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Abstract: Pharmacologic preconditioning is an intriguing and emerging approach adopted to prevent injury of isch-
emia/reperfusion. Neuroprotection is the cardinal effect of these pleiotropic actions of berberine. Here we investi-
gated that whether berberine could acts as a preconditioning stimuli contributing to attenuate hypoxia-induced neu-
rons death as well. Male Sprague-Dawley rats of middle cerebral artery occlusion (MCAO) and rat primary cortical 
neurons undergoing oxygen and glucose deprivation (OGD) were preconditioned with berberine (40 mg/kg, for 24 h 
in vivo, and 10-6 mol/L, for 2 h in vitro, respectively). The neurological deficits and cerebral water contents of MCAO 
rats were evaluated. The autophagy and apoptosis were further determined in primary neurons in vitro. Berberine 
preconditioning (BP) was then shown to ameliorate the neurological deficits, decrease cerebral water content and 
promote neurogenesis of MCAO rats. Decreased LDH release from OGD-treated neurons was observed via BP, which 
was blocked by LY294002 (20 µmol/L), GSK690693 (10 µmol/L), or YC-1 (25 µmol/L). Furthermore, BP stimulated 
autophagy and inhibited apoptosis via modulated the autophagy-associated proteins LC 3, Beclin-1 and p62, and 
apoptosis-modulating proteins caspase 3, caspase 8, caspase 9, PARP and BCL-2/Bax. In conclusion, berberine 
acts as a stimulus of preconditioning that exhibits neuroprotection via promoting autophagy and decreasing anoxia-
induced apoptosis.
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Introduction

Pharmacological preconditioning is a promising 
approach for treating cerebral ischemia. Similar 
with ischemic preconditioning (IP), pharmaco-
logical preconditioning triggers intensively 
endogenous protective mechanisms attenuat-
ing the damage of the subsequent ischemia in 
both brain and heart. Beyond the hypoxia-
induced ischemic tolerance, preconditioning 
with chemical agents might be more favorable 
and convenient for realizing in clinic. The tran-
scription factor hypoxia inducible factor-1 (HIF-
1) that senses hypoxia and transactivates 
those down-stream genes associated with 
energy metabolism and neurogenesis acts as 
pivotal modulator during IP [1]. It has been well 
documented that chemical agents stabilizing 
HIF-1 in brain stimulate ischemic tolerance. 

Stimuli such as lipopolysaccharide deferox-
amine, and FTY-720 initiate the endogenous 
protective mechanisms in a HIF-1-dependent 
manner [2]. Other agents as the volatile anes-
thetics and KATP channel openers establish the 
IP phenotype through the transducers nitric 
oxide synthase, Akt, and KATP channels [3]. 
However, chemical agents that have intriguing 
safety and stability profile and show neuropro-
tective effects are the more promising candi-
dates for pharmacologic preconditioning, espe-
cially those from plants.

Autophagy, a vital catabolic process within the 
lysosome, is an essential cytoprotective 
response and prosurvival pathway in both nor-
mal physiology and diseases such as cerebral 
ischemia and neurodegeneration. Although the 
role of autophagy is still controversial, autopha-
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gy has been reported to be upregulated after 
ischemia/reperfusion [4]. Furthermore, Sciarret- 
ta et al. indicate that autophagy is beneficial 
during ischemia but harmful during reperfusion 
and IP attenuate ischemic injury of neuron via 
inducing autophagy [5]. Interestingly, deferox-
amine, the stabilizer of HIF-1 and stimulus of 
ischemia tolerance, induced autophagy in a 
HIF-1-mediated manner [6]. Then, the moder-
ate autophagy during the initiation of ischemia 
or even ahead of hypoxia exhibits its fundamen-
tal role of maintaining cellular homeostasis and 
protecting neuron against anoxia insult. 

Berberine is an isoquinoline alkaloid that shows 
beneficial effect in various neurodegeneration 
and neuropsychiatric disease. Neuroprotection 
of berberine against cerebral ischemia was 
reported to accomplish through multiple mech-
anisms that include antagonizing N-methyl-d-
aspartate receptor, blocking voltage-depen-
dent potassium currents and inhibiting inflam-
matory response [7]. Our previous investigation 
further indicated that berberine inhibited 
hypoxia-induced apoptosis by modulating HIF-1 
levels [8]. Then, the present study was designed 
to explore whether berberine protect the neu-
ron attacked by hypoxia via preconditioning. 
Berberine preconditioning was conducted 24 h 
before the anoxia injury on neuron. The dam-
age of neuron, especially the apoptosis, was 
determined in vivo and in vitro, which was pre-
vented through the berberine preconditioning. 
Meanwhile, autophagy was triggered by the 
stimulating of berberine.

