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Abstract

BACKGROUND

Intestinal ischemia reperfusion (I/R) occurs in various diseases, such as trauma
and intestinal transplantation. Excessive reactive oxygen species (ROS)
accumulation and subsequent apoptotic cell death in intestinal epithelia are
important causes of I/R injury. PTEN-induced putative kinase 1 (PINK1) and
phosphorylation of dynamin-related protein 1 (DRP1) are critical regulators of
ROS and apoptosis. However, the correlation of PINK1 and DRP1 and their
function in intestinal I/R injury have not been investigated. Thus, examining the
PINK1/DRP1 pathway may help to identify a protective strategy and improve
the patient prognosis.

AIM
To clarify the mechanism of the PINK1/DRP1 pathway in intestinal I/R injury.

METHODS

Male C57BL/6 mice were used to generate an intestinal I/R model via superior
mesenteric artery occlusion followed by reperfusion. Chiu’s score was used to
evaluate intestinal mucosa damage. The mitochondrial fission inhibitor mdivi-1
was administered by intraperitoneal injection. Caco-2 cells were incubated in vitro
in hypoxia/reoxygenation conditions. Small interfering RNAs and
overexpression plasmids were transfected to regulate PINK1 expression. The
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protein expression levels of PINK1, DRP1, p-DRP1 and cleaved caspase 3 were
measured by Western blotting. Cell viability was evaluated using a Cell Counting
Kit-8 assay and cell apoptosis was analyzed by TUNEL staining. Mitochondrial
fission and ROS were tested by MitoTracker and MitoSOX respectively.

RESULTS

Intestinal I/R and Caco-2 cell hypoxia/reoxygenation decreased the expression
of PINK1 and p-DRP1 Ser637. Pretreatment with mdivi-1 inhibited mitochondrial
fission, ROS generation, and apoptosis and ameliorated cell injury in intestinal
I/R. Upon PINK1 knockdown or overexpression in vitro, we found that p-DRP1
Ser637 expression and DRP1 recruitment to the mitochondria were associated
with PINK1. Furthermore, we verified the physical combination of PINK1 and p-
DRP1 Ser637.

CONCLUSION

PINKT1 is correlated with mitochondrial fission and apoptosis by regulating DRP1
phosphorylation in intestinal I/R. These results suggest that the PINK1/DRP1
pathway is involved in intestinal I/R injury, and provide a new approach for
prevention and treatment.

Key words: Intestinal ischemia reperfusion injury; Mitochondrial fission; PTEN-induced
putative kinase 1; Dynamin-related protein 1 ser637; Phosphorylation; Apoptosis

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: PTEN-induced kinase 1 (PINK1) is a kind of mitochondrial serine/threonine-
protein kinase, which regulates mitochondrial homeostasis through regulating the
phosphorylation of target proteins. Depletion of PINK1 has been proved to be associated
with mitochondrial fragmentation and apoptosis in ischemic model. However, the
underlying mechanism has not been clarified. By establishing an intestinal ischemia
reperfusion model in mice and hypoxia/reoxygenation model in Caco-2 cells, we
revealed that PINK1 inhibits mitochondrial fission and apoptosis via phosphorylating
dynamin-related protein 1 on Ser637. The PINK 1/dynamin-related protein 1 pathway
may provide a potential target in treatment of intestinal ischemia reperfusion injury.

Citation: Qasim W, Li Y, Sun RM, Feng DC, Wang ZY, Liu DS, Yao JH, Tian XF. PTEN-
induced kinase 1-induced dynamin-related protein 1 Ser637 phosphorylation reduces
mitochondrial fission and protects against intestinal ischemia reperfusion injury. World J
Gastroenterol 2020; 26(15): 1758-1774

URL: https://www.wjgnet.com/1007-9327/full/v26/i15/1758.htm

DOI: https://dx.doi.org/10.3748/wjg.v26.115.1758

INTRODUCTION

As a common and severe clinical pathophysiological condition, intestinal ischemia-
reperfusion (I/R) injury occurs in gut primary diseases [e.g., bowel transplantation,
and superior mesenteric artery (SMA) embolus] and is usually secondary to other
serious pathologies (e.g., trauma, shock, and burn)l'“l. Intestinal I/R inhibits the
survival of intestinal epithelial cells which are indispensable components of the
integrated intestinal barrier, and results in in-situ injuryt°. More seriously, barrier
dysfunction can lead to the spread of damage-associated molecular patterns and
bacterial translocation, which subsequently induces systemic inflammatory response
syndrome and multiple organ dysfunction syndrome with high incidence and
mortality ratesl®’l. Thus, preventing intestinal epithelial cell death is the key to
attenuate intestinal I/R injury and improve the prognosis.

