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Abstract. Redox imbalance is established in various human 
diseases. Treatment of intestinal epithelial cells with hyperoxia 
for a prolonged period of time may cause serious effects on 
redox balance. Secretory component (SC) protein is secreted 
by intestinal epithelial cells, and has a vital role in mucosal 
immune systems and intestinal defense. The present study 
aimed to investigate the influence of reactive oxygen species 
(ROS) on intestinal epithelial cells and intestinal epithelial 
SC protein under hyperoxic conditions. Caco-2 cells were 
treated with increasing concentrations of hydrogen peroxide 
(H2O2) or 85% O2 (hyperoxia) for 24 h. Flow cytometry, 
immunohistochemistry staining, western blot analysis and 
reverse transcription-quantitative polymerase chain reaction 
were performed to detect the expression levels of SC protein. 
Significantly increased apoptosis and mortality rates were 
observed in hyperoxia- and H2O2-treated Caco-2 cells, as 
compared with the untreated control cells (P<0.05). Protein and 
mRNA expression levels of SC were significantly increased 
in hyperoxia- and H2O2-treated groups, as compared with the 
control group (P<0.05). During hyperoxia, intestinal epithelial 
cells were destroyed and ROS levels increased. Therefore, the 
results of the present study suggested that ROS might have an 
important role in intestinal injury in hyperoxic environments.

Introduction

Hyperoxic treatment (hyperoxia) is an indispensable thera-
peutic measure in some neonatal critical care conditions. 

For instance, supplemental oxygen used to treat infants born 
prematurely disrupts angiogenesis (1). An appropriate level of 
hyperoxia can induce an antioxidant response (2). However, 
hyperoxia over a prolonged period of time may have a serious 
toxic effect on bodily organs. A previous study indicated that 
the extensive clinical use of hyperoxia is hindered by potential 
organ injury that may arise by increasing the production of 
reactive oxygen species (ROS) (3). ROS are derivatives of 
cellular metabolic reactions that modulate the fundamental 
physiological functions of aerobic life (4). ROS, which may be 
produced in the mitochondria, have traditionally been regarded 
as by-products of aerobic metabolism, and primarily include 
oxygen ions and hydrogen peroxide (H2O2) (5,6). ROS has 
been demonstrated to affect cell viability, proliferation, differ-
entiation, aging, apoptosis and various other physiological and 
pathological processes (5). Mitochondrial ROS are critical for 
the functional stimulation of inflammation (7). At low levels, 
ROS may act as signaling molecules within cells (8). Under 
normal conditions, the generation and removal of ROS are in 
dynamic balance in vivo and are beneficial to the organism. 
Furthermore, previous results have indicated that ROS have a 
critical function upstream and downstream of nuclear factor 
(NF-κB) and tumor necrosis factor pathways (9). However, 
excessive generation of ROS is harmful, with the hydroxyl 
radical considered the most harmful (9). In particular, H2O2 

may significantly reduce the activity of superoxide dismutase, 
glutathione peroxidase, catalase and lipase (10). Furthermore, 
H2O2 affects numerous intracellular signaling pathways such 
as mitogen-activated protein kinase (MAPK) and c-Jun 
N-terminal kinase, modify the activity of key signaling 
proteins including catalase, glutathione peroxidase and perox-
iredoxin and promotes tyrosine phosphorylation by activating 
protein tyrosine kinases (11). These activities demonstrate that 
hyperoxia may inhibit cell proliferation and stimulate cell 
mortality (12).

Immunoglobulin A (IgA) is the first line of defense in 
mucosal immunology (13). Secretory immunoglobulin A 
(SIgA) is composed of IgA, secretory component (SC) protein 
and J chain protein (14). SC is the extracellular component 
of the polymeric immunoglobulin receptor (pIgR), which 
is located on the basolateral surface of mucosal epithelial 
cells (15,16). pIgR has been identified as the precursor of SC 
protein (17) and the membrane SC has been termed pIgR (15). 
pIgR transports IgA antibodies across intestinal epithelial 
cells (18), and has acritical role in mucosal immune systems 
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and intestinal defense (13,19). SC participates in innate protec-
tion against mucosal pathogens (20) and protects SIgA from 
proteolytic degradation (21).

Long-term hyperoxic treatment may have serious 
toxic effects on intestinal epithelial cells, in vitro and 
in vivo (22-25). Our previous results demonstrated that SIgA 
and SC were markedly increased in neonatal rats under hyper-
oxic conditions (25). SC has also been demonstrated to have 
an important role in preventing pathogen adhesion to host 
cells (26). Therefore, although it is well-established that SC is 
crucial for normal bodily functions, the influence of hyperoxia 
on SC remains clear.

