Weaning disrupts intestinal antioxidant status, impairs intestinal barrier and
mitochondrial function, and triggers mitophagy in piglets’
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ABSTRACT: In the present study, we investigated
the influence of weaning on antioxidant status,
intestinal integrity, mitochondrial function, and
the mitophagy level in piglets (weaned at 21 d)
during the 1 wk after weaning. The redox status
was measured by antioxidant enzymes activities,
related genes expression, and malondialdehyde
(MDA) content in jejunum. The intestinal bar-
rier function was assessed by the Ussing chamber
and expression of tight junction proteins in the
jejunum. The function of intestine mitochondria
was measured by mitochondrial DNA (mtDNA)
content and activities of mitochondria oxida-
tive phosphorylation complexes. The levels of
light chain 3-1 (LC3-I), light chain 3-1I (LC3-II),
PTEN-induced putative kinase 1 (PINK1), and
Parkin were determined to investigate whether
mitophagy is involved in the weaning process.
The results showed that, as compared with the
preweaning phase (d 0), weaning suppressed
(P < 0.05) the activities of superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) on
d 3 and d 7 postweaning, decreased (P < 0.05) the
expression of copper and zinc superoxide dismu-
tase (CulZn-SOD), manganese-containing super-
oxide dismutase (Mnr-SOD) on d 3 postweaning,

declined (P < 0.05) the level of glutathione per-
oxidase 1 (GPX-1) and glutathione peroxidase 4
(GPX-4)ond 3 and d 7 postweaning, and increased
(P <0.05) MDA content in jejunum ond 3and d 7
postweaning. The jejunal transepithelial electrical
resistance and levels of occludin, claudin-1, and
zonula occludens-1 on d 3 and d 7 postweaning
were reduced (P < 0.05), and paracellular flux of
fluorescein isothiocyanatedextran (4 kDa) on d
3 and d 7 postweaning was increased (P < 0.05).
Weaning induced mitochondrial dysfunction, as
demonstrated by decreased (P < 0.05) content of
mtDNA on d 3 and d 7 postweaning and declined
(P < 0.05) activities of mitochondria complexes
(I, I, II1, IV) in jejunum on d 1, d 3, and d 7 post-
weaning. Weaning led to an increased (P < 0.05)
expression level of mitophagy-related proteins,
PINKI1 and Parkin, in the intestinal mitochon-
dria, as well as an enhancement (P < 0.05) of the
ratio of LC3-II to LC3-I content in the jejunal
mucosa on d 1, d 3, and d 7 postweaning. These
results suggest that weaning disrupted intestinal
oxidative balance, and this imbalance may impair
intestinal barrier and mitochondrial function and
trigger mitophagy in piglets.
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INTRODUCTION

Weaning stress causes diarrhea, growth re-
striction, and intestine dysfunction in piglets, as
they are abruptly compelled to adapt the nutri-
tional, immunological, and psychological stress
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(Wijtten et al., 2011). Weaning may lead to in-
testinal inflammation (Hu et al., 2013b; Bomba
et al., 2014), mast cell activation (Moeser et al.,
2007b; Smith et al., 2010), and corticotrophin-re-
leasing factor stress signaling pathways activation
(Moeseretal.,2007a; Wanget al., 2015). Moreover,
weaning stress disrupted free-radical metabolism
and antioxidative system and caused serious oxi-
dative stress (Yin et al., 2014). Oxidative stress is
defined as an imbalance between the production
of reactive oxygen species (ROS) and their elim-
ination through antioxidative mechanisms (Bhat
et al., 2015). Weaning pigs with an imbalance and
immature antioxidant system in the intestine are
easily attacked by oxidative stress (Xu et al., 2014).
Recently, studies showed that oxidative stress and
disruption of cellular redox status impair intes-
tinal function, intestinal turnover, and cell survival
(Rahal et al., 2014; Rosero et al., 2015; Li et al.,
2016). However, the connection between weaning
oxidative stress and intestinal barrier function is
still unclear.

