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ABSTRACT

Mitochondria-associated oxidative stress plays a crucial role in Alzheimer’s disease (AD). Grape seed
proanthocyanidins (GSPs) have been reported to prevent oxidative stress. In this study, we investigated the
underlying mechanisms of GSPs in protecting neurons against oxidative injury in an experimental model of
sporadic AD. Primary mouse cortical neurons were subjected to streptozotocin (STZ) to mimic neuronal
oxidative damage in vitro, and mice were subjected to intracerebroventricular (ICV) injection of STZ as an in
vivo sporadic AD model. GSPs not only significantly ameliorated neuron loss and mitochondrial dysfunction
in mouse cortical neurons pretreated of STZ, but also reduced cognitive impairments, apoptosis and
mitochondrial oxidative stress in the cerebral cortex and hippocampus of sporadic AD mice. Moreover, GSPs
increased phosphorylation levels of phosphatidylinositol 3-kinase (PI3K), Akt and glycogen synthase kinase
3B (GSK-3B) at its Ser9. Notably, GSPs inhibited STZ-induced mitochondrial permeability transition pore
(mPTP) opening via enhancing phosphorylated GSK-3B (p-GSK-3B) binds to adenine nucleotide translocator
(ANT), thereby reducing the formation of the complex ANT-cyclophilin D (CypD). In conclusion, GSPs
ameliorate neuronal oxidative damage and cognitive impairment by inhibiting GSK-3B-dependent mPTP
opening in AD. Our study provides new insights into that GSPs may be a new therapeutic candidate for
treatment of AD.

INTRODUCTION death [3]. In AD brains, the accumulated extracellular

senile plaques, consisting predominantly of the amyloid-
Alzheimer’s disease (AD) is a neurodegenerative B (AP), and neurofibrillary tangles (NFTs), consisting of
disorder characterized by a progressive decline in hyperphosphorylated tau protein, are neuropathological
cognitive function and an irreversible loss of neurons hallmarks [4]. Both senile plaques and neurofibrillary
[1, 2]. AD has become the most prevalent type of lesions seem to result in neuronal loss in affected brain
dementia, subsequently leading to a major cause of areas. However, to date, the therapeutic approaches
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targeting to AP and tau protein have shown limited
curative effect in clinical trials. In contrast to the rare and
hereditary family AD (FAD), sporadic AD (SAD) is
more challenging for relevant medical institutions and
researchers in the world [5]. In addition to transgenic
animals used to study FAD, rat or mouse subjected to
intracerebroventricular (ICV) injections of streptozotocin
(STZ) become a feasible and workable model for
revealing the mechanisms of SAD or screening
medicines [6, 7]. Interestingly, these related studies have
suggested that there are some common features between
FAD and SAD, such as mitochondrial dysfunction [8]
and oxidative stress [9, 10].

Several lines of studies have shown that glycogen
synthase kinase 3B (GSK-3B), a ubiquitous serine/
threonine kinase abundantly expressed in central neuron
system, may appear to function in AD and Huntington’s
disease (HD) [11, 12]. There is an increasing number of
evidence indicating that GSK-3B is involved in
oxidative stress in the relevant brain regions [13—15].
Furthermore, previous studies have suggested SB
216763, an inhibitor of GSK-3B, protects cardio-
myocytes  from triptolide-induced toxicity by
desensitizing mitochondrial permeability transition [16].
A recent study demonstrated that increasing phospho-
rylation levels of GSK-3f (p-GSK-3p) at its Ser9 could
enhance the interaction between adenine nucleotide
translocator (ANT) and p-GSK-3B, subsequently
inhibiting mitochondrial permeability transition pore
(mPTP) opening, reducing mitochondrial superoxide
production and preventing neuronal apoptosis [17].
These data indicate that not only does GSK-3B
participate in oxidative stress, but it also plays an
important role in neuronal apoptosis and cognitive
dysfunction. Therefore, it is feasible to improve
cognitive function and attenuate neuronal apoptosis by
increasing phosphorylation of GSK-3p.

Over the past two decades, increasing evidence has
shown that several natural plant extracts possess the
effects of anti-inflammation, anti-oxidation and
improvement of cognitive functions [18]. Proantho-
cyanidins are widely distributed in many plants, such as
fruits, vegetables, nuts and seeds, especially in grape
seeds [19]. Grape seed proanthocyanidins (GSPs),
which contain dimers, trimers, oligomers of catechin
and epicatechin, have been reported to resist oxidative
stress and to promote DNA repair [20, 21]. Grape seed
procyanidin B2 prevent podocytes from high glucose-
induced mitochondrial dysfunction and apoptotic cell
death [22]. In addition, a recent report also confirmed
that proanthocyanidins can decrease the apoptotic cell
death in hippocampal neurons of a genetic AD mouse
model [23]. Taken together, we can assume that p-GSK-
38 may mediate neuronal protection of GSPs by

inhibiting neuronal oxidative damage, mitochondrial
dysfunction and cognitive impairments.

In the present study, primary mouse cortical neurons
were treated with STZ in vitro, while mice were
subjected to ICV injection of STZ as an in vivo AD
model. Morris Water Maze (MWM) was employed to
assess the ability of spatial learning and memory and
the rotarod test, a nonvisual-spatial task used to evaluate
motor ability and coordination. To investigate the
neuroprotective mechanism of GSPs, mitochondrial
superoxide production, levels of mitochondrial
membrane potential (MMP) and adenosine triphosphate
(ATP), the activity of cytochrome c oxidase (CcO), the
threshold of mPTP opening and phosphorylation levels of
PI3K-Akt-GSK-3p (Ser9) were evaluated in vitro and in
vivo, as well as the levels of the AP and phosphorylation
of tau (p-tau). Furthermore, in order to elucidate the
underlying mechanism, the interaction of p-GSK-3f
with ANT and the mPTP opening were determined in
primary mouse cortical neurons. This study
demonstrates that GSPs ameliorate neuronal oxidative
damage and cognitive impairments in an experimental
sporadic AD model by inhibiting GSK-3B-dependent
mPTP opening. This study provides new insights that
GSPs may be a novel therapeutic candidate to treat AD.

RESULTS

GSPs attenuated STZ induced neuron loss and
apoptosis in primary cortical neurons

To assess the neuroprotective effect of GSPs, primary
cortical neurons were subjected to (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. We first examined the neurotoxicity of
STZ, and the results showed that STZ with a
concentration greater than 0.2 mM caused neuron loss
in a dose-dependent manner (Figure 1A). The STZ dose
was set to 0.5 mM for primary neuronal cells in all
subsequent assays due to a 28.62% + 4.22% reduction
induced by 0.5 mM STZ treatment. As shown in Figure
1B, after treatment with GSPs (0.1 - 100 ug/mL) for
24 h, there was no significant difference of cell viability
compared with that in the CON group, indicating that
GSPs was nontoxic to primary cortical neurons under
the treatment conditions. As demonstrated in Figure 1C,
pretreatment with GSPs at the concentrations of 25,
50 pg/mL  significantly attenuated cell death in the
presence of STZ, whereas the concentrations of 0.1, 1
and 10 pg/mL GSPs did not show obvious effect. To
further investigate the neuroprotective effects of GSPs
on STZ-induced neuron loss, we evaluated apoptosis by
using TdT-mediated dUTP Nick-End Labeling
(TUNEL) staining in primary cortical neurons. As
shown in Figure 1D and 1E, STZ increased the
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proportion of TUNEL-positive cells, which was
significantly suppressed by pretreated with GSPs at the
concentrations of 25 and 50 pg/mL. These results
indicate that GSPs can counteract STZ induced neuron
loss and apoptosis.

