Acta Pharmacologica Sinica

www.nature.com/aps

®

Check for
updates

ARTICLE
Nitazoxanide, an anti-parasitic drug, efficiently ameliorates
learning and memory impairments in AD model mice

Lei Fan'?, Xiao-xia Qiu®, Zhi-yuan Zhu?, Jian-lu Lv*, Jian Lu*, Fei Mao?, Jin Zhu?, Jia-ying Wang®, Xiao-wei Guan®, Jing Chen'?,
Jin Ren'?, Ji-ming Ye®, Yong-hua Zhao®, Jian Li* and Xu Shen'?*

The pathogenesis of Alzheimer's disease (AD) is characterized by both accumulation of 3-amyloid (AB) plaque and formation of
neurofibrillary tangles in the brain. Recent evidence shows that autophagy activation may potently promote intracellular A
clearance. Thus targeting autophagy becomes a promising strategy for discovery of drug leads against AD. In the present study, we
established a platform to discover autophagy stimulator and screened the lab in-house FDA-approved drug library. We found that
anti-parasitic drug nitazoxanide (NTZ) was an autophagy activator and could efficiently improve learning and memory impairments
in APP/PS1 transgenic mice. In BV2 cells and primary cortical astrocytes, NTZ stimulated autophagy and promoted A clearance by
inhibiting both PI3K/AKT/mTOR/ULK1 and NQO1/mTOR/ULK1 signaling pathways; NTZ treatment attenuated LPS-induced
inflammation by inhibiting PI3K/AKT/IkB/NFKB signaling. In SH-SY5Y cells and primary cortical neurons, NTZ treatment restrained
tau hyperphosphorylation through inhibition of PI3K/AKT/GSK3B pathway. The beneficial effects and related signaling mechanisms
from the in vitro studies were also observed in APP/PS1 transgenic mice following administration of NTZ (90 mgkg—'.d™', ig) for
100 days. Furthermore, NTZ administration decreased A level and senile plaque formation in the hippocampus and cerebral cortex
of APP/PS1 transgenic mice, and improved learning and memory impairments in Morris water maze assay. In conclusion, our results

highlight the potential of NTZ in the treatment of AD.
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INTRODUCTION

Alzheimer's disease (AD) is a progressive neurodegenerative
disease that is characterized by irreversible neuronal death and
consequent damages to learning and memory abilities. Senile
plagues formed by abnormal deposition of B-amyloid (Ap) and
harmful neurofibrillary tangles that result from the hyperpho-
sphorylation of tau protein are two hallmarks of AD [1]. To date,
there is a lack of clinical drugs that are effective in the treatment
of AD, although there are some drugs that can alleviate the
symptoms of the disease. AD has caused substantial problems in
society.

In recent years, several pharmaceutical companies, including
Merck and Eli Lilly, have heavily invested in drug research against
AD [2], and some drug candidates were developed by targeting
AB, including a-secretase activators [3], B-secretase inhibitors [4],
y-secretase inhibitors [2], AB-aggregation inhibitors [5] and AR
clearance vaccines [6]. Although some agents have entered into
clinical trials, none of them have passed the trials [7].

Autophagy is a regulated mechanism for cells to disassemble
unnecessary or dysfunctional components [8]. Clinical studies
have shown that intracellular autophagy gradually declines

with age, leading to the tendency that elderly individuals
are more vulnerable to suffering diseases [7]. Autophagic
damage occurs in AD [9], and autophagy activation promotes
the intracellular clearance of AP [10]. In addition, autophagy
stimulation can suppress tau hyperphosphorylation [11]. There-
fore, autophagy is believed to be a promising target for the drug
discovery against AD.

The discovery of autophagy agonists has been attractive in
drug research, and the intriguing example is that the immuno-
suppressive agent rapamycin was discovered to be active in
delaying the pathological progress of neurodegenerative diseases,
including AD, through the activation of autophagy despite
its clinical side effects of immunosuppression [12]. Currently,
the role of autophagy agonists in anti-AD study has been widely
accepted.

