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The infectious and non-infectious generation of chronic
injury and irritation initiates an inflammatory
response1,2. ‘Go’ signals2 — such as bioactive peptides
from neurons, CYTOKINES or receptor molecules that
sense microbes — lead to the recruitment of mast cells
and leukocytes to the damage site. A subsequent ‘respi-
ratory burst’ — an increased uptake of oxygen that leads
to the release of FREE RADICALS from leukocytes, including
activated macrophages — can damage otherwise
healthy neighbouring epithelial and stromal cells. This
process can drive carcinogenesis by altering targets and
pathways that are crucial to normal tissue homeostasis
(reviewed in REFS 1,3). It has been estimated that chronic
infection and associated inflammation contribute to
about one in four of all cancer cases worldwide1,4.

Targets of free radicals in inflammation include
DNA, proteins, RNA and lipids (FIG. 1). Mutations in
cancer-related genes or post-translational modifica-
tions of proteins by NITRATION, NITROSATION, phosphory-
lation, acetylation or polyADP-ribosylation — by free
radicals or LIPID PEROXIDATION byproducts, such as the
reactive aldehydes MALONDIALDEHYDE and 4-hydroxy-
nonenal — are some of the key events that can
increase the cancer risk. In addition, free radicals can
modulate cell growth and tumour promotion by 
activating signal-transduction pathways, which
results in the transcriptional induction of proto-
oncogenes, including c-FOS, c-JUN and c-MYC5, that
are involved in stimulating growth. Mechanistic
studies have shown that protein phosphorylation and
polyADP-ribosylation of chromosomal proteins are

involved in the transcriptional induction of c-FOS by
oxidants6 and that a pro-oxidant state can promote
neoplastic growth7.

TABLE 1 summarizes examples of oxyradical over-
load diseases. These develop from conditions of
chronic inflammation and can have an aetiology that
is primarily inherited or acquired through viral, bac-
terial and parasitic infection, or acquired through
chemical induction. Cancer proneness is frequently a
pathological consequence of extensive and sustained
free-radical stress-related damage in these diseases.
However, the exact mechanisms still require further
elucidation. What are the roles of free radicals in can-
cer proneness in chronic inflammatory — ‘oxyradical
overload’ — diseases? What are the targets of these
free radicals in vitro and in vivo? And, because the
tumour suppressor p53 is a crucial target for alter-
ation, how is this molecule involved in the genesis of
cancer during chronic inflammation? 

Free radicals damage DNA and modify proteins
The hypothesis that free radicals have a role in carcino-
genesis comes from in vitro studies describing their role
in DNA damage, and protein structural and functional
modifications. One of the earliest convincing studies
showing that free radicals damage DNA came from the
observation that hydrogen peroxide (H

2
O

2
), in the pres-

ence of a perioxidation activator, Fe
2
(SO

4
)

3
, induced

chromosome fragmentation8. Since then, many others
have shown an association of other free radicals with
DNA damage and protein modifications9–13.
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Free radicals are ubiquitous in our body and are generated by normal physiological processes,
including aerobic metabolism and inflammatory responses, to eliminate invading pathogenic
microorganisms. Because free radicals can also inflict cellular damage, several defences have
evolved both to protect our cells from radicals — such as antioxidant scavengers and enzymes
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highlight the interaction between nitric oxide and p53 as a crucial pathway in inflammatory-
mediated carcinogenesis.
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A soluble protein that is
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individual cells that transmit
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inflammatory cytokines include
IL-1β, TNF-α and IFN-γ.

FREE RADICAL

An atom or a group of atoms
that has an unpaired electron.
These are highly reactive to
biological molecules and will
damage them.
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NITRATION

Addition of an equivalent of
NO

2
• in a free-radical

mechanism, often resulting in
the formation of
3-nitrotyrosine. This
modification can affect the
function of certain proteins and
is involved in disease pathology,
including cancer.

NITROSATION

Addition of an equivalent of
NO+ (nitrosonium ion or
nitrosyl cation) to an amine,
thiol or hydroxyaromatic group.

LIPID PEROXIDATION

Auto-oxidation of lipids that are
exposed to oxygen.

Due to the complex chemical and biological nature
of free radicals, we are only now beginning to under-
stand the key players involved in inflammatory-medi-
ated carcinogenesis and their specific actions. In this
review, we focus on the effects of free radicals on bio-
molecules in relation to carcinogenesis. The complex
chemistry has been extensively reviewed elsewhere3,14–16.
Highly reactive molecules to DNA in vitro include
hyroxyl radicals (OH•), which cause oxidative DNA
damage, and peroxynitrite (ONOO–), which causes
both oxidative damage and nitration of DNA bases.
In vivo, the relevance of OH• to DNA damage, however,
remains unclear because it has a very short half-life, and,
therefore, has to be produced directly adjacent to DNA
to induce damage17. By contrast, ONOO– can diffuse
within cells18, and so might be of particular concern
during chronic inflammation. A less reactive molecule
— such as nitric oxide (NO•) — has the ability to dif-
fuse over several cell diameters19 and might also be rele-
vant. Reactive species that are derived from NO• are
released from inflammatory cells and can act on neigh-
bouring dividing epithelial cells, leading to somatic
mutations in crucial cancer-causing genes.

Test-tube and cell-culture studies have shown that
DNA is not the only molecule at risk. Proteins such as
DNA-repair enzymes, those involved in signal trans-
duction, apoptotic modulators and the p53 protein
can be modified — both structurally and functionally
— when exposed to free radicals10. Key post-transla-
tional modifications following free-radical exposure
and their functional consequences have been
reviewed elsewhere20–22. We23 and others24 have shown
that, after exposure to NO• and its derivatives, p53 is
post-translationally modified at residues that are cru-
cial to its multiple functions. Others have shown that
DNA-repair and signal-transduction molecules, such
as DNA-protein kinases, are activated by exposure to
NO• (REFS 25,26). As a modifier of proteins that are
crucial to cell function, NO• can influence down-
stream events in carcinogenesis, including cell-cycle
checkpoints27, apoptosis28 and DNA repair29,30.
Elucidation of these influences has provided a better

Summary 

• Chronic inflammation deregulates cellular homeostasis and can drive carcinogenesis.

• Free radicals and aldehydes — produced during chronic inflammation — can induce a number of alterations,
including gene mutations and post-translational modifications of key cancer-related proteins. These alterations can
lead to the disruption of cellular processes such as DNA repair, cell-cycle checkpoints and apoptosis.

• The ultimate effect of free radicals is complex and depends on their local concentration, the microenvironment and the
genetic background of the individual.

• Nitric oxide and its derivatives damage DNA and modify protein structure and function but can also protect from
cytotoxicity. These ‘two faces’ of nitric oxide highlight the need for further study before considering nitric oxide as a
target for chemoprevention in high cancer risk, chronic inflammatory diseases.

• People with cancer-prone inflammatory diseases, such as ulcerative colitis, haemochromatosis and viral hepatitis, have
alterations in cancer-related genes and proteins, which are associated with free-radical stress.

• Transgenic and knockout animal models support the role of free radicals in carcinogenesis.

• Prospective chemoprevention studies are needed to evaluate the use of antioxidants and inhibitors of pro-oxidant
enzymes for the prevention of cancer in people with oxyradical overload diseases.
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Figure 1 | Impact of free radicals released at sites of inflammation on cellular molecules.
Inflammation begins with a reaction to an irritant or infection that is characterized by movement of
fluid and white blood cells into extravascular tissue. This is followed by tissue repair and
regeneration and involves cell proliferation. Associated with these processes are the release of
free radicals, such as reactive oxide species (ROS) and nitrogen oxide reactive species (RNOS).
This can activate a process called lipid peroxidation and the arachidonic-acid cascade, with the
production of cell-proliferation-stimulating eicosanoids. Also, DNA-damaging agents, such as
malondialdehyde (MDA) and 4-hydroxynonenol (4-HNE), are by-products of the arachidonic-acid
cascade. The free radicals can also damage DNA and modify the structure and function of
cancer-related proteins directly. OH•, hydroxyl radical; O2

–•, superoxide; NO•, nitric oxide; ONOO–,
peroxynitrite; N2O3, nitrous anhydride.
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increase in the expression of the G1−S cell-cycle
checkpoint protein, WAF1, in cells with wild-type
p53, and also expression of the enzyme inducible NO
synthase (iNOS), which catalyses the production of
NO• , leading to reduced tumour growth and
increased tumour necrosis as xenografts in athymic
nude mice. By contrast, engineered cells with
mutated p53 showed an accelerated tumour growth
and an increase in the expression of vascular
endothelial growth factor (VEGF) and neovascular-
ization56. Regulation of VEGF by NO• has been 
confirmed by other investigators57. Furthermore,
wild-type p53-induced transrepression of iNOS, as
shown in both in vitro and in vivo conditions58,59, pro-
vides a protective mechanism against prolonged
exposure to pathological concentrations of NO• .
These studies indicate that exposure of cells to a high
level of NO• and its derivatives during chronic
inflammationin the absence of wild-type p53 — and
therefore the negative iNOS regulation — might
increase the susceptibility to cancer.

