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Huperzine A (HupA) is a kind of Lycopodium alkaloid with potential disease-modifying qualities that has
been reported to protect against B-amyloid (AB)-mediated mitochondrial damage in Alzheimer’s disease.
However, the fundamental molecular mechanism underlying the protective action of HupA against AB-
mediated mitochondrial malfunction is not completely understood. Recently, the mitochondrial enzyme
amyloid-binding alcohol dehydrogenase (ABAD) protein has been reported to facilitate AB-induced
mitochondrial damage, resulting in mitochondrial malfunction and cell death. Our study found that

Key Won.js: HupA, but not the acetylcholinesterase inhibitor tacrine, reduced the deposition of AR and the ABAD
Huperzine A level, and further reduced Ap—ABAD complexes, thereby improvi bral mitochondrial function i

Enzyme amyloid-binding alcohol evel, and further reduce B— AD complexes, thereby improving cerebral mitochondrial function in
dehydrogenase APP/PS1 mice. This was accompanied by attenuated reactive oxygen species overload, as well as increases
Mitochondria adenosine triphosphate levels. Moreover, HupA decreased the release of cytochrome-c from mitochon-
B-amyloid dria and the level of cleaved caspase-3, thereby increasing dissociated brain cell viability in APP/PS1
Tacrine mice. Thus, our study demonstrated that a reduction in ABAD was involved in the protective mechanism

of HupA on the cerebral mitochondrial function in APP/PS1 mice.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is one of the most common causes of
dementia, and mitochondrial dysfunction is considered to be the
most representative pathophysiological response to the develop-
ment of AD (Selkoe, 2007). Mitochondrial B-amyloid (AB) has been
observed to be an essential neurotoxic species involved in the
pathogenesis of AD (Readnower et al., 2011; Reddy and Beal, 2008;
Rhein et al., 2009). Studies have found that the accumulation of AB
in mitochondria causes weakened activity of the respiratory chain
and a decrease in oxygen consumption in the brain of both patients
with AD and transgenic APP/PS1 mouse models of AD (Caspersen
et al., 2005; Dragicevic et al., 2010). Amyloid-binding alcohol
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dehydrogenase (ABAD), also known as 17-HSD10 (Aitken et al.,
2016), is a protein located in mitochondria and has been reported
to facilitate AP toxicity in mitochondria of patients with AD and a
mouse model of AD via the increased production of reactive oxygen
species (ROS) and decreased adenosine triphosphate (ATP) levels
(Lustbader, 2004; Zakaria et al., 2016).

ABAD is a unique mitochondrial enzyme that converts estrone to
estradiol, which has been shown to play a pivotal role in improving
cognitive function in AD. It has been shown that mitochondrial
dysfunction played an important role in the pathophysiology of AD
and AP was detected inside mitochondria and several mitochon-
drial proteins were found to interact directly with AB (Benek et al.,
2015). A growing body of evidence indicates that estradiol is an
essential hormone for the maintenance of mitochondrial function
because it can increase mitochondrial ATP production and reduce
ROS levels (Amtul et al.,, 2010; Grimm et al., 2012). The ABAD in-
hibitors have highlighted the treatment potential of AD (Benek
et al., 2018; Hroch et al.,, 2016, 2017). Unfortunately, the increase
of ABAD protein expression has been shown to exacerbate AB-
induced mitochondrial malfunction in the brain of an AD mouse
model (Lustbader, 2004; Takuma et al., 2005). The complex formed
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by AB and ABAD induces abnormal ABAD structure, further pre-
venting the binding of ABAD to NAD+, which results in ABAD’s
inability to exert enzymatic activity (Lustbader, 2004). However,
Aitken et al. (2017) found that the use of a small-molecule inhibitor
of the ABAD protein improved the function of neuronal mito-
chondria and alleviated the symptoms of AD. In addition, Lustbader
(2004) used an ABAD decoy peptide (ABAD-DP) to antagonize the
combination of A and ABAD, and to protect mitochondrial function
in neurons from Tg ABAD mice. Therefore, decreasing the level of
ABAD could be a promising potential strategy for the treatment of
AD.

Huperzine A (HupA), a Lycopodium alkaloid from Huperzia ser-
rata (Qian Ceng Ta), is a safe, potent inhibitor of acetylcholines-
terase (AChE) that has potential disease-modifying properties in the
treatment of AD (Zhu et al., 2015). HupA has been widely used for
the treatment of AD and other forms of dementia in China for de-
cades, and clinical trials have been conducted in the United States to
test its ability to treat dementia-related disease (http://www.
clinicaltrials.gov/show/NCT00083590). Interestingly, it has been
reported that HupA can attenuate AB-mediated neurotoxicity
through a non—AChE inhibitor (AChEI)-dependent pathway in
various AD mouse models (Lei et al., 2015; Zhang, 2012). Because
AD is a multicausal neurodegenerative disease, it is very important
to investigate the non-AChEIl-dependent mechanism of action of
HupA to better guide its clinical application and to develop HupA-
derived drugs. Our previous study demonstrated that HupA-
pretreated neural stem cells were protected from Ap-induced
apoptosis in a microglial—neural stem cell coculture system (Zhu
et al., 2015). Moreover, a growing number of studies show that
HupA protects against Ap-induced brain mitochondria malfunction
and significantly increases primary cortical neuron and neural stem
cell survival (Chen and Yan, 2007; Gao et al., 2009; Zhu et al., 2015).
However, the essential mechanisms underlying the protective ef-
fects of HupA against AB-mediated neurotoxicity in AD have not
been comprehensively explored. Owing to the reported increase in
the ABAD—AP complexes as a response to enhanced mitochondrial
stress in the brain of Tg mAPP AD and Tg mAPP/ABAD mouse
models (Lustbader, 2004; Takuma et al., 2005), and protective ef-
fects of HupA against AB-induced mitochondrial dysfunction, we
investigated the role of the ABAD in the protection of mitochondria.
Our present work offers new insights into the mechanism under-
lying ABAD-dependent mitochondrial protection of HupA.

