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Abstract: The free radical, nitric oxide (NO), is synthesized by mammalian cells and is utilized for normal cellular
functions. High levels of NO are released during disease, injury and inflammation. NO at high concentrations more
readily combines with other oxidants to form reactive nitrogenous species (RNS), which can wreak havoc on the cell by
damaging a variety of cellular targets, such as DNA and proteins, ultimately leading to apoptosis, mutagenesis or
carcinogenesis. Cells have natural resistance mechanisms to nitrooxidative stress that are either defective (as can occur in
disease), or overwhelmed (as can occur in injury and inflammation). It has been found recently in the CNS that resistance
to normally toxic levels of NO can be induced by nontoxic levels of NO and that this induction is correlated with and
dependent upon increased levels and activity of the heme-metabolizing enzyme, heme oxygenase-1 (HO-1). HO1-
mediated metabolism of heme groups released from NO-damaged proteins leads to a change in the levels of redox-active
iron and a release of carbon monoxide (CO) and bilirubin, all of which have been implicated in cellular resistance to
oxidative stress. Perhaps one or more of the products of HO1 heme metabolism is involved in induced adaptive resistance
or perhaps a heme-independent mechanism is involved. In fact, a variety of possible mechanisms may be involved in
induced resistance to NO in the CNS. Ultimately elucidating these mechanisms will enable us to modulate them for
therapeutic potential.

NO IS PRODUCED AND UTILIZED BY THE CELL
FOR NORMAL PHYSIOLOGICAL FUNCTIONS

The free radical gas, nitric oxide (NO), is synthesized by
many mammalian cells and is essential for many normal
cellular functions [1-3]. It is produced by a group of
enzymes, the nitric oxide synthases (NOS) [4-6]. In the
circulatory system NO functions as a vasodilator [6], angio-
genesis factor [7] and a survival factor for endothelial cells
[8]. In the immune system NO, generated by inducible nitric
oxide synthase (iNOS), is a key cytotoxic weapon for the
destruction of bacteria [2,3,9]. In the central nervous system
(CNS) activated microglial and astrocytes, which also have
iNOS, generate NO in response to injury, presumably to
trigger the clearance of damaged cells [10-12].

In the CNS, NO fulfills various physiological roles.
Many neurons have nNOS and can generate NO for use as a
neurotransmitter [13,14]. Long term potentiation, which is
essential for learning and memory, is inhibited by
administration of nitric oxide synthase blockers, confirming
the role of NO in this process [14-16]. NO is necessary for
the differentiation of PC 12 cells (phaeochromacytoma cells)
into neuronal cells [17,18]. In murine cortical neurons NO
promotes neurite outgrowth and differentiation [19].
Moreover, when taken with its role in CNS cytostasis/
differentiation, NO might also be involved in CNS tumor
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formation and metastasis [17-19]. In addition, the fact that
NO promotes neurite outgrowth has implications for CNS
injury and disease.

CELLS HAVE RESISTANCE MECHANISMS TO
HANDLE PHYSIOLOGICAL LEVELS OF NO

Cells of the CNS, like other non-CNS cells, have natural
resistance mechanisms against the nitrooxidative stress
exerted by the free radicals, such as NO, generated by
normal cellular metabolism and neurotransmission. The free
radical NO by definition has an unpaired electron, and as
such is highly reactive and can combine with other free
radicals, such as superoxide, to form a variety of damaging
reactive nitrogen species (RNS) resulting in nitrooxidative
stress. Superoxide dismutase (SOD) converts superoxide to
less damaging hydrogen peroxide as well as rendering the
superoxide inaccessible to NO for the formation of RNS
[20]. Copper-zinc superoxide dismutase (CuZnSOD) is
cytosolic and constitutively expressed [21,22]. An inducible
form of SOD is the mitochondrial manganese–dependent
superoxide dismutase (MnSOD) [23]. MnSOD can thus
respond to an increase in the amount of superoxide as well as
any RNS [23].

Another system critical for management of free radicals
and RNS is the glutathione/ glutathionyl peroxidase system.
It has been shown in rat neuronal cells that glutathione
provides resistance to NO toxicity by “sopping up” the NO
or by limiting the availability of superoxide for formation of
RNS [24]. The thioredoxin reductase/thioredoxin system is
utilized by the cell to handle free radicals and is upregulated
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in response to an accumulation of RNS [25]. In addition, the
cell upregulates proteolysis of damaged proteins [26,27] as
well as DNA repair in response to nitrooxidative stress [28].

Induction of the heme-metabolizing enzyme, heme
oxygenase-1 (HO-1), is linked to cellular resistance to heavy
metals and oxidants and more recently, in non-CNS cells, it
has emerged as important in the protection of the cell against
nitrooxidative stress NO [29-35]. In our work, it has been
found that HO1 provides protection against nitrooxidative
stress in CNS cells [36]. All these systems plus many others
are in place to protect the cell from physiological levels of
oxidative and nitrooxidative stress from daily cellular
metabolism.

