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Abstract

Mice lacking all three nitric oxide synthase (NOS) genes remain viable even though deletion of the major
downstream target of NO, soluble guanylyl cyclase, is associated with a dramatically shortened life expectancy.
Moreover, findings of relatively normal flow responses in eNOS knockouts are generally attributed to com-
pensatory mechanisms including upregulation of remaining NOS isoforms, but the alternative possibility that
dietary nitrite/nitrate (NOx) may contribute to basal levels of NO signaling has never been investigated. Aim:
The aim of the present study was to examine how NO signaling products (nitrosated and nitrosylated proteins)
and NO metabolites (nitrite, nitrate) are affected by single NOS deletions and whether dietary NOx plays a
compensatory role in any deficiency. Specifically, we sought to ascertain whether profound alterations of these
products arise upon genetic deletion of either NOS isoform, inhibition of all NOS activity, NOx restriction, or all
of the above. Results: Our results indicate that while some significant changes do indeed occur, they are
surprisingly moderate and compartmentalized to specific tissues. Unexpectedly, even after pharmacological
inhibition of all NOSs and restriction of dietary NOx intake in eNOS knockout mice significant levels of NO-
related products remain. Innovation/Conclusion: These findings suggest that a yet unidentified source of NO,
unrelated to NOSs or dietary NOx, may be sustaining basal NO signaling in tissues. Given the significance of
NO for redox regulation in health and disease, it would seem to be important to identify the nature of this
additional source of NO products as it may offer new therapeutic avenues for correcting NO deficiencies.
Antioxid. Redox Signal. 17, 422–432.

Introduction

Nitric oxide (NO) is a critical molecule in numerous
cell signaling pathways that is essential to maintaining

health, including host defense, neuronal communication, and
the control of vascular tone (22); in addition, it is involved in
pathophysiological mechanisms (13). Its production from L-
arginine is controlled by three distinct isoforms of NO syn-
thase (NOS), coded for by three distinct genes with discrete
cell/tissue localization, catalytic properties, regulation, and
inhibitor sensitivities (24). More recently, the role of a fourth
NO signaling source, nitrite, has become increasingly appar-
ent (3, 18). This source is of particularly interest due to its
chemical stability in vivo and because it can be derived, either
directly or via reduction of nitrate, from a normal diet. In
addition to locally produced NO itself, a circulating pool of

longer-lived NO metabolites, including nitrite, nitrate, S-
nitroso and N-nitroso species (27), can give rise to NO
following reductive bioactivation and cooperates with tissue-
bound storage forms of NO undergoing redox-activation (2, 6,
29) to contribute to overall NO availability. Although there is
ample evidence for cross-talk between these NO species, a
unifying concept of regulation and the factors that govern
their concentrations in different biological compartments is
lacking. The current view of how these different sources of
NO are related to NO signaling is represented diagrammati-
cally in Figure 1.

The two principal pathways through which NO signals
include the binding of NO to heme-containing proteins
(chemically, a nitrosylation reaction), exemplified by activa-
tion of the enzyme soluble guanylyl cyclase with production
of the second messenger cyclic GMP, and the nitrosation of
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critical sulfhydryl groups in proteins, a reaction coined ‘‘S-
nitrosylation’’. The former has long been thought to mediate
the majority of NO’s effects in physiology (22), while the latter
is believed to represent the prototypic redox-based signaling
mechanism in biology (31). In fact, NO can be considered as a
redox array of species (13), including nitrosonium (NO + )
equivalents and nitroxyl anions (NO-) in addition to the free
radical, each with a distinct biological chemistry (21, 32). NO
is also a potent antioxidant (36) as well as a regulator of cel-
lular redox status (26) and redox-based gene expression.