There is also evidence of an association between
NO• and its derivatives, and p53 mutations60,61. Both
an increase in p53 mutations at codons 247 and 248,
and an increase in iNOS expression, are found in
inflamed lesions of the colon of patients with ulcera-
tive colitis (UC)61. Similarly, a high expression of
iNOS along with G:C to T:A transversions at codon
249 of p53 is reported in the tissue from patients with
haemochromatosis62. In colon tumours, iNOS activ-
ity is highest in adenomas, then decreases with
advancing tumour stage and is lowest in metastatic
tumours60,63. One explanation for this reduction in
iNOS is the killing of tumour-associated mononu-
clear cells, which produce iNOS, by FAS LIGANDS in
advanced tumours64. Interestingly, in colon tumours
there is a positive correlation between iNOS activity
and G:C to A:T mutations at 5-methylcytosine sites
in p53, but the rates of all other mutations vary
inversely with iNOS activity60. There is also an associ-
ation between increased iNOS expression and G:C to
A:T transition mutations in p53 in stomach, brain
and breast cancers65–70. NO• and its derivatives are,
therefore, capable of causing mutations in cancer-
related genes, inducing clonal expansion of mutated
or aberrant cells and promoting angiogenesis — NO•

can therefore act as both an endogenous initiator and
a promoter in human carcinogenesis.

Animal models of inflammation 
Animal models have been developed to provide a bet-
ter understanding of the mechanisms that are
involved in chronic inflammatory-associated car-
cinogenesis. There are several models for many of the
diseases. The first studies — published in the 1940s
— described an increased cancer incidence in areas of
the body undergoing chemical or physical irrita-
tion71,72. Since then, there have been many animal
models developed that use irritants to induce chronic
inflammation. Often, if the inflammation continues
over a prolonged period, cancer develops at the site of

understanding of how a micro-environment of
chronic inflammation can transform a normal cell
into a cancer cell (FIGS 1 and 2).

The two faces of nitric oxide
Since its discovery, it has been difficult to identify the
specific roles of NO• in carcinogenesis. This is because
the effects of NO• are dependent on its concentration,
its interaction with other free radicals, metal ions and
proteins, and the cell type and the genetic background
that it targets. It is fairly clear that NO• mediates
angiogenesis31–33. However, NO• can both cause DNA
damage and protect from cytotoxicity, it can inhibit
and stimulate cell proliferation, and it can be both
pro- and anti-apoptotic34–46. It is therefore important
to be aware of the conditions used when interpreting
results from cell-culture experiments47. Depending on
the conditions used, DNA-damaging NO• byproducts
— such as nitrosoperoxycarbonate, ONOO– and
nitrogen dioxide — are often formed48–51. This com-
plicated chemistry and the biological actions of NO•

should also be considered when interpreting the
results of animal studies33,52.

Inflammation, nitric oxide and p53
Alterations in DNA occur after exposure to high lev-
els of NO• and its derivatives53–55. p53 mediates the
response to various stress signals, and exposure of
NO• causes p53 accumulation and post-translational
modifications23 that inhibit cellular growth. This can
lead to selective clonal expansion of p53-mutant cells
following NO• exposure (FIG. 2). We have tested this
hypothesis by genetically engineering human cancer
cells in vitro to produce concentrations of NO• that
are similar to those in human cancer. We observed an

MALONDIALDEHYDE

A naturally occurring, bioactive
by-product of lipid peroxidation
and prostaglandin synthesis that
has the potential to damage
DNA. It reacts with DNA to
form adducts to deoxyguanosine
and deoxyadenosine.

FAS LIGAND

A 40-kDa transmembrane
protein that belongs to the
tumour necrosis factor (TNF)
family. It is a potent pro-
apoptotic factor.

Table 1 | Examples of high cancer risk, oxyradical overload diseases 

Disease Cancer Risk* References

Inherited

Haemochromatosis Liver 219 97

Crohn’s disease Colon 3 153

Ulcerative colitis Colon 6 154

Acquired: viral

Viral hepatitis B Liver 88 155

Viral hepatitis C Liver 30 155

Human papillomavirus infection Cervix 16 156

Acquired: bacterial

Helicobacter pylori infection Gastric 10 157

Urinary bladder catheterization Bladder 5–28 158

Prostatitis Prostate 2 179

Acquired: parasitic

Schistosoma hematobium Bladder 2–14 134

Schistosoma japonicum Colon 1.2–6.0 134

Acquired: chemical/physical

Barrett’s oesophagus Oesophageal 50–100 159

Pancreatitis Pancreatic 2–3 160

*Relative risk or odds ratio.
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APC GENE

The adenomatous polyposis coli
gene is a tumour suppressor.
Mutations in the gene are
responsible for familial
adenomatous polyposis and
most sporadic colorectal
cancers. The best understood
function of APC is the
destabilization of β-catenin, a
key effector of the WNT
signalling pathway.

Knockout models targeting key molecules involved
in inflammation and inflammatory-mediated carcino-
genesis also provide a better understanding of potential
targets for chemoprevention.

Il-10-knockout mice. Interleukin-10 (IL-10) is an
anti-inflammatory cytokine and a pleiotropic mole-
cule with diverse effects, including the regulation of
T-cell responses, the regulation of acute inflamma-
tory responses and the regulation of free-radical
release (reviewed in REF. 79). Knocking out the gene
for Il-10 in mice leads to enterocolitis80, which is sim-
ilar to human inflammatory bowel disease. This is,
therefore, a useful model to study UC and Crohn’s
disease associated with carcinogenesis. Il-10–/– mice
have progressive inflammatory changes in the colon
and a high incidence of colo-rectal adenocarcino-
mas81. The demonstration that the enterocolitis
pathology in Il-10–/– mice can be partially improved
by exogenous IL-10 administration provides addi-
tional evidence that this molecule has an important
role in inflammation81. However, the story is compli-
cated by an interesting observation — Helicobacter
hepaticus has also been shown to be involved in the
development of enterocolitis in Il-10–/– mice82.

iNOS-knockout mice. iNOS can produce micromolar
quantities of NO• , and is a key molecule involved in
inflammatory-mediated carcinogenesis52. iNOS–/–  mice
were first generated in 1995 to test the hypothesis that
iNOS defends the host against infectious agents and
tumour cells at the risk of contributing to tissue dam-
age and shock83. Since then, these mice have proved
useful in investigating the role of iNOS in many other
pathologies, including inflammation, liver regenera-
tion, tumorigenesis and sepsis-induced hypotension
(reviewed in REF. 84).

Studies have shown that iNOS–/– mice treated with
the irritant trinitrobenzene develop early-phase inflam-
mation compared with wild-type mice85. Others have
found that genetic ablation of the iNOS gene confers
significant resistance to trinitrobenzene-induced lethal-
ity and colonic damage, and reduces the post-transla-
tional modification of proteins, such as nitrotyrosine
formation and the production of lipid peroxidation
byproducts, such as malondialdehyde86. Also, if the
iNOS–/– mice are fed DSS they show reduced signs and
symptoms of colitis compared with wild-type mice,
indicating that iNOS might have a crucial role in the
pathology of colitis74. The implications of reduced
inflammation of the colon in these mice remains to be
determined. An interesting study by Konopka et al.87

indicated that iNOS–/– mice inoculated with B16-F1
melanoma cells develop less tumours, which are associ-
ated with lower VEGF expression, than those in wild-
type mice, further indicating a role for iNOS in tumour
progression56. Another recent study found that when
mice with a germline mutation in the APC tumour-sup-
pressor gene (Min mice) were fed with DSS, they had
significantly accelerated colitis, dysplasia and cancer
development compared with wild-type mice, indicating

irritation and inflammation. One example of such a
model is mice that have been fed dextran sodium sul-
phate (DSS), which leads to the onset of inflamma-
tory bowel disease and, if continued, colon cancer73,74.
In another model, surgically opening the duodenum
to the gastroesophageal junction — oesophagogas-
troduodenal anastomosis — which introduces mixed
reflux of gastric and duodenal contents in rats, causes
the onset of Barrett’s oesophagus and, if continued,
oesophageal cancer75,76. In addition, transgenic mice
overexpressing the hepatitis B virus large envelope
polypeptide develop inflammation and regenerative
hyperplasia, and, if continued, liver cancer77.
Helicobacter pylori infection in mice induces chronic
inflammation and gastric atrophy, and, if continued,
gastric adenocarcinoma78.
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Figure 2 | Free-radical generation, cellular stress and tumorigenesis. Free radicals
might inhibit or exacerbate tumorigenesis, depending on concentrations, the cell type,
genetic background and the microenvironment in which free radicals act. Pro-inflammatory
cytokines induce inducible nitric oxide synthase (iNOS) and COX2 that generate free radicals
(for example, reactive oxygen species (ROS) and NO•). Both iNOS and COX2 can be
transcriptionally repressed by p53 (REFS 56,152). The cellular stress response involves
identification of the DNA damage, DNA repair and loss of preneoplastic cells. By contrast,
insufficient repair of DNA damage causes a procarcinogenic response, triggering selection 
of cancerous cells and angiogenesis. ATM, ataxia telangiectasia mutated; ATR, ataxia
telangiectasia and RAD3 related; MIF, macrophage inhibitory factor; VEGF, vascular
endothelial growth factor.
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Haemochromatosis. The molecular changes that are
associated with hepatocellular carcinoma (HCC) and
other diseases that cause chronic liver injury, inflamma-
tion, hepatocellular necrosis and liver regeneration dis-
eases, have been well characterized96. Populations that
are at high risk of developing HCC are useful models
for examining the association between chronic inflam-
mation and cancer. Included in this group are chronic
hepatitis B or C carriers and patients with a genetic sus-
ceptibility to HCC, such as those with haemochro-
matosis. If the process of chronic liver injury and
inflammation continues for many years, liver cirrhosis
occurs, which then markedly increases the risk of devel-
oping HCC. These findings indicate that the modu-
lation of cell proliferation and/or inflammatory
responses that is associated with necroinflammatory
diseases is responsible for the increased probability of
neoplastic transformation of HCC precursor cells.

