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Abstract. Since long, oxidative stress-driven modifications in
breast cancer were faced as detrimental cellular events that
cause obligatory cell damage. Recent studies show that the
products generated during redox reactions are able to modulate
pivotal processes regarding breast cancer survival, proposing a
new way of looking at the events linked to oxidative stress.
Therefore, it is necessary to understand the basis of oxidative
stress generation in breast cancer by reviewing the two most
important events that perpetuate the malignant transformation:
mitochondrial dysfunction and DNA damage/misguided repair.
In this context, the present review addresses the main events
related with redox events reported in breast cancer studies,
highlighting the impact of the oxidative environment on DNA
damage and the role of the mitochondria as a determinant of
oxidative modifications. In addition, we further discuss the main
stand-out findings concerning the modulatory role of the
metabolites derived from redox stresses, with a special focus on
the oxidative changes detected in the
microenvironment and its systemic impact.

breast cancer

Oxidative stress is implicated in the basis of most known
chronic pathologies (1). The frequent occurrence of oxidative
changes in biological environments is mainly due to the
constant metabolic activity of mitochondria, which during
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the respiratory chain process gives rise to significant amounts
of reactive species (RS). To compensate for this production
of pro-oxidative species, cells are equipped with a wide
range of redox sensors, which rapidly trigger the antioxidant
defenses. When this process is operative, the redox status of
the cell is held. However, if either the production of RS is
excessive or the antioxidant defenses are not sufficient, it is
established the pro-oxidative condition called oxidative
stress. The excessive RS can promptly react with the
surrounding cellular structures, resulting in DNA, lipid and
protein oxidative-driven modifications (1-3).

Oxidative changes have been described in cancer cells
when compared to normal non-cancerous cells, suggesting a
role for the lasting occurrence of a pro-oxidant status in
malignant conditions (4, 5). Therefore, a growing number of
studies have focused on investigating the redox changes that
take place in solid tumors, especially in breast cancer.

Most of the risk factors for breast cancer development and
progression are to some extent implicated with RS generation
(1, 2). Breast tumors are naturally embedded into an incredibly
pro-oxidative environment, as the mammary gland is plenty in
surrounding adipose tissue. Therefore, the exceeding RS
quickly acts on the lipidic neighborhood yielding several
active metabolites that can regulate a wide range of cellular
processes. Malondialdehyde, 8-F2-isoprostanes and 4-
hydroxinonenal are well known examples of low-molecular
weight aldehydes derive from lipid peroxidation processes that
have been reported as new putative markers of the oxidative
status in patients with breast cancer (6-10).

This pro-oxidant environment seems to be decisive during
the initial stages of disease to ensure cancer spreading to
advanced stages, as well as it may affect adaptation of tumor
cells against the RS derived from anti-neoplasic drugs (11,
12). This uninterrupted generation of RS also impacts on
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other cell components, such as the DNA and the nuclear
system of oxidative damage repair. Chemical processes
induced by RS on DNA provoke significant DNA damage by
oxidation, methylation, de-amination and de-purination. RS
can also affect the DNA repair enzymes by oxidizing its
catalytic moieties, which impedes the correct excision of the
affected DNA sequences (1).

The milieu of electrophilic/nucleophilic substances present
in biological fluids and cells can also affect the protein
machinery, mainly due to the high reactivity of the RS for
the thiol residues, giving rise to an electrophilic stress status
(13). Completing this cycle of redox events, nitric oxide
(NO) is profusely produced in the breast tumor environment
and besides its participation in angiogenesis and
vasodilatation phenomena; this species drives nitrosative
stress by yielding a wide range of nitrogen-derived RS,
mainly peroxynitrite (14, 15).

In the present review we present the set of redox
modifications that occur in breast cancer, focusing on
mitochondrial metabolic changes and DNA oxidative repair,
which constitutes the basis of oxidative modifications in all
cancers. Furthermore, we present recent studies that support
a role for oxidative stress in patients with breast cancer by
discussing findings regarding the redox changes in the breast
environment and its systemic impact on the main clinical
aspects of breast cancer.

Mitochondria-driven Oxidative Stress: Metabolic
and Redox Signaling in Breast Cancer

The re-programming of cellular metabolism in cancer cells
is a well-documented effect. Since 1918 modifications of the
mitochondria in tumors depending on the type of growth
have been presented in the literature (16). Nowadays it is
becoming more evident that most cancer cells have to
support metabolic transformation in order to promote their
survival. One of the alterations of tumor cell metabolism is
known as the “Warburg Effect” (17), which postulates that
tumor cells prefer deriving energy through glycolysis,
opposed to the more efficient process of oxidative
phosphorylation (18).

