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1. ABSTRACT 
 

Reactive oxygen species (ROS) are produced in 
different physiological conditions. In response to ROS 
imbalance cells activate oxidative stress defenses, which 
include more than 60 antioxidant genes. It has been 
suggested that gene products associated with ROS 
detoxification can work coordinately, acting as an 
antioxidant-defense network. However, the functional 
overlap among oxidative stress defenses and other related 
cell functions makes difficult the characterization of this 
network. We previously described a network-based model 
to characterize the interactions existing among different 
antioxidant gene products and their substrates. Here, we 
test whether this network-based model of human 
antioxidant genes can respond to different physiological 
conditions. We used a systems biology approach applied to 
the analysis of two independent gene expression datasets: 
transcriptomes from HeLa cells and primary astrocytes 
maintained under hypoxic conditions and transcriptomes 
from SKGT4 cells exposed to low pH environment. We 
found that the proposed gene network model responds 
selectively to both hypoxia and acidosis. We anticipate that 
this antioxidant gene network model can be helpful to 
describe stress-responsive expression profiles in different 
cell types.  

 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Reactive oxygen species (ROS) are produced 
during normal cellular metabolism. ROS mediate diverse 
physiological responses by acting in several signaling 
pathways (1-3). In addition, ROS overproduction may lead 
to cell oxidative damage, playing a causative role in 
numerous diseases (4). To maintain the homeostasis 
between ROS production and detoxification, cells 
developed a complex antioxidant apparatus including 
endogenous and exogenous components. 

 
The most classical enzymatic antioxidant defense 

includes catalase, superoxide dismutase and glutathione 
peroxidase (5-6). They are representative members of 
enzyme families that have many other constituents (e.g. 
GPX family members). In addition, non-enzymatic 
components (such as thiol-containing proteins) play 
essential role in endogenous antioxidant defenses (7-8). 

 
Although gene products associated with 

antioxidant defenses are in general investigated 
individually, increasing evidences indicate that they work 
coordinately as a network (9-12). However, the functional 
overlap among antioxidant defenses and a number of 
related cell functions – together with cell 
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Figure 1. Network-based model of human antioxidant genes. Edges correspond to interactions existing among different 
antioxidant genes and their substrates as defined previously (8). All genes with prime antioxidant function are considered 
together with their substrate/product reactions to construct the network interactions (adapted from Gelain et al. (8) and available 
in www.ufrgs.br/icbs/hag). 

 
compartmentalization of antioxidant key elements – makes 
difficult the precise characterization of such network. One 
possible approach to study complex and entangled 
networks is the use of gene expression data from high-
throughput experiments (13). 

 
Gene expression networks are frequently linked 

with the traditional concept of regulatory pathways that 
describe cascade of regulatory events and provide the basis 
for genetic network reconstruction (14). However, such 
traditional concept has its limitations, since it aims to study 
properties of individual network components rather than 
consider all components and their interactions 
simultaneously (15-16). In order to evaluate the systemic 
properties of antioxidant gene networks we previously 
described a network-based model of human antioxidant 

genes characterizing the interactions existing among 
different antioxidant key components and its substrates 
(Figure 1) (7-8). In this model, all genes with prime 
antioxidant function are considered together with their 
substrate/product reactions to construct the network 
interactions. 

 
Here, we accessed the gene expression activity of 

the antioxidant gene network components in HeLa cells and 
primary astrocytes submitted to hypoxic condition to test 
our network-based model. We also analyzed the gene 
expression activity of the antioxidant gene network in 
esophageal adenocarcinoma SKGT4 cells exposed to low 
pH environment. We have found that the proposed 
antioxidant gene network responds selectively to hypoxia 
in HeLa cells and low pH treatment in SKGT4 cells. 
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3. METHODS 
 
