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Hypoxic postconditioning‑induced neuroprotection increases
neuronal autophagy via activation of the SIRT1/FoxO1
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Abstract. Hypoxic postconditioning (HPC) has been reported
to be a beneficial and promising treatment for global cerebral
ischemia (GCI). However, its neuroprotective mechanism
remains unclear. The aim of the present study was to deter‑
mine whether the protective effects of HPC in a rat model of
GCI were due to the upregulation of autophagy via the silent
information regulator transcript‑1 (SIRT1)/Forkhead box
protein 1 (FoxO1) pathway. Morris water maze test revealed
that HPC attenuated cognitive damage in GCI rats. HPC also
significantly increased the levels of the autophagy‑related
protein LC3‑II, SIRT1 and FoxO1 compared with those in the
GCI group. However, the HPC‑induced LC3‑II upregulation
was blocked by the SIRT1 inhibitor EX527. These results
suggested that the beneficial effects of HPC on GCI rats were
due to the upregulation of ischemiainduced autophagy and
involved the SIRT1/FoxO1 signaling pathway.
Introduction
Cardiac arrest is a leading cause of mortality and disability
worldwide (1). Approximately half of the survivors of cardiac
arrest experience impairments in memory, attention and exec‑
utive functioning (2‑4). These cognitive deficits are considered

Correspondence to: Dr Jianmin Li, College of Clinical Medicine,
North China University of Science and Technology, 57 Jianshe
South Road, Tangshan, Hebei 063000, P.R. China
E‑mail: linchuangwangyc@ncst.edu.cn

Dr Yaning Zhao, College of Nursing and Rehabilitation, North
China University of Science and Technology, 21 Bohai Avenue,
Tangshan, Hebei 063000, P.R. China
E‑mail: linchuangwangjy@ncst.edu.cn

Key words: hypoxic postconditioning, autophagy, global cerebral
ischemia, silent information regulator transcript‑1, Forkhead box
protein 1

