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Abstract. long-term therapeutic hyperoxia may exert serious 
toxic effects on intestinal epithelial cells in vitro and in vivo. 
the aim of the present study was to investigate the cause of this 
intestinal injury under conditions of hyperoxia. caco-2 cells 
were treated with different concentrations of hydrogen peroxide 
(H2o2) and 85% hyperoxia for 24 h. Higher rates of injury of 
caco-2 cells were observed in the hyperoxia and H2o2 groups 
compared with the control group. the reactive oxygen species 
(ROS) level of the hyperoxia group was significantly higher 
compared with that of the 400 µm H2o2 group. the protein and 
gene levels of rela, relB, hypoxia-inducible factor-1α, tumor 
necrosis factor-α and apoptosis signal-regulating kinase 1 
were significantly higher in the hyperoxia and H2o2 groups 
compared with those in the control group. in conclusion, 
during hyperoxia, intestinal epithelial cells were destroyed and 
the levels of roS were increased. therefore, roS may play an 
important role in intestinal injury in a hyperoxic environment.

Introduction

Hyperoxia is an indispensable therapeutic measure in 
the clinical intensive care of certain neonatal conditions; 
however, long-term therapeutic hyperoxia may exert serious 
toxic effects on several organs. early exposure to hyperoxia 
results in progressive lung disease in premature infants (1), 
and hyperoxia may induce bronchopulmonary dysplasia, 

inhibit cell proliferation and decrease cell viability (2). 
Hyperoxia-induced epithelial disruption, such as weakening of 
tight junctions and induction of a pro-inflammatory environ-
ment, is the main cause of hyperoxia-related organ injury (3). 
recently, the clinical use of hyperoxia was reported to exac-
erbate organ injury by increasing the production of reactive 
oxygen species (roS) (4). roS include superoxide radicals 
and hydrogen peroxide (H2o2), as well as its downstream prod-
ucts, such as peroxide and hydroxyl compounds. roS affect 
cell viability, proliferation, differentiation, aging, apoptosis, 
and a number of physiological and pathological processes. 
roS, primarily oxygen ions and H2o2, are produced in mito-
chondria (5). under normal conditions in vivo, the generation 
and removal of roS are in dynamic balance, and roS are 
beneficial to the organism without causing harm. However, 
excess generation of roS in epithelial cells is harmful. it has 
been reported that ROS coordinate the inflammatory response 
of tissues (6), and that H2o2 significantly reduces the activities 
of superoxide dismutase, glutathione peroxidase, catalase and 
lipase (7). When the intestinal mucosal barrier is damaged, 
intestinal mucosal th1 cytokines, such as tumor necrosis 
factor (tnf)-α and interleukin (il)-1, stimulate epithelial cells 
to produce roS. tnf-α is a central mediator of the inflamma-
tory response (8). roS are cytotoxic, but they may also act 
as second messengers in intracellular signal transduction and 
control the action of several signaling pathways, including 
mitogen-activated protein kinases (maPKs) (9). apoptosis 
signal-regulating kinase 1 (aSK1) is a maPKKK of the c-jun 
n-terminal kinase (jnK) and p38 maPK pathways (9). aSK1 
is a member of the maPK family, and it plays an important 
role in the regulation of cellular apoptotic processes.

additionally, maPKs are known to be important for the 
transcriptional activation of nuclear factor (nf)-κB (10), 
which is a transcription factor that has been shown to be 
a central regulator of inflammatory response (11). the 
nf-κB family of transcription factors comprises 5 subunits, 
designated rela (p65), relB, c-rel, p50 (nf-κB1) and p52 
(nf-κB2). Hypoxia-inducible factor-1α (Hif-1α) is a key 
regulatory factor in the induction of the hypoxia gene and 
the repair of the cellular oxygen environment. Hif-1α may 
also provide information on hypoxia induction and oxidative 
stress (12). long-term treatment with hyperoxia may exert 
serious toxic effects on intestinal epithelial cells in vitro and 
in vivo (2,13-16). therefore, the aim of the prsent study was 
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to investigate the cause of intestinal injury during hyperoxia, 
and determine whether roS generation is a main factor in 
intestinal injury under hyperoxic conditions.

