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Ligustilide, the main lipophilic component of Radix angelicae sinensis, has been shown to ameliorate cognitive dysfunction in a few
Alzheimer’s disease mouse models, but its mechanism is not fully understood. In this study, we employed 7-month-old APP/PS1
mice to explore whether LIG is able to protect against Alzheimer’s disease progression. The Morris water maze and Y-maze test
results showed that eight weeks of intragastric administration of LIG (10 mg/kg, 40 mg/kg) every day improved memory deficit in
APP/PSI mice. The thioflavin-S staining and Western blot results (Af3,_,, monomer/oligomer, APP, ADAMI0, SAPP«, and PreP)
showed that LIG reduced Af levels in the brain of APP/PS] mice. Transmission electron microscopy analysis showed that LIG
reduced the mitochondria number and increased the mitochondrial length in the hippocampal CAl area of APP/PS1 mice. A
reduced level of Drpl (fission) and increased levels of Mfnl, Mfn2, and Opal (fusion) were found in APP/PSI mice treated with LIG.
An increased ATP level in the brain and increased activities of cytochrome ¢ oxidase (CCO) and succinate dehydrogenase (SDH) in
mitochondrion separated from the hippocampus and cortex revealed that LIG alleviated mitochondrial dysfunction. LIG exerts an
antioxidation effect via reducing the levels of malondialdehyde (MDA) and reactive oxygen species (ROS) and increasing the activity
of Mn-SOD in the brain. Elevated levels of PSD-95, synaptophysin, and synapsin 1 in both the hippocampus and cortex indicated
that LIG provided synaptic protection. These findings show that treatment with LIG ameliorates mitochondrial dynamics and
morphology issues, improves mitochondrial function, reduces A levels in the brain, restores the synaptic structure, and ameliorates
memory deficit in APP/PS1 mice. These results imply that LIG may serve as a potential antidementia drug.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease in
the elderly population and is characterized by amyloid plaque
deposition and distinct neuronal loss in the brain, resulting
in progressive impairment of cognition [1]. Beta-amyloid
(Ap), the main component of amyloid plaques, was shown
to play a crucial role in the development of Alzheimer’s
disease pathologies [2, 3]. AS is produced by sequential
cleavage of 3- and y-secretases at the C terminus of amyloid
precursor protein (APP) [4]. Several AD pathologies, such
as mitochondrial dysfunction and synaptic loss, are closely
related to A3 overexpression [5-7].

Mitochondria are energy production organelles that
mediate cell respiratory processes, free radical production,
and metabolism [8]. Mitochondria incessantly undergo
fusion and fission. Under normal conditions, the rates of
fusion and fission are equally balanced [9]. Mitochondria
can travel along axons, dendrites, and synapses to supply
the necessary energy for synaptic functions, such as neuro-
transmitter release and synapse formation [10]. Mitochondria
can also maintain synaptic ion homeostasis and synaptic
plasticity by controlling the local Ca®" concentration [11, 12].
Abundant research has documented that the mitochondrion
is the target organelle of A3 invasion [13]. Af is transported
into mitochondria via the mitochondrial outer membrane
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complex and eventually accumulates in the mitochondrial
cristae [14, 15]. Accumulation of Af in mitochondria dis-
rupts the mitochondrial function, as demonstrated by a
decreased respiration efficiency, decreased ATP production,
increased lipid peroxidation, and reactive oxygen species
(ROS) level [16-20]. Excessive ROS levels lead to oxidative
stress, which may aggravate mitochondrial dysfunction. Af
overproduction also hampers the balance between the rates
of mitochondrial fission and fusion and generates superfluous
mitochondrial fragments [7, 21]. In AD neurons, mitochon-
dria might not be able to travel efficiently and are unable to
supply sufficient energy at the synapses, eventually resulting
in synaptic degeneration [22]. Therefore, restoring mito-
chondrial function and decreasing the mitochondrial and
extracellular A levels could be strategies to halt deterioration
in AD.

Ligustilide (LIG, 3-butylidene-4, 5-dihydrophthalide) is
a lipophilic essential oil that is mainly isolated and puri-
fied from Umbelliferae plants. LIG can cross the blood-
brain barrier [23]. Previous studies demonstrated that LIG
reduced the Af levels in a few AD cell models and in
the SAMP8 mice model [24-26], but its molecular mech-
anism remains ambiguous. Abundant research has shown
that LIG has marked neuroprotective effects against various
insults through its antioxidant and antiapoptotic proper-
ties [24, 25, 27-29]. Additionally, LIG can reduce activa-
tion of the mitochondrial apoptosis pathway in cells [26],
demonstrating that LIG may protect mitochondria from
insults.

The APPswe/PS1dE9 (APP/PSI) transgenic mouse model
develops spatial memory impairment, increased Af depo-
sition in the brain [30], synaptic loss, and mitochondrial
dysfunction similar to those features observed in AD [31, 32].
In this study, we utilized the APP/PS1 mouse model to (1)
investigate whether LIG could reduce A levels in the brain of
APP/PS1 mice and the relevant mechanisms of this reduction
and (2) verify the hypothesis that LIG can improve memory
deficits by repairing mitochondrial dysfunction.

2. Materials and Methods

2.1. Materials. Ligustilide (LIG) was purchased from Cheng-
du Herbpurified Co., Ltd. (purity > 98%, molecular weight:
190.24 g/mol). In the present study, LIG was prepared daily
in 3% Tween-80 for in vivo experiments. An ELISA kit
for detecting Af, 4, levels was purchased from Cusabio
life science (Wuhan, China). An ELISA kit for detecting
the activity of cytochrome C oxidase (CCO) was pur-
chased from Shanghai Enzyme-linked Biotechnology Co.,
Ltd. (Shanghai, China). Kits for isolating mitochondria and
detecting the adenosine triphosphate (ATP) concentration,
activity of succinate dehydrogenase (SDH), reactive oxy-
gen species (ROS) level, malondialdehyde (MDA) level,
and activity of manganese superoxide dismutase (Mn-SOD)
were purchased from the Nanjing Jiancheng Bioengineer-
ing Institute (Nanjing, China). Primary antibodies against
amyloid precursor protein (APP), a disintegrin and met-
alloproteinase domain-containing protein 10 (ADAMI0),
BACE], neprilysin (NEP), insulin-degrading enzyme (IDE),
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presequence protease (PreP), presenilin 1 (PS1), human
soluble amyloid precursor protein alpha (SAPP«), human
soluble amyloid precursor protein 8 (SAPPf), and dynamin-
related protein 1 (Drpl) were purchased from Cell Signal-
ing Technology, Inc. Optic atrophy 1 (OPAI), mitofusin 1
(MFN1), mitofusin 2 (MFN2), cytochrome ¢ oxidase IV
(COX-1V), postsynaptic density-95 (PSD-95), synaptophysin
(SYN) and synapsin 1(SYN 1), and B-Amyloid 1-42 spe-
cific (Af,.4,) were purchased from Abcam, Inc. An anti-
Bax antibody was purchased from Santa Cruz Biotechnol-
ogy, Inc. An anti-f-actin antibody and thioflavin-S (Th-S)
were purchased from Sigma-Aldrich. Secondary antibodies
(horseradish peroxidase-conjugated anti-rabbit IgG and anti-
mouse IgG) were purchased from Cell Signaling Technology,
Inc. All other reagents were of the highest grade commercially
available.

