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of IPEC-1 via modulating Nrf2/Keap1 signaling pathway
and decreasing ROS production
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Abstract Oxidative stress (OS) plays a major role in the gas-
trointestinal disorders. Although probiotics were reported to
repress OS, few researches compared the antioxidant ability of
different Bacillus strains and deciphered the mechanisms. To
select a Bacillus strain with higher antioxidant capacity, we
used H2O2 to induce intestinal porcine epithelial cell 1 (IPEC-
1) OS model. The most suitable H2O2 concentration and in-
cubation time were determined by the half lethal dose and
methyl thiazolyl tetrazolium. Correlation analysis was per-
formed to choose a sensitive indicator for OS. As for the
comparison of Bacillus, cells were divided into control,
Bacillus treatment, H2O2 treatment, and Bacillus pre-
protection + H2O2 treatment. Bacillus were co-cultured with
IPEC-1 for 3 h in Bacillus and Bacillus pre-protection + H2O2

treatments. Then, based on OS model, 300 μmol/L H2O2 was
added into medium of H2O2 and Bacillus pre-protection +
H2O2 treatments for another 12 h. Antioxidant and apoptosis
gene expressions were detected to screen the target strain.

Nuclear factor erythroid-derived 2-related factor 2 (Nrf2)/
Kelch-like ECH-associated protein1 (Keap1) pathway, reac-
tive oxygen species (ROS) production, mitochondrial mem-
brane potential (Δψm), apoptosis, and necrosis were ana-
lyzed. Results revealed that heme oxygenase-1 (HO-1) gene
expression had a positive correlation with H2O2 induction.
Moreover, Bacillus amyloliquefaciens SC06 (SC06)-meditat-
ed IPEC-1 showed the best antioxidant capacity though mod-
ulating Nrf2 phosphorylation.Δψmwas elevated, while ROS
generation was reduced with SC06 pre-protection, resulting in
decreased apoptosis and necrosis. Altogether, HO-1 expres-
sion could be regarded as an OS indicator. The regulation of
Nrf2/Keap1 pathway and ROS production by SC06 are in-
volved in alleviating OS of IPEC-1.
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Introduction

Oxidative stress (OS) basically defines a condition in which
prooxidant–antioxidant balance in the cell is disturbed,
resulting in DNA hydroxylation, protein denaturation, lipid
peroxidation, and apoptosis, ultimately compromising cells’
viability (Sies 1997; Valko et al. 2006; Sinha et al. 2013).
Since intestine is the biggest digestive organ, intestinal OS
influences nutrition digestibility and absorption, resulting in
damaged animal growth and development (Zhang et al. 2013).
Intestinal epithelium, sitting at the interface between the or-
ganism and its luminal environment, is prone to OS induced
by luminal oxidants (Circu and Aw 2012). OS is often asso-
ciated with the accumulation of reactive oxygen species
(ROS), such as hydroxyl radical and the superoxide radical.
ROS has extremely high reactivity, which gradually leads to
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oxidative damage to biomolecules. In cells, one of the major
enzymatic sources of cellular ROS generation is nicotinamide
adenine dinucleotide phosphate oxidase (NOX). Activation of
NOX is involved in the recruitment of multiple cytosolic sub-
units including p47phox, p67phox, p40phox, and Rac with its
membrane-bound subcomplex consisting of gp91phox and
p22phox and resulting in the rapid generation of large amounts
of superoxide anion (Park et al. 2003; Lambeth 2004).

The maintenance of the intestinal epithelial redox environ-
ment is essential for the activities of key physiological pro-
cesses, which includes digestion and absorption, cell prolifer-
ation and apoptosis, and immune response (Circu and Aw
2012). To combat with OS, cells develop their own antioxi-
dant machineries consisting of several antioxidant enzymes
such as heme oxygenase-1 (HO-1), superoxide dismutase
(SOD) enzyme family (SOD-1, SOD-2, SOD-3), glutathione
peroxidases (GPX), catalase (CAT), glutathione S-transferase
(GST), glutathione reductase (GR), and thioredoxin (TRX)
family (TRX-1 and TRX-2) (Itoh et al. 1997; Cho et al.
2006; Riedl et al. 2009), as well as some non-enzyme sub-
stances, such as glutathione (GSH) and oxidized glutathione
(GSSG). Moreover, it is reported that cells typically accom-
plish OS through the induction of detoxification enzymes by
transcription factor Nrf2 (Wilhelmi et al. 2013). During OS,
Nrf2 is released from its cytosolic repressor Keap1. The phos-
phorylated Nrf2 translocates into the nucleus where it binds to
antioxidant response elements (AREs) residing within the pro-
moter regions of many antioxidant and phase II genes (Lee
et al. 2004). Among various phase II detoxification enzymes,
HO-1 could be highly induced by a variety of agents causing
OS (Choi et al. 1996). Hence, HO-1 can be used as an indica-
tor for oxidative injury (Yachie et al. 1999).