In the present study, investigations into intestinal 
injuries induced by ROS under hyperoxic conditions 
were performed. The influence of ROS on the SC in the 
intestinal epithelium and whether ROS was a predominant 
factor in causing intestinal injury during hyperoxia were  
also explored.

Materials and methods

Cell culture. A human colon adenocarcinoma cell line, 
Caco-2, was obtained from the Cell Biological Institute of 
Shanghai, Chinese Academy of Sciences (Shanghai, China). 
Cells were cultured at 37˚C in an atmosphere containing 
95% air and 5% CO2 in high glucose Dulbecco's modified 
Eagle medium (DMEM; Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany) supplemented with 10% fetal bovine 
serum (Beijing Dingguo Changsheng Biotechnology Co., 
Ltd., Beijing, China), 1% L-glutamine, 100 U/ml penicillin, 
100 mg/ml streptomycin and 0.25 mg/ml amphotericin. 
Culture medium was changed every 2 to 3 days. Prior to 
treatment, the cells (1x106 cells/ml) were plated with fresh 
DMEM and cultured for 2 days. The cells were then treated 
with different concentrations of H2O2 (100, 200 or 400 µM), 
or exposed to 85% O2 (hyperoxia) at 37˚C for 24 h. Control 
cells did not receive treatment. Subsequently, the cultured 
cells were harvested for RNA and protein extraction. All 
experiments were repeated 6-10 times.

Annexin V(AV)/propidium iodide (PI) double staining assay. 
Apoptotic cells were quantified using an AV-fluorescein 
isothiocyanate (FITC)/PI kit (Nanjing Kaiji Materials Co., 
Ltd., Nanjing, China) according to the manufacturer's instruc-
tions, detected using a flowcytometer (FACSCalibur; BD 
Biosciences, San Jose, CA, USA) and analyzed with CellQuest 
Pro software (BD Biosciences, San Jose, CA, USA). Caco-2 
cells were plated at the same cell density (1x106 cells/ml) at 
each passage. Untreated cells were used as the control group. 
Caco-2 cells were pretreated with either 100, 200 or 400 µM 
H2O2 or 85% O2 (hyperoxia) for 6, 12, and 24 h. Cells were 
harvested and resuspended in binding buffer (pH 7.5, 10 mM 
HEPES, 2.5 mM CaCl2 and 140 mM NaCl) and incubated 
with AV-FITC and PI at room temperature for 10 min in 
the dark prior to flow cytometric analysis. AV-positive 
cells were considered to be in the early stages of apoptosis, 
whereas AV and PI double-positive cells were considered to 
be in the late stages of apoptosis (27). Apoptotic cells were 
stained with FITC/PI and detected by flow cytometry. The 
positive area of PI indicated necrotic cells, the positive area 

of AV and double positive area indicated apoptosis cells. The 
apoptotic rate of cells was evaluated as follows: Percentage 
of apoptotic cells = number of apoptotic cells / (number 
of apoptotic cells + number of viable cells) x 100%. The 
mortality rate of cells was evaluated as follows: Percentage of 
necrotic cells = number of necrotic cells / (number of necrotic 
cells + number of viable cells) x 100%.

Immunohistochemistry analysis. Caco-2 cells that had 
received treatment with 100, 200 or 400 µM H2O2, or hyper-
oxia at 37˚C for 24 h were cultured on coverslips and fixed 
with 4% paraformaldehyde at 37˚C for 30 min. Fixed cells 
were subsequently treated with 10% goat serum at 37˚C for 
30 min, and incubated with mouse anti-human SC (1:1,000; 
catalogueno. I6635, Sigma‑Aldrich; Merck KGaA) at 4˚C 
overnight, and was washed with PBS for 5 min (repeated three 
times), and incubated with the working solution of secondary 
antibody (biotin-labeled goat anti-mouse IgG, catalogue no. 
SP‑9002; ZSGB‑BIO, Beijing, China) for 40 min at 37˚C, 
according to manufacturers instructions. The cells were 
stained with using a diaminobenzidine kit (1:50; catalogue 
no. ZLI-9018; ZSGB-BIO, Inc.) at room temperature for 
1 min, counterstained with hematoxylin and observed using 
a digital camera (Olympus Corp., Tokyo, Japan) attached to a 
light microscope at a magnification of x400. Primary antibody 
was replaced with PBS as a negative control. Mean absorbance 
values for SC protein were determined using Prism Graph 
version 6.0 software (GraphPad Software, Inc., La Jolla, CA, 
USA) following scanning.

