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Nitric oxide (NO), synthesized from L-arginine by NO
synthases, is a small, lipophilic, diffusible, highly reactive
molecule with dichotomous regulatory roles in many
biological events under physiological and pathological
conditions. NO can promote apoptosis (pro-apoptosis) in
some cells, whereas it inhibits apoptosis (anti-apoptosis) in
other cells. This complexity is a consequence of the rate of
NO production and the interaction with biological
molecules such as metal ion, thiol, protein tyrosine, and
reactive oxygen species. Long-lasting overproduction of
NO acts as a pro-apoptotic modulator, activating caspase
family proteases through the release of mitochondrial
cytochrome c into cytosol, up-regulation of the p53
expression, and alterations in the expression of apoptosis-
associated proteins, including the Bcl-2 family. However,
low or physiological concentrations of NO prevent cells
from apoptosis that is induced by the trophic factor
withdrawal, Fas, TNFα/ActD, and LPS. The anti-
apoptotic mechanism is understood on the basis of gene
transcription of protective proteins. These include: heat
shock protein, hemeoxygenase, or cyclooxygenase-2 and
direct inhibition of the apoptotic executive effectors
caspase family protease by S-nitrosylation of the cysteine
thiol group in their catalytic site in a cell specific way. Our
current understanding of the mechanisms by which NO
exerts both pro- and anti-apototic action is discussed in
this review article.
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Endogenous NO production and NO donors

Endogenous nitric oxide (NO) is synthesized from the L-
arginine by a family of NO synthase (NOS) isoenzymes
[endothelial NOS (eNOS), neuronal NOS (nNOS) and
inducible NOS (iNOS)] (Ignarro et al., 1987; Nathan, 1992).
The NOS isoforms are denoted by descriptive terms, based on
the requirement of intracellular calcium transients for full
activity. Constitutive NOS (cNOS), such as eNOS and nNOS, is
activated by a transitory increase generally in cytosolic calcium,
which promotes the release of NO over several minutes. Akt-
dependent phosphorylation and translocation to the cytoplasmic
membrane can also activate eNOS. A cytokine-inducible NOS
isoform is expressed in many cells including macrophages and
hepatocytes after the stimulation of immunological or
inflammatory reactions. This produces large amounts of NO for
several days (Moncada et al., 1991; Kim, 1995). These
characteristics suggest another classification of the isoforms into
low- or high-output NOS for endogenously synthesized NO.
NOS inhibitors, such as N-monomethyl-L-arginine (L-
NMMA), are widely used to inhibit NO synthesis, thus
allowing the contribution of the effects of NO on the overall
response to be assessed (Palmer et al., 1988).

To know the effects of NO on the cell survival, or without
the involvement of NOS, NO-releasing compounds (NO
donors) are valuable tools (Noack and Murphy, 1991). They
preserve NO in their molecular structure and exhibit
biological activity after decomposition. These chemicals
exhibit considerable variation in their structure, stability, and
biological activity. Different bioavailability arises from the
differences in bioactivation and enzymatic versus non-
enzymatic NO release. Examples are organic nitrates, 3-
morpholinosydnonimine (SIN-1), sodium nitroprusside
(SNP), S-nitrosothiols (e.g. S-nitrosoglutathione) (GSNO), S-
nitroso-N-acetylpenicillamine-amine (SNAP), and S-
nitrocysteine (CysNO), as well as compounds that contain the
N(O)NO-functional group, such as the diethylamine-nitric
oxide compound (DEA-NO) and spermine-NO.
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Biological Activities of NO

NO is a diffusible multifunctional transcellular messenger that
has been implicated in numerous physiological and
pathological conditions. The biological activities of NO can
be divided into cGMP-dependent and cGMP-independent
pathways (Schmidt and Walter, 1994; Schmidt et al., 1993).
NO is a transducer of the vasodilator message from the
endothelium to the vascular smooth muscle. It is also a
neurotransmitter in the central and peripheral nervous
systems, and participates in non-specific immune responses.
Even though NO can affect the cellular functions through
posttranslational modifications of proteins directly (i.e.
nitrosylation and nitration) and indirectly (i.e. methylation and
ribosylation), the main physiological signaling pathway of NO
is considered to be the activation of guanylate cyclase,
formation of cGMP, and concomitant protein phosphorylation
(Schmidt, 1992). The reactions with oxygen, superoxide, and
transition metals are more relevant for understanding the
cytostatic or cytotoxic signals. The reaction products -NOx,
peroxynitrite (ONOO−) and metal-NO adduct, respectively-
support additional reactions through their interaction with
targets via redox and additive chemistry (Stamler, 1994).
Examples of the toxic actions of NO are neurodegenerative
diseases, or pancreatic β-cell destruction. Mechanistically, the
diffusion limited reaction of NO with superoxide that is
known to generate ONOO−, inhibition of FeS-enzymes (such
as the Krebs-cycle aconitase), complexes I and II of the
mitochondrial respiratory chain, or ribonucleotide reductase,
deregulation of poly(APP-ribose) polymerase, and energy
depletion are all reported as probable causes for cell death.
Furthermore, NO can regulate apoptotic signaling cascade by
the regulation of several gene expressions, mitochondrial
dysfunction, and caspase activity/activation (Brune et al.,
1995; Kronke et al., 1995).

