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Abstract. Cerebral ischemia‑reperfusion injury (CIRI) is 
associated with a poor neurological prognosis in patients who 
have experienced cardiac arrest (CA) and cardiopulmonary 
resuscitation (CPR). The aim of the current study was to inves‑
tigate the potential role of a calpain inhibitor in CIRI using a rat 
model of CA. CA was induced in adult male Sprague‑Dawley 
rats, and MDL28170 (a calpain inhibitor) was administered 
to the rats within 30 min after the return of spontaneous 
circulation. Differences between groups were evaluated by 
measuring survival rate, CPR duration and neurological deficit 
score. Hematoxylin‑eosin staining and Nissl staining were 
performed to assess cerebral injury, and microstructure and 
autophagy were assessed by transmission electron microscopy. 
The levels of calpain‑1, calpain‑2, calpastatin, interleukin 
(IL)‑1β, tumor necrosis factor (TNF)‑α, P62, beclin‑1 and LC3 
in the brain tissues were determined using western blotting and 
double immunofluorescence staining. There was no significant 
difference in CPR duration or survival rate among the groups. 
At 24 h after CPR, the CA group demonstrated damaged 

tissue morphology; decreased neurological deficit scores, and 
P62 expression; and upregulated calpain‑2, IL‑1βp17, TNF‑α, 
beclin‑1 and LC3 levels in the cortex. However, MDL28170 
improved neuronal function and suppressed inflammation 
and autophagy by inhibiting calpain‑2 level, but there were 
no differences in the calpain‑1 and calpastatin levels. These 
results suggest that calpain‑2, inflammation and autophagy are 
involved in CA‑induced CIRI. MDL28170 inhibited calpain‑2 
expression, inflammation and autophagy, which suggests its 
potential efficacy in treating post‑CA nerve damage.

Introduction

The morbidity and mortality associated with cardiac arrest 
(CA) are high worldwide, and the return of spontaneous circu‑
lation (ROSC) causes severe cerebral ischemia‑reperfusion 
injury (CIRI), which is the main cause of coma in patients 
with CA (1,2). Owing to the complex mechanism of CIRI, the 
available therapies are not ideal to promote nervous system 
recovery (3). Therefore, the development of new strategies 
for the clinical management of CIRI following CA and 
cardiopulmonary resuscitation (CPR) has been a challenge.

During CIRI, the fluidity of the mitochondrial membrane 
decreases, and the synthesis of adenosine triphosphate is 
reduced (4,5). Additionally, the ability of the plasma membrane 
and endoplasmic reticulum (ER) calcium pumps to control 
calcium levels is compromised, which leads to intracellular 
calcium overloads (6,7). Persistent calcium overloads lead to 
excessive activation of calpain, which activates or hydrolyzes 
other enzymes, resulting in further damage to neuronal func‑
tion (8). Therefore, the development of methods to alleviate 
CIRI by blocking cellular dysfunction caused by calpain 
activation represents an active area of research (9).

Calpain, a neutral cysteine protease, is widely expressed 
in several organisms (humans, fish and amphibians). The 
calpain protein family includes >10 subtypes (CAPN1‑3, 5‑15 
and 17), but calpain‑1 and calpain‑2 are of particular interest 
because they are highly expressed in the brain tissue and show 
calcium‑dependent activities (10,11). Animal experiments have 
shown that calpain plays a key role in the pathophysiology 
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of cerebral ischemic injury (12,13). Calpastatin (encoded by 
CAST) is an endogenous specific inhibitor of calpain and acts 
on both calpain‑1 and calpain‑2 (14). After a cerebral ischemic 
injury, the calpastatin level is not adequate to counterbal‑
ance excessively activated calpain (15). Therefore, exogenous 
calpain inhibitors have been developed to alleviate ischemic 
brain injury, brain trauma and other neurological diseases (16). 
MDL28170 is a non‑selective calpain inhibitor (17,18) that 
exerts a neuroprotective effect on cerebral ischemia and hypoxic 
injury in adult and neonatal rats by inhibiting calpain‑1 (19). 

