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Rapamycin has been demonstrated to exhibit neuroprotective functions via the activation of autophagy
in a cerebral ischemia model. However, the involvement of mitophagy in this process and its contribution
to the protection of mitochondrial function remains unknown. The present study explored the character-
istics of mitophagy after cerebral ischemia and the effect of rapamycin on mitochondrial function. Male
Sprague–Dawley rats underwent transient middle cerebral artery occlusion (tMCAO). Neurological
deficits scores; infarct volumes; mitophagy morphology; and the levels of malondialdehyde (MDA), aden-
osine triphosphate (ATP) and mitochondrial membrane potentials (Dwm) were examined. The expression
of LC3, Beclin-1 and p62 in the mitochondrial fraction combined with transmission electronic microscopy
were used to explore mitophagic activity after ischemia. We also blocked autophagosome formation
using 3-methyladenine (3-MA) to check the linkage between the mitochondrial protective effect of
rapamycin and enhanced mitophagy. We observed that rapamycin significantly enhanced mitophagy,
as evidenced by the increase in LC3-II and Beclin-1 expression in the mitochondria and p62 translocation
to the mitochondria. Rapamycin reduced infarct volume, improved neurological outcomes and inhibited
mitochondrial dysfunction compared with the control animals (p < 0.05). However, these protective
effects were reversed by 3-methyladenine treatment after rapamycin. The present study indicates that
rapamycin treatment attenuates mitochondrial dysfunction following cerebral ischemia, which is linked
to enhanced mitophagy.

Crown Copyright � 2014 Published by Elsevier Inc. All rights reserved.
1. Introduction

Autophagy is an evolutionarily conserved process that is
responsible for the degradation of some organelles and cytoplasm
compositions via the lysosomal pathway [1]. As the power gener-
ator of the cell and a major source of reactive oxygen species
(ROS), mitochondria are especially prone to ROS damage [2].
Mitochondria have been proposed to be the principal subcellular
target of ischemic injury [3,4]. The important role of mitochondria
provides a promising therapeutic target for pharmacological and
biomedical research using experimentally ischemic strokes.

Ischemia reperfusion injury causes mitochondrial damage and
dysfunction. The timely elimination of dysfunctional mitochondria
is essential to protect cells from ischemia stress. Cells can develop
a self-defense mechanism against aberrant mitochondria to main-
tain normal mitochondrial function; the term ‘‘mitophagy’’ has
been suggested for this process [5,6]. Mitophagy can prevent dam-
aged mitochondria accumulation and protect against cell death [7].
Several in vivo studies in experimental cardiac ischemic injury
have reported that enhanced mitophagy promoted cell survival
from ischemia stress [8,9]. However, the role of mitophagy in
cerebral ischemic injury is unknown.

Targeting damaged mitochondria by activating mitophagy is a
novel strategy for the treatment of ischemic strokes. Rapamycin,
a macrolide antibiotic, can reduce injury in various models of
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neurodegenerative disorders by activating autophagy [10,11]. Rap-
amycin is also neuroprotective in the neonatal hypoxia–ischemia
(HI) model, which is associated with increased autophagy and
the inhibition of apoptosis [12]. Recently, one study has demon-
strated the neuroprotective properties of rapamycin in rat focal
cerebral ischemic preconditioning models [13]. However, it is not
known how rapamycin regulates mitophagy and mitochondrial
dysfunction in ischemic stroke. The present study was designed
to investigate the effect of rapamycin on mitophagy and improve-
ments in mitochondrial function after cerebral ischemia.
2. Material and methods

2.1. Experimental design

The experimental protocol was approved by the Institute of Ani-
mal Care and Use Community (IACUC), Shanghai Jiao Tong Univer-
sity, Shanghai, China. Adult male Sprague–Dawley rats (SLAC Inc.,
Shanghai, China) weighing 280–300 g were divided into eight
groups. In the tMCAO experiment, four groups of rats (n = 20 per
group) were subjected to 2 h of MCAO followed by 6, 24, 48 or
72 h of reperfusion; another group (n = 20) received the surgical
procedure without tMCAO as a control. In the rapamycin treatment
experiment, one group (n = 16) received rapamycin (8 ng, 2 ll in
0.1% DMSO), injected intraventricularly 30 min before MCAO.
Another group (n = 16) received the same amount of 0.1% DMSO
as a vehicle group before MCAO. The final group (n = 16) received
rapamycin and 3-MA (100 lg, 2 ll in saline) before MCAO, 3-MA
was injected intraventricularly 10 min after rapamycin treatment.
All of the animals were sacrificed under deep anesthesia and their
brains were removed at the designed point after reperfusion.
2.2. Transient middle cerebral artery occlusion (tMCAO)

