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Modulation of Astroglial Energy Metabolism by Nitric Oxide
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ABSTRACT

Activated astroglial cells produce large amounts of nitric oxide (NO) which, through the binding to soluble
guanylyl cyclase, rapidly increases cyclic GMP concentrations. In addition, through the binding with the a-a,
binuclear center of cytochrome ¢ oxidase, NO rapidly decreases the affinity of this complex for O,, hence re-
versibly inhibiting the mitochondrial electron flux and ATP synthesis. Despite promoting a profound degree of
mitochondrial inhibition, astrocytes show remarkable resistance to NO and peroxynitrite, whereas neurons
are highly vulnerable. Recent evidence suggests that the inhibition of mitochondrial respiration by these
nitrogen-derived reactive species leads to the modulation of key regulatory steps of glucose metabolism. Thus,
upregulation of glucose uptake, the stimulation of glycolysis and the activation of pentose-phosphate pathway
appear to be important sites of action. The stimulation of these glucose-metabolizing pathways by NO would
represent a transient attempt by the glial cells to compensate for energy impairment and oxidative stress, and

thus to emerge from an otherwise pathological outcome. Antioxid Redox Signal 8, 955-965.

BACKGROUND

NITRIC OXIDE (NO) PLAYS ESSENTIAL functions in the mod-
ulation of vascular tone (61, 88), neurotransmission (49),
and the immune system (58). Formed by a family of nitric
oxide synthases (NOS), NO mainly binds to soluble guanylyl
cyclase and mitochondrial cytochrome ¢ oxidase, and thus me-
diates cellular signaling cascades. The interactions with these
targets suggest that NO plays critical pathophysiological roles
that only recently are beginning to be understood.

Within the brain, astrocytes play critical roles in brain en-
ergy homeostasis, in part because they are strategically local-
ized in the brain network (50). They channel metabolic sub-
strates between the blood and neurons; through their end-feet
processes, astrocytes surround blood vessels (80), and can
readily take up the glucose arriving from the blood through
endothelial cells. Moreover, the astrocytic processes that sur-
round synapses (13) contribute to modulating energy metabo-
lism as a function of neuronal synaptic activity. In view that
astrocytes, when activated, become a major source of NO, we
shall describe here the cellular consequences derived from
the interaction of NO with cytochrome ¢ oxidase and other

mitochondrial constituents in these cells. We shall study how
these interactions indirectly modulate brain energy metabo-
lism under normal and pathological situations.

FORMATION OF NITRIC OXIDE IN
NEURAL CELLS

All brain cells are able to synthesize NO (83, 84). In postsy-
naptic neurons, NO is formed after glutamate-mediated activa-
tion of its receptors, mainly the N-methyl-D-aspartate (NMDA)
subtype. After this activation, Ca2" is transiently increased in the
cytosol and forms a complex with calmodulin that binds to—and
activates—constitutive neuronal NOS (nNOS or NOS1) (Fig. 1)
(66). Glial cells (astrocytes, microglia, and oligodendrocytes)
synthesize NO after the transcriptional expression of a calcium-
independent inducible NOS isoform (iNOS or NOS2) (Fig. 1).
In vivo factors that promote iNOS induction encompass a num-
ber of inflammatory conditions, including ischemia (5, 78, 84).
Experimentally, iNOS induction in glial cells can be promoted
by incubation with the endotoxin lipopolysaccharide (LPS) or
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FIG. 1. Nitric oxide (NO) synthesis in brain cells. In neu-
rons, glutamate-mediated N-methyl-D-aspartate receptor

(NMDAr) stimulation triggers intracellular Ca2* accumulation.
Ca?* binds to calmodulin and activates neuronal nitric oxide
synthase (nNOS) isoform, which forms NO and citrulline from
arginine. In astrocytes, certain pro-inflammatory stimuli pro-
mote the transcriptional induction of iNOS (inducible iso-
form), which forms large amounts of NO in Ca2*-independent
manner. A similar mechanism operates in microglial cells (not
shown). In blood vessels, acetylcholine stimulates its receptor
placed in the membrane of the endothelial cells, promoting in-
tracellular Ca2?" accumulation and activation of endothelial
NOS isoform (eNOS). eNOS-mediated NO is released to the
neighboring smooth muscle cells, herein inducing cyclin
GMP-mediated relaxation.

