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ABSTRACT

We summarize here our current knowledge about inducible nitric oxide synthase (NOS) activity in human dis-
eases and disorders. As basic research discovers more and more effects of low or high concentrations of NO to-
ward molecular and cellular targets, successful therapies involving inhibition of NO synthesis or application of
NO to treat human diseases are still lacking. This is in part due to the fact that the impact of NO on cell function
or death are complex and often even appear to be contradictory. NO may be cytotoxic but may also protect cells
from a toxic insult; it is apoptosis-inducing but also exhibits prominent anti-apoptotic activity. NO is an antioxi-
dant but may also compromise the cellular redox state via oxidation of thiols like glutathione. NO may activate
specific signal transduction pathways but is also reported to inhibit exactly these, and NO may activate or inhibit
gene transcription. The situation may even be more complicated, because NO, depending on its concentration,
may react with oxygen or the superoxide anion radical to yield reactive species with a much broader chemical re-
action spectrum than NO itself. Thus, the action of NO during inflammatory reactions has to be considered in the
context of timing and duration of its synthesis as well as stages and specific events in inflammation. Antiox. Re-
dox Signal. 2, 585–605.
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INTRODUCTION

IN 1986, LOUIS IGNARRO identified nitric oxide
(NO) synthesized by mammalian cells as the

long searched “endothelium-derived relaxing
factor” (Nathan, 1992) and in 1998 the Nobel
Prize for medicine was awarded for “NO as a
signaling molecule in the cardiovascular sys-
tem.” The enzymes that synthesize the signal
molecule NO are the so-called constitutively
expressed neuronal and endothelial NO syn-
thases (ncNOS and ecNOS). After binding of
Ca21-calmodulin complexes, both of these en-
zymes synthesize NO as short pulses or after
specific phosphorylation for extended periods
of time in a tightly regulated fashion. In con-

trast, a third NO-synthesizing enzyme is ex-
pressed after activation in most nucleated
mammalian cells, only by inflammatory medi-
ators like bacterial products and/or proin-
flammatory cytokines. All three types of NOSs
are active only as homodimers and synthesize
NO via a five-electron oxidation of a nitrogen
atom from the L-arginine guanidinium group
and O2. It is one of the most complicated en-
zymatic activities currently known and the ex-
act mechanism of NO synthesis is still not com-
pletely understood.

This review will focus on the role of the in-
ducible NOS (iNOS), which was first discov-
ered in macrophages around 1987/88 by John
Hibbs, Dennis Stuehr, and Michael Marletta

Research Group Immunobiology in the Biomedical Research Centre, Heinrich-Heine-University, D-40001 Düssel-
dorf, Germany.



(Nathan, 1992). The iNOS produces NO as long
as the protein is functionally intact, substrate
(L-arginine) and cofactors are available, and the
effector cell does not undergo apoptosis or
necrosis. Except for a possible feedback inhibi-
tion by NO, in vivo-acting and specific regula-
tory mechanisms that will turn down iNOS en-
zyme activity are not known to date. In vitro,
iNOS-expressing cells can produce up to 5 mM
steady-state NO concentrations for 24 h or even
longer (Laurent et al., 1996). Thus, our current
understanding is that the concentration of NO
in conjunction with the duration of its synthe-
sis determines whether NO acts as essential sig-
nal molecule or whether it may cause ni-
trosative stress (Fig. 1).

CHEMISTRY OF NITRIC OXIDE

NO is an inorganic gas that is soluble in
aqueous solutions at concentrations of up to 
2 mM. Therefore, in biological systems NO
should not be regarded as a gas, because NO
concentrations do not exceed the low micro-
molar range under physiological or under
pathophysiological conditions. NO has an un-
paired electron allowing for interactions with
metals, e.g., the iron of the heme group of

guanylate cyclase. Although being a radical,
the reactivity of NO in biological systems is rel-
atively low, thus allowing for diffusion. Due to
its small size and its lipophilicity, it easily
crosses membranes. However, NO will react
with oxygen, thus explaining its oxidation un-
der aerobic conditions (Fig. 2). This reaction is
of third order, with two molecules of NO re-
acting with one molecule of O2. Thus, the half-
life of NO depends almost exclusively on the
concentration of NO. In other words, the higher
the concentrations of NO, the more likely its re-
actions with oxygen. In addition, hydrophobic
milieus like the cell membrane can accelerate
the reaction of NO with O2 several hundred-
fold (Liu et al., 1998a). Products of this reaction
are the so-called reactive nitrogen oxide inter-
mediates (RNOI), also termed higher nitrogen
oxides (NOx) like NO2, N2O3, and N2O4 (Fig.
2). These RNOI are a highly reactive and short-
lived species and exhibit a much broader reac-
tion spectrum toward biomolecules than NO it-
self. Thus, it is primarily the concentration of
NO and the resulting concentrations of RNOI
that will determine the chemical properties of
NO. This allows for explaining the signaling
functions of NO produced by the cNOSs in a
tightly regulated fashion, resulting in low local
concentrations of NO for short periods of time.
On the other hand, the unregulated iNOS ac-
tivity results in highly increased local NO con-
centrations (probably in the low micromolar
range) and thus elevated levels of RNOI for ex-
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FIG. 1. NO acts as an essential signal molecule or
causes “nitrosative stress.” Depending on its concentra-
tion, the duration and the context of its synthesis, effects
of NO are totally different. Thus, the pulsative Ca21-reg-
ulated mode of NO formation results in low local NO con-
centrations serving messenger functions, whereas the
constant enzyme activity of iNOS, once expressed, will
produce a situation best termed as “nitrosative stress.”

FIG. 2. Reaction products of NO with oxygen and the
superoxide anion radical. The multiple chemical reac-
tions are highly dependent on the local NO concentra-
tions. Stable oxidation products of NO are nitrite and ni-
trate. NO may also react with O�

2
2 yielding peroxynitrite.

Unstable and highly reactive intermediate products are
shown in bold letters.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192341&iName=master.img-000.png&w=217&h=154
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192341&iName=master.img-001.png&w=196&h=118


tended periods of time). In addition, NO may
also react with the superoxide anion radical
(O�

2
2) yielding the strong oxidant peroxyni-

trite (Fig. 2). It is this complex chemistry of re-
active oxygen and reactive NOx species that
plays key roles in the redox regulation of cel-
lular activation, transcription, proliferation,
and cell death.

