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A wide array of chronic inflammatory conditions predisposes susceptible cells to 
neoplastic transformation. In general, the longer the inflammation persists, the higher 
the risk of cancer. A mutated cell is a sine qua non for carcinogenesis. Inflammatory 
processes may induce DNA mutations in cells via oxidative/nitrosative stress. This 
condition occurs when the generation of free radicals and active intermediates in a 
system exceeds the system's ability to neutralize and eliminate them. Inflammatory 
cells and cancer cells themselves produce free radicals and soluble mediators such as 
metabolites of arachidonic acid, cytokines and chemokines, which act by further 
producing reactive species. These, in turn, strongly recruit inflammatory cells in a 
vicious circle. Reactive intermediates of oxygen and nitrogen may directly oxidize 
DNA, or may interfere with mechanisms of DNA repair. These reactive substances 
may also rapidly react with proteins, carbohydrates and lipids, and the derivative 
products may induce a high perturbation in the intracellular and intercellular 
homeostasis, until DNA mutation. The main substances that link inflammation to 
cancer via oxidative/nitrosative stress are prostaglandins and cytokines. The effectors 
are represented by an imbalance between pro-oxidant and antioxidant enzyme 
activities (lipoxygenase, cyclooxygenase and phospholipid hydroperoxide glutathione-
peroxidase), hydroperoxides and lipoperoxides, aldehydes and peroxinitrite. This 
review focalizes some of these intricate events by discussing the relationships 
occurring among oxidative/nitrosative/metabolic stress, inflammation and cancer.  

Introduction 

General concepts on carcinogenesis 

Carcinogenesis is a long and multistep process that includes initiation (selection of a 
mutated cell), promotion (selective expansion of the initiated cell) and progression as a 
consequence of an imbalance between cell proliferation and cell death. More genetic 
and epigenetic events are required to drive from initiated cells to malignant tumors, 
each conferring one or another type of growth advantage, and leads to the progressive 
conversion of normal human cells into cancer cells. The establishment of a mutation is 
a sine qua non of cancer. Most notable among proneoplastic mutations are those that 
result in increased expression of oncogenes (e.g., myc, ras, abl, bcl-2) or decreased 
activity of tumor-suppressor genes1 (e.g., p53, Rb), conferring a selective growth or 
survival advantage to the cell. Phenotypic changes representative of preneoplastic 
mutations include a decreased need for metabolites and growth factors, abnormal 



signal transduction, inappropriate expression of receptors for available growth factors 
(epidermal growth factor receptor, HER2/neu), dysregulation of cell-cycle checkpoints 
and resistance to apoptosis.1 At this point, any agent that causes increased cell 
proliferation increases the risk of neoplastic transformation. The damage to the DNA 
must survive the many DNA-repair processes and must be readable by DNA 
polymerase, which creates and locks in the mutation. If, by chance, this damage to the 
DNA results in a selective growth or survival advantage to the cell, it may become a 
precancerous lesion. On the other side, while normal cells have the ability to turn on 
and off transiently the genes that help them survive toxic signals (e.g., induction of 
P450 enzymes for metabolism of toxic chemicals and drugs), under circumstances of 
prolonged stress, such as during chronic inflammation, a mutation may lock in the 
growth-advantaged phenotype. Hence, prolonged exposure to stress can result in 
selection of preneoplastic cells. Some examples of adaptive changes in a cell are 
increased expression of antioxidant enzymes, matrix metalloproteinases and growth 
factor receptors; increased anaerobic respiration; and de novo synthesis of angiogenic 
factors. Studies in experimental tumor models suggest that the inhibition of 
angiogenesis can impede tumor growth and metastasis and can cause preformed 
tumors to necrotize and regress. 

