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Antioxidant enzymes (AOEs), including superoxide dismutase isoenzymes (SOD),
catalase (CAT), glutathione peroxidase (GSH-Px) along with glutathione reductase
(GR), reduced glutathione (GSH) and glutathione transferase (GST), are thought
to be necessary for life processes in all oxygen-metabolizing cells by removing reac-
tive oxygen species (ROS). The biological significance of AOEs in transformed cells
is still unclear, but their capacity to survive may be affected by changes in cellular
processes such as proliferation, invasiveness, migration, apoptosis and drug resis-
tance. This review summarizes the significance of antioxidant enzymes in cancer
cell progression mainly in an 7z vitro context.

Key words: antioxidant enzymes, reactive oxygen species, cancer progression,
lipid peroxidation, ROS-mediated treatment of cancer.

Introduction

Reactive oxygen species (ROS) are chemically re-
active molecules such as superoxide anions (O,™), hy-
droxyl radicals (OH™) and hydrogen peroxide (H,O,)
that have essential functions in living organisms. ROS
are constitutively produced by the mitochondrial
electron transport chain during the course of cellular
respiration, by cytochrome P450-related components
of microsomes, lipoxygenase, cyclooxygenase {1} and
in many human tumors and normal counterparts by
NADPH oxidase {2}. ROS production in cancer cells
also usually occurs following exposure to chemother-
apeutic drugs such as doxorubicin, vinblastine, pacl-
itaxel and platinum compounds, leading to multiple
cellular responses to oxidative stress {3—8].

Tumor cells have higher levels of ROS than normal
cells. A moderate increase in ROS production in can-

cer cells can promote cell proliferation and differenti-
ation {9, 10}. On the other hand, excessive amounts
of ROS can cause oxidative damage to proteins, DNA
and lipids, acting as toxic agents {11}. Cancer cells
with increased levels of ROS are likely to be more
vulnerable to damage by further ROS insults induced
by exogenous agents such as chemotherapeutic drugs
[12-14}. Nevertheless, cancer cells can also adapt to
survive under certain levels of oxidative stress, mainly
due to increased activity of antioxidant enzymes {12,
15}. This oxidative adaptation process may contrib-
ute to cancer cell progression via inducing prolifera-
tion of cancer cells in primary tumors, activating an
invasion potential or drug resistance phenotype {16].

Living organisms possess antioxidant mechanisms,
which protect normal and malignant cells from ROS
levels under physiological conditions and which con-
sist of enzymes and non-specific antioxidants. These
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enzymes include copper- and zinc-containing super-
oxide dismutase (Cu/ZnSOD also termed Sod-1), man-
ganese-dependent superoxide dismutase (MnSOD also
known as Sod-2), glutathione peroxidase (GSH-Px),
and catalase (CAT). Malondialdehyde (MDA) is
a marker of lipid peroxidation {17-19}. Superoxide
dismutase (SOD) catalyzes the conversion of O, to
H,O,, which can then be converted to water by cat-
alase (CAT) or glutathione peroxidase (GSH-Px)
coupled with glutathione reductase (GR) {17, 18}.
There are two main forms of SOD in eukaryotic cells:
Sod-1, also known as copper- and zinc-containing
superoxide dismutase, primary located in the cytosol
but also in the nucleus; and Sod-2, also named man-
ganese-dependent superoxide dismutase (MnSOD),
sited in the mitochondrial matrix {20}. The GSH
system functions via glutathione peroxidase (GSH-
Px) enzymes, which inactivate H,O, and other hy-
droperoxides (including alkyl and lipid peroxides) by
conversion of GSH to glutathione disulfide (GSSG),
which is converted back to GSH by glutathione re-
ductase (GR) using NADPH {[21}. Substrate specific
cooperation between various antioxidative enzymes
and cofactors are presented in Fig. 1.

In this review, the effects of selected antioxidant
enzymes activity on cancer cells proliferation, che-
moresistance, invasine and migratory potential of
this cells, are presented. Table I shows influence of
antioxidant enzymes overexpression/activity on pro-
liferation, invasion, metastasis and drug resistance
phenotype of cancer cells an 7z vitro.
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The correlation between AOE expression and the
clinical outcome of cancer patients has been inves-
tigated using biopsy specimens. Studies have docu-
mented high levels of MnSOD in malignant tumors
of the mesothelium, stomach, ovary, cervix brain,
and thyroid {23-28}. Pancreatic cancer, however, has
been demonstrated to have low activity of antioxi-
dant enzymes {29}. Immunohistochemical studies
demonstrated that MnSOD, Cu/ZnSOD, CAT and
GSH-Px are decreased in human pancreatic ductal
carcinoma specimens when compared to normal hu-
man pancreas. Similar findings are seen in primary
pancreatic cancer cell lines, including pancreatic can-
cer cell line MIA, PaCa-2, which has decreased levels
of MnSOD immunoreactivity and enzyme activity
when compared to normal pancreas {30}.

In malignant gliomas, high immunoreactivity of
GST, but not that of Cu/ZnSOD, was related to the
short survival time after recurrence in tumor-bearing
patients {31}. In malignant mesothelioma, high Mn-
SOD activity also reduced tumor progression [26}.
In gastric cancers, elevated expression and activity of
MnSOD in cancer cells were correlated with a poor
overall survival rate in cancer patients {32].