with certain cytokines, such as interferon-y, tumor necrosis fac-
tor-a, or interleukin-1{, which act through their specific plasma
membrane receptors (78, 83, 84, 86). In addition, neurons can
respond to proinflammatory stimuli and take part in brain in-
flammation. Thus, neuronal iNOS expression has been described
in different experimental settings, including cytokine stimula-
tion of neuronal cell lines and primary neurons in vitro, as well
as in animal models of stroke and neurodegeneration (56, 105),
highlighting the impact on neurodegeneration. Endothelial cells
from brain microvessels release NO after the interaction of an
agonist (e.g., acetylcholine) with the plasma membrane receptor,
which promotes Ca2* entry and activation of the constitutive
Ca?*-dependent endothelial NOS isoform (eNOS or NOS3) (66)
(Fig. 1). The NO formed by eNOS activation diffuses to the
neighboring smooth muscle cells and activates soluble guanylyl
cyclase, thereby triggering the cyclic GMP-dependent muscle
relaxation that leads to vasodilatation (98).

FORMATION AND REACTIVITY
OF PEROXYNITRITE

Following NO biosynthesis, there may be formation of
peroxynitrite (ONOO-), which is performed by the rapid and
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spontaneous reaction of NO with superoxide (O,~) (12) (Fig.
2). Thus, peroxynitrite formation is most favored under situa-
tions in which NO biosynthesis is associated with enhanced
O, - formation and/or impaired O, - dismutation. Although
peroxynitrite is only stable in alkaline solutions, it has a pK,
of ~6.8 and is thus rapidly protonated at physiological pH val-
ues to form peroxynitrous acid (ONOOH) (7). ONOOH gives
rise to chemical species with hydroxyl radical (*OH)-like re-
activity and nitrogen dioxide ("NO,) (7). The occurrence of
such radical-mediated reactions confers peroxynitrite pro-
oxidant properties that are thought to be responsible for the
execution of the neurotoxic NO-mediated responses (7, 15,
20, 71). However, this is a controversial issue that has been
recently revisited (16).

Radi et al. (95) reported that peroxynitrite, but not peroxy-
nitrous acid, targets sulthydryl (cysteine and the thiol group
of albumin) oxidation, yielding the corresponding disulfide
products (Fig. 2). A number of subsequent studies confirmed
that the redox status of intracellular reduced glutathione
(GSH)—the major antioxidant thiol in mammalian cells—
would be a critical factor in dictating cellular susceptibility to
the actions of peroxynitrite (17, 18). Since sulthydryl groups
are crucial for many active sites and the native conformation
of many enzymes, peroxynitrite-mediated oxidation of these
groups may change protein function. Peroxynitrite also reacts
with glutathione to form S-nitrosoglutathione (GSNO) (81),
and GSNO may act as a storage or transport form of NO pos-
sibly exerting physiological functions (3, 81, 107) or cytopro-
tection (34).

Another key reaction of peroxynitrite is that with tyrosine,
an amino acid with regulatory functions in most proteins. Ty-
rosine can be nitrated by peroxynitrite to form 3-nitrotyrosine
(62) (Fig. 2), a phenomenon that may regulate cellular func-
tions. Low-molecular weight metal complex-containing pro-
teins, such as superoxide dismutase (SOD), favor such reac-
tions (8). In addition, peroxynitrite promotes the dimerization
of tyrosine residues in proteins, forming 3,3’-dityrosine com-
plexes (114), whose pathophysiological role still requires
clarification.
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FIG. 2. Main pathways for nitric oxide degradation. After
inhibition of cytochrome ¢ oxidase, NO enhances superoxide
(O, ) generation from mitochondria. Superoxide reacts with
NO and forms peroxynitrite anion (ONOO~-). NO also reacts
with O, forming nitrogen dioxide radical (‘"NO,), which rapidly
decomposes to stable products nitrite (NO,~) and nitrate
(NO; 7). Peroxynitrite oxidizes sulthydryl groups, nitrates tyro-
sine residues in proteins and causes lipid peroxidation, but at
physiological pH rapidly protonates and forms nitrogen diox-
ide radical and hydroxyl radical before decomposing to nitrite
and nitrate.
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INHIBITION OF CYTOCHROME C
OXIDASE BY NO AND PEROXYNITRITE