IN PATHOLOGICAL SITUATIONS, THESE RESIS-
TANCE MECHANISMS ARE OVERWHELMED OR
DEFECTIVE

It appears that in the pathological situations, such as in
CNS injury, many resistance mechanisms to nitrooxidative
stress are overwhelmed [10,21,22,27,37-42]. During CNS
traumatic injury and inflammation, such as in spinal cord
injury, NO and superoxide are generated and released by the
activated CNS immune-cell counterparts which are the
microglia and astrocytes [27,37,38]. Traumatic spinal cord
injury also disrupts the CNS blood-brain barrier allowing
macrophages and other immune system cells to gain denovo
access to the spinal cord where they release high
concentrations of NO and superoxide [27,37,38]. These cells
(macrophages, microglia and astrocytes) contain iNOS
which, upon activation of the cell, is induced strongly to
synthesize and release NO in a burst of high concentration
(>1µM) leading to cell death by nitrooxidative damage [10,
11,27,37,38,43]. Motor neurons and oligodendrocytes are
further assaulted when excess NO is generated by glutamate-
mediated excitotoxicity that is triggered by CNS trauma
[27,37,38]. In an experimental model it has been shown that
after injury adult rat motor neurons have increased NOS
activity with subsequent cell death [44]. These injured
neurons can be rescued by the administration of brain
derived neurotrophic factor (BDNF) which functions as an
NOS inhibitor [44] further implicating toxic levels of NO in
this process. In vivo, transected facial motor neurons can also
be rescued from apoptosis by the direct inhibition of NOS
[45] further implicating toxic levels of NO as a causative
agent in CNS cell death resulting from traumatic injury.

In the event of disease, normal cellular resistance
mechanisms not only are overwhelmed as they are during
injury but are also often defective. Neurodegenerative
disease, as does neural injury, involves the activation of
microglia and astrocytes [11,43]. Here too, nitrooxidative
stress is followed by cell death [11,43]. In ALS dementia, it
has been posited that neurons that normally generate and
utilize NO for neurotransmission (and hence are NO
resistant) suddenly become NO-sensitive and die [23,46-48].
An under-expression or defect in any one of a variety of gene
products that are involved in handling the oxidative stress
could leads to increased NO sensitivity. This death of NO
positive neurons could involve a loss of function in one of
the superoxide dismutases (SOD) or could result from a

toxic gain of function of CuZnSOD such as in the case of
familial ALS [39,46,47]. In the case of sporadic ALS NO-
mediated damage is seen [47]. NO-mediated damage and
oxidative damage is also seen in Alzheimer’s Disease
[47,49]. A form of Parkinson’s Disease is caused by the
production and accumulation of mutated cellular protein,
parkin [50], and this accumulation results in increased nNOS
activity with subsequent NO mediated damage [50]. In this
form of Parkinson’s as well as in other forms of PD, nitrated
proteins can be found by immunohistochemistry and
immunoblotting of affected regions. Clearly, despite the
variety of nitrooxidative stress resistance mechanisms at the
cell’s disposal there are situations, such as disease or injury,
where the cell is rendered vulnerable.

NO AT PHYSIOLOGICAL LEVELS IS BENEFICIAL
WHILE AT HIGH LEVELS IT IS PATHOLOGICAL

NO is a Janus-faced molecule that at the low levels,
produced by normal cellular metabolism, is not prone to
cause damage, is vital for normal cellular maintenance [7,
13-17,25,43,51,52] and can be efficiently handled by the
normal cellular resistance mechanisms. However, at high
concentrations NO can participate in many pathways to
damage the cell [26,51,52,54]. At lower concentrations that
typically exist in the cell, (<1µM), NO exists at a redox state
that does not readily form damaging RNS [51,52]. Here it
forms reversible modifications utilized for second messenger
cascades [7,25,51-53,55] and forms nitrosothiols [56]. Low
dose NO also elicits second messenger cascades that are
distinct from those elicited by high concentration or pulsed
NO as indicated by distinct phosphorylation patterns [18,
56]. At high concentrations (>1µM) and particularly when it
is released in a pulse, or in the presence of transition metals,
such as iron, NO is highly reactive and readily auto-oxidizes
to form a variety of damaging RNS [18,21,22,40-42,51,52,
56]. Also, if NO is released out of context, as in a breach of
the blood/brain barrier at a site of injury or inflammation,
where there are high levels of superoxide present, NO forms
reactive nitrogen species rather than remaining as a
physiological agent [18,21,22,24,25,40-42,52,56].

High levels of NO with the consequent RNS wreak havoc
on the cell by damaging a variety of cellular targets. NO
forms various DNA adducts and cleavage products which,
when they accumulate, can lead to apoptosis or (when the
cells aren't executed) carcinogenesis [51]. Thus NO is a
mutagen and carcinogen [51,52]. Not only does NO damage
DNA it inhibits DNA repair, specifically by inactivating and
degrading O (6)-Alkylguanine-DNA Alkyltransferase [28].
NO also damages lipids and proteins [21,22,40-42]. Protein
modifications induced by high concentration NO are
typically irreversible. In high concentrations NO forms
nitroso compounds that, in an iron-mediated reaction,
nitrosylate heme-centers of proteins. In particular, NO
released in a pulse forms different reaction products that
irreversibly bind heme centers in three separate, progressive
reactions [56]. Heme-containing proteins such as the
cytochrome proteins would be targets of this modification,
which could abrogate their function. An abrogation of the
function of the cytochrome proteins would lead to
mitochondrial dysfunction with generation of additional free
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radicals and subsequent cell death [12,24,54,57]. In fact,
high concentrations of pulsed NO, especially in the presence
of high levels of iron, modify and cause the release of
mitochondrial cytochrome c which leads to the activation of
the caspase apoptosis pathway and cell death whereas NO at
low concentrations does not do this [12,24,54,57]. In
addition, when NO modifies heme-containing proteins, such
as cytochrome c, this leads to a complete disruption of their
structure thus releasing free heme into the intracellular
environment. Heme contains a redox-active iron that is
exposed when the heme is freed from the protein, making the
iron available for the generation of hydroxyl radicals which
cause further damage to the cell.

