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Background: Mitochondria play a critical role as effectors and targets of brain injury in the

post-resuscitation period. Although we found previously that the extracellular signal-regulated

kinase (ERK)1/2 inhibitor PD98059 (PD) protects the brain against mitochondrial-mediated cell

death at 24 h post-resuscitation in rats subjected to cardiac arrest/cardiopulmonary resuscitation

(CA/CPR), it is not clear whether PD also exerts mitochondrial protective effect for a lasting

time. Therefore, we examined the effect of PD on brain mitochondria at 48 h post-resuscitation to

evaluate the time-effect of PD in the current study.

Methods: Experimental rats were divided randomly into 5 groups: Sham, CA, dimethylsulf-

oxide (DMSO), 0.15mg/kg PD and 0.3mg/kg PD. Rats except for sham group were subjected

to CA for 6 min followed by CPR. We detected survival rates and neurologic deficit scores,

cerebral cortex mitochondrial function by evaluating adenosine triphosphate (ATP) levels,

mitochondrial permeability transition pore (MPTP) opening, and the expression of mitofu-

sin2 (Mfn2) and observing the ultrastructure by electron microscopy at 48 h post-

resuscitation in a 6-min CA rat model.

Results: PD improved survival rates and neurologic deficit scores, alleviated cerebral cortex

mitochondrial damage by reducing MPTP opening and increasing Mfn2 production at 48

h post-resuscitation in a 6-min CA rat model.

Conclusion: A single dose of PD improved 48 h post-resuscitation outcome and mitochon-

drial function, indicating the potential of the use of ERK inhibitors for the treatment of brain

injury resulting from CA in the future.

Keywords: cardiac arrest, extracellular signal-regulated kinase, mitochondria, mitofusin2,

mitochondrial permeability transition pore

Introduction
Brain injury is a major cause of high morbidity and mortality rates in the post-

cardiac arrest period.1 The mechanism of brain injury after resuscitation is global

cerebral ischemia-reperfusion injury (IRI). A complex cascade of processes, which

includes oxidative stress, calcium overload, excitotoxicity, cascade reactions of

pathological proteases, and the activation of cell death signaling pathways, occurs

after reperfusion. Mitochondria are involved in a myriad of complex signaling

cascades that regulate cell death vs survival. Mitochondria play a critical role as

effectors and targets of IRI.2,3

The mitochondrial permeability transition pore (MPTP) is a nonspecific pore in

the inner mitochondrial membrane. The MPTP is triggered by both cellular calcium
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overload and oxidative stress, which occur during IR.4

Oxidative stress-induced MPTP opening leads to the

destruction of the mitochondrial membrane potential, the

inhibition of ATP synthesis, and ultimately cell death.5

Mitochondria are highly dynamic organelles that con-

stantly go through fusion and fission.6 The fine balance

between mitochondrial fusion and fission in cells may be

affected by I/R injury.7 An imbalance in mitochondrial

dynamics has been shown to contribute to brain injury

during I/R injury.8,9 Mitofusin2 (Mfn2), a mitochondrial

outer membrane protein, is a key regulator of mitochon-

drial fusion and mitochondrial metabolism. Marked Mfn2

release observed during the early stages of reperfusion

may thus represent an important mechanism of mitochon-

drial dysfunction associated with neuronal dysfunction or

death induced by global brain ischemia.10

Extracellular signal-regulated kinase (ERK) is

a component of the mitogen-activated protein kinase

(MAPK) family and plays an important role in signal trans-

duction and regulating cell survival. In our previous research,

we found that the ERK1/2 inhibitor PD98059 improved

neurologic outcomes and protected the brain against mito-

chondrial-mediated cell death at 24 h post-resuscitation in

rats subjected to CA/CPR.11,12 Based on the finding, we hope

a dose of PD98059 infection can last the brain protective

effect longer, so that it is need to evaluate its time- effect.

Now, we detect PD98095 effects in 48 h post-resuscitation

rats, including survival rates, neurologic deficit scores, cere-

bral mitochondrial function and ultrastructure evaluated by

adenosine triphosphate (ATP) levels, MPTP opening, and the

expression of Mfn2 and electron microscopy.

Methods
Animal Preparation
Male Sprague-Dawley rats (210–270 g), aged 6 to 8 weeks

and provided by the Experimental Animal Center of

Guangxi Medical University (China, Nanning), were cared

for according to the guidelines for the Care and Use of

Laboratory Animals, and their use was approved 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.

