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set enrichment analysis (GSEA). In vitro validation of 
oxidative markers revealed that EKVX cells had high lev-
els of oxidative stress markers. In AdC cohorts, GSEA of 
microarray datasets showed significantly high levels of 
HAG components in lung AdC samples in comparison 
with normal tissue, in advanced stage compared with early 
stage and in patients with poor outcome. Cox multivariate 
regression analysis in a cohort of early pathologic (p)-stage 
of AdC cases showed that patients with moderate levels 
of 4-hydroxynonenal, a specific and stable end product 
of lipid peroxidation, had a significantly less survival rate 
(hazard ratio of 8.87) (P < 0.05).
Conclusions  High levels of oxidative markers are related 
to tumor aggressiveness and can predict poor outcome of 
early-stage lung adenocarcinoma patients.

Keywords  Oxidative stress · Tumor progression · 
4-Hydroxynonenal · Catalase · Lung cancer ·  
Hydrogen peroxide

Abstract 
Purpose  The expression levels of human antioxidant 
genes (HAGs) and oxidative markers were investigated in 
light of lung adenocarcinoma aggressiveness and patient 
outcome.
Methods  We assayed in vitro the tumoral invasiveness 
and multidrug resistance in human lung adenocarcinoma 
(AdC) cell lines (EKVX and A549). Data were associated 
with several redox parameters and differential expression 
levels of HAG network. The clinicopathological signifi-
cance of these findings was investigated using microarray 
analysis of tumor tissue and by immunohistochemistry in 
archival collection of biopsies.
Results  An overall increased activity (expression) of 
selected HAG components in the most aggressive cell 
line (EKVX cells) was observed by bootstrap and gene 
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Introduction

Lung cancer is the leading cause of cancer-related deaths 
worldwide, presenting in many countries a mortality 
rate that outranks prostate, colorectal and pancreatic can-
cer cases combined (Siegel et  al. 2013). Despite recent 
advances in therapy protocols (Coate et  al. 2009), 5-year 
survival rates of advanced stages remain as low as 2  % 
(Siegel et  al. 2013). Thus, it is essential to uncover any 
biological processes or molecular mechanisms associated 
with the initiation and progress of the aggressive malignant 
phenotype of lung cancer cells in order to identify potential 
targets for novel interventional strategies.

Lung tumor cells are able to grow in a highly oxidative 
environment (Melloni et al. 1996; Brennan et al. 2000; Ho 
et  al. 2007; Esme et  al. 2008; Chan et  al. 2009), which is 
believed to contribute with tumor progression and metasta-
sis (Sotgia et al. 2011). Lung tumors are especially exposed 
to a pro-oxidative milieu due to the factors such as tobacco 
smoke, high atmospheric oxygen pressure (Rahman et  al. 
2006) and the bulk amount of reactive species (RS) gener-
ated by pro-inflammatory cells in the pulmonary circulation 
(Ilonen et al. 2009). Moreover, clinical data have shown that 
lung cancer patients have increased oxidative stress markers 
in peripheral blood (Esme et al. 2008), erythrocytes (Kaynar 
et  al. 2005; Ho et  al. 2007), epithelium lining fluid (Mel-
loni et al. 1996), breath condensate (Chan et al. 2009) and 
tumor biopsies (Jaruga et al. 1994; Coursin et al. 1996; Blair 
et al. 1997), and the inadequate ingest of antioxidants con-
stitutes a risk factor for lung cancer development (Brennan 
et al. 2000). Although pulmonary cells have these reduction/
oxidation (redox) particularities, the influence of oxidative 
stress in lung cancer biology is poorly understood.

The present study focused on redox state and cancer cell 
growth in vitro, comparing a more aggressive human lung 
AdC cell line (EKVX) to a less aggressive one (A549). We 
found that the most aggressive AdC cell line presents high 
levels of oxidative stress markers. Follow-up experiments 
indicate that this oxidative imbalance may support malig-
nant features of AdC cells and has clinical significance, 
since we found that human antioxidant gene (HAG) com-
ponents and 4-hydroxynonenal (4-HNE) levels have prog-
nostic value in predicting lung AdC patient outcome.

