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Ischemia and reperfusion (I/R)-induced liver injury occurs in several pathophysiological disorders includ-
ing hemorrhagic shock and burn as well as resectional and transplantation surgery. One of the earliest
events associated with reperfusion of ischemic liver is endothelial dysfunction characterized by the
decreased production of endothelial cell-derived nitric oxide (NO). This rapid post-ischemic decrease
in NO bioavailability appears to be due to decreased synthesis of NO, enhanced inactivation of NO by
the overproduction of superoxide or both. This review presents the most current evidence supporting
the concept that decreased bioavailability of NO concomitant with enhanced production of reactive oxy-
gen species initiates hepatocellular injury and that endogenous NO or exogenous NO produced from
nitrite play important roles in limiting post-ischemic tissue injury.

� 2008 Elsevier Inc. All rights reserved.
Introduction

Hepatic ischemia followed by reperfusion results in tissue in-
jury that contributes substantially to the morbidity and mortality
associated with shock, thermal injury, liver transplantation and
resectional surgery. Indeed, liver ischemia and reperfusion (I/R)1-
induced hepatocellular damage is thought to be responsible for
up to 10% of organ dysfunction in liver transplantation leading to
acute and chronic rejection. Experimental and clinical evidence
suggest that post-ischemic tissue damage occurs in an antigen-
independent manner in which tissue injury initiates a cascade of
innate immune responses that ultimately results in liver failure.
For the warm I/R that occurs in shock or liver resectional surgery,
it has been demonstrated that tissue damage occurs in two distinct
phases termed the early (acute) phase and the late (subacute)
phase [1–3]. The early phase of injury occurs in the absence of leu-
kocyte infiltration and is thought to be initiated by a rapid change
in the redox state of the tissue in favor of a more oxidative environ-
ment. The late phase of injury is dependent upon the production of
ll rights reserved.
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several different cytokines and chemokines that promote the infil-
tration of large numbers of leukocytes into the tissue [1–4]. Extrav-
asated polymorphonuclear leukocytes (PMNs) become
metabolically activated and release large amounts of reactive oxy-
gen species (ROS) together with extracellular matrix degrading en-
zymes such as collagenase and matrix metalloproteases [5]. The
net result of this inflammatory infiltrate is an amplification of
the acute injurious responses resulting in extensive inflammatory
tissue injury.

It is well-appreciated that endogenous nitric oxide (NO) may act
to limit ROS- and PMN-mediated tissue injury as well as attenuate
the subsequent inflammatory response in vivo [6–11]. Indeed, it
has been demonstrated that I/R-induced cellular injury is associ-
ated with a remarkable decrease in the bioavailability of NO which
represents an important initiating event in the pathophysiology of
post-ischemic injury in a variety of different tissues including the
liver, heart, kidney and gut [6,12,13]. This review presents a brief
overview of the evidence supporting the concept that a decrease
in the bioavailability of NO coupled to increased production of
superoxide initiate a pathophysiological cascade that ultimately
leads to post-ischemic liver injury (Fig. 1). The early innate im-
mune responses occur in the absence of an inflammatory infiltrate
but will ultimately promote a net oxidative stress within the Kupf-
fer cells (KCs), sinusoidal endothelial cells (SECs) and hepatocytes
thereby activating certain oxidant-sensitive transcription factors
s. (2008), doi:10.1016/j.abb.2008.10.006
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Fig. 1. Proposed pathophysiological mechanisms thought to be important in liver
ischemia and reperfusion injury. Ischemia and reperfusion of the liver induces a
decrease in the bioavailability of NO concomitant with enhanced production of
reactive oxygen species (ROS). This redox imbalance results in an alteration of the
redox potential of the liver thereby producing a more oxidative environment.
Enhanced ‘‘oxidative stress” within the Kupffer cells, sinusoidal endothelial cells
and hepatocytes would promote the NF-jB-dependent expression of certain pro-
inflammatory cytokines that may injure the tissue.
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and enhancing the expression of injurious pro-inflammatory cyto-
kines. The evidence implicating endogenous NO-derived from
endothelial cell nitric oxide synthase (eNOS) as well as exogenous
NO generated from the metabolism of nitrite as important regula-
tory pathways molecule that limit I/R-induced liver injury are also
discussed in this review.

