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Serous subtype of ovarian cancer is considered to originate from fallopian epitheliummucosa that has been exposed to physiological
changes resulting from ovulation. Ovulation influences an increased in inflammation of epithelial ovarian cells as results of constant
exposure of cells to ROS.The imbalance between ROS and antioxidant capacities, as well as a disruption of redox signaling, causes
a wide range of damage to DNA, proteins, and lipids. This study applied spectrophotometric, dinitrophenylhydrazone (DNPH)
assay, two-dimensional gel electrophoresis, and Western blot analyses to assess the levels of oxidatively modified proteins in 100
primary serous epithelial ovarian carcinoma and normal/surrounding tissues.These samples were obtained from 56 Caucasian and
44 African-American patients within the age range of 61 ± 10 years. Analyses showed that the levels of reactive protein carbonyl
groups increased as stages progressed to malignancy. Additionally, the levels of protein carbonyls in serous ovarian carcinoma
amongAfrican Americans are 40% (𝑃 < 0.05) higher relative to Caucasian at similar advanced stages. Results suggest that oxidative
stress is involved in the modification of carbonyl protein groups, leading to increased aggressiveness of epithelial ovarian tumors
and may contribute to the disease’s invasiveness among African Americans.

1. Introduction

Epithelial ovarian cancer (EOC), with its various histological
subtypes, is the fifth leading cause of cancer mortality among
women in the United States [1]. Serous ovarian carcinoma
is the most common and most aggressive subtype of EOCs
[2, 3]. For this disease, differences in survival rates between
African-American and Caucasian women are substantial,
despite advances in surgical and chemotherapeutic manage-
ment of the disease [1]. Older age and a family history of EOC
are risk factors, but the disease etiology and the differences in
survival rates in various groups of patients are far from being
defined. A difficulty is that multiple genes are involved in the
origin and in development of invasive types of EOCs [3, 4].

Ovarian cells, especially epithelial cells, are constantly
exposed to ROS [5], which are generated during repeated

ovulation and cause inflammation that is considered to be
involved in ovarian carcinogenesis [6, 7]. Since most ovarian
cancers appear in the surface epithelium, repetitive ovulation
is thought to be a causative factor [8, 9]. ROS are involved in
the development and progression of many human diseases,
including cancer [10]. Oxidative stress is defined as the
imbalance between ROS and cellular antioxidative capacities
and is based on a disruption of redox signaling [11].

In addition to lipids [12] and DNA [13], proteins are
targets for modifications resulting from oxidative stress. In
ovarian cystadenocarcinoma, there is an increase in prod-
ucts associated with oxidative stress, such as 8-hydroxy-
2-deoxyguanosine relative to normal ovarian tissues [6].
Oxidized proteins that accumulate during aging are increased
with oxidative stress and in some pathological conditions
[10, 14]. The most protein modification caused by oxidative
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Table 1: Characteristics of tumors and patients.

Characteristics Category Subcategory 𝑛 (%)

Ethnicity African American 48 (48%)
Caucasian 52 (52%)

Age (years)

≥61
African American 19 (40%)

Caucasian 29 (60%)
Total 48

<61
African American 29 (56%)

Caucasian 23 (44%)
Total 52

Differentiation

Normal/surrounding 9 (9%)
Cystadenoma 12 (12%)
Borderline 8 (8%)
Carcinoma 24 (24%)

Papillary carcinoma 47 (47%)

stress is the carbonyl groups; the most sensitive amino acids
are arginine, lysine, proline, threonine, and glutamic acid.
Reactive protein carbonyls reflect the degree of oxidative
damage and serve as a biomarker for oxidative stress [15, 16].
For detection of reactive protein carbonyl groups, several
methods are available, including 2,4-dinitrophenylhydrazone
(DNPH) assay and Western blot immunoassays [17–20]. In
the present study, levels of reactive protein carbonyl groups
weremeasured in samples of normal tissue and tissues of early
and invasive stages of serous ovarian carcinomas, including
samples obtained from Caucasians and African Americans.
These experiments were performed to determine the role
of oxidative stress during ovarian carcinogenesis and assess
the relationship of reactive carbonyl levels with the extent of
cancer in the tissues.

