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Abstract: The potential of nitric oxide (NO) as a rapid assay biomarker, one that could provide a quantum leap in acute
care, remains largely untapped. NO plays a crucial role as bronchodilator, vasodilator and inflammatory mediator. The
main objective of this review is to demonstrate how NO is a molecule of heavy interest in various acute disease states
along the emergency department and critical care spectrum: respiratory infections, central nervous system infections,
asthma, acute kidney injury, sepsis, septic shock, and myocardial ischemia, to name just a few. We discuss how NO and
its oxidative metabolites, nitrite and nitrate, are readily detectable in several body compartments and fluids, and as such
they are associated with many of the pathophysiological processes mentioned above. With methods such as high
performance liquid chromatography and chemiluminescence these entities are relatively easy and inexpensive to analyze.
Emphasis is placed on diagnostic rapidity, as this relates directly to quality of care in acute care situations. Further, a
rationale is provided for more bench, translational and clinical research in the field of NO biomarkers for such settings.
Developing standard protocols for the aforementioned disease states, centered on concentrations of NO and its
metabolites, can prove to revolutionize diagnostics and prognostication along a spectrum of clinical care. We present a
strong case for developing these biomarkers more as point-of-care assays with potential of color gradient test strips for
rapid screening of disease entities in acute care and beyond. This will be relevant to global health.

Keywords: Acute kidney injury, Acute myocardial ischemia, Acute respiratory illness, Asthma, Critical care, Emergency
department, Nitrate, Nitrite, Nitric Oxide, Sepsis, Shock.
INTRODUCTION
The emergency department (ED), closely linked to the
critical care setting, is widely used as first and last resort for
acute as well as chronic disease management. In fact, with
the advent of the economic recession in the U.S. and
concomitant loss of health insurance in families, usage of the
ED has increased tremendously [1, 2]. The ED and critical
care settings provide a unique clinical venue to develop, test
and implement novel biomarkers that can be cost-effective
and rapid in their ability to manage acute as well as chronic
disease processes with acute exacerbations. Much of the
current laboratory testing is cost and time inefficient and
presents detectable amounts of the biomarker only in the
later periods of the pathological cycle. For example, the most
prevalent traditional biomarker of renal dysfunction and the
gold-standard, serum creatinine, can take up to 72 hours to
rise in early acute renal failure (acute kidney injury);
baseline levels may be unavailable, thus it renders itself as a
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biomarker with limited utility in the acute setting [3, 4].
There is an unmet need for viable and rapid biomarkers for
various acute disease states, such as bronchiolitis, asthma,
influenza-like illness (with increased numbers during
pandemics), sepsis, shock, cardiovascular-related acute
ischemia / injury in the coronary and cerebral vasculature, to
name a few. Thus, these novel biomarkers can potentially
enhance disease management in a variety of clinical settings.
Nitric oxide (NO) and its metabolites, as potential
signaling molecules, are implicated in a wide variety of
physiological and pathological states. This review will cover
some of the more recent progress made in establishing the
utility, and limitations, of NO and its metabolites, nitrite and
nitrate, in a few acute disease states. The utility of these will
be extrapolated to disease processes beyond the ED, i.e., to
the critical care setting, along a continuum of care.
NITRIC OXIDE AND ITS METABOLITES: PHYSIOLOGICAL AND BIOCHEMICAL ASPECTS
NO as a highly reactive gaseous signaling molecule and
free radical is implicated in a variety of physiological and
biochemical processes (Fig. 1). Although it has been
associated with virtually every organ system in the body, it’s
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most important roles are 3 fold: regulation of blood flow in
the vascular endothelium (vascular homeostasis), neurotransmission and host defense mechanisms [5].

cardiovascular system, neuronal or nNOS, primarily
operational in producing NO as a neurotransmitter, and
inducible or iNOS, produced by a variety of cells
(endothelial and otherwise) for a variety of reasons,
including an immune-mediated or inflammatory response
[6]. Both the calcium dependent NOSs (eNOS and nNOS),
have transient activities and thus exhibit relatively low
concentrations, usually ranging in the nM range, while the

