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ABSTRACT

Aims: Mitochondrial dysfunction has been regarded as one of the hallmarks of cerebral ischemia-reperfusion
injury. In previous studies, we have provided evidence that the extracellular signaling pathway (ERK) 1/2 in-
hibitor PD98059 improved the neurological deficits by modulating antioxidant and anti-apoptotic activities in
rats subjected to cardiac arrest/cardiopulmonary resuscitation (CA/CPR). Since oxidative stress can activate
mitochondria-dependent apoptosis and autophagy, we further explored the effects of PD98059 on mitochondria
involved with apoptosis and autophagy in rat CA model.

Materials and methods: We disposed PD98059 in CA/CPR rats, tested the mitochondrial-mediated apoptosis
pathway in brain tissues at 24 h post-resuscitation by mitochondrial permeability transition pores (MPTP), cy-
tochrome ¢ (CytC), BCL-2, BAX, caspase-3, as well as autophagy by LC3, Beclin-1, and p62. Furthermore, we
explored the relationship of dynamin-related protein 1 (Drpl) with apoptosis and autophagy.

Key findings: Our study showed that PD98059 decreased the openings of MPTP, CytC release, caspase3 activa-
tion, apoptotic indices, LC3-II, Beclin-land increased P62. PD98059 also inhibited mitochondria-dependent
apoptosis and the activity of autophagy in a dose-dependent manner in rat cerebral cortices at 24 h post-re-
suscitation. The generation of phosphorylated Drp1-616 was down-regulated accompanied by a decrease of
TUNEL-positive cells and LC3 in dual immunostaining after PD98059 inhibited activation of ERK signaling
pathway in a dose-dependent manner in rat cerebral cortices at 24 h post-resuscitation.

Significance: PD98059 protects the brain against mitochondrial-mediated apoptosis and autophagy at 24 h post-
resuscitation in rats subjected to CA/CPR, which is linked with the downregulation of Drpl expression.

1. Introduction

of the apoptosis-associated enzyme known as caspase-3 [12]. Accu-
mulated evidence has suggested that CIR may promote apoptotic cell

When cerebral ischemia occurs, the restoration of blood supply to
the tissues can result in cerebral ischemia-reperfusion injury (CIRI) due
to the high degree of oxidative stress [1-5]. Mitochondrial dysfunction
has been regarded as one of the hallmarks of CIRI [6,7]. Mitochondrial
damage plays essential roles in metabolic disorders, energy defi-
ciencies, and cell death as apoptosis [8], autophagy [9], and necroptosis
[10].

Apoptosis can be mediated by mitochondria-initiated intrinsic
pathway. In cerebral ischemia-reperfusion (CIR), the opening of the
mitochondrial permeability transition pores (MPTP) [11] result from
the overproduction of free radicals. In return, high levels of cytochrome
¢ (CytC) are released into the cytoplasm, which induces the expression

death through a mitochondrial-dependent pathway [13,14]. This phe-
nomenon was verified by Zhou et al. [15] and Wu et al. [16] in the
brains of rats after cardiac arrest/cardiopulmonary (CA/CPR).

Autophagy is a natural mechanism of regeneration required for the
maintenance of cellular homeostasis in humans. Several studies have
shown direct correlations between autophagy levels and cell death in
vitro and in vivo [17,18]. In addition, there is growing evidence sup-
porting the notion that increased levels of reactive oxygen species
(ROS) in damaged mitochondria after CIR can mediate the autophagy
pathway [9]. Previously, Lu et al. [19] showed that autophagy could
induce and promote the injury of nerve cells in a rat CA model.

The dysfunction of mitochondrial fission and fusion dynamics can
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induce cellular stress and ultimately cell death [20,21]. Dynamin-re-
lated protein 1 (Drpl) is a cytosolic protein to interact with the outer
membrane of mitochondria to regulate mitochondrial fission. The ex-
cessive activation Drpl disrupts the homeostasis and functioning of the
mitochondrial network, which leads to impaired mitochondrial func-
tion and cell stress. In addition, Drpl-mediated Bnip3-induced autop-
hagy and its downregulation have been shown to suppress the forma-
tion of autophagosomes in response to glucose deprivation
cardiomyocyte [20]. In previous studies, fission was found to be a ne-
cessary prerequisite for cellular apoptosis [21]. Hence, further research
into the roles of mitochondrial injury and Drp1l dysfunction in apoptosis
and autophagy may help physicians better assess and treat CIR patients
in the clinic.