SOD isoenzymes affect proliferation of cancer cells

SOD enzymes can affect tumor cell proliferation via
their effects on peroxide levels. Decreased proliferation
of cancer cells with high activity of MnSOD isoenzyme
was observed in U118 and U118-9 human glioma
cells {33} and MIA PaCa-2 pancreatic cell carcinoma
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Fig. 1. Substrate specific cooperation between various antioxidative enzymes and cofactors; adapted from Polaniak ez /. 2010
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Table I. The influence of antioxidant enzymes overexpression/activity on proliferation, invasion, metastasis and drug

resistance phenotype of cancer cells an ir vitro

I. AOES OVEREXPRESSION AFFECT CELL PROLIFERATION

OVEREXPRESSION OF MNSOD DECREASED PROLIFERATION RATE

CELL LINE

METHODS LITERATURE

MIA, PaCa-2 pancreatic carcinoma cell lines

U-118 human glioma cell line

A172R rat glioma

SCC-25 human oral squamous carcinoma cell

MCF-7 human breast carcinoma cell line

W1-38 human lung fibroblasts

Transfection or transduction of Mn-
SOD ¢DNA plasmid into cancer cells

Weydert ez a/. 2003 [34]
Zhong et al. 1997 {33}
Zhong et al. 1996 {351
Liu ez al. 1997 {38}
Liet al. 1995 {39}
Yan er al. 1996 {40}

OVEREXPRESSION OF MNSOD HAD MARGINAL EFFECT ON CANCER CELL PROLIFERATION

HeLa human cervical carcinoma cell line cultured  Transfection or transduction of Mn-
SOD ¢DNA plasmid into cancer cells

in standard condition

HeLa human cervical carcinoma cell line cultured
in serum deprivation; protection the cells from
growth suppression and cell death

Palazzotti et al. 1999 [23}

Palazzotti ez 2l 1999 [23}

II. INVASIVE AND MIGRATORY POTENTIAL OF CANCER CELLS DEPEND ON AOES cAPACITY

CELL LINE METHOD

EFFECT LITERATURE

Adenoviral transduction of
MnSOD ¢DNA plasmid

HT-1080 fibro-
sarcoma cell line
overexpressing
MnSOD isoen-
zyme

Increased frequency of tumour inva-
sion and metastasis vzz induction of
MMPs enzyme activities

Connor et al. 2007 {47}

Co-transduction of MnSOD
and CAT cDNA plasmid

HT-1080 fibro-
sarcoma cell line
overexpressing
MnSOD and CAT

enzymes

Catalase (CAT), attenuated the Mn-
SOD-dependent increases in MMPs
expression. Co-expression of CAT in
the MnSOD-overexpressing cancer
cell lines reversed the increase in

Nelson et z/. 2003 [49}

invasion potential of these cells

III. AOEs ALTERS DRUG RESISTANCE PHENOTYPE AND CELL SURVIVAL OF SOME CANCER CELLS

CELL LINE

EFFECTS

MCEF-7/ADR}

selected 7z vitro

for doxorubicin
resistance

Increased activity
of GSH-Px,
MDR phenotype

Decreased level of hydrogen peroxide
due to GSH-Px activity contributes
to cellular resistance to doxorubicin

Dusre et /. 1989 {501

of these cells

Increased GSH level

Increased level of reduced glutathi-

Kuo 2009 {56}

one, the co-factor of GSH-Px has
been associated with a multidrug
resistance phenotype (MDR) of some

cancer cell lines

{34}. Indeed, up-regulation of SOD in human cancer
cell lines increases H,O, production and reduces tu-
mor growth in the absence of anticancer agents [35].
Among the ROS, H,0, is a good candidate for thera-
peutic challenge because of its cytotoxic manner. H,O,
readily crosses cellular membranes and causes oxidative
damage to DNA, proteins and lipids by direct oxidation
or via the transition metal driven Haber-Weiss reaction

to the extremely reactive hydroxyl radical. It was also
reported that H,O, induces apoptosis of a wide range of
cancer cells 7z vitro via activation of the caspase cascade
[36]. Of greater importance, many anticancer drugs ex-
hibit antitumor activity via H,O,-dependent activation
of apoptotic cell death [17, 37} showed that enforced
expression of MnSOD in pancreatic cell lines (MIA and
PaCa-2) changes the 7z vitro biological characteristics of
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pancreatic cancer, specifically increasing doubling time
of cancer cells. The injection of the MnSOD plasmid
into established tumors 7z vivo also demonstrated prom-
ising results. Tumors grew slower in nude mice inject-
ed with the adenoviral MnSOD construct compared
with the parental cell line {34]. Moreover, transfection
or transduction of MnSOD ¢DNA into U118 human
glioma cells {33}, A172R rat glioma {35}, human pan-
creatic carcinoma cells {34}, human oral squamous
carcinoma cells SCC-25 {38}, human breast carcinoma
MCEF-7 cells {391, and virally transformed WI-38 hu-
man lung fibroblast {40} also suppressed the malignant
phenotype. In all these tumor types, overexpression of
MnSOD led to suppression of at least part of the tumor
cell phenotype. Thus, the evidence appears substantial
that MnSOD elevation by cDNA transfection or ade-
noviral transduction can suppress the malignant pheno-
type in a great variety of tumors.