2.2. Drug Treatment. Male 4-month-old APP/PS1 mice in
a C57/BL6 background were purchased from the Nan-
jing University Institute of Biomedical Sciences (Nanjing,
China). These mice were maintained by the animal center
of Guangzhou University of Chinese Medicine (Guangzhou,
China) under standard laboratory conditions with free access
to water and food. All animal studies were conducted in
accordance with the Regulations of Experimental Animal
Administration issued by the State Committee of Science
and Technology of the People’s Republic of China. After
acclimatization for 12 weeks, 7-month-old APP/PS1 positive
transgenic mice were randomly assigned to 1 of 3 groups
and were treated with LIG (10 or 40 mg/kg, formulated daily
in 3% Tween-80) or vehicle (3% Tween-80 only) by gavage
once daily for 8 weeks (n = 12 in each group). Body weights
were recorded weekly. Age-matched wild-type C57/BL6 male
mice (n = 12) treated with vehicle served as the negative
control group for APP/PSI transgenic mice. During the
neurobehavioral experiments, mice received treatment 1 hour
before testing.

2.3. Morris Water Maze Test. The Morris water maze test
was carried out following our previously published methods
[33]. The water maze equipment (Guangzhou Feidi Biology
Technology Co., Ltd., Guangzhou, China) consisted of a black
circular pool, black platform, and recording system. The
water was dyed with nontoxic soluble white coloring. The
pool was divided into four equal quadrants. A 10 cm black
escape platform was placed 2 cm beneath the water in the
center of the fourth quadrant. The Morris water maze test was
performed in a dark room. Mice participated in a navigation
test for five consecutive days. Four sequential training trials
started by placing the animal facing the wall of the pool but
changing the drop location for each trial. After placement, the
recording system started to record the time. If a mouse failed
to find the platform within 60 s, it was guided to the platform
and allowed to stay on the platform for 10 s; its escape latency
was marked as 60 s. On the sixth day, mice were allowed to
swim freely in the pool for 60 s without the platform. Times of
traversing the original platform position and the time spent
in the target quarter were measured to reflect the degree of
memory consolidation.
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2.4. Y-Maze Test. After 8 weeks of LIG treatment, the Y-maze
test was utilized to determinate the short-term memory of
mice [29, 34]. Briefly, each mouse was placed at the center of
the instrument and allowed to move freely in the Y-maze for
5 minutes. The sequence of entry into the arms was recorded.
A successful alternation was defined as a mouse entering 3
different arms of the maze consecutively (e.g., ABC, CAB,
or BCA, but not BAB). The spontaneous alternation rate was
calculated by dividing the number of alternations by the total
number of entries minus 2. A higher spontaneous alternation
rate represented better short-term memory.

2.5. Brain Tissue Collection. After the behavior test, animals
were anesthetized with sodium pentobarbital (30 mg/kg,
intraperitoneal injection). For Western blot and biochemi-
cal analyses, 6 mice from each group were perfused with
PBS, and their brains minus the cerebellum were rapidly
removed; the hippocampus and cortex were dissected from
the brains. Tissues were quickly stored at —80°C until use.
For electron microscope analysis, 3 mice from each group
were perfused with PBS. The hippocampal CAl area of
each was quickly separated and stored in a glutaraldehyde
solution at 4°C until use. For histopathological examinations,
3 mice from each group were perfused with PBS and then
4% paraformaldehyde via the ascending aorta. Whole brains
were removed and fixed for 24 hours and then embedded
in paraffin and microsectioned to a thickness of 4 mm.
All of these procedures were performed on an ice-cold
plate.

2.6. Mitochondria Isolation. Two-hundred milligrams of the
hippocampus or cortex from each group (n = 6) was
homogenized with a Dounce homogenizer. The resultant
homogenates were centrifuged at 800 x g for 5 minutes. The
supernatant (0.5 ml) of the homogenates was transferred to
an ice-cold tube containing buffer A (250 mM mannitol, 0.5
mM EGTA, 5 mM HEPES, and 0.1% bovine serum albumin)
and centrifuged at 15,000 x g for 10 min. After centrifuga-
tion, the supernatant was removed, and the sediment was
mitochondria. After rinsing, the mitochondrial pellet was
resuspended in isolation buffer and stored in -80°C until use.
The protein concentration was determined using the Bio-Rad
DC protein assay (BioRad Laboratories).

2.7. Western Blot Analysis. Hippocampus and cortex tissues
were homogenized and lysed in sample buffer (0.5 M Tris-
HCI pH 6.8, 50% glycerol, 10% sodium dodecyl sulfate (SDS),
and 1: 100 inhibitor proteases and inhibitor phosphatases
cocktail). The protein concentration was determined using
the Bio-Rad DC protein assay (BioRad Laboratories). The
lysate was centrifuged at 12,000 rpm for 10 min at 4°C,
and the supernatant was denatured by boiling at 100°C with
4:1 loading buffer. For each sample, an equal amount of
protein (30 ug) was separated using SDS-polyacrylamide
gel electrophoresis and transferred to a polyvinylidene flu-
oride (PVDF) membrane (Millipore). The membranes were
blocked in 5% bovine serum albumin (BSA) dissolved in
Tris-buffered saline with Tween-20 (TBST) for 1.5 h at
room temperature. Then, the membranes were incubated

with primary antibodies against Af,_,,, APP, ADAMIO,
BACE, NEP, IDE, PreP, PS1, SAPP«, SAPPS3, DRP1, OPAl,
MENI1, MFN2, SYN 1, SYN, PSD-95, 3-Actin, and COX-
IV overnight at 4°C. The membrane was then incubated
with horseradish peroxidase-conjugated anti-rabbit or anti-
mouse for 2 h at room temperature. Bands were visual-
ized using an ECL chemiluminescence kit (Millipore) on a
ChemiDoc MP Chemiluminescent imaging system (Bio-Rad,
USA).

2.8. Thioflavin-S Fluorescence Assay. Thioflavin-S (Th-S), a
fluorescent dye, is used as part of a common method
for staining senile plaques [35]. Brain tissue of mice was
first fixed with paraformaldehyde and then dehydrated and
embedded in paraffin. Tissues embedded in paraffin were
sectioned with a microtome. Four micrometer paraffin brain
sections were collected on slides. Th-S staining was carried
out in sections as previously described [36, 37]. Sections
were dehydrated and rehydrated in distilled water and then
stained with Mayer’s hematoxylin for 5 min. Then, they
were rinsed with running water for 1 min and immersed
in the Th-S solution (1% Th-S in distilled water) for 5 min.
Slices were immersed in 70% alcohol for 5 min and washed
with distilled water 2 times. Glycerol gelatin was used to
hold the coverslips. All slices were observed by another
investigator who was blinded using an optical microscope
(Olympus BX 41 microscope, 40x magnification). Pictures of
each group (n > 10) were further processed using Image-Pro
Plus software (version 5.0) and Photoshop software (Adobe
Systems). The results are presented as the mean area of the Th-
S positive A3 deposits counts in a total field area of 1.6 mm x
1.6 mm.