EXPRESSION OF iNOS IN 
HUMAN DISEASES

iNOS is now thought to be inducible in all
mammalian nucleated cell types. Main induc-
ers are lipopolysaccharide (LPS) and/or proin-
flammatory cytokines (Fig. 3), and other stim-
uli. After binding to respective cell receptors,
phosphorylation signaling cascades like Janus
kinases (JAK), p38 mitogen-activated protein

kinases (MAPK), extracellular signal-regulated
kinases (ERK 1/2), and protein-tyrosine kinases
lead to activation of specific transcription fac-
tors like nuclear factor kB (NF-kB), interferon
regulatory factor (IRF), and signal transducer
and activator of transcription 1a (Stat 1a). To-
gether with other proteins such as high-mobil-
ity-group I(Y) protein [HMG]I(Y)], the acti-
vated transcription factors translocate into the
nucleus and bind to the iNOS promoter and en-
hancer region, thereby inducing iNOS tran-
scription and subsequent translation (for re-
views, see Kröncke et al., 1998; Murphy, 1999).
However, considerable species-, cell type-, and
stimuli-specific differences do exist.

iNOS protein expression during infections
has been discovered in humans infected with
human immunodeficiency virus (HIV), Heli-
cobacter pylori, Mycobacterium tuberculosis, Plas-
modium falciparum (malaria), and Mycobac-
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FIG. 3. Pathways for iNOS induction and cellular targets of iNOS activity. Bacterial products like lipopolysac-
charides (LPS) and proinflammatory cytokines like interferon (IFN)-g, interleukin (IL)-1b, and tumor necrosis factor-
a (TNF-a) bind to respective cell-surface receptors leading to the activation of signaling cascades, which, in turn, lead
to activation of transcription factors in the cytosol. These transcription factors than translocate into the nucleus, bind
to their respective consensus sequences in the promoter and/or enhancer region of the iNOS gene, and transcription
as well as expression of the iNOS protein will start. The synthesized NO is a small lipophilic molecule that leaves the
effector cell and may induce nitrosative stress in neighboring target cells. Predominant molecular targets are heme
moieties and proteins with metal–sulfur clusters or thiol groups; predominant organelle targets are the nucleus and
mitochondia. NO may thus act on several cellular targets simultaneously.
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terium leprae (leprosy) as well as in respiratory,
urinary tract, and intra-amniotic infections (for
review, see Kröncke et al., 1998). In these cases,
iNOS was localized predominantly to inflam-
matory immune cells like macrophages, neu-
trophils, or other polymorphonuclear leuko-
cytes.

However, iNOS protein has also been found
in the absence of infections in a variety of hu-
man immune-mediated or autoimmune dis-
eases like rheumatoid arthritis and multiple
sclerosis, as well as in a variety of chronically
inflammatory diseases of the airways, bowel,
skin, blood vessels, heart, kidney, apex of teeth,
and other organs of the body, and additionally
in a variety of disorders like neurodegenerative
diseases, acute ischemic conditions, during
cancer development, after transplantation, etc.
(Table 1). Again, in many cases iNOS protein
is found in inflammatory cells such as
macrophages, macrophage-like cells, or poly-
morphonuclear leukocytes, but here iNOS ex-
pression often is observed in epithelial cells
around inflammatory foci. No data exist con-
cerning iNOS expression in one of the most
prevalent human immune-mediated diseases,
i.e., type 1 diabetes, where studies on animal
strains spontaneously developing this disease
show iNOS expression in islet endothelial cells
and islet-infiltrating macrophages, and in islet
b-cells as well. Thus, it is conceivable that iNOS
expression will occur during development of
human type 1 diabetes.

iNOS ACTIVITY IN HUMAN DISEASES

Although numerous studies have shown
iNOS protein expression in human diseases, as
depicted in the previous chapter, much less is
known about high-output NO production ac-
tually occurring at the sites of iNOS expression.
For reasons not yet known, and in contrast to
murine cells, in vitro production of high levels
of NO via iNOS activity in human cells is no-
toriously difficult to achieve. However, cells
isolated from infected or inflammatory sites of
patients do show high-output NO production
in vitro either without further activation (De
Groot et al., 1997) or after addition in vitro chal-
lenge (Takeichi et al., 1998b). These studies sug-

gest that human cells can indeed produce high
NO concentrations. In addition, the presence of
nitrotyrosine, originally described as a marker
for the generation of peroxynitrite (Ischiropou-
los et al., 1992), but currently regarded as a
marker for RNOI formation (Fig. 4) (for review,
see Halliwell, 1997), has been found at sites 
of iNOS expression. In most but not all of 
these cases, nitrotyrosine and iNOS co-localize
(Table 1) as an indirect indication for iNOS ac-
tivity and high-output NO formation in dis-
eased human organs.

PEROXYNITRITE FORMATION 
IN HUMAN DISEASES

The attractive hypothesis has been put for-
ward, that NO is the good, O�

2
2 the bad, and

their reaction product peroxynitrite the ugly
(Beckman and Koppenol, 1996). NO and O�

2
2

are both relatively stable radicals that in vitro
will combine to yield peroxynitrite in a very
fast reaction (for review, see Beckman, 1996). A
possible biological significance of this reaction
was first suggested by Beckman et al. in 1990;
they pointed out that peroxynitrite may be
formed under pathophysiological conditions
and that this potent oxidant might contribute
to destruction of critical cellular components.
Authentic peroxynitrite added as a bolus has
been found to nitrate protein-bound tyrosines
which in turn may lead to inactivation of en-
zymes or prevent phosphorylation by tyrosine
kinases.

However, it is still not proven, whether per-
oxynitrite is really formed at inflammatory
sites. Equimolar fluxes of NO and O�

2
2 indeed

interact and yield peroxynitrite. However, ex-
cess production of either radical inhibits ox-
idative reactions (Miles et al., 1996). In addition,
simultaneous NO plus O�

2
2 generation, in 

contrast to addition of authentic peroxynitrite,
will not result in marked tyrosine nitration
(Pfeiffer and Mayer, 1998), probably due to a
decrease of nitration efficiency at low steady-
state concentrations of peroxynitrite (Pfeiffer et
al., 2000). In addition, continuous NO plus O�

2
2

generation has been found to surpress strongly
tyrosine nitration (Godstein et al., 2000). A pre-
requisite for significant in vivo peroxynitrite
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generation is synthesis of both NO and O�
2
2 at

exactly the same location and time as well as
in similar rates (see critical comments by
Fukuto and Ignarro, 1997). Thus, it is still an
unresolved question, whether we find such a
situation at inflammatory sites or within cells
or organelles. Moreover, additional chemical
and enzymatic reactions involving NO or NO
oxidation products leading to nitration of ty-
rosine residues have been identified recently
(Fig. 4). However, we can envisage one situa-
tion, where peroxynitrite formation is highly
likely, i.e., within cells hit by higher NO con-
centrations. NO has been shown to inhibit cy-
tochrome c oxidase reversibly and thus the 
mitochondrial respiratory chain (see below),
and this might lead to increased production of
O�

2
2. Under these conditions NO and O�

2
2

could combine to yield peroxynitrite within or
near mitochondria, which subsequently may
lead to irreversible inhibition of the respiratory
chain (for review, see Kröncke et al., 1997).

In conclusion, much work has to be done to
really understand the chemical reactions oc-
curring in vivo between NO, NOx, O2, ROI, and
other products present during inflammatory
processes.

