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Abstract

A blueprint for the ideal anticancer molecule would include most of the properties of nitric oxide
(NO®), but the ability to exploit these characteristics in a therapeutic setting requires a detailed
understanding of the biology and biochemistry of the molecule. These properties include the
ability of NO® to affect tumour angiogenesis, metastasis, blood flow and immuno surveillance.
Furthermore NO* also has the potential to enhance both radio- and chemotherapy. However, all
of these strategies are dependent on achieving appropriate levels of NO®, since endogenous lev-
els of NO® appear to have a clear role in tumour progression. This review aims to summarize the
role of NO® in cancer with particular emphasis on how the properties of NO*® can be exploited for
therapy.

Introduction

Nitric oxide is an inorganic gas that previous to 1987 was regarded as a toxic pollutant pro-
duced by internal combustion engines and power stations (Brennan 2000). It was then
shown to be responsible for the actions of endothelium-derived relaxing factor (EDRF)
(Palmer et al 1987) and it was this finding that led to an explosion of interest with thousands
of papers having been published to date. The molecular arrangement of NO® leaves an
unpaired electron, making the molecule a highly reactive free radical. Its small size and
lipophilicity mean that NO® can easily diffuse through cell membranes (Kroncke 2001) and
depending on the conditions, it is able to diffuse distances of several hundred microns
through tissue, making NO*® a perfect signalling molecule.

The ubiquitous role of nitric oxide as a key regulator of cellular processes is now
very well established (Moncada 1999; Osorio & Recchia 2000) as is its role in the cyto-
toxic response of leucocytes to invading pathogens (Albina & Reichner 1998). These
two classes of action may, at first sight, appear incompatible; the regulation of smooth
muscle tone or control of platelet aggregation requires the local generation of precisely
controlled quantities of NO® to maintain vascular parameters within physiological
bounds (Somers & Harrison 1999), whereas cytotoxicity (mainly indirectly through the
interaction with superoxide (Li et al 2000)) requires the rapid generation of concentra-
tions that are several orders of magnitude higher (Leiro etal 2001). Not surprisingly,
these disparate functions require the involvement of different enzymes in the NO® syn-
thetic reaction. It is now generally accepted that there are three main isoforms of nitric
oxide synthase (NOS): eNOS, a calcium-dependent isoform, the activation of which
regulates cell signalling outside the CNS; nNOS, also calcium dependent, which is
involved in signalling generally within the CNS; and iNOS, the inducible isoform
whose expression is regulated by a variety of factors including bacterial lipopolysac-
charides and which is capable of generating high concentrations of NO®. In all cases the
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found in recent reviews (Ekmekcioglu etal 2005; Lechner
et al 2005).

The role of NO® in tumour biology

Angiogenesis

Without vascular proliferation, tumour expansion would be
impossible and solid tumours would not be a significant clini-
cal problem (Folkman 1990). It has been recognized for some
time that NO® is an important mediator of angiogenesis in a
variety of in-vitro and in-vivo model systems (Guo etal
1995; Murohara etal 1998; Jadeski & Lala 1999; Ziche &
Morbidelli 2000; Kashiwagi etal 2005). There are also
numerous reports that higher concentrations of NO*® can be
anti-angiogenic (Pipili-Synetos 1994; Lau & Ma 1996; Ray-
Chaudhury etal 1996; Powell etal 2000). Generally these
studies did not describe full [NO®] response curves so that pro
and anti-angiogenic action of NO*® could not be fully charac-
terized. One recent study does however give a clear picture of
the concentration/response profile in an in-vitro tube forma-
tion model using gastric endothelial cells (Jones et al 2004).
Tube formation was enhanced (< 1.5-fold) at NO® concentra-
tions up to 18.5uM then declined progressively so that at
36 uM there was no effect and by 280 pm tube formation was
dramatically (4-fold) inhibited. This kind of information is
needed for other endpoints of angiogenesis in a wide variety
of tissues so that therapeutic interventions involving NO*® can
be designed effectively.