to be primarily due to global cerebral ischemia (GCI)
following cardiac arrest, which may induce delayed neuronal
cell death in the vulnerable hippocampal CA1 region (5‑8).
Unfortunately, the treatment options for cardiac arrest‑induced
neurological impairments are currently limited. A study
by Harukuni and Bhardwaj reported that therapeutic hypo‑
thermia may have a neurological benefit in cardiac arrest (9),
but a recent research failed to confirm any significant benefit
on survival or neurological outcome (10). Thus, there is a clear
need to identify new potential therapies for reducing brain
damage after GCI.
Autophagy plays an important role in neuronal death
induced by ischemic brain injury (11‑13). Autophagy has been
reported to protect neurons from apoptosis, both in a cerebral
ischemia model and an oxygen‑glucose deprivation mouse
model (14,15). Another research demonstrated that autophagy
contributed to neuron survival by suppressing apoptosis
in a middle cerebral artery occlusion (MCAO) stroke rat
model (16). Additionally, Wang et al demonstrated that dele‑
tion of β‑arrestin‑1, a vital scaffolding protein that interacts
with beclin‑1 and Vps34 forming a pro‑autophagic complex in
neurons, hampered autophagosome formation and enhanced
neuronal apoptosis (17).
Silent information regulator transcript‑1 (SIRT1) is a
nicotinamide adenosine dinucleotide (NAD +)‑dependent
deacetylase enzyme (18,19). SIRT1 regulates the activity
of downstream target genes through deacetylation (20,21).
Studies have demonstrated that SIRT1 can attenuate neuronal
death and improve cognitive function in mice, indicating that it
may also be a novel target for neuroprotection (22,23). EX527
is a potent and selective inhibitor of SIRT1 that exerts different
effects in experimental models of diseases and disorders.
EX527 has been shown to exert beneficial effects on cerebral
ischemia‑reperfusion injury and acute lung injury (24,25). The
Forkhead box O (FoxO) transcription factor family consists of
four members: FoxO1, FoxO3, FoxO4 and FoxO6 (26), among
which FoxO1 is widely expressed in brain tissue and may
be activated by SIRT1 (27,28). It has been observed that the
SIRT1/FoxO1 axis regulates autophagy and promotes phago‑
cytosis of abnormal organelles and proteins (29). When SIRT1
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was silenced, autophagy was inhibited and neuron apoptosis
was enhanced (30). These data revealed that the SIRT1/FoxO1
axis is a key regulator of neuron autophagy.
It has been established that hypoxia postcondi‑
tioning (HPC) may trigger endogenous mechanisms to
protect the heart and brain from ischemia‑reperfusion injury.
Wang et al demonstrated that HPC can significantly reduce
the ischemia‑reperfusion injury of the heart (31). Similarly,
Albrecht et al observed that HPC reduced brain injury caused
by perinatal asphyxia (32). Additionally, Nguyen et al reported
that HPC reduced brain injury in a MCAO rat model, which
indicated a novel approach to the treatment of MCAO‑induced
brain injury (33). Recent studies have demonstrated that treat‑
ment with 8% oxygen for 120 min applied 1 day after ischemia
effectively ameliorated neuronal death induced by GCI in the
hippocampal CA1 subregion (34,35). The neuroprotective
mechanism induced by HPC after GCI, which may be
associated with a variety of intracellular signal transduction
pathways, has been investigated, but has yet to be fully
elucidated.
The aim of the present study was to examine the efficacy of
HPC as a potential novel treatment for brain injury following
GCI and to explore the potential mediators through which
HPC activates the SIRT1/FoxO1 signaling pathway to promote
the survival of neurons in the hippocampal CA1 region after
GCI. It was also investigated whether the upregulation of
autophagy induced by HPC was caused by the activation of
the SIRT1/FoxO1 signaling pathway.
Materials and methods
Animals and groups. Adult male Sprague‑Dawley rats
(250‑300 g body weight, Animal Center Laboratory of North
China University of Science and Technology) were housed
in an animal care facility under laboratory conditions of
22‑25˚C, 50‑60% humidity and a 12‑h light/dark cycle. The
rats were given free access to water and food and were allowed
to acclimate for 1 week prior to the experimental procedures.
All procedures used in the present study were approved by
the Institutional Animal Care and Use Committee of North
China University of Science and Technology (no. 2015‑99),
and were conducted in accordance with the guidelines of the
National Institutes of Health of the United State of America
for animal research. In the present study, as improvement of
GCI was an endpoint, determining when the animals should
be euthanized was key. Following the study design, the rats
were sacrificed under anesthesia once they demonstrated
inactivity, difficulty in drinking or eating or abnormal
behaviors. Before euthanasia, surgical plane of anesthesia
was confirmed by absence of the toe‑pinch reflex. Following
euthanasia, death was confirmed by checking for absence of
heartbeat and respiration.
All rats were randomly divided into five groups
(n=12/group) as follows: i) Sham; ii) GCI; iii) GCI + HPC;
iv) GCI + HPC + DMSO; and v) GCI + HPC + EX527
groups. EX527 is a potent and selective inhibitor of SIRT1
that exerts different effects in experimental models of
diseases and disorders (36). One day prior to the surgery,
rats in the GCI + HPC + DMSO and GCI + HPC + EX527
groups underwent lateral ventricle catheterization, after