On the other hand, it is difficult to predict how tu-
mors will respond to increases in steady-state produc-
tion of H,O, due to their heterogeneous makeup. The
above-mentioned findings contrast with other data
presented by Palazzotti ez 2/. {23}. This research group
revealed that MnSOD overexpression had marginal ef-
fects on the growth of human cervical carcinoma HeLa
cell line in standard medium but markedly protected
the cells from growth suppression and cell death in
conditions of serum deprivation. These observation
might be due to the fact that Hela cells express high
levels of SOD and CAT enzymes and would therefore
be able to counteract the cytotoxic effects of peroxide.
The outcome of increased SOD activity would more
likely reflect the capacity of SOD to reduce levels of
oxygen radicals (superoxide anions O,") {23]. These
data are still not irreconcilable, since the biological re-
sponse to MnSOD is likely to be influenced by mul-
tiple factors, including cell type used in experiments
and the constitutive abundance of the protein. This
contention is consistent with the wide variation in Mn-
SOD expression observed in tested cancers.

Our previous findings suggest that fat derived adi-
pokine such as: visfatin triggers a redox adaptation re-
sponse, leading to an up-regulation of SOD isoenzymes,
GSH-Px and CAT enzymes in Me45 human malignant
melanoma cells 7z vitro. Increased antioxidant enzymes
activity induced by visfatin led to a significantly in-
creased proliferation rate in the study using the [3H]
thymidine incorporation method in these cells. Unlike
insulin, visfatin-induced melanoma cell proliferation
was not mediated by an insulin receptor {41, 42}.

Invasive and migratory potential of cancer cells
depend on AOE capacity

Recent data indicated that primary tumors and
metastatic lesions are associated with changes in the
content and activity of antioxidant enzymes with an
associated change in growth characteristics depend-
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ing on the H,O, concentrations. Iz vitro studies have
shown that a number of cancer cell lines contain ele-
vated levels of mitochondrial manganese-containing
superoxide dismutase (MnSOD) and decreased activ-
ity of CAT, and that this change in steady state levels
of H,O, correlates with increased metastasis and re-
sistance to apoptosis {43, 44}. Epidemiologic evidence
has also linked a single nucleotide polymorphism in
the MnSOD gene, which increases its activity, to risk
of developing breast {45} and prostate {46} cancers
in populations with a poor dietary antioxidant status.

Connor et al. {471, using the adenoviral transduc-
tion method, reported that up-regulation of MnSOD
is associated with an increased frequency of tumor
invasion and metastasis in certain cancers. Overex-
pression and increased activity of MnSOD isoenzyme
in HT-1080 fibrosarcoma cells significantly enhanced
their migration 2-fold in a wound healing assay
and their invasive potential 3-fold in a transwell in-
vasion assay {47}. This study also showed that the
MnSOD-dependent production of H,O, leads to
increased expression of matrix metalloproteinase
(MMP) family members and that there is a strong
correlation between this increase in MMP levels and
enhanced metastasis. An essential and rate limiting
step in metastasis is the remodeling and degradation
of the extracellular matrix and basement membrane
by MMP enzymes. These enzymes are major con-
tributors of stromal degradation and are vital to the
process of cellular invasion {48]. Another study per-
formed by Nelson e a/. {49} also revealed that the
MnSOD-overexpressing HT-1080 cell line displayed
increased invasive potential by enhanced MMP-1
expression and activity. They also found that the
H,O,-detoxifying enzyme catalase (CAT) attenuated
the MnSOD-dependent increases in MMPs expres-
sion. Co-expression of CAT in the MnSOD-overex-
pressing cancer cell lines reversed the increase in in-
vasive potential of these cells {49}.

Both studies clearly demonstrated that the meta-
static potential of HT-1080 fibrosarcoma cell lines is
enhanced in response to MnSOD overexpression in
a H,0,-dependent manner.

Increased antioxidant enzyme activities alter
drug resistance phenotype

Increased GSH-Px and cofactor GSH, CAT and
Trx enzyme metabolism have been known for years
to be correlated with high tumor aggression and re-
sistance to chemotherapy [50-55}. The development
of drug resistance to cancer chemotherapy is a major
obstacle to the effective treatment of human malig-
nancies. It has been established that membrane pro-
teins, notably multidrug resistance protein (MRP),
play important roles in the development of multidrug
resistance (MDR). Moreover, ROS and redox adapta-
tion to oxidative stress can affect the efficacy of cancer
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treatment by multiple mechanisms, including chemo-
sensitivity of cancer cells to anticancer drugs [56}.

Increased levels of ROS in cancer cells may lead
to the development of redox adaptation by increasing
activity of antioxidant enzymes such as GSH-Px and
CAT. Elevation of antioxidant enzyme activities and
survival signals as a result of redox adaptation prob-
ably explains the drug resistance phenotype of some
cancers cells {16]. For example, the human breast
cancer cell line MCF-7/ADRR, selected in vitro for
doxorubicin resistance, has been shown to display the
MDR phenotype. This resistance may also be due in
part to elevated levels of glutathione-dependent per-
oxidase activity. Peroxidase activity in these cells is due
mainly to increases in selenium dependent GSH-Px
with minor increases in non-selenium dependent per-
oxidase. Moreover, decreased hydroxyl radical forma-
tion was demonstrated in resistant MCF-7/ADRR cells
after anticancer agent exposure, when compared with
the parental strain. Thus, at least 7z vitro, increased
activity of GSH-Px contributes to cellular resistance
to doxorubicin {50}. Moreover, high levels of reduced
glutathione (GSH), the co-factor of GSH-Px, have
been associated with a multidrug resistance phenotype
of some cancer cell lines {56}. From these studies, sub-
sequent decomposition of hydrogen peroxide by CAT
and GSH-Px appears to be critical in the resistance of
several cancer cells to various ROS-generating agents.