Methods

Animal model of middle cerebral artery occlu-
sion (MCAO)

Adult male Sprague-Dawley rats (280-300 g) 
from Shanghai Laboratory Animal Center of the 
Chinese Academy of Sciences (Shanghai, PRC) 
were kept at 20-21°C and 55 ± 5% relative 
humidity in a 12/12 h light/dark cycle. Standard 
rodent chow was provided ad libitum through-
out the study. Transient focal cerebral ischemia 
models were prepared through MCAO accord-
ing to the intraluminal suture method [9]. After 
2 h of MCAO, blood flow was restored and 
reperfusion was allowed for 24 h, 72 h, and 7 d. 
Sham-operated control animals underwent the 
same procedure without the suture insertion. 
This study was performed in strict accordance 

with the recommendations in the Guide for the 
Care and Use of Laboratory Animals of the 
National Institutes of Health. The protocol was 
approved by the Animal Care and Use 
Committee of Nanjing University of Chinese 
Medicine.

Cerebral cortical neurons

The preparation and maintenance of dissociat-
ed neuronal cell cultures from embryonic day 
18 rat (Sprague Dawley) embryos were per-
formed as described previously [10]. Neuronal 
cells cultured for 8 d were identified by immu-
nostaining with neurofilament antibody and 
Cy3-labeled secondary antibody, and were 
adopted for the following investigations. In the 
following preconditioning and oxygen-glucose 
deprivation (OGD) treatments, neuronal cells 
were starved in fetal bovine serum-free culture 
medium.

OGD treatment

Neuronal cell injury was induced by OGD to 
mimic cerebral ischemia 24 h after BP [11]. 
Cerebral cortical neurons were rinsed with 
Hanks’ balanced salt solution (HBSS) and incu-
bated with glucose- and serum-free medium 
(Essential Medium, MEM) supplemented with 
25% HBSS, 1 mM L-glutamine, 3.75 μg/mL 
amphotericin B, and 30 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) satu-
rated with 95% N2/5% CO2 in an airtight cham-
ber flushed with 95% N2/5% CO2. OGD exposure 
lasted for 30 min. Control neurons were treated 
with glucose-containing and serum-free nor-
moxic medium for the same period of time. At 
the end of the attack, the medium was replaced 
with glucose-containing and serum-free nor-
moxic medium, and the cerebral cortical neu-
rons were removed and placed in an incubator 
at 37°C and 100% humidity in 95% air/5% CO2 
for recovery. Neuronal injury or viability was 
evaluated 24 h later.

Berberine preconditioning (BP)

Berberine was administrated intragastrically to 
MCAO rats as a single dose (40 mg/kg) 24 h 
before ischemia/reperfusion insult. BP for 2 h 
in vitro was performed in neurons 24 h before 
the 2-h OGD treatment. Saline (NaCl, 0.9%) or 
phosphate buffered saline (PBS) was used as 
the vehicle for the sham and MCAO groups in 
vivo, or the blank and OGD groups in vitro.
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Neuroscore test of MCAO rats

A seven-point neuroscore test was used to 
assess the post-ischemic deficits of MCAO rats 
without or with BP at 24 h and 72 h [12]. The 
test was conducted by an investigator who was 
blinded to the treatment groups. The scale was 
as follows: Grade 6, normal extension of both 
forelimbs towards the floor when lifted; Grade 
5, consistent flexion of the forelimb contralat-
eral to the injured hemisphere; Grade 4, dys-
functional rats with consistently reduced resis-
tance to a lateral push towards the paretic side; 
Grade 3, circling towards the paretic side if 
pulled and lifted by the tail; Grade 2, circling 
towards the paretic side if pulled by the tail; 
Grade 1, circling spontaneously towards the 
paretic side; and Grade 0, no spontaneous 
motion.

Brain water content measurement

Each brain section from the sacrificed rats was 
weighed before and after drying for 24 h at 
100°C. The water content is expressed as the 
percentage change between the wet weight 
(WW) and dry weight (DW): [(WW - DW)/WW] × 
100.