Intestinal tract has a high metabolic rate and
a great demand for energy to support its integrity
and function (Pi et al., 2014). Mitochondria are
responsible for producing cellular energy (Marcu
et al., 2017). However, mitochondria energy metab-
olism is not only the major source of ROS gener-
ation in aerobic cells but also a vital target for the
damaging effects of ROS, which may result in a
more severe oxidative stress (Venditti et al., 2013).
Oxidative stress contributes to mitochondrial dys-
functions, including disruption of mitochondrial
respiratory chain and mutation of mitochondrial
DNA (mtDNA), and activates cell death pathways
(Kubli and Gustafsson, 2012). In an effort to pro-
tect cells from oxidative damage, cells have devel-
oped an elaborate self-protective mechanism to
selective degradation of the dysfunctional mito-
chondrion before it hurts the cell, calls mitochon-
drial autophagy, or mitophagy (Saita et al., 2013).
It would be imperative to investigate the effect of
weaning on intestinal mitochondria function and
the level of mitophagy. To our knowledge, no infor-
mation is available regarding the effect of weaning
on intestinal mitochondrion function and the level
of mitophagy. We hypothesized that the weaning
oxidative stress leads to mitochondria dysfunction,
subsequently induces an impaired intestinal barrier
function, and triggers mitophagy. Therefore, the
aim of the present study was to investigate the de-
velopment of an antioxidant system, intestinal bar-
rier function, mitochondria function, and level of
mitophagy during weaning process of piglets.
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MATERIALS AND METHODS

All procedures were approved by the Zhejiang
University Animal Care and Use Committee.

Animals, Housing, and Diet

All procedures were according to pre-
vious study (Hu et al., 2013b). Six litters
(DurocxLandraceX Yorkshire, 9 to 11 piglets per
litter) were selected. At 20 d of age (preweaning
stage), one piglet from each of six different litters
was slaughtered. At weaning day (21 d of age),
three piglets from each of six different litters were
allocated to one of the three experimental groups
slaughtered atd 1,d 3, and d 7 postweaning (n = 6).
For each group, six piglets from six different litters
were removed from the sow, mixed, and housed
in nursery pens. These groups had an equal num-
bers of barrows and females, with an average body
weight of the piglets of 6.09 + 0.2 kg. The weaned
piglets were given ad libitum access to feed and
water. Diets were formulated to meet or exceed
requirements suggested by the National Research
Council (2012). The d 7 final body weight is
7.38 £ 0.23 kg.

Sample Collection

Piglets were euthanized with an ear intravenous
injection of sodium pentobarbital (200 mg/kg body
weight) (Sigma-Aldrich, St. Louis, MO) as described
by Luo et al. (2015) and Zhang et al. (2016) and the
gastrointestinal tract quickly removed. Segments of
proximal jejunum were harvested immediately and
prepared for Ussing chamber studies and isolation
of mitochondria. Mucosal scrapings from the adja-
cent jejunum were collected, rapidly frozen in liquid
nitrogen, and stored at —80 °C.

Ex Vivo Ussing Chamber to Measure Intestinal
Barrier Function

Tissues were mounted in EasyMount Ussing
chamber system (model VCC MC6; Physiologic
Instruments, San Diego, CA) as described pre-
viously (Hu et al., 2013b; McLamb et al., 2013).
Jejunum mucosa was stripped from the seromuscu-
lar layer in oxygenated (95% O,-5% CO,) Ringer
solution. Tissues were then mounted in Ussing
chambers. Tissues were bathed on the serosal and
mucosal sides with 5 mL of Ringer solution. The
serosal bathing solution contained 10 mM glu-
cose, which was osmotically balanced on the mu-
cosal side with 10 mM mannitol. Bathing solutions
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were oxygenated (95% O,-5% CO,) and circulated
in water-jacketed reservoirs maintained at 37 °C.
The clamps were connected to acquire and ana-
lyze software (Physiologic Instruments) for auto-
matic data collection. Briefly, data was collected
automatically using Acquire and Analyze soft-
ware (Physiologic Instruments). Transepithelial
electrical resistance (TER) was recorded at 15-min
intervals over a 1-h period after a 15-min equili-
bration period. The flux of fluorescein isothio-
cyanate dextran 4 kDa (FD,) was used to evaluate
the epithelial barrier function as described previ-
ously (Jiao et al., 2015; Li et al., 2017). After a
15-min equilibration period on Ussing chambers,
the fluorescein isothiocyanate dextran 4 kDa
(FD,; FD4-100MG; Sigma-Aldrich, St. Louis,
MO; 0.375 mg/mL) was added to the mucosal
side of Ussing chamber-mounted tissues. The
FD, was allowed to equilibrate for 15 min after
which 50 pL samples were taken from the serosal
side of tissues at 15-min intervals over 60 min and
transferred into a 96-well assay plate. The pres-
ence of FD, fluorescence intensity of each sample
was measured by Fluorescence Microplate Reader
(FLx800, Bio-Tek Instruments Inc., Winooski,
VT), and concentrations were determined from
standard curves generated by serial dilution of
FD,. FD, flux was presented as the rate of FD,
flux (ng/cm?h).