MOLECULAR TARGETS OF NO

Metal–sulfur complexes

With the exception of the soluble guanylate
cyclase, which is activated by NO, all enzymes
with high-spin ferrous heme intermediates are
likely to be inhibited by NO. NO interacts more
strongly with ferrous (Fe21) than with ferric
iron (Fe31), since Fe21 has an additional d-elec-
tron for back-bonding. In addition, Fe-S and
Zn-S clusters in proteins are targets for NO
(Fig. 3). Most iron sulfur cluster, e.g., the elec-
tron-transferring iron–sulfur centers in the mi-
tochondrial electron transfer chain, are buried
deeply within proteins and, therefore, are rel-
atively inaccessible to NO. However, at high
NO concentrations, reaction with Fe4S4 clusters
in proteins inaccessible to solvent were shown
to occur (Foster and Cowan, 1999). Aconitase,
an enzyme containing Fe-S-clusters with non-
redox roles has been implicated in the regula-

tion of the iron metabolism, and this enzyme is
sensitive toward NO, an effect that will con-
tribute to altered iron uptake during disease
(for review, see Bouton, 1999).

While Fe-S clusters are essential components
for many enzyme activities, Zn-S clusters serve
as structural elements (zinc fingers) in proteins
for specific DNA or RNA binding as well as for
protein–protein interactions. NO destroys zinc
sulfur clusters via S-nitrosylation and subse-
quent ejection of Zn21, thereby inhibiting the
DNA binding activity of zinc finger dependent
transcription factors (Kröncke et al., 1994). In
addition, NO mediates Zn21-release within
cells (Berendji et al., 1997).

Protein thiol groups

In biological systems, S-nitrosylation of pro-
teins by NO is preferred over N- and C-nitro-
sation reactions. A variety of enzymes contain
reduced cysteines in their catalytical centers,
and S-nitrosylation may inhibit SH-dependent
enzyme activities (for review, see Kröncke et al.,
1997), alter protein structures, lead to oxidation
of vicinal thiols, or, after reaction with glu-
tathione, may lead to the formation of mixed
disulfides (S-glutathiolatione) (Zech et al., 1999).
Conversely, SH-dependent redox-regulated
proteins may specifically be activated by NO
via S-nitrosylation, such as the small GTP-bind-
ing protein p21ras (Lander et al., 1997) or the
bacterial transcription factor OxyR (Hausladen
et al., 1996).

DNA

RNOI cause G:C-A:T transitions and mediate
DNA strand breaks, both suggested to be the
results of N-nitrosylation of primary amines in
DNA bases ultimately leading to deamination
(for review, see Burney et al., 1999). Because
DNA damage is a constant hazard in natural
environments induced by chemicals, ionizing
radiation or UV light, cells have evolved an ar-
ray of mechanisms for repair. Most forms of
DNA alterations are recognized by DNA exci-
sion repair pathways catalyzing removal of
damaged or modified sites. Thus, strand breaks
induced by endonucleases at active repair sites
serve to signal the presence of DNA damage,
which is then repaired by polymerization and



T
A
B
L
E
1.