Many studies to date have sought to investigate the role of
NO through NOS gene-deficient (knockout) animals, including
single, double, and triple knockout mice (30). In cardiovascular
physiology, the production of NO from eNOS is critical not
only for the maintenance of vascular tone but also for its anti-
thrombotic, antiproliferative, and anti-inflammatory actions

(35). Interestingly, transgenic mice lacking a functional eNOS
gene are viable and, although mildly hypertensive, show nor-
mal flow responses in various vascular beds. These findings
have most commonly been attributed to compensatory path-
ways, including upregulation of remaining NOS isoforms,
soluble guanylate cyclase activity, and endothelial-derived
hyperpolarizing factor (12). Of particular interest was the de-
velopment of triple NOS knockouts (33). The realization that
these animals are viable is surprising given that total deletion of
the major downstream target of NO, soluble guanylyl cyclase,
is known to be associated with dramatically reduced life ex-
pectancy (19). Taken together, these findings invite questions
on the compensatory role of extra-NOS sources in maintaining
basal levels of NO signaling that ultimately may help keep total
NOS-knockouts viable.

Earlier studies have demonstrated that dietary restriction
of nitrite and nitrate (NOx) intake is associated with changes
in NO signaling products in a direction opposite to that of an
increase in nitrite and/or NO availability (3). Conversely,
blood levels of nitrosyl hemoglobin increase when mice are
fed a nitrate-rich diet (5). The aim of the current study was to
investigate whether compensatory reactions take place in
NOS-deficient animals fed a low-NOx diet. Rather than
addressing this question from the perspective of physiological
or cell signaling responses, as has been followed in the past,
our present study focuses on the alterations in NO signaling
products (nitrosated, nitrosylated proteins) and NO metabo-
lites (nitrite, nitrate) found in these animals, species known to
be associated with NO bioactivity (and elevated following, for
example, genetic eNOS overexpression (8), iNOS upregula-
tion in inflammation (7), nitrite elevation (3), and NO inha-
lation (23)). Towards that goal our aim was to ascertain
whether significant alterations of these products take place
upon: i) genetic deletion of each of the three NOS isoforms; ii)
inhibition of all NOS activity; iii) restriction of dietary NOx
intake; or iv) all of the above. Surprisingly, we find that none
of these interventions eliminates NO signaling, leading us to
conclude that a new source of NO is at play. This new source
of NO signaling products may offer an explanation as to why
triple knockout mice remain viable by suggesting the in-
volvement of additional mechanisms to maintain basal NO
levels.

Results

Effect of eNOS, nNOS, and iNOS gene deletion
on protein-bound NO and NOx levels

Basal levels of protein-bound NO products found in nNOS,
iNOS, and eNOS knockout mice, here collectively expressed
as ‘‘total nitrosylation’’ products’’, are shown in Figure 2 (left
panels). Individual steady-state concentrations of S-
nitrosothiol, N-nitrosamines and NO-heme concentrations in
tissues can be found in Supplementary Figure 1 online (sup-
plementary data are available online at www.liebertonline
.com/ars). Compared to WT, total nitroso and nitrosyl levels
changed little with specific removal of a single NOS isoform,
with the exception of nNOS - / - animals displaying lower
brain nitros(yl)ation products ( p < 0.05). If one calculates global
plasma and tissue NO metabolite concentrations, adjusted for
wet weight (see Fig. 2, right panels), total body protein-NO
levels do not change significantly following deletion of any of
the NOS isoforms.

FIG. 1. Schematic representation of the sources contrib-
uting to the bodily NO pool. eNOS, endothelial NOS; iNOS,
inducible NOS; nNOS, neuronal NOS; NO, bodily pool of
nitric oxide related signaling products; NO2

- , nitrite; NO3
- ,

nitrate; protein-NO, protein-bound NO storage forms.