Post-ischemic liver injury: divergent roles of superoxide and
nitric oxide in the acute phase

The early phase of hepatocellular damage caused by I/R occurs
within 1–6 h following reperfusion and appears to be associated
with KC and possibly lymphocyte activation [1,3,5,14]. This PMN-
independent injury is thought to be initiated by an alteration in
the redox state of the liver producing a more oxidative environ-
ment within the cells of the tissue. The mechanisms by which
reperfusion of ischemic tissue induces this type of redox alteration
is not known with certainty but has been the subject of active
investigation for more than 10 years. One of the earliest events
associated with I/R is dysfunction of the SECs which is character-
ized by a significant decrease in the steady state production of
endothelial cell nitric oxide synthase (eNOS)-derived NO [6,8–
10]. The decrease in NO production occurs within 5 min of reperfu-
sion and is most probably due to decreased synthesis of NO, en-
hanced inactivation of NO by the overproduction of superoxide
or both. Indeed, within minutes of reperfusion, there is enhanced
production of ROS such as superoxide (O2

�), hydrogen peroxide
(H2O2) and/or hydroxyl radical (OH�) [1,3,15]. Cellular sources for
these ROS that have been implicated are hepatocyte-derived xan-
thine oxidase and/or mitochondria as well as KC- and/or SEC-asso-
ciated NADPH oxidase [1,3,15,16]. Although a great deal interest in
hepatocyte-associated xanthine oxidase was generated early on in
investigations of liver I/R, more recent work suggest that mito-
chondrial metabolism or KC-associated NADPH oxidase are proba-
bly more important sources of ROS in the post-ischemic liver
[15,17]. A recent study using an isolated perfused liver preparation
suggests that in the absence of Kupffer cells, hepatocytes exhibit
substantial oxidative stress suggesting the presence of additional
ROS generators in these cells as well [18]. Because certain oxy-
gen-derived free radicals such as O2

�will interact with and decom-
pose NO, I/R-induced overproduction of this free radical and H2O2

(coupled to decreased steady state levels of NO) will increase in re-
dox potential of the liver from one of a reduced redox state to a
Please cite this article in press as: Y. Abe et al., Arch. Biochem. Biophy
more oxidized redox environment [8,9,19,20]. In fact numerous
different studies, using pharmacologic interventions or genetic
approaches have demonstrated significant protective effects of cer-
tain non-enzymatic or enzymatic antioxidants when administered
prior to inducing liver ischemia [3,5,15,21]. Although these studies
have identified a role for ROS in the pathophysiology of I/R-induced
heptocellular injury, the cellular source(s) for these ROS-mediated
events as well as the mechanisms by which these reactive species
directly mediate hepatocyte damage have not been clearly
delineated.

Superoxide and post-ischemic liver injury

Early studies into the role of ROS in the pathophysiology of liver
I/R demonstrated significant protective effects of a variety of non-
specific free radical scavengers. However, with the advent of new
gene transfection technologies, more recent studies have shown
that adenoviral transfection of the liver with manganese superox-
ide dismutase (MnSOD) significantly reduced post-ischemic liver
injury implicating O2

� as an important mediator of I/R injury [3].
While the use of adenoviral transfection of various SOD enzymes
provides excellent mechanistic information, the clinical and thera-
peutic usefulness of this approach is limited by the known pro-
inflammatory properties that these adenoviral vectors possess in
the liver [22]. Exogenous administration of antioxidant enzymes
such as SOD may provide a reasonable therapeutic approach, these
proteins (Cu/ZnSOD or MnSOD) have extremely short half-lives
(<7 min) in vivo making their use much less effective [23]. Chem-
ical modifications of these proteins such as the covalent ligation of
polyethylene glycol have extended the life span of these enzymes
in the circulation [24–26]. Utilizing glycosylated forms of SOD
thought to be taken up by hepatocytes and/or Kupffer cells, Fujita
and colleagues as well as Yabe and associates were indeed able to
significantly attenuate post-ischemic liver injury in the mouse
[24–26]. SOD conjugated to either galactose or mannose resulted
in a 50% reduction in serum ALT levels following 30 min of
ischemia and 1 h of reperfusion [24–26]. Further, these studies
identified the mannosylated form of SOD to be taken up by non-
parenchymal cells (i.e. endothelial cells, Kupffer cells, stellate cells,
pit cells) resulting in substantial hepatocellular protection. These
data suggest that Kupffer cell or SEC-generated superoxide may di-
rectly or indirectly mediate liver I/R injury.

