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Abstract: The imbalance of redox biology and oxidative stress leads to intestinal barrier injury and
mitophagy. However, much uncertainty still exists about the role of mitophagy in oxidative stress
and intestinal function. Here, we showed the effects of hydrogen peroxide (H2O2)-induced oxidative
stress on intestinal epithelial cell oxidation balance, intestinal barrier function and mitochondrial
energy metabolism and its underlying mechanism. In this study, we found that H2O2-induced
oxidative stress activated adenosine monophosphate-activated protein kinase (AMPK) and enhanced
mitophagy in intestinal porcine epithelial cells (IPEC-J2). While compound C (AMPK inhibitor)
and mdivi-1 (mitophagy inhibitor) significantly reduced the activity of superoxide dismutase (SOD)
and increased mitochondrial reactive oxygen species (ROS) levels in H2O2 treated cells. Moreover,
compound C and mdivi-1 significantly reduced the trans-epithelium electrical resistant (TER) and
increased the fluorescein isothiocyanate-dextran (FD4) flux in H2O2 treated IPEC-J2. Furthermore,
compound C and mdivi-1 significantly reduced the activity of mitochondrial complex II. Seahorse
XF96 data showed that compound C + mdivi-1+ H2O2 treatment significantly reduced maximum
respiratory oxygen consumption and spare respiratory capacity. Additionally, compound C or mdivi-
1 treatment reduced the formation of mitochondrial autophagosomes. These results unveiled that
AMPK and PINK1/Parkin mediated mitophagy is necessary for alleviating oxidative stress induced
intestinal epithelial barrier damage and mitochondrial energy metabolism dysfunction in IPEC-J2.

Keywords: oxidative stress; intestinal barrier function; mitochondrial energy metabolism; mitophagy;
AMPK-PINK1/Parkin

1. Introduction

Weaning stress is extremely serious during the initial post-weaning period, which
is accompanied by intestinal injury, diarrhea and even death, impairing the growth per-
formance and anti-disease ability of piglets and causing great economic losses to the pig
industry [1–3]. Moreover, our previous studies and others reported that weaning impaired
free-radical metabolism and the antioxidative system and resulted in serious oxidative
stress [4–6]. Oxidative stress was interpreted as an imbalance between oxidation and
anti-oxidation, resulting in the accumulation of reactive oxygen species (ROS) [7]. Several
studies reported that imbalance redox biology and oxidative stress led to intestinal func-
tion injury [8,9]. However, much uncertainty still exists about the underlying mechanism
between oxidative stress and intestinal function.
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Intestinal homeostasis depends on the balance between proliferation and cell death
of intestinal epithelial cells. The proliferation of intestinal epithelial cells needs a large
amount of ATP provided by mitochondria [10], whereas mitochondrial energy metabolism
and mitochondrial signaling are associated with ATP and ROS production. Meanwhile,
when oxidative stress and antioxidant system are impaired, overproduction ROS in the
cell cannot be removed in time, which will cause excessive accumulation of ROS in the
cell and further promote mitochondrial oxidative damage [11]. Mitochondrial oxidative
damage directly and indirectly impairs the activity of the electron transport chain and
energy metabolic enzymes and even leads to cell apoptosis and death [12]. To prevent
the damaged mitochondria leading to cell death, the cell initiated a protective process,
mitophagy. It is known as the degradation and clearance of dysfunctional mitochondria
through the autophagic process [13]. Little data are available regarding the relationship
between oxidative stress, intestinal barrier function, mitochondria energy metabolism
and mitophagy in the potential mechanisms within intestinal porcine epithelial cells.
Adenosine monophosphate-activated protein kinase (AMPK) is in charge of numerous
energy metabolism signaling pathways to maintain appropriate intracellular adenosine
triphosphate levels in response to cellular stress [14]. Recently, several studies found that
AMPK is involved in various aspects of mitochondrial homeostasis [15,16]. Whether AMPK
is involved in regulating oxidative stress, mitochondria energy metabolism and mitophagy
in intestinal porcine epithelial cells is still unknown.

The present study aimed to determine the effects of H2O2-induced oxidative stress
on intestinal epithelial cell oxidation balance, intestinal epithelial barrier function and
mitochondrial energy metabolism and its underlying mechanism. The connection between
the intestinal barrier, mitochondria energy metabolism and mitophagy provides insight
into the development of nutritional strategies in the prevention of intestinal oxidative stress.