The predecessor to part of NO produced in the body is
the semi-essential amino acid L-arginine (Fig. 2). NO
production is catalyzed by 3 isoforms of NO synthase
(NOS): endothelial or eNOS by vascular endothelium in the
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cytokine activated, calcium independent, iNOS is long
lasting, generating higher concentrations of NO, usually in
the µM range [6]. As a vascular effector, NO rapidly diffuses
from its site of generation in endothelial cells into adjacent
smooth muscle cells, where it activates soluble guanylate
cyclase (Fig. 2). The latter enzyme converts GTP to cGMP,
the second messenger that affects vascular smooth muscle
relaxation [7].
Once produced and active, NO can exist as the nitrosium
cation (NO+), the nitroxyl anion (NO-), and a NO free
radical (all with half lives < 20 s in circulation); all of these
forms then undergo a sequential oxidation or nitrosation of
water to form the more stable NO metabolites, nitrite
[t1/2=110 s in blood] and nitrate [t1/2=5-8 h in blood] [8] (Fig.
2). Fig. (2) also shows that nitrate and nitrite (collectively
referred to as NOx) can be recycled to produce NO (via
reduction) in various ways, one of which is the
enterosalivary circulation of endogenous nitrate, an essential
pathway in maintenance of NO homeostasis [8-11]. NOx in
blood as an index of eNOS activity has been widely used as
routine indirect measure of NO levels [12-15]. Recent
studies have indicated that nitrite is an important signaling
molecule in its own right [16, 17]. Since it can be reduced
back to NO given appropriate circumstances, this has led to
intense interest in this relatively simple molecule [18]. A
significant contribution of circulating levels of NOx is from
dietary intake of those moieties, and these can vary
tremendously from diet to diet [8]. During fasting conditions
with low dietary intake of NOx, enzymatic formation of NO
via NOS accounts for the majority of circulating NOx.
Nitrate and nitrite have been shown to be biomarkers for
cardiovascular and other diseases from both diagnostic and
therapeutic aspects [6, 8]. In addition to blood, urinary levels
of NOx provide a means to assess systemic production of
NO in vivo, however, with the caveat that urinary (or
plasma) levels are truly reflective of endogenous production
of NO, dietary ingestion of NOx, as well as from bacterial
activity in the gut [6, 8].
The interaction of NO and NOx with other moieties such
as superoxide (to form peroxynitrite), thiols (to form Snitrosothiols), secondary amines (to form N-nitrosoamines),
and metals (to form nitrosyl-heme) is also important
physiologically. As a free radical NO is bactericidal at
baseline, however, it has the additional property of
scavenging superoxide and by doing so protects against
injury [6]. The double edged nature of this reaction though is
evidenced by the resultant peroxynitrite, a potent cytotoxic
agent, implicated in disease processes, and an area of intense
research effort [19].
NO AND ITS METABOLITES IN ACUTE DISEASE
PROCESSES
NO and its Metabolites as Markers of Ongoing Infection
and Inflammation
In addition to the various physiological and biochemical
properties and functions described above, NO can also be a
biomarker for many inflammatory disease states, either local
to the tissue where generated or systemically. The effects of
NO as an inflammatory mediator have been studied in detail
for a length of time. NOS and NO induction have been
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shown to be innate immune effectors of infectious/inflammatory pathways [20]. The precise effect that NO has on
these disease states and inflammatory mediation is still under
debate. A recent study showing the temporal effects of NO
metabolites in a rodent model of systemic inflammation and
sepsis revealed tissue specific and time specific changes in
NO metabolites [21]. This highlights ‘the NO paradox’: is
NO a helpful mediator in inflammatory disease, or does it
function as a cytotoxic effector of non-specific immune
response? In a ‘too much of a good thing’ scenario, during
the immune response, moderate levels of NO prove
beneficial to the organism, while excess levels lead to too
much potency and thus damage.
NO and its Metabolites in Acute Respiratory Infections
Respiratory syncytial virus (RSV) and influenza can
cause major respiratory infections. RSV is the most common
cause of lower respiratory tract infections in children,
including bronchiolitis and pneumonia [22, 23]. There is a
broad spectrum of disease severity for bronchiolitis, the
leading cause of hospitalization for infants in the U.S. with
associated hospitalization costs in excess of $500 million per
year, as well as responsible for frequent ED visits [24, 25].
Pandemics like the 2009 novel swine-origin influenza A
(H1N1) virus (nH1N1) pose significant challenges: increased
transmission relative to seasonal influenza, severe disease in
patients with medical co-morbidities, and difficulty in
predicting which patients with viral respiratory symptoms
are at risk for influenza complications [26]. In the evaluation
of acutely ill patients with respiratory infections, risk
stratification may be achieved by utilizing biomarkers,
augmenting clinical decision-making, thus improving
outcomes. This is particularly relevant to the acute care
setting.
During influenza virus infection, epithelial cells,
macrophages, lymphocytes and other cells release a complex
series of cytokines and chemokines in an attempt to
overcome viral replication and disease progression [27-29].
NO, a key mediator of airway inflammation is also released.
It is unclear if increased NO activity is a marker of clinical
disease, of the innate antiviral response, or associated
significantly with a unique respiratory virus infection [30].
In the murine model of RSV for instance, NO production in
the lungs appears to be associated with viral clearance and
lung disease [31]. iNOS activity and production of NO were
associated with enhanced clearance of RSV, yet they were
also associated with airway inflammatory changes and
airway dysfunction [31]. In murine studies of experimental
influenza
A-triggered
pneumonia,
excessive
NO
biosynthesis, as measured by its metabolites nitrate and
nitrite, was demonstrated in the lungs [32, 33]. This
suggested that the metabolites may be markers of influenzamediated disease in the respiratory tract.
In humans, NO is produced in the upper and lower
respiratory tract. It can be detected in exhaled air of healthy
individuals and at increased levels in subjects with
pulmonary disease, including asthma (see below),
bronchiectasis and upper respiratory infections [34-38]. In
aqueous solutions, NO is rapidly converted to distinct oxides
of nitrogen, which may thus be potential biomarkers of
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disease severity in acutely ill patients presenting with
influenza-like-illness (ILI) [35, 39]. During the 2009 nH1N1
pandemic, we collected nasal wash specimens from children
with acute ILI, and then measured NOx concentration in the
nasal secretions by HPLC. Overall, our data suggested that
concentration of NO-derived nitrate in nasal secretions in
children may be related to type of viral pathogen causative
for acute ILI: RSV subtype B-associated ILI had higher
nasal wash nitrate compared to all other viruses combined
(P=0.002) [40]. Ongoing studies will determine the
predictive potential of this putative biomarker for important
disease outcomes in sicker patients requiring critical care.
Exhaled NO has been studied as a putative biomarker for
respiratory infections caused by influenza, rhinovirus and
other viral pathogens, but the data have been equivocal [41,
42]. The conflicting data above may simply reflect technical
issues in measuring exhaled NO. This methodology is
cumbersome to achieve in the pediatric population, either inpatient or ED. The newer NIOX-MINO hand-held NO
detector has proven to be as reliable as the older, stationary
chemiluminescence analyzer, the Ecomedics (ECO) [43]. Its
portability may make it easier to handle in acute care settings
of the ED or critical care. Focusing on stable NO metabolites
in nasal secretions from patients with acute ILI may still be
the better approach because of ready accessibility. Future
studies are needed that can establish correlations between
nasal secretion NOx and exhaled NO for acute ILI either in
the ED or critical care settings.
NO and its Metabolites in Acute Central Nervous System
(CNS) Infections
Meningitis can be a severe infection of the CNS.
Bacterial meningitis, in particular, remains an important
public health problem worldwide, with several studies
confirming the devastating neurological sequelae that may
result from it [44]. Cases of varying severity are likely to
pass through the ED; and the more severe ones then sent to
critical care. Early cerebrospinal fluid (CSF)-based
biomarkers are needed that may be able to predict severity,
so that potentially sicker patients can then get critical care
support. NO and its metabolites in the CSF may represent
such a biomarker. Studies have shown that patients admitted
to the hospital with bacterial meningitis and influenzaassociated encephalopathy had higher levels of CSF NOx as
compared to controls [45]. In another study, patients with
RSV infection and symptoms of encephalitis, encephalopathy or seizures were found to have a higher concentration
of CSF NOx compared with those with influenza positive
encephalopathy or those without meningitis [46]. Neither
were the studies set up in the ED nor did they analyze CSF
NOx in meningitis from different pathogens in the same
setting. Using a rapid HPLC-based assay for detection of
these metabolites in CSF in the acute setting may add to the
current armamentarium for helping in early diagnosis of
different forms of meningitis and may be predictive of
disease severity. Detecting CSF NOx in a rapid assay may be
particularly helpful in cases that are difficult to interpret,
such as in cases of CSF pleocytosis. The added information
may help guide management, ultimately resulting in better
disease outcomes.
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NO in Acute Asthma Exacerbations
Asthma is a major public health issue [47]. Acute asthma
exacerbations are common causes for pediatric and adult ED
visits with significant morbidity and mortality associated
with them [48]. Prompt diagnosis and treatment in the ED
and beyond are needed. There are no definitive diagnostic
and predictive tests for asthma, specifically in the acute
setting. NO is thought to play an important role in the
pathogenesis of asthma by modifying airway hyperreponsiveness and inflammation. Studies in asthmatic
children and adults have shown that fractional excretion of
nitric oxide (feNO) reflects the degree of airway
inflammation, with higher levels correlating with severity of
disease, likely secondary to inflammation. As such, it can be
a non-invasive biomarker for severity of the disease process
and response to treatment [49-51]. In several studies the
adequacy of anti-inflammatory treatment for chronic asthma
has been demonstrated by lowered concentration of feNO
[52-55], indicating the potential of NO as a management tool
for asthma. Based on this, Kwok et al. performed a crosssectional study in children 2-18 years of age presenting to an
urban ED with an acute asthma exacerbation [56]. Using a
tidal breathing method and a chemiluminescence-based NO
analyzer, they showed that only 68% of the subjects could
provide adequate breaths for feNO measurements [56].
Furthermore they showed that this method had limited utility
in the acute management of childhood asthma. A more
definitive answer for the utility of feNO in the acute setting
may be obtained in a study that follows the patients over a
longer duration than the typical 2-4 hour period covered by
Kwok et al. [56]. Although it may have been harder for
children to manage the respiratory maneuvers for the feNO
determination, it may be a more reliable tool for the adult
asthmatic population in acute care settings. Finally, an easier
to use device may be the answer. More recently, the portable
NIOX-MINO, mentioned above, has shown a high
correlation (r = 0.97, P < 0.001) with the more conventional
chemiluminescence device (NIOX) [57]. More encouraging
was that in the 55 children enrolled (4-9 years of age), up to
73% successfully provided feNO measurements, and thus
this may be a better tool for screening as well as
management of acute asthma in the pediatric and adult
population [57].
Since NO is a ubiquitous signaling molecule, perturbations in the NO pathway in the asthmatic airway over time
may be reflected in changes in levels of NO metabolites
measured elsewhere, such as plasma and urine. Determining
ratios between the levels of NO and its metabolites by
sampling different compartments may reveal a time course
reflecting evolution of the disease. Thus we may be able to
monitor NO from different compartments in different
settings (first in the ED and then during critical care) and at
different times indicating its biomarker potential for asthma
severity and management. Having better tools to diagnose,
predict and manage an acute asthma exacerbation would help
reduce the burden of this illness, particularly in the pediatric
population that is disproportionately affected by this
problem.
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NO and its Metabolites in Acute Kidney Injury
Acute kidney injury (AKI) is a common complication
among ambulatory and hospitalized patients, and can cause
significant morbidity and mortality, specifically in patients in
critical care medicine [58-61]. Patients, including pediatric
ones, who are or will get critically ill from AKI are likely to
pass through the ED [3, 4]. As alluded to in the introduction
to this review, the conventional biomarker for AKI, namely
serum creatinine, can take up to 3 days for an elevation or
change from baseline, indicative of worsening renal function
[60, 62, 63]. Thus, additional early biomarkers are needed
that can be diagnostic and prognostic of AKI in the ED and
critical care settings, at a time when baseline serum
creatinine is either unavailable or uninformative. NO has
been shown to have several functions in the kidney,
depending on its concentration, site of release, and duration
of action [64]. Endothelial injury and the subsequent
microcirculatory dysfunction is likely a primary event in
renal hypoxia with disturbances in NO-related pathways
playing key roles [65]. In an adult post-ischemic model of
AKI urinary concentration of NO (as measured by its
metabolites nitrate and nitrite) were markedly lower
suggesting that this was a reflection of potential endothelial
damage in the kidney [66]. Thus, we conducted a study to
test the hypothesis that urinary concentration of nitrate and
nitrite would be decreased in early AKI in children