Our previous studies reported that excessive reactive oxygen species (ROS) and
apoptosis were important factors contributing to cell injury during intestinal I/RE1.
Numerous studies have revealed that mitochondrial fission, a dynamic mitochondrial
process by which parental mitochondria are divided into two daughter mitochondria,
is closely associated with ROS production and apoptosis!'"'?. In I/R models, abnormal
mitochondrial fission is increased, leading to mitochondrial fragmentation, ROS
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production and apoptosis!*'?. However, whether mitochondprial fission participates in
intestinal I/R injury and the regulatory mechanism are still being unexplored.

Dynamin-related protein 1 (DRP1), a member of the dynamin family of large
GTPases, mediates mitochondrial fission!'”'*l. Upon challenge with an apoptotic
stimulus, DRP1 is recruited from the cytosol to the mitochondrial outer membrane,
where it preferentially localizes to potential sites of organelle division!**). Inhibition
of DRP1 function, mediated by the selective inhibitor mdivi-1 or small interfering
RNAs (siRNAs), blocked mitochondrial fission and apoptosis in I/R[F!22.
Phosphorylation is an important post-translational modification that can regulate the
function and localization of DRP1*. In some reports on Ser637, a widely studied
and highly conserved phosphorylation site of DRP1, modification of this site was
found to inhibit mitochondrial division by reducing DRP1 translocation to the
mitochondrial®?%l. Under I/R conditions, the phosphorylation of Ser637 was
decreased™; however, the mechanism of this reduction is still largely unknown.

PTEN-induced kinase 1 (PINK1), a type of mitochondrial serine/threonine-protein
kinase, is regarded as a protective protein for in mitochondrial homeostasis due to its
regulation of target protein phosphorylation”**]. PINK1 has been proven to protect
against cortical neuron death from ischemia by inhibiting the distribution of DRP1 in
mitochondrial™!. At present, PINK1 regulation of mitochondrial fission in intestinal
I/R injury is still not clear.

Accordingly, in this study, we aimed to clarify that mitochondrial fission could
participate in ROS generation and apoptosis during intestinal I/R injury, and that
PINK1 could regulate mitochondrial fission by dephosphorylating DRP1 at Ser637.

MATERIALS AND METHODS

Murine model of intestinal I/R and treatment

Adult healthy male C57BL/6 mice (aged 8 wk) weighing 20 + 2 g were obtained from
the Animal Center (SPF) of Dalian Medical University (Dalian, China). The mice were
fed suitable chow food and water and were housed in an environment with controlled
humidity (40%-70%), temperature (22 * 2 °C), and light (12 h light/dark). The mice
were divided randomly into two major parts First part, the mice were divided into
five groups: Sham group, I/R group with reperfusion for 1 h, 2 h, 4 h and 8 h. Then,
the mice were divided into four groups (sham group, sham + mdivi-1, I/R group, I/R
+ mdivi-1) and fasted overnight with free access to water before surgery. The
intestinal I/R model was established by SMA occlusion, as previously described*. In
brief, the mice were anesthetized with sodium pentobarbital via intraperitoneal
injection (40 mg/kg bodyweight) before midline laparotomy. After midline
laparotomy, the SMA was isolated, and an atraumatic clip was used to occlude the
SMA for 45 min. Upon completion of 45 min of ischemia, the clips were removed, and
reperfusion was then performed for 1 h, 2 h, 4 h and 8 h. Sham group animals
underwent the same protocol without SMA occlusion. The second major part was also
subjected to ischemia for 45 min and reperfusion for 4 h. In each mdivi-1-treated
group, the mice received an intraperitoneal injection of mdivi-1 (1.5 mg/kg body
weight, MedChem Express, United States) one hprior to I/R surgery. The mdivi-1 was
dissolved in DMSO to obtain 1.5 mg/kg body weight in a final volume of 1 mL per
injection. After reperfusion, the animals were sacrificed by exsanguination via the
abdominal aorta, and small intestinal samples were then harvested and frozen
immediately in liquid nitrogen and stored at -80 °C for analysis.

