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Abstract

Objective: This revision characterizes the biomarkers used for analysis of the development of oxidative stress produced 

during breast cancer chemotherapy. Materials and methods: A search of articles indexed in digital databases (Lilacs, Bireme, 

PubMed, Scielo and digital libraries), along with publications printed as books, periodicals and articles not available online, 

in the period from 1979 to 2009. Conclusion: Reactive oxygen and nitrogen species are produced, principally, during aerobic 

metabolism; however, its synthesis can be exacerbated or antioxidant defense reduced or more usually, both conditions 

can occurr in many pathophysiologic situations, leading to a net reactive species yelded. This unbalance is defined  as 

oxidative stress. Stress biomarkers can be defined as predictive indicators able to detect in vivo oxidative damage and can 

be subdivided into antioxidant and pro-oxidants. To verify the antioxidant system, it is possible to analyze the superoxide 

dismutase enzymes, catalase and glutathione, along with vitamins A, E, C and glutathione among others. The analysis of 

pro-oxidants can be made through the verification of protein nitration and oxidation, heat shock proteins, lipoperoxidation, 

formation of aldehydes for malondialdehyde tests, 4-hydroxynonenal, oxidized LDL and isoprostanes or for chemiluminescent 

techniques. Advances in cancer detection through the identification of potential biomarkers consist of a promising strategy 

for the prevention and early identification of this pathology.
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of chemotherapy is to eliminate only the tumorous 
cells; however, most of the antineoplastic agents act in 
a non-specific way, harming as many malignant cells as 
normal.2-3

In several cell types, the death of a tumor cell by 
apoptosis is due to the use of antineoplastic drugs that act, 
in part, inducing oxidative stress through the formation 
of reactive oxygen species (ROS) and nitrogen species 
(RNS),4-6 with consequent reduction of the antioxidant 

Introduction

According to data of the Instituto Nacional de 
Câncer - INCA, in 2005, nearly 7.6 million persons 
worldwide died of cancer, resulting in 13% of total deaths. 
Cancer estimates for the year 2009 in Brazil indicate that 
466,730 new cases of cancer will be diagnosed in the 
country. The cancer types of greater incidence in males 
will be cancers of the prostate and lung, and in females, 
cancers of the breast and uterine cervix.1

Chemotherapy is one of the principal methods 
employed for the treatment of several types of cancer2 
being able to be used as a combination of antineoplastic 
drugs to increase its efficiency.3 The principal objective 
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defense system of organism.7

The direct attack of ROS and RNS produced 
during chemotherapy treatment causes oxidative damage 
in cellular structures.  As a consequence, the cells can suffer 
adaptations through the increase in the antioxidant system 
or suffer oxidative damage and evolve into cell death with 
the persistence of this event.8 Thus, the damage caused 
by reactive species in lipids, proteins and DNA, as well as 
antioxidant levels, can be used as markers of pro-oxidant 
and antioxidant activity resulting from the neoplasm in 
the chemotherapy process.

Materials and Methods 

For revision of the chosen subject, information 
was obtained in the available indexed literature, in the 
period from 1979 to 2009, through a data search in 
digital databases Lilacs, Bireme, PubMed, Scielo and the 
digital libraries of the University of São Paulo (USP, 
São Paulo, Brazil) and the University of Campinas 
(UNICAMP, Campinas, Brazil). Keywords used in the 
search were “cancer”, “chemotherapy”, “oxidative stress”, 
“antioxidant”, “free radicals” and their respective roots 
in the English language. Also consulted were printed 
publications specifically on the subject, such as books, 
periodicals and articles not available online.

Results

Breast Cancer and Chemotherapy

In western countries, breast cancer represents 
one of the principal causes of death in women. Statistics 
indicate an increase of its frequency in countries both 
developed and developing.  According to the World 
Health Organization (WHO), in the decades of the 60s 
and 70s, a 10-fold increase was registered in the incidence 
rates adjusted by age in the population-based cancer 
registers in several continents. This neoplasm represents 
the second most frequent type of cancer in the world; 
the first among women.1

In 1942, the TNM (Tumor-Node-Metastasis) 
classification system was created, which was based in 
attributing a cancer prognosis, in accordance with the size 
of the primary tumor, presence and extent of the disease 
in regional lymph nodes and the presence of distant 
metastases. The last update took place in 2002 in order 

to consider relevant advancements in the detection and 
diagnosis of metastases, such as mammographic screening 
of increasingly smaller tumors, sentinel lymph node biopsy 
technique and enhancement of immunohistochemical 
and molecular biology techniques.9-10