In our previous study, we showed that an ERK 1/2 inhibitor
PD98059 could improve the neurological deficits in rats by promoting
antioxidant activities and anti-apoptosis functions in a post-resuscita-
tion global CIRI model [22]. However, the anti-apoptotic effect asso-
ciated with the mitochondria-dependent pathway requires further in-
vestigation. Moreover, it is important to consider the strong
relationship that exists between apoptosis and autophagy [23]. There-
fore, in the current study, we further explored the effects of PD98059
on mitochondrial-dependent pathway apoptosis and autophagy. In ad-
dition, we investigated the relationship that Drpl has with apoptosis
and autophagy using a rat CA/CPR model. We determined the following
indices of brain tissue: apoptosis-related MPTP, Cyt C, BCI-2, BAX,
caspase-3, and TUNEL staining; autophagy-related protein LC3, Beclin-
1, and p62 protein; Drpl-related apoptosis and autophagy showed by P-
Drp/TUNEL and P-Drp/LC3 dual-staining.

2. Materials and methods
2.1. Animal preparation and animal grouping

Male Sprague-Dawley rats (210-270g), aged 6 to 8 weeks, were
purchased from the Experimental Animal Center of Guangxi Medical
University (Nanning, P. R. China). The experimental protocol was ap-
proved by the Animal Ethics Committee of Guangxi Medical University.
The experiments were also conducted in a manner that addressed the
key elements of the ARRIVE Guidelines.

A total of 135 rats were randomly divided into five groups, in-
cluding: (1) sham operation group (Sham, n = 15), the same procedure
without CA/CPR in healthy rats; (2) Saline group (CA, n = 30), CA
6 min, femoral vein injection of saline after restoration of spontaneous
circulation (ROSC); (3) Dimethylsulfoxide (DMSO) group (DMSO,
n = 30), a control vehicle group, CA 6 min, femoral vein injection of 5%
DMSO after ROSC; (4) PD98059 (PDO0.15, n = 30), CA 6 min, femoral
vein injection of 0.15mg/kg PD98059 after ROSC; and (5) PD98059
group (PDO0.3, n = 30), CA 6 min, femoral vein injection of 0.3 mg/kg
PD98059 after ROSC.

2.2. Creation of the CA/CPR rat model

The CA model was created using methods described previously
[24]. In brief, an alternating current of 12V from a stimulator
(Chengdu Technology & Market Co. Ltd., China) was sent through a
pacing electrode located in the esophagus to induce CA. After 6 min of
untreated CA, CPR was initiated. Manual Chest compressions (180 per
minute) were controlled following the pace from a metronome, with a
depth of 25%-30% of the anterior posterior diameter of the animal's
chest and with equal compression-relaxation duration by the same in-
vestigator. Animals were orally intubated, followed by mechanical
ventilation (DH-150, The Medical Instrument Department of Zhejiang
University, China), a volume-controlled small animal ventilator, with
room air at a rate of 70 strokes/min, a tidal volume of 6 ml/kg, and a
positive end expiratory pressure (PEEP) of 0 cmH,O. After 1 min of
CPR, one dose of epinephrine (20 mgkg ™ ') was given through the left
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femoral vein catheter. ROSC was defined as an organized cardiac
rhythm with the mean aortic pressure of > 60 mmHg for =1 min. The
rats were injected intravenously with saline, 5%DMSO, 0.15mg/kg
PD98059 or 0.3mg/kg PD98059 within 1min after ROSC. The re-
suscitation efforts were ceased when there was a failure to ROSC after
3 min of CPR. From anesthesia to awakening, the rat's rectal tempera-
ture was monitored continuously and maintained by a heating lamp at
37.0 £ 0.5°C. After awakened completely, rats were returned to their
cages with dry bedding and housed in an air-conditioned and peaceful
room (room temperature 27 °C).

2.3. Survival observation and neurological evaluation

Survival rate and neurologic deficits were evaluated at 24 h post-
resuscitation. Neurological deficit scores (NDS) were assessed using a
method created by Jia et al. [25]. In brief, NDS includes the level of
consciousness, exercise, sensory function, breathing pattern and beha-
vior. Neurologic deficits were scored from O (death or brain death) to
80 (no observed neurologic deficit). Two independent investigators
measured the NDS in the assessment and reached an agreement. The 15
rats in each group that survived were used for the subsequent im-
munoblotting and immunostaining tests to evaluate the occurrence of
apoptosis and autophagy in the cerebral cortex.