Furthermore, considering the advantage of determining new
functions from approved drugs in accelerating the speed of
discovery and development of new drugs and saving R&D costs,
the exploration of new indications against approved drugs has
become a promising strategy in contemporary drug discovery
[13]. It is believed that targeting approved drugs is one of the
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most efficient and economical strategies for new drug devel-
opment. To date, increasing results from approved drugs have
been reported in anti-AD drug research [14]. For example,
dasatinib, an antitumor drug candidate in phase Ill [15], and the
antidiabetic drug metformin showed therapeutic potential in
treating or preventing AD [16].

With the above-mentioned facts, we established a platform
to discover autophagy stimulators by screening the lab in-house
FDA-approved drug library, and the clinical anti-parasite
drug nitazoxanide (NTZ) [17] was ultimately identified. We
found that NTZ was capable of promoting AP clearance and
inhibiting tau hyperphosphorylation, while effectively amelio-
rated the learning and memory impairments of APP/PS1
transgenic AD model mice [18]. Moreover, the mechanism that
underlies the effects of NTZ has been intensively investigated.
Our results have highlighted the potential of NTZ in the
treatment of AD.

MATERIALS AND METHODS

Materials

All cell culture reagents were purchased from Gibco (Invitrogen,
USA). SC79 and B-Lapachone were purchased from Selleck (USA).

Cell cultures

SH-SY5Y cells were cultured in Dulbecco’s modified Eagle’s
medium and Ham'’s F-12 (DMEM/F12) supplemented with 10%
fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin
(PS). BV2 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) that contained 10% FBS and 100 unit/mL PS. All
cells were cultured in a humidified incubator with 5% CO, at 37 °C.

Primary cortical astrocyte culture

Primary cortical astrocytes were prepared according to a published
approach [19]. Briefly, the mouse brains were removed from the
embryos (embryonic day 18) and maintained in ice-cold D-Hanks
buffer (54mM KCl, 041 mM KH,PO, 138mM NaCl, 4.5mM
NaHCOs, 0.22 mM NayHPO, pH 7.4). The meninges and capillaries
were separated from the brains, and the cerebral cortices were
minced into small pieces and digested with D-Hanks buffer that
contained 0.125% trypsin and 200 U/mL Dnase (Sigma-Aldrich,
USA) for 15min at 37 °C. The dissociated cells were seeded in a
75-cm? flask coated with poly-D-lysine (PDL) (Sigma-Aldrich) at a
density of 200,000 cells/cm? using DMEM that contained 10% FBS
and 50 U/mL PS. After 7 d, the flask was agitated in a shanking
incubator overnight at 37 °C, and adhered cells were collected and
selected by Ara-C (Cytosine B-D-arabinofuranoside, Sigma-Aldrich)
treatment and identified as astrocytes using GFAP and DAPI
staining.

Primary neuronal cell culture

The preparation of primary cortical neurons was performed
according to a published approach, and the isolation procedure
was similar to that of primary astrocytes. The isolated neurons
were seeded at a density of 500,000 cells/mL over PDL-coated cell
culture plates. After 6 h, the medium was replaced by neurobasal
medium supplemented with 2% B27, 0.5 mM L-glutamine (Sigma-
Aldrich), and 50U/mL PS. Cultures were maintained in a
humidified incubator with 5% CO, at 37 °C.

Confocal laser scanning microscopy assay

Stimulation of NTZ on autophagy was investigated using a
tagRFP-mWasabi-LC3 translocation assay [20], in which BV2 cells
were transfected with tagRFP-mWasabi-LC3 plasmid via an
adenovirus (Biovecter, China). After 6 h, the cells were treated
with 5, 10 or 20 uM NTZ for 24 h, followed by immobilization with
4% paraformaldehyde for 15 min. An Olympus Fluoview FV1000
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confocal microscope (Olympus, Japan) was used to detect the
absorbance of fluorescence.

Western blot

BV2 cells, SH-SY5Y cells, primary astrocytes and primary neurons
were treated with different concentrations of NTZ (5, 10, and
20 pM) and subsequently lysed with RIPA buffer (Thermo, USA) that
contained a protease and phosphatase inhibitor cocktail (Thermo).
BCA protein assay kits (Thermo) were used to detect the protein
concentration of the samples. The samples were mixed with 2 x
SDS-PAGE sample buffer (25% SDS, 62.5 mM Tris-HCl, pH 6.8, 25%
glycerol, 0.5 M DTT and 0.1% Bromophenol Blue) and then boiled for
15 min at 99°C in an Eppendorf ThermoMixer.