Animal Grouping
One hundred fifty-one rats were randomized into five groups:

(1) the sham operation group (sham, n=11), which were

subjected to the same procedures as the other groups except

CA and CPR (2) the saline group (CA, n=35), which under-

went 6 min of CA and received femoral vein injection of

saline after resuscitation; (3) the dimethylsulfoxide (DMSO)

group (DMSO, n=35), which underwent 6 min of CA and

received femoral vein injection of 5% DMSO after resuscita-

tion; (4) the 0.15 mg/kg PD98059 group (PD0.15, n=35),

which underwent 6 min of CA and received femoral vein

injection of 0.15 mg/kg PD98059 after resuscitation; and (5)

the 0.3 mg/kg PD98059 group (PD0.3, n=35), which under-

went 6 min of CA and received femoral vein injection of

0.3 mg/kg PD98059 after resuscitation.

Animal CPR Model
CA was induced by alternating current (12 V) from

a stimulator (Chengdu Technology & Market Co. Ltd.,

China) through a pacing electrode placed in the esophagus;

this procedure was described in detail previously.13 Briefly,

CA was defined as a mean aortic pressure (MAP) ≤20
mmHg. After 6 min of CA, CPR, including manual chest

compression andmechanical ventilation with air, was started.

After 1 min of CPR, one dose of epinephrine (20 μg/kg) was
given through a left femoral vein catheter. Restoration of

spontaneous circulation (ROSC) was defined as an organized

cardiac rhythm with a mean aortic pressure (MAP) >60

mmHg for ≥1 min. When there was a failure of ROSC after

3 min, resuscitation efforts were discontinued. After success-

ful resuscitation, the animals were immediately injected with

saline, 5% DMSO, 0.15 mg/kg PD98059 or 0.3 mg/kg

PD98059. From anesthesia to awakening, the rectal tempera-

ture of the rats was monitored continuously and maintained

by a heating lamp at 37.0±0.5°C. After the rats awoke, they

were returned to their cages in an air-conditioned and peace-

ful room (room temperature, 27°C) and given free access to

water and food.

Survival Observation and Neurological

Evaluation
Survival rate and neurologic deficits were measured at

48 h post-resuscitation. Neurologic deficits were scored

from 0 (death or brain death) to 80 (no observed neurolo-

gic deficit).14

Brain Tissue Preparation
Eleven surviving rats in each group were anaesthetized

using pentobarbital (60 mg/kg, i.p.) after the evaluation

of neurologic deficits at 48 h post-resuscitation. The cere-

bral cortices of 8 rats were used to measure ATP, for
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mitochondria isolation to detect MPTP opening and to

determine protein content by immunoblotting. The remain-

ing three surviving rats in each group were perfused with

2.5% glutaraldehyde and 4% paraformaldehyde through

the left ventricle of the heart, and a fraction of the left

cerebral cortex was extracted to observe the mitochondria

ultrastructure by electron microscopy.

Measurement of ATP Levels
An ATP assay kit (Beyotime Biotechnology, China) was used

to measure ATP levels in the cerebral cortex. Briefly, we

harvested and homogenized cerebral cortices in an ice-cold

ATP-releasing buffer and then centrifuged them at 12,000 ×

g for 5 min. After centrifugation, we transferred the super-

natant to a new test tube to detect ATP levels. Then, we

measured the luminescence of 60 μL of sample and 100 μL
of ATP detection buffer with a luminometer (BIOTEK

Synergy H1, USA) and normalized the protein concentration.

Isolation of Mitochondria
Mitochondria were isolated from the rat cerebral cortex

with commercial kits (Genmed Scientifics Inc., USA,

10006.2). Brain tissues were crushed on ice in 1.5 mL of

ice-cold isolation medium and then manually homogenized

using a glass homogenizer. The brain homogenate (10%) in

the glass homogenizer was centrifuged at 1500 × g at 4°C

for 10 min. The pellet was re-suspended and centrifuged at

10,000 × g at 4°C for 10 min, and the mitochondria were

isolated. The mitochondrial protein concentration was

detected by the Bradford method. Mitochondria were kept

on ice to measure MPTP opening.

MPTP Opening
MPTP opening was monitored by coloading cells with

calcein/AM and CoCl2. Detailed instructions can be

found in the MPTP assay kit (Genmed Scientific, Inc.,

Shanghai, P. R. China). Calcein fluorescence intensity

was measured using a monochromator microplate reader

with an excitation of 488 nm and emission of 505 nm

(Safire II, Tecan, Switzerland).

Observation of Mitochondrial

Ultrastructure Using Electron Microscopy
A fraction of the left cerebral cortex layer near the fore-

head was isolated and immediately 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 regardless of their orientation, mounted on copper

mesh, double stained with lead citrate and uranyl acetate,

and then placed under a transmission electron microscope

to observe the ultrastructure. Images were taken and exam-

ined under an H-7650 transmission electron microscope

(Hitachi, Tokyo, Japan).