Western blot analysis. Proteins were extracted from Caco-2 
cells according to the manufacturer's instructions as follows: 
Caco-2 cells were lysed in RIPA buffer (Beyotime Institute of 
Biotechnology, Shanghai, China), then centrifuged at 14 x g 
and 4˚C for 30 min. Subsequently a BCA Protein Assay Kit 
(P0013C, Beyotime Institute of Biotechnology) was used to 
determine the protein concentration according to the manu-
facturer's instructions. Proteins (40 µg) were loaded and 
separated by 8% SDS-PAGE (P0012A, Beyotime Institute of 
Biotechnology) and transferred onto polyvinylidene fluoride 
membranes. Membranes were incubated with Tris-buffer 
containing 5% non-fat milk at room temperature for 2 h and 
probed with mouse anti-human SC (1:1,000) or anti-GAPDH 
(1:10,000; catalogue no. KC-5G5, Kangchen Bioengineering, 
Co., Ltd., Shanghai, China) at 4˚C overnight. The membranes 
were then washed by a Tris Buffered Saline containing 
Tween-20 (TBST) at room temperature for 15 min (repeated 
three times) and were incubated with a peroxidase-conjugated 
secondary antibody (1:10,000; catalogue no. ZB-5305; 
ZSGB-BIO, Inc.) at room temperature for 2 h. Then the 
membranes were washed by TBST at room temperature for 
15 min (repeated three times). Subsequently, the membranes 
were incubated with an enhanced chemiluminescent substrate 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 
images were captured using a C300 gel imaging system 
(Azure Biosystems, Inc., Dublin, CA, USA). Tanon 2500 
Fully Automatic Digital Gel Imaging system (Tanon Science 
& Technology Co., Ltd., Shanghai, China) was used to scan 
images and analyze densitometry values of SC protein normal-
ized to GAPDH.
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Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted from Caco-2 
cells using TRIzol Reagent (Takara Biotechnology Co., Ltd., 
Dalian, China) according to the manufacturer's instructions. 
Total RNA (100 ng) was reverse transcribed into cDNA 
using a SYBR Premix Ex Taqkit (Takara Biotechnology Co., 
Ltd.) according to the manufacturer's instructions. Levels of 
individual RNA transcripts were quantified using qPCR. The 
following primers were used: SC, forward 5'-GCT TGT CTC 
CCT GAC CCT G-3' and reverse 5'-AAT GGC TTT GTT CTC 
AAT CTC-3'; and GAPDH, forward 5'-GCA CCG TCA AGG 
CTG AGA AC-3' and reverse 5'-TGG TGA AGA CGC CAG 
TGG A‑3'. Primers and fluorescence probes for SC, and the 
internal reference (GAPDH), were purchased from Takara 
Biotechnology Co., Ltd. PCR conditions were as follows: 
Initial denaturation at 95˚C for 10 sec, followed by 45 cycles 
of 95˚C for 5 sec and 60˚C for 20 sec, followed by 1 min at 
60˚C and 5 sec at 95˚C. The efficiency of amplification for 
each target gene (GAPDH) was confirmed as 100% in the 
exponential phase of PCR. The value of the relative mRNA 
quantity for the control group was arbitrarily set to one for 
normalization and the data were analyzed using the compara-
tive Cq method (2-ΔΔCq) (26). The levels of mRNA in Caco-2 
cells exposed to hyperoxia and H2O2 were compared with that 
of the control group.

Statistical analysis. Data were expressed as the mean ± stan-
dard deviation (SD). All statistical analyses were performed 
using SPSS version 20.0 software (IBM Corp., Armonk, NY, 
USA). A Student's t‑test was used to determine significant 
differences between treatment groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results 

Cell apoptosis. Cytotoxic effects of H2O2 are typically attrib-
uted to the induction of cell apoptosis (5). The cytotoxicity 
of H2O2 on Caco-2 cells was investigated in the present 
study. Following treatment with H2O2 for 6 h, the apoptosis 
rates of cells exposed to 100, 200 and 400 µM H2O2 and 
hyperoxia were significantly increased compared with that 
of the control group (P<0.05; Fig. 1). Apoptotic rates were 
increased in a H2O2 concentration-dependent manner. In 
the hyperoxia group, the apoptotic rate was significantly 
increased compared with those of the H2O2 groups (P<0.05; 
Figs. 1 and 2). However, the apoptotic rates of cells exposed 
to 100, 200 and 400 µM H2O2 and hyperoxia for 24 h were 
significantly decreased compared with the control group  
(P<0.05; Fig. 3).