In intact astrocytes, endogenous NO reversibly modulates
mitochondrial respiration (24) in a manner resembling the re-
versible inhibition of cytochrome ¢ oxidase (complex IV of
the mitochondrial respiratory chain) by exogenous NO that
was observed in isolated muscle mitochondria (35) or in
synaptosomes (27) (Fig. 3). The NO-dependent inhibition of
mitochondrial function has been observed in a wide range of
biological systems, including oligodendrocytes (80), neurons
(17, 21), macrophages (41, 59, 110), synaptosomes (27, 103),
isolated heart mitochondria (96), or brain submitochondrial
particles (72). The mechanism responsible for the reversible
inhibition of cytochrome ¢ oxidase by NO involves the bind-
ing of NO with reduced cytochrome a; to form a
nitrosyl-heme complex through the donation of one electron
to ferric (Fe3*) cytochrome a; (94, 108), then apparently in-
teracting with the Cu?*, center (35, 108).

In addition, prolonged exposure of astrocytes to NO results
in persistent damage to cytochrome ¢ oxidase (19), possibly
by the direct disruption of Cu?*, caused by peroxynitrite
(104) (Fig. 3). The persistent inhibition of cytochrome ¢ oxi-
dase by peroxynitrite in the brain might have important
pathophysiological consequences, whereas the reversible in-
hibition would be responsible for the rapid regulation of cel-
lular functions (24, 25). Together, these works strongly sug-
gest that the mitochondria from neural cells represent an
important physiological or pathophysiological target of NO.

NO-mediated modulation of cytochrome ¢ oxidase occurs
in competition with O,. Under most experimental conditions,
cell and tissue preparations are exposed to atmospheric O,
concentrations (~175-200 puM), whereas in vivo they are sub-
jected to O, concentrations that are one order of magnitude
lower (~10-30 pM). This implies that the NO concentrations
needed to block cytochrome ¢ oxidase activity in vivo are
much lower than those needed to affect the activity of the en-
zyme in the test tube, and suggest that neuronal energy me-
tabolism would be compromised under pathological condi-
tions associated with reduced blood supply to the brain, such
as stroke. However, it has recently been reported that the re-
duced status of cytochrome ¢ oxidase in the brain tissue of

FIG. 3. Major targets of the mitochondrial
respiratory chain by nitric oxide and perox-
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adult rats subjected to transient ischemia is not prevented by
exogenous administration of NOS inhibitors (40). Although
this argues against a possible role for reversible cytochrome ¢
oxidase inhibition by NO in vivo, these results have been
questioned on the basis that it is not clear whether, in the
adult brain, the NOS inhibitors used crossed the blood brain
barrier (37). Accordingly, the role for NO in reversibly modu-
lating brain cytochrome c¢ oxidase activity in vivo remains to
be fully elucidated.