3.1. Network-based model of human antioxidant genes 

The network-based model of human antioxidant 
genes has been previously described (7-8) and is provided 
at the Human Antioxidant Genes (HAG) database 
(www.ufrgs.br/icbs/hag). The HAG website shows a 
manually curated set of genes involved in antioxidant 
defenses. The gene list is classified as following: (1) genes 
whose products are widely accepted as being primarily 
antioxidant enzymes; (2) genes whose products may not be 
antioxidant enzymes, but are also recognized as having a 
primary antioxidant function; (3) genes whose products are 
recognized as having a primary role in other physiologic 
processes, but are known to physically interact with 
reactive species, also converting them into less or non-toxic 
products, through redox reactions carried by functional 
groups; and (4) genes whose products were described to 
maintain exclusive, specific interactions with the gene 
products described above, being essential for the 
antioxidant function of such proteins. In total, 63 
antioxidant genes are listed in the gene network, which is 
subdivided according to three categories: i) peroxidases (17 
genes), ii) superoxide dismutases (4 genes), and iii) thiol 
redox (42 genes). These gene sets hereby are referred to as 
Groups of Functionally Associated Genes (GFAG). Each 
gene in the network is identified according to the approved 
HGNC gene symbol (Figure 1) (17). The network showing 
edge relationships was handled in Medusa software (18). 
Functional categories are discriminated by different colors 
and protein data are crossed with substrates in order to 
integrate the network. For this purpose we considered the 
substrates annotated for each gene product in KEGG 
database (19). 
 
3.2. Data selection 

Microarray data of HeLa cells were obtained 
from GEO database, series GSE3051 
(http://www.ncbi.nlm.nih.gov/projects/geo/). This dataset 
comprises 6 arrays (Affymetrix GeneChip Human Genome 
U133 Plus 2.0 Array), as previously described (20). The 
experimental design provides three independent sample-
sets grown under normoxic (95% air-5% CO2) and three 
independent sample-sets grown under hypoxic conditions 
(1% O2-5% CO2-94% N2) for 24 hours. Microarray data 
of human primary astrocytes follow the same experimental 
design (GEO database, series GSE3045). Microarray data 
of esophageal adenocarcinoma SKGT4 cell line were also 
obtained from GEO database, series GSE2144 
(http://www.ncbi.nlm.nih.gov/projects/geo/). This dataset 
comprises 10 arrays (Affymetrix GeneChip Human 
Genome U133 Array Set HG-U133A), as previously 
described (21). This study was originally designed to 
identify pathways involved in the progression of gastro-
esophageal reflux disease through Barrett's esophagus to 
adenocarcinoma. The SKGT4 esophageal cells were 
stimulated with Low pH environment (pH=6.5) for 30, 120, 
180 and 240 minutes (n=2 for each treatment time; further 
details please see (21) and GEO database). Each sample 
contemplates 50 antioxidant genes listed in HAG website. 
Microarray data are provided as normalized raw signal 
(MAS5.0) (20-21). 

3.3. Statistical analysis 
The statistics used to describe the activity and 

diversity of a given gene set has been previously described 
(13). Briefly, to obtain a quantitative measure to 
characterize the regulation of each GFAG in the samples 
we accessed the information content using Shannon’s 
entropy (22-23) defined as follows. Consider M as the 
number of genes in the GFAG α (α = 1,…, n). For a given 
GFAG, we can define s(i,α) as being the signal of a given 
gene i, (i = 1,…, Mα), whose sum for a given α adds up to 
Nα. The contribution p(i,α) of the signal of gene i to the 
total signal of the α-GFAG is 
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where we have divided all terms by the normalization 
factor ln(Mα) to guarantee that 0 ≤ Hα ≤ 1. In this way we 
can compare different GFAGs that may present different 
numbers of genes. Finally, in order to normalize the 
quantities by groups of genes, taking as reference the 
diversity of the signal of the control, we define the relative 
diversity hα for any given GFAG as 
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where 

eHα  and 

γ
αH  are, respectively, the diversity of experiment and control (i.e. GFAGs 

from treatment and control microarrays). In analogy, the 
relative gene expression activity nα of the α-GFAG is 

defined as 
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where eNα and γ
αN  are, respectively, the gene expression 