The role of inflammation on carcinogenesis 

There is a large series of reviews that extensively demonstrate the direct relationship 
between chronic inflammation and cancer.2, 3, 4, 5, 6, 7, 8, 9, 10 

In fact, a wide array of chronic inflammatory conditions predispose susceptible cells to 
neoplastic transformation.11 In general, the longer the inflammation persists, the 
higher the risk of cancer. Inflammation is a step-by step process that includes injury, 
repair and resolution. All inflammatory cells (neutrophils, monocytes, macrophages, 
eosinophils, dendritic cells, mast cells and lymphocytes) are recruited after a damage 
or an infection, and may contribute to the onset and progression of cancer. Key 
molecular players that link inflammation to genetic alterations are prostaglandins, 
cytokines, nuclear factor NFkB, chemokines and angiogenic factors. The main 
chemical effectors are free radical species derived from oxygen (ROI) and nitrogen 
(RNI). Free radicals may act as direct or indirect damaging agents through their 
reaction with other chemical or structural components in cells. ROI and RNI also 
recruit other inflammatory cells with secondary amplification of the damage. In this 
review, we describe the role of free radicals and of oxidative stress consequent to a 
chronic inflammation on the induction and progression of cancer. 

Free radicals as a link between inflammation and cancer 

General concepts on free radicals and oxidative stress 

The main sources of reactive species in all cells are mitochondria, cytochrome P450 
and peroxisome. Under physiological conditions, there is a constant endogenous 
production of reactive intermediates of ROI and RNI that interact as “signaling” 



molecules for metabolism, cell cycle and intercellular transduction pathways.12, 13 
The balance between beneficial and/or harmful effects of intermediate species is the 
crucial event in living organisms. In fact, the redox homeostasis is, in vivo, the main 
protective process from cell death. To control the balance between production and 
removal of ROI and RNI, there are a series of protective molecules and systems 
globally defined as “antioxidant defences.”.These include enzymes such as superoxide 
dismutase, catalase, glutathione peroxidase and glutathione-S-transferase, proteins that 
sequester transition metals, glutathione (GSH), cysteine, thioredoxin, vitamins, etc.14 
Oxidative stress occurs when the generation of free radicals and active intermediates 
in a system exceeds the system's ability to neutralize and eliminate them.15, 16, 17 At 
the moment, the concept of oxidative stress originally confined to ROI—such as 
hydroxyl and superoxide radicals, and hydrogen peroxide and singlet oxygen—has 
been extended onto reactive nitrogen species (RNI) as nitric oxide (NO), peroxynitrite 
and, recently, S-nitrosothiols.13 Therefore, the current concept of “oxidative stress” 
should also include the pathways related to the “nitrosative stress” and, for their 
implication in cellular and extracellular metabolic events, to the “metabolic stress.” In 
these conditions, ROI and RNI act as “toxic” substances that may react with proteins, 
carbohydrates and lipids, with consequent alteration both in the intracellular and 
intercellular homeostasis, leading to possible cell death and regeneration (see Fig. 1). 

Figure 1. Reactions of ROI and RNI with proteins, carbohydrates and lipids, with 
consequent alteration both in the intracellular and intercellular homeostasis until 
possible cell death and regeneration.  

	  
	  

Sources of free radicals during inflammation 

Inflammatory cells secrete a large number of cytokines and chemokines that promote 
the outgrowth of neoplastic cells, in addition to the autocrine growth factor production 
by the tumor cells themselves. ROI and RNI are produced under the stimulus of 



proinflammatory cytokines in phagocytic and nonphagocytic cells through the 
activation of protein-kinases signaling. For example, TNF-α enhances the formation 
of ROI by neutrophils and other cells, while interleukin-1-β (IL-1-β), TNF-α and 
interferon (IFN)-γ stimulate the expression of inducible nitric oxide synthase in 
inflammatory and epithelial cells. In experimental animals, pristane-induced plasma 
cell tumors require IL-6 for their growth, and it is provided by macrophages in the 
chronically inflamed tissue. Production of IL-6 in this system is stimulated by PGE2 
derived from cyclooxygenase-2 (COX-2), which is elevated in inflammatory 
macrophages; this process is inhibited by the administration of indomethacin, a potent 
antiinflammatory drug.18, 19 Knockout of the TNF-α gene in mice significantly 
inhibits the development of skin tumors in response to DMBA and phorbol esters.20 
IL-8, an inflammatory chemokine derived from monocytes, macrophages and 
endothelial cells, is implicated in the progression and metastasis of tumors in the 
colon, bladder, lung and stomach.21 