2. Materials and Methods
2.1. Experiment Design

The IPEC-J2 cell line was kindly provided by Dr Yin Yulong’s laboratory (Institute
of Subtropical Agriculture, Chinese Academy of Sciences, ChangSha, China). IPEC-J2
cells were cultured in DMEM/F12 complete medium and divided into 7 treatment groups:
control group; AMPK inhibitor group (compound C, 10 µM); mitophagy inhibitor group
(mdivi-1, 1 µM); oxidative stress group; oxidative stress + compound C group; oxidative
stress group + mdivi-1; oxidative stress + compound C + mdivi-1. The oxidative stress
group was simulated by adding 600 µM H2O2 in the cell culture medium for 8 h and the
control group was added with the same amount of PBS. The AMPK inhibitor compound C
and mitophagy mdivi-1 inhibitor were added 1 h before adding H2O2.

2.2. MTT Measurement

Using MTT measurement to determine cell viability according to the protocol, as
described previously [17]. The cells (10,000/well) were seeded into 96 well plates and were
treated with various treatments. After incubation, the absorbance at 570 nm was measured
to calculate cell viability.

2.3. Antioxidant Enzymes Activities and Malonaldehyde (MDA) Levels

Following the instruction (Nanjing Jiancheng Biotechnology Institute, China), the
concentrations of superoxide dismutase (SOD) and catalase (CAT) in IPEC-J2 cells were
measured using commercial MDA and GSH kits. The protein concentrations of cells were
quantified using the (bicinchoninic acid) BCA Protein Assay Kit. The levels of SOD and
CAT were shown as U/mg of protein and the concentrations of MDA were expressed as
nmol/mg of protein.
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2.4. Quantitative Real-Time PCR

Total RNA from cells was extracted using Trizol reagent (Beyotime, Shanghai, China)
and the concentrations of the isolated RNA were determined with Nanodrop. cDNA was
synthesized by iScript Kit (Bio-Rad, Hercules, CA, USA) and the qRT-PCR reaction utilized
the components contained in the SYBR Green Mix (Bio-Rad, Hercules, CA, USA). Samples
were normalized by to β-actin and the relative changes of target genes expression were
analyzed by 2−∆∆Ct method. The sequences of primers are presented in Table S1.

2.5. Western Blot

Total protein from the cells samples was extracted with RIPA lysis buffer (Beyotime,
China). Proteins of whole-cell lysates were separated by gel electrophoresis and trans-
ferred to a PVDF membrane. The PVDF membranes were sealed with blocking buffer
(Beyotime, Shanghai, China) and incubated with primary antibodies overnight at 4 ◦C and
secondary antibodies at room temperature for 1 h. After the chemiluminescent reaction,
blots were visualized using an enhanced chemiluminescence detection kit (ECL-Plus, Bey-
otime, Shanghai, China) with a ChemiScope 3400 (Clinx Science Instruments, Shanghai,
China). The western blot was performed by the following antibodies: occludin (HuaBio,
Hangzhou, China), claudin-1 (HuaBio, Hangzhou, China), GAPDH (HuaBio, Hangzhou,
China) and HRP conjugated anti-rabbit or mouse IgG (HuaBio, Hangzhou, China). In
addition, the ZO-1, PINK1, Parkin, LC3, AMPK, phosphorylated-AMPK first antibodies
were brought from Abcam (Cambridge, UK). The bands density of protein quantified
by Image J.

2.6. IPEC-J2 Epithelial Barrier Function Analysis

The IPEC-J2 epithelial barrier function analysis was conducted according to previous
reports [17,18]. Briefly, seeding the cells in the Transwell and treated according to the
corresponding groups. The trans-epithelium electrical resistant (TER) was recorded by
Millicell-ERS epithelial voltohmmeter (Millipore Corp., Billerica, MA, USA). The flux of
fluorescein Isothiocyanate-dextran (FD4, Sigma, Northbrook, IL, USA) reflected the IPEC-J2
epithelial barrier function. In addition, the FD4 (final concentration is 500 µg/mL) was
added to the upper layer of Transwell for 1.5 h and collected 100 µL cell culture medium to
detect the FD4 fluorescence using a fluorescence spectrophotometer (Bio-Tek, Winooski,
VT, USA).

2.7. MitoSOX

The mitochondria reactive oxygen measurement was conducted according to the
manufacture protocol (Invitrogen, Carlsbad, CA, USA). Applied 2.0 mL of 5 µM MitoSOX™
to IPEC-J2 and sealed for 10 min at 37 ◦C. The MitoSOX™ Red mitochondrial superoxide
indicator was measured using Nikon fluorescence microscope (Tokyo, Japan) and BD
cytometry (San Jose, CA, USA).

