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Abstract

Ginkgo biloba extracts (GBE) have been shown to effectively improve cognitive function in
patients with Alzheimer’s disease (AD). One potential therapeutic strategy for AD is to pre-
vent loss of adult hippocampal neurons. While recent studies have reported that GBE pro-
tects against oxidative stress in neurons, the underlying mechanisms remain unclear. In this
study, an AD-like rat model was established via bidirectional injection of amyloid beta 25-35
(AB2s_3s; 20 pg) in the hippocampal CA1 region. Learning and memory abilities of experi-
mental rats were AD assessed in response to oral administration of 7.5 g/L or 15 g/L Ginkgo
biloba extract 50 (GBES50) solution and the peroxidation phenomenon of hippocampal mito-
chondria determined via analysis of mitochondrial H,O, and several related enzymes. Lev-
els of the oxidative stress-related signaling factor cytochrome C (Cyto C), apoptosis-related
proteins (Bax, Bcl-2 and caspase-3) and caspase-activated DNase (CAD) were further
detected via western blot. 8-Hydroxydeoxyguanosine (8-OHdG), the major product of DNA
oxidative stress, was evaluated to analyze DNA status. Our results showed elevated H,O»
levels and monoamine oxidase (MAQ) activity, and conversely, a decrease in the activities
of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) in the hippocampus
of AD rats. Administration of GBE50 regulated the activities of these three enzymes and
induced a decrease in H,O,. GBES50 exerted regulatory effects on abnormally expressed
apoptotic proteins in the AD rat hippocampus, enhancing the expression of Bcl-2, inhibiting
release of Cyto C from mitochondria, and suppressing the level of caspase-3 (excluding
cleaved caspase-3). Furthermore, GBES50 inhibited DNA damage by lowering the genera-
tion of 8-OHdG rather than influencing expression of CAD. The collective findings support a
protective role of GBES50 in hippocampal neurons of AD-like animals against mitochondrial
oxidative stress.
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1. Introduction

Alzheimer’s disease (AD) is a common neurodegenerative disorder that causes progressive
cognitive dysfunction and memory impairment. AD is characterized by neuronal loss, extra-
cellular deposits of amyloid beta (AP) in senile plaques and intraneuronal neurofibrillary tan-
gles [1,2]. In the brain of AD patients, Af deposits constituting senile plaques are believed to
play a key role in oxidative stress-mediated pathogenesis [3]. Several studies have shown that
AP triggers the occurrence of oxidative stress, which, in turn, promotes further accumulation
and deposition of AB [4-6]. Accumulated AP aggregates have been shown to play a pivotal role
in oxidative stress, leading to mitochondrial dysfunction, energy failure, lipid peroxidation,
protein oxidation and DNA/RNA oxidation that contribute to the pathogenesis of AD [7-9].
According to the mitochondrial cascade hypothesis, age-associated loss of mitochondrial func-
tion affects the expression and processing of B-amyloid precursor protein (APP), producing
AP oligomers that accumulate into plaques in AD [9].

Ginkgo biloba L. leaf extract (GBE) has a long history of usage in a traditional Chinese med-
icine and recently been incorporated in numerous commercial herbal products. Several studies
indicate that Ginkgo biloba extracts provide benefits in the management of brain injury and
depression [10-12]. Furthermore, anti-apoptotic and anti-oxidative properties of GBE are well
documented, which are mainly due to its ability to scavenge free radicals [13-15]. Mitochon-
dria are major cellular generators of reactive oxygen species (ROS) that cause oxidative dam-
age [3,16]. EGb761, a commercial GBE product mainly composed of Ginkgo biloba flavonoids
(22-27%) and terpene lactones (5-7%), is widely used as an anti-dementia drug in clinical
research [17,18]. Dried Ginkgo biloba extract 50 (GBE50) is a novel form of Ginkgo biloba
extract similar to EGb761 containing Ginkgo biloba flavonoids (44%) and terpene lactones
(6%) as its active components [19]. One proposed mechanism for the neuroprotective function
of EGb761 is preventing activation of mitochondria-mediated apoptotic pathways [20]. How-
ever, in recent years, research on GBE50 has predominantly focused on cardiovascular protec-
tion and the molecular mechanisms underlying its anti-oxidative activity in AD remain to be
established.

In this study, an AD-like rat model was generated via bilateral injection of AB,5_3s into the
hippocampal CA1 region. Levels of peroxidation in the hippocampus, particularly in mito-
chondria, along with oxidative stress and apoptosis induced by peroxidation were subse-
quently evaluated, with the objective of ascertaining whether GBE50 could inhibit these
pathological changes and improve cognitive ability in animals.

2. Materials and methods
2.1 Materials

GBES50 (Lot No. 111201) with a composition of > 44% Ginkgo biloba total flavonoids (> 24%
flavonol glycosides, > 20% free flavones), > 6% lactones (> 3.1% Ginkgo biloba lactones

and > 2.9% bilobalide) and < 5 parts per million ginkgolic acids was supplied by SPH Xing
Ling Sci. & Tech. Pharmaceutical Co., Ltd. (Shanghai, China). The compounds of GBE50
sourced from the above company have been identified via UPLC-Q/TOF-MS analysis in a pre-
vious study [21]. The product was prepared as 7.5 g/L and 15 g/L solutions using the solvent
1% (w/v) sodium carboxymethycellulose (CMC). Vitamin E (VE, Lot N0.03120202) was pur-
chased from SPH Sine Pharmaceutical Laboratories Co., Ltd., China. The capsule contents
(100 mg) were removed, added to 10 mL of 1% CMC solvent and stirred evenly to generate a
VE suspension (10 mg/mL). AB,s_35 (No. A4559; Sigma, USA) was dissolved in sterile double-
distilled water at a concentration of 5 pg/pL and incubated to induce aggregation at 37°C for 4
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days before use. The preparation and aggregation procedures for AB,s_35 were performed
according to previously described methods [22,23].

2.2 Animals

Male Sprague-Dawley rats (220 + 10 g) were obtained from the Experimental Animal Center
of Shanghai University of Traditional Chinese Medicine (SHUTCM). Rats were housed in
groups of six and maintained in a regulated environment (23°C, 50% humidity, 12 h light-
dark cycle), with ad libitum access to food and water. All experiments were approved by the
Animal Committee of Shanghai University of Traditional Chinese Medicine (approval num-
ber: PZSHUTCM?2212260003). The number of animals in the experimental groups was kept to
a minimum and all studies were conducted in a manner designed to cause the least harm and
suffering to animals.

2.3 Hippocampal injection and drug administration

Sixty-five rats were used for study and divided into six experimental groups: Sham (control
animals administered vehicle only, sterile water, n = 11), Model (AB,s_35 injection, n = 10),
CMC (CMC plus ABys5_35, n = 11), VE (vitamin E plus AB,s_35, n = 11), G1 (75 mg/kg GBE50
plus AB,s_35, n = 11) and G2 (150 mg/ kg GBE50 plus AB,s_3s, n = 10). For surgical purposes,
rats were anesthetized with 2% isoflurane delivered in O, at a flow rate of 1 L/min and placed
onto a stereotaxic apparatus. Subsequently, 20 pg AB,s_35 was injected into the rat hippocam-
pus [24]. Briefly, 2 uL AB,s_35 aggregates were gradually administered into each CA1 region of
bilateral hippocampus with a 10 uL. Hamilton syringe. The coordinates for hippocampal injec-
tion (3.5 mm posterior to bregma, 2.5 mm lateral to the sagittal suture, 2.9 mm ventral to the
dura) were similar to those used by Shen et al. [24]. Sham-operated animals received an equiv-
alent volume of sterile distilled water. Accurate injection was confirmed via histological exami-
nation of the brain.

Drugs were administered orally via gastro-esophageal gavage the day after hippocampal
injection, once daily for 15 days. The doses of GBE50 (75 and 150 mg/kg/d) and VE (100 mg/
kg/d) provided to rats were similar to those established in a previous study [25,26]. The CMC
group of rats received 1% CMC solution while the sham and model groups were provided
saline solution.

2.4 Behavior tests

The Morris water maze (a 150 cm wide and 70 cm high round pool with four styles of white
shapes on a black wall and filled to a depth of 50 cm with opaque water at a temperature of

22 +2°C) was used to examine spatial memory of animals after drug administration. The plat-
form was a cylinder 12 cm in diameter placed in the center of the first quadrant of the pool 30
cm from the wall and submerged 1.5 cm below the water surface. Rats were trained in five
daily acquisition sessions (four trials each day with 30 min intervals) to detect the hidden plat-
form. The maximum swimming time was set to 70 s. In cases where the escape latency

was < 70 s, rats were allowed to stay on the platform for 10 s. If the platform was not found
within 70 s, rats were guided to the platform and stayed on it for 10 s, with the escape latency
taken as 70 s. All experiments were recorded using a computerized tracking analyzer system
(Shanghai Mobiledatum Ltd, Shanghai, China) [27].
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2.5 Tissue preparation

Following the behavior tests, all animals were anesthetized with 1% pentobarbital sodium (50
mg/kg). Three rats of each group were transcardially perfused with PBS, followed by 4% formal-
dehyde in PBS. The hippocampus was post-fixed for 24 h and cryoprotected in phosphate-buff-
ered 30% sucrose. Hippocampal tissue was systematically sliced using a freezing microtome
into 20 um thick sections for histological and immunofluorescence analyses. The remaining
rats of each group were decapitated and hippocampi isolated from brain sections on an ice-cold
glass plate. Hippocampal tissues were stored at -80°C for use in biochemical assays.