GSPs ameliorated cognitive impairments in the
presence of STZ

The schematic diagram of animal study design is shown
in Figure 2A. To investigate the effectiveness of GSPs
against STZ-induced neurotoxicity in vivo, we
performed Morris water maze (MWM). The results
showed that the escape latency in the STZ group was
significantly much longer than that in the Sham group
on the 3rd, 4th and 5th experiment day respectively
(Figure 2B). In the probe test, the target cross number
and the time in target quadrant in the STZ group were
obviously decreased compared with that in the Sham
group (Figure 2C and 2D). Administration of high
dosage of GSPs (200 mg/kg) significantly counteracted
the effect of STZ on the escape latency, the target cross
number and the time in target quadrant, while the low
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dosage of GSPs (20 mg/kg) showed no significant
changes (Figure 2B-2D). There was no significant
difference in the swimming speeds of mice from
different groups (Figure 2E). These data indicate that
GSPs are beneficial for learning and memory in the
presence of STZ.

To test the motor coordination and balance, mice were
examined by using the rotarod test. The results showed
that there is no significant difference in the fall latency
between the mice with ICV injection of STZ and the
mice from the sham group (Figure 2F). Similarly,
administration of different concentration of GSPs with
pretreatment with ICV injection of STZ did not affect
the fall latency (Figure 2F). These data indicate that
STZ does not impair motor coordinator or balance,
while GSPs did not affect the motor activity.

GSPs attenuated STZ-induced AP production and
tau phosphorylation

In this study, alongside the cognitive ability, we
investigated the effects of STZ on alterations of AP
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Figure 1. GSPs alleviated STZ-induced neuron loss and apoptosis in primary mouse cortical neurons. (A, B) Neurons were
treated with different concentrations of STZ (0.1, 0.2, 0.5, 1, 2 and 5 mM) (A) or GSPs (0.1, 1, 10, 20, 50 and 100 ug/mL) for 24 h (B). (C)
Neurons were pre-incubated with GSPs (0.1, 1, 10, 25 and 50/pg/mL) for 2/h prior to being exposed to 0.5/mM STZ for 24/h. (D) Cell apoptosis
was measured by TUNEL staining. (scale bar = 100 um). (E) Quantitative analysis of TUNEL staining. *P < 0.05 vs CON; #P < 0.05 vs STZ, n=4.
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production and tau phosphorylation in cerebral cortex
and hippocampus. The results showed that ICV
injection of STZ significantly increased the expression
levels of amyloid precursor protein (APP) and AP in the
cerebral cortex and hippocampus (Figure 3A-3F). In
addition, ICV injection of STZ significantly increased
the level of phosphorylated tau (p-tau) in the cerebral
cortex and hippocampus, although there is no
significant difference in the level of tau (Figure 3A, 3B,
3G and 3H). Interestingly, GSPs (200 mg/kg)
significantly reduced AP production and tau phospho-
rylation induced by STZ (Figure 3A-3H), coinciding
with its protection of cognitive functions. These results
indicate that GSPs play an important role in blocking
AP production and tau phosphorylation.

GSPs counteracted neuron loss induced by STZ in
mouse cerebral cortex and hippocampus

To investigate the effects of STZ on the number of
neurons in mouse cerebral cortex and hippocampus,
immunofluorescence staining of NeuN, a marker of the

nucleus of neurons, was conducted. As shown in Figure
4A—4H, the nucleus of stained neurons in the cerebral
cortex and hippocampus displayed red. ICV injection of
STZ significantly reduced the number of NeuN-positive
cells in the cerebral cortex and hippocampal CA1, CA3
and dentate gyrus areas. However, administration of
GSPs (200 mg/kg) significantly reversed the decrease of
the number of neurons in the cerebral cortex and
various areas of hippocampus induced by STZ. These
results indicate that GSPs ameliorate neurons loss
induced by STZ in the cerebral cortex and hippo-
campus.

GSPs counteracted apoptotic cell death induced by
STZ in mouse cerebral cortex and hippocampus

Given the important role of apoptosis in STZ-induced
cognitive impairments in vivo, we next examined the
levels of apoptosis-associated proteins in the mouse
cerebral cortex and hippocampus. As shown in Figure
5A and 5B, the expression levels of cleaved-caspase 3,
Bcl-2 and Bax were determined by employing Western
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Figure 2. GSPs effectively counteracted the cognitive impairments in mice subjected to ICV injection of STZ. (A) Schematic
diagram of animal study design. (B) The escape latency of the training acquisition trials for 5 consecutive days in Morris water maze (MWM).
(C) The target cross number of the probe test in MWM. (D) The time in target quadrant in the probe test in MWM. (E) The swimming speed in
the probe test in MWM. (F) The fall latency in the rotarod test. *P < 0.05 vs Sham; #P < 0.05 vs STZ, n=10.
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blotting. The expression of Bcl-2 was decreased, and
the levels of Bax and cleaved-caspase 3 were
significantly increased in mice cerebral cortex and
hippocampus in the STZ group (Figure 5C-5F).
Administration of high dosage of GSPs not only
reversed the expression level of Bcl-2 in the cerebral
cortex and hippocampus, but also significantly abated
the levels of Bax and cleaved-caspase 3 increased by
STZ (Figure SA-5F). The low dosage of GSPs did not
show obvious protection against apoptotic cell death
induced by STZ. These results indicate that GSPs can
abolish neuronal apoptosis induced by STZ in the
cerebral cortex and hippocampus of mouse.
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GSPs improved mitochondrial function in the
presence of STZ in vitro and in vivo

In order to assess the effects of GSPs on mitochondrial
function, we examined the levels of MMP, cellular ATP
and the activity of CcO in vitro and in vivo. As shown
in Figure 6A, a significant decrease in the fluorescent
signal of rhodamine 123 was observed in primary
cortical neurons exposed to STZ, indicating a sig-
nificantly loss of MMP. However, an obvious increase
in MMP was observed in cells pretreated with GSPs.
Similarly, our results showed that the level of ATP
(Figure 6D) and the activity of CcO (Figure 6QG)
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Figure 3. GSPs inhibited STZ-induced A accumulation and phosphorylation of tau in vivo. (A, and B) Representative immunoblot
bands for APP, A, p-tau and tau in the cerebral cortex and hippocampus, respectively. (C—H) Quantification analysis of immunoblot bands.
Protein expression levels were normalized to B-actin. *P < 0.05, P < 0.01 vs Sham; #P < 0.05, *P < 0.01 vs STZ, n=4-6.
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were decreased in the presence of STZ, whereas this
effect was reversed by administration of 200 mg/kg
GSPs. Similarly, the levels of MMP (Figure 6B and
6C), cellular ATP (Figure 6E and 6F) and the activity
of CcO (Figure 6H and 6I) were decreased in the
cerebral cortex and hippocampus of the mice treated
with STZ. In addition, the level of MMP was
significantly decreased in the STZ group compared
with that in the Sham group, whereas high dosage of
GSPs significantly improved the level of MMP (Figure
6B and 6C). Administration of high dosage of GSPs
significantly prevented the decrease of the ATP level
(Figure 6E and 6F) and the activity of CcO (Figure 6H
and 6I) in cerebral cortex and hippocampus of the
mice treated with STZ as well. Taken together, STZ
significantly decreases the levels of MMP, ATP and
the activity of CcO, which could be rescued by
administration of GSPs.

GSPs reduced mitochondrial superoxide production
and mPTP opening after ICV injection of STZ in the
cerebral cortex and hippocampus

To further investigate a possible involvement of the
mitochondrial superoxide production with STZ-induced
mitochondrial ~dysfunction, we manipulated the
MitoSOX Red staining in mice brain slices. As shown
in Figure 7A-7D, we found a significant increase in
mitochondrial superoxide production in mouse cerebral
cortex and hippocampus after ICV injection of STZ.
Administration of high dosage of GSPs obviously
reduced the mitochondrial superoxide production.