which time 50 µl DMSO or EX527 (1 mmol/ml) were slowly
injected into the lateral ventricle (2 µl/min), leaving the
needle in for 5 min. With the exception of the sham group,
all rats underwent the GCI operation. All rats were weighed
daily. One day after the surgery, there were 12 rats in the
sham group, 10 in the GCI, 10 in the GCI + HPC, 11 in the
GCI + HPC + DMSO and 10 in the GCI + HPC + EX527
group. A total of 7 rats were excluded from the study due
to death after the operation. The duration of the experiment
was 2 weeks.
GCI model. The four‑vessel occlusion rat model of GCI was
constructed as previously described (36). The rats were fasted
for 10 h and were not allowed to drink water for 4 h before
the operation. Briefly, after anesthetizing rats with 40 mg/kg
sodium pentobarbital (Diamondback Drugs) by intraperitoneal
injection, both vertebral arteries were permanently electro‑
cauterized with an electrocautery needle. Subsequently, the
bilateral common carotid arteries (CCAs) were exposed and
isolated. After 24 h, the CCAs were exposed and occluded
with aneurysm clips for 12 min to induce ischemia. Successful
cerebral ischemia was ensured by monitoring the loss of
righting reflex, dilated pupils and unresponsiveness to light
during GCI. Following the procedure, arterial blood flow
was confirmed before the wound was closed with tissue glue.
The body temperature of the animals was maintained within
the range of 36.5‑37.5˚C during surgery with a baking lamp.
For sham‑operated animals, all procedures were performed
exactly as for ischemic animals, except that the CCAs were
not occluded. After modeling, no rats exhibited behavioral
defects.
Prior to surgery, healthy animals were observed and
assessed twice daily (8:00 a.m. and 8:00 p.m.). During the
anesthesia recovery period, the animals were observed
continuously until they were able to move, drink and eat
independently. After surgery, the animals were observed and
assessed every 4 h to determine whether painkiller admin‑
istration was required if they were suffering from pain and
distress.
HPC protocols. After GCI surgery, the rats were placed into
a sealed plastic chamber (BioSpherix, Ltd.), through which air
containing 8% O2 and 92% N2 (normal air composition ratio:
21% O2 and 78% N2) flowed continuously via a Pro‑Ox oxygen
controller for 2 h per day for 3 days. The gas mixture flow was
maintained at 200 ml/min and no more than 4 rats were placed
into the chamber at any given time (37). Sham group rats were
placed in the chamber with no hypoxia applied.
Morris water maze (M WM) tests. MWM testing was
performed in a circular pool (diameter, 180 cm; height,
60 cm; depth, 35 cm) filled with opaque water by stirring
in milk (temperature, 26±1˚C) to evaluate cognitive function
in rats. Briefly, the rats were placed in the water facing the
wall at random in one of the four quadrants (I, II, III and IV),
located equidistant from one another around the rim of the
pool. For each trial, the rat was given a maximum of 90 sec
to locate the hidden platform; any rat that failed the mission
within 90 sec would be guided to the hidden platform and
allowed to stay on the platform for 15 sec before the training
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was terminated. The procedure was repeated from each of
the four start locations, within a 4‑h interval. The escape
latency, representing the average time required to reach the
submerged platform, was recorded. The training tests were
administered on days 1, 3, 5 and 7 after GCI. Additionally,
probe trials were performed 4 h after the last training session.
During the probe trial, the platform was removed from the
tank and each rat was allowed to swim freely for 90 sec. The
number of platform crossings (the number of times passing
through the previous location of the platform) was used to
evaluate the level of spatial reference memory. Each rat was
placed in the pool at the same random start location. All
behavioral tracks of the trials were recorded and analyzed
using video tracking software (Huaibeizhenghua Biological
Equipment Co., Ltd.).
Brain tissue and hematoxylin and eosin (H&E) staining.
Rats were administered an overdose of 4% sodium pentobar‑
bital (200 mg/kg) by intraperitoneal injection, and were then
transcardially perfused with normal saline (0.9%) followed
by 4% paraformaldehyde in 0.1 M sodium phosphate buffer
(pH 7.3). The brain was then dissected, postfixed with
4% paraformaldehyde at 4˚C for 3 days, embedded in paraffin,
cut into 5‑µm sections and stained with H&E. The population
of necrotic neurons in the CA1 subfield was counted using
a light microscope (BX53; Olympus Corporation) at x400
magnification by two independent investigators who were
blinded to the experimental conditions. The mean number of
apoptotic neurons was obtained by counting 3 sections per
brain and 5 representative fields were randomly selected per
section.
Immunohistochemistry staining. Coronal brain sections were
prepared as described above. Immunofluorescence staining
was performed following a standard protocol as described
previously (34). Briefly, the sections were first treated with 3%
hydrogen peroxide for 30 min, followed by 5% normal serum
for 1 h, and they were then incubated overnight at 4˚C with
primary antibodies, including LC3‑Ⅱ (1:300; cat. no. 2275;
Cell Signaling Technology, Inc.). Immunopositive cells in
which the reaction product was present in the cytoplasmic
or nuclear border were quantified under a light microscope
at x400 magnification. The number of immunopositive
cells was counted in a total of 4 non‑repeated random fields
(0.037 mm 2/field x4= 0.148 mm 2 in total) in the CA1 subre‑
gions. Data were quantified bilaterally in 4 sections from each
rat and assessed in a double‑blinded manner.
Sample preparation and western blot analysis. As described
previously (38), both hippocampi were rapidly removed from
animals under deep anesthesia. The hippocampal CA1 regions
were quickly microdissected on an ice pad and immediately
frozen in liquid nitrogen. The rat hippocampus was homoge‑
nized in RIPA lysis buffer (cat. no. P0013B; Beyotime Institute
of Biotechnology) containing PMSF, followed by centrifuga‑
tion at 12,000 x g for 10 min at 4˚C. Protein concentrations
were determined using a bicinchoninic acid protein assay kit
(Beyotime Institute of Biotechnology). A total of 30 µg of
protein per lane was separated by 12% SDS‑PAGE and trans‑
ferred onto PVDF membranes. The membranes were blocked
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Figure 1. Effects of HPC on GCI‑induced weight loss. Data are presented as
the mean ± SD. *P<0.05 vs. sham group; #P<0.05 vs. GCI group. GCI, global
cerebral ischemia; HPC, hypoxic postconditioning.