Cell death: apoptosis versus necrosis

Cell death is believed to occur by either necrotic or apoptotic
mechanisms (Wyllie et al., 1980; Thompson, 1995; Her et al.,
1998). These are two distinct forms of cell death, which have
different defining morphological and molecular features, and
implications for the surrounding tissue. Apoptosis, or
programmed cell death, is a strictly regulated device that is
responsible for the ordered removal of superfluous, aged, or
damaged cells (Kroemer et al., 1995; Thompson, 1995).
Morphologically, in cells undergoing apoptosis there is
ruffling, blebbing, and condensation of the plasma and nuclear
membranes, and subsequently aggregation of the nuclear
chromatin. Mitochondria and ribosomes retain their gross
structure, and at the least, partial function. There is also
disruption of the cytoskeletal architecture. The cell shrinks,
and then fragments into a cluster of membrane-enclosed
“apoptotic bodies” that are rapidly ingested by adjacent

macrophages or other neighboring phagocytic cells. As these
apoptotic bodies induce no significant cytokine release by the
phagocytic cells, the process progresses without concomitant
induction of an inflammatory response. Apoptotic cells
display a characteristic fragmentation pattern of DNA into
distinct segments that can be visualized as a ladder of bands
by gel electrophoresis. However, the DNA ladder formation is
not ultimately required or causatively linked to the death
process.

Necrosis, on the other hand, can be classified as a form of
cell death quite different from apoptosis. Cell necrosis appears
to be an unregulated, passive process that is triggered by
nonphysiological stimuli, including chemotherapeutic agents.
Necrosis does not require energy or the synthesis of proteins
and nucleic acids. Morphologically, there are early
mitochondrial swelling and failure, dysfunction of the plasma
membrane with loss of homeostasis, cell swelling, and
rupture. This reaction usually elicits an inflammatory response
followed by macrophage phagocytosis.

Apoptosis is biologically initiated by the ligation of specific
receptors of the tumor necrosis receptor (TNF-R) family
(Ashkenazi and Dixit, 1998). These receptors include CD95/
Fas/Apo-1, TNFR1, and the receptor for TRAIL. Ligand
binding of the trimerized receptor at the cell surface recruits
intracellular adaptor molecules like FADD and TRADD in
order to form the death-inducing signaling complex (DISC)
(Boldin et al, 1996; Muzio et al., 1996). Autoactivation of
caspase-8 is thought to follow the interaction with the DISC,
and cleaves cytosolic Bid to generate a p15 fragment. This
fragment translocates to mitochondria and induces the
cytochrome c release, which leads to the activation of
downstream caspases (Chinnaiyan et al., 1995; Hsu et al.,
1995). The main mitochondrial feature of apoptosis is the
permeabilization of the mitichondrial membrane (Jacotot et
al., 1999). Mitochondrial dysfunction, or permeability
transition pore (PTP), can be caused by several second
messengers (calcium, ceramid derivatives, and reactive
oxygen species) and pro-apoptotic proteins (Bax, Bak, Bid,
and caspases) (Jacotot et al., 1999). This allows the escape of
cytochrome c (Kim et al., 2000a). When released from
mitochondria, cytochrome c induces oligmerization of Apaf-
1, which recruits and activates procaspase-9 in the presence of
ATP in a complex called the apoptosome (Lui et al., 1996;
Susin et al., 1999; Green, 2000). Caspase-9 activates
downstream caspases, including procaspase-3 that are
responsible for the cytological changes characteristic of
apoptosis. Active caspase-3 preferentially cleaves the inhibitor
of caspase-activated DNase (ICAD), and allows the
translocation of the activated CAD into the nucleus, resulting
in DNA degradation. Therefore, the main biochemical feature
of the apoptotic process is the activation of a set of caspase
family proteases, and the release of mitochondrial cytochrome
c to cytosol.
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NO as a pro-apoptotic inducer