2.8. ATP Assay

ATP measurement (Beyotime, Shanghai, China) was conducted following the protocol
as described previously [8]. After inhibitors and H2O2 treatment, the IPEC-J2 cells were
collected using 100µL of ATP releasing reagent from ATP measurement kits. The cells
were lysis on ice and centrifuged at 12,000× g for 5 min. In addition, the supernatant was
further measured the ATP level by a luminometer (Bio-Tek, Winooski, VT, USA) together
with 100 µL ATP detect buffer.

2.9. Mitochondrial Membrane Potential

Approximately 1 × 106 cells were incubated in 6-well culture dishes and incubated
overnight. The IPEC-J2 was rinsed twice by PBS and incubated with JC-1 in the mitochon-
drial membrane potential assay kit (Beyotime, Shanghai, China) following the protocol.
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Cells were detected by a fluorescence spectrophotometer (Bio-Tek, Winooski, VT, USA)
using 488 nm and 543 nm.

2.10. Transmission Electron Microscopy (TEM)

Cell samples were fixed with 2.5% glutaraldehyde and 1% osmium tetroxide. Samples
were then dehydrated in acetones, embedded in Spurr resin. Ultra-thin sections were cut
and stained with uranyl acetate and lead citrate. The sample block was then sectioned with
a LEICA EM UC7 ultratome. Sections were collected on copper grids for imaging under a
Hitachi H-7650 electron microscope. Ultrastructural of the mitochondrial were recorded by
a transmission electron microscope (Hitachi H-7650, Tokoy, Japan).

2.11. The Profiles of Mitochondrial Oxygen Consumption Rate (OCR)

OCR was detected by the Agilent Seahorse XF96 Extracellular Flux Analyzer following
the protocols [19,20]. Briefly, 1 × 104 cells were incubated in XF96 plates for 12 h. The
cells were washed by phosphate buffer and incubated with Seahorse XF base medium
(Agilent, Santa Clara, CA, USA) added with glucose (10 mM; Sigma, Northbrook, IL, USA),
glutamax (2 mM; Invitrogen, Carlsbad, CA, USA) and sodium pyruvate (1 mM, Invitrogen,
Carlsbad,CA, USA), pH 7.4. OCR was detected by sequential injections of oligomycin A
(10 µM; Sigma, Northbrook, IL, USA), FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenyl-
hydrazone, 5 µM; Sigma, Northbrook, IL, USA) and rotenone (15 µM; MilliporeSigma,
Northbrook, IL, USA). The cellular basic respiration, cell maximum oxygen consumption,
ATP production, cell respiration potential and cell non-mitochondrial respiration were
calculated by the mitochondrial oxygen consumption curve.

2.12. Cell Transfection and RNA Knockdown

The mitophagy was analyzed using Ad-GFP-LC3 and Ad-HBAD-Mitodsred fluo-
rescence colocalization. Cells were transfected with adenovirus expressing GFP-LC3
(Hanheng, Wuhan, China) at 30 MOI for 24 h and Ad-HBAD-Mitodsred (Hanheng, Wuhan,
China) at 100 MOI for 24 h. Ad-GFP-LC3 and Ad-HBAD-Mitodsred fluorescence colocal-
ization were observed under a confocal laser scanning microscope (LSM 880; Carl Zeiss,
Oberkochen, Germany).

The RNA knockdown was performed using RNAiMAX (Invitrogen, Carlsbad, CA,
USA). THE small interfering RNA (siRNA) was synthesized by GenePharma (Suzhou,
China). The sequences for siRNA were as follows: negative control siRNA: 5′-UUCUCCGA
ACGUGUCACGUTT-3′; Pig PINK1 siRNA: 5′-GCUAACGUGCUUCAUUUAATT-3′.

2.13. Measurement of Apoptosis and Necrosis

The measurement of apoptosis and necrosis using staining by annexin-FITC-PI and
performed according to manufacture instruction (Beyotime, Shanghai, China). The apopto-
sis and necrosis cells were quantified by flow cytometry (BD Arial, San Jose, CA, USA).

2.14. Statistical Analysis

Data are presented as the mean ± SD. One-way analysis of variance (ANOVA) was
determined by Graphpad Prism 7. Significance was established at p < 0.05.

