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Effects of probiotic Bacillus as a 
substitute for antibiotics on antioxidant capacity 
and intestinal autophagy of piglets
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Abstract 

The objective of this study was to evaluate effects of probiotic Bacillus amyloliquefaciens (Ba) as a substitute for antibi-
otics on growth performance, antioxidant ability and intestinal autophagy of piglets. Ninety piglets were divided into 
three groups: G1 (containing 150 mg/Kg aureomycin in the diet); G2 (containing 75 mg/Kg aureomycin and 1 × 108 
cfu/Kg Ba in the diet); G3 (containing 2 × 108 cfu/Kg Ba in the diet without any antibiotics). Each treatment had three 
replications of ten pigs per pen. Results showed that Ba replacement significantly increased the daily weight gain of 
piglets. Moreover, improved antioxidant status in serum and jejunum was noted in Ba-fed groups as compared with 
aureomycin group. Increased gene expression of antioxidant enzymes and elevated nuclear factor erythroid 2 related 
factor 2 (Nrf2) in jejunum was also observed in Ba-fed groups. Besides, Ba replacement significantly decreased jejunal 
c-Jun N-terminal kinase (JNK) phosphorylation compared with antibiotic group. Western blotting results also revealed 
that replacing all antibiotics with Ba initiated autophagy in the jejunum as evidenced by increased microtubule-asso-
ciated protein 1 light chain 3 II (LC3-II) abundance. Taken together, these results indicate that replacing aureomycin 
with Ba can improve growth performance and antioxidant status of piglets via increasing antioxidant capacity and 
intestinal autophagy, suggesting a good potential for Ba as an alternative to antibiotics in feed.
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Introduction
As growth promoters, antibiotics have enjoyed great pop-
ularity in animal husbandry in the past decades. However, 
with increasing public concerns regarding antibiotic-resist-
ant pathogens, antibiotics have been forbidden in Europe 
since 2006 (Chu et  al. 2013) and bans for antibiotic uses 
in feed are proposed in other many countries, including 
China, Korea, USA, etc. (Flynn 2011; Martin et  al. 2015; 
Walsh and Wu 2016). Therefore, finding proper alterna-
tives to antibiotics is important for the feed industry.

Probiotics are defined as “live microorganisms that, 
when administrated in adequate amounts, confer a 
health benefit on the host” (Araya 2002). Previous studies 
showed that probiotics have positive effects on pig health, 

including improving growth performance (Guerra et  al. 
2007; Giang et  al. 2010), regulating immunity (Daude-
lin et al. 2011; Deng et al. 2013) and increasing survival 
rate of piglets (Sha et  al. 2015). Bacillus amyloliquefa-
ciens is a probiotic strain that produces several extracel-
lular enzymes to augment digestibility and absorption of 
nutrients in addition to overall intestinal immune func-
tion (Gould et al. 1975; Gracia et al. 2003; Lee et al. 2008). 
Due to its higher resistance to harsh environments, 
Bacillus amyloliquefaciens is preferred as feed supple-
ment (Hong et al. 2005).

China is the largest antibiotics producer and consumer 
in the world and large amount of antibiotics were applied 
in livestock industries (Hvistendahl 2012). However, the 
use of antibiotics in feed is poorly monitored (Zhu et al. 
2013). As the formal Ministry of Agriculture announce-
ment (number 2428) regarding the cessation of colis-
tin as a growth promoter (feed additive) in animal was 
released on July 26, more than 8000 tonnes of colistin as a 
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growth promoter from the Chinese veterinary sector will 
be withdrew (Walsh and Wu 2016). Thus, it is urgent to 
find potential substitutes for antibiotics. A great number 
of reports demonstrated that probiotics perform better 
than antibiotics in pig industry. According to Choi et al. 
(2011), multimicrobe probiotic increased apparent total 
tract digestibility of gross energy in pigs compared to the 
aureomycin-fed ones. Wang et al. (2012a) also found that 
both L. fermentum I5007 and aureomycin can decrease 
apoptosis in pig gastrointestinal tract, but L. fermentum 
I5007 exhibited additional effects in alleviating wean-
ing stress syndrome. However, others had some different 
results. Guerra et al. (2007) observed that the best growth 
performance results were obtained in pigs receiving anti-
biotic rather than probiotics. And probiotics can perform 
similarly to antibiotics in weaned pigs in high-health sta-
tus farms (Kritas and Morrison 2005). It is well-known 
that piglets can encounter many stressors, including path-
ogens and mold-contaminated feed (Sugiharto et al. 2014; 
Yin et  al. 2014, 2015), which may cause severe inflam-
matory reaction and unbalance the antioxidant system. 
It was thus of interest to determine if the replacement of 
antibiotics with probiotics can ameliorate the oxidative 
stress in piglets. Autophagy is considered to engage in the 
cross-talk with oxidative stress in both cell signaling and 
protein damage (Lee et al. 2012). Therefore, the objective 
of this study was to evaluate effects of probiotic Bacillus 
amyloliquefaciens as a substitute for antibiotics on growth 
performance, antioxidant ability and intestinal autophagy 
of piglets. The underlying molecular mechanisms will 
provide a theoretical basis for the usage of probiotics as 
antibiotic alternatives in pig industry in China.

Materials and methods
Animals and diets
Ninety male piglets (Duroc  ×  Landrace  ×  Yorkshire) 
(42 days old) with similar initial weights were randomly 
divided into three groups. Each group had three repli-
cates with ten pigs per replicate. All pigs were fed ad libi-
tum. The experiment was approved by and performed in 
accordance with the guidelines of the local ethics com-
mittee. The basal diet was supplemented with minerals 
and vitamins to meet or exceed the requirements for pigs 
(NRC 1998). Piglets in Group 1 (G1) were fed with the 
normal diet containing 150 mg/Kg aureomycin. Piglets in 
Group 2 (G2) were fed with the diet containing 75 mg/
Kg aureomycin and 1 ×  108 cfu/Kg Ba, while piglets in 
Group 3 (G3) were fed with the diet containing 2 × 108 
cfu/Kg Ba without any antibiotics. The experimental 
period was 28  days. Initial and final body weights were 
recorded. The basal diet of piglets was prepared accord-
ing to NRC 1998 and the composition and nutrient levels 
of the basal diets are listed in Table 1.

Bacterial strain and aureomycin
Bacillus amyloliquefaciens cells (China Center For Type 
Culture Collection No: M 2012280) (1 × 108 cfu/g) were 
prepared by the Laboratory of Microbiology, Institute of 
Feed Sciences, Zhejiang University, China. Starch was 
used to dilute Ba and the same amount of starch was also 
added to each group to compensate for the difference 
in nutrient composition of the diets. Aureomycin was 
obtained from Tongyi feed agriculture and animal hus-
bandry Co., Ltd. (Qingdao, China).