Proteins involved in cellular structure and cellular
maintenance, such as neurofilament proteins, are particularly
vulnerable targets of NO mediated damage and
nitrooxidative protein damage is seen in a variety of
neurodegenerative diseases [21,42,45,58]. In a high stress
environment, in the presence of available iron and
superoxide, NO combines with the superoxide to form
peroxynitrite anion which then goes on to nitrate tyrosine
residues forming 3 nitrotyrosine thereby destroying structure
and function of tyrosine-rich proteins [21,41,42,54,57]. In
sporadic Amyotropic Lateral Sclerosis, this mechanism of
damage is important in the development of pathology [21,
22,40-42]. The tyrosine-rich neurofilament proteins, utilized
by the neurons for cellular traffic, are nitrated with
subsequent neurofilament derangement and aggregation
resulting in loss of axonal traffic and the death of the neuron
[21,22,40-42]. Motor neurons are vulnerable to this process
since they have long axons. In ALS in particular these
proteins show extensive NO-mediated damage and
nitrotyrosine positive aggregates are a hallmarks if the
disease [21,22,40-42]. This damage is prevalent in a variety
of high NO situations such as inflammation, injury and
disease [41,42,54,57].

In fact, in many neurodegenerative diseases nitooxidative
damage to structural proteins causes the proteins to misfold
and aggregate leading to reduced axonal transport,
abrogation of normal cellular processes and finally, to cell
death [18-22, G, Science review 21,22,40-42,49,58]. In
Parkinson’s disease and Alzheimer’s disease the mutant
proteins themselves generate free radicals that elicit the up-
regulation of NOS with subsequent release of high
concentrations of NO thus, again, bringing high levels of NO
and superoxide to the area [41,42,49,58]. These disease
scenarios are exacerbated by the fact that NO also inhibits
proteosome activity so the modified, misfolded proteins are
not broken down [49]. Further, the proteosomes can not
break down aggregated proteins [49]. This leads to an
intracellular accumulation of aggregates, in the case of ALS
and PD, and an intracellular and extracellular accumulation
in the case of AD [21,22,26,40-42,49,58].

RESISTANCE MECHANISMS CAN BE INDUCED TO
DEFEND AGAINST PATHOLOGICAL LEVELS OF
NO

In light of the above facts, a question that we asked is
whether cellular resistance to oxidative stress in the CNS can

be induced. Since cells are exposed to a low level of NO
during cellular metabolism and then exposed to a burst of
NO during inflammation and injury, we have proposed [36,
59 (pers. com.)] that pretreatment with a low dose of NO
might induce resistance to a high dose of NO. Successful
demonstration of this notion will provide clues to known and
novel cellular resistance mechanisms, as well as tools to
discover weaknesses and defects in particular resistance
mechanisms. Dissecting these pathways can give us targets
to augment or repair resistance mechanisms that are
overwhelmed or defective, thus mitigating nitrooxidative
damage seen in injury and disease.

In our laboratory we asked if a low dose of NO could up-
regulate the resistance mechanisms already in place or up-
regulate novel resistance pathways and thereby protect the
cells against normally toxic high levels of NO [36,59
(pers.com.]. We have found that when motor neurons are
exposed to a sub-toxic (25nM/s) NO dose (pretreated) they
gain resistance to a normally cytotoxic (250nM/s-1µM/s)
NO dose (challenged) (Fig. 1A-D). The pretreated neurons
survive a challenge dose of NO (Fig. 1D) while non-
pretreated neurons do not (Fig. 1B). We have dubbed this
phenomenon “induced adaptive resistance”. Induced
adaptive resistance has been demonstrated by our lab in a
motor neuron cell line created by Dr. Neil R. Cashman [36,
59 (pers.com.), 60-62] (Fig. 1A-D). This has also been
demonstrated by our lab in the primary motor neurons of rat
and mice [36,59 (pers.com.)] (Fig. 2 A-D). An interesting
finding is that neuronal cells are much more NO sensitive
than non-neuronal CNS cells. When a culture isolated from
rat embryo spinal cord is exposed to a toxic dose of NO with
no pretreatment the motor neurons are extremely sensitive
and die while the non-neuronal cells (glia) are significantly
more resistant [36,59 (pers.com.)]. Non neuronal cells but
not motor neurons are rescued from NO toxicity by the
addition of cGMP [59 (pers.com.), 63]. These findings are
also in agreement with our findings where the induced
adaptive resistance in the NSC34 cells is cGMP-independent
[36,59 (pers.com.)] (Fig. 1 E, F). When taken together these
findings indicate that there are resistance mechanisms that
can be induced and that they may be distinct in non-
neuronal and neuronal cells [36,59 (pers.com.), 63] (Fig. 3).

HEMOXYGENASE-1 IS INVOLVED IN INDUCED
ADAPTIVE RESISTANCE

Our laboratory found that induced adaptive resistance in
NSC34 cells and primary motor neurons correlates with an
increase in the transcription of a heme-metabolizing stress
protein hemoxygenase 1 (HO1) [36,59 (pers.com.)] (Fig. 3).
We found that the induced resistance is lost in these cells
when we inhibit HO1 activity thus demonstrating its
dependence on HO1 [36,59 (pers.com.)] (Fig. 1 E,F). Using
transgenic animals that are null for HO1, our laboratory has
demonstrated that neurons isolated from HO1 null mice are
more sensitive to the cytotoxic effects of NO than those
isolated from wild type mice further implicating the critical
role of HO1 in NO-resistance in the CNS. This study [36,59
(pers.com.)], in which it was revealed that HO1-heme
metabolizing activity is critical for CNS resistance, has been
recently confirmed and expanded [64-68]. Moreover, it has



4    Current Drug Metabolism, 2003, Vol. 4, No. 2 Bishop and Cashman

been shown that in the brain HO-1 is NO inducible and is
increased in response to NO in glial cells [69,70]. Increased
HO1 levels are found in the senescent brain, in Alzheimer’s
patients, after stroke and in spinal injury where there are
verified high levels of oxidative stress [63, 9-71]. More
recently, it has been demonstrated that in experimentally
induced spinal cord injury in rats HO1 is induced at the site
of injury [72]. Clearly, HO1 is upregulated in almost every
case of CNS distress. When this is taken together with the
fact that HO1 is critical for the induction of resistance in
motor neurons, we can conclude that HO1 plays a major role
in the protection of the CNS in response to injury and
disease.