2.4. Preparation of brain tissues

The 15 rats that survived were anesthetized using pentobarbital
(60 mg/kg, i.p.) at 24 h post-reperfusion. The cerebral cortices of 4 rats
in each group were detached for isolation of the mitochondria, while
the cerebral cortices of the other 8 rats were immediately stored at
—80 °C for immunoblotting and frozen sections. Three of the 15 sur-
viving rats were perfused with 4% paraformaldehyde for tissue fixation
to make tissue sections. The tissue sections were used for observing
autophagy by electron microscopy, immunofluorescence and im-
munohistochemistry.

2.5. TUNEL staining and observation of autophagy by electron microscopy

Cell apoptosis was detected by fluorescence microscopy using the
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay kits (Hoffmann La Roche Ltd., Basel, Switzerland) based on the
manufacturer's instructions. The percent of apoptotic cells was calcu-
lated as the ratio of TUNEL-positive cells divided by the number of total
neurons using five fields of focus for each group.

We used a transmission electron microscope (TEM) to observe the
autophagosomes formation at 24 h reperfusion in rat cortex following
CA/CPR. 4% paraformaldehyde (pH 7.4, precooled to 4 °C) was per-
fused through left ventricle of the anesthetized rat heart, and a fraction
of the left cerebral cortex layer was extracted and put it into 2.5%
glutaraldehyde. The cortical area was fixed with 1% osmium tetroxide,
and then dehydrated and embedded in epoxy resin. According to the
standard principle of three-dimensional localization, 100 nm sections
were randomly cut, mounted on a copper mesh, double stained with
lead citrate and uranyl acetate, and then placed under TEM for ob-
servation morphology of the autophagosomes. Images were recorded
and examined under an H-7650 TEM (Hitachi, Tokyo, Japan).

2.6. MPTP openings

Opened MPTPs were detected using an MPTP assay kit (Genmed
Scientific, Inc., Shanghai, P. R. China) in mitochondria extracted from
the tissue samples. Fluorescence intensity was measured using a
monochromator microplate reader with an excitation of 488 nm and
emission of 505 nm (Safire II, Tecan, Switzerland).
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2.7. Western blot analysis

The protein was extracted from the brain tissues and mitochondria
for western blot analysis. The protein lysates of 10-20 pl extracted from
the brain tissues or mitochondria were separated on 10-15% sodium
dodecyl sulfate-polyacrylamide gels by electrophoresis (SDS-PAGE) and
transferred onto PVDF membranes. The PVDF was blocked with 5%
bovine serum albumin for 1 h and incubated overnight at 4 °C with the
corresponding primary antibodies. The primary antibodies were as
follows: caspase-3 (CST, #9664), BCL-2 (ab194583), BAX (CST,
#14796), CytC (CST, #11940), COX-IV (CST, #4850), LC3A/B (CST,
#12741), Beclin-1 (CST, #3495), P62 (MBL, PM045), P-Drp (CST,
#4494), Drp (CST, #8570), -Actin (CST, #4970), GAPDH(ab181602),
ERK1/2(ab184699) and P-ERK1/2 (ab76299).

2.8. Dual-immunofluorescence and immunohistochemical staining of tissues

Dual-staining for LC3 and TUNEL was detected using a fluorescence
imaging strategy. After the slides were dewaxed, repaired, and sealed,
the sections were incubated overnight at 4 °C with monoclonal anti-
bodies against LC3 (1:50 dilution). Next, the sections were incubated
with the secondary antibody (goat anti-rabbit IgG H&L Alexa Fluor 488,
ab150079) and TUNEL reaction mix for 60 min at 37 °C.

Dual-staining for P-Drp and LC3 was detected using the fluorescence
imaging strategy. Harvested brain samples were immediately frozen at
—80°C and cut using the CM1950 Cryostat Microtome (Leica,
Windhagen, Germany). The sections were incubated with 10% normal
goat serum at room temperature and the monoclonal antibodies against
P-Drp (1:50 dilution) and LC3 (1:50 dilution) overnight at 4 °C. Next,
the sections were incubated with the secondary antibodies (goat anti-
rabbit IgG H&L Alexa Fluor 488 and goat anti-mouse IgG H&L Alexa
Fluor 594) for 60 min at 37 °C.