Innovation

Adequate production of the ubiquitous signaling and
effector molecule nitric oxide (NO) is essential to mam-
malian health; it is also involved in pathophysiological
processes. Three distinct nitric oxide synthases (NOS) have
been identified to account for the majority of NO-related
cell signaling, and dietary nitrite/nitrate intake and redox
cycling of the circulating NO metabolite pool are the only
other sources known to contribute to bodily NO avail-
ability. Using established NOS knockout models in com-
bination with pharmacological and dietary manipulation,
we here provide evidence for the existence of one or more
unrecognized source(s) of NO production in vivo. Our re-
sults suggest that this unidentified source may be linked to
mitochondrial activity. Given the significance of NO for
redox regulation in health and disease, it would seem to be
important to identify the nature of this additional source of
NO production and characterize its role and significance
for cell regulation and redox homeostasis. Moreover, per-
turbation of NO formation via this new pathway may also
be linked to disease; thus, its identification could offer new
therapeutic avenues for correction of any deficiencies that
are distinct from the current use of classical NO donors.
Our results may be of importance for redox signaling and
cell regulation as well as translational research.
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Basal nitrate, the largest contributor to the NO metabolite
pool, showed essentially no alteration in steady-state con-
centration with the removal of individual NOS isoforms. Two
exceptions to this general finding were liver nitrate, which
was significantly reduced in all NOS knockouts compared
with the control group ( p < 0.05), and a significant reduction
in plasma and brain nitrate levels in nNOS-deficient animals
( p < 0.05). However, none of the NOS genetic deletions had a
significant effect on total body nitrate.

In terms of impact on nitrite, the genetic deletion of either
nNOS, iNOS, or eNOS resulted in a significant reduction in

plasma and tissue nitrite levels as compared to WT controls
(Fig. 2, top panels). The reduction is particularly evident in the
graphs depicting whole body levels of nitrite, with a highly
significant reduction seen in eNOS knockouts.

Effect of low NOx diet on protein-bound NO
and NOx levels

To investigate the contribution of dietary NOx to the stea-
dy-state concentrations of NO metabolites across bodily
compartments, WT animals were placed on a low-NOx diet

FIG. 2. Contribution of different NOS isoforms to basal NO metabolite concentrations in plasma and tissues of mice.
All animals were maintained on a standard rodent chow; wild-type controls (C57BL/6J) are represented by white bars (n = 6–
8) and isoform-specific knockouts by shaded bars (n = 4–9). For illustrative purposes, all protein-bound NO moieties (including
S- and N-nitroso and NO-heme species) are displayed as total nitrosylation products (the higher-resolution picture detailing
individual changes in either NO species can be found in Supplementary Fig. 1 online). Left-hand panels show steady-state
concentrations in individual compartments, right-hand panels display a theoretical total body concentration for each NO
metabolite pool as a weighted average. Data are mean – SEM, *p < 0.05, ** or #p < 0.01.
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for 7 days prior to the analysis of tissues and blood. The re-
sults obtained after restriction of dietary NOx intake are
shown in Figure 3. Compared to a normal diet, animals placed
on a low-NOx diet showed a trend towards reduction, but no
statistically significant changes in protein-NO or NOx levels,
in plasma or in either of the tissue compartments studied.
Although red blood cells were not included in our studies in
mice, these results are consistent with data from another in-
vestigation demonstrating that changes in nitrosyl hemoglo-
bin levels in the blood of WT mice fed a low-nitrate diet are
rather modest when compared to a normal diet (5).

Combined effect of NOS gene deletion or NOS
inhibition, and low NOx diet, on protein-bound NO
and NOx levels

To study the combined effect of dietary NOx restriction and
NOS inhibition, we investigated a further subset of WT ani-
mals on a low NOx diet additionally receiving the pan-NOS
inhibitor L-NIO to block endogenous NO production. The
results of these experiments are also shown in Figure 3. Total
body nitrite was significantly reduced, but did not vanish
entirely. Nitrate and protein-bound NO levels remained lar-
gely unchanged.