As recently shown by Ramanujan (19), breast cancer cells
display alterations in metabolic response, and mutations in
mitochondrial DNA (mtDNA) have been reported in a
variety of cancers, including breast cancer (20). Cancer cells
display mitochondrial dysfunction due to factors such as
oncogenic signals and mtDNA mutations, and thus, rely
more on the glycolytic pathway in the cytosol to generate
metabolic intermediates and ATP (21). Besides, Shaw et al.
demonstrated that metabolic dysfunction in breast cancer
progression is independent on mtDNA copy number and the
capacity for oxidative phosphorylation decreases with cancer
progression (22).
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In another study Sotgia and colleagues (23) examined the
bio-energetic state of metastatic breast cancer cells and their
surrounding microenvironment using positive lymph node
tissue. A glycolytic and oxidative mitochondrial metabolism
spatially-segregated and highly-compartmentalized was
found. The metastatic breast cancer cells showed increase in
mitochondrial mass and activity and, the lymph node-
associated stromal cells were glycolytic. Thus, the co-
existence of two distinct adjacent metabolic compartments,
glycolytic and oxidative, was observed and termed as “reverse
Warburg effect”. The “reverse Warburg effect” may be
determinant of poor overall patient survival and it could be
used to identify high-risk breast cancer patients (24). The
Warburg effect is also mediated by uncoupling protein-2
(UCP2), as demonstrated by Ayyasamy and collaborators
(25). The ectopic expression of UCP2 in breast cancer cells
led to a decreased mitochondrial membrane potential and
increased tumorigenic properties. UCP2 is over-expressed in
breast cancers promoting tumorigenesis in vitro and in vivo.
Despite metabolic phenotypes in triple-negative breast cancer,
Kim et al. (26) classified 59.8% of breast cancer patients as
Warburg-type (tumor: glycolysis, stroma: non-glycolysis),
5.3% as reverse-Warburg-type (tumor: non-glycolysis, stroma:
glycolysis), 18.2% as mixed-metabolic-type (tumor:
glycolysis, stroma: glycolysis), and 16.7% as metabolic-null-
type (tumor: non-glycolysis, stroma: non-glycolysis).

Altered cancer mitochondrial function may conduct cells
to uncontrolled proliferation and protects cells against
apoptosis. A mitochondrial transport protein SLC25A43 has
been shown to be down-regulated in HER2-overexpressing
cells. The knock-down of the gene enconding this protein
leads to reduction of chemotherapy treatment efficacy (27).
Kaipparettu and co-workers (28) generated hybrids of
MCF10-A and MDA-MB468 mitochondria and observed a
defect in mitochondrial respiration with increased amounts
of reactive oxygen species (ROS) in hybrids with cancerous
mitochondria. hybrids with benign mitochondria showed
increased ATH synthesis, oxygen consumption and
respiratory chain activity. Therefore, the mitochondrion
seems to be an interesting target for cancer treatment.

The high metabolic rate of cancer cells drives their
intracellular ROS up to an intermediate level, resulting in a
shift in redox balance. ROS arise as a by-product of
mitochondrial oxidative phosphorylation, oxygen metabolism,
and NADPH/NADPH oxidase (NOX) functions (17).

Defective oxidative phosphorylation will lead to production
of ROS, which may enhance cell transformation and
ultimately lead to tumor initiation, promotion, and progression
(29). The mitochondrion is also an important source of ROS.
ROS generation may be through mitochondria by respiratory
chain, in complex I and complex III. ROS produced by
complex I are released in the mitochondrial matrix while those
of complex III are generated in both the matrix and the inter-
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Figure 1. Overview of oxidative stress status on breast cancer biology. (A) Metabolic changes in mitochondria trigger the imbalance in RS generation,
resulting in DNA oxidative damage and misleading repair. (B) Cumulative mutation gives rise to transformed malignant cells in the breast
environment, which originate the localized tumor mass characteristic of the early stages of disease. (C) Continuous RS production, in association
with other inflammatory-driven modifications propitiates tumor metastasis and mismatch repair of DNA, affecting disease aggressiveness and
survival. Some developmental genes are enrolled in this invasion process, as discussed in Reference 128. This Figure was constructed by the authors

based on their recent findings in this field.

membrane space. The mitochondrial inner-membrane enzyme
glycerol-3-phosphate dehydrogenase (GPDH) can produce
superoxide. During B-oxidation of fatty acids, the electron-
transferring flavoprotein ubiquinone oxidoreductase catalyzes
the oxidation of electron transferring protein and ROS can be
released in the matrix (30). The aggressive phenotype in breast
cancer cells, in part, may be due to mitochondrial complex I.
Santidrian et al. (31) enhanced the function of complex I in
breast cancer cells and inhibition of tumor growth and
metastasis dependent on autophagy, and a reduced Akt and
mTORCI1 activity were observed.

The NOX protein family has an important role in
producing ROS. NADPH-derived ROS depend of the
isoform of the oxidase. NOXs families are represented by
seven members: NOX1, NOX2, NOX3, NOX4, NOXS,
dual oxidase (DUOX) 1, and DUOX 2. Not all NOX and
DUOX release the same ROS and them seems to be
involved in cellular signaling and their expression varies
according to tissue and cell type. De-regulation of NOXs
expression has been linked to tumorigenesis and silencing
of DUOXs seems to participate in tumor development and
progression (32).
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Graham and co-workers (33) analyzed the five members
of NOXs in normal breast tissue and non-malignant breast
cell lines and indentified the expression of only NOXI,
NOX4 and NOXS5. They found overexpression of NOX4
localized into the mitochondria of malignant breast cancer
cells and in 73% of breast tumors compared to normal breast
cells and normal breast tissues, respectively. No correlation
of NOX4 and tumor grade was observed. Also, NOX4
increased hydrogen peroxide, but not superoxide. The
overexpression of NOX4 was responsible for cellular
senescence and resistance to apoptosis induced by anticancer
agents. Desouki and coworkers (34) examined breast tumor
section and found that 86% of breast cancer cases are highly
positive for NOX1. Nevertheless, no correlation of NOX1
expression and tumor grade was observed. Choudhary et al.
(35) induced carcinogenesis in non-tumorigenic breast cells.
Carcinogenesis up-regulated H-Ras gene expression, leading
to extracellular signal-regulated kinase (ERK) pathway
activation, Nox-1 expression, and increased amounts of ROS.
Also, increased TNF-a, matrix metalloproteinase (MMP)-2,
MMP-9 and reduced E-cadherin were observed following
increase migratory and invasive activity. They revealed that
the Ras-ERK-NOX-ROS pathway played an important role
in both initiation and maintenance of cellular chronically-
induced carcinogenesis and Nox-1 expression was essential
for maintaining cell proliferation and ROS elevation.