Redox Status

Intestinal mucosal was used for the measure-
ment of superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px), and malondialdehyde
(MDA) as described previously (Xu et al., 2014),
using an ELISA kit specific for porcine following
the manufacturer’s protocol (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China).

Isolation of Mitochondria from Intestine

Intact mitochondria were isolated from fresh
jejunum by using tissue mitochondria isolation kit
(Beyotime Institute of Biotechnology, Shanghai,
China). In brief, after 0.5-g intestine tissue was
homogenized in ice-cold MSH buffer (10 mmol/L
HEPES, pH 7.5, containing 200 mmol/L. man-
nitol, 70 mmol/L sucrose, 1.0 mmol/L EGTA and
2.0 mg/mL serum albumin), the homogenate was
centrifuged at 1,000 X g for 10 min at 4 °C. The col-
lected supernatant was then centrifuged at 3,500 X
g for 10 min at 4 °C to obtain mitochondrial pellet
(Huang et al., 2013).
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Determination of the Activities of Respiratory
Chain Complexes I to 1V in Intestine Mitochondrial

According to the previous report (Liu et al.,
2012b), mitochondrial respiratory chain complexes
activities quantitative determination kits were used to
evaluate the enzyme activities of complexes I (NADH-
CoQ reductase), II (succinate-CoQ reductase), 11
(CoQ-cytochrome C reductase), and IV (cytochrome
C oxidase) according to the manufacturer’s instruc-
tions (GenMed Scientifics, Shanghai, China).

Analysis of mtDNA Content in the Jejunum

The content of mtDNA relative to nuclear
genomic DNA was measured by amplifying the
mt D-loop and the nuclear-encoded f-actin genes
using real-time PCR assay as described previously
(Huanget al., 2017). Total DNA was extracted from
proximally jejunal mucosa using a TTANamp Stool
DNA Kit (Tiangen Biotech, Beijing, China), fol-
lowing the manufacturer’s instructions. The primers
used are presented in Tables 1 and 2. The ratio of
mtDNA to genomic DNA content was calculated

Table 1. Ingredient and chemical composition of
the basal diet as fed basis

Items

Ingredients, g/kg

Maize 357
Extruded corn 210
Soybean meal 113
Extruded full-fat soybean 109
Fish meal 31
Spray-dried plasma protein 40.5
Dried whey 87
Soybean oil 19
Dicalcium phosphate 11
Limestone 5
Sodium chloride 1
L-Lysine HCI 4.9
DL-Methionine 1.6
Vitamin-mineral premix' 10
Analysed composition, g/kg

Digestible energy?, MJ/kg (calculated) 14.40
Crude protein (measured) 223.57
Lysine (measured) 14.3
Methionine (measured) 3.6
Calcium (measured) 8.3
Total phosphorus (measured) 6.6

"Provided per kilogram of diet: vitamin A, 8000 IU; vitamin D, 2000
IU; vitamin E, 40 IU; vitamin K3, 1.5 mg; vitamin B, 1.5 mg; vitamin
B,, 1.6 mg; biotin, 0.10 mg; niacin, 30 mg; pantothenic acid, 25 mg;
Zn, 100 mg; Fe, 110 mg; Cu, 15 mg; Mn, 16 mg; I, 0.3 mg; Se, 0.3 mg.