with 3% BSA (Sigma‑Aldrich; Merck KGaA) in Tris‑buffered
saline at room temperature for 30 min and incubated overnight
at 4˚C with primary antibodies against mammalian target
(LC3‑Ⅱ; 1:200; cat. no. 3868; Cell Signaling Technology, Inc.),
SIRT1 (1:500; cat. no. 9475; Cell Signaling Technology, Inc.),
FoxO1 (1:500; cat. no. 2880; Cell Signaling Technology, Inc.) or
actin (1:1,000, cat. no. 4967; Cell Signaling Technology, Inc.),
followed by incubation with horseradish‑peroxidase conju‑
gated anti‑rabbit IgG (1:2,000; cat. no. 5127; Cell Signaling
Technology, Inc.) for 1 h at room temperature. Protein signals
were detected using an enhanced chemiluminescence system
(EMD Millipore) and quantified using Quantity‑One software,
version 4.6.3 (Bio‑Rad Laboratories, Inc.). Actin was used as a
protein‑loading control.
Statistical analysis. IBM SPSS 22.0 (IBM Corp.) and
GraphPad Prism 8.0 (GraphPad Software, Inc.) were used to
analyze the data. All data are expressed as mean ± standard
deviation and differences between three or more groups were
analyzed by one‑way ANOVA. Repeated measures ANOVA
was used to compare the weight loss and cognitive results.
Tukey's post hoc test was applied where there was a significant
difference. P<0.05 was considered to indicate statistically
significant differences.
Results
HPC ameliorates GCI induced weight loss in rats. Rats in
the GCI group exhibited more notable weight loss compared
with those in the sham group (P<0.05); however, HPC attenu‑
ated this tendency in rats with GCI at 2 days after surgery
(P<0.05; Fig. 1).
HPC ameliorates GCI induced cognitive function decline
in rats. Cognitive function was determined using the MWM
test and statistical analysis was performed using repeated
measures ANOVA. During training, significant differences in
performance were observed. Rats in the GCI group exhibited
a longer escape latency compared with those in the sham
group (P<0.05), and the escape latency was shortened by
treatment with HPC (P<0.05; Fig. 2A). Repeated measures
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Figure 2. Effects of HPC on GCI cognitive decline in the MWM tests. (A) Escape latency (time taken to locate the submerged platform) in the MWM test.
(B) Number of platform crossings in the MWM test. Data are presented as the mean ± SD. *P<0.05 vs. sham group; #P<0.05 vs. GCI group. GCI, global cerebral
ischemia; HPC, hypoxic postconditioning; MWM, Morris water maze.