Rats were anesthetized with ketamine/xylazine (100 mg/
10 mg/kg) intraperitoneally. Body temperature was maintained at
37 ± 0.5 �C using a heating pad (RWD Life Science, Shenzhen, China).
Animal surgery was performed as previously described [14].
Briefly, a 4–0 suture (Covidien, Mansfield, MA) with a round tip
and silicon coating was inserted from the left external carotid ar-
tery (ECA) into the internal carotid artery (ICA). The suture reached
the circle of Willis to occlude the origin of the middle cerebral ar-
tery (MCA). The success of occlusion was determined by monitor-
ing the decrease in surface cerebral blood flow (CBF) to 20% of
baseline CBF using a laser Doppler flow meter (Moor Instruments,
Devon, UK). Reperfusion was performed via withdraw of the suture
after 2 h of tMCAO.
2.3. Immunohistochemistry staining

Immunohistochemistry staining was performed as described
previously [15]. Twenty-five micrometer sections from rat brain
tissues were used for immunofluorescence analysis. Sections were
blocked with 10% goat serum for 1 h at room temperature, fol-
lowed by incubation with primary antibodies overnight at 4 �C
and incubation for 60 min at 25 �C with secondary antibodies con-
jugated with FITC (Molecular Probes, Eugene, OR) or Cy-5 (Santa
Cruz, Santa Cruz, CA). The compound 40-6-diamidino-2-phenylin-
dole (DAPI, Molecular Probes) was used to label cell nuclei. Primary
antibodies were used in IHC as follows: LC3 (1:200 dilution,
Sigma–Aldrich, St. Louis, MO), glial fibrillary acidic protein (GFAP,
1:500 dilution, Sigma–Aldrich) and NeuN (1:500 dilution, Milli-
pore, Billerica, MA). Negative controls were performed without
the primary antibody.
2.4. Mitochondria isolation

Purified mitochondria were obtained using an animal tissue ac-
tive mitochondrial extraction kit according to manufacturer
instructions (Genmed Scientifics Inc., Shanghai, China). Briefly,
brain cortical tissue was homogenized with a glass homogenizer
(25–30 strokes) and centrifuged at 1500g for 10 min at 4 �C. The
supernatant was removed and centrifuged at 10,000g for 10 min.
The pelleted materials were washed three times and resuspended
in 10 mM Tris–HCl, pH 7.4, containing 10 mM KCl, 0.25 M sucrose
and 5 mM MgCl2. The protein concentration was measured using a
Pierce BCA kit (Pierce, Rockford, IL). The isolated mitochondrial
fraction was collected for western blot, MDA assay, ATP assay
and JC-1 (Dwm) assay.

2.5. Western blot analysis

Equal amounts of protein per lane (30 lg) were subjected to
electrophoresis on 10–12% SDS–PAGE gel. Proteins were electro-
transferred onto a polyvinylidene difluoride membrane (Millipore).
The membrane was blocked with 5% non-fat dry milk/0.1% Tween-
20 in Tris-buffered saline for 2 h at room temperature. Thereafter,
the membrane was incubated with different primary antibodies,
including rabbit anti-Beclin-1 (1:500 dilution, Sigma–Aldrich), rab-
bit anti-LC3 (1:1000 dilution, Sigma–Aldrich), rabbit anti-p62
(1:800 dilution, Sigma–Aldrich) and mouse anti-cox4 (1:500 dilu-
tion, Santa Cruz). Subsequently, the membrane was treated with
horseradish peroxidase-labeled secondary antibody for 2 h at room
temperature. Immunoblots were probed using enhanced ECL
substrate (Pierce). The chemiluminescence level was recorded
using an imaging system (Bio-Rad, Hercules, CA). The results were
normalized to loading control b-actin.