*Digestible energy was calculated from data provided by Feed
Database in China (2012).
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as ACt (mt CtD, =~ — nuclear Ct . ). Relative
abundance was calculated as 272t method, where
AACt=ACt .. f:ontent durlng.weamng proces_ —
ACt_ ., content in the preweaning stage.

mRNA Expression Analysis by gPCR

The mRNA levels of copper and zinc super-
oxide dismutase (CulZn-SOD), manganese-
containing superoxide dismutase (Mn-SOD),
glutathione peroxidase 1 (GPX-1), glutathione per-
oxidase 4 (GPX-4) were analyzed as described by
previous study (Yin et al., 2014). Sequence of prim-
ers used for the qPCR was shown in Table 1. Total
RNA was extracted from jejunal mucosa using
TRIzol reagent (Invitrogen, Carlsbad, CA), fol-
lowing the manufacturer’s guides. The concentra-
tion and purity of all RNA samples were measured
using a Nano Drop spectrophotometer (ND-
2000; NanoDrop Technologies, Wilmington, DE).
Reverse transcription using the PrimeScripte RT re-
agent kit (TaKaRa Biotechnology, Dalian, China)
was carried out following the manufacturer’s direc-
tion. Quantitative analysis of PCR was carried out
on a StepOne Plus real-time PCR system (Applied
Biosystems, Foster City, CA) using SYBR Green
Master mix (Promega, Madison, WI), according
to the manufacturer’s specification. Gene-specific
amplification was determined by melting curve
analysis and agarose gel electrophoresis. The 2724
method was used to analyze the relative expres-
sion (fold changes), calculated relative to the values
from the preweaning phase. AACT was computed
for each target gene from the treatment groups by
subtracting the average ACT for the preweaning
phase. The final fold differences were computed as
27AACt for each target gene. All samples were run in
triplicate. Our results showed that [3-actin exhibited
no difference among different time points.

Protein Expression Analysis by Western Blot

The Western blot analysis was performed
according to the procedures outlined by previous
studies (Hu et al., 2013a; Larson-Casey et al.,
2016). Briefly, after electrophoresis the proteins
were transferred to polyvinylidene difluoride mem-
branes (Millipore, Bedford, MA). The membranes
were incubated with primary Ab at 4 °C for 10 h
and then with the secondary Ab for 2 h at room
temperature. The primary Abs (occludin, claudin-1,
zonula occludens-1 [ZO-1], light chain 3-I [LC3-I],
light chain 3-I1 [LC3-II], PTEN-induced putative
kinase 1 [PINK1], Parkin, voltage-dependent anion
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channel [VDAC], B-actin) were purchased from
Santa Cruz Technology Inc. (Santa Cruz, CA).
The secondary Ab was HRP conjugated anti-rabbit
Ab (Cell Signaling Technology, Danvers, MA).
Western blot was detected with an enhanced chemi-
luminescence detection kit (Amersham, Arlington
Heights, IL), photographed by a ChemiScope 3400
(Clinx Science Instruments, Shanghai, China), and
analyzed using Quantity One software. 3-Actin and
VDAC were used as internal reference, which exhib-
ited no difference among each group. The relative
abundance of intestinal target proteins and mito-
chondria target proteins were expressed as target
protein/p-actin and target protein/VDAC protein
ratio, respectively. The protein expression of all
samples was expressed as fold changes, calculated
relative to the preweaning stage (d 0 postweaning).

Statistical Analysis

One-way ANOVA was conducted using SPSS
20.0 statistical package (SPSS Inc., Chicago,
IL). Differences among means were tested using
Duncan’s multiple range tests. Differences were
considered significant at P < (.05.

RESULTS

Activities of SOD, GSH-Px, and MDA in Jejunum
After Weaning

The activities of SOD, GSH-Px, and content of
MDA in intestinal mucosa during the 1 wk after
weaning are shown in Table 3. Compared with the
preweaning phase (d 0 postweaning), the activities
of SOD and GSH-Px in jejunal mucosa of pig-
lets on d 3 and d 7 postweaning were decreased
(P < 0.05). And then, a greater (P < 0.05) content
of MDA in the jejunal mucosa was observed on d
3 and d 7 postweaning compared with d 0 values.

Expression of Antioxidant Enzyme-Related Genes
in the Jejunum After Weaning

Table 4 shows expression of antioxidant-related
genes in the jejunal mucosa of piglets during the
1 wk after weaning. Compared with d 0 values, the
levels of Cu/Zn-SOD, Mn-SOD, GPX-1, GPX-
4 were remarkably decreased (P < 0.05) on d 3
postweaning. On d 7 postweaning, the expression
levels of Cu/Zn-SOD and Mn-SOD were slightly
recovered (P > 0.05). However, the level of GPX-
1 and GPX-4 on d 7 postweaning was still lower
(P <0.05) than d 0 values.



