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Cerebral ischemic post-conditioning induces autophagy
inhibition and a HMGBI1 secretion attenuation feedback
loop to protect against ischemia reperfusion injury
in an oxygen glucose deprivation cellular model
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Abstract. Cerebral ischemic postconditioning (IPOC) has
been demonstrated to be neuroprotective against cerebral
ischemia reperfusion injury. The present study aimed to
determine whether IPOC could inhibit autophagy and high
mobility group box 1 (HMGBI) release in a PC12 cell oxygen
glucose deprivation/reperfusion (OGD/R) model. An 8 h
OGD and 24 h reperfusion cellular model was developed to
mimic cerebral ischemia reperfusion injury, with 3 cycles of
10 min OGD/5 min reperfusion treatment to imitate IPOC.
Cell viability was determined to demonstrate the efficiency
of OGD/R, IPOC and autophagy activator, rapamycin (RAP),
treatment. Transmission electron microscopy was performed
to observe the formation of autophagosomes, and immuno-
fluorescence, western blot and co-immunoprecipitation were
used to examine the expression of autophagy-associated
proteins and HMGBI. Enzyme-linked immunosorbent assay
analysis was conducted to examine the level of HMGBI in cell
supernatants. Additionally, PC12 cells were treated with RAP
to examine the effect of autophagy on HMGBI release, and
the effect of recombinant human HMGBI and Beclinl small
interfering RNA on autophagy was investigated. The present
study confirmed that [POC inhibited autophagy and HMGBI1
secretion, autophagy inhibition induced a decrease in HMGBI
secretion, and HMGBI secretion attenuation caused autophagy
inhibition in return, as demonstrated by immunofluorescence
and western blot analyses. Autophagy inhibition and HMGBI1
secretion attenuation were, therefore, demonstrated to form a
feedback loop under IPOC. These mechanisms illustrated the
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protective effects of [IPOC and may accelerate the clinical use
of IPOC.

Introduction

Stroke is a sudden onset cerebral circulation disorder, and
is currently the second most common cause of mortality
worldwide and the leading cause of disability in cerebrovas-
cular patients (1). Since ischemic stroke is the most common
type of stroke (1), the development of effective therapies
remains a medical priority. Numerous treatments currently
exist for ischemic stroke, primarily pharmacological and
mechanical therapies, including cerebral ischemic postcon-
ditioning (IPOC). IPOC refers to the treatment of cerebral
ischemia reperfusion (I/R) injury by several circulations of
short term ischemia and reperfusion processes, which are
induced before or several min after reperfusion (2). IPOC has
been demonstrated to be an effective treatment in multiple
cerebral ischemia models, such as focal and global cerebral
ischemia reperfusion injury models (3,4) with a high clinical
value, since it can be used after the onset of ischemia and it
exerts protective effects during different stages of ischemic
stroke (2). Previous studies have revealed that IPOC can
inhibit programmed cell death, including necrosis and apop-
tosis, to decrease infarct volume and improve neurological
deficit (5).

Neuronal apoptosis following cerebral I/R injury can
lead to the delayed neuronal cell death (6,7). Autophagy is a
conserved process in eukaryotic cells, which is closely asso-
ciated with apoptosis; similarly to apoptosis, autophagy can
lead to programmed cell death (8). Cerebral I/R can activate
autophagy, and since autophagy activation is involved in the
process of neuronal death, the treatment of cerebral I/R should
target not only apoptosis, but also autophagy (9,10). IPOC can
inhibit autophagy induced by cerebral ischemia (11). Since
reperfusion injury is a major component of stroke damage and
the role of autophagy during I/R may be different, the present
study initially aimed to elucidate whether IPOC can regulate
autophagy during cerebral I/R. It has been reported that the
combination of light chain 3 (LC3), Beclinl, and sequestome 1
(also known as P62) is representative of autophagy flux (12-14),
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therefore these parameters were employed to monitor the
autophagy process.

High mobility group box 1 (HMGBI) is a transcription
factor expressed in the majority of eukaryotic cells, including
neurons (15). Under stress, it translocates to the cytoplasm and
then to the extracellular matrix (16), where it induces inflam-
mation by interacting with receptors to activate downstream
signaling pathways (17). Increased plasma HMGBI levels have
been observed in patients with stroke (18) and in a mouse model
of middle cerebral artery occlusion (19), and multiple treat-
ment methods have been demonstrated to be effective in the
treatment of cerebral I/R by decreasing the translocation and
secretion of HMGBI, including drug treatments and hypoxic
therapy (20,21). HMGBI is associated with autophagy (22,23).
Nuclear HMGBI is involved in the regulation of membrane
equilibrium during autophagy and mitophagy through upregu-
lating the level of heat shock protein {3 (24). When translocated
to the cytoplasm, HMGBI combines with the autophagy-asso-
ciated protein Beclinl to induce autophagy (25), whereas
extracellular HMGBI activates autophagy by interaction with
the advanced glycosylation end product-specific receptor (26).
However, it remains unclear whether IPOC regulates the trans-
location of HMGBI, or whether IPOC can induce autophagy
through regulation of HMGBI.

