	 of	 nitrate	 are	 present	
in	 leafy	 green	 vegetables	 such	 as	 salad,	 spinach	
and	beetroot,	which	contain	as	much	as	1-3	g/kg,	
although	 nitrate	 levels	 in	 vegetables	 may	 vary	
considerably,	 depending	 on	 the	 use	 of	 nitrogen	
fertilizers	 and	 extent	 of	 exposure	 to	 sunlight134	
(see Table 1).	
	 Ingested	 nitrate	 is	 absorbed	 almost	
completely	 in	 the	 proximal	 small	 intestine	 and	
subsequently	 joins	 the	 endogenously	 produced	
nitrate	 in	 the	 bloodstream	 and	 equilibrates	 with	



Fig 1
Graph and diagram illustrating the various pathways for oxidation and reduction of nitrate 
(NO

3
-), nitrite (NO

2
-) and nitric oxide (NO) in the human body.
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Table	1	Concentrations	of	nitrate	in	
vegetables,	(adapted	from	ref	117).

Vegetables	 Nitrate	(mg/kg)
	 	 (fresh	weight)

Spinach	 1300-2800	 	
Lettuce		 1400-2200
Radish		 1400-2600
Beet	 	 1400-3200
Beetroot	 		800-2300
Turnip	 	 2000-4800	
Celery	 	 2900
Rhubarb	 1700

	

NO
x
	species	 Catalyst Location Reference

Nitrate
NO3

-  →  NO2
- bacteria oral cavity 43, 118

Nitrite
NO2

-  →  NO3
- oxyhemoglobin blood 46, 95

NO2
-  →  NO deoxyhemoglobin blood 37, 105, 142, 153

protons stomach/tissues 14, 47, 123, 124, 
186, 197,

xanthine oxidase tissues 184
cytochromes liver/tissues 110, 111

Nitric oxide
NO  →   NO2

- dissolved oxygen blood/tissues 95, 103
NO  →   NO3

- oxyhemoglobin blood 45

body fluids (see Figure 2).	 The	 basal	 levels	 of	
nitrate	in	plasma	are	20-30	µM	and	may	increase	
20-40-fold	 following	 ingestion	 of	 nitrate,	 with	
peak	 levels	being	obtained	within	30	minutes	 to	
2	 hours	 after	 eating.125,	 133	 Elimination	 follows	
first-order kinetics and in humans, the half-life of 
nitrate	 in	 the	plasma	 is	approximately	5	hours.71	
Most	 nitrate	 is	 ultimately	 excreted	 in	 the	 urine,	
where	 65-70%	 of	 an	 ingested	 dose	 is	 generally	
recovered.	Although	 small	 amounts	 may	 be	 lost	
in	 sweat,	 faeces	 and	 exhaled	 breath,	 as	 well	 as	
incorporated	 into	 ammonia	 and	urea	 excreted	 in	
the	urine,	the	fate	of	the	remaining	30%	of	ingested	
nitrate	is	still	not	known.179

	 Interestingly,	 circulating	 nitrate	 is	
concentrated	 in	 the	 salivary	 glands	 by	 an	 active	
transport	 mechanism	 that	 also	 transports	 iodide,	
perchlorate	 and	 thiocyanate,	 but	 has	 not	 yet	

been	 characterized	 fully.51	 As	 a	 consequence,	
salivary	 levels	 of	 nitrate	 are	 typically	 ten	 times	
higher	 than	 those	 in	 plasma.173	 Saliva	 collected	
directly	 from	 the	 salivary	 ducts	 contains	 nitrate,	
but	no	nitrite,	whereas	saliva	collected	from	other	
regions	of	the	oral	cavity	also	contains	nitrite.	To	
date,	no	mammalian	enzymes	capable	of	reducing	
nitrate	 to	nitrite	have	been	detected,	but	bacteria	
in	 the	 oral	 cavity	 are	 known	 to	 carry	 out	 this	
conversion.164	 These	 nitrate-reducing	 bacteria	
have	been	characterized	in	the	rat118	and,	recently,	
in	humans43	and	in	the	latter	case	have	been	shown	
to	 belong	 primarily	 to	 the	 Veionella	 (anaerobic	
Gram-negative	 cocci)	 and	 Actinomyces	 species	
(Gram-positive	 facultative	 rods)	 residing	 in	 the	
crypts	at	the	dorsal	surface	of	the	tongue.	
	 25%	of	ingested	nitrate	is	taken	up	by	the	
salivary	 glands	 and	 secreted	 into	 the	 saliva	 and	
of	 this	 amount,	 approximately	 20%	 is	 reduced	
to	 nitrite;	 in	 other	 words,	 approximately	 5%	 of	
ingested	 nitrate	 is	 converted	 to	 nitrite,	 although	
in	 certain	 individuals	 this	 value	 may	 be	 as	 high	
as	20%.163,	185	While	the	average	level	of	salivary	
nitrite	has	been	estimated	to	be	between	0.05-	0.3	
mM,	the	concentration	of	nitrate	and,	thus,	of	nitrite	
as	well	increases	dramatically	following	a	nitrate-
rich	meal,	resulting	in	1-2	mM	concentrations	of	
salivary	nitrite.133,	164,	195		Nitrite	levels	in	saliva	are	
generally	 elevated	 in	 connection	 with	 poor	 oral	
hygiene.174	 and	 lowered	 by	 the	 use	 of	 antiseptic	
mouthwashes	and	antibiotics.44,	195	

NO2
-

Nitrite

NO3
-

Nitrate

NO
Nitric oxide 
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Fig 2
The enterosalivary circulation of nitrate in 
humans.
Dietary nitrate, derived mainly from vegetables, 
is absorbed rapidly in the proximal intestine and 
reaches the circulation, where it mixes with nitra-
te produced endogenously from the oxidation of 
NO formed by nitric oxide synthase (NOS). Most 
of this nitrate is secreted in the urine, but approx-
imately 25% is actively concentrated in the sali-
vary glands, resulting in a salivary concentration 
of nitrate that is at least 10-fold higher than in 
plasma. Salivary nitrate is reduced to nitrite by 
bacteria in the oral cavity and, when swallowed 
into the acidic gastric environment, nitrite is re-
duced chemically to NO and other reactive nitro-
gen oxides.

Nitrite	is	swallowed	together	with	the	saliva	
and	is	further	reduced	in	the	gastric	environment	
to	 nitrous	 acid,	 which	 gives	 rise	 to	 a	 variety	 of	
nitrogen	oxides,	including	NO185	(for details, see 
the section on chemistry).	These	nitrogen	oxides	
are	 ultimately	 re-converted	 to	 nitrate	 and	 the	
enterosalivary	circulation	continues.

tHe biological cHemistry of 
nitrite

(See also Table 2)

The	 half-life	 of	 nitrite	 in	 the	 blood	 is	 1-5	 min,	
mainly	 due	 to	 its	 reaction	 with	 oxyhemoglobin	
(oxy-Hb),	 yielding	 nitrate	 and	 methemoglobin	
(met-Hb).45	 Excessive	 intake	 of	 nitrite	 may	 thus	
result	 in	 methemoglobinemia	 and	 cyanosis,	
especially	in	young	infants	whose	methemoglobin	
reductase	system	is	not	yet	mature.134	This	effect	
of	 nitrite	 is,	 in	 fact,	 exploited	 to	 treat	 cyanide	
poisoning;	 the	 cyanide	 ion	 binds	 with	 a	 higher	
affinity to the met-Hb formed in the presence of 
nitrite	than	to	mitochondrial	cytochromes,	and	this	
allows	restoration	of	cellular	respiration.70

	 Reduction	 of	 nitrite	 to	 NO	 occurs	 both	
enzymatically	 and	 non-enzymatically	 and	 nitrite	
may	thus	serve	as	an	NOS-independent	source	of	
NO.	 Under	 hypoxic	 conditions,	 nitrite	 can	 react	
with	 deoxygenated	 Hb	 (deoxy-Hb)	 in	 red	 blood	
cells	to	form	NO	and	met-Hb,	as	described	by	Doyle	
in	1981,46	as	well	as	with	other	heme-containing	
enzymes	such	as	xanthine	oxidoreductase	(XOR),184	
cytochromes	in	the	mitochondrial	respiratory	chain	
and	cytochrome	P-450	in	the	liver.110,	111	Recently,	
the	nitrite-reducing	properties	of	deoxy-Hb	have	
been	 proposed	 to	 represent	 an	 oxygen-sensitive	
mechanism	for	regulation	of	vasodilation,37,	105,	142,	

153	a	mechanism	that	has	previously	been	suggested	
for	S-nitrosohemoglobin99,	161	 (see below).	Under	
acidic	 conditions	 such	 as	 those	 present	 in	 the	
stomach14,	 123,	 in	 the	 ischemic	 heart197,	 urine,124	
mouth47	and	skin,186	nitrite	can	also	be	converted	
to	 NO	 and	 other	 nitrogen	 oxides	 in	 an	 enzyme-
independent	 manner.	 It	 is	 this	 newly	 discovered	
pathway	that	the	present	thesis	focuses	upon.	

Dietary nitrate

(2-3 mmol/day)

Oral bacteria reduce nitrate

to nitrite

Salivary glands

concentrate plasma

nitrate 10-fold to

0.2–2 mM

Gastric acid

reacts with

salivary nitrite

to generate

nitrogen oxides

Nitrate excreted

in urine

(2-3 mmol/day)

Nitric oxide from NOS

is oxidized to nitrate

in blood (1-2 mmol/day)

Bladder

Stomach

Salivary glands

Kidney

Fig 2



Chemistry	of	nitrite	in	the	human	body

Reaction with oxyhemoglobin

      NO
2
-        +           Hb(FeII)O

2
 →         NO

3
- +     Hb(FeIII)

      Nitrite                    Oxyhemoglobin                  Nitrate      Methemoglobin

Reduction

Reduction under acidic/reducing conditions

   NO
2
-      +       H+      ↔     HNO

2
   (pKa = 3.4)

   Nitrite                                Nitrous acid

   2 HNO
2
   ↔      N

2
O

3
   +    H

2
O 

 Nitrous acid   Dinitrogen trioxide
 

         N
2
O

3
           ↔          NO     +        NO

2

 Dinitrogen trioxide          Nitric oxide   Dinitrogen oxide

  2 HNO
2
       +       AA       →         DHAA     +      2 NO   +    H

2
O

 Nitrous acid      Ascorbic acid    Dehydroascorbic acid    Nitric oxide

Reduction by deoxyhemoglobin
   NO

2
-        +       Hb(FeII)      +    H+   →     NO        +       Hb(FeIII)    +    OH-

  Nitrite              Deoxyhemoglobin    Nitric oxide        Methemoglobin

Nitrosation
        N

2
O

3
    →       NO+          +         NO

2
-

Dinitrogen trioxide    Nitrosonium ion            Nitrite

        NO+     +       RSH          →       RSNO        +    H+

Nitrosonium ion         Reduced thiol          S-Nitrosothiol

        NO+     +      RR’NH       →     RR’NNO      +    H+

Nitrosonium ion       Secondary amine      N-nitrosoamine 

Chemistry	of	nitric	oxide	in	the	human	body

Autoxidation

Gas phase reaction
     2 NO   +     O

2
      →       2 NO

2
 Nitric oxide                          Nitrogen dioxide

Aqueous reaction
     4 NO   +     O

2
      +    2 H

2
O  →     4 NO

2
-    +    4 H+

 Nitric oxide                                        Nitrite

Oxidation reactions with hemoglobin or superoxide  

      NO      +      Hb(FeII)O
2
      →     NO

3
-      +     Hb(FeIII)

 Nitric oxide    Oxyhemoglobin             Nitrite         Methemoglobin

      NO      +      O
2
-      →      ONOO-

 Nitric oxide     Superoxide     Peroxynitrite

The L-arginine pathway

L-arginine      +   O
2
     →      L-citrulline     +    NO

                                                 Nitric oxide
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Table 2
Some of the relevant reactions of nitrite and nitric oxide in the human body.
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Nitrite acidification 
Reduction	 of	 nitrite	 occurs	 most	 extensively	 in	
the	 stomach,	 where	 the	 extremely	 low	 pH	 in	
combination	with	very	high	concentrations	of	nitrite	
(0.1-2	mM,	originating	primarily	from	saliva)	can	
give	rise	to	NO	levels	that	sometimes	exceed	100	
parts	per	million	(ppm),	i.e.,	4	orders	of	magnitude	
higher	 than	 the	 levels	 required	 to	 promote	
vasodilation. In addition to NO, acidification of 
nitrite	leads	to	the	generation	of	a	variety	of	other	
nitrogen	oxide	species.185	The	main	reactions	are	
outlined	 in	 Table 2 and the final outcome will 
depend	primarily	on	the	pH,	oxygen	tension	and	
presence	or	absence	of	reducing	substances	such	
as	ascorbic	acid	and	 thiocyanate,	proteins,	 lipids	
and	metal-containing	complexes.127	
	 Initially,	 nitrite	 (NO

2
-)	 is	 protonated	 to	

form	 nitrous	 acid	 (HNO
2
,	 pKa	 3.4),28	 which	

then	 rapidly	 induces	 the	 formation	of	dinitrogen	
trioxide	(N

2
O

3
),	nitrogen	dioxide	(NO

2
)	and	NO.	

NO
2	
can	also	be	formed	via	autoxidation	of	NO,	

i.e.,	the	spontaneous	reaction	between	NO	and	O
2
.	

However,	since	the	rate	of	this	reaction	is	second-
order	with	 respect	 to	 the	NO	concentration,	 this	
pathway will only be of any significance in the 
presence	of	very	high	levels	of	NO.	Therefore,	at	
lower	concentrations	 (0.01-10	ppm)	NO	 is	quite	
stable	in	air.19	
	 In	 contrast	 to	 NO,	 the	 reactive	 nitrogen	
species	 NO

2
	 and	 N

2
O

3
	 can	 readily	 carry	 out	

oxidation	 (the	 loss	 of	 electrons),	 nitrosation	
(addition	of	NO+)	and	nitration	(addition	of	NO

2
+)39,	

53	and	may	react	with	thiols,	secondary	amines	and	
lipids	to	form	S-nitrosothiols,	N-nitrosamines	and	
nitrated	lipids,	respectively.11,	192	Reducing	agents	
such	as	ascorbic	acid	enhance	the	generation	of	NO	
by	rapidly	reducing	HNO

2
,	thereby	preventing	the	

formation	of	nitrosated	and	nitrated	compounds.12	
	 Since	 many	 of	 the	 biological	 effects	 of	
nitrite	 discussed	 here	 appear	 to	 be	 mediated	 by	
NO,	an	overview	of	the	biological	chemistry	and	
physiology	of	NO	is	presented	below.	

nitric oxide

With	a	molecular	weight	of	only	30	Daltons,	NO	
is	one	of	the	smallest	molecules	known	to	possess	
biological	activity	in	mammals.	This	substance	is	

a	colorless	gas	at	room	temperature	and,	because	
of	 its	poor	 solubility	 in	aqueous	 solutions,	more	
than	80%	of	the	NO	injected	into	a	physiological	
buffer	 will	 immediately	 appear	 in	 the	 gas	 phase	
above	 this	 solution.33	With	 its	unpaired	electron,	
NO is by definition a radical, although it is not as 
reactive	as	many	other	species	of	radicals.27	
	 Autoxidation	of	NO	occurs	rather	slowly	
in	 aqueous	 	 solutions	 and	 the	 major	 product	
formed	is	nitrite103	which	can	be	further	oxidized	
to	 nitrate	 as	 described	 above.	 However,	 due	 to	
their	 high	 degree	 of	 lipid	 solubility,	 NO	 and	 O

2
	

may	 be	 concentrated	 in	 membrane	 lipid	 layers	
resulting	 in	 a	 much	 higher	 rate	 of	 autoxidation	
and	 potential	 formation	 of	 reactive	 nitrogen	
oxides	in	this	cellular	compartment.121	In vivo	the	
half-life	of	NO	is	only	1-5	s,	due	primarily	to	its	
reaction	with	oxy-Hb	to	yield	nitrate	and	met-Hb,	
as	well	as	with	sGC,	O