2.6. Transmission electronic microscope

Twenty-four hours after tMCAO, rats were sacrificed and per-
fused transcardially with 4% paraformaldehyde and 0.5% glutaral-
dehyde in 0.1 mol phosphate buffer. Coronal sections (100 lm)
were cut by a vibratome, postfixed with 4% glutaraldehyde in
0.1 mmol cacodylate buffer (pH 7.4) for 1 h and incubated with
1% osmium tetroxide in 0.1 mmol cacodylate buffer for 2 h. Brain
sections were dehydrated by an ascending series of ethanol and
dry acetone and embedded in Durcupan ACM Fluka (Sigma–Al-
drich). Ultrathin sections (0.1 lm) were stained with uranyl ace-
tate and lead citrate and subsequently examined with a JEOL
JEM-1230 transmission electron microscope (JEOL, Tokyo, Japan).

2.7. Mitochondria functional assay

2.7.1. MDA level measurement
The MDA level was examined using commercial kits (Jiancheng

Bioengineering Inc., Nanjing, China) according to the manufac-
turer’s directions with minor modifications. Briefly, the superna-
tant of mitochondria lysis was incubated with the MDA reagent
for 40 min at 95 �C. The mixture was detected by a Synergy HT
multi-mode microplate reader (Biotek, Winooski, VT, USA) at a
532 nm absorbance. Data were expressed as nmol per mg protein.

2.7.2. ATP level measurement
The ATP level was examined by a firefly luciferase-based ATP

assay kit (Beyotime, Haimen, China). The assay was conducted
according to the manufacturer’s instructions. Briefly, after mito-
chondrial lysis, mitochondrial fraction was centrifuged at 10,000g
for 10 min, and the supernatant was removed for the ATP assay.
ATP reagents (100 ll) were added into a microwell for 5 min at
37 �C. The samples (50 ll) were then added, and the contents were
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mixed for 1–10 s and measured by a Synergy HT multi-mode
microplate reader. The ATP concentrations were calculated from
standard curve data and expressed as nmol per mg protein.
2.7.3. Mitochondrial membrane potential (Dwm) assessment
Mitochondrial membrane potential was determined by a fluo-

rescent probe JC-1 according to the manufacturer’s directions
(Genmed Scientifics Inc.). Briefly, JC-1 reagent B was completely
thawed and warmed to room temperature. Reagent B was diluted
by JC-1 reagent C, mixing well to make sure there were no particles
or flakes in the solution. The final JC-1 staining working solution
was 5 lg/ml. Isolated mitochondrial (100 lg) were incubated with
10 ll JC-1 staining working solution for 10 min at 37 �C. Fluores-
cence was determined using a Synergy HT multi-mode microplate
reader at 560 nm excitation/590 nm emission. Data were
expressed as fluorescence units per lg protein.
2.8. Infarct volume measurements

Twenty-four hours after tMCAO, animals were killed, and their
brains were removed. The brains were then sliced into six coronal
sections with 2-mm thickness each. The sections were stained with
2% TTC (Sigma–Aldrich) at 37 �C for 20 min. The slices were subse-
quently stored in 10% phosphate-buffered formalin. Infarct volume
was calculated as described previously [16].
2.9. Neurological deficit evaluation

To evaluate the impairment of neuronal function after stroke, a
neurological deficit grading system with a scale of zero to five was
performed on each animal as described previously [17]: grade 0:
normal behavior; grade 1: rats exhibited contralateral forelimb
consistently flexed during the suspension from the tail; grade 2:
rats moved spontaneously in all directions but exhibited a monodi-
rectional circling toward the paretic side; grade 3: rats exhibited a
consistent spontaneous contralateral circling; grade 4: rats were
very weak and walked only when stimulated; and grade 5: rats
died by the day of assessment. Higher scores indicated more severe
impairment of neuronal function.
2.10. Statistical analysis

Parametric data in different groups were compared using a one-
way ANOVA followed by Bonferroni t-test (GraphPad Software, San
Diego, CA). Significant differences between two groups were deter-
mined by two-tailed unpaired Student’s t-test. The survival rates
were compared using the Chi-Square test. Data presented as the
mean ± SD. P values less than 0.05 were considered statistically
significant.
3. Results