Since NO is enzymatically synthesized from L-arginine in
macrophages, the immunological function of NO revealed the
induction of cytotoxicity against tumor cells and surrounding
tissues (Drapier et al., 1988; Drapier and Hibbs, 1986). High
concentrations of NO or peroxynitrite induce cell death, if not
by apoptosis, then by necrosis. However, NO induces
biochemical characteristics of apoptosis in several cell types.
These include macrophages (Albina et al., 1993; Messmer et
al., 1996), thymocytes (Fehsel et al., 1995), pancreatic islets
(McKaniel et al., 1997), certain neurons (Heneka et al., 1998),
and tumor cells (Cui et al., 1994). Although the precise
mechanism that determines the cellular sensitivity against
NO-induced apoptosis are not clearly elucidated, the
proapoptotic effects of NO on these cells seem to be
independent (but not all) of the cGMP accumulation through
the activation of soluble guanylate cyclase. The factors
affecting cell-specific sensitivity to NO-mediated apoptosis
can be associated with the redox state within the cells,
activation of the apoptotic signaling cascade (such as
caspases) (Kim et al., 2000b), the mitochondrial cytochrome c
release (Brown and Borutaite, 1999), or regulation of cell
survival and apoptotic gene expression (Kim et al., 1977b;
Tamatani et al., 1998). The induction of apoptosis often
requires exposure to high levels of exogenous NO donors
(Messmer et al., 1995), which may overwhelm the natural
protective mechanism of cells. This leads to the activation of
the apoptotic-signaling pathway. Such toxic levels of NO may
have limited relevance to the in vivo situation. Furthermore,
the threshold of the NO level triggering apoptosis is different
from one cell to the other.

Activation of mitochondrial apoptotic pathway   Apoptotic
cell death is directly linked to the mitochondrial cytochrome c
release into cytosol, and the activation of apoptotic signaling
and executive effectors caspase family proteases (Yang et al.,
1997). Cytotoxic ligand-induced death receptor activation
causes apoptotic cell death through caspase-8 activation, Bid
cleavage, cytochrome c release, activation of caspase-9 and -3,
and finally activation of CAD (caspase-dependent activated
DNase) (Kim et al., 2000c). In contrast, NO can directly
induce cytochrome c release through the potential loss of the
mitochondrial membrane, without caspase-8 activation and
Bid cleavage (Brookes et al., 2000). The cytosolic cytochrome
c activates the caspase-dependent apoptotic signal cascade,
resulting in the degradation of the inhibitor of caspase-
activated DNase (CAD), activation of CAD, and DNA
fragmentation (Sakahira et al., 1998). NO reversibly binds to
mitochondrial iron-sulfur cluster-containing enzymes, such as
aconitase and complexes I & II of the mitochondrial
respiratory chain, and inhibits the ATP generation (Drapier et
al., 1988; Drapier and Hibbs, 1986). NO also binds to
cytochrome c oxidase (complex IV) in the mitochondrial
electron transfer chain (Poderoso, et al., 1996). Under these

conditions, superoxide that is generated from mitochondria
interacts with NO to form cytotoxic peroxynitrite. Indeed,
peroxynitrite induces both the nitration of the tyrosine residue
in proteins and the apoptotic cell death in thymocytes (Salgo
et al., 1995), neuronal cells (Bonfoco et al., 1995), and HL-60
cells, as well as U-937 cells (Lin et al., 1995). However, the
physiological relevant concentration of peroxynitrite induces
apoptosis in HL-60 human leukemia cells and the transformed
cell line, U-937 cells, but fails to affect normal human
endothelial and mononuclear cells (Lin et al., 1995). It
suggests that abnormal cells are more sensitive to
peroxinitrite-induced cytotoxicity than normal cells. Recent
evidence shows that the simultaneous generation of NO and
superoxide protects RAW264.7 cells from NO-induced
apoptosis (Brune et al., 1997). This suggests that the central
role of peroxynitrite may be the nitration of the tyrosine
residue or neutralization of NO toxicity. Thus, it indicates that
the proapoptotic effects of NO on some cells are likely linked
to the mitochondrial cytochrome c release through
mitochondria membrane potential loss, and the effect of NO
on the cytochrome c release depends on the levels of redox
potential and target molecules (such as iron, glutathione, and
superoxide) within cells.