presenting to the ED [4]. We showed that in 252 patients, 019 years of age presenting to the pediatric ED, lower
concentration of urinary nitrate, but not nitrite, was
significantly associated with AKI (Fig. 3), thus indicating the
potential for this as a novel urinary biomarker for AKI in the
ED [4]. More encouraging was the potential for this urinary
biomarker in the face of a normal serum creatinine in almost
half of those with AKI [4]. Future studies are needed to
evaluate fully the ability of urinary nitrate to predict
important in-patient clinical outcomes, such as critical care
needs, dialysis, and ultimately mortality. As mentioned
above, urinary NO metabolites are a reflection of both
dietary intake of NOx as well as endogenous generation of
NO, thus additional studies are needed to determine whether
diminished level of urinary nitrate in AKI is truly indicative
of renal endothelial dysfunction.
NO and its Metabolites in Sepsis and Septic Shock
Sepsis is defined as the systemic response to infection,
and about half of those patients progress to septic shock
characterized by refractory hypotension and multiple organ
failure [6]. Severe sepsis and septic shock are associated
with significant mortality, as high as 28% [67].
Hemodynamically, both macro- as well as microcirculatory
failure is the hallmark of severe sepsis and septic shock [67].

Median nitrate/Cr [µg/mg Cr]

*

No AKI and at
risk for AKI
(Combined)