2. Materials and Methods

2.1. Study Samples. One hundred primary epithelial serous
ovarian tumor tissues were obtained from the Southern
Regional Cooperative Human Tissue Network and the Uni-
versity of Alabama at Birmingham (UAB) Ovarian Spore
Center. These samples were stabilized by snap-freezing
immediately after excision and dissection. The dissected
tissues were placed in cryovials and immersed in liquid
nitrogen. All samples were transferred to −80∘C for long-
term storage as recommended for measurement of proteins
with reactive carbonyl groups [21]. Of the tissue samples,
44 were from African Americans and 56 were from Cau-
casians. The mean age of the patients was 61 ± 10 years.
The breakdown of the 100 primary serous epithelial ovarian
tissues were 9 control, normal surrounding, and 91 cys-
tadenoma, borderline, carcinoma, and papillary adenocar-
cinomas (Table 1). All tissue samples were microdissected,
diagnosed, and histopathologically confirmed by patholo-
gists. Tumor stages were determined on the basis of criteria
outlined by the International Federation of Gynecology and
Obstetrics. Demographic characteristics of the patients were
grouped based on the clinical diagnosis (Table 1). All studies
were implemented under protocols approved by Institutional

Review Boards of Morehouse School of Medicine and the
University of Alabama at Birmingham.

2.2. Extraction of Cytosolic Fractions. The cytosolic frac-
tions of the tissue samples were prepared by differential
centrifugation using mitochondria/cytosol fractionation kits
(BioVison, CA.). Approximately 400mg of each sample was
cut into the small pieces, placed in a 2mL plastic tube on
ice, andwashed twicewith ice-cold phosphate-buffered saline
(PBS). Each tissue sample was mildly homogenized in an
ice-cold Dounce tissue grinder and centrifuged at 700×g
for 5min at 4∘C. The supernatant was removed, and 1mL
of homogenizing buffer containing protease inhibitors was
added. The sample was incubated on ice for 10min and
then homogenized in an ice-cold Dounce tissue grinder, with
about 50–60 passes. The homogenate was transferred into
a 1.5mL microcentrifuge tube and centrifuged at 700×g for
10min at 4∘C. The supernatant was collected, transferred
to a fresh 1.5mL microcentrifuge tube, and centrifuged at
10,000×g for 30min at 4∘C. The supernatant was collected
as cytosolic fraction. This fraction was treated with a 1%
streptomycin sulfate solution for 15min to remove DNA,
which could react with DNPH and contribute to the reactive
carbonyl level of homogenates. After incubation, samples
were centrifuged at 13,000×g for 15min at room temperature.
The supernatant which contained DNA-free cytosolic frac-
tion was collected and saved for the DNPH assay.

2.3. Measurement of Total Protein Concentration. A micro-
plate DC protein assay (BioRad) was used to measure the
protein contents of the samples. Each sample was analyzed
in duplicate, and a pooled tissue sample was included in
each plate to estimate the interassay coefficient of variation
and the coefficient of variation, which was determined to be
4.9%. A standard bovine serum albumin (BSA) containing
0.2mg/mL to 2.0mg/mL protein was prepared in the same
homogenizing buffer and analyzed along with samples. A
fraction of 5 𝜇L of each sample and standard protein was
added to the well of a 96-well microplate followed by adding
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25 𝜇L of reagent A and 200𝜇L of reagent B as recommended
by BioRad protocol. The plate was placed on the plate mixer
and mixed for 5 sec, and then it was incubated at room
temperature for 15min.The absorbance at 750 nm was deter-
mined spectrophotometrically, the protein concentration of
each homogenate was extrapolated from a standard curve.
Samples of an extract of MCF7 cells and a protein extract
from a control cell line were included in each run as positive
controls.