2
	and	superoxide	 (O

2
-).192	

NO may also react with specific cysteine residues 
of	 Hb	 to	 form	 S-nitrosohemoglobin,	 which	 has	
been	suggested	to	subsequently	release	NO	under	
hypoxic	conditions.99,	161

Production	of	NO	by	NOS
NO	is	formed	enzymatically	from	the	amino	acid	
L-arginine	 and	 molecular	 oxygen	 in	 a	 reaction	
catalyzed	 by	 a	 family	 of	 NO	 synthases	 (NOSs),	
with	 concomitant	 formation	of	L-citrulline.	This	
reaction	 is	 nicotinamide	 adenine	 dinucleotide	
phosphate	(NADPH)-dependent	and	also	requires	
a number of other cofactors, including flavin 
adenine dinucleotide (FAD), flavin mononucleotide 
(FMN),	 tetrahydrobiopterin,	 heme	 and	 zinc.2	 So	
far,	 three	 different	 isoforms	 of	 NOS	 have	 been	
identified in humans.2

	 Neuronal	 NOS	 (nNOS,	 NOS	 I)	 and	
endothelial	NOS	(eNOS,	NOS	III)	are	expressed	
constitutively	(cNOSs);	regulated	by	intracellular	
levels	of	calmodulin	and	calcium	(Ca2+);	and	give	
rise	 to	 only	 low	 (nanomolar)	 concentrations	 of	
NO.	In	contrast,	 inducible	NOS	(iNOS,	NOS	II)	
is	 calcium-independent	 and	 may	 produce	 high	
(micromolar)	levels	of	NO	following	up-regulation	
by	bacterial	components	(e.g.,	lipopolysaccharide	
(LPS)) or proinflammatory cytokines (e.g., 
interleukin-1β	and	tumor	necrosis	factor-α).2	
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	 Inducible	 NOS	 is	 present	 primarily	 in	
macrophages	and	neutrophils,	but	can	be	expressed	
in	virtually	all	types	of	mammalian	cells,	including	
the	gastric	mucosal	epithelium.149	Neuronal	NOS	
is	detected	mainly	in	neuronal	tissue,	both	central	
and	peripheral,	and	is	expressed	in	as	many	as	50%	
of	all	enteric	nerves,	where	NO	acts	as	the	major	
transmitter	 of	 non-adrenergic	 non-cholinergic	
(NANC)	signals.26,	82	Endothelial	NOS	is	expressed	
by	endothelial	cells	throughout	the	vascular	tree,	
as	well	as	in	neuronal	tissue,	platelets	and	in	the	
epithelial	and	smooth	muscle	cells	of	 the	gastric	
mucosa.60	
	 Inhibitors	 of	 NOS	 and	 sGC	 have	
proven	 to	 be	 valuable	 tools	 for	 advancing	 our	
understanding	of	the	actions	of	NO	in	biological	
systems.	 Most	 inhibitors	 of	 NOS	 are	 analogues	
of	 L-arginine,82	 such	 as	 NG-nitro-L-arginine	 (L-
NNA)	 and	 its	 ester	 NG-nitro-L-arginine	 methyl	
ester	 (L-NAME),	 which	 competitively	 prevent	
the	binding	of	L-arginine	to	all	of	the	isoforms	of	
NOS	in	a	non-selective	fashion.	Both	L-NNA	and	
L-NAME	 have	 been	 used	 extensively	 in	 human	
studies,82	 as	 well	 as	 in	 investigations	 involving	
animal	models	of	gastric	damage.106	Furthermore,	
soluble	 guanylyl	 cyclase	 can	 be	 inhibited	 using	
1-H—[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one	
(ODQ),	 which	 oxidizes	 the	 heme	 group	 of	 this	
enzyme,	 thereby	 causing	 a	 pronounced	decrease	
in its affinity for NO and loss of activity. 65,	196

The	actions	of	NO
Due	 to	 its	 uncharged	 and	 lipophilic	 nature,	 NO	
diffuses	 readily	 through	 biological	 membranes.	
At	 the	 low	concentrations	observed	under	normal	
physiological	 conditions,	 when	 NO	 is	 generated	
primarily	 by	 cNOSs,	 this	 molecule	 exerts	 direct	
effects	by	 reacting	with	heme-containing	proteins	
such	as	sGC,	cytochrome	P-450	and	NOS.192	The	
major	 physiological	 target	 for	 NO	 is	 sGC,	 which	
is	 activated	 by	 relatively	 low	 concentrations	
(EC

50
=100	nM).	Activated	sGC	then	catalyzes	the	

formation	of	cGMP,	which	in	turn	regulates	various	
cellular	functions	via	its	effects	on	the	activities	of	
protein	kinases,	phosphodiesterases	and	ion	channel	
protein	kinases.112	These	cascades	regulate	vascular	
tone,	platelet	reactivity	and	leukocyte	adhesion,	as	
well	as	central	and	peripheral	neurotransmission.140

	 NO	participates	 in	 several	 processes	 that	
protect	 the	 gastric	 mucosa	 as	 well182	 (see also 
below).	Furthermore,	 in	contrast	 to	 its	activation	
of	 sGC,	 NO	 inhibits	 cytochrome	 P-450,	 a	
phenomenon	 which	 might	 have	 both	 regulatory	
and	pathophysiological	consequences.192	Similarly,	
NO	 inhibits	 NOS	 activity,	 thereby	 providing	
negative	 feed-back.191	 High	 concentrations	 of	
NO,	such	as	those	generated	by	iNOS	in	activated	
immune	 cells,	 are	 associated	 with	 cytotoxic	 and	
antibacterial	actions.56,	80

Host	defenses
In	the	1980’s	several	investigations	revealed	that	
systemic	 infections	 are	 associated	 with	 elevated	
levels	 of	 nitrate	 in	 the	 urine,	 suggesting	 that	
production	 of	 nitrate	 is	 enhanced	 in	 connection	
with	such	 infections.	 It	was	subsequently	shown	
that	 macrophages	 stimulated	 by	 LPS	 produce	
nitrate	 and	 nitrite,	 that	 the	 cytotoxic	 effects	 are	
dependent	on	L-arginine80,	167	and	 that	NO	is	 the	
source	 of	 the	 nitrate	 and	 nitrite	 formed.81,	 129,	 168	
Today,	 NO	 is	 regarded	 as	 a	 central	 mediator	 of	
innate	immunity	and	an	effective	protective	agent	
against	a	wide	variety	of	bacteria,	viruses,	 fungi	
and	parasites.56	

Numerous	 components	 of	 microbes,	
including	 DNA	 and	 cytosolic	 and	 membrane	
proteins	and	lipids,	may	serve	as	targets	for	NO.	
However,	the	cytotoxic	and	antimicrobial	actions	
observed	 may	 not	 be	 due	 to	 NO	 alone.	At	 high	
concentrations,	NO	reacts	with	O

2	
or	O

2
-	to	form	

N
2
O

3
	or	peroxynitrite	(ONOO-),	respectively.	N

2
O

3
	

can	then	S-nitrosate	thiols	to	form	S-nitrosothiols,	
which	 exhibit	 antimicrobial	 activity,	 as	 well	 as	
acting	 as	 potent	 vasodilators	 and	 antiplatelet	
agents.83	

The	concentration	of	O
2
-	and,	thus,	formation	

of	 ONOO-	 are	 maintained	 at	 very	 low	 levels	
under	physiological	conditions,	as	a	result	of	the	
action	of	superoxide	dismutase	(SOD).	However,	
under	 pathophysiological	 conditions,	 immune	
cells	produce	large	amounts	of	both	O

2
-	and	NO,	

resulting	 in	 substantial	 formation	 of	 the	 ONOO-	
ion	 that	can	oxidize	 thiols,	 induce	DNA	damage	
and	lipid	peroxidation,	and	lead	to	mitochondrial	
dysfunction.	Thus,	NO	may	not	only	be	toxic	 to	
invading	microbes,	but	to	host	cells	as	well.	
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Metabolic	vasodilation
Local blood flow is tightly regulated in order 
to	 meet	 the	 metabolic	 demands	 of	 surrounding	
tissues.	In	this	context	the	vascular	smooth	muscle	
is	 the	 ultimate	 location	 at	 which	 vasodilatory,	
vasoconstrictory	and	autoregulatory	mechanisms	
are	integrated.	In	addition	to	neuronal	and	hormonal	
regulation, the dominant influence exerted on 
vascular	tone	is	through	local	metabolic	feedback	
control	 involving	 ATP-dependent	 K+	 channels,	
CO

2
,	H+,	ADP,	adenosine,	prostacyclin	and	NO.178	

	 The	 role	 played	 by	 NO	 in	 metabolic	
vasoregulation	is	complex.	A	variety	of	agonists,	
such	 as	 acetylcholine,	 bradykinin	 and	 substance	
P,	as	well	as	shear	stress	and	other	hemodynamic	
factors	stimulate	eNOS,	whose	primary	function	
is to maintain resting blood flow. NO derived from 
NOS	is	involved	in	exercise-induced	vasodilation	
(active	 hyperemia)	 and	 the	 hyperemic	 response	
seen	 after	 transient	 vascular	 occlusion	 (reactive	
hyperemia).72	 In	 addition,	 eNOS	 participates	
in	 the	 vasodilatory	 response	 to	 hypoxia	 and	
administration	of	an	 inhibitor	of	NOS	attenuates	
hypoxic	vasodilation	in	the	human	forearm.18	
	 On	 the	 other	 hand,	 expression	 of	 eNOS	
in	 cultured	 endothelial	 cells	 is	 reduced	 by	
exposure	 to	 low,	 but	 still	 physiological	 levels	
of	 oxygen.55	 Moreover,	 in	 situations	 where	 the	
substrate	 L-arginine	 or	 cofactors	 are	 depleted,	
as	 during	 hypoxia/ischemia,	 NOS	 catalyzes	 the	
production	of	O

2
-	 instead.143,	193	Endothelial	NOS	

activity	also	appears	to	attenuate	injury	associated	
with	 reperfusion	 following	 ischemia.104	 In	
summary,	although	the	phenomenon	of	metabolic	
vasodilation	has	been	 recognized	 for	quite	some	
time,	 the	 mechanisms	 responsible	 are	 still	 not	
entirely	understood.	

gastric protection and no 

The	 gastric	 mucosa	 is	 continuously	 exposed	 to	
exogenous	and	intrinsic	insults,	including	bacteria,	
noxious	 agents,	 gastric	 juice	 and	 proteolytic	
enzymes.	 Such	 a	 hostile	 environment	 requires	
highly efficient mechanisms for protecting this 
mucosa	and	in	this	context	NO	and	prostaglandins	
play	key	roles,180,	182	as	is	clearly	demonstrated	by	

the	 consequences	 of	 inhibiting	 the	 synthesis	 of	
these	substances.	The	classical	example	of	this	is	
the	occurrence	of	gastric	erosions	and	even	ulcers	
following	 prolonged	 use	 of	 Nonsteroidal	 Anti-
Inflammatory drugs (NSAIDs), which inhibit 
prostaglandin	synthesis.180	

No	 inhibitors	 of	 NO	 production,	 of	 this	
process	are	presently	being	used	in	the	clinic,	but	
inhibition	 of	 NOS	 in	 experimental	 animals	 has	
pronounced	deleterious	effects	on	the	development	
of	 gastric	 ulcers.	Treatment	 with	 such	 inhibitors	
aggravates	 the	 mucosal	 damage	 caused	 by	
acid,106	 hypoperfusion165	 and	 ethanol,	 as	 well	
as	 by	 the	 endotoxin	 infused	 in	 models	 of	 acute	
inflammation.92,	 169	 Conversely,	 administration	 of	
NO-donors	 reduces	 the	extent	of	mucosal	 injury	
in	such	animal	models.21,	106,	128

Adaptive increases in blood flow and 
enhanced	production	of	mucus	are	the	two	major	
processes	 that	 can	 protect	 the	 gastric	 mucosa.	
Indeed,	a	rapid	increase	in	the	rate	of	mucosal	blood	
flow in response to luminal irritants is essential 
to	 the	 maintenance	 of	 gastric	 integrity.115,	 132,	 181	
In	 addition	 to	 delivering	 oxygen	 and	 nutrients,	
this	 microcirculation	 dilutes	 out,	 removes	 and	
neutralizes	 toxic	 substances	 that	 diffuse	 in	 from	
the	gastric	lumen.	Furthermore,	this	blood	supplies	
the	surface	epithelial	cells	with	bicarbonate,	which	
neutralizes	 acid	 that	 has	 diffused	 back	 into	 the	
cells.32	The	hyperemic	response	is	initiated	by	the	
release	of	calcitonin	gene-related	peptide	(CGRP)	
from	sensory	afferent	nerves	and	the	vasodilatory	
effect	is	ultimately		mediated	by	NO.87	
A	 second	 vital	 defense	 of	 the	 gastric	 mucosa	
consists	 of	 the	 continuous	 layer	 of	 mucus	 gel	
that	covers	this	mucosa3	and	acts	as	an	important	
physical	barrier	to	the	entry	of	acid	and	digestive	
enzymes,	as	well	as	to	entrap	bacteria	and	provide	
mechanical	protection	against	dietary	irritants.	The	
mucins	of	which	this	layer	is	composed	are	secreted	
by	mucous	cells	in	the	gastric	epithelium	and	the	
thickness	of	the	mucus	layer	depends	on	the	relative	
rates	 of	 this	 production	 versus	 mechanical	 and	
proteolytic	 degradation.10	 Moreover,	 bicarbonate	
is	secreted	by	the	surface	epithelial	cells	into	the	
mucus	gel	in	order	to	produce	a	pH	gradient	with	
a	 neutral	 pH	 at	 the	 epithelial	 surface,	 providing	
protection	against	back-diffusion	of	acid.3	
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	 Recently,	it	has	become	possible	to	separate	
the	gastric	mucus	 into	an	outer,	 loosely	attached	
layer	that	can	be	easily	removed	by	suction,	and	an	
inner, more firmly adherent layer that resists this 
maneuver.148	Of	these	two,	the	inner	layer	appears	
to	 play	 the	 more	 important	 role	 in	 maintaining	
a	 neutral	 epithelial	 pH.148	 Several	 studies	 have	
demonstrated	that	NO	participates	in	the	generation	
of	mucus23,	157	and	application	of	NO-donors	to	the	
gastric	 mucosa	 leads	 immediately	 to	 a	 cGMP-
mediated	increase	in	mucus	thickness.23	
	 Other	 effects	 exerted	 by	 NO	 on	 gastric	
physiology	 include	 inhibition	of	acid	 secretion16,	

159 and modulation of inflammatory responses and 
epithelial	 permeability.42,	 181,	 189	 In	 addition,	 NO	
released	 by	 nerve	 cells	 in	 the	 mucosa	 regulates	
both	 gastric	 motility	 and	 the	 tonus	 of	 the	 lower	
oesophageal	and	pylori	sphincters.102,	170,	189

gastric complications in 
critically ill individuals

Critical	 illness	 is	 associated	 with	 severe	
physiological	 stress	 and	 in	 such	 a	 situation	
there	 is	 a	high	 risk	 for	damage	 to	 the	 stomach.	
Indeed,	 signs	 of	 stress-related	 gastric	 mucosal	
disease	 are	 already	 observed	 in	 the	 majority	 of	
critically	ill	patients	within	24	hours	of	admission	
to	 the	 intensive	 care	 unit.36,	 141 Superficial 
mucosal	erosions	are	often	present	and	in	some	
cases	 extensive	 bleeding	 occurs,	 necessitating	
transfusion	 in	 1-4%	 of	 these	 patients.166	
Furthermore,	stress-related	mucosal	disease	may	
result	in	increases	in	the	length	of	hospitalization,	
as	 well	 as	 in	 the	 frequencies	 of	 morbidity	 and	
mortality.88,	141	