Sample collection
At the end of the experiment, piglets (n =  6) were ran-
domly picked from each group to collect the samples. 
After 12  h fasting, blood samples were collected from 
the vena cava anterior and were centrifuged for 10 min at 
4  °C (3000×g, Centrifuge 5804R, Eppendorf, Germany). 
Mid-jejunal segments were carefully dissected and rinsed 
with sterilized saline. Jejunal mucosa samples were gen-
tly scraped off. All samples were placed in liquid nitro-
gen immediately and then stored at −70  °C for further 
analysis.

Western blotting
Extracted intestine proteins were separated by electro-
phoresis (Bio-Rad) on SDS-PAGE before being trans-
ferred electrophoretically to a nitrocellulose membranes 
membrane. After blocking with no protein blocking 

Table 1  Composition and nutrient levels of basal diet

Providing the following amount of vitamins and minerals per kilogram on 
an as-fed basis: Zn (ZnO), 50 mg; Cu (CuSO4), 20 mg; Mn (MnO), 55 mg; Fe 
(FeSO4), 100 mg; I (KI), 1 mg; Co (CoSO4), 2 mg; Se (Na2SeO3), 0.3 mg; vitamin 
A, 8255 IU; vitamin D3, 2000 IU; vitamin E, 40 IU; vitamin B1, 2 mg; vitamin B2, 
4 mg; pantothenic acid, 15 mg; vitamin B6, 10 mg; vitamin B12, 0.05 mg; vitamin 
PP, 30 mg; folic acid, 2 mg; vitamin K3, 1.5 mg; biptin, 0.2 mg; choline chloride, 
800 mg; and vitamin C, 100 mg

CP crude protein, De digestible energy, TP total phosphorus, AP available 
phosphorus

Ingredients Contents (%) Nutrition levels Contents (%)

Corn 61.25 CP 19.00

Soybean meal 15.79 DE/(MJ/Kg) 14.11

Extruded-soybean 10.00 Calcium 0.80

Imported fish meal 5.00 TP 0.63

Wheat bran 3.00 AP 0.40

Soybean oil 1.74 Lysine 1.15

Premix 1.00 Methio-
nie + cysteine

0.67

Limestone 0.98 Threonine 0.77

CaHPO4 0.78 Tryptophan 0.22

Salt 0.37

Lysine-HCl 0.09

Total 100.00
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solution (Sangon Biotech), the membranes were incu-
bated with a primary antibody overnight at 4  °C. After 
washing with TBST, membranes were incubated with 
secondary antibody linked to HRP. The blots were then 
developed with an ECL detection system as per the 
manufacturer’s instructions. Rabbit anti-Nrf2 and anti-
p47phox polyclonal antibodies was purchased from Santa 
Cruz Biotechnology (CA, USA). Rabbit anti-Nrf2 (phos-
phor S40) and anti-Akt monoclonal antibodies as well 
as anti-mTOR polyclonal antibody were obtained from 
Abcam (MA, USA). Rabbit anti-Keap1, anti-p62, anti-
Akt (phosphor S473) monoclonal antibodies as well as 
anti-mTOR (phosphor S2448) polyclonal antibody were 
purchased from Cell Signaling Technology (MA, USA). 
Rabbit anti-LC3 monoclonal antibody was obtained from 
Sigma (MO, USA). Mouse anti-β-actin monoclonal anti-
body was obtained from Biotime Biotechnology (China). 
The IgG-HRP secondary antibodies were purchased from 
Biotime Biotechnology (China).

Biochemical analyses
Jejunal mucosa samples were homogenized with ice-cold 
physiologic saline (1:10, w/v) and centrifuged at 2000g for 
10  min. Supernatants were collected for determination 
of the total anti-oxidant capability (T-AOC), concentra-
tions of glutathione (GSH) and malondialdehyde (MDA) 
and the activities of superoxide dismutase (SOD), glu-
tathione peroxidase (GSH-Px) and nicotinamide adenine 
dinucleotide phosphate oxidase (NOX), using kits pur-
chased from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). Enzyme-linked immunosorbent assay 
(ELISA) kits for 8-hydroxy-2′-deoxyguanosine (8-OHdG) 
was purchased from Bioleaf Biological Co., Ltd. (Shang-
hai, China). All the above parameters were determined 
by spectrophotometry according to the manufacturers’ 
instructions (Lei et al. 2015).

RNA extraction and real‑time quantitative PCR
Total RNA isolated from intestine (RNAiso plus, 
TAKARA) was reverse-transcribed using PrimeScript 
II 1st Strand cDNA Synthesis Kit (TAKARA). Real-
time PCR was performed using SYBR Premix Ex Taq 
II (TAKARA) and the ABI 7500 real-time PCR system 
(Applied Biosystems). The thermocycle protocol lasted 
for 30 s at 95 °C, followed by 40 cycles of 5-s denaturation 
at 95  °C, 34-s annealing/extension at 60  °C, and then a 
final melting curve analysis to monitor purity of the PCR 
product. Primer sequences were designed and selected 
by Primer 5.0 and Oligo 7.0 softwares and the sequences 
are presented in Additional file  1: Table S1. The 2−∆∆Ct 
method was used to estimate mRNA abundance. Relative 
gene expression levels were normalized to those of the 
eukaryotic reference gene GAPDH.

Statistical analysis
Data are presented as means with their standard devia-
tion. They were analyzed with SPSS 16.0 for Windows, 
using ANOVA, Tukey’s test. Differences were considered 
statistically significant at p < 0.05 or 0.01.

Results
Replacing antibiotics with Ba improved pig growth 
performance
As shown in Table  2, piglets in G2 and G3 had higher 
average daily gain compared to that of G1 (628.57 ± 19.88 
vs 555.71 ± 14.71 and 613.32 ± 13.36 vs 555.71 ± 14.71, 
respectively). The daily feed intake was also elevated in 
piglets receiving probiotics, but there was no significant 
difference for the final body weight among three groups.

Antioxidant profiles in serum of piglets
Compared to G1, we observed that replacing half anti-
biotics with Ba (G2) significantly elevated the serum 
T-AOC, which was paralleled by the increased GSH level, 
SOD and GSH-Px activities. Similarly, higher T-AOC in 
G3 was also found, which was accompanied by improved 
GSH level, SOD and GSH-Px activities. Further, GSH lev-
els in G3 were much higher than that of G2. 8-OHdG lev-
els were markedly decreased in G3 compared to control 
piglets (Table 3).