2.4. Protein Carbonyl Assay. Oxidized protein modifica-
tions in serous ovarian cancer samples were determined
by measuring reactive protein carbonyl groups. ROS react
with amino acid residues in protein, particularly histidine,
arginine, lysine, and proline, to produce carbonyl functions
that can react with DNPH, leading to formation of stable
dinitrophenylhydrazone adducts [20, 22]. This reaction is
used to estimate reactive carbonyl content of proteins in
human tissues and body fluid [21]. The protein carbonyl
content of the homogenates was determined as follows: DNA-
free homogenates of serous ovarian tissue samples (0.5mL)
were placed in each microcentrifuge tube labeled as treated
samples and control samples. Two mL of 10mM DNPH
(Sigma) in 2M HCl was added to the treated sample tubes
and twomL of 2MHCl only was added to the control sample
tubes which were incubated on a rotator at room temperature
for 1 hr. The hydrazone derivatives were precipitated with
20% (wt/vol) trichloroacetic acid, treated with ethanol/ethyl
acetate, 1 : 1 (vol/vol) to remove excess DNPH, and reprecip-
itated with 10% trichloroacetic acid. The pellet was dissolved
in 6M guanidine hydrochloride. Differences between optical
densities of DNPH treated and untreated samples were deter-
mined spectrophotometrically at 370 nm. The results were
calculated as nmole ofDNPH incorporated permgof protein,
as determined from absorptivity using the Bear-Lambert
equation and an extinction coefficient 22,000𝜇M−1 cm−1. To
determine the stability of the samples, protein carbonyls were
measured in a pooled tissue sample thatwas repeatedly frozen
and thawed. There was no significant difference in protein
carbonyl levels after four freeze-thaw cycles.These results are
similar to previously described results for plasma samples
[23].

2.5. SDS-PAGE and Western Blot Analyses. In this study,
to determine the number and relative mass of the DNPH
derivatized proteins in the tissue samples, SDS-PAGE and
Western blot immunoassays were performed using OxyBlot
Protein Oxidation Detection Kits (Millipore). Samples of
DNPH-derivatized proteins were resolved on 10% SDS-
polyacrylamide gels. As a control an underivatized sample
of each cytosolic fraction was run along with DNPH-
derivatized samples. The proteins were transferred to PVDF
membranes blotted with rabbit anti-DNPH antibody and
detected with a superSingal West Pico chemiluminescent
substrate. ADNPH-derivatized standard proteinwas used for
estimation ofmolecularweight. Proteins thatwere oxidatively
modified were identified by their appearance as bands in
the lane containing the derivatized sample, but not in the

0

2

4

6

8

10

12

14

16

N/S Cys B C P.C

∗

∗

Ca
rb

on
yl

 p
ro

te
in

 (n
m

ol
e/

m
g 

to
ta

l p
ro

te
in

)

Figure 1: Levels of reactive carbonyl proteins in normal/sur-
rounding and serous subtype ovarian cancer tissues, as measured
by the spectrophotometric method. N/S: normal/surrounding; Cys:
cystadenoma; B: borderline; C: carcinoma; P.C: papillary carcinoma.
Significant differences between groups (𝑃 < 0.05)∗ (𝑁 = 100
samples).

lane containing the control. Blots were quantified using the
UN-SCAN-IT automated digitizing system, version 5.1 (Silk
Scientific Inc.), and the results were expressed as arbitrary
units.

2.6. Statistics. Data were analyzed using analysis of variance
(ANOVA) and Student’s t-test.

3. Results

Total Protein Reactive Carbonyls. In biological systems, free
radicals generally lead to oxidative, posttranslational modi-
fications of proteins, a process in which the degree of intro-
duction of reactive carbonyl groups relates to the intensity of
the oxidative stress [24]. Proteins from lysates of samples of
normal tissues and early and invasive serous ovarian carci-
nomas were derivatized with DNPH to measure the levels
of carbonyl groups by a spectrophotometric method. Pro-
gressively increasing levels of carbonyl groups were observed
in the derivatized lysates samples from cystadenomas, bor-
derline tissues, carcinoma, and papillary adenocarcinomas
(Figure 1). The results of Western blots were similar to those
obtained with the spectrophotometric techniques. Relative to
normal/surrounding tissues, protein reactive carbonyls were
elevated in cystadenomas, borderline tissues, and, notably,
the invasive stages (Figures 2(a) and 2(b)).