LO
C
A
L
IZ

A
T
IO

N
O
F

IN
O
S 

A
N
D
3-
N

IT
R
O
T
Y
R
O
SI
N
E

IN
H

U
M

A
N

D
IS
E
A
SE

S
O
R
D

IS
O
R
D
E
R
S

D
is
ea
se
/d
is
or
de
r

Lo
ca
liz
at
io
n 
of
 i
N
O
S

Lo
ca
liz
at
io
n 
of
 3
-n
it
ro
ty
ro
si
ne

R
ef
er
en
ce

A
ID

S 
de

m
en

ti
a 
co
m
p
le
x

M
f
, 
M
g,
 A

1
B
ov

en
et
 a
l.,
 1
99

9;
 R

os
ta
sy

et
 a
l.,
 1
99

9;
 V

in
ce
nt
et
 a
l.,
 1
99

9
A
lz
he

im
er
’s
 d
is
ea
se

N
N
, 
M
g

G
oo

d
et
 a
l.,
 1
99

8;
 S
m
it
h
et
 a
l.,
 1
99

7;
 S
u
et
 a
l.,
 1
99

7 
an

d
V
od

ov
ot
z
et
 a
l.,
 1
99

6
A
m
yo

tr
op

hi
c 
la
te
ra
l 
sc
le
ro
si
s

2
N
, 
A
, v

as
cu

la
r 
ce
lls

A
be

et
 a
l.,
 1
99

7;
 B
ea
l
et
 a
l.,
 1
99

7;
 W

on
g 
an

d
 S
tr
on

g,
 1
99

8
A
na

ph
yl
ac
to
id
 p
u
rp

u
ra

N
eu

, E
N
eu

, E
B
an

no
et
 a
l.,
 1
99

7
A
st
hm

a
E
p,
 M

f
, 
N
eu

, E
o,
 E
, V

SM
C

E
p,
 M

f
, 
N
eu

, E
o,
 E
, V

SM
C

H
am

id
et
 a
l.,
 1
99

3;
 S
al
eh

et
 a
l.,
 1
99

7;
 K

am
in
sk
y
et
 a
l.,
 1
99

9
A
th
er
os
cl
er
os
is

M
f
, 
fo
am

 c
el
ls
, 
V
SM

C
M

f
, 
fo
am

 c
el
ls
, 
E
, V

SM
C

B
ec
km

an
et
 a
l.,
 1
99

4;
 B
u
tt
er
y
et
 a
l.,
 1
99

6;
 W

ilc
ox

et
 a
l.,
 1
99

7;
L
uo

m
a
et
 a
l.,
 1
99

8;
 B
ak

er
et
 a
l.,
 1
99

9;
 C

ro
m
he

ek
e
et
 a
l.,

19
99

; D
ep

re
et
 a
l.,
 1
99

9
A
to
pi
c 
d
er
m
at
it
is

E
, I
C

N
D

R
ow

e
et
 a
l.,
 1
99

7
B
ar
re
tt
’s
 e
so
p
ha

gu
s

E
p

N
D

W
ils

on
et
 a
l.,
 1
99

8
B
ur
ns

K
, 
E
, F

, V
SM

C
, 
M

f
N
D

P
au

ls
en

et
 a
l.,
 1
99

8
C
an

ce
r

B
ile

 d
u
ct

T
-E
p

T
-E
p

Ja
is
w
al
et
 a
l.,
 2
00

0
B
la
d
d
er

T
-E
p
, M

f
, N

eu
N
D

K
lo
tz
et
 a
l.,
 1
99

9;
 S
w
an

a
et
 a
l.,
 1
99

9
B
ra
in

T
C
, v

as
cu

la
tu
re

N
D

C
ob

bs
et
 a
l.,
 1
99

5
B
re
as
t

T
-E
p
, E

, 
M

f
, 
m
yo

E
p
, s

tr
om

a
N
D

T
ho

m
se
n
et
 a
l.,
 1
99

5;
 D

u
en

as
-G

on
za

le
z
et
 a
l.,
 1
99

7;
R
ev

en
ea

u
et
 a
l.,
 1
99

9
C
ol
on

T
-E
p
, M

N
C
, E

M
N
C
, 
N
eu

, 
T
-E
p

A
m
bs
et
 a
l.,
 1
99

8;
 K

ol
io
s
et
 a
l.,
 1
99

8;
 K

oj
im

a
et
 a
l.,
 1
99

9
E
so

ph
ag

ea
l 
sq

u
am

ou
s

T
-E
p
, M

f
N
D

W
ils

on
et
 a
l.,
 1
99

8;
 T
an

ak
a
et
 a
l.,
 1
99

9
H
ea
d
 a
nd

 n
ec
k 
sq
u
am

ou
s

T
-E
p

N
D

R
os

be
et
 a
l.,
 1
99
5

K
ap

os
i’s

 s
ar
co
m
a

M
f

N
D

W
en

in
ge

r
et
 a
l.,
 1
99

8
L
u
ng

T
-E
p
, M

f
, E

,
N
D

Fu
jim

ot
o
et
 a
l.,
 1
99

7;
 A

m
bs

et
 a
l.,
 1
99

8;
 L
iu
et
 a
l.,
 1
99

8b
M
el
an

om
a

m
el
an

om
a 
ce
lls

N
D

T
sc
hu

gg
u
el
et
 a
l.,
 1
99

9
O
va

ry
T
-E
p
, M

f
N
D

H
am

ao
ka

et
 a
l.,
 1
99

9
P
an

cr
ea
s

d
u
ct
al
 E
p
, a

ci
na

r 
ce
lls

D
u
ct
al
 E
p
, a

ci
na

r 
1

is
le
t 
ce
lls

V
ic
ke

rs
et
 a
l.,
 1
99

9
P
ro
st
at
e

T
-E
p
, M

f
N
D

K
lo
tz
et
 a
l.,
 1
99

8
St
om

ac
h

P
M
N
L
, 
M
N
C
, T

-E
p

T
-E
p
, P

M
N
L
, M

N
C

G
ot
o
et
 a
l.,
 1
99

9
U
te
ru

s
T
-E
p

N
D

H
am

ao
ka

et
 a
l.,
 1
99

9
C
el
ia
c 
d
is
ea
se

E
p,
 M

f
E
p

te
r 
St
ee
ge

et
 a
l.,
 1
99

7
C
er
eb

ra
l 
is
ch

em
ic
 s
tr
ok

e
N
, 
A
, M

g,
 N

eu
, E

,
N
eu

K
ru

p
in
sk

i
et
 a
l.,
 1
99

8;
 F
or
st
er
et
 a
l.,
 1
99
9

C
hr
on

ic
 h
ea
rt
 f
ai
lu
re

M
y,
 E
, V

SM
C
, 
M

f
1

H
ab

ib
et
 a
l.,
 1
99

6;
 H

ay
w
oo

d
et
 a
l.,
 1
99

6;
 A

d
am

s
et
 a
l.,
 1
99

7;
Sa

to
h
et
 a
l.,
 1
99

7;
 F
u
ku

ch
i
et
 a
l.,
 1
99

8;
 L
ev

in
e
et
 a
l.,
 1
99

8;
V
ej
ls
tr
up

et
 a
l.,
 1
99

8;
 H

am
br
ec
ht
et
 a
l.,
 1
99

9
C
on

ta
ct
 d
er
m
at
it
is

1
N
D

O
rm

er
od

et
 a
l.,
 1
99

7
C
ro
hn

’s
 d
is
ea
se

E
p,
 M

N
C

E
p,
 M

N
C

Si
ng

er
et
 a
l.,
 1
99

6;
 D

ijk
st
ra
et
 a
l.,
 1
99

8
C
u
ta
ne

ou
s 
lu
p
u
s 
er
yt
he

m
at
os

us
B
as
al
 E
p
, E

, 
IC

N
D

K
uh

n
et
 a
l.,
 1
99

8
D
iv
er
ti
cu

lit
is

E
p,
 M

N
C

E
p,
 M

N
C

Si
ng

er
et
 a
l.,
 1
99

6



G
lo
m
er
ul
on

ep
hr
it
is

M
es
an

gi
al
 c
el
ls
, E

p
, M

f
N
D

K
as
he

m
et
 a
l.,
 1
99

6;
 F
ur

u
su

et
 a
l.,
 1
99

8
G
ra
nu

lu
m
 p
yo

ge
ni
cu

m
E
, I
C

N
D

Sh
im

iz
u
et
 a
l.,
 1
99

8
H
ea

rt
 i
nf
ar
ct
io
n

M
f
, 
M
y

N
D

W
ild

hi
rt
et
 a
l.,
 1
99

5
Id
io
pa

th
ic
 p
u
lm

on
ar
y 
fi
br
os
is

M
f
, 
N
eu

, a
lv
. 1

ai
rw

ay
 E
p

M
f
, 
N
eu

, a
lv
. 1

ai
rw

ay
 E
p
, E

Sa
le
h
et
 a
l.,
 1
99

7
In
cl
us

io
n-
bo

d
y 
m
yo

si
ti
s

V
ac
u
ol
at
ed

 m
u
sc
le
 f
ib
er
s,
 M

f
V
ac
u
ol
at
ed

 m
u
sc
le
 f
ib
er
s,
 

Y
an

g
et
 a
l.,
 1
99

6

K
ik
uc

hi
’s
 d
is
ea
se

H
is
ti
oc

yt
es

N
D

Fa
cc
he

tt
i
et
 a
l.,
 1
99

9
M
u
lt
ip
le
 s
cl
er
os
is

M
f
, 
M
g,
 A

M
f
, 
M
g,
 A

B
ag

as
ra
et
 a
l.,
 1
99

5;
 D

e 
G
ro
ot
et
 a
l.,
 1
99

7;
 O

le
sz
ak

et
 a
l.,

19
98

; C
ro
ss
et
 a
l.,
 1
99

8
M
ye

lo
d
ys

p
la
st
ic
 s
yn

d
ro
m
e

B
on

e 
m
ar
ro
w
 M

f