2. Materials and methods
2.1. Animals and drug administration

Male APPswe/PS1dE9 mice (APP/PS1, 20—30 g) obtained from
the Nanjing Model Animal Research Center (MARC, China) were
used as an AD mouse model. Mouse tail biopsies were subjected to
PCR analysis to verify the genotype. The animals were maintained
under standard laboratory conditions (12 hours light—dark cycle
with lights on from 7:00 a.m. to 7:00 p.m.; free access to food and
water). The age-matched wild-type (WT) mice were used as con-
trols. All animal studies were performed in accordance with the
Regulations for the Administration of Affairs Concerning Experi-
mental Animals (China) and were approved by the Institutional
Animal Care and Use Committee of Southern Medical University
(China).

HupA (Wan Bang Pharmaceutical, China) was dissolved in 0.1 M
HCI as stock solution and then diluted with physiological saline
before administration. The final concentration of HCl and pH for
huperzine for the injection of mice was 10~® M and 6.5, respec-
tively. Tacrine (an AChEI) hydrochloride hydrate (Sigma, USA) was
dissolved in physiological saline solution. It was used to better

illustrate that the mitochondrial protection of HupA is independent
of AChE inhibition. Experiments were carried out using the
following groups: (1) APP/PS1-HupA group: APP/PS1 mice at
2 months of age were subjected to intraperitoneal (i.p.) adminis-
tration of HupA (0.1 mg/kg) every day for 6 months before being
killed (Huang et al., 2014); (2) WT-HupA group: age-matched WT
mice were treated as described previously; (3) APP/PS1-vehicle
group: APP/PS1 mice at 2 months of age were subjected to i.p.
administration of physiological saline every day for 6 months
before being killed; (4) WT-vehicle control group: age-matched WT
mice were treated like the APP/PS1-vehicle group; (5) APP/PS1-
tacrine group: APP/PS1 mice at 2 months of age were subjected
to i.p. administration of tacrine (0.5 mg/kg) every day for 6 months
before being euthanized.

2.2. Preparation of ABi1—42 peptide

AB1-_42 was purchased from Invitrogen (USA) and prepared ac-
cording to previous methods (Chen et al., 2016). Briefly, AB;_4> was
dissolved in HPLC-grade water, followed by the addition of
phosphate-buffered saline (PBS, 10 mM). The peptide solution was
incubated at 37 °C for 24 hours and then stored at —20 °C.

2.3. Preparation of dissociated brain cells

Dissociated brain cells (DBCs) were prepared as previously
described (Abdel-Kader et al., 2007; Asseburg et al., 2016; Pohland
etal., 2018; Stoll et al., 1992) with a slight modification. Briefly, mice
were killed and their brains were extracted on ice. The meninges,
capillaries, and cerebellum were removed, and one of the 2 cerebral
hemispheres was washed with ice-cold medium I (138 mM Nadl,
5.4 mM KCl, 0.17 mM NazHPOy4, 0.22 mM K,PO4, 5.5 mM glucose,
and 58.4 mM sucrose; pH 7.35). The cerebrum was diced with a
sterile razor blade. Tissues were dissociated in Dulbecco’s modified
Eagle’s medium/Ham'’s F12 nutrient mixture (DMEM/F12) (Gibco,
USA) containing 0.25% trypsin-EDTA (Gibco, USA), incubated at
37 °C for 15 minutes, and shaken every 5 minutes. Next, trypsin
activity was blocked with the addition of DMEM/F12 supplemented
with 10% fetal bovine serum (Gibco, USA). Cell suspensions were
then collected by centrifugation at 1000 x g at 4 °C for 5 minutes.
The pellet was resuspended in medium II (110 mM Nacl, 5.3 mM
KCl, 1.8 mM CaCl,-H,0, 1 mM MgCl,-6H50, 25 mM glucose, 70 mM
sucrose, and 20 mM HEPES; pH 7.4) and washed twice. Then the
acutely prepared DBCs were used for measurements of ROS levels,
ATP production, and cytochrome release. To observe the
morphology of DBCs and to perform the 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) and lactate dehydro-
genase (LDH) assay, DBCs must be seeded into a poly-L-lysine
(0.01%) precoated plate to allow the cells to adhere to the wall
and then undergo subsequent testing procedures. Cell morphology
and proliferation curve was shown in Supplement Fig. 1. Protein
concentration was determined using the BCA protein assay kit
(Thermo Fisher Scientific, USA). Finally, the other cerebral hemi-
sphere was stored at —80 °C.

2.4. PC12 cell culture

PC12 cells were purchased from the American Type Culture
Collection (ATCC, USA). These cells were used to explore the effects
of AB on mitochondrial ABAD protein level in neuronal cells. Briefly,
PC12 cells were cultured in 25-cm? cell culture flasks at a concen-
tration of 5 x 10° cells/cm? in complete medium (RPMI-1640 me-
dium [Gibco, USA] containing 10% fetal bovine serum [Gibco, USA]).
The in vitro experiments were conducted at a passage number of
approximately 6—15.
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2.5. Acetylcholinesterase (AChE) activity assay

The activity of AChE was assayed according to previously
described methods (Ellman et al., 1961). Briefly, cerebral homoge-
nates from each group were incubated with 10 mM butyryl
cholinesterase inhibitor and tetraisopropyl pyrophosphoramide
iso-OMPA (Sigma, USA) for 1 hour. AChE activity was measured
using a colorimetric AChE assay kit (Abcam, USA) according to the
manufacturer’s instructions. Data are expressed in pmol/min/mU.

2.6. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and lactate dehydrogenase (LDH) assays

MTT (Sigma, USA) and LDH assay kits (Abcam, USA) were uti-
lized to evaluate the neuroprotective effects of HupA on DBCs
viability in APP/PS1 mice. Assays were carried out according to the
manufacturer’s protocols.

MTT assays were performed as previously described (Chen et al.,
2016) with a slight modification. Briefly, acutely prepared DBCs
were seeded into poly-L-lysine precoated 96-well plates (2 x
10# cells per well) and incubated in culture medium (DMEM/F12
supplemented with 10% fetal bovine serum) for 24 hours in a typical
37 °C humidified cell-culture incubator containing 5% CO, and 95%
air. After washing 3 times with PBS, the MTT solution (10 pL, 5 mg/
mL) was added to the wells, and the cells were incubated at 37 °C
for 4 hours. After removing the supernatant, dimethyl sulfoxide
(100 pL) (Sigma, USA) was added to the wells, and the absorbance at
590 nm was measured with an automated microtiter plate reader.