PRODUCTS OF HO1-HEME METABOLISM MAY BE
INVOLVED IN INDUCED ADAPTIVE RESISTANCE

HO-1 is an enzyme that metabolizes heme freed from
NO-damaged proteins generating the end products: CO [32,
35,72], bilirubin [73] and iron [74] all of which have been
implicated in cellular resistance to oxidative stress [32,35,
72-74]. HO-1 exerts a direct anti-oxidant effect by breaking
down the damaging redox-active iron-containing heme

groups [74]. HO1 exerts an indirect anti-oxidant effect by
releasing iron from the heme groups which induces ferritin
synthesis resulting in increased iron sequestration. The freed
iron also induces stabilization of the transferrin message,
which results in increased iron elimination. All this had the
net effect of lowering the intracellular concentration of iron
thereby protecting the cell from iron-mediated damage [72-
74]. Both bilirubin and CO have also been shown to have
anti-oxidant effects [32,35,72,73] and all three products of
heme metabolism elicit distinct second messenger cascade
that ultimately exert a protective effect on the cell [32-35,75,
76].

CO MAY BE INVOLVED IN INDUCED ADAPTIVE
RESISTANCE

CO is of major product of HO1 activity and studies have
indicated that CO is of primary importance in conferring
cellular resistance to oxidative stress, and as such, may be
important in conferring induced adaptive resistance (Fig. 3).
However, like NO, CO is a Janus-faced molecule, while CO
is protective at low concentrations, at higher concentrations
CO is pathological [75-79]. In endothelial cells, low

Fig. (1).  Viability and neuronal morphology of NO-adapted and challenged NSC34 cells.  Cells were pretreated for 60 min with 25nM/sec
NO, incubated 2h to allow gene expression, and challenged with 277nM/sec NO for 60 min.  48h after the challenge, the cells were stained
with trypan blue, fixed, and analyzed by phase contrast microscopy.  A: Non-pretreated, non-challenged cells.  B: Non-pretreated cells,
challenged with NO (non-adapted cells).  C: NO-pretreated cells, not challenged.  D: NO-pretreated cells, challenged with NO (adapted
cells).  E: Cells pretreated and NO challenged as in D, with Sn-protoporphyrin (25µM) present throughout the treatment. F: As in E, except
that 8-bromo-cGMP (20µM) was also present throughout.
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(physiological) doses of CO confer cellular resistance [79].
CO inhibits the mRNA of various cyclins, inhibiting the
proliferation of vascular smooth muscle cells thereby
preventing the formation of atherosclerotic plaques [80,81].
Physiological levels of CO lead to increased transcription of
MnSOD [79], which is one of many protective enzymes
[79]. CO has been shown to elicit a variety of mitogen-
activated protein kinase pathways, in particular the p38
mitogen activated protein kinase (MAPK) pathway, which
subsequently activates NFkB thereby inhibiting apoptosis
[33,35]. CO, not only upregulates some MAPK pathways but
inhibits some as well. In particular, CO down-regulates the
ERK1/2 MAPK pathways which also results in the
abrogation of apoptosis [78]. Physiological levels of CO up-
regulate vascular endothelial growth factor (VEGF) thereby
mitigating the damage from ischaemic injury [82]. CO also
has a prominent effect on cerebrovasculature, preventing
stroke, and mitigating the outcome of stroke [78,80,81].

High levels of CO are toxic and cause a variety of
pathologies in both non-CNS and CNS cells [75-79]. Toxic
levels of CO cause myocardial dilation, as well as
dysfunction of the mitochondria with a subsequent
generation of free radicals. NO-mediated damage such as
peroxynitrite formation, is seen after exposure of cells to
toxic levels of CO [75-79]. It has recently been found that
glutamate induces HO1 with a subsequent release of toxic

levels of CO [75]. Excess glutamate causes excitotoxicity by
stimulating the NMDA and kainate receptors, ultimately
inducing NOS, which leads to the production of excess NO
and cell death. This process occurs in the CNS during
seizures, inflammation, and injury [27]. The high NO
environment that results from excitotoxicity causes extensive
protein damage with subsequent release of heme groups with
exposed redox-active iron. As a result, HO1, also induced by
excitotoxicity, is working in a high heme environment. One
might imagine that in the face of so much substrate HO1
activity would result in the production of toxic CO levels. In
CNS diseases and injury with excitotoxic mechanisms, the
subsequent release of toxic levels of CO might be a major
player in cell death in these pathologies.

Recently, in non-CNS cell types, the adaptive resistance
protocol has been demonstrated using CO [79]. It has been
found that 11nMCO provides protection against high (toxic)
concentrations of CO (110nM). When cells were challenged
with high levels of CO (110nM) alone, there is activation of
the caspase 1 pathway followed by cell death. In hearts,
pretreatment with NO decreases the amount of damage from
ischemia/reperfusion and this effect is HO-1 dependent and
more specifically, CO dependent [2,34,64]. These cells
challenged with toxic levels of CO alone there is an
alteration of the ubiquitin/proteosome pathway with a
subsequent accumulation of damaged proteins which is a

Fig. (2). Day E14 embryonic motor neurons were isolated and plated. The cells were either untreated (Panel A), or  pretreated with 25
nM/sec NO (panel B), or NO challenged-non-adapted (125 nM/sec) (panel C), or were pretreated first then challenged-adapted cells-(panel
D). After 48 h, the cells were stained with Hoechst 33258.