The tumor microenvironment releases inflammatory
cytokines such as TGF-. Boudreau and colleagues indicated
that TGF-f treatment of both normal and metastatic breast
epithelial cells results in NOX-dependent superoxide
production in the plasma membrane (36). In this model,
increased NOX4 gene and protein expression was observed
after TGF-P1 treatment. Knockdown of NOX4 in breast cells
significantly reduced superoxide production and it was
involved in TGF-Bl-mediated cell migration, fibronectin
expression, wound healing, but not cell proliferation. Also, in
vivo, NOX4 knockdown attenuates metastasis (37). Expression
of NOX 5 was evaluated by Antony and collaborators (38).
They detected an up-regulation of NOXS5 in human breast
cancer and found low expression of NOXS5 in normal tissues.

It is well-known that ROS-mediated signaling pathways
contribute to initiation, promotion and progression of
estrogen-dependent breast tumors (39). Estrogens can act by
oxidative stress-mediated signaling. In the cells of target
tissues, available free catechol estrogen participates in redox
reactions. Also, estrogen-induced ROS promote in vitro and
in vivo tumor formation in breast cancer cells (40). Kanchan
and collaborators (41) analyzed a panel of human breast
cancers and detected increased superoxide anions in ER-
positive breast cancer tissues compared to matched normal
tissues. As well, correlation between superoxide anion levels
and mTORC2 activation was found. ER-dependent
superoxide anion generation in breast cancer cells had its
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origin largely within the mitochondria. Elangovan et al. (42)
showed that silent information regulator-1 (SIRT1) is critical
for estrogen to promote breast cancer and both ERo and
ERRa interact with SIRT1 promoter and form a complex.
Also, protein disulfide isomerase (PDI) is an ERa-interacting
partner. Changes in redox homeostasis induced by
nitrosative/oxidative stress cause S glutathionylation of PDI
mediating breast cancer cell death through activation of the
unfolded protein response (UPR) and abrogation of ERa
stability and signaling (43).

The cellular redox environment is influenced by production
of ROS (44). p53 is a redox-active transcription factor and
ROS are the central molecules in redox signaling. Cellular
levels of p53 determine its biological function. At
physiological levels, p53 positively regulates the expression
of antioxidant genes to protect cells from damaging levels of
ROS. At hypo-physiological levels of p53, it decreases basal
transcription of antioxidant genes leading to increased ROS.
At hyper-physiological levels, oxidative stress can result from
the unbalanced induction of antioxidant enzymes by p53 (45).
Cytoplasmic p53 rapidly translocates to the mitochondrial
outer membrane. While nuclear pS3 export is a slow process,
stress-induced mitochondrial p53 translocation has been
reported to be a faster process (46). Thus, in response to
cellular stress, p53 translocates to the mitochondria and
directly interacts with Bcl-2 family proteins and the DBD of
p53 may be the minimally- necessary domain for achieving
apoptosis at the mitochondria in breast cancer cell lines (47).

Mitochondrial ROS may also lead to inflammasome
priming through several pathways, as inactivation of MAPK
phosphatases, leading to sustained MAPK activity. Increased
ROS during hypoxia or stimulation during normoxia can lead
to increased stability and accumulation of hypoxia inducible
factor-1 (HIF-1) by preventing its degradation. The activation
of these proteins, as well as ROS-induced NF-KB activation,
leads to transcription of pro-IL-1f3 and NLRP3 (30). The HIF
has its expression up-regulated by the PI3K/Aktl/mTOR
pathway and represent secondary mechanisms of adaptation
that are driven by external signaling (17). Metastatic breast
cancer cells increases HIF1-a and enhance glycolysis in
response to low oxygen tension, compared to non-
tumorigenic breast cells (48). Either, HIF-1 and the
oncoprotein Myc are two prominent transcription factors that
drive glycolysis. Cai et al. (49) showed that ERRs form a
complex with Myc and play an important role by binding to
promoter regions of glycolytic genes in cancer cells and as
modulators of cancer cell growth. The ERRs may contribute
to malignant development in part by conferring metabolic
advantages to tumor cells.

Several redox-sensitive signaling pathways seem to be
involved in breast cancer development. Cha and colleagues
(50) showed that HER?2 induces transcriptional activation of
lepitin in HER2-overexpressing-MCF10-A cells through
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involvement of p38 mitogen-activated protein kinase
(MAPK) signaling. Inhibition of mammalian target of
rapamycin (mTOR) and serum-glucocorticoid-regulated
kinase 1 (SGK1) decreases growth in ERa+ cell MCF7,
while its inhibition did not affected metastatic breast cancer
cells (51). Park and co-workers (52) found that the
antioxidant  resveratrol repressed 4-OHE 2  (4-
hydroxyestradiol)-induced migration and transformation of
MCF-10A cells. Resveratrol suppresses 4-OHE 2 -induced
IKKp activity, IKBa phosphorylation, NFKB DNA binding
and COX-2 expression. Also, resveratrol inhibited 4-OHE 2
-induced ROS production and Akt/ERK phosphorylation. Qu
et al. (53) found an important role for the redox protein
thioredoxin-like 2 (TXNL2) in human breast cancer. They
found that TXNL2 is overexpressed in human cancers and in
vitro knock-down of this protein prevented the colony
formation, impaired migration and invasion of MDA-MB-
231 and BT549 cells through a redox signaling mechanism.