Dual-staining for P-Drp and TUNEL were analyzed by im-
munohistochemistry. After the sections were dewaxed, repaired,
blocked and sealed, the sections were incubated overnight at 4 °C with
the monoclonal antibody against P-Drpl (1:100 dilution). Next, the
sections were incubated with the biotinylated secondary antibody and
horseradish peroxidase-linked streptavidin for 1 h at room temperature.
Peroxidase activity was demonstrated with 3,3’-Diaminobenzidine
(DAB). TUNEL staining was performed using the In-Situ Cell Death
Detection Kit (Roche, Mannheim, Germany).

2.9. Statistical analysis

Data were presented as mean * standard deviation (SD) unless
otherwise stated. Comparisons of the following indicators among mul-
tiple groups were made using the one-way analysis of variance
(ANOVA): baseline parameters, CPR duration, apoptotic indexes,
MPTPs, the overlapping coefficient of TUNEL/LC3, co-expression of P-
Drpl/TUNEL, co-expression of P-Drpl/LC3 and various protein con-
centrations. The Kruskal-Wallis test was used for comparison of the
survival rate and NDS. SPSS version 21.0 for Windows (IBM, Chicago,
IL, USA) was used for the statistical analysis. Any p-values < 0.05 were
considered statistically significant.

3. Results

3.1. PD98059 improved the survival and NDS of rats at 24 h post-
resuscitation

As shown in Table 1, when compared to the Sham group, the CA and
DMSO groups showed lower survival rates (CA, P < 0.01; DMSO,
P < 0.05) and NDS (CA, DMSO, P < 0.001). As expected, there were
no significant differences between the CA and DMSO groups. The PD-
treated groups had higher survival rates than the CA group (PDO0.15,
P < 0.05; PD0.3, P < 0.01) and higher NDS than the CA group
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Table 1
Survival rate and NDS in rats at 24 h post-resuscitation.

Group Survival rate n CPR duration NDS

Sham 15/15 (100%) 15 - 80 (80, 80)

CA 15/30 (50%) 15 82.9 * 15.5 68 (66, 72)

DMSO 20/30 (66.7%) 20 835 * 11.2 69.5 (65.5, 71.5)
PD0.15 24/30 (80%)” 24 81.2 = 12,5 72 (69, 73)

PDO0.3 26/30 (86.7%)" " 26 82,5 + 11.3 75 (74, 76)" 7 7955.0@

Survival rate is represented as a ratio, CPR duration is represented as
mean + standard deviation, NDS is represented as median + interquartile
range. CPR: cardiopulmonary resuscitation; NDS: neurological deficit scores.

* P < 0.05.

= P < 0.01.

*# P < 0.001 vs. the Sham group.

# P < 0.05.

## p < 0.01.

### p < 0.001 vs. the CA group.

$8$ p < 0.001 vs. the DMSO group.

@@ p < (.01 vs. the PD0.15 group.

(PDO.15, PD0.3, P < 0.001) and DMSO group (PD0.3, P < 0.001).

3.2. PD98059 decreased TUNEL positive neurons in a dose-dependent
manner at 24 h post-reperfusion in the cortices of rats following CA/CPR

The fluorescence signals of TUNEL and DAPI staining in the cortex
were shown in Fig. 1A. The apoptotic rates of cells were shown in
Fig. 1B. The apoptotic rates in CA and DMSO groups were significantly
higher than the Sham group (CA, DMSO, P < 0.001). The apoptosis
rate in the PD0.3 group was significantly lower than the other study
groups (CA, DMSO, PD0.15, P < 0.001).

3.3. PD98059 reduced the opening of MPTPs and the mitochondrial release
of CytC in a dose-dependent manner at 24 h post-reperfusion in the cortices
of rats following CA/CPR

MPTP opening activity was inversely proportional to fluorescence
intensity. As shown in Fig. 2A, the fluorescence intensities in the CA
and DMSO groups were significantly weaker than the Sham group (CA,
DMSO, P < 0.01). However, the fluorescence intensity in the PD0.3
group was significantly stronger than the other study groups (CA,
DMSO, PD0.15, P < 0.05). As shown in Fig. 2B-D, the releases of CytC
from the mitochondria to the cytoplasm in CA and DMSO groups were
significantly higher than the Sham group (CA, DMSO, P < 0.05). CytC
release from the mitochondria to the cytoplasm in the PD0.3 group was
significantly less than the other study groups (CA, DMSO, PDO0.15,
P < 0.05).