3.1. Transient ischemia induced autophagy and mitophagy

To explore the involvement of autophagosomes, we used elec-
tron microscopy, western blots and immunohistochemistry stain-
ing. LC3 is distributed in the cytoplasm under normal conditions
(LC3-I), but when autophagy is induced, LC3-I is modified to be-
come LC3-II, which integrates into the autophagosome membrane.
LC3-II is a relatively sensitive biochemical marker of autophagy
[18]. In this study, numerous cells exhibited strong LC3-positive
staining in the peri-ischemic cortex at 24 h after tMCAO (Fig. 1A-
b, c). Double-staining experiments indicated that LC3 is distributed
selectively in neurons, as shown by numerous colocalizations with
NeuN (Fig. 1A-f) in contrast to the absence of colocalization with
GFAP (Fig. 1A-i).

Mitophagy is one of the most important patterns of autophagy
and plays a critical role during ischemia. To determine the charac-
teristics of neuronal mitophagy after cerebral ischemia, we exam-
ined autophagosomes and autolysosome structures in neurons,
which are different stages of the autophagy process [18]. At 24 h,
electron microscopy revealed that neurons in the border of the le-
sion contained numerous autolysosomes filled with membranous
whorls (Fig. 1B-b, white arrows). Furthermore, we clearly observed
some partially degraded mitochondria (Fig. 1B-b, black arrows)
and some mitophagy structures that abnormal mitochondria were
fused with autophagic vesicles (Fig. 1B-g) or surrounded by double
membranes of typical autophagosomes (Fig. 1B-h). We further
examined LC3-II formation in mitochondrial fractions to determine
mitophagy level in the ischemic cortex from 6 to 72 h post
reperfusion. As shown in Fig. 1C, ischemia reperfusion induced a
time-dependent accumulation of LC3-II in mitochondria, beginning
at 6 h and increasing markedly 24 h after ischemia. The expression
of LC3-II could not be detected in the cytoplasmic fraction after
tMCAO, and the expression of LC3-I in the cytoplasmic fraction
increased only 24 h after tMCAO. These results indicate the
presence of active mitophagy after cerebral ischemia.

3.2. Rapamycin enhanced mitophagy

To investigate the effect of rapamycin on stimulating focal
mitophagy, we measured LC3-II expression in the mitochondria
isolated from the cortices of rapamycin-treated ischemic rats. As
shown in Fig. 2A,B, treatment with rapamycin significantly
increased LC3-II and Beclin-1 expression in the mitochondria. This
result suggests that rapamycin can enhance cell mitophagy.
3-methyladenine (3MA), an autophagy inhibitor, reversed the rap-
amycin-mediated induction of LC3-II and Beclin-1 in mitochondria.
We next assessed the mechanism by which rapamycin enhances
mitophagy. p62, which can bind ubiquitinated mitochondria to
direct phagophore through a LC3 binding domain, is a sensitive
marker for mitophagy [19]. We detected the expression of p62 in
mitochondrial fractions and cytosolic fractions using western blot
assays. We observed that the expression of p62 increased in the
mitochondrial fractions, in contrast to the decrease in the cytosolic
fractions (Fig. 2C) after rapamycin treatment. As shown in Fig. 2D,
these results indicated that rapamycin enhanced p62 translocation
from the cytosol to the mitochondria, thereby demonstrating that
rapamycin significantly enhances mitophagy.

3.3. Rapamycin improved mitochondrial function

Protecting mitochondrial function is critical in attenuating
ischemic brain injury. To further assess the effects of rapamycin
on mitochondrial function, indicators of mitochondrial activity
such as membrane potential (Dw) and levels of mitochondrial
ATP and MDA were determined. After 24 h of ischemic reperfusion,
the Dw decreased to 42.1% compared with the control group,
but rapamycin significantly recovered mitochondrial Dw levels
(Fig. 3A). The MDA levels in rats undergoing ischemic injury were
206% greater compared with the control group; rapamycin treat-
ment significantly reversed the increase of MDA levels (Fig. 3B).
Mitochondrial ATP levels are an indicator of cell death. The ATP
level decreased significantly after cerebral ischemia, and rapamy-
cin treatment significantly prevented the decrease in ATP levels
compared with the control group (Fig. 3C). However, treatment
combined with 3MA attenuated the protective effect of rapamycin
on mitochondria function. This indicates that the protective role of
rapamycin on mitochondrial function is related to the activation of
mitophagy.