The present study hypothesized that cerebral I/R injury
activates autophagy by increasing HMGBI and Beclinl in
a cellular modal of cerebral I/R, using oxygen and glucose
deprivation and reperfusion (OGD/R) to mimic I/R, and that
IPOC would inhibit autophagy and HMGBI translocation.

Materials and methods

PCI2 cell culture, OGD/R and IPOC treatment. PC12 cells
(American Type Culture Collection, Manassas, VA, USA)
were cultured with normal culture solution, formed by high
glucose Dulbecco's modified Eagle's medium (DMEM, Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and 7.5% horse serum
(Gibco; Thermo Fisher Scientific, Inc.). Cells were incubated
in a humidified incubator at 37°C and 5% CO,. For the induc-
tion of PC12 cells to neuronal PC12 cells, 10 nM 7S nerve
growth factor (Sigma-Aldrich, St. Louis, MO, USA) was added
to the culture medium following 3 days of cultivation.
Oxygen and glucose deprivation (OGD) experiments
were performed using PC12 cells. Oxygen deprivation was
induced by incubation of the culture dishes in a hypoxic
chamber with 95% N,/5% CO, at 37°C for 2, 4 and 8 h. The
glucose deprivation was introduced by exposing the cells to an
ischemia-mimetic solution (140 mmol/l NaCl, 3.5 mmol/l KCI,
0.43 mmol/l KH,PO,, 1.25 mmol/l MgSO,, 1.7 mmol/l CaCl,,
5 mmol/l NaHCO;, 20 mmol/l HEPES, pH 7.2-7.4). The buffer
was exposed to 95% N,/5% CO, for 30 min before addition
to the cells. The culture buffer changed to normal culture
solution following OGD and incubated for 24 h to imitate the
process of reperfusion. [IPOC was performed by subjecting
the cells to 1-3 cycles of 10 min OGD/5 min reperfusion at
8 h following OGD, and then cultured with normal culture
solution for 24 h. The cells of normal control group were
cultured in normal culture solution for the same period as the
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experimental groups. Intralipid solution (10%; Sigma-Aldrich)
at a concentration of 50 uM was used as a vehicle control, it
was used 10 min prior to and during OGD. Rapamycin (RAP;
100 nM), a specific mTOR inhibitor, was used as an autophagy
activator. Recombinant human HMGB1 (RhHMGBI1) was
purchased from R&D Systems China, Co., Ltd., (Shanghai,
China; cat. no. p09429), which was diluted to a final concen-
tration of 0.5 yg/ml prior to the onset of IPOC.

Cell viability analysis. PC12 cell viability was determined
using a Cell Counting Kit-8 (CCK-8) cell viability assay
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan).
PC12 cells were incubated in 96 well plates with 10,000 cells
per well for cell viability analysis. Following the final 24 h
incubation step of OGD/R or IPOC treatments, 20 ul CCK-8
solution was added to each well containing 200 ul culture
medium. After incubating the cells at 37°C for 2 h, the absor-
bance at 450 nm (A,s,) was measured using a Multiskan FC
microplate spectrophotometer (Thermo Fisher Scientific, Inc.).
Cell viability (%) was calculated as: (A5, of test well / A,s, of
control well) x 100.

Transfection of cells with Beclinl small interfering RNA
(siRNA). PC12 cells were transiently transfected with
siRNA against Beclinl (Shanghai GenePharma Co., Ltd.,
Shanghai, China) or non-targeting control siRNA sequences
(cat. no. BO1001; Shanghai GenePharma Co., Ltd.) using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) transfection reagent. The Beclinl siRNA sequence
was as follows: 5'-CCACCGUAAUUCACUUAGATTUCU
AAGUGAAUUACGGUGGTT-3'". Cells were cultured in
60-mm plates at a density of 4x10° cells per plate. Following
24 h normal cultivation, the culture medium was replaced
with 1.8 ml normal culture solution mixed with 200 ul
siRNA/Lipofectamine 2000 complex (containing 10 ul
siRNA, 10 pl Lipofectamine 2000 and 180 1 high glucose
DMEM solution), and cells were incubated in the humidified
incubator for 24 h. Transfection efficiency was evaluated by
western blot.