Levels of carbonyl groups were also assessed to evaluate
the differences between tissue samples from African Amer-
icans and Caucasians (Figure 3). For African Americans,
there were, relative to similar samples from Caucasians, 40%
lower levels of reactive carbonyls in proteins of borderline
tissue samples (𝑃 < 0.05) and 40% higher levels of reactive
carbonyl proteins in carcinomas and papillary carcinoma
samples from African American relative to similar samples
from Caucasians (𝑃 < 0.05 for both). In normal tissues and
cystadenomas, there were no significant differences between
the two groups in levels of protein carbonyls. Differences in
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Figure 2: (a) Western blot analysis of expression of reactive carbonyl groups in the cytosolic fraction of serous ovarian carcinoma tissues.
Lane M: protein marker; Lane 1: DNPH-derivatized lysate of normal tissue; Lane 2: underivatized lysate of normal tissue; Lane 3: DNPH-
derivatized lysate of cystadenoma tissue: Lane 4: underivatized lysate cystadenoma tissue; Lane 5: DNPH-derivatized lysate of borderline
tissue; Lane 6: underivatized lysate of borderline tissue; Lane 7: DNPH-derivatized lysate of malignant tissue; Lane 8: underivatized lysate of
malignant tissue. (b) The relative optical density on the level of reactive carbonyl proteins using the UN-SCAN-IT system.
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Figure 3: Levels of reactive carbonyl proteins in normal/sur-
rounding and serous subtype ovarian cancer tissues as measured
by the spectrophotometric method. N/S: normal/surrounding; Cys:
cystadenoma; B: borderline; C: carcinoma; P.C: papillary carcinoma.
There were significant differences between samples from African
Americans (𝑁 = 44) and Caucasians (𝑁 = 56) (𝑃 < 0.05)∗.

the levels of protein carbonyl expression within individual
patient samples were also evident. Tissue samples with higher
contents of tumor cells exhibited higher levels of oxidized
proteins relative to normal/surrounding tissues (Figure 4(a))
and to samples with fewer tumor cells from same patient
(Figure 4(b)).

4. Discussion

The accumulation of oxidized proteins (protein carbonyls) is
associated with the risk of carcinogenesis [9, 14, 15] and age-
related diseases [17, 20, 25]. The increase of ROS may result
from altered metabolism as well as from inadequate tumor

neovascularization. The levels of carbonyl content in tissues
have not been determined for the process of ovarian carcino-
genesis. Although protein oxidation markers are detected in
cells that are already transformed, oxidative modification of
proteins may be implicated in the serous ovarian carcinoma
subtype, since these cancers are derived from the tubal
epithelium of the ovarian surface. Repetitive ovulation is
thought to be a causative factor of ovarian cancer [6, 26].
Rupture of follicles involves tissue remodeling, with high cell
turnover, characteristic of inflammatory reactions. Oxidative
stress is associated with inflammatory processes, resulting
from stimuli, such as cytokines (tumor necrosis factor and
interleukin-1) and bacterial toxins (lipopolysaccharide) [27].
Particularly in the fallopian tubes, damage to the epithelium
resulting from inflammatory responses during ovulation is
generally viewed as a secondary event. The primary event
is the inflammatory cascade of neutrophil adherence to
vascular endothelial cells, disruption of their barrier, and sub-
sequent infiltration of inflammatory cells into the interstitial
space, where oxidants and proteases are released and produce
mucosal injury. A variety of chronic inflammatory conditions
predispose susceptible cells to neoplastic transformation [28].
Inflammatory cytokines, such as TNF-𝛼 and ROS, activate
nuclear factor kappa-B (NF𝜅B) by phosphorylation. In its
normal state, NF𝜅B is inhibited by its inhibitory protein
(I𝜅B𝛼), which downregulates the inflammatory response. In
nuclei, NF𝜅B induces the expression of genes involved in
cell proliferation, apoptosis, and carcinogenesis [29] and also
induces production of proinflammatory cytokines, which
enhance the inflammatory responses.