2.9. Biochemical Measurements. The method for isolating
mitochondria from the hippocampus and cortex was per-
formed as described as above. Detection of the Af, 4,
concentration and activity of mitochondrial cytochrome C
oxidase (CCO) was performed using ELISA Kkits following
the manufacturer’s instructions. The activity of mitochon-
drial succinate dehydrogenase (SDH), activity of manganese
superoxide dismutase (Mn-SOD), level of malondialdehyde
(MDA), level of reactive oxygen species (ROS), and level of
adenosine triphosphate (ATP) in the hippocampus and cor-
tex homogenate were determined using assay kits (Jiancheng
Bioengineering) according to the manufacturer’s instruc-
tions. The protein concentrations were determined using the
Bio-Rad DC protein assay (BioRad Laboratories).

2.10. Statistical Analysis. The experimental data are shown as
the means + standard error of the mean. Statistical analysis
of the data was performed using SPSS 19.0 software. Two-
way analysis of variance (ANOVA) was applied to analyze
differences in data from the behavioral tests among the
different groups, followed by the Tukey post hoc test for
pairwise multiple comparisons. Analysis of the other assay
parameters was performed by means of one-way ANOVA
with post hoc Student’s t-test (Bonferroni correction) using
GraphPad Prism 5 software. A value of p < 0.05 was consid-
ered statistically significant.
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FIGURE 1: LIG improved the memory deficiency of APP/PS1 mice. (a) Escape latency from five consecutive days of tests. (b) Times of the
traversing the platform position. (c) Time spent in the quadrant of the platform in the probe trial. (d) The swimming speed of each respective
group on the sixth day. (e) The swimming paths of each respective group on the sixth day. (f) Spontaneous alternation rate of each respective
group in the Y-maze test. Data are presented as the mean + SEM (n = 12 per group). WT: 9-month-old wild-type C57 male mice; APP/PS1: 9-
month-old APP/PS1 male mice; LIG10: 9-month-old APP/PSI mice + LIG (10 mg/kg); LIG40: 9-month-old APP/PSI mice + LIG (40 mg/kg).
*p < 0.05; ¥p < 0.01 versus 9-month-old wild-type C57 male mice; *p < 0.05; **p < 0.01 versus 9-month-old APP/PSI mice.

3. Results

3.1. LIG Improved Memory Deficiency of APP/PSI Mice.
The molecular weight of ligustilide (LIG) is 190.24 g/mol.
APP/PS1 mice were treated with LIG via gavage (10 or 40
mg/kg) once per day for 8 weeks. Body weight was recorded
weekly; no significant difference in body weight was observed

for any group (data not shown), indicating the mice well
tolerated LIG.

In the Morris water maze test, as shown in Figure 1(a),
the time to find the hidden platform (escape latency) pro-
gressively decreased during the five training days. Compared
to the age-matched wild-type C57 mice group (abbreviated
as wild-type group), the 9-month-old APP/PS1 transgenic
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mice group (abbreviated as APP/PS1 group) required more
time to find the hidden platform (P < 0.05). Treatment with
a low dose (10 mg/kg) (abbreviated as LIG10 group) and
high dose (40 mg/kg) (abbreviated as LIG40 group) of LIG
shortened the escape latency compared to that of APP/PSI
group mice (P < 0.05, P < 0.05, respectively). The LIG40
group experienced a larger degree of decrease in escape
latency during the five training days in comparison to the
LIGI0 group, suggesting that a high dose of LIG may cause a
better improvement in memory deficiency. On the sixth day,
the probe trial was performed without the platform to inspect
memory consolidation. Mice were allowed to swim freely for
60 seconds. The APP/PS1 group spent less time spent in the
target quadrant (p < 0.01), made fewer attempts to traversing
the removed platform position (p < 0.05), and had more
chaotic swimming paths. These defects were ameliorated by
low- and high-doses of LIG (Figures 1(b), 1(c) and 1(e)). No
differences were observed in swimming speed among the
wild-type group, APP/PSI group, and LIG treatment groups,
indicating that eight weeks of LIG did not influence the
athletic ability of mice (Figure 1(d)).

In the Y-maze test (Figure 1(e)), the spontaneous alterna-
tion rate of the APP/PSI1 group was much lower than that of
the wild-type group (P < 0.01); this result was reversed by low-
and high-doses of LIG (P < 0.01, P < 0.01, respectively).

3.2. LIG Reduced APP and the AP, ,, Level in the Brain of
APP/PSI Transgenic Mice. Asshown in Figures 2(a) and 2(b),
thioflavin-S was used to stain senile plaques. The results
are presented as the mean area of the immune positive
particles counts in a total field area of 1.6 mm x 1.6 mm.
The APP/PSI1 group had more bright green particles (senile
plaques deposition) (P < 0.01). The LIGIO group and LIG40
group both had fewer green particles than the APP/PSI1 group
(P < 0.01, P < 0.01, respectively), suggesting that LIG might
reduce senile plaque deposition in the brain.

The whole blot of Af, ,, was manifested three strong
bands (Figures 2(c) and 2(d)). The bottom band (4KD site)
stands for the Af, ,, monomer, and the other two bands
(40KD and 70KD sites) stand for the Af3, 4, oligomer. Both
the 40KD and the 70KD sites of the oligomer form of Af3, 4,
were quantified by statistical analysis. As shown in Figures
2(c) and 2(d), the APP/PSI group had increased levels of
amyloid precursor protein (APP), 3-Amyloid 1-42 Specific
(AB,.4,) oligomer, and monomer and decreased levels of
ADAMIO and human soluble amyloid precursor protein
alpha (SAPP«) in both the hippocampus and cortex. Both
the low- and high-dose LIG groups had decreased levels
of APP and Af, 4, oligomer and monomer and increased
levels of ADAMI0 and SAPP«. These results indicate that LIG
might enhance the a-secretase pathway in APP processing to
restrain A3 formation. However, the levels of -secretase 1
(BACEL), SAPPS, and PS1 showed no significant difference
in mice from the LIG groups and APP/PS1 group (data not
shown).