Activation of caspase signaling pathway by NO-induced
p53 expression The expression of the tumor suppressed
gene, p53, is linked to apoptosis in tumor cells that are
exposed to DNA damaging agents. Cytotoxic effects of NO
and peroxynitrite on tumor cells are the result of DNA
damage (Tamir et al., 1996; Cai et al., 2000). NO-mediated
DNA damage results in the accumulation of p53 (Messmer
and Brune, 1996), which has been described as an essential
indicator of NO-mediated apoptosis. NO-mediated p53
accumulation induces cell cycle arrest by p21 up-regulation,
or apoptosis by Bax up-regulation (Kolb, 2000). The exposure
of macrophage RAW 264.7 cells and insulinoma RINm5F
cells to high levels of the exogenous NO donor induces
apoptosis with p53 accumulation, p21 up-regulation, increase
in ratio of Bax/Bcl-xL, cytochrome c release, and caspase
activation. Furthermore, the treatment of RAW264.7 cells
with LPS plus IFN-γ induces p53 accumulation and apoptosis,
which were suppressed by the NOS specific inhibitor NMMA
(Messmer et al., 1996). In addition, p53 antisense RNA-
expressing RAW264.7 cells appeared significantly resistant
(not completely) towards endogenous NO (Messmer and
Brune, 1996). It indicates that p53 accumulation plays a
critical role in NO-induced apoptotic cell death. The use of a
caspase inhibitor suppressed NO-mediated apoptosis cell
death, but did not change the cytochrome c release and
expression levels of Bcl-xL and Bax. This suggests that
caspase activation is downstream of the cytochrome c release
and Bax (Brockhaus and Burne, 1999). This evidence
indicates that NO-mediated apoptosis is entirely controlled by
the mitochondrial pathway with the implication that
cytochrome c relocation demands p53 accumulation.
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However, the exposure of the p53 negative human pro-
myelocytic leukaemia cell line U937 to 1 mM GSNO resulted
in apoptotic cell death with DNA ladder formation (Messmer
and Brune, 1996). This suggests that the p53-independent
signaling pathways (eg, direct release of cytochrome c or
MAP kinase pathway) can be operative during NO-mediated
apoptosis.

It is interesting that the caspase activation and the
degradation of classical biosubstrates, including PARP, can
occur both in p53-dependent and p53-independent NO-
mediated apoptotic cell death by NO (Messmer et al. 1996).
The simplest model to combine p53-dependent and p53-
independent NO-signaling events is their convergence upon a
final damaging or executive pathway. Caspase inhibitors
strongly inhibit apoptotic cell death in p53-dependent and
p53-independent cells. This suggests that caspase activation is
a common mediator of the apoptotic-signaling pathway, even
though NO can initially induce diverse upstream signaling
pathways. It seems that the diverse apoptotic signaling
mechanism would be integrated at a point that would result in
proteolytic events, such as caspase activation. In addition, the
promoters of iNOS and eNOS p53 contain a specific binding
site for the tumor suppressed protein p53 (Forrester et al.,
1996; Mortensen et al., 1999). Accumulation of p53 in cells
down-regulates the expression of eNOS and iNOS, which
results in the suppression of NO production. This regulation
may be important, both for regulating apoptosis and avoiding
the generation of genotoxic quantities of NO.

Activation of JNK/SAPK and p38 kinase The c-Jun N-
terminal kinase (JNK)/stress-activated protein kinase (SAPK)
group of mitogen-activated protein kinases (MAPKs) is
activated in mammalian cells by environmental stress,
inflammatory cytokines, anti-cancer drugs, and mitogenic
stimuli. Recent studies demonstrate that JNK/SAPK regulates
the activities of many transcription factors. Also, the JNK/
SAPK pathway is required for the regulation of inflammatory
responses (Liu et el., 1996), cell proliferation (Minden et al.,
1995), and apoptosis (Verheij et al., 1996; Kim et al., 199a). It
is clear that the effects of JNK/SAPK on apoptotic signaling
strongly depend on the cell type and the context of other
regulatory influences that the cell is receiving. The
involvement of JNK/SAPK in apoptotic cell death is
particularly intriguing, and recently has been studied in the
area of NO-mediated cytotoxicity. Recent studies demonstrate
that the NO donor induces the stimulation of JNK/SAPK in
intact cells (Lander et al., 1996; Kim et al., 1997a). NO that is
produced from HEK293 cells expressing NOS increases JNK/
SAPK activity, and the NOS inhibitor abrogated this increased
activity. The treatment of RAW 264.7 cells with SNP induced
apoptosis with the activation of both JNK/SAPK and p38, and
caspase-3 activation (Jun et al., 1999a). The suppression of
JNK/SAPK and p38 activity by PKC transfection protected
RAW 264.7 cells from SNP-mediated apoptosis. This
indicates that JNK/SAPK may be a critical mediator for the

NO-induced apoptosis. However, NO donors induced
caspase-3-dependent apoptotic cell death with strong
activation of the p38 kinase, but did not activate JNK/SAPK
and extracellular signal-regulated kinase (ERK) (Jun et al.,
1999b; Oh-hashi et al., 1999) in HL60 and dopamine
neuronal SH-SY5Y cells. The inhibition of p38 activity with
B202190 suppressed the activation of caspase 3-like
proteases, as well as the cell death. The sustained activation of
JNK/SAPK and p38 MAPK contributes to NO-mediated
apoptosis by activation of caspase-3 through the release of
mitochondrial cytochrome c into the cytosol (Tournier et al.,
2000; Assefa et al., 2000). These results suggest that the
activation of JNK/SAPK and p38 MAPK is an important
pathway of NO-mediated apoptotic cell death, mainly by the
mitochondria-dependent caspase activation.