In 1998, Li et al (20) revealed that post‑ischemic treatment 
with the calpain inhibitor MDL28170 (in a study on bilateral 
common carotid artery occlusion‑induced global cerebral isch‑
emia‑reperfusion injury) improved brain damage in the gerbil 
model of systemic ischemia; however, apart from the inhibition 
of calpain‑induced proteolysis, other mechanisms are unclear. 
Furthermore, MDL28170 can reduce traumatic brain injury in 
rats by blocking calpain‑2 (18). It is well known that the inflam‑
matory response plays an important role in CIRI (21). When 
cerebral ischemia occurs, the immune system is triggered, 
immune cells in the brain tissue are activated and inflamma‑
tory cytokines [such as interleukin (IL)‑1β and tumor necrosis 
factor (TNF)‑α] are released. A large number of inflammatory 
factors invade the brain parenchymal tissue and disrupt the 
blood‑brain barrier. It also stimulates the synthesis of other 
immune cells and adhesion molecules in the blood, amplifying 
the inflammatory cascade and ultimately exacerbating nerve 
damage (22). In a study on a traumatic brain injury mouse 
model, MDL28170 played a neuroprotective role by reducing 
the expression of NF‑κB and decreasing the release of IL‑1β 
and TNF‑α (23). Our previous research on brain injury after 
cardiac arrest in the same period demonstrated that calpain‑2 
is closely associated with neuroinflammation induced by brain 
astrocytes and microglia (24), but the role of different calpain 
isoforms in brain injury is unclear. Therefore, it would be 
beneficial to explore the changes of inflammatory response in 
CIRI by targeting calpain.

Autophagy is an important intracellular self‑degradation 
process; however, excessive autophagy can lead to cell compo‑
nent depletion and cell death. Increasing evidence suggests 
that autophagy is involved in CIRI (25,26). Our previous study 
demonstrated that the inhibition of mitochondrial autophagy 
can attenuate the brain damage in rats after CA and CPR (27). 
Moreover, a recent study showed that calpain‑2 is involved in 
TNF‑α‑mediated hippocampal neuron autophagy, resulting in 
neuronal death (28). To the best of our knowledge, the present 
study is the first to evaluate calpain‑related proteins and the 
effect of MDL28170 on inflammation and autophagy in CIRI 
by constructing a CA rat model through retroesophageal 
electrical stimulation.

Materials and methods

Animals. A total of 81 male Sprague‑Dawley rats (8‑10‑week‑
old; body weight, 220‑250 g; Experimental Animal Center 
of Guangxi Medical University, Nanning, China) were used 
in the present study. The rats were housed in facilities with 
a 12 h/12 h light/dark cycle at 25˚C and had access to food 
and water ad libitum. All animal procedures were conducted 
in compliance with the Guide for the Care and Use of 

Experimental Animals. The study was approved by the 
Animal Ethics Committee of Guangxi Medical University 
(Nanning, China; approval no. 20190915). Except for 21 rats 
that died during CA‑CPR modeling, all other rats were eutha‑
nized with 2% pentobarbital sodium (90 mg/kg) as well as 
via cervical dislocation at 24 h after CA/CPR; the duration 
of the experiment was 24 h. There were two main causes of 
mortality in the animals: i) The rats failed to be resuscitated 
after cardiac arrest induced during the experiment; or ii) at 
the end of the experiment, the rats were euthanized. The vital 
signs (body temperature, heart rate and blood pressure) of the 
rats were continuously monitored during the entire processes 
of model‑making and euthanasia. Rat mortality was confirmed 
when the following four signs were found: Lack of a heartbeat; 
lack of respiration; lack of corneal reflex; and presence of 
rigor mortis.

Experimental CA/CPR model. All rats were subjected to 
fasting for 12 h before surgery. Anesthesia was induced with 
an intraperitoneal injection of 2% pentobarbital sodium 
(30 mg/kg). CA was induced by electrical stimulation with 
transesophageal cardiac pacing, as described previously (29). 
Before CA induction, femoral artery blood pressure moni‑
toring, femoral venipuncture catheterization and endotracheal 
intubation were performed. After 7 min of untreated CA, CPR 
was performed by manual chest compression (180 compres‑
sions/min) to a depth of 25‑30% of the anteroposterior 
diameter of the thorax and with equal compression‑relaxation 
duration by the same investigator. ROSC was defined as an 
unassisted pulse with a mean arterial pressure of ≥50 mmHg 
for ≥1 min. When the blood pressure and autonomous respira‑
tion were stable (breaths ≥40/min), mechanical ventilation was 
withdrawn after ROSC.

Drug treatment and experimental groups. MDL28170, a 
calpain inhibitor (cat. no. M6690; Sigma‑Aldrich; Merck 
KGaA), was dissolved in 8% dimethyl sulfoxide (DMSO) to 
final concentrations of 1.5 and 3.0 mg/kg (30). The vehicle 
group received an equal volume of solvent via the same 
method of administration.

Successfully established model rats were randomly divided 
into four groups: i) CA control group, normal saline (NS) was 
administered (NS, n=18); ii) control vehicle group, 8% DMSO 
was administered (DMSO, n=18); iii) low‑dose MDL28170 
group (MDL‑l, 1.5 mg/kg, n=18); and iv) high‑dose MDL28170 
group (MDL‑h, 3.0 mg/kg, n=18). Another nine rats were 
selected for the sham operation group, which were subjected to 
the same procedures but without CA and CPR. All drugs were 
injected into the left femoral vein within 30 min of ROSC.