Fig. 1. Ischemia induced neuron autophagy and mitophagy. (A) LC3-positive cells were detected in the peri-infarct area at 24 h after ischemia. LC3 (red) immunostaining
localized in NeuN (green)-positive cells but not in GFAP-positive cells. Scale bar = 40 lm. (B) (a) Electron micrographs demonstrating normal mitochondrial structure in
control rats. (b) The characteristics of autophagy structure (white arrow) and partially degraded mitochondria (black arrow) were observed in neurons 24 h after tMCAO. The
rectangle is high magnification and demonstrates a degradative autophagic vacuole (Avd) that includes a partially degraded mitochondrion (d). Another Avd was identified by
two bilayers separated by a narrow electron-lucent cleft (e). (c) Autophagic vacuoles, autolysosomes (AL) and typical mitophagy structure were observed in neurons 24 h
after tMCAO. The rectangle is high magnification. High magnifications revealed that ALs (f) and typical mitophagy structure (g, h). M-mitochondrial, N-nuclear, V-vacuole,
scale bar = 0.5 lm (a–c), 0.1 lm (d–h). (C) Representative western blots demonstrate expression of LC3 in mitochondria fraction and cytosol fraction following 6, 24, 48, and
72 h of tMCAO. Bar graphs demonstrate quantitative expression of LC3-II in mitochondria fraction and LC3-I in cytosol fraction. Data are presented as the mean ± SD. N = 6 per
group. ⁄p < 0.05, ⁄⁄p < 0.01 vs. control group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Rapamycin attenuated brain injury after tMCAO

The effect of rapamycin on ischemic brain injury was deter-
mined using neurological scores, infarct volume and survival rates.
Rapamycin significantly reduced infarct volumes compared with
the control group (37.98 ± 4.87% vs. 49.84 ± 8.36%, p < 0.05). Ische-
mia-induced neurological deficits were also greatly attenuated
in the rapamycin-treated animals (1.89 ± 0.36 vs. 2.67 ± 0.52,
p < 0.05). In addition, the survival rate was higher in the rapamy-
cin-treated group compared with the control group (91.6% vs.



Fig. 2. Rapamycin enhanced mitophagy. (A) Representative western blots and quantitative graphs demonstrate the expression of LC3-I and LC3-II in the mitochondrial
fractions of control (Con), vehicle-treated (Veh), rapamycin-treated (RAP) or rapamycin plus 3MA-treated ischemic animals (RAP plus 3MA). (B) Representative western blots
and quantitative graphs demonstrate the expression of Beclin-1 in the mitochondrial fractions of control (Con), vehicle-treated (Veh), rapamycin-treated (RAP) or rapamycin
plus 3MA-treated ischemic animals (RAP plus 3MA). (C, D) Representative western blots and quantification of p62 expression in cytosolic and mitochondrial fractions of
control (Con), vehicle-treated (Veh), rapamycin-treated (RAP) or rapamycin plus 3MA-treated ischemic animals (RAP plus 3MA). N = 6 per group. Data are presented as the
mean ± SD. ⁄p < 0.05, ⁄⁄p < 0.01 vs. control group (mitochondrial fraction); &p < 0.05, &&p < 0.01 vs. control group (cytosolic fraction).

Fig. 3. Rapamycin improved mitochondrial function. Bar graphs demonstrate Dw (A), MDA (B) and ATP levels (C) in the control (Con), vehicle-treated (Veh), rapamycin-treated
(RAP) or rapamycin plus 3MA-treated ischemic animals (RAP plus 3MA) 24 h after tMCAO. N = 6 per group. Data are mean ± SD. ⁄p < 0.05, ⁄⁄p < 0.01 vs. control group; #p < 0.05,
##p < 0.01 vs. vehicle group.
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83.3%, p > 0.05). The 3MA blocked the protective effect of rapamy-
cin on infarct volume and neurological deficit (Fig. 4). These results
further demonstrate that rapamycin attenuated ischemic brain
injury through enhanced mitophagy.
4. Discussion

The present study demonstrates the following: (1) Rapamycin
enhances mitophagy by increasing p62 translocation to the mito-
chondria after ischemia. (2) Rapamycin attenuates brain ischemic
damage and improves mitochondrial function. (3) The protection
of mitochondrial function induced by rapamycin is linked to
enhanced mitophagy. Enhanced mitophagy by rapamycin plays
an important protective role in ischemic brain injury.