activity of experiment and control. To determine the 
significantly altered GFAGs we used resampling analysis 
with replacement (bootstrapping) with 50.000 replications 
in order to estimate the sampling distribution of both hα 
and nα in the microarray dataset (this bootstrap number 
guarantee convergence without fluctuations). Given that 
this analysis considers genes in the context of functional 
groups, the statistical design is set to compare groups of 
genes (i.e. GFAGs). Therefore, to understand the 
significance boundaries, it is essential to observe that the 
bootstrap distribution produces random groups with the 
same size of the GFAGs (i.e. the number of genes seeded in 
the bootstrap is the same of the GFAG tested). This 
procedure can detect other aspects of the transcriptome 
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Figure 2. Antioxidant gene network function in HeLa cells and primary astrocytes maintained under hypoxic conditions. Relative 
gene expression activity (nα) and diversity (hα) of antioxidant genes (upper panels) and essential cell functions (lower panels) in 
HeLa cells (a) and human primary astrocytes (b) maintained under hypoxic conditions (1% O2-5% CO2-94% N2) for 24 h in 
three independent experiments (a, b, and c: n=3). The panels are color-coded according to the P-value obtained in bootstrap 
analysis for each Group of Functional Associated Genes (GFAG) compared with normoxic maintained groups. The raw P-values 
from the bootstrap analysis were controlled for multiple comparisons by False Discovery Rate (FDR) analysis. * Significant 
differential expression with FDR<0.05. 
 
functioning, possible not detect in the typical single-gene 
analysis. The raw P-values from the bootstrap analysis 
were controlled for multiple comparisons by False 
Discovery Rate (FDR) analysis (24). This procedure was 
used to identify GFAGs exhibiting significant differential 
gene expression profiles with a FDR no greater than 5% 
(i.e. a 5% FDR indicates that among all GFAGs identified 
as being differentially expressed, 5% of them are truly not 
significant). All data analysis was carried out in the 
ViaComplex software (25). 
4. RESULTS  
 
4.1. Antioxidant gene network activity in hypoxic 
conditions 

The relative gene expression activity (nα) and 
diversity (hα) of the antioxidant genes in HeLa cells and 
human primary astrocytes are presented in Figure  2. In 
HeLa cells (Figure 2a, upper panels), the antioxidant gene 

activity is significantly altered in all three independent 
experiments (a, b and c). It shows that HeLa cells submitted 
to hypoxia have increased the gene expression activity 
when compared to normoxic controls (Pa=0.01504, 
FDRa=0.025; Pb=0.02216, FDRb=0.025; Pc=0.0062, 
FDRc=0.025), and this increase is concentrated in thiol 
redox functions (Pa=0.0056; FDRa=0.0125; Pb=0.005, 
FDRb=0.0125; Pc=0.00392, FDRc=0.0125). In order to test 
whether these results are associated with large-scale and 
non-specific gene expression changes we also quantified 
the gene expression activity of several essential pathways 
(Figure 2a, lower panels). According to KEGG database 
(19), this panel provides at least one pathway that may 
characterize the gene expression status of the following cell 
metabolic functions: i) carbohydrate metabolism, ii) energy 
metabolism, iii) lipid metabolism, iv) nucleotide 
metabolism, v) amino acid metabolism, vi) transcription, 
vii) translation, and viii) folding, sorting and degradation. 



pH-responsive antioxidant gene networks 

1560 

 
 

Figure 3. Antioxidant gene network function in SKGT4 cells maintained in low pH environment (pH=6.5). Relative gene 
expression activity (nα) (a) and diversity (nα) (b) of antioxidant genes (upper panels) and essential cell functions (lower panels) 
in 30, 120, 180, and 240 min, in low pH environment, in two independent experiments (a and b: n=2 for each treatment time). 
The panels are color-coded according to the P-value obtained in bootstrap analysis for each Group of Functional Associated 
Genes (GFAG) compared with physiologic pH-maintained groups. The raw P-values from the bootstrap analysis were controlled 
for multiple comparisons by False Discovery Rate (FDR) analysis. *Significant differential expression with FDR<0.05. 