Probiotics, defined as live microorganisms in adequate
amounts conferring a health benefit on host (Araya 2002),
have been reported to have antioxidant potential both
in vitro and in vivo (Mishra et al. 2015). Probiotic Bacillus,
such as Bacillus subtilis, may grow in the gut and consume
oxygen to maintain an anaerobic environment for the preven-
tion or treatment of gastrointestinal disorders (Hu et al. 2014).
Bacillus has been focused on due to its higher resistance
to harsh environments and capacity for long-term stor-
age at ambient temperature (Hong et al. 2005). Recent
researches have shown that probiotic Bacillus could en-
hance the antioxidant activity of RAW 264.7 cells (Li
et al. 2013) and broilers (Rajput et al. 2013); however,
few studies have elaborated its mechanisms of action of
antioxidation. In this study, we employed seven strains of
Bacillus, including Bacillus subtillis, Bacillus natto, Bacillus
lichenifoemis, Bacillus polymyxa, Bacillus coagulans, and
Bacillus amyloliquefaciens, to treat IPEC-1 alone or before
H2O2 administration to investigate their antioxidant capaci-
ties, and we could further study its underlying antioxidant
mechanisms.

Materials and methods

Bacteria strains and cell culture

B. subtillis SC02 was obtained from Huayu Agricultural
Technology Company, China. B. amyloliquefaciens
SC06, deposited in China Center For Type Culture
Collection (CCTCC No. M 2012280), was isolated and
preserved in our lab. B. natto SC07 was a gift from
NABIO, Japan. B. lichenifoemis SC08 was isolated from
a commercial product Bacillus licheniformis Capsule,
China. B. polymyxa SC10 was isolated from the biopes-
ticide Kangdeleide, China. B. coagulans SC12 was ob-
tained from China General Microbiological Culture
Collection Center, Beijing, China (CGMCC NO1.3220).
B. amyloliquefaciens SC33 was a gift from Professer
Shouwen Chen, Huazhong Agricultural University, China.
All bacteria were cultured in Luria–Bertani broth at 37 °C
for 12 h, and cells were collected after centrifugation at
5000 rpm for 10 min at 4 °C. Thereafter, these cells were
washed twice with sterile phosphate-buffered saline
(PBS, pH 7.2). Finally, their purity and identification
were constantly checked by spreading plate method
(Nikoskelainen et al. 2003).

IPEC-1 cell culture

IPEC-1 was obtained from the Cell Bank of the Chinese
Academy of Sciences (CBCAS), Shanghai, China, and cul-
tured in DMEM-F12 medium (Hyclone, Logan, UT, USA)
supplemented with 10% fetal bovine serum (Gibco, Paisley,
Scotland), 100 U/mL penicillin (Sigma-Aldrich, St. Louis,
MO, USA), and 100 μg/mL streptomycin (Sigma-Aldrich,
St. Louis, MO, USA) at 37 °C in the incubator with 90%
humidity and 5%CO2, refed every 2 days, and passaged every
4 days.

Establishment of OS model

Cell viability was determined by methyl thiazolyl tetrazolium
(MTT) assay. IPEC-1 (1 × 104 cells/well) were seeded into a
96-well plate (Corning, USA) overnight before treatments.
The cells were then treated with H2O2 at different final con-
centrations (0, 100, 200, 300, 400, 500, 600, 700 μmol/L) for
various time periods (1, 3, 6, 12 h), followed by culturing with
5 mg/mL of MTT working solution for 4 h at 37 °C. After
incubated with 100 μL of DMSO for 10 min, the cells were
measured using SpectraMax M5 (MD, USA) at the absor-
bance of 490 nm. Based onMTTassay, the median lethal dose
(LD50) of H2O2 was calculated by probability unit. Then,
combined the MTT data with LD50, the optimal concen-
tration and incubation time of H2O2 were chosen to
establish the OS model.
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Co-culture of IPEC-1 with Bacillus