Materials and methods

Cell culture. the human colon adenocarcinoma cell line 
caco-2 was obtained from the cell Biological institute 
of Shanghai, chinese academy of Sciences (Shanghai, 
China). The cells were grown at 37̊C in air and 5% CO2 in 
sterile basal medium̸DMEM-H (Sigma-Aldrich, Merck 
Kgaa, St. louis, mo, uSa) supplemented with 10% fetal 
bovine serum (genview, Beijing, china), 1% l-glutamine, 
100 U̸ml penicillin, 100 mg/ml streptomycin and 0.25 mg̸ml 
amphotericin B. the culture medium was changed every 
2-3 days. Prior to treatment, the cells were plated with fresh 
medium (1x106 cells/ml) and cultured. on the second day after 
plating, caco-2 cells were incubated with different concentra-
tions of H2o2 (100, 200 and 400 µm) and 85% oxygen [cells 
were cultured in three gas incubators (cB160; Binder gmbH, 
tuttlingen, germany), with 85% oxygen and 5% co2] for 24 h. 
a group of control cells received no treatment. Subsequently, 
the cultured cells were harvested, and the rna and protein 
were extracted. all experiments were repeated 6-8 times.

Cell survival detected by MTT assay. Prior to treatment, cells 
were plated onto 96-well microtiter plates with fresh medium 
and cultured at 37̊C in air and 5% CO2 for 24 h. on the 2nd day 
after plating, the cells were treated with either 100, 200 or 
400 µm H2o2, and 85% hyperoxia for 24 h. cells without any 
treatment were used as the control group. Subsequently, the 
cells were treated with 20 µl MTT for 4 h at 37̊C. The reac-
tions were stopped by adding dmSo and the absorbance of 
each well at 450 nm was determined. each sample was tested 
6-8 times.

Determination of intracellular ROS level. cells were plated 
at the same cell density in a culture flask. Cells without any 
treatment were used as the control group. cells were treated 
with H2o2 (100, 200 and 400 µm) or 85% hyperoxia exposure 
for 24 h. roS kits (e004; nanjing jiancheng Bioengineering 
institute, nanjing, china) were used to measure roS 
levels (including o2

- and H2o2), according to the manufac-
turer's instructions. dichloro-dihydro-fluorescein diacetate 
(dcfH-da; 10 µm) was added to the cells and incubated for 
30 min at 37̊C. The cells were then digested and suspended. 
the cell suspensions were centrifuged at 1,000 x g for 10 min 
and washed twice with phosphate-buffered saline (PBS). 
The cells were collected after centrifugation for fluorescence 
detection. flow cytometry (facScalibur; Becton-dickinson, 
San Jose, CA, USA) was used to measure fluorescence inten-
sity. The positive area of DCFH-DA was ROS fluorescence 
intensity.

Immunohistochemistry analysis. the cells on coverslips 
that were treated with 100, 200 and 400 µm H2o2, or 
85% hyperoxia for 24 h were fixed with 4% paraformaldehyde. 
the cells were then treated with 10% goat serum for 30 min 
and incubated with mouse anti-human rela (1:2,000; 
cat. no. SaB1404309) and rabbit anti-human relB (1:2,000; 

cat. no. SaB4300501) (both from Sigma-aldrich, merck 
Kgaa) (the antibody was diluted with PBS and 5% bovine 
serum albumin) overnight at 4̊C, then incubated with a 
secondary antibody [biotin-labeled goat anti-mouse igg 
(cat. no. SP-9002); biotin-labeled goat anti-rabbit igg, 
(cat. no. SP-9001); ZSgB-Bio, Beijing, china] for 40 min 
at 37̊C. Finally, the cells were stained by diaminobenzidine 
counterstained with hematoxylin. the primary antibody 
was replaced with PBS as a negative control. the median 
absorbance values of rela and relB were determined using 
image analysis software (Prism; Shanghai, china) after 
scanning.

Protein determination. the Bca Protein assay kit 
(cat. no. P0013c; Beyotime institute of Biotechnology, 
Shanghai, china) was used to determine protein concen-
trations in caco-2 cells, according to the manufacturer's 
instructions.