Chemotherapy treatment can be classified as: 
neoadjuvant, or in other words, to reduce the tumor 
dimensions to realize a more conservative surgery; 
adjuvant, with the purpose of eradicating micrometastases 
after surgical treatment; and palliative for symptom relief 
in the advanced disease. Adjuvant chemotherapy in 
breast cancer includes all the forms of endocrine therapy 
(hormoniotherapy), used with or without cytotoxic 
therapy, together with surgical resection of the tumor.11

Used in chemotherapy treatment, paclitaxel 
(PTX, Taxol®) is an isolated taxane of the stem bark of 
the Western yew tree (Taxus brevifolia), efficient against a 
wide variety of solid tumors, including breast cancer.12 
Because of being a hydrophobic compound, PTX needs 
a solvent for its administration, Cremophor EL® (CrEL), 
which is responsible for promoting adverse effects, such 
as alteration in pharmacokinetic behavior of drugs and  
hypersensitivity reactions is able to act as a cofactor in 
development of peripheral neuropathy.12-13

Taxol and related taxanes have a unique mechanism 
of action where they bind to the tubulin protein, thus 
inhibiting cellular division.14 PTX interferes in the 
formation of the bundles of microtubules in interphase 
and aster cells during mitoses, where micromolar 
concentrations of the drug are frequently used to accent 
the aggregation of microtubules in the cells, inhibiting 
the progression of mitoses.15-17

Some of the direct effects of PTX and its 
vehicle CrEL can be observed through the alteration in 
erythrocyte viability due to conformational changes that 
result in stomatocytosis,18 which seems to be associated 
to damage in the cellular membrane that leads to the 
formation of pre-hemolytic lesions.19 New formulations 
of PTX without CrEL are already the objects of several 
studies, such as Genexol-PM,20 LDE-oleate ,21 ABI-007 
and PTX loaded with nanoparticles.22 The results have 
shown to be satisfactory; however, more studies should 
be carried out using different doses and in combinations 
with other drugs.20

Important pathways that induce cell death for PTX 
include the phosphorylation and activation of Raf-1, 
c-Jun N-terminal kinase (JNK), cdc2, phosphorylation of 
Bcl-2 and Bcl-xL (anti-apoptotic super expressed proteins 
in the development of cancer), and the p53-mediated 
transcriptional control for p21 expression, which inhibits 
cdc2 during the G

2
/M phase of the cellular cycle. The 
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phosphorylation of Bcl-2 in the presence of PTX in this 
phase can result in the activation of Raf-1 or cdc2.23

Another common antineoplastic in breast cancer 
chemotherapy is doxorubicin (DOX) produced by the 
fungus Streptomyces peucetius var. caesius or synthesized 
chemically from daunorubicin. This drug has effective 
antitumor action and is used in chemotherapy treatment 
against a variety of malignant tumors.24-25

DOX acts in the tumor cells through DNA 
intercalation and inhibition of topoisomerase II, 2 as it 
interferes in the synthesis of DNA and RNA, inhibiting 
the phase of the cell cycle, inducing apoptosis of the 
tumor cells in the G

2
 phase by block of the cell cycle 

and inhibition of the DNA polymerase enzyme. The 
break of DNA can be mediated by the formation of free 
radicals, contributing to an increase of oxidative   stress27-28 
provoked by the reduction of the availability of other 
antioxidant endogens.25

Additionally, DOX inhibits the production of 
actin, troponin, myosin light chain and the isomer of 
creatine kinase.25 The activation redox of the intermediary 
semiquinone (DOX-.) with reduction of oxygen (O

2
) 

that produces radical superoxide (O
2
-.) as a mechanism 

attr ibuted to the cardiotoxicity in the treatment 
with DOX.29 The cardiotoxic potential observed in 
chemotherapy treatment with DOX30 is dose-dependent, 
where high concentrations induce necrosis, and low 
and submicromolar concentrations induce apoptosis.29 
The acquired cardiomyopathy results in functional 
alterations as congestive heart failure, serious hypotension, 
tachycardia, cardiac dilation and ventricular insufficiency 
associated to contractile depression.25

Other side effects, as persistent alterations in 
cognitive function, have been observed after treatment 
with DOX in patients with breast cancer, showing 
the sensitivity and alterations in the structure of 
cerebral tissue.26 Cardoso and collaborators31 report 
significant reduction of aconitase enzyme activity and 
an increase of calcium susceptibility by the opening 
of the transitory pores of permeability mitochondrial 
in the brain cells, which can lead to the development 
of neurodegenerative conditions in patients who have 
undergone chemotherapy.