Materials and methods

Cell lines and chemicals

The human lung adenocarcinoma cell lines A549 and 
EKVX were obtained from NCI-Frederick cell line reposi-
tory. Exponentially growing cells were maintained in RPMI 
1640 medium (Invitrogen®) containing 10  % fetal bovine 

serum, 1  μg/mL of amphotericin B and 50  μg/L of gar-
amycin at 37 °C in a humidified atmosphere of 5 % of CO2. 
Protein concentration was determined by Lowry’s method. 
Chemicals were obtained from Sigma® Chemical Co.

Cellular aggressiveness and redox parameters

The BioCoat Matrigel Invasion Chamber System (BD Bio-
science®) was used to access the invasion index. Briefly, 
cells were seeded in the upper wells, while the chemoat-
tractant (medium RPMI with 10  % of SFB) was added 
to the lower wells. After 22-h incubation, the trans-well 
movement of cells through the pore was determined. Cells 
that penetrated to the underside surfaces of the inserts were 
fixed and stained with HEMA 3 staining kit (Fisher Scien-
tific®) and counted under the microscope. Cells were con-
sidered migratory when moved through uncoated pores and 
invasive when moved through Matrigel-coated pores. Data 
are expressed as the percentage of invasive/migratory and 
expressed as “invasion index.”

Multidrug resistance was determined based on drug 
dose–response curves of Cisplatin, Carboplatin, Daunoru-
bicin, Doxorubicin, 5-Fluorouracil, Hydroxyurea and Taxol 
(Sigma® Chemical Co.) using the sulforhodamine B (SRB) 
assay, following NCI-60 protocol (Vichai and Kirtikara 
2006).

Superoxide dismutase (SOD) (E.C. 1.15.1.1) activity 
was measured by inhibition of superoxide-dependent epi-
nephrine auto-oxidation at 480  nm (Misra and Fridovich 
1972). Catalase (CAT) (E.C. 1.11.1.6) activity was meas-
ured by H2O2 consumption at 240  nm. Glutathione per-
oxidase (GPX) (E.C. 1.11.1.9) activity was measured by 
NADPH oxidation at 340 nm (Wendel 1981).

Nonenzymatic antioxidant potential was determined by 
total radical-trapping antioxidant potential (TRAP) assay 
(Dresch et al. 2009). Elman’s sulfhydryl group (–SH) level 
was determined with 5-thio-2-nitrobenzoic acid at 412 nm 
(ε412  nm  =  27,200/M  cm) and expressed as nmol –SH/
mg protein. Thiobarbituric acid reactive species (TBARS) 
assay was used as a lipoperoxidation index. TBARS were 
assayed at 532  nm and expressed as nmol MDA equiva-
lents/mg protein. DCF-DA (2′,7′-dichlorodihydrofluores-
cein diacetate) oxidation and Amplex Red® were used to 
determine intracellular generation of RS in a 96-well plate 
reader (Spectra Max GEMINI XPS, Molecular Devices®).

Proliferation and growth inhibition assays

Cells were treated with active or heat-inactivated Catalase, 
Trolox® or N-acetylcysteine (NAC). Cell growth inhibi-
tion was evaluated for 72 h with SRB assay. To investigate 
whether the growth inhibition by CAT was reversible, the 
assay was repeated removing CAT. The effect of bolus 
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amount of H2O2 addition or CAT inhibition with aminotria-
zole on cell growth was also evaluated.

Human antioxidant gene (HAG) network and microarray 
datasets

The HAG was designed to cluster functional gene network 
to facilitate high-throughput analysis of redox processes 
(Gelain et al. 2009). HAG is composed of 63 genes whose 
products are thiol-containing proteins or enzymes that react 
directly with RS and was subclassified into three functional 
groups: peroxidases, superoxide dismutases and thiol-con-
taining redox proteins (Fig. 1a).