The LDH assay was performed according to the manufacturer’s
protocols. Briefly, after the acutely prepared DBCs were seeded into
poly-L-lysine precoated 96-well plates (2 x 10% cells per well) for
24 hours, the supernatant was harvested to test the LDH release. To
detect the total LDH activity, DBCs were seeded into poly-L-lysine
precoated 96-well plates (2 x 10* cells per well) for 24 hours,
then Triton X-100 (10%) was added to incubate for 1 hour in the
incubator, and the supernatant was collected for testing. The ac-
tivity of LDH was detected by recording the change in NADH con-
centration after adding a colorimetric probe to the supernatant for
1 hour. The absorbance at 490 nm was measured with an auto-
mated microtiter plate reader. The results were calculated by
dividing the average LDH release value of test by the average total
LDH release value using the following formula: LDH (%) = (LDH
release of test/total LDH) x 100.

2.7. Detection of ROS levels

ROS were determined using dihydrorhodamine 123 (DHR)
(Invitrogen, USA) as previously described (Abdel-Kader et al., 2007)
with a slight modification. DHR, an uncharged and nonfluorescent
indicator, passively diffuses across membranes, where it is oxidized
to cationic rhodamine 123, which localizes in the mitochondria and
displays green fluorescence. First, acutely prepared DBCs were
seeded into 48-well plate (1 x 10° cells per well); subsequently,
5 uM DHR was added to each well, and the cells were incubated for
another 30 minutes. After washing twice with PBS, fluorescence
was measured using an automated microtiter plate reader (excita-
tion at 488 nm and emission at 515 nm). Protein concentration was
determined using a BCA kit, and values were normalized to the
amount of protein.

2.8. Detection of ATP production
ATP levels were measured using a bioluminescent ATP assay kit

(Promega, USA) according to the manufacturer’s instructions with a
slight modification. Briefly, acutely prepared DBCs from each group

were lysed by the addition of 100 pL of ATP-releasing reagent. Then,
luciferin substrate and luciferase enzyme were added to the lysates
and incubated for 10 minutes in the dark, and bioluminescence was
assessed on a PerkinElmer microplate reader (PerkinElmer, USA).
Bioluminescence intensity was normalized to the control group and
reported as the relative ATP level (Cha et al., 2012).

2.9. Immunocytochemical staining of ABAD

To investigate the effect of AB on mitochondrial ABAD protein
level in PC12 cells, experiments were performed using the
following groups: (1) Control: PC12 cells were cultured in complete
medium for 24 hours; (2) AB: PC12 cells were treated with AB1_42
(1 uM) for 24 hours; (3) AB-HupA: PC12 cells were pretreated with
HupA (10 uM) for 1 hour, followed by the addition of AB1—42 (1 pM)
and incubation for another 24 hours; (4) HupA: PC12 cells were
treated with HupA (10 pM) for 24 hours; (5) AB-Tacrine: PC12 cells
were pretreated with tacrine (1 pM) for 1 hour, followed by the
addition of ABi_42 (1 uM) and incubation for another 24 hours.
Briefly, cells growing on coverslip were fixed in 4% para-
formaldehyde for 15 minutes and incubated with anti-ABAD anti-
body (ab10260, 1:500; Abcam, USA) at 4 °C overnight, followed by
DyLight 488 AffiniPure Goat Anti-Rabbit IgG secondary antibody
(A23220, 1:5000; Abbkine, USA) at 37 °C for 1 hour in the dark.
Images were visualized with a microscope (Olympus, Japan). Band
analysis was performed using Image] 1.43m software (National
Institutes of Health).

2.10. Analysis of cytochrome c release

To determine the effect of HupA on the release of cytochrome c
from the mitochondria to the cytoplasm in DBCs, cytochrome ¢
release was measured as previously described (Lustbader, 2004)
with a slight modification. Briefly, after washing twice with PBS,
acutely prepared DBCs from each group were collected by centri-
fugation at 300 x g for 5 minutes at 4 °C. The pellet was resus-
pended in 400 pL of lysis buffer (50 mM Tris at pH 7.4, 1 mM EDTA,
1 mM EGTA, 250 mM sucrose, 2 pg/mL leupeptin, 1 mM PMSF, and
1 pg/mL pepstatin A) and lysed with 10 strokes of a Dounce ho-
mogenizer. Cytosol and membrane fractions were separated by
centrifugation at 105,000 x g for 1 hour at 4 °C. The supernatants
were harvested and then concentrated to 20 pL, whereas the pellets
were mixed with 50 pL of lysis buffer. The protein concentration of
each fraction was determined by the bicinchoninic acid assay
(Thermo Scientific Pierce, USA). Samples (30 pug) were subjected to
Western blotting using an antibody to cytochrome c (#4272,
1:1000; Cell Signaling Technology, UK) followed by a horseradish
peroxidase-conjugated goat anti-rabbit IgG secondary antibody
(111-035-047, 1:5000; Abbkine, USA).

2.11. Western blotting

Cerebra were homogenized in ice-cold extraction buffer (10 mM
Tris—HCI [pH 7.4], 100 mM sodium chloride, 1 mM EDTA, 1 mM
EGTA, 1 mM sodium fluoride, 20 mM sodium pyrophosphate, 2 mM
sodium orthovanadate, 1% Triton X-100%, 10% glycerol, 0.1% sodium
dodecyl sulfate [SDS], and 0.5% deoxycholate) supplemented with a
protease inhibitor cocktail (phosphatase inhibitors, protease in-
hibitor, 1 mM phenylmethylsulfonyl fluoride) (Sigma, San Francisco,
CA, USA). BCA protein assay kit (Thermo Scientific Pierce, USA) was
used to determine protein concentration. Equal amounts (20 ug) of
protein samples were separated on 12% SDS-polyacrylamide gels
(Sigma, USA) and then transferred onto 0.2 um polyvinylidene
difluoride membranes (Thermo Scientific Pierce, USA). Membranes
were blocked at room temperature for 1 hour with 5% (wt/vol)
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nonfat milk in tris buffered saline Tween (20 mM Tris HCI, 150 mM
sodium chloride, and 0.1% Tween-20). Thereafter, the membranes
were incubated with primary antibodies at 4 °C overnight, followed
by the corresponding secondary antibodies for 1 hour at room
temperature. The following antibodies were used in this experi-
ment: mouse monoclonal anti-ABAD (ab10260, 1:1000, Abcam,
USA), 6E10 monoclonal antibody (SIG-39320, 1:1000, Covance,
USA), mouse monoclonal anti-f-actin (ab8226, 1:2000, Abcam,
USA), rabbit monoclonal anti-active caspase-3 (ab32042, 1:500;
Abcam, USA), and horseradish peroxidase-conjugated goat anti-
rabbit IgG (111-035-047, 1:5000, Abbkine, USA). Band analysis
was executed using Image] 1.43m software. B-Actin was used as a
loading control.