Evaluation of survival rate, neurological deficit score (NDS) 
and CPR duration. CPR duration was measured as the time 
from the start of cardiac compression to the ROSC. The 
survival rate and NDS of the experimental rats were evaluated 
24 h after the ROSC by an investigator blinded to the experi‑
mental groups. NDS was graded on a scale of 0‑80 based on 
the arousal, reflex, motor, sensory and balance responses (most 
severe deficit, 0; normal performance, 80) (31). All experi‑
mental rats were used for the subsequent tests to evaluate 
neuronal function.
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Tissue sampling and preparation. Three experimental 
animals from each group were deeply anesthetized using 
2% pentobarbital sodium (90 mg/kg) at 24 h after CA/CPR. 
Saline and 4% paraformaldehyde were infused through the 
aorta for 2 h at 4˚C. The excised brain tissue was immedi‑
ately fixed in 10% paraformaldehyde at room temperature for 
48 h, and paraffin‑embedded sections were prepared. Thus, 
3‑µm‑thick paraffin‑embedded sections were used for hema‑
toxylin‑eosin (HE) or double immunofluorescence staining, 
and 5‑µm‑thick paraffin‑embedded sections for Nissl staining 
as detailed below.

HE and Nissl staining. The prepared brain sections were 
dehydrated in the xylene solution to remove the paraffin, then 
rehydrated in a descending alcohol series (100, 95, 75 and 50% 
ethanol) at 25˚C for 5 min/step. Tissue samples were stained 
with hematoxylin at 25˚C for 5 min. The tissue samples were 
stained with HE and 1% hydrochloric acid in 70% ethanol 
at 25˚C for 5 min. The specimens were then dried, covered 
with cover slides and observed under an optical microscope 
(Olympus Corporation).

For Nissl staining, the prepared brain sections also were 
dehydrated in the xylene solution to remove the paraffin and 
then rehydrated in a descending alcohol series (100, 95, 75 
and 50% ethanol) at 25˚C for 5 min/step. Tissue samples were 
stained with toluidine blue solution (cat. no. G3668; Beijing 
Solarbio Science & Technology Co., Ltd.) in a dark, airtight 
container at 70% humidity and 60˚C for 30 min. Samples 
were then re‑dyed in 0.5% eosin at 25˚C for 3 sec. Under a 
light microscope, the Nissl bodies in the tissue sections were 
counted in five randomly selected regions of every sample 
using ImageJ version 1.46 (National Institutes of Health).

Transmission electron microscopy (TEM) analysis. Three rats 
from each group were used for TEM analysis. After cerebral 
perfusion with 4% paraformaldehyde, 40 mg of the cortex 
specimen was placed in 2.5% glutaraldehyde and stored at 4˚C 
for 24 h. The samples were fixed with 1% osmium tetroxide 
at room temperature for 3 h, dehydrated in ethanol and then 
embedded in epoxy resin at 37˚C for 1 h. According to the 
standard operating principles of three‑dimensional localiza‑
tion, resin blocks were cut into ultrathin slices (100‑nm), fixed 
on metal mesh grids and double‑stained using lead citrate and 
uranyl acetate at 25˚C for 30 min. Finally, the morphology 
of the neurons was observed using TEM. The images were 
recorded and viewed with an H‑7650 TEM unit (Hitachi, Ltd.).

Western blotting. Rats (n=3 per group) were euthanized after 
deep anesthetization, and the brain tissue was immediately 
excised and washed with cold saline. The isolated cerebral 
cortex was quick‑frozen in liquid nitrogen (‑196˚C) for 3 h and 
stored at ‑80˚C for subsequent western blotting. The cortex 
sample (50 mg from each group) was lysed at 4˚C, and the tissue 
homogenate was centrifuged at 13,000 x g for 15 min at 4˚C to 
extract the proteins. A bicinchoninic acid protein assay kit (cat. 
no. P0012; Beyotime Institute of Biotechnology) was used to 
test the total protein concentration. Protein samples (40 µg/lane) 
were separated using sodium dodecyl sulfate‑polyacrylamide 
gel (12, 10 or 8% separation gel) electrophoresis and transferred 
onto a polyvinylidene fluoride membrane (pore size, 0.2 µm; 