Recent work by Gao and colleagues have demonstrated that
SOD may be genetically engineered to possess much longer half-
lives in vivo [23,27]. They have developed a fusion protein com-
posed of the human polycationic extracellular SOD (SOD3) and
the mitochondrial isoform MnSOD (SOD2). This fusion protein
(SOD2/3) is capable of binding to the heparan sulfate moieties on
the microvascular endothelium as well as the interstitial matrix
and has been shown to have a greatly extended half-life (>30 h)
[15,18,23,27]. In contrast to the other modified forms of SOD de-
scribed above, SOD2/3 remains on the extracellular surface of
endothelial cells and hepatocytes allowing one to study the effects
of extracellular O2

�. We have shown that pretreatment of mice
with this SOD2/3 significantly attenuates the post-ischemic liver
injury incurred following 45 or 90 min of ischemia and 6 h of
reperfusion (Fig. 2) [15]. The protection observed with this enzyme
also correlated well with significant reductions in serum TNF-a, a
known mediator of liver cell injury during I/R.

Taken together, these data clearly demonstrate that O2
� medi-

ates directly or indirectly much of the I/R-induced tissue injury.
A new class of non-enzymatic, low molecular weight, membrane
permeable, manganese-containing SOD mimetics have been cre-
ated to circumvent some of the problems associated with native
or modified enzyme administration. As discussed earlier, adminis-
tration of native antioxidant enzymes is not therapeutically effec-
s. (2008), doi:10.1016/j.abb.2008.10.006



Fig. 2. Effect of SOD2/3 on ischemia and reperfusion liver injury. Mice were treated
with the fusion protein SOD2/3 (1000 U/kg, iv) or vehicle 15 min prior to being
subjected to 90 min of ischemia and 6 h of reperfusion. *p < 0.05 vs. vehicle-treated
mice controls. n P 6 animals per group. Data derived from Ref. [15].
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tive due to their extremely short half-life. Furthermore, adminis-
tration of large amounts of protein, native or modified, in humans
has been associated with immunological complications resulting in
their withdrawal from patient use. Manganese-containing proto-
porphyrin compounds are devoid of these classical side effects. In
experimental models of intestinal I/R, these compounds have pro-
ven extremely effective. Salvemini et al. were able to significantly
attenuate post-ischemic neutrophil infiltration in the rat small
intestine following 45 min of superior mesenteric artery occlusion
[15,28]. Further, these mimics have been associated with the
reduction of TNF-a expression following splanchnic I/R injury.
The use of these compounds in hepatic ischemia has also been
examined. Treatment of mice with AEOL 10150 (Aeolus Pharma-
ceuticals), significantly reduced the post-ischemic liver injury
[15]. These data, coupled to those obtained with the SOD2/3, sug-
gest that both intracellular and extracellular O2

� are important in
the pathogenesis of liver I/R injury.

A number of different cellular sources of O2
� have proposed to

account for post-ischemic tissue injury. The most likely candidate
is KC-associated NADPH oxidase although SEC NADPH oxidase
may also play a role as well. KC-NADPH oxidase is multi-compo-
nent O2

�-producing protein complex that has been well-character-
ized in different phagocytic leukocytes and KCs. Recent data
suggest that a similar O2

� generating complex is found in endothe-
lial cells and may be important for regulating vascular tone and
blood flow [29]. In order to assess the importance of NADPH oxi-
dase in a mouse model liver I/R, mice deficient in the gp91phox sub-
unit of NADPH oxidase (gp91�/�) and lack the ability to produce
O2
� have been subjected to liver I/R. We found that gp91phox defi-

ciency attenuated the post-ischemic liver injury during the acute
phase [15]. Because the acute phase occurs in the absence of
PMN infiltration, the most likely cellular sources of NADPH oxidase
are the KC and possibly the sinusoidal and/or microvascular endo-
thelial cells [16,30,31]. Indeed, inactivation of KC function by pre-
treatment of mice with gadolinium chloride 24 h prior to the
induction of ischemia dramatically reduce I/R-induced liver injury
[15]. Exactly how NADPH oxidase-derived O2

� directly or indi-
rectly promotes liver injury is not known with certainty. It may
be that generation of O2