2.12. Thioflavin S immunostaining

Thioflavin S staining was performed as previously described
(Heneka et al.,, 2012) with a slight modification. Animals were
deeply anesthetized with 10% chloral hydrate and transcardially
perfused with 0.9% saline containing heparin (10 U/mL). The brains
were removed and fixed in 4% paraformaldehyde solved in 0.1 M
PBS (pH 7.4) for 4 hours. Fixed brains were immersed in 30% sucrose
for 48 hours, and 6 x 6 series of coronal frozen sections (40 pm)
containing the hippocampus were cut on a vibratome (Leica, Ger-
many). For thioflavin S (Sigma, USA) immunostaining, slices were
incubated in 0.1% thioflavin S (in 50% alcohol) for 8 minutes and
washed 3 times for 3 minutes with 50% alcohol, followed by
mounting. Images with fluorescence were captured by confocal
microscope (Olympus, Japan). Total plaque number and AP area
fraction were calculated using the software Image] 1.43 m with
plugins from the WCIF Image] collection. In particular, images were
normalized and an automatic thresholding on the basis of the en-
tropy of the histogram (“MaxEntropy”) was used to identify the
plaques. Finally, plaque number, plaque area, and average A plaque
size were calculated using the “analyze particles” plugin of Image].
The AP area fraction was determined by dividing total plaque area
by the area of the microscopic field.

2.13. Isolation of brain mitochondria

To obtain highly purified mitochondria for the coimmunopre-
cipitation/immunoblotting assay, mitochondria from the cerebra of
each group was isolated using a Tissue Mitochondria Isolation Kit,
according to the manufacturer’s instructions (Beyotime, China).
Briefly, cerebra from each group were added to isolation buffer
(1 mM EDTA and 20 mM HEPES at pH 7.2) and then homogenized
with 10 strokes of a Dounce homogenizer. The resulting homoge-
nate was spun at 1500 x g for 5 minutes at 4 °C. The supernatant
was collected and then centrifuged at 12,000 x g for 30 minutes at 4
°C. The resulting pellet consisted of highly purified mitochondria.

2.14. Immunoprecipitation/immunoblotting for detection of ABAD-
AB complex

We used highly purified mitochondria to perform immunopre-
cipitation/immunoblotting as previously described (Lustbader,
2004) with a slight modification. Briefly, brain mitochondria were
resuspended in Tris buffer (10 mM Tris, 0.1 M NaCl, 1 mM EDTA,
100 pg/mL PMSF, 1 ug/mL aprotinin, protease inhibitors mixture)
(Sigma, USA) and then centrifuged at 14,000 x g for 5 minutes at 4
°C. The resulting supernatant was immunoprecipitated with rabbit
anti-Ap IgG (SIG-39320, 6E10, 1:1000; Covance) at 4 °C overnight,
followed by incubation with protein A/G beads (Thermo Scientific
Pierce, USA) for 2 hours at 20 °C. The resulting immunoprecipitate
was subjected to immunoblotting using a mouse antibody to ABAD

(1:1000; Abcam, USA). Horseradish peroxidase-conjugated goat
anti-rabbit IgG (1:5000; Abbkine, USA) was used as a secondary
antibody.

2.15. ELISA quantification of AB

Mice were deeply anesthetized and perfused with 0.9% saline.
The brains were removed from the skull and frozen immediately for
biochemical analysis. Briefly, cerebra were homogenized in 2% SDS
with protease inhibitors, centrifuged at 100,000g for 1h at 4 °C and
the pellet containing insoluble A was extracted with 70% formic
acid in water. Formic acid extracts were neutralized initially by 1:20
dilution into 1 M Tris phosphate buffer, pH 11. Quantitative deter-
mination of AP was performed using a solid-phase sandwich
enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen) for
the determination of AB1_40 and AB1—42 according to the protocol of
the supplier. Briefly, 50 uL standard AB of gradient concentration
and protein samples was added to the AB antibody-bedded plate,
and 50 pL detection antibody was added next. After incubation
overnight at 4 °C, the liquid was discarded and the wells were
washed 4 times at least for 30s. Then the wells were incubated in
100 pL Anti-Rabbit HRP working solution for 30 minutes at room
temperature followed by 100 pL stabilized chromogen incubation
for 30 minutes at room temperature in the dark. 100 pL stop solu-
tion was added and the absorbance of each well was read at
450 nm. A 4 parameter algorithm was used for standard curve
fitting and sample AP concentration was calculated.

2.16. Statistics

Statistical analysis was performed using SPSS version 20.0
software. A one-way analysis of variance was used to test statisti-
cally significant differences between experimental groups, followed
by the post hoc Tukey’s multiple comparisons test. All of the data
were expressed as mean + standard error of the mean (SEM), and
statistical significance was considered as p < 0.05.

3. Results

3.1. HupA treatment attenuated mitochondrial dysfunction in APP/PS1
mice

Numerous studies have demonstrated that binding of AB to
ABAD leads to mitochondrial damage, including ROS overload and
decreased ATP levels. Therefore, the aforementioned parameters
were detected in this study to comprehensively evaluate the pro-
tective effect of HupA on the mitochondria of APP/PS1 mice.