 
Accordingly, neither activity nor gene expression 

diversity of these essential pathways are significantly 
altered in HeLa cells submitted to hypoxia when compared 
to normoxic condition (at an FDR < 5%), and in primary 
astrocytes only one pathway presents gene expression 
activity significantly increased at an FDR < 5% (n=2) when 
compared to the control (Figure 2b, lower panels). 
 
4.2. Antioxidant gene network activity in low pH 
environment 

In Figure 3 (upper panels) we present the relative 
gene expression activity (nα) and diversity (hα) of the 
antioxidant GFAGs in SKGT4 cells maintained under low 
pH condition (pH=6.5). The antioxidant gene sets seem to 
respond to the low pH environment in a time-dependent 
manner, showing a progressive increase that is significantly 
different from the control at 240 min (FDR < 5%) (Figure 
3a, upper panels). This result does not seem to be related to 
global gene expression changes, as indicated by the same 
analysis on essential pathways (Figure 3a, lower panels). In 
addition, the gene expression diversity in SKGT4 cells is 

not significantly altered (at an FDR < 5%) in any evaluated 
pathway (Figure 3b). 
 
4.3. Gene expression levels of antioxidant genes 

In order to compare the gene expression levels 
among all experiments we normalized the expression 
values from all microarrays and ordered all genes according 
to the normalized expression levels in each cell type (HeLa 
cells, primary astrocytes, and SKGT4 cells). The result of 
this ranking is depicted in Figure 4 and suggests that the 
gene expression pattern is similar among the three cell 
types, that is, genes with high expression levels in HeLa 
cells also present high expression values in the other two 
cell types, and vice versa. However, this observation might 
be biased due to a possible unbalanced distribution of the 
GFAGs’ members (i.e. peroxidases, superoxide dismutases, 
or thiol redox). Therefore, next we grouped the antioxidant 
genes by both GFAG membership and gene rank. Such 
hierarchical subdivision is listed in Table 1 and the relative 
gene expression activity is depicted in Figure 5. It shows 
that the response pattern of antioxidant genes is in fact
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Table 1. Antioxidant gene groups 
 Gene Symbol Gene Name Gene Group 
ASTROCYTES    
Group A TXNL4B thioredoxin-like 4B Thiol-redox 
 MT1M metallothionein 1M Thiol-redox 
 TXNRD2 thioredoxin reductase 2 Thiol-redox 
 TXNRD3 thioredoxin reductase 3 Thiol-redox 
 TXNDC3 thioredoxin domain containing 3 (spermatozoa) Thiol-redox 
Group B TXN2 thioredoxin 2 Thiol-redox 
 TXNDC13 thioredoxin domain containing 13 Thiol-redox 
 GLRX glutaredoxin (thioltransferase) Thiol-redox 
 MT1E metallothionein 1E Thiol-redox 
 GLRX3 glutaredoxin 3 Thiol-redox 
 GSR glutathione reductase Thiol-redox 
 MT1H metallothionein 1H Thiol-redox 
 MT1G metallothionein 1G Thiol-redox 
Group C MT1X metallothionein 1X Thiol-redox 
 SEPP1 selenoprotein P, plasma, 1 Thiol-redox 
 GLRX5 glutaredoxin 5 Thiol-redox 
 TXNL4A thioredoxin-like 4A Thiol-redox 
 GLRX2 glutaredoxin 2 Thiol-redox 
 MSRA methionine sulfoxide reductase A Thiol-redox 
 TXNDC4 thioredoxin domain containing 4 (endoplasmic reticulum) Thiol-redox 
 MT1F metallothionein 1F Thiol-redox 
Group D TXNDC5 thioredoxin domain containing 5 Thiol-redox 
 TXNL1 thioredoxin-like 1 Thiol-redox 
 MT2A metallothionein 2A Thiol-redox 
 TXN thioredoxin Thiol-redox 
 TXNDC9 thioredoxin domain containing 9 Thiol-redox 
Group E PDIA6 protein disulfide isomerase family A, member 6 Thiol-redox 
 TXNDC1 thioredoxin domain containing 1 Thiol-redox 