All the experimental procedures were performed in accordance with institutional
guidelines for the care and use of laboratory animals and were approved by the
Institutional Ethics Committee for Animal Experiments of Dalian Medical University
(Dalian, China).

Cell culture and hypoxia/reoxygenation model

Caco-2 cells were obtained from the American Type Culture Collection (ATCC,
Manassas, Virginia, United States) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, Carlsbad, CA, United States) supplemented with 10% fetal
bovine serum, 1% nonessential amino acids, 1% glutamine and penicillin/
streptomycin. The cells were maintained in a humidified atmosphere containing 5%
CO, at 37 °C. To generate the in vitro I/R model under hypoxic conditions, Caco-2
cells were incubated in a microaerophilic system (Thermo Scientific, Marietta, GA,
United States) with 5% CO, and 1% O, balanced with 94% nitrogen gas for 12 h. Then,
the cells were cultured for 6 h under normoxic conditions to achieve reoxygenation.

Transient siRNA transfection
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Caco-2 cells were cultured and transfected with specific PINK1 siRNA (si-PINK1)
(GenePharma, Shanghai, China) using Lipofectamine 3000 (Thermo Fisher Scientific
United States). Si-PINK1 had the following sequence: Forward (F) 5'-
GCCAGUACCUUUGUGUGAATT-3" and reverse (R) 5'-UUCACACAA-
AGGUACUGGCTT-3". PINK1 siRNA was utilized to inhibit of PINK1 expression, and
all transfection methods were applied according to the manufacturer’s protocol.

Plasmid construction and transient transfection

Caco-2 cells were transfected at 50%-60% confluence with a plasmid encoding the
PINK1 vector using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States). At
48 h after transfection, the cells were processed with different assays.

Western blotting

Total protein was extracted from intestinal tissue and Caco-2 cells using a commercial
protein isolation kit (KeyGEN Biotech, Nanjing, China). Equal protein amounts from
the samples were analyzed using 10%-15% SDS-PAGE (Bio-Rad, Hercules, CA,
United States) and then transferred to PVDF membranes (Millipore, Bedford, MA,
United States). The membranes were blocked with 5% nonfat milk or 5% BSA in TBS-
Tween buffer (0.1% Tween-20; pH 7.5) for 1 h at 37 °C. After blocking, the membranes
were incubated with primary antibodies against total DRP1, DRP1 Ser637 (Abcam,
Cambridge, United Kingdom), PINK1 (Santa Cruz Biotechnology, Santa Cruz, CA,
United States), caspase-3 (Proteintech, Wuhan, China), and p-actin (ZSGB-BIO,
Beijing, China) overnight at 4 °C. After washing, the membranes were incubated with
the corresponding homologous horseradish peroxide-conjugated secondary
antibodies for two hours at 37 °C. The bands were visualized using enhanced
Chemiluminescence Plus reagents (Beyotime Institute of Biotechnology, China).
Spectrophotometric analysis was performed with a BioSpectrum-510 multispectral
imaging system (UVP, Upland, CA, United States) and signals were analyzed using
Gel-pro Analyzer Version 5.0 (Media Cybernetics, Rockville, MD, United States).

Immunofluorescence staining

Caco-2 cells were seeded on glass bottom cell culture dishes. Pretreated cells were
incubated with 200 nmol MitoTracker Red CMXRos (ThermoFisher Scientific,
Massachusetts, United States) for 30 min at 37 °C in the dark and then washed with
PBS. Next, the cells were fixed using 4% paraformaldehyde for 30 min at room
temperature, washed three times with PBS, and permeabilized with 0.2% Triton X-100
in PBS for 10 min at room temperature. The cells were rinsed with PBS, blocked with
2% BSA in PBS for 1 h at 37 °C and then incubated with anti-DRP1 antibodies
overnight at 4 °C. After that, the cells were washed with PBS and incubated with
Alexa Fluor 594-conjugated secondary antibodies (Proteintech, China) at 37 °C for 1 h.
Subsequently, the cells were washed with PBS and counterstained with 4,6-
diamidino-2-phenylindole (DAPI; Beyotime, Shanghai, China) nuclear stain at room
temperature for 10 min. Finally, the cells were washed with PBS and examined under
a laser confocal microscope (Leica, Germany).