MilliporeSigma), which was blocked for 1 h with 5% fat‑free 
milk solution at 25˚C and incubated with the corresponding 
primary antibodies overnight at 4˚C. The following rabbit 
anti‑rat primary antibodies were used: Calpain‑1 (1:1,000; cat. 
no. ab28258; Abcam), calpain‑2 (1:1,000; cat. no. 11472‑1‑AP; 
Wuhan Sanying Biotechnology, Inc.), calpastatin (1:5,000; 
cat. no. ab226249; Abcam), P62 (1:1,000; cat. no. #5114; 
Cell Signaling Technology, Inc.), Beclin‑1 (1:1,000; cat. 
no. #3495; Cell Signaling Technology, Inc.), LC3 (1:2,000; cat. 
no. ab192890; Abcam), IL‑1β (1:100; cat. no. sc‑32294; Santa 
Cruz Biotechnology, Inc.), TNF‑α (1:1,000; cat. no. ab6671; 
Abcam) and glyceraldehyde 3‑phosphate dehydrogenase 
(GAPDH; 1:1,000; cat. no. #5174; Cell Signaling Technology, 
Inc.). After washing with Tris‑buffered saline with 0.2% Tween 
20, the samples were incubated with a goat anti‑rabbit IgG fluo‑
rescence‑labeled secondary antibody (1:20,000; cat. no. #5151T; 
Cell Signaling Technology, Inc.) at 25˚C for 1 h. Finally, the 
strip density was detected using the Tanon™ High‑sig ECL 
Western Blotting Substrate (Guangzhou Yuwei Biotechnology 
Instrument Co., Ltd.). ImageJ version 1.46 (National Institutes of 
Health) was used to quantify each protein band, with measured 
levels normalized to that of GAPDH.

Double immunofluorescence staining. The brain tissue sections 
were dewaxed, hydrated in a descending alcohol series (100, 95, 
75 and 50% ethanol), and microwaved at 60˚C for 5 min in an 
ethylenediaminetetraacetic acid antigen‑repair buffer (pH 8.0; 
Beyotime Institute of Biotechnology), followed by incubation at 
25˚C for 20 min in phosphate‑buffered saline (pH 7.4) containing 
0.3% Triton X‑100 (phosphate‑buffered saline with Tween 20). 
The tissue sections were blocked in normal goat serum at 25˚C for 
30 min (OriGene Technologies, Inc.) with bovine serum albumin 
(Thermo Fisher Scientific, Inc.). The specimens were initially 
incubated at 4˚C with rabbit polyclonal anti‑calpain‑2 (1:2,000; 
cat. no. 11472‑1‑AP; ProteinTech Group, Inc.). The samples were 
stored at 4˚C and incubated overnight. The following day, the 
sections were incubated with horseradish peroxidase‑conjugated 
goat anti‑rabbit secondary antibody (1:500; cat. no. GB23301; 
Wuhan Servicebio Technology Co., Ltd.) in the dark at 25˚C for 
60 min. Next, the fluorescein isothiocyanate reagent was added 
and the sections were incubated for 10 min in dark at 25˚C. 
Subsequently, the sections were placed in a repair box filled with 
citric acid (pH 6.0) antigen‑repair solution and heated in a micro‑
wave oven (heated at 70˚C for 8 min, no heat for 10 min, heated 
at 60˚C for 7 min and then allowed to gradually cool down). 
The sections were incubated with rabbit monoclonal anti‑LC3 
(1:1,000; cat. no. ab192890; Abcam) overnight at 4˚C. Next, the 
brain tissue was incubated with Cy3‑coupled secondary antibody 
solution (1:300; cat. no. GB21303; Wuhan Servicebio Technology 
Co., Ltd.) at 25˚C for 60 min, followed by incubation with DAPI 
at 25˚C for 10 min. Finally, an auto‑fluorescence quenching agent 
was added to avoid background fluorescence and the fluorescent 
markers were observed. The slides were scanned using the 
Pannoramic DESK system (3DHISTECH Kft.) for panoramic 
scanning. Full‑field digital slice images were generated, and 
the CaseViewer Windows application (3DHISTECH Kft.) was 
used to compile them. Finally, ImageJ version 1.46 (National 
Institutes of Health) was used to analyze the rates of cells posi‑
tive for calpain‑2 and LC3 and the ratio of calpain‑2 to LC3 in 
the cells.
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Statistical analysis. GraphPad Prism 7 (GraphPad Software, 
Inc.) was used for all statistical analyses and graph creation. The 
assumptions of normality were evaluated using Shapiro‑Wilk 
test. Statistical differences between groups were analyzed 
using a one‑way analysis of variance and Tukey's post hoc 
test. The non‑normally distributed data and the intergroup 
comparisons were evaluated using the Kruskal‑Wallis test 
and Dunn's test. P<0.05 was considered to indicate a statisti‑
cally significant difference. The survival rates were analyzed 
using a χ2 cross‑table. The NDS is expressed as median and 
interquartile range, and other data are presented as mean ± 
standard deviation.