3.4. PD98059 significantly decreased cleaved-caspase-3 and BAX
expression and increased the BCL-2 and BCL-2/BAX ratio in a dose-
dependent manner at 24 h post-reperfusion in the cortices of rats following
CA/CPR

As shown in Fig. 3A, there was significantly more cleaved-caspase3
generated in the CA and DMSO groups when compared with the Sham
group (CA, DMSO, P < 0.01). Cleaved-caspase3 generation in the
PD0.3 group was significantly less than the other study groups (CA,
P < 0.01; DMSO, PD0.15, P < 0.05). As shown in Fig. 3B, the CA
group displayed higher BAX expression than the Sham group
(P < 0.05), while the PD0.3 group showed lower BAX expression than
the other study groups (CA, DMSO, P < 0.01; PD0.15, P < 0.05).

As shown in Fig. 3C, the CA and DMSO groups displayed lower BCL-
2 expression than the Sham group (CA, DMSO, P < 0.01). However,
the PD0.3 group showed higher BCL-2 expression than the other study
groups (CA, DMSO, PD0.15, P < 0.05). As shown in Fig. 3D, the BCL-
2/BAX ratios in the CA and DMSO groups were lower than the Sham
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Fig. 1. Fluorescent signal of TUNEL in cortex.
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A. The fluorescent signal of TUNEL and DAPI staining in cortex. TUNEL staining to monitor DNA damage (red) and DAPI staining to monitor morphological changes
of nuclei (blue). (All images are shown with original magnification x 200). B. Cell apoptotic rates. All data above are represented as mean = standard deviation.
(**P < 0.001versus Sham group; **#P < 0.001versus CA group; ®©@P < 0.001versus DMSO group; ***P < 0.001versus PDO0.15 group.)

group (CA, P < 0.01; DMSO, P < 0.05). The BCL-2/BAX ratio in the
PDO0.3 group was higher than the other study groups (CA, DMSO,
PDO0.15, P < 0.01).

3.5. Characterization of autophagy by TEM

The characteristic morphology of the autophagosomes and auto-
lysosomes showed double or multi-membrane structures that contained
high-electron-density substances in the CA and PD groups, whereas,
more in CA group. (Fig. 4A,B) And that, every stage of autophagy
feature can be detected in CA group, which were showed in Fig. 4A.

3.6. PD98059 significantly reduced LC3II and Beclin-1 expression and
increased P62 expression in a dose-dependent manner at 24 h post-
reperfusion in the cortices of rats following CA/CPR

As shown in Fig. 4C, LC3II/LC3I expressions in the CA and DMSO
groups were significantly higher than the Sham group (CA, DMSO,
P < 0.05). However, LC3II/LC3I expression in the PD0.3 group was
significantly lower than the other study groups (CA, DMSO, PDO0.15,
P < 0.05). As shown in Fig. 4D, Beclin-1 expressions in the CA and
DMSO groups were significantly higher than the Sham group (CA,
DMSO, P < 0.01). However, Beclin-1 expression in the PD0.3 group
was significantly lower than the other study groups (CA, P < 0.01;
DMSO, PDO0.15, P < 0.05). As shown in Fig. 4E, P62 expressions in the

A $
25000+
@ e Sham
S 20000 # = CA
g Ao DMSO
§1sooo- *x ** > v PDO0.15mg/kg
@ + PDO0.3mg/k
& 10000 s
: I F
g *
2 5000
0 T T T v T
& ho O Y S
é(@ (&) 0“9 6@* <§4-
&“o s
&
¢ 0.15 S
. @ ® Sham
= ° # = CA
D 0.101 i 4 DMSO
% . . . v PDO0.15mg/kg
4 + PDO0.3mg/kg
(8] o
é 0.054
& Y
0.00 . : : : T
& o ) Y ©
@ (&) “f.v q\ N
@ &
o
L Q

CA and DMSO group were significantly lower than the Sham group (CA,
DMSO, P < 0.001). However, P62 expression in the PD0.3 group was
higher than the other study groups (CA, DMSO, PD0.15 P < 0.001).