Mitochondria are the principal source of ROS generation. The
overproduction of ROS causes mitochondrial damage and cell
apoptosis (Voloboueva et al., 2010). Previous studies have shown
that AP triggers oxidative stress in mitochondria, such as mito-
chondrial calcium ion overload (Sanz-Blasco et al., 2008), mito-
chondrial DNA defects (Hirai et al., 2001), and complexes formed by
AP and ABAD (Pagani and Eckert, 2011). This promotes leakage of
ROS and causes mitochondrial dysfunction and cell death
(Lustbader, 2004). Consequently, we assessed whether the mito-
chondrial neuroprotective effect of HupA was accompanied by
decreased generation of ROS. As shown in Fig. 1A, compared with
the WT-vehicle group, the APP/PS1 group demonstrated a signifi-
cantly higher DHR fluorescent intensity (p < 0.01), and the
administration of HupA to APP/PS1 mice markedly reduced DHR
fluorescent intensity (p < 0.01) compared with APP/PS1 mice
without HupA. However, tacrine, an AChE inhibitor, did not
significantly reduce DHR fluorescence intensity compared with
APP/PS1 mice (p > 0.1). In addition, HupA treatment alone did not
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Fig. 1. Huperzine A exerted a protective effect on mitochondrial function in DBCs. (A) DHR 123 was used as an ROS indicator and added to each well of DBCs. Fluorescence was
measured using a microtiter plate reader normalized to the protein amount (n = 5). (B) ATP levels were detected using a bioluminescent ATP assay kit (n = 6). DBCs from each group
were lysed, luciferin substrate and luciferase enzyme were added to the lysates and incubated for 10 minutes in the dark, and bioluminescence was assessed on a microplate reader.
Bioluminescence intensity was normalized to the control group and reported as the relative ATP level. (C) Cerebral homogenates from each group were incubated with 10 mM
butyryl cholinesterase inhibitor and tetraisopropyl pyrophosphoramide iso-OMPA for 1 hour. AChE activity was measured using a colorimetric AChE assay kit, and the data are
expressed in pmol/min/mU (n = 4). **p < 0.01. Abbreviations: AChE, acetylcholinesterase; ATP, adenosine triphosphate; HupA, huperzine A; WT, wild-type; DBCs, dissociated brain

cells; ROS, reactive oxygen species; DHR, dihydrorhodamine 123.

change the DHR fluorescent intensity in WT mice compared with
the WT-vehicle control group (p > 0.1).

Because ATP levels are strongly associated with mitochondrial
activity (Liu et al., 2005), the level of ATP was used to evaluate
mitochondrial function in the brains of APP/PS1 mice with or
without HupA. We observed that the ATP level of the APP/PS1-
vehicle group was reduced markedly compared with the WT-
vehicle group (p < 0.01, Fig. 1B); interestingly, this decrease was
partially inhibited by treatment with HupA in the APP/PS1 mice
(p < 0.01, Fig. 1B) but not by tacrine (p > 0.1, Fig. 1B). There was no
significant difference between the WT-vehicle control group and
WT-HupA group (p > 0.1, Fig. 1B).

To determine whether the level of AChE inhibition by HupA is
equivalent to that induced by tacrine, the activity of AChE in HupA-
or tacrine-treated APP/PS1 mice was evaluated using a colorimetric
AChE assay kit. The results showed no significant difference in AChE
activity between HupA-treated APP/PS1 mice and tacrine-treated
APP/PS1 mice (p > 0.1, Fig. 1C).

Taken together, the aforementioned results confirm that the
protective effects of HupA on mitochondria in APP/PS1 mice is
mediated by decreased levels of ROS and increased ATP.

3.2. HupA decreased the level of AB in APP/PS1 mice

Many studies have shown that the AB;_4, oligomer morphology
is the most toxic form of AR and has a significant connection to the
pathological changes of AD (Sakono and Zako, 2010). We therefore
analyzed the effect of HupA or tacrine on AB1_4, oligomer level and
deposition of AB in the APP/PS1 mice using Western blotting and
thioflavin S staining techniques. The brains of the APP/PS1 mice
showed greatly increased levels of AB1_43 oligomers (~27 kDa, a
form with high neurotoxicity) compared with the age-matched WT
control group (p < 0.001, Fig. 2A and B). HupA treatment vastly
decreased the AB1_42 oligomer level in the APP/PS1 mice (p < 0.001,
Fig. 2A and B and Supplement Fig. 2), whereas the tacrine-treated
group failed to exert this effect (p > 0.1, Fig. 2A and B). In addi-
tion, aggregated forms of Af in the APP/PS1 mice treated with HupA
were further analyzed by ELISA. As shown in Fig. 2F, there was a
strong reduction of ABj_40 and ABi_42 in both cortex and hippo-
campus tissues in APP/PS1 mice treated with HupA after sequential
extraction by SDS and formic acid buffer. Similarly, thioflavin S
(Sigma, USA) staining showed a marked decrease in hippocampal

and cortical Ap deposition in the HupA-treated APP/PS1 mice but
not in tacrine-treated APP/PS1 mice (p > 0.1, Fig. 2C—E). These re-
sults indicate that HupA treatment contributed to the decrease of
AP levels in APP/PS1 mice.

3.3. Effect of HupA on ABAD protein levels

Studies have shown that the ABAD protein is directly associated
with AB-mediated mitochondrial dysfunction and cell death
(Lustbader, 2004). Therefore, we determined ABAD protein levels
by Western blotting using an anti-ABAD antibody. As shown in
Fig. 3, ABAD levels were increased in the APP/PS1 mice compared
with those of the WT-vehicle control group (p < 0.001, Fig. 3A and B).
Interestingly, treatment with HupA markedly reduced ABAD levels (p
< 0.001, Fig. 3A and B) compared with the APP/PS1 group, and no
significant difference was observed between the WT-vehicle control
group and the WT-HupA group, or between the APP/PS1-HupA
group and APP/PS1-tacrine group (p > 0.1, Fig. 3A and B). More-
over, ABAD protein levels were also elevated in PC12 cells treated
with ABi_4y (1 pM) in vitro compared with the control group,
whereas pretreatment with HupA but not tacrine attenuated the
ABAD levels compared with the AB group (p < 0.001, Fig. 3C and D).
Together, these results demonstrate that HupA decreased mito-
chondrial ABAD levels in APP/PS1 mice in vivo and in PC12 cells
in vitro.