Little is known about the anti-angiogenic signalling path-
ways activated by NO® (though anti-apoptotic mechanisms
may play a role), but the pro-angiogenic mechanisms have
been widely studied. As tumours outgrow their blood supply
or are deprived of oxygen, a signalling response to hypoxia is
initiated, which activates the transcription factor HIF-1qa,
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initiating transcription of a host of genes, many of which are
involved in angiogenesis (Harris 2002). Stimulators of angio-
genesis include growth factors, such as vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF) and
platelet-derived growth factor (PDGF). Increased expression
of VEGF is now well established as a major mechanism in the
pro-angiogenic activity of NO® in normal tissues (Frank et al
1999a, b) and there is evidence that this may involve inhibi-
tion of protein kinase Cé (Shizukuda et al 1999). There is also
considerable evidence that similar mechanisms exist in
tumours. VEGF expression has been shown to be induced in
human glioblastoma and liver cancer cells by exposure to a
NO*® donor drug (Chin etal 1997); conversely, exposure to
inhibitors of constitutive and inducible isoforms of NO® syn-
thase reduced microvessel density and VEGF expression in
human tumour xenografts of gastric cancer (Wang et al 2005)
and inhibited development of the vascular architecture in a
murine melanoma model (Kashiwagi etal 2005). NO® also
upregulates IL-8 (Andrew etal 1995; Xiong etal 2001; Hell-
muth etal 2004), which has a well established role as a pro-
angiogenic factor (Wakabayashi etal 1995; Charalambous etal
2005). Finally, irradiation has been shown to dose-dependently
induce the activation of the pro-angiogenic NO® pathway in
endothelial cells through increases in endothelial nitric oxide
synthase abundance and phosphorylation (Sonveaux etal 2003).

NO* has also been shown to down-regulate inhibitors of
angiogenesis; it acts as an inhibitor of angiostatin in a heart
muscle model (Matsunaga etal 2002). Recent evidence
implicates thrombospondin-1 (TSP-1) as a functional angio-
genic switch that is inhibited by low concentrations (100 nm)
of NO*® donor drug (Ridnour et al 2005; Isenberg et al 2005).
This effect was reversed at higher concentrations (100 ).
Conversely TSP-1 inhibited NO® mediated, pro-angiogenic
signalling via extracellular signal-related kinase (pERK)
(Ridnour et al 2005).



Blood flow

There is clear evidence that NO® production is upregulated in
most tumours compared with their normal tissue counterpart
(Brennan 2000). This is consistent with the concept that
tumour blood vessels are maintained in a dilated condition to
maximize perfusion through the inadequate vascular architec-
ture of the tumour. The concept that endogenous NO® genera-
tion is supportive of tumour growth was first demonstrated in
1994: the growth rates of a rat carcinosarcoma and a mouse
carcinoma were inhibited by ~50% when the animals were
administered the non-specific NOS inhibitor N G_nitro-L-
arginine methyl ester (L-NAME, 70400 mgkg~'/day) in
their drinking water (Kennovin et al 1994). The effect of NOS
inhibition could be induced at any time during the growth of
the tumour and was very rapidly reversible on cessation of
drug administration (Kennovin etal 1994). A similar anti-
tumour effect was seen after daily intraperitoneal administra-
tion of L-NAME (80 mgkg™!) in a renal subcapsular CC531
adenocarcinoma model in rats (de Wilt et al 2000).

Several mechanisms may contribute to the anti-tumour
effect of NOS inhibition including loss of a pro-angiogenic
stimulus from low level NO® production in the tumour (see
above), but other mechanisms are more likely. The rapid
return to normal tumour growth rates when NOS inhibition
was withdrawn suggests a physiological mechanism such as
blood flow reduction. There is now overwhelming evidence
that tumour blood flow modification is a major consequence
of NOS inhibition in tumours. A rapid decrease in blood flow
(by 55%) was observed in a rat carcinosarcoma after adminis-
tration of the non-specific NOS inhibitor N -nitro-L-arginine
(L-NA, 1 mg kg_], i.p.), whereas there was no effect in most
normal tissues (Tozer & Everett 1997; Tozer etal 1997,
1998). Reduced tumour vessel perfusion was also reported in
a rat mammary carcinoma growing in a window chamber, but
in this case there were effects in surrounding normal vascula-
ture, although these were reversible with excess arginine sub-
strate (Meyer et al 1995). In another window chamber study,
L-NAME (10 mg kg, i.v.) reduced vessel diameter and local
perfusion in a human tumour xenograft, with the major
effects occurring at the level of the arterioles (Fukumura et al
1997). A similar effect of intravenous L-NAME was seen in a
rat glioma model in which blood flow was reduced by 44%
compared with a 15% reduction in flow to normal brain
(Swaroop et al 1998). Blood flow reductions after both L-NA
and L-NAME were observed in RIF-1 and SCCVII, but not
EMT6 or FSaR tumours in mice; this difference was attrib-
uted to low constitutive expression of NO* in EMT6 and
FSaR (Korbelik et al 2000). Thus, in most tumours studied
inhibition of NO*® production results in reduced tumour blood
flow. There is evidence that the reverse can also apply at least
in rat glioma (Swaroop etal 1998) and mouse liver tumour
(Jordan et al 2000) models, in which administration of NO®
donor drugs significantly enhanced blood flow.