Regarding lipid metabolic genes, Nieva and collaborators
analyzed the expression of SREBP-1c, gene target of LXR,
and ABCAL, other direct LXR target genes involved in cell
cholesterol export and found an up-regulation of SREBP-1c¢
in metastatic breast cancer cells compared to non-metastatic
cells, presenting differences in regulation of lipid metabolism
pathways in breast cancer cells. Sohn and collaborators (54)
showed that the protein levels of Nutrient-deprivation
autophagy factor-1 (NAF-1) and mitoNEET (mNT) are
elevated in human breast cancer cells, and that suppressing
the levels of these proteins results in reduced cell
proliferation and tumor growth, decreased mitochondrial
performance, uncontrolled accumulation of iron and reactive
oxygen in mitochondria, and activation of autophagy.

The peroxisome proliferator-activated receptor- co-
activator-1 (PGC-1) family was first described by Puigserver
and collaborators (55) as regulators of several mitochondrial
genes. PGC-1a e  have been considered as main regulators
of energy homeostasis of the cell (56). PGC-1s function is
through their ability to interact with transcription factors or
nuclear receptors linked to mitochondrial respiration (57). It
has been demonstrated that variations of PGC-1s expression
occur in tumor cells in order to promote cell survival.
Nevertheless, expressions of PGC-1s in cancer have been
analyzed by several authors in distinct cancer models and
results are still controversial.

High levels of PPARa were associated with poorer overall
survival and intermediate/high levels of PPARP/y were
associated with poorer overall survival in breast cancer
patients (58). Jiang et al. (59) conducted in vitro and in vivo
analyses of PPAR-y and PGC-1a expression in breast cancer.
The expression of PPAR-y was higher in MCF-7 cells
compared to MDA-MB-231 cells and human breast cancer
tissues expressed lower levels of PPAR-y. Regarding PGC-
la, its expression did not differ between normal and breast

cancer tissues. Nevertheless, a reduction in both PPAR-y and
PGC-1a was observed during tumor development (TNM3
and TNM4). Klimcakova et al. (60) analyzed the role of
PGC-1a in a HER2-induced breast cancer model to examine
whether ameliorating mitochondrial functions in cancer
could limit tumor growth. In a HER2-positive cell line, they
characterized the Warburg effect through increased lactate
production, increased glycolytic genes and decreased
expression of mitochondrial metabolism genes (as PGC-1a).
By ectopically expressing PGC-1la, they found reduced
proliferation and enhanced mitochondrial functions in vitro.
Nevertheless, in vivo data demonstrated that, in mice, HER2-
initiated mammary tumors expressing PGC-1a grew faster
and were larger in size than controls.

Aerobic glycolysis can be directly induced by an
inflammatory microenvironment independently of genetic
mutations and signals from adjacent cells. Vaughan et al.
(61) treated MCF-10A and MCEF-7 cells with TNF-a and
showed a decrease in PGC-la levels, cytochrome c¢
expression and mitochondrial content. Carracedo et al. (62)
identified a metabolic function for PML (pro-myelocytic
leukemia), a pro-apoptotic and growth inhibitor tumor
suppressor, acting as both a negative regulator of PGCla
acetylation and a potent activator of PPAR signaling and
fatty acid oxidation in breast cancer cells. Also, this gene
was overexpressed in a subset of breast cancers and was
enriched in triple-negative cases.

Regarding PGC-1p3, Chang er al. (63) revealed that PGC-
1f and PPRCI are expressed in several breast cancer cell
lines, unlike, PGC-1a which was expressed only in a few
breast cancer cell lines and expression of PGC-1f3 correlates
with expression of ERRa. Their data suggests that PI3K and
its downstream target Akt are important for the expression
of PGC-1p in HER2-positive cells. Also, induction of MAPK
and PI3K, important pathways induced in HER2
overexpressed cells, in non-amplified HER2 breast cancer
cell, led to PGC-1f up-regulation. Expression regulation of
PGC-1p in breast cancer is regulated by c-MYC in response
to Her2/IGF-1 activation. Eichner and colleagues (64)
identified that PGC-1f3 and its intronic miRNA (miR-378%)
are co-regulated by HER2 overexpression, as knock-down of
HER2 expression in SKBR3 cells led to decreased PGC-1f3
and miR378 expression. Therefore, it is clear that breast
cancer cells display several mechanisms to promote their
survival involving several redox-signaling pathways and
modifying their metabolism.

Exploiting the DNA Oxidative Damage
and Repair in Breast Cancer

The DNA repair machinery: an overview. For the successful

evolution of metazoan organisms, it was necessary for an
alternative way to produce high levels of energy to be
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created. In the course of this process, energy generation, as
ATP molecules, became possible through the mitochondrial
respiratory chain. However, in contrast to this advantage, the
generation of harmful sub-products derived from this
metabolism. This disadvantage is called oxidative stress (1).
Since long, it is known that the main players of oxidative
stress are the ROS (65). These molecules show high affinity
to cell macromolecules, such as proteins, lipids, RNA and,
especially, for DNA. The source of such RS can be, as
mentioned, endogenous or exogenous. This last one is
principally induced by drugs, pollutants, tobacco, xenobiotics
and radiation. In this field, RS generation yields harmful
products that cause cellular injury, becoming the first step
for cancer development. On the other hand, RS can also be
favorable for cancer treatment, when they are purposefully
induced by chemicals or by ionizing radiation.