, m

ye
lo
id
 c
el
ls

N
D

K
it
ag

aw
a
et
 a
l.,
 1
99

9
M
yo

pa
th
y

M
y

N
D

T
ew

s 
an

d
 G

oe
be

l, 
19

98
N
as
al
 a
lle

rg
y

M
f
, 
E
p,
 E

N
D

K
aw

am
ot
o
et
 a
l.,
 1
99

8
N
ec
ro
ti
zi
ng

 e
nt
er
oc
ol
it
is

E
p

E
p,
 l
am

in
a 
p
ro
pr

ia
Fo

rd
et
 a
l.,
 1
99

7
O
bl
it
er
at
iv
e 
br
on

ch
io
lit
is

P
M
N
L
, 
M

f
, 
al
v.
 1

ai
rw

ay
 E
p,
 E

P
M
N
L
, 
M

f
, 
al
v.
 1

ai
rw

ay
 E
p,
 E

M
cD

er
m
ot
t
et
 a
l.,
 1
99

7;
 M

as
on

et
 a
l.,
 1
99

8
O
st
eo

ar
th
ri
ti
s

SL
C
, 
V
SM

C
, 
C
h

N
D

G
ra
bo

w
sk

i
et
 a
l.,
 1
99

7;
 M

el
ch

io
rr
i
et
 a
l.,
 1
99

8
Pa

rk
in
so
n’
s 
d
is
ea

se
M
g 
in
 t
he

 s
u
bs
ta
nt
ia
 n
ig
ra

N
H
un

ot
et
 a
l.,
 1
99

6;
 G

oo
d
et
 a
l.,
 1
99

8
Pe

ri
ap

ic
al
 p
er
io
d
on

ti
ti
s

E
p,
 E
, F

, 
M

f
, 
PM

N
L

N
D

T
ak

ei
ch

i
et
 a
l.,
 1
99

8a
; 
K
ab

as
hi
m
a
et
 a
l.,
 1
99

8
Pr
og

re
ss
iv
e 
su

pr
an

uc
le
ar
 p
al
sy

A
A
, 
N
, o

lig
od

en
d
ro
cy

te
s

K
om

or
i
et
 a
l.,
 1
99

8
Pr
os
th
es
es
 f
ai
lu
re

M
f
, 
E
, S

L
C
, 
F,
 V

SM
C

M
f
, 
SL

C
, 
F

H
uk

ka
ne

n
et
 a
l.,
 1
99

7;
 M

oi
la
ne

n
et
 a
l.,
 1
99

7;
 W

at
ki
ns

et
 a
l.,

19
97

Ps
or
ia
si
s

K
, 
E
, I
C

N
D

B
ru

ch
-G

er
ha

rz
et
 a
l.,
 1
99

6;
 O

rm
er
od

et
 a
l.,
 1
99

8
Pu

lm
on

ar
y 
sa
rc
oi
d
os
is

E
p,
 M

f
, 
L
y,
 F

N
D

M
oo

d
le
y
et
 a
l.,
 1
99

9
R
he

um
at
oi
d
 a
rt
hr
it
is

SL
C
, 
E,
 M

f
, 
F,
 V

SM
C
, 
C
h

N
D

Sa
ku

ra
i
et
 a
l.,
 1
99

5;
 M

cI
nn

es
et
 a
l.,
 1
99

6;
 G

ra
bo

w
sk

i
et
 a
l.,

19
97

; M
el
ch

io
rr
i
et
 a
l.,
 1
99

8
Sj
ög

re
n’
s 
sy
nd

ro
m
e

A
ci
na

r 
 d
u
ct
al
 E
p
, M

N
C

D
uc

ta
l 
E
p

K
on

tt
in
en

et
 a
l.,
 1
99

7
Sy

st
em

ic
 s
cl
er
os

is
E
, F

, 
M

f
E

Y
am

am
ot
o
et
 a
l.,
 1
99

8;
 C

ot
to
n
et
 a
l.,
 1
99

9
U
lc
er
at
iv
e 
co

lit
is

E
p,
 M

f
, 
N
eu

, F
E
p,
 M

N
C

G
od

ki
n
et
 a
l.,
 1
99

6;
 S
in
ge

r
et
 a
l.,
 1
99

6;
 I
ke

d
a
et
 a
l.,
 1
99

7;
K
im

u
ra
et
 a
l.,
 1
99

8;
 D

ijk
st
ra
et
 a
l.,
 1
99

8
T
ox

ic
 m

eg
ac
ol
on

M
C
, M

f
N
D

M
ou

re
lle

et
 a
l.,
 1
99

5
T
ra
ns

p
la
nt
 c
or
on

ar
y 
ar
te
ry

M
f
, 
V
SM

C
M

f
, 
V
SM

C
R
av

al
li
et
 a
l.,
 1
99

8;
 B
ak

er
et
 a
l.,
 1
99
9

d
is
ea

se
T
ra
ns

p
la
nt
at
io
n/

re
je
ct
io
n

H
ea
rt

M
f
, 
M
y,
 V

SM
C

M
y

L
ew

is
et
 a
l.,
 1
99

6;
 L
af
on

d
-W

al
ke

r
et
 a
l.,
 1
99

7;
 S
za

bo
lc
s

et
 a
l.,
 1
99

8
K
id
ne

y
M

f
, 
V
SM

C
T
ub

u
la
r 
E
p

M
ac
M
ill
an

-C
ro
w
et
 a
l.,
 1
99

6;
 R

om
ag

na
ni
et
 a
l.,
 1
99

9

A
bb
re
vi
at
io
ns
: 1

, p
os
it
iv
e 
st
ai
ni
ng

; 2
, n

ot
 d
et
ec
ta
bl
e;
 N

D
, n

ot
 d
et
er
m
in
ed

; A
, a

st
ro
cy

te
s;
 C

h,
 c
hr

on
d
ro
cy

te
s;
 E
, e

nd
ot
he

liu
m
; E

o,
 e
os
in
op

hi
ls
; E

p
, e

pi
th
el
iu
m
; F

, f
ib
ro
-

bl
as
ts
; I
C
, i
nf
ilt
ra
ti
ng

 c
el
ls
; K

, k
er
at
in
oc

yt
es
; L

y,
 ly

m
p
ho

cy
te
s;
 M

C
, m

us
cl
e 
ce
lls

; M
g,
 m

ic
ro
gl
ia
; M

N
C
, m

on
on

u
cl
ea

r 
ce
lls

; M
f
, m

ac
ro
ph

ag
es
; M

y,
 m

yo
cy

te
s;
 N

, n
eu

ro
ns

;
N
eu

, n
eu

tr
op

hi
ls
; P

M
N
L
, p

ol
ym

or
ph

on
u
cl
ea

r 
le
u
ko

cy
te
s;
 S
L
C
, s

yn
ov

ia
l 
lin

in
g 
ce
lls

; T
C
, t
u
m
or
 c
el
ls
; T

-E
p
, t
um

or
 e
p
it
he

lia
l 
ce
lls

; V
SM

C
, v

as
cu

la
r 
sm

oo
th
 m

us
cl
e 
ce
lls

.



ligation. DNA repair systems recognize base
modifications mediated by RNOI, and subse-
quent repair will lead to transient DNA single-
strand breaks. Indirect reactions leading to in-
duction of DNA strand breaks are also feasible,
as for instance by intracellular ROI and/or per-
oxynitrite generation, via N-nitrosamine for-
mation and subsequent alkylation reactions, or
via activation or inhibition of enzymes neces-
sary for nuclear homeostasis. Poly(ADP-ri-
bose)polymerase (PARP), an abundant nuclear
protein activated by DNA nicks has been
shown to be activated within nuclei after NO
treatment (Radons et al., 1994; Zhang et al.,
1994). Following its binding to DNA breaks,
PARP automodifies itself as well as histones by
adding branched polymer chains of up to 200
ADP-ribose residues. The physiological role of
the PARP is not exactly known to date. It may
either protect DNA strand breaks during early
stages of recombination and repair, or it may
transiently block DNA replication, thus induc-
ing a cell-cycle arrest to provide time and/or

space for assembly of the DNA repair complex.
Whatever the exact role of PARP, activation of
this enzyme after NO treatment of cells and
subsequent nuclear autopoly(ADP-ribosyla-
tion) reactions may lead to severe cellular de-
pletion of NAD1 and ATP, ultimately leading
to cell death (Radons et al., 1994; Zhang et al.,
1994; Heller et al., 1995).