The opening of mPTP causes mitochondrial swelling,
release of pro-apoptotic proteins and uncoupling of
mitochondrial oxidative phosphorylation. To validate
the effects of GSPs on the threshold of mPTP opening,
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Figure 4. GSPs eliminated STZ-induced neuronal loss in the cortex and CA1, CA3 and DG of hippocampus. Representative
images of immunofluorescence staining assay of NeuN in the cortex (A), hippocampal CA1 (C), CA3 (E) and dentate gyrus (G) areas.
Quantification of NeuN-positive cells in the cortex (B), hippocampal CA1 (D), CA3 (F) and dentate gyrus (H) areas. "P < 0.05, P < 0.01 vs

Sham; #P < 0.05, #P < 0.01 vs STZ, n=4-6.

www.aging-us.com 4112

AGING



mitochondrial swelling assay was applied. The results
showed that the absorbance at optical density 540 nm
(ODs4onm) was significantly decreased in STZ-treated
mice, indicating a decrease of the threshold of mPTP
opening. However, the threshold of mPTP opening was
partly restored by high dosage of GSPs after ICV
injection of STZ (Figure 7E).

These results indicate that GSPs can prevent STZ-
induced mitochondrial superoxide generation and mPTP
opening in the cerebral cortex and hippocampus.

GSPs enhanced phosphorylation of PI3K-Akt-GSK-
3B (Ser9) pathway in vitro and in vivo

Phosphorylation of GSK-3f at its Ser9 is thought to be
involved in inhibiting mPTP opening, which is posi-
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tively regulated by the PI3K-Akt pathway. In this
study, the phosphorylation levels of PI3K, Akt and
GSK-3B (Ser9) were further evaluated by Western
blotting in vitro and in vivo. As shown in Figure 8A,
STZ induced a significant decrease in phosphorylation
levels of PI3K, Akt and GSK-3B (Ser9) in primary
cortical neurons. However, pretreatment with GSPs of
25 and 50 pg/mL obviously increased the phosphory-
lation levels of PI3K, Akt and GSK-3f (Ser9) in
primary cortical neurons (Figure 8D, 8G and 8J). We
further confirmed that GSPs counteracted STZ-
induced decrease of phosphorylation levels of PI3K,
Akt and GSK-3B (Ser9) in mouse cerebral cortex and
hippocampus (Figure 8B and 8C). As shown in Figure
8E, 8F, 8H and 8I, the ratio of p-PI3K/PI3K and p-
Akt/Akt were decreased in the mouse cerebral cortex
and hippocampus of STZ group. Notably, STZ
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Figure 5. GSPs inhibited STZ-induced mitochondria-associated apoptosis signaling pathway in vivo. (A and B) Representative
immunoblot bands for Bcl-2, Bax, cleaved caspase-3 and caspase-3 in the cerebral cortex and hippocampus. (C—F) Quantification analysis of
immunoblot bands. Protein expression levels were normalized to B-actin. “P < 0.05 vs Sham; #P < 0.05 vs STZ, n=4-6.
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significantly reduced the level of p-GSK-3f (Ser9)
(Figure 8B and 8C). High dosage of GSPs significantly
enhanced the ratios of p-PI3K/PI3K and p-Akt/Akt
(Figure 8E, 8F, 8H and 8I). As expected,
phosphorylation of GSK-3p at its Ser9 was enhanced by
administration of high dosage of GSPs (Figure 8K and
8L). These results indicate that GSPs act as an activator
of p-GSK-3p (Ser9) in neurons.

GSPs attenuated STZ-induced mPTP opening by
activating PI3K-Akt-dependent phosphorylation of
GSK-3p (Ser9)

To evaluate whether phosphorylation of GSK-3f
(Ser9) participated in the neuroprotective effect of
GSPs, LY294002 was co-incubated with GSPs in
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primary cortical neurons in the presence of STZ. MTT
assay results showed that co-treatment with LY294002
markedly blocked the neuroprotection of GSPs against
STZ (Figure 9A). We next determined the reactive
oxygen species (ROS) production in neurons exposed
to STZ. Consistently, as shown in Figure 9B and 9C,
an increase of intracellular ROS production was
evident after treatment of STZ, which was attenuated
by pretreated with GSPs. LY294002 preserved
intracellular ROS production when co-cultured with
GSPs in the presence of STZ. These results indicate
that GSPs can counteract STZ-induced neuron loss and
oxidative stress in primary cortical neurons by
activating the PI3K pathway. To further explore
whether GSK-38 dependent mPTP opening mediated
the neuroprotection of GSPs, Calcein/CoCl, staining
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Figure 6. GSPs improved the levels of mitochondrial membrane potential (MMP), ATP and the activity of CcO in vitro and in
vivo. Pretreatment with 25 ug/mL or 50 ug/mL GSPs significantly increased STZ decreased levels of MMP (A), ATP (D) and the activity of CcO
(G) in primary cortical neurons. Administration of high dosage of GSPs significantly increased STZ decreased levels of MMP (B), ATP (E) and
the activity of CcO (H) in the cerebral cortex. Intake of high dosage of GSPs significantly increased levels of MMP (C), ATP level (F) and the
activity of CcO (1) in the hippocampus. * P < 0.01 vs CON or Sham; # P < 0.01 vs STZ, n=4-6.
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was conducted. As shown in Figure 9D, STZ
significantly decreased the intensity of Calcein-AM,
which was partially prevented by pre-treatment with
GSPs. However, LY294002 significantly blocked this
enhancement of intensity of Calcein-AM. Furthermore,
GSPs increased phosphorylation of GSK-3p at its Ser9 in
the present of STZ, which was blocked by LY294002
(Figure 9E).

Previous studies have shown that mPTP is modulated
by cyclophilin D (CypD) or adenine nucleotide
translocator (ANT) [24]. As shown in Figure 9F and
9G, STZ significantly decreased the interaction between
p-GSK-3p (Ser9) and ANT, and increased generation of
the ANT/CypD complex. However, pretreatment of
GSPs decreased the binding of ANT to CypD by
promoting the interaction of p-GSK-3p (Ser9) and
ANT, which was significantly blocked by LY294002.

These results suggest that GSPs reduce GSK-3p-
dependent mPTP opening by enhancing GSK-3f
phosphorylation at its Ser9.

DISCUSSION

Numerous studies have indicated that AD is the most
prevalent neurodegeneration disorder with irreversible
progressive cognitive impairments. However, due to the
complexity of AD pathogenesis, curing and preventing
AD still face serious challenges. Focusing on
pathogenesis research of AD and development of
effective prevention measures and drugs has important
clinical value and practical significance. The main
findings of the present study indicate that GSPs
ameliorate neuronal oxidative damage and cognitive
impairments in AD by inhibiting GSK-3B-dependent
mPTP opening.
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Previous studies showed that neurons exposed to STZ
displayed AD-like pathology, such as amyloid angio-
pathy [25], cognitive impairments [26], oxidative stress
[4], and mitochondrial dysfunction [27]. In our study, to
mimic neuron damage in AD, the primary mouse
cortical neurons were treated with STZ, and mice were
subjected to ICV injection of STZ. The results showed
that primary mouse cortical neurons treated with STZ
displayed obvious neuron loss and apoptosis, while the
mice with ICV injection of STZ showed significant
cognitive dysfunction in Morris water maze. In
addition, ICV injection of STZ did not affect motor
coordination and balance of mice assessed by using a
rotarod test. These results demonstrate that we
successfully set up STZ-induced AD-like neuron
damage in vitro and in vivo. Although GSPs are

considered to be beneficial for the therapy of patients
with cardiovascular diseases and metabolic diseases
[28], the knowledge about GSPs against AD is still
fragmentary. In the present study, GSPs protected
against STZ-induced neuron loss in vitro, as shown by
decreasing cell apoptosis death, and in vivo, GSPs also
alleviated STZ-induced cognition impairments in
Morris water maze. Our results indicate that GSPs can
improve cognition and protect neuronal cells against
neurotoxicity of STZ.