3. Results
3.1. Effects of Different Concentrations of H2O2 Treatment on AMPK Signaling Pathway and
Mitophagy-Related Protein Expression

To explore the relationship between oxidative stress, mitophagy and AMPK signaling
pathways, so we established an H2O2-induced oxidative stress model of IPEC-J2 cells
following the previous data [17]. As shown in Figure 1a, we found that treated cells with
600 µM, 800 µM and 1000 µM H2O2 for 8 h significantly decreased cell viability (p < 0.05).
Therefore, in this study, 600 µM H2O2 was used to induce an IPEC-J2 oxidative stress
model. In addition, in comparison with the control, 600 µM H2O2 treatment dramatically
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enhanced p-AMPK protein level (p < 0.05) (Figure 1b,c). Moreover, 600 µM and 800 µM
H2O2 treatments enhanced the levels of PINK1, Parkin and the LC3II/I ratio (p < 0.05),
while it did not influence the expression of BNIP3, BNIP3L and FUNDC-1 (p > 0.05)
(Figure 1d–f). These results indicated that H2O2-induced oxidative stress promoted AMPK
phosphorylation and PINK1-Parkin mediation mitophagy.
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different concentrations of H2O2. N.S. means no significantly difference. Data showed as mean ± SD. Values with different
letters indicate a significant difference (p < 0.05).

3.2. Effects of Inhibited AMPK and Mitophagy on the Oxidative Stress Response of IPEC-J2 in
H2O2-Induced Oxidative Stress Model

To detect the function of AMPK and mitophagy in H2O2 induced oxidative stress, we
added AMPK inhibitor (compound C) and mitophagy inhibitor (mdivi-1) in the oxidative
stress model. The data indicated that H2O2 significantly reduced the SOD and CAT
activities of intestinal epithelial cells than the control group (p < 0.05) (Figure 2a,b) and
increased the MDA content (p < 0.05) (Figure 2c). Moreover, oxidative stress significantly
reduced the expression of Cu/Zn-SOD, Mn-SOD, GPX-1, GPX-4 (p < 0.05) (Figure 2d).
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Compared with the oxidative stress group, compound C and mdivi-1 significantly reduced
the activity of SOD in H2O2 treated cells (p < 0.05) (Figure 2a), but no differences were
found on CAT activity, MDA content and the anti-oxidative stress-related genes expression
(p > 0.05) (Figure 2b–d). Furthermore, inhibition of AMPK and mitophagy at the same
time aggravated the reduction of SOD activity induced by H2O2 (p < 0.05) (Figure 2a). As
presented in Figure 2e–g, the oxidative stress group enhanced the mitochondrial ROS level
than the control group (p < 0.05). Compared with the oxidative stress group, compound
C + H2O2 group, mdivi-1+ H2O2 group and compound C +mdivi-1+ H2O2 group had a
higher mitochondrial ROS level (p < 0.05). These data revealed that inhibiting the AMPK
and mitophagy in the oxidative stress model led to the accumulation of mitochondrial ROS
in the cells.

3.3. Effects of Inhibition of AMPK and Mitophagy on the IPEC-J2 Epithelial Barrier Function in
H2O2-Oxidative Stress Model

H2O2 induced oxidative stress led to intestinal epithelial barrier dysfunction. H2O2
treatment significantly reduced TER and enhanced FD4 flux than the control group
(Figure 3 a,b). Moreover, H2O2 treatment had a lower tight junction proteins expression
than the control group (p < 0.05) (Figure 3c,d). Compared with the oxidative stress group,
compound C + H2O2 and mdivi-1+ H2O2 treatment dramatically decreased the TER and
enhanced the permeability of FD4 in intestinal epithelial cells (p < 0.05) (Figure 3a,b). In
comparison with the H2O2 group, compound C + mdivi-1 + H2O2 treatment aggravated the
intestinal barrier damage caused by H2O2 (p < 0.05). These results together revealed that
inhibiting the AMPK and the mitophagy aggravate IPEC-J2 barrier dysfunction induced
by H2O2 in IPEC-2.

3.4. Effects of Inhibition of AMPK and Mitophagy on the Mitochondrial Function and
Ultrastructure of IPEC-J2 in H2O2-Induced Oxidative Stress Model

In comparison with the control IPEC-J2, H2O2 significantly reduced ATP production,
mitochondrial membrane potential and mitochondrial respiratory chain complexes I, II, III
activity in cells (p < 0.05) (Figure 4a–c). Compared with the oxidative stress group, added
compound C and mdivi-1 significantly reduced the activity of mitochondrial respiratory
chain complex II (p < 0.05) (Figure 4c), while added compound C and mdivi-1 in oxidative
stress did not influence the ATP production, mitochondrial membrane potential and com-
plex I, III (p > 0.05) (Figure 4a–c). In comparison with the H2O2 treated IPEC-J2, compound
C + mdivi-1 + H2O2 treatment significantly reduced the mitochondrial membrane potential
and the activities of mitochondrial respiratory chain complex I, II (p < 0.05) (Figure 4a–c).
Compared with the control group, we can observe obvious mitochondrial swelling, res-
piratory cristae breakage and mitochondrial vacuolation in the oxidative stress group,
compound C + H2O2 group, mdivi-1+ H2O2 group, compound C +mdivi-1+ H2O2 group.