Additionally, NO has been found to inhibit
ribonucleotide reductase, a rate-limiting en-
zyme involved in DNA synthesis and repair,
and the DNA repair enzyme Fapy-DNA gly-
cosylase (Fpg) (Lepoivre et al., 1991; Wink and
Laval, 1994).

IMPACT OF NO ON 
CELLULAR FUNCTIONS

Intracellular redox state

Treatment of cells with steady-state NO con-
centrations in the low-micromolar (1–5 mM)
range for several hours will exert nitrosative
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FIG. 4. Reactions yielding nitrotyrosine formation. There are several pathways that may lead to 3-nitrotyrosine
formation. Peroxynitrite may be generated via reaction of NO with O�

2
2 (1) or of S-nitrosothiols with excess H2O2

(2) (Coupe and Williams, 1999). Besides peroxynitrite (Ischiropoulos et al., 1992) and/or its CO2-adduct (3) (Uppu et
al., 1996), NO2

� (4), and NO2Cl may also directly nitrate tyrosine residues (Eiserich et al., 1998). Furthermore, NO has
been shown to react with tyrosine-radicals which in the presence of oxidants like H2O2 or HOCl yields nitrotyrosine
also (6) (Eiserich et al., 1995). In addition, peroxidases like the myeloperoxidase (MPO) of neutrophils or the eosinophil
oxidase (EPO) in the presence of H2O2 and NO2

2 (7) induce nitrotyrosine formation (van der Vliet et al., 1997; Wu et
al., 1999). Note, that in all cases NO is a prerequesite for nitrotyrosine formation.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192341&iName=master.img-004.png&w=450&h=256


stress compromising the cellular thiol redox
status. The most prevalent cellular nonprotein
thiol is reduced glutathione (GSH), which is
present in virtually all cells at concentrations
ranging from 0.5 to up to 10 mM and is thus
regarded to be the primary determinant of the
cellular redox state. NO has been found to S-
nitrosylate intracellular GSH (Fig. 5), and most
of this S-nitrosoglutathione (GSNO) is subse-
quently converted to oxidized glutathione
(GSSG) (for review, see Padgett and Whorton,
1997). In addition, transfer of NO from GSNO
to other thiols (transnitrosylation) (Liu et al.,
1998c; Tsikas et al., 1999) and S-glutathiolation
reactions (Ji et al., 1999) have also been de-
scribed. Depletion of cellular GSH renders cells
sensitive to the toxic effects of NO as well as of
other compounds. Susceptibility of cells during

nitrosative (and oxidative) stress is determined
by the GSH concentration, but also by the ca-
pacity to recycle intracellular GSH via enzymes
of the glutathione redox cycle as well as by the
synthesis of new GSH (Berendji et al., 1999a).
In addition, the capacity of cells to generate suf-
ficient reductive equivalents like NAD(P)H
will decide, whether a cell survives or dies.

Cellular respiration

NO causes a reversible and relatively specific
inhibition of mitochondrial cytochrome c oxi-
dase via binding to its heme moiety. This may
lead to enhanced leakage of electrons from the
respiratory chain, yielding increased O�

2
2 pro-

duction that may react with NO to form per-
oxynitrite (Fig. 2). Long-term exposure to NO
irreversibly inhibits the complexes I, II, the 
ATPase and possibly complex III, but not com-
plex IV, probably as a result of peroxynitrite
formation. Mitochondrial aconitase is also in-
hibited under these conditions, resulting in an
inhibition of both the citric acid cycle activity
and respiration. Peroxynitrite nitrates as well
as oxidizes and thereby inhibits mitochondrial
MnSOD (MacMillan-Crow et al., 1998), thus in-
creasing the half-life of O�

2
2 and leading to

even enhanced peroxynitrite formation. Perox-
ynitrite causes oxidation and cross-linking of
proteins, inhibition of most of the mitochondr-
ial complexes, nitration of tyrosine residues,
oxidation of non-protein thiols and of mem-
brane-lipids, and disruption of membranes,
thus representing a potent toxic molecule (for
review, see Brown, 1999).

In conclusion, many cytotoxic effects of 
NO are likely consequences of NO (and/or
ONOO2?) interfering with energy metabolism,
especially the mitochondrial respiratory chain
as well as activation of energy-consuming
DNA-repair pathways.

Signal transduction

The picture of how NO influences signal
transduction is complex and far from being
complete (see review by Beck et al., 1999). NO
is able to activate tyrosine kinases of the src
protein family like p56lck (Lander et al., 1993a)
or c- and v-Src (Akhand et al., 1999). In addi-
tion, all three parallel MAPK cascades, i.e., the
stress-activated protein kinase/c-Jun N-termi-
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FIG. 5. Effects of NO on the intracellular reduced glu-
tathione pool. NO or, more exactly, NOx S-nitrosylates
intracellular reduced glutathione (GSH) to yield S-ni-
troso-glutathione (GSNO), which may react with another
GSH molecule to yield oxidized glutathione (GSSG) and
NO. Alternative pathways are S-transnitrosylation or S-
glutathiolation reactions of GSNO. All of these pathways
lead to GSH depletion. GSH concentrations may be re-
stored either by enzymatic reduction of GSSG, leading to
consumption of NADPH, or by enzymatic resynthesis of
GSH, leading to ATP consumption. Thus, besides the ini-
tial cellular GSH concentration, the capacity to provide
reducing and energy equivalents for restoring GSH de-
termines the cellular thiol redox state during nitrosative
stress.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192341&iName=master.img-005.png&w=235&h=251


nal kinase (SAPK/JNK) cascade, the stress-acti-
vated p38 MAPK cascade, and the ERK cascade
(Lander et al., 1996) may be activated by NO via
modulation of upstream factors like G-proteins
(Lander et al., 1993b) or of the small GTP-bind-
ing protein p21ras (Lander et al., 1995). The pre-
dominant mechanism appears to be S-nitrosyla-
tion. Furthermore, phosphotyrosine protein
phosphatase activity is inhibited by NO via S-
nitrosylation and subsequent disulfide forma-
tion (Caselli et al., 1994), which may result in a
prolonged half-life of phosphorylated proteins.
In contrast to inducing or prolonging signal
transduction, however, NO can inhibit signal
flow also. NO has been shown to block the ac-
tivity of rekombinant JNK2 (So et al., 1998), pro-
tein kinase C (Gopalakrishna et al., 1993), and
autokinase activities of JAK 2 and 3, respectively
(Duhé et al., 1998). It appears, that NO is able to
modulate the intracellular phosphorylation-de-
phosphorylation equilibrium and thus signal
transduction pathways, either activating or in-
hibiting them (Fig. 6), depending on its concen-
tration, on the cell type involved as well as on
the cellular redox state, on the stimulus and/or
on the signal transduction pathway involved.