Results

Survival rate, CPR duration and NDS. There were no 
significant differences in the CPR duration among the groups 
(P>0.05; Table I). The survival rate of rats in the sham group 
was 100%. The survival rate of rats in the 0.9% saline (NS) 
(61.1%), DMSO (66.7%), MDL‑l (72.2%) and MDL‑h (83.3%) 
groups was lower compared with that of rats in the sham 
group, but no significant difference was found in the survival 
rate among the groups (P>0.05; Table I). Additionally, the 
NDS of the NS (70), DMSO (70), MDL‑l (73) and MDL‑h (74) 
groups was significantly lower compared with that of the sham 
group (80) (all P<0.05). However, the NDS of the MDL‑h 
group was significantly higher compared with that of the NS 
and DMSO groups (P<0.05; Table I).

Morphological changes in neurons in the cortex after CA and 
CPR. To evaluate the effect of different doses of the calpain 
inhibitor MDL28170 on CIRI after CPR, morphological 
changes in neurons were observed using HE and Nissl staining. 
As shown in the HE‑stained images, the nuclei of cells in the 
sham group were round and intact, the nucleoli were visible, 
and the fiber structure of the brain tissue was normal. In the 
NS and DMSO groups, necrotic cells, nuclear deformation and 
pyknosis, cell vacuoles and tissue exudation were observed. 
The morphology of the cortical neurons in the MDL‑l and 
MDL‑h groups was improved compared with that in the NS 
and DMSO groups, and the morphology of the cortical neurons 
in the MDL‑h group was improved compared with that in any 
other group (Fig. 1A). Nissl staining revealed significantly fewer 
Nissl bodies in the model groups compared with in the sham 

group (P<0.05; Fig. 1B and C). The numbers of Nissl bodies 
were significantly increased in the MDL‑h group compared 
with in the NS and DMSO groups (P<0.05; Fig. 1B and C).

Expression of calpastatin, calpain‑1 and calpain‑2 in the 
cortex after CA and CPR. Western blotting of calpastatin, 
calpain‑1 and calpain‑2 revealed no significant differences 
in the level of calpastatin or calpain‑1 among the groups 
(Fig. 2A‑C). However, the expression of calpain‑2 in the NS 
and DMSO groups was significantly higher compared with 
that in the sham group (P<0.05; Fig. 2A and D). The MDL‑h 
group, which was treated with 3.0 mg/kg of MDL28170, 
showed a significantly lower level of calpain‑2 compared with 
the NS and DMSO groups (P<0.05; Fig. 2A and D).

Expression of IL‑1β and TNF‑α in the cortex after CA 
and CPR. Western blotting of ProIL‑1β (precursor IL‑1β) 
showed no significant differences among the groups (P>0.05) 
(Fig. 3A and B). The expression of IL‑1βp17 (mature IL‑1β) 
and TNF‑α in the NS, DMSO and MDL‑L groups was signifi‑
cantly higher compared with that in the sham group (P<0.05; 
Fig. 3A, C and D). However, the expression of IL‑1βp17 (mature 
IL‑1β) and TNF‑α in the MDL‑h group was significantly lower 
compared with that in the NS and DMSO groups (P<0.05; 
Fig. 3A, C and D).

Characterization of ultrastructural changes and autophagy 
by TEM. A comparison of the ultrastructural changes in the 
cerebral cortex in the sham, NS and MDL‑h groups, as deter‑
mined by TEM, showed the effect of MDL28170 on autophagy 
after the inhibition of calpain‑2. In the sham group, the nucleus 
was round, and the nuclear membrane was continuous and 
intact. In the NS and MDL‑h groups, the size of the nucleus 
changed, the ER and mitochondria were dilated, and vacuolar 
degeneration was observed (Fig. 4A and B). The damage to 
neurons in the NS group was more severe compared with that 
to neurons in the MDL‑h group, and autophagy was detected 
at every stage in the NS group (Fig. 4C).

Expression of P62, beclin‑1 and LC3 in the cortex after 
CA and CPR. To determine the effect of MDL28170 on 
autophagy‑related proteins after the inhibition of calpain‑2, 
P62, beclin‑1 and LC3 expression levels were detected in the 
cortex of rats in the sham, NS and MDL‑h groups by western 

Table I. Survival rate, CPR duration and NDS in each group.

    NDS, median (25th percentile,
Group Survival rate, n (%) n CPR duration, sec 75th percentile)

Sham 9/9 (100.0) 9 ‑ 80 (80, 80)
NS 11/18 (61.1) 11 98.36±3.331 70 (69, 71)a

DMSO 12/18 (66.7) 12 92.25±1.733 70 (68, 71.75)a

MDL‑l 13/18 (72.2) 13 94.85±1.996 73 (70, 74)a

MDL‑h 15/18 (83.3) 15 93.53±2.24 74 (72, 76)a,b,c

aP<0.001 vs. Sham; bP<0.05 vs. NS; cP<0.05 vs. DMSO. CPR, cardiopulmonary resuscitation; NDS, neurological deficit score; NS, 0.9% saline 
group; DMSO, 8% dimethyl sulfoxide group; MDL, MDL28170; l, low; h, high.
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blotting at 24 h following CA and CPR. As shown in Fig. 5, the 
levels of beclin‑1 and LC3I/LC3II were significantly upregu‑
lated in the NS group compared with that in the sham group. 