INHIBITION OF NADH-UBIQUINONE
OXIDORREDUCTASE BY NO
AND PEROXYNITRITE

NO can promote the single-electron oxidation of
ubiquinol to semiquinone, hence interfering with the transfer
of the electron to cytochrome b (93). Since semiquinone is an
effective source of O,"~ in mitochondria, the presence of NO
can thus enhance O,'~, with which it reacts to form peroxyni-
trite. Consequently, persistent exposure of mitochondria to
NO could produce peroxynitrite, which in turn might be re-
sponsible for the damage to NADH—ubiquinone oxidoreduc-
tase (complex I of the mitochondrial respiratory chain) previ-
ously reported in macrophages and heart mitochondria (36,
99) (Fig. 3). Thus, peroxynitrite could nitrate (and inactivate)
tyrosine residues of the essential domains of complex I (99),
although there is also evidence for the inactivation of com-
plex I by NO-mediated S-nitrosylation of essential sulthydryl
groups of the protein (26, 36). In fact, prior studies obtained
in isolated (heart and brain) mitochondria and intact neurons
and astrocytes had shown that complex I activity was unaf-
fected by peroxynitrite (17, 19, 29, 96) unless the intact na-
ture of the mitochondria had previously been disrupted by
sonication (96) or the cellular GSH status had previously
been severely compromised (6). Together, these studies
strongly support the notion that GSH protects mitochondria
from NO and/or peroxynitrite-mediated complex I inhibition.
Interestingly, in the substantia nigra of the brain of Parkin-
son’s disease presymptomatic patients, GSH is severely de-
pleted (63). Moreover, complex I activity is compromised in
the same brain region (100). Accordingly, it could be specu-
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peting with O,. This causes an increase in the
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lated that excessive NO production in the brain might con-
tribute to the neuronal energy deficiency observed in this
neurodegenerative disease (59).

INTERFERENCE OF NO AND
PEROXYNITRITE WITH KREBS CYCLE
ENZYMES

In purified preparations, peroxynitrite, but not NO itself,
inhibits aconitase activity, apparently through inactivation of
the iron—sulfur cluster prosthetic group (30, 55). In intact mi-
croglial cells, a-ketoglutarate dehydrogenase activity is im-
paired by NO formed endogenously from iNOS activity (89).
It remains to be established whether the inhibition of aconi-
tase and a-ketoglutarate dehydrogenase activities reach the
threshold of Krebs cycle impairment. If so, these observa-
tions add support to the notion that NO metabolism may be
an important target to combat the brain energy deficiency as-
sociated with neurodegenerative diseases.

CELL SIGNALING CONSEQUENCES OF
NO-MEDIATED INHIBITION OF
CYTOCHROME C OXIDASE

Recent evidence from our laboratory has shown that treat-
ment of astrocytes with either exogenous or endogenous NO
promotes the phosphorylation of Thr-172 of «,-subunit of
AMP-activated protein kinase (AMPK) (4). AMPK is a cell
energy sensor that is activated in response to high AMP:ATP
ratios (54) that triggers the phosphorylation of metabolic sub-
strates to maintain the energy balance (28). On our hands,
AMPK activation occurs secondary to the inhibition of cy-
tochrome ¢ oxidase by NO, which increases the AMP:ATP
ratio by ~fivefold (32). However, the possible upregulation of
AMPK by the subsequent changes in the redox status cannot
be ruled out (97). In any case, these results directly show that
NO-dependent regulation of mitochondrial respiration may
have important cell signaling implications (Fig. 4). This no-
tion is supported by recent observation that the transcription
factor nuclear factor-«B is activated by O, ~ after the single-
electron donation to O,, initially triggered by the NO-medi-
ated reduction of mitochondrial electron transport chain cy-
tochromes (87). Moreover, during hypoxia, cytochrome c
oxidase inhibition by NO is stronger, and hence O, can be re-
distributed to other nonrespiratory oxygen-dependent targets
(113), such as prolyl hydroxylases (53). In the presence of O,,
prolyl hydroxylases are needed to destabilize hypoxia-
inducible factor (HIF) 1 alpha (HIF1-a), a transcription fac-
tor that, when stabilized, upregulates genes associated with
glycolysis. Thus, during the NO-mediated inhibition of cy-
tochrome ¢ oxidase in hypoxia, prolyl hydroxylases do not
register hypoxia, and hence HIF1l-a continues to be de-
stabilized (53). Accordingly, NO downregulates hypoxia-
dependent HIF1-a transcription factor activation in response
to hypoxia. Finally, NO-mediated interference with the mito-
chondrial respiratory chain induces changes in mitochondrial
Ca?* flux (22, 23), which induces the activation of endoplas-
mic reticulum stress-regulated transcription factor (119). To-
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1G. 4. Nitric oxide signaling pathways. NO activates sol-
uble guanylyl cyclase to form cyclic GMP. Cyclic GMP thus
mediates a number of cell signaling cascades, such as regula-
tion of ion channels, cyclic GMP-dependent phosphodi-
esterases, or cyclic GMP-dependent protein kinases. On the
other hand, NO reversibly inhibits cytochrome ¢ oxidase in a
competitive way with O,. This interaction can be amplified by,
at least, three ways. Thus, the inhibition of ATP synthesis tran-
siently increases the AMP:ATP ratio, which is the trigger of
AMP-activated protein kinase (AMPK) stimulation leading to
several effects, including activation of glucose uptake and gly-
colysis. At low O, concentrations, endogenous NO allows O,
redistribution to other O, nonrespiratory targets, such as prolyl
hydroxylases. These do not register hypoxia and hence con-
tinue degrading hypoxia inducible factor 1-alpha (HIF1). Fi-
nally, mitochondrial calcium signaling is modulated by the en-
ergetic effect of NO-mediated inhibition of respiration.