Haemochromatosis is an inherited cancer-prone
disease that is characterized by excess build-up of iron
in the liver, leading to tissue damage by means of
oxyradical overload97. Genes involved in hereditary
haemochromatosis include HFE, a gene on chromo-
some 1q, and genes encoding the transferrin receptor 2,
ferroportin and ferritin H98. The resulting excessive
accumulation of iron in hepatocytes causes hepatocel-
lular injury, leading to fibrosis and cirrhosis (reviewed
in REF. 99). The metal ions and the free radicals that are
produced can induce a number of alterations in cellular
macro-molecular targets, as well as point mutations in
genes49,100–102. Increased cell division contributes to the
conversion of DNA lesions into point mutations. We
have tested the hypothesis that an increase in the TP53
mutation load in the liver of haemochromatosis
patients can arise before cancer development through
several different mutagenic pathways103. Reactive alde-
hydes — such as 4-hydroxynonenal, malondialdehyde
and crotonaldehyde — that are produced during lipid
peroxidation, can generate exocyclic DNA adducts
(addition of a 5–6-membered exocyclic ring on DNA
bases) and point mutations104–106. We have reported
previously that 4-hydroxynonenal preferentially
induced G:C to T:A transversions at p53 codon 249 in
TK6 lymphoblastoid cells62. There is also evidence of
increased lipid peroxidation and etheno-DNA adducts
(addition of a 5-membered exocyclic ring on DNA
bases) in haemochromatosis patients107–109.

Ulcerative colitis. UC is a chronic inflammatory disease of
unknown aetiology, which is associated with an increased
risk of developing colon cancer. The colonic mucosa in
patients with UC shows uniform and continuous inflam-
mation with ulceration and micro-abscess formation.
Neutrophilic infiltration and inflammatory reactions
have been linked with the formation of these lesions. The
precursor neoplasm of UC differs in histology and mor-
phology to that of sporadic colon cancer.Whereas adeno-
matous polyps are considered to be the main precursor of
the sporadic disease, UC-associated cancers involve the
development of epithelial dysplasia110. Several genetic and
epigenetic changes have been described in UC that might

that this mutation is important in inflammatory-
bowel-disease-associated cancer73. Finally, Ahn and
Ohshima have shown a significant reduction in adeno-
mas in Min/iNOS–/– mice compared with Min mice
alone88, indicating that NO• and its derivatives have an
important role in promoting colon carcinogenesis in a
background of APC mutations.

Cox1- and Cox2-knockout mice. Cyclooxygenases
catalyse the transformation of arachidonic acid into
prostaglandin H2, as the first step in the biosynthesis
of prostaglandins and their associated compounds.
Following the discovery of two isoforms of cyclooxy-
genase (COX1 and COX2), many studies focused on
the latter, inducible isoform (COX2) as a crucial mol-
ecule in inflammatory-mediated carcinogenesis89.
Recent studies, using Cox1–/– and Cox2 –/– mice, indi-
cate that both of these enzymes are important in can-
cer development90–94. Recently, a third member of the
cyclooxygenase family, COX3, has been cloned and
characterized95. COX3 is selectively inhibited by
pyretic drugs that alleviate pain or fever, such as
acetaminophen, phencetin, antipyrine and dipyrone,
and is potently inhibited by some NON-STEROIDAL 

ANTI-INFLAMMATORY DRUGS (NSAIDs). Glycosylation is
required for its activity, it is a membrane-bound 65-
kDa protein (5.2 kb mRNA), and it is found mostly
in the cerebral cortex and heart. The future develop-
ment of Cox3-knockout mice will provide insight
into its significance to tumorigenesis.

Human oxyradical overload diseases
We have already outlined some of the more prevalent
oxyradical overload diseases above and in TABLE 1. In this
section, we will focus on selected diseases as models to
better understand the association between chronic
inflammation and cancer in human tissues.

NON-STEROIDAL ANTI-

INFLAMMATORY DRUGS

(NSAIDs). This heterogeneous
group of drugs primarily target
the cyclooxygenase enzymes to
treat pain, fever and
inflammation.

Inter-individual variation

Caretaker genes
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• Carcinogen detoxification
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• Apoptosis
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• Genetic background

Macro-environment
• Viruses
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Figure 3 | Gene–microenvironment interactions in chronic inflammation. Genes and
environmental exposures contribute to the carcinogenic process in chronic inflammatory
diseases. The effects can be additive or multiplicative, and are modifiable by inter-individual
variation in genetic function. We propose including antioxidant and base-excision DNA-repair
genes as caretaker genes involved in maintaining genomic integrity. N, number; ROS, reactive
oxygen species; RNOS, reactive nitrogen oxide species.
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subsequent chromosomal alterations might result in the
loss of tumour-suppressor genes that are necessary for
cell-cycle control, differentiation and apoptosis.

Another effect of viral infection receiving increasing
attention is hepatocellular necrosis, inflammation and
liver regeneration. The impact of viral hepatitis, charac-
terized by liver-cell injury or liver oedema induced by
infiltration of inflammatory cells118, can lead to DNA
damage and the modification of key proteins that are
involved in carcinogenesis, which is significant in the
genesis of HCC. This was shown in a transgenic mouse
model of HBV, in which sustained accumulation of the
DNA adduct 8-oxo-2′-deoxyguanosine (8-oxo-dG)
starts early in life and increases progressively with
advancing disease, leading to HCC119. 8-oxo-dG — one
of the main DNA adducts that is formed by oxidative
stress — can produce a number of missense mutations
in cancer-related genes.

Many studies have focused on the influence of the
hepatitis B virus x (HBx) protein on HBV-mediated
hepatocarcinogenesis. HBx binds to many cellular pro-
teins and also acts as a co-transcription factor to regulate
many cellular and viral genes. The HBx and inflamma-
tory components of hepatocarcinogenesis are probably
not mutually exclusive. The HBx protein has been shown
to interact with inflammation-associated molecules and
activate pro-inflammatory cytokines120–125. Also, both
inflammatory species and HBx can deregulate cell-cycle
checkpoint controls, block p53-mediated apoptosis and
inhibit DNA repair, and therefore contribute to the selec-
tion of cells that are genetically unstable, some of which
accumulate as unrepaired oncogenic mutants.

Although hepatitis C virus (HCV) is a significant
cause of disease-associated morbidity and mortality
worldwide, its role as an aetiological agent in HCC was
not recognized until 1989 (REFS 126,127). Much of our
knowledge about its influence on HCC has since come
from large epidemiological studies. The mechanisms
involved, however, are not clearly understood. Due to
the impact of HCV on viral hepatitis and associated
inflammation, HCV, in combination with mechanisms
involved in chronic inflammation, can have potent
effects on liver carcinogenesis.

be responsible for colon carcinogenesis111, and these differ
in frequency and timing compared with sporadic can-
cer112–115. For instance, alterations in p53 — a late event in
the molecular pathogenesis of sporadic colorectal cancer
— occur earlier in the process of UC-associated carcino-
genesis61,116. As described above, we have identified UC
patients with a high p53 mutation load and iNOS activity
in areas of active inflammation61. This correlation indi-
cates an association between high levels of free radicals
and p53 mutations in the inflamed part of colon, thereby
increasing the risk of developing colon cancer.

Viral hepatitis. Some 40% of all HCCs worldwide occur
in hepatitis B virus (HBV)-infected individuals96. HBV
has been studied extensively, and might have several roles
in HCC initiation. Many early studies focused on viral
integration, because most HCCs in HBV carriers contain
HBV DNA sequences apparently randomly integrated
into the host chromosomal DNA117. This integration and

BIOMARKER

A specific biochemical that
provides a measure of a
biological response to an
endogenous or exogenous agent.
The biological responses might
be at the molecular, cellular or
whole-organism level.

Table 2 | Key genetic polymorphisms for genes involved in DNA repair and antioxidation

Polymorphism Normal function Cancer site

DNA repair genes*

OGG1 S326C Repairs 8-oxo-dG and other Oesophagus, lung, prostate
altered DNA bases

XRCC1 R194W Repairs DNA-base damage and Bladder, breast, lung, SCCHN, stomach
single-strand breaks

BRCA2 N372H Multiple, including DNA-damage Breast
response, DNA repair, chromatin 
remodelling, cell-cycle control

Antioxidant genes

MnSOD Val to Ala change Converts O2
•– to H2O2 Breast

in the –9 position

GPx Pro198Leu Converts H2O2 to H2O Lung

*Information for DNA-repair genes was obtained from REF. 130. GPx, glutathione peroxidase; MnSOD, manganese superoxide
dismutase; SCCHN, squamous-cell carcinoma of the head and neck. 

Table 3 | Human chemoprevention trials in oxyradical overload diseases

Disease Cancer inhibited/ Chemopreventive agent References
potentially inhibited

Prospective, randomized control trials

HBV, HCV HCC Interferon-α 135,137–139

HBV HCC Sho-saiko-to (TJ-9) 161

Helicobacter pylori Gastric Ascorbic acid, β-carotene, 162,163
α-tocopherol

HPV Cervical All-trans retinoic acid, 164,165
β-interferon

Retrospecive studies

Crohn’s disease Colon NSAIDs 166

UC Colon 5-ASA, sulphalazine, 167–171
mesalazine, ursudiol, folates

HBV, HCV HCC Neominophagen C, 172–176
glycyrrhizin, selenium, 
vitamins A and E, β-carotene

HPV Cervix Folates, carotenoids, 177
vitamins C and E

Helicobacter pylori Gastric NSAIDs, aspirin 178

HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HPV, human
papillomavirus; NSAIDs, non-steroidal anti-inflammatory drugs; UC, ulcerative colitis.
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machinery, causes oxidative damage in DNA and pro-
teins. Polymorphism of the gene encoding the antioxi-
dant enzyme manganese superoxide dismutase
(MnSOD), which converts O

2
•–  to H

2
O

2
, alters protein

trafficking and is associated with increased breast can-
cer risk131. Furthermore, a polymorphism at
Pro198Leu in the glutathione peroxidase 1 gene —
which converts H

2
O

2
to water — is associated with an

increased risk of lung cancer132. It would be interesting
to extend these studies to investigate cancer-prone,
oxyradical overload diseases.