3.7. While PD98059 inhibited the phosphorylation of ERK1/2 (P-ERK1/2)
in a dose-dependent manner at 24 h post-reperfusion in the cortices of rats
following CA/CPR, the total protein levels of ERK1/2 (P-ERK1/2) remained
unchanged

As shown in Fig. 5A, western blot analysis of P-ERK1/2 and ERK1/2
revealed that P-ERK1/2 was expressed significantly higher in the CA
and DMSO groups when compared with the Sham group (CA,
P < 0.01; DMSO, P < 0.05). P-ERK1/2 expression in the PD0.3 group
was significantly lower than the other study groups (CA, P < 0.001;
DMSO, PDO0.15, P < 0.01). Injection of PD98059 reduced P-ERK1/2
expression in a dose-dependent manner at 24 h post-reperfusion in the
rats.

3.8. PD98059 significantly decreased P-Drpl (s616) generation in a dose-
dependent manner at 24 h post-reperfusion in the cortices of rats following
CA/CPR

As shown in Fig. 5B, P-Drpl (s616) expressions in the CA and DMSO

groups were significantly higher than the Sham group (CA, P < 0.01;
DMSO, P < 0.05). P-Drpl expression in the PD0.3 group was lower
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Fig. 2. Fluorescence value indicating the opening of MPTP and Western blot analysis of CytC in cytoplasm and mitochondria.

A. Fluorescence value indicating the opening of MPTP B. CytC protein in cytoplasm C. CytC protein in mitochondria D. Representative western blots of CytC in
cytoplasm and mitochondria. Band intensities of CytC in cytoplasm and mitochondria were normalized to B-actin and COXIV, respectively. All data above are
represented as mean * standard deviation. n = 4 each group. MPTP, mitochondrial permeability transition pore (*P < 0.05, **P < 0.01lversus Sham group;
#P < 0.05versus CA group; ®P < 0.05versus DMSO group; *P < 0.05versus PD0.15 group.)
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Fig. 3. Western blot analysis of cleaved-caspase3, BAX and BCL-2.
A. Western blot analysis of cleaved-caspase3 B. Western blot analysis of BAX C. Western blot analysis of BCL-2 D. The ratio of BCL-2/BAX E. Representative western

blots of cleaved-caspase3, BAX and BCL-2. Band intensities were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). All data above are represented

as mean =

standard deviation. n = 4 each group. (*P < 0.05, **P < 0.01lversus the sham group; P < 0.05, **P < 0.01versus the CA group; ®P < 0.05,

@@p < 0.01versus the DMSO group; 5P < 0.05, P < 0.01versus the PD0.15 group.)

than the other study groups (CA, P < 0.01; DMSO, PD0.15, P < 0.05).

3.9. Dual-labeling by TUNEL and LC3, P-Drp1 and TUNEL, P-Drpl and
LC3 in the cortices of rats following CA/CPR

To corroborate the association between apoptosis and autophagy in
our CA model, we examined the co-localized expression of TUNEL/LC3
by dual-stain immunofluorescence at 24 h post-reperfusion in rat cor-
tices following CA/CPR. As shown in Fig. 6A-B, the overlapping coef-
ficients of TUNEL/LC3 in the CA and DMSO groups were higher than
the Sham group (CA, DMSO, P < 0.001). However, the overlap coef-
ficient of TUNEL/LC3 in the PD0.3 group was significantly lower than
the other study groups (CA, DMSO, PD0.15, P < 0.001).

To corroborate the association between the mitochondria dynamic
protein and apoptosis in our CA model, we examined the co-localized
expression of P-Drpl/TUNEL by dual-stain immunohistochemistry at
24 h post-reperfusion in rat cortices following CA/CPR. As shown in
Fig. 6C-D, the co-localized expressions of P-Drpl/TUNEL in the CA and
DMSO groups were higher than the Sham group (CA, DMSO,
P < 0.01). However, the co-localized expression of P-Drpl/TUNEL in
the PD0.3 group was significantly lower than the other study groups

(CA, P < 0.01; DMSO, PDO0.15, P < 0.05).

To corroborate the association between mitochondria dynamic
protein and autophagy in our CA model, we examined the co-localized
expression of P-Drpl/LC3 by dual-stain immunofluorescence at 24 h
post-reperfusion in rat cortices following CA/CPR. As shown in
Fig. 6E-F, the co-localized expressions of P-Drpl/LC3 in the CA and
DMSO groups were higher than the Sham group (CA, DMSO,
P < 0.01). However, the co-localized expression of P-Drpl/LC3 in the
PDO0.3 group was significantly lower than the other study groups (CA,
DMSO, PD0.15, P < 0.001).

4. Discussion

In this study, we again observed PD98059-treated CPR outcomes
and showed the same trend of improving the survival rate and NDS as
our previous study [22].