Transmission electron microscopic (TEM) observation of
autophagosomes in PCI2 cells. The PC12 cells for TEM
observation were cultured in 60-mm plates. Following OGD/R
and IPOC treatment, cells were fixed with 2% glutaraldehyde
in 0.1 mol/l phosphate-buffered saline (PBS) for 1 week at 4°C.
The cells were post-fixed in 1% osmium tetroxide in PBS at
room temperature for 1 h. Following dehydration, the cells were
embedded in Epon 812, then sectioned with an ultramicrotome
to produce sections <100 nm in thickness, and stained with
uranyl acetate and lead citrate at room temperature for 15 min.
Finally, the sections were observed using a JEM-1200EX
transmission electron microscope (JEOL, Ltd., Tokyo, Japan).
The number of autophagosomes was determined by counting
manually, whereby 5 different fields of view per section were
visualized and 3 sections for each group were analyzed.

Immunofluorescence detection. Immunofluorescence was
used to evaluate the distribution and expression of Beclinl,
HMGBI, microtubule associated-protein 1A/1B-LC3II and
P62 in samples of PC12 cells from normal, OGD/R and IPOC
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groups. Cells (~3x10°) were cultivated in 60-mm plates and
were observed by confocal fluorescence microscopy for 24 h
prior to treatment. Following 3 washes in PBS, cells were fixed
with 4% paraformaldehyde at room temperature for 30 min.
Plates were then washed with PBS and blocked with 5% bovine
serum albumin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C
for 40 min. For staining of LC3, Beclinl, P62 and HMGBI, the
cells of the 3 groups were incubated with antibodies against
LC3 (1:800; cat. no. NB600-1384; Novus Biologicals, LLC,
Littleton, CO, USA), Beclinl (1:100; cat. no. ab55878; RRID:
AB_879596; Abcam), P62 (1:100; cat. no. ab91526; RRID:
AB_2050336; Abcam) or HMGBI (1:100; cat. no. ab79823;
RRID: AB_1603373; Abcam) in a humidified container
at 4°C for 12 h. Plates were washed 3 times in PBS, then
incubated with tetramethylrhodamine-conjugated anti-rabbit
IgG secondary antibody (1:100; cat. no. SAO0009-1; Wuhan
Sanying Biotechnology, Wuhan, China) at room temperature
for 4 h. To stain cell nuclei, plates were washed with PBS
3 times, then incubated with 0.0001% 4,6-diamidino-2-phe-
nylindole (DAPI; Sigma-Aldrich) for 10 min. Finally, plates
were viewed using a Digital-Eclipse C1 laser confocal micro-
scope (Nikon Corporation, Tokyo, Japan).

Enzyme-linked immunosorbent assay (ELISA) examination
of cell supernatant HMGBI. Cells were cultured in 60 mm
dishes for ELISA examination. Following OGD/R or IPOC
treatment, cell supernatants were collected and centrifuged
at 155 x g at 4°C for 5 min to remove the suspended cells.
The concentration of HMGBI in the supernatant was then
determined using a commercial HMGB1 ELISA kit (cat.
no. 326054329, Shino-Test Co., Tokyo, Japan) according to the
manufacturer's protocol.

Co-immunoprecipitation and western blot analysis. PC12
cells were cultured in 100-mm plates with 3x10° cells per plate,
and then collected from the plates following treatments. Total
protein was extracted from the cells using a commercially
available kit (cat. no. KGP250; Nanjing KeyGen Biotech Co.
Ltd., Nanjing, China). Cytosolic proteins were extracted using
a Nuclear and Cytoplasmic Extraction kit (Beyotime Institute
of Biotechnology, Jiangsu, China). For co-immunoprecipita-
tion, HMGBI antibody (1:1,000; cat. no. ab79823; Abcam)
was added to the lysates and rotated overnight at 4°C, then
20 pl protein A agarose beads (for HMGBI precipitation) were
added for 3 h. Co-immunoprecipitates were washed 3 times
with 1X cell lysis buffer, consisting of radioimmunopre-
cipitation assay buffer (80%), phosphatase inhibitor (10%) and
protease inhibitor (10%). The supernatant was also collected
as the unbound fraction and Beclinl antibody (1:1,000; cat.
no. ab55878; Abcam) was added to the solution and rotated
overnight at 4°C. A total of 20 ul protein A agarose beads
(for Beclinl precipitation) was then added to the solution and
incubated at 4°C for 3 h. Co-immunoprecipitates were washed
3 times with 1X cell lysis buffer.