	 The	pathogenesis	of	stress-related	mucosal	
disease	 is	 associated	 with	 luminal	 acid	 and	 a	
reduction in mucosal blood flow, symptoms which 
could	be	caused	by	the	disease	itself	(e.g.,	trauma,	
burns,	 sepsis,	 severe	 shock),	 or	 by	 mechanical	

ventilation	 or	 the	 use	 of	 vasopressors.141	 An	
association	with	infection	by	Helicobacter pylori	
has	also	been	documented.	Preventive	treatment	
of	 critically	 ill	 patients	 with	 agents	 that	 protect	
the	 mucosa	 and/or	 suppress	 acid	 secretion	 is	
routine	clinical	practice.	Maintenance	of	a	gastric	
pH	of	>4	with	drugs	 such	as	antagonists	of	 the	
histamine	 type-2	 receptor	 and	 proton	 pump	
inhibitors	 has	 been	 shown	 to	 prevent	 mucosal	
damage	 and	 reduce	 the	 incidence	 of	 gastric	
bleeding.158	However,	an	elevation	in	the	gastric	
pH	also	increases	the	colonization	of	the	stomach	
by	bacteria,	which	has	been	 suggested	 to	 result	
in	 nosocomial	 infections	 such	 as	 ventilator-
associated	pneumonia	(VAP).158	
 VAP, defined as the development of pneu-
monia		following	at	least	48	hours	of		mechanical	
ventilation,	 is	 by	 far	 one	 of	 the	 most	 common	
nosocomial	infections	seen	in	the	intensive	care	
unit,	affecting	9-40%	of	all	intubated	patients.9,	

35,	109	Aspiration	of	contaminated	secretion	from	
the	 oropharynx	 and/or	 of	 regurgitated	 infected	
gastric	 contents	 represent	 potential	 sources	 of	
the	bacteria	responsible	for	VAP.158	An	elevated	
pH	 is	 strongly	associated	with	gastric	bacterial	
overgrowth,	 so	 that	 the	 treatment	 designed	 to	
prevent	stress	ulcer	may	enhance	bacterial	growth	
in	 the	 stomach	 and,	 possibly,	 the	 incidence	
of	 VAP.109,	 175	 Measures	 taken	 to	 prevent	 VAP	
include	 non-invasive	 ventilation;	 rigorous	 hand	
hygiene	by	the	caretakers;	the	patient	assuming	a	
semirecumbent,	rather	than	the	supine	position;	
continuous	 removal	 of	 subglottic	 secretions	 by	
suctioning;	the	use	of	sucralfate	instead	of	drugs	
that	 suppress	 acid	 secretion;	 and	 post-pyloric	
feeding.9	 Selective	 decontamination	 with	 oral	
antibiotics	or	antiseptics	has	also	been	found	to	
reduce	 the	 incidence	 of	 VAP,	 but	 this	 strategy	
is	 not	 recommended	 for	 routine	 prophylaxis	
because	 of	 the	 risk	 of	 enhanced	 resistance	 to	
antibiotics.9
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Aims of the Present Thesis
The	main,	overall	objective	of	this	thesis	was	to	characterize	various	biological	effects	of	nitrite	
under acidic conditions. The specific aims were as follows:

l to	determine	whether	physiological	concentrations	of	nitrite	can	cause	vasodilation;

l to examine the effects of salivary nitrite on gastric mucosal blood flow and mucus 
production;	

l to	study	the	bactericidal		effects	of	salivary	nitrite	in	gastric	juice;

l to	evaluate	the	effectiveness	of	a	novel	approach	for	delivery	of	NO	into	gastric	juice,	with	
respect	to	bactericidal	activity;

l to	develop	a	tonometric	procedure	for	measurement	of	intragastric	NO	in	humans;

l to	 monitor	 changes	 in	 the	 intragastric	 levels	 of	 NO	 in	 healthy	 subjects	 employing	 this	
procedure;	and

l to	 quantitate	 intragastric	 levels	 of	NO	 in	 intubated	patients	 prior	 to	 and	 after	 intragastric	
supplementation	with	nitrite.
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Fig 3
The ex vivo rat model employed to monitor blood flow and mucus thick-
ness in the gastric mucosa. At the bottom of the plastic chamber, the 
surface of the gastric mucosa was exposed to the solutions tested. Mucosal 
blood flow was measured with a laser Doppler probe.
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animal studies (papers i and ii)
In	 the	 study	 described	 in	 Paper I Wistar	 rats	
were	 euthanized	 by	 intraperitoneal	 injection	 of	
pentobarbitone,	 following	 which	 the	 aorta	 was	
carefully	removed	and	cut	into	circular	segments,	
which	 were	 then	 placed	 in	 a	 functional	 organ	
bath.	After	equilibrium	was	reached,	these	aortic	
rings	 were	 made	 to	 contract	 with	 phenylephrine	
and	exposed	in	this	state	to	various	concentrations	
of	 sodium	nitrite	 (0.5-1000	µM)	 in	 the	presence	
or	absence	of	ascorbic	acid,	in	a	neutral	(pH	7.4)	
or	acidic	(pH	6.6)	buffer	solution	through	which	
6.5%	 CO

2
	 in	 O

2
	 was	 continuously	 bubbled.	 In	

certain	 experiments	 the	 segments	 of	 aorta	 were	
pre-incubated	with	an	inhibitor	of	soluble	guanylyl	
cyclase	(ODQ)	before	exposure	to	sodium	nitrite.	
Relaxation	was	monitored	with	a	force	transducer	
connected	 to	a	holding	device.	The	vasorelaxant	
response	 to	 the	 NO-donor	 S-nitroso-N-acetyl-
penicillamine	 (SNAP)	 was	 also	 characterized.	
In	 all	 of	 these	 experiments	 NOS-dependent	 NO	
formation	was	inhibited	with	L-NAME.	

In	the	case	of	Paper II,	after	being	fasted	for	18-
20	hours,	with	free	access	to	water,	male	Sprague-
Dawley	rats	were	anesthetized	by	intraperitoneal	
injection	of	thiobutabarbital	sodium	(Inactin;	120	
mg	kg	-1).	These	animals	were	then	tracheotomized	
to	 facilitate	 their	 breathing	 and	 the	 femoral	
artery	 and	 vein	 cannulated	 to	 allow	 continuous	
measurement	 of	 blood	 pressure	 and	 infusion	 of	
drugs.
	 The	 gastric	 preparation	 employed	 for	
determination of blood flow and mucus thickness 
has	 been	 described	 in	 detail	 previously.86,	 157	 In	
brief,	 the	 stomach	was	gently	 removed	 from	 the	
abdominal	cavity	via	an	incision	and,	after	opening	
the	forestomach,	turned	inside-out	to	allow	exposure	
of	the	mucosal	surface	to	the	medium	in	an	organ	
bath	(see Figure 3).	Pentagastrin	was	administered	
to	all	rats	in	order	to	ensure	continued	endogenous	
secretion	of	acid.	We	utilized	this	ex-vivo	model	to	
test	the	effects	of	topical	administration	of	a	variety	
of substances on the blood flow and thickness of 
the	mucus	in	the	gastric	mucosa.	

Materials and Methods
(For	more	detailed	information,	see	the	individual	articles.)
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Measurement of mucosal blood flow
Blood flow in the gastric mucosa under various 
conditions	 was	 measured	 continuously	 with	 a	
Laser-Doppler	 probe	 situated	 0.5-1	 mm	 over	
the	 mucosa	 in	 the	 organ	 bath	 and	 expressed	 as	
percentage	of	the	baseline	value.	In	some	of	these	
experiments	 the	 mucosa	 was	 exposed	 to	 human	
saliva poor or rich in nitrite, adjusted to a final pH 
of	2	with	HCl.	These	samples	of	saliva	containing	
relatively	low	or	high	concentrations	of	nitrite	were	
obtained	from	healthy	subjects	who	either	simply	
fasted	 overnight	 or	 also	 ingested	 sodium	 nitrate	
(0.1	mmol/kg)	one	hour	prior	to	collection	of	the	
sample.	In	other	experiments,	saliva	was	replaced	
by	sodium	nitrite	at	different	concentrations	(0.1-
5 mM), also at pH 2. Responses of the blood flow 
to	 sodium	 nitrite	 following	 pretreatment	 with	 a	
non-selective	inhibitor	of	NOS,	(L-NNA),	or	the	
cyclooxygenase	 (COX)	 inhibitor	 indomethacin,	
and	to	the	NO-donor	diethylenetriamine	NONOate	
(DETA/NO)	 were	 also	 monitored.	 Furthermore,	
the	effects	of	sodium	nitrite	and	of	the	NO-donor	
SNAP,	 with	 and	 without	 inhibition	 of	 guanylyl	
cyclase	by	ODQ,	were	investigated.

Measurement	of	mucus	thickness
Mucus	 thickness	 was	 determined	 utilizing	 a	
micropipette	 connected	 to	 a	 micromanipulator	
guided	by	observation	under	the	light	microscope.	
The	luminal	surface	of	the	mucus	gel	was	coated	
with	 carbon	 particles	 to	 improve	 visualization.	
The	 angle	 and	 distance	 of	 the	 movement	 of	 the	
micropipette	 through	 the	 mucus	 down	 to	 the	
underlying	epithelium	were	employed	to	calculate	
the thickness of this layer, including the firmly 
adherent	inner	and	loosely	adherent	outer	layers.	
Utilizing	this	approach	the	effects	of	a	60-minute	
exposure	 to	 nitrite-rich	 saliva,	 sodium	 nitrite	 (1	
mM)	or	HCl	(all	at	pH	2)	on	mucus	thickness	were	
observed.	

Generation	of	NO
In	the	present	studies,	the	level	of	NO	was	deter-
mined	by	a	chemiluminescence	assay	described	
in	a	separate	section.	In	Paper I	headspace	levels	
of	NO	in	the	presence	of	the	buffer	solutions	and	
substances	employed	in	the	experiments	described	
above	 were	 measured	 by	 chemiluminescence	

(see	 below).	 For	 these	 determinations,	 a	 closed	
canister	 containing	 the	 solution	 of	 interest	 was	
used as an artificial organ bath. The headspace 
gas	was	transferred	via	a	sampling	tube	directly	
into the chemiluminescence analyzer after five 
minutes	of	incubation	and	the	peak	levels	of	NO	
registered.
	 In	 the	 in vitro	 experiments	 described	 in	
Paper II,	generation	of	NO	by	saliva	or	sodium	
nitrite	mixed	with	HCl	(pH	2)	at	the	concentrations	
indicated	 above	 was	 analyzed.	 In	 addition,	
formation	of	NO	and	S-nitrosothiols	during	a	15-
minute	 incubation	of	human	saliva	adjusted	 to	a	
pH	of	2	or	5.5	with	HCl	was	measured.	A	plastic	
cup	(100	ml)	was	placed	over	the	organ	bath	and	
headspace	 gas	 from	 this	 cup	 transferred	 via	 a	
sampling	tube	directly	into	the	chemiluminescence	
analyzer	 immediately	 following	 addition	 of	 the	
different	compounds	and	peak	levels	of	NO	were	
registered.	

In	 separate	experiments,	 intragastric	 levels	
of	 NO	 in	 fasting	 rats	 following	 pretreatment	
with	 sodium	 nitrate	 or	 vehicle	 (NaCl)	 alone	
were	 determined.	 Two	 hours	 after	 intragastric	
administration	of	the	sodium	nitrate,	the	animals	
were	anesthetized	and	laparotomy	performed.	After	
placing	 external	 clamps	 around	 the	 oesophagus	
and	duodenum	 to	prevent	 the	escape	of	gas,	 the	
stomach was then inflated through a thin needle 
with	4	ml	of	NO-free	air.	Fifteen	seconds	thereafter,	
this	 air	 was	 withdrawn	 again	 and	 subsequently	
analyzed	directly	by	chemiluminescence.	

cHaracterization of bactericidal 
effects (paper iii)
In	 all	 these	 experiments,	 colonies	 of	 the	 non-
pathogenic	 Escherichia coli	 (E. coli)	 strain	
ATCC	25922	grown	on	nutrient	agar	plates	were	
transferred	 to	Mueller-Hinton	broth	(pH	7.5)	 the	
day	preceding	commencement	of	the	experiment	
and	 incubated	 for	 18	 hours	 at	 37°	 C,	 to	 obtain	
108-109	 colony-forming	 units	 (CFU)/ml	 in	 the	
inoculate.	The	effects	of	gastric	juice	mixed	with	
saliva	 rich	 or	 poor	 in	 nitrite	 on	 the	 growth	 of	
these	 bacteria	 was	 then	 examined.	 The	 samples	
of	 saliva	 and	 gastric	 juice	 were	 obtained	 from	
healthy	volunteers	after	fasting	overnight.	Gastric	
juice	was	aspirated	through	a	nasogastric	tube.	To	
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obtain	saliva	rich	in	nitrite,	some	of	the	volunteers	
ingested	sodium	nitrate	(0.12	mmol/kg)	one	hour	
prior	 to	 collection	 of	 the	 sample.	All	 volunteers	
were	asked	not	to	swallow	any	saliva	during	the	
30-minute	period	prior	to	collection	of	the	gastric	
juice,	in	order	to	minimize	dilution.	
	 2	 ml	 of	 saliva	 was	 inoculated	 with	 the	
bacteria (40 µl, to give a final density of 107/ml)	
in	sterile	glass	tubes	and	then	immediately	mixed	
with	2	ml	of	gastric	juice	adjusted	with	HCl	to	a	
final pH of 3 or 4. Thereafter, the glass tubes were 
sealed	and	incubated	at	37°	C.	Following	10	or	30	
minutes	or	2	or	6	hours	of	such	incubation,	samples	
from	the	tubes	were	serially	diluted	with	PBS	(pH	
7.3)	 and	 then	 transferred	 to	 standard	 blood	 agar	
plates.	After	24	hours	of	incubation	of	these	plates	
at	 37°	 C,	 the	 numbers	 of	 colony-forming	 units	
produced	were	counted,	with	the	lowest	detectable	
count	being	100	CFU/ml.	A	bactericidal	effect	was	
considered	 to	be	present	when	at	 least	99.9%	of	
the	bacteria	originally	inoculated	were	killed.		
	 	 Furthermore,	 in	 order	 to	 investigate	 the	
significance of nitrite in the saliva in connection 
with	bacterial	killing,	different	amounts	of	sodium	
nitrite	 were	 added	 to	 samples	 of	 nitrite-depleted	
saliva	and	subsequently	mixed	with	gastric	juice	
at	different	pH	values.	Saliva	virtually	depleted	of	
nitrite	 (<20	µM)	was	obtained	by	 stirring	 saliva	
from	fasting	volunteers	in	the	open	air	for	24	hours	
to	allow	oxidation	of	the	nitrite	remaining.	A	1:1	
mixture	of	nitrite-depleted	saliva	and	gastric	juice	
was adjusted with HCl to a final pH of 2, 3, 4 or 
5,	after	which	sodium	nitrite	was	added	to	obtain	
a final concentration of 0.1 or 1 mM. Following 
bacterial	 inoculation,	 the	 test	 tubes	were	 signed,	
sealed	 and	 delivered	 into	 the	 incubator	 and	
bacterial	growth	monitored	as	described	above.	

Generation	of	NO	and	nitroso/nitrosyl	
species by saliva mixed with gastric 
juice

In	 order	 to	 characterize	 the	 effects	 of	
ingestion	of	nitrate	on	the	generation	of	NO	and	
nitroso/nitrosyl	 species	 from	 saliva,	 saliva	 poor	
or	 rich	 in	 nitrite	 (see above)	 was	 mixed	 with	
gastric juice (1:1, 4 ml) to give a final pH of 3 or 

5	and	then	incubated	at	37°	C	in	plastic	syringes	
with	a	headspace	of	6	ml.	After	30	minutes,	 the	
headspace	 gas	 was	 removed	 and	 analyzed	 by	
chemiluminescence,	 following	which	aliquots	of	
the	 liquid	phase	were	 removed	for	 later	analysis	
of	nitroso/nitrosyl	species	(see	below).	In	separate	
experiments	 the	 kinetics	 of	 NO	 formation	 by	
saliva poor or rich in nitrite and acidified to pH 4 
with	a	citrate-phosphate	buffer	were	monitored	in	
a	purged	vessel	for	a	period	of	4	hours.