Cell suspension at a concentration of 5 × 105 cells/mL was
seeded into 12-well culture plates (1 mL per well) (Corning,
USA) and grown in a CO2 incubator for 24 h. Thereafter, cells
were washed three times with PBS. IPEC-1 in Bacillus treat-
ment groups was co-cultured with 1 × 108 colony-forming
unit (cfu) Bacillus in 1 mL complete DMEM-F12 me-
dium without antibiotic for 3 h, and 1 mL of culture
medium without antibiotics was used as control group.
The concentration and treatment time of Bacillus used in
our study (1 × 108 cfu/mL) were selected by co-culturing
1 × 106 cfu and 1 × 108 cfu SC06 with IPEC-1 for different
time periods (3, 6, 9 h) (data not shown).

Cell treatments

To determine the antioxidant effects of Bacillus, IPEC-1 cells
were divided into four groups: control, Bacillus treatment,
H2O2 treatment, and Bacillus pre-protection + H2O2 treatment
groups. Briefly, IPEC-1 cells in control group were cultured in
complete DMEM-F12 medium (without antibiotic) for 3 h.
And then, cells were washed with PBS and cultured in com-
plete culture medium for another 12 h. For Bacillus group, all
seven strains of Bacillus were co-cultured with IPEC-1 in cul-
ture medium (without antibiotic) for 3 h at first, and then, PBS
was used to wash away probiotics. And complete mediumwas
added to culture cells for another 12 h. For H2O2 group, IPEC-
1 cells were cultured in medium (without antibiotic) for 3 h.
Subsequently, complete medium containing H2O2 (optimal
H2O2 concentration determined byMTTand LD50) was added
to treat cells for a certain time (determined by MTT and LD50)
to induce OS. In Bacillus pre-protection + H2O2 group, after
IPEC-1 co-cultured with Bacillus for 3 h, PBS was used to
wash away probiotics; then, cells were incubated with H2O2

under the same conditions as the H2O2 treatment group.

Biochemical assays for the antioxidant capacity of IPEC-1
cells

The GSSG, GSH levels, and CAT, SOD, GPX, and NOX
activities in cell lysates were measured to determine the anti-
oxidant capacity of IPEC-1. All assays were carried out fol-
lowing the manufacturer’s instructions of commercial kits
(Nanjing Jiancheng Bioengineering Institute, China).

Detection of ROS generation

ROS concentration in IPEC-1 was assayed using Reactive
Oxygen Species Assay Kit (Beyotime Biotechnology,
China) including dichlorfluorescein (DCFH)-DA (10 mol/L),
which is sensitive to H2O2 and its derivatives, such as ·OH.
Signals were monitored by SpectraMax M5 (MD, USA).

Detection of Δψm

JC-1 probe was employed to measure mitochondrial depolar-
ization in IPEC-1 with Mitochondrial Membrane Potential
Assay Kit (Beyotime Biotechnology, China). According to
instruction of manufacturer, IPEC-1 cells were stained with
JC-1 for 15 min at 37 °C. The monomeric form of JC-1 in the
cytosol after mitochondrial membrane depolarization and the
potential-dependent aggregation of JC-1 in the mitochondria
were detected by SpectraMax M5 (MD, USA), respectively.

Detection of IPEC-1 apoptosis and necrosis

Cell apoptosis and necrosis were determined using Apoptosis
and Necrosis Assay Kit (Beyotime Biotechnology, China),
respectively. According to the manufacturer’s instructions,
IPEC-1 cells were stained with Hoechst 33342 (10 ng/mL)
and propidium iodide (PI, 10 ng/mL) for 20 min at 4 °C in
the dark, respectively. The condensed or fragmented nuclei of
apoptotic cells were observed with a Leica fluorescence mi-
croscope (Keyence, Osaka, Japan).

RNA extraction and quantitative real-time PCR

Extraction of total RNA and its reverse transcription was per-
formed according to our previous reports (Mao et al. 2015).
PCR primer sequences for the pig genes were designed and
selected by primer 5.0 and oligo 7.0 software as presented in
Table S1 (online resource). GAPDH as housekeeping gene
was used to normalize target gene transcript levels. Real-time
PCR was performed using Premix Ex TaqTM with SYBR
Green (TaKaRa, Dalian, China) and ABI Stepone Real-Time
PCR System 7500 Fast Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA). The thermocycle protocol
includes 30-s at 95 °C followed by 40 cycles of 5-s denatur-
ation at 95 °C, 34-s annealing/extension at 60 °C, and then a
final melting curve analysis to monitor purity of the PCR
product. The 2−ΔΔCq method was used to estimate messenger
RNA (mRNA) abundance. Relative gene expression levels
were normalized by eukaryotic reference gene GAPDH.