Apoptotic signaling by NO/cGMP pathway NO activates
soluble guanylate cyclase by interaction with its heme moiety
and generates cGMP, which is a well-known cellular mediator
for the NO-mediated physiological phenomena. Although NO
directly induced apoptosis via the cytochrome c release, p53
accumulation, and JNK/SAPK activation, the NO/cGMP
pathway has also been shown with either pro-apoptotic or
anti-apoptotic functions. Its anti-apoptotic mechanism will be
discussed later. The incubation of cardiomyocytes and
pancreatic B-cell line (HIT-T15) with SNAP induces both
apoptosis and necrosis (Taimor et al., 2000; Shimojo et al.,
1999; Loweth et al., 1997). The induction of apoptosis, but
not necrosis, can be blocked by the inhibition of soluble
guanylyl cyclase ODQ or the cGMP-dependent protein kinase
G (PKG), KT5822 (Taimor et al., 2000; Loweth et al., 1997).
The cGMP analogues or YC-1 (a direct activator of soluble
guanylate cyclase) induces apoptosis in cardiomyocytes
(Taimor et al., 2000), human colon cells (Soh et al., 2000),
pulmonary artery smooth muscle cells (Chiche et al., 1998),
neuronal cells (cortical neurons and hippocampal nerve cells)
(Li et al., 1997a), and HIT-T15 (Loweth et al., 1997). The
cGMP analogue-induced apoptosis is inhibited by the PKG
inhibitor (Loweth et al., 1997). These observations suggest an
important role for PKG in the regulation of apoptosis by the
NO/cGMP pathway. Although the apoptotic signal pathway of
cGMP has not been clearly elucidated, cGMP can mediate
apoptosis through the activation of PKG, which then activates
the MEKK1-SEK1-JNK1 cascade (Soh et al., 2000).

Apoptosis by NO-mediated ceramide generation
Sphingolipid metabolites, including ceramide, have been
implicated as potential regulatory molecules in signal
transductions that involve apoptotic cell death. Apoptosis-
inducing stresses such as tumor necrosis factor-α (Kolesnick
and Golde, 1994), anti-Fas antibody (Tepper et al., 1995),
ionizing radiation (Huang et al., 1997), serum deprivation
(Hannun, 1994; Mathias et al., 1998), anti-cancer drugs
(Strum et al., 1994; Bose et al., 1995), heat shock (Chang et
al., 1995), and hydrogen peroxide (Verheij et al., 1996) have
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been reported to increase intracellular ceramide. NO-induced
apoptosis requires the generation of ceramide. For example,
exposure of HL-60 cells and renal mesangial cells to NO
donors increases the magnesium-dependent neutral
sphingomyelinase (N-SMase) activity (neither acid SMase nor
magnesium-independent N-SMase activity), cellular
ceramide, and casdpase-3 activity (Huwiler et al., 1999;
Takeda et al., 1999). Ceramide formation can induce several
apoptototic signal pathways, including the release of
mitochondrial cytochrome c into the cytosol, the activation of
caspases-9 and -3 (Sawada et al., 2000), the inhibition of
protein kinase B/Akt (Schubert et al., 2000), the activation of
caspase-8 and -3 (Wang et al., 2000), and the suppression of
the Bcl-2 expression (Di Nardo et al., 2000). The complexity
of ceramide generation, and activation of the apoptotic-
signaling cascade in NO-generating systems, should be
clearly elucidated in the near future.

NO as an anti-apoptotic modulator

Although NO promotes apoptosis in some cells, it becomes
apparent that NO displays antiapototic properties in other cell
types. These include hepatocytes (Kim et al., 1997b; Saavedra
et al., 1997), human B lyphocytes (Mannick et al., 1994),
endothelial cells (Dimmelder et al., 1997; Kwon et al., 2000),
splenocytes (Genaro et al., 1995), eosinophils (Beauvais et al.,
1995; Hebestreit et al., 1998), and PC12 cells (Kim et al.,
1999). In the animal model, the lipopolysaccharide (LPS)-
induced hepatic apoptosis increased by the administration of
NOS inhibitors. The administration of a liver-specific NO
donor almost completely suppressed the caspase-3-like
activity, and the massive hepatic apoptosis that is induced by
the administration of TNFα plus D-galactosamine (Kim et al.,
1997c; Ou J Carolos et al., 1997). In addition, NO can protect
some cells from apoptosis that is induced by many different
types of stimuli. These include TNFα (Kim et al., 1997b;
Saavedra et al., 1997; Kim et al., 2000b), oxidative stress
(Kim et al., 1995a), serum-deprivation (Kim et al., 1995b;
Kwon et al., 2000), and anoxia (Madesh et al., 1999). This
evidence shows that NO inhibits apoptosis both in vitro and in
vivo in certain cell types and experimental conditions. The
biochemical mechanism underlying the NO-mediated
antiapoptotic effects may be cell-type specific with multiple
pathways. For example, NO blocks apoptosis in PC12 cells,
predominantly via the NO/cGMP/PKG pathway (Kim et al.,
1999), and inhibits hepatocyte apoptosis, both through cGMP-
dependent interruption of apoptotic signaling and direct
inhibition of caspase activity (Kim et al., 1997c). NO that is
generated either by the NO donor or NOS can block
apoptosis. For example, in endothelial cells, the low level of
NO from eNOS blocks TNFα-induced (Dimmeler et al.,
1997) and serum-deprived apoptosis (Kwon et al., 2000).
Also, a high level of NO from iNOS transfection and NO
donor inhibits LPS-induced and serum-deprived apoptosis
(Tzeng et al., 1997; Ceneviva et al., 1998). The precise