Mitochondrial injury was assessed blindly using

a scoring system.15,16 Briefly, five grids from each group

and four fields per grid were randomly selected. The

standards for the evaluation of mitochondrial injury from

grade 0 to 4 were as follows: grade 0, normal mitochon-

dria with highly dense and well-organized cristae; grade 1,

early tumid mitochondria with large amorphous matrix

and linear densities and separation of cristae; grade 2,

more marked tumid mitochondria with further clearing of

matrix density and separation of cristae; grade 3, more

extensive tumid mitochondria with disruption of cristae;

grade 4, severe tumid mitochondria with disruption of

cristae and rupture of the inner and outer mitochondrial

membranes.

Western Blot Analysis
The prepared cortical area tissues were weighed and homo-

genized with a glass homogenizer in 1:10 (w/v) ice-cold

whole-cell lysis buffer (Beyotime Biotechnology, China,

P0013B). Soluble proteins were collected and centrifuged

at 14,000 × g for 15 min at 4°C. The total protein concen-

tration of the tissue was determined by a BCA Protein Assay

Reagent kit (P0010). A total of 10 μL of total protein lysate

of each tissue was separated by 12% sodium dodecyl sul-

fate-polyacrylamide gel electrophoresis (SDS-PAGE). The

proteins on the gels were transferred to a PVDF membrane

(Millipore, USA, 0.22 μm pore diameter). The membrane

was blocked with 5% bovine serum albumin for 1 h and then

incubated overnight at 4°C with corresponding primary anti-

bodies. The primary antibodies were as follows: GAPDH

(ab181602), ERK 1/2 (ab184699), phosphorylated ERK1/2

(ab76299) (purchased from Abcam Plc, Cambridge, UK)

and Mfn2 (11925) (purchased from Cell Signaling

Technology, Danvers, MA). Afterwards, the membrane

was incubated with secondary antibody (Cell Signaling

Technology, USA, #5151, 1:15,000) and quantified using

a Western blotting detection system with a Li-cor Odyssey

Scanner imaging densitometer. Finally, the detected bands

were quantified with ImageJ software (v1.33, NIH,

Bethesda, MD, USA).
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Statistical Analysis
The data are presented as the mean ± standard deviation

unless otherwise stated. Comparisons of the following

indicators among multiple groups were made by using

one-way ANOVA: baseline parameters, CPR duration,

ATP levels, MPTP opening and the content of various

proteins. The Kruskal–Wallis Test was used for compar-

isons of survival rate, neurologic deficit scores and mito-

chondrial injury scores among all groups. The statistical

software SPSS 21.0 was used. A P value <0.05 was

considered statistically significant.

Results
1. Baseline parameters.

There were no significant differences among the groups in

baseline parameters, including body weight (BW), heart

rate (HR), systolic pressure (SP), diastolic pressure (DP),

and mean arterial pressure (MAP), before CA induction

(P >0 0.05) (Table 1).

2. PD98059 improved survival rates and neurologic

deficit scores (NDSs) at 48 h post-resuscitation.

As shown in Table 2, the survival rate in the PD groups

was higher than that in the CA group at 48 h post-

resuscitation (P<0.001). Furthermore, the NDSs in the

PD groups, especially in the 0.3 mg/kg PD group, were

higher than those in the CA group and DMSO group

(CA, DMSO, P<0.001). However, there were no sig-

nificant differences among the groups in CPR duration.

This finding suggests that PD98059 does lessen the

damage induced by CA/CPR in the experimental

animals.

Table 1 Baseline Parameters

Group n BW (g) HR (Beats/Min) SP (mmHg) DP (mmHg) MAP (mmHg)

Sham 11 238.59±17.93 419.95±21.04 121.64±9.78 94.41±7.73 99.88±9.68

CPR 35 238.98±18.36 421.89±22.40 122.74±11.05 93.26±10.31 98.59±11.41

DMSO 35 239.99±20.24 420.57±29.82 120.48±13.02 92.83±10.95 98.77±10.36

0.15 mg/kg PD 35 240.12±15.85 423.17±26.21 123.50±11.37 93.63±9.84 99.35±10.86

0.3 mg/kg PD 35 241.32±18.67 422.80±23.94 123.51±10.42 92.66±8.73 99±8.96

Note: All data above are presented as the mean ± standard deviation.

Abbreviations: BW, body weight; HR, heart rate; SP, systolic pressure; DP, diastolic pressure; MAP, mean arterial pressure.

Table 2 Survival Rates and NDSs at 48 h Post-Resuscitation

Group CPR Duration (s) Survival Rate (48 h) NDS (48 h)

Sham – 11/11 (100%) 80 (79,80) (n=11)

CA 86.27±13.81 (n=11) 11/35 (31.43%)*** 69 (67,72)*** (n=11)

DMSO 83.72±12.63 (n=19) 19/35 (54.29%)** 70 (68,72)*** (n=19)

0.15 mg/kg PD 81.82±14.96 (n=26) 26/35 (74.29%)### 74 (72,76)*** (n=26)

0.3 mg/kg PD 84.75±11.28 (n=29) 29/35 (82.86%)### 78 (78,80)###@@@$ (n=29)

Notes: Survival rates are shown as ratios, NDSs are presented as the median± interquartile range, and CPR duration is presented as the mean ± standard deviation.