Our study showed that PD98059 reduces apoptosis in cerebral
cortical cells, which was accomplished through a mitochondrial
pathway by decreasing the openings of MPTP, the release of CytC, the
activation of caspase3 and increasing the expression of BCL-2. The
MPTP is a large conductance channel in the mitochondrial inner



J.-H. Zheng, et al.

P00 18tk
PO23m3kg

POO.15mgky Eecie1
POOSmkg

e

]
-3

Life Sciences 232 (2019) 116618

Fig. 4. Electron microscopy of autophagy and Western blot analysis of LC3, Beclin-1 and P62.

A. Every stage of autophagy feature. Autophagic bilayer membrane was indicated by arrow in a, autophagosome in b, lysosome binding with autophagosome in c,
autolysosome in d, degraded autophagosome in e. Images were acquired with an electron microscope at 80000 x (scale bar, 200 nm). B. Autophagy in all group.
Autophagosomes and autolysosomes were indicated by arrow. Images were acquired with an electron microscope at 30000 X (scale bar, 1um). A close-up from the
image is shown in left panel at 80000 x (scale bar, 200 nm) C. Western blot analysis of LC3II/LC3I D. Western blot analysis of Beclin-1 E. Western blot analysis of P62
F. Representative western blots of LC3II/LC3I, Beclin-1and P62. n = 4 each group. (*P < 0.05, **P < 0.01, ***P < 0.001vs Sham group; #p < 0.05, ##P < 0.01,
###p < 0.001vs CA group; ®P < 0.05, ®@@p < (.001vs DMSO group; *P < 0.05, 3*p < 0.001vs PD0.15 group.)

membrane that allows molecules up to 1.5 kD to non-selectively pass in
response to a stimulus. The irreversible opening of MPTP is involved in
cell necrosis through a variety of mechanisms, including ischemia/re-
perfusion [26]. The opening of the MPTP leads to mitochondrial
swelling and the disruption of the mitochondrial inner and outer
membrane, which results in the release of CytC from the mitochondria
[27] and the activation of apoptosis-related enzymes, including cas-
pase-3 [12]. As an anti-apoptotic protein, Bcl-2 helps preserve the mi-
tochondrial integrity by suppressing the release of CytC [28]. Pre-
viously, Li et al. [29] demonstrated that the CytC expression in the
brain cytoplasm was significantly up-regulated after CPR, which re-
sulted in the activation of apoptotic pathways. These findings are
consistent with our results. ERK activity has been shown to directly lead
to mitochondrial membrane disruption and CytC release in human
cervical carcinoma HeLa cells and melanoma A375-S2 cells [30,31].

Our results suggest that ERK inhibition can protect the mitochondria by
negatively regulating apoptosis.

Apart from apoptosis, autophagy is closely linked with CIRI. Lu
et al. [19] reported that autophagy could be induced in a rat asphyxia
CA/CPR model. Our study showed similar findings demonstrating in-
creased expression of LC3-II and Beclin-1 and decreased expression of
P62 at 24 h post-reperfusion in rats subjected to CA/CPR. Previous
studies have shown that the activation of ERK promotes autophagy
through the direct phosphorylation of Gai3-interacting protein, a po-
sitive regulator of autophagy initiation [32]. Our work has shown that
increases in autophagy activity through morphological and protein
expression analyses. In terms of the morphology, every phase of au-
tophagy was observed in the CA group, including the formation of the
membrane bilayer, autophagosome formation, lysosomes binding with
the autophagosomes, and the intact autolysosomes and degraded
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Fig. 5. Western blot analysis of P-ERK1/2, ERK1/2 and P-DRP1, DRP1.

A. Ratios of P-ERK1/2 versus ERK1/2 protein B. Ratios of P-DRP1 versus total DRP1 protein C. Representative western blots of P-ERK1/2, ERK1/2 and P-DRP1,
DRP1. Band intensities normalized to GAPDH. All data above are represented as mean =+ standard deviation. n = 4 each group. ERK, extracellular signal-regulated
kinase; DRP1, dynamin related protein 1. (*P < 0.05, **P < 0.01 versus Sham group; ##p < 0.01, **#P < 0.001versus the CA group; @p < 0.05,

@@p < 0.01versus DMSO group; *P < 0.05, 3P < 0.01 versus PD0.15 group.)

autophagosomes. While a few autophagosomes were observed in the
PD-treated groups, the complete processes were not observed. For the
protein expression analysis, we examined the expression of Beclin-1,
LC3 II and p62 to reflect activated autophagy. PD98059 reversed the
increased expression of LC3-II and Beclin-1 as well as the decreased
expression of P62. These results suggested that ERK inhibition helps
protect the brain against excessive autophagy in CIRI. However, an-
other researcher reported reduced levels of autophagy in a rat CA/CPR
model [33]. These differences in outcomes may be due to the severity of
injuries and the observational time points chosen for follow-up.