Whole cell lysates and immunoprecipitated proteins were
boiled in sample buffer, separated by 10-15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and transferred to
apolyvinylidene fluoride membrane. Membranes were blocked
with 5% nonfat milk in Tris-buffered saline +0.1% Tween-20
for 1 h at room temperature, then incubated overnight at 4°C
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with anti-LC3 (1:500; cat. no. ab62721; Abcam), anti-Beclinl
(1:1,000; cat. no. ab55878; Abcam), anti-P62 (1:1,000; cat.
no. ab91526; Abcam), anti-HMGBI (1:1,000; cat. no. ab79823;
Abcam) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; 1:2,000; cat.no.sc365062; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), followed by an incubation with goat
anti-rabbit IgG antibody (1:3,000; cat. no. SAO0002-2; Wuhan
Sanying Biotechnology). Immunoreactive bands were visual-
ized using an enhanced chemiluminescence kit (Santa Cruz
Biotechnology, Inc.), and protein bands were scanned using
Chemi Imager 5500 V2.03 software (ProteinSimple, San Jose,
CA, USA). The integrated density value (IDV) for each band
was calculated with a computer-aided image analysis system
(Fluor Chem 2.0; ProteinSimple). The IDV of LC3II was
normalized against the IDV of LC3I, while the other proteins
were normalized against the IDV of GAPDH.

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation. Data were analyzed by one-way analysis of
variance followed by the Bonferroni test for multiple compari-
sons. P<0.05 was considered to indicate a statistically
significant difference.

Results

IPOC inhibits autophagy in the PCI2 cell OGD/R model.
CCK-8 cell viability assays demonstrated that 2 h OGD and
24 h reperfusion significantly decreased cell viability to ~84%
of the level of normal control cells (P=0.017; Fig. 1A), 4 h
OGD and 24 h reperfusion decreased cell viability to ~71%
of the level of normal control cells (P=0.028; Fig. 1A), and
8 h OGD and 24 h reperfusion decreased cell viability to
~51% of the level of normal control cells (P=0.042; Fig. 1A).
However, IPOC was observed to increase cell viability
following 8 h OGD/24 h proportionally to the number of
IPOC cycles that were performed (Fig. 1B): 1 cycle of 10 min
IPOC (IPOCI) resulted in 64% of the viability of normal
control cells, 2 cycles of 10 min IPOC (IPOC?2) resulted in
71% of the viability of normal control cells, while 3 cycles
of 10 min IPOC (IPOC3) resulted in 83% of the viability
of normal control cells and a significant improvement in
cell viability compared with 8 h OGD and 24 h reperfusion
(P=0.033; Fig. 1B). Therefore, 3 cycles of 10 min OGD and
5 min reperfusion were used as the ‘IPOC treatment’ for the
remainder of the study. Autophagosomes were examined by
TEM. A small number of autophagosomes were observed in
normal control group PC12 cells (Fig. 1C). Following OGD/R,
cells revealed some double-membrane vacuoles containing
engulfed cytoplasmic material, suggesting the formation of
autophagosomes (Fig. 1D). However, in the IPOC group, the
number of autophagosome was visibly reduced compared to
the OGD/R group (Fig. 1E). Quantification of autophagosomes
revealed a significantly higher number of autophagosomes in
the OGD/R group compared with the normal control group
(P=0.013; Fig. 1F), and significantly fewer in the IPOC group
compared with the OGD/R group (P=0.034; Fig. 1F).
Immunofluorescence of autophagy-associated proteins
LC3II, Beclinl and P62 revealed that OGD/R upregulated
levels of LC3II (Fig. 2A) and Beclinl (Fig. 2B), and decreased
levels of P62 (Fig. 2C) compared with the normal control
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Figure 1. Cell viability and TEM results of cells following OGD or IPOC. (A) PC12 cell viability was evaluated by CCK-8 assay following treatments of 2,
4 and 8 h OGD prior to reperfusion; (B) PC12 cell viability was evaluated by CCK-8 following 8 h OGD, followed by 0, 1, 2 or 3 cycles of IPOC; (C) TEM
scanning of normal control group PC12 cells (magnification, x3,000); (D) TEM scanning of the OGD/R group (8 h OGD followed by 24 h reperfusion; mag-
nification, x3,000); (E) TEM scanning of the IPOC group (OGD/R plus 3 cycles of IPOC; magnification, x3,000); (F) statistical analysis of autophagosomal
number following TEM. Data are presented as the mean = standard deviation of 3 samples per group. "P<0.05 vs. normal control group, “P<0.05 vs. OGD/R
group. TEM, transmission electron microscopy; CCK-8, cell counting Kit-8; N, normal control; OGD/R, oxygen and glucose deprivation and reperfusion;