Co-immunoprecipitation

Total protein was extracted in IP lysis buffer (20 mmol Tris-HCL, 150 mmol NaCl, 1%
Triton X-100, pH 7.5). A sufficient amount of anti-DRP1 Ser637 antibody was added to
50 pL of binding buffer with already prepared protein A/G magnetic beads (Selleck
Chemicals, Houston, United States). The mixtures were gently rotated for 4 h at 4 °C.
Then, the tubes were placed on a magnet for 5-10 s and the supernatant was
discarded. The bead-Ab complexes were resuspended in 150 pL of binding buffer and
the supernatant was discarded again. This step was repeated twice. After that, 200 pg
protein was added to bead-Ab complexes and the mixture was rotated for 10 min at
room temperature. The precipitates were washed on the magnet four times with
binding buffer and then resuspended in 1x sample buffer and boiled for 10 min.
Finally, the supernatant was collected by centrifugation. Normal IgG (Beyotime
Institute of Biotechnology, Shanghai, China) was used as a negative control. Samples
were immunoblotted with anti-DRP1 Ser637 and anti-PINK1 antibodies.

Histological and TUNEL staining

For histological and TUNEL analyses, morphologic changes in the intestine and lung
were examined by light microscopy. In brief, the intestinal tissue was fixed in 4%
formalin, embedded in paraffin and sectioned. The sections (4 pm) were stained with
hematoxylin and eosin, and the histopathological scores of the intestinal tissues were
evaluated according to Chiu’s score. Intestinal TUNEL staining was performed using
an apoptosis detection kit (Roche, Branchburg, NJ, United States).
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Cell viability assay

Cell viability was assessed by CCK-8 (Dojindo Molecular Technologies, Tokyo, Japan)
assays. In brief, Caco-2 cells were seeded in 96-well plates and underwent appropriate
treatments. After that, 10 pL CCK-8 reagent was added to each well at 1/10 dilution
and incubated for 1 h at 37 °C. The absorbance of each individual well was measured
at 450 nm with a microplate reader (BioTek, Winooski, VT, United States).

Detection of mitochondrial ROS production

Caco-2 cells were seeded on glass bottom cell culture dishes. Pretreated cells were
washed twice with PBS and incubated with 5 pmol MitoSOX Red in DMEM for 10
min at 37 °C. After incubation, the cells were washed with PBS, Hoechst reagent was
added, and the cells were incubated for 10 min at 37 °C. The cells were examined
under laser confocal microscope to detect mitochondrial ROS levels.

Detection of mitochondrial fission

A mitochondrial fission assay was performed by staining cells with MitoTracker red.
Pretreated cells were washed with PBS and treated with 200 nmol MitoTracker Red
for 30 min at 37 °C. Laser confocal microscopy was used to observe mitochondrial
morphology.

Statistical analysis

All values are shown as the means + SD. The data with normal distributions were
compared using one-way analysis of variance (ANOVA) followed by Student-
Newman-Keuls test. A two-tailed Student’s t-test was used to compare the means
between two groups. Survival was assessed using the Kaplan-Meier method and
compared by the log rank test. All experimental results represented at least three
independent experiments. All statistical analyses were performed using GraphPad
Prism 5.0 (GraphPad Prism Software, La Jolla, CA, United States) P values < 0.05 were
considered statistically significant.

RESULTS

I/R reduces the expression of PINK1 and p-DRP1 Ser637 in the intestine

To determine whether the expression of PINK1, DRP1 and p-DRP1 Ser637 changes
with the reperfusion time after intestinal ischemia, C57BL/6 mice were used to
construct an intestinal I/R model. Mice in the I/R group were subjected to
reperfusion for 1, 2, 4, and 8 h after 45 min ischemia. The expression of proteins in
each group was detected by Western blotting. The results showed that there was no
significant difference in the expression of total DRP1 after different reperfusion times
(Figure 1A). However, the expression of p-DRP1 Ser637 and PINK1 was obviously
decreased in the I/R groups compared with the sham group after 4 h reperfusion
(Figure 1B and 1C). These results suggest that I/R decreased the mitochondrial
fission-related regulators p-DRP1 Ser637 and PINK1.