Lactate dehydrogenase (LDH) assay

The activity of LDH in the culture medium of 
neurons exposed to BP and OGD treatment was 
analyzed with a standardized colorimetric 
enzyme kit. The protective efficacy of BP on 
neurons was expressed as the percentage of 
the maximal LDH activity without intervention. 
Following berberine or vehicle preconditioning 
for 2 h, the neurons were cultured in serum-
free medium for another 22 h. Before OGD 
exposure, the neurons were incubated with 
LY294002 (20 µmol/L), GSK690693 (10 
µmol/L), or YC-1 (25 µmol/L) for 30 min, respec-
tively. The LDH assay was performed 24 h after 
OGD.

∆Ψm analysis

The mitochondrial-specific cationic dye 5, 
5’,6,6’-tetrachloro-1,1’,3,3’-tetraethyl-benzimid-
azolyl-carbocyanine iodide (JC-1, Molecular 
Probes, Eugene, OR) was used to monitor the 
dissipation of the mitochondrial membrane 
potential, which accumulated in the mitochon-
dria in a potential-dependent manner [13]. 

Cerebral cortical neurons with or without 2-h 
BP were incubated with JC-1 (10 μmol/L) for 30 
min at 37°C 24 h post OGD treatment, which 
was performed 22 h after preconditioning. 
Fluorescence was then monitored via confocal 
laser scanning microscopy (Carl Zeiss, Jena, 
Germany).

Immunofluorescence assay of LC3 in neurons

The formalin-fixed neurons were incubated with 
rabbit anti-LC3 antibody (diluted 1:100; CST, 
Boston, MA) overnight at 4°C. Goat anti-rabbit 
secondary antibody (tetramethyl rhodamin iso-
thiocyanate conjugated; diluted 1:200; CST) 
was added for 30 min at room temperature. 
The nuclei and cytoskeleton were stained by 
4’6-diamidino-2-phenylindole and rhodamine 
phalloidin (Sigma-Aldrich), respectively, before 
obtaining the images. Fluorescence was 
observed under a confocal laser scanning 
microscope (Carl Zeiss). The neurons were 
treated without or with berberine for 2 h.

Autophagy of neurons analyzed by electron 
microscopy

Neurons treated without or with berberine for 
1, 2, or 4 h were rinsed with ice-cold PBS twice, 
and then collected by centrifugation at 600 × g 
for 10 min. The pellet was immersed in fixative 
(2.5% glutaraldehyde with 2% paraformalde-
hyde in 0.1 mol/L cacodylate buffer, pH 7.4) at 
4°C overnight. After removing the fixative, the 
pellet was washed in 0.05 mol/L cacodylate 
buffer and post-fixed in 1% OsO4 in 0.05 mol/L 
cacodylate buffer for 90 min. Following ethyl 
alcohol dehydration and resin infiltration, ultra-
thin sections of the embedded pellet were 
obtained with a Leica Ultramicrotome UCT 
(Leica Microsystems, Wetzlar, Germany), 
stained with uranyl acetate and lead citrate, 
and visualized with a JEM1010 transmission 
electron microscope (JEOL, Tokyo, Japan). 

Western blotting analysis

The proteins (30 μg/per lane) from neurons 
with or without BP were separated by 10% sodi-
um dodecyl sulfate-polyacrylamide gel and 
transferred to polyvinylidene difluoride mem-
branes (Millipore, Billerica, MA). The blotted 
membranes were incubated with the corre-
sponding primary antibodies (Clv-caspase 3, 
caspase 3, caspase 8, caspase 9, Bcl-2, Bax, 
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Clv-poly (ADP-ribose) polymerase [PARP], PARP, 
LC3, p62, Beclin-1; Abcam, Cambridge, UK) 
and the appropriate secondary antibodies. 
Then, the blotted proteins were detected by the 
enhanced chemiluminescence system (App- 
lygen, Beijing, China). Immunoreactive bands 
were visualized by autoradiography, and the 
density of these bands was densitometrically 

quantified via a Gel Pro analyzer (Media 
Cybernetics, USA). Clv-PARP, PARP, clv-caspase 
3, caspase 3, caspase 8, caspase 9, Bcl-2, and 
Bax were analyzed in blank, OGD-treated, and 
berberine-preconditioned neurons 24 h after 
OGD. LC3, p62, and Beclin-1 were determined 
in neurons at 0, 1, 2, and 4 h from the begin-
ning of BP.