Additionally, the LC3I/LC3II level in rats in the MDL‑h group 
was significantly higher compared with that in rats in the sham 
group, suggesting that autophagy increased after CIRI. When 

Figure 1. HE staining and Nissl staining of the cerebral cortex in rats 24 h post‑CA/cardiopulmonary resuscitation. (A) HE staining of the cerebral cortex. Dead 
and vacuolar cells are shown by black arrows (scale bar, 50 µm). (B) Nissl staining of the cerebral cortex. Dead and vacuolar cells are shown by black arrows 
(scale bar, 50 µm). (C) Column chart shows a comparison of the number of Nissl bodies in each group. (n=3). *P<0.05 vs. the sham group; #P<0.05 vs. the NS 
group; &P<0.05 vs. the DMSO group. HE, hemoxylin and eosin; CA, cardiac arrest; CPR, cardiopulmonary resuscitation; NS, normal saline; MDL‑l, low‑dose 
MDL28170 group; MDL‑h, high‑dose MDL28170 group.

Figure 2. Western blotting analysis for calpastatin, calpain‑1 and calpain‑2. (A) Representative western blots of calpastatin, calpain‑1 and calpain‑2. (B) Western 
blotting analysis of calpastatin. (C) Western blotting analysis of calpain‑1. (D) Western blotting analysis of calpain‑2. Band intensities were normalized to 
those of GAPDH. (n=3). *P<0.05 vs. the sham group; #P<0.05 vs. the NS group; &P<0.05 vs. the DMSO group. NS, normal saline; MDL‑l, low‑dose MDL28170 
group; MDL‑h, high‑dose MDL28170 group.
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MDL28170 was administered to rats in the MDL‑h group, the 
levels of beclin‑1 and LC3I/LC3II decreased, whereas that of 
P62 increased compared with the levels in rats in the NS group 
(P<0.05; Fig. 5).

Double immunofluorescence staining of calpain‑2 and LC3 
in the cortex following CA and CPR. To clarify the associa‑
tion between calpain‑2 and autophagy, the co‑localization of 
calpain‑2 and LC3 in the sham, NS and MDL‑h groups was 
examined by double immunofluorescence staining. As shown 
in Fig. 6A‑C, the rate of cells positive for calpain‑2 and LC3 
in the NS group was significantly higher compared with that 
in the sham group, whereas the positivity rate of cells in the 
MDL‑h group was significantly lower compared with that in 
the NS group (P<0.05). Moreover, calpain‑2 and LC3 were 
mainly localized in the cytoplasm, and the co‑expression 
rate of calpain‑2 and LC3 in the NS group was higher 
compared with that in the sham group (P<0.05). However, the 
co‑expression rate of calpain‑2 and LC3 in the MDL‑h group 
was significantly lower compared with that in the NS group 
(P<0.05; Fig. 6A‑D).

Discussion

In the present study, esophageal electrical stimulation was used 
to establish a CA and CPR rat model. The results showed that 
the administration of the calpain inhibitor MDL28170 reduced 
pathological damage and improved the neural function by 
inhibiting calpain‑2 (Fig. 7); it further inhibited inflammation 
and reduced autophagy level, reflecting a potential relationship 
between calpain‑2 and autophagy in CIRI.

MDL28170 had no significant effect on the protein expres‑
sion levels of calpain‑1 and calpastatin, but had a significant 

inhibitory effect on the protein expression level of calpain‑2 
and a neuroprotective effect. Calpain‑1 and calpain‑2 are the 
two most common subtypes of calpain in the brain tissue, but 
there are some differences between them. Although calpain‑1 
and calpain‑2 share a small subunit (CAPNS1) in their struc‑
tures, they have completely different large subunits (32). 
According to the demand for calcium, calpain‑1 and calpain‑2 
are activated by intracellular calcium at the micromole and 
millimole levels, respectively (33). A number of studies have 
shown differences in the effects of calpain‑1 and calpain‑2 
in brain injury models. For example, calpain‑1 induces heat 
shock protein 70 dysfunction and lysosomal membrane 
destruction, resulting in delayed neuronal death after tran‑
sient global cerebral ischemia (34). Furthermore, another 
CIRI study indicated that calpain‑2, rather than calpain‑1, 
participates in the hydrolysis of the cytoskeleton protein 
and destroys tissue structure, consequently aggravating 
nerve injury (35). The present study found that MDL28170 
inhibited calpain‑2, rather than calpain‑1, to prevent neuronal 
death. In line with these results, a previous study showed 
that MDL28170 attenuates neuronal abnormalities in rats 
with motor nerve damage by inhibiting calpain‑2 (36), and a 
central nervous system development study indicated a more 
intimate relationship between calpain‑1 and calpastatin, but 
calpain‑2 resulted in different effects (37). These results 
suggest that calpain‑2 induces neuronal injury, and inhibition 
of calpain‑2 without affecting calpastatin and calpain‑1 has a 
neuroprotective function.