The major neuropathologic hallmarks of AD include
intracellular hyperphosphorylated neurofibrillary tau
tangles (NFTs), extracellular deposits of plaques of
amyloid B (AB) [4]. In this study, we found that ICV
injection of STZ increased the expression levels of
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APP, AP and p-tau in the cerebral cortex and
hippocampus. These results are consistent with the
previous studies [20, 29]. As expected, administration
of 200 mg/kg GSPs decreased the levels of APP, A
and p-tau in the presence of STZ, indicating that GSPs
is effective against AP accumulation and tau phospho-
rylation induced by STZ.

In addition to the formation of senile plaques-containing
AP, NFTs, loss of neurons and synaptic dysfunction in
affected brain areas are common pathological changes
in FAD and SAD. Neuronal loss in the affected brain
areas is thought to be associated with synaptic loss and
impairment of learning and memory abilities. In this

>

study, STZ significantly boosted neuronal apoptosis in
the hippocampus and cerebral cortex. However,
administration of sufficient GSPs mitigated STZ-
induced apoptosis. Our results demonstrate that GSPs
can prevent neuronal apoptosis induced by STZ, which
is consistent with the neuroprotection of GSPs in a
genetic AD mice model [23].

Prior to other cellular alterations, mitochondrial damage
is the typical manifestation during the process of
mitochondria-mediated apoptosis. In addition, the
opening of mPTP is increased under oxidative stress
conditions, adenine nucleotide depletion or membrane
depolarization [30]. Once the opening of mPTP is
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triggered, it allows molecules <1.5 kDa to pass through
the mitochondrial membrane, causing uncoupling of the
electron respiratory chain, mitochondrial depolarization
and mitochondrial membrane potential (MMP)
dissipation, followed by progressive mitochondrial
swelling and rupture of mitochondrial outer membrane.
Finally, leakage of pro-apoptotic factors from
mitochondria stimulates caspase activation, which
ultimately leads to cell death [31]. In this study, the
results showed that STZ significantly impaired
mitochondrial function in vitro and in vivo. However,
GSPs significantly prevented STZ-induced mito-
chondrial dysfunction, reactive oxygen species (ROS)
production and increased threshold of mPTP opening.
These results suggest that GSPs rescue mitochondrial
function and prevent excessive ROS production, which
might be an important step in interrupting consequent
neuronal apoptosis. It has been shown that grape seed
proanthocyanidins extract reverse the hippocampal
dysfunction by reducing oxidative stress and preserving
mitochondrial function in a rat chronic seizures model
[32]. Taken together, our study provides empirical
evidence to support the theory of neuronal protection
of GSPs by rescuing mitochondrial function in AD
mice.

GSK-3B, an isoform of GSK-3, is involved in regulating
energy metabolism and mitochondria-associated
apoptotic cell death. Previous studies have shown that
GSK-3B is negatively regulated by its upstream
signaling pathway PI3K/Akt, which plays a key role in
diverse cellular activities and promotes cell growth and
survival [33]. In this study, we investigated whether
GSK-3p was involved in GSPs-resisted apoptosis in the
presence of STZ. The results showed that STZ reduced
the phosphorylation levels of PI3K-Akt-GSK3p
pathway proteins, whereas GSPs enhanced the
phosphorylation levels of these proteins. These results
suggest that the neuronal protection of GSPs against
STZ is mediated by the activation of PI3K-Akt-
dependent GSK-3f inactivation, phosphorylated GSK-
3P at its Ser9.

mPTP opening is modulated by cellular signaling
cascades, involving binding of pro-apoptotic and anti-
apoptotic proteins to CypD or adenine nucleotide
translocator (ANT) [34]. Diverse proteins, such as
transcription factors, kinases and signaling proteins
exhibit the ability to interact with ANT [35]. A recent
study suggests that p-GSK-3B (Ser9) inhibits mPTP
opening by regulating the binding of ANT to
cyclophilin D (CypD) [17]. In the present study, STZ
significantly reduced cell viability and increased
intracellular ROS production, which were attenuated by
pretreatment with GSPs. In addition, GSPs increased
the phosphorylation of PI3K-Akt-GSK-3B (Ser9) in the

presence of STZ. Notably, GSPs increased the binding
of p-GSK-3p (Ser9) to ANT and reduced the formation
of ANT-CypD complexes, which subsequently
increased the threshold of mPTP opening. More
importantly, co-pretreatment with LY294002 (an
inhibitor of PI3K) abolished the anti-apoptotic and anti-
oxidative effects of GSPs in the presence of STZ.
LY?294002 also decreased GSPs-enhanced phospho-
rylation of PI3k-Akt and GSK-3B at its Ser9 site.
Furthermore, LY294002 decreased GSPs-increased
threshold of mPTP opening by reducing the binding
between p-GSK-3p (Ser9) and ANT. All the above data
reveal that GSPs inhibit mPTP opening by activation of
the PI3K-Akt pathway, which increases the phospho-
rylation level of GSK-3p at its Ser9, thereby disturbing
the formation of ANT-CypD complex.

In conclusion, GSPs could counteract neuronal loss and
cognitive impairments induced by STZ. In addition,
GSPs mitigates STZ-induced neuronal apoptosis,
excessive ROS generation and mitochondrial dys-
function. Notably, GSPs inhibited mPTP opening by
enhancing GSK-3B phosphorylation at its Ser9. The
present study provides a new theoretical foundation for
GSPs as a potential medication to prevent occurrence of
cognitive impairments in AD.

MATERIALS AND METHODS
Animals and surgery

For ICV injection of STZ, different strains of mice were
used including C57BL/6 mice, Swiss albino mice and
Kunming mice. After ICV injection, the cognitive
function of different strains of mice was decreased
[20, 36-39]. In the present study, male C57BL/6 mice
(25 - 30 g, 8 weeks old) were allowed access to food
and water ad libitum, and maintained at 23 + 1 °C under
a 12:12 h light/dark cycle. All procedures were
approved by the Institutional Animals Care and Use
Committee at Xi’an Jiaotong University (XJTULAC-
2015-328) and measurements were taken to minimize
discomfort in accordance with the National Institutes of
Health Guide for Care and Use of Laboratory.

C57BL/6 mice were subjected to stereotaxic apparatus
for injection of STZ (Sigma, USA) into the left lateral
ventricle of mice as previously described [20]. For ICV
injection, briefly, mice were anesthetized by using
chloral hydrate (0.35 g/kg). The mouse’s head was
restrained onto a stereotaxic apparatus. To locate the
bregma, the scalp was incised. The bregma coordinates
used were -1.0 mm lateral, -0.3 mm posterior, and -2.5
mm below. Each mouse received a single ICV injection
of 3.0 mg/kg STZ in 3.0 pL saline into the left ventricle
of the brain.
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Cortical neuron culture

Primary cortical neurons were cultured as described
previously with minor modification. Briefly, cortical
tissues were dissected from newborn (PO to P1) pups of
C57BL/6 mice, dissociated with 0.05% trypsin, and
triturated in ice-cold Neurobasal A medium. The
mixtures were centrifuged at 200 x g for 5 min. Then, the
pellet was resuspended in culture medium (Neurobasal A
medium with 2% B27 supplement, 0.5 mM L-glutamine,
100 U/mL penicillin and 100 pg/mL streptomycin).
Neurons were seeded onto poly-L-lysine coated culture
plates and maintained in at 37 °C in 5% CO; incubator.