Figure 1. BP attenuates neuronal injury in 
MCAO rats. (A) Scheme used for BP. Rats were 
preconditioned with berberine 24 h before 
ischemia, subjected to ischemia for 2 h, and 
then reperfusion for 24, 72 h, or 7 d, respec-
tively (a, b, c); the neurons was treated ac-
cording to the procedure (d). (B) Neurological 
deficient score of MCAO rats subjected to BP 
was assayed 24 h after ischemia. (C) Cerebral 
water content of MCAO rats subjected to BP 
was determined 24 h after ischemia. (D) BrdU-
labeled neurons in MCAO rats after reperfu-
sion for 7 days with or without BP visualized by 
immunohistochemical assays (n = 3). All data 
are presented as the mean ± SEM. #P < 0.05, 
##P < 0.01 vs. Sham; *P < 0.05, **P < 0.01 
vs. MCAO 24 h; &&P < 0.01 vs. MCAO 72 h.
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Data analysis and statistical procedures

Results are expressed as the mean ± the stan-
dard error of the mean (SEM). Data were ana-
lyzed using one-way analyses of variance 
(ANOVA). Newman-Keuls post-hoc analyses 
were conducted for pairwise multiple compari-
sons when significance was reached by ANOVA. 
The difference was considered statistically sig-
nificant if P < 0.05.

Results

BP attenuated brain injury in MCAO rats

Berberine’s neuroprotective effects via precon-
ditioning were first evaluated in the MCAO rats. 
Preconditioning was performed 24 h before 
MCAO and the assessments were conducted 
after reperfusion for 24 h, 72 h, and 7 d (Figure 
1A). Compared to MCAO rats without BP, BP 
significantly improved neurological scores at 
24 and 72 h following MCAO (Figure 1B). The 
cerebral water contents resulted from isch-

emia/reperfusion were also pronouncedly 
decreased by BP (Figure 1C). Moreover, com-
pared with MCAO model rats without berberine, 
an increased number of BrdU-labeled neurons 
in berberine-preconditioned MCAO rats indicat-
ed neuronal proliferation after 7 d of MCAO 
(Figure 1D). These results suggest that BP can 
ameliorate the cerebral injury induced by isch-
emia/reperfusion and provoke neurogenesis.

BP protected neurons against OGD-induced 
damage

The effects of BP on neurons under hypoxic 
conditions were further characterized via ana-
lyzing LDH release from OGD-treated primary 
cerebral cortical neurons. BP remarkably 
decreased LDH release from OGD-treated neu-
rons at the concentrations from 10-5 to 10-9 ug/
mL (Figure 2A), which was blocked by inhibi- 
ting of PI3K/Akt signaling and HIF-1 pathway  
(Figure 2B). Subsequently, OGD-provoked 
apoptosis was determined in the absence or 

Figure 2. BP protected neurons against OGD. A. LDH release from OGD attacked neurons in 24 h with BP at concen-
trations from 10-9 to 10-5 μg/mL. B. Neurons firstly incubated with LY294002 (20 µmol/L), GSK690693 (10 µmol/L), 
or YC-1 (25 µmol/L) for 30 min were preconditioned with berberine for 2 h, and then subjected to OGD for 24 h. An 
LDH assay was performed after OGD. C. The mitochondrial membrane potential was indicated with JC-1 in control 
neurons (blank) or OGD-treated neurons with or without BP. All data are presented as the mean ± SEM n = 8. ##P 
< 0.01 vs. Blank; **P < 0.01 vs. OGD; &P < 0.05 vs. BP+OGD.
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presence of BP. With BP, the attenuated aggre-
gation of JC-1 associated with the OGD-induced 
mitochondrial outer membrane permeabiliza-

tion (Figure 2C). It’s postulated that PI3K/Akt-
regulated HIF-1 pathway might be involved in 
the BP process.

Figure 3. BP inhibits hypoxia-induced neuronal apop-
tosis. A and B. The activation of caspase 3, and the 
levels of PARP, Clv-PARP in OGD-treated neurons fol-
lowing BP were analyzed through Western blotting. C. 
The levels of caspase 8 and caspase 9 were deter-
mined by Western blotting in OGD-treated neurons 
following BP. D. The levels of BCL-2 and Bax were de-
termined by Western blotting, and the ratio of BCL-2/
Bax was calculated in OGD-treated neurons following 
BP. All data are presented as the mean ± SEM, n = 3. 
#P < 0.05, ##P < 0.01 vs. Blank; *P < 0.05, **P < 
0.01 vs. OGD.
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BP modulated hypoxia-induced apoptosis-
associated proteins

Based on the indication of Figure 2C, the apop-
tosis-associated proteins were subsequently 

determined. Inhibition of caspase 3’s activa-
tion occurred in berberine-preconditioned neu-
rons, as demonstrated by reducing caspase 3 
and PARP cleavage (Figure 3A, 3B). Alternatively, 
the increased accumulation of caspase 8 and 