With AKI

Fig. (3). Urinary nitrate distinguishes patients with acute kidney injury (AKI) from those either at risk or without AKI. Data based on ref. [4],
shows median urinary nitrate normalized to urinary creatinine in patients presenting to TCH [N=252]. Bar on left represents combined no
AKI and at risk for AKI, whereas the one on the right represents those with AKI. Data are shown as box plots with the heavy line in the box
representing the median (50th percentile) and the ends of the box representing 25th and 75th percentiles, respectively. Groups were compared
using the non-parametric Mann Whitney U test (*P=0.02). Cr, creatinine. TCH, Texas Children’s Hospital.
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The central role of NO in maintaining microcirculation is
highlighted in sepsis and septic shock, states in which the
microcirculation has sustained an insult. Several studies have
implicated the overproduction of NO as the cause for the
decompensated state [6]. Sepsis, septic shock or systemic
inflammatory response syndrome in intensive care settings is
associated with increased plasma nitrate and nitrite [68-70].
Measuring both plasma and urinary NOx has revealed
elevations in patients with sepsis and septic shock [6]. Innate
immune pathway activation in response to infection and
inflammation, particularly in sepsis and shock, is associated
with increased activity of iNOS, and thus more NO being
released [20, 71]. However, studies in experimental animals
reveal that iNOS upregulation and production of NO may
have a feedback inhibition on constitutive NO production in
other tissues [21, 72]. Urinary NOx reflects both the
production and utilization of NO [73, 74]. Nitrate is the main
urinary NO metabolite, whereas nitrite is low to undetectable
in urine [75]. Sepsis and shock can expose the kidney to
ischemic injury and this can be reflected in low levels of
uNOx excretion likely due to low endogenous NO
generation [4, 66]. Conversely, since the majority (96%) of
filtered nitrate and nitrite is reabsorbed by the renal tubules,
high levels in urine secondary to reduced renal reabsorption
may reflect acute renal failure concomitant with sepsis/septic
shock [4, 76].
Although NO directly as well as by conversion to
peroxynitrite can be bactericidal, excessive levels are
counterproductive as evidenced by the refractory
vasodilation, hypotension and decreased tissue perfusion [6].
Irrespective of mechanism and level of metabolite, NO as a
downstream effector of innate immune activation lends itself
as a potential biomarker for sepsis and septic shock. This
may be particularly useful in the acute setting as the
concentration of NOx in plasma or urine may predict
important in-patient clinical outcomes, such as need for
hospitalization, level of support (intensive care versus
regular floor), and mortality.
NO and its Metabolites in Acute Myocardial Infarction:
Going Beyond Diagnostic Biomarkers to Therapeutic
Intervention
As stated at the outset a continuous endogenous supply of
NO is crucial for the physiological integrity of the
cardiovascular system. In fact, an imbalance in the
production or bioavailability of NO is unequivocally linked
to cardiovascular pathology. With more recent advances in
establishing the nitrate-nitrite-NO pathway, the reverse
pathway that enables more NO to be generated when
endogenous NOS pathways are dysfunctional, harnessing it
therapeutically in prevention and treatment of cardiovascular
disease becomes self-evident [77-79]. Ischemic heart disease
is a major player in the acute care setting. In this disease
process where regional hypoxia and ischemia prevail, it may
be of great benefit to replenish the stores of NOx either
pharmacologically or through diet [77, 78]. In the past,
dietary NOx had been granted pariah status because of
nebulous links to disease [78]. With greater evidence
suggesting benefits of the oxidative NO metabolites in
ischemia/reperfusion injury, a real paradigm shift is needed
in the scientific community from the perspective of the
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relatively simple inorganic anions nitrate and nitrite. Nitrite,
in fact, may be the endocrine mediator of NO-based
signaling [80]. Bolusing nitrite intravenously prior to
instigating a cardiovascular insult has been shown to
significantly reduce the injury not only from myocardial
infarction, but also ischemic liver and kidney injury and
stroke in multiple animal models [81-84]. These pre-clinical
or benchwork-based experiments have prompted several
human clinical trials on NOx for cardiovascular
complications like acute ischemia. In a very promising study
nitrite therapy was shown to improve cardiac and
neurological function and overall survival post cardiac arrest
[85]. Initiating NOx-based clinical efficacy trials in the acute
setting are justified since that is where cardiovascular
complications like acute MI and cardiac arrest are first
encountered by the medical team. These interventions will
likely improve acute care management from the
cardiovascular morbidity and mortality perspective.
CONCLUSIONS AND FUTURE
ACUTE CARE AND BEYOND

DIRECTIONS:

This review has focused on the role of NO and its
metabolites in a few disease processes commonly
encountered in the acute care setting (sumarized in Fig. 2).
We have argued that NO and its metabolites nitrate and
nitrite can be potential biomarkers that need to be developed
further from a diagnostic and prognostic perspective and that
is likely to improve management in the acute care setting.
Measured exhaled NO (feNO) concentration is immediately
available and may be a reliable tool for assessment of airway
inflammation in an acute asthma exacerbation. Concentration
of NOx in multiple biological samples (plasma, urine, nasal
secretion, CSF) measured via HPLC can also be reliably
obtained in a rapid manner since the HPLC run per sample
takes an average of 8 minutes [8]. Samples can be batched
and run on the HPLC. Hence, both NO and NOx have the
potential of being rapidly determined biomarkers for
multiple disease processes encountered in the acute care
setting (summarized in Fig. 2).
There are limitations to using NO and it’s metabolites as
biomarkers. Although NOx can give a fairly reliable idea of
systemic NO bioavailability, its concentration in urine and
plasma being heavily dependent on renal activity, it cannot
be an entirely accurate measure of NOS functionality.
Additionally, the presence of nitrite and nitrate in everyday
diet adds another restriction towards using NOx in plasma
and urine as absolutely indicative of disease process [8].
Single feNO or NOx determinations simply may not be
enough. Thus, sequential measurements of the biomarkers
may be needed to get a better handle on the evolution of the
disease process, initially as the patient presents in the acute
phase and then during the course of critical care. Further,
sampling from multiple compartments may be more
informative of the disease process. For instance, for AKI,
plasma and urinary NOx measurements simultaneously
would enable us to determine the fractional excretion of
urinary NO metabolites, potentially a more informative
parameter for the disease entity than urinary NOx alone.
Given the non-specific nature of NO and its metabolites,
they will be unlikely to entirely replace pre-existing tests.
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Hence, this type of analysis should be in addition to the
standard diagnostics and biomarkers. Having a more
comprehensive picture will only improve diagnosis,
prognosis and effectiveness of treatment and reveal how NO
is or may be playing a role in the acute disease process. NObased analyses might not be able to differentiate between
primary pulmonary versus cardiac disease. However, in the
setting of a relevant clinical presentation and work up,
analyzing NO and metabolites might be a valuable
assessment for a NO component, and as such, an adjunct.
General state of health and co-morbid disease states
might influence results, and hence have significant
limitations on the use of NO or NO metabolites as
biomarkers. Dietary NOx, as alluded to above, is a
potentially significant limitation due to the fact that in the
ED and critical care settings we cannot always predict or
select patients based on fasted states or dietary patterns.
There is obvious value in obtaining a non-invasive
specimen for determining levels of biomarkers for disease
states. This will require the development, validation and then
clinical usage of relatively simple, rapid and cost-effective
techniques that may sample multiple body fluids collected
non-invasively, such as nasal washes, saliva and urine [86].
Future studies will improve our understanding of NO
pathophysiology and thus enable us to rationally devise
pharmacological treatment for manipulating NO in acute
disease states. While many of these therapeutic approaches
remain speculative, better understanding of the underlying
mechanisms that regulate NO function will ultimately
improve our ability to implement such therapies. Adaptation
to and validation of a point-of-care test with the assistance of
an industry partner will enable inexpensive screening
capacity on a dipstick, point-of-care type of a platform, to
aid treatment decisions [87]. This has obvious global health
implications that go far beyond any specific clinical setting
[87].
Overall, what is most importantly highlighted, for acute
care and non-acute care physicians alike, is the ongoing
research need to determine the physiological roles of NOx,
and if it can be used unequivocally both as diagnostic
biomarker of disease and for treatment regimens, in a variety
of clinical settings.
CONFLICT OF INTEREST

Mian et al.