Participation of Oxidative Stress in       Car-
cinogenesis

ROS and RNS are produced, principally, during 
aerobic metabolism; however, their synthesis can be 

exacerbated in physiopathologic situations. In the 
organism,  oxygen can be reduced to water, and the ROS 
derived mainly from the intermediate of this reaction: 
superoxide radical (molecular oxygen reduced by one 
electron), hydrogen peroxide (molecular oxygen reduced 
by two electrons) and hydroxyl radical (oxygen molecular 
reduced by three electrons). The radical superoxide can 
react with nitric oxide, producing a radical peroxynitrite, 
an RNS.32

Antioxidants are responsible for the neutralizing 
action of these reactive species. As definition, an antioxidant 
is any substance that, present in low concentrations in 
relation to the oxidizable substrate, retards or inhibits 
the oxidation of such a substrate, including enzymatic 
and non-enzymatic compounds. The neutralization of 
oxidant substances and reactive species can occur at 
several points, such as in the formation stage, during 
its action mechanism (intercepting and impede from 
acting) or repairing the biomolecules already harmed 
by its oxidant action. In physiologic conditions, ROS 
have their action neutralized by the antioxidant defenses 
present in tissues.7

Oxidative stress takes place when the generation 
of reactive species exceeds the capacity of neutralization 
of such compounds on the part of antioxidants; making 
the incident of oxidative damage in diverse biomolecules 
possible.33 The generation of ROS can occur endogenously 
or exogenously. Endogenous oxidative stress comes 
from the normal metabolism of the cell and oxidative 
phosphorylation.34 Exogenous agents, such as drugs, 
hormones and other xenobiotic agents, have the capacity 
of producing excessive quantities of ROS.35

The principal targets of ROS in cells are the 
polyunsaturated fatty acids present in cell membranes, 
leading to chain lipoperoxidation, represented in the stages 
of initiation, propagation and termination that begins 
with scavenging of the hydrogen of the polyunsaturated 
fatty acid of the cell membrane realized by a free radical 
or alcoxyl radical derived from prior lipoperoxidation, 
with consequent formation of a lipid radical. In the first 
propagation equation, the lipid radical reacts quickly 
forming peroxyl radical, which, in turn, scavenges new 
hydrogen of the polyunsaturated fatty acid, forming again 
the lipid radical in the second propagation equation. The 
termination of lipoperoxidation takes place when the 
radicals produced in the previous stages are propagated 
until they destroy themselves.37

Besides the membrane lipids, the proteins also suffer 
an oxidative action from ROS and RNS, very often losing 
their cell function. Nucleic acids are also targets of reactive 
species, which lead to chain breaks or base modification. 
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Chain breaks occur principally by hydroxyl radical action 
in the carbohydrate portion of the nucleotide chain, 
probably in carbons 3’ and 4’. This type of injury to the 
nucleic acids has particular importance on account that 
the chain breaks are necessarily repaired so that the cells 
maintain their normal function. However, the enzymes 
responsible for this type of repair have reduced fidelity, 
which contributes to the incorporation of errors in the 
genetic material. The break of the nucleotide chain and 
hydroxylation of bases are considered important events in 
carcinogenesis.38 Studies indicate that there is an increase 
in oxidative stress in patients with cancer, which can be 
observed by the levels of malondialdehyde (MDA).39

Anti-neoplastic chemotherapy exercises its 
tumoricidal effect through the generation of oxidative 
stress and induction of apoptosis, as much in tumor 
cells as in healthy cells40-41 and as a consequence can be 
the generation of secondary tumors, which mechanism 
is related to the action of hydroxyl radicals of purines, 
pyrimidines and deoxyribose.42 In DNA, the reactive 
oxygen species are involved as much in the phases of 
initiation and promotion as in the progression of tumor 
cells. The initiation phase is aware of the phase in which 
the cell suffers DNA damage and turns heritable, since 
this damage many times is mediated by ROS, in great 
part for oxidative reactions mediated by peroxyl radicals 
36 and by the final products of lipoperoxidation, as 
malondialdehyde.43

The promotion phase consists of the stage in 
which the initiated cell suffers the action of a carcinogenic 
agent (promoter) for a continuous period turning the 
cell malignant.2 Studies indicate that in populations of 
initiated cells, as well as in small pre-neoplastic foci, ROS 
are synthesized in greater quantity than in comparison 
with neighboring cells,44 indicating that the reactive 
species can be related with the increase of the cell 
proliferation rate. 