 TXNDC14 thioredoxin domain containing 14 Thiol-redox 
 TXNIP thioredoxin interacting protein Thiol-redox 
 TXNRD1 thioredoxin reductase 1 Thiol-redox 
Group F GPX2 glutathione peroxidase 2 (gastrointestinal) Peroxidases 
 MPO myeloperoxidase Peroxidases 
 LPO lactoperoxidase Peroxidases 
 GPX5 glutathione peroxidase 5 (epididymal androgen-related protein) Peroxidases 
Group G GPX7 glutathione peroxidase 7 Peroxidases 
Group H PRDX2 peroxiredoxin 2 Peroxidases 
Group   I GPX3 glutathione peroxidase 3 (plasma) Peroxidases 
 GPX1 glutathione peroxidase 1 Peroxidases 
 PRDX3 peroxiredoxin 3 Peroxidases 
 CP ceruloplasmin (ferroxidase) Peroxidases 
  CAT catalase c 
ASTROCYTES    
Group J PRDX6 peroxiredoxin 6 Peroxidases 
 PRDX1 peroxiredoxin 1 Peroxidases 
 PRDX4 peroxiredoxin 4 Peroxidases 
 GPX4 glutathione peroxidase 4 (phospholipid hydroperoxidase) Peroxidases 
Group K SOD3 superoxide dismutase 3, extracellular SOD 
Group L CCS copper chaperone for superoxide dismutase SOD 
Group M SOD2 superoxide dismutase 2, mitochondrial SOD 
Group N SOD1 superoxide dismutase 1, soluble (amyotrophic lateral sclerosis 1 (adult)) SOD 
HELA    
Group A TXNL4B thioredoxin-like 4B Thiol-redox 
 TXNDC13 thioredoxin domain containing 13 Thiol-redox 
 TXNDC3 thioredoxin domain containing 3 (spermatozoa) Thiol-redox 
Group B TXN2 thioredoxin 2 Thiol-redox 
 GLRX2 glutaredoxin 2 Thiol-redox 
 TXNDC4 thioredoxin domain containing 4 (endoplasmic reticulum) Thiol-redox 
 GSR glutathione reductase Thiol-redox 
 TXNRD2 thioredoxin reductase 2 Thiol-redox 
 TXNRD3 thioredoxin reductase 3 Thiol-redox 
 MSRA methionine sulfoxide reductase A Thiol-redox 
Group C TXNDC1 thioredoxin domain containing 1 Thiol-redox 
 MT1M metallothionein 1M Thiol-redox 
 TXNIP thioredoxin interacting protein Thiol-redox 
 GLRX5 glutaredoxin 5 Thiol-redox 
 TXNL1 thioredoxin-like 1 Thiol-redox 
 TXNL4A thioredoxin-like 4A Thiol-redox 
 TXNDC9 thioredoxin domain containing 9 Thiol-redox 
 GLRX3 glutaredoxin 3 Thiol-redox 
 SEPP1 selenoprotein P, plasma, 1 Thiol-redox 
Group D TXNRD1 thioredoxin reductase 1 Thiol-redox 
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 MT1F metallothionein 1F Thiol-redox 
 GLRX glutaredoxin (thioltransferase) Thiol-redox 
 TXN thioredoxin Thiol-redox 
 TXNDC14 thioredoxin domain containing 14 Thiol-redox 
 MT1G metallothionein 1G Thiol-redox 
 TXNDC5 thioredoxin domain containing 5 Thiol-redox 
Group E MT2A metallothionein 2A Thiol-redox 
 MT1X metallothionein 1X Thiol-redox 
 PDIA6 protein disulfide isomerase family A, member 6 Thiol-redox 
 MT1E metallothionein 1E Thiol-redox 
  MT1H metallothionein 1H Thiol-redox 
HELA    
Group F GPX3 glutathione peroxidase 3 (plasma) Peroxidases 
 GPX2 glutathione peroxidase 2 (gastrointestinal) Peroxidases 
 GPX7 glutathione peroxidase 7 Peroxidases 
 CP ceruloplasmin (ferroxidase) Peroxidases 
 MPO myeloperoxidase Peroxidases 
 GPX5 glutathione peroxidase 5 (epididymal androgen-related protein) Peroxidases 
 LPO lactoperoxidase Peroxidases 
Group G CAT catalase Peroxidases 
Group H GPX1 glutathione peroxidase 1 Peroxidases 
 PRDX3 peroxiredoxin 3 Peroxidases 
 PRDX2 peroxiredoxin 2 Peroxidases 
Group I PRDX1 peroxiredoxin 1 Peroxidases 
 PRDX4 peroxiredoxin 4 Peroxidases 
 GPX4 glutathione peroxidase 4 (phospholipid hydroperoxidase) Peroxidases 
 PRDX6 peroxiredoxin 6 Peroxidases 
Group J SOD2 superoxide dismutase 2, mitochondrial SOD 
 CCS copper chaperone for superoxide dismutase SOD 
 SOD3 superoxide dismutase 3, extracellular SOD 
Group K SOD1 superoxide dismutase 1, soluble (amyotrophic lateral sclerosis 1 (adult)) SOD 
    