Figure 4. Berberine induces neuronal autophagy. (A) Autophagy activation was observed by a transmission electron 
microscope without or with berberine for 1, 2, and 4 h. (B and C) Accumulation of LC3-positive puncta (green) in 
neurons was visualized by immunofluorescence without or with berberine for 2 h (B), and the protein levels of LC3-I 
and LC3-II in neurons following berberine incubation at 1, 2, and 4 h were determined via western blotting (C). (D 
and E) Immunoblot analysis of beclin-1 (D) and p62 (E) protein levels in neurons incubated without or with berberine 
for 1, 2, and 4 h. All data are presented as the mean ± SEM, n = 3. **P < 0.01 vs. 0 h.
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caspase 9, and the enhanced ratio of BCL-2/
Bax were reversed by BP in neurons with OGD 
(Figure 3C, 3D). These results indicate that BP 
exerted neuroprotective effects against hypox-
ia/ischemia by inhibiting apoptosis.

BP initiated autophagy in neurons

Because of the close relationship between 
autophagy and apoptosis and the pivotal roles 
of autophagy in the pathophysiology process of 
central nervous system, we next investigated 
the phenomenon of autophagy in the berber-
ine-treated neurons. Autophagosomes with 
double membranes were firstly observed in 
berberine-treated neurons at 2 h with trans- 
mission electron microscopy (Figure 4A). 
Aggregation of LC3-II converted from LC3-I via 
lipidation was then detected in neurons follow-
ing berberine incubation at 2 h with a confocal 
microscope, which indicated the formation of 
autophagic vesicles (Figure 4B). The turnover 
of LC3 was further confirmed by western blot-
ting, where berberine promoted the conversion 
from LC3-I to LC3-II at 1, 2, and 4 h (Figure 4C). 
Consistent with the activation of autophagy, 
significantly enhanced beclin-1, an autophagy-
concerned protein, was detected in berberine-
treated neurons at 1, 2, and 4 h (Figure 4D). 
The levels of p62, another hallmark of autopha-
gy that interacts with LC3-II, were also increased 
in berberine-incubated neurons at 2 and 4 h. 
However, decreased p62 was observed at 1 h 
(Figure 4E). These data suggest the involve-
ment of autophagy-inducing mechanisms 
against hypoxia/ischemia injury with BP.

Discussion

Autophagy is characterized by the bulk degra-
dation of cytoplasmic macromolecules and 
organelles in cells via the lysosomal system 
responded to stresses involving oxidative 
stress, infection, nutrient deprivation and isch-
emia, which is important to maintain the cellu-
lar metabolic turnover and homeostasis. In 
neurons, autophagy plays multiple roles based 
on the different pathophysiological stage. 
Upregulated autophagy was promoted by 
increased protein synthesis or transcription of 
lysosomal components, which was contributed 
to clear amyloid precursor protein products 
such as A-beta and C-terminal fragment against 
intraneuronal neurofibrillary tangles and the 
extracellular senile plaques [14]. With the 