Figure 3. Effects of HPC on neuronal survival in the CA1 region of the hippocampus. (A) Hippocampal neuron survival was detected using hematoxylin and
eosin staining (magnification, x400; scale bars, 50 µm) and (B) the relative number of surviving neurons was obtained. Data are presented as the mean ± SEM.
*
P<0.05 vs. sham group; #P<0.05 vs. GCI group. GCI, global cerebral ischemia; HPC, hypoxic postconditioning.

ANOVA revealed that the total effect was not statistically
significant (F=2.874, P=0.1666); however, the groups effect
was significant (F=918.3, P=0.000). In the probe test, the
number of platform crossings was significantly lower in the
GCI group compared with that in the sham group (P<0.05).
HPC increased the number of platform crossings compared
with the GCI group (P<0.05; Fig. 2B). These results indicated
that HPC ameliorated the impairment of cognitive function
induced by ischemia.
HPC promotes neuronal survival in rats with GCI.
Histopathological abnormalities were observed in the hippo‑
campus of the rats, and GCI group rats exhibited marked
neuronal loss and degeneration of neuronal structure in the
CA1 region. HPC attenuated this neuronal loss and reversed the
structural injury, as reflected by the number and morphology
of neurons on HE staining examination (P<0.05). These results
suggested that HPC inhibited hippocampal neuron death in
rats with GCI (Fig. 3).
HPC increases autophagy in the hippocampal CA1 area in
rats with GCI. To identify autophagy, the expression of the
autophagy marker protein, LC3‑Ⅱ, was detected in the hippo‑
campus using immunohistochemistry and western blotting at

1, 3 and 7 days after GCI surgery. Fewer positive cells were
visible in the hippocampal CA1 region of the rats in the sham
group under an optical microscope (Fig. 4). By contrast, there
were abundant positive cells in the GCI group. Furthermore,
the number of LC3‑Ⅱ positive cells was significantly increased
in the GCI + HPC group compared with that in the GCI
group (P<0.05), which indicated that autophagy was activated
further. Low levels of LC3‑II were present in the hippocampal
CA1 region of the rats in the sham group. However, the
expression levels of LC3‑II were significantly increased in the
GCI group (P<0.05) and increased further in the GCI + HPC
group (P<0.05). These results suggested that HPC upregulated
autophagy in rats with GCI (Fig. 4).
HPC upregulates autophagy via a SIRT1/FoxO1‑dependent
pathway in rats with GCI. The role of the SIRT1/FoxO1 axis in
GCI‑induced autophagy was assessed by measuring the relative
protein levels of SIRT1 and FoxO1 in the four groups. EX527,
a SIRT1 inhibitor, was able to reduce the expression levels of
SIRT1 and FoxO1 (P<0.05); it simultaneously decreased the
expression levels of LC3‑II in GCI rats compared with those
in GCI + HPC + DMSO group rats (P<0.05; Fig. 5). These
results indicated that HPC may upregulate autophagy through
a SIRT1/FoxO1‑dependent pathway in rats with GCI.
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Figure 4. Effects of HPC on autophagy in the CA1 area of the hippocampus. (A) Immunohistochemistry staining (magnification, x400; scale bars, 20 µm)
of LC3‑Ⅱ in the CA1 area. The positively stained cells were observed in the sham, GCI and GCI + HPC groups. (B) Quantitative analysis of the number of
positive cells per field at 1, 3 and 7 days after GCI surgery. (C) The protein expression levels of LC3‑II in the CA1 area were examined by western blot analysis.
(D) Relative densitometry analysis of LC3‑II protein bands. Data are presented as mean ± SD. *P<0.05 vs. sham group; #P<0.05 vs. GCI group. GCI, global
cerebral ischemia; HPC, hypoxic postconditioning; LC3‑II, light chain 3‑II.