Western blotting analysis

Total cell lysates were prepared as previously described
(Majumdar et al. 1993). Nuclear and cytosolic extracts were
fractionated using a Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime Biotechnology) according to the
manufacturer’s instructions. Equal amounts of proteins from
each sample were subjected to SDS-PAGE, and then, proteins
on the gel were transferred to nitrocellulose membranes.
Membranes were blocked by no protein blocking solution
(Sangon Biotech) and then incubated with the primary anti-
bodies (anti-β-actin, anti-Nrf2, anti-phospho-Nrf2, anti-
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Keap1, and anti-p47phox antibodies) overnight at 4 °C. After
washing with TBST, membranes were incubated with second-
ary antibody adjusted with HRP (Biotime Biotechnology,
China). The blots were then developed with an ECL detection
system according to the manufacturer’s instructions.

Statistical analysis

LD50 of H2O2 to IPEC-1 was calculated using probit method
in SPSS 16.0 for Windows. Results were expressed as
mean ± standard deviation (SD). Data analysis was performed
using one-way analysis of variance (ANOVA) procedure of
SPSS by the Tukey test. Differences were considered statisti-
cally significant at p < 0.01 or 0.05.

Results

Effects of different concentrations of H2O2 on cell viability
of IPEC-1

We first examined the cell viability of IPEC-1 using MTT
method after treated with H2O2. H2O2 at different final con-
centrations (0, 100, 200, 300, 400, 500, 600, 700 μmol/L) was
used to treat IPEC-1 cells for 1, 3, 6, and 12 h. Using the probit
method, LD50 for H2O2 to IPEC-1 at 12 h was calculated to be
323.59 μmol/L. Moreover, Fig. 1 also shows that with the
increase of H2O2 concentration and induction time, cell via-
bility witnessed a decline and the treatment of IPEC-1 with
300 μmol/L H2O2 for 12 h reduced cell viability to
54.04 ± 1.34%. Thus, 300 μmol/L H2O2 was used to treat
IPEC-1 for 12 h in order to induce the OS for the follow-up
experiments.

Selection of an effective indicator for OS of IPEC-1
induced by H2O2

In order to choose an effective OS indicator, 300 μmol/L
H2O2 was used to treat IPEC-1 cells for various time periods

(0, 1.5, 3, 6, 9, 12, and 18 h), and the mRNA expressions of
various antioxidant and apoptosis genes were measured
(Table S2, online resource). Results demonstrated that com-
pared to other tested genes, HO-1 was extremely sensitive to
H2O2 stimulation. After 12-h 300 μmol/L H2O2 incubation,
HO-1 mRNA relative expression enhanced to 13.96 ± 1.31
(Table S2, online resource). Moreover, through the correlation
analysis, we found that there was a good positive correlation
under OS between HO-1 expression and the H2O2 treatment
time (R2 = 0.9628) (Table S2, online resource). In previous
study, it was confirmed that the induction of HO-1 could rep-
resent an adaptive response to oxidative injury with increasing
cell resistance (Martin et al. 2004). Hence, in the study, we
chose HO-1 as the primary indicator for OS in IPEC-1, and
other antioxidant and apoptosis genes were also considered as
secondary indicators.