Metastasis

NO® has been shown to have potent influences on many of the
key characteristics that define the metastatic phenotype of cancer
cells including motility, adhesion and invasion (recently
reviewed by Williams & Djamgoz 2005). The effect of NO*
on motility of leucocytes has been widely studied and both
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stimulatory and antagonistic actions have been reported
(Williams & Djamgoz 2005). There is also information on
tumour cell migration. One group showed that expression of
eNOS in mouse mammary carcinomas correlated with growth
rate and metastasis in-vivo, and migration and invasiveness in-
vitro (Jadeski et al 2000), and went on to show that guanylate
cyclase and mitogen activated protein (MAP) kinase are import-
ant downstream mediators (Jadeski et al 2003). iNOS has also
been implicated in the metastatic process. iNOS expression in
human primary melanomas has been shown to correlate
inversely with the incidence of distant metastases in liver, lung
and brain (Tschugguel et al 1999), whereas the opposite correla-
tion had been found previously in breast cancer (Duenas-
Gonzales et al 1997). In an elegant experiment using iNOS—/—
mice, Wei etal (2003) showed that iNOS expression in the
stroma supplying tumours dramatically slowed their growth and
reduced metastasis. Furthermore, overexpression of this isoform
using gene transfer techniques suppressed the tumorigenicity
and metastatic potential of oral cancer cells in-vivo (Harada
etal 2005). Similarly, adenoviral delivery of the iNOS gene
(AdiNOS) dramatically reduced the tumorigenicity and metasta-
sis of human pancreatic cancer cells in-vivo (Le etal 2005).
Conversely, spontaneous lymphomas and sarcomas in iNOS
double knockout mice developed much more rapidly than in
iNOS +/+ mice. This was attributed to the higher level of apopto-
sis, decreased proliferation and higher expression of death recep-
tor signals (Hussain et al 2004).

One key event in the process of tumour invasion is vascular
basement membrane degradation involving activation of matrix
metalloproteinases (MMPs). NO°® generated from the donor
spermine-NONQate or peroxynitrite from SIN-1 has been
shown to inhibit MMP-9 expression and activation by mecha-
nisms involving caveolin-1 at the interface between human
NSCLC cells and endothelial cells in co-culture (Phillips &
Birnby 2004). However, there was a positive correlation
between endogenous iNOS activity and MMP-9 expression, but
not with MMP-1 and MMP-2 in human head and neck squa-
mous cell carcinomas (HNSCC) (Franchi et al 2002). Expres-
sion of MMPs-1, 3, 10 and 13 was transcriptionally enhanced in
human melanoma cell lines by exposure to the NO* donor S-
nitroso-N-acetyl-DL-penicillamine (SNAP) (Ishii etal 2003).
Treatment with lipopolysaccharide increased lung metastases in
a murine lung model and correlated with elevated levels of both
iNOS and MMP-2 in the tumour nodules (Harmey et al 2002).
There is also some indirect evidence that peroxynitrite (ONOO™),
generated from NO® and superoxide (O,") under pathological
conditions, may activate proMMPs to MMPs in tumours (Wu
etal 2001). It has also been suggested that platelet aggregation
facilitates the formation of metastatic foci. NO® donors such as
S-nitroso-N-acetylpenicillamine and S-nitrosoglutathione have
been shown to inhibit both platelet aggregation and MMP-2
release from platelets and tumour cells (Jurasz etal 2001).
Clearly the data demonstrate that levels of NO*® generated dictate
whether pro- or antimetastatic mechanisms will predominate.