The crucial role of Parkin-mediated mitophagy in cardiopro-
tection was also recently investigated in a cardio-ischemic pre-
conditioning study [8]. This is the first study in which the
involvement of mitophagy in cerebral ischemia reperfusion has
been investigated. In the present study, mitophagy was exam-
ined during brain ischemia. Mitophagy was characterized by
abnormal mitochondria within autophagosomes or fused with
autophagic vesciles in ischemic perifocal areas under TEM. The
morphological features suggested that the activation of mito-
phagy occurs in the ischemic brain. Western blotting revealed
that LC3-II expression was increased in the mitochondria frac-
tion. This is evidence that brain ischemia induces autophagy
and mitophagy.

The next question we addressed was whether rapamycin en-
hanced mitophagy after cerebral ischemia. Rapamycin is known
to stimulate autophagy in cancer, aging, mental disorders, neuro-
degenerative disorders and cerebral ischemia [20,21]. Increasing
data suggests that appropriate autophagy and autophagy pre-
activation by rapamycin can protect cells from ischemic stress



Fig. 4. Rapamycin attenuated brain injury after tMCAO. (A, B) TTC-stained sections demonstrated decreased infarct volume in rapamycin-treated rats 24 h after tMCAO (A).
The white color indicates the infarct area. The bar graph represents quantitative infarct volume from the TTC staining (B). N = 8 per group. ⁄p < 0.05, ⁄⁄p < 0.01 vs. vehicle
group. (C, D) Bar graphs indicate neurological function deficit scores (C) and survival rates (D) in the rapamycin-treated group at 24 h after tMCAO. N = 18 per group. ⁄p < 0.05,
⁄⁄p < 0.01 vs. control group, #p < 0.05, ##p < 0.01 vs. vehicle group.
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[22–24]. However, the ability of rapamycin to reduce brain injury
by promoting mitophagy was unknown. Our data established that
rapamycin also up-regulates mitochondrial LC3-II and Beclin-1,
suggesting increased mitophagy in ischemic brain tissue. How-
ever, the mechanism by which rapamycin enhances mitophagy
requires further investigation. The identification of the autophagy
adaptor protein p62 has provided important insights into the
process of mitophagy [19,25,26]. p62 can bind ubiquitinated
mitochondria through its ubiquitin-binding domain and can re-
cruit phagophores through an LC3-binding domain to degrade
the damaged mitochondria. We demonstrated that rapamycin
upregulated p62 translocation to the mitochondria in response
to ischemia injury. This is the first study to clarify the effect of
rapamycin on enhanced mitophagy by upregulating p62 translo-
cation to the mitochondria in response to ischemic stress in the
brain.

The removal of damaged mitochondria is beneficial in the set-
ting of ischemia–reperfusion injury because damaged mitochon-
dria could result in the robust increase in ROS after I/R. Although
we did not measure ROS production in this study, many studies
previously reported that ischemia–reperfusion injury results in
ROS overproduction, cellular component damage (damaged lipids,
proteins and nucleic acids) and triggers mitochondrial dysfunction
[2,27]. Clearance of damaged and aging mitochondria is a critical
process for neuron survival. Focal mitophagy can eliminate dam-
aged mitochondria and reduce ROS-mediated neuronal death
ROS [7–9]. The present results demonstrate that ischemia-induced
oxidative stress injuries are attenuated in rapamycin-treated rats.
Rapamycin also recovers mitochondrial Dw and ATP content after
tMCAO. Thus, rapamycin-induced mitochondrial protection is
related to the mitophagy activation.

The evidence presented in this study indicates that rapamycin
triggers mitophagy and mediates mitochondrial protection during
ischemic stress. One can conclude that rapamycin enhances
mitophagy by facilitating the recruitment of p62 to the damaged
mitochondria. The autophagic removal of injured mitochondria
attenuates mitochondrial dysfunction. The close relationship
between mitophagy and mitochondrial protection merits further
study.
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