Several members of the MRP family require GSH
for transport activities. GSH is the most abundant
antioxidant, underscoring the roles of redox regula-
tion of multidrug resistance mediated by this group
of ABC transporters. The role of GSH in MRP-1-me-
diated drug sensitivity in cultured cells was demon-
strated in MRP-1-overproducing cells that effectively
efflux daunorubicin outside the cells. This effect was
partially reversed by exposing these cells to buthi-
onine sulfoximine (BSO), an inhibitor of GSH syn-
thesis. The influence of BSO on drug resistance was
associated with decreased GSH content and increased
intracellular accumulation of daunorubicin owing to
inhibition of the enhanced drug efflux {52}. Sobhaku-
mari et al. {57} reported that inhibition of GSH and
Trx metabolism enhanced cell killing of human head
and neck squamous cell carcinoma (HNSCC) cells by
a mechanism involving oxidative stress. Inhibition of
GSH and Trx metabolism with buthionine sulfoxi-
mine (BSO) and auranofin (AUR) (inhibitor of TR
enzyme), respectively, induced significant decreases
in clonogenic survival compared to either drug alone
in FaDu, Cal-27 and SCC-25 HNSCC cells zn vitro
and 7z vivo in Cal-27 xenografts {57].

AOE:s activity and cancer cell survival
and resistance to chemotherapeutic drugs

Increased GSH-Px activity also enables cells to
survive with a high level of ROS and maintain cellu-

lar viability. Furthermore, the increase in glutathione
during the adaptation process can enhance the ex-
port of anticancer drugs and their inactivation. This
altered drug metabolism together with enhanced
cell survival may render cancer cells more resistant
to chemotherapeutic agents {16}. Increased activity
of GSH-Px or CAT in cancer cells can make tumor
cells less susceptible to the effects of anticancer drugs,
such as doxorubicin-mediated damage. It has been
demonstrated that the addition of radical scavengers
and compounds with peroxide activity can reduce the
cytotoxic effect of anticancer drugs 7z vitro {7}. Sam-
uels et /. {58} demonstrated increased doxorubicin
sensitivity in the STSAR90 sarcoma tumor cell line
in comparison to the STSAR11 wild cell line. Total
GSH-Px activity in STSAR90 cells was approxi-
mately 6-fold higher than in STSARI1 cells. These
results indicate that multidrug resistance due to
P-glycoprotein-mediated drug efflux is not the only
mechanism of doxorubicin resistance that occurs in
sarcomas and that GSH-Px-dependent detoxification
of doxorubicin-induced oxygen radicals may contrib-
ute to clinical doxorubicin resistance [58}. Likewise,
several studies suggest that the resistance to agents
that induce intracellular ROS production, such as
paclitaxel, doxorubicin and platinum compounds, is
correlated with increased antioxidant capacity {12,
161. Moreover, H-Ras transformed cells which ex-
hibited increased hydrogen peroxide and superoxide
levels were shown to express higher levels of antiox-
idant enzyme such as thioredoxin peroxidase. Their
enhanced antioxidant defense system is likely to serve
as a key mechanism to evade ROS-induced apoptosis.
Ras-transformed cells were also found to be more
sensitive to depletion of glutathione (GSH), leading
to ROS accumulation and cell death [59}, suggest-
ing a crucial role of antioxidant enzyme activities in
cancer cell survival. Studies using inducible c-Myc
in melanoma cells showed that c-Myc controlled the
expression of the GSH synthesis enzyme. Apoptosis
induced by downregulation of c-Myc was associated
with cellular depletion of reduced GSH {60}. These
data suggest that cells with active c-Myc may survive
ROS stress by up-regulating GSH synthesis.

Thus it is conceivable that during malignant trans-
formation the oncogenic signals both induce ROS
generation to stimulate cell proliferation through re-
dox-sensitive transcriptional factors and promote ox-
idative adaptation to minimize cellular ROS damage.

The mechanism of the redox adaptation process
may involve multiple pathways to activate redox-sen-
sitive transcription factors such as nuclear factor-xf3,
Nrf2, c-Jun and HIF-1a, which lead to increased ex-
pression of antioxidant molecules such as SOD, cat-
alase and GSH-Px, and the GSH antioxidant system
[16]. These redox sensitive TFs also regulate the ex-
pression of proteins that are involved in proliferation,
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immortalization, angiogenesis and metastasis, thus
providing a further survival advantage {61}.

GSH-Px and lipid peroxidation

Lipid peroxidation is one of the most investi-
gated consequences of ROS’ actions on membrane
structure and function. It has been shown that lip-
id hydroperoxides and oxygenated products of lipid
peroxidation degradation participate in the signal
transduction cascade {62}, the control of cell pro-
liferation, and the induction of differentiation, mat-
uration, and apoptosis {63, 64}. It has been shown
that lipid peroxidation and ROS are triggers and
essential mediators of apoptosis, which eliminates
precancerous and cancerous, virus-infected and
otherwise damaged cells that threaten our health.
ROS react with polyunsaturated fatty acid residues
in phospholipids, resulting in the production of
a plethora of products, many of them reactive to-
ward protein and DNA {65].

One of the most abundant carbonyl products of
lipid peroxidation is malondialdehyde (MDA), which
also reacts with DNA to form adducts to deoxygua-
nosine, deoxyadenosine, and deoxycytidine {66}.