Treatment and protection strategies
Targeting the genes that are involved in chronic
inflammation with an increased cancer risk might pro-
vide an effective therapy. Current targets for gene ther-
apy in acute inflammatory diseases have been reviewed
elsewhere1,3,133. They include targeting molecules that
suppress inflammation (for example, tumour necrosis
factor-α and -β, and interleukin-1, 4, 10 and 13), block
protease activity (α1-antitrypsin, tissue inhibitors of
metalloproteinases), reduce free radical and superox-
ide production (catalase, superoxide dismutase and
glutathione peroxidase), inhibit apoptosis of lym-
phoid-cell and somatic-cell populations (BCL2, BCL-
X

L
and iNOS) or promote wound healing (such as

growth factors).
Prevention of exposure or eradicating the exposure

soon after it occurs is the most logical strategy for reduc-
ing the risk of cancer in oxyradical overload diseases with
an environmental component. Changing behaviour
(such as stopping drug addicts sharing needles and
increasing the transmission of hepatitis viruses), vaccina-
tions (for HBV and human papillomavirus) and early
treatment (such as praziquantel for Schistosomiasis infec-
tion73,134 or interferon for hepatitis135–139) can also be effec-
tive. Surveillance, screening and prophylactic surgery in
non-vital organs — such as the colon of UC patients —
can also be useful. All approaches are complimented by
chemoprevention strategies.

Chemoprevention targets pathways that are involved
in the synthesis and quenching of cancer-causing mole-
cules. In chronic inflammation, inhibiting free-radical
synthesis or scavenging free radicals are attractive
approaches. This can be done by dietary modulation,
micronutrient supplementation and naturally or syn-
thetically derived drugs. TABLE 3 lists some key prospec-
tive and retrospective chemoprevention trials that point
towards the usefulness of this strategy to prevent cancer
in patients with oxyradical overload diseases.

Conclusions and perspectives
The term ‘oxyradical overload’ encompasses a wide
range of diseases that are associated with an increased
cancer risk. Key reasons for this increased risk include
DNA damage, protein modification and changes in the
transcriptional activation and/or repression of genes
that are responsible for cellular homeostasis. Any
chronic shift in the maintenance of this cellular home-
ostasis can lead to permanent changes associated with
carcinogenesis (FIG. 4).

Gene–microenvironment interactions 
Molecular epidemiology of human cancer risk is the
study of inter-individual variation and gene–environ-
ment interactions through a multidisciplinary effort
— including epidemiology, molecular genetics, cell
biology, biochemistry, statistics and bioethics.
Recognizing that cancer is a genetic disease involving
multiple genes, molecular epidemiology uses BIOMARK-

ERS of cancer risk that will elucidate multiple
gene–environment interactions, in which several genes
and exposures work interactively (FIG. 3).

Any inherited variation in the genetic code that alters
protein expression, function or localization can increase
the susceptibility to cancer. Genetic polymorphisms —
changes in the nucleotide sequence that are present in at
least 1% of the population — are an important example.
The presence of genetic polymorphisms in genes control-
ling important cellular functions, such as DNA repair,
apoptosis and the cell cycle, might affect cancer risk in an
individual. The concentration and activity of DNA-repair
enzymes are altered in inflammation128,129, and cells pro-
tect themselves from the damage caused by free radicals
through DNA repair. It is therefore important to assess
genetic polymorphisms in DNA-repair genes in patients
with chronic inflammation. Recent studies130 have shown
an association between polymorphisms in DNA-repair
genes and a variety of human cancers (TABLE 2).
Generation of free radicals through endogenous cellular
processes creates an oxidative environment which, if not
removed by the delicately balanced antioxidant enzyme

DNA damage
and mutation

Transcriptional
upregulation

Protein modification
• DNA-repair proteins
• Apoptotic modulators
• Metabolic enzymes
• Cell-signalling molecules

Stimulate apoptosis
Inhibit cell cycle
Stimulate repair

Inhibit apoptosis
Stimulate cell cycle
Inhibit repair

Inflammation

Free radicals

or repression

Increased
carcinogenesis

Decreased
carcinogenesis

Stimulate apoptosis
Inhibit cell cycle
Stimulate repair

Inhibit apoptosis
Stimulate cell cycle
Inhibit repair

Figure 4 | Chronic inflammation and production of free radicals regulate multiple cellular
processes. Free radicals, released at the site of inflammation, not only damage DNA, but also
modify cancer-related proteins and regulate transcription. Often, if the insult continues over a
prolonged period of time, the scales are tipped in favour of increased tumorigenesis, with DNA
damage and mutation, an inhibition of apoptosis, a stimulation of the cell cycle/proliferation and
an inhibition of DNA repair.
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agents. Instead, intermediate biomarkers can be useful as
predictors of outcome. However, few markers have been
properly evaluated to directly link them to cancer out-
come. The impact of free radicals on DNA is thought to
be the main link between free radicals and cancer forma-
tion, and as p53 is a key molecule involved in carcinogen-
esis, quantification of TP53 mutation load is a promising
intermediate-effect marker to predict cancer risk or to test
the efficacy of chemopreventive agents. Measuring the
TP53 mutation load or the frequency of mutated alleles
in non-tumorous tissue might indicate previous carcino-
gen exposure and identify individuals at increased cancer
risk.As only an extremely small number of cells harbour
a particular mutation at the early stage of a disease, the
development of a highly sensitive genotypic assay has
been important in allowing the detection of low-fre-
quency mutations in normal-appearing human tissues, as
well as in cells that are exposed to an environmental car-
cinogen145–147. The analysis of cancer-related gene frag-
ments in serum or other bodily specimens, such as stools,
might also provide useful intermediate biomarkers148,149.

Because free radicals directly modify DNA and
proteins, the measurement of damage products is
useful for assessing risk or for developing chemopre-
vention strategies in oxyradical overload diseases.
These markers, as well as measuring p53 post-trans-
lational modification and accumulation23, assess
overall exposure of the body to inflammatory stress.
Some promising specific markers used in the moni-
toring of nitrosative stress and chemoprevention of
this stress include N-nitrosoproline, N-nitrosamino
acid and NO

3
– in urine or plasma; 8-oxo-dG, 8-nitro-

soguanosine, exocyclic etheno- and malondialde-
hyde-DNA adducts in leukocytes or target tissue; and
3-nitrotyrosine protein adducts12,52,150,151. So far, the
consequences of these effect markers on human car-
cinogenesis are unknown and need to be evaluated 
so that useful chemopreventive strategies can be
properly assessed.

Because of the complexity of free radicals, it has been
difficult to delineate the specific role of each radical in
carcinogenesis.We argue that NO• and its derivatives are
not only key molecules that damage DNA, but they also
modify the structure and function of proteins that are
involved in the maintenance of cellular integrity and that
promote angiogenesis. However, there are ‘two faces’ of
NO•,and further study is required before iNOS and NO•

should be considered as targets for the prevention of
chronic-inflammatory-induced carcinogenesis in
humans. At present, evidence favours the use of COX2
inhibitors as chemoprevention agents89. Combination
strategies using both iNOS and COX2 inhibitors, or
using single agents that target both iNOS and COX2 (for
example, dexamethasone) using NO•-releasing NSAIDs,
or targeting the NF-κB pathway might prove to be useful
approaches for reducing cancer that is associated with
chronic inflammation140–144. As a cautionary note, in
some cases, targeting iNOS or COX2 has resulted in an
exacerbation of carcinogenesis in animal models
(reviewed in REFS 52,89).

Careful attention by means of chemopreventive or
other regimens must be given to patients with oxyradi-
cal overload diseases to stop, or even reverse, carcino-
genesis before the cancer becomes clinically observable.
Towards this end, to our knowledge, there have been no
retrospective or prospective chemoprevention studies
published for many oxyradical overload diseases other
than those listed in TABLE 3. There is a need for more
long-term, prospective, randomized studies to provide
insight into the agents that can protect the many people
with oxyradical overload diseases from cancer develop-
ment. Although the best way to test the efficacy of
chemopreventive agents is by determining their ability
to reduce cancer incidence, this is rarely done in a
prospective manner because of the expense, time and
manpower required. This is why in high cancer risk,
oxyradical overload diseases, cancer as an end point is
rarely used to test the efficacy of chemopreventive

1. Coussens, L. M. & Werb, Z. Inflammation and cancer.
Nature 420, 860–867 (2002).

2. Nathan, C. Points of control in inflammation. Nature 420,
846–852 (2002).

3. Christen, S., Hagen, T. M., Shigenaga, M. K. & Ames, B. N.
in Microbes and Malignancy: Infection as a Cause of Cancer
35–88 (Oxford Univ. Press, New York, 1999).

4. Ames, B. N., Gold, L. S. & Willett, W. C. The causes and
prevention of cancer. Proc. Natl Acad. Sci. USA 92,
5258–5265 (1995).

5. Cerutti, P. A. & Trump, B. F. Inflammation and oxidative
stress in carcinogenesis. Cancer Cells 3, 1–7 (1991).

6. Shalon, D., Smith, S. J. & Brown, P. O. A DNA microarray
system for analyzing complex DNA samples using two-color
fluorescent probe hybridization. Genome Res. 6, 639–645 (1996).

7. Cerutti, P. A. Prooxidant states and tumor promotion.
Science 227, 375–381 (1985).

8. Phillips, L. L. Effect of free radicals on chromosomes of
barley. Science 124, 889–890 (1956). 
Key study showing that free radicals damage DNA.