Themain effectors in the inflammatory response are ROS.
These may directly or indirectly cause damage through their
reactions with components of target cells [30]. ROS can
also recruit other inflammatory cells, leading to additional
ROS production and amplification of damage [31]. Thus,
ovulationmay be accompanied by inflammation that induces
oxidative damage to DNA, proteins, and lipids of the ovarian
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Figure 4: Levels of reactive carbonyl proteins in tumor tissue obtained fromdifferent patients asmeasured by the spectrophotometricmethod.
(a) Levels of carbonyl proteins in normal/surrounding tissues relative to tumor tissues of the same patient (𝑛 = 3). (b) Levels of carbonyl
proteins in tissues with different contents of tumor cells in individual (𝑛 = 3). N/S: normal/surrounding tissue; T: tumor tissue.

epithelium [32]. The reactive carbonyl content of protein
is the most commonly used marker of protein oxidation
[17, 25], and, in cells, oxidized proteins accumulate during
aging, accompanied with oxidative stress and some patholog-
ical conditions [17–20]. Furthermore, proteins modified by
oxidative stress are associatedwith an increased risk of cancer
[17, 33]. In colorectal cancer, there is enhanced oxidative
stress relative to normal intestinal tissues [34]. The present
results are similar in that they show elevated expression
of protein carbonyls in serous ovarian carcinomas relative
to normal/surrounding tissue and to cystadenomas. This
suggests that oxidative modification of proteins is involved in
the formation of ovarian cancers. Carcinogenesis in general
may be mediated by oxidative damage to DNA, due to
mutations in critical genes, such as the tumor suppressor p53
[35]. Damage to the p53 gene may reduce the effectiveness
of DNA repair mechanisms and increase the rate of cell
division. Cells that are rapidly dividing cells are more prone
to errors in DNA replication and repair [26] and may also
be more sensitive to oxidative stress, enhancing the risk of
carcinogenesis.

As demonstrated here, there are high levels of reactive
protein carbonyls in tissue samples of invasive serous ovar-
ian carcinomas from African Americans. The most likely
explanation is a racial difference in the intracellular levels
of oxidized proteins, reflecting the balance between the
rate of protein oxidation and the rate of oxidized protein
degradation [36].This balance is a function of factors leading
to the generation of ROS [37]. Various physiological and envi-
ronmental processes may lead to the formation of ROS and
be factors in determining the concentrations and/or activities
of the proteases that degrade oxidatively damaged proteins
[17]. Such degradation is also dependent upon numerous
variables, including the concentrations of proteases that
preferentially degrade oxidized proteins, and upon cellular
components, such as metal ions, inhibitors, activators, and
regulatory proteins, that affect their proteolytic activities. For

example, oxidized forms of some proteins, for example, cross-
linked proteins [38–40] and proteins modified by glycation
[41] or by lipid peroxidation products [42], are resistant
to proteolysis and could lead to production of protease
inhibitors that hinder degradation of the oxidized forms [38,
42]. Therefore, inactivation of these protein inhibitors could
enhance the action of proteases, such as elastase, plasminogen
activator, and plasmin. This process could facilitate tumor
invasion and metastasis [43], particularly in various individ-
uals or subgroups.

A reduced dietary intake of antioxidants and an impaired
mitochondrial functionmay render African Americansmore
vulnerable to diseases associated with oxidative stress [44].
This concept is based on results obtained from a study of
racial differences in association of oxidative stress and insulin
sensitivity in African- and European-American women.
Therefore, we speculate that the effect of the elevated levels
of protein carbonyls in ovarian cancer tissues from African-
American patients may be involved in the aggressiveness
of the disease. However, the current results do not provide
evidence that an increase in protein carbonyls is solely
the cause of racial differences between African Americans
and Caucasians regarding ovarian cancer aggressiveness.
Alterations of the redox balance within the cell, leading
to oxidative damage to proteins, lipids, and nucleic acids
involvement, cannot be ruled out as a cause of this difference.