GSH-Px is an enzyme which reduces not only
hydrogen peroxide but also organic superoxides. In
such reactions an organic superoxide (ROOH) be-
comes reduced to an appropriate alcohol (ROH). In
the case of lipid superoxide, this means that it cannot

become an initiator of lipid peroxidation, and there-
fore glutathione peroxidase inhibits lipid peroxida-
tion {671.

Lipid peroxidation appears to be a major source
of endogenous DNA damage in humans that may
contribute significantly to cancer.

ROS-mediated treatment of cancer
as a therapeutic strategy

To exploit the ROS mediated cell-death mech-
anism as a therapeutic strategy, it is possible to
combine drugs that induce ROS production with
compounds that suppress the cellular antioxidant ca-
pacity. This approach might be particularly useful in
drug-resistant cancer cells. For example, buthionine
sulfoximine (BSO), a glutathione synthesis inhibitor,
can increase the cytotoxicity of melphalan by pre-
venting glutathione peroxidase activity and increas-
ing H,0, levels {68}].

Alexandre ¢t 4/. examined the effect of mangafodip-
ir on the growth inhibiting properties of chemothera-
peutic agents against mouse colon cancer cells and on
their hematologic toxicity of paclitaxel in a murine
model. Mangafodipir is a contrast agent used clini-
cally for magnetic resonance imaging and possesses
antioxidant (specifically, O, and H,O,-detoxifying)
properties. This study revealed that mangafodipir is
protective against the hematological toxicity of pa-
clitaxel in a murine model. Moreover, the glutathi-
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Fig. 2. Redox adaptation to oxidative stress in cancer cells. (A) Severe accumulation of cellular ROS under exogenous
stress stimuli such as chemotherapeutic agents may induce lethal damage in cancer cells (via increased level of ROS such
as OH". (B) In certain cancer cells, persistent ROS stress may induce adaptive stress responses leading to an increase in
the expression/activation of ROS-scavenging enzymes such as SOD, GSH-Px, CAT. Adapted with modification from {8}
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one precursor N-acetylcysteine (NAC), which can
function directly in the detoxification of H,O, and as
a thiol donor to protect critical sulthydryl groups in
cell proteins, also prevented the hematological tox-
icity of paclitaxel. On the other hand, mangafodipir,
but not NAC appears to improve the therapeutic ac-
tivity of this chemotherapeutic agent against CT26
mouse colon cancer cells 7z vivo. These chemical
compounds also protected normal leukocytes from
the toxic effects of oxaliplatin and 5-fluorouracil zn
vitro. Because mangafodipir is widely used, this drug
might be appropriate for study as a chemoprotective
compound in human trials {12, 69, 70}.

On the other hand, hydrogen peroxide is also
known as a strong oxidant that induces apoptosis of
tumor cells 7z vitro {3, 71}. Perhaps H,O, alone is rel-
ative unstable and is a small water-soluble molecule.
These characteristics hamper the utility of H,O, as an
antitumor agent that might be selectively delivered
to the tumor. In fact, H,O, used alone was ineffec-
tive when injected into a tumor or into the circulation
[72, 731, perhaps because of its rapid clearance and
decomposition by catalase in erythrocytes. Use of an
H,O,-generating enzyme has been proposed as an
alternative approach to developing an H,O,-depen-
dent antitumor treatment. Fang ez @/. {73} reported
that GO, which generates H,O, during oxidation of
glucose, showed antitumor activity in solid tumor
models. However, regulation of H,O, production
by exogenously administered GO in tumor-bear-
ing hosts is problematic because the availability of
its substrates, oxygen and glucose, cannot be sig-
nificantly modulated with the possible induction of
severe systemic side effects due to systemic H,O,
production. In fact, GO administration to produce
H,O, required injection of antioxidants to minimize
systemic toxicity. Morover Fang and co-workers de-
livered to tumor-bearing mice polyethylene glycol
conjugated with D-amino acid oxidase (PEG-DAO).
DAO is a flavoprotein that catalyzes the stereose-
lective oxidative deamination of D-amino acids to
the corresponding alpha keto acids. During this
oxidation reaction, molecular oxygen is used as an
electron acceptor, and H,O, is generated. DAO ac-
tivity and hence generation of H,O, was regulated
by exogenous administration of D-amino acids. Fang
and co-workers in first time treatment administered
PEG-DAO :7.v. to tumor-bearing mice. After an ad-
equate lag time, the substrate of DAO, D-proline,
was injected 7.p. This treatment resulted in signif-
icant suppression of tumor growth compared with
tumor growth in control animals {73].

In conclusions: Modulation of ROS production
might be a promising approach to increase anticancer
agents Cytotoxicity.

Grant sponsor: Medical University of Silesia in Kato-
wice. Grant number: KNW-2-009/N/3/N.

References

1. Goasduff T, Cederbaum AI. NADPH-dependent microsomal
electron transfer increases degradation of CYP2E1 by the pro-
teasome complex: role of reactive oxygen species. Arch Bio-
chem Biophys 1999; 370: 258-270.

.Krause KH. Tissue distribution and putative physiological
function of NOX family NADPH oxidases. Jpn J Infect Dis
2004; 57: $28-S29.

.Simizu S, Takada M, Umezawa K, et al. Requirement of
caspase-3(-like) protease-mediated hydrogen peroxide produc-
tion for apoptosis induced by various anticancer drugs. J Biol
Chem 1998; 273: 26900-26907.