Microarray expression profiles were extracted from 
the gene expression omnibus (GEO) (http://www.ncbi.n
lm.nih.gov/geo/). For the human lung AdC cell lines, we 
used GSE5846 dataset. For cohort analysis, we used three 
microarray datasets: 21 surgically resected tumor tissue and 
adjacent normal tissue from primary NSCLC patients, with 
histological and staging details (GSE21933); 269 NSCLC 
specimens containing histological, staging, survival and 
recurrence details (GSE41271); and 174 NSCLC speci-
mens containing histological, staging and survival details 
(GSE42127).

Differential gene expression and enrichment analysis

Differential gene expression was evaluated using ViaCom-
plex® software (Castro et al. 2009, 2010). Gene set enrich-
ment analysis (GSEA) was used to identify genes that con-
tribute individually to global changes in expression levels 
in a given microarray dataset (Subramanian et al. 2005).

Retrospective cohort and immunohistochemistry

Formalin-fixed paraffin-embedded lung AdC tumors from 
patients diagnosed between 1998 and 2004 were obtained 
from the Pathology Service at the Santa Casa de Misericór-
dia de Porto Alegre (Porto Alegre, Brazil) (Sánchez et  al. 
2006). The pathological diagnoses were reviewed and clas-
sified by two independent pathologists, according to World 
Health Organization criteria. Inclusion criteria were lung 
adenocarcinomas as primary tumor and clinical follow-
up data of at least 5  years available. Gender, age, height, 
weight, histology, pathological stage, smoking history and 
lung function information were collected. The research 
program was approved by the local Research Ethics Com-
mittee (#1852/08). The Helsinki Declaration of Human 
Rights was observed when performing these experiments, 
and written informed consent was provided.

Sections of 4  μm were deparaffinized and rehydrated, 
antigen retrieval was performed by pepsin (Zytonvision®), 
endogenous peroxidase was blocked with 5  % H2O2 in 
methanol, and nonspecific blocking was done with 1  % 
bovine serum albumin (BSA). The slides were incubated 
overnight at 4  °C with rabbit polyclonal antibody against 
4-hydroxynonenal (4-HNE) (Abcam ab46545) 1:1,200 
in 1 % BSA and rinsed and incubated with HRP-labeled-
polymer-conjugated kit (Invitrogen®). Sections were coun-
terstained with hematoxylin. Negative control was obtained 
performing the same protocol without the primary anti-
body. The assessment of immunostaining intensity was per-
formed semiquantitatively and in a blinded fashion (0 = no 
staining; 1  =  weak staining; 2  =  moderate staining; and 
3 = intense staining) (Rahman et al. 2002).

Fig. 1   Differential gene expression of HAG network in human lung 
AdC cell lines. a STRING representation of HAG network gene 
interactions. b Two-state landscape analysis of HAG expression 
between cell lines (GSE5846 dataset). Coordinates (X- and Y-axis) 
represent normalized values of the input network topology. Color 

gradient (Z-axis) represents the relative functional state mapped onto 
graph according to the data input from the adenocarcinomas EKVX-a 
versus A549-b, where z =  a/(a +  b). The landscape was generated 
with ViaComplex® V1.0

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
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Statistical analysis

Data are expressed as mean ± SEM of at least three inde-
pendent experiments carried out in triplicate, and Student’s 
t test was used (P  <  0.05) (GraphPad® Software 5.0). 
Multivariate Cox proportional hazards regression mod-
els were used to test the independent contribution of each 
variable on mortality, and the results were summarized by 
calculating hazard ratios (HR) and corresponding 95  % 
confidence intervals. Chi-squared test was used to assess 
the independence of the staining groups related to the 
cohort baseline characteristics. A chi-squared approxima-
tion for low-frequency groups was obtained using Monte 
Carlo simulated P values, based on 2,000 replicates in R 
(http://www.R-project.org/).

Results

Cellular aggressiveness, HAG activity and oxidative stress 
markers

In vitro analysis of basal invasion index and multidrug 
resistance was used to establish the aggressiveness between 
two human lung adenocarcinoma cell lines (Table  1). 
Comparing cells, EKVX presents fivefold higher invasive 

potential (P  =  0.0004) and a significant cross-resistance 
to all seven drugs evaluated (range of 1.61- to 68.66-fold 
increase in drug GI50 values) and was established as the 
most aggressive cell line.