**P<0.01, ***P<0.001 versus the sham group; ###P<0.001 versus the CA group; @@@P<0.001 versus the DMSO group; $$P<0.001 versus the PD0.15 group.

Abbreviations: CPR, cardiopulmonary resuscitation; NDSs, neurologic deficit scores.

Figure 1 Cortical ATP levels in each of the groups. The ATP level in the CA

group was significantly lower than that in the sham group (P<0.01); the ATP

levels in the PD0.15, DMSO and CA groups were not significantly different

(P>0.05), but the level in the PD0.3 group was higher than that in the above

three groups (P<0.05) (n=8 each group). All data above are presented as the

mean ± standard deviation. *P<0.05, **P<0.01 versus the sham group; #P<0.05

versus the CA group; @P<0.05 versus the DMSO group; $P<0.05 versus the

PD0.15 group.

Abbreviation: ATP, adenosine triphosphate.
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3. PD98059 significantly elevated ATP in a dose-

dependent manner at 48 h post-resuscitation in the

cerebral cortex following CA/CPR.

As shown in Figure 1, the ATP level in the CA group was

significantly lower than that in the sham group (P<0.01),

and there were no significant differences in the ATP level

between the PD0.15, DMSO and CA groups (P>0.05).

However, the ATP level in the PD0.3 group was higher

than that in the other treated groups (P<0.05). Therefore,

ATP levels significantly increased in a dose-dependent

manner upon PD98059 treatment.

4. Mitochondrial ultrastructure

As shown in Figure 2A, normal mitochondrial morphology

with no evidence of swelling, outer membrane breaks, or

intracristal dilation was observed in the cerebral cortex of

Figure 2 Mitochondrial ultrastructure and injury scores in the cerebral cortex in each of the groups. (A) Representative electron photomicrographs of mitochondria from

the brain cortex. Images were acquired with an electron microscope at 30000x (scale bar, 1 μm). A 70000x closeup of the image in the left panel is shown (scale bar, 500

nm). There was mitochondria normal ultrastructure in the sham control animals (a, b). Severe mitochondrial swelling, chondrolysis and vacuolization of cristae with

a concomitant loss of membrane integrity were observed at 48 h post-resuscitation (c, d) in the CA group. More extensive tumid mitochondria with disrupted cristae were

observed in the DMSO group (e, f) than in the PD0.15 group (g, h), but in the PD0.3 group, a range of small ultrastructural injuries were observed (i, j) (the arrows represent

mitochondria). (B) Mitochondrial injury scores in brain cortex in each of the groups. The mitochondrial injury score in the CA group was significantly higher than that in the

sham group (P<0.001), but in the PD0.3 group, the mitochondrial injury score was lower than that in the other treatment groups. All data above are presented as the median

± interquartile range (n=3 in each group). ***P<0.001 versus the sham group; ###P<0.001 versus the CA group; @@@P<0.001 versus the DMSO group; $$$P<0.001 versus

the PD0.15 group.
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the sham group (a’, b’). In the CA group, disruption of cristae

and rupture of the inner and outer membranes, which were

the most serious injuries, were observed in the mitochondria

(c’, d’). In the DMSO (e’, f’) and PD0.15 groups (g’, h’),

compared to the sham group, there were more serious injuries

with more extensive mitochondrial swelling. However, more

mild mitochondrial ultrastructural damage was observed in

the PD treatment groups, especially in the PD0.3 group (i, j).

These observations were confirmed by mitochondrial

injury scores, which were determined based on mitochon-

drial ultrastructural analyses (Figure 2B) using the stan-

dards described in the Methods section.

5. PD98059 reduced the opening of the MPTP in

a dose-dependent manner at 48 h post-resuscitation

in the cortex of the rats following CA/CPR.

As shown in Figure 3, the fluorescence intensity to which

MPTP opening was inversely proportional in the CA and

DMSO groups was significantly lower than that in the

sham group (CA, DMSO, P<0.01). However, the fluores-

cence intensity in the PD0.3 group was significantly higher

than that in the CA and DMSO groups (CA, DMSO,

P<0.05), which suggested that MPTP opening in the

PD0.3 group was decreased compared to that in the other

treatment groups.

6. PD98059 significantly increased Mfn2 generation in

a dose-dependent manner at 48 h post-resuscitation

in the cerebral cortex following CA/CPR.

As shown in Figure 4, the Mfn2 expression level in the CA

group was lower than that in the sham group (P<0.05), but

the Mfn2 expression levels in the PD98059 treatment

groups, especially in the PD0.3 group, were increased.

The Mfn2 expression level was higher than that in the CA

and DMSO groups (CA, DMSO, P<0.05).