3.3. LIG Regulated the Levels of A Degrading Enzymes in
the Brain of APP/PSI Transgenic Mice. Neprilysin (NEP)
and insulin-degrading enzyme (IDE) can both degrade

extracellular AS peptide. Total protein extracted from the
hippocampus and cortex tissues was used to detect the
levels of NEP and IDE; therefore these two proteins were
normalized to f-Actin [38]. However, the levels of IDE and
NEP revealed no significant difference in mice from the LIG
groups and APP/PS1 group. COX-IV was generally served
as a loading control for mitochondrial proteins. Because
presequence protease (PreP) is exclusively localized to the
mammalian mitochondrial matrix to degrade pernicious
peptides, including A [39], we used COX-IV as a loading
control for this mitochondrial protein. Interestingly, the level
of PreP was reduced in both the hippocampus and cortex
of the APP/PSI group (P < 0.01, P < 0.01, respectively).
Both the low- and high-doses of LIG increased the protein
level of PreP in the hippocampus and cortex. We used an
ELISA kit to detect the Af3,_,, concentration of mitochondria
separated from the hippocampus and cortex of each group
(n = 6 per group). As expected, the LIG40 group had a
decreased mitochondrial Af, 4, concentration in both the
hippocampus and cortex (P < 0.05, P < 0.05, respectively).
The LIGIO group showed a decrease of the mitochondrial
AP, 4, concentration in both the hippocampus and cortex,
but there was no significant difference relative to the APP/PSI
group (Figure 3(c)).

3.4. LIG Ameliorated Mitochondrial Morphology in the
Brain of APP/PSI Transgenic Mice. Transmission electron
microscopy (TEM) analyses of the mitochondrial morphol-
ogy from the hippocampal CAl area of each group are
shown in Figure 4(a). Most of the mitochondria in APP/PS1
group mice show mitochondrial cristae loss, a broken double
membrane structure and fragmentation. An increase in the
number of mitochondria and decrease in the mitochondrial
length were found in the hippocampus of the APP/PSI group
(P < 0.0L, P < 0.01, respectively. n > 10 images) (Figures 4(b)
and 4(c)). Mitochondria in the LIGIO group also showed
a small number of mitochondrial fragments. However, the
double membrane structure of the mitochondria and mito-
chondrial cristae still remained clear. Many mitochondria
in the LIG40 group had an integrated double membrane
structure and distinct mitochondria cristae. Additionally,
a decrease of mitochondria and increase of mitochondrial
lengths were observed in the LIGIO and LIG40 groups
(Figures 4(b) and 4(c)).

Mitochondrial morphology is directly related to mito-
chondrial fusion/fission. Since LIG is able to ameliorate
anomalous mitochondrial morphology, LIG may have an
impact on mitochondrial proteins that control mitochondrial
fusion/fission. As shown in Figures 4(d) and 4(e), decreased
levels of optic atrophy 1 (OPAl), mitofusin 1 (MFN1), and
mitofusin 2 (MFN2) (mitochondrial fusion) and an increased
level of dynamin-related protein 1 (Drpl) (mitochondrial
fission) were observed in APP/PS1 group mice in both the
hippocampus and cortex. Both LIG10 and LIG40 group mice
had, relative to APP/PS1 group mice, increased levels of OPA1,
MEN], and MFN2 and a decreased level of Drpl in the
hippocampus and cortex. These results suggest that LIG may
ameliorate mitochondrial morphology issues by facilitating
mitochondrial fusion and reducing mitochondrial fission.
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FIGURE 2: LIG reduced APP and the Af1-42 level in the brains of APP/PSI transgenic mice. (a-b) Representative images and quantitative
graphs of thioflavin-S staining in the brain of APP/PS1 mice were showed (n > 10 images per group). (c) The levels of Af3, ,, oligomer and
monomer, APP, ADAMI0, and SAPP« detected in the hippocampus. (d) The levels of A, ,, oligomer and monomer, APP, ADAMIO0, and
SAPPa« detected in the cortex. Data are presented as the mean + SEM (n = 6 per group). WT: 9-month-old wild-type C57 male mice; APP/PSI:
9-month-old APP/PS1 male mice; LIG10: 9-month-old APP/PS1 mice + LIG (10 mg/kg); LIG40: 9-month-old APP/PS1 mice + LIG (40 mg/kg).
*p < 0.05; *p < 0.01 versus 9-month-old wild-type C57 male mice; *p < 0.05; **p < 0.01 versus 9-month-old APP/PSI mice.
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FIGURE 3: LIG regulated the levels of Af degrading enzymes in the brains of APP/PS1 transgenic mice. We used COX-IV as a loading
control for mitochondria proteins. (a) The levels of IDE, NEP, and PreP were detected in the hippocampus. (b) The levels of IDE, NEP, and
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3.5. LIG Restored the Mitochondrial Function in the Brain of
APP/PSI Transgenic Mice. Cytochrome c oxidase (CCO) and
succinate dehydrogenase (SDH) are both enzymes that par-
ticipate in the respiratory electron transport chain in mito-
chondria. The activities of CCO and SDH in mitochondria

isolated from the hippocampus and cortex and the adenosine
triphosphate (ATP) concentration of the hippocampus and
cortex may mirror the mitochondrial function in the brain.
Reduced activities of CCO and SDH and reduced ATP
concentration in both the hippocampus and cortex were
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FIGURE 5: LIG restored mitochondrial function in the brains of APP/PS]1 transgenic mice. Mitochondria isolated from the hippocampus
were used to assay (a) the activity of cytochrome ¢ oxidase (CCO) and (c) activity of succinate dehydrogenase (SDH). The supernatant from
the hippocampus homogenate was used to assay (e) the adenosine triphosphate (ATP) concentration. Mitochondria isolated from the cortex
were used for to assay (b) the activity of cytochrome ¢ oxidase (CCO) and (d) activity of succinate dehydrogenase (SDH). The supernatant
from the cortex homogenate was used to assay (f) the adenosine triphosphate (ATP) concentration. Data represented as the mean + SEM (n
= 6 per group). WT: 9-month-old wild-type C57 male mice; APP/PS1: 9-month-old APP/PSI male mice; LIG10: 9-month-old APP/PS1 mice
+ LIG (10 mg/kg); LIG40: 9-month-old APP/PSI mice + LIG (40 mg/kg). *p < 0.05; **p < 0.01 versus 9-month-old wild-type C57 male mice;

*p < 0.05; **p < 0.01 versus 9-month-old APP/PS1 mice.

observed in the APP/PS1 group (Figures 5(a)-5(e)). The
LIG10 group demonstrated increased activity of CCO and
an increase of the ATP concentration in the cortex only.
The LIG40 group demonstrated increased activity of the
respiratory enzymes CCO and SDH and an increased ATP
concentration in the hippocampus and cortex. These results
indicated that LIG enhanced mitochondrial function.

3.6. LIG Increased the Resistance to Oxidative Stress in
the Brain of APP/PSI Transgenic Mice. The lipid peroxida-
tion product malondialdehyde (MDA) and reactive oxygen
species (ROS) are regarded as oxidative stress markers.
Elevated levels of these markers were observed in both the
hippocampus and cortex in APP/PS1 group mice (Figures
6(a)-6(b) and 6(e)-6(f)). Treatment with LIG increased the
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activity of the antioxidant enzyme Mn-SOD (Figures 6(c)-
6(d)) and efficiently decreased the MDA level and ROS level
in the hippocampus and cortex in comparison to the levels
in APP/PSI group mice. These results suggest that LIG can
protect the brain of APP/PSI transgenic mice from oxidative
damage.