As shown in Figure S1, we indicated that compared with the control group, compound
C, mdivi-1, compound C + H2O2, mdivi-1+ H2O2 and compound C + mdivi-1+ H2O2
group enhanced the ratio of necrosis or apoptosis cells (p < 0.05). Compared with the
oxidative stress group, mdivi-1+ H2O2 and compound C + mdivi-1+ H2O2 group signif-
icantly increased the apoptosis cells level and compound C + mdivi-1+ H2O2 treatment
dramatically enhanced the necrosis cells ratio (p < 0.05) (Figure S1).
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(a) In the oxidative stress model induced by H2O2, the effect of inhibiting AMPK signaling pathway and mitophagy on SOD
activity; (b) Inhibiting the impact of AMPK signaling pathway and mitophagy on CAT activity; (c) The effect of inhibiting
AMPK signaling pathway and mitophagy on MDA levels; (d) Inhibiting AMPK signaling pathway and mitophagy on
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detected by BD flow cytometry; (g) MitoSOX statistics quantified. Data showed as mean ± SD. Values with different letters
indicate a significant difference (p < 0.05).
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Figure 3. The effects of inhibiting AMPK and mitophagy on intestinal barrier function in H2O2-induced oxidative stress
model of IPEC-J2. (a) the effect of inhibiting AMPK and mitophagy on TER; (b) the effect of inhibiting AMPK signal pathway
and mitophagy on FD4 flux; (c) Western analysis of occludin, claudin-1 and zo-1 protein expression; (d) Relative protein
levels of occludin, claudin-1 and zo-1; Data expressed as mean ± SD. Values with different letters indicate a significant
difference (p < 0.05).

3.5. Effects of Inhibition of AMPK and Mitophagy on the Mitochondrial Metabolism of IPEC-J2 in
H2O2-Induced Oxidative Stress Model

The OCR data show that in comparison with the control group, we found the lower
oxygen consumption rate of IPEC-J2 in the oxidative stress group, compound C + H2O2
group, mdivi-1+ H2O2 group, compound C +mdivi-1+ H2O2 group (Figure 5a). Moreover,
H2O2 treatment significantly decreased basal respiration, maximal respiration and ATP
production than the control group (p < 0.05) (Figure 5b–d). Compared with the oxidative
stress group, treated with compound C and mdivi-1 significantly reduced the maximum
respiratory oxygen consumption of IPEC-J2 (p < 0.05) (Figure 5c). In comparison with the
H2O2 group, compound C +mdivi-1+ H2O2 treatment significantly reduced maximum
respiratory oxygen consumption and spare respiratory capacity of IPEC-J2 (p < 0.05)
(Figure 5e). The non-mitochondrial respiratory capacity was not influenced by different
treatments (p > 0.05) (Figure 5f). These results demonstrated that simultaneous inhibition
of AMPK and mitophagy significantly impaired the spare respiratory capacity of IPEC-J2
and aggravated the decrease in the maximum respiratory oxygen consumption of cells
caused by H2O2.
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Figure 4. The effect of inhibiting AMPK and mitophagy on mitochondrial function in H2O2-induced oxidative stress model
of IPEC-J2. (a) The effect of inhibiting AMPK and mitophagy on ATP production; (b) the effect of inhibiting AMPK and
mitophagy on mitochondrial membrane potential; (c) the effect of inhibiting AMPK and mitophagy on the activity of
mitochondrial respiratory chain complexes I, II, III. (d) Mitochondrial ultrastructure detected by TEM. Data expressed as
mean ± SD. a,b,c,d Means with different letters differ significantly (p < 0.05).
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Figure 5. The effect of inhibiting AMPK and mitophagy on mitochondrial energy metabolism in H2O2-induced oxidative
stress model of IPEC-J2. (a) In the H2O2-induced IPEC-J2 cell oxidative stress model, the effect of inhibiting AMPK
signaling pathway and mitophagy on cell oxygen consumption rate (normalized to baseline); (b) The effects of inhibiting of
AMPK and mitophagy on cellular basic respiration (c) The effect of inhibition of AMPK and mitophagy on cell maximum
oxygen consumption; (d) The effects of inhibition of AMPK and mitophagy on cell ATP production; (e) The effects of
inhibition of AMPK and mitophagy on spare respiration capacity; (f) The effect of inhibition of AMPK and mitophagy
on cell non-mitochondrial respiration. Data presented as mean ± SD. Values with different letters indicate a significant
difference (p < 0.05).