Necrosis and apoptosis

There is evidence that NO*® is poorly reactive with most bio-
molecules, but is highly reactive with other free radicals
(Halliwell etal 1999). A significant component of the
cytotoxic effect of NO® is probably mediated through its
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reaction with O, to form the apoptosis inducer ONOO™
(Szabo & Ohshima 1997; Schimmel & Bauer 2001). It has
been identified as one of the toxic species generated during
immune surveillance (Moncada & Higgs 1991) and is
responsible for a component of the damage occurring during
reperfusion injury (Gursoy-Ozdemir etal 2000). This rela-
tively simple picture is confounded, however, by several
reports of a protective role for NO® through interaction with
other, more damaging reactive oxygen species (Wink etal
1993, 1998); thus, it has been suggested that NO*® can act in a
pro- or antioxidant manner depending on the precise cellular
targets, the levels of O, (Laskin etal 2001) and oxygen
(Dedon & Tannenbaum 2004) and the rate of NO® produc-
tion in a given tissue (Jourd’heuil et al 2001). There is evid-
ence that the balance between apoptotic and necrotic cell
death is critically dependent on glucose concentrations and
the glycolytic capacity of the cell (Bal-Price & Brown 2000),
which could account for the extensive apoptosis seen in
many tumours exposed to high levels of NO®.

There is now a large body of evidence, mainly from studies
using either iNOS gene transfer or nitric oxide donor drugs
including NO donating non-steroidal anti-inflammatory drugs
(NO-NSAIDs), that concentrations of NO in the micromolar
range lead to apoptosis in a wide variety of human cancer cells
including prostate (PC3 and LNCaP) (Royle et al 2004), pan-
creas (Gansauge etal 1998; Kashfi & Rigas 2005), breast
(Mortensen et al 1999), bladder (Huguenin et al 2004, 2005;
Fabbri etal 2005) and colon (Kwak etal 2000; Chung et al
2003; Gao etal 2005). Extensive apoptosis has been demon-
strated in murine and human tumour models in-vivo after iNOS
gene therapy using direct injection of liposomal (Worthington
etal 2002), adenoviral (Cook et al 2004) or targeted retroviral
(Kuroki 2004) vectors. The mechanisms are not fully under-
stood, but inhibition of survivin expression has been implicated
in one study (Chao et al 2004).

Escape from immune surveillance

NO® generation is a major constituent of the immune
response to pathogens including cancer cells, so enhancement
of this response has been proposed as a possible therapeutic
approach (Hino etal 2005). An NO*®-donating aspirin com-
pound has been shown to promote eradication of mouse
mammary and colon carcinomas in-vivo by enhancing
immune function (De Santo, etal 2005), and inhibition of
NOS with isoform-specific and non-specific agents caused a
delay in the immune rejection of an immunogenic lymphoma
in the mouse (Hu etal 2004). However, Yamaguchi etal
(2005) have reported a negative correlation between dendritic
cell infiltration into gastric cancers and the level of iNOS
expression. Furthermore, the suppression of the immune
response that accompanied the growth of intra-hepatic colon
tumours in rats could be inhibited by administering L-
NAME, implicating endogenous NO® production as an
immune-suppressant in this system (Hegardt etal 2001).
Immune response to metastatic melanoma cells was also
inhibited by NO expression (Zhang & Xu 2001).