Figure 5. HPC and EX527 affect the expression of SIRT1, FoxO1 and LC3‑II. (A) The protein expression levels of SIRT1 and FoxO1 in CA1 were measured by
western blot analysis. (B) Relative densitometry analysis of SIRT1 and FoxO1 protein bands. (C) The protein expression levels of LC3‑II in CA1 were measured
by western blot analysis. (D) Relative densitometry analysis of LC3‑II protein bands. Data are presented as mean ± SD. *P<0.05 vs. GCI group, **P<0.01 vs.
GCI group; #P<0.01 vs. GCI + HPC group. GCI, global cerebral ischemia; HPC, hypoxic postconditioning; LC3‑II, light chain 3‑II; SIRT1, silent information
regulator transcript‑1; FoxO1, Forkhead box protein 1; EX527, SIRT1 inhibitor.

HPC ameliorates cognitive function via a SIRT1/FoxO1‑
dependent pathway in rats with GCI. To explore the mechanism

through which HPC mitigates GCI‑induced cognitive func‑
tion injury, the SIRT1 inhibitor, EX527, was introduced, and
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Figure 6. HPC and EX527 affect cognitive function impairment in rats with GCI. (A) Escape latency in the MWM test. (B) Number of platform crossings in
the MWM test. Data are presented as the mean ± SD. *P<0.05 vs. GCI group; #P<0.05 vs. GCI + HPC group. GCI, global cerebral ischemia; HPC, hypoxic
postconditioning; MWM, Morris water maze; EX527, SIRT1 inhibitor.

cognitive function was determined using the MWM test. As
shown in Fig. 6, EX527 reversed the decrease in escape latency
and the increase in the number of platform crossings induced
by HPC. Repeated measures ANOVA revealed that the total
effect was not statistically significant (F=3.483, P=0.1438);
however, the groups effect was significant (F=325.3, P=0.001).
These results indicated that HPC ameliorated cognitive func‑
tion via a SIRT1/FoxO1‑dependent pathway in rats with GCI.
Discussion
Similar to humans, experimental GCI induced in animal
models has been shown to result in selective and delayed
neuronal death of pyramidal neurons in the hippocampal CA1
region, as well as cognitive impairment; therefore, experi‑
mental GCI in animals has become a valuable model for the
study of GCI (39,40). The present study demonstrated that the
cognitive function of rats was impaired and weight loss was
obvious after GCI. GCI group rats exhibited marked neuronal
loss and degeneration of neuronal structure in the CA1 region,
whereas HPC was able to alleviate these changes. These results
are similar to those of earlier studies reporting that HPC treat‑
ment may confer neuroprotection against brain ischemia or
injury (35,41-43). In addition, by measuring the expression of
the autophagy marker protein LC3‑Ⅱ in the hippocampus, it
was observed that there were more positive cells in the hippo‑
campal CA1 region of the GCI group compared with that of the
sham group. Interestingly, HPC can upregulate the expression
of LC3‑Ⅱ. Further studies have found that HPC can upregulate
autophagy by activating the SIRT1/FoxO1 signaling pathway,
thereby reducing neuronal death and ameliorating cognitive
function impairment. Taken together, all the aforementioned
findings indicate that HPC treatment may represent a new
therapeutic modality for multiple neurological disorders.
Autophagy is a highly regulated process that involves the
degradation of cytoplasmic macromolecules and organelles.
In mammalian cells, this catabolic mechanism utilizes the
lysosomal system and has a homeostatic function in normal
cell growth and development, helping to maintain a balance
between the synthesis, degradation and subsequent recycling