2.6 Preparation of hippocampal mitochondria

The hippocampus was removed to a 1.5 mL EP tube and homogenized in ten volumes of
reagents from a Mitochondria Isolation Kit (C3606; Beyotime Biotechnology, Shanghai,
China) containing phenylmethyl sulfonyl fluoride on ice. Homogenates were centrifuged (600
xg) for 5 min at 4°C, followed by re-centrifugation of the supernatant fraction (11000 xg) for
10 min at 4°C. Mitochondrial deposits were resuspended in nine volumes of saline solution,
re-homogenized and centrifuged (10000 xg) for 10 min. The supernatant fraction was used for
measurement of H,0, and enzymatic activity.

2.7 Determination of oxidative stress biomarker levels and enzyme
activities

Measurements of H,O, production and activities of H,O,-generating monoamine oxidase
(MAO) and antioxidant enzymes, specifically, catalase (CAT), superoxide dismutase (SOD)
and glutathione peroxidase (GSH-Px), in mitochondria were performed with the appropriate
assay kits (H,0,, A064; MAO, A034; CAT, A007-1; SOD, A001-3; GSH-Px, A005) from Jian-
cheng Bioengineering Institute (Nanjing, China).

2.8 Western blot

Using the methods developed for preparation of hippocampal mitochondria, proteins of cyto-
plasm and mitochondria were isolated for evaluation of cytochrome C (Cyto C) and other pro-
teins. Protein concentrations were analyzed with a BCA kit (Weiao Lab, Shanghai, China).
Equal amounts of protein (20 pg) were separated via 12% SDS-PAGE and transferred to PVDF
membrane (Millipore, Bedford, MA). Next, membranes were blocked with 5% skimmed milk
in PBS containing 0.01% Tween-20 for 1 h at room temperature and incubated with the appro-
priate antibodies in dilution buffer at 4°C overnight (Table 1). B-Actin was used as the internal

Table 1. Antibodies used for western blot.

Primary AB Name Producer Cat. No. Dilution
Anti-B-actin CST #4970 1:500
Anti-Caspase-3 CST #9662 1:500
Anti-Bax CST #2772 1:500
Anti-Bcl-2 CST #2870 1:750
Anti-Cyto C CST #4272 1:500
Anti-CAD SANTA CRUZ sc-8342 1:200
Secondary AB Name Producer Cat. No. Dilution
Gt-o-rb-HRP ICL GGHL-15P 1:5000

https://doi.org/10.1371/journal.pone.0307735.t001
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reference. Films were digitized and the densitometry of each protein band analyzed with the
Tanon 4500SF system (Tanon, Shanghai, China).

2.9 Immunofluorescence detection

Sections (20 pm) were incubated in PBS for 15 min, treated with 0.1% Triton X-100 in PBS for
15 min at room temperature and blocked in 10% donkey serum for 1 h at 37°C. Sections were
incubated with goat anti-8-OHdG antibody (ab10802, 1:100, Abcam) at 4°C overnight, fol-
lowed by Alexa488-conjugated donkey anti-goat (705-547-003, 1:200, Jackson) as the second-
ary antibody for 1 h at 37°C. Nuclei were stained with DAPI (1 pug/mL, Sigma) for 10 min in
the dark. The coverslips were mounted with mounting medium (Weiao Lab, Shanghai,
China). The results of immunostaining were examined using a fluorescence microscope
(BX60, Olympus, Japan).

2.10 Statistical analysis

All data are expressed as mean + standard deviation (SD). Statistical analyses were performed
using SPSS 16.0 (IBM, USA). One-way ANOVA, followed by Student-Newman-Keuls
(S-N-K) multiple comparison test, was applied to assess the statistical significance of results. P
values < 0.05 were considered statistically significant.

3. Results
3.1 Effects of GBE50 on Af,5_35 -induced memory impairment

In the Morris water maze experiment, the escape latency of the model group was prolonged
from test day 2 and obviously shorter compared to the sham group on day 5, as shown in Fig 1.

% ——= S —= VE

day2 day3 day4 day5

Fig 1. Escape latency of each group in the behavior test. Escape latency detected using the Morris water maze was used to examine spatial memory of animals
following drug administration. (S: Sham, n = 11. M: Model, n = 10. CMC: Carboxylmethylcellulose, n = 11. VE: Vitamin E, n = 12. G1: 75 mg/kg GBE50,
n = 11. G2: 150 mg/kg GBE50, n = 10). Values are expressed as means + SD, * P < 0.05 vs sham, * P < 0.05 vs model.

https://doi.org/10.1371/journal.pone.0307735.9001
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No differences were observed between the model and CMC groups. Latencies of both VE and
G1 groups were shorter than those of the model group from day 2, but the differences were not
statistically significant. The latency of the G2 group was markedly reduced from day 2 in rela-
tion to the model group although no significant difference was observed on day 4. Our findings
indicate that a high dose of GBE induces a decrease in the escape latency of AD-like rats.

3.2 Effects of GBE on H,0, formation and enzymatic activity in the
hippocampus

H,O0, is a vital member of the ROS family involved in neurodegeneration. Mitochondria are
the primary production and action sites of ROS in cells (Fig 2A). Compared with the sham
group, H,0, was significantly generated in the CMC group. Elevated H,0, was detected in
mitochondria of the hippocampus, but this difference was not significant relative to the other
groups. Administration of both low and high doses of GBE reduced the H,O, level to a non-
significant extent compared to the model, CMC and VE groups. In addition, no significant dif-
ferences in H,O, levels were observed among the model, CMC and VE groups (Fig 2B).

The metabolic pathways involving H,O, in mitochondria are catalyzed by several enzymes,
including monoamine oxidase (MAO) and superoxidase (SOD), which are responsible for
generation of H,0,, as well as glutathione peroxidase (GSH-Px) and catalase (CAT), which
catalyze the conversion of H,O, to H,O (Fig 2A). The activity of SOD was markedly dimin-
ished in CMC relative to the sham group, and reduced in the model, VE and G1 groups, but
not to a significant extent. Elevated activity was detected in G2 compared to the model, CMC
and VE groups, but differences were not statistically significant (Fig 2C). MAO activity of the
model group was significantly higher compared with the sham group, and activities were
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Fig 2. H,0, formation and activities of SOD, MAO, GSH-PX, and CAT in mitochondria of hippocampus. (A) Mechanism of H,O, production and
mediation of cytochrome C release from mitochondria into the cytoplasm. (B-F) Detection of H,O,, SOD, MAO, GSH-PX and CAT activities in all groups. S:
Sham, M: Model, CMC: Carboxylmethylcellulose, VE: Vitamin E, G1: 75 mg/kg GBE50, G2: 150 mg/kg GBE50, n = 3. Values are expressed as means = SD.
P < 0.05 vs sham, * P < 0.05 vs model.

https://doi.org/10.1371/journal.pone.0307735.9002
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elevated in CMC, VE and G1 groups, with no statistical differences among the groups. In the
G1 and G2 groups, MAO activity was markedly reduced relative to the model group, but no
significantly different to that of the VE group (Fig 2D). GSH-Px activity was diminished in the
model, CMC and VE groups compared to the sham group. Although its activity was elevated
in the G1 group and further in the G2 group, differences were not statistically significant
between each of these groups and the model group (Fig 2E). Moreover, differences in activities
of SOD and GSH-Px were not statistically significant among the model, CMC and VE groups
as well as between VE and GBE groups (Fig 2C and 2E). We observed no significant changes
in CAT activity among all the groups (Fig 2F). Our results suggest that GBE inhibits H,O, pro-
duction by suppressing the activity of MAO and concomitantly enhancing those of SOD and
GSH-Px.

3.3 Effect of GBE on cytochrome C protein expression in hippocampus

Cyto C normally exists in the mitochondrial membrane space and is released into the cyto-
plasm by the outer membrane at the early stage of apoptosis, promoting the formation of cas-
pase-activated complex apoptotic bodies (Fig 2A) [3]. Western blot analysis showed that
relative to the sham group, cytoplasmic Cyto C protein levels were increased significantly and
the ratio of cytoplasmic to total intracellular protein was high in the model, CMC, VE and G1
groups, suggesting that high levels of Cyto C are released into the cytoplasm by mitochondria
(Fig 3A and 3B). In addition, no significant differences in cytoplasmic Cyto C protein levels
were observed among the model, CMC and VE groups. Within the GBE therapy groups, the
cytoplasmic protein levels and ratio of cytoplasmic to total intracellular protein were markedly
decreased in G2 compared to the model group, indicating that high-dose GBE inhibits release
of Cyto C into the cytoplasm from mitochondria.