Transcription

DNA binding of the transcription factor
HSF1 is induced by low concentrations of NO
(Xu et al., 1997). In addition, low NO concen-

trations have been shown to initiate DNA bind-
ing of the transcription factors NF-kB and AP-
1, respectively, which may be mediated indi-
rectly through activation of MAP kinase
pathways (Lander et al., 1993b; von Knethen et
al., 1999).

However, NO or nitrosative stress may also
directly modulate the activities of transcription
factors. Members of the NF-kB family are im-
portant transcription factors regulating a vari-
ety of genes involved in immune and inflam-
matory processes. IkB proteins functionally
retain NF-kB in the cytoplasm and render it 
inactive. After phosphorylation, IkB proteins
are ubiquitinylated and rapidly degraded by
proteasomes, thus allowing free NF-kB to
translocate into the nucleus, where it can trans-
activate gene enhancer or promoter elements.
In TNF-a-treated endothelial cells, NO has
been found to inhibit NF-kB activity via in-
duction of IkB synthesis and its nuclear translo-
cation (Spiecker et al., 1997). In IL-1b-treated
vascular smooth muscle cells, NO-mediated in-
hibition of NF-kB activity correlated with inhi-
bition of IkB phosphorylation and degradation
(Katsuyama et al., 1998). In addition, NO has
been found to inhibit the DNA-binding activ-
ity of NF-kB via S-nitrosylation of a cysteine
within the DNA binding domain (Matthews et
al., 1996; Moormann et al., 1996). Thus, overall
effects of NO on NF-kB transactivating activity
probably depend on the balance between po-
tential effects on IkB expression/stability and
NF-kB activation/nuclear translocation and/or
potential effects on the redox state of the cys-
teine residue involved in DNA binding.

The DNA-binding activity of other redox-
sensitive transcription factors containing a cys-
teine residue within or near its DNA-binding
domain, such as AP-1 (Nikitovic et al., 1998) or
c-Myb (Brendeford et al., 1998), have also been
found to be inhibited by NO via S-nitrosylation
(Fig. 7). Recently, we described that NO in-
hibits the DNA binding activity of transcrip-
tion factors containing zinc fingers, as found in
the members of the nuclear receptor super-
family (Kröncke & Carlberg, 2000), Sp1, and
EGR-1 (Berendji et al., 1999b). The molecular
mechanism involved again is S-nitrosylation 
of one or of several of the cysteines involved 
in Zn21 complexation, thereby leading to 
Zn21 ejection and subsequent conformational
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FIG. 6. Modulation of signaling cascades by NO. NO
activates mitogen-activated protein kinase (MAPK) path-
ways (SAPK/JNK, p38, ERK), e.g., via activation of G pro-
teins or of small GTP-binding proteins, but conversely can
also directly inhibit individual members of the different
protein-tyrosine kinase cascades via S-nitrosylation. NO
is thus able to modulate intracellular phosphorylation-de-
phosphorylation balances and signal transduction path-
ways. SAPK/JNK, Stress-activated protein kinase/c-Jun
N-terminal kinase; ERK, extracellular signal-regulated ki-
nase; JAK, Janus kinase.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192341&iName=master.img-006.png&w=231&h=124


changes of the DNA-binding domain. If a re-
dox-sensitive transcription factor functions as
a transactivator, inhibition of its DNA binding
activity leads to inhibition of transcription (Fig.
7), as has been shown for Sp1 and the IL-2 gene
(Berendji et al., 1999b). Conversely, if a redox-
sensitive transcription factor functions as a
gene repressor, inhibition of its DNA-binding
activity by NO may upregulate the respective
promoter activity, as demonstrated recently for
Sp1 and the tumor nerosis factor-a (TNF-a)
promoter (Wang et al., 1999).

However, NO will also activate transcription
factors directly as shown for the bacterial tran-
scription factor OxyR. S-Nitrosylation of a cys-
teine essential for the DNA-binding activity
leads to activation of OxyR (Fig. 7), thus in-
ducing expression of antioxidative enzymes
(Hausladen et al., 1996). OxyR may thus be re-
garded as an SOS signal in bacteria to protect
against nitrosative (and oxidative) stress.

In conclusion, NO may induce transcription
indirectly via activation of signaling pathways
(see chapter above), but NO may also inhibit
or activate transcription via direct chemical re-
actions with transcription factors. The net ef-
fect of NO on transcription will thus depend
on the NO concentration, on the transcription
factor(s) involved, and on the function (activa-

tor or repressor) of the NO-sensitive transcrip-
tion factors.

DESTRUCTIVE VERSUS PROTECTIVE
ROLES OF NO IN INFLAMMATION

As pointed out in the previous chapters, NO
at high concentrations may be cytotoxic. At
present, two types of cell death are known,
necrosis and apoptosis. Necrosis is a form of
cell death caused by disruption of the cell mem-
brane with concomittant cell swelling and ly-
sis. In contrast, apoptosis (or programmed cell
death) is executed by an innate cellular suicide
program leading to the disintegration of cells
in an orderly fashion via a cascade of specific
biochemical and structural events and avoid-
ing pro-inflammatory spill of intracellular com-
ponents by maintaining the barrier function of
the cell membrane. Apoptosis finally leads to
orderly packaged cell fragments phagocytosed
by neighboring cells or professional phago-
cytes. Thus, pathway and cellular morphology
of apoptosis are distinct from necrotic cell
death.

NO may induce cellular necrosis or apoptosis

Higher concentrations of NO induce cell
death in a variety of susceptible mammalian
cells (for review, see Kröncke et al., 1997). The
mode of the cell death, however, may vary.
While islet cells after exposure to NO die by
necrosis (Kröncke et al., 1993), NO-exposed
lymphocytes die via apoptosis (Fehsel et al.,
1995). The mode of cell death will have serious
consequences, as necrosis in vivo correlates
with overt inflammatory and activated im-
mune reactions, whereas apoptosis usually
does not. Apoptosis may be regarded as the op-
posite of cell proliferation and thus as a secure
mechanism to remove unwanted cells from the
organism. However, both massive apoptosis as
well as the failure to undergo apoptosis may
result in local inflammation.

NO may protect from necrosis or apoptosis

Besides inducing necrosis or apoptosis, NO
is now known to also protect cells from necro-
sis or apoptosis mediated by various insults
(Table 2) (for reviews, see Brüne et al., 1998;
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FIG. 7. Direct effects of NO on gene transactivators.
NO can act on gene transcription via S-nitrosylation of re-
dox sensitive transcription factors like AP-1 or zinc fin-
ger transcription factors like Sp1, thus inhibiting tran-
scription. Alternatively, S-nitrosylation of transcription
factors like the bacterial OxyR leads to induction of tran-
scription. NO may thus induce or inhibit transcription,
depending on the individual transcription factors in-
volved.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192341&iName=master.img-007.png&w=231&h=174


Kim et al., 1999; Liu and Stamler, 1999). The de-
cision for a cell to undergo apoptosis is the re-
sult of a shift in the balance between numerous
anti-apoptotic and pro-apoptotic forces within
a cell, and NO contributes to this balance. In
endothelial cells and NK cells, ecNOS activity
is able to inhibit TNF-induced apoptosis (Dim-
meler et al., 1997; Furuke et al., 1999), while
iNOS activity effectively suppresses LPS- and
UV-A-induced apoptosis (Tzeng et al., 1997;
Suschek et al., 1999). Multiple mechanisms for
the inhibition of apoptosis by NO may exist in
a single cell type. For instance, NO blocks apop-
tosis in hepatocytes via cGMP-mediated inter-
ruption of apoptotic signaling and in addition
via direct inhibition of caspase activities (Kim
et al., 1997).