Antioxidant profile and expression of genes related 
to antioxidation in jejunal mucosa of piglets
Compared to G1, T-AOC in the jejunal mucosa of G2 
piglets was slightly increased. Meanwhile, GSH-Px activ-
ity, 8-OHdG level and MDA concentration were mark-
edly reduced. T-AOC in G3 was dramatically increased 
owing to the improved GSH-Px activity. Although 
8-OHdG levels in G3 were not altered, the MDA content 
was significantly decreased (Table  3). RT-qPCR results 
of the antioxidant genes in jejunal mucosa showed that 
compared to G1, the thioredoxin reductase (TRX) gene 

Table 2  Effect of  Ba on  growth performance of  piglets 
(n = 3 replicates)

Data are expressed as mean ± SD (n = 3 replicates). Different letters indicate a 
statistically significant difference between groups (p < 0.05)

Items G1 G2 G3

Initial body 
weight (kg)

14.62 ± 0.203 14.20 ± 0.18 14.89 ± 0.38

Final body weight 
(kg)

30.18 ± 1.67 31.80 ± 0.53 32.07 ± 0.86

Daily feed intake 
(g)

902.48 ± 20.35b 1022.48 ± 22.44a 942.69 ± 27.78a

Average daily 
gain (g)

555.71 ± 14.71b 628.57 ± 19.88a 613.32 ± 13.36a

Feed: gain 1.624 ± 0.036 1.627 ± 0.035 1.537 ± 0.067
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expression in G2 was markedly down-regulated, while 
NAD(P)H: quinoneoxidoreductase 1 (NQO-1) transcrip-
tion was up-regulated. Moreover, gene expressions of 
SOD, catalase(CAT), glutathione-S-transferase (GST) 
and NQO-1 in G3 were increased significantly. NQO-1 
transcript level in G3 was much lower than that of G2, 
whereas TRX was much higher (Fig. 1).

Replacing antibiotics with Ba activated Nrf2/Keap1 
signaling pathway in jejunal mucosa of piglets
Glutathione synthesis and antioxidant enzymes, such 
as CAT, SOD, HO-1 and GSH-Px, can be regulated 
via Nrf2/kelch-like ECH-associated protein 1 (Keap1) 
signaling pathway (Itoh et  al. 1997; Cho et  al. 2006; 
Riedl et al. 2009). It was found that Nrf2 level was sig-
nificantly improved in G3 compared to G1, although 
there was no significant difference among three groups 
in the Nrf2 phosphorylation and Keap1 expression 
(Fig. 1).

Effects of replacing antibiotics with Ba on MAPKs signaling 
pathways
Mitogen-activated protein kinases (MAPKs) are inte-
gral part of the response to a variety of stresses (Inoue 
et  al. 2005; Dhingra et  al. 2007). Here, the extracel-
lular signal-regulated kinases 1/2 (ERK1/2) and p38 
MAPK were not activated in Ba-fed piglets as well, 
whereas replacing antibiotics with Ba in G2 and G3 
markedly down-regulated the phosphorylation level of 
JNK (Fig.  2), implying the inhibition of JNK signaling 
pathway.

NOX activity and expression in jejunal mucosa of piglets
As shown in Fig.  3, no significant difference of NOX 
activity was found when antibiotic was replaced by Ba. 
Similarly, the expression of p47phox, an active subunit of 
NOX, which plays an important role in ROS production, 
also remained unchanged.

Replacing antibiotics with Ba induced autophagy in jejunal 
mucosa of piglets
In mammals, LC3 has been widely used as a sole marker 
of autophagy, and p62 degradation correlates with 
autophagic flux (Kabeya et  al. 2000; Mizushima et  al. 
2010). In the present study, replacing antibiotics with Ba 
in G2 and G3 induced higher LC3-II/β-actin expression. 
Furthermore, p62 expression was markedly decreased in 
G3 (Fig. 4).

Effects of replacing antibiotics with Ba on PI3K/Akt/mTOR 
signaling pathways
Phosphatidylinositol 3-kinase (PI3K)/protein kinase B 
(Akt)/mammalian target of rapamycin (mTOR) signal-
ing pathway has been proved to regulate the formation 
of autophagosome (Sui et al. 2014). In Fig. 5, there were 
no significant differences in activation of Akt and mTOR 
among three groups, but piglets in G2 showed a higher 
mTOR expression in jejunum.

Discussion
Problems such as antibiotic resistance and antibiotic 
residues caused by the abuse of antibiotics have been 
frequently reported worldwide. As green feed additives 
(Chen et al. 2013), probiotics have been widely promoted 
as alternatives to replace in-feed antibiotics due to their 
abilities to improve livestock production, efficiency and 
welfare (Bocourt et  al. 2004; Dersjant-Li et  al. 2013). 
However, the impact of probiotics on the antioxidant sys-
tem of piglets remains unclear. Thus, we evaluated the 
effects of probiotic Bacillus as a substitute for antibiotics 
on antioxidant capacity of piglets.

In the present study, the daily weight gain of piglets 
in Ba-fed groups was significantly improved compared 
to the antibiotic group. The major antioxidant defense 
machineries are composed of antioxidant enzymes and 
biological antioxidants (Itoh et al. 1997; Cho et al. 2006; 
Riedl et  al. 2009). Our results revealed that the serum 
T-AOC and SOD activities and GSH levels were signifi-
cantly enhanced in Ba-fed groups, while 8-OHdG con-
centrations were markedly decreased in piglets receiving 
only Ba without any antibiotic. Intestinal epithelial redox 
environment is central to the functions of the organ in 
nutrient digestion and absorption (Circu and Aw 2012), 
so the redox status of intestine is of vital importance 
for animal health. According to the antioxidant profiles 

Table 3  Effects of  Ba on  serum and  jejunum antioxidant 
parameters (n = 6)

Data are expressed as mean ± SD (n = 6). Different letters indicate a statistically 
significant difference between groups (p < 0.05)