Western blot analysis. Proteins (40 ng) extracted from 
caco-2 cells were separated using sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and transferred 
to polyvinylidene fluoride membranes. the membranes 
were then incubated with tris-buffered saline-tween-20 
containing 5% skimmed milk for 2 h at room temperature. 
The membranes were incubated overnight at 4̊C with mouse 
anti-human rela (1:1,000; cat. no. SaB1404309) and rabbit 
anti-human relB (1:1,000; cat. no. SaB4300501) (both from 
Sigma-aldrich, merck Kgaa), rabbit anti-human Hif-1α 
(1:1,000; cat. no. ab51608) and rabbit anti-human tnf-α 
(1:1,000; cat. no. ab6671) (both from abcam, cambridge, 
uK), rabbit anti-human aSK1 (1:1,000; cat. no. SaB1306399; 
Sigma-aldrich, merck Kgaa), or gaPdH (1:10,000; 
cat. no. Kc-5g5; Kangcheng Bioengineering co., Shanghai, 
china), respectively. the membranes were then incubated 
with the appropriate secondary antibodies (1:5,000; peroxi-
dase-conjugated goat anti-mouse igg (cat. no. ZB-5305) and 
peroxidase-conjugated goat anti-rabbit igg (cat. no. ZB-5301); 
ZSgB-Bio). finally, the membranes were incubated with the 
Superenhanced chemiluminescence (applygen technologies 
inc., Beijing, china) and the images were scanned by c300 

figure 1. Survival of caco-2 cells exposed to hydrogen peroxide (H2o2) 
and hyperoxia. compared with the control group, the cell survival rates 
in the hyperoxia and H2o2 groups were significantly lower. The survival 
rates of the H2o2 groups were higher compared with that of the hyperoxia 
group. the results are presented as mean ± standard deviation. **P<0.01 and 
****P<0.0001 compared with the control group; ####P<0.0001 compared with 
the 85% hyperoxia group, unpaired Student's t-test, n≥6.
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(Azure Biosystems, Inc., Dublin, CA, USA). Image-Pro 
Plus 6.0 software was used to analyze densitometry for RelA, 
relB, Hif-1α, tnf-α and ASK1 protein levels normalized to 
gaPdH.

Quantitative polymerase chain reaction (qPCR)analysis. 
total rna was extracted from caco-2 cells using an rna 
mini kit (rr047a; takara Biotechnology co., ltd., dalian, 
China). cDNA was synthesized using 100 ng RNA (RR420A; 
takara Biotechnology co., ltd.). qPcr was performed using 
the lightcycler® 480 real-time Pcr system (roche applied 
Science, mannheim, germany). the primers for rela, relB, 
Hif-1α, tnf-α and aSK1 were as follows: rela forward, 
5'-ggagcacagataccaccaaga-3' and reverse, 
5'-cggcagtcctttcctacaag-3'; relB forward, 
5'-tgtggtgaggatctgcttccag-3' and reverse, 
5'-ggcccgctttccttgttaattc-3'; Hif-1α forward, 
5'-gcagcaacgacacagaaact-3'  and reverse, 
5'-agcggtgggtaatggagac-3'; tnf-α forward, 
5'-ggcgtggagctgagagataa-3' and reverse, 
5'-gtgtgggtgaggagcacat-3'; aSK1 forward, 
5'-ttcacacaaaacggatgtaacatt-3' and reverse, 

5'-cctaaacagttatggtcacattttgg-3'; and gaPdH 
forward, 5'-gcaccgtcaaggctgagaac-3' and reverse, 
5'-tggtgaagacgccagtgga-3'.

the primers and fluorescent probes for rela, relB, 
Hif-1α, tnf-α, aSK1 and the internal reference (gaPdH) 
were purchased from takara Biotechnology co., ltd. the 
PCR conditions were as follows: A preliminary cycle at 95̊C 
for 10 sec, followed by 45 cycles at 95̊C for 5 sec and 60̊C 
for 20 sec, followed by 1 min at 60̊C and 5 sec at 95̊C. The 
efficiency of amplification for each target gene (GAPDH) was 
confirmed to be 100% in the exponential phase of PCR. The 
mRNA levels were normalized to GADPH mRNA according 
to the following formula: active levels of pigr mrna = 
2-(ctpigr - ctgaPdH) x100%. the levels of mrna in the caco-2 cells 
exposed to hyperoxia were compared with those of the control 
group.