4.Ikeda K, Kajiwara K, Tanabe E, et al. Involvement of hydrogen
peroxide and hydroxyl radical in chemically induced apoptosis
of HL-60 cells. Biochem Pharmacol 1999; 57: 1361-1365.

.Huang HL, Fang IW, Lu SP, et al. DNA-damaging reagents
induce apoptosis through reactive oxygen species-dependent
Fas aggregation. Oncogene 2003; 22: 8168-8177.

6. Fawcett H, Mader JS, Robichaud M, et al. Contribution of re-
active oxygen species and caspase-3 to apoptosis and attenu-
ated ICAM-1 expression by paclitaxel-treated MDA-MB-435
breast carcinoma cells. Int J Oncol 2005; 27: 1717-1726.

7.Doroshow JH. Prevention of doxorubicin-induced killing of
MCF-7 human breast cancer cells by oxygen radical scaven-
gers and iron chelating agents. Biochem Biophys Res Commun
1986; 135: 330-335.

8. Buldak R]J, Polaniak R, Buldak L, et al. Short-term exposure to
50Hz ELF-EMF alters the cisplatin-induced oxidative response
in AT478 murine squamous cell carcinoma cells. Bioelectro-
magnetics 2012; 33: 641-651.

9. Schafer FQ, Buettner GR. Redox environment of the cell as
viewed through the redox state of the glutathione disulfide/
glutathione couple. Free Radic Biol Med 2001; 30: 1191-212.

10. Boonstra J, Post JA. Molecular events associated with reactive
oxygen species and cell cycle progression in mammalian cells.
Gene 2004; 337: 1-13.

11. Perry G, Raina AK, Nunomura A, et al. How important is ox-
idative damage? Lessons from Alzheimer’s disease. Free Radic
Biol Med 2000; 28: 831-834.

12. Alexandre J, Nicco C, Chéreau C, et al. Improvement of the
therapeutic index of anticancer drugs by the superoxide dis-
mutase mimic mangafodipir. J Natl Cancer Inst 2006; 98:
236-244.

13. Qian C, Wang Y, Zhong Y, et al. Wogonin-enhanced reactive
oxygen species-induced apoptosis and potentiated cytotoxic ef-
fects of chemotherapeutic agents by suppression Nrf2-mediated
signaling in HepG?2 cells. Free Radic Res 2014; 48: 607-621.

14.Fei ZH, Wu K, Chen YL, et al. Capilliposide Isolated from
Lysimachia capillipes Hemsl. Induces ROS Generation, Cell
Cycle Arrest, and Apoptosis in Human Nonsmall Cell Lung
Cancer Cell Lines. Evid Based Complement Alternat Med
2014; 2014: 497456.

15. Fruehauf JP, Meyskens FL Jr. Reactive oxygen species: a breath
of life or death? Clin Cancer Res 2007; 13: 789-794.

16. Trachootham D, Alexandre J, Huang P Targeting cancer
cells by ROS-mediated mechanisms: a radical therapeutic ap-
proach? Nat Rev Drug Discov 2009; 8: 579-591.

17. Obetley LW, Buettner GR. Role of superoxide dismutase in
cancer: a review. Cancer Res 1979; 39: 1141-1149.

18. Muller A, Cadenas E, Graf B, et al. A novel biologically ac-
tive seleno-organic compound. Glutathione peroxidase — like
activity in vitro and antioxidant capacity of ebselen (PZ 51).
Biochem Pharmac 1984; 33: 3235-3239.

N

S8

N

173



RaFAL JAKUB BULDAK, Lukasz Butpak, MicHAL KUKLA, ET AL.

19.

20.

21.

22.

23.

Hagar HH. The protective effect of taurine against cyclospo-
rine A-induced oxidative stress and hepatotoxicity in rats. Tox-
icol Lett 2004; 151: 335-343.

Hur GC, Cho §J, Kim CH, et al. Manganese superoxide dis-
mutase expression correlates with chemosensitivity in human
gastric cancer cell lines. Clin Cancer Res 2003; 9: 5768-5775.
Schafer FQ, Buettner GR. Redox environment of the cell as
viewed through the redox state of the glutathione disulfide/
glutathione couple. Free Radic Biol Med 2001; 30: 1191-1212.
Polaniak R, Buldak RJ, Karon M, et al. Influence of an ex-
tremely low frequency magnetic field (ELF-EMF) on antioxi-
dative vitamin E properties in AT478 murine squamous cell
carcinoma culture in vitro. Int J Toxicol 2010; 29: 221-230.
Palazzotti B, Pani G, Colavitti R, et al. Increased growth ca-
pacity of cervical-carcinoma cells over-expressing manganous
superoxide dismutase. Int J Cancer 1999; 82: 145-50.

24.Janssen AM, Bosman CB, van Duijn W, et al. Superoxide dis-

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

mutases in gastric and esophageal cancer and the prognostic
impact in gastric cancer. Clin Cancer Res 2000; 6: 3183-3192.
Malafa M, Margenthaler J, Webb B, et al. MnSOD expression
is increased in metastatic gastric cancer. J Surg Res 2000; 88:
130-134.

Kabhlos K, Soini Y, Sormunen R, et al. Expression and prognos-
tic significance of catalase in malignant mesothelioma. Cancer
2001; 91: 1349-1357.

Li F, Wang H, Huang C, et al. Hydrogen peroxide contributes
to the manganese superoxide dismutase promotion of migra-
tion and invasion in glioma cells. Free Radic Res 2011; 45:
1154-1161.