Parameters G1 G2 G3

Serum

 T-AOC (U/mL) 7.00 ± 0.81b 8.68 ± 0.58a 8.52 ± 1.36a

 GSH (mg/L) 1.88 ± 0.08c 2.60 ± 0.04b 3.77 ± 0.10a

 SOD (U/mL) 55.49 ± 1.50b 79.07 ± 3.12a 71.15 ± 1.14a

 GSH-Px (U/mL) 692.06 ± 32.95b 854.58 ± 65.51a 859.6 ± 49.21a

 8-OHdG (ng/mL) 29.1 ± 6.42a 21.1 ± 0.93a 12.57 ± 6.95b

 MDA (nmol/ml) 23.91 ± 3.57 23.17 ± 0.57 23.04 ± 0.13

Jejunum

 T-AOC (U/mL) 0.14 ± 0.02b 0.25 ± 0.14b 0.79 ± 0.09a

 GSH (mg/L) 4.08 ± 1.26ab 4.88 ± 1.38a 3.21 ± 0.51b

 SOD (U/mL) 23.95 ± 1.57 24.42 ± 2.32 23.57 ± 1.46

 GSH-Px (U/mL) 92.94 ± 16.09b 44.22 ± 11.35c 119.93 ± 9.25a

 8-OHdG (ng/mL) 1.55 ± 0.22a 1.39 ± 0.09b 2.10 ± 0.73a

 MDA (nmol/ml) 0.64 ± 0.10a 0.44 ± 0.22b 0.35 ± 0.13b
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in jejunal mucosa, replacing all antibiotics with Ba in 
G3 significantly increased T-AOC due to the increase 
of GSH-Px activity, contributing to lowered MDA con-
centrations. These results were in agreement with other 
findings (Wang et al. 2009; Yang et al. 2009; Wang et al. 
2012b; Tang et al. 2016), which showed that the antioxi-
dase activities were enhanced while MDA levels were 
decreased by probiotics supplementation. To gain a 
clear depiction of antioxidant status, we also measured 
the antioxidant gene expressions in jejunum. Replacing 
all antibiotics with Ba induced higher SOD, CAT, GST, 
NQO-1 mRNA levels, however, piglets in G2 (replacing 
half antibiotics with Ba) showed lowered TRX transcrip-
tion. Given that TRX is involved in DNA and protein 
repair (Lu and Holmgren 2014), it can be deduced that 
the down-regulated TRX expression in this study indi-
cated less DNA and protein damage.

The Nrf2–Keap1 signaling pathway is one of the most 
important cell defense and survival pathways. Nrf2 is 
primarily regulated by Keap1, a substrate adaptor for 
a Cul3-containing E3 ubiquitin ligase. Oxidative stress 
or antioxidants can cause a conformational change in 
Keap1-Cul3-E3 ubiquitin ligase by acting on specific 
cysteine residues in Keap1 (Zhang 2006). This change can 
stabilize Nrf2 and promote the free Nrf2 to translocate 
into nucleus, where it binds to a DNA promoter and ini-
tiates transcription of many detoxifying and antioxidant 
genes (Jaramillo and Zhang 2013; Jones et  al. 2015). In 
the present study, replacing all antibiotics with Ba sig-
nificantly up-regulated Nrf2 expression. It is known that 
antioxidant genes, including SOD, CAT, GST and NQO-
1, are Nrf2 target genes. As aforementioned, consistent 
with the Nrf2 expressions, transcript levels of these genes 
were also elevated by Ba administration. Similar to our 
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results, previous research also showed that Nrf2-Keap1 
signaling pathway could be activated by probiotics to 
ameliorate the oxidative damage in epithelial of Drosoph-
ila, HT-29 cells and obese mice (Gao et  al. 2013; Chau-
han et al. 2014; Jones et al. 2015). Although it is generally 
accepted that modification of the Keap1 critical cysteine 
residues is a chemico-biological trigger for the activa-
tion of Nrf2, some literature has revealed alternative 
mechanisms of Nrf2 regulation, including phosphoryla-
tion of Nrf2 (Bryan et al. 2013). However, here we did not 
observe significant differences in p-Nrf2 levels among 
three groups. Thus, according to the commentary of 
Bryan et al. (2013), we speculate that Ba activated Nrf2 in 
a Keap1-dependent way by altering Keap1 conformation.

MAPKs, including p38 MAPK, JNK, and ERK1/2, have 
also been shown to influence a wide range of cellular 
responses (Shifflett et al. 2004) via regulating transcription 

factors, such as AP-1, NFκB and FoxOs (Sui et al. 2014). In 
this study, no obvious changes were found in p38 MAPK 
and ERK1/2 expressions while JNK was decreased by Ba 
treatment compared with antibiotics. JNK is an evolu-
tionarily conserved signal transduction system that can 
be triggered by several types of external insults, includ-
ing oxidative stress (Davis 2000; Weston and Davis 2007; 
Barr and Bogoyevitch 2011). Evidence demonstrated that 
antioxidants could inhibit JNK activation in rats aortic 
smooth muscle cells (Kyaw et al. 2001) and remote non-
infarcted myocardium (Li et  al. 2001). Increased JNK 
activity in the obese mice was also abolished during pro-
biotic administration (Toral et  al. 2014). Therefore, the 
decreased JNK expression may be linked to the lowered 
level of oxidative stress induced by Ba addition.

Oxidative stress is derived either from an increase in 
ROS production or decreased levels of ROS-scavenging 
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proteins. Therefore, the activity of NOX, a multi-subunit 
protein complex that regulates the transfer of electrons 
across biological membranes to generate downstream 
ROS (Bedard and Krause 2007) was measured. Among all 
the NOX subunits, the cytosolic subunit p47phox is nec-
essary for NOX activation and regulation (Clark et  al. 
1990; Quinn et  al. 1993; El-Benna et  al. 1994). Rashid 
et  al. (2014) suggested that probiotics VSL#3 protected 
rats from endothelial dysfunction in rats by down-reg-
ulating p47phox expression. Tapia-Paniagua et  al. (2015) 
also reported that probiotic SpPdp11 decreased the 
NOX transcription in Solea senegalensis. However, in 
this study, Ba replacement didn’t alter NOX activity 
and p47phox level in piglets. Collectively, replacement of 
antibiotics with Ba could improve antioxidant status in 
serum and jejunum of piglets via activating Nrf2 signal-
ing pathway and, in turn, the activities and gene expres-
sions of antioxidases were increased. This effect was 
more obvious in group replaced all antibiotics with Ba.

Under certain stress, defensive mechanisms are often 
not enough to completely avoid cellular injury, and 
autophagy, a second line of defense, is required for the 
repair and removal of damaged components (Navarro-
Yepes et  al. 2014). When autophagy is activated, LC3 is 
cleaved to proteolytic derived LC3-II (Gonzalez-Polo 
et al. 2007). p62, an autophagy adaptor protein, can bind 
to LC3-II to facilitate degradation of ubiquitinated pro-
tein aggregates in autolysosomes (Kang et al. 2011). Thus, 
detection of LC3-II and p62 can be used to estimate the 
induction of autophagy. Results from this study revealed 
that LC3-II expressions were obviously enhanced while 
p62 level was significantly reduced following Ba replace-
ment, suggesting an increase in autophagic activity. 
Although autophagy is a process that cells response to 
stress or stimuli, it is involved in both cell death and cell 
survival depending on the cell type and strength of spe-
cific stimuli (Janku et  al. 2011). Research indicated that 
antioxidants may exert the protective role by increas-
ing autophagy level. Resveratrol, a natural polyphenolic 
compound with potent antioxidant properties (Baur and 
Sinclair 2006), has been shown to promote longevity 
through the Sirtuin-1-dependent induction of autophagy 
(Morselli et  al. 2010). tBHQ, a well-known antioxidant, 
can protect hepatocytes against lipotoxicity via induc-
ing autophagy (Li et al. 2014). In the opinion of Morselli 
et al. (2010), as a possibility, increased autophagy might 
improve cellular resistance to stress by augmenting the 
metabolic buffering capacity of cells. Thus, the probiotic 
Ba, as a mild activator, may increase autophagy level to 
elevate the resistance to oxidative stimuli.