9. Wiseman, H. & Halliwell, B. Damage to DNA by reactive
oxygen and nitrogen species: role in inflammatory disease
and progression to cancer. Biochem. J. 313, 17–29 (1996).

10. Marshall, H. E., Merchant, K. & Stamler, J. S. Nitrosation and
oxidation in the regulation of gene expression. FASEB J. 14,
1889–1900 (2000).

11. Aulak, K. S. et al. Proteomic method identifies proteins
nitrated in vivo during inflammatory challenge. Proc. Natl
Acad. Sci. USA 98, 12056–12061 (2001).

Important report of vast protein nitration following an
inflammatory challenge in animals.

12. Marnett, L. J. Oxyradicals and DNA damage.
Carcinogenesis 21, 361–370 (2000).

13. Whiteman, M., Hooper, D. C., Scott, G. S., Koprowski, H. &
Halliwell, B. Inhibition of hypochlorous acid-induced cellular
toxicity by nitrite. Proc. Natl Acad. Sci. USA 99,
12061–12066 (2002).

14. Gutteridge, J. M. & Halliwell, B. Free radicals and
antioxidants in the year 2000. A historical look to the future.
Ann. NY Acad. Sci. 899, 136–147 (2000).

15. Beckman, J. S. & Koppenol, W. H. Nitric oxide, superoxide,
and peroxynitrite: the good, the bad, and ugly. Am. J.
Physiol. 271, C1424–C1437 (1996).

16. Espey, M. G. et al. A chemical perspective on the interplay
between NO, reactive oxygen species, and reactive
nitrogen oxide species. Ann. NY Acad. Sci. 962, 195–206
(2002).

17. Pryor, W. A. Oxy-radicals and related species: their
formation, lifetimes, and reactions. Annu. Rev. Physiol. 48,
657–667 (1986).

18. Radi, R. Peroxynitrite reactions and diffusion in biology.
Chem. Res. Toxicol. 11, 720–721 (1998).

19. Thomas, D. D., Liu, X., Kantrow, S. P. & Lancaster, J. R. Jr.
The biological lifetime of nitric oxide: implications for the
perivascular dynamics of NO and O2. Proc. Natl Acad. Sci.
USA 98, 355–360 (2001).

20. Stadtman, E. R. & Levine, R. L. Protein oxidation. Ann. NY
Acad. Sci. 899, 191–208 (2000).

21. Eiserich, J. P., Patel, R. P. & O’Donnell, V. B.
Pathophysiology of nitric oxide and related species: free
radical reactions and modification of biomolecules. Mol.
Aspects Med. 19, 221–357 (1998).

22. Squadrito, G. L. & Pryor, W. A. Oxidative chemistry of nitric
oxide: the roles of superoxide, peroxynitrite, and carbon
dioxide. Free Radic. Biol. Med. 25, 392–403 (1998).

23. Hofseth, L. J. et al. Nitric oxide-induced cellular stress and
p53 activation in chronic inflammation. Proc. Natl Acad. Sci.
USA 100, 143–148 (2003).

24. Nakaya, N., Lowe, S. W., Taya, Y., Chenchik, A. &
Enikolopov, G. Specific pattern of p53 phosphorylation
during nitric oxide-induced cell cycle arrest. Oncogene 19,
6369–6375 (2000).

25. Xu, W., Liu, L., Smith, G. C. & Charles, l. Nitric oxide upregulates
expression of DNA-PKcs to protect cells from DNA-damaging
anti-tumour agents. Nature Cell Biol. 2, 339–345 (2000).
Key study showing that nitric oxide activates kinases.

26. Wink, D. A. et al. Chemical biology of nitric oxide: regulation
and protective and toxic mechanisms. Curr. Top. Cell Regul.
34, 159–187 (1996).

27. Pervin, S., Singh, R. & Chaudhuri, G. Nitric oxide-induced
cytostasis and cell cycle arrest of a human breast cancer cell
line (MDA-MB-231): potential role of cyclin D1. Proc. Natl
Acad. Sci. USA 98, 3583–3588 (2001).

28. Melino, G. et al. S-nitrosylation regulates apoptosis. Nature
388, 432–433 (1997).
This report showed that nitric oxide changes the
structure and function of key apoptosis proteins.



© 2003 Nature Publishing Group
284 |  APRIL 2003 | VOLUME 3 www.nature.com/reviews/cancer

R E V I E W S

29. Jaiswal, M., LaRusso, N. F., Nishioka, N., Nakabeppu, Y. &
Gores, G. J. Human Ogg1, a protein involved in the repair of
8-oxoguanine, is inhibited by nitric oxide. Cancer Res. 61,
6388–6393 (2001).

30. Wink, D. A. & Laval, J. The Fpg protein, a DNA repair
enzyme, is inhibited by the biomediator nitric oxide in vitro
and in vivo. Carcinogenesis 15, 2125–2129 (1994).

31. Jenkins, D. C. et al. Roles of nitric oxide in tumor growth.
Proc. Natl Acad. Sci. USA 92, 4392–4396 (1995).
Key study showing the dual roles of nitric oxide in
animals.

32. Maeda, H., Noguchi, Y., Sato, K. & Akaike, T. Enhanced
vascular permeability in solid tumor is mediated by nitric
oxide and inhibited by both new nitric oxide scavenger and
nitric oxide synthase inhibitor. Jpn. J. Cancer Res. 85,
331–334 (1994). 

33. Tozer, G. M., Prise, V. E. & Chaplin, D. J. Inhibition of nitric
oxide synthase induces a selective reduction in tumor blood
flow that is reversible with L-arginine. Cancer Res. 57,
948–955 (1997). 

34. Tamir, S., Burney, S. & Tannenbaum, S. R. DNA damage by
nitric oxide. Chem. Res. Toxicol. 9, 821–827 (1996).

35. Ohshima, H. & Bartsch, H. Chronic infections and
inflammatory processes as cancer risk factors: possible role
of nitric oxide in carcinogenesis. Mutat. Res. 305, 253–264
(1994).

36. Wink, D. A. et al. The effect of various nitric oxide-donor
agents on hydrogen peroxide-mediated toxicity: a direct
correlation between nitric oxide formation and protection.
Arch. Biochem. Biophys. 331, 241–248 (1996).

37. Heller, R., Polack, T., Grabner, R. & Till, U. Nitric oxide
inhibits proliferation of human endothelial cells via a
mechanism independent of cGMP. Atherosclerosis 144,
49–57 (1999).

38. Kanamaru, Y., Takada, T., Saura, R. & Mizuno, K. Effect of
nitric oxide on mouse clonal osteogenic cell, MC3T3-E1,
proliferation in vitro. Kobe J. Med. Sci. 47, 1–11 (2001).

39. Ulibarri, J. A., Mozdziak, P. E., Schultz, E., Cook, C. & Best, T. M.
Nitric oxide donors, sodium nitroprusside and S-nitroso-N-
acetylpencillamine, stimulate myoblast proliferation in vitro.
In Vitro Cell Dev. Biol. Anim. 35, 215–218 (1999).

40. Weller, R., Billiar, T. & Vodovotz, Y. Pro- and anti-apoptotic
effects of nitric oxide in irradiated keratinocytes: the role of
superoxide. Skin Pharmacol. Appl. Skin Physiol. 15,
348–352 (2002).

41. Nicotera, P., Bonfoco, E. & Brune, B. Mechanisms for nitric
oxide-induced cell death: involvement of apoptosis. Adv.
Neuroimmunol. 5, 411–420 (1997).

42. Dimmeler, S., Haendeler, J., Nehls, M. & Zeiher, A. M.
Suppression of apoptosis by nitric oxide via inhibition of
interleukin-1β-converting enzyme (ICE)-like and cysteine
protease protein (CPP)-32-like proteases. J. Exp. Med. 185,
601–607 (1997).

43. Li, J., Bombeck, C. A., Yang, S., Kim, Y. M. & Billiar, T. R.
Nitric oxide suppresses apoptosis via interrupting caspase
activation and mitochondrial dysfunction in cultured
hepatocytes. J. Biol. Chem. 274, 17325–17333 (1999).

44. Kim, Y.-M., Chung, H.-T., Simmons, R. L. & Billiar, T. R.
Cellular non-heme iron content is a determinant of nitric
oxide-mediated apoptosis, necrosis, and caspase inhibition.
J. Biol. Chem. 275, 10954–10961 (2000).

45. Chung, H. T., Pae, H. O., Choi, B. M., Billiar, T. R. & Kim, Y.
M. Nitric oxide as a bioregulator of apoptosis. Biochem.
Biophys. Res. Commun. 282, 1075–1079 (2001). 

46. Melillo, G. et al. A hypoxia-responsive element mediates a
novel pathway of activation of the inducible nitric oxide
synthase promoter. J. Exp. Med. 182, 1683–1693 (1995).

47. Chen, B. & Deen, W. M. Analysis of the effects of cell spacing
and liquid depth on nitric oxide and its oxidation products in
cell cultures. Chem. Res. Toxicol. 14, 135–147 (2001).

48. Burney, S., Niles, J. C., Dedon, P. C. & Tannenbaum, S. R.
DNA damage in deoxynucleosides and oligonucleotides
treated with peroxynitrite. Chem. Res. Toxicol. 12, 513–520
(1999).

49. Burney, S., Caulfield, J. L., Niles, J. C., Wishnok, J. S. &
Tannenbaum, S. R. The chemistry of DNA damage from
nitric oxide and peroxynitrite. Mutat. Res. 424, 37–49
(1999).

50. Gorsdorf, S., Appel, K. E., Engeholm, C. & Obe, G. Nitrogen
dioxide induces DNA single-strand breaks in cultured
Chinese hamster cells. Carcinogenesis 11, 37–41 (1990).