Early weaning in piglets

Table 2. Primer sequences used for real-time PCR
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Gene 5’-Primer (F) 3’-Primer (R) Accession number Length
p-Actin CTGCGGCATCCACGAAACT AGGGCCGTGATCTCCTTCTG DQ845171.1 147
mt D-loop! GATCGTACATAGCACATATCATGTC GGTCCTGAAGTAAGAACCAGATG AF276923 198
CulZn-SOD? CAGGTCCTCACTTCAATCC CCAAACGACTTCCASCAT NM_001190422 255
Mn-SOD? GGACAAATCTGAGCCCTAACG CCTTGTTGAAACCGAGCC NM_214127 159
GPx-1* TGGGGAGATCCTGAATTG GATAAACTTGGGGTCGGT NM_214201 183
GPx-4° GATTCTGGCCTTCCCTTGC TCCCCTTGGGCTGGACTTT NM_214407.1 172

'mt D-loop = mitochondria DNA loop.

2CulZn-SOD = copper and zinc superoxide dismutase.
3Mn-SOD = manganese-containing superoxide dismutase.
4GPx-1 = glutathione peroxidase 1.

3G Px-4 = glutathione peroxidase 4.

Table 3. Effects of weaning on antioxidant enzymes activities and MDA content in jejunum of piglets

Day postweaning

Items 0 1 3 7 SEM!
SOD? (U/mg protein) 222.57° 181.21 123.24° 115.83° 23.83
GSH-Px? (U/mg protein) 166.36* 158.05¢ 75.52° 97.54° 8.61
MDA?* (nmol/g protein) 0.45° 0.72%® 1.07¢ 0.942 0.15

*®Means within a row with different letters differ significantly (P < 0.05).

IStandard error of means, n = 6.
2SOD = superoxide dismutase.
3GSH-Px = glutathione peroxidases.
‘MDA = malondialdehyde.

Intestinal Barrier Function and Tight Junction
Proteins Expression After Weaning

Table 5 shows intestinal barrier function and
tight junction proteins expression in jejunal mucosa
of piglets during the 1 wk after weaning. Compared
with the d 0, the TER of jejunum was significantly
reduced (P < 0.05), and the mucosal-to-serosal
flux of FD, was increased (P < 0.05) on d 3 and
d 7 postweaning. Figure 1 shows the expression of
occludin, claudin-1, and ZO-1 in the jejunal mu-
cosa. Compared with the preweaning phase (d 0
postweaning), the level of claudin-1, occluding,
and ZO-1 was decreased (P < 0.05)ond 3 and d 7
postweaning.

Mitochondria DNA Content in Jejunum and
Activities of Intestinal Mitochondrial Respiratory
Chain Complexes I to IV After Weaning

The mtDNA content in jejunum and activities
of intestinal mitochondrial respiratory chain com-
plexes during the 1 wk after weaning are shown
in Fig. 2. In comparison with d 0, the content of
mtDNA in the jejunum on d 3 and d 7 postweaning
was decreased (P < 0.05). The activities of mito-
chondrial respiratory chain complexes I, 11, 111, IV

in jejunum were significantly decreased (P < 0.05)
in jejunal mitochondria on d 1, d 3, and d 7 post-
weaning. Moreover, the activities of mitochondrial
respiratory chain complexes II in jejunal mitochon-
drial on d 3 and d 7 postweaning was significantly
lower (P < 0.05) than d 0 and d 1 postweaning
(Figure 2b).

Expression of Mitophagy-Related Proteins
After Weaning

Figure 3 presents the expression of mito-
phagy-related protein in the mitochondrial and
jejunal mucosa during the 1 wk after weaning. In
comparison with the d 0, the expression of PINK1
and Parkin in the intestinal mitochondrial were
striking increased (P < 0.05) ond 1,d 3 and d 7
postweaning. Correspondingly, we found that the
abundance of LC3-I and LC3-II and the ratio of
LC3-II to LC3-I content in the jejunal mucosa
was significantly greater (P < 0.05) at d 1, d 3,
and d 7 postweaning than preweaning stage (d 0
postweaning).