The finding that NO metabolite levels were not drastically
reduced when animals are maintained on a low NOx diet and
systemic NOS activity is inhibited was unexpected since, ac-
cording to the scheme in Figure 1, these actions should have
blocked all known sources of NO-related substances. To fur-
ther investigate the resilience of NO products, the experi-
ments were repeated in eNOS - / - animals subjected to
dietary NOx restriction, with and without additional phar-
macological inhibition of the remaining NOS isoforms. These
results are depicted in Figure 4 (additional information about
individual changes to S-nitrosothiol, N-nitrosamines and NO-
heme levels is presented in Supplementary Fig. 2). A general
trend towards lower tissue protein-bound NO was observed
in every organ and at the whole body level, although none
sufficiently large to reach statistical significance.

Dietary restriction of nitrite and nitrate intake on top of
eNOS deletion reduced plasma nitrite, whilst tissue nitrite
levels remained essentially unchanged. This pattern was
preserved on further NOS inhibition. Dietary depletion also
had little effect on nitrate levels, with the lung being the only
organ showing reduced nitrate concentrations ( p < 0.05).
Further pharmacological inhibition of remaining nNOS and
iNOS in this knockout model reduced nitrate levels in the
heart and kidney, in addition to a further reduction in the lung
( p < 0.05). However, whole body levels of nitrate remained
statistically unchanged (Fig. 4, lower right).

Effects of combined dietary NOx restriction
and chronic NOS inhibition on NO products
in blood and tissues of Wistar rats

In order to exclude the possibility of a species-specific
phenomenon, additional experiments were carried out in
male Wistar rats. In addition, these experiments extended the
period of dietary NOx restriction and NOS inhibition and
investigated the existence of a compensatory upregulation of
low-molecular-weight antioxidants as a result of dietary ma-
nipulation and NOS inhibition. These animals were main-
tained on either regular chow/tap water, low-NOx diet/

MilliQ water, or on a regimen combining restricted dietary
NOx intake and NOS inhibition. As shown in Figure 5, these
studies produced qualitatively identical results, confirming
our original observations in mice. Furthermore, they extend
those findings to a more chronic setting. Quantitative differ-
ences in NO product concentrations between species and in-
dividual compartments notwithstanding, these data show
that blood and tissue nitros(yl)ation levels overall did not
drop much further after 2 weeks of dietary NOx restriction or
with 1 week of NOS inhibition compared to what was ob-
served acutely (3 h) in mice. These effects occurred in the ab-
sence of marked changes in circulating or tissue antioxidant
content (Fig. 5, right panels). Interestingly, combined dietary
NOx restriction and chronic NOS inhibition revealed an in-
triguing additional feature that appears to be specific to the
vasculature: a paradoxical upregulation of NO signaling
products and metabolites in the aorta (Fig. 5), which was ac-
companied by a 3-fold increase in ascorbate concentration in
this compartment.

Discussion

Heme nitrosylation (16) and S-nitrosation (14) represent
two protein modifications that account for much of the
signaling action that NO exerts in cells. Both types of post-
translational modifications are effected through NO or NO-
derived substances (20, 21), including nitrite (3). In all cases,
the sources of these substances are associated with endoge-
nous NO synthesis and metabolism (2, 7, 8) or dietary NOx
intake (5, 17). Consequently, our finding that protein-bound
NO modifications persist in the absence of active NO
synthesis and dietary NOx intake (e.g., in eNOS - / - animals
on a low-NOx diet and under the acute action of the NOS-
inhibitor, L-NIO, or in Wistar rats on low-NOx diet with
chronic administration of L-NMMA) is surprising since it
suggests the existence of an unrecognized, and significant,
source that contributes to the formation of NO signaling
products. Our results may also explain why nitrosyl hemo-
globin levels only dropped by half following dietary NOx
restriction and complete NOS inhibition in another study (5).
Although our results cannot pinpoint the precise nature of this
new source of NO products, our results hint at the interme-
diacy of nitrite in the process, as we shall discuss below.