The cerebral cortices of four mice per group were homogenized
with RIPA buffer (Thermo) that contained a protease and
phosphatase inhibitor cocktail (Thermo) by a hand-hold motor
and were maintained on ice for 1 h to completely lyse the cells.
The homogenates were then centrifuged by 20,000 x g at 4 °C for
30min. The supernatants were collected, and the protein
concentration was determined using a BCA protein assay Kkit.
Equal amounts of lysates (4 mg/mL protein) were mixed with x 2
SDS-PAGE sample buffers and subsequently boiled for 15 min at
99 °C in an Eppendorf ThermoMixer.

For Western blot assays, cells or tissue extracts were separated
using SDS-PAGE and transferred to polyvinylidene difluoride
membrane filters (GE, USA). After incubation with the correspond-
ing antibodies overnight, the blots were visualized using a Dura
detection system (Thermo). Antibodies against p-JNK, JNK, p-PI3K,
PI3K, p-AKT, AKT, p-mTOR, mTOR, p-ULK1, ULK1, p-P70S6K,
P70S6K, p62, LC3, IL-1B, iINOS and TNF-a and GAPDH were
obtained from Cell Signaling Technology (USA).

ELISA assay

ELISA assay was carried out according to a published approach
[19]. Samples of BV2 cells, the hippocampus or the cortex were
homogenized with 5M guanidine hydrogen chloride, followed
by the addition of a protease inhibitor cocktail (Thermo) using a
hand-hold motor, and then boiled for 15min at 99°C in an
Eppendorf ThermoMixer [21]. The homogenates were subse-
quently centrifuged at 12,000 x g for 1 min. The supernatants
were collected, and the levels of AR, and AB4, were determined
by AP4o42 ELISA kits (Invitrogen, USA) according to the
protocols.

AP clearance assay

The intracellular AR clearance was evaluated according to the
Landreth approach in BV2 cells and astrocytes [22]. Briefly, BV2
cells or astrocytes were seeded in 12-well plates and cultured
with various concentrations of NTZ (5, 10, and 20 uM) for 24 h,
followed by the addition of 2pug/mL soluble Af44, and
incubation for 3 h. The culture was abandoned, and BV2 cells
were homogenized with 5 M guanidine hydrogen chloride with a
complete protease inhibitor cocktail (Thermo) for 30 min and
boiled for 15 min at 99 °C in an Eppendorf ThermoMixer. AB4o/42
ELISA kits were used to identify the intracellular AR peptide, and
the protein concentration was determined using BCA protein
assay kits; all AB levels were normalized to the total protein
concentration.

Immunofluorescence

In AB clearance assay, BV2 cells were cultured with various
concentrations of NTZ (5, 10, and 20uM) for 24h and then
incubated with AR, for 3 h, followed by immobilization with 4%
paraformaldehyde for 15min. BV2 cells were subsequently
immunostained according to the steps of immunofluorescence.
An Olympus Fluoview FV1000 confocal microscope (Olympus,
Japan) was used to detect the fluorescence.
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Fig. 1

NTZ promoted AP clearance by stimulating autophagy. a Structure of NTZ. b-e BV2 cells or astrocytes were treated with different

concentrations of NTZ (20, 10, 5, or 0 uM) for 24 h, followed by the addition of 2 pg/mL soluble A[340/A[342 and incubation for 3 h. AP4o/ABaz

level was detected by ELISA assay (t test, P <0.01; P < 0.05;

“P<0.001 vs DMSO group). f AP level in the supernatant was detected by

ELISA assay. g Immunofluorescence images of BV2 cells treated with NTZ and 2 pg/mL soluble Af4. h Quantitative results of Figures g. i BV2
cells were treated with DMSO, NTZ (20 pM), CQ (20 pM) and NTZ (20 pM) in combination with CQ (20 pM), and 2 pg/mL soluble A[}4o was added
into the cells and mcubated for 3 h. AP4o level was detected by ELISA assay. (one-way ANOVA, P <0.01 vs DMSO group; #P < 0.05 vs NTZ

combined with CQ; %P < 0.01 vs DMSO group). All data were obtained from three independent experiments and are presented as the mean +

SEM

Animal experiments

All animal experiments were carried out according to the
Institutional Ethical Guidelines of the Shanghai Institute of Materia
Medica, Chinese Academy of Sciences, on animal care.