PD98059 inhibited both apoptosis and autophagy regarding with
down-regulation of p-Drpl-616, which was showed by decreased
double positive cells of p-Drpl/TUNET and p-Drp1/LC3 respectively in
the study. Previously, ERK-mediated Drpl phosphorylation was re-
ported to be involved in IGF-IIR-induced autophagy [34]. In contrast,
the overexpression of a Drpl-dominant negative mutant (Drp1K38A)
can delay apoptosis [35]. Drpl downregulation suppresses the forma-
tion of autophagosomes in response to glucose deprivation in cardio-
myocytes [20]. Apart from Drpl, some apoptotic-related proteins can
also affect autophagy. For example, the anti-apoptotic protein Bcl-2
represses autophagy by interacting with Beclin-1 [23], and dissociation
of the Beclin1-Bcl-2 complex triggers autophagy. In addition, Feng et al.
[36] showed that salidroside-ameliorated apoptosis and autophagy was
accomplished by inhibiting the activation of MAPK signaling in a mouse
ischemia reperfusion liver. In this study, increased Bcl-2 expression
contributed to both apoptosis and autophagy inhibition.

In our study, the rat's rectal temperature was monitored and
maintained continuously from anesthesia until rat awakening. After
awakened, rats were placed in a comfortable room with constant tem-
perature. We did not measure temperature lest disturbed resting rats. It
is reported that cardiac arrest rats undergo spontaneous hypothermia
that is neuroprotective strategy for post-cardiac arrest care [37]. The
neuroprotective effects of spontaneous hypothermia may be adding that

of PD98059, Also, similar effects offered to other groups since all rats
were bred in same condition. So, the evaluation deviation for PD98059
effect is slight by grouping comparison design.

The current study has some limitations. First, there were a limited
number of rats used to observe autophagy by TEM. For this reason, we
were unable to provide a statistical analysis. Secondly, we did not
compare the effect of PD98059 and autophagy inhibitor on cerebral
autophagy at post-resuscitation. It should be further confirmed. Thirdly,
we focused on mitochondrial-related mechanisms at 24h post-re-
perfusion in this study and further verification of the neuroprotective
mechanism of PD98059 at different time points is needed to verify our
findings. Lastly, blood level of PD98059 was not measured at the end
time of the experiment. The relationship between PD98059 blood
concentration and its effect in 24 h and extended time after CPR still
need to be probed.

In conclusion, the ERK inhibitor PD98059 alleviated apoptosis and
autophagy at 24 h post-reperfusion in rats subjected to CA/CPR, in-
dicating the potential use of ERK inhibitors for the treatment of brain
injury resulting from CA in the future.
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Fig. 6. Immunofluorescence double staining and immunohistochemistry double staining.
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A. Immunofluorescence double staining for TUNEL and LC3 in rat cortex. TUNEL positive neurons were stained red. The cytoplasm of the cells expressing LC3 was
stained green. (All images are shown with original magnification x 400). B. Overlap coefficient of TUNEL/LC3 C. Immunohistochemistry double staining for P-DRP1
and TUNEL in rat cortex. TUNEL positive neuron was stained brown. The cytoplasm of the cells expressing P-DRP1 was stained red. (a c e g i original magnification
x 200, b d f h j original magnification X 400) D. Coexpressions of P-DRP1/TUNEL E. Immunofluorescence double staining for P-DRP1 and LC3 in rat cortex. The
cytoplasm of the cells expressing P-Drp and LC3 was stained green and red, respectively. Co-expression of P-Drp and LC3 were stained yellow. (All images are shown
with original magnification x 400) F. Coexpressions of P-DRP1/LC3 (*P < 0.05, “P < 0.01, **P < 0.001 versus Sham group; **#P < 0.001 versus CA group;
@p < 0.05, ®@@p < 0.001 versus DMSO group; *P < 0.05, ***P < 0.001 versus PD0.15 group.)
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