Statistical analysis. for each experiment, at least 6 generations of 
each group were tested. the data from all groups were reported as 
the means ± standard deviations. the t-test was used to determine 
significant differences between treatment groups. P<0.05 was 
considered to indicate a statistically significant difference.

figure 2. levels of reactive oxygen species (roS) in caco-2 cells in a hyperoxic environment and different concentrations of hydrogen peroxide (H2o2). 
(a) flow cytometry scatter diagrams. (B) levels of ROS in Caco-2 cells. The control group exhibited a small amount of fluorescence. The fluorescence 
intensity increased with increasing concentrations of H2o2. In the hyperoxia group, the fluorescence intensity was stronger. The results are presented as 
mean ± standard deviation. *P<0.05 compared with the control group; ####P<0.0001 compared with the 85% hyperoxia group, unpaired Student's t-test, n≥6.
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Results

Cell survival. the cytotoxic effects of H2o2 are often attrib-
uted to roS release. We investigated the cytotoxicity of H2o2 
in caco-2 cells. as shown in fig. 1, the survival rates of cells 
exposed to 100 µm H2o2 (P<0.01), 200 µm H2o2 (P<0.0001), 
400 µm H2o2 (P<0.0001), and hyperoxia (P<0.0001), were 
significantly lower compared with the control group. However, 
the survival rates of the 100 µm H2o2 (P<0.0001), 200 µm 
H2o2 (P<0.0001), and 400 µm H2o2 (P<0.0001) groups were 

higher compared with the hyperoxia group. These findings 
indicate that roS generation may be responsible for cell injury 
during hyperoxia.

ROS detection in Caco-2 cells. as shown in fig. 2a, there was 
no fluorescence in the negative control, whereas the control 
group exhibited a small amount of fluorescence. The fluores-
cence intensity increased with increasing concentrations of 
H2o2. In the hyperoxia group, the fluorescence intensity was 
stronger, and significantly higher compared with that in the 

figure 3. rela immunochemistry staining of caco-2 cells treated by hyperoxia and hydrogen peroxide (H2o2). (A) RelA staining. Magnification, x400. 
(B) integrated optical density of rela. in the control group, rela staining was located in the cytoplasm. in the H2o2 and hyperoxia group,s rela staining 
was observed in the cytoplasm and nucleus. compared with the control group, the integrated optical density of rela was increased in the H2o2 group and 
notably increased in the hyperoxia group. the results are presented as mean ± standard deviation. ****P<0.0001 compared with the control group; ####P<0.0001 
compared with the hyperoxia group, unpaired Student's t-test, n≥6.
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H2o2 (P<0.0001) and control (P<0.0001) groups (fig. 2B). 
therefore, it was initially concluded that caco-2 cells produced 
more roS under hyperoxic conditions rather than in a normal 
environment.

Immunohistochemical staining of RelA and RelB. as shown 
in figs. 3a and 4a, rela and relB staining was mostly local-
ized in the cytoplasm in the control group. in the H2o2 and 
hyperoxia groups, rela and relB staining was observed in the 

cytoplasm and nucleus. the expression of rela was higher in 
the 100 µm H2o2 (P<0.0001), 200 µm H2o2 (P<0.0001), and 
400 µm H2o2 (P<0.0001) groups compared with the control 
group (fig. 3B). the expression of relB was higher only in 
the 200 µm H2o2 (P<0.0001) and 400 µm H2o2 (P<0.0001) 
groups (fig. 4B). in the hyperoxia group, the morphology of 
the caco-2 cells changed and the expression of rela and relB 
was higher (P<0.0001) compared with that in the control and 
H2o2 groups.