In addition, we assayed the cellular redox status of both 
cell lines by analyzing HAG network activities. To do that, 
landscape maps of gene expression were built (Fig.  1a), 
and using the open-source software ViaComplex®, we 
observe that EKVX cell line has increased expression 
of HAG components (P  =  0.016) (Fig.  1b). The specific 
genes that contribute to this difference, obtained by GSEA 
analysis, are summarized in Supplementary Table 1. As an 
example, metallothioneins (1E/F/H/X and 2A), the mito-
chondrial SOD (SOD2) and components of the thioredoxin 
system (TXN2/TXNIP/TXNRD2) were found to be up-
regulated in the most aggressive phenotype. To further vali-
date the differences obtained with microarray data, several 
redox parameters were accessed in vitro in our AdC cell 
panel (Table 1). We found a significant imbalance in anti-
oxidant enzyme (AOE) activities between cell lines, more 
specifically an increased SOD activity with a concomitant 
decrease in CAT/GPX activities, suggesting H2O2 accu-
mulation in EKVX cells. Consistent with this, EKVX cell 
line generates higher steady-state levels of RS and H2O2 
(Table  1). In addition, regarding nonenzymatic param-
eters, basal lipoperoxidation (TBARS levels) is twofold 

Table 1   In vitro evaluation 
of tumoral aggressiveness and 
redox parameters in human lung 
AdC cell lines

Data represent mean ± SEM 
of at least four independent 
experiments (n = 4). Invasion 
index is defined as “number 
of invading cells/number of 
migrating cells” as described in 
“Materials and methods.” TRAP 
unit is expressed as “1-AUC” 
where high values correspond 
to higher antioxidant potential. 
Differences between both 
cells considered statistically 
significant when * (P < 0.05); 
** (P < 0.01); *** (P < 0.001) 
(Student’s t test)

SOD superoxide dismutase, 
CAT catalase, GPX glutathione 
peroxidase, TBARS thiobarbitu-
ric acid reactive species, MDA 
malondialdehyde

Human lung AdC cell lines P

A549 EKVX

Invasiveness (invasive/migratory cells)

 Invasion index 3.70 ± 1.2 19.22 ± 1.8*** 0.0004

Multidrug resistance (GI50 value) (μM)

 Cisplatin 3.04 ± 0.14 4.94 ± 0.13*** <0.0001

 Carboplatin 81.9 ± 9.1 152.8 ± 16.5** 0.0093

 Daunorubicin 0.052 ± 0.1 0.408 ± 0.06** 0.0012

 Doxorubicin 0.07 ± 0.01 0.64 ± 0.04*** <0.0001

 5-Fluorouracil 5.18 ± 1.1 355.7 ± 35*** <0.0001

 Hydroxyurea 366.5 ± 53 2425 ± 435** 0.0034

 Taxol 0.019 ± 0.1 0.203 ± 0.06* 0.0256

Antioxidant enzyme activities

 SOD (U/mg) 27.7 ± 1.3 33.2 ± 0.7* 0.0201

 CAT (U/mg) 1.05 ± 0.10 0.62 ± 0.04** 0.0070

 GPX (U/mg) 1.73 ± 0.21 0.89 ± 0.16* 0.0129

Nonenzymatic parameters

 TBARS (nmol eq. MDA/mg) 0.43 ± 0.09 1.05 ± 0.08** 0.0015

 Sulfhydryl groups (μmol –SH/mg) 250 ± 4.7 194 ± 11.4*** 0.0010

 Total antioxidant potential (TRAP) 0.73 ± 0.04 0.46 ± 0.07* 0.0234

Reactive species production

 DCF oxidation (RFU/min/106 cells) 28.2 ± 2.6 40.3 ± 1.8* 0.0196

 Amplex Red® (RFU/min/106 cells) 19.9 ± 2.9 36.5 ± 2.6** 0.0056

http://www.R-project.org/
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higher and there is a significant decrease in total antioxi-
dant capacity (TRAP) and reduced sulfhydryl levels (–SH) 
in EKVX cells. Therefore, high levels of intracellular oxi-
dative markers might be associated with cellular aggres-
siveness in AdC cells, possibly due to the combination of 
imbalance in AOE activities and high RS generation.