SKGT4    
Group A MSRA methionine sulfoxide reductase A Thiol-redox 
 TXNRD2 thioredoxin reductase 2 Thiol-redox 
 TXNRD3 thioredoxin reductase 3 Thiol-redox 
  SEPP1 selenoprotein P, plasma, 1 Thiol-redox 
 TXNDC3 thioredoxin domain containing 3 (spermatozoa) Thiol-redox 
Group B TXNDC4 thioredoxin domain containing 4 (endoplasmic reticulum) Thiol-redox 
 TXNL4A thioredoxin-like 4A Thiol-redox 
 MT1M metallothionein 1M Thiol-redox 
 GLRX glutaredoxin (thioltransferase) Thiol-redox 
 TXNL4B thioredoxin-like 4B Thiol-redox 
 GSR glutathione reductase Thiol-redox 
 TXNDC13 thioredoxin domain containing 13 Thiol-redox 
Group C MT1F metallothionein 1F Thiol-redox 
 MT1G  metallothionein 1G Thiol-redox 
 GLRX2 glutaredoxin 2 Thiol-redox 
 GLRX3 glutaredoxin 3 Thiol-redox 
 GLRX5 glutaredoxin 5 Thiol-redox 
  TXN2 thioredoxin 2 Thiol-redox 
SKGT4    
Group D TXNDC5  thioredoxin domain containing 5 Thiol-redox 
 TXNDC14 thioredoxin domain containing 14 Thiol-redox 
 TXNRD1 thioredoxin reductase 1 Thiol-redox 
 MT1E metallothionein 1E Thiol-redox 
 TXNL1 thioredoxin-like 1 Thiol-redox 
 TXNDC9 thioredoxin domain containing 9 Thiol-redox 
Group E MT2A  metallothionein 2A Thiol-redox 
 MT1X metallothionein 1X Thiol-redox 
 TXNIP thioredoxin interacting protein Thiol-redox 
 PDIA6 protein disulfide isomerase family A, member 6 Thiol-redox 
 TXNDC1 thioredoxin domain containing 1 Thiol-redox 
 MT1H metallothionein 1H Thiol-redox 
 TXN thioredoxin Thiol-redox 
Group F GPX7 glutathione peroxidase 7 Peroxidases 
 MPO myeloperoxidase Peroxidases 
 GPX5 glutathione peroxidase 5 (epididymal androgen-related protein) Peroxidases 
 LPO lactoperoxidase Peroxidases 
Group G GPX3 glutathione peroxidase 3 (plasma) Peroxidases 
Group H PRDX2 peroxiredoxin 2 Peroxidases 
 CAT catalase Peroxidases 
 GPX2 glutathione peroxidase 2 (gastrointestinal) Peroxidases 
 PRDX3 peroxiredoxin 3 Peroxidases 
Group I PRDX6 peroxiredoxin 6 Peroxidases 
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 PRDX4 peroxiredoxin 4 Peroxidases 
 CP ceruloplasmin (ferroxidase) Peroxidases 
 GPX4 glutathione peroxidase 4 (phospholipid hydroperoxidase) Peroxidases 
Group J PRDX1 peroxiredoxin 1 Peroxidases 
  GPX1 glutathione peroxidase 1 Peroxidases 
Group K SOD2 superoxide dismutase 2, mitochondrial SOD 
Group L SOD3 superoxide dismutase 3, extracellular SOD 
 CCS copper chaperone for superoxide dismutase SOD 
Group M SOD1 superoxide dismutase 1, soluble (amyotrophic lateral sclerosis 1 (adult)) SOD 