Effects of Bacillus strains on OS of IPEC-1

In the study, we investigated the effects of Bacillus candidates
on OS of IPEC-1 depending on the expressions of apoptosis
and antioxidant genes, especially HO-1. As shown in Fig. 2,
compared with the result in H2O2 group, SC06 pre-protection
markedly decreased HO-1 transcription by 41%, indicating
the most favorable effect among seven strains. Additionally,
in terms of other genes encoding antioxidant enzymes, such as
SOD-1, GPX-2, CAT, GST, and TRX-1, SC02 significantly
decreased SOD-1 expression while increased TRX and GST
expression compared to control group (Fig. 2a). SC06 signif-
icantly increasedCAT andGST expressions (Fig. 2b). Besides,
SC07 markedly decreased CAT, SOD-1, GPX-2, and GST
transcript levels, while TRX-1 was induced (Fig. 2c). On the
contrary, SC08 enhanced the transcription of CAT and SOD-1
(Fig. 2d). Although SC10 also elevated SOD-1 level, it could
decrease GST gene expression as well (Fig. 2e). However,
SC12 did not show significant effects on tested antioxidant
genes (Fig. 2f), and SC33 regulated onlyGSTmRNA expres-
sion (Fig. 2g). Despite of this, compared with H2O2 groups,
Bacillus pre-protection also significantly altered antioxidant
gene expression profiles. SC02 pre-treatment significantly in-
creased the expressions of CAT and TRX-1 and decreased the
expressions of HO-1 and GPX-2 (Fig. 2a). SC06 pre-
protection not only downregulated SOD-1, GPX-2, and
TRX-1 expressions but also upregulated GST transcript level
(Fig. 2b). However, SC07 pre-treatment could markedly
downregulate the transcript levels of HO-1, GPX-2, and
TRX-1 (Fig. 2c). Meanwhile, SC08 pre-protection decreased
GPX-2 and TRX-1 transcriptions (Fig. 2d). Expressions of
SOD-1, HO-1 as well as GPX-2 were downregulated by
SC10 pre-protection (Fig. 2e). Moreover, GPX-2 expressions
were significantly decreased with SC12 and SC33 pre-treat-
ment, but CAT transcriptions were upregulated by SC33 pre-
treatment (Fig. 2f, g).
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Fig. 1 Cell viability with H2O2 treatment. IPEC-1 cells were treated with
different concentrations of H2O2 (0, 100, 200, 300, 400, 500, 600,
700 μmol/L) for 1, 3, 6, and 12 h. Cell viability was determined using
MTT assay. Results are given as mean ± SD
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Fig. 2 Effects of seven Bacillus strains on the expressions of genes
related to antioxidant capacity and apoptosis in IPEC-1. Cells were co-
cultured with Bacillus for 3 h; thereafter, 300 μmol/L H2O2 was added for
12 h. Gene expressions of CAT, SOD-1, HO-1, GPX-2, TRX-1, GST,
BCL-2, BAX, and caspase 3 were detected by real-time PCR. Results

are given as mean ± SD. Differences between groups were determined
by one-way ANOVA followed by Tukey test (n = 3). *p < 0.05 and
**p < 0.01 as compared to the control group, #p < 0.05 and ##p < 0.01
as compared to the H2O2-treated group
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As for the apoptosis, SC02, SC07, SC08, and SC10 could
significantly upregulate pro-apoptotic gene expressions individ-
ually (Fig. 2a–e). However, SC12 downregulated BAX tran-
scription and upregulated BCL-2 expression, while SC33 has
not shown effect on apoptosis-related genes (Fig. 2f). Notably,
SC06 significantly decreased caspase 3 expression, and the pre-
protection with SC06 remarkably upregulated anti-apoptotic
gene expression and downregulated pro-apoptotic gene expres-
sions (Fig. 2b). Altogether, SC06 could efficiently protect IPEC-
1 from OS and apoptosis. Thus, SC06 was chosen for further
study to investigate the mechanisms of action of antioxidation.

Effects of SC06 on antioxidant parameters in cell lysates
of IPEC-1

In cell lysates, we observed that H2O2 significantly decreased
GSH/GSSG ratio but increased CAT and SOD activities.
However, SC06 alone significantly elevated both GSH/GSSG
ratio and CAT activity compared with non-treated group.
Moreover, SC06 pre-protection could decrease CAT, SOD,
and GPX activities compared with H2O2 group (Table 1).

Effects of SC06 on Nrf2/Keap1 signaling pathway
of IPEC-1

As shown in Fig. 2b, CAT and GST expressions were in-
creased in SC06-treated IPEC-1. mRNA expressions of
SOD-1, HO-1, GPX-2, GST, and TRX were decreased in
SC06 pre-protected cells. SOD, HO-1, GPX, GST, and TRX
are well-known Nrf2 target genes (Itoh et al. 1997; Cho et al.
2006; Riedl et al. 2009). These findings implicated that SC06
could play a role in Nrf2/Keap1 signaling pathway. SinceNrf2
has a notably short half-life of approximately 20 min but pos-
sibly as long as 3 h (Sekhar et al. 2002; Kwak et al. 2003),
thus, the IPEC-1 cells were sampled to detect Nrf2/Keap1
signaling transduction after co-culturing with 300 μmol/L
H2O2 for different time periods (0, 30, 60, and 120 min).
Compared with the control group, 300 μmol/L H2O2 incuba-
tion for 30, 60, and 120 min induced higher Nrf2 phosphory-
lation (Fig. 3b–f). Moreover, co-culture with SC06 for 3 h also