Intracellular oxidative state modulates the proliferative 
rates of lung AdC cell lines

To deepen the question whether oxidative state influences 
cellular aggressiveness or is a by-product, we evaluated 
the effect of antioxidant treatments in the growth rates of 
human lung AdC cells. Exogenous addition of CAT spe-
cifically decreases H2O2 levels since this oxidant diffuses 
through membranes (Policastro et  al. 2004) and caused a 
dose-dependent inhibition of both lung AdC cells’ growth 
(Fig. 2a). CAT washout restored proliferation rate of cells 
(Fig.  2b), arguing that CAT addition caused a cytostatic 
(not cytotoxic) effect, since there was no decrease in cell 
viability (data not shown). This phenomenon seems to be 
specifically related to H2O2 scavenging and not to a gen-
eral antioxidant effect, since Trolox® (synthetic analog 
of alpha-tocopherol) and N-acetyl-cysteine (NAC, a 

glutathione precursor) treatment did not inhibit cell prolif-
eration (Fig. 2a). Although the proliferative rates of A549 
and EKVX were equally inhibited by CAT treatment, a 
dose–response curve showed that the most aggressive AdC 
cell line presents a significantly higher resistance to H2O2 
toxicity (increase in GI50 value) (P < 0.05) (Fig. 2c). More-
over, sublethal doses of H2O2 (<40 μM) and aminotriazole 
(a specific catalase inhibitor) can consistently enhance the 
proliferative rates in EKVX cells (Fig.  2d). Collectively, 
these data suggest that an intracellular pro-oxidative state 
accompanies tumor progression and H2O2 plays a major 
role in cellular aggressiveness in lung AdC.

HAG is up‑regulated in clinical lung adenocarcinoma 
samples

In order to access the clinical value of the redox imbal-
ance found in vitro, we analyzed differential gene expres-
sion levels of HAG components using several microarray 
datasets derived from human cohorts of lung AdC sam-
ples (Table  2). Even though we found collectively a sig-
nificant difference in HAG activity between groups, the 
contributions of each subgroup of HAG components (e.g., 
peroxidases, thiol-containing proteins and superoxide 

Fig. 2   Cell growth is dependent on H2O2 in human lung adenocar-
cinoma cell lines. a Exogenous addition of catalase (125–1,000  U/
mL) for 72  h causes dose-dependent inhibition in cell proliferation 
of AdC cell lines. b CAT washout after 48 h of incubation allowed 
cells to return to its original proliferation rate. c Dose–response curve 

against H2O2 lung AdC cell lines. d Sublethal doses (<40  μM) of 
H2O2 and aminotriazole stimulate cell growth on EKVX. Data repre-
sent mean ± SEM of at least three independent experiments (n = 3), 
performed in triplicate *different from respective control group 
(P < 0.05) (Student’s t test)
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dismutases) were specific to each comparison performed 
(Table 2). As an example, the peroxidase set of genes was 
enriched only in tumor samples as compared to healthy tis-
sues (P = 0.022). In contrast, increases in thiol-containing 
gene set were found to be significantly up-regulated in 
advanced (III–IV) stages as compared to early (I–II) stages 
(P = 0.016), and in patient with poor prognosis (death) as 
compared to good prognosis (alive) (P = 0.005). SOD gene 
set was found to be up-regulated only in advanced stage of 
disease. All in all, our metadata analysis showed that HAG 
components are significantly altered in different aspects of 
lung tumor cells and have a strong prognostic impact for 
AdC patients.

Imbalance in redox marker has prognostic value for lung 
adenocarcinoma patient

The immunostaining of 4-HNE (a specific end product of 
lipoperoxidation) was evaluated in a cohort of patients with 
early-stage lung AdC (Fig.  3a). Table  3 shows the com-
plete description of the patient cohort baseline characteris-
tics, which are well balanced among the staining groups. 
All baseline conditions are independent from the HNE 
levels. The moderate immunostaining of 4-HNE was the 
only parameter significantly associated with higher risk of 
poor outcome (HR 8.87; 95  % CI 1.04–75.35; P  <  0.05) 
(Fig. 3b).