The	stomach	model
A	stomach	model	(see Figure 4a)	was	developed	
in	 order	 to	 test	 whether	 a	 novel	 procedure	 for	
delivery	 of	 NO	 to	 gastric	 juice	 could	 result	 in	
effective	 inhibition	 of	 bacterial	 growth.	 	 In	 this	
connection	 gastric	 juice	 was	 collected	 from	 10	
intubated	patients	being	treated	at	a	neurosurgery	
intensive	care	unit,	none	of	whom	was	receiving	
drugs	 that	 suppress	 gastric	 acid	 secretion	 or	
demonstrated	 clinical	 signs	 of	 gastric	 bleeding.	
This	gastric	 juice	was	stored	 in	 -20°	C	until	use	
and,	after	thawing,	was	then	cultured	for	24	hours	
on	 blood	 agar	 plates.	 Samples	 exhibiting	 a	 low	
extent	 of	 bacterial	 growth	 (<100	 CFU/ml)	 were	
pooled	and	utilized	in	these	experiments.

Prior	 to	 initiation	 of	 the	 experiment,	 the	
acidity	 of	 this	 pooled	 gastric	 juice	 was	 adjusted	
to	pH	3,	4,	5	or	6	with	HCl.	Airtight	plastic	bags	
were then filled with 25 ml of this juice containing 
E. coli at a final density of 107	CFU/ml.	Next,	an	
all-silicone	catheter	was	inserted	into	the	bag	and	
the retention cuff (10 ml) filled with a solution of 
ascorbic	 acid	 (10	 mM),	 sodium	 nitrite	 (10mM)	
and	saline,	adjusted	to	pH	2	with	HCl,	or	with	the	
corresponding	ascorbic	acid	 solution	alone	 (as	 a	
control). Following	2,	6	and	24	hours	of	incubation	
at	37°	C,	samples	were	removed	for	determination	
of	 the	 number	 of	 viable	 bacteria	 and	 after	 24	
hours,	 samples	 were	 also	 taken	 for	 analysis	 of	
nitroso/nitrosyl	 species.	 In	 separate	 experiments	
levels	 of	 NO	 and	 NO

2
	 were	 measured	 in	 bags	

containing	gastric	juice,	distilled	water	or	human	
venous	blood	 following	5	minutes	of	 incubation	
with catheters filled with the solution of ascorbic 
acid	and	nitrite.



Fig 4 
The tonometric catheter utilized (a) as a device for the delivery of NO in a stomach model 
and (b) for the monitoring of intragastric levels of NO. 
a. The stomach model employed.	An all-silicone catheter fitted with a retention cuff filled with 
a solution of nitrite (NO

2
-) and ascorbic acid (AA) at a controlled pH (H+) is inserted into an 

airtight plastic bag filled with gastric juice containing bacteria. The nitric oxide (NO) formed 
from the reduction of nitrite diffuses through the silicone membrane of the cuff into the lumen 
of the bag. 
b. Tonometric monitoring of intragastric NO.	The cuff is inflated with 10 ml of room air that 
is allowed to equilibrate for 5 minutes with gastric headspace gas, after which the sample is 
withdrawn and injected directly into a chemiluminescence analyzer for determination of NO.  
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studies involving Human subjects 
(paper iv)

Healthy subjects	
The	 relationship	 of	 swallowing	 to	 intragastric	
formation	of	NO	was	examined	in	eight	healthy,	
non-smoking	 male	 volunteers	 who	 had	 fasted	
overnight.	For	this	purpose,	a	nasogastric	tube,	the	
top of which was fitted with an inflatable silicone 
cuff,	 was	 employed	 as	 a	 tonometric	 catheter	
(see Figure 4b).	This	catheter	was	tested	in vitro	
for	 tonometric	 recovery	 in	 a	 canister	 containing	
known	concentrations	of	NO	(0.1-100	ppm).	The	
cuff was insufflated with NO-free air (10 ml) which 
was	subsequently	withdrawn	after	1,	5,	10	and	15	
min.	and	the	concentration	of	NO	determined	by	
chemiluminescence.	

In	the	case	of	the	volunteers,	the	nasogastric	
tube	 was	 introduced	 through	 the	 nose	 following	
topical	 application	 of	 an	 anaesthetic	 gel	 and	
thereafter	 moved	 to	 the	 gastric	 lumen.	 A	 series	
of	 measurements	 were	 performed	 under	 basal	
fasting	 conditions	 and	 during	 periods	 when	 the	
subjects	 were	 asked	 not	 to	 swallow	 any	 saliva.	
During a final period without swallowing, sodium 
nitrite	 (0.1	mM,	40	ml/h,	which	 is	equivalent	 to	
the	amount	of	nitrite	 in	saliva	swallowed	during	
normal	 fasting	 conditions)	 was	 infused	 into	 the	
stomach	 and	 gastric	 levels	 of	 NO	 subsequently	
quantitated.	 Gastric	 pH	 was	 also	 determined	
during	the	different	phases	of	this	experiment.
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Intubated patients	
In	 addition,	 the	 intragastric	 levels	 of	 NO	 in	 10	
sedated	 patients	 with	 endothracheal	 tubes	 and	
mechanical	 ventilation	 were	 determined.	 These	
patients	were	admitted	for	head	injuries	(8	patients)	
or	pneumonia	(2).	They	exhibited	no	signs	of	gastric	
bleeding,	were	not	 receiving	drugs	 that	suppress	
acid	secretion	and	were	hemodynamically	stable.	
All	enteral	nutrition	was	terminated	4	hours	prior	
to	initiation	of	the	experiments.	

Employing	the	tonometric	catheter	described	
above,	the	intragastric	levels	of	NO	in	these	patients	
were	monitored	in	a	series	of	measurements	under	
basal	conditions	and	during	a	2-hour	intragastric	
infusion	 of	 a	 sodium	 nitrite	 solution	 (2	 mmol/l,	
50ml/h,	 mimicking	 the	 nitrite	 concentrations	 in	
saliva	 following	 ingestion	 of	 approximately	 300	
g	spinach),	as	well	as	for	an	additional	two	hours	
and	at	a	 later	 time-point	of	recovery.	Gastric	pH	
and	systemic	hemodynamics	were	also	monitored	
throughout	 this	 experiment.	 Moreover,	 samples	
for	 the	determination	of	 the	 levels	of	nitrite	 and	
nitrate	 in	 the	plasma	and	gastric	 juice	and	of	S-
nitrosothiols	in	gastric	juice	were	collected	during	
the	 baseline	 period	 and	 at	 the	 end	 of	 the	 nitrite	
infusion,	as	well	as	two	hours	after	termination	of	
this	infusion.	

analysis of no, nitrate, nitrite 
and nitroso/nitrosyl species

Chemiluminescence	assay	of	NO
The	 chemical	 basis	 for	 this	 chemiluminescence	
assay	is	the	reaction	between	NO	and	ozone	(O

3
),	

which	yields	nitrogen	dioxide	that	is	partially	in	the	
excited	stage	(NO

2
*).76	When	NO

2
*	returns	to	its	

ground-state,	light	is	emitted	in	the	near-infrared	
region	of	the	spectrum	and	can	be	detected	by	a	
photosensitive surface and subsequently amplified 
by	 a	 photomultiplier	 tube.	 The	 intensity	 of	 this	
luminescence	 is	 then	 converted	 into	 an	 electric	
signal.	The	gas	 sample	 is	 removed	at	a	constant	
flow rate and immediately mixed with an excess 
of	 O

3	
in	 the	 evacuated	 reaction	 chamber.	 The	

subsequent	fast	reaction	with	O
3
	allows	detection	

of rapid fluctuations in the NO concentration. 
This	 assay	 procedure	 is	 highly	 sensitive,	 with	 a	
detection	limit	of	1	parts	per	billion	(ppb),	and	the	

amount	of	light	emitted	is	directly	proportional	to	
concentrations	of	NO	between	1	and	100,000	ppb.	
Interference	 by	 other	 gases,	 including	 nitrogen	
oxides,	is	minimal.

When	 NO
2
	 is	 analyzed	 by	 this	 same	

chemiluminescence	assay,	two	reaction	chambers	
are	required.	In	one	of	these,	NO	is	quantitated	as	
described	above;	while	 in	 the	other,	NO

2
 is first 

reduced	 to	NO	by	a	molybdenum	converter	and	
the	sum	of	the	quantities	of	NO	and	NO

2
	present	

then	determined	as	NO.	The	level	of	NO
2
	is	thus	

the	difference	between	the	values	obtained	in	these	
two	 reaction	 chambers.	 The	 chemiluminescence	
analysers	employed	were	calibrated	on	a	regular	
basis	with	known	concentrations	of	NO	gas	mixed	
with	nitrogen	(N

2
).

Quantitation	of	nitrate,	nitrite	and	
nitroso/nitrosyl	species	(Papers	II-IV)
The	 concentrations	 of	 nitrate,	 nitrite,	 and	
nitroso/nitrosyl species (defined as the sum of 
S-nitrosothiols,	N-nitrosamines	and	iron-nitrosyl	
species)	were	determined	by	chemiluminescence	
after	 reductive	 cleavage	 and	 subsequent	 release	
of	NO	into	 the	gas	phase.57,	125	For	 this	purpose,	
the	 samples	 were	 introduced	 via	 a	 gastight	
syringe	 into	a	purged	 reaction	vessel	containing	
the	reducing	solution	and	coupled	to	a	condenser,	
the	 temperature	 of	 which	 was	 controlled	 by	 a	
continuous flow of cold water and by a heating 
jacket	unit	(Sievers,	Boulder,	CO,	USA)	through	
which	 warm	 water	 from	 a	 constant-temperature	
bath circulated. A constant flow of nitrogen (192 
ml/min)	served	as	the	carrier	gas	for	NO	and,	after	
leaving	 the	 vessel,	 the	 gas	 stream	 was	 bubbled	
through	 sodium	hydroxide	 (1	M,	0°	C)	 	 to	 trap	
any	remaining	traces	of	acid	prior	to	introduction	
into	the	NO	analyzer	(Aerocrine	AB,	Stockholm,	
Sweden). The flow rate of gas from the reaction 
vessel	could	be	adjusted	with	a	needle	valve.	The	
data	obtained	were	further	analyzed	with	Origin	
for	Windows	and	are	reported	as	areas	under	the	
curve.	

The	 mixture	 employed	 to	 reduce	 nitrite	 and	
nitroso/nitrosyl	 species	 contained	10	mM	 iodine	
(I

2
)	and	45	mM	potassium	iodide	(KI)	 in	glacial	

acetic	acid	at	56°	C.	For	analysis	of	S-nitrosothiols,	
the	samples	of	plasma,	saliva	and	gastric	juice	were	
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pretreated	 with	 N-ethylmaleimide	 (NEM)/EDTA	
(5mM/2mM)	to	facilitate	the	alkylation	of	thiols,	
bind	 transition	 metals	 and	 prevent	 artifactual	
nitrosation	 and	 loss	 of	 S-nitrosothiols	 already	
present.	 Moreover,	 gastric	 juice	 was	 neutralized	
with	NaOH	to	prevent	the	loss	of	nitrite.	In	order	
to	 distinguish	 between	 nitrite	 and	 other	 nitroso/
nitosyl	 species,	 the	 samples	 were	 divided	 into	
three aliquots and treated with specific reagents as 
follows:	

1.	 Untreated	 samples	 were	 utilized	 for	
determination	 of	 total	 nitrite	 +	 nitroso/
nitrosyl	species.

2.	 Samples	 were	 preincubated	 with	
sulfanilamide	 for	 the	 measurement	 of	
nitroso/nitrosyl	 species.	 Sulfanilamide	
reacts	 with	 nitrite	 to	 form	 a	 stable	
diazonium	ion	that	is	not	converted	to	NO	
under	 the	 reducing	 conditions	 employed.	
More specifically, 1/10 volume of 5% 
sulfanilamide	in	1	N	HCl	was	added	to	the	
sample	and	this	mixture	then	incubated	for	
15	minutes	at	room	temperature.

3.	 Samples	 were	 preincubated	 with	
sulfanilamide	+	mercuric	chloride	(HgCl

2
)	

for	the	measurement	of	mercury-resistant	
nitroso	 compounds.	 HgCl

2
	 selectively	

cleaves	S-NO	bonds,	 thereby	eliminating	
nitrosothiols.	In	this	case,	1/10	volume	of	
5%	 sulfanilamide	 +	 0.2%	 HgCl

2
	 in	 1	 N	

HCl	was	added	and	incubation	performed	
at	room	temperature	for	30	minutes.

Thereafter,	the	level	of	nitrite,	S-nitrosothiols	and	
other	nitroso/nitrosyl	species	could	be	calculated	

simply	by	appropriate	subtraction	of	the	different	
amounts	 of	 NO	 detected	 under	 these	 three	
different	 conditions.	 Calibration	 was	 carried	 out	
using	 freshly	 prepared	 solutions	 of	 nitrite	 and	
the	 lower	 limit	 of	 detection	 with	 this	 assay	 was	
approximately	10	nM.

Quantitation	 of	 nitrate	 was	 based	 on	
reduction	to	NO	with	a	solution	of	vanadium(III)	
chloride	(50	mM)	in	1	N	HCl	at	95°	C.	Since	nitrite	
is	also	reduced	to	NO	under	these	conditions,	the	
level	 of	 nitrate	 was	 obtained	 by	 subtracting	 the	
level	 of	 nitrite	 present	 from	 the	 total	 amount	 of	
NO	detected.	

statistical analysis

In	Paper I	the	Mann-Whitney	U	test	for	unpaired	
observations	was	used	and	correlation	analysis	was	
performed	 employing	 the	 Spearman	 rank	 order	
test.	 In	Paper II	 the	one-way	ANOVA	followed	
by the Fisher protected least significant difference 
test	(LSD)	was	utilized	to	compare	different	groups	
and	the	ANOVA	for	repeated	measures	followed	
by	the	Fisher	LSD	test	for	comparisons	within	a	
given	group.	 In	Paper III	 the	Mann-Whitney	U	
test	for	unpaired	observations	was	used.	In	Paper 
IV	we	employed	non-parametric	statistical	analysis	
for	 NO	 measurements;	 Friedman’s	 ANOVA	 for	
multiple	measurements,	Wilcoxon’s	matched	pairs	
test	for	comparisons	between	dependent	samples	
and	the	Mann-Whitney	U	test	for	comparison	of	
independent	samples.	In	all	other	cases	parametric	
statistical	analysis	was	used.	Finally,	for	multiple	
comparisons,	the	ANOVA	repeated	measurements	
and	Fisher	LSD	tests	were	utilized.
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Fig 5

Contraction of aorta (% of maximal)
Fig 5	
Original recordings of the contraction of isolated segments of rat aorta in an organ bath 
containing a buffer solution at neutral (7.4; upper curve) or low pH (6.6; lower curve).	
Following pre-contraction with phenylephrine (phe; 1 µM), relaxation was evoked by the 
addition of increasing concentrations of sodium nitrite.
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Vasorelaxation
In	a	neutral	buffer	solution	sodium	nitrite	evoked	
dose-dependent	 relaxation	 of	 the	 pre-contracted	
aorta	 segments	 and	 this	 relaxation	 was	 further	
enhanced	 in	acidic	buffer	 solution	 (pH	6.6)	 (see 
Figure 5).	 Thus,	 the	 threshold	 concentration	
(i.e.,	 the	 lowest	 concentration	 of	 nitrite	 which	
evoked a significant effect in at least 60% of the 
preparations	tested)	was	reduced	from	10	µM	in	
neutral	solution	to	2.5	µM	at	pH	6.6	and	the	EC

50
	

value	(i.e.,	the	nitrite	concentration	that	produced	
50%	relaxation)	decreased	from	200	to	40	µM.
Addition	 of	 ascorbic	 acid	 together	 with	 sodium	
nitrite	also	potentiated	this	relaxation,	both	in	the	
presence	 of	 neutral	 and	 of	 acidic	 buffer.	 Since	
ascorbic	acid	promotes	the	reduction	of	nitrite	to	
NO,	this	observation	indicates	that	NO	is	mediating	
the	vasorelaxatory	effect.	