Chronic inflammation is closely associated with angiogenesis.22 Macrophages, 
platelets, fibroblasts and tumor cells themselves are a major source of angiogenic 
factors such as basic fibroblast growth factor, vascular endothelial growth factor, 
prostaglandins-1 and -2 other than inflammatory cytokines, chemokines and NO.21 
There is a significant interaction and synergy among these mediators of inflammation 
until cancer. As an example, it has been demonstrated that prostaglandins, derived 
from the oxidative metabolism of arachidonic acid in inflammatory cells, contribute to 
the development of cancer.23, 24 Prostaglandins induce the expression of certain 
inflammatory cytokines, which can, in turn, enhance the production of ROI and RNI. 
COX-2 is the main enzyme that responds to inflammation through the synthesis of 
prostaglandins in monocytes and macrophages; however, COX-2 is also expressed in 
noninflammatory cells such as fibroblasts, epithelial and endothelial cells. In vitro, the 
expression of COX-2 is induced by bacterial cell products and inflammatory 
cytokines.25, 26 COX-2 is known to be involved in cancer biology, and it is 
upregulated in many cancer types including carcinomas of the colon, breast, lung, 
pancreas, esophagus, and head and neck.27, 28 Studies from COX-2 transgenic mice 
and COX-2 knockout mice confirm that COX-2 plays a role in colonic cancer 
development, both through angiogenesis29, 30 and through the activation of different 
oncogenes, including v-src, v-Ha-ras, HER-2/neu and Wnt.31 Notably, prostaglandin 
synthesis can also be stimulated by peroxynitrite,32 a toxic radical derived from NO. 

Free radicals may react with phospholipids of membranes generating hydroperoxides, 
lipoperoxides and toxic aldehydes such as malondialdehyde (MDA), which in turn 
may alter membrane permeability and microcirculation. These last events may induce 
a further adhesion of granulocytes to endothelium that may activate the xantine–
xantine–oxidase pathway with an enhanced production of hydroperoxide in a vicious 
circle. ROI, RNI and their derivative products may also activate nuclear factors such 
as, for example, NFkB, leading to the production of other amount of proinflammatory 
cytokines, which in turn enhance inflammation and, therefore, the generation of other 
reactive species.33 The imbalance in redox status and the enhanced production of 
intermediate reactive species progressively consumes the antioxidant defences, leading 



the cells to develop oxidative stress. Cells could respond to these insults by enhancing 
their antioxidant potential or by activating the system of caspases that induce 
programmed cell death (apoptosis). It is also possible that the oxidative stress induces 
cell necrosis through the release of cytochrome c and the depletion of ATP at 
mitochondrial level.34, 35 Peroxynitrite participates with the apoptotic program 
through the nitrosylation of proteins, which in turn alters the function of several 
signaling molecules including NF-KB, AP-1, p53 and caspases.21, 36, 37 When the 
system fails in 1 or more than 1 step, the possibility to have a mutated cell increases as 
a consequence of the high perturbation in the redox status that progresses, through 
ROI and RNI, into the nucleus. Figures 2 and 3 summarize these pathways. 

Figure 2. Role of oxidative/nitrosative/metabolic stress in carcinogenesis. 

 

Figure 3. The main steps that link inflammation to cancer via free radical-mediated 
processes.  

 

It is now known that many different oncogenes act by inhibiting apoptosis, thereby 
conferring a survival advantage to preneoplastic and malignant cells. On the other 



hand, several chemotherapeutic drugs exert their action of cell death promotion by 
increasing ROI production.38, 39 

The start of carcinogenesis mediated by ROI and RNI following chronic inflammation 
may be direct (oxidation, nitration, halogenation of nuclear DNA, RNA and lipids), or 
may be mediated by the products of ROI-RNI and proteins, lipids and carbohydrates 
that are capable of forming DNA adducts. ROI can also increase the expression of 
transcriptional factors including c-fos and c-jun oncogenes involved in neoplastic 
transformation. 