As indicated in Fig. 4A, the apoptosis rates of cells 
treated with various concentrations of H2O2 for 6 h were 
significantly increased when compared with those for 24 h 
(P<0.05). Compared with cells treated for 6 h, the apoptotic 
rates of H2O2- and hyperoxia-treated cells for 12 h were not 
significantly different. As shown in Fig. 4B, with increasing 
ROS concentration and duration of incubation, the mortality 
rates were gradually increased. The mortality rates of the cells 
treated with H2O2 and hyperoxia for 12 and 24 h were signifi-
cantly increased, as compared with 6 h (P<0.05; Fig. 4B). 
These results suggested that increased ROS accelerated cell 

apoptosis in the early phase of hyperoxia and accelerated cell 
death in the late phase of hyperoxia (Fig 4B). These findings 
implied that ROS might be responsible for cell injury during 
hyperoxia.

Immunohistochemical staining of SC. Immunostaining indi-
cated that SC was mainly localized on the cell membrane 
and in cytoplasm (Fig. 5A). Compared with the control group, 
the SC expressions of cells exposed to 100, 200 and 400 µM 
H2O2 were significantly increased. In the hyperoxia group, the 
morphology of cells was changed, and the expression of SC 
was significantly increased compared with those of the control 
and H2O2 groups (P<0.05; Fig. 5B).

Protein expression levels of SC. Expression levels of SC protein 
(85 kDa; Fig. 6A) increased in a H2O2 concentration-dependent 
manner. Notably, the expression levels of SC were markedly 
increased in hyperoxia-treated cells, as compared with the 
control (Fig. 6A). Densitometry analysis revealed that SC 
levels in hyperoxia‑treated cells were significantly increased 
compared with those in the control (P<0.05) and H2O2-treated 
cells (P<0.05; Fig. 6B).

SC mRNA expression levels. Compared with the control 
group, the expression levels of SC mRNA were significantly 
increased in the 200 µM, 400 µM H2O2 and hyperoxia groups 
(P<0.05; Fig. 7). The mRNA expression levels of SC increased 
in a H2O2 dose-dependent manner. In hyperoxia-treated cells, 
SC mRNA expression levels were significantly increased 
compared with H2O2-treated cells (P<0.05; Fig. 7).

Discussion

The intracellular redox state is a key determinant of cell 
fate (28). Oxidative stress is a specific cellular stress that 
creates reactive species, including free oxygen radicals (4). 
ROS are generated in the mitochondria (29) and have a 
critical role in determining the responsiveness of the cell 
to stress (30). ROS are important in facilitating signal 
transduction processes within the cell (31) and are able to 
control cellular growth and death (5). Maintaining balanced 
intracellular ROS levels is a key factor in preventing patho-
physiological conditions (32). ROS, as an important group 
of free radicals, exerts notable oxidative and biological 
effects (33). During normal metabolism, ROS signals cells 
to stimulate proliferation or to induce cellular damage, 
depending on the concentration (34). Excessively generated 
ROS are typically counteracted by ubiquitously expressed 
antioxidant proteins (35). ROS are toxic to the cell and 
are secondary messengers in intracellular signal transduc-
tion (30). Excess ROS production disrupts the redox balance 
and amplifies the inflammatory responses via NF‑κB (9).

H2O2 is the primary byproduct of oxidative metabo-
lism (36). A small proportion of mitochondrial H2O2 is 
produced by intracellular oxidative stress and has been associ-
ated with accelerated ageing (5). H2O2 is produced and released 
to impair redox homeostasis during oxidative stress (35) and 
significantly increases the number of free radicals in cells, 
which results in critical DNA damage (10). As the levels of 
ROS increase, H2O2-induced oxidative stress and the rate of 
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apoptosis gradually increases (37,38). Therefore, we hypoth-
esized that an increase in the concentration of H2O2 affects 
cell apoptosis.