In the progression phase, uncontrolled cell 
multiplication takes place2 with these cells continuing 
to present greater levels of oxidative stress in comparison 
with neighboring cells.45 Such levels are insufficient to 
induce the death of tumor cells because it presents a 
greater resistance to oxidative stress 45-46 On account of 
increased oxidative stress, an increase in the expression 
of antioxidant defenses can take place, which gives 
greater resistance to the tumors to chemotherapy. Also 
contributing to this are greater rates of oxidative damage 
and some protease inhibitors.45

Generally, the activation of the nuclear transcription 
factors of NF-κB and AP-1 are modulated by oxidative 
stress38. The factor AP-1 controls genes involved in cell 

growth, and its activity is increased by compounds that 
induce cell proliferation. ROS can activate AP-1, as well 
as stimulate its synthesis.47 Oxidative stress still can activate 
proto-oncogenes and increase the AP-1transcription 
factor.

In vitro studies show that ROS regulate the gene 
activity through the activation of protein kinase C , by 
oxidative damage or even for its direct action in the 
activation of transcription factors48 besides inhibiting 
the apoptosis through the modulation of Myc, Bcl-2 
and p53 expression, which results in an increase in the 
number of cells.38

Evaluat ion of  Oxidat ive Stress in                               
Antineoplastic Chemotherapy 

According to Halliwell and Whiteman,8 stress 
biomarkers can be defined as predictive indicators of 
the development of a pathology able to detect in vivo 
oxidative damage. Such markers can be subdivided into 
pro-oxidant and antioxidant, in accordance with the 
affected system.

There are a great number of defense mechanisms 
present in the organism that act in preventing the damage 
caused by free radicals.49 Under normal conditions, the 
antioxidants are the only compounds able to scavenge the 
free radicals present in the organism, protecting it from 
oxidative damage and minimizing the toxicity caused by 
those radicals.50

Cell antioxidant capacity can be reduced through 
modification in gene expression or the reduction of 
the ingestion of antioxidants.36 Nevertheless, in cases of 
elevated oxidative, for example, the administration of 
certain drugs, antioxidants become ineffectual to prevent 
the damage caused by the excess of free radicals in the 
organism.6

Antioxidants can be divided into two systems: 
enzymatic and non-enzymatic. The enzymatic system 
involves enzymes produced by the organism itself, 
as superoxide dismutase (SOD), catalase (CAT) and 
glutathione peroxidase (GSHPx). The enzyme SOD 
acts as a defense against superoxides, while the enzymes 
catalase and glutathione peroxidase act on H2O2 .51

The non-enzymatic system is composed by 
vitamins A (retinol), E (β-tocopherol), C (ascorbic acid), 
and glutathione (oxidized-GSSG and reduced-GSH) 
among other compounds as bilirubin and uric acid, 
β-carotene, metallothionein, zinc, and selenium.52-53 
Vitamin A is responsible for oxidation inhibition of 
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compounds for the peroxides. Vitamin E participates in 
the protection of adipose tissue against the formation of 
radical peroxides. Vitamin C is able to react with simple 
oxygen, radical hydroxyl and radical superoxide, besides 
participating in the regeneration of vitamin E .50 Thus, the 
antioxidant levels and enzymatic activity of these markers 
can be used in the evaluation of the impact of oxidative 
stress in several models.

The increase in free radical production during 
chemotherapy promotes a consequent reduction in the 
content of antioxidants in cells, leading the organism to a 
state of oxidative stress.26 This stress state can be evidence 
by an increase in lipoperoxidation, reduction of total 
antioxidant capacity (TRAP) in the blood and plasma, 
reduction in the plasmatic levels of vitamins E, C, and 
β-carotene, as well as reduction in the tissue levels of 
glutathione which occurs during chemotherapy.6

According to Zwart et al.,52 patients with 
cancer treated with DOX presented elevated levels of 
oxidative stress evidenced by increased plasma levels to 
thiobarbituric acid reactive substances (TBARS), with 
consequent reduction in the levels of α-tocopherol and 
retinol in the plasma at the end of the chemotherapy 
scheme.