The classical pathway that regulates autophagy involves 
the serine/threonine kinase (AKT), mammalian target 
of rapamycin (mTOR). PI3K-Akt transduction serves as 

a critical signaling axis in cell growth, proliferation, and 
cell survival (Tsai et al. 2015). mTOR is the major down-
stream target of Akt and the inhibition of PI3  K-Akt-
mTOR signaling pathway plays important roles to 
activate autophagy (Pattingre et  al. 2008; Zhang et  al. 
2016; Pang et  al. 2016). In our experiments, the phos-
phorylation levels of Akt and mTOR were not regulated 
by Ba replacement significantly, but mTOR expression 
was significantly enhanced in G2. Although autophagy is 
negatively regulated by mTOR, several pathways seem to 
regulate autophagy in mammalian cells. Autophagy can 
be induced by lowering intracellular inositol or inositol 
1,4,5-trisphosphate (IP3) levels, which was the first dem-
onstration of the existence of an autophagy pathway in 
mammalian system independent of mTOR (Sarkar et al. 
2005). According to the review of Sarkar et  al. (2009), 
many autophagy enhancers, like loperamide, vera-
pamil, 2′5′-dideoxyadenosine, trehalose, small molecule 
enhancer of rapamycin 10, can exert their protective 
effect in a mTOR-independent way. Similar to our results, 
in the recent study of Zhou et  al. (2016), sulforaphane 
treatment inhibited rotenone-induced oxidative stress, 
increased Nrf2 expression, attenuated rotenone-inhibited 
mTOR-mediated signaling pathway and rescued rote-
none-inhibited autophagy. In their views, the interplay 
between mTOR and autophagy is complex. Although 
changes in mTOR signaling are related to autophagy, 
the relationship between sulforaphane, mTOR signal-
ing, and autophagy processes does not seem mutually 
dependent. Thus, we speculate that in the present study, 
Ba elevated the autophagy level in a mTOR-independent 
manner. Our results also demonstrated that Ba effec-
tively increased Nrf2 level, leading to the enhancement 
of antioxidant gene expressions. In recent years, a grow-
ing body of evidence has suggested that Nrf2 is related 
to mTOR. Zhou et al. (2016) revealed that sulforaphane 
exerted neuronal protective effects via activating Nrf2 
and mTOR. Zhang et  al. (2014) found that salvianolic 
acid A-mediated Nrf2 activation was dependent on the 
activation of mTORC1. So, we hypothesize that the oxi-
dative stress of piglets receiving Ba as aureomycin sub-
stitute was ameliorated via activation of Nrf2 and mTOR. 
Taken together, the enhanced mTOR level induced by Ba 
might be considered as a mechanism to resist oxidative 
stress rather than regulating autophagy.

In conclusion, these findings highlighted the crucial 
role of Ba in enhancing the antioxidant capacity of pig-
lets via activating Nrf2 signaling pathway and intestinal 
autophagy. Although the control group without antibiot-
ics and Ba was absent in our study, negative control was 
also not included in some researches evaluating the effects 
of probiotics as antibiotic substitutes (Kritas and Mor-
rison 2005; Silva et al. 2010). Besides, in-feed antibiotics 
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have been proved to contribute to a 3–5% improvement in 
nutrient utilization, a 3–8% improvement in growth rate, 
and a 2–5% improvement in feed conversion efficiency 
(Close 2000). When compared to antibiotics, Ba benefited 
superior to antibiotics in the current study. So it could be 
said that the Ba used here could be a feasible alternative 
to antibiotic, with the capacity of improving pig perfor-
mance and maintaining redox balance.

Abbreviations
Ba: Bacillus amyloliquefaciens; Nrf2: nuclear factor erythroid 2 related factor 
2; T-AOC: total anti-oxidant capability; GSH: glutathione; MDA: malondial-
dehyde; SOD: superoxide dismutase; GSH-Px: glutathione peroxidase; NOX: 
nicotinamide adenine dinucleotide phosphate oxidase; 8-OHdG: 8-hydroxy-
2′-deoxyguanosine; ELISA: enzyme-linked immunosorbent assay; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; GPX: glutathione peroxidase; 
CAT: catalase; GST: glutathione-S-transferase; TRX: thioredoxin reductase; HO-
1: heme oxygenase 1; NQO-1: NAD(P)H: quinone oxidoreductase 1; LC3: micro-
tubule-associated protein 1 light chain 3; JNK: c-Jun N-terminal kinase; ERK1/2: 
extracellular signal-regulated kinases ½; MAPK: mitogen-activated protein 
kinases; Keap1: kelch-like ECH-associated protein 1; PI3K: phosphatidylinositol 
3-kinase; Akt: protein kinase B; mTOR: mammalian target of rapamycin.

Authors’ contributions
WL and YW conceived and designed the experiments; YW and YW performed 
the experiments; BW, XC and AF analyzed the data; YW wrote the paper; YL 
and WL revised the paper. All authors read and approved the final manuscript.

Author details
1 Key Laboratory of Molecular Animal Nutrition of the Ministry of Education, 
Institute of Feed Science, College of Animal Sciences, Zhejiang University, 
Hangzhou 310058, China. 2 Animal Nutrition and Human Health Laboratory, 
School of Life Sciences, Hunan Normal University, Changsha 410006, China. 

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article and its additional file.

Ethics approval consent to participate
All animal experiments and study protocols were approved by the guidelines 
of the Zhejiang University Animal Care and Use Committee. This article does 
not contain any studies with human participants by any of the authors.

Funding
This study was funded by The National 863 Project of China (NO. 
2013AA102803D) and The National Natural Science Foundation of China (NOs. 
31472128, 31672460).