[4]

[5]
[6]
[7]
[8]
[9]
[10]

[11]
[12]

[13]

[14]
[15]

[16]
[17]

[18]

The authors confirm that this article content has no conflicts of interest.
[19]

ACKNOWLEDGEMENTS
None declared.

[20]

REFERENCES
[1]
[2]
[3]

Hsia, R.Y.; Kellermann, A.L.; Shen, Y.C. Factors associated with
closures of emergency departments in the United States. JAMA,
2011, 305(19), 1978-1985.
Newton, M.F.; Keirns, C.C.; Cunningham, R.; Hayward, R. A.;
Stanley, R. Uninsured adults presenting to US emergency
departments: assumptions vs data. JAMA, 2008, 300(16), 1914-24.
Du, Y.; Zappitelli, M.; Mian, A.; Bennett, M.; Ma, Q.; Devarajan,
P.; Mehta, R.; Goldstein, S. L. Urinary biomarkers to detect acute

[21]

[22]

kidney injury in the pediatric emergency center. Pediatr. Nephrol.,
2011, 26(2), 267-274.
Mian, A.I.; Du, Y.; Garg, H.K.; Caviness, A.C.; Goldstein, S.L.;
Bryan, N.S. Urinary nitrate might be an early biomarker for
pediatric acute kidney injury in the emergency department. Pediatr.
Res., 2011, 70(2), 203-207.
Moncada, S.; Palmer, R.M.; Higgs, E.A. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol. Rev., 1991,
43(2), 109-142.
Lopez, B. L.; Christopher, T. A.; Griswold, S. K.; Ma, X. L. Bench
to bedside: nitric oxide in emergency medicine. Acad. Emerg.
Med., 2000, 7(3), 285-293.
Murad, F. The 1996 Albert Lasker Medical Research Awards.
Signal transduction using nitric oxide and cyclic guanosine
monophosphate. JAMA, 1996, 276(14), 1189-1192.
Bryan, N.S.; Grisham, M.B. Methods to detect nitric oxide and its
metabolites in biological samples. Free Radic. Biol. Med., 2007,
43(5), 645-657.
Lundberg, J.O.; Govoni, M. Inorganic nitrate is a possible source
for systemic generation of nitric oxide. Free Radic. Biol. Med.,
2004, 37(3), 395-400.
Spiegelhalder, B.; Eisenbrand, G.; Preussmann, R. Influence of
dietary nitrate on nitrite content of human saliva: possible
relevance to in vivo formation of N-nitroso compounds. Food
Cosmet. Toxicol., 1976, 14(6), 545-548.
Lundberg, J.O.; Weitzberg, E.; Gladwin, M.T. The nitrate-nitritenitric oxide pathway in physiology and therapeutics. Nat. Rev.
Drug Discov., 2008, 7(2), 156-167.
Lauer, T.; Preik, M.; Rassaf, T.; Strauer, B.E.; Deussen, A.;
Feelisch, M.; Kelm, M. Plasma nitrite rather than nitrate reflects
regional endothelial nitric oxide synthase activity but lacks intrinsic
vasodilator action. Proc. Natl. Acad. Sci., USA 2001, 98(22),
12814-12819.
Kleinbongard, P.; Dejam, A.; Lauer, T.; Rassaf, T.; Schindler, A.;
Picker, O.; Scheeren, T.; Gödecke, A; Schrader, J; Schulz, R;
Heusch, G; Schaub, G.A.; Bryan, N.S.; Feelisch, M; Kelm, M.
Plasma nitrite reflects constitutive nitric oxide synthase activity in
mammals. Free Radic. Biol. Med., 2003, 35(7), 790-796.
Rassaf, T.; Feelisch, M.; Kelm, M. Circulating NO pool:
assessment of nitrite and nitroso species in blood and tissues. Free
Radic. Biol. Med., 2004, 36(4), 413-422.
Gladwin, M.T.; Shelhamer, J.H.; Schechter, A.N.; Pease-Fye,
M.E.; Waclawiw, M.A.; Panza, J.A.; Ognibene, F.P.; Cannon, R.O.
3rd. Role of circulating nitrite and S-nitrosohemoglobin in the
regulation of regional blood flow in humans. Proc. Natl. Acad. Sci.,
USA 2000, 97(21), 11482-11487.
Bryan, N.S. Nitrite in nitric oxide biology: Cause or consequence?
A systems-based review. Free Radic. Biol. Med., 2006, 41(5), 691701.
Bryan, N.S.; Fernandez, B.O.; Bauer, S.M.; Garcia-Saura, M.F.;
Milsom, A.B.; Rassaf, T.; Maloney, R.E.; Bharti, A.; Rodriguez, J.;
Feelisch, M. Nitrite is a signaling molecule and regulator of gene
expression in mammalian tissues. Nat. Chem. Biol., 2005, 1(5),
290-297.
Gladwin, M.T.; Schechter, A.N.; Kim-Shapiro, D.B.; Patel, R.P.;
Hogg, N.; Shiva, S.; Cannon, R.O. 3rd; Kelm, M.; Wink, D.A.;
Espey, M.G.; Oldfield, E.H.; Pluta, R.M.; Freeman, B.A.;
Lancaster, J.R. Jr; Feelisch, M.; Lundberg, J.O. The emerging
biology of the nitrite anion. Nat. Chem. Biol., 2005, 1(6), 308-14.
Beckman, J.S.; Koppenol, W.H. Nitric oxide, superoxide, and
peroxynitrite: the good, the bad, and ugly. Am. J. Physiol., 1996,
271(5 Pt 1), C1424-1437.
Castellheim, A.; Brekke, O.L.; Harboe, M.; Mollnes, T.E. Innate
immune responses to danger signals in systemic inflammatory
response syndrome and sepsis. Scand. J. Immunol., 2009, 69(6),
479-491.
Dyson, A.; Bryan, N.S.; Fernandez, B.O.; Garcia-Saura, M.F.;
Saijo, F.; Mongardon, N.; Rodriguez, J.; Singer, M.; Feelisch, M.
An integrated approach to assessing nitroso-redox balance in
systemic inflammation. Free Radic. Biol. Med., 2011, 51(6), 11371145.
Hall, C.B.; Walsh; E.E.; Schnabel, K.C.; Long, C.E.;
McConnochie, K.M.; Hildreth, S.W.; Anderson, L.J. Occurrence of
groups A and B of respiratory syncytial virus over 15 years:
associated epidemiologic and clinical characteristics in hospitalized
and ambulatory children. J. Infect. Dis., 1990, 162(6), 1283-1290.