Dosage information / Dosage regimen

GSPs were purchased from Tianjin Jianfeng Natural
Product R&D Co., Ltd in China. GSPs contain 98.20%
total polyphenols, including 85.22%  oligomeric
proanthocyanidins, 6.99% catechin, 4.17% epicatechin.
GSPs were freshly prepared in drinking water every
morning. After ICV injection of STZ, mice were
administrated with GSPs for 28 days. Two dosages of
GSPs (20 mg/kg/day, 200 mg/kg/day) were given to mice
according to previous study with minor modifications
[40]. The human equivalent dose (HED) was 1.6 mg/kg
or 16 mg/kg, respectively. All animals were divided into
4 groups: the mice injected with saline in lateral ventricle
constituted the sham operation group (Sham); the mice
receiving ICV injection of STZ in lateral ventricle
constituted the STZ group; the mice administered with
low dosage of GSPs after ICV injection of STZ
constituted the GSPs 20 mg/kg group; the mice
administered with high dosage of GSPs after ICV
injection of STZ constituted the GSPs 200 mg/kg group.

For in vitro study, GSPs were dissolved in the medium
and stock solutions for different final concentration
(0.5, 1, 10, 25, 50, 100 pg/mL) were prepared.
LY294002 (Sigma, USA), an inhibitor of PI3K, was
added into the culture medium to a final concentration
of 20 uM. On day 7 of DIV, neurons were treated with
one or more of the above reagents and divided into 5
groups according to the various treatments: CON group
(non-treatment), STZ group (STZ treatment for 24 h),
GSPs + STZ group (pretreatment with GSPs for 2 h
before STZ treatment) and LY294002 + GSPs + STZ
group (pretreatment with LY294002 and GSPs for 2 h
before STZ treatment). All experiments were carried out
after incubation with STZ for 24 h.

Morris water maze
The Morris Water Maze was employed to test spatial

learning and memory, and the protocol was modified as
previously reported in methods [41]. Briefly, water was

filled in a circular pool (150 cm diameter, 30 cm high)
at 21-23 °C. A hidden platform (10 cm in diameter) was
placed 0.5 cm below the surface of water. The latency
and the target cross number were recorded by using a
computerized video imaging analysis system (Morris
Water-maze Tracking System-100, Chengdu Taimeng
software Co. Ltd., China). Each mouse was trained
three times a day for five consecutive days, and the
starting point was randomly changed in the experiment.
For each trial, each mouse was allowed to swim for a
maximum of 60 sec. The probe test was performed
without the hidden platform. Each mouse was placed in
the water and allowed to swim for 60 sec freely. The
number of platform crossing times was recorded as the
target cross number.

Rotarod test

To detect motor coordination and balance, mice were
subjected to the rotarod test. In brief, mice were
individually placed on a cylinder where the speed was
pre-assigned from 4 to 40 rpm every 5-min period. Each
mouse was tested for three trials in two sessions and the
inter-trial interval of each trial was 15 min. The fall
latency was recorded and calculated. All mice were
tested within the same experiment on the same day.

Immunohistofluorescence staining

Immunohistochemical staining was performed as
previously described [42]. Briefly, the brain was
removed and fixed by 4% paraformaldehyde. By using
a frozen microtome, the brain was cut into 20 pm
sections. The free-floating sections were incubated with
0.5% Triton X-100 for 30 min and immersed in 10%
normal goat serum in phosphate-buffered saline (PBS)
for 30 min. Sections were incubated with rabbit anti-
NeuN antibody at 4 °C, and then incubated with
fluorescence-conjugated secondary antibody
(Tetramethylrhodamine, TRITC) at room temperature.
Images were captured by using Zeiss Axio Scope Al
microscope. Three fields of section (100x
magnification) randomly placed were photographed and
the number of Neun-positively cells were counted.

Mitochondrial swelling assay

Brain mitochondria were prepared as previously
described [43]. The appropriate amount of mitochondria
was determined for mitochondrial swelling in 1 mL of
mitochondrial isolation buffer. Mitochondrial swelling
was triggered by the addition of calcium (200 uM).
Swelling was observed by immediately and
continuously recording changes at ODs40 nm by using a
spectrophotometer at 10 sec intervals for a total of
600 sec.

www.aging-us.com 4119

AGING



Measurement of mitochondrial superoxide in vivo

To measure the mitochondrial superoxide production in
vivo, mouse brain was removed rapidly and placed on
an ice-cold box. The brain was cut into 30 pum thick
sections, and each section was loaded with MitoSOX
Red (5 pM, Invitrogen) for 30 min [44-46]. The
fluorescence of the oxidized dye in the sections was
detected by using a laser confocal microscope (TCS-
SP2, Germany). The excitation and emission
wavelengths were 498 and 522 nm, respectively. ROS
fluorescence values were analyzed using the Leica SP2
software. To avoid auto-oxidation, photography was
usually finished quickly.

Measurement of cell viability assay and
mitochondrial function

Cell viability was measured by using the MTT assay Kkit.
Mitochondrial membrane potential, ATP levels and
activity of cytochrome c oxidase were measured by
using the commercial assay kits respectively as
previously described [41].

Measurement of intracellular ROS

Intracellular ROS levels were monitored by using the
2°,7’-Dichlorofluorescin diacetate (H.DCFDA)
fluorescent probe (Invitrogen). Briefly, neurons were
incubated with 10 uM H>DCFDA for 30 min at 37 °C.
After washing twice with PBS, the fluorescence
intensity was observed by using a confocal microscopy.
The intensity of fluorescence staining was analyzed
with Image J software (NIH).

Calcein/CoCl, staining

According to the manufacturer’s instructions, the
Calcein/CoCl; staining was detected by using a Calcein
staining Assay Kit (Invitrogen). Briefly, after
treatments, neurons were loaded with 1 uM Calcein-
AM (green), 2 mM CoCl, and 20 nM Mitotracker Red
at 37 °C for 20 min in phenol red free Hank's buffered
salt solution. After washing, the cells were imaged by
using a confocal microscopy. The mPTP inhibitor,
cyclosporin A (CsA) (1 puM, LC laboratories) was
applied as a positive control.

Western blotting and immunoprecipitation

Protein was extracted from mouse brain or cortical
neurons. Protein samples were separated by SDS-PAGE
and transferred to Polyvinylidene Fluoride (PVDF)
membranes. The membrane was probed with following
primary antibodies: polyclonal mouse anti [B-actin
(Sigma); mouse anti-GSK-3p, rabbit anti-p-GSK-3f

(ser9), rabbit anti-p-Akt, mouse anti-Akt, mouse anti-p-
PI3K, rabbit anti-PI3K, monoclonal mouse anti-Bax,
monoclonal mouse anti-Bel-2  (Cell  Signaling
Technology); polyclonal rabbit anti-caspase-3, goat
anti-ANT (Santa Cruz); mouse anti-CypD (Abcam),
mouse anti-tau (Cell Signaling Technology), anti-p-tau
(Cell Signaling Technology), rabbit anti-Af (Cell
Signaling Technology) and mouse anti-APP (Cell
Signaling Technology), then incubated with a species-
matched horseradish peroxidase-conjugated secondary
antibody. The blots were visualized with a chemi-
luminescence substrate solution (Pierce) and observed
with a chemiluminescent detection system. The optical
density of immunoreactive bands was quantified using
Quantity One software (Bio-Rad).

For immunoprecipitation, the assay was performed as
previously described [47]. Briefly, neurons were lysed
with cold RIPA buffer containing a protease inhibitor
cocktail and PMSF (Invitrogen). The sample was
incubated with 1 pg anti-ANT antibody or 1 pg anti-p-
GSK-3pB antibody for 2 h at 4 °C. Then, 20 pL of
protein A/G plus-agarose slurry was added to the
mixture for incubation overnight at 4 °C. The beads
were washed 3 times using PBS and boiled in protein
sample buffer at 95 °C for 10 min. Equal amounts of
proteins were subjected to immunoblot analyses.