DISCUSSION

A large amount of studies reported that early
weaning stress disrupted the antioxidant system
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Figure 1. (a) Effects of weaning on expression of tight junction proteins in jejunal mucosa. (b) Representative blots of claudin-1, occludin,
zonula occludens-1 (ZO-1) and B-actin in the jejunal mucosa of piglets. Values are means and SD represented by vertical bars. “®Means with
different letters differ significantly (P < 0.05). The protein expression of all samples was expressed as fold changes, calculated relative to the pre-

weaning (d 0 postweaning) pigs.
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Figure 2. (a) Effects of weaning on mitochondrial DNA (mtDNA) content in the jejunum of piglets. (b) Effects of weaning on the activities of
mitochondrial complexes in jejunal mitochondria of piglets. Values are means and SD represented by vertical bars. “*“Means with different letters
differ significantly (P < 0.05). The mtDNA content and mitochondrial complex activities of all samples were expressed as fold changes, calcu-

lated relative to the preweaning (d 0 postweaning) pigs.

Table 4. Effects of weaning on antioxidant
enzymes-related genes in the jejunum of piglets

Table 5. Effects of weaning on intestinal barrier
function in jejunum of piglets

Day postweaning

Day postweaning

Items 0 1 3 7 SEM! Items 0 1 3 7 SEM!
CulZn-SOD? 1.00° 0.72¢ 0.30° 0.65% 0.13 TER?, Q-cm? 61.11*  57.18®  49.53>  46.35" 3.72
Mn-SOD? 1.002 0.902 0.33° 0.61® 0.14 FD43 flux, pg/cm*h 1.06° 1.62: 1.96* 2.232 0.22
GPX-1* 1.002 0.742 0.22° 0.29° 0.10

GPX-A45 1.00° 0.76" 031 0.39 0.12 1®Means within a row with different letters differ significantly

*®Means within a row with different letters differ significantly
(P <0.05).

IStandard error of means, n = 6.

2CuZn-SOD = copper and zinc superoxide dismutase.
3Mn-SOD = manganese-containing superoxide dismutase.
4GPx-1 = glutathione peroxidase 1.

3G Px-4 = glutathione peroxidase 4.

and induced a severe oxidative stress (Franco et al.,
2013; Zhenget al., 2013; Xu et al., 2014). Moreover,
oxidative stress and disruption of cellular redox
status impair intestinal function, intestinal turn-
over, and cell survival (Rahal et al., 2014; Rosero

(P <0.05).
!Standard error of means, n = 6.
*TER = transepithelial electrical resistance.
*FD, = fluorescein isothiocyanate dextran (4 kDa).

et al., 2015; Li et al., 2016), due to oxidative imbal-
ance leading to irreparable oxidative injury to the
cellular macromolecules and cell apoptosis (Rani
et al., 2016; Poprac et al., 2017). Generally, oxida-
tive stress is considered to be an imbalance between
the production and the elimination of ROS. ROS,
such as superoxide (O?") and hydrogen peroxide
(H,0,) caused proteins, lipids, and nucleic acids
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Figure 3. Effects of weaning on expression of mitophagy-related protein in the intestinal mitochondrial of piglets. (a) Representative blots
of PTEN-induced putative kinase 1 (PINK1) and Parkin in the intestinal mitochondria of piglets. (b) Relative PINK 1 and Parkin expression of
piglets. (c) Representative blots of light chain 3-1 (LC3-1) and LC3-II in the jejunum mucosa weaning of piglets. (d) Relative LC3-I and LC3-II
expression of piglets. Summary of Western blot for n = 6 pigs. Values are means and SD represented by vertical bars. “®Means with different let-
ters differ significantly (P < 0.05). The protein expression of all samples was expressed as fold changes, calculated relative to the preweaning (d 0

postweaning) pigs.

oxidation (Scherz-Shouval and Elazar, 2011). Xu
et al. (2014) reported that early weaning led to a
striking decrease in intestinal antioxidant capacities
and a remarkable increase level of MDA and free
radical (-OH, H,0,) in piglets. Zhu et al. (2012)
demonstrated that early weaning suppressed the
activities of SOD, GSH-Px, and increased the con-
tent of MDA, NO, H,O,, and O, in serum of piglets.
Yin et al. (2014) indicated that early weaning stress
led to lipid, protein, and DNA oxidative injury and
increased concentrations of MDA, 8-hydroxyde-
oxyguanosine, and protein carbonyl in serum of
piglets. Meanwhile, diet is also a major source of
oxidative stress. Li et al. (2016) had reported that
high dietary iron contributes to oxidative stress
through the production of free radicals, which
leads to lipid peroxidation, inflammation, and in-
testinal injury. Rosero et al. (2015) had showed that
lipid peroxidation disrupted the redox environment
of intestine and then impaired the small intestine
structure and function. In the current study, the in-
testinal redox status was determined by activities of
antioxidative enzymes, expression of related genes,
and the product of oxidative injury. Consistently,
the present study confirmed that, during 1 wk after
weaning, the activities of SOD and GSH-Px were
decreased, as well as the mRNA levels of related
genes (Cu/Zn-SOD, Mn-SOD, GPX-1, and GPX-4)