3.4 Effects of GBE on Bcl-2 and Bax protein expression in hippocampus

Bcl-2 and Bax function as anti-apoptotic and pro-apoptotic proteins in the cytoplasm, respec-
tively. Their stabilities are conducive to stabilization of the mitochondrial membrane potential
and inhibition of the release of Cyto C by mitochondria (Fig 2A). Compared with the sham
group, Bcl-2 expression in the model group was significantly reduced, along with a subnormal
level of Bax, leading to an overall decrease in the Bcl-2 to Bax ratio (Fig 3A and 3C). Similarly,
low expression of both proteins was maintained in CMC and VE groups. In G1 and G2 treat-
ment groups, levels of the above proteins were higher than those in the model, CMC and VE
groups. In particular, Bcl-2 expression was markedly increased compared to the model group
and the Bcl-2 to Bax ratio was higher relative to the other groups. Based on the results, we pro-
pose that GBE induces Bcl-2 expression that exerts a protective effect on mitochondria and
inhibits Cyto C release into the cytoplasm.

3.5 Effects of GBE on caspase-3 and CAD protein expression in
hippocampus

Caspase-3, a major apoptotic protease in the cytoplasm, either directly participates in DNA
fragmentation or indirectly activates endonuclease caspase-activated DNase (CAD) to cleave
chromatin and initiate cell apoptosis [3].

Caspase-3, excluding cleaved caspase-3, was evaluated in all the groups. Compared with the
sham group, high levels of caspase-3 were observed in the model and CMC groups, but differ-
ences were not significant. However, levels of caspse-3 were significantly decreased in the VE,
G1 and G2 groups compared to the model group (Fig 3A and 3D). No marked differences in
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Fig 3. Relative quantitative expression of intracellular proteins with antioxidant and anti-apoptotic activity in hippocampus. (A) WB detection of Cyto C
(14 kDa), Bax (20 kDa), Bcl-2 (28 kDa), caspase-3 (35 kDa) and CAD (40 kDa) proteins, with B-actin (45 kDa) as the loading control. (B) Relative expression of
total intracellular and cytoplasmic proteins of Cyto C, and ratio of cytosolic to total intracellular protein of Cyto C. (C) Relative expression of Bcl-2 and Bax
proteins, and ratio of Bcl-2 to Bax. (D) Relative expression of caspase-3 protein. (E) Relative expression of CAD protein. S: Sham, M: Model, CMC:
Carboxylmethylcellulose, VE: Vitamin E, G1: 75 mg/kg GBE50, G2: 150 mg/kg GBE50, n = 3. * P < 0.05 vs sham, * P < 0.05 vs model.

https://doi.org/10.1371/journal.pone.0307735.g003

CAD were observed among the groups (Fig 3A and 3E). Our data suggest that GBE inhibits
the expression of caspase-3 while CAD is not influenced by AB, VE and GBE.

3.6 Effects of GBE on 8-OHdG proteins in CA1 of hippocampus

8-OHdG, one of the most common forms of free radical-induced oxidative lesions, is widely
used as a biomarker for oxidative stress and carcinogenesis [28]. Using immunofluorescence
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to monitor changes in the 8-OHdG content in CA1 of hippocampus, the degree of DNA dam-
age caused by oxidative stress was evaluated. Compared with the sham group, the 8-OHdG
content was significantly increased in the model, CMC and VE groups (Fig 4), and conversely,
remarkably decreased in both GBE50 dose groups. The data suggest that 8-OHdG induced by
the injection of A is significantly reduced by GBE50 but not vitamin E.

8-OHdG DAPI

merge

DAPI

8-OHdG

40 =
= 309 T -
; -
E 20+ *%
o
2 . T
n? 10 *%
0 T T T *_
S M CMC VE G1 G2

merge

Fig 4. Inmunofluorescence analysis and positive labeling rate of 8-OHdG in hippocampus of each group. The blue marker represents
DAPI and the green marker represents 8-OHdG. (400 x). S: Sham, M: Model, CMC: Carboxylmethylcellulose, VE: Vitamin E, G1: 75 mg/
kg GBES50, and G2: 150 mg/kg GBE50, n = 3. P < 0.01 vs sham, ** P < 0.01 vs model.

https://doi.org/10.1371/journal.pone.0307735.g004
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Discussion

Alzheimer’s disease (AD) is a form of senile dementia characterized by a progressive intellec-
tual decline. Accumulation of A plaques is a key pathological mechanism of AD [29], induc-
ing cytotoxicity that damages cells. An AD-like animal model generated via intracranial
injection of aggregated AP has been widely applied in AD research. Ap aggregates induce tox-
icity and nerve tissue damage in animals, resulting in learning and cognitive impairment
[22,23]. In preclinical research, Ginkgo biloba extracts exerted multiple anti-AD effects.
EGb761 inhibits amyloid aggregation through induction of heat shock in aluminum-induced
neurotoxicity [30], improves learning and memory in spatial and nonspatial memory tasks,
and plays a neuroprotective role in a 5xFAD mouse model [31]. In the current study, escape
latencies of animals were prolonged in the model group and reduced in the two dosage groups
of GBE50, suggesting that diminished memory ability is induced by AB,s_35 aggregates, which
is improved by GBES50.

While AP has been shown to induce cytotoxicity, the molecular mechanisms are yet to be
fully elucidated. Toxicity is believed to involve the formation of oxygen-free radicals and nitric
oxide as well as calcium imbalance [16]. AB,5_35 and AB;_4 induce a 2-fold increase in intra-
cellular free radicals and 3.5- to 4-fold increase in free calcium [32]. AB;_4, promotes calcium
imbalance in cells mediated by H,O, and PAF [33]. H,O, in ROS is mainly produced in mito-
chondria. Mitochondrial breakdown plays a key role in ROS production, in turn, triggering
oxidative damage in cells [3,34]. AB;_4, and AB,s_35 enhance ROS production in mitochondria
of rat brain and muscle tissue [35] while AB;_4o promotes H,O, in mitochondria of rat brain
[36]. In this study, H,0, was induced by A,5_3s in hippocampal mitochondria of AD rats,
which was attenuated by GBE50, supporting the theory that Ginkgo biloba extracts exert bene-
ficial effects on scavenging free radicals [37]. For example, Ginkgo biloba extracts regulate the
oxidative phosphorylation system of the respiratory chain in mitochondria to reduce produc-
tion of ROS and repair mitochondrial dysfunction induced by AB [15]. EGb761 inhibits genta-
micin-induced ototoxicity by reducing the production of ROS and NO in isolated rat cochlear
hair cells and inhibiting apoptosis of cochlear hair cells in vivo [38]. In addition, EGb761 inhib-
its zinc-induced tau phosphorylation at Ser262 through its anti-oxidative activity [39].

AB promotes H,O, production, mainly through promoting an imbalance between ROS and
antioxidant levels in mitochondria. The H,0O, level in mitochondria depends on the activities
of H,O,-producing (Mn-SOD in the matrix and MAO in the outer membrane of mitochon-
dria) and H,0,-consuming enzymes (CAT and GSH-Px) [3]. Continuous lateral ventricle
injection of AB;_4o has been shown to enhance the activities of Cu-Zn SOD in the cytoplasm of
rat neocortex, promote MAQO-B activity and reduce the activities of CAT and GSH-Px in mito-
chondria to a significant extent [40]. In our experiments, upon injection of AB,5_3s into the
CAL1 region of the hippocampus, MAO activity was enhanced and GSH-Px and SOD activities
diminished while CAT activity was not affected. The observed changes of the activities of SOD
and CAT were inconsistent with earlier findings, which could be attributed to different AR
preparations or models.

In our experiments, GBE50 suppressed MAO activity and enhanced the activities of SOD
and GSH-Px, while exerting no significant effects on CAT activity. The data clearly indicate
that GBES50 affects the activities of H,O,-producing and -consuming enzymes. GBE50 could
inhibit the production of H,0, by suppressing the activity of MAO and enhance the activities
of SOD and GSH-Px to accelerate H,0, generation and metabolism into H,O in a timely man-
ner, therefore eliminating ROS and inducing resistance of mitochondria to AR damage.
Numerous studies have focused on regulation of ROS-related enzyme activities by Ginkgo
biloba leaf extract. EGb761 stabilizes the redox state of cells by upregulating protein levels and
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antioxidant enzyme activity [41], increases the activities of SOD and CAT in hippocampus of
rats [42], enhances total superoxide dismutase (T-SOD), CAT, and GSH-Px activities in Neuro
2A cells overexpressing APPsw [43], and promotes the activities of glutathione reductase and
gamma-glutathione synthase, two key enzymes involved in glutathione (GSH) reduction and
synthesis [44]. However, EGb761 could reduce protein GSH and activity of GSH-Px in rats
exposed to an intermittent hypoxia environment consecutively for 21 days [45]. These differ-
ences may be caused by different animal models and other factors. In this study, GBE50 was
expected to regulate the activity of H,O,-producing enzymes in mitochondria and enhance
that of H,O,-consuming enzymes to exert anti-oxidative effects.