gether, these observations strongly support the notion that the
interaction of NO with cytochrome ¢ oxidase is a molecular
switch involved in the regulation of cell signaling pathways

(Fig. 5).

THE ROLE OF GLIAL INOS IN NO- AND
PEROXYNITRITE-MEDIATED
NEUROTOXICITY

Different cell types respond differentially to NO. Glial
cells are more resistant than neurons to NO excess (17, 80).
Possible factors dictating this differential susceptibility are
glutathione concentrations and the specific activity of antiox-
idant enzymes such as SOD, catalase, or glutathione peroxi-
dase (17, 76). Thus, GSH is oxidized much more in neurons
and in astrocytes when these cells are incubated with per-
oxynitrite (17) or with H,0, (45). In fact, astroglial toxicity is
only found when these cells are depleted of GSH before incu-
bation with peroxynitrite (6). Together, these results strongly
suggest that the cellular GSH status is a contributing factor
that dictates the differential responses of neural cells to NO-
mediated toxicity (18). However, additional factors may also
contribute to such differences.
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FIG. 5. Activation of glucose utilization by nitric oxide.
Pro-inflammatory situations promote the transcriptional induc-
tion of iNOS. NO-dependent inhibition of mitochondrial respi-
ration increases the AMP:ATP ratio, which is the trigger for
AMPK phosphorylation (AMPK-P) and activation. As a result
of this, Glut3-mediated glucose uptake is rapidly increased. On
the other hand, the same pro-inflammatory situations promote
the transcriptional induction of glucose-6-phosphate dehydro-
genase (G6PD), the rate-limiting enzyme of the pentose-
phosphate pathway. iNOS-dependent NO formation oxidizes
glutathione (GSH), but the induction of G6PD forms sufficient
NADPH to regenerate GSH from oxidized glutathione (GSSG)
and thus prevent further GSH depletion.

Incubation of astrocytes and neurons with identical
amounts of NO triggers mitochondrial depolarization (Ays,
decrease) in neurons, but no changes in Ays_ in astrocytes (2)
(see also Ref. 111). Interestingly, the maintenance of A{s_ in
astrocytes appears to be associated with NO-afforded cellular
protection against apoptotic cell death (2, 111). NO could
exert such antiapoptotic effect after the inhibition of cy-
tochrome ¢ oxidase (2, 9), which in turn switches on glucose
uptake and glycolysis (see below), hence reactivating the cell
energy metabolism and survival. However, others suggest that
the changes in Ays are mediated through a cyclic GMP-
dependent mechanism (111).