mechanisms for the NO-mediated inhibition of apoptosis have
not been clearly elucidated. However, a series of molecular
targets (such as iron-sulfur complexes, soluble guanylate
cyclase, caspases, and glutathione in varying in cell types and
apoptotic stimuli) for NO were identified. They can suppress
apoptotic cell death either by indirect or direct interaction with
the apoptotic-signaling cascade.

Inhibition of apoptotic signaling by NO/cGMP pathway
The NO-mediated activation of soluble guanylate cyclase
produces. The intracellular elevation of cGMP activates PKG
and in turn decreases the cellular Ca2+ concentration, which is
one of the key signals of apoptosis. The interference of the
NO/cGMP pathway with the apoptotic signal transduction is
controversial. Undoubtedly, cGMP production by NO can
prevent apoptosis in some cell types including hepatocytes
(Kim et al., 1997c; Saavedra et al., 1997), neuronal PC12
cells (Kim et al., 1999b), embryonic motor neurons (Estevez
et al., 1998), B lymphocytes (Genaro et al., 1995), eosinophils
(Beauvais et al., 1995), and ovarian follicles (Chun et al.,
1995). However, some studies showed that the antiapoptotic
effect of NO was not abrogated in other cells by the inhibitor
of soluble guanylate cyclase, ODG. The stable and membrane
permeable cGMP analogue 8-bromo-cGMP also revealed no
protective effect from NO (Sata et al., 2000). These indicate
that the antiapoptotic mechanisms of NO can be divided into
cGMP-dependent and cGMP-independent mechanisms,
which are likely cell-type specific. In hepatocytes, PC12 cells
and U937 cells with the antiapototic effects of NO are
associated with cGMP production, which suppresses the
mitochondrial cytochrome c release (Kim et al., 1999; Kwon
et al., 2000), ceramide generation (De Nadai et al., 2000), and
caspase activation (Kim et al., 1997c; Pastorino et al., 1999).
This suppression was reduced by the cGMP-dependent
protein kinase (PKG) inhibitor (Pastorino et al., 1999; Kwon
et al., 2000). In addition, NO and cGMP protect splenic B
lyphocytes from programmed cell death by increasing the
expression level of Bcl-2 (Genaro et al., 1995). The molecular
mechanism that underlies NO/cGMP-mediated antiapoptosis
could, in part, involve the activation of Akt/PKB (Li et al.,
2000), which induces phosphorylation of Bad and procaspase-
9 and cytoprotective gene expression through NF-κB
activation.