NOS expression and tumour characteristics
Given the role of NO® in most of the angiogenesis signalling
pathways, it is perhaps not surprising that correlations have

been established between the expression of NOS isoforms and
tumour characteristics. A positive association was demon-
strated between the level of expression of endothelial NOS
(eNOS) (Pan etal 2005) and iNOS (Hara & Okayasu 2004)
and the grade of malignancy in brain tumours. In breast cancer,
iNOS expression was found to be significantly higher than in
benign lesions, suggesting a role of iNOS in breast carcinogen-
esis; furthermore, disease free survival was significantly worse
in cases showing strong iNOS expression (Bulut et al 2005;
Loibl et al 2005) and lymph node metastasis was more likely
(Duenas-Gonzalez et al 1997). Recent observations in mam-
mary phyllodes tumours suggested that it may be NOS expres-
sion in the stromal component of the tumour that reflects
malignancy and potential for progression rather than expression
in the tumour parenchyma (Tse et al 2005). iNOS expression
also correlated positively with tumour grade in endometrial
cancer (Li et al 2005) and with metastatic potential in pancre-
atic cancer (Kasper 2004). Similar association was seen in
ovarian cancer (Raspollini et al 2004) and in cervical cancer
(Chen et al 2005), in which iNOS protein levels were a signi-
ficant independent predictor of disease relapse as well as sur-
vival. The relationships in non-small cell lung cancer patients
were much less clear: intense expression of all three NOS iso-
forms was a favourable prognostic sign in one study (Puhakka
et al 2003), while in others, iNOS expression was not a signi-
ficant independent predictor of survival (Marrogi et al 2000;
Rubio 2005). Finally, there is evidence for at least one tumour
site (head and neck squamous cell carcinoma) in which iNOS
activity may promote lymphangiogenesis (Franchi et al 2005),
pointing to a potential influence on dissemination.

While some inconsistency in the data remains, the available
evidence suggests broadly that low endogenous levels of NO®,
whether generated by eNOS or iNOS, contribute to the malig-
nant phenotype, whereas high levels of NO® generated exoge-
nously by donor drugs or by intervention to enhance iNOS
expression result in inhibition of malignancy. However, the
concentration of NO* at which a transition from pro- to anti-
malignant activity occurs has not been defined and indeed may
vary from one tumour type to another, depending on the levels
of endogenous NOS amongst other factors. Furthermore, the
role of oxidizing/nitrosating species, formed as a consequence
of NO® generation, needs to be considered especially in studies
using non-physiological (high) levels of NO*® at non-physiolog-
ical oxygen tensions, where the formation of these species
might not be physiologically relevant in-vivo. In addition, few
papers describe the role of the NO® oxidation product, nitrogen
dioxide, which is eight orders of magnitude more reactive
towards key biological targets such as thiol moieties than is
nitric oxide (Ford et al 2002; Folkes & Wardman 2004) and
thus may play a role in the observed biological responses along
with peroxynitrite and dinitrogen dioxide, especially in non-
physiological studies, which may be translated in-vivo. Experi-
mental efforts should be directed at defining these relationships.

Therapeutic potential of NO targeting

There is already clear evidence that therapeutic benefit could
arise from two diametrically opposed NO*®-targeted strategies:
the depletion of endogenous production on the one hand and
massive overproduction on the other. Due to the ubiquitous



nature of NO® in cellular signalling, any modification to NO*
levels will have numerous and variable consequences for dif-
ferent tumour and normal cells. It is, therefore, not possible to
predict the consequences of intervention in a given system. A
considerable body of evidence has now accumulated, how-
ever, that allows some broad conclusions to be drawn.

Inhibition of NO® generation

We were the first to show that the inhibition of NOS in-vivo
by chronic administration of a non-isoform-specific L-
arginine analogue led to retardation of tumour growth in mice
and rats (Kennovin et al 1994). This has since been confirmed
in several other studies (Orucevic & Lala 1996; Chinje &
Stratford 1997; de Wilt et al 2000). When a specific iNOS
inhibitor (1400W) was administered to mice bearing different
tumour types, tumour growth inhibition was dependent on the
constitutive level of iNOS expression. Tumours expressing
iNOS constitutively (EMT6) or genetically engineered to
express iNOS constitutively (colon adenocarcinoma DLD-1)
showed marked growth inhibition whereas growth of the
parental, non-iNOS-expressing line was not affected by the
drug (Thomsen et al 1997). These studies confirm that the
dominant consequence of endogenous NO°® production in
tumours, regardless of the iNOS isoform involved, is to pro-
mote growth, rather than to enhance host defence mecha-
nisms that inhibit growth.