APP/PS1 transgenic mice [B6C3-Tg (APPswe, PS1dE9)], 6 months
of age, were purchased from Jackson Laboratory (Bar Harbor, ME,
USA). Prior to the experiment, the genotypes of the mice
were determined by tail biopsies with Tg-negative mice as a
negative control to confirm APP/PS1 DNA sequences [23]. The
mice were fed in standard conditions of 12 h of light/day at a
room temperature at 22 °C for 6 to 7 months [24]. In our work, 20
male APP/PS1 transgenic mice were randomly divided into two
groups with 10 mice per group, and nontransgenic mice were
used as the negative control group. NTZ was dissolved in 0.9%
sodium chloride that contained 2% Tween 80. The two groups of
APP/PS1 transgenic mice were administered 90 mg NTZ/kg
per day or vehicle via intragastric administration, and the
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non-transgenic group was administered vehicle through intragas-
tric administration. After 100 d of administration, the Morris water
maze (MWM) assay was performed to determine the learning
ability of the mice. Following the completion of the MWM test, all
mice were euthanized, and the brains were removed and bisected
in the midsagittal plane. The left sides of the brains were fixed in
4% paraformaldehyde, and the right sides were stored at —80 °C.

Real-time PCR
Cells or brains were treated with TRIzol Reagent to obtain the total
mRNA according to the protocols [25]. Complementary DNA
synthesis was performed with oligo-dT primers via the instructions
of the reverse-PCR kit (TaKaRa Bio, Japan), and real-time PCR was
carried out using SYBR Premix Ex Taq on a DNA Engine Opticon
system (TaKaRa Bio). The following primers were used (5'—3’):
MGAPDH-F: ACCACAGTCCATGCCATCAG;
MGAPDH-R: TCCACCACCCTGTTGCTGTA;
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MIL-1B-F: GCAGCAGCACATCAACAAGAGC;
MIL-1B-R: TGTCCTCATCCTGGAAGGTCCACG;
MTNF-a-F: CCCACGTCGTAGCAAACCACCA;
MTNF-a-R: CCATTGGCCAGGAGGGCGTTG;
MiINOS-F: CCTCCTCCACCCTACCAAGT;
MiNOS-R: CACCCAAAGTGCTTCAGTCA.

MWM assay

The MWM test was carried out as previously described [19]. At the
training trials, the mice were trained to find the invisible
submerged platform in a circular pool (120 cm in diameter, 50
cm deep) filled with milk-tinted water using various visual cues
located on the pool walls; training was performed for 3 trials
per day for 6 consecutive days. For each trial, the mice were given
90 s to find the invisible platform. Each mouse was allowed to stay
on the platform for 155, if the mouse found the platform within
the given time. If the mouse failed to find the platform within the
given time, they were manually placed on the platform and
maintained there for 15s. On the last day, a probe trial was
performed by removing the platform, and the animals were
allowed to swim for 90 s to search for it. All data were collected for
the animal performance analysis. For data analysis, the pool was
divided into four equal quadrants formed by imaging lines, which
intersected the center of the pool at right angles, and the
quadrants were termed north, south, east and west.

Statistical analysis

The significant differences between the multiple treatments and
controls were analyzed using a one-way ANOVA followed by
Dunnett’s post hoc tests or t tests. P values less than 0.05 were
considered statistically significant. Data were reported as the
means + SEM, and the error bars in the graphs represent the SEM.

RESULTS

NTZ was an autophagy activator and promoted AP clearance
NTZ promoted AB clearance. To screen for autophagy activators
against our lab in-house commercial FDA-approved drug library,
we initially used an ELISA assay to screen out the agent able to
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stimulate AP clearance in BV2 cells and primary astrocytes,
which had been reported to play a central role as a moderator
of AB clearance and degradation in the brain [26]. Finally, the
anti-parasite drug NTZ (Fig. 1a) was found to efficiently enhance
ABa4o/42 clearance in BV2 cells (Figs. 1b, d) and primary astrocytes
(Figs. 1¢, e).