51. Schmidt, K., Desch, W., Klatt, P., Kukovetz, W. R. & Mayer,
B. Release of nitric oxide from donors with known half-life: a
mathematical model for calculating nitric oxide
concentrations in aerobic solutions. Naunyn Schmiedebergs
Arch. Pharmacol. 355, 457–462 (1997).

52. Hofseth, L. J., Hussain, S. P., Wogan, G. N. & Harris, C. C.
Nitric oxide in cancer and chemoprevention. Free Radic.
Biol. Med. (in the press).

53. Zhuang, J. C., Wright, T. L., deRojas-Walker, T.,
Tannenbaum, S. R. & Wogan, G. N. Nitric oxide-induced
mutations in the HPRT gene of human lymphoblastoid TK6
cells and in Salmonella typhimurium. Environ. Mol. Mutagen.
35, 39–47 (2000).

54. Zhuang, J. C., Lin, C., Lin, D. & Wogan, G. N. Mutagenesis
associated with nitric oxide production in macrophages.
Proc. Natl Acad. Sci. USA 95, 8286–8291 (1998).

55. Sibghat-Ullah et al. Base analog and neighboring base
effects on substrate specificity of recombinant human G:T
mismatch-specific thymine DNA-glycosylase. Biochemistry
35, 12926–12932 (1996).

56. Ambs, S. et al. p53 and vascular endothelial growth factor
regulate tumour growth of NOS2-expressing human
carcinoma cells. Nature Med. 4, 1371–1376 (1998).
The authors showed that a p53 background has a
crucial role in dictating the pro- or antitumorigenic
effects of nitric oxide.

57. Papapetropoulos, A., Garcia-Cardena, G., Madri, J. A. & Sessa,
W. C. Nitric oxide production contributes to the angiogenic
properties of vascular endothelial growth factor in human
endothelial cells. J. Clin. Invest. 100, 3131–3139 (1997).
Key study showing that nitric oxide stimulates
angiogenesis.

58. Forrester, K. et al. Nitric oxide-induced p53 accumulation
and regulation of inducible nitric oxide synthase (NOS2)
expression by wild-type p53. Proc. Natl Acad. Sci. USA 93,
2442–2447 (1996).

59. Ambs, S. et al. Upregulation of NOS2 expression in cancer-
prone p53 knockout mice. Proc. Natl Acad. Sci. USA 95,
8823–8828 (1998).

60. Ambs, S. et al. Relationship between p53 mutations and
inducible nitric oxide synthase expression in human
colorectal cancer. J. Natl Cancer Inst. 91, 86–88 (1999).

61. Hussain, S. P. et al. Increased p53 mutation load in
noncancerous colon tissue from ulcerative colitis: a cancer-
prone chronic inflammatory disease. Cancer Res. 60,
3333–3337 (2000).

62. Hussain, S. P. et al. Increased p53 mutation load in
nontumorous human liver of wilson disease and
hemochromatosis: oxyradical overload diseases. Proc. Natl
Acad. Sci. USA 97, 12770–12775 (2000).

63. Ambs, S. et al. Frequent nitric oxide synthase-2 expression
in human colon adenomas: implication for tumor
angiogenesis and colon cancer progression. Cancer Res.
58, 334–341 (1998).

64. Alleva, D. G., Burger, C. J. & Elgert, K. D. Tumor-induced
regulation of suppressor macrophage nitric oxide and TNF-
alpha production. Role of tumor-derived IL-10, TGF-beta,
and prostaglandin E2. J. Immunol. 153, 1674–1686 (1994).

65. Hollstein, M., Sidransky, D., Vogelstein, B. & Harris, C. C. p53
mutations in human cancers. Science 253, 49–53 (1991).

66. Greenblatt, M. S., Bennett, W. P., Hollstein, M. & Harris, C. C.
Mutations in the p53 tumor suppressor gene: clues to
cancer etiology and molecular pathogenesis. Cancer Res.
54, 4855–4878 (1994).

67. O’’Rourke, R. W. et al. A potential transcriptional activation
element in the p53 protein. Oncogene 5, 1829–1832 (1990).

68. Thomsen, L. L. et al. Nitric oxide synthase activity in human
breast cancer. Br. J. Cancer 72, 41–44 (1995).

69. Ellie, E., Loiseau, H., Lafond, F., Arsaut, J. & Demotes-
Mainard, J. Differential expression of inducible nitric oxide
synthase mRNA in human brain tumours. Neuroreport 7,
294–296 (1995).

70. Gallo, O. et al. Role of nitric oxide in angiogenesis and tumor
progression in head and neck cancer. J. Natl Cancer Inst.
90, 587–596 (1998).

71. Berenblum, I. The cocarcinogenic action of croton resin.
Cancer Res. 1, 44–48 (1941).

72. Friedwald, W. F. & Rous, P. The initiating and promoting
elements in tumor production: an analysis of the effects of
tar, benzpyrene, and methylcholanthrene on rabbit skin. 
J. Exp. Med. 80, 101–126 (1944).
References 71 and 72 are important papers
describing a role for chronic irritation and associated
inflammation in tumorigenesis in animals.

73. Cooper, H. S. et al. The role of mutant Apc in the
development of dysplasia and cancer in the mouse model of
dextran sulfate sodium-induced colitis. Gastroenterology
121, 1407–1416 (2001).

74. Hokari, R. et al. Reduced sensitivity of inducible nitric oxide
synthase-deficient mice to chronic colitis. Free Radic. Biol.
Med. 31, 153–163 (2001).

75. Goldstein, S. R. et al. Development of esophageal
metaplasia and adenocarcinoma in a rat surgical model
without the use of a carcinogen. Carcinogenesis 18,
2265–2270 (1997).

76. Chen, X. et al. An esophagogastroduodenal anastomosis
model for esophageal adenocarcinogenesis in rats and
enhancement by iron overload. Carcinogenesis 20,
1801–1808 (1999).

77. Chisari, F. V. et al. Molecular pathogenesis of hepatocellular
carcinoma in hepatitis B virus transgenic mice. Cell 59,
1145–1156 (1989).
A key paper describing a mechanism by which
hepatitis B virus and chronic irritation lead to
development of hepatocellular carcinoma in animals.

78. Lee, A. Animal models of Helicobacter infection. Mol. Med.
Today 5, 500–501 (1999).

79. Kumar, A. & Creery, W. D. The therapeutic potential of
interleukin 10 in infection and inflammation. Arch. Immunol.
Ther. Exp. (Warsz.) 48, 529–538 (2000).

80. Kuhn, R., Lohler, J., Rennick, D., Rajewsky, K. & Muller, W.
Interleukin-10-deficient mice develop chronic enterocolitis.
Cell 75, 263–274 (1993).
Key study describing how the genetic knockout of 
Il-10 leads to colitis in animals.

81. Berg, D. J. et al. Enterocolitis and colon cancer in
interleukin-10-deficient mice are associated with aberrant
cytokine production and CD4(+) TH1-like responses. J. Clin.
Invest. 98, 1010–1020 (1996).

82. Kullberg, M. C. et al. Helicobacter hepaticus triggers colitis
in specific-pathogen-free interleukin-10 (IL-10)-deficient
mice through an IL-12- and gamma interferon-dependent
mechanism. Infect. Immun. 66, 5157–5166 (1998).

83. MacMicking, J. D. et al. Altered responses to bacterial
infection and endotoxic shock in mice lacking inducible nitric
oxide synthase. Cell 81, 641–650 (1995).
Key study describing the phenotype of iNOS-
knockout mice and showing that iNOS defends the
host against infectious agents and tumour cells at the
risk of contributing to tissue damage and shock.

84. Mashimo, H. & Goyal, R. K. Lessons from genetically
engineered animal models. IV. Nitric oxide synthase gene
knockout mice. Am. J. Physiol. 277, G745–G750 (1999).

85. McCafferty, D. M., Miampamba, M., Sihota, E., Sharkey, K. A.
& Kubes, P. Role of inducible nitric oxide synthase in
trinitrobenzene sulphonic acid induced colitis in mice. Gut
45, 864–873 (1999).

86. Zingarelli, B., Szabo, C. & Salzman, A. L. Reduced oxidative
and nitrosative damage in murine experimental colitis in the
absence of inducible nitric oxide synthase. Gut 45, 199–209
(1999).

87. Konopka, T. E. et al. Nitric oxide synthase II gene disruption:
implications for tumor growth and vascular endothelial growth
factor production. Cancer Res. 61, 3182–3187 (2001).

88. Ahn, B. & Ohshima, H. Suppression of intestinal polyposis in
Apc(Min/+) mice by inhibiting nitric oxide production. Cancer
Res. 61, 8357–8360 (2001).

89. Gupta, R. A. & DuBois, R. N. Colorectal cancer prevention
and treatment by inhibition of cyclooxygenase-2. Nature
Rev. Cancer 1, 11–21 (2001).

90. Tiano, H. F. et al. Deficiency of either cyclooxygenase (COX)-1
or COX-2 alters epidermal differentiation and reduces mouse
skin tumorigenesis. Cancer Res. 62, 3395–3401 (2002).

91. Langenbach, R., Loftin, C. D., Lee, C. & Tiano, H.
Cyclooxygenase-deficient mice. A summary of their
characteristics and susceptibilities to inflammation and
carcinogenesis. Ann. NY Acad. Sci. 889, 52–61 (1999).

92. Chulada, P. C. et al. Genetic disruption of Ptgs-1, as well as
Ptgs-2, reduces intestinal tumorigenesis in Min mice.
Cancer Res. 60, 4705–4708 (2000).

93. Williams, C. S., Tsujii, M., Reese, J., Dey, S. K. & DuBois, R. N.
Host cyclooxygenase-2 modulates carcinoma growth. 
J. Clin. Invest. 105, 1589–1594 (2000).