So does NOS inhibition have a potential role in cancer
therapy? It is clear that long-term administration of NOS
inhibitors would be required for tumour growth suppression
because withdrawal results in a rapid resumption of the nor-
mal growth rate (Kennovin et al 1994). However, the use of
non-specific NOS inhibitors is problematical. Chronic admin-
istration of L-NAME has been shown to cause a variety of
undesirable cardiovascular changes including myocardial
fibrosis (Babal et al 1997; Pechanova et al 2004) in addition
to serious hypertension (210 mmHg systolic after 21 days
compared with the normal value of ~140 mmHg) in a rat
model after doses lower than the optimum for tumour growth
inhibition (Kanagy 1997). Furthermore, L-NAME adminis-
tration caused attachment of leucocytes to arterial endothe-
lium, with obvious consequences for development of
atherosclerosis (Nabah et al 2005). Thus, it seems unlikely
that chronic administration of non-specific NOS inhibitors is
a viable treatment option in an elderly population of cancer
patients. The use of inhibitors specific for iNOS should
largely avoid these cardiovascular effects as iNOS does not
contribute significantly to NO® generation in the normal vas-
culature. However, this approach would be viable only
against tumours that express high levels of iNOS (Thomsen
etal 1997) and even then may not suppress growth of all
regions within the tumour (Franchi et al 2005).

Nitric oxide overexpression

The evidence we have reviewed points strongly to a potential
therapeutic role for strategies that generate high levels of NO*
via pro-apoptotic, antimetastatic, radiosensitizing and chemo-
sensitizing activities.

Single agent activity  NO® can be directly cytotoxic to can-
cer cells, predominantly by the generation of pro-apoptotic
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intermediates such as peroxynitrite and N,O5 (see Lechner et
al 2005 for recent review) and it can inhibit DNA repair
enzymes including poly (ADP-ribose) polymerase (Sidorkina
et al 2003). Perhaps the most effective way of generating high
concentrations of NO® in cancer cells is to use iNOS gene
transfer techniques. Viral mediated gene transfer of iNOS
was used to infect a murine melanoma cell line in-vitro, and
when these cells were implanted in mice tumours grew more
slowly and were less likely to metastasize than uninfected
cells (Juang et al 1997, 1998). The first in-vivo transfection
study simply used naked iNOS DNA injection in a mouse
thyroid cancer model and demonstrated significant growth
inhibition (Soler et al 2000). Viral vectors have also been
used successfully for iNOS gene therapy (Kuroki et al 2000).
Our own studies have focused on the use of liposomal vectors
to deliver a plasmid containing iNOS driven by constitutive
or inducible promoters and have shown inhibition of tumour
growth in syngeneic mouse tumour and xenograft models
(Worthington et al 2002, 2004, 2005). The most impressive
growth delay was achieved using the pE9 promoter which
incorporates radioresponsive elements from the EGR1 gene:
a single intra-tumoral injection of 25 ug of an EGR1iNOS-
containing plasmid alone induced a growth delay greater than
that achieved with a single dose of 20 Gy X-irradiation (300
kVp). Our data suggested also that generation of NO* was
capable of further activating the E9 promoter, through a pos-
itive feedback loop, yielding higher and sustained levels of
NO*® (Worthington et al 2002, 2004, 2005). Growth inhibition
by iNOS gene therapy was less dramatic, however, in human
colon cancer xenograft models; it was equivalent to less that
10 Gy X-rays in our own recent study using HT-29
xenografts (Worthington et al 2004) and equivalent to 3 frac-
tions of 2 Gy in HT-116 xenografts (Cook et al 2004).

However, to apply NO® overexpression as a single modal-
ity fails to exploit its radio- and chemosensitizing characteris-
tics. Furthermore, there is evidence that the pro-apoptotic
activity of NO® can be enhanced in a tumour-specific manner
by other classes of anticancer agent. A recent study in a breast
cancer cell line showed enhanced NO®-induced apoptosis (by
a factor of 10 on a concentration basis) following the addition
of an inhibitor of farnesyltransferase, with no effect in normal
breast epithelial cells (Pervin et al 2001).