 

 
 
Figure 4. Gene expression activity level of antioxidant genes. The microarray signal of the antioxidant genes have been 
normalized for each sample and then the antioxidant genes of primary astrocytes (a), HeLa cells (b), and SKGT4 cells (c) have 
been ordered according to the expression level. 
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Figure 5. Gene expression activity of hierarchical groups. Relative gene expression activity of hierarchical groups in primary 
astrocytes maintained under hypoxic conditions for 24h (a), in HeLa cells maintained under hypoxic conditions for 24h (b), and 
in SKGT4 cells maintained in low pH environment for 240min (c). Stippled line indicates the equality point between control and 
experiment. Data expressed by average (±SEM).*P <0.05; significance after hierarchical groups analysis (i.e. post-hoc test for 
thiol-redox with 50,000 bootstrapping). 
 
significant different among the three cell types: (i) primary 
astrocytes do not respond to hypoxic treatment (Figure 5a), 
(ii) HeLa cells show thiol-redox activation predominantly 
in two groups (Figure 5b), and (iii) SKGT4 cells present a 
homogeneous thiol-redox up-regulation (Figure 5c). Taken 
together, these results indicate that the thiol-redox gene 
group shows the most responsive antioxidant function 
when considering hypoxic condition (HeLa cells) and low 
pH environment (SKGT4 cells). 
 
5. DISCUSSION 
 

Free radicals and other reactive oxygen species 
are generated in several cellular sites during normal 
metabolism. One of the major physiological sources of 
ROS is the mitochondrial electron transport chain (26). The 
oxidative phosphorylation represents the main pathway in 
ATP generation in most eukaryotic cells. However, a wide 

number of cells can survive at low oxygen tension by using 
the glycolysis pathway to generate ATP. Gene expression 
is adjusted to oxygen availability by several mechanisms, 
including regulation of transcription activity by hypoxia-
inducible factor α1 (HIF-α1). HIF-α1 regulates the 
expression of a wide number of genes, including many 
involved in ROS control (27). In the present work, we 
evaluated the relative gene expression activity of 
antioxidant genes in HeLa cells and primary human 
astrocytes maintained under hypoxic conditions. A network 
describing the associations among those genes has been 
proposed by Gelain et al. (7-8), and includes 63 
components involved in codifying antioxidants products, 
grouped into functional categories. 

 
According to Figure 2a, hypoxic treatment 

significantly increases the relative expression of the 
antioxidant genes in HeLa cells and this up-regulation is 



pH-responsive antioxidant gene networks 

1565 

 
 

Figure 6. Network of SKGT4 cells response to acidosis. The hierarchical groups are color-coded according acidosis treatment 
response. The size of the spheres is proportional to number of genes in each hierarchical group.    

 
not followed by a general increase in transcriptional 
activity. Surprisingly, even glycolysis genes (which could 
be expected to be upregulated under hypoxic conditions) 
are not altered in HeLa cells. This is in contrast with 
primary astrocytes, which shows significant changes in 
glycolysis genes, but no significant alterations in the 
antioxidant GFAGs (Figure 2b). This result is consistent 
with the original paper that produced the transcriptomes 
from HeLa cells and astrocytes (20). According to Mense 
& cols (20), primary astrocytes present significant increase 
in the induction of genes involved in glycolysis, glucose 
transport, and lactate transport when compared to HeLa 
cells. The authors suggest that this gene expression pattern 
might contribute to the higher resistance of astrocytes to 
hypoxia, indicating that the oxygen-dependent gene 
expression regulation is cell type specific. It is possible that 
the unchanged status of the antioxidant gene groups in 
astrocytes is related to its ability to deal with anaerobic 
metabolism. In contrast, HeLa cells represent a highly 
proliferative tumor cell type that requires additional energy 
supply, obtained mainly through oxidative phosphorylation. 
Therefore, conditions of low O2 tension might cause severe 
cellular stress in this cell type when compared to human 
astrocytes, which might be better adapted to hypoxic 
conditions. In some extent, it is possible that such cellular 
stress may modulate the thiol-redox apparatus expression, as 
showed in Figure 2a. 