TNF‑α and IL‑1β are common pro‑inflammatory cyto‑
kines involved in neuroinflammatory responses. TNF‑α is 
synthesized by macrophages, and its overexpression can lead 
to the activation of neutrophils and lymphocytes as well as 
the recruitment of adhesion factors, prompting the occurrence 

Figure 3. Western blotting analysis for IL‑1β and TNF‑α. (A) Representative western blots of IL‑1β and TNF‑α. (B) Western blotting analysis of proIL‑1β. 
(C) Western blotting analysis of IL‑1βp17. (D) Western blotting analysis of TNF‑α. Band intensities were normalized to those of GAPDH. (n=3). *P<0.05 vs. the 
sham group; #P<0.05 vs. the NS group; &P<0.05 vs. the DMSO group. proIL‑1β, precursor IL‑1β; IL‑1βp17, mature IL‑1β; NS, normal saline; MDL‑l, low‑dose 
MDL28170 group; MDL‑h, high‑dose MDL28170 group.
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of inflammatory reactions, and then aggravating ischemic 
brain tissue damage (38). The inactive precursor proIL‑1β 
has a molecular weight 31 kDa, and matures to IL‑1β with 
a molecular weight 17 kDa due to caspase 1 during acute 
injury (39). The endogenous secretion occurs rapidly, produces 
an inflammatory response and aggravates cell damage; thus, 
it is the mature IL‑1β instead of the proIL‑1β molecule that 
participates in the inflammatory response (39). The present 
study found that the expression of TNF‑α and mature IL‑1β in 
the cerebral cortex significantly increased after cardiopulmo‑
nary resuscitation, suggesting that the inflammatory response 
was involved in CIRI. MDL28170 inhibited calpain‑2 in the 
cerebral cortex and downregulated the expression of TNF‑α 
and mature IL‑1β, suggesting that calpain‑2 is potentially 
related to inflammation. Chen et al (40) showed that there 
is a close relationship between calpain and immune cells 
(especially macrophages, neutrophils and lymphocytes), and 
that calpain can promote the immune response when immune 
cells are induced. Therefore, upon the use of MDL28170 after 
cerebral ischemia, calpain‑2 may be blocked at the same time 

Figure 4. TEM of the cerebral cortex in rats 24 h post‑CA/CPR. (A) TEM of the cell NU of neurons. The NU was intact in each group, but the size of the NU 
changed in the NS and MDL‑h group. (B) TEM of organelle of neurons; the ER and M were damaged in the NS and MDL‑h groups. (C) TEM of the autophagy 
process. A different feature of autophagosomes (black arrow) can be detected in the NS group. Scale bar of the first panel, 1 µm; scale bar of the second and 
third panels, 200 nm. (n=3). TEM, transmission electron microscopy; NU, nucleus; ER, endoplasmic reticulum; M, mitochondria; NS, normal saline; MDL‑h, 
high‑dose MDL28170 group.

Figure 5. Western blotting for P62, beclin‑1 and LC3. (A) Representative 
western blots of P62, beclin‑1 and LC3. (B) Western blotting analysis of P62. 
(C) Western blotting analysis of beclin‑1. (D) Western blotting analysis of 
LC3II/LC3I. Band intensities were normalized to those of GAPDH. (n=3). 
*P<0.05 vs. the sham group; #P<0.05 vs. the NS group. NS, normal saline; 
MDL‑h, high‑dose MDL28170 group.
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to suppress the immune response of related immune cells, 
thereby reducing the release of pro‑inflammatory cytokines.

The accumulation of autophagosomes and damaged 
organelles in the cortex was observed using TEM, indicating 
the involvement of autophagy in CIRI after CA/CPR. In the 
present study, MDL28170 was found to upregulate P62 and 
downregulate beclin‑1 and LC3I/LC3II. Moreover, double 
immunofluorescence staining indicated that the fluorescence 
signals produced by LC3 expression were present in the 
cytoplasm and partially co‑expressed with calpain‑2, which 
revealed a potential relationship between calpain‑2 and 
autophagy. During CIRI, the ER and mitochondrial membrane 
are damaged, resulting in a dynamic imbalance in calcium 

concentration and calcium overload (41). Furthermore, the 
accumulation of certain proteins, such as calpain, induces 
ER stress (42), which can lead to the induction of autophagy 
degrade abnormally folded proteins (43‑47). Autophagy is regu‑
lated by autophagy‑specific genes (ATGs), including beclin‑1, 
which is involved in the initial stages during the formation of 
double‑membrane structures and is required for autophago‑
some formation (48). Additionally, during autophagy, LC3 is 
converted to LC3I by ATG4, followed by conjugation with phos‑
phatidylethanolamine to form LC3II. Subsequently, P62 in the 
cytoplasm binds to LC3II on the membrane of the autophago‑
some to form a complex that is degraded by lysosomes (49,50). 
Thus, both p62 and LC3 are routinely used as biomarkers 