7. PD98059 decreased the phosphorylation of ERK1/2

(P-ERK1/2) in a dose-dependent manner, but the

total protein levels of ERK1/2 (ERK) were not chan-

ged at 48 h post-resuscitation in the cerebral cortex

following CA/CPR (Figure 5).

The phosphorylation level of ERK1/2 was significantly

increased at 48 h post-resuscitation compared to that in

the sham group (P<0.05), as determined by Western blot

analysis, but the phosphorylation level of ERK1/2 was

reduced in the PD98059-treatment groups, especially in

the PD0.3 group, compared to the other treatment groups

(CA, P<0.01; DMSO, P<0.01; PD0.15, P<0.05).

Discussion
We demonstrated that PD98059 improved post-resuscitation

outcome, as well as cerebral cortex mitochondrial function

and structure at 48 h CA/CPR as the previous study at 24 h,12

presenting a time-effect on a dose.

Mfn2 mediates mitochondrial fusion helping with

energy generation. Mitochondria are highly dynamic orga-

nelles. Mitochondrial shape and function are highly regu-

lated by mitochondrial dynamics, which involve sequential

rounds of fusion and fission. Mfn2 is a central protein that is

Figure 3 Fluorescence values indicating MPTP opening. The fluorescence intensity

in the CA and DMSO groups was significantly lower than that in the sham group

(CA, DMSO, P<0.01). However, the fluorescence intensity in the PD0.3 group was

significantly higher than that in the CA and DMSO groups (CA, DMSO, P<0.05). All

data above are presented as the mean ± standard deviation (n=4 in each group).

*P<0.05, **P<0.01 versus the sham group; #P<0.05 versus the CA group; @P<0.05

versus the DMSO group.

Abbreviation: MPTP, mitochondrial permeability transition pore.

Figure 4 Western blot analysis of Mfn2 expression. The Mfn2 expression level in

the CA group was lower than that in the sham group (P<0.05), and the Mfn2

expression level in the PD0.3 group was higher than that in the CA and DMSO

groups (CA, DMSO, P<0.05). All data above are presented as the mean ± standard

deviation (n=4 each group). *P<0.05 versus the sham group; #P<0.05 versus the CA

group; @P<0.05 versus the DMSO group.

Abbreviations: MPTP, mitochondrial permeability transition pore; Mfn2, mitofusin2.
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located in the mitochondrial outer membrane and is

involved in mitochondrial elongation of mitochondrial

structures and leads to an increase in ATP production.17,18

In our study, it was confirmed that an increase in Mfn2

accompanying with an increase in ATP. Some previous

studies have indicated that Mfn2-mediated mitochondrial

fusion is associated with the ERK signaling pathway. Gan

et al19 revealed that the blockade of the mild cognitive

impairment (MCI)-related stress-mediated activation of

ERK signaling not only attenuates aberrant mitochondrial

morphology and function but also restores mitochondrial

fission and fusion balance, but the overexpression of Mfn2

is inhibited. Oppositely, in our study, the inhibition of the

ERK signaling pathway improved mitochondrial function

and structure and upregulated Mfn2 generation in the rat

cerebral cortex at 48 h post-resuscitation. Other study also

reported that the inhibition of theMEK-dependent signaling

pathway elevates the Mfn2 protein level in differentiating

muscle cells.20 From the above mentioned, the expression

of Mfn2 is inconsistent after ERK inhibition. We consider

the inconsistent results coming from different experimental

models and pathological stages.

The MPTP is a critical mediator of cell death induced by

IRI.21 Numerous studies22,23 have demonstrated that mito-

chondrial dysfunction results from the opening of the MPTP

in I/R injury.MPTP is a nonselective conductance pore located

in the inner mitochondrial membrane. The opening of the

MPTP results in the impairment of mitochondrial function

and structure, such as the collapse of the mitochondrial

membrane potential (ΔΨm), the uncoupling of oxidative

phosphorylation, mitochondrial swelling and outer membrane

rupture. Finally, cell death occurs due to ATP depletion.24 An

association between the activation of ERK1/2 pathways and

the inhibition of MPTP opening was previously suggested.23

The activation of ERK1/2 signaling stimulates MPTP down-

stream, enhances cardiomyocyte survival and reduces morbid-

ity and mortality following I/R injury.25 These results indicate

that MPTP is associated with the ERK signaling pathway. In

our study, the inhibition of the ERK signaling pathway led to

a decrease in MPTP opening. This suggests that the ERK

signaling pathway has different effects on the MPTP in differ-

ent pathological process. However, the specific reason is not

clear. It has been reported that the actual mechanism through

which the activation of ERK1/2 mediates MPTP inhibition is

in part be due to downstream targets such as GSK-3b,26 the

modulation of intracellular calcium regulation,27 eNOS,28 or

changes in mitochondrial morphology. As mentioned above,

the mechanism by which the ERK signaling pathway affects

the MPTP is very complex, and this complexity leads to

inconsistent effects in different disease models.