3.7 LIG Protected the Synapses in the Brain of APP/PSI
Transgenic Mice. As shown in Figures 7(a) and 7(b), the
APP/PSI group had decreased levels of the relevant synaptic
proteins PSD-95, SYN, and SYN 1 in both the hippocampus
and cortex compared to the wild-type group. Both the low-
and high-doses of LIG increased the levels of PSD-95, SYN,

and SYN 1. These results indicate that the synapses are
protected by LIG.

4. Discussion

The APPswe/PSIdE9 (APP/PS1) mouse model has been
widely used to study cognitive deficits related to AD [40].
APP/PS1 mice progressively accumulate amyloid plaques
from 4-5 months of age [41] and manifest cognitive deficits in
neurobehavioral tasks from 7 months onward [42]. Therefore,
we started intragastric administration of a low dose (10
mg/kg/d) and high dose (40 mg/kg/d) of ligustilide (LIG) in
7-month-old APP/PS1 mice that lasted for 8 weeks. In this
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article, AD-like pathologies represented by mitochondrial
dysfunction, A3 overproduction, synaptic loss, and memory
deficits were observed in 9-month-old APP/PSI transgenic
mice (abbreviated as the APP/PS1 group) in comparison to
age-matched wild-type C57/BL6 mice (abbreviated as the
wild-type group). These results signified that we established
a suitable mouse model to investigate whether LIG could
alleviate the correlated pathologies of AD in this study.
Full-length APP can be cleaved into multiple peptides and
fragments by «-secretase, -secretase, and the y-secretase
complex. Pernicious Af3 peptide and SAPPf fragments are
the products of sequential cleavage of APP by 3/y-secretase.
However, when APP is processed via the at-secretase pathway,
APP is cleaved by a/y-secretase to release neuroprotective
fragments SAPP« and a nonamyloidogenic peptide; this is
considered to be the nonamyloidogenic pathway [43, 44].
ADAMIO (a disintegrin and metalloprotease domain 10) is
one of the proteins that is regarded as possessing «-secretase
activity. Elevating the levels of ADAMI0 accelerates SAPP«
release into the extracellular domain to neutralize apoptotic

signaling and facilitate synapse formation [45]. Interestingly,
chronic treatment of LIG at doses of 10 mg/kg and 40 mg/kg
can decrease amyloid plaque deposition in the brain, increase
the levels of ADAMI0 and SAPP«, and reduce the levels of
mutant APP and A, 4, oligomers and monomers in both the
hippocampus and cortex. These results suggest that LIG may
enhance the a-secretase pathway in APP processing to hinder
Ap formation.

In addition to inhibiting A production, facilitating Af3
degradation is also an effective strategy for addressing AD-
like pathologies. Insulin-degrading enzyme (IDE), neprilysin
(NEP), and presequence protease (PreP) have been shown to
degrade pernicious Af peptide [46]. IDE and NEP can both
degrade extracellular cerebral A3 peptide [47]. However, LIG
treatment did not change the IDE and NEP levels in the brain,
suggesting that LIG may not influence extracellular A levels.
PreP is exclusively localized to the mammalian mitochondrial
matrix to degrade unstructured peptides of up to 65 amino
acid residues in length that may be toxic to mitochondrial
function, including AB [48]. Increased PreP protein levels
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and reduced mitochondrial Af accumulation were observed
in the hippocampus and cortex of the LIG groups, indicating
that LIG can both restrain A formation and promote Af
degradation to reduce the Ap levels in the hippocampus and
cortex in APP/PS1 mice.

Mitochondrial morphology and mitochondrial dynamics
(fission and fusion) are interrelated. Mitochondrial morphol-
ogy is directly affected by changing in the balance between the
rates of mitochondrial fission and fusion. Several mitochon-
drial proteins are involved in mitochondrial fission/fusion.
Dynamin-related protein 1 (Drpl) maintains the last step
of mitochondrial fission by cutting the membrane stalk
between the two forming daughter mitochondria [49]. Optic
atrophy 1 (OPAl) maintains the mitochondrial fusion and
cristae structures while protecting cells against apoptosis
[50]. Mitofusin 1 (MFN1) and mitofusin 2 (MFN2) reside
in the mitochondrial outer membrane and can interact
with each other to facilitate mitochondrial targeting. Af
accumulated in mitochondria can promote mitochondrial
fission and cause excessive mitochondrial fragmentation [21].
Since LIG treatment can increase the PreP level and reduce
the Ap levels in the mitochondria of the hippocampus and
cortex in the brain of APP/PSI mice, we believe that LIG
may mend aberrant mitochondrial morphology. We used
transmission electron microscopy (TEM) to analyze the
mitochondrial morphology in the hippocampus CALl area of
each group. The APP/PS1 group had excessive mitochondrial
fragmentation, an increased number of mitochondria, and
reduced lengths of mitochondria, consistent with the elevated
level of Drpl and decreased levels of OPA1, MENIL, and MFN2
in the hippocampus and cortex [51]. Both the LIG10 group
and LIG40 group had a decreased number of mitochondria,
increased mitochondrial length and alleviated the problem of
misshapen mitochondria, in agreement with increased levels
of OPA1, MFN1], and MFN2 and a decreased level of Drpl in
the hippocampus and cortex. These results suggest that LIG
can restore mitochondrial morphology by rescuing impaired
mitochondrial dynamics in APP/PSI transgenic mice.

Mitochondrial morphology and mitochondrial dynamics
are bound up with mitochondrial function [52]. The most
noteworthy function of mitochondria is the production of
adenosine triphosphate (ATP) through respiration [53]. ATP
is regarded as the molecular unit of currency and participates
in many biological processes [54]. The citric acid cycle
pathway and electron transport (oxidative phosphorylation)
pathway are the two crucial pathways for producing ATP
[55]. Succinate dehydrogenase (SDH) is a key mitochon-
drial enzyme that participates in the citric acid cycle [56].
Cytochrome c oxidase (CCO) is the terminal electron accep-
tor of the mitochondrial electron transport chain [57]. Thus,
the activity levels of both SDH and CCO and concentration
of ATP can be used to evaluate mitochondrial function. In
this article, decreased activities of SDH and CCO and reduced
ATP levels were seen in APP/PSI group mice, suggesting that
mitochondrial function in 9-month-old APP/PS1 mice was
impaired. The LIG40 group showed increased activities of
CCO and SDH and increased ATP levels in the hippocampus
and cortex. The LIGIO group only showed increased activity
of CCO and increased ATP levels in the cortex. These results
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indicated that LIG resolved the mitochondrial dysfunction in
the brain of APP/PS1 mice. Additionally, these results indicate
that a high dose of LIG may be more useful for improv-
ing mitochondrial function than a relatively low dose of
LIG.