3.6. Effects of Inhibition of AMPK and Mitophagy on the Mitophagy Level of IPEC-J2 in
H2O2-Induced Oxidative Stress Model

TEM detected the ultrastructure of mitochondrial autophagosome in IPEC-J2. The
damaged mitochondria were wrapped by the double-membrane autophagic vesicles in
the oxidative stress group and compound C + H2O2 group (Figure 6a). Compared with
the oxidative stress group, the number of mitochondrial autophagosomes significantly
reduced and mitochondria were swollen in the mdivi-1+ H2O2 group and compound C +
mdivi-1+ H2O2 group. Furthermore, confocal microscopy showed that H2O2 treatment
dramatically enhanced the colocalization of LC3 and Mito in IPEC-J2 (Figure 6b), while the
colocalization was significantly reduced in the compound C + H2O2 group, mdivi-1+ H2O2
and compound C +mdivi-1+ H2O2 (Figure 6b). These data suggested that the AMPK is
vital for oxidative stress induced protective mitophagy.
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Figure 6. The effect of inhibiting AMPK and mitophagy on the mitochondrial autophagosomes and Co-localization of
autophagic vesicles and mitochondria in the H2O2 treated IPEC-J2 cells. (a) Mitochondrial autophagosomes ultrastructure
(scale bar: 0.5 µm). (b) Colocalization of autophagic vesicles (GFP-LC3) and mitochondria (HBAD-Mito-dsred) (scale bar:
5000 nm). Data showed as mean ± SD.

3.7. Effects of Knockdown of AMPK, PINK1 and Parkin in H2O2-Induced Oxidative Stress Model

Our previous data indicated that knockdown of PRKAA1 (encoding AMPK α) and
Parkin aggravate H2O2 induced oxidative stress, intestinal barrier disruption and mito-
chondrial impairment [17]. As shown in Figure S2, we found that siPINK1 treatment sig-
nificantly declined the Cu/Zn-SOD expression and enhanced MDA level in H2O2-induced
oxidative stress model (p < 0.05) (Figure S2a,c). Moreover, knockdown of PINK1 decreased
ZO-1 protein level and ATP content in H2O2 treated cells (p < 0.05) (Figure S2d,e,g).

4. Discussion

H2O2 is both an exogenous and endogenous pro-oxidative mediator that can lead
to lipid peroxidation within the cell membranes and destroy the structure and function
of the cell membrane, so it has been utilized in establishing an oxidative stress model
in vitro [21,22] and in vivo [23]. The results showed that treated IPEC-J2 with 600 µM,
800 µM and 1000 µM H2O2 for 8 h significantly reduced cell viability and 600 µM H2O2
was used in this study to set an oxidative stress model. Chen et al. (2018) found that treated
IPEC-J2 with 0.75 mM H2O2 for 4 h significantly reduced cell viability [24]. Yuan et al.
(2019) found that treatment of IPEC-J2 cells with 0.5 mM H2O2 for 6 h significantly inhibited
cell growth [25]. AMPK is a serine/threonine-protein kinase that acts as an energy and
redox balance sensor in cells and is vital for the upregulation of catabolism [26]. Kaspar et al.
(2009) have shown that AMPK activation could alleviate oxidative stress and promotes
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cell survival through regulating the expression of antioxidant-related genes [27]. We
found that 600 µM H2O2 treatment dramatically increased the expression of p-AMPK.
Similarly, He et al. (2020) also indicated that H2O2 treatment significantly increased AMPK
activity [28]. Moreover, mitophagy has been reported that involved in alleviating oxidative
stress and protecting mitochondria integrity in aging [12], cardiac ischemia-reperfusion
injury [29] and neurodegeneration [30]. Furthermore, our previous data reported that
PINK1/Parkin mediated mitophagy plays a vital role in regulating intestine disruption
induced by oxidative stress in piglets [8]. PINK1 accumulated on mitochondrial upon loss
of the mitochondrial membrane potential and then PINK1 in turn recruits phosphorylates
Parkin, an E3 ubiquitin ligase that marks mitochondria for degradation by mitophagy [31].
Currently, we found that H2O2 significantly promoted mitophagy, indicated by increased
levels of PINK1, Parkin and the LC3II/I ratio in cells treated with H2O2. Consistently,
Wang et al. (2020) showed that cadmium induces oxidative stress promoted mitophagy
via AMP-activated protein kinases activation in a PINK1/Parkin-dependent manner in
PC12 cells [32].