Mdivi-1 administration ameliorates intestinal I/R injury

The protective effect of mitochondrial fission inhibition has been revealed in the liver,
brain and kidney™***l. To determine whether this effect exists in intestinal I/R, we
established an in vivo model (45-min ischemia and 4-h reperfusion) in mice pretreated
with mdivi-1, a mitochondrial division inhibitor, as mentioned abovel’'l. The results
showed that I/R induced intestinal epithelial injury compared with the sham
conditions, and mdivi-1 administration protected the intestinal mucosa integrity
(Figure 2A, B). It is well known that lung injury is generally derived from intestinal
I/R injury; thus, we also assessed lung damage. As shown in Supplementary Figure
1A and 1B, mdivi-1 administration improved lung injury as detected by hematoxylin
and eosin staining. Meanwhile, the TUNEL assay indicated that excessive apoptosis
occurred in the I/R group, and mdivi-1 pretreatment attenuated apoptosis, as
indicated by the reduced green fluorescence intensity (Figure 2C). Furthermore, we
performed a 24-h survival study to evaluate the long-term protective effects of mdivi-
1. As shown in Supplementary Figure 1C, the overall survival rate was significantly
higher in the mdivi-1 group than in the vehicle group.

Next, Caco-2 cells were subjected to hypoxia/reoxygenation (H/R) in vitro to
simulate I/R in vivo. Cell viability was evaluated to observe the effect of mdivi-1 on
cell injury. Figure 3A shows that cell injury increased in the H/R group compared
with the control group, while mdivi-1 reduced the injury induced by H/R. Our results
indicate that inhibiting mitochondrial division by mdivi-1 can protect Caco-2 cells
from H/R-induced injury. To detect apoptosis, we performed Western blotting and
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Figure 1 Expression of proteins in the intestine after various reperfusion times. A-C: Dynamin-related protein 1, dynamin-related protein 1 Ser637 and PTEN-
induced kinase 1 expression at different reperfusion time points (n = 6). °P < 0.01, °P < 0.001 compared with the sham group. DRP1: Dynamin-related protein 1;
PINK1: PTEN induced kinase 1.
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TUNEL assays in Caco-2 cells. The results showed that cleaved caspase 3 (c-caspase 3)
protein expression and the number of apoptotic cells increased in the H/R group
compared with the control group; however, mdivi-1 reduced c-caspase 3 protein
expression and the number of TUNEL-positive cells (Figure 3B-3D).

Collectively, our results indicate that the mitochondrial division inhibitor mdivi-1
ameliorated intestinal I/R injury.

Mdivi-1 administration inhibits mitochondrial fission and ROS accumulation after
H/R in Caco-2 cells

Deep Red FM was used to assay the effect of mdivi-1 on mitochondrial fission. The
morphological features of the mitochondria were detected by confocal laser scanning
microscopy. As shown in Figure 4A, cells in the H/R group showed more obvious
mitochondrial fission with much more mitochondrial fragments than those in the
control group. However, mitochondrial fission was reduced in the mdivi-1 group
compared with the H/R group. Furthermore, we found that PINK1 and p-DRP1
Ser637 expression was decreased in the H/R group compared with the control group,
and mdivi-1 pretreatment increased the expression of these two proteins (Figure 4B
and 4C). In addition, ROS levels were increased in the H/R group compared with the
control group, and mdivi-1 administration decreased ROS levels in Caco-2 cells
(Figure 4D).

The results indicated that the mdivi-1 decreased mitochondrial fission and ROS
accumulation after H/R in Caco-2 cells.

PINK1 decreases mitochondrial fission and apoptosis induced by H/R in Caco-2

cells
Previous studies have revealed that PINK1 can prevent I/R injury in heart, brain and
liver>. To determine the effect of PINK1 in intestinal I/R, we knocked down or
overexpressed PINK1 in Caco-2 cells. As shown in Figure 5A and 5B, siRNA
transfection decreased PINK1 expression and cell viability compared with the H/R
group. Meanwhile, mitochondrial fragmentation, ROS accumulation and apoptosis
were aggravated in the PINK1 suppression group compared with the H/R group
(Figure 5C-5F). In contrast, compared with H/R alone, plasmid transfection increased
PINK1 expression and cell viability (Figure 6A and 6B). PINK1 upregulation inhibited
mitochondrial fragmentation, ROS accumulation and apoptosis compared with H/R
(Figure 6C-6F).

These results demonstrate that PINK1 plays a critical role in attenuating
mitochondrial fission, ROS accumulation and apoptosis in intestinal I/R.