An immunofluorescence assay was subsequently applied to
detect APy level in cells to further investigate the stimulation of
NTZ on AP clearance. As shown in Figs. 1g, h, NTZ dose-
dependently reduced the ARy level in BV2 cells. To exclude the
possibility that the decrease of the AB level in cells by NTZ
treatment was due to the inhibition of AP uptake, we also
detected the APy4o level in the supernatant by ELISA assay. As
shown in Fig. 1f, the A4 level in the supernatant of the wells with
BV2 cells significantly decreased compared to the wells without
cells; however, there was no significant change in the AR, level in
the supernatant under different concentrations of NTZ treatment,
which thus indicated that NTZ did not affect the uptake of AR, in
BV2 cells.

NTZ promoted AP clearance by stimulating autophagy

We subsequently attempted to investigate whether the previously
described NTZ-induced promotion of AP clearance resulted from
autophagy activation in BV2 cells. In the assay, the known
autophagy inhibitor chloroquine (CQ, [27]) was applied, and the
cells were treated with DMSO, NTZ (20 uM), CQ (20 uM), and NTZ
(20 M) in combination with CQ (20 uM), while the level of
intracellular AP was evaluated using an ELISA assay.

As expected, CQ as an autophagy inhibitor suppressed AP
clearance, which resulted in a higher AR level than that of the
DMSO group (Fig. 1i), and NTZ enhanced A4, clearance, which
led to a lower AB4q level than the DMSO group (Fig. 1i). However,
treatment of CQ clearly antagonized the NTZ-induced enhance-
ment of AP4o clearance (lower ARy level), which resulted in a
higher AP, level than the NTZ group (Fig. 1i). Thus, all results have
implied that NTZ promoted AP clearance by activating autophagy.

We subsequently verified the promotion of NTZ on autophagy
by examining the key autophagy-related proteins in BV2 cells and
primary astrocytes. Notably, Unc51-like kinase 1 (ULK1) is the

GFP

Hoechst

Fig.2 NTZ stimulated autophagy. a-d BV, cells (a) or primary astrocytes (c) were cultured with different concentrations of NTZ (20, 10, 5, or 0
uM) for 24 h, and phosphorylated ULK1 and protein levels of LC3Il and p62 were detected by Western blot assay. b, d Quantitative results of (a)
and (c). GAPDH was used as a loading control in Western blot assays (one-way ANOVA. n = 3. P <0.05; “P <0.01; P < 0.001 vs DMSO group).
e CLSM images of BV2 cells transiently expressing tagRFP-mWasabi-LC3 (green and red puncta indicate mWasabi and tagRFP, respectively.
Scale bar: 5 um). All data were obtained from three independent experiments and are presented as the mean + SEM
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Fig. 3 NTZ stimulated autophagy by inhibiting PI3K/AKT/mTOR and NQO1/mTOR signaling pathways. a-d BV2 cells (a) or astrocytes (b) were
treated with different concentrations of NTZ (20, 10, 5 or 0 uM) for 24 h, and phosphorylation levels of PI3K, AKT and mTOR, as well as protein
level of P70S6K were detected by Western blot assay. ¢, d Quantitative results of (a, b). GAPDH was used as loading control in Western blot
assays. (one-way ANOVA. n = 3. P < 0.05; "P<0.01; " P <0.001 vs DMSO group). e-f BV2 cells (e) were cultured with DMSO, NTZ (20 uM), SC79
(5 pM) and NTZ (20 pM) in combination with SC79 (5 uM) for 24 h, and phosphorylatlon levels of PI3K, AKT and mTOR were detected by
Western blot assay. f quantitatiye results of (e). GAPDH was used as a loading control in Western blot assays (one-way ANOVA. n = 3. "P<0.0T1;
P <0.001 vs DMSO group; ‘P<0.01; ""P<0.001 vs NTZ combined with SC79). g BV2 cells were cultured with DMSO, NTZ (20 pM),
p-lapachone (2 puM), and NTZ (20 pM) in combination with p-lapachone (2uM), and 2 pg/mL soluble AP4o was added into the cells
and incubated for 3 h. AP, level was detected by ELISA assay (t test, P < 0.001 vs DMSO group; *P < 0.05 vs NTZ combined with p-lapachone).
h-i BV2 cells (h) were cultured with different concentrations of NTZ (20, 10, 5 or 0 uM) for 24 h, and phosphorylatlon levels of PI3K, AKT or
mTOR were detected by Western blot. i quantltatlve results of (h) GAPDH was used as a loading control in Western blot assays (one-way
ANOVA. n=3. ""P<0.001; P < 0.05 vs DMSO group; *¥%p < 0.001; “P < 0.05 vs p-lapachone). All data were obtained from three independent
experiments and are presented as the mean + SEM
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initiator of the autophagy process, and its activated phosphoryla-
tion inhibits autophagy [28], while P62 is an autophagy substrate
that characterizes the activation of autophagy [29]. Moreover,
microtubule-associated protein light chain 3 (LC3) is a central
protein of autophagosomes and is responsible for substrate
selection and autophagosome biogenesis [30]. LC3 is widely used
as a marker of autophagosomes. In cells, there are two forms of
LC3: LC3-l and LC3-ll. When autophagy is activated, LC3-l may
convert into the membrane-bound form of LC3-Il to initiate the
formation of autophagosomes [31]. As shown in Figs. 2a-d, NTZ
dose-dependently decreased the levels of p-ULK1 and P62 and
enhanced the LC3-Il level in both BV2 cells and primary astrocytes.
This result indicates that NTZ stimulated autophagy in cells.
Moreover, to further investigate the activation of NTZ on
autophagy, we also used tagRFP-mWasabi fluorescence-tagged
LC3 (tagRFP-mWasabi-LC3) to monitor the change of autophagic
flux in BV2 cells with NTZ treatment [32]. In the assay, when
autophagy and autophagosome formation initiated, both red
(tagRFP) and green (mWasabi) signals were perceived and merged
as yellow. When autophagosomes fused with lysosomes, the
environment inside the autolysosomes was acidic [20], thus
quenching the fluorescent signal of mWasabi with less effect on
tagRFP. At this time, only the red (tagRFP) signal was perceived. In
our experiment, the cells were pretransfected with the expression
vector encoding tandem tagRFP-mWasabi-LC3 for 24h and
incubated with different concentrations of NTZ for 24 h. As shown
in Fig. 2e, NTZ could effectively increase both yellow and red