Increasing pieces of evidence pointed to a specific regulation on mitochondrial home-
ostasis by AMPK [15,33]. However, the effects of AMPK on mitophagy in oxidative stress
remained unclear. The data indicated that H2O2 treatment significantly reduced the SOD,
CAT activities and increased the MDA content of IPEC-J2. Moreover, AMPK signaling
pathway inhibitor compound C and mitophagy inhibitor mdivi-1 aggravated the oxidative
stress in IPEC-J2. Moreover, this experiment also found that in the oxidative stress model,
inhibited the AMPK and the mitophagy will lead to the accumulation of mitochondrial ROS
in the IPEC-J2. In line with our finding, Wu et al. (2018) also found that inhibited AMPK
signaling pathway led to an enhancement in ROS in HT22 cells treated with H2O2 [34].

The intestinal epithelial layer has unique organizational capabilities, which can achieve
rapid self-renewal through the process of crypt stem cell proliferation and crypt-to-villi cell
differentiation [35]. Oxidative stress in the intestinal mucosa will disrupt the self-renewal
process of the intestine and redox signaling contributes to the development of intestinal
degenerative diseases, like inflammation and cancer [36,37]. Currently, the data indicated
that H2O2 destroyed the IPEC-J2 epithelial barrier function, manifested by reduced the
TER and enhanced FD4 permeability, which is consistent with previous reports [28]. Tight
junction proteins are involved in the selective permeability between intestinal cells [38].
Our results revealed that H2O2 reduced the levels of tight junction proteins and inhibited
AMPK, mitophagy exacerbated of H2O2-induced intestinal epithelial barrier injury. Several
studies have reported that AMPK signaling pathway is involved in mediating barrier
function. Wu et al. (2018) reported that metformin alleviates LPS-induced intestinal
epithelial injury via activating AMPK [39]. Scharl et al. (2009) showed that the treatment of
T84 with IFN-γ reduced TER, intestinal epithelial permeability and declined the levels of
tight junction proteins and activates the AMPK [40].

Mitochondrial DNA is vulnerable to ROS attack because mtDNA is closed to the
electron transport chain and lacked the protection of histones. Moreover, mtDNA en-
codes a variety of proteins, including enzymes on the mitochondrial respiratory chain,
damaged mtDNA may cause energy damage, thereby exacerbating oxidative stress. Our
data indicated that H2O2-induced oxidative stress may lead to cell mitochondrial energy
metabolism disorder and mitochondrial respiratory chain complexes impaired and this
process is regulated by the AMPK signaling pathway and mitophagy. We found that oxida-
tive stress significantly reduced intestinal epithelial cell ATP production, mitochondrial
membrane potential and mitochondrial respiratory chain complexes activity. Inhibiting
AMPK and mitophagy aggravated the decline of mitochondrial membrane potential and
mitochondrial respiratory chain complex I and II activity caused by H2O2. Consistently,
He et al. (2020) indicated that the H2O2 led to the decreased mitochondrial membrane
potential and mtDNA copy number of IPEC-J2, which was regulated by the AMPK signal
pathway [28].
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Intestinal homeostasis and renewal rely on ATP provided by cell energy metabolism.
In this study, we utilized the XF96 seahorse energy analyzer to detect cell energy metabolism.
OCR can reflect the respiration rate of IPEC-J2 mitochondria. Oligomycin can bind to the
complex V in the oxidative respiratory chain to inhibit ATP synthesis and then reduce the
mitochondrial respiration associated with the synthesis of cellular ATP and reduce the OCR
value. FCCP is an uncoupling agent, utilized to detect the maximal respiration and spare
respiratory capacity, which can reflect the ability of cells to respond to enhanced energy
demand or stress [41]. Non-mitochondrial oxygen consumption inhibits mitochondrial
metabolism through the mitochondrial electronic respiratory chain complex I inhibitor
rotenone. In this study, we found the lower oxygen consumption of IPEC-J2 in the ox-
idative stress group, compound C + H2O2 group, mdivi-1+ H2O2 group, compound C +
mdivi-1+ H2O2 group, in comparison with the control group. This finding was like He et al.
(2020), who found that H2O2 treatment can lead to a decrease in ATP production, basal
respiratory oxygen consumption, maximum respiratory oxygen consumption and spare
respiratory capacity [28]. Auciello et al. (2014) found that oxidative stress mainly activates
AMPK by enhancing cellular AMP and/or ADP, thereby promoting intracellular energy
metabolism [42]. Moreover, we found that compound C +mdivi-1+ H2O2 treatment signifi-
cantly reduced the cell’s maximum respiratory oxygen consumption and spare respiratory
capacity. Taken together, these results suggested that inhibited AMPK and mitophagy
led to the impaired anti-stress ability of IPEC-J2. In line with Zhang et al. (2019), who
found that in a model of oxidative stress caused by myocardial ischemia-reperfusion injury,
melatonin relieves myocardial injury by promoting mitochondrial fusion and mitophagy
and activating the AMPK-OPA1 signaling pathway [43].