� early on during reperfusion may damage
mitochondrial membrane lipids and proteins leading either di-
rectly or indirectly to the loss of inner membrane potential and
ATP generating capacity [32]. In addition, O2

� is known to inhibit
certain enzymes within the mitochondria including aconitase
which may lead to substantial reductions in ATP formation and
ultimately cell death [33]. In addition to its direct effects, O2

�
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may mediate hepatocellular damage indirectly via the up-regula-
tion of certain injurious cytokines such as TNF-a [34,35]. This is
supported by our observations that the protective effect of SOD2/
3 and gp91 deficiency was associated with reductions in serum
TNF-a as well [15,36]. The molecular and signaling pathways that
are responsible for oxidant-induced cytokine production are dis-
cussed below.

Ischemia and reperfusion activates transcription of pro-Inflammatory
mediators

Over the years, enhanced production of ROS has been thought
to injure cells and tissue via their ability to oxidize and/or degrade
critical cellular constituents. However, more recent studies suggest
that oxidant-induced tissue injury in the post-ischemic liver is not
largely dependent upon ROS-mediated oxidative degradation of
lipids or other biomolecules [37]. It is now thought that the
pathophysiological effects of ROS may relate more to their ability
to induce oxidative stress within cells thereby up-regulating (or
down-regulating) the expression of certain redox-sensitive genes
known to be important in cell proliferation, apoptosis and the
inflammatory response. In fact, several lines of evidence suggest
that I/R-induced ROS production may mediate hepatocellular in-
jury and inflammation by activating redox-sensitive transcription
factors such as NF-jB and activating protein-1 (AP-1) [1,3,34,38–
40]. Several different studies demonstrate that liver I/R promotes
nuclear translocation of NF-jB (and AP-1) prior to the onset of ma-
jor liver damage suggesting one or both of these transcription fac-
tors may play critical roles in the pathogenesis of post-ischemic
liver injury [1,3,34,39]. Although AP-1, as well as other transcrip-
tion factors may be involved in different aspects of gene regulation
in liver I/R, NF-jB is a critical regulatory element in initiating im-
mune and inflammatory responses making this transcription factor
a prime candidate for regulating the pathophysiology observed in
liver I/R-induced injury. The mechanisms by which ROS-induced
activation of NF-jB promotes post-ischemic liver injury has been
the subject of active investigations over the past few years. NF-
jB is a ubiquitous transcription factor and pleiotropic regulator
of numerous inflammatory and immune response. Once activated,
NF-jB translocates to the nucleus of the cell where it binds to its
consensus sequence on the promoter-enhancer region of different
genes thereby activating the transcription of genes known to be
important in the immune and inflammatory responses. For
example, NF-jB appears to regulate the transcription of several
different cytokines (TNF-a, IL-1b, IL-2, IL-6, IL-8 and IL-12), certain
endothelial cell adhesion molecules (ECAMs) such as ICAM-1,
VCAM-1, E-selectin and mucosal address in cell adhesion mole-
cule-1 (MAdCAM-1) as well as NOS 2 (iNOS) and COX 2 [1,3,34,39].

As previously mentioned, a number of different oxidants,
bacterial and viral products, cytokines and lipid mediators activate
NF-jB. It is unlikely that each of these stimuli activates cytoplas-
mic NF-jB-IjB via completely different pathways. Indeed, there
is a growing body of experimental data to suggest that many, if
not all, of these stimuli activate multiple signaling pathways,
which converge to enhance reactive oxygen signaling within the
cell. The identity of the specific intracellular source(s) for this
ROS signaling has (have) not been identified however prostaglan-
din synthase, xanthine oxidase, mitochondria, NADPH oxidase
and cytochrome P-450 are likely candidates. NF-jB activation
has also been shown to be inhibited by a wide variety of structur-
ally diverse enzymatic or non-enzymatic antioxidants or free
radical scavengers such as SOD, catalase, GSH peroxidase, N-acetyl-
cysteine, vitamin E derivatives, a-lipoic acid and certain dithiocar-
bamates. The mechanisms by which small amounts of ROS activate
NF-jB have not been defined. Intracellular oxidative stress is
thought to activate, directly or indirectly, one or more of the IKKs.
s. (2008), doi:10.1016/j.abb.2008.10.006