IPOC, ischemic post-conditioning.

group. IPOC abolished the OGD-mediated activation of
autophagy, which was demonstrated by the decreased expres-
sion of LC3II and Beclinl and increased expression of P62.
Immunofluorescence of HMGBI revealed that OGD/R
resulted in translocation of HMGBI, which is usually located
in the nucleus, to the cytoplasm (Fig. 2D). However, this trans-
location was also revealed to be inhibited by IPOC (Fig. 2D).
Western blot analysis was also used to assess the change
in expression levels of the LC3II, Beclinl and P62 proteins
(Fig. 3A). Similarly to immunofluorescence, western blotting
revealed that, compared with the normal control group, OGD/R
upregulated the levels of LC3II (P=0.024; Fig. 3B), Beclinl
(P<0.05; Fig. 3C) and decreased levels of P62 (P=0.035;
Fig. 3D). IPOC had the opposite effect, resulting in reduced
levels of LC3II (P=0.028; Fig. 3B), Beclinl (P=0.032; Fig. 3C)
and increased levels of P62 (P=0.044; Fig. 3D) compared with
OGD/R treatment. Quantitative western blot analysis also

revealed that levels of cytoplasmic HMGBI were increased by
OGD/R compared with the normal control group (P=0.031;
Fig. 3E), and decreased by IPOC compared with OGD/R
(P=0.018; Fig. 3E). In addition, ELISA was used to evaluate
altered HMGBI levels in the cell supernatant; the level of
extracellular HMGBI was significantly higher in the OGD/R
group compared with the normal control group (P=0.037;
Fig. 3F), but this effect was attenuated by IPOC (P=0.029
OGDI/R vs. IPOC; Fig. 3F).

IPOC inhibits autophagy to reduce the secretion of HMGBI.
An autophagy activator, RAP, was used prior to IPOC to
examine the effect on autophagy inhibition. CCK-8 cell
viability assays demonstrated that RAP significantly elimi-
nated the protective effect of [IPOC (P=0.023, IPOC vs. IPOC
+ RAP; Fig. 4A), reducing cell viability to 54% of the normal
control group. Western blot analysis demonstrated that the
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Figure 2. Immunofluorescence images of PC12 cells to detect markers of autophagy. (A) LC3II, (B) Beclinl, (C) P62, and (D) HMGBI expression was
demonstrated by immunofluorescence staining in cells from the N, OGD/R (8 h OGD followed by 24 h reperfusion) and IPOC (OGD/R plus 3 cycles of IPOC)
groups. Scale bars represent 50 ym. The left column shows immunofluorescence staining of the specific markers, the middle column represents staining of
the cell nuclei with DAPI, and the right column shows the left and middle images merged. N, normal control group; OGD/R, oxygen and glucose deprivation
and reperfusion; IPOC, ischemic post-conditioning; LC3II, microtubule associated-protein 1A/1B-light chain 3 IT; P62, sequestome 1; HMGBI, high mobility

group box 1.

reduction in LC3II and Beclinl expression as a result of
IPOC was significantly abolished by pre-treatment with RAP
(P=0.032 and P=0.041, IPOC vs. IPOC + RAP; Fig. 4C and
D, respectively), while the reverse effect on P62 expression
was observed (P=0.021, IPOC vs. IPOC + RAP; Fig. 4E).
The quantitative analysis of cytoplasmic (Fig. 4F and G)
and extracellular HMGBI1 (Fig. 4H) revealed that expression
and secretion of HMGBI was reactivated by the use of RAP
(P=0.017 and P=0.037,IPOC vs.IPOC + RAP; Fig. 4G and H,
respectively).

IPOC attenuatesthe interaction between Beclinl and HM GBI
to inhibit autophagy. To examine whether OGD/R and IPOC
affected the interaction between Beclinl and HMGBI,
co-immunoprecipitation was performed. Anti-HMGBI
antibody was used to immunoprecipitate the intracellular
protein complex, revealing that OGD/R increased the quan-
tity of Beclinl bound to HMGBI compared with the normal

control group (P=0.022; Fig 5A and B), while IPOC reversed
this effect (P=0.012, OGD/R vs. IPOC; Fig 5A and B). The
effect on HMGBI1 was same as that of Beclinl: OGD/R
increased the quantity of HMGBI detected compared with
the normal control group (P=0.042; Fig 5A and C), while
IPOC again reversed this effect (P=0.035, OGD/R vs. IPOC;
Fig 5A and C). The proportion of free Beclinl isolated from
the cell supernatant remained unchanged (Fig. 5A and D).
These results indicate that OGD may increase the interac-
tion of HMGB1 with Beclinl, whereas IPOC abolishes their
interaction.