3.4. HupA reduced the level of ABAD complexes

To further investigate whether HupA reduces the level of
ABAD—AB complexes, we measured the ABAD—AB compound in
APP/PS1 mice brain by immunoprecipitating cerebral mitochondria
protein extracts with anti-Af and subsequently subjecting them to
immunoblotting with anti-ABAD immunoglobulin G. We found that
APP/PS1 mice displayed a vast increase of the ABAD—AP complex
level compared with the age-matched WT control group (p < 0.001;
Fig. 4), and HupA treatment significantly reduced the levels of
ABAD—ARB complex (p < 0.001; Fig. 4). Nevertheless, the tacrine-
treated group did not show a significant decrease in ABAD—Af
complex levels (p > 0.1; Fig. 4). The findings suggest that HupA is
associated with decreased levels of mitochondrial ABAD—AP com-
plexes in the brain of APP/PS1 mice.
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Fig. 2. HupA decreased amyloid- deposition. (A) Representative images of AB;_42 oligomers in the brain tissue from one mouse of each group were analyzed by Western blotting; -
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3.5. HupA decreased cytochrome c release and cleaved caspase-3
levels in the brain of APP/PS1 mice

Cytochrome c, a protein with apoptogenic potential that is
released from the mitochondrial intermembrane space into the
cytoplasm, can trigger a caspase-dependent apoptosis cascade
(Pagani and Eckert, 2011; Takuma et al., 2005). To clarify whether
HupA is involved in the regulation of cytochrome c protein levels in
the DBCs of APP/PS1 mice, a cytochrome ¢ primary antibody was
used to analyze the distribution of cytochrome c in the cytoplasm
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and mitochondrial matrix by immunoblotting. As shown in Fig. 5,
the APP/PS1-vehicle group suffered a loss of cytochrome c from the
mitochondrial or membrane fraction to the cytosol fraction (p <
0.001, Fig. 5A), and HupA treatment partially prevented this release
in the APP/PS1 mice (p < 0.01, Fig. 5A). However, tacrine treatment
did not effectively restrain cytochrome c release from the mito-
chondria to the cytoplasm (p > 0.1, Fig. 5A).

Because cytochrome ¢ can induce the cleavage of caspase-3,
subsequently activating the caspase-3-dependent apoptotic
response (Halestrap, 2005), we used a cleaved caspase-3 antibody
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Fig. 3. Effect of HupA on ABAD protein levels. (A) Representative images of western-blot showing the ABAD expression in the brain tissue of one mouse from each group, p-actin
served as an internal control. (B) The densitometry of ABAD intensity from all of the experimental groups. (C) Representative images of ABAD immunocytofluorescence staining of
PC12 cells. PC12 cells were pretreated with HupA (10 pM) or Tacrine (1 uM) for 1 hour, followed by treatment with AB;_4, (1 pM) for 24 hours. Green fluorescence represents the
ABAD protein; blue fluorescence represents the nucleus of PC12 cells. Images are representative of 3 independent experiments. Scale bar = 20 pum. (D) Quantitative analysis of the
green fluorescence intensity. ***p < 0.001. Abbreviations: AB, B-amyloid; HupA, huperzine A; ABAD, amyloid-binding alcohol dehydrogenase. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Effect of HupA on ABAD—AR association in APP/PS1 mice brain. Mitochondria
were purified from brain tissues of the mice in each group. The ABAD—AR complex in
APP/PS1 mice was determined by immunoprecipitating cerebral mitochondria protein
extracts with anti-Ap and subsequently subjecting them to immunoblotting with anti-
ABAD immunoglobulin G. Representative images and quantification of the ABAD—AB
complex expression was shown. Results are representative of 3 APP/PS1 mice from
each group. ™ p < 0.001. Abbreviations: AP, B-amyloid; HupA, huperzine A;
ABAD, amyloid-binding alcohol dehydrogenase.

to analyze cleaved caspase-3 protein levels via Western blotting.
Cleaved caspase-3 levels of the APP/PS1-vehicle group showed
significant increases compared with the WT-vehicle control group
(p < 0.001, Fig. 5B and C). However, the administration of HupA but
not tacrine (p > 0.1, Fig. 5B and C) to APP/PS1 mice abolished this
increase (p < 0.01, Fig. 5B and C). Our data suggest that HupA
effectively reduced cell apoptosis by inhibiting the release of cy-
tochrome c from mitochondria, as well as the level of caspase-3 in
the brain of APP/PS1 mice.

3.6. HupA alleviated DBC damage in APP/PS1 mice

To determine the neuroprotective effect of HupA on APP/PS1
mice, the DBCs from each group were seeded into poly-L-lysine
precoated 96-well plates (2 x 10% cells per well) for 24 hours, fol-
lowed by the LDH and MTT assays. First, the LDH levels of the APP/
PS1 mice significantly increased compared with the age-matched
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WT-vehicle group (p < 0.001, Fig. 6A). In addition, HupA but not
tacrine treatment (p > 0.1, Fig. 6A) markedly decreased LDH levels
compared with the APP/PS1 mice without HupA (p < 0.01, Fig. 6A).
The DBCs LDH levels of the WT mice treated with HupA did not
change compared with the WT-vehicle control group (p > 0.1,
Fig.6A).

We next investigated the effect of HupA on cellular metabolic
activity and found that in addition to markedly increased LDH
levels, the APP/PS1 mice also showed a significant decrease in MTT
reduction compared with the age-matched WT-vehicle group (p <
0.01, Fig. 6B). Furthermore, HupA treatment but not tacrine treat-
ment (p > 0.1, Fig. 6B) resulted in a significant increase in MTT
reduction compared with APP/PS1 mice without HupA (p < 0.01,
Fig. 6B). Interestingly, the MTT reduction of the WT mice treated
with HupA group was not significantly different from the WT-
vehicle control group (p > 0.1, Fig. 6B).

4. Discussion

HupA is a China Food and Drug Administration—approved AD
drug that is widely used clinically in China and is undergoing pre-
clinical testing in the United States (Zhu et al., 2015). HupA is
increasingly considered a very promising therapeutic agent against
AD with potential disease-modifying characteristics (Damar et al.,
2017; Zhang, 2012). HupA can readily pass through the
blood—brain barrier (Patocka, 1998), therefore in this study, it was
administered by intraperitoneal injection rather than intracranial
injection to reduce the damage caused by experimental manipu-
lation to the brains of AD mice.

Because HupA exhibits reversible AChE inhibitor properties, we
used another classical AChE inhibitor called tacrine for comparison,
to better illustrate that the mitochondrial protective effects of HupA
are non-AChEI dependent. Furthermore, the results of the AChE
activity assay in the present study suggest that the inhibitory effects
of HupA and tacrine are equivalent.