Fig. 3. Effect of eNOS deficiency on ischemia and reperfusion liver injury. eNOS
deficient (eNOS�/�) or wild type mice were subjected to 45 min of ischemia and 6 h
of reperfusion. *p < 0.05 vs. sham-operated mice; #p < 0.05 vs. time matched wild
type mouse. n P 6 animals per group. Data derived from Ref. [15].
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Recent work by Karin and coworkers suggest that ROS-mediated
activation of NF-jB may be cell specific and may not occur in all
tissue [41]. The mechanisms by which NF-jB-dependent genera-
tion of pro-inflammatory cytokines mediate hepatocellular injury
is not entirely clear. Investigations have suggested that much of
the post-ischemic liver injury may be a result of massive liver
apoptosis induced by TNF-a [42]. However, Jaeschke and cowork-
ers found that when strict histopathological criteria were used to
score the livers, virtually all liver injury occurred by ‘‘osmotic
necrosis” and very little injury occurred by way of apoptosis [42].
However, it should be noted that the vast majority of dead and dy-
ing cells in the post-ischemic liver are hepatocytes. It is conceiv-
able that SECs or KCs undergo significant apoptosis, which may
not be apparent in whole liver preparations.

Another emerging aspect of liver biology that is receiving sub-
stantial attention is the concept that in addition to promoting tis-
sue injury and inflammation, NF-jB activation may protect cells
and tissues from a variety of different insults by virtue of its ability
enhance the transcription of protective genes. Recent studies by
Brenner and coworkers have confirmed that overexpression of liver
IkB-a in mice inhibited NF-jB activation resulting in massive
hepatocyte injury and apoptosis following partial hepatectomy in
these animals [43]. The mechanisms by which NF-jB activation
protects the liver are only now becoming understood. It is known
for example that NF-jB activation induces several ‘‘anti-apoptotic”
genes including MnSOD, a zinc finger protein termed A20, cellular
inhibitors of apoptosis-2 (c-IAP-2), and Bcl-2 family members such
as A1. Most of these genes (i.e. MnSOD, A20 and A1) are also known
to inhibit NF-jB activation and thus may control the expression of
certain pro-inflammatory genes. It may be that the balance be-
tween injurious vs protective genes upregulated during I/R as well
as the cellular location of NF-jB activation dictates whether NF-jB
activation will promote injury or protection.

Hepatocellular protection by nitric oxide or nitrite in post-
ischemic liver injury

It is becoming increasingly appreciated that I/R results in rapid
endothelial dysfunction in a number of different tissues which is
characterized by the marked decrease in steady state production
of endothelial cell-derived NO [6,8,10,20]. The decrease in NO bio-
availability occurs within the first few minutes following reperfu-
sion and appears to be due to decreased synthesis of NO, enhanced
inactivation of NO by the overproduction of O2

� or both. Because
NO is known to interact with and rapidly decompose certain ROS
such as O2

�, OH., and ferryl hemoproteins, decreased steady state
production of NO would in all likelihood increase the redox poten-
tial of the hepatocyte, KC and/or SEC in favor of a more oxidative
environment [9,20,21]. Indeed, we have demonstrated that many
of the pathophysiological characteristics induced by I/R (i.e. oxida-
tive stress, leukocyte adhesion, enhanced vascular permeability)
may be reproduced in normal tissue by administration of certain
NOS inhibitors [8,10,20,44]. Taken together, these data suggest that
eNOS-derived NO may act as an endogenous anti-inflammatory
mediator in the microcirculation.

The use of certain NOS inhibitors to evaluate the role of NO
in vivo has proven problematic. It is known for example that
L-NAME and L-NMMA are non-specific inhibitors of both eNOS
and iNOS as well as potent vasoconstrictors in vivo [45]. Thus, the
non-selective nature of these NOS inhibitors coupled to the fact that
their exacerbatory effects may be due to their vasoconstrictor ef-
fects in a model of hypoperfusion makes their usefulness less than
ideal to probe the role for NO in liver I/R. The potentially protective
role of endogenous NO in liver I/R injury is supported by recently
published studies demonstrating enhanced hepatocellular injury
in post-ischemic animals rendered deficient in eNOS (Fig. 3)
Please cite this article in press as: Y. Abe et al., Arch. Biochem. Biophy
[11,46–48]. In addition, investigators have demonstrated that NO
donors or overexpression of liver eNOS protects mice from liver I/
R-induced injury [49–51]. Although eNOS has been shown by sev-
eral groups of investigators to play a critical protective role in liver
I/R injury, the role of iNOS is less clear. Studies from our laboratory
suggest that I/R-induced liver injury is enhanced in iNOS-deficient
mice however interpretation of these data is complicated by the
fact that we could not demonstrate up-regulation of iNOS message
in post-ischemic livers of wild type mice suggesting that the source
of iNOS is not in the liver but in other tissue (i.e. intestine) or that a
small population of cells such as KCs or SECs upregulate iNOS which
we are unable to detect in whole liver preparations [52].