Our finding that protein-bound NO levels remain essen-
tially unchanged upon deletion of each NOS isoform (Fig. 2,
lower panels) likely reflects the action of a compensatory
mechanism that maintains basal levels of NO metabolites in
tissues. One obvious compensatory mechanism that would
keep tissue NO levels constant is upregulation of remaining
NOSs in an attempt to restore basal levels. If upregulation of
alternative NOS isoforms alone were to take place, then there
would be no physical reason why nitrite levels should change,
according to the chemical network depicted in Figure 1. Yet,
our results shown in Figure 2 clearly indicate that nitrite is
consistently depleted, regardless of the nature of the specific
NOS isoform deleted. These consistent nitrite reductions
suggest that increased utilization of nitrite may be a signifi-
cant component of the regulatory mechanism associated with
deficient NOS expression/NOS deletion.

If inhibition of any one NOS isoform leads to increased
nitrite consumption, then it must also be accompanied by
increased production of nitrite elsewhere if tissues are to
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FIG. 3. Contribution of diet and other NOS isoforms to the depletion of NO metabolites in control mice. Data are from
wild-type controls (C57BL/6J) (n = 8) kept on a standard rodent chow, and wild-type animals kept on a low NOx diet without
(n = 5) and with additional L-NIO treatment (n = 3). Left-hand panels show steady-state concentrations in individual com-
partments, right-hand panels display a theoretical total body concentration for each NO metabolite pool expressed as a
weighted average. Data are mean – SEM, *p < 0.05.
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FIG. 4. Contribution of diet and other NOS isoforms to the depletion of NO metabolites in eNOS2/2 mice. Data are from
eNOS - / - animals (n = 9) kept on a standard rodent chow, and eNOS - / - kept on a low NOx diet without (n = 5) and with
additional L-NIO treatment (n = 3). Left-hand panels show steady-state concentrations in individual compartments (individual
changes in nitrosothiol, nitrosamine and NO-heme concentrations can be found in Supplementary Fig. 2 online), right-hand
panels display a theoretical total body concentration for each NO metabolite pool, expressed as a weighted average. Data are
mean – SEM, *p < 0.05.

SOURCES OF NO SIGNALING PRODUCTS 427



maintain a nonvanishing level of this anion. According to the
nitrate-nitrite-NO pathway that has captured much attention
recently (17, 18), such increased nitrite production could
originate from the reduction of nitrate. However, the con-
verted nitrate would also have to be replenished by some
other source to sustain the pathway. For animals on a normal
diet, such as those featured in Figure 2, it could be argued that
the pathway may be sustained by NOx extracted from the
diet. Yet our results for NOS-inhibited animals on a low-NOx
diet (Figs. 3–5) reveal no evidence that effective ( > 98%) die-
tary restriction of NOx intake leads to substantial suppression

of tissue nitrite or nitrate levels. This would argue that any
increased production of nitrite from nitrate would ultimately
have to be derived from some source not considered in our
scheme depicted in Figure 1.

The notion of NOS-independent NO production in mam-
malian tissues is not new (37). However, the effects we here
observe using NOS knockout animals are larger than usually
assumed. Since rodents synthesize ascorbic acid, and ascor-
bate has been shown to promote NO generation from nitrite
reduction, either by direct chemical reaction (28) or by xan-
thine oxidase-catalyzed reduction in tissues (18), adaptive