Inhibition of caspase activity by S-nitrosylation Caspases
are a family of cysteine proteases that consist of 14 isoforms,
which play an essential role in the apoptotic signal cascade.
Upon exposure to a proapoptotic signal, the zymogen forms of
caspases that are constitutively present in cells become
proteolytically cleaved and activated. Initiator caspases (such
as caspase-8, -9, and -10) can cleave other caspases, while
executioner caspases (including caspase-3, -6, and -7) cleave
death substrates (Thornberry et al., 1998; Casciola-Rosen et
al., 1996). All caspases contain a single cysteine at the
enzyme catalytic site. This thiol is susceptible to redox
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modification and can be effectively modified by S-
nitrosylation in the presence of NO. Seven members of
purified recombinant human caspases that were tested were
shown to be susceptible to reversible inhibition by NO through
this redox modification (Li et al., 1997b). The ratio of enzyme
subunit to S-nitrosylation is stoichiometrically found to be
1 : 1 in recombinant caspase-3 and -8 following SNAP
treatment. Evidence for S-nitrosylation of caspase-3 and
caspase-1 has been identified in vivo. By inhibiting caspase
activity through the S-nitrosylation of the cysteine within the
enzyme active site, NO inhibits apoptosis in hepatocytes (Kim
et al., 1997c; 1999b; 2000c), endothelial cells (Tzeng et al.,
1997; Ceneviva et al., 1998), and several tumor cell lines
(Nannick et al., 1994; Kim et al., 1998) through inhibition of
caspase proteolytic activation, as well as by the direct
suppression of caspase activity. NO is electronically a neutral
molecule. It has weak chemical reactivity with thiol at neutral
pH, compared to the highly reactive NO products with NO+-
like characteristics. NO+ can be generated by the loss of one
electron from NO. Known electron acceptors are molecular
oxygen and transition metal ions such as iron and copper,
which readily react with NO in vivo. The S-Nitrosylating
species can be generated by the interaction of NO with the
iron-sulfur complex (Boese et al., 1995). Therefore, the
capacity of NO to S-nitrosylate caspases will depend on the
abundance of these molecules, and the availability of other
thiol targets such as glutathione and free cysteine. The
reaction product of NO and iron-sulfur complexes, dinitrosyl-
iron complexes (DNIC), has been shown to carry out S-
nitrosylation of caspase and albumin through the formation of
NO+ (Boese et al., 1995; Kim et al., 2000c). Similarly, S-
nitrosylation of caspase occurs effectively in iron-rich
hepatocytes, but is low in iron-poor MCF-7 and RAW264.7
cells, unless these cells are preloaded with iron (Kim et al.,
1998). It indicates that the cellular content of iron-sulfur
complexes is a critical factor for NO-mediated S-nitrosylation
in vivo. In fact, conversion of heme to non-heme iron by NO-
mediated hemeoxygenase induction increases DNIC
formation (Kim et al., 1995a; b) and protects hepatocytes from
apoptosis (Kim et al., 1995a). Because caspases play a critical
role in apoptosis that is induced by TNFα, Fas, hypoxia, and
nutrient deprivation, NO can be used either for the prevention
of unwanted apoptotic cell death, or for a new therapeutic
strategy of apoptotic tumor killing through the control of the
NO production and cellular iron level.

Inhibition of mitochondrial dysfunction Apoptosis
research recently experienced a change from a paradigm in
which the nucleus determined the apoptotic process to a
paradigm in which caspases, and more recently, mitochondria
constitute the center of apoptotic control. Mitochondria play a
central role in apoptosis through the opening of the
mitochondrial permeability transition pore (MPTP) (Pastorino
et al., 1999). The transient MPTP opening is initially caused
by the swelling and rupture of the outer membrane to release

mitochondrial proteins including caspases (mainly caspases 2,
3, and 9), caspase activators (cytochrome c, hsp 10), as well as
a caspase-independent death effector, AIF (apoptosis inducing
factor). Recent studies focused on the release of cytochrome c,
which is a key component in the activation of caspase cascade,
and sets apoptosis in motion (Yang et al., 1997). Bid, a
proapoptotic member of the Bcl-2 family, can be cleaved by
caspase-8 after Fas/TNF-R1 engagement (Li et al., 1998; Luo
et al., 1998). The p15 form of truncated Bid (tBid)
translocates to mitochondria and induces the cytochrome c
release, which leads to the activation of downstream caspases
and apoptosis. We observed that NO blocks the cytochrome c
release by the suppression of Bid cleavage through direct
inhibition of caspase-8 activity (Kim et al., 2000b). In
addition, oncoprotein Bcl-2 interacts with the permeability
transition pore complex to inhibit membrane permeabilization
as well as cytochrome c release. NO can also block the
cytochrome c release by maintaining the Bcl-2 level in both
MCF-7 and hepatocytes that are treated with TNFα plus
actinomycine D (Kim et al., 1998). Furthermore, the caspase-
3 inhibitor (Ac-DEVD-cho) can inhibit proteolytic cleavage of
Bcl-2 and NO. This suggests that NO may maintain the in
vitro steady date level of Bcl-2 through the inhibition of
caspase-3-like activity. This evidence suggests that NO can
inhibit the cytochrome c release from mitochondria by the
inhibition of cleavage of Bid and Bcl-2, and thus suppresses
the apoptotic signal cascade.