In the present study, we explored the role of mitochondria in the
process of neuroprotective effect by HupA in APP/PS1 mice. In
addition, results showed that a reduction in the levels of ABAD is
associated with the protection of brain mitochondria by HupA
in vivo.

AP proteins, especially those comprising 42 amino acids (AB42),
are widely recognized as the main neurotoxic species responsible
for the development of AD (Eleuteri et al., 2015; Selkoe and Schenk,
2003). A plethora of studies have shown that there is a large
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Fig. 5. HupA effectively reduced cytochrome c release from the mitochondrial or membrane fraction into the cytoplasm and decreased the levels of cleaved caspase-3 in acutely
prepared DBCs of APP/PS1 mice. (A) Cytosol and membrane proteins were separated from acutely prepared DBCs and then analyzed, and the subcellular distribution of cytochrome
¢ was detected by Western blot. (B) Representative images of cleaved caspase-3 were analyzed by Western blotting. (C) Quantitative analysis of the band intensity of cleaved
caspase-3. **p < 0.01, ***p < 0.001. Abbreviations: HupA, huperzine A; DBCs, dissociated brain cells.
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Fig. 6. Huperzine A alleviated DBC damage in APP/PST mice. (A). DBCs from each group (n = 8) were seeded into poly-L-lysine precoated 96-well plates (2 x 10* cells per well) for
24 hours, the supernatant was harvested to test the LDH release according to the manufacturer’s protocols. Similarly, after the DBCs were seeded into poly-L-lysine pre-coated
96-well plates (2 x 10 cells per well) for 24 hours, Triton X-100 (10%) was added and incubated for 1 hour in an incubator, and the supernatant was collected to measure the total
LDH. Data are presented as percentage of total LDH and shown as mean + SEM. (B) DBCs were seeded into 96-well plates (2 x 10* cells per well) and incubated in culture medium
for 24 hours, followed by the MTT assay (n = 8). Data are presented as fold-change from the control group and shown as mean + SEM. **p < 0.01, ***p < 0.001. Abbreviations: DBCs,
dissociated brain cells; LDH, lactate dehydrogenase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

amount of Af plaque formation in the cortex and hippocampi of the
brains of patients with AD and transgenic AD mouse models
(Caspersen et al., 2005; Lustbader, 2004; Manczak et al., 2006). In
this study, both thioflavin S immunostaining and Western blotting
results (Fig. 2) confirmed that there is a significantly increased level
of AP in the brains of 8-month-old transgenic APP/PS1 mice.
Previous studies have confirmed that AB-induced neuronal
mitochondrial dysfunction is the main pathogenic mechanism that
causes AD (Du et al., 2008; Lustbader, 2004; Reddy and Beal, 2008;
Takuma et al., 2005). Although AB can directly induce mitochon-
drial lesions (Crouch et al., 2005; Hernandez-Zimbron et al., 2012),
the combination of AR and ABAD is increasingly recognized as a
major cause of mitochondrial stress and neuronal cell death
(Lustbader, 2004; Takuma et al., 2005; Valaasani et al., 2014;
Zakaria et al., 2016). The binding of AP to ABAD inhibits the
enzyme activity of ABAD, which plays an essential role in main-
taining a steady state of mitochondrial energy production, and
causes mitochondrial ROS overload and insufficient ATP production
(Simpkins et al.,, 2010; Yan et al., 1997, 1999). In addition, segre-
gating ABAD from AP protects mitochondria/neurons from Af
toxicity, and ABAD-AB interaction is an important mechanism un-
derlying AB-mediated mitochondrial and neuronal perturbation.
Inhibitors of ABAD-AP interaction may hold promise as targets for
the prevention and treatment of AD (Yao et al., 2011). A recent
research has highlighted that the presequence protease, a mito-
chondrial peptidasome, could act as a novel mitochondrial AB
degrading enzyme, and attenuate AD-like mitochondrial amyloid
pathology, synaptic mitochondrial dysfunction, improve learning
and memory and synaptic function in vivo AD mice, and alleviates
AB-mediated reduction of long-term potentiation (Fang et al.,
2015). To evaluate whether HupA protects against mitochondrial
malfunction in APP/PS1 transgenic mice, we tested mitochondrial
ROS and ATP production of DBCs in APP/PS1 mice treated with or
without HupA or tacrine. Our data indicated there was a significant
increase in ROS and ATP levels in the DBCs of APP/PS1 mice without
HupA treatment. However, HupA treatment showed a protective
effect on mitochondria by decreasing ROS levels and increasing ATP
production. Similar results have been described in previous studies
(Gao et al., 2009; Lei et al., 2015; Zhu et al., 2015). Moreover, Yang
et al. (2012) showed that HupA protected against oligomeric
AP1-_42-mediated isolated mitochondrial ATP reduction, attributing
the effect to an increase in the enzymatic activities of respiratory
chain complexes in APP/PS1 double transgenic mice. Tao et al.

(2016) also  showed that HupA ameliorated iron
overload—induced oxidative damage to mitochondria by
decreasing ROS production and increasing ATP levels in primary
cortical neuron. Furthermore, Gao et al. (2009) found that HupA
reduced mitochondrial ROS production and increased ATP levels in
AB-treated PC12 cells. Regrettably, the protective effect on mito-
chondrial function was not found in the tacrine treatment group. In
accordance with our results, Tsang et al. (2006) confirmed that
tacrine has no neuroprotective effect on ABys_35-induced primary
cortical neuron death.

To explore the exact mechanism by which HupA attenuates
mitochondrial damage in the brain of APP/PS1 mice, we first
investigated the involvement of AP. Western blotting data
demonstrated increased levels of ABj_4, oligomers (27 kDa) in APP/
PS1 mice. Interestingly, it has been reported that these types of Ap
oligomers, referred to as AB-derived diffusible ligands, can diffuse
into cells and enhance mitochondrial toxicity as they are considered
a form of AP oligomers with high neurotoxicity (Lambert et al.,
1998). Moreover, Lei et al. (2015) showed that AB1_4 accumulates
intraneuronally in a dose- and time-dependent manner. This group
further reported that the level of intracellular AB1_4; is correlated
with mitochondrial function and cell viability in primary rat neu-
rons in vitro, whereas HupA treatment decreased the mitochondrial
accumulation of AB;—42 and mitigated mitochondrial damage.
Similarly, immunohistochemistry and Western blotting data in the
present study showed that HupA treatment decreased the level of
Ap in the brain of APP/PS1 mice. In addition, our findings are in
accordance with Huang et al. (2014), who found that HupA treat-
ment reduced AP levels and ameliorated AB plaque formation in the
cortex and hippocampi of transgenic APPswe/PS1dE9 mice. Alter-
natively, tacrine showed no ability to reduce A level. The previous
study led by Chang et al. (2015) also suggested that tacrine mini-
mally attenuated the accumulation of AP, even at a very high
concentration.