Furthermore,	 the	 inhibitor	 of	 soluble	
guanylyl	cyclase,	ODQ,	markedly	attenuated	the	
response	to	nitrite,	causing	a	50-fold	increase	in	the	
threshold	 concentration.	 Moreover,	 the	 maximal	

extent	of	the	relaxation	of	the	pre-contracted	aortic	
rings	in	the	presence	of	ODQ	was	only	50	±	8%,	
even	at	extremely	high	concentrations	(10	mM)	of	
sodium	nitrite.	These	observations	suggest	that	the	
relaxatory	effects	of	nitrite	are	mediated	by	cGMP	
and	 are	 also	 in	 agreement	 with	 earlier	 reports	
that	ODQ	acts	as	a	mixed	competitive	and	non-
competetive	inhibitor	of	sGC.

The	 NO-donor	 SNAP	 also	 evoked	 dose-
dependent	relaxation	of	 the	pre-contracted	aortic	
segments,	with	slightly	more	pronounced	effects	
(approximately	10%	greater)	being	obtained	under	
acidic	 conditions	 than	 in	 neutral	 solution	 in	 this	
case.
	
Generation	of	NO	
Formation	of	NO	from	sodium	nitrite	and	SNAP	
was	directly	proportional	 to	 the	concentration	of	
these	substances	in	the	buffer	solutions.	Generation	
of	NO	from	sodium	nitrite	was	more	pronounced	
under	 acidic	 conditions	 than	 in	 a	 neutral	 buffer	
and	was	enhanced	by	addition	of	ascorbic	acid	at	
both	pH’s.



Fig 6
Maximal responses in gastric mucosal blood 
flow (upper panel, n = 7–13) and generation 
of NO (lower panel, n = 5) following topical 
application of human saliva or different con-
centrations of sodium nitrite to the rat gastric 
mucosa in an organ bath.	The samples of saliva 
and solutions of sodium nitrite in the organ bath 
were adjusted to a pH of 2 with HCl. The final 
nitrite concentrations in nitrite-rich and nitrite–
poor saliva were 1.1 mM and 23 µM, respecti-
vely. The values presented are means ± SEM. 
*P < 0.01 compared to the baseline.

36	 H. Björne

paper ii

Gastric mucosal blood flow
The rate of blood flow and mean arterial pressure 
(MAP)	 in	 the	 gastric	 mucosa	 became	 stable	
within	 approximately	 one	 hour	 after	 immersion	
of	the	inverted	rat	stomach	in	an	organ	bath.	Pre-
treatment	with	L-NNA	increased	MAP	by	27	±	9%	
and,	in	parallel,	caused	an	elevation	of	31	±	16%	
in	 the	 vascular	 resistance	 in	 the	 gastric	 mucosa.	
Administration	of	nitrite-rich	saliva	(obtained	after	
ingestion	of	nitrate	and	containing	approximately	
1.1	mM	nitrite)	elevated	both	the	mean	(by	19	±	
6%)	and	maximal	(by	35	±	4%)	rates	of	mucosal	
blood flow rapidly, the highest increases being 
observed	within	2-3	minutes	after	administration.	
In	 contrast,	 saliva	 from	 fasting	 individuals	
containing	approximately	0.02	mM	nitrite	did	not	
alter mucosal blood flow. Furthermore, sodium 
nitrite	applied	topically	(0.1-5	mM)	at	acidic	pH	
enhanced the mean and peak rates of blood flow 
by	14-50%	and	29-88%	respectively	(see Figure 
6).	These	 data	 suggest	 that	 nitrite	 is	 responsible	
for	 the	 vasodilatory	 effects	 achieved	 by	 saliva.	
HCl	alone	at	pH	2	or	sodium	nitrite	(1	mM)	at	pH	
5.5	had	no	effect.	

Administration	of	L-NNA	or	indomethacin	
did not alter gastric mucosal blood flow responses 
to 1 mM sodium nitrite (pH 2), a finding which 
speaks	 against	 the	 involvement	 of	 a	 NOS-	 or	
COX-dependent	mechanism	in	the	nitrite-induced	
vasodilation.		After	pre-treatment	with	ODQ,	the	
mean response of gastric mucosal blood flow to 
sodium	nitrite	was	reduced	from	32	±	6%	to	6	±	
4%	 (P<0.02) and the response in blood flow to 
SNAP	(0.3	mM,	pH	5.5)	decreased	from	64	±	12%	
to	 34	 ±	 10%	 (P<0.05).	 These	 data	 indicate	 that	
NO-dependent	stimulation	of	the	cGMP	pathway	
is	occurring	in	this	model.	

Thickness of the gastric mucus
During	 the	 60-minute	 period	 of	 incubation,	 the	
overall	thickness	of	the	mucus	layer	increased	by	
39	±	10%	upon	exposure	to	nitrite-rich	saliva,	33	
±	8%	in	the	presence	of	1	mM	sodium	nitrite	and	
16	±	8	%	without	any	addition	(the	control	group).	
The firmly adherent inner layer of mucus became 
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Fig 7
Thickness of the firmly adherent inner layer of 
gastric mucus following 60 minutes of exposu-
re to human saliva (nitrite content = 1.1 mM) 
or sodium nitrite (1 mM).	All experiments were 
performed at pH 2 and the control preparations 
were exposed to this acidic condition alone. The 
values presented are means ± SEM. *P < 0.05 
compared to the control value.
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thicker	after	exposure	to	either	saliva	(81	±	9	µm)	
or	sodium	nitrite	(89	±	6	µm)	than	under	control	
conditions	(55	±	1	µm;	P <	0.05,	see Figure 7).

Generation	of	NO	and	S-nitrosothiols
When saliva was adjusted to a final pH of 2, 
NO	 could	 be	 detected	 in	 the	 headspace	 of	 the	
incubation	 vessel	 immediately.	 Fasting	 saliva	
poor	in	nitrite	generated	peak	NO	levels	of	55	±	4	
ppb,	whereas	nitrite-rich	saliva	gave	rise	to	6500	
±	450	ppb	 (see Figure 6).	When	 the	 samples	of	
saliva	 were	 replaced	 with	 sodium	 nitrite,	 dose-
dependent	 formation	 of	 NO	 occurred.	 The	 NO	
generated	 in	 the	 presence	 of	 nitrite-rich	 saliva	
(with a final concentration 1.1 mM) was similar to 
that	observed	with	1	mM	sodium	nitrite.	

Generation	of	NO	in	the	presence	of	nitrite-
rich	saliva	was	reduced	30-fold	upon	changing	the	
pH	from	2	to	5.5.	S-Nitrosothiols	were	also	formed	
in the presence of acidified nitrite-rich saliva, in 
amounts	that	were	10-fold	higher	at	pH	2	(650	±	
125	nM)	than	at	pH	5.5	(65	±	9	nM).	Moreover,	
intragastric	 levels	 of	 NO	 in	 rats	 were	 increased	
100-fold	by	ingestion	of	sodium	nitrate	(to	8.2	±	
3.1	ppm	versus	0.07	±	0.05	ppm	in	rats	ingesting	
NaCl;	 p<0.01).	 In	 summary,	 the	 production	 of	
NO	 and	 S-nitrosothiols	 in	 the	 gastric	 lumen	 is	
dependent	 on	 both	 the	 levels	 of	 nitrite	 in	 the	
swallowed	saliva	and	the	pH	of	the	gastric	juice.

Paper	III

Bactericidal	effects	of	saliva	and	
gastric juice
Salivary	 levels	 of	 nitrite	 were	 found	 to	 be	 0.34	
mM	after	fasting	overnight	and	3.3	mM	following	
ingestion	of	nitrate.	Both	of	 these	concentrations	
were	reduced	by	approximately	50%	upon	mixing	
with	gastric	 juice.	At	pH	3,	both	kinds	of	 saliva	
produced	bacterial	killing,	whereas	at	pH	4,	only	
nitrite-rich	 saliva	had	 such	 an	 effect	 (see Figure 
8).	
	 The	 pH-dependency	 of	 the	 bactericidal	
effect	of	different	concentrations	of	sodium	nitrite	
added	to	nitrite-depleted	saliva	was	most	obvious	
upon comparison of findings made at pH 3 and 
4.	At	pH	3,	0.1	mM	nitrite	exerted	a	bactericidal	

effect	 within	 30	 minutes;	 whereas	 at	 pH	 4,	 6	
hours	of	incubation	with	1	mM	sodium	nitrite	was	
required	in	order	to	obtain	this	same	effect.	

Nitrite-depleted	 saliva	 supplemented	
with	0.1	or	1	mM	sodium	nitrite	demonstrated	a	
bactericidal	 effect	 similar	 to	 that	 of	 saliva	 poor	
or	rich	in	nitrite,	respectively.	At	pH	2,	complete	
bacterial	 killing	 occurred	 within	 10	 minutes	
irrespective	 of	 the	 level	 of	 nitrite;	 whereas	 at	
pH	 5,	 only	 minor	 inhibitory	 effects	 on	 bacterial	
growth	were	seen	and	then	only	with	the	highest	
concentration	(1	mM)	of	sodium	nitrite	tested.	



0 10 min 30 min 2 h 6 h
10 2

10 3

10 4

10 5

10 6

10 7

10 8

nitrite-rich saliva
nitrite-poor saliva

nitrite-rich saliva
nitrite-poor saliva

pH 3

pH 4

Incubation time

Number of viable bacteria 

remaining (CFU/ml)

 

 

 

 

Fig 8
Time-dependent growth of E.coli ATCC 25922 in a mixture of gastric juice and saliva 
poor or rich in nitrite (collected after overnight fasting or nitrate ingestion (10 mg/
kg), respectively) at pH 3 and 4. The data shown are medians (interquartile ranges) 
of 4 independent experiments. The dotted lines indicate a 99.9% (1000-fold) decrease 
from the initial number of colony-forming units (CFU), which was defined here as a 
bactericidal effect
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Formation	of	NO	and	nitroso/nitrosyl	
species	in	the	presence	of	saliva	and	
gastric juice
The	peak	headspace		levels	of	NO	were	nearly	10-
fold	 higher	 in	 the	 presence	 of	 nitrite-rich	 saliva	
compared	to	saliva	low	in	nitrite,	both	at	pH	3	(319	
(283-364)	 versus	 43	 (41-50)	 ppm,	 respectively)	
and	 pH	 5	 (23.6	 (16.5-28.3)	 and	 3.1	 (2.3-4.5)	
ppm,	 respectively).	A	corresponding	pattern	was	
observed	with	regards	to	the	formation	of	nitroso/
nitrosyl	 species	 at	 both	 pH	 3	 (875	 (665-1140)	
versus	71	(56-90)	nM,	respectively)	and	pH	5	(43	
(35-71)	versus	25	(10-39)	nM,	respectively).	

Kinetic	 measurements	 revealed	 the	
immediate	 presence	 of	 NO	 in	 the	 headspace	 of	
the	purged	vessel,	with	the	levels	peaking	within	
5	minutes	and	declining	exponentially	thereafter.	
Nitrite-rich	 saliva	 generated	 a	 peak	 level	 3-fold	
higher	than	obtained	with	saliva	poor	in	nitrite	and	
this	higher	output	of	NO	was	sustained	throughout	
the	entire	period	of	incubation.

The	stomach	model

Exposure	 to	 a	 mixture	 of	 sodium	 nitrite	 and	
ascorbic	acid	effectively	killed	E. coli	in	the	gastric	
juice	at	pH	3-5	within	6	hours	(see Figure 9).	In	
contrast,	when	exposed	to	ascorbic	acid	alone	this	
same	bactericidal	effect	was	reached	only	after	24	
hours	 at	 pH	 3	 and	 the	 bacteria	 remained	 viable	
after	 this	 same	 period	 at	 pH	 4	 or	 5.	 No	 effects	
on	 bacterial	 growth	 were	 noticed	 under	 any	 of	
these	conditions	 at	pH	6.	Control	measurements	
confirmed that the pH of these mixtures in gastric 
juice	 remained	 unchanged	 during	 the	 course	 of	
these	experiments.

The	mixture	of	sodium	nitrite	and	ascorbic	
acid	 in	 the	 retention	 cuff	 of	 our	 stomach	 model	
led	to	a	release	of	NO	and	NO

2
,	as	well	as	to	the	

formation	of	nitroso/nitrosyl	species	in	the	gastric	
juice.	 In	 all	 cases	 the	 amount	 of	 NO	 produced	
exceeded	 the	 formation	of	NO

2
.	 In	 addition,	 the	

levels	of	NO	and	NO
2
	 recovered	 in	 the	gaseous	



Fig 9
Growth of E. coli ATCC 25922 in gastric juice with and without exposure to nitrite, examined 
employing a stomach model.	A silicone catheter fitted with a retention cuff was inserted into 
an airtight plastic bag (see Figure 4a) and the retention cuff then filled (10 ml) with a mixture 
of sodium nitrite (10 mM) and ascorbic acid (10 mM) (pH 2;  black columns) or ascorbic acid 
alone (pH 2; grey columns). The numbers of viable bacteria remaining following different peri-
ods of exposure (2, 6 and 24 hours) at different pH’s (3, 4, 5 and 6) were determined. The values 
presented are medians (interquartile ranges) of 4 or 5 independent experiments. The dotted lines 
indicate a 99.9% (1000-fold) decrease from the initial number of colony-forming units (CFU), 
which was defined here as a bactericidal effect.
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compartment	 of	 this	 stomach	 model	 were	
dependent on the nature of the fluid compartment. 
The	 highest	 levels	 of	 these	 two	 gases	 were	
observed	 in	 the	 presence	 of	 water,	 with	 half	 as	
much	NO	and	1/10	as	much	NO

2
	being	detected	

in	the	presence	of	gastric	juice.	Venous	blood	also	
markedly	reduced	the	formation	of	both	NO	and	
NO

2
.	

	 The	level	of	nitroso/nitrosyl	species	detec-
ted	in	the	pooled	gastric	juice	prior	to	exposure	to	
the	 mixture	 of	 sodium	 nitrite	 and	 ascorbic	 acid	
in	the	retention	cuff	was	0.7	µM.	After	24	hours	

of	such	exposure,	this	level	had	increased	to	15.6	
(8.7-32.7)	 µM	 (p	 <	 0.004),	 while	 ascorbic	 acid	
alone	 had	 no	 effect	 (0.5	 (0.1-1.4)	 µM).	 These	
findings demonstrate that the mixture of ascorbic 
acid	and	sodium	nitrite	in	the	silicone	cuff	released	
nitrogen	oxides,	which	passed	through	the	walls	
of	the	cuff	and	exerted	bactericidal	effects	in	the	
surrounding	gastric	juice.	The	bactericidal	effect	
of	 this	 mode	 of	 NO	 delivery	 was	 somewhat	
less	 pH-dependent	 than	 the	 addition	 of	 nitrite-
containing	saliva	to	gastric	juice.
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Fig 10
Intragastric levels of nitric oxide (NO) in 8 fasting healthy volunteers and 10 intubated, un-
conscious patients receiving intensive care, as determined employing a tonometric catheter.	
For the healthy subjects, the levels of NO prior to and after 50 minutes of not swallowing sa-
liva, as well as during an intragastric infusion of nitrite (100 µM; 40 ml/hr) designed to mimic 
normal saliva production were determined. In the case of the intubated patients, baseline levels 
of NO and levels during intragastric supplementation with a sodium nitrite solution (2 mM; 50 
ml/hr) corresponding to the amount of nitrite swallowed in connection with a nitrate-rich meal 
are depicted. The lines indicate the median values.
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Evaluation	of	the	tonometric	NO	
catheters
The	 gastric	 tonometric	 catheters	 employed	 to	
quantitate	NO	were	evaluated	initially	in vitro	and	
found	 to	 provide	 reliable	 values	 in	 the	 range	 of	
NO	concentrations	normally	found	in	the	stomach	
(0.1-100	 ppm),	 with	 little	 variation	 within	 or	
between catheters (the coefficients of variation 
being	 2.2%	 and	 1%,	 respectively).	 The	 level	 of	
NO	detected	in	gas	samples	from	the	catheter	cuffs	
was	approximately	53,	86,	83	and	82%	of	the	NO	
concentration	outside	these	cuffs	following	1,	5,	10	
and	15	minutes	of	incubation,	respectively.	Since	
the	 difference	 in	 recovery	 after	 5-15	 minutes	 of	
incubation	was	negligible,	an	incubation	period	of	
5	minutes	was	chosen	for	the	in vivo	measurements	
of	NO.	