Rapid Biomarkers in the Making
[23]

[24]
[25]
[26]
[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]
[35]
[36]

[37]
[38]
[39]
[40]

[41]
[42]

[43]

Glezen, W.P.; Loda, F.A.; Clyde, W.A. Jr.; Senior, R.J.; Sheaffer,
C.I.; Conley, W.G.; Denny, F.W. Epidemiologic patterns of acute
lower respiratory disease of children in a pediatric group practice.
J. Pediatr., 1971, 78(3), 397-406.
Pelletier, A.J.; Mansbach, J.M.; Camargo, C.A. Jr. Direct medical
costs of bronchiolitis hospitalizations in the United States.
Pediatrics, 2006, 118(6), 2418-23.
Petruzella, F.D.; Gorelick, M.H. Duration of illness in infants with
bronchiolitis evaluated in the emergency department. Pediatrics,
2010, 126(2), 285-290.
Peiris, J.S.; Poon, L.L.; Guan, Y. Emergence of a novel swineorigin influenza A virus (S-OIV) H1N1 virus in humans. J. Clin.
Virol., 2009, 45(3), 169-173.
de Jong, M.D.; Simmons, C.P.; Thanh, T.T.; Hien, V.M.; Smith,
G.J.; Chau, T.N.; Hoang, D.M.; Chau, N.V.; Khanh, T.H.; Dong,
V.C.; Qui, P.T.; Cam, B.V.; Ha do, Q.; Guan, Y.; Peiris, J.S.;
Chinh, N.T.; Hien, T.T.; Farrar, J. Fatal outcome of human
influenza A (H5N1) is associated with high viral load and
hypercytokinemia. Nat. Med., 2006, 12(10), 1203-1207.
Melendi, G.A.; Laham, F.R.; Monsalvo, A.C.; Casellas, J.M.;
Israele, V.; Polack, N.R.; Kleeberger, S.R.; Polack, F.P. Cytokine
profiles in the respiratory tract during primary infection with
human metapneumovirus, respiratory syncytial virus, or influenza
virus in infants. Pediatrics, 2007, 120(2), e410-5.
Szretter, K.J.; Gangappa, S.; Lu, X.; Smith, C.; Shieh, W.J.; Zaki,
S.R.; Sambhara, S.; Tumpey, T.M.; Katz, J.M. Role of host
cytokine responses in the pathogenesis of avian H5N1 influenza
viruses in mice. J. Virol., 2007, 81(6), 2736-2744.
Nevin, B.J.; Broadley, K.J. Nitric oxide in respiratory diseases.
Pharmacol. Ther., 2002, 95(3), 259-293.
Stark, J.M.; Khan, A.M.; Chiappetta, C.L.; Xue, H.; Alcorn, J.L.;
Colasurdo, G.N. Immune and functional role of nitric oxide in a
mouse model of respiratory syncytial virus infection. J. Infect. Dis.,
2005, 191(3), 387-395.
Akaike, T.; Noguchi, Y.; Ijiri, S.; Setoguchi, K.; Suga, M.; Zheng,
Y.M.; Dietzschold, B.; Maeda, H. Pathogenesis of influenza virusinduced pneumonia: involvement of both nitric oxide and oxygen
radicals. Proc. Natl. Acad. Sci., USA 1996, 93(6), 2448-2453.
Karupiah, G. Rapid interferon gamma-dependent clearance of
influenza A virus and protection from consolidating pneumonitis in
nitric oxide synthase 2-deficient mice. J. Exp. Med., 1998, 188(8),
1541-1546.
Alving, K.; Weitzberg, E.; Lundberg, J.M. Increased amount of
nitric oxide in exhaled air of asthmatics. Eur. Respir. J., 1993, 6(9),
1368-13670.
Grasemann, H.; Ioannidis, I.; de Groot, H.; Ratjen, F. Metabolites
of nitric oxide in the lower respiratory tract of children. Eur. J.
Pediatr., 1997, 156(7), 575-578.
Kharitonov, S.A.; Wells, A.U.; O'Connor, B.J.; Cole, P.J.; Hansell,
D.M.; Logan-Sinclair, R.B.; Barnes, P.J. Elevated levels of exhaled
nitric oxide in bronchiectasis. Am. J. Respir. Crit. Care Med., 1995,
151(6), 1889-1893.
Kharitonov, S.A.; Yates, D.; Barnes, P.J. Increased nitric oxide in
exhaled air of normal human subjects with upper respiratory tract
infections. Eur. Respir. J., 1995, 8(2), 295-7.
Kharitonov, S.A.; Yates, D.; Robbins, R.A.; Logan-Sinclair, R.;
Shinebourne, E.A.; Barnes, P.J. Increased nitric oxide in exhaled
air of asthmatic patients. Lancet, 1994, 343(8890), 133-135.
Gaston, B.; Drazen, J.M.; Loscalzo, J.; Stamler, J.S. The biology of
nitrogen oxides in the airways. Am. J. Respir. Crit. Care Med.,
1994, 149(2 Pt 1), 538-551.
Mian, A.I.; Laham, F.R.; Cruz, A.T.; Garg, H.; Macias, C.G.;
Caviness, A.C.; Piedra, P.A. Nitric oxide metabolites as biomarkers
for influenza-like acute respiratory infections presenting to the
emergency room. Open Respir. Med. J., 2012, 6, 127-134.
Murphy, A.W.; Platts-Mills, T.A.; Lobo, M.; Hayden, F.
Respiratory nitric oxide levels in experimental human influenza.
Chest, 1998, 114(2), 452-456.
Sanders, S.P.; Proud, D.; Permutt, S.; Siekierski, E.S.; Yachechko,
R.; Liu, M.C. Role of nasal nitric oxide in the resolution of
experimental rhinovirus infection. J. Allergy. Clin. Immunol., 2004,
113(4), 697-702.
Alving, K.; Janson, C.; Nordvall, L. Performance of a new handheld device for exhaled nitric oxide measurement in adults and
children. Respir. Res., 2006, 7, 67.