Remarkably, reduction of the PreP proteolytic activity and
expression was reported in Af-enriched mitochondria and
AD transgenic mouse models [58] possibly due to the ele-
vated reactive oxygen species (ROS) level in the physiological
environment [59]. To examine this result, we measured the
levels of oxidative stress biomarkers. The levels of ROS and
MDA were downregulated in the hippocampus and cortex
in APP/PSI mice after treatment with LIG. Mn-SOD is a
type of antioxidant enzyme found in mitochondria that clears
mitochondrial ROS and, as a result, confers protection against
cell death [60]. Treatment with LIG enhanced the activity of
Mn-SOD in both the hippocampus and cortex of APP/PSI1
mice. Thus, we speculated that LIG enhanced the activity of
Mn-SOD, decreased the ROS level, and ameliorated mito-
chondrial function in the cerebrum by increasing the level
of PreP in mitochondria and thereby further reducing Af
accumulation in the cerebrum of APP/PS1 mice. The precise
molecular mechanisms involved in the interactions between
LIG and PreP still require further exploration.

Synaptic failure is the pathological basis of cognitive
deficiency in AD [61, 62]. Decreased ATP production and
excess ROS generation are responsible for aberrant synap-
tic structures and synaptic dysfunction [63]. Postsynaptic
density-95 (PSD-95) is crucial for synaptic plasticity [64].
Synaptophysin (SYN) participates in synaptic transmission
and can be used to quantify synapses [65]. The synapsin I
(SYN I) protein plays a role in the regulation of axonogen-
esis and synaptogenesis [66]. In our study, we found that
treatment with both doses of LIG reversed the decreased
levels of PSD-95, SYN, and SYN 1 in the hippocampus and
cortex in APP/PS1 group mice. We speculate that the synaptic
protection of LIG may be due to enhanced mitochondrial
function, reduced Ap levels in the brain, and elevated level
of SAPP« [22, 45, 63].

In summary, we presented evidence that an eight-week
administration of LIG relieved oxidative stress, elevated the
protein level of PreP to reduce mitochondrial and cerebral
A accumulation, restored synaptic structure, and ame-
liorated memory deficits in APP/PSI transgenic mice. All
of these benefits were related to improved mitochondrial
function. Although the molecule mechanism requires further
exploration, LIG may serve as a potential antidementia
drug.

Data Availability

The data used to support the findings of this study are
avaijlable from the corresponding author upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.



BioMed Research International

Authors’ Contributions

Yi-Jun Xu and Yu Mei contributed equally to this manuscript.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (no. 81473740, no. 81673627, and no.
81673717), Guangdong Provincial Science and Technology for
Special Program of China (no. 2015A030302072), High Level
University Construction of Guangdong Province of China
(A1-AFDO018171711029), and Guangzhou Science Technology
and Innovation Commission Technology Research Projects.

References

[1] T. Ishrat, M. N. Hoda, M. B. Khan et al., “Amelioration of
cognitive deficits and neurodegeneration by curcumin in rat
model of sporadic dementia of Alzheimer’s type (SDAT),
European Neuropsychopharmacology, vol. 19, no. 9, pp. 636-647,
2009.

[2] D.]J.Selkoe, “Clearing the brain’s amyloid cobwebs,” Neuron, vol.
32, no. 2, pp. 177-180, 2001.

[3] J. Ghiso and B. Frangione, “Amyloidosis and Alzheimer’s dis-
ease,” Advanced Drug Delivery Reviews, vol. 54, no. 12, pp. 1539
1551, 2002.

[4] K. M. Zoltowska and O. Berezovska, “Dynamic Nature of
presenilinl/y-Secretase: Implication for Alzheimer’s Disease
Pathogenesis,” Molecular Neurobiology, pp. 1-10, 2017.

[5] M. P. Mattson, “Pathways towards and away from Alzheimer’s
disease,” Nature, vol. 430, no. 7000, pp. 631-639, 2004.

[6] H. W. Querfurth and F. M. LaFerla, “Alzheimer’s disease,” The
New England Journal of Medicine, vol. 362, no. 4, pp. 329-344,
2010.

[7] X. Wang, B. Su, S. L. Siedlak et al., “Amyloid-f overproduction
causes abnormal mitochondrial dynamics via differential mod-
ulation of mitochondrial fission/fusion proteins,” Proceedings of
the National Acadamy of Sciences of the United States of America,
vol. 105, no. 49, pp. 19318-19323, 2008.

M. Filosto, M. Scarpelli, M. S. Cotelli et al., “The role of mito-
chondria in neurodegenerative diseases,” Journal of Neurology,
vol. 258, no. 10, pp. 1763-1774, 2011.

[9] D. C. Chan, “Fusion and fission: interlinked processes critical
for mitochondrial health,” Annual Review of Genetics, vol. 46,
no. 1, pp. 265-287 2012.

[10] P.J. Hollenbeck, “Mitochondria and neurotransmission: Evac-
uating the synapse,” Neuron, vol. 47, no. 3, pp. 331-333, 2005.

[11] P. H. Reddy, R. Tripathi, Q. Troung et al., “Abnormal mito-
chondrial dynamics and synaptic degeneration as early events
in Alzheimer’s disease: implications to mitochondria-targeted
antioxidant therapeutics,” Biochimica et Biophysica Acta (BBA)
- Molecular Basis of Disease, vol. 1822, no. 5, pp. 639-649, 2012.

[12] L. Guo, H. Du, S. Yan et al., “Cyclophilin D deficiency rescues
axonal mitochondrial transport in Alzheimer’s neurons,” PLoS
ONE, vol. 8, no. 1, Article ID e54914, 13 pages, 2013.

[13] L. Tillement, L. Lecanu, W. Yao, J. Greeson, and V. Papadopou-
los, “The spirostenol (22R, 25R)-20«-spirost-5-en-33-yl hex-
anoate blocks mitochondrial uptake of Af3 in neuronal cells and
prevents AfB-induced impairment of mitochondrial function,”
Steroids, vol. 71, no. 8, pp. 725-735, 2006.

[8

13

[14] C. A. Hansson Petersen, N. Alikhani, H. Behbahani et al.,
“The amyloid f-peptide is imported into mitochondria via
the TOM import machinery and localized to mitochondrial
cristae;” Proceedings of the National Acadamy of Sciences of the
United States of America, vol. 105, no. 35, pp. 13145-13150, 2008.

[15] D. Fang, Y. Wang, Z. Zhang et al., “Increased neuronal PreP
activity reduces A accumulation, attenuates neuroinflamma-
tion and improves mitochondrial and synaptic function in
Alzheimer disease’s mouse model,” Human Molecular Genetics,
vol. 24, no. 18, Article ID ddv241, pp. 5198-5210, 2015.

[16] A.Eckert, U.Keil, C. A. Marques et al., “Mitochondrial dysfunc-
tion, apoptotic cell death, and Alzheimer’s disease,” Biochemical
Pharmacology, vol. 66, no. 8, pp. 1627-1634, 2003.

[17] K. Hirai, “Mitochondrial Abnormalities in Alzheimer& Dis-
ease,” The Journal of Neuroscience, vol. 21, no. 9, 2001.