Statistics analysis

All values are represented as mean + SEM, data
analyses were performed using the software of SPSS
19.0. For the Morris water maze tests, escape latency in
the hidden platform trial were analyzed with two-way
ANOVA of repeated measures, while one-way ANOVA
was conducted on the data obtained from the probe trial.
A difference was considered significant at P < 0.05
level.
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AD: Alzheimer’s disease; ANT: adenine nucleotide
translocator; APP: amyloid precursor protein, ATP:
adenosine triphosphate;  B-amyloid:  (AB); CcO:
cytochrome ¢ oxidase; CsA: cyclosporin A; CypD:
cyclophilin D; FAD: family Alzheimer’s disease; GSPs:
Grape seed proanthocyanidins; GSK-3B: glycogen
synthase kinase 3p; ICV: intracerebroventricular; HD:
Huntington’s disease; HED: human equivalent dose;
H,DCFDA: 2’°,7’-Dichlorofluorescin diacetate; MMP:
mitochondrial membrane potential; mPTP: mitochondrial
permeability  transition  pore;  MTT:  (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
MWM: Morris Water Maze; NFTs: neurofibrillary
tangles; p-GSK-3p: phosphorylated GSK-3f; OD540nm:
optical density 540 nm; PBS: phosphate-buffered saline;
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p-GSK-3B: phosphorylated glycogen synthase kinase 3[3;
p-tau: phosphorylated tau; PI3K: phosphatidylinositol 3-
kinase; ROS: reactive oxygen species; SAD: sporadic
Alzheimer’s disease; STZ: streptozotocin; TUNEL: TdT-
mediated dUTP Nick-End Labeling.

AUTHOR CONTRIBUTIONS

QS and NJ designed the work. QS and NJ managed the
animals and acquired data. QS, XL, JY and GC
performed experiments. QS and NJ wrote the
manuscript. All authors analyzed and interpreted the
data, revised the manuscript critically, and gave final
approval of the version to be published.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING

This work was supported by the National Natural
Science Foundation of China (Program No.81500927);
the Project Supported by Natural Science Basic
Research Plan in Shaanxi Province of China (Program
No0.2017JM8017); the Fundamental Research Funds for
the Central Universities; the Project supported by the
National Science Foundation for Post-doctoral
Scientists of China (Grant No. 2017M623190,
2018T111074), and the Project supported by the
Foundation for Post-doctoral Scientists of Shaanxi
Province (Grant No. 2018196).

REFERENCES

1. Firuzi O, Pratico D. Coxibs and Alzheimer’s disease:
should they stay or should they go? Ann Neurol.
2006; 59:219-28. https://doi.org/10.1002/ana.20774
PMID:16402383

2. Hardy J. A hundred years of Alzheimer’'s disease
research. Neuron. 2006; 52:3-13.
https://doi.org/10.1016/j.neuron.2006.09.016
PMID:17015223

3. Alzheimer’s Association. 2016 Alzheimer’s disease facts
and figures. Alzheimers Dement. 2016; 12:459-509.
https://doi.org/10.1016/j.jalz.2016.03.001
PMID:27570871

4. Kinney JW, Bemiller SM, Murtishaw AS, Leisgang AM,
Salazar AM, Lamb BT. Inflammation as a central
mechanism in Alzheimer’s disease. Alzheimers
Dement (N Y). 2018; 4:575-90.
https://doi.org/10.1016/j.trci.2018.06.014
PMID:30406177

5. Piaceri I, Nacmias B, Sorbi S. Genetics of familial and

sporadic Alzheimer’s disease. Front Biosci (Elite Ed).
2013; 5:167-77. https://doi.org/10.2741/E605
PMID:23276979

6. Salkovic-Petrisic M, Osmanovic J, Griinblatt E,

Riederer P, Hoyer S. Modeling sporadic Alzheimer’s
disease: the insulin resistant brain state generates
multiple long-term morphobiological abnormalities
including hyperphosphorylated tau protein and
amyloid-beta. J Alzheimers Dis. 2009; 18:729-50.
https://doi.org/10.3233/JAD-2009-1184
PMID:19661616

7. De Felice FG, Lourenco MV, Ferreira ST. How does brain

insulin resistance develop in Alzheimer’s disease?
Alzheimers Dement. 2014 (Suppl ); 10:526-32.
https://doi.org/10.1016/}.jalz.2013.12.004
PMID:24529521

8. Diana A, Simi¢ G, Sinforiani E, Orru N, Pichiri G, Bono

G. Mitochondria morphology and DNA content upon
sublethal exposure to beta-amyloid(1-42) peptide.
Coll Antropol. 2008 (Suppl 1); 32:51-58.
PMID:18405058

9. Simic G, Stanic G, Mladinov M, Jovanov-Milosevic N,

Kostovic I, Hof PR. Does Alzheimer’s disease begin in
the brainstem? Neuropathol Appl Neurobiol. 2009;
35:532-54.
https://doi.org/10.1111/.1365-2990.2009.01038.x
PMID:19682326

10. Leuner K, Miller WE, Reichert AS. From
mitochondrial dysfunction to amyloid beta formation:
novel insights into the pathogenesis of Alzheimer’s
disease. Mol Neurobiol. 2012; 46:186-93.
https://doi.org/10.1007/s12035-012-8307-4
PMID:22833458

11. Terracciano C, Nogalska A, Engel WK, Askanas V. In
AbetaPP-overexpressing cultured human muscle fibers
proteasome inhibition enhances phosphorylation of
AbetaPP751 and GSK3beta activation: effects mitigated
by lithium and apparently relevant to sporadic inclusion-
body myositis. ] Neurochem. 2010; 112:389-96.
https://doi.org/10.1111/j.1471-4159.2009.06461.x
PMID:19878439

12. L’Episcopo F, Drouin-Ouellet J, Tirolo C, Pulvirenti A,
Giugno R, Testa N, Caniglia S, Serapide MF, Cisbani G,
Barker RA, Cicchetti F, Marchetti B. GSK-3B-induced Tau
pathology drives hippocampal neuronal cell death in
Huntington’s disease: involvement of astrocyte-neuron
interactions. Cell Death Dis. 2016; 7:2206.
https://doi.org/10.1038/cddis.2016.104
PMID:27124580

13. Rana AK, Singh D. Targeting glycogen synthase kinase-
3 for oxidative stress and neuroinflammation:

www.aging-us.com 4121

AGING


https://doi.org/10.1002/ana.20774
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16402383&dopt=Abstract
https://doi.org/10.1016/j.neuron.2006.09.016
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17015223&dopt=Abstract
https://doi.org/10.1016/j.jalz.2016.03.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27570871&dopt=Abstract
https://doi.org/10.1016/j.trci.2018.06.014
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30406177&dopt=Abstract
https://doi.org/10.2741/E605
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23276979&dopt=Abstract
https://doi.org/10.3233/JAD-2009-1184
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19661616&dopt=Abstract
https://doi.org/10.1016/j.jalz.2013.12.004
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24529521&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18405058&dopt=Abstract
https://doi.org/10.1111/j.1365-2990.2009.01038.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19682326&dopt=Abstract
https://doi.org/10.1007/s12035-012-8307-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22833458&dopt=Abstract
https://doi.org/10.1111/j.1471-4159.2009.06461.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19878439&dopt=Abstract
https://doi.org/10.1038/cddis.2016.104
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27124580&dopt=Abstract

14.

15.

16.

17.

18.

19.

20.

21.