Direct effect of free radicals on DNA damage and carcinogenesis 

To date, more than 100 oxidized DNA products have been identified. ROI-induced 
DNA damage involves single- or double-stranded DNA breaks; purine, pyrimidine or 
deoxyribose modifications; DNA intrastrand adducts; and DNA protein crosslinks.40 
DNA damage can result in either arrest or induction of transcription, induction of 
signal transduction pathways, replication errors and genomic instability, all processes 
associated with carcinogenesis.41, 42 NO reacts with superoxide (O2

−) to form 
peroxynitrite (ONOO−), a highly reactive species that induce nitrative and oxidative 
DNA damage. In fact, ONOO− mediates the formation of 8-oxo-7,8-dihydro-2′-
deoxyguanosine43 and 8-nitroguanine,44, 45 which has also been suggested as a 
potential biomarker of inflammation-related carcinogenesis.42, 46 Recent evidences 
indicate that 8-nitroguanosine is a highly redox-active molecule47, 48 and that 8-
nitroguanine is a mutagenic substance, which preferentially leads to G>T 
transversions.44, 49 Indeed, G>T transversions have been observed in vivo in the ras 
gene50 and the p53 tumor suppressor gene, in lung and liver cancer.51, 52 These 
findings indicate that the DNA damage mediated by ROI and RNI may participate to 
carcinogenesis, both via activation of proto-oncogenes and inactivation of tumor 
suppressor genes. In the carcinogenesis also, the oxidative damage of mitochondria is 
strongly involved.42 In fact, hydrogen peroxide and other reactive oxygen species 
activate nuclear genes that regulate the biogenesis, transcription and replication of the 
mitochondrial genome. Although the rate of tumor cells that possess mutated 
mitochondrial DNA and the cancer processes to which mitochondrial DNA alterations 
participate have not been satisfactorily established, a significant amount of 
information support the involvement of the mitochondria in carcinogenesis.42 
Fragments of mitochondrial DNA have been found to be inserted into nuclear DNA, 
suggesting a possible mechanism of oncogene activation. Mitochondrial DNA 
(mtDNA), which is bound to the inner mitochondria membrane, is particularly liable 
to oxidative damage because of the lack of histone proteins, the presence of 
incomplete repairing mechanisms53, 54, 55 and its proximity to the mitochondrial 
electron transport chain. Damage to mtDNA causes mitochondrial respiratory chain 
dysfunction, which in turn increases the production of hydroxyl radicals which are the 
major source of oxidative damage for DNA.56, 57, 58 MtDNA also encodes essential 
proteins involved in the phosphorylation processes,59 and its damage is associated 
with a cascade of reactions that amplify the oxidative stress.60, 61, 62, 63 Mutations 
and altered expression in mitochondrialgenes encoding for complexes I, III, IV and V, 



and in the hypervariable regions of mitochondrial DNA, have been identified in 
various human cancers.64, 65 

The role of ROI- and RNI-derived products on carcinogenesis 

Free radicals immediately react with all components of cells by forming stable 
products. Proteins are more susceptible to oxidation by free radicals. In the global 
cellular economy, the oxidation of SH groups of cysteine reduces the activity of 
various enzymes as well as the synthesis of GSH, which is the main intracellular free 
radical scavenger. 