Soon after the observation that NO plays a role in neuro-
transmission (49, 67), it was reported that NO accounts for
the neurotoxicity of excessive NMDA receptor activation (38,
39). However, other authors failed to reproduce such an effect
(65), although the considerable differences in the systems and
protocols used might explain such discrepancies. For in-
stance, Dawson et al. (38) pointed out that the age of the neu-
ronal cultures used is an essential issue, since only old cul-
tures (i.e., 14-21 days in vitro) showing prominent NMDA
receptor expression are vulnerable to NO-dependent neuro-
toxicity. Keynes et al. (64) recently reported that the neurons
of hippocampal organotypic slices fully expressing NMDA
receptors are resistant to NMDA receptor-mediated nNOS ac-
tivation. Furthermore, these authors found that exogenous
NO is nontoxic to neurons in this experimental system, at
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least up to concentrations of 4.5 uM. It should be mentioned
that organotypic cultures of brain sections conserve intact as-
trocytes. Since astrocytes have a robust antioxidant system
(see above), it is possible that these cells could help neurons
to scavenge part of the added NO. This would lead to an over-
estimation of the concentration of NO that is neurotoxic. In
fact, similar concentration values of exogenous NO (5 pM)
strongly inhibit mitochondrial ATP synthesis in hippocampal
neurons in cultures without astrocytes (21). These results
suggest that the discrepancy among the results of the different
groups regarding the susceptibility of neurons to NO could be
due to the experimental protocol used.

ROLE OF GLIAL-DERIVED NO IN
HYPOXIA/ISCHEMIA

Brain ischemia is one of the most generally accepted path-
ogenic situation associated with iNOS-dependent glial NO
formation. Thus, episodes of ischemia followed by reoxy-
genation promote the transcriptional induction of iNOS in as-
trocytes by interleukin-1 (73). In vivo, there is considerable
body of evidence suggesting that such astrocyte-derived NO
plays a neurotoxic role in ischemia/reoxygenation (14, 46,
60). The intracellular constituents of necrotic neurons, which
are released after an ischemic episode, can also promote glial
activation and NO production. Such glial-derived NO may in
turn be deleterious to still live neighboring neurons. The
mechanism of this neurotoxicity possibly involves mitochon-
drial respiratory chain inhibition (18, 109). It should be noted
that in addition to excess NO, cytoprotective factors can also
be transferred from glia to neurons (18, 42). Accordingly,
neuronal damage is apparent only when the defense mecha-
nisms of the brain are seriously compromised.

REGULATION OF GLUCOSE
UPTAKE BY NO

Astrocytes are the only neural cell type having a reservoir
of glycogen (116). This allows a transient supply of energy
substrate during ischemia and during physiologic neurotrans-
mission. In fact, the conversion of glycogen to glucose-6-
phosphate is stimulated by synaptic activity (92). Glucose-6-
phosphate can be converted to lactate (43, 44) and further
released to the interstitial space to be taken up by surrounding
neurons, which use lactate as an alternative energy substrate
(77). In fact, lactate preserves neuronal activity during hypo-
glycemic episodes and is neuroprotective under certain
pathophysiological conditions (101, 102) (reviewed in Ref.
91). However, neuroprotection can only be maintained tran-
siently because the ability of astrocytes to store glycogen is
very limited (43, 44). Accordingly, astrocytes should express
suitable systems for taking up glucose efficiently enough to
support neuronal energy metabolism during such stressful
conditions (Fig. 5).