Mfn2 is associated with the opening of the MPTP.

Neuspiel et al29 found that the overexpression of Mfn2 pre-

ventsMPTP opening induced by free radicals in COS-7 cells.

Ong et al30 also reported that the overexpression of Mfn2

reduces MPTP opening induced by I/R injury in the HL-1

cardiac cell line. Cells with Mfn2 depletion show increased

Ca2+ transfer from the ER to mitochondria.31 So, it is con-

sidered that Mfn2 accommodates mitochondrial calcium

load to down-regulate MPTP opening. From that, PD98059

induced-Mfn2 expression promoted MPTP inhibition.

Figure 5 Western blot analysis of P-ERK1/2 and ERK1/2 expression. (A) Ratios of P-ERK1/2 to ERK1/2 protein expression. P-ERK1/2 expression in the CA group was

significantly higher than that in the sham group (P<0.05), but P-ERK1/2 expression in the PD0.3 group was lower than that in the other treatment groups (CA, P<0.01;

DMSO, P<0.01; PD0.15, P<0.05). (B) Representative Western blots for P-ERK1/2, ERK1/2 and Mfn2. Proteins with the same or very similar molecular weight were

transferred to two gels for each dose of each sample. All data above are presented as the mean ± standard deviation (n=4 each group). *P<0.05, **P<0.01 versus the sham

group; ##P<0.01 versus the CA group; @@P<0.01 versus the DMSO group; $P<0.05 versus the PD0.15 group.

Abbreviations: ERK, extracellular signal-regulated kinase; Mfn2, mitofusin2.
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In our study, DMSO was used as a solvent for PD98059,

and considering its pharmacological effects, we set up

DMSO group to eliminate evaluation deviation. Compared

to CA group, the survival rate and neurological function

score of DMSO group were no significant differences.

However, the survival rate and neurological function score

of PD treated group is significantly higher than the CA

group. Therefore, DMSO did not show obvious action, the

improved outcomes were mainly depend on PD98059.

Although the present study demonstrates both Mfn2

and MPTP involved in the process of PD98059 improving

cerebral cortex mitochondrial function and structure.

However, we did detect the relating Mfn2 gene expression

regulated by ERK inhibition, as well as, the Ca2+ load in

mitochondria which may be the connection of Mfn2 and

MPTP. It needs further studies to reveal.

In conclusion, a dose of PD98059 delivery improves

48 h post-resuscitation outcomes and mitochondrial func-

tions, indicating the potential use of ERK inhibitors for the

treatment of brain injury resulting from CA in the future.

Acknowledgment
The research was supported by the National Natural

Science. Foundation of China (no. 81160231, 81660312

and 81860333).

Author Contributions
All authors made substantial contributions to conception

and design, acquisition of data, or analysis and interpreta-

tion of data; took part in drafting the article or revising it

critically for important intellectual content; gave final

approval of the version to be published; and agree to be

accountable for all aspects of the work.

Disclosure
The authors have no economic and noneconomic conflicts

of interests to disclose.

References
1. Stub D, Bernard S, Duffy SJ, Kaye DM. Post cardiac arrest syndrome:

a review of therapeutic strategies. Circulation. 2011;123
(13):1428–1435. doi:10.1161/CIRCULATIONAHA.110.988725

2. Ayoub IM, Radhakrishnan J, Gazmuri RJ. Targeting mitochondria for
resuscitation from cardiac arrest. Crit Care Med. 2008;36:S440–S446.
doi:10.1097/CCM.0b013e31818a89f4

3. Wang P, Yao L, Zhou LL, et al. Carbon monoxide improves neurologic
outcomes by mitochondrial biogenesis after global cerebral ischemia
induced by cardiac arrest in rats. Int J Biol Sci. 2016;12(8):1000–1009.
doi:10.7150/ijbs.13222

4. Zoratti M, Szabo I. The mitochondrial permeability transition.
Biochim Biophys Acta. 1995;1241(2):139–176. doi:10.1016/0304-
4157(95)00003-A

5. Niizuma K, Endo H, Chan PH. Oxidative stress and mitochondrial
dysfunction as determinants of ischemic neuronal death and survival.
J Neurochem. 2009;109(Suppl 1):133–138. doi:10.1111/jnc.2009.109.
issue-s1

6. Archer SL. Mitochondrial dynamics–mitochondrial fission and fusion
in human diseases. N Engl J Med. 2013;369(23):2236–2251.
doi:10.1056/NEJMra1215233

7. Li Y, Liu X. Novel insights into the role of mitochondrial fusion
and fission in cardiomyocyte apoptosis induced by ischemia/reper-
fusion. J Cell Physiol. 2018;233(8):5589–5597. doi:10.1002/
jcp.26522