 
Cells have mechanisms that regulate the intracellular 

pH (pHi), such as the Na+/H+ antiport. However, an intense 
glycolytic activity may lead to acidosis if an excessive H+ 

production overcomes the cellular pHi regulating systems. 
Thus, a common hypoxic consequence is cellular acidosis, 
which may trigger a selective gene expression response (21). 
To determine the relative expression of the antioxidant genes 
submitted to acidosis, we accessed microarray data from 
esophageal adenocarcinoma SKGT4 cells maintained under 
low pH conditions. As shown in Figure 3a, gene expression 
levels of thiol-redox members are increased in these cells. 
It shows that the antioxidant gene network (mainly thiol-
redox genes) in SKGT4 cells is responsive to low pH 
environment, suggesting that cellular acidosis can be one of 
the conditions able to up regulate the expression of thiol-
redox genes. Additionally, the gene expression diversity in 
SKGT4 cells is not altered in any experimental condition, 
indicating that the observed gene expression changes are 
due to a coordinated response (not caused by isolated gene 
expression peaks), which reinforces the idea that 
antioxidant genes work as a system. 

 
The contrast among the relative gene expression 

patterns from HeLa, astrocytes and SKGT4 cells rises two 
interesting observations: (i) the most expressed genes are 
consistently overlapped among the three cell types and (ii) 
the functional subdivision of the gene rank shows that the 
thiol-redox response to hypoxia and acidosis does not 
seems to be merely related to the gene expression levels. 
As a summary of this last observation, in Figure 6 we 
provide a network representation of the antioxidant 
response to low pH treatment in the SKTG4 cell line, 
which showed the most consistent thiol-redox response to 
acidosis. In this sense, some key points might be useful to 



pH-responsive antioxidant gene networks 

1566 

contemplate these results. Firstly, there are a number of 
thiol-redox genes codifying peptidic but non-enzymatic 
antioxidant products, such as metallothioneins. Contrasting 
to SODs and peroxidases, thiol-redox components are not 
controlled by an equivalent post-translational regulatory 
process (such as enzymatic activity). In this condition 
transcriptional regulation may acquire an essential role for 
thiol-redox functioning. Secondly, the interconnectivity 
between multiple thiol/disulfide couples on redox 
environments are maintained at stable but non-equilibrium 
steady states in which the abundance of antioxidant-active 
components (i.e. thioredoxins and glutaredoxins) can 
modulate the redox network function (28). Removing a 
thiol-redox component will necessarily perturb the overall 
thiol-redox homeostasis of the cell, which is a typical trait 
of biological networks (29). As the thiol-redox network 
presents more components and is more interconnected than 
the other antioxidant functions (7-8), it is likely that such 
genes are collectively more responsive to redox 
environments. In addition, thiol-containing molecules 
represent the most important redox buffers within cells. 
Taking into account that alterations in pH status affect the 
cellular redox state (30), the increased expression of thiol-
redox genes described here is consistent with a 
physiological response to maintain the redox state 
homeostasis in cells submitted to acidosis. 

 
6. CONCLUSIONS  
 

In this work we provide evidences that the human 
antioxidant gene network described by Gelain et al (8) can 
respond selectively to oxidative stress stimulus. We 
anticipate that this network-based model will be 
particularly useful not only to describe stress-responsive 
expression profiles but also to detect other aspects of 
transcriptome functioning possibly not detected in the 
typical single-gene analysis. 
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