The mechanisms by which NO protects the liver against the
injurious effects of I/R have not been clearly defined but several
possibilities have been proposed. For example, NO is known to in-
hibit NF-jB activation. DeCaterina and coworkers provide evidence
that NO enhances the de novo synthesis and/or stabilization of the
natural inhibitor IkB-a [7]. In addition, NO-mediated S-nitrosation
of a specific cysteine on the p50 and/or p65 subunits of NF-jB
results in inhibition of binding of this heterodimer to it consensus
sequences upstream of the different pro-inflammatory genes
[53–55]. Furthermore, NO is known to interact with and decom-
pose O2

� or other reactive radicals or oxidants thereby limiting
the formation of O2

� derived H2O2 and preventing the downstream
oxidant-induced pathways for NF-jB activation [19]. Another pos-
sible mechanism may be that NO-dependent activation of soluble
guanylyl cyclase (sGC) with the subsequent production of the
vasorelaxant cGMP may protect against reperfusion injury by
enhancing blood flow thereby limiting the degree of ischemia to
the liver. It has been proposed that NO-mediated activation of
protein kinase G via the sGC/cGMP pathway opens mitochondrial
KATP channels which reduces calcium accumulation within the
mitochondria and prevents the loss of cytochrome c from the mito-
chondrial intermembranal space (reviewed in [12]) (Fig. 4). Alter-
natively or in addition to, NO may reversibly inhibit
mitochondrial respiration via interaction with complex I and/or
cytochrome c oxidase. This would inhibit apoptosis, maintain small
but significant amounts of O2 during ischemia and allow for a more
controlled resumption of respiration following reperfusion [12]
(Fig. 4). Similar observations have been made with NO-dependent
S-nitrosation of caspase-3 resulting in inactivation of this enzyme
and inhibition of apoptosis [12]. This would minimize free radical-
mediated damage to the mitochondrial membrane and preserve
s. (2008), doi:10.1016/j.abb.2008.10.006



Fig. 4. Proposed cytoprotective mechanisms for nitric oxide. Nitric oxide (NO)
derived from endothelial nitric oxide synthase or from the enzymatic (deoxyhem-
obin, deoxymyoglobin, cytochromes, xanthine oxidorectase) or nonenyzmatic
(acid-dependent disproportionation) reduction of nitrite (NO2

�) may protect tissue
subjected to ischemia and reperfusion by: (a) Inactivation of caspase-3 via the NO-
dependent S-nitrosation of the protein; (b) cGMP/protein kinase G (cGMP/PKG)-
mediated opening of mitochondrial ATP-dependent potassium channels (KATP)
which reduces the loss of cytochrome c, decreases calcium accumulation within the
mitochondria, prevent the opening of the mitochondrial permeablility transition
(MPT) pore and decrease apoptosis; (c) inhibition of mitochondrial electron
transport via the direct or indirect (S-nitrosation) inhibition of Complex I (and
possible Complex IV) resulting in decreased reactive oxygen specie (ROS) gener-
ation, reduced cytochrome c release and decreased apoptosis.
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cellular function. NO may attenuate the later stages of post-ische-
mic tissue damage by inhibiting platelet/leukocyte-endothelial cell
interactions [8,10,11].