were declined. Additionally, the MDA (a product
of lipid peroxidation) content in intestinal mu-
cosa during 1 wk after weaning was significantly
increased. In our present experiment, weaning
induced lower activities of antioxidant enzymes
and a greater content of MDA reflected an imbal-
ance of redox status during weaning.

It has been widely reported that an intact intes-
tinal barrier plays an important role in preventing
intestinal bacteria, toxic, or allergenic substances
entering the body through the intestinal tract (Liu
et al., 2012a). The intestinal epithelial barrier is the
first line of defense against a hostile environment
within the intestinal lumen. The intestinal barrier
is mainly formed by a layer of epithelial cells joined
together by tight junction proteins (Pi et al., 2014).
In the present study, intestinal permeability was
evaluated using the Ussing chamber and expres-
sion of tight junction proteins. A decreased TER
and increased flux of FD, reflects an impaired in-
testinal barrier (Wijtten et al., 2011). In agreement
with previous reports (Hu et al., 2013b; Xiao et al.,
2014; Jiao et al., 2015), the current study indicated
that weaning reduced the intestinal TER and levels
of occludin, claudin-1, and ZO-1, and increased the
mucosal-to-serosal flux of paracellular FD, during
1 wk after weaning of piglets. Additionally, oxida-
tive stress may lead to the loss of intestinal function
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of early-weaned pigs, promotion of free-radical
generation, limitation of the antioxidant effects,
and reduction in digestive enzyme activities (Zhu
et al., 2012). Intestinal barrier is associated with
disturbances of intestinal oxidative status including
increased lipid peroxidation and protein oxidation
(Yin et al., 2014). Some reports suggest that oxida-
tive stress results in the expression of the tight junc-
tion proteins ZO-1 and occludin (Assimakopoulos
et al., 2004; Liu et al., 2017). Accumulating evi-
dence suggests that the intestine has a high require-
ment for ATP to support its integrity, function, and
health (Blachier et al., 2009; Burrin and Stoll, 2009),
and thus, energy deficits in the intestinal mucosa
may play a critical role in intestinal barrier dysfunc-
tion. Mitochondria are responsible for producing
cellular energy (Marcu et al., 2017). Mitochondrial
function is affected by oxidative stress, including
disruption of mitochondrial respiratory chain and
mutation of mtDNA, and activates mitophagy
(Kubli and Gustafsson, 2012).

Intestine has a high demand for energy to sup-
port its integrity and function. Mitochondrion
has a pivotal role in energy metabolism through
mitochondrial respiratory chain, which is the pri-
mary source of ROS (Venditti et al., 2013). Due
to the mtDNA close to the mitochondrial respira-
tory chain and lack of protective histones, so the
major attack target of ROS is mtDNA (Pinto and
Moraes, 2015). Mitochondria DNA damage may
result in cell death through disrupted electron trans-
port, depolarized mitochondrial membrane, and
disturbed energy production (Pinto and Moraes,
2015). Moreover, mtDNA content is a potential
biomarker of mitochondrial dysfunction (Malik
and Czajka, 2013). However, no data are available
regarding the mtDNA content in intestine of wean-
ing piglets during weaning process. Therefore, we
determined, for the first time, the content of intes-
tinal mtDNA of weaning piglets was remarkable
decreased during 1wk after weaning. Ochoa et al.
(2011) had reported that the copy number and in-
tegrity of mtDNA were damaged in human brain
during oxidative stress process. Afolayan et al.
(2016) had showed a significantly decreased copy
number of mtDNA in pulmonary artery endo-
thelial cells treated with nitric oxide (an oxidative
stressor). The possible reason for the low content
of mtDNA in jejunum in the present experiment
may be that the antioxidative enzyme system had
been disrupted during weaning process, so the ROS
degradation is not sufficiently maintained, resulting
in a disruption of mtDNA. Furthermore, mtDNA
encodes multiple polypeptide subunits composed
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the oxidative phosphorylation complexes (I, III,
1V). However, the complex II was encoded by nu-
clear genome (Moran et al., 2012). Hence, the
mutations of mtDNA would subsequently lead to
an impairment of oxidative phosphorylation com-
plexes, overproduction of ROS and production of
pro-apoptotic protein, and ultimately lead to cell
death and tissue damage.