8. Liu WJ, Jiang HF, Rehman FU, et al. Lycium barbarum polysacchar-
ides decrease hyperglycemia-aggravated ischemic brain injury
through maintaining mitochondrial fission and fusion balance.
Int J Biol Sci. 2017;13(7):901–910. doi:10.7150/ijbs.18404

9. Kumari S, Anderson L, Farmer S, Mehta SL, Li PA. Hyperglycemia
alters mitochondrial fission and fusion proteins in mice subjected to
cerebral ischemia and reperfusion. Transl Stroke Res. 2012;3
(2):296–304. doi:10.1007/s12975-012-0158-9

10. Klacanova K, Kovalska M, Chomova M, et al. Global brain ischemia
in rats is associated with mitochondrial release and downregulation of
mfn2 in the cerebral cortex, but not the hippocampus. Int J Mol Med.
2019;43(6):2420–2428. doi:10.3892/ijmm.2019.4168

11. Nguyen Thi PA, Chen MH, Li N, Zhuo XJ, Xie L. Pd98059 protects
brain against cells death resulting from ros/erk activation in a cardiac
arrest rat model. Oxid Med Cell Longev. 2016;2016:3723762.
doi:10.1155/2016/3723762

12. Zheng JH, Xie L, Li N, et al. Pd98059 protects the brain against
mitochondrial-mediated apoptosis and autophagy in a cardiac arrest
rat model. Life Sci. 2019;232:116618. doi:10.1016/j.lfs.2019.116618

13. ChenMH,Liu TW,Xie L, et al. A simpler cardiac arrestmodel in rats.Am
J Emerg Med. 2007;25(6):623–630. doi:10.1016/j.ajem.2006.11.033

14. Jia X, Koenig MA, Shin HC, et al. Improving neurological outcomes
post-cardiac arrest in a rat model: immediate hypothermia and quantita-
tive EEG monitoring. Resuscitation. 2008;76(3):431–442. doi:10.1016/j.
resuscitation.2007.08.014

15. Crouser ED, Julian MW, Blaho DV, Pfeiffer DR. Endotoxin-induced
mitochondrial damage correlates with impaired respiratory activity.
Crit Care Med. 2002;30(2):276–284. doi:10.1097/00003246-20020
2000-00002

16. Kloner RA, Fishbein MC, Braunwald E, Maroko PR. Effect of
propranolol on mitochondrial morphology during acute myocardial
ischemia. Am J Cardiol. 1978;41(5):880–886. doi:10.1016/0002-
9149(78)90728-2

17. Chen H, Chomyn A, Chan DC. Disruption of fusion results in
mitochondrial heterogeneity and dysfunction. J Biol Chem.
2005;280(28):26185–26192. doi:10.1074/jbc.M503062200

18. Yang WY. Optogenetic probing of mitochondrial damage responses.
Ann N Y Acad Sci. 2015;1350(1):48–51. doi:10.1111/nyas.12818

19. Gan X, Wu L, Huang S, et al. Oxidative stress-mediated activation of
extracellular signal-regulated kinase contributes to mild cognitive
impairment-related mitochondrial dysfunction. Free Radic Biol
Med. 2014;75:230–240. doi:10.1016/j.freeradbiomed.2014.07.021

20. Pawlikowska P, Gajkowska B, Orzechowski A. Mitofusin 2 (mfn2):
a key player in insulin-dependent myogenesis in vitro. Cell Tissue
Res. 2007;327(3):571–581. doi:10.1007/s00441-006-0320-3

21. Hausenloy DJ, Yellon DM. The mitochondrial permeability transition
pore: its fundamental role in mediating cell death during ischaemia
and reperfusion. J Mol Cell Cardiol. 2003;35(4):339–341. doi:10.10
16/S0022-2828(03)00043-9

22. Halestrap AP. A pore way to die: the role of mitochondria in reperfu-
sion injury and cardioprotection. Biochem Soc Trans. 2010;38
(4):841–860. doi:10.1042/BST0380841

Zheng et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Drug Design, Development and Therapy 2020:141114