increased Nrf2 expression and phosphorylation in IPEC-1
(Fig. 3a–f). On the contrary, SC06 pre-protection significantly
decreased Nrf2 phosphorylation with the stimulation of H2O2

for 30 and 60 min (Fig. 3b–d, f). At 120 min, there was no
significantly different phosphorylation level of Nrf2 between
H2O2 and SC06 pre-protection + H2O2 group (Fig. 3e, f).
Keap1 is the inhibitor of Nrf2; here, we did not observe sig-
nificant expression change of Keap1 among different groups
at different time points (Fig. 3).

Effects of SC06 on ROS production of IPEC-1

H2O2 significantly increased ROS concentrations in IPEC-1,
while SC06 pre-protection dramatically decreased ROS levels.
However, there was no significant difference in ROS levels be-
tween control group and SC06 group (Fig. 4a). p47phox is one of
the active subunits of NOX, which plays an important role in
ROS production. As shown in Fig. 4b, there was no significant
change in p47phox expression after incubation with H2O2 for
12 h. In contrast, SC06 alone or pre-protection significantly de-
creased p47phox expression. Additionally, NOX activity was also
significantly downregulated by SC06 pre-protection (Fig. 4c).

Effects of SC06 on Δψm of IPEC-1

Unstable Δψm can occur via mechanisms involving ROS-
induced ROS release (Zorov et al. 2000). To further investigate
ROS production, Δψm was determined. As shown in Fig. 5,
after H2O2 administration, the ratio of J-aggregates and J-
monomer in IPEC-1 experienced a slight down trend.
Whereas, with SC06 pre-protection, the ratio of J-aggregates to
J-monomer was increased, indicating the improvement ofΔψm.

Effects of SC06 on IPEC-1 apoptosis and necrosis

Consistent with downregulated apoptosis-related genes ob-
served in SC06 pre-protection group, we found that H2O2

incubation significantly increased IPEC-1 apoptosis (PI) and
necrosis (Hoechst 33342), while with SC06 pre-protection,
both the apoptosis and necrosis were ameliorated (Fig. 6).

Table 1 Effects of SC06 on
antioxidant parameters in cell
lysate

Parameters Control SC06 H2O2 SC06 + H2O2

GSH/GSSG 2.58 ± 0.03 3.86 ± 0.11** 1.67 ± 0.39* 2.15 ± 0.05

CAT (U/mgprot) 3.81 ± 0.06 5.82 ± 0.51* 6.68 ± 0.32** 2.86 ± 0.85##

SOD (U/mgprot) 22.07 ± 0.49 22.33 ± 2.33 29.78 ± 2.88* 15.32 ± 0.41#

GPX (U/mgprot) 185.54 ± 56.27 226.59 ± 33.46 684.96 ± 17.32** 164.72 ± 30.27##

IPEC-1 were co-cultured with Bacillus (strain SC06) for 3 h; thereafter, 300 μmol/L H2O2 was added for 12 h.
Results are given as mean ± SD. Differences between groups were determined by one-way ANOVA followed by
Tukey test (n = 4)

*p < 0.05 and **p < 0.01 as compared to the control group, # p < 0.05 and ## p < 0.01 as compared to the H2O2-
treated group
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Discussion

Previous studies have proved that OS was involved in epithe-
lial barrier injury (Sun et al. 2002). Hydroperoxides have been
shown to elicit apoptosis andmucosal cytostasis in association
with GSH/GSSG disruption in CaCo-2 cells and rat intestine
(Gotoh et al. 2002; Tsunada et al. 2003a,b). Hence, the redox
homeostasis in intestinal epithelium is critical to keep animal