Ganapathy E, Su F, Meriwether D, et al. D-4F, an apoA-I mi-
metic peptide, inhibits proliferation and tumorigenicity of ep-
ithelial ovarian cancer cells by upregulating the antioxidant
enzyme MnSOD. Int J Cancer 2012; 130: 1071-1081.

Cullen JJ, Mitros FA, Oberley IW. Expression of antioxidant
enzymes in diseases of the human pancreas: another link be-
tween chronic pancreatitis and pancreatic cancer. Pancreas
2003; 26: 23-27.

Cullen JJ, Oberley L. Role of antioxidant enymes in pancreatic
cancer. Free Radic Biol Med 31: 138-140.

Yoshii Y, Saito A, Hyodo A, et al. Expression of enzymes and
oncogene induced after radiotherapy and/or chemotherapy in
patients with brain tumors. Hum Cell 2001; 14: 95-103.
Czeczot H, Scibior D, Skrzycki M, et al. Antioxidant barrier in
patients with gastric cancer — preliminary study. Pol Merkur
Lekarski 2005; 19: 521-525.

Zhong W, Oberley LW, Oberley TD, et al. Suppression of the
malignant phenotype of human glioma cells by overexpression
of manganese superoxide dismutase. Oncogene 1997; 14: 481-
490.

Weydert C, Roling B, Liu J, et al. Suppression of the malignant
phenotype in human pancreatic cancer cells by the overexpres-
sion of manganese superoxide dismutase. Mol Cancer Ther
2003; 2: 361-369.

Zhong W, Oberley LW, Oberley TD, et al. Inhibition of cell
growth and sensitization to oxidative damage by overexpres-
sion of manganese superoxide dismutase in rat glioma cells.
Cell Growth Differ 1996; 7: 1175-1186.

Fang J, Nakamura H, Iyer AK. Tumor-targeted induction of
oxystress for cancer therapy. ] Drug Target 2007; 15: 475-486.
Davicino R, Manuele MG, Ferraro G, et al. Modulatory effect
of hydrogen peroxide on tumoral lymphocytes proliferation.
Immunopharmacol Immunotoxicol 2009; 31: 130-139.

Liu R, Oberley TD, Oberley LW. Transfection and expression
of MnSOD ¢DNA decreases tumor malignancy of human oral
squamous carcinoma SCC-25 cells. Hum Gene Ther 1997; 8:
585-595.

Li JJ, Oberley LW, St Clair DK, et al. Phenotypic changes in-
duced in human breast cancer cells by overexpression of man-

174

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

ganese-containing superoxide dismutase. Oncogene 1995; 10:
1989-2000.

Yan T, Oberley LW, Zhong W, et al. Manganese-containing
superoxide dismutase overexpression causes phenotypic rever-
sion in SV40-transformed human lung fibroblasts. Cancer Res
1996; 56: 2864-2871.

Buldak RJ, Buldak E, Polaniak R, et al. Visfatin affects redox
adaptative responses and proliferation in Me45 human malig-
nant melanoma cells: an in vitro study. Oncol Rep 2013; 29:
771-778.

Buldak RJ, Polaniak R, Buldak L, et al. Exogenous admin-
istration of visfatin affects cytokine secretion and increases
oxidative stress in human malignant melanoma ME45 cells.
J Physiol Pharmacol 2013; 64: 377-385.

Lisanti MP, Martinez-Outschoorn UE, Lin Z, et al. Hydrogen
peroxide fuels aging, inflammation, cancer metabolism and
metastasis: The seed and soil also needs “fertilizer” Cell Cycle
2011; 10: 2440-2449.

Sotgia F, Martinez-Outschoorn UE, Lisanti MP. Mitochondri-
al oxidative stress drives tumor progression and metastasis:
should we use antioxidants as a key component of cancer treat-
ment and prevention? BMC Med 2011; 9: 62.

Glynn SA, Boersma BJ, Howe TM, et al. Mitochondrial Target
Sequence Polymorphism in MnSOD Predicts Inferior Survival
in Breast CancerPatients Treated with Cyclophosphamide. Clin
Cancer Res 2009; 15: 4165-4173.

Mikhak B, Hunter DJ, Spiegelman D, et al. Manganese super-
oxide dismutase (MnSOD) gene polymorphism, interactions
with carotenoid levels andprostate cancer risk. Carcinogenesis
2008; 29: 2335-2340.

Connor KM, Hempel N, Nelson KK, et al. Manganese super-
oxide dismutase enhances the invasive and migratory activity
of tumor cells. Cancer Res 2007; 67: 10260-10267.

Klein T, Bischoff R. Physiology and pathophysiology of matrix
metalloproteases. Amino Acids 2011; 41: 271-290.

Nelson KK, Ranganathan AC, Mansouri J, et al. Elevated sod2
activity augments matrix metalloproteinase expression: evi-
dence for the involvement of endogenous hydrogen peroxide
in regulating metastasis. Clin Cancer Res 2003; 9: 424-432.
Dusre L, Mimnaugh EG, Myers CE, et al. Potentiation of doxo-
rubicin cytotoxicity by buthionine sulfoximine in multidrug-re-
sistant human breast tumor cells. Cancer Res 1989; 49: 511-515.
Spitz DR, Phillips JW, Adams DT, et al. Cellular resistance to
oxidative stress is accompanied by resistance to cisplatin: the
significance of increased catalase activity and total glutathione
in hydrogen peroxide-resistant fibroblasts. J Cell Physio 1993;
156: 72-79.