https://doi.org/10.1161/CIRCULATIONAHA.110.988725
https://doi.org/10.1097/CCM.0b013e31818a89f4
https://doi.org/10.7150/ijbs.13222
https://doi.org/10.1016/0304-4157(95)00003-A
https://doi.org/10.1016/0304-4157(95)00003-A
https://doi.org/10.1111/jnc.2009.109.issue-s1
https://doi.org/10.1111/jnc.2009.109.issue-s1
https://doi.org/10.1056/NEJMra1215233
https://doi.org/10.1002/jcp.26522
https://doi.org/10.1002/jcp.26522
https://doi.org/10.7150/ijbs.18404
https://doi.org/10.1007/s12975-012-0158-9
https://doi.org/10.3892/ijmm.2019.4168
https://doi.org/10.1155/2016/3723762
https://doi.org/10.1016/j.lfs.2019.116618
https://doi.org/10.1016/j.ajem.2006.11.033
https://doi.org/10.1016/j.resuscitation.2007.08.014
https://doi.org/10.1016/j.resuscitation.2007.08.014
https://doi.org/10.1097/00003246-200202000-00002
https://doi.org/10.1097/00003246-200202000-00002
https://doi.org/10.1016/0002-9149(78)90728-2
https://doi.org/10.1016/0002-9149(78)90728-2
https://doi.org/10.1074/jbc.M503062200
https://doi.org/10.1111/nyas.12818
https://doi.org/10.1016/j.freeradbiomed.2014.07.021
https://doi.org/10.1007/s00441-006-0320-3
https://doi.org/10.1016/S0022-2828(03)00043-9
https://doi.org/10.1016/S0022-2828(03)00043-9
https://doi.org/10.1042/BST0380841
http://www.dovepress.com
http://www.dovepress.com


23. Hausenloy DJ, Ong SB, Yellon DM. The mitochondrial permeability
transition pore as a target for preconditioning and postconditioning.
Basic Res Cardiol. 2009;104(2):189–202. doi:10.1007/s00395-009-
0010-x

24. Halestrap AP, Richardson AP. The mitochondrial permeability transi-
tion: a current perspective on its identity and role in ischaemia/reperfu-
sion injury. J Mol Cell Cardiol. 2015;78:129–141. doi:10.1016/j.
yjmcc.2014.08.018

25. Manning BD, Cantley LC. Akt/pkb signaling: navigating downstream.
Cell. 2007;129(7):1261–1274. doi:10.1016/j.cell.2007.06.009

26. Juhaszova M, Zorov DB, Kim SH, et al. Glycogen synthase
kinase-3beta mediates convergence of protection signaling to inhibit
the mitochondrial permeability transition pore. J Clin Invest.
2004;113(11):1535–1549. doi:10.1172/JCI19906

27. Das S, Wong R, Rajapakse N, Murphy E, Steenbergen C. Glycogen
synthase kinase 3 inhibition slowsmitochondrial adenine nucleotide trans-
port and regulates voltage-dependent anion channel phosphorylation.Circ
Res. 2008;103(9):983–991. doi:10.1161/CIRCRESAHA.108.178970

28. Downey JM, Davis AM, Cohen MV. Signaling pathways in ischemic
preconditioning. Heart Fail Rev. 2007;12(3–4):181–188. doi:10.10
07/s10741-007-9025-2

29. Neuspiel M, Zunino R, Gangaraju S, Rippstein P, McBride H. Activated
mitofusin 2 signals mitochondrial fusion, interferes with bax activation,
and reduces susceptibility to radical induced depolarization. J Biol
Chem. 2005;280(26):25060–25070. doi:10.1074/jbc.M501599200

30. Ong SB, Subrayan S, Lim SY, Yellon DM, Davidson SM,
Hausenloy DJ. Inhibiting mitochondrial fission protects the heart
against ischemia/reperfusion injury. Circulation. 2010;121
(18):2012–2022. doi:10.1161/CIRCULATIONAHA.109.906610

31. Leal NS, Schreiner B, Pinho CM, et al. Mitofusin-2 knockdown
increases er-mitochondria contact and decreases amyloid
beta-peptide production. J Cell Mol Med. 2016;20(9):1686–1695.
doi:10.1111/jcmm.12863

Drug Design, Development and Therapy Dovepress
Publish your work in this journal
Drug Design, Development and Therapy is an international, peer-
reviewed open-access journal that spans the spectrum of drug design
and development through to clinical applications. Clinical outcomes,
patient safety, and programs for the development and effective, safe,
and sustained use of medicines are a feature of the journal, which has also

been accepted for indexing on PubMed Central. The manuscript
management system is completely online and includes a very quick
and fair peer-review system, which is all easy to use. Visit http://www.
dovepress.com/testimonials.php to read real quotes from published
authors.

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

Dovepress Zheng et al

Drug Design, Development and Therapy 2020:14 submit your manuscript | www.dovepress.com

DovePress
1115

https://doi.org/10.1007/s00395-009-0010-x
https://doi.org/10.1007/s00395-009-0010-x
https://doi.org/10.1016/j.yjmcc.2014.08.018
https://doi.org/10.1016/j.yjmcc.2014.08.018
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.1172/JCI19906
https://doi.org/10.1161/CIRCRESAHA.108.178970
https://doi.org/10.1007/s10741-007-9025-2
https://doi.org/10.1007/s10741-007-9025-2
https://doi.org/10.1074/jbc.M501599200
https://doi.org/10.1161/CIRCULATIONAHA.109.906610
https://doi.org/10.1111/jcmm.12863
http://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
http://www.dovepress.com
http://www.dovepress.com