Opportunities, challenges and future directions for
cerebral stroke management. Neuropharmacology.
2018; 139:124-36.
https://doi.org/10.1016/j.neuropharm.2018.07.006
PMID:30017999

Khan A, Jamwal S, Bijjem KR, Prakash A, Kumar P.
Neuroprotective effect of hemeoxygenase-
1/glycogen synthase kinase-3 modulators in 3-
nitropropionic acid-induced neurotoxicity in rats.
Neuroscience. 2015; 287:66-77.
https://doi.org/10.1016/j.neuroscience.2014.12.018
PMID:25536048

Lovell MA, Xiong S, Xie C, Davies P, Markesbery WR.
Induction of hyperphosphorylated tau in primary rat
cortical neuron cultures mediated by oxidative stress
and glycogen synthase kinase-3. J Alzheimers Dis.
2004; 6:659-71. https://doi.org/10.3233/JAD-2004-
6610 PMID:15665406

Wang W, Yang Y, Xiong Z, Kong J, Fu X, Shen F, Huang
Z. Inhibition of glycogen synthase kinase 3beta
ameliorates triptolide-induced acute cardiac injury by
desensitizing mitochondrial permeability transition.
Toxicol Appl Pharmacol. 2016; 313:195-203.
https://doi.org/10.1016/].taap.2016.10.007
PMID:27751939

Zhou X, Wang HY, Wu B, Cheng CY, Xiao W, Wang ZZ,
Yang YY, Li P, Yang H. Ginkgolide K attenuates neuronal
injury after ischemic stroke by inhibiting mitochondrial
fission  and  GSK-3B-dependent  increases in
mitochondrial membrane permeability. Oncotarget.
2017; 8:44682-93.
https://doi.org/10.18632/oncotarget.17967.
PMID:28591721

Dey A, Bhattacharya R, Mukherjee A, Pandey DK.
Natural products against Alzheimer's disease:
pharmaco-therapeutics and biotechnological
interventions. Biotechnol Adv. 2017; 35:178-216.
https://doi.org/10.1016/].biotechadv.2016.12.005
PMID:28043897

Li WG, Zhang XY, Wu YJ, Tian X. Anti-inflammatory
effect and mechanism of proanthocyanidins from
grape seeds. Acta Pharmacol Sin. 2001; 22:1117-20.
PMID:11749811

Chen Y, Liang Z, Blanchard J, Dai CL, Sun S, Lee MH,
Grundke-Igbal |, Igbal K, Liu F, Gong CX. A non-
transgenic mouse model (icv-STZ mouse) of
Alzheimer’s disease: similarities to and differences
from the transgenic model (3xTg-AD mouse). Mol
Neurobiol. 2013; 47:711-25.
https://doi.org/10.1007/s12035-012-8375-5
PMID:23150171

Yang X, Liu T, Chen B, Wang F, Yang Q, Chen X. Grape
seed proanthocyanidins prevent irradiation-induced

22.

23.

24,

25.

26.

27.

28.

differentiation of human lung fibroblasts by
ameliorating mitochondrial dysfunction. Sci Rep.
2017; 7:62. https://doi.org/10.1038/s41598-017-
00108-9 PMID:28246402

Cai X, Bao L, Ren J, Li Y, Zhang Z. Grape seed
procyanidin B2 protects podocytes from high glucose-
induced mitochondrial dysfunction and apoptosis via
the AMPK-SIRT1-PGC-1a axis in vitro. Food Funct.
2016; 7:805-15.
https://doi.org/10.1039/C5F001062D
PMID:26650960

He Q, Yang SY, Wang W, Wu ZJ, Ma HL, Lu Y.
Proanthocyanidins affects the neurotoxicity of AB25-
35 on C57/bl6é mice. Eur Rev Med Pharmacol Sci.
2016; 20:679-84.
https://doi.org/10.1038/s41598-017-00108-9
PMID:26957270

Schinzel AC, Takeuchi O, Huang Z, Fisher JK, Zhou Z,
Rubens J, Hetz C, Danial NN, Moskowitz MA,
Korsmeyer SJ. Cyclophilin D is a component of
mitochondrial permeability transition and mediates
neuronal cell death after focal cerebral ischemia. Proc
Natl Acad Sci USA. 2005; 102:12005-10.
https://doi.org/10.1073/pnas.0505294102
PMID:16103352

Salkovic-Petrisic M, Osmanovic-Barilar J, Brickner
MK, Hoyer S, Arendt T, Riederer P. Cerebral amyloid
angiopathy in streptozotocin rat model of sporadic
Alzheimer’s disease: a long-term follow up study. J
Neural Transm (Vienna). 2011; 118:765-72.
https://doi.org/10.1007/s00702-011-0651-4
PMID:21533606

Gutierres JM, Carvalho FB, Schetinger MR, Marisco P,
Agostinho P, Rodrigues M, Rubin MA, Schmatz R, da
Silva CR, de P Cognato G, Farias JG, Signor C, Morsch
VM, et al. Anthocyanins restore behavioral and
biochemical changes caused by streptozotocin-
induced sporadic dementia of Alzheimer’s type. Life
Sci. 2014; 96:7-17.
https://doi.org/10.1016/].1fs.2013.11.014
PMID:24291256

Javed H, Khan MM, Khan A, Vaibhav K, Ahmad A,
Khuwaja G, Ahmed ME, Raza SS, Ashafaq M, Tabassum
R, Siddiqui MS, El-Agnaf OM, Safhi MM, Islam F. S-allyl
cysteine attenuates oxidative stress associated
cognitive impairment and neurodegeneration in mouse
model of streptozotocin-induced  experimental
dementia of Alzheimer’s type. Brain Res. 2011;
1389:133-42.
https://doi.org/10.1016/].brainres.2011.02.072
PMID:21376020

Yang L, Xian D, Xiong X, Lai R, Song J, Zhong ).
Proanthocyanidins against Oxidative Stress: From

www.aging-us.com

4122

AGING


https://doi.org/10.1016/j.neuropharm.2018.07.006
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30017999&dopt=Abstract
https://doi.org/10.1016/j.neuroscience.2014.12.018
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25536048&dopt=Abstract
https://doi.org/10.3233/JAD-2004-6610
https://doi.org/10.3233/JAD-2004-6610
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15665406&dopt=Abstract
https://doi.org/10.1016/j.taap.2016.10.007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27751939&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28591721&dopt=Abstract
https://doi.org/10.1016/j.biotechadv.2016.12.005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28043897&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11749811&dopt=Abstract
https://doi.org/10.1007/s12035-012-8375-5
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23150171&dopt=Abstract
https://doi.org/10.1038/s41598-017-00108-9
https://doi.org/10.1038/s41598-017-00108-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28246402&dopt=Abstract
https://doi.org/10.1039/C5FO01062D
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26650960&dopt=Abstract
https://doi.org/10.1038/s41598-017-00108-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26957270&dopt=Abstract
https://doi.org/10.1073/pnas.0505294102
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16103352&dopt=Abstract
https://doi.org/10.1007/s00702-011-0651-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21533606&dopt=Abstract
https://doi.org/10.1016/j.lfs.2013.11.014
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24291256&dopt=Abstract
https://doi.org/10.1016/j.brainres.2011.02.072
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21376020&dopt=Abstract

29.

30.

31.

32.

33.

34.

35.

36.

Molecular Mechanisms to Clinical
Biomed Res Int. 2018; 2018:8584136.
https://doi.org/10.1155/2018/8584136
PMID:29750172

Applications.