To our knowledge, this is the first report to demonstrate
a relationship between elevated levels of reactive protein
carbonyls and the serous ovarian carcinoma subtype and to
note differences in expression of reactive protein carbonyls
between African-American and Caucasian women bearing
the disease. This is noteworthy, since oxidative stress is con-
sidered to be triggered by ovulation-induced inflammation.
Inflammation normally leads to production of oxidants to
kill pathogens, but these oxidants can cause damage to DNA,
proteins, and lipids andmay be, therefore, involved in ovarian
carcinogenesis [26].
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A strength of these findings is the similarity of the
results for Western blot and spectrophotometric techniques
in measuring levels of protein reactive carbonyls in tissue
samples of ovarian cancer. A limitation is the relatively
small sample size, related to the cross-sectional nature of the
study and to the limited population of African-American and
Caucasian women with ovarian cancer. To fully understand
the contribution of oxidative stress to ovarian carcinogenesis
and racial disparities in the aggressiveness of the disease,
future research should include a larger sample of women of
different ethnic backgrounds and potential involvement of
epigenetic regulations such as microRNAs in the regulatory
circuitry underlying disparity [45–47].

In conclusion, results from this study demonstrate an
association of elevated levels of reactive protein carbonyls,
formed by oxidative stress, with serous ovarian carcinogen-
esis. The results also indicate a racial difference in levels of
these carbonyl groups and invasive stages of serous ovarian
carcinoma among women bearing this disease. Whether the
higher prevalence of aggressiveness ovarian carcinomas in
African-American women correlates with greater oxidative
damage within these patients deserves further research.
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friend and enemy: how to combat the mutational potential of
8-oxo-guanine,” DNA Repair, vol. 9, no. 6, pp. 604–616, 2010.

[14] L. J. Marnett, “Oxyradicals and DNA damage,” Carcinogenesis,
vol. 21, no. 3, pp. 361–370, 2000.

[15] R. Franco, O. Schoneveld, A. G. Georgakilas, and M. I. Panayi-
otidis, “Oxidative stress, DNAmethylation and carcinogenesis,”
Cancer Letters, vol. 266, no. 1, pp. 6–11, 2008.

[16] S. Mena, A. Ortega, and J. M. Estrela, “Oxidative stress in
environmental-induced carcinogenesis,” Mutation Research—
Genetic Toxicology and EnvironmentalMutagenesis, vol. 674, no.
1-2, pp. 36–44, 2009.

[17] B. S. Berlett andE. R. Stadtman, “Protein oxidation in aging, dis-
ease, and oxidative stress,” The Journal of Biological Chemistry,
vol. 272, no. 33, pp. 20313–20316, 1997.

[18] M. Chevion, E. Berenshtein, and E. R. Stadtman, “Human
studies related to protein oxidation: Protein carbonyl content
as a marker of damage,” Free Radical Research, vol. 33, pp. S99–
S108, 2000.

[19] E. Shacter, “Quantification and significance of protein oxidation
in biological samples,” Drug Metabolism Reviews, vol. 32, no. 3-
4, pp. 307–326, 2000.

[20] M. F. Beal, “Oxidativelymodified proteins in aging and disease,”
Free Radical Biology and Medicine, vol. 32, no. 9, pp. 797–803,
2002.

[21] P. Evans, L. Lyras, and B. Halliwell, “Measurement of protein
carbonyls in human brain tissue,” Methods in Enzymology, vol.
300, pp. 145–156, 1998.



BioMed Research International 7

[22] R. L. Levine, D. Garland, C. N. Oliver et al., “Determination of
carbonyl content in oxidatively modified proteins,” Methods in
Enzymology, vol. 186, pp. 464–478, 1990.

[23] J. Zipprich, M. Beth Terry, Y. Liao et al., “Plasma protein
carbonyls and breast cancer risk in sisters discordant for breast
cancer from the New York Site of the breast cancer family
registry,” Cancer Research, vol. 69, no. 7, pp. 2966–2972, 2009.

[24] M. A. Smith, G. Perry, P. L. Richey et al., “Oxidative damage in
Alzheimer’s,” Nature, vol. 382, no. 6587, pp. 120–121, 1996.