Like any important signaling molecule, the generation and life-
time of NO is very short-lived in vivo. Indeed, NO may be inacti-
vated rapidly by at least three different pathways. The first
pathways involves the autoxidation of NO to nitrite (NO2

�):

4NOþ O2 þ 2H2O! 4NO�2 þ 4H2O

Although this pathway has been proposed to be a likely mechanism
for NO decomposition in vivo, it is a third-order reaction with re-
spect to NO interacting with O2 making this pathway too slow
and unlikely to occur under physiological conditions. A more phys-
iologically relevant set of pathways for the inactivation of NO may
be mediated by metal-catalyzed oxidation reactions. The copper-
containing protein ceruloplasmin (P–Cu2+) has been shown to rap-
idly oxidize NO to NO2

� under physiological conditions [56]:

NOþ P—Cu2þ þH2O! NO�2 þ 2Hþ þ P—Cu1þ

In addition to ceruloplasmin, ferrous dioxygenated hemoglobin
(Hb–Fe2+O2; oxyhemoglobin) rapidly rapidly decomposes NO to
yield nitrate (NO3

�):

Hb—Fe2þO2 þ NO! Hb—Fe3þ þ NO�3

These data suggest that circulating levels of nitrite and nitrate may
be used to assess NOS activity in vivo. Indeed, eNOS deficient mice
have plasma levels of nitrite that are only 30% of those found in wild
type mice suggesting that eNOS-derived NO represents a major
source of nitrite in the circulation [56]. In reality, nitrate is present
in significantly greater concentrations that nitrite in the blood
(25–35 lM vs 0.15–0.35 lM, respectively) [56]. In addition to
NO-derived nitrite and nitrate, large amounts of nitrogen oxides
are ingested in the diet from consumption of leafy vegetables
(nitrate) and cured meats (nitrite) and contribute significantly to
overall plasma levels of nitrate and nitrite. It has been estimated
that one plate of leafy vegetables (lettuce, spinach) contains three
times more nitrate (and nitrite) than can be produced by all three
NOS isoforms in one day [56]. Historically, it has been assumed that
blood and tissue nitrate and nitrite simply reflected inert endprod-
Please cite this article in press as: Y. Abe et al., Arch. Biochem. Biophy
ucts of NO metabolism and food contaminants. However, it is now
recognized that these oxidized metabolites of nitrogen can be
metabolized in vivo to regenerate NO. This happens in two basic
steps. The first step involves the reduction of nitrate to nitrite by
the action nitrate reductase found in certain enteric and oral bacte-
ria [56]:

NO�3 þ e� þHþ ! NO�2 þH2O

Once formed, NO2
� can be reduced further to yield NO via several

different pathways. The first and best characterized is by the acid-
catalyzed disproportionation of nitrous acid (HNO2) via the inter-
mediate formation of dinitrogen trioxide (N2O3):

2NO�2 þ 2Hþ $ 2HNO2

2HNO2 ! N2O3 þH2O
N2O3 ! NOþ NO2

This reaction is greatly enhanced by the presence of asorbic acid or
different polyphenolic compounds [56]. In addition, nitrite can be
reduced to NO by xanthine oxidoreductase (XO) or by ferrous deox-
ygenated hemoglobin or myoglobin (P–Fe2+):

NO�2 �þP—Fe2þ þHþ ! NOþ P—Fe3þ þ OH�

Although much of the NO produced would escape the heme moiety
making it available for further interactions, a portion of the NO
would be trapped by the heme to form nitrosyl-hemoglobin (or
myoglobin). The physiological significance of nitrosyl-heme forma-
tion is not clear at the present time. Taken together, these data
demonstrate that endogenous or dietary nitrate and nitrite can be
metabolized and recycled in vivo to generate biologically active
NO. Because the rate of NO generation from nitrite is linearly
dependent on reductions in tissue pO2 and pH, nitrite may be
metabolized to NO in ischemic tissue (via deoxyHb or Mb) and exert
NO-dependent protective effects site-specifically. Indeed, the tis-
sue-specific reduction of nitrite to generate cytoprotective NO has
important clinical significance in that treatment of different ische-
mic disorders with nitrite would reduce the untoward cardiovascu-
lar effects of systemic delivery of inhaled NO or intravenous
administration of S-nitrosothiols. Indeed, a growing number of
studies demonstrate that nitrite is cytoprotective in different mod-
els of tissue I/R including the liver, heart, kidney and brain [12]. The
clinical usefulness of nitrite is currently being investigated as a po-
tential therapeutic agent to treat ischemic disorders.

Concluding remarks

There is now overwhelming evidence supporting a role for NO
generated by eNOS or from nitrite as an important regulatory mol-
ecule that acts to limit post-ischemic tissue injury. The mecha-
nisms by which this free radical protects the reperfused liver
remain to be defined and is the subject of active investigation.
Therapeutic uses of NO or nitrite are currently underway in several
different laboratories to treat a variety of ischemic disorders.
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