94. Oshima, M. et al. Suppression of intestinal polyposis in Apc
delta716 knockout mice by inhibition of cyclooxygenase 2
(COX-2). Cell 87, 803–809 (1996).

95. Chandrasekharan, N. V. et al. COX-3, a cyclooxygenase-1
variant inhibited by acetaminophen and other
analgesic/antipyretic drugs: cloning, structure, and expression.
Proc. Natl Acad. Sci. USA 99, 13926–13931 (2002).
An important paper describing another form of
cyclooxygenase, COX3.

96. Hofseth, L. J., Hussain, S. P., Wang, X. W. & Harris, C. C. in
Gastrointestinal Oncology: Principles and Practice 539–558
(Lippincott Williams & Wilkins, Philadelphia, 2002).

97. Niederau, C. et al. Survival and causes of death in cirrhotic
and in noncirrhotic patients with primary hemochromatosis.
N. Engl. J. Med. 313, 1256–1262 (1985).

98. Bomford, A. Genetics of haemochromatosis. Lancet 360,
1673–1681 (2002).

99. Britton, R. S. Metal-induced hepatotoxicity. Semin. Liver Dis.
16, 3–12 (1996).

100. Sagripanti, J. L. DNA damage mediated by metal ions with
special reference to copper and iron. Met. Ions. Biol. Syst.
36, 179–209 (1999).

101. Linn, S. DNA damage by iron and hydrogen peroxide in vitro
and in vivo. Drug Metab. Rev. 30, 313–326 (1998).

102. Wang, D., Kreutzer, D. A. & Essigmann, J. M. Mutagenicity
and repair of oxidative DNA damage: insights from studies
using defined lesions. Mutat. Res. 400, 99–115 (1998).

103. Gatei, M. et al. Ataxia telangiectasia mutated (ATM) kinase
and ATM and Rad3 related kinase mediate phosphorylation
of Brca1 at distinct and overlapping sites. In vivo
assessment using phospho-specific antibodies. J. Biol.
Chem. 276, 17276–17280 (2001).

104. Bartsch, H. Keynote address: exocyclic adducts as new risk
markers for DNA damage in man. IARC Sci. Publ. 150, 1–16
(1999).

105. Nair, J., Barbin, A., Velic, I. & Bartsch, H. Etheno DNA-base
adducts from endogenous reactive species. Mutat. Res.
424, 59–69 (1999).



© 2003 Nature Publishing Group
NATURE REVIEWS | CANCER VOLUME 3 | APRIL 2003 | 285

R E V I E W S

106. Marnett, L. J. Lipid peroxidation-DNA damage by
malondialdehyde. Mutat. Res. 424, 83–95 (1999).

107. Niemela, O. et al. Hepatic lipid peroxidation in hereditary
hemochromatosis and alcoholic liver injury. J. Lab Clin. Med.
133, 451–460 (1999).

108. Young, I. S. et al. Antioxidant status and lipid peroxidation in
hereditary haemochromatosis. Free Radic. Biol. Med. 16,
393–397 (1994).

109. Nair, J. et al. Lipid peroxidation-induced etheno-DNA
adducts in the liver of patients with the genetic metal storage
disorders Wilson’s disease and primary hemochromatosis.
Cancer Epidemiol. Biomarkers Prev. 7, 435–440 (1998).

110. Riddell, R. H. et al. Dysplasia in inflammatory bowel disease:
standardized classification with provisional clinical
applications. Hum. Pathol. 14, 931–968 (1983).

111. Wong, N. A. & Harrison, D. J. Colorectal neoplasia in
ulcerative colitis-recent advances. Histopathology 39,
221–234 (2001).

112. O’Sullivan, J. N. et al. Chromosomal instability in ulcerative
colitis is related to telomere shortening. Nature Genet. 32,
280–284 (2002).

113. Vogelstein, B. et al. Genetic alterations during colorectal-
tumor development. N. Engl. J. Med. 319, 525–532
(1988).

114. Burmer, G. C. et al. Neoplastic progression in ulcerative
colitis: histology, DNA content, and loss of a p53 allele.
Gastroenterology 103, 1602–1610 (1992).

115. Tarmin, L. et al. Adenomatous polyposis coli gene mutations
in ulcerative colitis-associated dysplasias and cancers
versus sporadic colon neoplasms. Cancer Res. 55,
2035–2038 (1995).

116. Yin, J. et al. p53 point mutations in dysplastic and
cancerous ulcerative colitis lesions. Gastroenterology 104,
1633–1639 (1993).

117. Robinson, W. S. Molecular events in the pathogenesis of
hepadnavirus-associated hepatocellular carcinoma. Annu.
Rev. Med. 45, 297–323 (1994).

118. Murakami, T., Kim, T. & Nakamura, H. Hepatitis, cirrhosis,
and hepatoma. J. Magn. Reson. Imaging 8, 346–358
(1998).

119. Hagen, T. M. et al. Extensive oxidative DNA damage in
hepatocytes of transgenic mice with chronic active hepatitis
destined to develop hepatocellular carcinoma. Proc. Natl
Acad. Sci. USA 91, 12808–12812 (1994).

120. Mahe, Y. et al. Hepatitis B virus X protein transactivates
human interleukin-8 gene through acting on nuclear factor
kB and CCAAT/enhancer-binding protein-like cis-elements.
J. Biol. Chem. 266, 13759–13763 (1991).

121. Hu, K. Q., Yu, C. H. & Vierling, J. M. Up-regulation of
intercellular adhesion molecule 1 transcription by hepatitis B
virus X protein. Proc. Natl Acad. Sci. USA 89, 11441–11445
(1992).

122. Zhou, D. X., Taraboulos, A., Ou, J. H. & Yen, T. S. Activation
of class I major histocompatibility complex gene expression
by hepatitis B virus. J. Virol. 64, 4025–4028 (1990).

123. Lara-Pezzi, E. et al. The hepatitis B virus X protein promotes
tumor cell invasion by inducing membrane-type matrix
metalloproteinase-1 and cyclooxygenase-2 expression. 
J. Clin. Invest. 110, 1831–1838 (2002).

124. Majano, P. L. et al. Inducible nitric oxide synthase expression
in chronic viral hepatitis. Evidence for a virus-induced gene
upregulation. J. Clin. Invest. 101, 1343–1352 (1998).

125. Lee, M. O. et al. Hepatitis B virus X protein induced
expression of interleukin 18 (IL-18): a potential mechanism
for liver injury caused by hepatitis B virus (HBV) infection. 
J. Hepatol. 37, 380–386 (2002).

126. Kuo, G. et al. An assay for circulating antibodies to a major
etiologic virus of human non-A, non-B hepatitis. Science
244, 362–364 (1989).

127. Choo, Q. L. et al. Isolation of a cDNA clone derived from a
blood-borne non-A, non-B viral hepatitis genome. Science
244, 359–362 (1989).

128. Lee, Y. S. et al. Induction of oh8Gua glycosylase in rat
kidneys by potassium bromate (KBrO3), a renal oxidative
carcinogen. Mutat. Res. 364, 227–233 (1996).

129. Rusyn, I. et al. Expression of base excision repair enzymes in
rat and mouse liver is induced by peroxisome proliferators
and is dependent upon carcinogenic potency.
Carcinogenesis 21, 2141–2145 (2000).

130. Goode, E. L., Ulrich, C. M. & Potter, J. D. Polymorphisms in
DNA repair genes and associations with cancer risk. Cancer
Epidemiol. Biomarkers Prev. 11, 1513–1530 (2002).

131. Ambrosone, C. B. et al. Manganese superoxide dismutase
(MnSOD) genetic polymorphisms, dietary antioxidants,
and risk of breast cancer. Cancer Res. 59, 602–606
(1999).

132. Ratnasinghe, D. et al. Glutathione peroxidase codon 198
polymorphism variant increases lung cancer risk. Cancer
Res. 60, 6381–6383 (2000).

133. Moldawer, L. L. et al. Application of gene therapy to acute
inflammatory diseases. Shock 12, 83–101 (1999).

134. Rosin, M. P. & Hofseth, L. J. in Microbes and Malignancy:
Infection as a Cause of Human Cancers 313–345 (Oxford
Univ. Press, Oxford, 1999).

135. Ikeda, K. et al. Interferon decreases hepatocellular
carcinogenesis in patients with cirrhosis caused by the
hepatitis B virus: a pilot study. Cancer 82, 827–835 (1998).

136. Moradpour, D. & Blum, H. E. Current and evolving therapies
for hepatitis C. Eur. J. Gastroenterol. Hepatol. 11,
1199–1202 (1999).

137. Gramenzi, A. et al. Impact of interferon therapy on the
natural history of hepatitis C virus related cirrhosis. Gut 48,
843–848 (2001).

138. Nishiguchi, S. et al. Prevention of hepatocellular carcinoma
in patients with chronic active hepatitis C and cirrhosis.
Lancet 357, 196–197 (2001).
This key prospective study shows that interferon-α
inhibits hepatocellular carcinoma that is associated
with hepatitis C.

139. Nishiguchi, S. et al. Randomised trial of effects of interferon-
alpha on incidence of hepatocellular carcinoma in chronic active
hepatitis C with cirrhosis. Lancet 346, 1051–1055 (1995).

140. Fiorucci, S., Antonelli, E., Burgaud, J. L. & Morelli, A. Nitric
oxide-releasing NSAIDs: a review of their current status.
Drug Safety 24, 801–811 (2001).

141. Rao, C. V. et al. Chemopreventive properties of a selective
inducible nitric oxide synthase inhibitor in colon
carcinogenesis, administered alone or in combination with
celecoxib, a selective cyclooxygenase-2 inhibitor. Cancer
Res. 62, 165–170 (2002).