Both figures taken, with permission from the journal and authors, from: Bishop A., Marquis J. C., Cashman N.R, Demple B., (1999)
Adaptive resistance to nitric oxide in motor neurons. Free Radical Biology & Medicine., 26(7-8),  978-986.
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pathology seen in many diseases caused by oxidative stress
[79]. Interestingly, cell death caused by high concentrations
of CO (110nM) is mediated by NO and can be prevented by
pretreatment by low doses of CO [79] which mirror what

happens with our induced adaptive resistance model [36,59
(pers.com.)]. Clearly, many of the protective effects exerted
by HO1 induction are transduced through CO production, at
least in non-CNS cells.

Fig. (3).
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THE INDUCED RESISTANCE BY NO MAY BE
TRANSDUCED THROUGH CO

This dual nature of CO echoes that of NO and might be
one of the reasons why NO has a protective nature at low
concentrations while at high concentrations it is pathological.
Again, in the CNS, the dual nature of CO may be a major
player in our induced adaptive resistance. We might invoke a
model to incorporate the dual nature of CO in our induced
adaptive resistance model. In our induced adaptive resistance
phenomenon, HO1 is maximally induced when cells are
exposed to a low NO dose. The low, slow release of NO
causes less damage to proteins and hence less heme is
released into the cellular environment, and thus increased
HO1 activity is in a setting of low heme. Since HO1 has less
heme to use as a substrate, a low level of CO is produced.
The low level of CO is at the concentration that is conducive
to eliciting protective signal transduction cascades as well as
inhibiting damaging ones thereby lending cellular resistance.
When we expose cells to a high/toxic challenge of NO
without pretreatment, HO1 is induced, although not
maximally. Since a high NO concentration leads to increased
release of heme from the increased levels of NO-damaged
proteins, HO1 activity is in a high heme setting. Thus, HO1
has an increased amount of substrate resulting in an
increased production of CO to pathological levels. In
summary, low doses of NO damage fewer proteins and lead
to lower levels of heme release with consequently lower
levels of CO while high doses of NO lead increased protein
destruction with the release of higher levels of heme and
consequent release of toxic levels of CO. This proposed
mechanism might explain why a low dose of NO is
protective while a high dose of NO is damaging and also
how a low dose of NO lends protection against subsequent
high levels of NO.

THE INDUCED RESISTANCE BY NO MAY BE
TRANSDUCED THROUGH HEME AND IRON

In addition to the concentration-dependent differential
regulation of second messenger cascades by low versus high
levels of CO, there may also be differential regulation of
gene expression via heme concentration and via free iron
released from HO1 metabolized heme groups. Again, as in
the CO model, one might propose a mechanism where HO1
is induced in a non-stressed environment (low NO), with
little oxidative protein damage which results in limited
release of free heme. In this low-level substrate environment,
HO1 metabolism would yield low levels of iron. In a
stressed environment (high NO), with high levels of heme
released from oxidatively damaged proteins, there would be
a high levels of the heme substrate metabolized by HO1
thereby freeing increased concentrations of iron. In
summary, in the non-stressed cell versus stressed cell there
would be low versus high iron released, thereby opening the
door concentration dependent regulation of cellular
resistance.

This model would effect regulation of genes such as
VEGF discussed earlier in this review. VEGF, a gene
upregulated in response to oxidative stress [82], is induced
by CO and yet inhibited by iron [82]. In the low stress-low

substrate environment, the low level of iron released by
HO1-mediated heme metabolism would not inhibit VEGF
expression, while the low levels of CO, shown to have high
efficacy in second messenger cascade induction, would
increase VEGF expression thus lending cellular resistance.
In the high stress-high substrate environment, the toxic
levels of iron released by HO1-mediated heme metabolism
would decrease VEGF expression thereby abrogating
cellular resistance, which would result in cell death. In fact,
it has recently been found that VEGF plays a role in cellular
resistance to oxidative stress, above and beyond its role in
angiogenesis [82]. When animals are made null for the
hypoxia response element in the VEGF promotor, much of
the resistance to oxidative stress is lost [82] followed by an
adult onset of motor neuron degeneration. In light of the
importance of VEGF in motor neuron health as well as its
differential and concentration dependent regulation by the
products of HO1 heme metabolism, we propose that VEGF
is an important downstream element involved in the induced
adaptive resistance response (Fig. 3).

Other iron-mediated mechanisms might be involved in
induced adaptive resistance. Freed iron might act on redox
sensitive sites of proteins (IRP and others) either indirectly
(by changing the redox milieu of the cell) or directly, by
eliciting a redox-sensitive signal transduction cascade which
ultimately turns off protective genes or on apoptotic genes
(Fig. 3). The pretreatment dose of NO would, again as
discussed earlier, cause less protein damage and release less
heme substrate, which upon HO1-heme metabolism would
yield lower concentrations of iron. A low concentrations of
iron, released by pretreatment with low doses of NO, may
actually exists at a different redox state and act on redox-
sensitive signal transduction cascades that are distinct form
those induced by a high concentration of iron. Induced
adaptive resistance could be due not only to the dual nature
of NO, but also the dual nature of iron. The question of the
possible redox-dependent duality of iron in regulation of
cellular processes and induced adaptive resistance has yet to
be explored.