The cellular consequences of RS are primordially-
dependent on their direct and indirect effect (66). Direct
effects are characterized by direct DNA damage whereas
indirect effect is associated with the sub-products generated
by the stressors. As an example, the ionizing radiation can
directly affect the DNA, promoting disruptions in the DNA
structure, or can also yield RS by water radiolysis. The
majority of RS products are nucleophilic radicals that have
high affinity by DNA structure, promoting breaks or nitrogen
base alterations by radicalar chemical reactions. Chromosomal
abnormalities such as breaks, deletions and translocations
were the first consequences of RS reported in cells exposed to
stressors. Next, it was found that RS were also able to induce
punctual DNA alteration, mostly transversion, translesion,
single- and double-strand breaks (67-69).

To overcome this situation, cells are endowed with a class
of molecules specialized in keeping DNA safe of lesions.
DNA is a cellular macromolecule where all genetic
information is organized, stored; therefore, this valuable
molecule should keep safe from any kind of injury. To this
purpose, cells present a class of proteins specially working
for maintaining DNA free of errors by repairing it in case of
damage. These proteins are known as DNA repair proteins
that is shared in the sensing, signaling and creating a scaffold
for recruitment of DNA damage effector proteins. Sensing
proteins detect DNA lesions and start the signaling according
to the type of lesion. At the same time, signaling proteins
also cross-talk with the cell-cycle to induce arrest of cell
division, allowing for the correction of DNA damage. These
effector proteins are sub-divided in accordance to the types
of lesions in Direct DNA Damage Reversal (DDR), Base
Excision Repair (BER), Nucleotide Excision Repair (NER),
Mismatch Repair (MMR), Homologous Recombination
(HR), Non Homologous End Join (NHEJ), DNA damage
tolerance pathway (TSL) (70).

Although there exist several DNA repair pathways, the BER
is thought to be the principal defense against DNA damage
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caused by RS (69, 71, 72). The main DNA damage reported as
driven by RS is the nitrogen-base modification. These
damages can be divided in four classes: 1) Oxidation:
generating 8-oxoguanine, 5-hydroxicytosine, thymidine glycol,
FapG; 2) Alkylation: creating 3-methyladenine, 7-
methylguanine; 3) De-amination: inducing formation of
hypoxanthine from deamination of adenine and thymine made
from deamination of 5-methylcytosine; and 4) incorporation
of Uracil in DNA or formed by deamination of cytosine (70).
These nucleotide alterations have extreme significance in cell
biology, because they alter the normal pattern of
complementary base pairing, causing alterations of a gene
sequence and consequently dysfunctional codification of
coding or non-coding gene products. Therefore, DNA
alterations can represent a mutagenic event. BER are
implicated in a pathway for recognition and removal of altered
DNA nitrogen bases mainly performed by the action of DNA
glycosylases, DNA nuclease enzymes, polymerases and
ligases. The BER performs DNA repair by two distinct ways,
known as short-patch (SP-BER) and long-patch (LP-BER).
In mammalians, the first step of BER pathway is
coordinated by at least 12 DNA glycosylase enzymes,
depending on the type of the lesion (UNGI1, 2, SMUGI,
TDG, OGG1, MPG/AAG, MBD4/MEDI1, NEILI1, 2, 3,
NTHLI1 and MUTYH). After recognition of the damaged
site, such DNA glycosylases remove the damage in bases
generating abasic sites (AP-site), that can be apurimic or
apirimidinic, depending on several points, such as the class
of nitrogen bases, the AP-site represented hemi-acetal or
aldehyde formation. For removing DNA damage, nucleases
are recruited. APE1 is the main protein involved in this
process. As mentioned before, two distinct BER pathways
can be triggered. The DNA repair will be directed to SP-
BER if the lesion affects only one base or to LP-BER if two
or more bases are damaged. The proteins involved to filling
the piece of removed DNA in SP-BER is compound by Polf3,
Pold, Pole, RFC, FENI1, PCNA, whereas to LP-BER are
Pol, XRCC1. The repair ends with action of ligases
proteins, which LIGl are committed with both BER
pathways and LIG3 that are committed with LP-BER (73).

DNA damage in breast cancer. Naturally, the maintenance of
DNA integrity is one of the ways leading to cell survival and,
for this reason, evolutionary events selected special classes
of the cellular machinery dedicated to DNA surveillance. If
DNA damage is highly extensive and cannot be repaired by
this DNA repair system, the cells will probably trigger
cellular mechanisms to induce its death. In this fight for
survival, the cells allow for minimal mutational alterations
in the DNA sequence. As a consequence, accumulation of
DNA errors has been considered the main basis for the
development of numerous diseases, especially cancer. There
are several pillars for explaining the cellular malignant
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transformation, but genomic instability is the most accepted
hallmark for cancer development (74).

Some cancers have a markedly intrinsic relationship with
the malfunctioning of DNA repair proteins; in most cases
this is due to mutations/polymorphisms in specific genes
such as in colorectal cancer (mutation in MGMT, MUTYH,
MLH1, MSH2); skin cancer (XPD, XPB); pancreatic cancer
(RECQL1); leukemias (FANCJ) and breast cancer (BRCAI1,
BRCAZ2, PIF1) (75-78). Among existing cancers, the breast
cancer remains poorly-explored in the field of DNA repair
knowledge.

Although breast cancer had named the gene name, BRCA
— BReast CAncer gene, due to its relationship between
mutation and risk of cancer development (79, 80), the
majority of breast cancers occur sporadically (81).

The discovery of the relationship between oncogenes and
cancer development was fundamental to interpret, at least in
part, the first steps for the malignant transformation (82, 83).
However, evidence has reported that only forced oncogene
expression or direct mutation in tumor suppressor genes is
not sufficient to trigger cellular reprogramming and induce
the cancerous phenotype. Recently, several steps have been
considered as hallmarks to cancer development (74). Among
these, the tumoral microenvironment has received a special
focus, highlighting the inflammatory process. In this
scenario, the mesenchymal-end inflammatory cells which
filled the tumor microenvironment seem to be responsible for
creating a RS-enriched niche, which has been reported as
responsible for inducing new mutations.