In another study, Crohns and collaborators54 
demonstrated that some antioxidant markers have a 
tendency to reduce in patients with small-cell lung cancer 
during chemotherapy treatment with DOX, vincristine 
and cyclophosfamide. In at least one cycle of chemotherapy, 
it is possible to observe a reduction in serum urate levels, 
α-tocopherol, plasma ascorbic acid, serum proteins and 
TRAP, with these alterations observed principally during 
the first chemotherapy scheme, indicating that this decline 
in the levels of various antioxidants (principally during 
the first chemotherapy scheme) can be a reflection of the 
failure of the antioxidant defense mechanisms against the 
oxidative damage induced by chemotherapy and from the 
combat of radicals produced by this treatment.

In rats treated with DOX, Dalloz and collaborators55 
demonstrated that the plasma levels of vitamin C (non-
enzymatic antioxidant of low molecular weight) presented 
reduced, as well as the drastic reduction of the cardiac 
levels of vitamin E. Additionally, an increase of cardiac 
catalase activity was reported, which evidenced a massive 
production of hydrogen peroxide in the myocardium of 
the rats treated with DOX.

An increase in the cell concentration of glutathione 
has been associated with resistance, as much with 
anthracyclines like DOX, as cisplatin.56 The evidence 
suggests that chemotherapy treatment destroys the 
balance between the production of free radicals and the 

neutralization of the same through an antioxidant defense 
system, leading to oxidative stress during chemotherapy 
with DOX.49

In the treatment with DOX, different induction 
mechanisms of oxidative stress are manifested in the 
heart and brain. Interferences in normal metabolic 
reactions involving iron and producing ROS are 
observed in the heart. DOX, because of having a 
high affinity for cardiolipin, can accumulate in the 
internal mitochondrial membrane of cardiomyocytes, 
where in high concentrations makes the heart a 
place of redox reactions. In the brain, the increase 
of circulating TNF-α caused by the treatment with 
DOX, stimulates nitr ic oxide enzyme synthesis, 
becoming a ROS generation mediator.26

The effect of the reactive species on the 
proteins results in structural and functional 
compromise, with consequent extension of these 
effects through secondary damage caused by amino 
acid formed radicals, as faults in the DNA repair 
systems.57 Nitration and protein oxidation can be 
detected through immunohistochemical (IHC) 
tests58 and HPLC59 by 3-nitrotyrosine or protein 
carbonilation.60

Heat shock proteins (Hsp) are described as 
diagnostic, prognostic and resistance markers to the 
treatment in human cancers, particularly Hsp-2761, 
for being directly related to the pathological degree of 
the tumor consisting in therapeutic targets important 
in the cancers resistant to chemotherapy.62-63

Lipoperoxidation is one of the pr incipal 
consequences of the effects of oxidative stress on 
biological membranes, a phenomenon described 
in breast cancer. Studies point to lipoperoxidation 
as a future prognostic and predictive marker of 
human breast cancer.64 This oxidation of lipids can 
occur through the action of various reactive species, 
which the effects can be evaluated through aldehyde 
formation by the tests of MDA, 4-hydroxynonenal, 
by the presence of lipid hydroperoxides, oxidized 
LDL65 and isoprostanes7 or by chemiluminescent 
techniques.66 Studies with patients who had 
undergone bone marrow transplants show that there 
is increase of systemic lipoperoxidation due to the 
prior treatment with chemotherapy.67

Yamaguchi and collaborators68 observed 
experimentally that the perfusion of liver and heart 
of mice with the diluent of PTX, a CrEL, led to 
an increase in the lipoperoxidation of these tissues, 
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causing cell death and early induction of apoptosis. 
The monitoring of oxidative damage caused in the 
DNA produces detectable markers by HPLC and IHC, 
as 8OHdG (8-hydroxy-20-deoxyguanosine).69

Conclusion 

The oxidative damage in cell structures result in a 
direct attack of ROS and RNS. As a consequence, the cells 
can suffer adaptations by an increase in the antioxidant 
system or suffer oxidative damage and, in the persistence 
of these events, evolve into cell death. Thus, damage 
occurs in lipids, proteins and DNA can be used as pro-
oxidant activity markers in pathological processes.

The pathogenesis of several diseases, including 
cancer, is related to the development of oxidative stress, 
increasing the migration of tumor cells, and consequently, 
the risk of invasion and metastasis. The free radicals 
produced during chemotherapy treatment cause oxidative 
damage in cell structures, and for this reason, the cells can 
suffer adaptations through an increase in the antioxidant 
system or suffer oxidative damage and evolve into cell 
death, when there is persistence of these events.

 Due to the great incidence of cancer among the 
present population, more refined studies for the detection 
of potential biomarkers should be carried out for the 
possible advancement in the diagnosis of this pathology, 
consisting of promising strategies for the early prevention 
and identification of the cancer.
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