However, it is not yet clear how AB1_42 damages mitochondrial
function. Recent studies reported that ABAD was overexpressed in
the cerebral cortex and hippocampi of patients with AD and amy-
loid precursor protein (APP/AB)-overexpressing transgenic mice
(Chen and Yan, 2007; Cuadrado-Tejedor et al., 2013; Yao et al,,
2009). Studies have also reported that ABAD exacerbates ApB-
induced mitochondrial dysfunction and neurotoxicity in patients
with AD and the transgenic AD mouse model (Lustbader, 2004;
Takuma et al., 2005; Valaasani et al., 2014). The combination of
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AP and ABAD induces structural abnormalities in ABAD, which
impedes the binding of ABAD to NAD". NAD™ is a coenzyme that
assists ABAD in the regulation of mitochondrial physiological
function (Lustbader, 2004). In addition, AG18051 (an ABAD inhibi-
tor) conferred resistance to AB-mediated mitochondrial injury in
SH-SY5Y neuroblastoma cells (Lim et al., 2011). Studies have shown
that ABAD-DPs protect against Ap-mediated mitochondrial toxicity
in the neurons of Tg ABAD mice (Lustbader, 2004). These results
suggest that ABAD plays an indispensable role in the pathogenesis
of AD. Our study further explored whether ABAD contributes to the
protective effects of HupA on brain mitochondria. We found that
ABAD expression levels were significantly increased in the brain
tissue obtained from APP/PS1 mice compared with the age-
matched WT mice, whereas APP/PS1 mice treated with HupA
showed dramatically decreased ABAD protein levels. To further
investigate the effect of HupA on ABAD protein level, we stimulated
PC12 cells with AP in vitro and found that ABAD levels were
significantly elevated; however, HupA treatment -effectively
reversed this increase. Alternatively, tacrine had no effect on ABAD
levels in APP/PS1 mice and PC12 cells. These findings suggested that
HupA but not tacrine can reduce ABAD protein expression. Hence,
for the first time, we demonstrated that ABAD is associated with the
protective effects of HupA on mitochondria in vivo.

Finally, we investigated whether the combination of AR and
ABAD is associated with the protective effects of HupA on brain
mitochondria. Coimmunoprecipitation results showed that com-
plex formation of AR and ABAD was significantly increased in AD
mice, whereas HupA significantly reduced complex formation.
Together, these results showed that HupA significantly reduced
ABAD protein levels in APP/PS1 mice, although it did not completely
recover WT levels, and HupA reduced the level of A, thus reducing
the level of AB-ABAD compound.

The combination of A and ABAD results in the release of cy-
tochrome c from the mitochondria to the cytoplasm, which sub-
sequently triggers the caspase-3-dependent apoptotic pathway
(Lim et al., 2011; Lustbader, 2004; Takuma et al., 2005). Cytochrome
c is a proapoptotic factor that binds to apoptotic protease activating
factor-1, resulting in the cleavage of caspase-3, DNA degradation,
and cell death (D’Amelio et al., 2011; Morais et al., 2002). Lustbader
(2004) utilized an ABAD-DP that inhibits the binding of AB to ABAD
to protect against Ap-mediated mitochondrial cytochrome c release
in neurons from Tg ABAD mice. Consistent with previous research
(Lustbader, 2004), our data suggest that a significant amount of
cytochrome c protein is released from the mitochondria into the
cytoplasm, and the level of cleaved caspase-3 is increased in the
brain of APP/PS1 mice. However, APP/PS1 mice treated with HupA
exhibited an inhibition of the release of cytochrome c and reduced
levels of cleaved caspase-3. Our results are supported by previous
research by Gao et al. (2009) who showed that HupA reduced the
AB-induced leakage of cytochrome c from the isolated rat brain
mitochondria. Furthermore, we observed that DBCs injury in APP/
PS1 mice is dramatically increased compared with WT mice, which
was confirmed by an increase in LDH level and a decrease in the
MTT reduction. However, HupA significantly decreased the level of
LDH and significantly increased the MTT reduction in DBCs ob-
tained from APP/PS1 mice, suggesting that DBCs viability was
greatly improved. Consistent with previous studies, no neuro-
protective effect has been observed with tacrine, suggesting that
tacrine does not decrease neuronal cell death in vitro (Tsang et al.,
2006).

In the present study, DBCs isolated from brain of APP/PS1 mice
contained all types of brain cells, which could realistically mimic
brain homeostasis. Therefore, the use of DBCs for in vitro experi-
ments can more practically reflect the relationship between HupA
and ABAD protein in APP/PS1 mice brain. It seems unlikely that the

percentages of various neuronal subtypes and glial types of DBCs
differ much across the experimental groups; however, there could
in fact be differences across groups since the complexity of cell
types and their percentages were not evaluated. Although it may
not be optimal to use DBCs for in vitro experiments at present stage,
it should be sufficient to draw a conclusion that HupA protects
mitochondrial function by reducing ABAD protein levels. Future
research will explore more appropriate experimental parameters to
assess the complexity of cell types and their percentages of DBCs.
In conclusion, HupA prevents AB-ABAD-induced neurotoxicity
by reducing ABAD levels, thereby improving mitochondrial func-
tion and enhancing DBCs viability in APP/PS1. Our results revealed
the mechanism behind the pharmacological action of HupA in the
treatment of AD in a non-AChEI-dependent pathway and provide a
novel therapeutic approach for the further elucidation of the role of
HupA in the treatment of AD. Because HupA reduces the level of
oligomeric AB, which was reported to be directly involved in syn-
aptic toxicity and cognitive dysfunction in the early stages of AD
(Benilova et al., 2012), it may also be used to prevent the onset in
those with a family history of AD, and to slow the progression of
those with early signs of the disease. Future studies will examine
whether HupA directly inhibits the binding of A and ABAD.
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