Received: 5 January 2017   Accepted: 21 February 2017

References
Araya M (2002) Guidelines for the evaluation of probiotics in food. Report of a 

Joint FAO/WHO working group on drafting guidelines for the evaluation 
of probiotics in food. London

Additional file

Additional file 1: Table S1. Gene name, primer sequences (F: forward, R: 
reverse) and product sizes.

Barr RK, Bogoyevitch MA (2011) The c-Jun N-terminal protein kinase family of 
mitogen-activated protein kinases (JNK MAPKs). Int J Biochem Cell Biol 
33:1047–1063

Baur JA, Sinclair DA (2006) Therapeutic potential of resveratrol: the in vivo 
evidence. Nat Rev Drug Discov 5:493–506

Bedard K, Krause KH (2007) The NOX family of ROS-generating NADPH oxi-
dases: physiology and pathophysiology. Physiol Rev 87:245–313

Bocourt R, Lourdes S, Juana D (2004) Effect of the probiotic activity of Lactoba-
cillus rhamnosus on physiological indicators of suckling pigs. Cuban J Agr 
Sci 38:403–408

Bryan HK, Olayanju A, Goldring CE, Park BK (2013) The Nrf2 cell defence path-
way: Keap1-dependent and-independent mechanisms of regulation. 
Biochem Pharmacol 85:705–717

Chauhan R, Sudhakaran Vasanthakumari A, Panwar H, Mallapa RH, Duary RK, 
Batish VK, Crover S (2014) Amelioration of colitis in mouse model by 
exploring antioxidative potentials of an indigenous probiotic strain of 
Lactobacillus fermentum Lf1. Biomed Res Int 2014:206732

Chen L, Zhou CS, Liu G, Jiang HM, Lu Q, Tan ZL, Wu XS, Fang J (2013) Applica-
tion of lactic acid bacteria, yeast and bacillus as feed additive in dairy 
cattle. J Food Agric Envi 11:626

Cho HY, Reddy SP, Kleeberger SR (2006) Nrf2 defends the lung from oxidative 
stress. Antioxid Redox Signal 8:76–87

Choi JY, Kim JS, Ingale SL, Kim KH, Shinde PL, Kwon IK, Chae BJ (2011) Effect 
of potential multimicrobe probiotic product processed by high drying 
temperature and antibiotic on performance of weanling pigs. J Anim Sci 
89:1795–1804

Chu GM, Jung CK, Kim HY, Ha JH, Kim JH, Jung MS, Lee SJ, Song Y, Ibrahim RIH, 
Cho JH, Lee SS, Song YM (2013) Effects of bamboo charcoal and bamboo 
vinegar as antibiotic alternatives on growth performance, immune 
responses and fecal microflora population in fattening pigs. Anim Sci J 
84:113–120

Circu ML, Aw TY (2012) Intestinal redox biology and oxidative stress. Semin 
Cell Dev Biol 23:729–737

Clark RA, Volpp BD, Leidal KG, Nauseef WM (1990) Two cytosolic components 
of the human neutrophil respiratory burst oxidase translocate to the 
plasma membrane during cell activation. J Clin Invest 85:714–721

Close WH (2000) Producing pigs without antibiotic growth promoters. Adv 
Pork Prod 11:47–56

Daudelin JF, Lessard M, Beaudoin F, Nadeau E, Brissonnette N, Boutin Y, Brous-
sau JP, Lauzon K, Fairbrother JM (2011) Administration of probiotics influ-
ences F4 (K88)-positive enterotoxigenic Escherichia coli attachment and 
intestinal cytokine expression in weaned pigs. Vet Res 42:1

Davis RJ (2000) Signal transduction by the JNK group of MAP kinases. Cell 
103:239–252

Deng J, Li Y, Zhang J, Yang Q (2013) Co-administration of Bacillus subtilis 
RJGP16 and Lactobacillus salivarius B1 strongly enhances the intestinal 
mucosal immunity of piglets. Res Vet Sci 94:62–68

Dersjant-Li Y, Awati A, Kromm C, Evans C (2013) A direct fed microbial 
containing a combination of three-strain Bacillus sp. can be used as an 
alternative to feed antibiotic growth promoters in broiler production. J 
Appl Anim Nutr 2:e11

Dhingra S, Sharma AK, Singla DK, Singal PK (2007) p38 and ERK1/2 MAPKs 
mediate the interplay of TNF-alpha and IL-10 in regulating oxidative 
stress and cardiac myocyte apoptosis. Am J Physiol Heart Circ Physiol 
293:H3524–H3531

El-Benna J, Ruedi JM, Babior BM (1994) Cytosolic guanine nucleotide-binding 
protein Rac 2 operates in vivo as a component of the neutrophil 
respiratory burst oxidase. Transfer of Rac 2 and the cytosolic oxidase 
components p47 (phox) and p67 (phox) to the submembranous actin 
cytoskeleton during oxidase activation. J Biol Chem 269:6729–6734

Flynn D (2011) South Korea bans antibiotics in animal feed. Food Safety News, 
Seattle

Gao D, Gao Z, Zhu G (2013) Antioxidant effects of Lactobacillus plantarum via 
activation of transcription factor Nrf2. Food Funct 4:982–989

Giang HH, Viet TQ, Ogle B, Lindberg JE (2010) Effects of different probiotic 
complexes of lactic acid bacteria on growth performance and gut envi-
ronment of weaned piglets. Livest Sci 133:182–184

Gonzalez-Polo RA, Niso-Santano M, Ortiz-Ortiz MA, Gomez-Martin A, Moran 
JM, Garcia-Rubio L, Francisco-Morcillo J, Zaragoza C, Soler G, Fuentes JM 
(2007) Inhibition of paraquat-induced autophagy accelerates the apop-
totic cell death in neuroblastoma SH-SY5Y cells. Toxicol Sci 97:448–458

http://dx.doi.org/10.1186/s13568-017-0353-x


Page 10 of 11Wang et al. AMB Expr  (2017) 7:52 

Gould AR, May BK, Elliott WH (1975) Release of extracellular enzymes from 
Bacillus amyloliquefaciens. J Bacteriol 122:34–40

Gracia MI, Araníbar MJ, Lázaro R, Medel P, Mateos GG (2003) α-Amylase sup-
plementation of broiler diets based on corn. Poult Sci 82:436–442

Guerra NP, Bernárdez PF, Méndez J, Cachaldora P, Castro LP (2007) Production 
of four potentially probiotic lactic acid bacteria and their evaluation as 
feed additives for weaned piglets. Anim Feed Sci Tec 134:89–107

Hong HA, Duc LH, Cutting SM (2005) The use of bacterial spore formers as 
probiotics. FEMS Microbiol Rev 29:813–835

Hvistendahl M (2012) Public health. China takes aim at rampant antibiotic 
resistance. Science 336:795