FIG. 5. Changes in NO metabolite levels upon dietary NOx restriction and chronic NOS inhibition in Wistar rats.
Animals were kept either on standard rodent chow (control), low-NOx diet/MilliQ water (for 14 days), or low-NOx diet/
MilliQ water for 7 days followed by low-NOx diet/L-NMMA in MilliQ water for another week. Left-hand panels show steady-
state concentrations in individual compartments, right-hand panels display a theoretical total body concentration for each NO
metabolite pool expressed as a weighted average. Data are means – SEM of 3–5 animals/group, *p < 0.05. Glutathione and
ascorbate measurements were carried out in a parallel set of animals treated in an identical manner (n = 3/group).
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changes in ascorbate levels may have taken place to attenuate
the drop of NOS-dependent NO production. This possibility
was investigated in rats subjected to chronic NOS inhibition
rather than by comparing wild-type with NOS - / - mice. In
most compartments, changes in ascorbate content in response
to restriction of NOx intake and chronic NOS inhibition were
moderate. Only in the aorta, ascorbate increased significantly
while glutathione levels dropped, and even these changes are
not accompanied by nitrite depletion. Thus, the data does not
support the notion that tissue nitrite reduction is enhanced
due to increased ascorbate content and/or recycling. More-
over, administration of the xanthine oxidase inhibitor allo-
purinol did not alter nitrite levels significantly (not shown).
Taken together, these results suggest that neither ascorbate
nor xanthine oxidase make a major contribution to total NO
product formation in vivo.

Whether nitrite plays a central role in sustaining NO sig-
naling in the absence of NOS activity, an inescapable con-
clusion from our results is that NO-related substances
continue to be synthesized in mice even after dietary NOx is
highly reduced and NOS is inhibited. Our study in mice is
limited inasmuch as we did not extend the period of NOS
inhibition beyond 3 hours (in order to avoid stress as a pos-
sible confounder). Nevertheless, this period should have been
more than enough to see substantial changes in nitrite and
protein-bound NO levels as it corresponds to twice the plas-
ma half-life of nitrate in mice (34), the NO metabolite with the
longest half-life in vivo and the largest pool of NO products in
the body. In the absence of other sources of intake or pro-
duction, whole-body nitrate levels should have dropped by
75% within that time if NOS was completely inhibited. Yet,

such level of reduction is not observed. Considering that re-
versible enzyme inhibitors were used, one could argue that
NOS inhibition may have been incomplete. However, our
more chronic NOS inhibitor studies in rats yielded similar
results. Had the degree of enzyme inhibition in the acute
studies in mice and in the chronic studies in rats not both been
close to maximal, such similarity in outcome would have been
highly unlikely.

An intriguing additional feature emerging from the rat
studies was the paradoxical upregulation of NO products
during chronic combined dietary NOx restriction and phar-
macological NOS inhibition in aortic tissue. The observed
increase of NO products in the aorta following NOS inhibition
may be secondary to enhanced NOx uptake from the circu-
lation, indicative of an enhanced need for such products in the
vasculature when NO production from L-arginine is com-
promised.

However surprising these findings may be, they can only
be interpreted as evidence that a source other than those de-
picted in Figure 1 may be sustaining the nitros(yl)ation/NOx
cycle at basal levels when NOS is inhibited. This source, al-
though unidentified at this time, may be a key to under-
standing why even triple NOS knockout mice remain viable.

At this stage, we can only speculate about the origin of this
elusive source of NO products. Future studies under specific
pathogen-free conditions may provide insight as to whether it
originates from microbial or mammalian activities. Further
investigations, requiring the use of tracer techniques such as
15N-labeling in combination with isotope-specific analytical
methods, may reveal that the unknown pool of NO metabo-
lites is derived from the oxidation of ammonia, metabolism of
hydroxylamine, uptake/metabolism of a nitrogen species in
air, or perhaps ‘‘recycling’’ of urea. Other possibilities may
include reductive biotransformation of nitrated species. Al-
ternatively, it may be a by-product of protein catabolism/
turnover and derived from the a-amino group of amino acids.