Astrocytes (33, 48), as well as macrophages (1) and epithe-
lial cells (69), respond to LPS and cytokine-mediated activa-
tion by increasing glucose consumption in an NO-dependent
fashion. Both transcriptional and posttranslational mecha-
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nisms appear to be responsible for the increased affinity of
astrocytes for glucose. Glucose is taken up by astrocytes
through Glut-dependent facilitative, energy-independent glu-
cose transporters (51). Up to 14 Glut members have been
identified in humans (11, 82, 117), but in the brain the major
glucose transporters expressed are Glutl and Glut3. All brain
cell types appear to express Glutl (74), although the expres-
sion of Glut1 in cultured neurons is believed to be an adaptive
consequence to in vitro conditions (75). The expression of
Glut3 is confined to neurons (31, 85) and, in light of the ki-
netic parameters, it appears that Glut3 transporter activity is
responsible for the high affinity for glucose shown by cere-
bellar neurons (52, 75). The mRNA and protein levels of the
high-affinity Glut3 glucose transporter increase shortly (as
from ~4 h) after incubation of astrocytes with LPS, with a
low-oxygen atmosphere or with a low-glucose medium (33).
Pharmacological evidence suggests that this increase is tran-
scriptional, possibly through the activation of nuclear factor
kB (NF-kB) (33). Since NF-«kB transcriptionally promotes
iNOS expression by LPS (118), it might be that the acquired
increased in affinity of astrocytes for glucose may serve to
protect the brain against stressful conditions.

Besides the transcriptional induction of glucose transporter
in astrocytes, endogenous NO also stimulates glucose uptake
(33) (Fig. 5). This NO-dependent increase in glucose uptake
seems to be a compensatory energetic effect that is initially
triggered by inhibition of the mitochondrial respiratory chain.
The mechanism responsible may involve activation of
AMPK, secondary to the inhibition of cytochrome ¢ oxidase
by NO (32). Hence the modulation of mitochondrial function
by NO may thus represent an indirect mechanism for the reg-
ulation of glucose metabolism in astrocytes.

REGULATION OF THE PENTOSE-
PHOSPHATE PATHWAY BY NO AND
PEROXYNITRITE

Unlike neurons, astrocytes can efficiently maintain GSH
status in its reduced form (17, 19). It is possible that this
maintenance would be due to an enhanced glucose oxidation
through the pentose-phosphate pathway. For instance, hepato-
cytes are prone to H,0,-mediated activation of glucose-6-
phosphate dehydrogenase (G6PD), the enzyme that catalyzes
the first rate-limiting step in the oxidative branch of the
pentose-phosphate pathway (106, 113). Furthermore, the
stimulation of this pathway in neurons (10) and astrocytes
(69) has been proposed to elicit a protective action against
H,0, toxicity through the regeneration of NADPH, a cofactor
necessary for GSH recovery from GSSG (66) (Fig. 5).

A factor possibly involved in the protection of astrocytes
against endogenous NO-mediated GSH oxidation would be
glucose utilization through the pentose-phosphate pathway
(48). Thus, the incubation of astrocytes with peroxynitrite
triggers the rapid activation of pentose-phosphate pathway
and NADPH accumulation (47). This effect, which is due to
the rapid stimulation of G6PD activity (47), suggests that glu-
cose oxidation through the pentose-phosphate pathway is cy-
toprotective against excess NO.
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ACTIVATION OF GLYCOLYSIS BY NO
PROTECTS ASTROCYTES FROM CELL
DEATH

It is well known that, in contrast to astrocytes, neurons do
not easily elicit glycolysis after inhibition of mitochondrial
function (90, 115). In keeping with this, incubation of astro-
cytes and neurons with NO inhibits the rate of O, consump-
tion by ~85%, whereas glycolysis is only enhanced in the for-
mer cells (2). Increased glycolysis allows astrocytes to
maintain ATP concentrations and cell death, but neuronal
ATP concentrations progressively decrease due to NO, lead-
ing to cell death. These correlations suggest that the inhibi-
tion of mitochondrial respiration by NO would be associated
with an upregulation of the glycolytic flux in astrocytes to
prevent the depletion of ATP (2). The mechanism responsible
for such glycolytic activation would be activation of 6-phos-
phofructo-1-kinase (PFK1), a key rate-limiting step in the
glycolytic pathway (70). Fructose-2,6-bisphosphate (F2,6P,),
the most powerful PFK1 allosteric activator (57), is rapidly
accumulated in astrocytes by NO (4), suggesting that NO
would first activate 6-phosphofructo-2-kinase (PFK2), the
F2,6P,-forming enzyme (Fig. 6).