figure 4. relB immunochemistry staining of caco-2 cells treated by hyperoxia and hydrogen peroxide (H2o2). (A) RelB staining. Magnification, x400. 
(B) integrated optical density of relB. in the control group, relB staining was observed in the cytoplasm. in the H2o2 and hyperoxia groups, relB staining 
was observed in the cytoplasm and nucleus. compared with the control group, the integrated optical density of relB was increased in the H2o2 group and 
notably increased in the hyperoxia group. the results are presented as mean ± standard deviation. ****P<0.0001 compared with the control group; ####P<0.0001 
compared with the hyperoxia group, unpaired Student's t-test, n≥6.
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Protein expression of RelA, RelB, HIF-1α, TNF-α and ASK1. 
the protein expressions of rela (60 kda), relB (70 kda), 
Hif-1α (100 kda), tnf-α (20 kda) and aSK1 (135 kda) 

were measured (fig. 5a). the protein expressions of rela, 
relB, Hif-1α, tnf-α and aSK1 increased with increasing 
concentrations of H2o2; their levels in the hyperoxia group 

figure 5. expression of rela, relB, hypoxia-inducible factor-1α (Hif-1α), tumor necrosis factor-α (tnf-α) and apoptosis signal-regulating kinase 1 (aSK1) proteins. 
(a) the expression of rela (60 kda), relB (70 kda), Hif-1α (100 kda), tnf-α (20 kda) and aSK1 (135 kda). (B) densitometric analysis of rela, relB, Hif-1α, 
tnf-α and aSK1. in the hydrogen peroxide (H2o2) group, expression of these proteins was higher compared with the control group, while in the hyperoxia group 
the proteins expression of rela, relB, Hif-1α, tnf-α and ASK1 were significantly increased. The results were presented as mean ± standard deviation. *P<0.05, 
***P <0.001 and ****P<0.0001 compared with the control group; ###P<0.001 and ####P<0.0001 compared with the hyperoxia group, unpaired Student's t-test, n≥6.
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were higher compared with those in the H2o2 and control 
groups. densitometry analysis (rela, relB, Hif-1α, tnf-α 
and aSK1 densitomety/gaPdH densitomety) revealed that 
the intensity of all these proteins in the hyperoxia group was 
significantly higher compared with that in the control and 
H2o2 groups (P<0.05; fig. 5B).

mRNA levels of RelA, RelB, HIF-1α, TNF-α and ASK1. in the 
hyperoxia group, the mrna levels of rela, relB, Hif-1α, 
tnf-α and ASK1 were significantly increased than in the 
control and H2o2 groups (P<0.001; fig. 6). the mrna levels 
of rela, relB, Hif-1α, tnf-α and aSK1 also increased with 
increasing concentrations of H2o2 (P<0.01; fig. 6).

Discussion

cells are continuously exposed to roS, which are generated 
by aerobic metabolism. excessive generation of roS causes 
severe damage to cells in the form of oxidative stress (17). roS 

are byproducts of oxygen metabolism, which plays a crucial 
role in cell signaling and in maintaining the balance of the 
organism (18). in complex biological systems, physiologically 
produced roS act as second messenger signals that affect cell 
proliferation and differentiation (19). roS play an important 
role as signaling intermediates that induce a variety of cellular 
responses, such as proliferation, differentiation, senescence 
and apoptosis (17). as the levels of roS increase, the rate of 
apoptosis gradually increases (20). roS include superoxide 
radicals, H2o2, hydroperoxyl radicals and hydroxyl radicals. 
H2o2 significantly increases free radicals in the cells, resulting 
in critical dna damage (7), and H2o2-induced oxidative stress 
increases cell apoptosis (21). during normal metabolism, roS 
signal cells to stimulate proliferation or to induce cellular 
damage, depending on their concentration (22).

in the present study, the results of the mtt assay 
demonstrated that the amount of apoptotic cells significantly 
increased during hyperoxia and at higher doses of H2o2. the 
results of flow cytometry revealed that the levels of ROS under 