The Open Biochemistry Journal, 2013, Volume 7 31
[44]
[45]
[46]

[47]
[48]
[49]
[50]
[51]

[52]

[53]
[54]

[55]
[56]
[57]
[58]
[59]
[60]

[61]
[62]

[63]

[64]
[65]
[66]

[67]

Bamberger, D.M. Diagnosis, initial management, and prevention of
meningitis. Am. Fam. Physician, 2010, 82(12), 1491-1498.
Murawska-Cialowicz, E.; Szychowska, Z.; Tr busiewicz, B. Nitric
oxide production during bacterial and viral meningitis in children.
Int. J. Clin. Lab. Res., 2000, 30(3), 127-131.
Morichi, S.; Kawashima, H.; Ioi, H.; Ushio, M.; Yamanaka, G.;
Kashiwagi, Y.; Takekuma, K.; Hoshika, A.; Watanabe, Y.
Cerebrospinal fluid NOx (nitrite/nitrate) in RSV-infected children
with CNS symptoms. J. Infect., 2009, 59(4), 299-301.
Moorman, J.E.; Zahran, H.; Truman, B.I.; Molla, M.T. Current
asthma prevalence - United States, 2006-2008. MMWR Surveill.
Summ., 2011, 60 Suppl, 84-6.
Louie, S.; Morrissey, B.M.; Kenyon, N.J.; Albertson, T.E.;
Avdalovic, M. The Critically Ill Asthmatic-from ICU to Discharge.
Clin. Rev. Allergy Immunol., 2011, 43(1-2), 30-44.
Kharitonov, S.A.; Yates, D.; Springall, D.R.; Buttery, L.; Polak, J.;
Robbins, R.A.; Barnes, P.J. Exhaled nitric oxide is increased in
asthma. Chest, 1995, 107(3 Suppl), 156S-157S.
Massaro, A.F.; Gaston, B.; Kita, D.; Fanta, C.; Stamler, J.S.;
Drazen, J.M. Expired nitric oxide levels during treatment of acute
asthma. Am. J. Respir. Crit. Care Med., 1995, 152(2), 800-803.
Visser, M.J.; de Wit, M.C.; van Aalderen, W.M.; Postma, D.S.;
Brand, P.L. Exhaled nitric oxide in children measured by tidal
breathing method: differences between asthmatics and
nonasthmatic controls. Pediatr. Pulmonol., 2000, 29(6), 434-437.
Frank, T.L.; Adisesh, A.; Pickering, A.C.; Morrison, J.F.; Wright,
T.; Francis, H.; Fletcher, A.; Frank, P.I.; Hannaford, P.
Relationship between exhaled nitric oxide and childhood asthma.
Am. J. Respir. Crit. Care Med., 1998, 158(4), 1032-1036.
Kharitonov, S.A.; Yates, D.H.; Barnes, P.J. Inhaled glucocorticoids
decrease nitric oxide in exhaled air of asthmatic patients. Am. J.
Respir. Crit. Care Med., 1996, 153(1), 454-457.
Lim, S.; Jatakanon, A.; Meah, S.; Oates, T.; Chung, K.F.; Barnes,
P.J. Relationship between exhaled nitric oxide and mucosal
eosinophilic inflammation in mild to moderately severe asthma.
Thorax, 2000, 55(3), 184-188.
Payne, D.N.; Wilson, N.M.; James, A.; Hablas, H.; Agrafioti, C.;
Bush, A. Evidence for different subgroups of difficult asthma in
children. Thorax, 2001, 56(5), 345-350.
Kwok, M.Y.; Walsh-Kelly, C.M.; Gorelick, M.H. The role of
exhaled nitric oxide in evaluation of acute asthma in a pediatric
emergency department. Acad. Emerg. Med., 2009, 16(1), 21-28.
Kalliola, S.; Malmberg, P.; Rito, T.; Pelkonen, A.S.; Mäkelä. Can
we use portable nitric oxide analyzer in young children? Pediatr.
Pulmonol., 2011, 46(7), 627-631.
Devarajan, P. Update on mechanisms of ischemic acute kidney
injury. J. Am. Soc. Nephrol., 2006, 17(6), 1503-1520.
Lameire, N.; Van Biesen, W.; Vanholder, R. Acute renal failure.
Lancet, 2005, 365(9457), 417-430.
Akcan-Arikan, A.; Zappitelli, M.; Loftis, L.L.; Washburn, K.K.;
Jefferson, L.S.; Goldstein, S.L. Modified RIFLE criteria in
critically ill children with acute kidney injury. Kidney Int., 2007,
71(10), 1028-1035.
Devarajan, P. Emerging biomarkers of acute kidney injury.
Contrib. Nephrol., 2007, 156, 203-212.
Bellomo, R.; Ronco, C.; Kellum, J.A.; Mehta, R.L.; Palevsky, P.
Acute Dialysis Quality Initiative workgroup. Acute renal failure definition, outcome measures, animal models, fluid therapy and
information technology needs: the Second International Consensus
Conference of the Acute Dialysis Quality Initiative (ADQI) Group.
Crit. Care, 2004, 8(4), R204-212.
Mehta, R.L.; Kellum, J.A.; Shah, S.V.; Molitoris, B.A.; Ronco, C.;
Warnock, D.G.; Levin, A.; Acute Kidney Injury Network. Acute
Kidney Injury Network: report of an initiative to improve outcomes
in acute kidney injury. Crit. Care, 2007, 11(2), R31.
Goligorsky, M.S.; Brodsky, S.V.; Noiri, E. Nitric oxide in acute
renal failure: NOS versus NOS. Kidney Int., 2002, 61(3), 855-861.
Le Dorze, M.; Legrand, M.; Payen, D.; Ince, C. The role of the
microcirculation in acute kidney injury. Curr. Opin. Crit. Care,
2009, 15(6), 503-508.
Kwon, O.; Hong, S.M.; Ramesh, G. Diminished NO generation by
injured endothelium and loss of macula densa nNOS may
contribute to sustained acute kidney injury after ischemiareperfusion. Am. J. Physiol. Renal Physiol., 2009, 296(1), F25-33.
Trzeciak, S.; Cinel, I.; Phillip Dellinger, R.; Shapiro, N.I.; Arnold,
R.C.; Parrillo, J.E.; Hollenberg, S.M.; Microcirculatory Alterations

32 The Open Biochemistry Journal, 2013, Volume 7

[68]

[69]
[70]

[71]
[72]

[73]

[74]
[75]
[76]

[77]
[78]
[79]

Mian et al.