Inflammation, Sepsis,
Hypoxia, Ischem@a,
Neuronal necrosis iNOS
NO

Cytochrome ¢ I |

oxidase

AN AMP:ATP
j

# Glycolysis

——
Cytoprotection

FIG. 6. Coordinated upregulation of glucose utilization by
NO contributes to prevent cellular death. Astrocytes gen-
erate large amounts of NO that inhibits cytochrome ¢ oxidase,
increases the AMP:ATP ratio, and promotes AMPK phosphor-
ylation and activation. Active AMPK thus activates 6-phospho-
fructo-2-kinase (PFK2), which forms fructose-2,6-bisphos-
phate (F2,6P,), that is, the most potent positive effector of
6-phosphofructo-1-kinase (PFK1). The glycolytic pathway is
this rapidly activated and ATP can be generated to maintain
Ay, and prevent from apoptotic cell death. On the other hand,
transcriptionally induced Glut3, and AMPK-mediated activa-
tion of Glut3 contributes to this sequence of events by supply-
ing intracellular glucose for glycolysis.
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This activation is cyclic GMP-independent and requires
prior inhibition of mitochondrial respiration (4). Depletion of
AMPK-a, by RNA interference renders astrocytes unable to
form F2,6P,, thereby preventing NO-dependent PFK1 and
glycolysis activation (4). Together, these observations are
compatible with the notion that the mechanism through
which NO activates glycolysis first involves the inhibition of
mitochondrial respiration, leading to enhancement of the
AMP:ATP ratio. When transiently increased, the AMP:ATP
ratio would activate AMPK, which phosphorylates and acti-
vates PFK2 to form F2,6P,. Hence, elevations in F2,6P,
would stimulate PFK1 activity, leading to the observed rapid
increase in the glycolytic flux (4). The synthesis of ATP by
the glycolytic pathway would hence be a transient response of
certain cell types to compensate for the energy failure that
would otherwise lead to cell death (Fig. 6).

CONCLUSION

The brain actively synthesizes nitric oxide. The binding of
NO with soluble guanylyl cyclase allosterically activates the
enzyme, which strongly increases cyclic GMP concentrations.
The binding of NO with the a-a, binuclear center of cy-
tochrome ¢ oxidase rapidly decreases the affinity of the en-
zyme complex for O,, hence reversibly inhibiting the mito-
chondrial electron flux and ATP synthesis. Despite promoting
a profound degree of mitochondrial inhibition, astrocytes
show remarkable resistance to NO and peroxynitrite; in con-
trast, neurons are highly vulnerable. Recent evidence suggests
that these nitrogen-derived reactive species would modulate
the key regulatory steps of glucose metabolism that would dic-
tate cellular survival. Upregulation of the high-affinity glu-
cose transporter, the stimulation of glycolysis at the level of
PFK1, and activation of pentose-phosphate pathway at the
level of G6PD may be important sites of action. The orches-
trated stimulation of these glucose-metabolizing pathways by
NO would represent a transient attempt by the glial cells to
compensate for energy impairment and oxidative stress, and
thus to emerge from an otherwise pathological outcome.
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ABBREVIATIONS

AMPK, AMP-activated protein kinase; Ays , mitochon-
drial membrane potential; Glut, sodium-independent glucose
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transporter; GO6PD, glucose-6-phosphate dehydrogenase;
GSH, reduced glutathione; GSSG, oxidized glutathione;
GSNO, S-nitrosoglutathione; HIF1-a, hypoxia-inducible fac-
tor-1a; LPS, lipopolysaccharide; NMDA, N-methyl-D-aspar-
tate; NOS1 (or nNOS), NOS2 (or iNOS), NOS3 (or eNOS),
nitric oxide synthase, neuronal, inducible or endothelial iso-
forms, respectively; PFK1, 6-phosphofructo-1-kinase; PFK2,
6-phosphofructo-2-kinase; SOD, superoxide dismutase.
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