Expression of Bcl-2 in hippocampal tissues of the model group was significantly dimin-
ished, along with a low Bcl-2/Bax ratio and marked increase in expression of Cyto C in cyto-
plasm. The results suggest that AP induces H,O, production in mitochondria of hippocampal
tissue, reduces expression of Bcl-2 protein, and accelerates the release of Cyto C from mito-
chondria, causing damage to tissue cells. Earlier studies have shown that A induces cellular
mitochondrial dysfunction and stimulates release of Cyto C into the cytoplasm by mitochon-
dria. Under physiological conditions, Cyto C exists in the mitochondrial membrane gap and is
released into the cytoplasm by mitochondrial outer membrane at the early stage of apoptosis,
promoting the formation of caspase-activated complex apoptotic bodies [3]. AB induces acti-
vation of the caspase cascade and affects cell death pathways. For example, in vitro, AB,s_ss
and AP, _y49 are reported to activate caspase-8 and caspase-3, interfere with nuclear and mito-
chondrial DNA integrity, and induce apoptosis of cerebral vascular endothelial cells in mouse
and bovine models [46]. AB,s_35 induces cell body contraction of cerebellar granulosa cells,
neurite retraction, changes in mitochondrial activity, and enhancement of caspase-3 activity
[47]. AP isolated from early-onset familial AD patients inhibits the proliferation and differenti-
ation of cultured human and rodent neural progenitor cells by promoting apoptosis [48]. In
an in vivo study by Kaminsky et al. [3] involving injection of AB,s_35 or AB;_y into the lateral
ventricle of rats consecutively for 14 days, mitochondria of the cerebral cortex released Cyto C
to the cytoplasm, along with a 2- to 3-fold increase in activities of caspase-3 and caspase-9. Fur-
thermore, treatment with EGb761 led to a significant decrease in cell viability and apoptosis in
response to incubation with AB;_4, oligomer [49]. The effects of GBE50 on expression patterns
of the above proteins were explored in the current study. Expression of Bcl-2 and Bcl-2/Bax
ratio in both GBE50 dose groups were markedly increased while caspase-3 (excluding cleaved
caspase-3) and Cyto C levels were significantly diminished in the GBE50 high-dose group.
Based on these results, we propose that GBE50 inhibits AB-mediated induction of H,O, in hip-
pocampal mitochondria and enhances Bcl-2 protein expression to inhibit release of Cyto C to
the cytoplasm, which protects hippocampal nerve tissue from oxidative stress injury. The anti-
apoptotic effect of EGb761 may be achieved through synergistic multiple intracellular signal-
ing pathways, including maintaining integrity of the mitochondrial membrane, preventing
mitochondria from releasing Cyto C to inhibit formation of the apoptotic complex and caspase
apoptotic proteases, enhancing transcription of anti-apoptotic Bcl-2-like protein, impairing
the transcription of pro-apoptotic caspase-12, and inhibiting the main apoptotic effector pro-
tease, caspase-3, to prevent execution of apoptosis and formation of nuclear DNA fragments
[50,51]. For example, EGb761 regulates expression of the apoptosis-related proteins Bcl-2 and
Bax to inhibit H,O,-induced neuronal death [52,53]. Furthermore, EGb761 inhibits the release
of Cyto C from mitochondria of cardiomyocytes induced by hypoxia and reoxygenation,
reduces caspase-3 activity and inhibits DNA fragmentation to suppress myocardial cell apo-
ptosis [54]. EGb761 inhibits ROS generation, activates SOD activity, maintains homeostasis of
Bcl-2 family proteins and stabilizes mitochondrial membrane potential to inhibit release of
Cyto C by mitochondria, which protects against oxidative stress in human umbilical vein
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endothelial cells [55]. The mechanisms underlying GBE50-mediated inhibition of AR damage
to hippocampus of AD-like animals uncovered in this study appear consistent with data from
the earlier research.

Caspase-activated DNase (CAD) is an endogenous enzyme that mediates DNA nucleosome
degeneration [56]. Caspase-3 can either participate in DNA fragmentation directly or indi-
rectly activate CAD and cleave chromatin to induce apoptosis [23]. In vivo experiments have
shown that following continuous injection of AB,5_3s into rat lateral ventricles, CAD activity
in the cerebral cortex, cerebellum and hippocampus is enhanced significantly, accompanied
by nuclear DNA fragmentation [3]. In this study, no significant changes in the expression of
CAD were observed and cleaved caspase-3 was not detected in all groups, suggesting that AB
does not affect expression of CAD and activate caspase-3. These findings were inconsistent
with the above studies, which could be attributable to different animal models. The results
additionally suggest that the effects of GBE50 on DNA injury induced by oxidative stress in
hippocampal mitochondria are not directly dependent on activation of caspase-3 and stimula-
tion of CAD expression.

8-OHdG is a major form of free radical-induced oxidative lesions. A number of studies
have shown that Ginkgo biloba extract affects 8-OHdG levels in liver, serum and brain. For
example, pretreatment with n-acetylcysteine (NAC) and EGb761 has been shown to reduce
the formation of 8-OHdG and lipid peroxidation in liver tissue of rats [57]. Moreover, EGb761
could suppress the 8-OHdG level in serum and hippocampus of rats induced by intermittent
hypoxia [45]. In the current study, GBE50 suppressed the formation of 8-OHdG in the hippo-
campus of AD rats, which inhibited the effect of AB-induced oxidative stress on DNA injury.

The constituents in GBE50 were analyzed by UHPLC-Q-Exactive Orbitrap HRMS in a cur-
rent study. Altogether 38 compounds were analyzed in GBE50, including 23 flavonoids, 5
biflavonoids, 4 catechins, 5 terpene lactones, and 1 organic acid [58]. The active constituents
of GBE include flavonoids (e.g., quercetin, kaempferol, and isorhamnetin), biflavones (sciado-
pitysin and ginkgetin), terpene trilactones (ginkgolides and bilobalide), and ginkgolic acids
(alkylphenols) [59]. A variety of studies have shown that several active constituents of GBE
have significant antioxidant effects. In GBE, ginkgo flavonoids, proanthocyanidins, and
organic acids have a large number of reduced hydroxyl functional groups, which can play an
antioxidant role by scavenging oxygen free radicals and regulating the activity of superoxide
dismutase and catalase [60]. Kaempferol, one of the most important constituents of Ginkgo
biloba, reduces ROS generation by scavenging free radicals, upregulates Bcl-2 and glutathione
(GSH) to protect neuronal cells from oxidative injury [61], and inhibits mitochondrial mem-
brane transition (mPTP) opening and suppresses the release of Cyto C via glycogen synthase
kinase-3f inhibition [62]. Besides, kaempferol can inhibit Bax and caspase-3 to exert anti-apo-
ptotic effects [63]. Ginkgetin and bilobalide decrease levels of intracellular ROS, maintain
mitochondrial membrane potential, and inhibit cell apoptosis via caspase-3 and Bcl2/Bax path-
ways to exert antioxidant effects in the mouse model of Parkinson’s disease [64,65]. Isorham-
netin reduces activation of the extrinsic apoptotic pathway by decreasing caspase-3 and
caspase-8 in the cell model of ischemia-induced cerebral vascular degeneration [66]. In addi-
tion, Ginkgolide B improves antioxidant defense system (SOD, GSH and CAT) in hippocam-
pal tissue of rats treated with hypoxia exposure for six days [67].

Although the various chemical components of GBE are integrated, complementary and
synergistic interactions exist between several members. Zhang et al. reported that any two
members of four typical components of GBE can exhibit apparent synergistic antioxidant
effects, and the ginkgo flavone: procyanidins (1: 9) showed the best synergism in scavenging
DPPH (2,2-Di(4-tert-octylphenyl)-1-picrylhydrazyl) and ABTS (2’-Azinobis-(3-ethylbenzthia-
zoline-6-sulphonate) radicals [60].
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However, for GBES50, few studies focus on the antioxidant activity in the neurodegenerative
disease. Lu et al. observed that pre-treatment of GBE50 dose-dependently significantly
increased myocardium SOD, CAT, GSH-Px and GST activities to exert antioxidant effects in
ischemia reperfusion rats [19]. In our study, antioxidant and anti-apoptotic activities of
GBE50 were observed in rat model of AD. According to these reported studies, we suppose
that the antioxidant effect observed in this study would rely on the complementary and syner-
gistic interactions existed among active compounds of GBE50.