PINK1 inhibits mitochondrial fission via targeting DRP1 at Ser637

The phosphorylation of DRP1 at Ser637 has been reported to suppress DRP1
activity™*l. The above results demonstrated that I/R stimuli decreased the expression
of PINK1 and p-DRP1 Ser637. Nevertheless, the association between PINK1 and p-
DRP1 Ser637 has not been explored. Thus, we transfected a siRNA and plasmid to
regulate the expression of PINK1. As shown in Figure 7A and 7B, PINK1 down-
regulation increased the recruitment of DRP1 to the mitochondria and decreased the
expression of p-DRP1 Ser637. In contrast, PINK1 overexpression decreased the
recruitment of DRP1 to the mitochondria and increased the expression of p-DRP1
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Figure 2 Mdivi-1 treatment ameliorates tissue injury and apoptosis in intestinal ischemia/reperfusion. A: Hematoxylin and eosin staining of the small intestine
(scale bar = 100 um); B: Chui's pathological score for the small intestine (n = 6); C: TUNEL staining of the small intestine (scale bar = 100 um. ®P < 0.01 compared
with the sham group; P < 0.05 compared with the ischemia/reperfusion group. I/R: Ischemia/reperfusion.

Ser637 (Figure 7C and 7D). Furthermore, we performed co-IP to determine the
relationship between PINK1 and p-DRP1 Ser637. Proteins isolated from intestinal
tissues showed colocalization between PINK1 and p-DRP1 Ser637 in the same
immunocomplex (Figure 7E).

Taken together, these results indicate that PINK1 may physically combine with
DRP1 at Ser637 and inhibit mitochondrial fission.

DISCUSSION

In the present study, we created an intestinal I/R mouse model to observe mito-
chondrial fission induced by 45 min ischemia and different reperfusion times. Our
results showed that the expression of PINK1 and phosphorylated DRP1 at Ser637
decreased and reached the lowest level at 4 h reperfusion in intestinal I/R. However,
the mechanism of mitochondrial fission in intestinal I/R remains unknown. Thus, we
further administrated mdivi-1 to mice, which may prevent intestinal I/R injury by
regulating mitochondrial homeostasis. The protein expression levels of PINK1 and
phosphorylated DRP1 Ser637 were significantly higher in the I/R + mdivi-1 group
than in the I/R group, demonstrating that a mitochondrial division inhibitor prevents
intestinal damage and apoptosis induced by I/R. Furthermore, mdivi-1 treatment
significantly reduced mitochondrial fission, ROS levels and c-caspase 3. The results
demonstrated that mitochondrial fission may play an important role in regulating
intestinal I/R injury.

It was reported that upon exposure of cultured neurons to oxidative and metabolic
pressure, mitochondria exhibited fragmentation and the fission protein DRP1 during
multiplying stages!”.. In the human neuroblastoma cell line sh-sy5y, PINK1
overexpression reversed mitochondrial fragmentation and suppressed DRP1
translocation from the cytosol to the mitochondria in Parkinson’s disease, while
PINK1 knockdown increased the severity of neuronal damagel’l. These results
revealed the association between PINK1 and DRP1 during mitochondrial dynamics
under stress conditions. Combined with our data, these results showed that PINK1
might play an endogenous protective role in intestinal I/R, affecting mitochondrial
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Figure 3 Mdivi-1 treatment protects cell viability and decreases apoptosis in Caco-2 hypoxia/reoxygenation cells. A: Cell viability was detected by the CCK8
method (n = 6); B: Representative Western blotting of cleaved caspase-3 protein expression in Caco-2 cells (n = 3); C: Effect of mdivi-1 on hypoxia/reoxygenation-
induced cell apoptosis detected by TUNEL assay (scale bar = 100 ym); D: TUNEL positive cell ratio in hypoxia/reoxygenation-induced cell apoptosis (n = 3). 2P <
0.05, ®P < 0.01, °P < 0.001 compared with the control group; 4P < 0.05, P < 0.01 compared with the hypoxia/reoxygenation group. c-caspase 3: Cleaved caspase 3;
H/R: Hypoxia/reoxygenation; TUNEL: Terminal-deoxynucleotidyl Transferase Mediated Nick End Labeling; DAPI: 4',6-diamidino-2-phenylindole.

fission, modulating oxidative status, and influencing cell damage.