Discussion

In many malignancies, footprints of oxidative damage, the 
markers of the imbalance between oxidants and antioxi-
dants, have been detected and associated with several can-
cer-related processes, such as resistance to chemotherapy 
(Yoo et al. 2008; Wang et al. 2009), angiogenesis (Marik-
ovsky et  al. 2002), cellular immortalization (Pani et  al. 
2010) and cell death (Klamt and Shacter 2005; Circu and 
Aw 2010). Additionally, we recently described that patients 

Table 2   Gene set enrichment analysis of the HAG network in different human lung adenocarcinoma cohorts

Transcript profiles of human lung adenocarcinoma patients were obtained from GEO. Nominal P value of enrichment analysis obtained from 
GSEA (P < 0.05)

HAG human antioxidant gene network, PER peroxidase gene set, Thiol thiol-containing gene set, SOD superoxide dismutase gene set
a  Patients were grouped as early (I–II) or advanced (III–IV) clinical stages

GEO ID Cohort description Experimental groups Enrichment analysis (adjusted P value)

HAG PER Thiol SOD

GSE21933 21 tumor tissues and adjacent normal tissue Tumor versus normal tissue 0.335 0.022* 0.781 0.096

GSE41271 269 lung cancer specimens Advanced versus early stagesa 0.030* 0.538 0.016* 0.032*

GSE42127 174 lung cancer specimens with  
clinicopathological information

Dead versus alive 0.014* 0.502 0.005** 0.772

Fig. 3   4-Hydroxynonenal levels in human lung adenocarcinoma 
samples. a Representative immunostaining of 4-HNE in AdC biop-
sies is shown. IHC images represent negative controls (absence of 
primary antibody) (grade 0), weak (grade 1), moderate (grade 2) and 
strong stain (grade 3). Images are at ×400 magnification. b Cox mul-
tivariate regression analysis was used to estimate HR for cohort clini-
cal covariates and 4-HNE levels. CI confidence interval, BMI body 
mass index, FEV1 forced expiratory volume in 1 s, FVC forced vital 
capacity
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with p53 mutations, the most common mutational status of 
human cancer and the underlying defect of Li–Fraumeni 
syndrome (LFS), present high levels of oxidative mark-
ers (Macedo et al. 2012). Nonetheless, it is surprising that 
no antioxidant drug or intervention has been successfully 
translated to the oncologic clinical setting (Sotgia et  al. 
2011). So, the specific role played by oxidative stress in 
human lung adenocarcinoma biology is currently unknown 
and under investigation. In the present study, we took the 
advantage of an in vitro cell system to establish an asso-
ciation between tumoral aggressiveness and cellular redox 
imbalance. Despite intrinsic limitations of in vitro studies 
(e.g., lack of intercellular interactions), cell lines are reli-
able experimental models for cancer research since they 
retain relevant properties of primary tumors (Wistuba et al. 
1999). Moreover, we used a bioinformatics tool, the HAG 
network, to explore the expression levels of major antioxi-
dant system in cell systems and in clinical samples. Finally, 
we demonstrated that quantification of the oxidative marker 
4-hydroxynonenal (an end product of lipoperoxidation) has 
prognostic value for lung AdC patient outcome.

The redox state in the lung is controlled by complex and 
cell-specific antioxidant mechanisms. In addition to classi-
cal antioxidant enzymes (AOEs) (e.g., SOD, CAT, GPX), 
human lung tissue expresses several thiol-containing pro-
teins and small molecules, including thioredoxins (TRX1 
and TRX2), metallothioneins (MTs 1–4), glutathione 
(GSH) and peroxidases such as thioredoxin reductases 
(TRXR1 and TRXR2) and peroxiredoxins (also called 
thioredoxin peroxidases) (PRXs I–VI), which all contain 
the amino acid cysteine in their active centers (Blair et al. 
1997; Kinnula et  al. 2004; Ho et  al. 2007). These mole-
cules collectively participate not only in reactions to break 
down or scavenge H2O2, but also in the regulation of signal 