[25] I. Dalle-Donnea, R. Rossib, D. Giustarinib, A. Milzania, and R.
Colomboa, “Protein carbonyl groups as biomarkers of oxidative
stress,” Clinica Chimica Acta, vol. 329, no. 1-2, pp. 23–38, 2003.

[26] L. L. Espey, “Current status of the hypothesis that mammalian
ovulation is comparable to an inflammatory reaction,” Biology
of Reproduction, vol. 50, no. 2, pp. 233–238, 1994.

[27] T. Y. Aw, “Molecular and cellular responses to oxidative stress
and changes in oxidation-reduction imbalance in the intestine,”
The American Journal of Clinical Nutrition, vol. 70, no. 4, pp.
557–565, 1999.

[28] T. J. Slaga, U. Lichti, and H. Hennings, “Effects of tumor
promoters and steroidal anti-inflammatory agents on skin of
newborn mice in vivo and in vitro,” Journal of the National
Cancer Institute, vol. 60, no. 2, pp. 425–431, 1978.

[29] S. Akira and T. Kishimoto, “NF-IL6 andNF-𝜅B in cytokine gene
regulation,” Advances in Immunology, vol. 65, pp. 1–46, 1997.

[30] N. Khansari, Y. Shakiba, and M. Mahmoudi, “Chronic inflam-
mation and oxidative stress as a major cause of age-related
diseases and cancer,” Recent Patents on Inflammation and
Allergy Drug Discovery, vol. 3, no. 1, pp. 73–80, 2009.

[31] A. Federico, F. Morgillo, C. Tuccillo, F. Ciardiello, and C.
Loguercio, “Chronic inflammation and oxidative stress in
human carcinogenesis,” International Journal of Cancer, vol. 121,
no. 11, pp. 2381–2386, 2007.

[32] D. Dreher and A. F. Junod, “Role of oxygen free radicals in
cancer development,” European Journal of Cancer, vol. 32, no.
1, pp. 30–38, 1996.

[33] J. E. Klaunig and L. M. Kamendulis, “The role of oxidative
stress in carcinogenesis,” Annual Review of Pharmacology and
Toxicology, vol. 44, pp. 239–267, 2004.

[34] T. Rainis, I. Maor, A. Lanir, S. Shnizer, and A. Lavy, “Enhanced
oxidative stress and leucocyte activation in neoplastic tissues of
the colon,”DigestiveDiseases and Sciences, vol. 52, no. 2, pp. 526–
530, 2007.

[35] B. N. Ames, L. S. Gold, and W. C. Willett, “The causes and
prevention of cancer,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 92, no. 12, pp. 5258–
5265, 1995.

[36] T. Jung, M. Engels, B. Kaiser, D. Poppek, and T. Grune,
“Intracellular distribution of oxidized proteins and proteasome
in HT22 cells during oxidative stress,” Free Radical Biology and
Medicine, vol. 40, no. 8, pp. 1303–1312, 2006.

[37] H. Schuessler and K. Schilling, “Oxygen effect in the radiolysis
of proteins. Part 2 bovine serum albumin,” International Journal
of Radiation Biology, vol. 45, no. 3, pp. 267–281, 1984.

[38] B. Friguet, L. I. Szweda, and E. R. Stadtman, “Susceptibility of
glucose-6-phosphate dehydrogenase modified by 4- hydroxy-
2-nonenal and metal-catalyzed oxidation to proteolysis by
the multicatalytic protease,” Archives of Biochemistry and Bio-
physics, vol. 311, no. 1, pp. 168–173, 1994.

[39] T. Grune, T. Reinheckel, M. Joshi, and K. J. A. Davies, “Prote-
olysis in cultured liver epithelial cells during oxidative stress.

Role of the multicatalytic proteinase complex, proteasome,”The
Journal of Biological Chemistry, vol. 270, no. 5, pp. 2344–2351,
1995.

[40] A. J. Grant, W. Jessup, and R. T. Dean, “Inefficient degradation
of oxidized regions of protein molecules,” Free radical research
communications, vol. 18, no. 5, pp. 259–267, 1993.
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