One of the first evidence regarding the connexion between
RS and breast cancer was reported by Werts and Gould (84).
The authors performed experiments that re-inforced the
concept concerning the involvement of free radicals as crucial
players of the multi-step carcinogenesis. Such experiments
allowed for establishment of an inverse-correlation between
the activity of superoxide dismutase (SOD), a detoxifying
anti-oxidant enzyme, and the risk for breast cancer
development. In the same period, a larger-scale study
indicated that the antioxidant activity superoxide dismutase
and glutathione peroxidase was elevated in breast cancer
tumors in comparison with normal healthy tissues (85). These
findings pointed out that increased oxidant conversion
enzymes could protect tumors against some RS effects. This
hypothesis was strengthened by other studies (86-89).

Several risk factors have been elected for breast cancer
development, such as parity, aging, alcohol consumption,
obesity, dietary fat and sedentary life style. Among these
factors, the great majority are linked to increase of oxidative
stress (90). For instance, obesity is intrinsically associated
with breast cancer incidence (91). Obesity alters the systemic
metabolic profile, favoring the generation of RS, which
elevates the probability of oxidative DNA lesions (92).
Associated to this fact, obesity also induces leptin and

insulin-like growth factors, which in the estrogen-responsive
breast cells constitutively trigger the activation of signaling
pathways linked to cancer, like STAT3, MAPK and PI3K.
These pathways induce cell proliferation, aggressiveness
phenotype and apoptosis inhibition (93-94).

Ageing is known as a risk factor for cancer development -
including breast cancer- and is intrinsically-associated with RS
increase. In part, this correlation may be due to loss or
reduction in the activity of the antioxidant machinery. On the
other hand, during life the DNA 1is a constant target of RS,
provoking a cumulative effect (95). This fact has been
extensively considered one of the main factors for breast cancer
development (96). In vitro experiments have demonstrated that
RS may also be the responsible trigger for inducing the early
occurrence of the hereditary breast cancer (97).

Besides the pathophysiology of breast cancer, the
polymorphisms in the DNA repair genes (as well as its
mutations) also shown to be responsible for error-prone DNA
lesions driven by RS. Population and meta-analysis studies
have investigated the relationship between BER
polymorphisms and the risk for breast cancer in different
populations (as summarized in Table I). The most known and
extensively studied genes in inherited breast cancer are
BRCAI and BRCA2 (79, 80). The mutational status of such
genes can confer up to 80% probability for breast cancer
appearance. Both genes have been related to several cellular
and molecular processes, but they are mainly involved in
DNA repair and genome maintenance. These two proteins
are involved in the DNA repair by the homologous
recombination (HR) pathway (70). BRCA?2 protein presents
the same functional protein of the Fanconi’s Anemia (FA),
known as FANCDI1 (98). Individuals harboring the FA
syndrome exhibit bone marrow failure and increased cancer
predisposition. These clinical characteristics are associated
with the deficiency in repairing DNA lesions by HR (99).
Although primarily described in breast cancer, BRCAI/2
gene mutations have been linked to ovarian, prostate,
endometrial and pancreatic cancers (100).

The relationship between the BRCA pathway and RS is
poorly-explored. Existing data indicate that BRCA/FA-
deficient proteins are correlated with low SOD expression
levels and, consequently, with an increase of RS levels.
Recently, some findings suggested a role for BRCALI in
controlling the expression and functionality of BER genes
(101). In addition, BRCA/FA-mutated individuals
accumulate DNA aberrations due to both harmful RS effects
and low BER ability to act, inducing tumors earlier (102).

Regarding sporadic breast cancer, the primary evidence of
BER activity on repairing the oxidative DNA damages was
found during the investigation of variant DNA polymerase-
beta (Polf}). Polf} variants can present 87 base pairs gene
deletion that have been associated to breast cancer and other
tumors due to malfunction of the BER pathway (103, 104).
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Experimental studies on this issue have focused on breast
cancer-exhibiting resistant phenotypes, and APE1, MPG and
Polf expression have been reported as predictors of breast
cancer resistance (105, 106). Moreover, the permanent RS
generation established inside breast cancer cells may create a
microenvironment chemically-favorable to fight against the
exogenous RS derived from radio/chemotherapy (107).

Thus, the gain with the energetic metabolism for organism
development was accompanied by the side-effects caused by
the RS generated in this process. Furthermore, the anti-
oxidant machinery is not completely effective in pathological
conditions to ensure for the surveillance of the DNA.
Changes in life-style and increase of life span have run fast,
propitiating the accumulation of DNA damages and cancer
formation. In this scenario, the main challenge for
researchers is in fact to comprise how breast cancer
originates. This answer will help to interpret cancer biology
and to improve the development of promising therapies
against this disease.

Oxidative Stress Metabolites Can Exert
Modulatory Effects on the Breast Cancer
Environment: Clinical Insights

Recent findings have increased remarkably our understanding
concerning the modulatory side of the products generated by
RS action on cancer cells. Studies focusing on nipple aspirate
fluid (NAF) have added enough information to suggest a
paradigm shift of our understanding over the role of oxidative
stress metabolites in human breast cancer. Breast cancer is a
disease that develops in the ductal and lobular epithelia; this is
the main reason why the NAF analysis is so relevant to map
the metabolic activity of breast parenchymal network. NAF-
based studies represent a promising strategy in the field of
biomarker discovery, since it can be easily obtained non-
invasively and represents the real picture of the breast
microenvironment and its metabolic activity (6, 7).