Findings in healthy subjects
Under	normal	conditions	the	intragastric	level	of	
NO	in	fasting	healthy	individuals	was	21.6	(11.4-
22.3)	 ppm	 and	 this	 value	 declined	 gradually	 to	
3.3 (2-5.2) ppm during the first period when these 
subjects	 were	 asked	 not	 to	 swallow	 their	 saliva.	
This	low	level	of	NO	rapidly	returned	to	normal	
after	 only	 a	 few	 minutes	 of	 swallowing,	 clearly	
illustrating	the	importance	of	saliva	in	maintaining	
intragastric	 levels	 of	 NO.	 Moreover,	 intragastric	
administration	 of	 an	 amount	 of	 sodium	 nitrite	
corresponding	 to	 that	 present	 in	 fasting	 saliva	
also	restored	intragastric	levels	of	NO	during	the	
period	when	saliva	was	not	being	swallowed	(see 
Figure 10).
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Fig 11
Levels of nitrite in the plasma (left axis) and of S-nitrosothiols in the gastric juice 
(right axis) of 10 unconscious, intubated patients following a 2-hour intragastric 
infusion of an amount of sodium nitrite (2 mM, 50 ml/hr) corresponding to the 
amount swallowed together with saliva following a nitrate-rich meal.	The values 
shown are means ± SEM. * P < 0.01 compared to the baseline level of gastric S-ni-
trosothiols. D= P < 0.05 compared to the baseline level of plasma nitrite. 
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Findings with intubated patients
The	baseline	intragastric	level	of	NO	in	intubated	
patients	 was	 more	 than	 200	 times	 lower	 (0.1	
(0.06-0.4)	 ppm)	 than	 that	 seen	 in	 the	 healthy	
subjects	 and	 this	 level	 increased	 almost	 1000-
fold	 as	 a	 result	 of	 intragastric	 infusion	of	 nitrite	
in	amounts	corresponding	to	the	levels	present	in	
saliva	 entering	 the	 stomach	 following	 ingestion	
of	nitrate	(see Figure 10).	After	cessation	of	this	
infusion,	 the	 intragastric	 levels	of	NO	decreased	
gradually	 within	 2	 hours	 and,	 after	 4-23	 hours,	
values	close	to	the	baseline	were	seen.	The	mean	
gastric	pH	of	these	patients	was	3.3	±	0.5	under	all	
of	these	conditions.

As	 a	 consequence	 of	 intragastric	 infusion	
of	nitrite,	 the	levels	of	nitrite	and	S-nitrosothiols	
in	 the	 gastric	 juice	 of	 our	 intubated	 subjects	
increased significantly and remained elevated for 
at	least	2	hours	after	the	infusion	was	terminated.	
Simultaneously, a significant increase in plasma 
levels	of	nitrite	 (from	0.17	±	0.03	 to	1.28	±	0.2	
µM;	 see Figure 11)	 was	 detected.	 The	 level	
of	 methemoglobin	 in	 blood	 was	 also	 elevated	
slightly	by	nitrite	infusion,	but	not	to	a	level	with	
any clinical significance. All of the hemodynamic 
parameters	 remained	 stable	 in	 these	 patients	
throughout	the	entire	period	of	investigation.
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General Discussion
In	mammalian	biology	nitrite	and	nitrate	have	long	
been	associated	with	the	formation	of	carcinogenic	
nitrosamines.	 Following	 the	 discovery	 that	 NO	
acts	as	an	important	biological	messenger,	nitrite	
and nitrate have been discussed in the scientific 
literature	 primarily	 as	 inert	 end-products	 of	
reactions	 involving	 NO	 and,	 thereby,	 indicators	
of	 NO	 production.	 However,	 in	 recent	 years	
emerging	evidence	indicates	that	these	anions	have	
important	 implications	 for	 several	 physiological	
processes	 involved	 in	 cardiovascular	 function25,	

37,	49,	67,	69,	91,	105,	127,	150,	160	and	host	defenses	against	
pathogens.14,	48,	50,	58,	126,	194	Indeed,	 the	distribution	
of	nitrite	in	tissues	throughout	the	body	represents	
a	 considerable	 source	 of	 NO	 and	 it	 has	 even	
been	advocated	 that	nitrite	 itself	acts	a	signaling	
molecule.25	In	the	present	thesis	we	have	examined	
the	role	of	nitrite	in	vasoregulation	and	in	gastric	
host	defence	against	bacteria.	

We	 observed	 that	 under	 acidic	 conditions	
nitrite	causes	vasodilation	resembling	that	occurring	
during	metabolic	acidosis,	as	well	as	under	normal	
conditions	 in	 the	 gastric	 lumen.	 Furthermore,	
mucus	production	in	the	stomach	is	enhanced	in	
response	 to	salivary	nitrite,	which,	 together	with	
mucosal	 vasodilation,	 provides	 major	 protection	
for	the	gastric	mucosa.	Moreover,	salivary	nitrite	
in	human	gastric	juice	exerts	bactericidal	effects	at	
physiologically	relevant	pH	levels.	

These	 protective	 effects	 of	 salivary	 nitrite	
become	even	more	interesting	in	connection	with	
our finding that intubated, critically ill patients, 
who,	 for	 several	 reasons	 do	 not	 swallow	 their	
saliva,	 have	 virtually	 no	 gastric	 NO.	 A	 normal	
gastric	 level	 of	 NO	 is	 rapidly	 restored	 in	 these	
individuals	by	intragastric	administration	of	nitrite,	
which	also	results	in	increased	levels	of	gastric	S-
nitrosothiols and plasma nitrite. This latter finding 
is	 of	 particular	 interest	 in	 light	 of	 recent	 reports	
that	when	administered	systemically,	nitrite	exerts	
a	 protective	 role	 in	 connection	 with	 ischemia/
reperfusion	injury.	

Together,	our	observations	clearly	illustrate	
the	 physiological	 relevance	 of	 NO	 generation	
from	 nitrite,	 as	 a	 complement	 to	 enzymatic	
generation,	 with	 respect	 to	 vasoregulation	 and	
host gastric defenses. Below, our specific findings 
are	discussed	in	greater	detail.

nitrite and vasoregulation

We report here that acidified nitrite causes dose-
dependent	vasorelaxation	in	rat	aorta	preparations	
in vitro,	as	well	as	in	the	rat	gastric	mucosa.	It	is	
well	 known	 that	 under	 acidic	 conditions	 nitrite	
is	 converted	 chemically	 to	 NO,	 a	 fact	 which	
has	 been	 utilized	 to	 generate	 NO	 for	 various	 in 
vitro	 experiments.	 However,	 in	 such	 studies	 the	
concentrations	of	nitrite	and/or	pH	value	employed	
have	 generally	 been	 far	 outside	 their	 normal	
physiological	ranges.63	In	contrast,	 in	connection	
with	the	studies	described	in	Paper	I,	vasodilatory	
effects	were	obtained	with	low	micromolar	levels	
of	nitrite,	with	threshold	effects	at	approximately	
2-3	µM.	In	this	context	 it	 is	 important	 to	realize	
that the blood flow is proportional to the fourth 
power	of	the	vessel	radius,	so	that	small	changes	
in vessel tension are associated with significant 
changes in blood flow in vivo.	

Nitrite	 is	 present	 in	 most	 tissues	 at	 levels	
that	 are	 dependent	 on	 several	 factors,	 including	
species,	 tissue	 type,	 the	 level	 of	 NOS	 activity	
expressed	 there	 and	 diet.	 Furthermore,	 different	
assay	 procedures	 may	 result	 in	 apparently	
different	values.	Employing	a	chemiluminescence	
assay	similar	to	ours,	Rodrigues	and	coworkers155	
found	 approximately	 10	 µM	 nitrite	 in	 rat	 aorta.	
Compared	to	tissue	concentrations,	nitrite	levels	in	
plasma	and	erythrocytes	are	generally	much	lower	
(e.g.,	120	and	190	nM,	respectively).107	Although	
we	 did	 not	 measure	 tissue	 levels	 of	 nitrite	 here,	
it	is	highly	probable	that	these	levels	are	of	even	
greater	 importance	 for	 effects	 obtained	 under	
acidic	conditions.	The	pH	of	our	acidic	buffer	was	
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maintained	at	6.6	in	order	to	resemble	a	situation	
of	metabolic	acidosis,	but	still	remain	within	the	
physiologically	 relevant	 range.	 For	 comparison,	
during	exercise	the	pH	in	muscle	decreases	to	6.4-
6.5190	and	the	pH	in	the	ischemic	rat	heart	may	be	
as	low	as	5.9.197	

Although	 it	 might	 be	 expected	 that	 the	
amount	of	nitrite	normally	present	in	aortic	tissue	
would be sufficient in itself to evoke a vasodilatory 
response	 under	 acidic	 conditions,	 this	 was	 not	
found	 to	 be	 the	 case	 here.	 It	 is	 reasonable	 to	
assume	that	aortic	levels	of	nitrite	were	decreased	
by	 inhibition	 of	 NOS	 with	 L-NAME	 and	 by	
equilibration	 with	 the	 buffer	 solution	 during	 the	
recovery	phase	preceding	commencement	of	 the	
experiments.	Another	 possible	 explanation	 is,	 of	
course,	that	aortic	tissue	pH	was	not	as	low	as	the	
pH	of	the	surrounding	medium.	

The	vasodilatory	effects	of	nitrite	observed	
here	 were	 apparently	 mediated	 by	 NO,	 since	
the extent of NO production was significantly 
correlated	 to	 the	 vascular	 effects,	 these	 effects	
involved	signalling	by	cGMP	and	administration	
of	the	NO-donor	SNAP	produced	similar	results.	
Moreover,	 augmentation	 of	 these	 effects	 by	
ascorbic	acid,	which	is	not	itself	a	vasorelaxant,54	
but	 which	 enhances	 NO	 production	 from	 nitrite	
under	acidic	conditions,12	supports	our	conclusion	
that	NO	was	the	immediate	mediator.	Ascorbic	acid	
is	also	known	to	help	preserve	NO	levels	during	
hypoxia	 and	 under	 post-ischemic	 conditions	 by	
scavenging	 superoxide.	 The	 concentration	 of	
ascorbic	acid	employed	 in	Paper	 I	was	0.5	mM,	
which	is	higher	than	the	levels	observed	in	human	
plasma	 (about	 0.05	 mM),	 but	 lower	 than	 those	
detected	intracellularly	(2	mM).98,	116

Other studies have confirmed the 
vasodilatory	 action	 of	 physiological	 levels	 of	
nitrite	on	ring	segments	of	the	pulmonary	artery41	
and	on	preparations	of	aorta	from	rat	and	rabbit,	
under	both	normoxic	and	hypoxic	conditions.37,	38	
Moreover,	Cosby	and	coworkers37	showed	recently	
that blood flow in the human forearm can be 
increased	by	infusion	of	nitrite	at	a	concentration	
(i.e.,	 2.5	 µM)	 similar	 to	 those	 we	 used	 here.	
However,	our	experiments	were	performed	in	the	
absence	 of	 blood	 and,	 since	 oxyhemoglobin	 in	
red	blood	cells	acts	as	an	effective	scavenger	of	

NO,	the	levels	of	NO	we	employed	might	not	be	
directly	comparable	to	those	used	by	Cosby	et al.	

On	 the	 other	 hand,	 the	 half-life	 of	 NO	 in	
blood	 may	 be	 longer	 than	 previously	 believed.	
The	presence	of	an	erythrocyte-free	zone	along	the	
walls	of	blood	vessels,89,	120	as	well	as	mechanisms	
which	limit	diffusion	of	NO	across	the	erythrocyte	
membrane122	may	hinder	contact	of	this	molecule	
with	 oxyhemoglobin.	 Interestingly,	 recent	
findings suggest that under hypoxic conditions 
deoxygenated	hemoglobin	may	actually	function	
as	a	nitrite	reductase,	thereby	producing	NO	from	
nitrite	 and	 enhancing	 its	 vasodilatory	 action.46,	

68,	 142	 Crawford	 and	 colleagues38	 observed	 that	
the	capacity	of	hemoglobin	to	reduce	nitrite	was	
maximal	at	50%	saturation	with	oxygen,	indicating	
the	 existence	 of	 a	 link	 between	 the	 degree	 of	
saturation	 of	 hemoglobin,	 on	 the	 one	 hand,	 and	
nitrite	 reduction	 and	 vasodilation,	 on	 the	 other.	
Other	 heme-containing	 proteins	 also	 have	 the	
capacity	 to	 reduce	 nitrite	 to	 NO	 and	 myoglobin	
present	in	vascular	smooth	muscle	cells	may	thus	
have	 contributed	 to	 the	 generation	 of	 NO	 under	
our	experimental	conditions.4	

It	appears	clear	that	the	nitrite	present	both	
in	tissues	and	in	the	vascular	compartment	plays	
an	important	role	in	connection	with	vasodilation	
under	 acidic	 and/or	 hypoxic	 conditions.	 Under	
such	 conditions	 several	 reductive	 pathways	
in	 addition	 to	 acidic	 protonation,	 including	
xanthine	 oxidoreductase119,	 135,	 184	 and	 enzymes	
in	 the	mitochondrial	 respiratory	chain,110,	144	may	
be of significance in the conversion of nitrite to 
NO.	 These	 latter	 systems,	 which	 are	 activated	
under	 ischemic	and	hypoxic	conditions,	may	act	
partially	in	synergy	with	the	chemical	conversion	
of	nitrite	 to	NO.	 It	 seems	 reasonable	 to	propose	
that	 these	 different	 pathways	 for	 NO	 generation	
function	optimally	at	different	redox	levels,	so	that	
their	 relative	 importance	 in	 this	 connection	may	
vary	 along	 an	 oxygen	 gradient.	 Further	 studies	
are	 required	 in	 order	 to	 determine	 the	 relative	
significance of these different mechanisms under 
various	 physiological	 and	 pathophysiological	
conditions.	

Ingestion	 of	 inorganic	 nitrite	 by	
spontaneously	hypertensive	rats	can	reduce	 their	
blood	pressure13,	34,	74	and	very	recent	studies	have	
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provided	evidence	for	formation	of	NO	following	
such	oral	ingestion.176,	177	Moreover,	it	was	recently	
shown	 that	 ingestion	of	 nitrate	 increases	plasma	
levels	of	nitrite.125 This latter finding indicates that 
ingestion	of	certain	food-stuffs	rich	in	nitrate,	such	
as	leafy	green	vegetables,	may	result	in	systemic	
delivery	of	NO.	However,	for	this	to	happen	it	is	
necessary	that	bacteria	in	the	oral	cavity	convert	
salivary	nitrate	to	nitrite,	since	mammals	express	
no	 enzyme	 capable	 of	 catalyzing	 this	 reduction.	
This	situation	highlights	the	remarkable	symbiotic	
relationship	between	humans	and	bacteria	 in	 the	
oral	cavity.	