Figure 6. Double immunofluorescence staining. (A) Dual‑immunofluorescence for calpain‑2 and LC3 in the cerebral cortex 24 h post‑ cardiac arrest/
cardiopulmonary resuscitation. LC3 positive cells were stained red. Calpain‑2 positive cells were stained green. The nucleus was stained using DAPI (blue). 
Scale bar, 20 µm (white bar). The white frame in merge images are enlarged into detail images (enlarge to 4x the original image size). (B) Calpain‑2‑positive 
cell rate in groups (calpain‑2‑positive cell number/DAPI‑positive cell number). (C) LC3‑positive cell rate in groups (LC3‑positive cell number/DAPI‑positive 
cell number). (D) Calpain‑2 + LC3‑positive cell rate in groups (calpain‑2 + LC3‑positive cell number/DAPI‑positive cell number). (n=3). *P<0.05 vs. the sham 
group; #P<0.05 vs. the NS group. NS, normal saline; MDL‑h, high‑dose MDL28170 group.
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to monitor the level of autophagy (51). Autophagy acts as a 
cellular defense mechanism during the early stage of injury. 
However, excessive autophagy can promote cell death (52). Our 
previous research indicated that the inhibition of autophagy 
can ameliorate nerve functioning and play a neuroprotective 
role (53). In the present study, TEM showed improvements 
in the ER and mitochondria structures after MDL28170 
administration, indicating the benefit of inhibiting autophagy 
by blocking calpain‑2 activity, which might be related to the 
inhibition of calpain‑2‑mediated ER stress (54,55). Similar 
to the present results, Li et al (28) found that the autophagy 
of hippocampal neurons induced by TNF‑α are mediated by 
calpain‑2 activation, and selective calpain‑2 inhibitors (calpain 
inhibitor IV and NA101) and calpain‑2 knockout can attenuate 
autophagy induced by TNF‑α, whereas calpain‑1 knockout 
and inhibition resulted in no such effect. By contrast, another 
study showed that calpain‑2 inhibition or calpain‑2 knockout 
can enhance autophagy and reduce cell death after hepatic 
ischemia‑reperfusion injury (56). Furthermore, Liu et al (57) 
showed that calpain‑1‑mediated impairment of autophagic flux 
contributes to cerebral ischemia‑induced neuronal damage, 
and that MDL28170 can inhibit calpain‑1 to reduce the expres‑
sion of beclin‑1 and ATG‑5, inhibit autophagosome formation 
and ultimately attenuating brain damage. Therefore, the 
present study speculated that the relationship between calpains 
and autophagy depends on the degree of brain damage and 
activation, and the differences between models and organs.

Currently, to the best of our knowledge, there are few reports 
on calpains and cerebral ischemic injury induced by cardiac 
arrest. The most critical innovation of the present study is that 
it observed and compared the effects of different subtypes 
of calpains on brain injury induced by cardiopulmonary 

resuscitation in cases of cardiac arrest from different levels 
(pathological changes and expression of molecular proteins). 
Furthermore, the present study has a few limitations. First, in 
terms of time points, although MDL28170 showed a neuropro‑
tective effect at 24 h after CIRI, an understanding of its long‑term 
effect on nerve injury would be beneficial, and this requires 
further exploration at 48 or 72 h. Second, the side‑effects of 
MDL28170 on the liver or kidney were not observed. Third, 
upstream and downstream factors of inflammation were 
presented via western blotting and double immunofluorescence 
staining. In the future, RT‑qPCR is planned to be performed 
to verify the changes in gene expression and explore the 
effects of different drug concentrations. Moreover, in terms of 
pathophysiological mechanisms, as calcium overload can acti‑
vate calpain, the evaluation of the effects of calcium‑channel 
blockers would provide additional insight into the role of 
calcium in the pathophysiological mechanism.

In summary, calpain‑2 activation, inflammation, and 
autophagy were found to be involved in CIRI after CA and 
CPR. Blocking calpain‑2 activation with MDL28170 can 
significantly reduce inflammation and autophagy, which plays 
a neuroprotective role. These observations may help develop 
new strategies for treating nerve injury in patients with CA.
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