The secretory nature of the breast glands allows for
concentration of several kinds of pro-carcinogenic and
growth factors that can profoundly impact on breast cell
morphology and metabolism. Morphological studies have
demonstrated that the epithelial cells recovered from breast
cancer NAF present a cluster presentation in association with
abundant inter-cellular tight and gap junctions when
compared to normal non-cancerous NAF (119). Such
junctions could seal the epithelial cells, increasing their
exposition to bioactive molecules that mediate the malignant
transformation of the breast.

This malignant transformation of the breast is a multi-step
process that may enroll oxidative changes in all progression
phases. The lipid-rich environment found in the breast
propitiates the formation of several metabolites derived from
the lipid peroxidation process, with unclear roles in
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preventing or promoting tumorigenesis. NAF is very rich in
lipids, and substances derived from lipid peroxidation found
here may present some importance in breast cancer etiology
(120). MDA and the 8-epimer of prostaglandin F2-alpha (8-
isoPGF2-alpha) are some markers of the in situ lipid
peroxidation process reported in the NAF of women with
breast cancer. Reduced levels of 8-isoPGF2-alpha have been
reported in cancerous NAF (121), suggesting a physiological
role for the lipid peroxidation process in the breast, since the
reduced levels of 8-isoPGF2-alpha may reflect some
alteration on the free radical-mediated degradation of the
arachidonic acid in breast cancer cells. In fact, augmented
levels of group Ila secretory phospholipase-A2 (sPLA2-IIa)
are reported in cancerous NAF. Metabolism of arachidonic
acid on its bioactive products can contribute to cancer
progression, and sPLA2-ITa seems to be involved in this
process. It has been demonstrated that the sPLA2-IIa is
expressed constitutively in NAF, suggesting a physiological
role for such proteins in non-cancerous NAF. Furthermore,
enhanced expression of sPLA2-Ila was found within both
NAF and epithelial breast cancer cells (122).

The products yielded by the lipid peroxidation process are
able to react with protein residues, giving rise to the carbonyl
residue, a reliable marker of protein oxidation (123). The
carbonylation process causes post-translational modification of
proteins that may result in significant cellular dysfunction.
Protein oxidative modifications can naturally occur in NAF, but
augmented levels of carbonylation in this fluid are reported as
a result of oxidative stress generation by in situ RS production
(7). Furthermore, 8-F2-isoprostanes are negatively-related to
this carbonyl content of the NAF, suggesting that the oxidative
breast environment further oxidizes this molecule to the end-
stages of lipid peroxidation, by forming products that react
with proteins and yield the carbonyl formation on NAF.

Evidence supports that some components of the oxidative
stress network may regulate the balance between oncogenic
and oncosuppressor effects of RS in NAF. High expression
of the antioxidant enzyme superoxide dismutase 1 (SODI)
was found in non-cancerous NAF when compared with
samples from breast cancer (124). These findings propose a
role for SOD1 in NAF redox homeostasis. Up-regulation of
SOD1 augments the levels of the hydrogen peroxide, which
could impair cancer proliferation and confers an
oncosuppressor property to this enzyme. On the other hand,
down-regulation of SODI1 favors the accumulation of
superoxide anion, resulting in an onco-promoter situation.
Thus, SOD1 may reflect a putative switch between such
responses in the breast environment.

The inflammatory nature of cancerous NAF have been
further associated with high levels of C reactive protein and
iron-binding proteins, that are positively correlated (125).
Aluminum imbalance, that can also disrupt iron homeostasis,
is reported in cancerous NAF, suggesting the accumulation
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of this metal on breast tissue (126) that potentially
aggravates the pro-oxidant effects of iron disturbance. The
disruption of iron homeostasis in cancerous NAF helps to
explain, at least in part, the in situ pro-oxidant status of
breast cancer, because free iron is intimately implicated in
the generation of RS.

The presented data reinforces epidemiological findings
that implicate chronic inflammation in cancer development
and helps to understand the pro-oxidant nature of the breast
cancer microenvironment.

The Systemic Mapping of Redox
Changes in Human Breast Cancer

Although breast cancer is generally compound by tumor
masses ranging from few micrometers to more than 5
centimeters, systemic oxidative changes have been
extensively reported in women suffering from this disease.
The occurrence of systemic oxidative stress suggests that
both the tumor and the host immune response may be the
source of RS. Furthermore, these findings indicate that the
cancerous patient present profound metabolic modifications
that perpetuate even after tumor removal, which helps
explain why some individuals present disease recurrence and
develop secondary tumors.

Recent studies performed by our group have extensively
characterized the systemic oxidative status of breast cancer,
demonstrating that women with breast cancer can have
distinct oxidative status according to specific disease aspects.
The existence of a systemic pro-oxidant status in patients
with breast cancer is a well-established fact, and it seems to
vary according to disease spreading. The oxidative profiling
of the metastatic breast cancer includes reduction in pivotal
anti-oxidant defenses such as erythrocytic glutathione,
catalase and total anti-oxidant capacity (127). In addition to
reduced anti-oxidants, such patients bearing advanced disease
also exhibit a high pro-oxidative status marked by augmented
ferritin, enhanced plasmatic lipid peroxidation, high levels of
circulating NO and increased malondialdehyde/ carbonyl
content. A sustained pro-inflammatory status has also been
reported, characterized by elevation in C reactive protein
levels in all disease stages. TNF-o. and IL-1f3 seems to be the
triggering cytokines for this pro-oxidative status found in
women with breast cancer. A plasmatic proteomic profiling
of advanced breast cancer corroborate such biochemical
findings (128). Patients with advanced breast cancer presented
up-regulation of TNF-a and the protein of mismatch repair
PMS2 in both plasma and tumor samples, suggesting the
participation of breast tumors as a source of circulating
oxidative markers.