It has been shown that restoring the blood supply to the intestine (the reperfusion
period) increases the damaging effects of tissue ischemic injury", partially due to a
release of ROSF’l. Mitochondria contribute to the majority of endogenous ROS
production, which causes cell injury. PINK1 is involved directly in regulating
mitochondrial morphology"™ and may have a protective role against mitochondrial
dysfunction. PINK1 has been demonstrated to have potential protective effects in
heart I/R and spinal cord ischemia models. In this study, compared with H/R group,
PINK1 knockdown decreased PINKI1 protein expression and increased mitochondrial
fission, as well as ROS levels and apoptosis. As expected, PINK1 overexpression
showed the opposite trend. All results support that PINK1 can protect against
intestinal I/R injury and that PINK1 protects cells by inhibiting mitochondrial fission.
PINK1 plays a very important role in intestinal I/R injury, which may provide
therapeutic treatment.

Mitochondria are dynamic organelles that maintain their shape and morphology by
means of two contradicting processes, fission and fusion”. Mitochondrial fission
participates in the constriction and cleavage of mitochondria via fission proteins, such
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Figure 4 Mdivi-1 administration inhibits mitochondrial fission and reactive oxygen species generation in Caco-2 hypoxia/reoxygenation cells. A: Deep Red
FM in Caco-2 cells (scale bar = 10 ym); B, C: Dynamin-related protein 1 and dynamin-related protein 1 Ser637 expression upon mdivi-1 administration (n = 3); D:
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Dynamin-related protein 1; PINK1: PTEN induced kinase 1; H/R: Hypoxia/reoxygenation.
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Hoechst

as DRP1 and mitochondrial fission 1 protein*’. The fusion process, on the other hand,
was involved in mitochondria lengthening by combining the membrane of two
nearby mitochondria. Mitofusin-1 and mitofusin-2 are mainly responsible for external
membrane fusion, while Opal is thought to intervene in internal membrane fusion!*l.
Mitochondrial fission was shown to start at 3 h after the beginning of reperfusion,
sometimes long before neuronal loss, in a focal cerebral ischemia model in mice,
revealing that fission is an upstream and early event in neuronal cell death!*l. Recent
studies also showed the potential role of PINK1/DRP1 in cerebral ischemial”. As
DRP1 has emerged as an important player in the anemia paradigm, PINK1, which
associates with upstream kinases to modulate DRP1, may play an important role in
intestinal I/R. In the present study, PINK1 knockdown increased DRP1 recruitment
towards mitochondria and decreased p-DRP1 Ser637 expression. In contrast, PINK1
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Figure 5 Inhibition of PTEN-induced kinase 1 aggravates mitochondrial fission, reactive oxygen species accumulation and apoptosis in Caco-2
hypoxialreoxygenation cells. A: The protein expression of PTEN- induced kinase 1 (PINK1) by Western blotting after PINK1 Small interfering RNA (siRNA)
transfection (n = 3); B: Cell viability was detected by CCK-8 assay (n = 6); C: Deep Red FM in Caco-2 cells (scale bar = 10 ym); D: MitoSOX assay in Caco-2 cells
(scale bar = 10 pm); E: PINK1 siRNA transfection increases intestinal cell apoptosis according to a TUNEL assay (length of the bar scale: 100 um); F: PINK1 siRNA
transfection increased intestinal cell apoptosis, as shown by the TUNEL positive cell ratio (n = 3). 2P < 0.05, ®P < 0.01, P < 0.001 compared with the control group; P
< 0.01 compared with the H/R group. DRP1: Dynamin-related protein 1; PINK1: PTEN induced kinase 1; ROS: Reactive oxygen species; CCK-8: Cell Counting Kit-8;
H/R: Hypoxia/reoxygenation; siRNA: Small interfering RNA; TUNEL: Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling; DAPI: 4',6-diamidino-2-
phenylindole.

overexpression decreased DRP1 recruitment towards mitochondria and increased p-
DRP1 Ser637 expression. Co-IP revealed that PINK1 combination with p-DRP1 Ser637
increased the phosphorylation of DRP1 at Ser637. Thus, we demonstrated that PINK1
plays a protective role in intestinal I/R injury through increasing DRP1 pho-
sphorylation.