A previous study reported that ROS was associated 
with apoptosis of cells (39). In the present study, Caco-2 cells 
incubated for 6 and 12 h in the presence of hyperoxia and 

Figure 1. Apoptosis and mortality rates of the cells treated by hyperoxia or hydrogen peroxide (H2O2) for 6 h. (A) Flow cytometry figure, (B) Fluorescence 
intensity variation, (C) the apoptosis rate and (D) mortality rate variation. Results were presented as mean ± SD. *P<0.05 vs. the control group; #P<0.05 vs. the 
hyperoxia group (unpaired Student's t‑test; n≥6).
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at higher doses of H2O2 exhibited a significantly increased 
number of apoptotic cells. Compared with cells treated 
for 6 h, apoptosis and mortality rates were significantly 
increased at 12 h. Furthermore, the mortality rates of cells 
were significantly increased during hyperoxia and at higher 

doses of H2O2 for 24 h, as compared with cells treated for 6 
and 12 h. These findings suggested that the large number of 
ROS produced might result in cell necrosis during prolonged 
hyperoxia. In addition, increased ROS concentration and 
longer incubation times resulted in increased apoptotic and 

Figure 2. Apoptosis and mortality rates of the cells treated by hyperoxia or H2O2 for 12 h. (A) Flow cytometry figure, (B) Fluorescence intensity variation, 
(C) The apoptosis rate and (D) mortality rate variation. Results were presented as mean ± SD. *P<0.05 vs. the control group; #P<0.05 vs. the hyperoxia group 
(unpaired Student's t‑test; n≥6).
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mortality rates. We therefore concluded that excessive ROS 
leads to cell mortality.

pIgR is essential in intestinal defense against pathogenic 
microbes (19). A previous study indicated that upregula-
tion of pIgR expression increased the capacity of mucosal 

epithelial cells to transport dimeric IgA (21). Additionally, 
SIgA, IgA and SC induced by hyperoxia reflect local immu-
nity in the respiratory tract (14). Therefore, the expression 
of SC protein under hyperoxia conditions or treatment with 
H2O2 for 24 h was determined. Increased oxidative stress 

Figure 3. Apoptosis and mortality rates of the cells treated by hyperoxia or H2O2 for 24 h. (A) Flow cytometry figure, (B) Fluorescence intensity variation, 
(C) The apoptosis rate and (D) mortality rate variation. Results were presented as mean ± SD. *P<0.05 vs. the control group; #P<0.05 vs. the hyperoxia group 
(unpaired Student's t‑test; n≥6).



EXPERIMENTAL AND THERAPEUTIC MEDICINE  14:  4033-4040,  2017 4039

induced by hyperoxia and H2O2 resulted in a significant 
increase in mRNA and protein expression levels of SC. 
Previous studies have indicated that ROS induces cytokines 
during inflammation (40), and the increased expression of 
these cytokines may contribute to the expression of IgA 
and SC (14). The observed increase in SC in the present 
study suggested that intestinal inflammation might occur 
in hyperoxia and that ROS might have an important role in  
such inflammation.

In conclusion, ROS was indicated to cause the injury 
of intestinal epithelial cells during hyperoxia. Future 
research on the intestinal mechanisms of ROS-induced 
injury may demonstrate an even greater role for ROS 
during intestinal inflammation. However, novel strategies 
for treating hyperoxia-induced intestinal injury require  
further investigation.

Figure 5. SC immunochemistry staining of the cells treated by hyperoxia or 
H2O2. (A) SC staining at a magnification of x400. Scale bar 50 µm. (B) The 
absorbance of SC protein. Results were presented as mean ± SD. *P<0.05 vs. 
the control group; #P<0.05 vs. the hyperoxia group (unpaired Student's t-test; 
n≥8). SC, secretory component.

Figure 4. Analysis of apoptosis and mortality rates over time. (A) Apoptosis 
rates, (B) mortality rates. Results were presented as mean ± SD. *P<0.05 vs. 
the 6 h group (unpaired Student's t‑test; n≥6 ).

Figure 7. SC mRNA expression levels. Total RNA was extracted from the 
cells treated with hyperoxia and H2O2. Then reverse transcription-quantita-
tive polymerase chain reaction was performed. Results were presented as 
mean ± SD. *P<0.05 vs. the control group; #P<0.05 vs. the hyperoxia group 
(unpaired Student's t‑test; n≥9). SC, secretory component; GAPDH, glyceral-
dehyde 3-phosphate dehydrogenase.

Figure 6. The expression levels of SC protein. (A) The expression levels of SC 
protein (85 kDa) in hyperoxia and H2O2 groups. (B) Densitometric analysis. 
Results were presented as mean ± SD. *P<0.01 vs. the control group; #P<0.05 
vs. the hyperoxia group (unpaired Student's t‑test; n≥7). SC, secretory 
component; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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