The oxidation of lipids induces the formation of aldehydes and lipid peroxides. These 
molecules, at very low and nontoxic concentrations, act as signaling transductors of 
ROI-mediated metabolic reactions, and therefore, they modulate several cell functions 
including gene expression and cell proliferation.66 In high concentrations, lipid-
derived products are considered the more damaging species because they easily react 
with proteins, DNA and phospholipids, generating a variety of intra- and 
intermolecular toxic covalent adducts that lead to the propagation and amplification of 
oxidative stress.67 This has been demonstrated in human cancerogenesis.68, 69, 70 
Lipid hydroperoxides are formed in vivo through the action of ROI on polyunsaturated 
fatty acids, both directly and as specific products of lipoxygenase (LOX) and COX 
activities.67 Cell membranes are the main target for lipid peroxidation. Lipid 
peroxides cause cell damage by its decomposition in breakdown toxic products that 
are bifunctional aldehydes,71 which are relatively stable and able to diffuse in and 
outside the cell. The most abundant ROI–lipid-derived product is—in conditions of 
oxidative stress—the 4-hydroxynonenal (HNE). At low levels it promotes cell 
proliferation, while at a higher concentration it induces oxidative alterations of 
DNA72 and apoptosis.73, 74, 75 Therefore, 4-HNE is directly involved in cell cycle 
control,76 and in human cancer, it causes mutation in the p53 gene expression.68 4-
HNE forms etheno adducts with DNA and upregulates COX-2 expression.77 It has 
previously been stressed that COX2 expression induces an enhanced production of 
ROI. The breakdown of membrane lipid hydroperoxides also increases the levels of 
MDA,78 which can react with DNA bases G, A, and C by forming adducts M1G, 
M1A and M1C, respectively.79 M1G adducts have been found in human tissues at 
levels as high as 1.2 adducts per 106 bases (which corresponds to ∼6,000 adducts per 
cell). M1G has been detected in human breast tissue by32phospho-postlabeling as well 
as in rodent tissues.80 Moreover, M1G has been demonstrated to be mutagenic in 
Escherichia coli, through the transversions to T and transitions to A.81, 82 There are 
also other exocyclic DNA adducts that arise from lipid peroxidation. For example, 
etheno-dA, etheno-dC and etheno-dG have been detected by both32phospho-
postlabeling and GC–MS.83 It has been demonstrated that etheno-dA and etheno-dC 
are strongly genotoxic but weakly mutagenic when introduced on single-stranded 
vectors in E. coli. In addition, hydroxypropanodeoxyguanosines are present in human 
DNA in presence of cancer.41 These adducts are most probably derived from the 
reaction of DNA with acrolein and crotonaldehyde generated by the lipid peroxidation 
process. 



Two enzymes, with opposed activities, control the peroxidation of cell membranes. 
These are LOXs and the phospholipid hydroperoxide glutathione-peroxidase (PH-
GPx). The regulatory relation of these enzymes is of crucial importance to maintain a 
normal redox status in cells. An imbalance in this regulation leads to the generation of 
cytotoxic molecules that are involved in carcinogenesis.71 LOXs catalyze the specific 
dioxygenation of polyenoic fatty acids, forming reactive fatty acid hydroperoxides. 
PH-GPx is a member of the GPx enzymes family, a selenium-dependent protein 
family that contains selenocysteine at its active site, and it has the ability to reduce 
organic and inorganic hydroperoxides by utilizing GSH as a reducing agent.84 

Among the three 12-LOX forms that have been identified, both the leukocyte and 
platelet types have been found in different cancer tissues, including melanoma, 
prostate and epidermal cancers.85 Inhibition of LOXs induces apoptosis and blocks 
the proliferation in carcinosarcoma cells.86 The expression of 12-LOX also correlates 
with tumor cell metastasis. Clinically, the degree of 12-LOX expression in human 
prostate cancer correlates with the tumor grade and stage, and its expression level is 
higher in metastasic prostate cancers than in nonmetastatic tumors.87 Some studies 
have suggested that 15-LOX enhances colonic tumorogenesis by potentiating the cell 
proliferation and the mitogenic response to EGF.88, 89 12/15 LOX, that is the 
oxidative counterpart of PH-GPx, is transcriptionally regulated by ILs. In a variety of 
human cells, the expression of the human 12/15-LOX is upregulated when cells are 
exposed to IL-4. Other cytokines, such as IFN-γ, IL-6 and IL-10 did not induce the 
enzyme.90, 91 Experiments with human epidermoid carcinoma A431 cells that were 
transfected with the cDNA sequence of cytoplasmic PH-GPx revealed that PH-GPx 
downregulates the 12-LOX activity.92 In animals, platelets 12-LOX, 15-LOX and 
COX-2 are more sensitive to PH-GPx inhibition than do 5-LOX and COX-1, which 
are more resistant.93 This inhibition is probably caused by a requirement of fatty acid 
hydroperoxides for the activation of LOX and COX that are regulated by its own 
products.94, 95 These results support the hypothesis that cytoplasmic PH-GPx plays a 
pivotal role in the regulation of arachidonate metabolism. On the other hand, 
inhibition of PH-GPx activity with the treatment of cells with an antisense 
oligonucleotide of PH-GPx mRNA increases the enzymatic activity of 12-LOX in 
A431cells.96 This interplay can be further complicated by stimulation with ILs. When 
the human lung carcinoma cell line A549 is exposed to IL-4 and 13, an upregulation 
of the 12/15-LOX and a downregulation of the PH-GPx are observed.90, 91 
Mitochondrial PH-GPx protects from cell death induced by phospholipid 
hydroperoxidation triggered by photodynamic therapy.97 Likewise, 2 arsenic 
compounds, arsenic trioxide and arsenic disulfide, employed against acute 
promyelocytic leukemia, induce apoptosis in leukemia cells98 by inhibiting PH-GPx 
expression.99 