Finally, we wish to point out an interesting observation that
may bear on the role of nitrite in NOx-restricted, NOS-deleted
animals. As stated earlier, these animals exhibit significantly
reduced levels of whole-body nitrite compared to those of WT
animals. However, when one examines the concentration
changes relative to WT for each organ, the level of reduction
varies widely from one organ to another (Fig. 6). In fact, the
level of reduction appears to vary systematically with tissue
mitochondrial inner surface area (a proxy for maximal oxi-
dative phosphorylative capacity of that tissue; data taken
from 15) as suggested in that figure. This observation confirms
and extends earlier in vitro findings (10) related to the nitrite
reductase activity of the same tissues to the in vivo situation.
This link suggests that the nitrite depletion we observe in
tissues may be related to mitochondrial activity and perhaps it
holds a key to unlocking the mystery of how basal NO me-
tabolite concentrations (and, presumably, related down-
stream signaling) is sustained in the absence of NOS and
dietary NOx pathways.

Materials and Methods

Materials

All chemicals were of the highest purity available and
purchased from Sigma-Aldrich (St. Louis, MO) unless other-
wise specified.

FIG. 6. Fractional change in steady-state concentrations of
nitrite in organs from eNOS2/2 mice maintained on a low-
NOx diet, with and without additional NOS inhibition. All
values are expressed relative to those found in the same or-
gans of wild-type (WT) animals fed a standard rodent chow,
and plotted against total tissue mitochondrial inner surface
area (data from Reference 15) for each organ; closed symbols:
eNOS - / - on low NOX diet; open symbols: eNOS - / - on low
NOX diet plus L-NIO. Inset: Correlation between mitochon-
drial inner surface area and nitrite depletion, expressed as
percent of control levels in wild-type mice, following re-
moval of all currently known endogenous and exogenous
supplies of nitrite (r2 = 0.989, excluding the kidney).
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Animals

Ten-week-old male mice of the iNOS - / - and eNOS - / -

strains ( Jackson Laboratory, Ben Harbor, ME; stock # 002684
and 002609) were compared with age-matched C57BL/6J
wild-type mice (WT; Jackson Laboratory), and nNOS - / -

mice ( Jackson; #002633) were compared with their corre-
sponding genetic background strain, B6129SF2/J ( Jackson;
#101045). No significant differences in basal levels of NO
metabolites were observed between the two WT strains (data
not shown). Male Wistar rats (10–12 weeks of age) were
purchased from Harlan (South Easton, MA). Animals were
maintained on a standard rodent chow (2018; Harlan Teklad,
South Easton, MA), with food and tap water ad libitum, and
kept on a normal 12/12h light cycle. A minimum of 10 days
was allowed for local vivarium acclimatization prior to ex-
perimental use. All experiments complied with federal and
state regulations in accordance with the Guide for the Care
and Use of Laboratory Animals (Institute for Laboratory
Animal Research, National Research Council) and were ap-
proved by the Institutional Animal Care and Use Committee
of the Boston University School of Medicine.

Dietary depletion of nitrite and nitrate

To deplete animals of their dietary source of nitrite and
nitrate, a subset of acclimatized animals was switched to
receive an amino acid diet (TD99366; Harlan Teklad) with
matched L-arginine content (1.2% vs. 1% in the standard
rodent diet) and MilliQ water for 1 week prior to experi-
mental analysis. This particular diet has considerably lower
levels of nitrite/nitrate (1.5/16.3 nmol g - 1) when compared
with the standard chow (5.4/118 nmol g - 1) (3). Drinking
water contributes significantly to total daily intake as NOx
concentrations approach maximal contaminant levels of
nitrite/nitrate. Based on strain-specific information about
food and water consumption (1) and measured NOx con-
tent of the water provided the daily intake of food and
water-derived nitrite/nitrate on the standard diet/tap wa-
ter regimen was calculated to be 0.46/4.81 lmoles nitrite/
nitrate compared with the distilled water/amino acid diet
(referred to hereafter as the ‘‘low-NOx’’ diet) of 6/67
nmoles for a 25 g mouse, corresponding to a > 98.5% re-
duction in total NOx intake on the latter compared to the
regular diet regimen.