figure 6. rela, relB, hypoxia-inducible factor-1α (Hif-1α), tumor necrosis factor-α (tnf-α) and apoptosis signal-regulating kinase 1 (aSK1) mrna levels. 
the levels of rela, relB, Hif-1α, tnf-α and aSK1 mrnas from the hydrogen peroxide (H2o2) groups and hyperoxia group were significantly increased 
compared with the control group. the results are presented as mean ± standard deviation. *P<0.05, ***P<0.001 and ****P<0.0001 compared with the control 
group; #P<0.05, ##P<0.01 and ####P<0.0001 compared with the hyperoxia group, unpaired Student's t-test, n≥6.
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conditions of hyperoxia were significantly higher compared with 
those under normal conditions. initially, on the basis of these 
findings, it was concluded that hyperoxia may stimulate organs 
to produce more roS (23). Hyperoxia may also cause oxidative 
damage and induce production of roS in the mitochondria and 
expression of antioxidant proteins (24), and may also increase 
the antioxidant response to roS (25). therefore, increasing 
levels of ROS is the first step in the series of reactions that 
constitute intestinal inflammation (18). Hyperoxia-induced 
epithelial disruption is associated with tight junction weakening 
and the development of a pro-inflammatory environment (3).

ROS induce the production of cytokines during inflamma-
tion (26). Subsequently, tnf-α may lead to cell damage by 
inducing the production of intracellular mitochondrial roS, 
thereby increasing intestinal inflammation and damage (27). 
High expression of tnf-α in intestinal epithelial cells 
suggests that tnf-α levels may be indicative of intestinal 
damage (27). therefore, tnf-α expression was detected in 
the intestinal epithelium. the results revealed that the damage 
to the intestinal epithelial cells that was induced by H2o2 or 
hyperoxia increased the expression of tnf-α at the protein 
and gene levels. tnf-α activates mlK3 and leads to jnK 
activation in vivo (28). as a member of the maPK family, 
aSK1 is present in several physiological and pathological 
processes. aSK1 is required for apoptosis induced by oxida-
tive stress and tnf (29). in normal cells, activation of aSK1 is 
strictly controlled by phosphorylation and dephosphorylation 
of serine/threonine. Since it may be activated by several stress 
and inflammatory factors, the overexpression of ASK1 may 
induce cell apoptosis through the maPK signaling pathway, 
and aSK1 is activated in cells treated with tnf-α (30,31). 
roS also directly or indirectly affect signaling molecules, such 
as protein kinases (maPK), which cause oxidative damage 
to organs (1,32). during oxidative stress, H2o2 catalyzes the 
phosphorylation of aSK1, and then activates the downstream 
jnK/p38 pathway, promoting cell apoptosis (33). therefore, 
the role of ASK1 in the MAPK family was specifically inves-
tigated. our results demonstrated that, with the increased 
oxidative stress induced by hyperoxia, the expression of aSK1 
significantly increased at the protein and gene levels.

tnf-α mediates activation of the nf-κB survival pathway 
in the cytoplasm (34). the nf-κB pathway regulates genes 
encoding acute reactive proteins, cytokines, cell adhesion 
molecules, and immune regulatory molecules in inflammation. 
nf-κB is an important signaling molecule, and it is involved in 
physiological responses induced by hyperoxia in different cell 
types and tissues (35). nf-κB may also regulate inflammatory 
response and epithelial cell damage or death (36). it has also 
been reported that the activation of oxidative stress and nf-κB 
plays an important role in the pathogenesis of inflammatory 
bowel disease (iBd) (37). in the present study, rela and relB 
expression in the nf-κB signaling pathway were significantly 
increased at both the protein and gene levels during hyper-
oxia and at higher doses of H2o2. this proves that intestinal 
inflammation may occur in hyperoxia and that ROS play an 
important role in inflammation induced by hyperoxia.

nf-κB is involved in stimulating Hif-1α mrna expres-
sion. There is significant evidence on the need for an intact 
nf-κB pathway for proper oxygen- and ligand-induced Hif 
activity (38). Hif-1α is key to the pathogenesis of iBd, and 

the role of Hif-1α in immune cells is becoming increasingly 
important (39). therefore, the protein and mrna levels 
of Hif-1α were measured. the results demonstrated that 
85% hyperoxia and high concentrations of H2o2 exerted similar 
effects in terms of activating the Hif signaling pathway. this 
proves that roS play an important role during hyperoxia.

in conclusion, intestinal epithelial cells were destroyed 
and the levels of roS increased during hyperoxia. thus, roS 
may play an important role in intestinal injury in a hyperoxic 
environment. in the future, further research focusing on the 
intestinal mechanisms of hyperoxic injury may reveal an even 
more important role of roS. novel strategies for treating 
hyperoxia-induced intestinal injury must also be investigated.
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