Nevertheless, no information is available related
to the influence of weaning on activities of mito-
chondria oxidative phosphorylation complexes of
weaned pigs. Therefore, in the current study, we
demonstrated, for the first time, the activities of
mitochondria oxidative phosphorylation complex
L IL, IT1, TV during 1-wk postweaning was dramat-
ically decreased. In particularly, we found that the
activity of complex II was significantly lower on d
3 and d 7 postweaning than d 0 and d 1. Pramanik
etal. (2011) have reported that the capsaicin-induced
oxidative stress declined the activities of mitochon-
drial complex I and III in pancreatic cancer cells,
resulting in severe mitochondrial damage leading
to cell apoptosis. Zigdon et al. (2013) found a sig-
nificant decrease of activity of mitochondrial com-
plex IV under chronic oxidative stress. Tatarkova
etal. (2011) have demonstrated that aging oxidative
stress suppressed the activities of electron trans-
port chain complexes in cardiac mitochondria of
rats. We speculated that an imbalance between oxi-
dant and antioxidant in intestine of piglets caused
by weaning may inhibit activities of mitochondria
oxidative phosphorylation complexes, resulting in
declining of energy generation and disrupting of
intestinal integrity.

In response to oxidative stress and disrupted
mitochondria, cells degraded the dysfunctional
mitochondrion before it causes activation of cell
death (Springer and Macleod, 2016). This pro-
cess is known as mitochondrial autophagy or
mitophagy. Nevertheless, no information is avail-
able regarding the mitophagy during the weaning
process of piglets. To explore whether mitophagy
involved in weaning process, we determined, for
the first time, whether weaning influenced expres-
sion level of mitophagy-related proteins of piglets.
Previous cumulative data suggested that the PINK1
and Parkin play the crucial role in mediating mito-
phagy (Eiyama and Okamoto, 2015; Springer and
Macleod, 2016). The PINK1 expressed in healthy,
polarized mitochondria, and then it would be rap-
idly degraded by proteolysis. Therefore, the expres-
sion of PINK1 was maintained at very low level
(Eiyama and Okamoto, 2015). Collapsing of the
mitochondria function induced by oxidative stress
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may prevent the PINK1 degradation process and
then PINK1 accumulation on the damaged mito-
chondria to recruit Parkin to induce mitophagy
(Nguyen et al., 2016). In the present research, we
revealed, for the first time, that the abundance of
mitophagy-related protein (PINK1 and Parkin) in
the intestinal mitochondria during 1-wk postwean-
ing was remarkably increased. During initial pha-
gophore formation in mitophagy process, LC3-I is
modified and converted to LC3-II, which is trans-
located to the membrane of autophagosomes and
autolysosomes (Yin et al., 2015). In the present
study, we found that the ratio of LC3-II to LC3-1
content was notably enhanced during 1-wk post-
weaning. These results demonstrated that weaning
led to the formation of autophagosome, which con-
tained dysfunctional mitochondria in the jejunum
during 1-wk postweaning. Similarly, Zhang et al.
(2011) have reported that a significantly increased
level of LC3-I and LC3-II was observed at 12- and
24-h weaning treatments in the liver, spleen, and
skeletal muscle tissues. Mitophagy in this study may
protect cells against apoptosis or necrosis under
weaning oxidative stress in intestine of piglets due
to the damaged mitochondria to be sequestered by
autophagosomes, subsequently degraded by lyso-
somes, which contribute to the intestinal homeo-
stasis and reduce further oxidative damage.

In the current study, we demonstrated that
weaning disrupted intestinal antioxidant balance
and intestinal barrier function, and caused mito-
chondrial dysfunction. Furthermore, the level of
mitophagy-related proteins is upregulated in the in-
testinal in response to weaning stress.
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