NOS inhibitor treatment

To investigate possible contributions from other NOS
isoforms the pan-NOS inhibitor, L-N-iminoethyl-ornithine
(L-NIO hydrochloride; A.G. Scientific, Inc., San Diego, CA)
was administered for 3 h using a dose regimen confirmed to
ensure maximal NOS inhibition (100 mg/kg s.c., every
45 min) (2) prior to measurement in both wt and eNOS - / -

animals fed a low NOx diet. In separate experiments in rats,
L-N-monomethyl-arginine (L-NMMA acetate, 1 mg/mL
dissolved in MilliQ water; 11) was administered for 7 days
with the drinking water while animals were kept on a low-
NOx diet, with controls receiving either normal rodent
chow/tap water or low-NOx diet/MilliQ water. We opted
to employ L-NMMA instead of L-NG-nitroarginine methy-
lester (L-NAME, 0.3 mg/mL; 25) as NOS inhibitor for
two reasons: i) L-NAME, but not L-NMMA, exerts NOS-

independent effects by virtue of muscarinic receptor an-
tagonistic activity (4); ii) earlier pilot experiments with this
compound revealed that it is metabolized to nitrite and
nitrate (particularly in the liver from which these anions
appear to leak into the circulation), confounding the anal-
ysis of NO metabolite status.

Organ harvest and tissue homogenization

Heparinized (0.07 units/g body weight, i.p.) mice or rats
were anaesthetized with diethylether (2 min) and eutha-
nized by cervical dislocation. Blood was collected by car-
diac puncture, and plasma and red blood cells were
obtained by centrifugation. After thoracotomy, a catheter
was inserted into the infrarenal part of the abdominal aorta,
and organs were flushed free of blood by retrograde in situ
perfusion with air-equilibrated phosphate-buffered saline
supplemented with N-ethylmaleimide/ethylenediamine
tetraacetic acid (10/2.5 mM) at a rate of 10 ml/min, and
organs were harvested as detailed previously (2). To pro-
vide sufficient sample for comprehensive analysis of NO
metabolite levels in animals lacking individual NOS iso-
form, samples were pooled from three animals; in all sub-
sequent experiments on eNOS - / - groups, analysis was
performed on individual tissue and blood samples. No
significant differences in levels were observed between
pooled and individual measurements. Despite pooling,
volumes of murine plasma and aorta samples were insuf-
ficient for an accurate determination of nitrosation levels,
allowing us to only analyze nitrite and nitrate concentra-
tions in these compartments.

Determination of tissue nitroso/nitrosyl, nitrite/nitrate,
ascorbate, and glutathione content

Tissue levels of nitroso and nitrosyl compounds were
quantified using group-specific reductive denitrosation by
iodine-iodide with subsequent detection of liberated NO by
gas-phase chemiluminescence (9). ‘‘RSNO’’ signifies mercury-
labile S-nitroso species, whereas ‘‘RNNO’’ signifies mercury-
resistant N-nitroso adducts and may include nitrosamines
and metal nitrosyls other than NO-heme species. NO-heme, a
product of heme nitrosylation, was determined by injection of
replicate aliquots of tissue homogenates into a solution of 0.05
M ferricyanide in PBS at pH 7.5 and 37�C (2). This method
employs one-electron oxidation rather than reduction to
achieve denitrosation and NO release. Nitrate and nitrite in
plasma and tissues were quantified by ion chromatography
with on-line reduction of nitrate to nitrite and post-column
Griess diazotization (ENO-20 Analyzer; Eicom, Kyoto, Japan)
(2). Total ascorbate and glutathione concentrations in blood
and tissues were analyzed as described previously (2). In
some animals, allopurinol (100 mg/kg ip) was administered
30 min prior to organ harvest.

Statistical analysis

Data are means – SEM from n individual experiments.
Statistical analysis was performed using Graph Pad Prism 4.0.
Comparison between groups was achieved by one-way
ANOVA following Bonferroni correction, or Dunnett’s post-
hoc test where appropriate. Statistical significance was de-
termined by p < 0.05.
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NOS¼nitric oxide synthase
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