development of neurodegeneration, failure of 
autophagy characterized by hyperactivated 
mTORC1 and decreased Beclin 1 protein levels 
has dysfunction of degradation of proteins with 
aberrant structure. Under condition of isch-
emia/reperfusion, however, enhanced autoph-
agy is commonly demonstrated to protect tis-
sues involving heart, renal against injury. 
Cardiac-specific loss of autophagy causes car-
diomyopathy, and impaired autophagy has 
been found in the ischemia/reperfusion injury 
[15]. Inhibition of autophagy by 3-methylade-
nine (3-MA), an autophagy inhibitor, deteriorat-
ed ischemia/reperfusion injury of renal [16]. 
Thus, autophagy may provide a protective 
mechanism for cell survival under ischemia/
reperfusion conditions. However, Sciarretta et 
al. indicate that autophagy is beneficial during 
ischemia but harmful during reperfusion [5]. 
This phenomenon was further explained by the 
biphasic role of ALDH2 in the ischemia/reperfu-
sion models, which triggers autophagy through 
AMPK activation during ischemia, but it 
decreases autophagy through Akt–mTOR acti-
vation in reperfusion (Ma et al., 2011). In neu-
rons with hypoxia or ischemia/reperfusion, inhi-
bition of autophagy shows neuroprotection. 
3-MA rescued PC12 cell from serum depriva-
tion [17]. In the autophagy associated gene 7 
(Atg7)-conditional knockout mice, pyramidal 
neuron death was prevented by Atg7 deficiency 
that attenuated hypoxia-induced autophagy in 
neonatal hippocampus [18]. It’s well accepted 
presently that basal and moderate autophagy 
have positive effect on brain attacked by anox-
ia, which might be accomplished through 
removing the damaged mitochondria, scaveng-
ing the abnormally aggregated proteins, and 
compensating energy deprivation. Therefore, 
autophagy is one of pivotal characteristics of 
tolerance against nutrient deprivation such as 
ischemia. On the other hand, accelerated or 
severe autophagy that degrades normal com-
ponents or those protection neurons during 
hypoxia/reperfusion may be detrimental. Three 
pathways as HIF-1α dependent manner, AMPK-
dependent mechanism and HIF-1α and AMPK-
independent hypophosphorylation contribute 
to the inactivation of mTOR inducing the 
autophagy [19]. Both HIF-1α and AMPK are 
involved in the ischemic preconditioning per-
formed in neural cells and rats of stroke. 
Chemical preconditioning stimulus as isoflu-
rane induced autophagy in both in vitro and in 
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vivo [20-21]. Metformin, a well-known hypogly-
caemic agent, conferred neuroprotection via 
AMPK-dependent autophagy [22]. 

Ischemic tolerance is an important phenome-
non for protecting neuronal cells to against 
hypoxic injury, where autophagy and apoptosis 
procedures are initiated in response to anoxia 
stress or other stimulants. Autophagic activity 
commonly peaks at the beginning of stress pro-
cess in stimulated neuronal cells and is consid-
ered a protective process, as it isolates poten-
tially damaging reactions in the cell. In the pres-
ent investigation, BP influenced the neuronal 
morphology by decreasing hypoxia-induced 
apoptosis and promoting LC3-dependent 
autophagy. HIF-1-mediated autophagy conven-
tionally results from activation of BNIP3, a 
BH3-only protein, which is essential for 
decreasing the mitochondrial mass during 
hypoxia in a beclin-1-dependent manner [23]. 
During physiological hypoxia, HIF-1-triggered 
autophagy helps promote survival. With severe 
hypoxia or drastic glucose and amino-acid 
restriction, HIF-1-independent autophagy leads 
to cell death via the adenosine monophos-
phate-activated protein kinase-mTOR pathway 
or unfolded protein response pathway [24]. The 
autophagy results in survival or death depends 
on whether HIF-1 is the activated key target or 
whether it is accompanied by other stressors. 
Berberine stabilized HIF-1α without disturbing 
the nutrient supplements and metabolism in 
neurons. In contrast, berberine commonly pro-
motes substance uptake (e.g., glucose) in mus-
cle and adipose and provokes energy metabo-
lism in tissue, which is beneficial for diabetes 
mellitus and obesity [25]. 

Although modulation of autophagy and apopto-
sis was demonstrated by BP in the present 
investigation, the relationship between autoph-
agy and apoptosis was not exactly investigated 
in neurons following BP, which requires further 
study. Autophagy and apoptosis, however, 
shared several common modulators or signal-
ing pathways. Apoptosis and autophagy are 
physiologically necessary pathways that are 
vital for cell homeostasis. Apoptosis facilitates 
type I programmed cell death, while the autoph-
agic survival mechanism counteracts apopto-
sis. The bifunctional role of p53 is illustrated to 
trigger and inhibit both autophagy and apopto-
sis based on its subcellular localization, where 
the BH3-only proteins, Bad and (t)Bid, are 

involved. p53 directly modulates the expres-
sion of Bad and (t)Bid [26]. On the other hand, 
p53 plays important role in autophagy via bind-
ing to BCL-2 and Bax and interacting with mTOR 
[27]. BCL-2 acts as a switching factor for inhibit-
ing autophagy via the directional action with 
Beclin-1 [28]. In this study, we demonstrated 
that BP decreased BCL-2 and Beclin-1, which 
might be responsible for the process of both 
apoptosis and autophagy. 

In summary, the present study demonstrated 
that the activation of autophagy, as an endog-
enous neuroprotective mechanism, is respon-
sible for the actions of BP on neurons in which 
PI3K/Akt signaling and HIF-1 pathway are 
involved. Our investigation provides novel indi-
cation that BP might be a preferable and ratio-
nal therapeutic approach to ameliorate neuro-
nal injury from hypoxia/ischemia.
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