In conclusion, GBE50 inhibits hippocampal mitochondrial oxidative stress induced by A
to exert protective effects on nerve tissue and improve the learning and memory abilities of
AD-like rats. The underlying mechanisms potentially involve regulation of the activities of
enzymes that play a role in H,O, metabolism (MAO, SOD and GSH-Px) to reduce H,O, gen-
eration in mitochondria, modulation of Bcl-2 and Bax proteins to inhibit release of Cyto C
from the mitochondria to cytoplasm, and reduction of 8-OHdG production to avoid neuronal
injury from oxidative stress. Our results clearly support a protective role of GBE50 against oxi-
dative stress. As a promising natural agent for AD [68], the therapeutic effects of Ginkgo biloba
extract may be achieved through synergism of multiple intracellular signaling pathways [69],
synergistic interactions existed among active compounds of GBE and promotion of hippocam-
pal neurogenesis in the context of brain aging [70]. Therefore, the mechanism uncovered in
this study may be only one of the contributory aspects to GBE50-mediated resistance to tissue
oxidative stress and cell damage, highlighting the necessity for further research to establish the
mechanistic network.

Supporting information

S1 Dataset.
(RAR)

Author Contributions
Conceptualization: Chenyi Xia, Zhixiong Zhang.
Data curation: Xianwen Dong, Meifang Jiang.
Formal analysis: Yan Zhao.

Funding acquisition: Chenyi Xia.

Methodology: Mingmei Zhou, Xianwen Dong.

Project administration: Chenyi Xia, Xianwen Dong, Yan Zhao, Guoqin Zhu,
Zhixiong Zhang.

Resources: Zhixiong Zhang.

Supervision: Guogin Zhu, Zhixiong Zhang.

Validation: Chenyi Xia, Meifang Jiang, Guoqgin Zhu.

Writing - original draft: Chenyi Xia, Mingmei Zhou.

Writing - review & editing: Chenyi Xia, Mingmei Zhou, Guoqin Zhu.

References

1. LiuC, Cui G, Zhu M, Kang X, Guo H. Neuroinflammation in Alzheimer’s disease: chemokines produced
by astrocytes and chemokine receptors. Int J Clin Exp Pathol. 2014; 7(12):8342-55. PMID: 25674199.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307735  August 6, 2024 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307735.s001
http://www.ncbi.nlm.nih.gov/pubmed/25674199
https://doi.org/10.1371/journal.pone.0307735

PLOS ONE

Protective role of Ginkgo biloba extract in an AD rat model

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Pratico D, Uryu K, Leight S, Trojanoswki JQ, Lee VM. Increased lipid peroxidation precedes amyloid
plaque formation in an animal model of Alzheimer amyloidosis. J Neurosci. 2001; 21(12):4183-7.
https://doi.org/10.1523/JNEUROSCI.21-12-04183.2001 PMID: 11404403.

Kaminsky YG, Marlatt MW, Smith MA, Kosenko EA. Subcellular and metabolic examination of amyloid-
beta peptides in Alzheimer disease pathogenesis: evidence for Abeta(25-35). Exp Neurol. 2010; 221
(1):26-37. https://doi.org/10.1016/j.expneurol.2009.09.005 PMID: 19751725.

Bonda DJ, Wang X, Perry G, Nunomura A, Tabaton M, Zhu X, et al. Oxidative stress in Alzheimer dis-
ease: a possibility for prevention. Neuropharmacology. 2010; 59(4-5):290—4. https://doi.org/10.1016/j.
neuropharm.2010.04.005 PMID: 20394761.

Apelt J, Bigl M, Wunderlich P, Schliebs R. Aging-related increase in oxidative stress correlates with
developmental pattern of beta-secretase activity and beta-amyloid plaque formation in transgenic
Tg2576 mice with Alzheimer-like pathology. Int J Dev Neurosci. 2004; 22(7):475-84. https://doi.org/10.
1016/j.ij[devneu.2004.07.006 PMID: 15465277.

Tamagno E, Guglielmotto M, Aragno M, Borghi R, Autelli R, Giliberto L, et al. Oxidative stress activates
a positive feedback between the gamma- and beta-secretase cleavages of the beta-amyloid precursor
protein. J Neurochem. 2008; 104(3):683-95. https://doi.org/10.1111/j.1471-4159.2007.05072.x PMID:
18005001.

Singh A, Kukreti R, Saso L, Kukreti S. Oxidative Stress: A Key Modulator in Neurodegenerative Dis-
eases. Molecules. 2019; 24(8):1583. https://doi.org/10.3390/molecules24081583 PMID: 31013638.

Cheignon C, Tomas M, Bonnefont-Rousselot D, Faller P, Hureau C, Collin F. Oxidative stress and the
amyloid beta peptide in Alzheimer’s disease. Redox Biol. 2018; 14:450—64. https://doi.org/10.1016/.
redox.2017.10.014 PMID: 29080524.

lonescu-Tucker A, Cotman CW. Emerging roles of oxidative stress in brain aging and Alzheimer’s dis-
ease. Neurobiol Aging. 2021; 107:86-95. https://doi.org/10.1016/j.neurobiolaging.2021.07.014 PMID:
34416493.

Tulsulkar J, Glueck B, Hinds TD, Jr., Shah ZA. Ginkgo biloba Extract Prevents Female Mice from Ische-
mic Brain Damage and the Mechanism Is Independent of the HO1/Wnt Pathway. Transl Stroke Res.
2016; 7(2):120-31. https://doi.org/10.1007/s12975-015-0433-7 PMID: 26573919.

Dai CX, Hu CC, Shang YS, Xie J. Role of Ginkgo biloba extract as an adjunctive treatment of elderly
patients with depression and on the expression of serum S100B. Medicine (Baltimore). 2018; 97(39):
e12421. https://doi.org/10.1097/MD.0000000000012421 PMID: 30278520.

Zhang L, Liu J, Ge Y, Liu M. Ginkgo biloba Extract Reduces Hippocampus Inflammatory Responses,
Improves Cardiac Functions And Depressive Behaviors In A Heart Failure Mouse Model. Neuropsy-
chiatr Dis Treat. 2019; 15:3041-50. https://doi.org/10.2147/NDT.S229296 PMID: 31754303.

Diamond BJ, Bailey MR. Ginkgo biloba: indications, mechanisms, and safety. Psychiatr Clin North Am.
2013; 36(1):73-83. https://doi.org/10.1016/j.psc.2012.12.006 PMID: 23538078.

Lejri 1, Grimm A, Eckert A. Ginkgo biloba extract increases neurite outgrowth and activates the Akt/
mTOR pathway. PLoS One. 2019; 14(12):e0225761. hitps://doi.org/10.1371/journal.pone.0225761
PMID: 31790465.

Rhein V, Giese M, Baysang G, Meier F, Rao S, Schulz KL, et al. Ginkgo biloba extract ameliorates oxi-
dative phosphorylation performance and rescues abeta-induced failure. PLoS One. 2010; 5(8):e12359.
https://doi.org/10.1371/journal.pone.0012359 PMID: 20808761.

Malyshev 1Y, Wiegant FA, Mashina SY, Torshin VI, Goryacheva AV, Khomenko IP, et al. Possible use
of adaptation to hypoxia in Alzheimer’s disease: a hypothesis. Med Sci Monit. 2005; 11(8):HY31-8.
PMID: 16049387.

Haughey NJ, Nath A, Chan SL, Borchard AC, Rao MS, Mattson MP. Disruption of neurogenesis by
amyloid beta-peptide, and perturbed neural progenitor cell homeostasis, in models of Alzheimer’s dis-
ease. J Neurochem. 2002; 83(6):1509-24. https://doi.org/10.1046/j.1471-4159.2002.01267.x PMID:
12472904.

Gertz HJ, Kiefer M. Review about Ginkgo biloba special extract EGb 761 (Ginkgo). Curr Pharm Des.
2004; 10(3):261—4. https://doi.org/10.2174/1381612043386437 PMID: 14754386.

Lu SP, Guo X, Zhao PT. Effect of Ginkgo Biloba Extract 50 on Immunity and Antioxidant Enzyme Activi-
ties in Ischemia Reperfusion Rats. Molecules. 2011; 16(11):9194-206. https://doi.org/10.3390/
molecules16119194 PMID: 22048701.