THE HO1 MOLECULE ITSELF MAY PLAY A ROLE
IN INDUCED ADAPTIVE RESISTANCE

The HO1 molecule may itself operate as a molecular
switch that is thrown as a result of induced adaptive
resistance. The low dose of NO used for pretreatment might
exert its protective effect by modifying the sites on the heme
molecule thus protecting the heme from irreversible
nitrosation by the toxic levels of NO thereby maintaining the
availability of heme for use as a substrate by HO1. As
discussed earlier, a high concentration of NO damages the
cell by disrupting the structure of heme-bearing proteins
causing them to release free heme, which is redox-active
(courtesy of the iron it contains). Unless immediately broken
down by HO1, the freed heme generates free radicals, which
are damaging to the cell [24,51,52,74]. The toxicity of the
high NO dose, in the absence of pretreatment with a low NO
dose, might be due to its nitrosation of various residues of
the heme [24,51,52,74], making heme inaccessible to HO1
as a substrate [83-86] and thereby leaving the heme intact
and free to damage the cell. Thus, the damaging redox-active



8    Current Drug Metabolism, 2003, Vol. 4, No. 2 Bishop and Cashman

iron would remain in the cell for longer. In fact, it has
recently been shown that when NO is added in a high dose
bolus it reacts directly with heme group to modify it in three
successive reactions [56]. In the induced adaptive resistance
model, the low doses of NO might modify heme groups in
intact proteins to prevent future nitrosation by high levels of
NO thus enabling HO1 to metabolize heme groups in the
face of toxic NO doses. Perhaps this is the mechanism of the
role of HO1 in induced adaptive resistance that is above and
beyond the classical role proposed for HO1 in resistance to
oxidative stress.

NO MAY INDUCE NON HO1-MEDIATED RESIS-
TANCE MECHANISMS

The dual nature of NO may play a more direct, HO1-
independent role, in the adaptive resistance phenomenon and
in general mechanisms of resistance to oxidative stress. For
our induced adaptive resistance model the NO donor used to
administer the pretreatment dose releases low levels over a
longer period of time, while the toxic NO dose is
administered by an NO donor that releases high NO dose in
a burst or pulse [36]. The difference between the NO donors
magnifies the difference in concentrations between the low
dose NO and toxic NO dose. It also magnifies the difference
in the redox chemistry and reactivity between low dose and
high dose of NO where, as discussed earlier, the high dose
more readily forms the reactive and damaging nitrosative
species. In light of this fact one mechanism that can be
proposed is that low NO used in pretreatment saves cell by
launching a reversible redox-sensitive molecular second
messenger cascade which up-regulates, in addition to HO1, a
phalanx of other protective genes. In this way, the low
pretreatment NO dose exerts a protective change on the cell
that makes it resistant to subsequent toxic doses of NO. In
fact, a variety of protective genes, in addition to HO1, are
induced by low levels of NO and yet are inhibited by high
levels of NO [8,28,49,53]. In the presence of low doses of
NO, brain derived neurotropic factor (BDNF) is upregulated,
while in response to high doses of NO, BDNF is
downregulated sharply with a consequent upregulation of
nNOS [53]. Therefore, a low dose of NO upregulates BDNF,
thus exerts a saving effect against a subsequent high dose of
NO, and in this way lends resistance (Fig. 3). A low dose of
NO, such as that released by cNOS, induces a variety of anti-
apoptotic genes [8] while a high dose of NO not only inhibits
anti-apoptotic genes but also causes extensive DNA damage,
inhibits DNA repair enzymes, and in particular it degrades
O6-Alkylguanine-DNA alkyltransferase [28]. Again, here
the low dose of NO possibly prevents this DNA damage or
at least prevents apoptotic DNA double stranded breaks and
in this way exerts a saving effect (Fig. 3). Finally, low-
concentration NO might act on redox sites on proteins
(phosphorylation and thiol sites etc.) that are distinct from
those acted on by high-concentrations NO and thus exert
protective effects (Fig. 3).

The mitochondria, in particular, may be a target of
induced adaptive resistance. The dichotomy between a low
dose of NO and high dose of NO can be most readily seen in
the mitochondria and here we can see where a low dose
might act on a site and prevent action by a subsequent toxic

dose of NO and thereby lend resistance. Low dose NO acts
on the caspase cascade as well as Bcl2 and has an anti-
apoptotic effect [57]. Low dose NO also reversibly modifies
sites in the mitochondria and has a regulatory effect [54]. A
high NO dose causes release of cytochrome c, mitochondrial
dysfunction with the concomitant production of reactive
oxygen species (ROS) which join with the NO to form
RNOS which further damages a variety of non-
mitochondrial and mitochondrial proteins [57]. Mitochondria
are particularly vulnerable targets of RNS mediated damage
[54,57]. High sustained NO dose leads to peroxynitrite
formation and protein nitration in the mitochondria that
overwhelm mitochondrial defense mechanisms [54]. In
addition, the release of cytochrome c results in the elicitation
of the caspase cascade ultimately precipitating cell death 57.
We might propose a mechanism where the low NO dose
would abrogate the caspase 3 cascade and activate the Bcl2
pathway and in this way prevent high doses of NO from
acting on this same pathway to elicit cell death. Possibly the
low dose NO modifies the heme center of the cytochrome c,
thereby preventing its release and destruction. In summary,
NO at low concentrations might act on different sites and
turn on protective genes, in addition or as a consequence of
HO1, thereby inhibiting the high dose NO induction of
apoptosis genes (Fig. 3). Thus, the Janus nature of NO may
directly produce the induced adaptive resistance effect via a
variety of cellular targets (Fig. 3).

SUMMARY

In summary, we can conclude from the above studies that
resistance mechanisms to nitrooxidative stress are myriad
and can be induced by a low dose of NO (Fig. 3). The
resistance that is induced by a low dose of NO against a
subsequent high dose of NO is probably due to the duality of
NO. The duality of NO is dependent on its concentration,
rate of release and the cellular environment into which it is
released and therefore there are a variety of factors, such as
level of intracellular oxidative stress, which can affect the
induced adaptive resistance. If the low dose of NO is
administered in a low stress environment then presumably it
will induce adaptive resistance to a subsequent toxic dose of
oxidants. The dual nature of NO has been explored
extensively and is certainly a profitable area on which to
focus.