To further demonstrate the association between Beclinl
and HMGBI interactions and autophagy activation, Beclinl
siRNA and thHMGBI were, respectively, used to inhibit the
expression of Beclinl and simulate overexpression of HMGBI.
Expression levels of Beclinl were significantly reduced
following transfection with Beclinl siRNA compared with the
normal control group (P=0.032; Fig. 6A). Beclinl expression
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Figure 3. Analysis of protein expression levels of autophagy related proteins and HMGBI following OGD/R (8 h OGD followed by 24 h reperfusion) and IPOC
(OGD/R plus 3 cycles of IPOC). (A) Autophagy related proteins were detected by western blot; (B) quantitative analysis of LC3II protein relative to LC3I;
(C) quantitative analysis of Beclinl protein relative to GAPDH; (D) quantitative analysis of P62 protein relative to GAPDH; (E) cytoplasmic HMGBI1 detected
by western blot and quantitated relative to GAPDH; (F) quantitative analysis of cell supernatant HMGBI protein detected by enzyme-linked immunosorbent
assay. Data are presented as the mean + standard deviation of 3 samples per group. "P<0.05 vs. normal control group, “P<0.05 vs. OGD/R group. LC3, micro-
tubule associated-protein 1A/1B-light chain 3; P62, sequestome 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMGBI, high mobility group box 1;
N, normal control group; OGD/R, oxygen and glucose deprivation and reperfusion; IPOC, ischemic post-conditioning.

was similarly decreased in cells transfected with Beclinl
siRNA and treated with OGD/R compared with the OGD/R
condition (P=0.031; Fig. 6B). Compared with IPOC alone, the
use of hHMGBI in addition to IPOC significantly increased
the level of expression of LC3II (P=0.021; Fig. 6B and C),
Beclinl (P=0.024; Fig. 6B and D), attenuated P62 expression
(P=0.033; Fig. 6B and E) and increased the level of HMGBI1
(P=0.012; Fig. 6B and F). The simultaneous application of
IPOC, Beclinl siRNA and rhHMGBI induced a similar effect
to IPOC alone, resulting in significantly reduced levels of
LC3II (P=0.024; Fig. 6B and C), Beclinl (P=0.015; Fig. 6C
and D), increased levels of P62 (P=0.014; Fig. 6C and E) and
decrease the expression of HMGBI (P=0.041; Fig. 6B and F)
compared with OGD/R treatment. In conclusion, the results
demonstrate that the autophagy inhibition effect of IPOC may
be due to its role in decreasing interactions between HMGBI1
and Beclinl.

Discussion

IPOC is an effective treatment for cerebral I/R injury, while
autophagy has been considered as a target for the treatment
of ischemic stroke (2). The elevation of plasma HMGBI in
cerebral ischemic model and patients with stroke is associated
with worsened injury, and there is a close association between
HMGBI secretion and autophagy activation (19,23). Thus, it
will be important to examine the mutual interaction between
HMGBI secretion and autophagy activation following IPOC.
The current study demonstrated that IPOC inhibits autophagy
activation and HMGBI1 release in the OGD/R model.
Additionally, it was revealed that IPOC inhibited autophagy
to reduce the translocation of HMGBI1 from the nucleus to the
cytoplasm, and the autophagy inhibition effect of IPOC may
be caused by attenuation of the interaction between HMGBI1
and Beclinl.
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Figure 4. The effect of the autophagy activator, RAP, on IPOC (OGD/R plus 3 cycles of IPOC). (A) Cell viability evaluated using a CCK-8 assay; (B) expression
levels of autophagy related proteins were detected by western blot; (C) quantitative analysis of LC3II protein relative to LC3I; (D) quantitative analysis of
Beclinl protein relative to GAPDH; (E) quantitative analysis of P62 protein relative to GAPDH; (F) cytoplasmic HMGBI detected by western blot; (G) quan-
titative analysis of cytoplasmic HMGBI protein relative to GAPDH; (H) quantitative analysis of cell supernatant HMGBI protein detected by enzyme-linked
immunosorbent assay. Data are presented as the mean + standard deviation of 3 samples per group. "P<0.05 vs. normal control group, “P<0.05 vs. OGD/R
group, “P<0.05 vs. IPOC group. N, normal control group; OGD/R (8 h OGD followed by 24 h reperfusion), oxygen and glucose deprivation and reperfusion;
IPOC, ischemic post-conditioning; RAP, rapamycin; Int, Intralipid vehicle control; LC3, microtubule associated-protein 1A/1B-light chain 3; P62, sequestome
1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMGBI, high mobility group box 1.