Further studies have demonstrated that this systemic
oxidative-inflammatory profile found in breast cancer is
dependent on the tumor molecular sub-type (129). Patients

bearing luminal tumors are characterized by enhanced TNF-
o and TGF-P1 in association with high lipid peroxidation
and malondialdehyde. Reduced antioxidant capacity was also
reported in luminal patients and strongly associated with age
at diagnosis. It is well-established that luminal tumors
present a potential for sustained oxidative stress, since the
estrogen signaling is constitutively activated in this situation.

A similar cytokine profiling can be found in patients with
tumors presenting the human epidermal growth factor
receptor-2 (HER2) amplified/overexpressed. Enhanced
circulating TNF-a and TGF-f31 is also reported, in association
with high IL-12 and suppressed IL-10 levels (129).
Interestingly, a recent in-depth analysis of oxidative profiling
of patients with HER2 breast cancer suggests that this
overexpression seems to attenuate the systemic pro-oxidant
status of patients when compared to patients with HER2-
negative tumors (130). HER2 patients exhibit decreased
malondialdehyde and augmented SOD activity, which favor
the accumulation of hydrogen peroxide, potentially enhancing
HER2 tumor growth and invasion. This hypothesis may be
possible, because HER2 patients also exhibit a significant
reduction of systemic glutathione in comparison to HER2-
negative patients, indicating its consumption by some RS.

A single systemic oxidative profile was found in patients
with triple-negative breast cancer in the study by Herrera et
al. (129). In contrast to luminal and HER2 tumors, the triple-
negative breast cancer established the attenuation on
circulating TNF-a and TGF-f1, in association with reduced
oxidative changes, as observed by low malondialdehyde and
diminished lipid peroxidation in relation to other subtypes.
Triple-negative patients further display higher NO levels
among subtypes. These findings support that the molecular
signature of breast tumors is associated with its capacity on
generating oxidative stress at the systemic level. Circulating
TGF-B1 seems to be a putative determinant of poor survival
in breast cancer and acts as a redox sensor by preserving the
glutathione content (131).

The interest in understand the inflammatory environment
of breast cancer and its systemic impact on the systemic
status of patients has added new players to the game. Recent
studies investigated on the role of the metabolic cytokine
adiponectin in breast cancer. The imbalance on circulating
adiponectin has been reported as a poor prognosis factor in
breast cancer. However, all evidence was obtained from
studies that investigated this parameter in pre-obese and
obese cohorts, producing confounding conclusions regarding
this metabolic parameter. Our group recently investigated
adiponectin profiling in non-obese women diagnosed with
invasive breast cancer (132) and highlighted its anti-
inflammatory potential against the pro-oxidant systemic
status of breast cancer.

Chemotherapy also exerts profound redox changes in the
plasmatic profile of women with breast cancer. The
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generation of oxidative stress is one of the main anti-
neoplastic mechanisms of several chemotherapeutic drugs,
mainly doxorubicin and paclitaxel. We have investigated on
the systemic impact of doxorubicin-paclitaxel-based
chemotherapy in breast cancer and observed that each of
these drugs enrolls distinct ways of oxidative stress
generation (133). Patients undergoing doxorubicin
chemotherapy present more profound inflammatory and
oxidative changes, characterized by reduced TNF-o and IL-
1B immediately after chemotherapy infusion (134). Such
findings suggest that doxorubicin may directly affect these
cytokines by modulating its consumption of degradation.
This treatment also impairs the capacity of leukocytes to
trigger the oxidative burst for superoxide anion production,
indicating an immunosuppressive role for doxorubicin in the
early stages of breast cancer treatment.

We also reported on high levels of oxidative stress
following doxorubicin treatment. Our data further indicate
that the main non-cancerous target of doxorubicin in breast
cancer is the erythrocyte, which predispose such cells to the
occurrence of pre-hemolytic lesions and may explain in part
the quick reduction of circulating red blood cells and
hemoglobin levels. In fact, doxorubicin may reach the inside
of erythrocytes, since its extrusion is performed after
conjugation with glutathione by the RLIP76 transporter
(135). In a different manner, paclitaxel treatment in breast
cancer seems to impact on the systemic oxidative status more
superficially. Patients submitted to paclitaxel chemotherapy
present high levels of circulating IL-10 promptly after its
infusion, indicating its releasing from the immune
surveillance cells. Unlike doxorubicin, the oxidative burst of
leukocytes is impaired by paclitaxel treatment. Paclitaxel
treatment of breast cancer only affects the lipid peroxidation
status of plasma, and this fact may be related with the
retention of this drug outside of cells. These data re-inforce
the participation of oxidative stress as a pivotal mediator in
human breast cancer-related responses.

Conclusion

A summary of the meaning of oxidative stress participation
on breast cancer aspects is presented in Figure 1. Altogether,
these findings strongly suggest that breast cancer presents a
long-lasting oxidative status of mitochondrial dysfunction
origin that leads to protein oxidation and lipid peroxidation
product formation, increasing the risk for direct DNA
damage and injury of the oxidative damage repair
mechanisms. On the other hand, RS favor the formation of
specific metabolites that may regulate pivotal events in the
breast cancer microenvironment. The long-lasting oxidative
status may also be implicated in the induction of chemo-
resistant breast cancer and may constitute a hypothesis for
explaining disease recurrence and secondary tumor
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development. Oxidative changes seem to be further
implicated in disease prognosis, since chemotherapeutic
drugs may regulate redox homeostasis through distinct ways.
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