In cancer tissues, a great part of the increased lipid peroxidation could be triggered by 
increased arachidonic acid metabolism, as a result of elevated COXs. On the other 
hand, MDA can be produced by isomerization of prostaglandins PGH2. Therefore, a 
high interplay exists among PHGPx, 12/15LOX and COX-2 in cancerogenesis 
mechanisms. Figure 4 summarizes the role of free radicals on carcinogenesis. 



Figure 4. The role of free radicals on carcinogenesis.  

 

Conclusive remarks 

ROI and RNI participate in various redox-regulatory mechanisms of cells in order to 
maintain a normal and constant “redox homeostasis.” When the system fails and the 
antioxidant control mechanisms are exhausted or overrun, the cellular redox potential 
shifts toward an oxidative and nitrosative stress, which leads to DNA mutations and 
genomic instability. A chronic inflammation is the main system capable of inducing an 
oxidative/nitrosative stress in a self-perpetuating system. The most widely studied and 
best established of these links are colon carcinoma associated with inflammatory 
bowel diseases (chronic ulcerative colitis and Crohn's disease), esophageal 
adenocarcinoma associated with reflux esophagitis (Barrett's esophagus), hepatitis 
predisposing to liver cancer, schistosomiasis causing an increased risk of bladder and 
colon carcinomas and chronic Helicobacter infection leading to cancer of the stomach. 
Inflammatory cytokines also regulate the progression and metastasis of tumors (colon, 
bladder, lung and stomach). Examples of tumor cell cytokine dependence in human 
disease are the growth dependence of AIDS- and EBV-associated B-cell lymphomas, 
B-cell leukemias and multiple myeloma on the inflammatory cytokines IL-6 and IL-
15, and the dependence of malignant mesothelioma on platelet-derived growth 
factor.100, 101 

In animals, indomethacin blocks carcinogenesis by reducing the production of 
inflammatory cytokines. In humans, epidemiological studies documented a lower 
cancer risk for people regularly taking nonsteroidal antiinflammatory drugs.102 For 
example, the use of COX-2 inhibitors, like celecoxib, are now being tested as 
antitumor agents in clinical trials.103 In fact, this drug reduces the number of 
colorectal polyps in patients with familial adenomatous polyposis. 

On the basis of these considerations, future research should be aimed to precociously 
discover the preneoplastic tranformation of a chronically inflamed tissue. Lipid 
peroxides and 8-dehoxiguanosine and guanine appear at the moment as promising 
tools for quantifying the risk of DNA mutations. The evaluation of the levels of these 
supposed markers should also be useful to monitor therapies aimed to block the 
carcinogenic potential of the inflammation-related oxidative and nitrosative cascade. 



There are studies on these aspects in humans following a diet rich in antioxidants. 
Depletion of antioxidants, and in particular of GSH, may sensitize tumor cells to some 
chemotherapy agents, and many of the GSH-depleting agents have a dose-related 
toxicity. In this context, the development of nontoxic GSH-depleting agent may be 
strongly relevant in overcoming multidrug resistance. Finally, future researches are 
needed to better determine the most rational and effective combination of redox-active 
and antiinflammatory agents to other routine drugs in the treatment of cancer. 
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