NOS-independent	 production	 of	 NO	
through	the	chemical	reduction	of	nitrite	must	be	
considered	as	a	major	source	of	NO	in	the	human	
body.	 It	 has	 been	 estimated	 that	 the	 total	 NOS-
dependent	production	of	NO	in	man	is	1–2	mmol/
day.103	Assuming	a	production	of	one	liter	of	saliva	
daily,	a	mean	salivary	nitrite	concentration	of	200	
µM	and	virtually	complete	conversion	of	nitrite	to	
NO	in	the	stomach,	it	can	be	calculated	that	almost	
0.2	mmol	NO	is	generated	in	this	fashion	each	day	
(i.e.,	as	much	as	20%	of	the	total	NOS-dependent	
production).	In	connection	with	nitrate-rich	meals,	
the	contribution	from	this	pathway	would	be	even	
greater.	This	link	between	diet	and	the	bioactivity	
of	nitrite	could	have	a	major	impact	on	our	views	
on	 diet	 with	 respect	 to	 normal	 physiological	
processes	 and	 in	 relationship	 to	 cardiovascular	
disease.	

salivary nitrite and gastric 
protection

Human	 saliva	 containing	 nitrite	 has	 been	
demonstrated here to enhance the blood flow 
and	 thickness	 of	 the	 protecting	 mucus	 layer	 in	
the	 gastric	 mucosa,	 as	 well	 as	 to	 potentiate	 the	
bactericidal	 action	 of	 gastric	 juice.	 These	 host	
defense mechanisms are thus influenced by salivary 
levels	of	nitrite	and	are	likely	to	be	mediated	by	
nitrogen	 oxides,	 including	 NO,	 generated	 by	
chemical	reduction	of	nitrite	in	the	acidic	gastric	
environment.	

As	 shown	 in	 Paper	 IV,	 the	 continuous	
delivery	of	saliva	containing	nitrite	to	the	stomach	
is	mandatory	for	the	maintenance	of	normal	gastric	
levels of NO. Acidification of nitrite results in the 

formation	 of	 nitrous	 acid,	 which	 subsequently	
decomposes	 to	 a	 variety	 of	 nitrogen	 oxides,	
including	 NO.	 Accordingly,	 the	 gastric	 level	 of	
NO	in	healthy	subjects	was	reduced	substantially	
after	 a	 period	 when	 they	 did	 not	 swallow	 their	
saliva.	 Under	 normal	 fasting	 conditions,	 these	
NO	 levels	 are	 in	 the	 range	 of	 20	 ppm	 and	 they	
are elevated significantly to >100 ppm by nitrate 
ingestion,133	 both	 of	 these	 levels	 being	 several	
orders	 of	 magnitude	 higher	 than	 those	 required	
for	vasodilation.127	Its	small	molecular	radius	and	
uncharged	 nature	 allow	 NO	 to	 readily	 penetrate	
both	 hydrophilic	 and	 hydrophobic	 structures,	
enabling	luminal	NO	to	enter	and	affect	mucosal	
and	submucosal	structures.40

Blood flow in the gastric mucosa 
The blood flow in the gastric mucosa is enhanced 
by	 the	 presence	 of	 nitrite-rich	 saliva	 (collected	
following	ingestion	of	nitrate)	in	the	acidic	lumen,	
whereas	saliva	from	fasting	individuals	and	poor	
in	nitrite	has	no	such	effect.	Furthermore,	sodium	
nitrite	alone	evokes	similar	vasodilatory	responses	
with	 a	 similar	 dose-dependency,	 suggesting	
that	 nitrite	 is	 the	 component	 responsible	 for	 the	
vasodilatory	action	of	saliva.	Moreover,	the	active	
mediator	of	this	action	is	likely	to	be	NO,	since	the	
effects	 are	 dependent	 on	 cGMP,	 associated	 with	
NO	 formation	 and	 mimicked	 by	 the	 NO-donor	
DETA/NONOate.

NO	 and	 prostaglandins	 are	 the	 two	 major	
mediators	 of	 the	 elevations	 in	 gastric	 mucosal	
blood flow evoked by various stimuli.136,	182	In	our	
model	system,	inhibition	of	prostaglandin	synthesis	
by indomethacin decreased this blood flow by 
approximately	30	%,84	while	topical	application	of	
an	analogue	of	prostacyclin	resulted	in	a	25-30	%	
increase in blood flow.171	The	response	of	gastric	
mucosal blood flow to nitrite-rich saliva observed 
here	 was	 similar	 in	 magnitude,	 emphasizing	
the potential physiological significance of this 
stimulus.	

These effects of acidified nitrite appear not 
to	 involve	 activation	 of	 NOS	 or	 stimulation	 of	
the	prostaglandin	system,	since	similar	responses	
are	 obtained	 in	 animals	 pretreated	 with	 L-NNA	
or	 indomethacin,	 respectively.	 However,	 these	
effects of acidified nitrite may not be mediated by 
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NO	 alone,	 since,	 for	 example	 the	 S-nitrosothiol	
SNAP also enhances blood flow when applied 
to	 the	 luminal	 surface	 of	 the	 gastric	 mucosa.	 S-
Nitrosothiols	are	considered	to	act	as	stable	carriers	
of	NO,	lengthening	the	half-life	of	 this	mediator	
and	thereby	making	more	distal	effects,	including	
vasodilation,	possible.61

The	 stomach	 would	 seem	 to	 provide	 an	
ideal	milieu	for	the	generation	of	S-nitrosothiols,	
since	 the	 powerful	 nitrosating	 agent	 N

2
O

3
	 is	

formed	 from	 nitrite	 in	 acidic	 environments.	
Indeed,	 we	 demonstrate	 here	 that	 both	 saliva	
alone	or	 in	a	mixture	with	gastric	 juice	contains	
both	 of	 the	 substrates	 (i.e.,	 nitrite	 and	 thiols)	
required	for	S-nitrosothiols	formation	in	the	acidic	
stomach	 (Papers	 II-IV).	 In	 addition,	 thiolgroups	
in	 glycoproteins	 in	 the	 gastric	 mucus	 or	 in	 the	
glutathione	 produced	 by	 gastric	 epithelial	 cells	
may also be S-nitrosated by acidified nitrite. In our 
critically	ill	patients	a	pronounced	and	prolonged	
increase	 in	 gastric	 levels	 of	 S-nitrosothiols	 was	
caused	by	intragastric	administration	of	nitrite.	

As	described	earlier,	pentagastrin	has	been	
used	 to	 stimulate	 gastric	 acid	 secretion	 in	 our	
rat	 model.85	 Protective	 gastric	 mechanisms	 are	
potentiated	 when	 acid	 secretion	 is	 enhanced,	
e.g.,	bicarbonate	production	increases	in	parallel,	
protecting	 the	 mucosa	 by	 neutralizing	 luminal	
acid.	Of	interest	in	this	connection	is	the	fact	that	
luminal	generation	of	NO	from	nitrite	is	augmented	
as	the	pH	decreases,	thereby	probably	potentiating	
NO-dependent	 gastroprotective	 mechanisms	 as	
the	acidity	increases.

Production of gastric mucus 
The	 mucus	 barrier	 in	 the	 stomach	 consists	 of	
an	 outer	 layer	 that	 can	 be	 removed	 by	 gentle	
suction and an inner, more firmly adherent layer 
that remains after such a maneuver. This firmly 
adherent	 layer	protects	 the	epithelium	 from	acid	
back-diffusion	and	is	an	important	part	of	gastric	
mucosal	 defenses.148	 In	 our	 model	 nitrite-rich	
saliva	 and	 sodium	 nitrite	 alone	 both	 stimulate	
mucus production, significantly enhancing 
the	 thickness	 of	 the	 inner	 layer	 of	 mucus.	 The	
molecular	 mechanism	 underlying	 this	 effect	
remains	unclear,	but	other	NO	donors	have	been	
reported	to	elevate	mucus	secretion	via	a	cGMP-

dependent	 mechanism,22,	 23,	 93	 indicating	 that	 NO	
is	 probably	 the	 active	 mediator	 involved	 in	 our	
system	as	well.

Bactericidal	effects
The	 proposed	 bactericidal	 effects	 of	 nitrite-
containing	saliva	were	tested	here	on	E.coli	bacteria	
employing	 two	 different	 procedures,	 i.e.,	 direct	
mixing	of	saliva	in	gastric	juice	or	production	of	
NO	 in	a	 silicone	cuff	 and	 its	 subsequent	 release	
into	 gastric	 juice	 (the	 stomach	 model	 described	
in Paper III). The first approach mimics natural 
swallowing	of	saliva,	while	the	second	represents	
a	potential	therapeutic	method	for	delivery	of	NO	
to	the	gastric	lumen	independently	of	the	gastric	
pH.	In	both	cases	E.coli	in	gastric	juice	were	killed	
at	physiologically	relevant	pH’s.	

Direct	 mixing	 of	 nitrite-rich	 saliva	 in	
gastric	juice	increases	the	bactericidal	potency	of	
this	 juice	 at	 pH	 3	 and	 4.	 Nitrite-depleted	 saliva	
supplemented	with	sodium	nitrite	produces	similar	
effects,	but	does	not	alter	the	effects	of	gastric	juice	
alone	at	pH	2	and	5.	In	contrast,	production	of	NO	
from	nitrite	and	ascorbic	acid	 inside	 the	silicone	
cuff	 and	 its	 subsequent	 diffusion	 potentiates	 the	
bactericidal	 effects	 of	 the	 surrounding	 gastric	
juice	at	pH	3-5,	although	not	at	pH	6.	The	bacterial	
killing promoted by acidified nitrite in both of 
these	 models	 is	 thus	 most	 pronounced	 at	 pH	
values	normally	present	in	the	stomach	following	
food	 intake,	 in	connection	with	which	 there	 is	a	
risk	for	parallel	ingestion	of	bacteria.	The	results	
obtained	 with	 the	 silicone	 cuff	 indicate	 that	 this	
mode	of	delivery	might	be	useful	 in	 the	case	of	
critically	ill	patients	in	whom	gastric	pH	may	be	
elevated	 due	 to	 endogenous	 or	 pharmacological	
suppression	of	acid	secretion.	Indeed,	very	recent	
work	by	Ghaffari	 and	colleagues66	 indicates	 that	
at	concentrations	similar	to	those	obtained	in	our	
patients	following	nitrite	supplementation,	gaseous	
NO	kills	a	variety	of	bacteria.

In	addition	to	the	NO	formed	in	these	two	
model	 systems,	 we	 also	 detected	 production	
of	 NO

2
	 and	 nitroso/nitrosyl	 species,	 indicating	

that	 NO	 which	 diffuses	 out	 of	 the	 silicone	 cuff	
undergoes	further	reactions	in	the	gastric	juice.	It	
is	well	known	that	under	acidic	conditions	nitrite	
gives	 rise	 to	 many	 reactive	 nitrogen-containing	
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intermediates,	some	of	which	are	potent	oxidizing	
agents.	The	identity	of	the	reactive	intermediates	
responsible	 for	 the	bactericidal	 effects	described	
here	has	not	yet	been	determined,	but	it	is	highly	
probable	that	several	species	work	in	concert	to	kill	
bacteria.	The	numerous	microbial	targets	for	attack	
by	reactive	nitrogen	intermediates	include	DNA,	
proteins	 and	 lipids.56,	 126	 The	 existence	 of	 such	
multiple targets should make it more difficult for 
bacteria	to	develop	resistance	towards	nitrosative	
stress.	 It	 is	 interesting	 to	note	 that	bacteria	have	
been	 subjected	 to	 this	 kind	 of	 nitrosative	 stress	
from	white	blood	cells	during	evolutionary	periods	
of	 time	 and,	 consequently,	 certain	 bacteria	 have	
developed	defense	mechanisms	against	such	stress,	
involving, e.g., flavohemoglobin, flavorubredoxin 
and	cytochrome	c	nitrite	reductase.151	Accordingly,	
the	 sensitivity	 of	 different	 microbial	 pathogens	
to	 reactive	 nitrogen	 intermediates	 varies	
considerably.56,	151	

It has been shown previously that acidified 
nitrite	is	more	potent	than	acid	alone	with	respect	
to	killing	a	variety	of	different	bacteria.5,	14,	15,	50,	58,	

145,	147,	187,	188,	194	However,	our	present	investigations	
represent the first demonstration of such an effect 
by	saliva	mixed	with	gastric	juice,	a	set-up	designed	
to	 mimic	 the	 situation	 in	 the	 gastric	 lumen.	 A	
natural	next	step	is	to	examine	this	phenomenon	
in	 patients	 with	 infections.	 Since	 salivary	 levels	
of	nitrite	 are	highly	dependent	on	nitrate	 intake,	
dietary	 considerations	will	 play	 a	 central	 role	 in	
such	studies.

our studies on Humans

In light of the above discussion, our finding that 
intubated	ICU	patients	have	almost	no	gastric	NO	
is	of	particular	interest.	Since	both	the	gastric	pH	
and	salivary	levels	of	nitrite	in	these	patients	are	
similar	to	those	found	in	healthy	individuals,	their	
low	levels	of	NO	can	most	likely	be	explained	by	
the	fact	that	they	do	not	swallow	their	saliva.	Thus,	
intubated	patients,	receiving	mechanical	ventilation	
are	deprived	of	their	natural,	ongoing	delivery	of	
nitrite-containing	 saliva	 to	 the	 stomach.	 At	 the	
same	 time,	 intragastric	 administration	 of	 nitrite	
could	readily	restore	their	gastric	levels	of	NO	to	
those	 present	 in	 healthy	 subjects.	 It	 is	 tempting	
to	 speculate	 that	 this	 absence	 of	 swallowed	

salivary	nitrite	contributes	to	the	gastric	mucosal	
vulnerability	and	bacterial	overgrowth	commonly	
seen	 in	 such	 patients	 and	 that	 supplementation	
with	nitrite	directly	into	their	gastric	lumen	might	
potentiate	 mucosal	 protective	 mechanisms	 and	
bacterial	killing.	

Indeed,	 the	gastric	pH	 in	our	patients	was	
sufficiently low to generate a more than 1000-fold 
increase	in	NO	levels	following	direct	intragastric	
administration	of	sodium	nitrite.	The	rate	of	nitrite	
administration	 was	 chosen	 here	 to	 mimic	 the	
conditions	 present	 following	 a	 nitrate-rich	 meal	
and	the	levels	of	NO	obtained	were	comparable	to	
those	seen	in	healthy	subjects	after	nitrate	ingestion.	
However,	 the	common	practice	of	 treating	 these	
patients	with	drugs	that	suppress	acid	secretion	in	
order	 to	 prevent	 ulcers	 elevates	 their	 gastric	 pH	
and	thereby	attenuates	the	chemical	reduction	of	
the	nitrite	administered.	For	this	reason,	delivery	
of	 NO	 from	 a	 silicone	 catheter	 cuff	 containing	
nitrite	and	ascorbic	acid	may	be	more	effective	in	
such	patients,	as	discussed	above.	

It	has	been	proposed	that	suppression	of	acid	
secretion	 may	 facilitate	 gastric	 colonization	 by	
bacteria,	as	well	as	the	development	of	ventilator-
associated	pneumonia	in	critically	ill	patients.175	If	
so,	this	is	probably	due	to	the	increase	in	gastric	pH,	
but	the	associated	reduction	in	gastric	production	
of	NO	may	also	be	involved.	Such	considerations	
are	probably	relevant	for	other	groups	of	patients	
as	 well,	 since	 an	 extensive	 epidemiological	
investigation	 recently	 revealed	 that	 treatments	
that	suppress	gastric	acid	secretion	are	associated	
with	an	increased	risk	for	developing	community-
acquired	pneumonia.113	

One	 might	 predict	 that	 the	 nitrite	
concentration	 in	 the	 saliva	 of	 intubated	 patients	
would	 be	 reduced	 as	 a	 result	 of	 the	 fact	 that	
parenteral	 and	 enteral	 feeding	 formulas	 contain	
only	 very	 small	 amounts	 of	 nitrate	 and	 nitrite.	
Thus,	such	cristalloid	solutions	contain	<	0.5	µM	
nitrate	and	<50	nM	nitrite,	while	enteral	formulas	
contain	 <	 40	 µM	 nitrate	 and	 <	 200	 nM	 nitrite	
(unpublished	 data).	 Moreover,	 such	 patients	 are	
often	 treated	 with	 broad-spectrum	 antibiotics,	
which	 are	 known	 to	 reduce	 bacterial-dependent	
nitrate	reduction	in	the	mouth.44	
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Nonetheless,	the	level	of	nitrite	in	the	saliva	
of	our	intubated	patients	did	not	differ	from	that	
in	healthy	subjects.	Interestingly,	plasma	levels	of	
nitrate	and	nitrite	in	these	patients	were	also	in	the	
normal	range,	despite	their	very	low	dietary	intake	
of	these	anions.	This	situation	might	be	explained	
by	 a	 concomitant	 increase	 in	 NOS	 activity	 in	
these	 critically	 ill	 patients.137	 In	 addition,	 the	
lack	of	normal	salivary	turnover	in	these	patients	
may	have	resulted	in	prolonged	incubation	of	the	
saliva	in	the	oral	cavity	and,	thus,	more	extensive	
accumulation	of	nitrite.	