Versantvoort CH, Broxterman HJ, Bagrij T, et al. Regulation
by glutathione of drug transport in multidrug-resistant human
lung tumour cell lines overexpressing multidrug resistance-as-
sociated protein. Br J Cancer 1995; 72: 82-89.

Rabik CA, Dolan ME. Molecular mechanisms of resistance
and toxicity associated with platinating agents Canc Treat Rev
2007; 33: 9-23.

Eriksson SE, Prast-Nielsen S, Flaberg E, et al. High levels of
thioredoxin reductase 1 modulate drug-specific cytotoxic effi-
cacy. Free Radic Biol Med 2009; 47: 1661-1671.

Corti A, Franzini M, Paolicchi A, et al. Gamma-glutamyltrans-
ferase of cancer cells at the crossroads of tumor progression,
drug resistance and drug targeting. Anticancer Res 2010; 30:
1169-1181.

Kuo MT. Redox Regulation of Multidrug Resistance in Cancer
Chemotherapy: Molecular Mechanisms and Therapeutic Op-
portunities. Antioxid Redox Signal 2009; 11: 99-133.
Sobhakumari A, Love-Homan L, Fletcher EV, et al. Suscepti-
bility of human head and neck cancer cells to combined inhi-
bition of glutathione and thioredoxin metabolism. PLoS One
2012; 7: e48175.



ANTIOXIDANT ENZYMES IN CANCER PROGRESSION

58.

59.

60.

61.

62

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Samuels BL, Murray JL, Cohen MB, et al. Increased glutathi-
one peroxidase activity in a human sarcoma cell line with in-
herent doxorubicin resistance. Cancer Res 1991; 51: 521-527.
Chuang JI, Chang TY, Liu HS. Glutathione depletion-induced
apoptosis of Ha-ras-transformed NIH3T3 cells can be pre-
vented by melatonin. Oncogene 2003; 22: 1349-1135.
Biroccio A, Benassi B, Fiorentino F, et al. Glutathione Depletion
Induced by c-Myc Downregulation Triggers Apoptosis on Treat-
ment with Alkylating Agents. Neoplasia 2004; 6: 195-206.
Brigelius-Flohé R, Flohé L. Basic Principles and Emerging
Concepts in the Redox Control of Transcription Factors. Anti-
oxid Redox Signal 2011; 15: 2335-2381.

. Cejas B, Casado E, Belda-Iniesta C, et al. Implications of oxi-

dative stress and cell membrane lipid peroxidation in human
cancer (Spain). Cancer Causes Control 2004; 15: 707-719.
Das UN. Essential fatty acids, lipid peroxidation and apoptosis.
Prostaglandins Leukot Essent Fatty Acids 1999; 61: 157-163.
Bianchi A, Dewailly E, Gautier H, et al. Decrease of human
hepatoma cell growth by arachidonic acid is associated with
an accumulation of derived products from lipid peroxidation.
Biochimie 2004; 86: 633-642.

Ince S, Kucukkurt I, Cigerci IH, et al. The effects of dietary
boric acid and borax supplementation on lipid peroxidation,
antioxidant activity, and DNA damage in rats. J Trace Elem
Med Biol 2010; 24: 161-164.

Peluso M, Srivatanakul P, Munnia A, et al. Malondialde-
hyde-deoxyguanosine adducts among workers of a Thai in-
dustrial estate and nearby residents. Environ Health Perspect
2010; 118: 55-59.

Wiswedel I, Gardemann A, Storch A, et al. Degradation of
phospholipids by oxidative stress — exceptional significance of
cardiolipin. Free Radic Res 2010; 44: 135-145.

Skapek SX, Colvin OM, Griffith OW, et al. Enhanced mel-
phalan cytotoxicity following buthionine sulfoximine-mediat-
ed glutathione depletion in a human medulloblastoma xeno-
graft in athymic mice. Cancer Res 1988; 48: 2764-2767.

Yri OE, Vig J, Hegstad E, et al. Mangafodipir as a cytopro-
tective adjunct to chemotherapy — a case report. Acta Oncol
2009; 48: 633-635.

Karlsson JO, Adolfsson K, Thelin B, et al. First clinical experi-
ence with the magnetic resonance imaging contrast agent and
superoxide dismutase mimetic mangafodipir as an adjunct in
cancer chemotherapy-a translational study. Transl Oncol 2012;
5: 32-38.

Zhang J, Gao G, Chen L, et al. Hydrogen peroxide/ATR-Chk2
activation mediates p53 protein stabilization and anti-cancer
activity of cheliensisin A in humancancer cells. Oncotarget
2014; 5: 841-852.

Kaibara N, Ikeda T, Hattori T, et al. Experimental studies on
enhancing the therapeutic effect of mitomycin-C with hydro-
gen peroxide. Jpn J Exp Med 1971; 41: 323-329.

Fang J, Sawa T, Akaike T, et al. Tumor-targeted delivery of
polyethylene glycol-conjugated D-amino acid oxidase for anti-
tumor therapy via enzymatic generation of hydrogen peroxide.
Cancer Res 2002; 62: 3138-3143.

Address for correspondence

Dr Rafat Jakub Buldak

Medical University of Silesia, Katowice

School of Medicine with the Division of Dentistry
Department of Physiology in Zabrze

Jordana 19,

41-

808 Zabrze, Poland

tel./fax +48 32 272 23 62
e-mail: rbuldak@sum.edu.pl

175