Cellular models are important in mechanistic studies,
therefore, the present study developed and applied a novel and
convenient PC12 cell model of OGD/R and IPOC, which may
be useful in the future studies of IPOC. In the present study,
PC12 cells were subjected to 8 h OGD plus 24 h reperfusion
to mimic I/R, followed by 1-3 cycles of 10 min OGD and
5 min reperfusion to mimic IPOC in a cellular model. CCK-8
viability assays demonstrated that 3 cycles of IPOC (10 min
OGD and 5 min reperfusion) had the most potent effect on cell
viability in the OGD/R model, increasing cell viability from

51 to 83%. This was, therefore, the IPOC model used for the
remainder of the study.

Autophagy has been viewed as a double-edged sword
during the process of cardiac I/R (27); autophagosomes are
formed to encapsulate damaged organelles and other large
molecular structures to promote the reuse of materials and
energy (28), however, the formation of too many autophago-
somes results in depletion of necessary substances for cell
maintenance, resulting in the death of the cell (8). Autophagy
is protective during the process of cardiac ischemia but
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Figure 5. HMGBI and Beclinl co-immunoprecipitation. (A) Beclinl and
HMGBI protein detected by western blot; (B) quantitative analysis of
HMGB-bound Beclinl relative to GAPDH; (C) quantitative analysis of
HMGBI protein relative to GAPDH; (D) quantitative analysis of free Beclinl
relative to GAPDH. Data are presented as the mean + standard deviation of
3 samples per group. ‘P<0.05 vs. normal control group, “P<0.05 vs. OGD/R
group. HMGBI, high mobility group box 1; GAPDH, glyceraldehyde 3-phos-
phate dehydrogenase; N, normal control group; OGD/R (8 h OGD followed
by 24 h reperfusion), oxygen and glucose deprivation and reperfusion; IPOC
(OGD/R plus 3 cycles of IPOC), ischemic post-conditioning.

causes destruction during reperfusion (27). Its role in
cerebral I/R injury has, thus far, not been fully elucidated.
Numerous studies have demonstrated a protective role of
autophagy (29,30), while others have confirmed a destructive
role in cerebral ischemia (31). Apoptosis has been consid-
ered as a key target for the treatment of cerebral I/R, since
it is a form of programmed cell death, which is involved in

4169

the process of delayed neuronal death (6,7). Recent studies
have confirmed that, like apoptosis, autophagy can result
in the death of neurons (8,31). The processes of apoptosis
and autophagy are linked; the anti-apoptotic protein B cell
lymphoma 2 apoptosis regulator (Bcl-2) is also involved in
autophagic pathways (32). The autophagic marker Beclinl
possesses a Bcl-2-homology-3 (BH3)-only domain, which
facilitates its binding with the BH3 binding groove of
multi-domain proteins, thus, Bcl-2 interacts with Beclinl
to target Beclinl-dependent autophagic pathway (33).
Numerous methods have been developed to target
autophagy in the treatment of cerebral I/R injury (10,34).
IPOC can inhibit autophagy activation induced by cerebral
ischemia (11), however, the involvement of IPOC in the
process of autophagy in cerebral I/R has, thus far, not been
thoroughly investigated. The present study demonstrated
that the activation of autophagy reduced cell viability in
an OGD/R cellular model of I/R, and that IPOC inhibited
autophagy activation and HMGBI release. In addition, the
use of an autophagy activator, RAP, reversed the protective
effect of IPOC. IPOC was also demonstrated to reduce the
translocation of HMGBI from the nucleus to the cytoplasm,
and that the autophagy inhibition effect of IPOC may be
caused by reduced interaction between HMGBI1 and Beclinl.
These results are consistent with the findings of our previous
study (35), which confirmed that IPOC decreased the translo-
cation of HMGBI from the nucleus to the cytoplasm to exert
its autophagy inhibition effect in an in vivo model of focal
cerebral ischemia and IPOC. The current study adds further
evidence for the mechanism of HMGBI-induced autophagy
in ischemic stroke and IPOC.