transduction pathways. Although dysregulation in these 
redox processes can be hypothesized to have fundamental 
role in carcinogenesis, tumor progression and drug resist-
ance, very little is known about their in vivo properties, 
especially with respect to alteration in their expression and 
functions in human lung AdC (Lehtonen et al. 2004). As an 
example, the multifunctional protein thioredoxin (TRX) is 
responsible for catalyzing protein disulfide reductions. In 
tumors, TRX increases cell proliferation and resistance of 
various cells to oxidants and drugs. Moreover, metallothio-
neins (MTs) are proteins involved in metal binding and free 
radical scavenging activities, being associated with drug 
resistance and associated with lung cancer progression and 
poor patient outcome (Cherian et al. 2003). Corroborating 
with these, in our study we found both protein families to 
be enriched in the most aggressive AdC cell line, which 
could be related to the multidrug resistance presented by 
EKVX cells, and involved clinically in tumor progres-
sion and poor patient outcome. Our data also pointed to 
the involvement of peroxidase gene set in the initiation 
of carcinogenesis (tumor vs. normal tissue). The previ-
ous study suggests that, in general, human lung AdC may 
contain increased levels of PRXs, specifically in PRXI, II, 
IV and VI (Lehtonen et  al. 2004). Moreover, in the same 
study, PRX II expression was shown to be associated with 
advanced tumor stage (IIB–IV) in lung AdC, corroborating 
with our data that showed enrichment in PRXII expression 
in the most aggressive cell line.

To overcome the oxidizing microenvironment of lung 
tissue, it was thought that malignant cells have overexpres-
sion of antioxidant defenses. However, our data and from 
others (Laurent et  al. 2005; Myung et  al. 2010) show that 
high levels of oxidative markers are present in cancer cells 
and are associated with tumoral aggressiveness (Chaiswing 

Table 3   Cohort baseline 
characteristics according to 
4-hydroxynonenal levels

a  Chi-squared test for given 
probabilities with Monte Carlo 
simulated P values (based on 
2,000 replicates)
b  2D-tabulated according to the 
respective groups