Collectively, our research reveals that mitochonderial fission is an important cause
of ROS accumulation and apoptosis in intestine after I/R. Furthermore, PINK1 plays a
critical role in mitochondrial fission inhibition. DRP1 is negatively regulated by
PINK1 through binding with site Ser637. These findings indicate the potential
application of mitochonderial fission inhibition in intestinal I/R treatment.
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Figure 6 Promotion of PTEN-induced kinase 1 expression decreases mitochondrial fission, reactive oxygen species accumulation and apoptosis in Caco-
2 hypoxialreoxygenation cells. A: Representative Western blotting of PTEN-induced kinase 1 (PINK1) protein expression in Caco-2 cells (n = 3); B: PINK1
overexpression increased Caco-2 cell viability according to CCK-8 assay (n = 6); C: PINK1 overexpression decreases mitochondrial fission during
Hypoxia/reoxygenation (H/R) in Caco-2 cells according to MitoTracker staining (scale bars = 10 ym); D: PINK1 overexpression decreases reactive oxygen species
levels detected by MitoSOX during H/R in Caco-2 cells (scale bars = 10 um) (n = 3); E: TUNEL assay showing that PINK1 overexpression decreases apoptosis (scale
bar = 100 um); F: PINK1 overexpression decreases apoptosis, asindicated by the TUNEL-positive cell ratio (n = 3). 2P < 0.05, ®P < 0.01, °P < 0.001 compared with the
control group; P < 0.01 compared with the H/R group. PINK1: PTEN induced kinase 1; ROS: Reactive oxygen species; CCK-8: Cell Counting Kit-8; H/R:
Hypoxia/reoxygenation; TUNEL: Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling; DAPI: 4',6-diamidino-2-phenylindole.
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ARTICLE HIGHLIGHTS

Research background

PTEN-induced putative kinase (PINK1) is a novel regulator of mitochondrial homeostasis that
phosphorylates target proteins in mitochondria. PINK1 depletion has been identified to be
related to mitochondrial fragmentation, ROS accumulation and apoptosis. However, the
underlying regulatory mechanism of PINK1 in intestinal ischemia reperfusion (I/R) injury
remains unclear. Therefore, elucidation of the protective role of PINK1 may help to improve
tissue repair in I/R injury.

Research motivation

It is necessary to explore the function and target of PINK1 in mitochondrial regulation in
intestinal I/R injury. Previous studies have demonstrated that mitochondrial dysfunction-
induced apoptosis is an important cause of intestinal mucosal barrier damage and is associated
with a high mortality rate in clinical practice. Moreover, the role of PINK1 in the protection
against ischemic diseases has been clarified. These findings provide a basis for further study
regarding the mechanism and target of PINK1 during intestinal I/R injury.

Research objectives

In a previous study, we investigated the effect of PINK1 on mitochondrial fission after intestinal
I/R injury both in vivo and in vitro by gain- and loss-of-function approaches. Furthermore, we
explored the phosphorylation site of DRP1, which is a downstream target of PINK1. Our study
provides significant insight into the signaling mechanism of PINK1 during intestinal I/R injury
and may contribute to the future investigation of more effective therapies in clinical practice.

Research methods

Experiments used an in vivo mouse model and an in vitro Caco-2 cells models to better elucidate
the pathophysiological process of intestinal I/R injury. Hematoxylin and eosin staining, and
Chiu’s scoring system were used to demonstrate intestinal tissue injury. TUNEL and mitoSOX
staining was carried out to display and observe apoptotic cells and ROS accumulation. Gene
silencing and transfection were conducted to construct PINK1-depleted or PINKI-
overexpressing cells to complete functional studies in vitro. A series of in vitro experiments, such
as Western blotting, Cell Counting Kit-8 assays, and MitoTracker staining, were performed to
explore the effect of PINK1 on mitochondrial fission.

Research results

Experiments in vivo showed the correlation between PINK1 and mucosal injury after intestinal
I/R injury. The results of in vitro experiments showed a direct positive correlation of PINK1 with
mitochondrial protection and apoptosis inhibition after hypoxia/reoxygenation. This study
could be valuable as a basis for further studies on intestinal I/R injury and could potentially be
utilized for therapeutic enhancement in clinical practice. Some limitations did exist: The in vivo
study should be better designed to clarify causation and biological linkage, and PINK1 knockout
mouse models would be helpful. Clinical samples are also needed to better support the
application to human beings.

Research conclusions
PINK1 plays a positive role in mitochondrial homeostasis and apoptosis inhibition in intestinal
I/R injury. This study reveals that PINK1 could improve the phosphorylation of DRP1 at Ser637.
Targeting the PINK1/DRP1 pathway may increase the therapeutic potential for intestinal I/R
injury in clinical practice.

Research perspectives

Our study illuminates the role of PINK1 in mitochondrial protection in intestinal I/R injury.
Other researchers have reported that PINK1 is associated with mitophagy under I/R stress.
Thus, the link between PINK1 and mitophagy in intestinal I/R needs further investigation.
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