Inoue H, Hisamoto N, An JH, Oliveira RP, Nishida E, Blackwell TK, Matsumoto K 
(2005) The C. elegans p38 MAPK pathway regulates nuclear localization 
of the transcription factor SKN-1 in oxidative stress response. Genes Dev 
19:2278–2283

Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, Oyake T, Hayashi N, Satoh 
K, Hatayama I, Yamamoto M, Nabeshima Y (1997) An Nrf2/small Maf het-
erodimer mediates the induction of phase II detoxifying enzyme genes 
through antioxidant response elements. Biochem Biophys Res Commun 
236:313–322

Janku F, McConkey DJ, Hong DS, Kurzrock R (2011) Autophagy as a target for 
anticancer therapy. Nat Rev Clin Oncol 8:528–539

Jaramillo MC, Zhang DD (2013) The emerging role of the Nrf2–Keap1 signaling 
pathway in cancer. Genes Dev 27:2179–2191

Jones RM, Desai C, Darby TM, Luo L, Wolfarth AA, Scharer CD, Ardita CS, Reedy 
AR, Keebaugh ES, Neish AS (2015) Lactobacilli modulate epithelial cyto-
protection through the Nrf2 pathway. Cell Rep 12:1217–1225

Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T, Kominami 
E, Ohsumi Y, Yoshimori T (2000) LC3, a mammalian homologue of yeast 
Apg8p, is localized in autophagosome membranes after processing. 
EMBO J 19:5720–5728

Kang R, Livesey KM, Zeh HJ, Lotze MT, Tang D (2011) HMGB1 as an autophagy 
sensor in oxidative stress. Autophagy 7:904–906

Kritas SK, Morrison RB (2005) Evaluation of probiotics as a substitute for antibi-
otics in a large pig nursery. Vet Rec 156:447

Kyaw M, Yoshizumi M, Tsuchiya K, Kirima K, Tamaki T (2001) Antioxidants inhibit 
JNK and p38 MAPK activation but not ERK 1/2 activation by angiotensin II 
in rat aortic smooth muscle cells. Hypertens Res 24:251–261

Lee YJ, Kim BK, Lee BH, Jo KI, Lee NC, Chung CH, Lee YC, Lee JW (2008) Purifica-
tion and characterization of cellulose produced by Bacillus amyloliquefa-
ciens DL-3 utilizing rice hull. Bioresour Technol 99:378–386

Lee J, Giordano S, Zhang J (2012) Autophagy, mitochondria and oxidative 
stress: cross-talk and redox signalling. Biochem J 441:523–540

Lei K, Li YL, Wang Y, Wen J, Wu HZ, Yu DY, Li WF (2015) Effect of dietary sup-
plementation of Bacillus subtilis B10 on biochemical and molecular 
parameters in the serum and liver of high-fat diet-induced obese mice. J 
Zhejiang Univ Sci B 16:487–495

Li WG, Coppey L, Weiss RM, Oskarsson HJ (2001) Antioxidant therapy attenu-
ates JNK activation and apoptosis in the remote noninfarcted myocar-
dium after large myocardial infarction. Biochem Biophys Res Commun 
280:353–357

Li S, Li J, Shen C, Zhang X, Sun S, Cho M, Sun C, Song Z (2014) tert-Butylhydroqui-
none (tBHQ) protects hepatocytes against lipotoxicity via inducing autophagy 
independently of Nrf2 activation. Biochim Biophys Acta 1841:22–33

Lu J, Holmgren A (2014) The thioredoxin antioxidant system. Free Radic Biol 
Med 66:75–87

Martin MJ, Thottathil SE, Newman TB (2015) Antibiotics overuse in animal 
agriculture: a call to action for health care providers. Am J Public Health 
105:2409–2410

Mizushima N, Yoshimori T, Levine B (2010) Methods in mammalian autophagy 
research. Cell 140:313–326

Morselli E, Maiuri MC, Markaki M et al (2010) Caloric restriction and resvera-
trol promote longevity through the Sirtuin-1-dependent induction of 
autophagy. Cell Death Dis 1:e10

Navarro-Yepes J, Burns M, Anandhan A, Khalimonchuk O, del Razo LM, 
Quintanilla-Vega B, Pappa A, Panayiotidis MI, Franco R (2014) Oxidative 
stress, redox signaling, and autophagy: cell death versus survival. Antioxid 
Redox Signal 21:66–85

Pang J, Fuller ND, Hu N, Barton LA, Henion JM, Guo R, Chen Y, Ren J (2016) 
Alcohol dehydrogenase protects against endoplasmic reticulum stress-
induced myocardial contractile dysfunction via attenuation of oxidative 
stress and autophagy: role of PTEN-Akt-mTOR signaling. PLoS ONE 
11:e0147322

Pattingre S, Espert L, Biard-Piechaczyk M, Codogno P (2008) Regulation 
of macroautophagy by mTOR and Beclin 1 complexes. Biochimie 
90:313–323

Quinn MT, Evans T, Loetterle LR, Jesaitis AJ, Bokoch GM (1993) Translocation 
of Rac correlates with NADPH oxidase activation. Evidence for equimolar 
translocation of oxidase components. J Biol Chem 268:20983–20987

Rashid SK, Idris-Khodja N, Auger C, Alhosin M, Boehm N, Oswald-Mammosser 
M, Schini-Kerth VB (2014) Probiotics (VSL# 3) prevent endothelial dysfunc-
tion in rats with portal hypertension: role of the angiotensin system. PLoS 
ONE 9:e97458

Riedl MA, Saxon A, Diaz-Sanchez D (2009) Oral sulforaphane increases phase 
II antioxidant enzymes in the human upper airway. Clin Immunol 
130:244–251

Sarkar S, Floto RA, Berger Z, Imarisio S, Cordenier A, Pasco M, Cook LJ, 
Rubinsztein DC (2005) Lithium induces autophagy by inhibiting inositol 
monophosphatase. J Cell Biol 170:1101–1111

Sarkar S, Ravikumar B, Floto RA, Rubinsztein DC (2009) Rapamycin and mTOR-
independent autophagy inducers ameliorate toxicity of polyglutamine-
expanded huntingtin and related proteinopathies. Cell Death Diff 16:46–56

Sha W, Zhu J, Gui Y, Dai H, Qiu L (2015) Application of probiotics in pig industry 
as a substitute of antibiotics. Anim Husb Feed Sci 7:15

Shifflett DE, Jones SL, Moeser AJ, Blikslager AT (2004) Mitogen-activated 
protein kinases regulate COX-2 and mucosal recovery in ischemic-injured 
porcine ileum. Am J Physiol Gastrointest Liver Physiol 286:G906–G913