Characteristic Total 4-Hydroxynonenal staining P valuea

Weak Moderate Strong

Cohort (n = 34) 100 % 13 (38.2 %) 12 (35.3 %) 12 (35.3 %) 0.755

Age (years) 64.5 ± 9.51 63 ± 9.8 63.4 ± 10.5 68.3 ± 7.4 –

Sexb 0.657

 Men 20 (58.8 %) 9 (69.2 %) 6 (50 %) 5 (55.5 %) 0.621

 Women 14 (41.2 %) 4 (30.8 %) 6 (50 %) 4 (44.5 %) 0.838

Tumor stagingb 0.355

 IA 8 (23.5 %) 3 (23.1 %) 2 (22.2 %) 3 (33.3 %) 1.000

 IB 13 (38.2 %) 6 (46.1 %) 5 (41.7 %) 2 (22.2 %) 0.477

 IIA 6 (17.7 %) 1 (7.7 %) 4 (33.3 %) 1 (11.1 %) 0.395

 IIB 7 (20.6 %) 3 (23.1 %) 1 (8.3 %) 3 (33.3 %) 0.720

Smokingb 0.060

 Smoker 23 (67.7 %) 10 (76.9 %) 5 (41.7 %) 8 (88.9 %) 0.467

 Nonsmoker 11 (32.3 %) 3 (23.1 %) 7 (58.3 %) 1 (11.1 %) 0.478
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et  al. 2007; Jorgenson et  al. 2013). Chemically, oxidative 
stress is associated with increased production of oxidiz-
ing species or a significant decrease in the effectiveness of 
antioxidant defenses and repair systems. Moreover, some 
RS act as cellular messengers (e.g., H2O2). Thus, oxidative 
stress can cause disruptions in normal mechanisms of cel-
lular signaling. In our study, the stimulatory effect of RS 
in tumor growth seems to be specifically related to H2O2, 
because we could not find any effects of the supplementa-
tion of NAC and Trolox® on the proliferation rates of AdC 
cells. In this context, it was already suggested that tumors 
could not properly detoxify H2O2 (Coursin et  al. 1996). 
This specific physiological oxidant can stimulate cell prolif-
eration (Burhans and Heintz 2009), migration and invasion 
(Polytarchou et al. 2005; Connor et al. 2007) and is involved 
with the resistance against chemotherapy (Yoo et al. 2008; 
Wang et al. 2009). We showed that both lung AdC cell lines 
are highly dependent on H2O2 to proliferate, since we could 
not find any differences between the two cell lines in rela-
tion to the growth inhibition in response to CAT treatment 
and the stimulatory effect of the CAT inhibitor AMT. More-
over, the most aggressive cell line (EKVX) has increased 
levels of oxidative markers, generates higher steady-state 
levels of H2O2 and, more importantly, presents an addi-
tional stimulatory effect in the proliferation rate in response 
to sublethal doses of H2O2. All in all, collectively our data 
support that an imbalance in redox status is important for 
the pathological homeostasis of lung AdC and is associated 
with tumor progression. So, in fully developed cancer cells, 
the generation of high rates of reactive oxygen species may 
act as a driving force to induce oxidative damage to lipids, 
mutations in DNA bases and posttranslational modifications 
in proteins, contributing so to the genetic instability and 
metastatic potential of tumor cells (Cairns et al. 2011).

Despite the positive correlation between tumor aggres-
siveness and oxidative stress demonstrated here in vitro, 
we found a bell-shape curve effect of the oxidative stress 
marker 4-HNE in predicting the outcome of early-stage 
lung AdC patients. Only moderate levels of 4-HNE were 
significantly associated with poor patient outcome. The 
biological effects of oxidative stress depend upon the size 
of these changes, with a cell system being able to overcome 
small perturbations by inducing the expression of AOE and 
regain its original state, a process known as cellular adap-
tation. However, more severe oxidative stress or chronic 
exposure to oxidants can cause extensive cellular damage, 
leading to cell death by apoptosis or necrosis (Klamt et al. 
2009) (Englert and Shacter 2002). Possibly, strong 4-HNE 
levels in tumors reflect an extremely increased ROS level 
that reaches toxic effect in cellular functions. On the other 
hand, moderate levels of 4-HNE possibly reflect the stimu-
latory level where high amount of RS fuels malignant fea-
tures specifically in tumor cells (Lisanti et al. 2011). Even 

though, to our knowledge, this is the first demonstration of 
the prognostic role of 4-HNE levels in lung AdC, unfortu-
nately, the determination of RS levels and oxidative mark-
ers does not provide mechanistic insight concerning cancer 
development and progression.

A recent meta-analysis of randomized controlled tri-
als that evaluated the efficacy of antioxidant supplementa-
tion in cancer indicated that there is no clinical evidence 
to support preventive effect of antioxidant supplementation 
(Myung et  al. 2010). Moreover, the relationship of redox 
imbalances with different aspects of cancer biology can 
be systematically studied with the use of high-throughput 
experimental tools, such as redox proteome (Klamt et  al. 
2009) or differential gene expression levels of the HAG 
network with microarray data (Gelain et  al. 2009). Along 
with other studies, we support the idea that compounds 
with H2O2-scavenging capacity might be a good approach 
for cancer management. As already shown in the litera-
ture, catalase overexpression reverted malignant features 
in different cell lines (Policastro et al. 2004) and prevented 
tumor growth and metastasis in mouse lung (Nishikawa 
et  al. 2009). Moreover, mitochondrial-targeted catalase 
suppresses invasive breast cancer in mice (Goh et al. 2011), 
and the role of catalase has already been established for in 
vivo models (Nishikawa et al. 2009) and should be further 
considered for human clinical trials in lung AdC patients.

In summary, we demonstrated an association between 
redox imbalance and tumor aggressiveness in human lung 
adenocarcinoma samples. To our knowledge, this is the first 
study suggesting 4-HNE as a possible prognostic marker. 
Thereby, it seems plausible that imbalance in redox metab-
olism is pivotal to tumor malignancy, and besides consist-
ent evidence of increased oxidative stress exists for lung 
cancer patients, future studies should focus on the specific 
mechanism of redox imbalances that mediates different 
aspects of tumor aggressiveness for the improvement of 
cancer therapy.
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