health. Accumulating evidence demonstrated that probiotics
exerted various beneficial effects, one of them being the anti-
oxidant ability. Although reports have shown the antioxidant
capacity of some probiotic strains (Tovar-Ramírez et al. 2010;
Amaretti et al. 2013), there was little evidence on oxidation-
resistant effects and its MOA of Bacillus. Thus, in this study,
we aimed to study the MOA of antioxidation using a strain of
Bacillus with antioxidant capacity.
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Fig. 3 Effects of SC06 on
Nrf2/Keap1 signaling pathway in
IPEC-1. Cells were co-cultured
with SC06 for 3 h; thereafter,
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Phosphorylated and total protein
levels of Nrf2, Keap1, andβ-actin
in IPEC-1 cells were determined
using Abs recognizing phospho-
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Results are given as mean ± SD.
Differences between groups were
determined by one-way ANOVA
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compared to the control group,
#p < 0.05 and ##p < 0.01 as
compared to the H2O2-treated
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H2O2, a strong oxidant capable of oxidizing a variety of
moieties, was used to establish OS model in this study as it is
yet not highly destructive (Ji 2007). The results from MTT

assay and the LD50 suggested that H2O2 (300 μmol/L for
12 h) was sufficient to induce OS in IPEC-1 (Fig. 1). It is well
known that HO-1 isozyme is a phase II enzyme that is tran-
scriptionally regulated by a large variety of stimuli (Bauer and
Bauer 2002; Ryter and Choi 2002; Scapagnini et al. 2002;
Salinas et al. 2003). In this study, according to phase II gene
expression level and its correlation with treatment time, we
also found that HO-1 was extremely sensitive to H2O2 induc-
tion and there was a positive correlation between HO-1 tran-
script level and incubation time (Table S2, online resource),
implying that HO-1 could be a sensitive indicator for OS. As
for the screening of Bacillus with potent antioxidant ability,
we found that several Bacillus candidates by pre-treatment
downregulatedHO-1 transcription markedly compared to that
in H2O2 group, and SC06 had the most favorable effect
(Fig. 2b), implying that SC06 may possess strong antioxidant
ability. Usually, in malondialdehyde, protein carbonyl levels,
and 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reduction
activity potential (FRAP) methods were used to measure the
OS (Sekher Pannala et al. 2001; Pirinccioglu et al. 2010; Clarke
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et al. 2013; Lei et al. 2015), whereas these methods have some
disadvantages, for example, DPPH could be affected by light,
oxygen, and pH (Ozcelik et al. 2003), and FRAP also has some
drawbacks such as interference, reaction kinetics, and quantita-
tion methods (Ou et al. 2002). Therefore, detecting the HO-1
expression could be an easy method in evaluating OS.
Thereafter, we also determined the expression levels of other
antioxidant and apoptosis-related genes. The results demon-
strated that SC06 alone could increase CAT and GST expres-
sions to elevate antioxidant status, while SC06 pre-protection
significantly downregulated SOD-1, GPX-2, and TRX-1 but
upregulated GST transcript level. Furthermore, no matter
H2O2 pre-induction or not, SC06 addition was efficient in re-
ducing pro-apoptotic genes of IPEC-1 cells. All together,
B. amyloliquefaciens SC06 was able to modulate IPEC-1 anti-
oxidant status dramatically, and to our knowledge, this study
firstly proved that HO-1 was an effective indicator for OS in-
duced by H2O2 in IPEC-1 cells and may be used as a sensitive
target to screen antioxidants.

To further investigate the antioxidant mechanisms of SC06,
we measured GSH/GSSG ratio and antioxidase activities in
IPEC-1 lysates. Compared with control, after co-culture with
SC06, there was a significantly higher GSH/GSSG value and
SOD activity, while SC06 pre-protection significantly de-
creased CAT, SOD, and GPX activities compared to that un-
der OS (Table 1).HO-1, CAT, SOD-1,GPX-2,GST, and TRX-
1 are phase II genes, and it is known that phase II detoxifica-
tion enzymes as well as glutathione synthesis can be regulated
via Nrf2/Keap1 signaling pathway (Maher and Yamamoto
2010). So, the altered phase II gene expressions, glutathione
system, and antioxidase activities implicated the effects of