Studies on the antiapoptotic actions by NO
have identified a series of interactions with the
ever-growing list of molecular components of
the apoptotic machinery. Although several en-
dogenous inhibitors of caspase activation and
activity have been described, none has been
shown to be more prevalent than NO. One way
to start off the apoptotic cascade represents re-
location of cytochrome c from mitochondria

into the cytoplasm, which will then activate
proteolytic enzymes of the caspase family.
Thus, cytochrome c leakage from mitochondria
is currently regarded as a key event for the on-
set of apoptosis and may be mediated by pro-
teins of the Bcl-2 family forming a transition
pore, which is open with excess Bax (pro-apop-
totic), or closed with excess Bcl-2 (antiapop-
totic). Both proteins are located in the outer mi-
tochondrial membrane and in other organelle
membranes. This complex life–death rheostat
is sensitive to NO by indirect or direct interac-
tions with the apoptotic machinery. Indirect ef-
fects of NO may be envisaged via induction of
expression of proteins that protect from cell
death, among them heat shock proteins, heme
oxygenases, stress-activated protein kinases, C-
reactive protein, etc. (see Brüne et al., 1998; Kim
et al., 1999). Direct effects of NO (Table 3) in-
volve suppression of apoptotic signal trans-
duction by inhibition of cytochrome c release
from mitochondria (Kim et al., 1998), inhibition
of proteolytic processing and activation of cas-
pases (Li et al., 1999), inhibition of caspase ac-
tivity via S-nitrosylation (Dimmeler et al., 1997;
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TABLE 2. NO HAS BEEN SHOWN TO PREVENT

CELL DEATH INDUCED BY THE COMPOUNDS, 
STIMULI, OR TREATMENTS LISTED

NO protects from cell death induced by:
H2O2
Singlet oxygen
Alkyl peroxides
Fe21

LPS
TNF-a
Fas/Apo-1
Growth factor withdrawal
UV-A irradiation

TABLE 3. NO-MEDIATED MECHANISMS

ACTIVE IN PREVENTING APOPTOSIS

Anti-apoptotic mechanisms of NO:
Scavenging of peroxyl radicals
Inhibition of lipid peroxidation
Induction of protective proteins
Inhibition of mitochondrial cytochrome c release
Inhibition of proteolytic caspase activation
Inhibition of caspase activity
Inhibition of ceramide accumulation
Increase of Bcl-2 protein expression
Inhibition of proteolytic Bcl-2 cleavage

FIG. 8. NO can protect cells from UV-A-induced cell
death via inhibition of lipid peroxidation. Studies using
irradiation with UV-A light have shown that apoptosis or
necrosis occur as a result of singlet oxygen (1O2) genera-
tion, which reacts with unsaturated fatty acids forming
peroxyl radicals. These, in turn, induce lipid peroxidation
via radical chain reactions. NO can effectively scavenge
peroxyl radicals thus protecting from cell death.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192341&iName=master.img-008.png&w=174&h=222


Li et al., 1997), and positive modulation of the
expression and the activity of proteins from the
Bcl-2 family (Kim et al., 1998; Suschek et al.,
1999).

In the case of UV-A-induced apoptosis, high-
output NO synthesis as well as exogenously
applied NO fully protects endothelial cells
from apoptosis, and this protection strongly
correlates with NO-mediated increases in 
Bcl-2 protein expression together with inhibi-
tion of UV-A-induced increased Bax expression
(Suschek et al., 1999). In addition, NO scav-
enges lipid peroxyl radicals generated after for-
mation of UV-A-induced singlet oxygen (Fig.
8), thus protecting cells from necrosis or apop-
tosis (Suschek, Kröncke, and Kolb-Bachofen,
unpublished observations). The molecular
mechanism of this chain-breaking antioxida-
tive activity of NO is shown in Fig. 9.

In conclusion, whether apoptosis occurs in a
given cell depends on the balance of pro- and
antiapoptotic factors, and this balance will be
tipped by NO in either direction, depending on
the concentrations of NO, the cell type involved,
and on the apoptotic impact upon the cell.

SYNOPSIS

In summary, high-output NO synthesis as
produced by iNOS activity shows cytotoxic as
well as protective effects. It influences cellular
gene expression via modulation of signal trans-

duction pathways and transcription factor ac-
tivities. NO produced by macrophages but also
by epithelial cells will potentially serve to limit
bacterial invasion as well as to prevent over-
shooting local immune reactions, but can also
contribute to local tissue damage. Thus, de-
pending on the timing and the degree of acti-
vation, iNOS activity will display dual effects
serving as a positive modulator of cell re-
sponses to inflammatory stimuli, but also am-
plifies and augments tissue destruction. These
Janus-faced effects of iNOS activity result in a
complex scenery showing us that our current
knowledge is insufficient to predict whether a
disease therapy will benefit from using a se-
lective iNOS inhibitor or rather will profit from
exogenously added NO due to its protective
and antioxidative efficiency. Whereas the dis-
covery of NO as a signaling molecule has al-
ready been rewarded with a Nobel Prize, there
is still room from a distinguished award, when
the precise impact of iNOS activity in specific
human diseases will be completely understood
and thus taken advantage of cure or preven-
tion of human diseases.
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ABBREVIATIONS

ERK, Extracellular signal-regulated kinases;
GSH, reduced glutathione; GSNO, S-nitrosog-
lutathione; GSSG, oxidized glutathione; IRF, in-
terferon regulatory factor; JAK, Janus kinases;
JNK, c-Jun N-terminal kinase; MAPK, mitogen-
activated protein kinase; NOS, NO synthase;
NOx, nitrogen oxides; PARP, poly(ADP-ribose)-
polymerase; RNOI, reactive nitrogen oxide in-
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FIG. 9. NO terminates lipid peroxidation reactions.
NO reacts with the peroxyl radical ROO Ç  (1), yielding
ROONO, which may either isomerize (2) to RONO2, may
hydrolyze (3) yielding ROOH and nitrite, or may de-
compose (4) yielding RO� and NO2

�, both of which may
subsequently react with NO yielding RONO (5) and ni-
trite (6), respectively (according to O’Donnell et al., 1997).
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termediates; SAPK, stress-activated protein ki-
nase; Stat, signal transducer and activator of
transcription; TNF-a, tumor necrosis factor-a.
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