Hypoxic radiosensitization ~ The characterization of the
oxygen effect in radiation biology over 50 years ago (Gray et
al 1953) is well established in the history of radiation science,
but it is much less well known that NO® was also shown to be
a potent radiosensitizer in bacteria and mammalian cells soon
after (Howard-Flanders 1957; Gray et al 1958; Dewey 1960).
However, it was not until the last decade that the potential
importance of this property was revisited (Mitchell et al 1993,
1996, 1998; Janssens et al 1999). These authors generated
NO°® by several mechanisms (authentic NO*® gas, NO°®-releas-
ing agents or a nitroxyl releasing agent in combination with
an electron acceptor) and showed that concentrations in the
high micromolar range gave sensitizer enhancement ratios in-
vitro of 2.1-2.5, almost as efficient as oxygen and much more
efficient than any radiosensitizing drugs that have been tested
in-vivo. Very similar results have been obtained using other
NO® donors (Griffin et al 1996). An alternative approach,
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involving induction of iNOS with interferon gamma,
achieved an enhancement ratio of 2.4 in-vitro (Janssens et al
1998). More recently gene therapy strategies have been used
successfully to radiosensitize tumour cells in-vitro and in-
vivo. We have used liposomal delivery of the iNOS gene con-
struct driven by constitutive (CMV) or radiation-inducible
(WAF-1) promoters and achieved sensitizer enhancement
ratios of 1.6-2.4 in mouse and human colon cancer cells in-
vitro and in-vivo (Worthington et al 2002, 2004). Very simi-
lar results were obtained using adenoviral delivery of iNOS to
human colon cancer xenografts in combination with single
dose and fractionated (2 Gy) irradiation (Wang et al 2004). In
addition, this group showed that AdiNOS infection increased
tumour vascularity, which could enhance oxygen delivery
and provide an additional mechanism of radiosensitization
via the oxygen effect.

The evidence for radiosensitization by NO*® at high con-
centrations is clear, but it may, at much lower levels, play a
role in cell signalling by irradiated cells leading to a radiopro-
tective bystander effect (Matsumoto et al 2001). Thus, if high
concentrations can be achieved in tumours whilst maintaining
lower levels in normal tissue, there is the potential for
enhanced therapeutic gain.

In addition to radiosensitization, NO® has been shown to
play a major role in radiation-induced bystander mechanisms
including those of relevance to therapy. It was shown that a
nitric oxide-specific scavenger, present in the culture
medium, reduced cellular damage in the surrounding cell
population, indicating that radiation-induced NO* generation
contributed to the bystander effect (Shao et al 2003; Sokolov
et al 2005).

Chemosensitization ~ NO°® is involved in many fundamental
aspects of cancer cell biology (see Gatti et al 2004; Ekmekcioglu
et al 2005; Lechner et al 2005; for comprehensive reviews). It
is also capable of nitrosating or oxidizing zinc finger-containing
proteins (Kroncke 2001; Kroncke et al 2002) leading to their
denaturation. Previous studies have shown that zinc finger-
containing DNA repair proteins including Fpg (Wink &
Laval 1994), DNA ligase (Graziewicz et al 1996) and O6—
methylguanine-DNA-methyltransferase (Laval & Wink
1997) can be inhibited by NO*® donor compounds in-vitro and
in-vivo.

It is not surprising, therefore, that levels of NO® have a
profound influence on cellular responses to cytotoxic agents.
Furthermore, there is evidence that NO® is involved directly
in mediating the effects of some of these agents including cis-
platin (Son & Hall 2000) and 5-fluorouracil (Oshima et al
2001). Intervention to inhibit NOS markedly reduced cispla-
tin toxicity in rat gut and kidney (Srivastava et al 1996) and in
the cochlea (Watanabe et al 2000). Generation of high con-
centrations of NO® however, has been shown to chemosensi-
tize in most systems. The interaction with cisplatin has been
most widely studied. Pretreatment of V79 lung fibroblasts
with either NO®-saturated medium for 30 min or the NO*
donor drugs DEA/NO or PAP/NO for 60 min resulted in dra-
matic sensitization to subsequent cisplatin exposure (Wink et al
1997). Similar results were later obtained in head and neck squa-
mous carcinoma cells using different NO® donors (Azizzadeh
et al 2001), though in this study only the long-acting donor

(DETA/NO) was effective as a chemosensitizer. A different
class of NO® releasing agent (diazeniumdiolates) was also
used to enhance cisplatin cytotoxicity in a rat liver epithelial
cell line (Liu et al 2004). This group showed that the NO*®
releasing agents increased intracellular concentrations of cis-
platin, possibly via activation of MAP kinase pathways.