Regulation of antiapoptosis-related gene expression by NO
NO and reactive nitrogen intermediates can interact with
many different types of biomolecules including glutathione,
iron-containing proteins, and tyrosine residue of protein,
thereby changing the cellular dedox potential and some
signaling events. These oxidative and nitrosative stresses
result in several gene expressions that modulate apoptosis. We
observed that NO potentially induces cytoprotective proteins
such as HSP70 and HSP32 (heme oxygenase), which protect
hepatocyte from apoptosis induced by TNFα, and oxidative or
nitrosative stress (Kim et al., 1995a; 1997b). The NO-
producing cytokine protects wild type islet cells from
apoptotric cell death through NO-induced HSP70 induction,
but it does not protect the iNOS-deficient cells (Liu et al.,
2000). The molecular mechanism that underlies the
antiapoptotic effect of NO-induced HSP70 may be associated
with two possibilities: (1) HSP70 associates with the caspase-
recruitment domain (CARD) of Apaf-1 and inhibits the
oligomerization of Apaf-1 and the formation of apoptosome
with procaspase-9, which results in the suppression of
caspase-9 activation (Saleh et al., 2000). (2) HSP70 involves
the chaperon-mediated import of precursor proteins into
mitochondria, which results in the inhibition of cytochrome c
release that is required for caspase-9 activation (Mosser et al.,
2000).

NO can also regulate the protein levels of the Bcl-2 family
proteins. Genaro and his co-worker showed that the NO donor
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protects splenic B-lymphocytes from apoptotic cell death by
the elevation of the Bcl-2 expression, both at the mRNA and
protein levels (Genaro et al., 1995). NO prevents the release of
the mitochondrial cytochrome c to cytosol by maintaining the
steady-state protein level of Bcl-2, thus inhibiting the
formation of apoptosome and caspase-9 activation in
hepatocytes and MCF-7 cells (Kim et al., 1998).

MAP kinase-dependent phosphorylation processes can
interfere with the degradation of the antiapoptotic protein Bcl-
2. The cytosolic MAP kinase phosphatase MAP kinase
phosphatase-3 (MKP-3) induces the apoptosis of endothelial
cells in response to TNFα via the dephosphorylation of the
MAP kinase ERK1/2, which leads to Bcl-2 proteolysis.
Rossig et al. showed that NO down-regulates the MKP-3
protein level by the destabilization of MKP-3 mRNA (Rossig
et al., 2000). Moreover, NO prevents the TNFα-induced
dephosphorylation of ERK1/2, which results in an increase of
the Bcl-2 level in endothelial cells. Subsequently, NO protects
cells from TNFα-induced apoptosis by preventing both the
decrease in Bcl-2 protein levels and the mitochondrial
cytochrome c release.

Pathophysiological significance of NO-mediated 
apoptosis and survival

Homeostasis is maintained through a balance between cell
proliferation and cell death. Physiologic cell death occurs
primarily through an evolutionarily conserved form of
apoptosis. Alterations of the balance between cell
proliferation and apoptosis contribute to the pathogenesis of a
number of human diseases. NO, synthesized from L-arginine
by NOS, can alter this balance, because it prevents or induces
apoptosis, depending on cell types and environmental
conditions. For example, pathological high amounts of NO act
as a proapoptotic modulator that activate caspase family
proteases. When NO-mediated apoptosis loses cell population
in a certain tissue or organ, it causes several human diseases
including atherosclerosis, amyotrophic lateral sclerosis, and
neurodegenerative disorders. On the other hand, when
appropriate amounts of NO production suppress unwanted
apoptotic cell death, it prevents the development of several
diseases such as liver failure in sepsis, endothelial cell
apoptosis (atherosclerosis and intimal hyperplasia),
irradiation-induced tissue damage, and hypoxia-induced
neuronal cell death. In contrast, the antiapoptotic effect of NO
on DNA-damaged cells, which should die through activation
of the apoptotic pathway, contributes to unwanted cell survival
and cancer development. However, the pathophysiological
significance of NOs apoptotic activity remains to be clearly
determined in most human disease cases.

Conclusion

NO and its related molecules exert double-edged effects on
cell death, depending on its rate of production, the redox state

of the cells, and cell types. NO activates the apoptotic signal
cascade in some situations, whereas it protects cells against
spontaneous or induced apoptosis in other cases. Pro-
apoptotic effects of NO are often observed by the formation of
highly toxic peroxynitrite from the reaction with superoxide.
The major apoptotic pathway of NO may be associated with
cytochrome c release through activation of JNK and increase
in the p53 expression. p53 transactivates the expression of
pro-apoptotic genes, such as bax and that of the cyclin-
dependent kinase inhibitor p21, whereas it down-regulates the
expression of the anti-apoptotic protein Bcl-2. On the other
hand, NO directly inhibits the activity of caspases through S-
nitrosylation of the cysteine thiol at their catalytic site,
providing an efficient means to block apoptosis. Other
antiapoptotic effects of NO rely on the NO/cGMP-dependent
inhibition of the cytochrome c release, increase in Bcl-2
expression that controls the mitochondrial permeability
transition pore, induction of the HSP70 and HSP32, and
suppression of the ceramide generation. Further studies are
necessary in order to elucidate the biochemical mechanism
and pathophysiological significance of NO-mediated pro- and
anti-apoptosis, and hence provide the new therapeutic strategy
for diseases where an alteration of apoptosis is involved.
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