In	 our	 investigations	 gastric	 levels	 of	 NO	
was	 measured	 in	 humans	 employing	 a	 newly	
developed	 tonometric	 catheter	 that	 makes	
repeated	determinations	possible.	Tonometry	has	
previously	 been	 utilized	 for	 the	 determination	
of	 NO	 in	 compartments	 other	 than	 the	 gastric	
lumen.30,	52,	79,	162	In	this	procedure	NO	in	the	gastric	
lumen	is	allowed	to	equilibrate	with	NO-free	air	
in	 the	 silicone	 cuff	 and	 is	 then	 withdrawn	 and	
analyzed	directly	by	chemiluminescence.	Control	
experiments	demonstrated	that	such	equilibration	
is	 reached	 within	 as	 little	 as	 5	 minutes	 and	 is	
associated	with	high	recovery	(>80%),	independent	
of	the	NO	concentration	present.

Other	methods	developed	for	the	quantitation	
of	gastric	NO	include	measurements	 in	expelled	
air,123 insufflation and subsequent aspiration 
of	 intragastric	 gas,100,	 133	 and	 gas	 dialysis.198	 In	
our	 hands	 the	 catheter	 proved	 to	 be	 feasible	
and	 relatively	 simple	 for	 performing	 repeated	
measurements	 of	 gastric	 NO	 in	 patients.	At	 the	
same	 time,	 the	 catheter	 can	 be	 used	 in	 parallel	
as	 a	 routine	 nasogastric	 tube	 and,	 furthermore,	
the	catheter	cuff	can	be	utilized	to	deliver	NO,	as	
described	in	our	stomach	model	(Paper	III).	

The	pronounced	and	sustained	elevation	of	
the	gastric	levels	of	S-nitrosothiols	in	our	intubated	
patients	 following	 intragastric	 infusion	 of	 nitrite	
(Paper	 IV)	 is	 of	 considerable	 potential	 clinical	
interest.	 Recently,	 Richardson	 et al.154	 detected	
a	 similar	 (although	 less	 pronounced)	 increase	
in	 gastric	 levels	 of	 S-nitrosothiols	 in	 humans	
following	 nitrate	 ingestion.	 The	 stability	 of	 S-
nitrosothiols in the gastric environment is difficult 
to	predict	and	depends	on	the	levels	of	metal	ions	
and	 reducing	 agents	 (such	 as	 ascorbic	 acid	 and	

glutathione)	present,	as	well	as	the	chemical	nature	
of	the	thiol	itself.83	However,	it	seems	likely	that	
some	of	the	S-nitrosothiols	formed	in	the	stomach	
will	 subsequently	 enter	 the	 intestines,	 where	
they may exert a potentially beneficial influence 
on	 mucosal	 integrity	 in	 situations	 of	 oxidative	
stress.83	

In	 addition,	 following	 intragastric	
administration	 of	 nitrite,	 there	 was	 a	 6-fold	
increase	in	the	level	of	plasma	nitrite,	which	may	
serve	as	a	 source	 for	NO.	The	amount	of	nitrite	
administered	to	our	patients	was	similar	to	those	
which	 produce	 impressive	 protective	 effects	 in	
animal	models	of	ischemia/reperfusion	of	the	liver	
and	heart.49	Furthermore,	it	has	been	speculated	that	
there	is	“cross-talk”	between	NO	produced	from	
nitrite	 and	 NOS	 activity,25	 i.e.,	 that	 in	 situations	
where	systemic	 levels	of	nitrite	and	its	chemical	
conversion	to	NO	are	high,	NOS	activity	is	down-
regulated,	and	vice-versa.	In	this	manner	systemic	
nitrite	would	function	as	a	back-up	system	for	NO	
production	in	situations	where	such	production	by	
NOS	 is	 low.	 If	 this	 is	 the	 case,	 it	 could	 explain	
the finding of normal plasma levels of nitrate 
and	nitrite	in	our	intubated	patients,	despite	their	
low	dietary	intake	of	these	anions	and	absence	of	
swallowing.	

There	 are	 other	 putative	 gastric	 effects	 of	
luminal	NO	as	well.	The	pyloric	sphincter	plays	an	
important	role	in	the	regulation	of	gastric	emptying97	
and	NO	released	from	NANC	neurons	is	known	to	
be	involved	in	regulating	both	the	relaxation	of	this	
sphincter	and	gastric	accommodation.170	Thus,	the	
impaired	 accommodation	 associated	 with	 post-
infectious	 functional	 dyspepsia	 is	 improved	 by	
administration	NO-donors77	and	pyloric	relaxation	
following gastric distension is reduced significantly 
by	inhibitors	of	NOS.	Moreover,	NO	is	involved	in	
relaxation	of	the	lower	esophageal	sphincter20	and,	
possibly, in the oesophago-salivary reflex.31	Future	
studies	will	reveal	the	relative	importance	of	NO	
produced	from	nitrite	and	by	NOS	in	connection	
with	such	effects	on	the	stomach.

The	 reactions	 of	 nitrate	 and	 nitrite	 in	 the	
gastric	 environment	 can	 result	 in	 formation	
of	 N-nitrosamines,	 which	 have	 been	 shown	 to	
transform	 cells	 in	 culture	 and	 cause	 cancer	 in	
animals.64	Humans	are	also	exposed	to	preformed	
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N-nitrosamines	 via	 our	 diet	 and	 from	 tobacco	
products.	 Certain	 investigators	 have	 proposed	
that	 the	 chemical	 reactions	 involving	 nitrite	 that	
occur	 when	 saliva	 mixes	 with	 gastric	 acid	 at	
the	 gastroesophageal	 junction	 may	 explain	 the	
occurrence	of	adenocarcinomas	at	 this	location.8,	

96,	131

The	putative	linkage	between	nitrate	intake	
and	 gastric	 cancer	 has	 led	 to	 intense	 efforts	 to	
reduce	 the	 nitrate	 content	 of	 food	 products	 and	

drinking	 water.	 However,	 there	 is	 still	 no	 clear	
evidence	 for	 such	 an	 association	 and,	 in	 fact,	
several	epidemiological	studies	have	found	either	
no	or	even	an	inverse	relationship	between	intake	of	
high	levels	of	nitrate	and	the	occurrence	of	gastric	
cancer.1,	59,	108,	134,	163,	183	Protection	might,	of	course,	
be	provided	by	vitamin	C	and	other	antioxidants	
present	in	nitrate-rich	vegetables,	but,	at	the	same	
time,	 nitrogen	 oxides	 formed	 from	 nitrite	 could	
exert beneficial effects on the stomach. 
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Fig 12
Putative gastroprotective actions of nitrite, either present in swallowed saliva or supplied by 
two different experimental procedures. 
Symbiotic bacteria in the oral cavity reduce both dietary and endogenous nitrate (NO

3
-) to 

nitrite (NO
2
-), which is then swallowed continuously along with the saliva. In the acidic gastric 

environment, nitrite is converted chemically to nitrous acid (HNO
2
) and various reactive 

nitrogen intermediates (RNIs), including nitric oxide (NO), dinitrogen trioxide (N
2
O

3
) and 

S-nitrosothiols (S-NO), all of which may exert gastroprotective actions. Critically ill patients 
with impaired swallowing may benefit from supplementation of nitrite directly into the gastric 
lumen. A low gastric pH ensures HNO

2
 formation from infused sodium nitrite; whereas at an 

elevated pH, NO may be generated instead by a solution containing ascorbic acid (AA) and 
NaNO

2
 placed inside a retention cuff attached to a catheter. 
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In	 this	 thesis	 we	 have	 described	 the	 vasoactive	
and	 gastroprotective	 effects	 of	 NO	 generated	
from nitrite and also identified a group of patients 
in	 whom	 gastric	 NO	 is	 virtually	 absent.	 Now,	 I	
would	 like	 to	 speculate	 about	 the	 consequences	
of	 the	 lack	of	gastric	NO	 in	 intubated,	 critically	
ill patients and the putative therapeutic benefits of 
intragastric	 supplementation	of	 these	 individuals	
with	nitrite.	These	patients	 are	prone	 to	develop	
stress	ulcers	and	 their	gastric	 lumens	are	rapidly	
colonized	 by	 bacteria,	 which	 may	 subsequently	
promote	the	development	of	ventilator	associated-
pneumonia.175	These	complications	are	frequently	
encountered	in	the	intensive	care	unit	and	may	be	
caused	in	part	by	the	inability	of	these	patients	to	
swallow	their	saliva	and	thereby	supply	the	stomach	
with	 nitrite	 for	 conversion	 to	 NO	 in	 the	 gastric	
lumen.	Indeed,	recent	investigations	demonstrating	
gastroprotective	effects	of	nitrate	in	animal	models	
support	 the	 importance	 of	 the	 enterosalivary	
circulation	of	nitrate	and	the	stepwise	reduction	of	
nitrite	 to	 NO	 in	 this	 context.114,	 139	 Clinical	 trials	
involving	 restoration	 of	 gastric	 NO	 in	 intubated	
patients	 through	 administration	 of	 nitrite	 should	
be	designed	to	evaluate	this	question	further.

Furthermore,	 nitrite	 appears	 to	 exert	
important	 cardiovascular	 effects,	 acting	 as	 a	
physiological	mediator	in	connection	with	hypoxic	
vasodilation,37	 mitochondrial	 respiration25	 and	
protection	 against	 ischemia-reperfusion	 injury.49	
In	 animal	 models	 nitrite	 reduces	 the	 extent	 of	
damage	to	the	heart	and	liver	following	ischemia-
reperfusion	 injury,49	 prevents	 delayed	 cerebral	
vasospasm	 after	 subarachnoidal	 hemorrhage150	
and,	when	inhaled,	attenuates	neonatal	pulmonary	
hypertension.91	 NO	 production	 from	 systemic	
nitrite	may	be	considered	to	be	a	complementary	
and/or	 “backup”	 system	 to	 NOS-dependent	 NO	
generation	and	nitrite	has	even	been	suggested	to	
be	a	mediator	in	its	own	right.	

Accordingly,	 in	 situations	 where	 NOS-
catalyzed	 formation	 of	 NO	 is	 attenuated	 by	
limited	 access	 to	 its	 co-substrate	 O

2
,	 such	 as	

during	ischemia/hypoxia,	NO	can	still	be	supplied	
via	 reduction	 of	 nitrite.	 In	 this	 way,	 nitrite	
can	 be	 regarded	 as	 a	 selective	 vasodilator	 in	
regions	 affected	 by	 ischemia/hypoxia,	 where	 an	
improvement in nutritive blood flow is needed. 
Critically	 ill	 patients	 often	 suffer	 ischemia/
reperfusion	 injury	 and	 it	 is	 not	 unreasonable	 to	
speculate that such individuals might benefit from 
having	a	normal	level	of	systemic	nitrite	in	such	
situations.	At	present,	 their	 low	dietary	intake	of	
nitrate/nitrite,	in	combination	with	reduced	gastric	
nitrite	reduction	due	to	their	inability	to	swallow	
properly,	 will	 be	 detrimental	 to	 establishing	 an	
adequate	systemic	pool	of	nitrite.	

This	discussion	concerning	nitrate/nitrite	as	a	
source	for	NO	is	probably	even	more	relevant	with	
respect	to	the	large	groups	of	individuals	suffering	
from	endothelial	dysfunction	and	impaired	NOS-
catalyzed	 production	 of	 NO,	 e.g.,	 diabetics	 and	
patients	 with	 atherosclerosis	 and	 cardiovascular	
disease.78	The	question	of	dietary	intake	of	nitrate/
nitrite	becomes	especially	intriguing	in	this	context.	
Extensive	 epidemiological	 trials	 have	 revealed	
that	a	 large	intake	of	 leafy	green	vegetables	rich	
in	 nitrate	 is	 inversely	 correlated	 to	 the	 risk	 for	
development	of		cardiovascular	disease.90	In	these	
studies	vitamins	and	antioxidants	were	proposed	
to be the beneficial dietary constituents, but it 
is	 reasonable	 to	 suggest	 that	 nitrate	 could	 be	
responsible	as	well.	

Since	 the	 long-standing	 opinion	 is	 that	
nitrate	 and	 nitrite	 are	 harmful,	 giving	 rise	 to	
carcinogens,	 and	 that	 intake	 of	 these	 anions	 in	
food	 and	 drinking	 water	 should	 be	 minimized,	
there	is	obvious	resistance	to	the	idea	that	nitrate	
and nitrite exert beneficial effects. In order to 
definitively determine the relative beneficial versus 
harmful effects of these substances, scientific 
effort	is	required	on	several	levels,	ranging	from	
experimental	mechanistic	studies	to	large	clinical	
trials.	 At	 any	 rate,	 the	 old	 historic	 notion	 that	
nitrates	 can	be	used	 to	 promote	health	 has	 once	
again returned to the scientific limelight. 
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Conclusions

In	summary,	we	have	characterized	the	production	of	NO	from	nitrite	and	the	local	effects	of		
						this	NO	on	aortic	tissue	and	in	the	stomach.

• Physiological	 levels	 of	 nitrite	 result	 in	 cGMP-dependent	 vasodilatation	 in	 aortic	
preparations,	 probably	 via	 the	 formation	 of	 NO.	 This	 effect	 is	 enhanced	 when	 the	
surrounding	 pH	 is	 reduced	 to	 levels	 observed	 in	 ischemic	 tissues,	 as	 well	 as	 by	 the	
presence of ascorbic acid. These findings suggest a role for NO generated from nitrite in 
connection	with	metabolic	vasodilation.

	
• Dietary	 ingestion	of	nitrate	 elevates	 the	nitrite	 concentration	 in	 saliva.	This	nitrite-rich	

saliva generates NO with a concomitant cGMP-dependent increase in the blood flow and 
thickness	of	 the	mucus	of	 the	gastric	mucosa.	Dietary	nitrate	may	 thus	have	 important	
gastroprotective	functions.

• Saliva	mixed	with	gastric	juice	kills	E. coli	in	a	time-	and	pH-	dependent	fashion.	At	pH	
3-4,	nitrite-rich	saliva	is	more	effective	than	nitrite-poor	saliva	in	this	respect.	The	rates	
of	 formation	of	NO	and	nitroso/nitrosyl	 species	by	 saliva	mixed	with	gastric	 juice	 are	
strongly	dependent	on	the	local	pH	and	the	nitrite	content	of	the	saliva.	

• A new approach to intragastric delivery of NO, involving acidified nitrite inside the retention 
cuff	on	a	catheter,	was	tested	in vitro.	E. coli	grown	in	gastric	juice	from	intubated	patients	
receiving	intensive	care	can	be	killed	effectively	using	this	procedure.

	
• A	tonometric	catheter	allowing	reliable	and	repeated	measurements	of	intragastric	NO	in	

humans	has	been	developed.	

• Salivary	 nitrite	 is	 reduced	 to	 a	 large	 extent	 to	 NO	 in	 the	 acidic	 gastric	 environment.	
Continuous	swallowing	of	nitrite-containing	saliva	 is	necessary	 for	 the	maintenance	of	
normal	levels	of	NO	in	the	stomach.	

• Intragastric	levels	of	NO	in	intubated	patients	are	extremely	low,	but	these	levels	can	be	
readily	restored	by	intragastric	supplementation	with	nitrite.
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And the Caravan has all my friends.
It will stay with me until the end.
Gypsy Robin, sweet Amarou, 
Tell me everything I want to know.
La la la la, la la la 
La la la la, la la la

   Van Morrison