Exposure to NO* gas, NO* donor or iNOS gene transfer
have been used in-vitro to sensitize MCF-7 human breast can-
cer cells to the cytotoxic effect of clinically relevant concen-
trations of doxorubicin (Evig et al 2004); NO* was effective
as a sensitizer only when given before doxorubicin, not after.
Furthermore, no chemosensitizing effect was seen in cardiac
myocytes. Another use of NO® as a chemosensitizer is the
combination with Taxol. NO* delivery using an NO® donor
(nitrosocaptopril) enhanced the transmembrane uptake of
Taxol and increased its cytotoxic effect in two prostate cancer
cell lines in-vitro, but had neither of these effects in two
neuroblastoma cell lines (Jia et al 2003). The mechanisms
responsible for these differential effects remain obscure, but a
role for P-glycoprotein mediated drug transport has been sug-
gested (Jia et al 2003).

Can in-vitro chemosensitization by NO® be translated into
in-vivo models of cancer? Few studies exist, but one group
has studied the combination of a NO® donor 3,3-
Bis(nitroxymethyl)oxetane with the conventional cytotoxics
cyclophosphamide and doxorubicin in mouse models of lung
cancer, melanoma and leukaemia (Konovalova et al 2003).
The results were impressive: combining daily (for the first
nine days) intraperitoneal injection of the NO* donor with cis-
platin, cyclophosphamide or cyclophosphamide plus doxoru-
bicin markedly prolonged survival of leukaemia-bearing
animals compared with the cyototoxic drugs alone. In combi-
nation with cyclophosphamide the NO® donor also enhanced
the inhibition of metastasis from subcutaneously implanted
melanomas compared with cyclophosphamide alone; NO*®
therapy inhibited the development of resistance to cyclophos-
phamide in leukaemic cells. The work of this group illustrates
the potential of NO® therapy and there is a pressing need for
further studies in this area to develop this concept for clinical
application.

While there is overwhelming evidence that NO® can act as
a chemosensitizer in combination with many cytotoxic agents
currently in clinical use, there may be exceptions. iNOS
derived NO® was shown to confer resistance in a rat glioma
cell line against the carbamoylating action of chloroethylyni-
trosourea (Yin et al 2001) via a mechanism thought to involve
at least in part S-nitrosoglutathione (Yang et al 2004), a
potent antioxidant derived from interaction of NO* and glu-
tathione. It will be important, therefore, to gain a fuller under-
standing of the mechanistic basis of NO® chemosensitization
before extensive clinical testing of the concept is introduced
as there may be the possibility of adverse interactions with
some drugs in some tumours.

Conclusions

The evidence presented clearly demonstrates the enormous
potential of NO® as an anticancer agent if it can be reliably
targeted to tumours at high concentrations. Spontaneous and
bioreductive NO*® donors have been shown to elicit in-vitro



many of the anticancer effects already described, but their use
in-vivo at the doses required would result in unacceptable
systemic effects, predominantly hypotension, and so existing
compounds in this class must be considered unsuitable for
clinical use. Indirect activation of NOS by IFN gamma has
also been used in-vitro, but the systemic toxicity of IFN is
already well documented. NOS activation must therefore be
confined to the tumour volume, and gene therapy offers the
potential for this targeting specificity combined with high
NO°®-generating capability. Several authors have demon-
strated the effectiveness of iNOS gene transfer in-vitro to
tumour cells as a method of suppressing tumorigenicity or
metastatic potential in-vivo. This leads us to believe that
more sophisticated targeting and gene activation could result
in highly effective tumour control, particularly when com-
bined with radiotherapy or chemotherapy to exploit all of the
therapeutic potential of NO®. Overcoming the problems asso-
ciated with gene therapy, such as delivery, tumour targeting
and toxicity of viral vectors, should allow exploitation of
NO°®. To date, systemic delivery of targeted iNOS gene ther-
apy has yet to be reported.
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