of cellular products (44). Autophagy is a programmed and
physiologically conserved self‑degradation process (45) and
disruption of autophagy may have detrimental consequences.
It was previously demonstrated that autophagy prevents
neuronal death in response to GCI (46). In the present study, a
specific marker for autophagosomes, LC3‑II, was used to test
whether autophagic activity can be induced by HPC treatment.
As shown in Fig. 4, the expression of LC3‑II was markedly
elevated following GCI, and this phenomenon was enhanced by
HPC treatment, which suggests that HPC treatment effectively
suppresses GCI‑induced neuronal death in the hippocampal
CA1 region by further activating autophagy. Recently, it
was also demonstrated that pre‑treatment with inhibitors of
autophagy markedly increased the infarct area in neonatal and
adult rats with MCAO (38). Therefore, it may be hypothesized
that GCI activates neuronal autophagy, but this is not sufficient
to cause the self‑digestion of damaged organelles and to induce
neuronal death, which is particularly crucial during neurode‑
generation. Furthermore, the neuroprotective effect of HPC
may be associated with further upregulation of GCI‑induced
neuronal autophagy in the hippocampal CA1 region.
As previous studies have demonstrated that various
signaling pathways contribute to neuronal autophagy, it was
inferred that neuronal autophagy may be the downstream target
of SIRT1/FoxO1 in GCI rats (47,48). SIRT1 overexpression may
promote autophagy of neurons by regulating FoxO1‑mediated
target genes, which eventually results in cell autophagy, indi‑
cating that the SIRT1/FoxO1 axis may be one of the pathways
involved in neuroprotection (49). In the present study, western
blot analysis demonstrated that SIRT1 expression was upregu‑
lated by HPC treatment, leading to an increasing expression
level of FoxO1. The increased expression of SIRT1, FoxO1 and
LC3‑II was markedly rescued by treatment with a selective
SIRT1 inhibitor. Surprisingly, the ability of HPC to upregulate
autophagy was suppressed, and its ability to improve cogni‑
tive function was also inhibited. These results suggest that
SIRT1/FoxO1 may be a key pathway involved in HPC‑induced
neuron autophagy. This is in accordance with the findings of
Jiang et al (50), who also demonstrated that FoxO1 can upregu‑
late autophagy to reduce neuron death in vascular dementia rats.
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In addition, Wu et al (51) also reported that SIRT1 upregulated
the deacetylation of FoxO1 and promoted its nuclear transloca‑
tion, thus increasing cell autophagy to resist ischemia‑induced
damage. These findings suggest that deacetylation of FoxO1 by
activated SIRT1 is one of the mechanisms through which HPC
exerts its effects. Although it has been demonstrated that SIRT1
activation is a promising candidate for treating or preventing
several diseases and disorders, some studies suggest that SIRT1
inhibition may have beneficial effects on some pathological
conditions. For example, Nikseresht et al (24) demonstrated
that the mortality and cerebral infarct volume of rats can be
reduced in a focal model of cerebral ischemia‑reperfusion
by using EX527 to inhibit SIRT1. In addition, Jiang et al also
demonstrated that inhibiting SIRT1 may conserve cellular
NAD+ levels and protect neurons against ischemic damage.
Additionally, SIRT1 may play a dual role, protective as well as
destructive, in Huntington's disease (52,53). However, the results
of the present study suggest that HPC exert neuroprotective
effects by activating the SIRT1/FoxO1 pathway.
It has been demonstrated that upregulating the level of
autophagy in neurons can reduce cell death and improve
recovery. HPC has emerged as a viable new therapy for GCI,
offering a non‑invasive approach to reducing neurological
injury. However, there are several pathways that mediate
autophagy, and the SIRT1/FoxO1 pathway is only one of them,
so it cannot be definitively concluded that the neuroprotective
effects were entirely due to HPC. Additional studies are needed
to confirm the current results and elucidate the mechanisms
underlying the neuroprotective properties of HPC.
In conclusion, taken together, the data of the present
study indicated that HPC treatment exerts beneficial effects
on neuronal survival and preservation of cognitive function
following GCI, which may be mediated via activation of the
SIRT1/FoxO1 pathway that increases neuronal autophagy.
Based on these beneficial effects, and the fact that HPC is
a non‑invasive and cost‑effective therapy, HPC may hold
promise as a potential treatment in humans for ameliorating
the poor cognitive outcomes following GCI.
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