SC06 on Nrf2/Keap1 signaling pathway. And we found that
SC06 alone was able to phosphorylate Nrf2. Furthermore,
H2O2 also increased the phosphorylation of Nrf2 in IPEC-1
(Fig. 3) because when cells were exposed to oxidants and
electrophiles, Nrf2 could be activated (Ma et al. 2013) to pro-
tect cells against OS. Interestingly, with SC06 pre-protection,
H2O2 would not activate Nrf2 anymore but downregulated
Nrf2 phosphorylation at 30 and 60 min (Fig. 3), which
was in line with the downregulated phase II gene expressions
and antioxidase activities in SC06 pre-protection + H2O2

treatment. However, several reports have revealed that under
OS, probiotic administration could induce Nrf2 and its
targeted antioxidase (Endo et al. 2013; Gao et al. 2013) rather
than suppressing them. In the study, after 3-h pre-protection
with SC06, the Nrf2/Keap1 signaling pathway had been acti-
vated already, leading to the increased phase II gene expres-
sions and antioxidase activities. In 2005, Kobayashi and
Yamamoto reported that the activation of the defense system
by phase 2 induction renders cells more resistant to the
potential challenges of a subsequent, even greater stress.
So here, the enhanced antioxidant status of IPEC-1
caused by SC06 could make IPEC-1 more resistant to
the potential challenge of H2O2, and it is not necessary
for IPEC-1 cells to continue upregulating Nrf2 phosphoryla-
tion and increasing antioxidase activities after the subsequent
H2O2 treatment.

Besides the antioxidant signaling, we also determined the
ROS production in IPEC-1. ROS are by-products of aerobic
metabolism and are often associated with the principle of OS
(Schieber et al. 2014). NOX are proteins transferring electrons
across biological membranes to generate superoxide and other
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Fig. 6 Effects of SC06 on apoptosis and necrosis in IPEC-1. Cells
were co-cultured with Bacillus (strain SC06) for 3 h; thereafter,
300 μmol/L H2O2 was added for 12 h. Then, IPEC-1 cells were

stained with Hoechst 33342 and PI. Cell images were obtained
under a fluorescence microscope (×100)
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downstream ROS (Bedard and Krause 2007). Among all
NOX subunits, p47phox is considered to be responsible for
transporting the cytosolic complex to the membrane during
oxidase activation (Clark et al. 1990; Quinn et al. 1993; El-
Benna et al. 1994) and is considered as the organizer of the
NOX active complex (El-Benna et al. 2008). Our results im-
plied that the increased ROS concentration and NOX activity
induced by H2O2 were effectively reduced by SC06 pre-
protection (Fig. 4a, c). Moreover, the results from western
blotting also suggested that SC06 alone could downregulate
the protein expression of NOX active subunit p47phox com-
pared with control group. Similarly, SC06 pre-protection also
significantly decreased p47phox level compared with the H2O2

group (Fig. 4b). In summary, SC06 could ameliorate OS and
enhance cell antioxidant status in IPEC-1 through activating
Nrf2/Keap1 signaling transduction and inhibiting ROS
generation.

From a quantitative viewpoint, mitochondria are thought to
be the largest contributors to intracellular oxidant production
in most cell types (Holmstrom et al. 2014). Although it is
widely accepted that mitochondria produce more ROS at high
membrane potential, in certain pathological conditions, there
were opposite correlations between Δψm and ROS produc-
tion (Suski et al. 2012). In the case of mitochondrial disorders
associated with the dysfunctions of the respiratory chain com-
ponents, lower Δψm is observed with an increase in ROS
production (Lebiedzinska et al. 2010). In the present study,
H2O2 slightly decreased Δψm, while SC06 pre-protection
could enhance the Δψm (Fig. 5) and decrease ROS genera-
tion simultaneously. Besides, mitochondrial dysfunction has
been shown to participate in the induction of apoptosis
(Ly et al. 2003), and the loss of Δψm may be an early
event in the apoptotic process. In this study, as the
IPEC-1 Δψm slightly decreased in H2O2 group (Fig. 5), ap-
optosis and necrosis were also induced (Figs. 2b and 6);
however, SC06 pre-protection lowered IPEC-1 apoptosis
and necrosis markedly (Figs. 2b and 6).

In conclusion, our study proves that HO-1 can be an ideal
indicator for OS model induced by H2O2 and confirms that
SC06 has the potent antioxidant capacity. Pre-protection with
SC06 can effectively regulate Nrf2/Keap1 signaling pathway
and decrease NOX expression as well as activity. As a result,
SC06 improves IPEC-1 antioxidant status and reduces apo-
ptosis as well as necrosis. Our results suggested that
B. amyloliquefaciens SC06 could serve as a potential prophy-
lactic nutrient additive to protect porcine intestinal cells from
OS. The findings may also provide important implications for
improving human gut health.
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