[18] C. Desler et al., “The role of mitochondrial dysfunction in
the progression of Alzheimer’s disease,” in Current Medicinal
Chemistry, p. 24, Current Medicinal Chemistry, 2017.

[19] C. Shi, J. Zhu, S. Leng, D. Long, and X. Luo, “Mitochondrial
FOXO3a is involved in amyloid 8 peptide-induced mitochon-
drial dysfunction,” Journal of Bioenergetics and Biomembranes,
vol. 48, no. 3, pp. 189-196, 2016.

[20] H.Jin, T. Liu, W.-X. Wang et al., “Protective effects of [Glyl4]-
Humanin on B-amyloid-induced PCI2 cell death by preventing
mitochondrial dysfunction,” Neurochemistry International, vol.
56, no. 3, pp. 417-423, 2010.

[21] L.-L. Xu, Y. Shen, X. Wang et al, “Mitochondrial dynam-
ics changes with age in an APPsw/PSIdE9 mouse model of
Alzheimer’s disease;,” NeuroReport, vol. 28, no. 4, pp. 222-228,
2017.

[22] P. Picone et al., “Mitochondrial Dysfunction: Different Routes
to Alzheimer’s Disease Therapy;” Oxidative Medicine & Cellular
Longevity, vol. 2014, no. 2, Article ID 780179, 2014.

[23] Y. Y. Chen et al., “Pharmacokinetic Profile of Z-ligustilide in
Rat Plasma and Brain Following Oral Administration,” Natural
Product Research & Development, vol. 22, no. 1, pp. 126-131, 2010.

[24] W.Xu, L. Yang,and]. Li, “Protection against 3-amyloid-induced
neurotoxicity by naturally occurring Z-ligustilide through the
concurrent regulation of p38 and PI3-K/Akt pathways,” Neuro-
chemistry International, vol. 100, pp. 44-51, 2016.

[25] X.Kuangetal., “Protective effect of Z-ligustilide against amyloid
B-induced neurotoxicity is associated with decreased pro-
inflammatory markers in rat brains,” Pharmacology Biochem-
istry & Behavior, vol. 92, no. 4, pp. 635-641, 2009.

[26] X. Kuang, Y.-S. Chen, L.-FE. Wang et al., “Klotho upregula-
tion contributes to the neuroprotection of ligustilide in an
Alzheimer’s disease mouse model,” Neurobiology of Aging, vol.
35, no. 1, pp. 169-178, 2014.

[27] Q. Wu et al,, “Protective effect of ligustilide against glutamate-
induced apoptosis in PCI2 cells;” Yao xue xue bao = Acta
pharmaceutica Sinica, vol. 50, no. 2, p. 162, 2015.

[28] Y. Yu,].-R. Du, C.-Y. Wang, and Z.-M. Qian, “Protection against
hydrogen peroxide-induced injury by Z-ligustilide in PCI2
cells;” Experimental Brain Research, vol. 184, no. 3, pp. 307-312,
2008.

[29] L.-L. Cheng, X.-N. Chen, Y. Wang et al., “Z-ligustilide isolated
from Radix Angelicae sinensis ameliorates the memory impair-
ment induced by scopolamine in mice,” Fitoterapia, vol. 82, no.
7, pp. 11281132, 2011.

[30] J. L. Jankowsky, D. J. Fadale, and J. Anderson, “Mutant prese-
nilins specifically elevate the levels of the 42 residue 3-amyloid



14

peptide in vivo: evidence for augmentation of a 42-specific y
secretase,” Human Molecular Genetics, vol. 13, no. 2, pp. 159-170,
2004.

[31] M. Izco, P. Martinez, A. Corrales et al., “Changes in the brain
and plasma A peptide levels with age and its relationship with
cognitive impairment in the APPswe/PSIdE9 mouse model of
Alzheimer’s disease,” Neuroscience, vol. 263, pp. 269-279, 2014.

[32] X.-Y. Li, W.-W. Men, H. Zhu et al., “Age- and brain region-
specific changes of glucose metabolic disorder, learning, and
memory dysfunction in early alzheimer’s disease assessed in
APP/PSI transgenic mice usingl8F-FDG-PET,” International
Journal of Molecular Sciences, vol. 17, no. 10, article no. 1707, 2016.

[33] Qing-Qing Xu, Yi-Jun Xu, Cong Yang et al., “Sodium Tanshi-
none ITA Sulfonate Attenuates Scopolamine-Induced Cogni-
tive Dysfunctions via Improving Cholinergic System,” BioMed
Research International, vol. 2016, Article ID 9852536, pp. 1-9,
2016.

[34] M. Hiramatsu, O. Takiguchi, A. Nishiyama, and H. Mori,
“Cilostazol prevents amyloid f peptide(25-35)-induced mem-
ory impairment and oxidative stress in mice,” British Journal of
Pharmacology, vol. 161, pp. 1899-1912, 2010.

[35] D.W. Dickson, J. Farlo, P. Davies, H. Crystal, P. Fuld, and S. Yen,
“Alzheimer’s disease. A double-labeling immunohistochemical
study of senile plaques,” The American Journal of Pathology, vol.
132, no. 1, pp. 86-101, 1988.

[36] E. J. Carvajal, J. M. Zolezzi, C. Tapia-Rojas, J. A. Godoy, and
N. C. Inestrosa, “Tetrahydrohyperforin decreases cholinergic
markers associated with amyloid-f plaques, 4-hydroxynonenal
formation, and caspase-3 activation in af3pp/psl mice,” Journal
of Alzheimer’s Disease, vol. 36, no. 1, pp. 99-118, 2013.

[37] H. Cai, Y. Wang, J. He et al., “Neuroprotective effects of bajijiasu
against cognitive impairment induced by amyloid- 3 in APP/PS1
mice,” Oncotarget, 2017.

[38] H. Cai, Y. Wang, J. He et al., “Neuroprotective effects of ba-
jijiasu against cognitive impairment induced by amyloid-i* in
APP/PS1 mice,” Oncotarget, vol. 8, no. 54, pp. 92621-92634, 2017.

[39] A. Falkevall, N. Alikhani, S. Bhushan et al., “Degradation of
the amyloid f3-protein by the novel mitochondrial peptidasome,
PreP]” The Journal of Biological Chemistry, vol. 281, no. 39, pp.
29096-29104, 2006.

[40] A. Koulakoft, X. Mei, and C. Giaume, “Altered expression of
connexin30 and connexin43 in reactive astrocytes associated
with amyloid plaques in APP/PS1 mice,” Neuron Glia Biology,
vol. 2, p. S60-S60, 2007.

[41] M. Garcia-Alloza, E. M. Robbins, S. X. Zhang-Nunes et al.,
“Characterization of amyloid deposition in the APPswe/PSIdE9
mouse model of Alzheimer disease,” Neurobiology of Disease,
vol. 24, no. 3, pp. 516-524, 2006.