Autophagy activation has been demonstrated to be
induced by the secretion of HMGBI (23), which interacts
with the autophagy-associated protein, Beclinl, and displaces
Bcl-2 (25). HMGBI exerts different functions depending on
its cellular locations. Nuclear HMGBI is considered to be
a non-histone nuclear DNA-binding protein, which helps
to maintain the homeostasis of the nucleus and can facili-
tate the bending of DNA to regulate gene expression (36).
However, extracellular HMGBI acts as an inflammatory
factor by binding with its receptor to stimulate downstream
pathways (37). HMGBI is released following ischemic stroke
and is regarded as a marker of the severity of ischemic
stroke in clinical studies (18). In a rat cerebral I/R model,
plasma HMGBI levels were rapidly elevated following
injury (38,39), while in clinical studies, elevated HMGBI1
levels can be observed in patient serum for 7 days following
subarachnoid hemorrhage (40). Methods have, therefore, been
developed to decrease the level of plasma HMGBI (19,20).
The present study revealed that IPOC inhibits the secretion
of HMGBI, and confirmed this by demonstrating a decrease
of cytoplasmic and extracellular HMGBI in cells in the
IPOC group compared with the OGD/R group. Furthermore,
the decreased secretion of HMGBI in the IPOC group was a
result of autophagy inhibition, since the use of RAP reversed
the downregulation of HMGBI induced by IPOC. HMGBI1
has been demonstrated to associate with Beclinl to activate
autophagy in the cytoplasm (25); the present study used
co-immunoprecipitation to study the interaction between
HMGBI and Beclinl. While the level of combined Beclinl
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Figure 6. Effect of hHMGBI1 and Beclinl siRNA. (A) Beclinl protein levels detected by western blot following Beclinl siRNA treatment in normal and
OGD/R (8 h OGD followed by 24 h reperfusion) groups and quantitative analysis of Beclinl was performed following Beclinl siRNA treatment relative to
GAPDH; (B) autophagy related proteins detected by western blot; (C) quantitative analysis of LC3II protein relative to LC3I; (D) quantitative analysis of

Beclinl protein relative to GAPDH; (E) quantitative analysis of P62 protein

relative to GAPDH; (F) quantitative analysis of cytoplasmic HMGBI1 protein

relative to GAPDH. Data are presented as the mean + standard deviation of 3 samples per group. "P<0.05 vs. normal control group, “P<0.05 vs. OGD/R group,
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HMGBI.

and HMGBI1 was low in normal cells, OGD/R increased the
incidence of combined Beclinl and HMGB1, while IPOC
reversed this effect. However, as the HMGBI levels were also
increased by OGD/R and decreased by IPOC it is unclear
whether OGD/R and IPOC affected the level of interaction
between the two proteins, or whether the level of expression
of HMGBI was altered without affecting its interaction with
Beclinl. The levels of total Beclinl protein and free Beclinl
in the supernatant were then assessed following HMGBI1
immunoprecipitation in all treatment groups. The level of
free Beclinl was revealed to be unchanged between treat-
ment groups, while the level of total Beclinl was increased
by OGD/R and decreased by IPOC. These results, therefore,
indicated that the combination of HMGBI and Beclinl is
increased by OGD/R and decreased by IPOC. To further
elucidate the association between HMGBI, Beclinl combina-
tion and autophagy activation, recombinant human HMGBI1
and Beclinl siRNA were used prior to IPOC to upregulate

HMGBI and decrease Beclinl, respectively. Overexpression
of HMGBI was revealed to reverse the autophagy inhibition
effect of IPOC, but did not induce the activation of autophagy
under the conditions of Beclinl inhibition. Therefore, IPOC
was demonstrated to attenuate the interaction between
HMGBI and Beclinl to induce autophagy inhibition. HMGBI1
inhibition may also result in other effects besides autophagy
inhibition, which will be examined in future studies.

In conclusion, IPOC simultaneously inhibits autophagy
and HMGBI secretion, and mutual regulation exists between
these two processes; autophagy inhibition leads to decreased
HMGBI secretion, while the inhibition of HMGBI release
causes the attenuation of cytoplasmic HMGBI, decreasing
interactions between HMGBI1 and Beclinl to further inhibit
the process of autophagy. Therefore, a positive feedback
mechanism exists between IPOC inhibition of autophagy
process and decreased HMGBI secretion. The present
study has further elucidated the mechanisms of IPOC in
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a cellular model of cerebral I/R injury. As a method, which
simultaneously affects two key therapeutic targets of cerebral
I/R injury (autophagy and HMGBI1), IPOC has huge potential
for clinical application.
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