In response to oxidative stress and impaired mitochondria, cells initiated mitophagy
to prevent cell apoptosis and death. Mitophagy is promoted by ROS overaccumulation,
depolarized mitochondria and energy metabolism dysfunction [44]. Upon mitochondrial
damage such as depolarization, PINK1 accumulates on the outer mitochondrial membrane
and can catalyze the ubiquitin and the ubiquitin-like domain of Parkin [45]. These results
demonstrated, unequivocally, that compound C and mdivi-1 significantly inhibited the
protective mitophagy response induced by oxidative stress, indicated by mitochondrial
autophagosomes number. To directly visualize the activation of mitophagy in IPEC-J2
cells, we used the Ad-GFP-LC3 and Ad-HBAD-Mito-dsred to monitor the formation of
mitophagosomes. The confocal microscopy showed that the co-localization of Ad-GFP-
LC3 and Ad-HBAD-Mito-dsred was significantly reduced after inhibiting AMPK and
mitophagy. These data suggested that the AMPK signal pathway is vital for oxidative
stress induced protective mitophagy. Consistent with our findings, Laker et al. (2017)
reported that AMPK phosphorylation of Ulk1 is required for targeting mitochondria to
lysosomes in exercise-induced mitophagy [16].

Studies showed that AMPK plays a role in mitophagy and mitochondrial removal
in response to cellular stress [46,47]. Seabright et al. (2020) AMPK activation induces
mitophagy and promotes mitochondrial fission while activating TBK1 in a PINK1-Parkin
independent manner [48]. Wang et al. (2018) showed that AMPK protects against the
development of heart failure by enhancing mitophagy via PINK1 phosphorylation [49].
Moreover, they indicated that Ala mutation of PINK1 at Ser495 partially suppressed
AMPK overexpression-induced mitophagy and improvement of mitochondrial function
in phenylephrine-stimulated cardiomyocytes [49]. Zhang et al. (2020) reported that my-
ocardial ischemia-reperfusion injury (known as oxidative stress condition) via improving
mitochondrial fusion/mitophagy and activating the AMPK-OPA1 signaling pathways [43]
Wang et al. (2014) reported that AMPK may mediate paraquat-induced myocardial anoma-
lies possibly by regulating the AMPK/mTOR-dependent autophagy [50]. Studies indi-
cated that mammalian STE20-Like Kinase 1 deletion alleviates renal ischemia-reperfusion
injury and non-alcoholic fatty liver disease via modulating mitophagy and the AMPK
signaling pathway [51,52]. Diquat is a well-established piglet’s intestinal oxidative stress
model [53–56]. Our previous studies indicated that diquat induced oxidative stress in-
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creases intestinal permeability, impairs mitochondrial function and triggers mitophagy
and AMPK in piglets [8,17,57].

5. Conclusions

In summary, we show that H2O2 induced oxidative stress caused intestinal epithelial
barrier damage and mitochondrial energy metabolism disorder and activated PINK1-
Parkin-mediated mitophagy and AMPK signaling pathways. Furthermore, inhibited
AMPK and mitophagy aggravated H2O2-induced oxidative stress, IPEC-J2 barrier injury
and mitochondrial energy metabolism dysfunction, suggesting that AMPK and mitophagy
played important role in oxidative stress-induced intestinal damage regulation.
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10.3390/antiox10122010/s1, Figure S1: The effect of inhibiting AMPK and mitophagy on the ratio
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Figure S2: The effects of knockdown of PINK1 in the H2O2-induced oxidative stress model of
intestinal epithelial cells. Table S1: Primer sequences used for real-time PCR.
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