We can conclude that HO1 is a key player in induced
adaptive resistance (Fig. 3). The availability of heme as a
substrate has been proposed in this review as a part of a
larger mechanism by which the cell mounts resistance to
oxidative stress. When HO1 is induced in a high stress/high
heme environment high levels of the heme metabolites, such
as CO, iron and bilirubin are produced. It has been found
that a high concentration of CO and iron are toxic. In low
stress environment, a low level of CO and iron would be
released and low level CO has been found to be beneficial.
The heme substrate as a regulator of induced adaptive
resistance needs to be explored. Certainly the duality of the
products of HO1-mediated heme metabolism has been well
documented and this would be a profitable area on which to
focus.



Induced Adaptive Resistance to Oxidative Stress in the CNS Current Drug Metabolism, 2003, Vol. 4, No. 2    9

In addition, the involvement in the induced adaptive
resistance of elements downstream and upstream of HO1, as
well as possible HO1-independent elements, need to be
investigated further. There are quite a few good candidate
genes and, as discussed in this review, low-dose NO does
induce a host of anti-apoptotic genes and, by these
mechanisms and others, protects a variety of cellular targets
of nitrooxidative stress (Fig. 3). Dissecting the mechanisms
of induced adaptive resistance (what protective genes are
induced and what cellular sites of damage are protected) will
give us targets to modulate in order to manipulate the
resistance response for therapeutic potential (Fig. 3). There
are a variety of compounds under investigation that act on
proposed mechanisms of induced adaptive resistance and
few prominent ones look promising as possible therapeutic
agents.

Therapeutic Potential

There are a variety of ways in which an agent can be
used therapeutically with a few that are particularly
intriguing. One way to therapeutically lend cellular
resistance is to add an agent that prevents the formation of
nitrooxidative species and hence protect cellular targets from
nitrooxidative damage. An application of a redox active drug
at the injury site, to “sop up” oxidants and hence prevent the
formation of nitrooxidative species, would be beneficial. By
sopping up oxidants/donating reducing equivalents the
microenvironment at the injury site would mimic an
unstressed cell. Adaptive resistance could then be induced
and this denovo “non-stressed”/low heme setting. The
benefit of a redox-active drug is that it would be self-
regulating. After application of the drug, when the
microenvironment reaches a certain redox potential/number
of reducing equivalents, the drug would “flip-flop”and
would then generate oxidants. Thus the redox-active drug
would “sop up” excess oxidants, due to injury or disease,
while not depleting the cell of all oxidants, since the cell
needs a certain amount for cell signaling and other cellular
processes [14-19]. In other words, the drug would “flip flop”
in whatever direction is needed, depending on the redox state
of the intracellular environment and thereby “buffer” the
redox state of the cell.

One particular agent that is a prime candidate for this use
is pyrolloquinoline quinone [87-90]. This small molecule is a
water soluble, naturally occurring, redox-active quinone that
is eliminated from the body readily by the kidneys [87,88].
When added in the presence of an excess of oxidants, such as
in a disease or injury environment, PQQ “sops up”/reduces
the oxidants, while in the absence of oxidants, PQQ becomes
an oxidant [87-90]. In fact, PQQ, when added exogenously,
has been demonstrated to abrogate damage from an oxidative
stressor [87,88]. Pretreatment with PQQ, prevented
hydrocortisone-induced cataract formation and also
prevented many other forms of oxidative damage. These
results are briefly highlighted in the review by Bishop and
colleagues [88]. Presumably, by “sopping up oxidants”, PQQ
might also prevent the formation of nitrooxidants.

One way to make PQQ a better drug candidate would be
to alter the molecule to make it able to cross cell membranes

more readily and at lower concentrations. However, the
molecule would have to be altered without stabilizing the
redox center and endangering its redox capability.
Conversely, the redox nature of PQQ makes it highly
reactive and it has been shown to bind and form adducts with
elements of the respiratory burst system and the
mitochondrial complex 1 system [87-90]. With the above
caveats, PQQ is a prime candidate for use as drug that can be
administered at the site of hypoxia/reperfusion injury or
disease.

Another therapeutic approach would be to inhibit NO
generation and, in this way, prevent nitrooxidative species
formation, thereby mitigating subsequent nitrooxidative
damage [91-93]. There are good candidate agents that inhibit
NOS activation thus abrogating the synthesis of NO [91-93].
As discussed earlier, NO toxicity results when there is excess
NOS activation in a high stress environment [10-12]. The
NOS inhibitors, presumably, could be added after injury or
during a disease process to prevent the generation of high
doses of NO [91-93] and would, in this way, abrogate
nitrooxidative damage.

There are many NOS inhibitors under investigation [91-
93]. The NOS inhibitor, 7-NI, does inhibit NOS activity and
is influenced by the pH/ the number of reducing equivalents
in the brain, and for this reason it is a good candidate [91,
92]. Based on its pH dependence, possibly, this particular
agent would selectively inhibit NOS in a high stress
environment and then “turn off” when the brain returns to a
less pathological state and thus be self regulating [91]. Other
NOS inhibitors, such as pyridoxan aminoguanidine and 8-
quinolinecarboxylic hydrazide, are not as good candidates, in
that they only inhibit the basal NOS rather than the inducible
NOS, which is the greater contributor to toxic NO
production during injury or disease [93,10-12]. In addition,
inhibition of the basal NO may have negative implications
for cell signaling and other cellular functions [14-19]. With
all the NOS inhibitors, the timing of application could be
problematic. Inevitably, some NOS activity will be present,
even if the NOS inhibitor is administered near the time of
injury, however, after the NOS inhibitor administration
further NOS activity will be inhibited thus lending protection
against further assault by nitrooxidative species.