AnJ, ZhouY, Zhang M, Xie Y, Ke S, Liu L, et al. Exenatide alleviates mitochondrial dysfunction and cog-
nitive impairment in the 5xFAD mouse model of Alzheimer’s disease. Behav Brain Res. 2019;
370:111932. https://doi.org/10.1016/j.bbr.2019.111932 PMID: 31082410.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307735  August 6, 2024 14/17


https://doi.org/10.1523/JNEUROSCI.21-12-04183.2001
http://www.ncbi.nlm.nih.gov/pubmed/11404403
https://doi.org/10.1016/j.expneurol.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19751725
https://doi.org/10.1016/j.neuropharm.2010.04.005
https://doi.org/10.1016/j.neuropharm.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20394761
https://doi.org/10.1016/j.ijdevneu.2004.07.006
https://doi.org/10.1016/j.ijdevneu.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15465277
https://doi.org/10.1111/j.1471-4159.2007.05072.x
http://www.ncbi.nlm.nih.gov/pubmed/18005001
https://doi.org/10.3390/molecules24081583
http://www.ncbi.nlm.nih.gov/pubmed/31013638
https://doi.org/10.1016/j.redox.2017.10.014
https://doi.org/10.1016/j.redox.2017.10.014
http://www.ncbi.nlm.nih.gov/pubmed/29080524
https://doi.org/10.1016/j.neurobiolaging.2021.07.014
http://www.ncbi.nlm.nih.gov/pubmed/34416493
https://doi.org/10.1007/s12975-015-0433-7
http://www.ncbi.nlm.nih.gov/pubmed/26573919
https://doi.org/10.1097/MD.0000000000012421
http://www.ncbi.nlm.nih.gov/pubmed/30278520
https://doi.org/10.2147/NDT.S229296
http://www.ncbi.nlm.nih.gov/pubmed/31754303
https://doi.org/10.1016/j.psc.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23538078
https://doi.org/10.1371/journal.pone.0225761
http://www.ncbi.nlm.nih.gov/pubmed/31790465
https://doi.org/10.1371/journal.pone.0012359
http://www.ncbi.nlm.nih.gov/pubmed/20808761
http://www.ncbi.nlm.nih.gov/pubmed/16049387
https://doi.org/10.1046/j.1471-4159.2002.01267.x
http://www.ncbi.nlm.nih.gov/pubmed/12472904
https://doi.org/10.2174/1381612043386437
http://www.ncbi.nlm.nih.gov/pubmed/14754386
https://doi.org/10.3390/molecules16119194
https://doi.org/10.3390/molecules16119194
http://www.ncbi.nlm.nih.gov/pubmed/22048701
https://doi.org/10.1016/j.bbr.2019.111932
http://www.ncbi.nlm.nih.gov/pubmed/31082410
https://doi.org/10.1371/journal.pone.0307735

PLOS ONE

Protective role of Ginkgo biloba extract in an AD rat model

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ke J, Li MT, Huo YJ, Cheng YQ, Guo SF, Wu Y, et al. The Synergistic Effect of Ginkgo biloba Extract 50
and Aspirin Against Platelet Aggregation. Drug Des Dev Ther. 2021; 15:3543-60. https://doi.org/10.
2147/DDDT.S318515 PMID: 34429584.

Alkam T, Nitta A, Mizoguchi H, Itoh A, Nabeshima T. A natural scavenger of peroxynitrites, rosmarinic
acid, protects against impairment of memory induced by Abeta(25-35). Behav Brain Res. 2007; 180
(2):139-45. https://doi.org/10.1016/j.bbr.2007.03.001 PMID: 17420060.

Klementiev B, Novikova T, Novitskaya V, Walmod PS, Dmytriyeva O, Pakkenberg B, et al. A neural cell
adhesion molecule-derived peptide reduces neuropathological signs and cognitive impairment induced
by Abeta25-35. Neuroscience. 2007; 145(1):209-24. https://doi.org/10.1016/j.neuroscience.2006.11.
060 PMID: 17223274.

Shen YX, Xu SY, Wei W, Sun XX, Liu LH, Yang J, et al. The protective effects of melatonin from oxida-
tive damage induced by amyloid beta-peptide 25—-35 in middle-aged rats. J Pineal Res. 2002; 32(2):85—
9. https://doi.org/10.1034/j.1600-079x.2002.1819.x PMID: 12071472.

LiL, YangL, Yang F, Zhao XL, Xue SJ, Gong FH. Ginkgo biloba Extract 50 (GBE50) Ameliorates Insulin
Resistance, Hepatic Steatosis and Liver Injury in High Fat Diet-Fed Mice. J Inflamm Res. 2021;
14:1959-71. https://doi.org/10.2147/JIR.S302934 PMID: 340404 11.

Alhusaini AM, Alhumaidan SA, Alharbi GM, Alzahrani EA, Sarawi W, Alomar HA, et al. Cross-Regula-
tion between Autophagy and Apoptosis Induced by Vitamin E and Lactobacillus Plantarum through
Beclin-1 Network. Int J Mol Sci. 2022; 23(23):15305. https://doi.org/10.3390/ijms232315305 PMID:
36499631.

XuY, TianY, Tian Y, Li X, Zhao P. Autophagy activation involved in hypoxic-ischemic brain injury
induces cognitive and memory impairment in neonatal rats. J Neurochem. 2016; 139(5):795-805.
https://doi.org/10.1111/jnc.13851 PMID: 27659442.

Valavanidis A, Vlachogianni T, Fiotakis C. 8-hydroxy-2’ -deoxyguanosine (8-OHdG): A critical bio-
marker of oxidative stress and carcinogenesis. J Environ Sci Health C Environ Carcinog Ecotoxicol
Rev. 2009; 27(2):120-39. https://doi.org/10.1080/10590500902885684 PMID: 19412858.

Lauwers E, Lalli G, Brandner S, Collinge J, Compernolle V, Duyckaerts C, et al. Potential human trans-
mission of amyloid beta pathology: surveillance and risks. Lancet Neurol. 2020; 19(10):872-8. https:/
doi.org/10.1016/S1474-4422(20)30238-6 PMID: 32949547.

Verma S, Sharma S, Ranawat P, Nehru B. Modulatory Effects of Ginkgo biloba Against Amyloid Aggre-
gation Through Induction of Heat Shock Proteins in Aluminium Induced Neurotoxicity. Neurochem Res.
2020; 45(2):465-90. https://doi.org/10.1007/s11064-019-02940-z PMID: 31894463.

Ge W, Ren C, Xing L, Guan L, Zhang C, Sun X, et al. Ginkgo biloba extract improves cognitive function
and increases neurogenesis by reducing Abeta pathology in 5xFAD mice. Am J Transl Res. 2021; 13
(3):1471-82. PMID: 33841671.

Liu Q, Zhao B. Nicotine attenuates beta-amyloid peptide-induced neurotoxicity, free radical and calcium
accumulation in hippocampal neuronal cultures. Br J Pharmacol. 2004; 141(4):746-54. https://doi.org/
10.10838/sj.bjp.0705653 PMID: 14757701.

Shi C, Wu F, Xu J. H202 and PAF mediate Abeta1-42-induced Ca2+ dyshomeostasis that is blocked
by EGb761. Neurochem Int. 2010; 56(8):893-905. https://doi.org/10.1016/j.neuint.2010.03.016 PMID:
20362023.

Aliev G, Smith MA, de la Torre JC, Perry G. Mitochondria as a primary target for vascular hypoperfusion
and oxidative stress in Alzheimer’s disease. Mitochondrion. 2004; 4(5-6):649-63. https://doi.org/10.
1016/j.mit0.2004.07.018 PMID: 16120422.

Aleardi AM, Benard G, Augereau O, Malgat M, Talbot JC, Mazat JP, et al. Gradual alteration of mito-
chondrial structure and function by beta-amyloids: importance of membrane viscosity changes, energy
deprivation, reactive oxygen species production, and cytochrome c release. J Bioenerg Biomembr.
2005; 37(4):207-25. https://doi.org/10.1007/s10863-005-6631-3 PMID: 16167177.

Moreira PI, Santos MS, Sena C, Nunes E, Seica R, Oliveira CR. CoQ10 therapy attenuates amyloid
beta-peptide toxicity in brain mitochondria isolated from aged diabetic rats. Exp Neurol. 2005; 196
(1):112-9. https://doi.org/10.1016/j.expneurol.2005.07.012 PMID: 16126199.

Jung IH, Lee YH, Yoo JY, Jeong SJ, Sonn SK, Park JG, et al. Ginkgo biloba extract (GbE) enhances
the anti-atherogenic effect of cilostazol by inhibiting ROS generation. Exp Mol Med. 2012; 44(5):311-8.
https://doi.org/10.3858/emm.2012.44.5.035 PMID: 22282402.

Yang TH, Young YH, Liu SH. EGb 761 (Ginkgo biloba) protects cochlear hair cells against ototoxicity
induced by gentamicin via reducing reactive oxygen species and nitric oxide-related apoptosis. J Nutr
Biochem. 2011; 22(9):886—94. hitps://doi.org/10.1016/j.jnutbio.2010.08.009 PMID: 21190826.