Zhang H, Wang D, Gong P, Lin A, Zhang Y, Ye RD, Yu Y.
Formyl Peptide Receptor 2 Deficiency Improves
Cognition and Attenuates Tau Hyperphosphorylation
and Astrogliosis in a Mouse Model of Alzheimer’s
Disease. J Alzheimers Dis. 2019; 67:169-79.
https://doi.org/10.3233/JAD-180823

PMID:30475772

Panel M, Ghaleh B, Morin D. Mitochondria and aging:
A role for the mitochondrial transition pore? Aging
Cell. 2018; 17:€12793.

https://doi.org/10.1111/acel.12793 PMID:29888494

Kinnally KW, Peixoto PM, Ryu SY, Dejean LM. Is mPTP
the gatekeeper for necrosis, apoptosis, or both?
Biochim Biophys Acta. 2011; 1813:616—-22.
https://doi.org/10.1016/j.bbamcr.2010.09.013
PMID:20888866

Zhen J, Qu Z, Fang H, Fu L, Wu Y, Wang H, Zang H,
Wang W. Effects of grape seed proanthocyanidin
extract on pentylenetetrazole-induced kindling and
associated cognitive impairment in rats. Int J Mol
Med. 2014; 34:391-98.
https://doi.org/10.3892/ijmm.2014.1796
PMID:24912930

Liu CW, Yang F, Cheng SZ, Liu Y, Wan LH, Cong HL.
Rosuvastatin  postconditioning protects isolated
hearts against ischemia-reperfusion injury: the role of
radical oxygen species, PI3K-Akt-GSK-3B pathway,
and mitochondrial permeability transition pore.
Cardiovasc Ther. 2017; 35:3-9.
https://doi.org/10.1111/1755-5922.12225
PMID:27580017

Belzacq AS, Vieira HL, Verrier F, Vandecasteele G,
Cohen |, Prévost MC, Larquet E, Pariselli F, Petit PX,
Kahn A, Rizzuto R, Brenner C, Kroemer G. Bcl-2 and
Bax modulate adenine nucleotide translocase activity.
Cancer Res. 2003; 63:541-46. PMID:12543814

Sharer JD, Shern JF, Van Valkenburgh H, Wallace DC,
Kahn RA. ARL2 and BART enter mitochondria and
bind the adenine nucleotide transporter. Mol Biol
Cell. 2002; 13:71-83.
https://doi.org/10.1091/mbc.01-05-0245
PMID:11809823

Ravelli KG, Rosario BD, Camarini R, Hernandes MS,
Britto LR. Intracerebroventricular Streptozotocin as a
Model of Alzheimer’s Disease: Neurochemical and
Behavioral Characterization in Mice. Neurotox Res.
2017; 31:327-33.
https://doi.org/10.1007/s12640-016-9684-7

37.

38.

39.

40.

PMID:27913964

Souza LC, Jesse CR, de Gomes MG, Viana CE, Mattos E,
Silva  NC, Boeira SP. Intracerebroventricular
Administration of Streptozotocin as an Experimental
Approach to Depression: Evidence for the Involvement
of Proinflammatory Cytokines and Indoleamine-2,3-
Dioxygenase. Neurotox Res. 2017; 31:464-77.
https://doi.org/10.1007/s12640-016-9691-8
PMID:28155213

Wang D, Liu L, Li S, Wang C. Effects of paeoniflorin on
neurobehavior, oxidative stress, brain insulin signaling,
and synaptic alterations in intracerebroventricular
streptozotocin-induced cognitive impairment in mice.
Physiol Behav. 2018; 191:12-20.
https://doi.org/10.1016/j.physbeh.2018.03.016
PMID:29572012

Huang HJ, Chen SL, Chang YT, Chyuan JH, Hsieh-Li
HM. Administration of Momordica charantia
Enhances the Neuroprotection and Reduces the Side
Effects of LiCl in the Treatment of Alzheimer’s
Disease. Nutrients. 2018; 10:E1888.
https://doi.org/10.3390/nu10121888
PMID:30513908

Liu W, Zhao S, Wang J, Shi J, Sun Y, Wang W, Ning G,
Hong J, Liu R. Grape seed proanthocyanidin extract
ameliorates inflammation and adiposity by
modulating gut microbiota in high-fat diet mice. Mol
Nutr Food Res. 2017; 61.

https://doi.org/10.1002/mnfr.201601082

41.

42.

43,

PMID:28500724

Jia N, Sun Q, Su Q, Dang S, Chen G. Taurine promotes
cognitive function in prenatally stressed juvenile rats
via activating the Akt-CREB-PGCla pathway. Redox
Biol. 2016; 10:179-90.
https://doi.org/10.1016/].redox.2016.10.004
PMID:27768969

Oliveira WH, Nunes AK, Franca ME, Santos LA, Lés DB,
Rocha SW, Barbosa KP, Rodrigues GB, Peixoto CA.
Effects of metformin on inflammation and short-term
memory in streptozotocin-induced diabetic mice.
Brain Res. 2016; 1644:149-60.
https://doi.org/10.1016/j.brainres.2016.05.013
PMID:27174003

Du H, Guo L, Yan S, Sosunov AA, McKhann GM, Yan
SS. Early deficits in synaptic mitochondria in an
Alzheimer’s disease mouse model. Proc Natl Acad Sci
USA. 2010; 107:18670-75.
https://doi.org/10.1073/pnas.1006586107
PMID:20937894

. Ishii T, Takanashi Y, Sugita K, Miyazawa M, Yanagihara

R, Yasuda K, Onouchi H, Kawabe N, Nakata M,
Yamamoto Y, Hartman PS, Ishii N. Endogenous

www.aging-us.com

4123

AGING


https://doi.org/10.1155/2018/8584136
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29750172&dopt=Abstract
https://doi.org/10.3233/JAD-180823
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30475772&dopt=Abstract
https://doi.org/10.1111/acel.12793
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29888494&dopt=Abstract
https://doi.org/10.1016/j.bbamcr.2010.09.013
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20888866&dopt=Abstract
https://doi.org/10.3892/ijmm.2014.1796
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24912930&dopt=Abstract
https://doi.org/10.1111/1755-5922.12225
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27580017&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12543814&dopt=Abstract
https://doi.org/10.1091/mbc.01-05-0245
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11809823&dopt=Abstract
https://doi.org/10.1007/s12640-016-9684-7
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27913964&dopt=Abstract
https://doi.org/10.1007/s12640-016-9691-8
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28155213&dopt=Abstract
https://doi.org/10.1016/j.physbeh.2018.03.016
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29572012&dopt=Abstract
https://doi.org/10.3390/nu10121888
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30513908&dopt=Abstract
https://doi.org/10.1002/mnfr.201601082
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28500724&dopt=Abstract
https://doi.org/10.1016/j.redox.2016.10.004
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27768969&dopt=Abstract
https://doi.org/10.1016/j.brainres.2016.05.013
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27174003&dopt=Abstract
https://doi.org/10.1073/pnas.1006586107
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20937894&dopt=Abstract

45.

46.

reactive oxygen species cause astrocyte defects and
neuronal dysfunctions in the hippocampus: a new
model for aging brain. Aging Cell. 2017; 16:39-51.
https://doi.org/10.1111/acel.12523 PMID:27623715

LiJ,QuY, Chen D, Zhang L, Zhao F, Luo L, Pan L, Hua J,
Mu D. The neuroprotective role and mechanisms of
TERT in neurons with oxygen-glucose deprivation.
Neuroscience. 2013; 252:346-58.
https://doi.org/10.1016/j.neuroscience.2013.08.015
PMID:23968592

Ma T, Hoeffer CA, Wong H, Massaad CA, Zhou P,
ladecola C, Murphy MP, Pautler RG, Klann E. Amyloid
B-induced impairments in hippocampal synaptic

47.

plasticity are rescued by decreasing mitochondrial
superoxide. J Neurosci. 2011; 31:5589-95.
https://doi.org/10.1523/JINEUROSCI.6566-10.2011
PMID:21490199

Du H, Guo L, Fang F, Chen D, Sosunov AA, McKhann
GM, Yan Y, Wang C, Zhang H, Molkentin JD, Gunn-
Moore FJ, Vonsattel JP, Arancio O, et al. Cyclophilin D
deficiency attenuates mitochondrial and neuronal
perturbation and ameliorates learning and memory in
Alzheimer’s disease. Nat Med. 2008; 14:1097-105.
https://doi.org/10.1038/nm.1868 PMID:18806802

www.aging-us.com

4124

AGING


https://doi.org/10.1111/acel.12523
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27623715&dopt=Abstract
https://doi.org/10.1016/j.neuroscience.2013.08.015
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23968592&dopt=Abstract
https://doi.org/10.1523/JNEUROSCI.6566-10.2011
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21490199&dopt=Abstract
https://doi.org/10.1038/nm.1868
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18806802&dopt=Abstract