142. Yamamoto, Y. & Gaynor, R. B. Therapeutic potential of
inhibition of the NF-kappaB pathway in the treatment of
inflammation and cancer. J. Clin. Invest. 107, 135–142 (2001).

143. Tateishi, M., Takano, H., Hashizume, M., Kabashima, A. &
Sugimachi, K. Long-term results of corticosteroid
administration via appendicostomy in patients with
ulcerative colitis involving the entire colon. Int. Surg. 83,
235–240 (1998).

144. Hamilton, L. C. & Warner, T. D. Interactions between
inducible isoforms of nitric oxide synthase and cyclo-
oxygenase in vivo: investigations using the selective
inhibitors, 1400W and celecoxib. Br. J. Pharmacol. 125,
335–340 (1998).

145. Aguilar, F., Harris, C. C., Sun, T., Hollstein, M. & Cerutti, P.
Geographic variation of p53 mutational profile in
nonmalignant human liver. Science 264, 1317–1319 (1994).

146. Aguilar, F., Hussain, S. P. & Cerutti, P. Aflatoxin B1 induces
the transversion of G→T in codon 249 of the p53 tumor
suppressor gene in human hepatocytes. Proc. Natl Acad.
Sci. USA 90, 8586–8590 (1993).

147. Hussain, S. P., Aguilar, F. & Cerutti, P. Mutagenesis of codon
248 of the human p53 tumor suppressor gene by N-ethyl-
N-nitrosourea. Oncogene 9, 13–18 (1994).

148. Sidransky, D. Emerging molecular markers of cancer. Nature
Rev. Cancer 2, 210–219 (2002).

149. Traverso, G. et al. Detection of proximal colorectal cancers
through analysis of faecal DNA. Lancet 359, 403–404 (2002).

150. Marnett, L. J. & Plastaras, J. P. Endogenous DNA damage
and mutation. Trends Genet. 17, 214–221 (2001).

151. Bartsch, H. Studies on biomarkers in cancer etiology and
prevention: a summary and challenge of 20 years of
interdisciplinary research. Mutat. Res. 462, 255–279 (2000).

152. Subbaramaiah, K. et al. Inhibition of cyclooxygenase-2 gene
expression by p53. J. Biol. Chem. 274, 10911–10915 (1999).

153. Gillen, C. D., Walmsley, R. S., Prior, P., Andrews, H. A. &
Allan, R. N. Ulcerative colitis and Crohn’s disease: a
comparison of the colorectal cancer risk in extensive colitis.
Gut 35, 1590–1592 (1994).

154. Ekbom, A., Helmick, C., Zack, M. & Adami, H. O. Ulcerative
colitis and colorectal cancer. A population-based study. 
N. Engl. J Med. 323, 1228–1233 (1990).

155. Shin, H. R. et al. Hepatitis B and C virus, Clonorchis sinensis
for the risk of liver cancer: a case-control study in Pusan,
Korea. Int. J. Epidemiol. 25, 933–940 (1996).

156. Mitchell, H., Drake, M. & Medley, G. Prospective evaluation
of risk of cervical cancer after cytological evidence of human
papilloma virus infection. Lancet 1, 573–575 (1986).

157. Zhang, Z. F. et al. Helicobacter pylori infection on the risk of
stomach cancer and chronic atrophic gastritis. Cancer
Detect. Prev. 23, 357–367 (1999).

158. Esrig, D., McEvoy, K. & Bennett, C. J. Bladder cancer in the
spinal cord-injured patient with long-term catheterization: a
casual relationship? Semin. Urol. 10, 102–108 (1992).

159. Streitz, J. M. Jr. Barrett’s esophagus and esophageal
cancer. Chest Surg. Clin. N. Am. 4, 227–240 (1994).

160. Bansal, P. & Sonnenberg, A. Pancreatitis is a risk factor for
pancreatic cancer. Gastroenterology 109, 247–251
(1995).

161. Oka, H. et al. Prospective study of chemoprevention of
hepatocellular carcinoma with Sho-saiko-to (TJ-9). Cancer
76, 743–749 (1995).
This important prospective study shows the use of
TJ-9 as a chemopreventive agent against
hepatocellular carcinoma.

162. Correa, P. et al. Chemoprevention of gastric dysplasia:
randomized trial of antioxidant supplements and anti-
Helicobacter pylori therapy. J. Natl Cancer Inst. 92,
1881–1888 (2000).

Key prospective study showing antioxidants prevent
against gastric carcinogenesis that is associated with
Helicobacter pylori.

163. Zullo, A. et al. Ascorbic acid and intestinal metaplasia in the
stomach: a prospective, randomized study. Aliment.
Pharmacol. Ther. 14, 1303–1309 (2000).

164. Rotola, A. et al. Beta-interferon treatment of cervical
intraepithelial neoplasia: a multicenter clinical trial.
Intervirology 38, 325–331 (1995).

165. Meyskens, F. L. Jr. et al. Enhancement of regression of
cervical intraepithelial neoplasia II (moderate dysplasia) with
topically applied all-trans-retinoic acid: a randomized trial. 
J. Natl Cancer Inst. 86, 539–543 (1994).

166. Bansal, P. & Sonnenberg, A. Risk factors of colorectal
cancer in inflammatory bowel disease. Am. J. Gastroenterol.
91, 44–48 (1996).

167. Eaden, J., Abrams, K., Ekbom, A., Jackson, E. & Mayberry, J.
Colorectal cancer prevention in ulcerative colitis: a case-
control study. Aliment. Pharmacol. Ther. 14, 145–153 (2000).

168. Lashner, B. A., Provencher, K. S., Seidner, D. L.,
Knesebeck, A. & Brzezinski, A. The effect of folic acid
supplementation on the risk for cancer or dysplasia in
ulcerative colitis. Gastroenterology 112, 29–32 (1997).

169. Moody, G. A., Jayanthi, V., Probert, C. S., Mac, K. H. &
Mayberry, J. F. Long-term therapy with sulphasalazine
protects against colorectal cancer in ulcerative colitis: a
retrospective study of colorectal cancer risk and compliance
with treatment in Leicestershire. Eur. J. Gastroenterol.
Hepatol. 8, 1179–1183 (1996).

170. Pinczowski, D., Ekbom, A., Baron, J., Yuen, J. & Adami, H. O.
Risk factors for colorectal cancer in patients with ulcerative
colitis: a case-control study. Gastroenterology 107,
117–120 (1994).

171. Tung, B. Y. et al. Ursodiol use is associated with lower
prevalence of colonic neoplasia in patients with ulcerative
colitis and primary sclerosing cholangitis. Ann. Intern. Med.
134, 89–95 (2001).

172. Pan, W. H. et al. Vitamin A, Vitamin E or beta-carotene
status and hepatitis B-related hepatocellular carcinoma.
Ann. Epidemiol. 3, 217–224 (1993).

173. Yu, M. W. et al. Plasma selenium levels and risk of
hepatocellular carcinoma among men with chronic hepatitis
virus infection. Am. J. Epidemiol. 150, 367–374 (1999).

174. Yu, M. W. et al. Plasma carotenoids, glutathione 
S-transferase M1 and T1 genetic polymorphisms, and risk
of hepatocellular carcinoma: independent and interactive
effects. Am. J. Epidemiol. 149, 621–629 (1999).

175. van Rossum, T. G., Vulto, A. G., de Man, R. A., Brouwer, J. T.
& Schalm, S. W. Glycyrrhizin as a potential treatment for
chronic hepatitis C. Aliment. Pharmacol. Ther. 12, 199–205
(1998).

176. Arase, Y. et al. The long term efficacy of glycyrrhizin in
chronic hepatitis C patients. Cancer 79, 1494–1500 (1997).

177. Rock, C. L., Michael, C. W., Reynolds, R. K. & Ruffin, M. T.
Prevention of cervix cancer. Crit. Rev. Oncol. Hematol. 33,
169–185 (2000).

178. Zaridze, D., Borisova, E., Maximovitch, D. & Chkhikvadze, V.
Aspirin protects against gastric cancer: results of a case-
control study from Moscow, Russia. Int. J. Cancer 82,
473–476 (1999).

179. Dennis, L. K., Lynch, C. F & Torner, J. C. Epidemiologic
association between prostatitis and prostate cancer.
Urology 60, 78–83 (2002).

Acknowledgements
We thank M. Khan for graphical assistance, D. Dudek for editorial
assistance and K. McPherson for assistance in manuscript prepa-
ration. We also thank G. Wogan for his useful discussions.

Online links

DATABASES
The following terms in this article are linked online to:
Cancer.gov: http://www.cancer.gov/cancer_information/
brain cancer | breast cancer | colon cancer | hepatocellular
carcinoma | lung cancer | oesophageal cancer | stomach cancer
LocusLink: http://www.ncbi.nih.gov/LocusLink/
APC | Cox1 | COX1 | Cox2 | COX2 | ferritin H | ferroportin | FOS |
glutathione peroxidase 1 | HFE | Il-10 | IL-10 | iNOS | JUN |
MnSOD | MYC | p53 | transferrrin receptor 2 | VEGF | WAF1
OMIM: http://www.ncbi.nlm.nih.gov/Omim/
Crohn’s disease | haemochromatosis | ulcerative colitis

FURTHER INFORMATION
For further information on Barrett’s oesophagus:
http://pathology2.jhu.edu/beweb/
For further information on chemoprevention:
http://www.mdanderson.org/topics/chemoprev/
For further information on inflammatory diseases:
http://www.niddk.nih.gov
For further information on viral hepatitis:
http://www.cdc.gov/ncidod/
Access to this interactive links box is free online.