A more fine tuned therapeutic approach might be the use
of agents that inhibit specific pathological signal
transduction events triggered by nitrooxidative damage. A
drug that could target particular apoptosis pathways would
inhibit apoptosis in the face of nitrooxidative stress. This
drug could be added to the site of injury, or perhaps, in the
case of disease, taken chronically and stop further apoptosis
of cells. It could be targeted to interfere with apoptotic
pathways or augment or duplicate anti-apoptotic pathways.

There are a variety of caspase inhibitors that are good
candidates for anti-apoptotic drugs [94,95]. In particular, the
drugs of guanabenz, rilmenidine and AGN 192403 protect
against naphthazarin-induced oxidative cytotoxicity and
apoptosis [94]. These compounds inhibit the cytochrome c
release and caspase 9 activation, thereby abrogating the
mitochondrial-spawned apoptosis pathway, which is a major
player in nitrooxidative-induced apoptosis [94]. There are
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also a variety of small molecules that have been investigated
for selective inhibition of caspase 3 [95]. All these agents
have huge potential as drugs that can be administered during
disease or injury to save cells from undergoing apoptosis,
even in the presence of NOS activation and nitrooxidative
species. However, administration of an anti-apoptotic drug
can be dangerous and lead to carcinogenesis. With
administration of the anti-apoptotic drug, cells that have
received heavy and possibly oncogenic DNA damage during
the pathological crisis would not undergo apoptosis and
perhaps instead proliferate out of control. Chronic, rather
than acute, administration of the anti-apoptotic drugs might
increase the risk of carcinogenesis even further (conversely,
CNS cancers might be controlled by the administration of
pro-apoptotic drugs).

Finally, another possible therapeutic approach is gene
therapy. There are a myriad of approaches to this powerful
new therapy and only a few will be addressed in this review.
Firstly, the introduction of specific genes that play a role in
induced adaptive resistance could be used to “rev up” the
induced adaptive resistance response. These genes can either
be administered chronically, in disease, or administered
acutely, as in the case if injury. Presumably, a construct
containing the gene could be designed with sequences that
allow the gene to be expressed in the CNS, as well as
sequences that make the expression dependent on the
presence of an administered compound, such as an antibiotic.
Thus, the gene can be targeted for the CNS, and be turned on
during the crisis with the administration of the compound,
and then off again by ceasing the compound. Possibly, by
use of the herpes simplex system or other retroviral system
of transfection, one could non-transiently transduce the CNS
with an inducible copy of the resistance gene of choice. This
retroviral gene therapy technology has been used recently
and successfully in the treatment of severe combined
immunodeficiency disease (SCID) [96-99]. The advantage of
using a retroviral system to introduce an adaptive resistance
gene is that there is high transduction efficiency and
subsequently high protein expression [96-100]. Certainly,
HO1 would be the gene of choice with others, arising as the
mechanisms of induced adaptive resistance are discovered.

Targeted disruption or “knocking out” of genes that are
undesirable and implicated in injury is another valid gene
therapy approach. “Knocking out” a deleterious gene would
prevent its upregulation by nitrooxidatve stress. Knockout
technology has been used extensively by this author [59] and
others [65,101]. One particular knockout of iNOS has
significant potential benefits in that it eliminates the
possibility of iNOS upregulation during injury or disease,
thereby preventing the formation of any nitrooxidatve
species [101]. Knocking out iNOS has been demonstrated to
prevent oxidative stress induced hepatic damage [101].
However, eliminating iNOS, or any gene that is thought to
be detrimental, might eliminate its normal physiological
function [101]. Also, “gene knockout” methodology would
have the same disadvantages as any gene therapy.

The potential problems of gene therapy are many and a
few major concerns are discussed here (personal comm., 96-
100). Even the most recent successful gene therapy, the
transduction of immune cells with the corrected gene to

remedy SCID, has been shown to be fraught with problems
[96-100]. The gene-containing retroviral construct has also
been shown to incorporate in the wrong orientation or into
multiple sites [98,99]. Retroviral systems of gene therapy
have also been shown to be carcinogenic [98,99].
Incorporation into undesirable sites could lead to an
alteration of gene expression and this process has been
implicated as the causative agent for leukemias and other
cancers [98,99]. In addition, with any sort of inactivated viral
transduction system one has to worry about recombination
with the wildtype virus that may be carried by the patient
and subsequent infection. However, if a safer, non-retroviral
method is used then transfection efficiency becomes a
problem [100]. Finally, HO1 or any resistance gene, while
theoretically beneficial, may have some undiscovered
detrimental effects when over-expressed, expressed
constitutively, or when expressed out of context. Certainly,
gene therapy has many great possibilities, but it also has
many complexities that need to be addressed and would
require a separate review to encompass them all. For a more
comprehensive discussion of gene therapy, one might read
the review by Drs. Chaum and Hatton [100].

The goal of the above proposed therapies is to save as
may cells as possible, and in fact, only a certain % of cells
need to be saved to keep the patient functional [27]. For
example, in spinal injury, if 10% of the motor axons are
saved the patient would be ambulatory rather than
wheelchair-bound [27]. The mechanisms of induced adaptive
resistance and the therapeutic agents that utilize them (Fig.
3) await further investigation and certainly, this discussion
gives us a platform from which to begin our quest for
understanding. Further elucidation of the mechanisms of
induced adaptive resistance and their modulation by
therapeutic agents has significant ramifications for the
treatment of traumatic CNS injury, inflammation and
neurodegenerative disease.
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