in Resuscitation and Shock (MARS) Investigators. Resuscitating
the microcirculation in sepsis: the central role of nitric oxide,
emerging concepts for novel therapies, and challenges for clinical
trials. Acad. Emerg. Med., 2008, 15(5), 399-413.
Spack, L.; Havens, P.L.; Griffith, O.W. Measurements of total
plasma nitrite and nitrate in pediatric patients with the systemic
inflammatory response syndrome. Crit. Care Med., 1997, 25(6),
1071-1078.
Doughty, L.; Carcillo, J.A.; Kaplan, S.; Janosky, J. Plasma nitrite
and nitrate concentrations and multiple organ failure in pediatric
sepsis. Crit. Care Med., 1998, 26(1), 157-162.
Figueras-Aloy, J.; Gómez, L.; Rodríguez-Miguélez, J.M.; Jordán,
Y.; Salvia, M.D.; Jiménez, W.; Carbonell-Estrany, X. Plasma
nitrite/nitrate and endothelin-1 concentrations in neonatal sepsis.
Acta Paediatr., 2003, 92(5), 582-587.
Ergenekon, E.; Gücüyener.; Erbaş, D.; Koç, E.; Ozturk, G.; Atalay,
Y. Urinary nitric oxide in newborns with infections. Biol. Neonate,
2000, 78(2), 92-97.
Saijo, F.; Milsom, A. B.; Bryan, N. S.; Bauer, S. M.; Vowinkel, T.;
Ivanovic, M.; Andry, C.; Granger, D. N.; Rodriguez, J.; Feelisch,
M. On the dynamics of nitrite, nitrate and other biomarkers of nitric
oxide production in inflammatory bowel disease. Nitric Oxide,
2010, 22, 155-167.
Farkouh, C.R.; Merrill, J.D.; Ballard, P.L.; Ballard, R.A.;
Ischiropoulos, H.; Lorch, S.A. Urinary metabolites of oxidative
stress and nitric oxide in preterm and term infants. Biol. Neonate,
2006, 90(4), 233-242.
Dzik, J.M.; Dobrzańska, A.; Gruszfeld, D.; Walajtys-Rode, E.
Nitric oxide metabolites in the urine of full-term and preterm
infants. Pediatr. Int., 2002, 44(4), 368-375.
Kelm, M. Nitric oxide metabolism and breakdown. Biochim.
Biophys. Acta, 1999, 1411(2-3), 273-289.
Rahma, M.; Kimura, S.; Yoneyama, H.; Kosaka, H.; Nishiyama,
A.; Fukui, T.; Abe, Y. Effects of furosemide on the tubular
reabsorption of nitrates in anesthetized dogs. Eur. J. Pharmacol.,
2001, 428(1), 113-119.
Lundberg, J.O.; Weitzberg, E. NO generation from inorganic
nitrate and nitrite: Role in physiology, nutrition and therapeutics.
Arch. Pharm. Res., 2009, 32(8), 1119-1126.
Tang, Y.; Jiang, H.; Bryan, N.S. Nitrite and nitrate: cardiovascular
risk-benefit and metabolic effect. Curr. Opin. Lipidol., 2011, 22(1),
11-15.
Lundberg, J.O., Gladwin, M.T., Ahluwalia, A., Benjamin, N.,
Bryan, N.S., Butler, A., Cabrales, P., Fago, A., Feelisch, M., Ford,

Received: September 28, 2012

[80]

[81]

[82]

[83]

[84]

[85]

[86]
[87]

P.C., Freeman, B.A., Frenneaux, M., Friedman, J., Kelm, M.,
Kevil, C.G., Kim-Shapiro, D.B., Kozlov, A.V., Lancaster, J.R., Jr,
Lefer, D.J., McColl, K., McCurry, K., Patel, R.P., Petersson, J.,
Rassaf, T., Reutov, V.P., Richter-Addo, G.B., Schechter, A., Shiva.
S., Tsuchiya, K., van, Faassen, E.E., Webb, A.J., Zuckerbraun,
B.S., Zweier, J.L., Weitzberg, E. Nitrate and nitrite in biology,
nutrition and therapeutics. Nat. Chem. Biol., 2009, 5(12), 865-869.
Elrod, J.W.; Calvert, J.W.; Gundewar, S.; Bryan, N.S.; Lefer, D.J.
Nitric oxide promotes distant organ protection: evidence for an
endocrine role of nitric oxide. Proc. Natl. Acad. Sci., USA 2008,
105(32), 11430-11435.
Duranski, M.R.; Greer, J.J.; Dejam, A.; Jaganmohan, S.; Hogg, N.;
Langston, W.; Patel, R.P.; Yet, S.F.; Wang, X.; Kevil, C.G.;
Gladwin, M.T.; Lefer, D.J. Cytoprotective effects of nitrite during
in vivo ischemia-reperfusion of the heart and liver. J. Clin. Invest.,
2005, 115(5), 1232-1240.
Webb, A.; Bond, R.; McLean, P.; Uppal, R.; Benjamin, N.;
Ahluwalia, A. Reduction of nitrite to nitric oxide during ischemia
protects against myocardial ischemia-reperfusion damage. Proc.
Natl. Acad. Sci., USA 2004, 101(37), 13683-13688.
Pluta, R.M.; Dejam, A.; Grimes, G.; Gladwin, M.T.; Oldfield, E.H.
Nitrite infusions to prevent delayed cerebral vasospasm in a
primate model of subarachnoid hemorrhage. JAMA, 2005, 293(12),
1477-14784.
Tripatara, P.; Patel, N.S.; Webb, A.; Rathod, K.; Lecomte, F.M.;
Mazzon, E.; Cuzzocrea, S.; Yaqoob, M.M.; Ahluwalia, A.;
Thiemermann, C. Nitrite-derived nitric oxide protects the rat
kidney against ischemia/reperfusion injury in vivo: role for
xanthine oxidoreductase. J. Am. Soc. Nephrol., 2007, 18(2), 570580.
Dezfulian, C.; Shiva, S.; Alekseyenko, A.; Pendyal, A.; Beiser,
D.G.; Munasinghe, J.P.; Anderson, S.A.; Chesley, C.F.; Vanden
Hoek, T.L.; Gladwin, M.T. Nitrite therapy after cardiac arrest
reduces reactive oxygen species generation, improves cardiac and
neurological function, and enhances survival via reversible
inhibition of mitochondrial complex I. Circulation, 2009, 120(10),
897-905.
Aranke, M.; Bryan, N.S.; Mian, A.I. Towards nitric oxide based
diagnostics: call to action. Trends Mol. Med., 2011 17(11), 614616.
Mian, A.I.; Bryan, N.S.; Zaidi, A.K.M. Translational research in
the developing world: molecular medicine goes global. Trends Mol.
Med., 2012, 18(3), 135-137.

Revised: November 28, 2012

Accepted: November 28, 2012

© Mian et al.; Licensee Bentham Open.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.