Silva MLF, Lima JAF, Cantarelli VS, Amaral NO, Zangerônimo MG, Fialho ET 
(2010) Probiotics and antibiotics as additives for sows and piglets during 
nursery phase. Rev Bras Zootecn 39:2453–2459

Sugiharto S, Hedemann MS, Lauridsen C (2014) Plasma metabolomic profiles 
and immune responses of piglets after weaning and challenge with E. 
coli. J Anim Sci Biotech 5:1

Sui X, Kong N, Ye L, Han W, Zhou J, Zhang Q, He C, Pan H (2014) p38 and JNK 
MAPK pathways control the balance of apoptosis and autophagy in 
response to chemotherapeutic agents. Cancer Lett 344:174–179

Tang W, Xing Z, Hu W, Li C, Wang J, Wang Y (2016) Antioxidative effects in vivo 
and colonization of Lactobacillus plantarum MA2 in the murine intestinal 
tract. Appl Microbiol Biotech 100:7193–7202

Tapia-Paniagua ST, Vidal S, Lobo C, Garcia de la Banda I, Esteban MA, Balebona 
MC, Morinigo MA (2015) Dietary administration of the probiotic SpPdp11: 
effects on the intestinal microbiota and immune-related gene expression 
of farmed Solea senegalensis treated with oxytetracycline. Fish Shellfish 
Immunol 46:449–458

Toral M, Gomez-Guzman M, Jimenez R, Romero M, Sanchez M, Utrilla MP, 
Garrido-Mesa N, Rodriguez-Cabezas ME, Olivares M, Galvez J, Duarte J 
(2014) The probiotic Lactobacillus coryniformis CECT5711 reduces the 
vascular pro-oxidant and pro-inflammatory status in obese mice. Clin Sci 
127:33–45

Tsai JP, Lee CH, Ying TH, Lin CL, Lin CL, Hsueh JT, Hsieh YH (2015) Licochal-
cone A induces autophagy through PI3 K/Akt/mTOR inactivation and 
autophagy suppression enhances Licochalcone A-induced apoptosis of 
human cervical cancer cells. Oncotarget 6:28851–28866

Walsh TR, Wu Y (2016) China bans colistin as a feed additive for animals. Lancet 
Infect Dis 16:1102

Wang AN, Yi XW, Yu HF, Dong B, Qiao SY (2009) Free radical scavenging 
activity of Lactobacillus fermentum in vitro and its antioxidative effect on 
growing-finishing pigs. J Appl Microbiol 107:1140–1148

Wang X, Yang F, Liu C, Zhou H, Wu G, Qiao S, Li D, Wang J (2012a) Dietary sup-
plementation with the probiotic Lactobacillus fermentum I5007 and the 
antibiotic aureomycin differentially affects the small intestinal proteomes 
of weanling piglets. J Nutr 142:7–13

Wang J, Ji HF, Wang SX, Zhang DY, Liu H, Shan DC, Wang YM (2012b) Lactoba-
cillus plantarum ZLP001: in vitro assessment of antioxidant capacity and 
effect on growth performance and antioxidant status in weaned piglets. 
Asian Australas J Anim Sci 25:1153–1158



Page 11 of 11Wang et al. AMB Expr  (2017) 7:52 

Weston CR, Davis RJ (2007) The JNK signal transduction pathway. Curr Opin 
Cell Biol 19:142–149

Yang J, Huang K, Qin S, Wu X, Zhao Z, Chen F (2009) Antibacterial action of 
selenium-enriched probiotics against pathogenic Escherichia coli. Dig Dis 
Sci 54:246–254

Yin J, Ren W, Duan J, Wu L, Chen S, Li T, Yin Y, Wu G (2014) Dietary arginine sup-
plementation enhances intestinal expression of SLC7A7 and SLC7A1 and 
ameliorates growth depression in mycotoxin-challenged pigs. Amino 
Acids 46:883–892

Yin J, Liu M, Ren W, Duan J, Yang G, Zhao Y, Fang R, Chen L, Li T, Yin Y (2015) 
Effects of dietary supplementation with glutamate and aspartate on 
diquat-induced oxidative stress in piglets. PLoS ONE 10:e0122893

Zhang DD (2006) Mechanistic studies of the Nrf2-Keap1 signaling pathway. 
Drug Metab Rev 38:769–789

Zhang H, Liu Y, Jiang Q, Li K, Zhao Y, Cao C, Yao J (2014) Salvianolic acid A pro-
tects RPE cells against oxidative stress through activation of Nrf2/HO-1 
signaling. Free Radical Bio Med 69:219–228

Zhang C, Jia X, Wang K, Bao J, Li P, Chen M, Wan JB, Su H, Mei Z, He C (2016) 
Polyphyllin VII induces an autophagic cell death by activation of the JNK 
pathway and inhibition of PI3 K/AKT/mTOR pathway in HepG2 cells. PLoS 
ONE 11:e0147405

Zhou Q, Chen B, Wang X, Wu L, Yang Y, Cheng X, Hu Z, Cai X, Yang J, Sun X, Lu 
W, Yan H, Chen J, Ye J, Shen J, Cao P (2016) Sulforaphane protects against 
rotenone-induced neurotoxicity in vivo: involvement of the mTOR, Nrf2, 
and autophagy pathways. Sci Rep 6:322

Zhu YG, Johnson TA, Su JQ, Qiao M, Guo GX, Stedtfeld RD, Hashsham SA, Tiedje 
JM (2013) Diverse and abundant antibiotic resistance genes in Chinese 
swine farms. Proc Natl Acad Sci 110:3435–3440


	Effects of probiotic Bacillus as a substitute for antibiotics on antioxidant capacity and intestinal autophagy of piglets
	Abstract 
	Introduction
	Materials and methods
	Animals and diets
	Bacterial strain and aureomycin
	Sample collection
	Western blotting
	Biochemical analyses
	RNA extraction and real-time quantitative PCR
	Statistical analysis

	Results
	Replacing antibiotics with Ba improved pig growth performance
	Antioxidant profiles in serum of piglets
	Antioxidant profile and expression of genes related to antioxidation in jejunal mucosa of piglets
	Replacing antibiotics with Ba activated Nrf2Keap1 signaling pathway in jejunal mucosa of piglets
	Effects of replacing antibiotics with Ba on MAPKs signaling pathways
	NOX activity and expression in jejunal mucosa of piglets
	Replacing antibiotics with Ba induced autophagy in jejunal mucosa of piglets
	Effects of replacing antibiotics with Ba on PI3KAktmTOR signaling pathways

	Discussion
	Authors’ contributions
	References