Kwon KJ, Lee EJ, Cho KS, Cho DH, Shin CY, Han SH. Ginkgo biloba extract (Egb761) attenuates zinc-
induced tau phosphorylation at Ser262 by regulating GSK3beta activity in rat primary cortical neurons.
Food Funct. 2015; 6(6):2058—67. https://doi.org/10.1039/c5f000219b PMID: 26032477.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307735  August 6, 2024 15/17


https://doi.org/10.2147/DDDT.S318515
https://doi.org/10.2147/DDDT.S318515
http://www.ncbi.nlm.nih.gov/pubmed/34429584
https://doi.org/10.1016/j.bbr.2007.03.001
http://www.ncbi.nlm.nih.gov/pubmed/17420060
https://doi.org/10.1016/j.neuroscience.2006.11.060
https://doi.org/10.1016/j.neuroscience.2006.11.060
http://www.ncbi.nlm.nih.gov/pubmed/17223274
https://doi.org/10.1034/j.1600-079x.2002.1819.x
http://www.ncbi.nlm.nih.gov/pubmed/12071472
https://doi.org/10.2147/JIR.S302934
http://www.ncbi.nlm.nih.gov/pubmed/34040411
https://doi.org/10.3390/ijms232315305
http://www.ncbi.nlm.nih.gov/pubmed/36499631
https://doi.org/10.1111/jnc.13851
http://www.ncbi.nlm.nih.gov/pubmed/27659442
https://doi.org/10.1080/10590500902885684
http://www.ncbi.nlm.nih.gov/pubmed/19412858
https://doi.org/10.1016/S1474-4422(20)30238-6
https://doi.org/10.1016/S1474-4422(20)30238-6
http://www.ncbi.nlm.nih.gov/pubmed/32949547
https://doi.org/10.1007/s11064-019-02940-z
http://www.ncbi.nlm.nih.gov/pubmed/31894463
http://www.ncbi.nlm.nih.gov/pubmed/33841671
https://doi.org/10.1038/sj.bjp.0705653
https://doi.org/10.1038/sj.bjp.0705653
http://www.ncbi.nlm.nih.gov/pubmed/14757701
https://doi.org/10.1016/j.neuint.2010.03.016
http://www.ncbi.nlm.nih.gov/pubmed/20362023
https://doi.org/10.1016/j.mito.2004.07.018
https://doi.org/10.1016/j.mito.2004.07.018
http://www.ncbi.nlm.nih.gov/pubmed/16120422
https://doi.org/10.1007/s10863-005-6631-3
http://www.ncbi.nlm.nih.gov/pubmed/16167177
https://doi.org/10.1016/j.expneurol.2005.07.012
http://www.ncbi.nlm.nih.gov/pubmed/16126199
https://doi.org/10.3858/emm.2012.44.5.035
http://www.ncbi.nlm.nih.gov/pubmed/22282402
https://doi.org/10.1016/j.jnutbio.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/21190826
https://doi.org/10.1039/c5fo00219b
http://www.ncbi.nlm.nih.gov/pubmed/26032477
https://doi.org/10.1371/journal.pone.0307735

PLOS ONE

Protective role of Ginkgo biloba extract in an AD rat model

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Kaminsky YG, Kosenko EA. Effects of amyloid-beta peptides on hydrogen peroxide-metabolizing
enzymes in rat brain in vivo. Free Radic Res. 2008; 42(6):564—73. https://doi.org/10.1080/
10715760802159057 PMID: 18569014.

ShiC, LiuJ, Wu F, Yew DT. Ginkgo biloba extract in Alzheimer’s disease: from action mechanisms to
medical practice. Int J Mol Sci. 2010; 11(1):107-23. https://doi.org/10.3390/ijms11010107 PMID:
20162004.

ShiC, FangL, Yew DT, Yao Z, Xu J. Ginkgo biloba extract EGb761 protects against mitochondrial dys-
function in platelets and hippocampi in ovariectomized rats. Platelets. 2010; 21(1):53-9. https://doi.org/
10.3109/09537100903395180 PMID: 19938886.

Chen L, Zhang C, Han Y, Meng X, Zhang Y, Chu H, et al. Gingko biloba Extract (EGb) Inhibits Oxidative
Stress in Neuro 2A Cells Overexpressing APPsw. Biomed Res Int. 2019; 2019:7034983. https://doi.org/
10.1155/2019/7034983 PMID: 31380435.

Shi C, Xiao S, Liu J, Guo K, Wu F, Yew DT, et al. Ginkgo biloba extract EGb761 protects against aging-
associated mitochondrial dysfunction in platelets and hippocampi of SAMP8 mice. Platelets. 2010; 21
(5):373-9. https://doi.org/10.3109/09537100903511448 PMID: 20459350.

Abdel-Wahab BA, Abd El-Aziz SM. Ginkgo biloba protects against intermittent hypoxia-induced mem-
ory deficits and hippocampal DNA damage in rats. Phytomedicine. 2012; 19(5):444-50. https://doi.org/
10.1016/j.phymed.2011.11.011 PMID: 22265820.

Xu J, Chen S, Ku G, Ahmed SH, Xu J, Chen H, et al. Amyloid beta peptide-induced cerebral endothelial
cell death involves mitochondrial dysfunction and caspase activation. J Cereb Blood Flow Metab. 2001;
21(6):702—10. https://doi.org/10.1097/00004647-200106000-00008 PMID: 11488539.

Vaudry D, Cottet-Rousselle C, Basille M, Falluel-Morel A, Fournier A, Vaudry H, et al. Pituitary adenyl-
ate cyclase-activating polypeptide inhibits caspase-3 activity but does not protect cerebellar granule
neurons against beta-amyloid (25—-35)-induced apoptosis. Regul Pept. 2004; 123(1-3):43-9. hitps://
doi.org/10.1016/j.regpep.2004.05.025 PMID: 15518892.

Zhang W, Gu GJ, Zhang Q, Liu JH, Zhang B, Guo Y, et al. NSCs promote hippocampal neurogenesis,
metabolic changes and synaptogenesis in APP/PS1 transgenic mice. Hippocampus. 2017; 27
(12):1250-63. https://doi.org/10.1002/hipo.22794 PMID: 28833933.

Wan WB, Cao L, Liu LM, Kalionis B, Chen C, Tai XT, et al. EGb761 provides a protective effect against
Abeta1-42 oligomer-induced cell damage and blood-brain barrier disruption in an in vitro bEnd.3 endo-
thelial model. PLoS One. 2014; 9(11):e113126. https://doi.org/10.1371/journal.pone.0113126 PMID:
25426944.

ShiC, ZhaolL, Zhu B, LiQ, Yew DT, Yao Z, et al. Protective effects of Ginkgo biloba extract (EGb761)
and its constituents quercetin and ginkgolide B against beta-amyloid peptide-induced toxicity in SH-
SY5Y cells. Chem Biol Interact. 2009; 181(1):115-23. https://doi.org/10.1016/j.cbi.2009.05.010 PMID:
19464278.

ShiC, ZhaoL, Zhu B, LiQ, Yew DT, Yao Z, et al. Dosage effects of EGb761 on hydrogen peroxide-
induced cell death in SH-SY5Y cells. Chem Biol Interact. 2009; 180(3):389-97. https://doi.org/10.1016/
j.cbi.2009.04.008 PMID: 19414004.

Zhao Z, Liu N, Huang J, Lu PH, Xu XM. Inhibition of cPLA2 activation by Ginkgo biloba extract protects
spinal cord neurons from glutamate excitotoxicity and oxidative stress-induced cell death. J Neuro-
chem. 2011; 116(6):1057—65. https://doi.org/10.1111/j.1471-4159.2010.07160.x PMID: 21182525.

Jiang X, Nie B, Fu S, Hu J, Yin L, Lin L, et al. EGb761 protects hydrogen peroxide-induced death of spi-
nal cord neurons through inhibition of intracellular ROS production and modulation of apoptotic regulat-
ing genes. J Mol Neurosci. 2009; 38(2):103—13. https://doi.org/10.1007/s12031-008-9140-0 PMID:
19148782.

ShenJ, Lee W, Gu Y, Tong Y, Fung PC, Tong L. Ginkgo biloba extract (EGb761) inhibits mitochondria-
dependent caspase pathway and prevents apoptosis in hypoxia-reoxygenated cardiomyocytes. Chin
Med. 2011; 6:8. https://doi.org/10.1186/1749-8546-6-8 PMID: 21345217.

OuHC, Lee WJ, Lee IT, Chiu TH, Tsai KL, Lin CY, et al. Ginkgo biloba extract attenuates oxLDL-
induced oxidative functional damages in endothelial cells. J Appl Physiol (1985). 2009; 106(5):1674—85.
https://doi.org/10.1152/japplphysiol.91415.2008 PMID: 19228986.

Tsuruta T, Oh-Hashi K, Ueno Y, Kitade Y, Kiuchi K, Hirata Y. RNAi knockdown of caspase-activated
DNase inhibits rotenone-induced DNA fragmentation in HeLa cells. Neurochem Int. 2007; 50(4):601-6.
https://doi.org/10.1016/j.neuint.2006.12.002 PMID: 17239993.

Keles MS, Demirci N, Yildirim A, Atamanalp SS, Altinkaynak K. Protective effects of N-acetylcysteine
and Ginkgo biloba extract on ischaemia-reperfusion-induced hepatic DNA damage in rats. Clin Exp
Med. 2008; 8(4):193-8. https://doi.org/10.1007/s10238-008-0005-1 PMID: 18810589.