[42] S. A. Ferguson, S. Sarkar, and L. C. Schmued, “Longitudinal
behavioral changes in the APP/PSI transgenic Alzheimer’s
Disease model,” Behavioural Brain Research, vol. 242, no. 1, pp.
125-134, 2013.

[43] S. Lammich, E. Kojro, R. Postina et al., “Constitutive and reg-
ulated a-secretase cleavage of Alzheimer’s amyloid precursor
protein by a disintegrin metalloprotease,” Proceedings of the
National Acadamy of Sciences of the United States of America,
vol. 96, no. 7, pp. 3922-3927, 1999.

P. Seubert, T. Oltersdorf, M. G. Lee et al., “Secretion of f3-
amyloid precursor protein cleaved at the amino terminus of
the B-amyloid peptide,” Nature, vol. 361, no. 6409, pp. 260-263,
1993.

(44

BioMed Research International

[45] K. E S. Bell, L. Zheng, E Fahrenholz, and A. C. Cuello,
“ADAM-10 over-expression increases cortical synaptogenesis,’
Neurobiology of Aging, vol. 29, no. 4, pp. 554-565, 2008.

[46] N. Kakiya, T. Saito, P. Nilsson et al., “Cell surface expres-
sion of the major amyloid-f peptide (Af)-degrading enzyme,
neprilysin, depends on phosphorylation by mitogen-activated
protein kinase/extracellular signal-regulated kinase kinase
(MEK) and dephosphorylation by protein phosphatase la,” The
Journal of Biological Chemistry, vol. 287, no. 35, pp. 29362-
29372, 2012.

[47] I. Y. Tamboli, E. Barth, L. Christian et al., “Statins pro-
mote the degradation of extracellular amyloid beta-peptide
by microglia via stimulation of exosome-associated insulin-
degrading enzyme (IDE) secretion,” The Journal of Biological
Chemistry, vol. 285, no. 48, pp. 37405-37414, 2010.

[48] N. Alikhani, L. Guo, S. Yan et al, “Decreased proteolytic
activity of the mitochondrial amyloid-f degrading enzyme,
PreP peptidasome, in Alzheimer’s disease brain mitochondria,”
Journal of Alzheimer’s Disease, vol. 27, no. 1, pp. 75-87, 2011.

[49] H. Chen, S. A. Detmer, A. J. Ewald, E. E. Grifhin, S. E. Fraser,
and D. C. Chan, “Mitofusins Mfnl and Mfn2 coordinately
regulate mitochondrial fusion and are essential for embryonic
development,” The Journal of Cell Biology, vol. 160, no. 2, pp.
189-200, 2003.

[50] D. A. Patten, J. Wong, M. Khacho et al., “OPAl-dependent
cristae modulation is essential for cellular adaptation to
metabolic demand,” EMBO Journal, vol. 33, no. 22, pp. 2676—
2691, 2014.

[51] R. Kandimalla, M. Manczak, X. Yin, R. Wang, and P. H.
Reddy, “Hippocampal phosphorylated tau induced cognitive
decline, dendritic spine loss and mitochondrial abnormalities
in a mouse model of Alzheimer’s disease,” Human Molecular
Genetics, vol. 27, no. 1, pp. 30-40, 2018.

[52] A. S. Reichert, “Mitochondrial dysfunction: Morphology of
mitochondria - Regulation, function and dynamics,” BioSpek-
trum, vol. 13, no. 4, pp. 364-366, 2007.

[53] D. Voet, J. G. Voet, and C. W. Pratt, Fundamentals of biochem-
istry, vol. 1452, Wiley, 1999.

[54] J. R. Knowles, “Enzyme-catalyzed phosphoryl transfer reac-
tions.,” Annual Review of Biochemistry, vol. 49, pp. 877-919,
1980.

[55] D. Nicholson, “Mitochondrial ATP formation,” Biochemistry
and Molecular Biology Education, vol. 30, no. 1, pp. 3-5, 2002.

[56] K.S. Oyedotun and B. D. Lemire, “The quaternary structure of
the Saccharomyces cerevisiae succinate dehydrogenase: Homol-
ogy modeling, cofactor docking, and molecular dynamics
simulation studies,” The Journal of Biological Chemistry, vol. 279,
no. 10, pp. 9424-9431, 2004.

[57] L. Stiburek, H. Hansikova, M. Tesarova, L. Cerna, and J. Zeman,
“Biogenesis of eukaryotic cytochrome c oxidase,” Physiological
Research, vol. 55, no. 2, pp. S27-S41, 2006.

[58] J. V. King, W. G. Liang, K. P. Scherpelz, A. B. Schilling, S.
C. Meredith, and W.-]. Tang, “Molecular basis of substrate
recognition and degradation by human presequence protease;”
Structure, vol. 22, no. 7, pp. 996-1007, 2014.

[59] N. Alikhani, M. Ankarcrona, and E. Glaser, “Mitochondria and
Alzheimer’s disease: amyloid- 3 peptide uptake and degradation
by the presequence protease, hPreP;” Journal of Bioenergetics and
Biomembranes, vol. 41, no. 5, pp. 447-451, 2009.

[60] E.K. Pias, O. Y. Ekshyyan, C. A. Rhoads, J. Fuseler, L. Harrison,
and T. Y. Aw, “Differential effects of superoxide dismutase



BioMed Research International

(61]

(62

[63]

isoform expression on hydroperoxide-induced apoptosis in PC-
12 cells,” The Journal of Biological Chemistry, vol. 278, no. 15, pp.
13294-13301, 2003.

S. W. Scheff, D. A. Price, E A. Schmitt, S. T. Dekosky, and E. J.
Mufson, “Synaptic alterations in CAl in mild Alzheimer disease
and mild cognitive impairment,” Neurology, vol. 68, no. 18, pp.
1501-1508, 2007.

S.-J. Zhang, T.-T. Xu, L. Li et al., “Bushen-Yizhi formula amelio-
rates cognitive dysfunction through SIRT1/ER stress pathway in
SAMPS8 mice,” Oncotarget , vol. 8, no. 30, pp. 49338-49350, 2017.
V. Cavallucci, C. Ferraina, and M. D’Amelio, “Key role of
mitochondria in Alzheimer’s disease synaptic dysfunction,”
Current Pharmaceutical Design, vol. 19, no. 36, pp. 6440-6450,
2013.

D. Meyer, T. Bonhoeffer, and V. Scheuss, “Balance and stability
of synaptic structures during synaptic plasticity,” Neuron, vol.
82, no. 2, pp. 430-443, 2014.

M. E. Calhoun, M. Jucker, L. J. Martin, G. Thinakaran, D. L.
Price, and P. R. Mouton, “Comparative evaluation of synapto-
physin-based methods for quantification of synapses,” Journal
of Neurocytology, vol. 25, no. 12, pp. 821-828, 1996.

C. Hedegaard, K. Kjaer-Sorensen, L. B. Madsen et al., “Porcine
synapsin 1: SYNlgene analysis and functional characterization
of the promoter;,” FEBS Open Bio, vol. 3, pp. 411-420, 2013.

15