Zhang YN, Zhu GH, Liu W, Xiong Y, Hu Q, Zhuang XY, et al. Discovery and characterization of the
covalent SARS-CoV-2 3CLP™ inhibitors from extract via integrating chemoproteomic and biochemical

PLOS ONE | https://doi.org/10.1371/journal.pone.0307735  August 6, 2024 16/17


https://doi.org/10.1080/10715760802159057
https://doi.org/10.1080/10715760802159057
http://www.ncbi.nlm.nih.gov/pubmed/18569014
https://doi.org/10.3390/ijms11010107
http://www.ncbi.nlm.nih.gov/pubmed/20162004
https://doi.org/10.3109/09537100903395180
https://doi.org/10.3109/09537100903395180
http://www.ncbi.nlm.nih.gov/pubmed/19938886
https://doi.org/10.1155/2019/7034983
https://doi.org/10.1155/2019/7034983
http://www.ncbi.nlm.nih.gov/pubmed/31380435
https://doi.org/10.3109/09537100903511448
http://www.ncbi.nlm.nih.gov/pubmed/20459350
https://doi.org/10.1016/j.phymed.2011.11.011
https://doi.org/10.1016/j.phymed.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22265820
https://doi.org/10.1097/00004647-200106000-00008
http://www.ncbi.nlm.nih.gov/pubmed/11488539
https://doi.org/10.1016/j.regpep.2004.05.025
https://doi.org/10.1016/j.regpep.2004.05.025
http://www.ncbi.nlm.nih.gov/pubmed/15518892
https://doi.org/10.1002/hipo.22794
http://www.ncbi.nlm.nih.gov/pubmed/28833933
https://doi.org/10.1371/journal.pone.0113126
http://www.ncbi.nlm.nih.gov/pubmed/25426944
https://doi.org/10.1016/j.cbi.2009.05.010
http://www.ncbi.nlm.nih.gov/pubmed/19464278
https://doi.org/10.1016/j.cbi.2009.04.008
https://doi.org/10.1016/j.cbi.2009.04.008
http://www.ncbi.nlm.nih.gov/pubmed/19414004
https://doi.org/10.1111/j.1471-4159.2010.07160.x
http://www.ncbi.nlm.nih.gov/pubmed/21182525
https://doi.org/10.1007/s12031-008-9140-0
http://www.ncbi.nlm.nih.gov/pubmed/19148782
https://doi.org/10.1186/1749-8546-6-8
http://www.ncbi.nlm.nih.gov/pubmed/21345217
https://doi.org/10.1152/japplphysiol.91415.2008
http://www.ncbi.nlm.nih.gov/pubmed/19228986
https://doi.org/10.1016/j.neuint.2006.12.002
http://www.ncbi.nlm.nih.gov/pubmed/17239993
https://doi.org/10.1007/s10238-008-0005-1
http://www.ncbi.nlm.nih.gov/pubmed/18810589
https://doi.org/10.1371/journal.pone.0307735

PLOS ONE

Protective role of Ginkgo biloba extract in an AD rat model

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

approaches. Phytomedicine. 2023; 114:154796. https://doi.org/10.1016/j.phymed.2023.154796 PMID:
37037086.

Akanchise T, Angelova A. Ginkgo Biloba and Long COVID: In Vivo and In Vitro Models for the Evalua-
tion of Nanotherapeutic Efficacy. Pharmaceutics. 2023; 15(5):1562. https://doi.org/10.3390/
pharmaceutics15051562 PMID: 37242804.

Zhang LH, Zhu CY, Liu XQ, Su ER, Cao FL, Zhao LG. Study on Synergistic Antioxidant Effect of Typical
Functional Components of Hydroethanolic Leaf Extract from Ginkgo Biloba In Vitro. Molecules. 2022;
27(2):439. https://doi.org/10.3390/molecules27020439 PMID: 35056751.

de Souza GA, de Marqui SV, Matias JN, Guiguer EL, Barbalho SM. Effects of Ginkgo Biloba on Dis-
eases Related to Oxidative Stress. Planta Med. 2020; 86(6):376—86. https://doi.org/10.1055/a-1109-
3405 PMID: 32097975.

Zhou MJ, Ren HH, Han JC, Wang WJ, Zheng QS, Wang D. Protective Effects of Kaempferol against
Myocardial Ischemia/Reperfusion Injury in Isolated Rat Heart via Antioxidant Activity and Inhibition of
Glycogen Synthase Kinase-3(3. Oxid Med Cell Longev. 2015; 2015:481405. https://doi.org/10.1155/
2015/481405 PMID: 26265983.

Ren J, Lu YF, Qian YH, Chen BZ, Wu T, Ji G. Recent progress regarding kaempferol for the treatment
of various diseases. Exp Ther Med. 2019; 18(4):2759-76. https://doi.org/10.3892/etm.2019.7886
PMID: 31572524.

Wang YQ, Wang MY, Fu XR, Peng-Yu, Gao GF, Fan YM, et al. Neuroprotective effects of ginkgetin
against neuroinjury in Parkinson’s disease model induced by MPTP via chelating iron. Free Radical
Res. 2015; 49(9):1069-80. https://doi.org/10.3109/10715762.2015.1032958 PMID: 25968939.

You OH, Kim SH, Kim B, Sohn EJ, Lee HJ, Shim BS, et al. Ginkgetin induces apoptosis via activation of
caspase and inhibition of survival genes in PC-3 prostate cancer cells. Bioorg Med Chem Lett. 2013; 23
(9):2692-5. https://doi.org/10.1016/j.bmcl.2013.02.080 PMID: 23523142.

Li WL, Chen ZG, Yan M, He P, Chen Z, Dai HB. The protective role of isorhamnetin on human brain
microvascular endothelial cells from cytotoxicity induced by methylglyoxal and oxygen-glucose depriva-
tion. J Neurochem. 2016; 136(3):651-9. https://doi.org/10.1111/jnc.13436 PMID: 26578299.

Wang L, Shi QH, Li K, Ma X, Niu LL, Ran JH, et al. Oral administration of Ginkgolide B alleviates hyp-
oxia-induced neuronal damage in rat hippocampus by inhibiting oxidative stress and apoptosis. Iran J
Basic Med Sci. 2019; 22(2):140-5. https://doi.org/10.22038/ijbms.2018.26228.6569 PMID: 30834078.

Essa MM, Vijayan RK, Castellano-Gonzalez G, Memon MA, Braidy N, Guillemin GJ. Neuroprotective
effect of natural products against Alzheimer’s disease. Neurochem Res. 2012; 37(9):1829-42. https://
doi.org/10.1007/s11064-012-0799-9 PMID: 22614926.

Smith JV, Luo Y. Studies on molecular mechanisms of Ginkgo biloba extract. Appl Microbiol Biotechnol.
2004; 64(4):465—72. https://doi.org/10.1007/s00253-003-1527-9 PMID: 14740187.

Osman NM, Amer AS, Abdelwahab S. Effects of Ginko biloba leaf extract on the neurogenesis of the
hippocampal dentate gyrus in the elderly mice. Anat Sci Int. 2016; 91(3):280-9. https://doi.org/10.1007/
512565-015-0297-7 PMID: 26297531.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307735  August 6, 2024 17/17


https://doi.org/10.1016/j.phymed.2023.154796
http://www.ncbi.nlm.nih.gov/pubmed/37037086
https://doi.org/10.3390/pharmaceutics15051562
https://doi.org/10.3390/pharmaceutics15051562
http://www.ncbi.nlm.nih.gov/pubmed/37242804
https://doi.org/10.3390/molecules27020439
http://www.ncbi.nlm.nih.gov/pubmed/35056751
https://doi.org/10.1055/a-1109-3405
https://doi.org/10.1055/a-1109-3405
http://www.ncbi.nlm.nih.gov/pubmed/32097975
https://doi.org/10.1155/2015/481405
https://doi.org/10.1155/2015/481405
http://www.ncbi.nlm.nih.gov/pubmed/26265983
https://doi.org/10.3892/etm.2019.7886
http://www.ncbi.nlm.nih.gov/pubmed/31572524
https://doi.org/10.3109/10715762.2015.1032958
http://www.ncbi.nlm.nih.gov/pubmed/25968939
https://doi.org/10.1016/j.bmcl.2013.02.080
http://www.ncbi.nlm.nih.gov/pubmed/23523142
https://doi.org/10.1111/jnc.13436
http://www.ncbi.nlm.nih.gov/pubmed/26578299
https://doi.org/10.22038/ijbms.2018.26228.6569
http://www.ncbi.nlm.nih.gov/pubmed/30834078
https://doi.org/10.1007/s11064-012-0799-9
https://doi.org/10.1007/s11064-012-0799-9
http://www.ncbi.nlm.nih.gov/pubmed/22614926
https://doi.org/10.1007/s00253-003-1527-9
http://www.ncbi.nlm.nih.gov/pubmed/14740187
https://doi.org/10.1007/s12565-015-0297-7
https://doi.org/10.1007/s12565-015-0297-7
http://www.ncbi.nlm.nih.gov/pubmed/26297531
https://doi.org/10.1371/journal.pone.0307735