puncta in BV2 cells compared with the control cells. Thus, this
result indicated that NTZ could stimulate autophagic flux in BV2
cells.

Taken together, these results suggested that NTZ motivated
autophagy to promote A( clearance in BV2 cells and primary
astrocytes.

NTZ stimulated autophagy involving PI3K/AKT/mTOR and NQO1/
mTOR signaling pathways

NTZ stimulated autophagy involving PI3K/AKT/mTOR signaling.
Given that we have determined the capability of NTZ in
stimulating autophagy, we subsequently explored the related
mechanism that underlies the effect of NTZ.

According to the published result, mTOR signaling activation
phosphorylates ULK1 to disrupt autophagy [33], and mTOR
phosphorylation is regulated by PI3K/AKT and AMPK/Raptor
signaling [34]. With these facts, we investigated whether NTZ
might regulate these two signaling pathways in response to its
autophagy promotion in BV2 cells or primary astrocytes via
Western blot assay. As indicated in Figs. 3a-d, NTZ treatment
decreased the phosphorylation levels of PI3K, AKT, mTOR and
P70S6K (the substrate of mTOR [35]) and had no effects on the
phosphorylation level of AMPK or Raptor (Supplementary
Figures S1a and b).

PI3K inhibitor wortmannin [36] was subsequently applied to the
assay to prove that NTZ promoted AP clearance (activated
autophagy) through PI3K/AKT signaling pathway. As shown in
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Fig. 4 NTZ reduced tau hyperphosphorylation by inhibiting GSK3p activity. a-l SH-SY5Y (a, e, i) or neuronal (c, g, k) cells were cultured with
different concentrations of NTZ (20, 10, 5 or 0 uM) for 24 h, and phosphorylation levels of PI3K, AKT, GSK3p and Tau were detected by Western
blot. b, f, j Quantitative results of (a, e, and i). d, h, | Quantitative results of Figures ¢, g and k. GAPDH was used as a loading control in Western
blot assays. (one-way ANOVA. n=3. "P<0.05; P<0.01; ""P<0.001 vs DMSO group). All data were obtained from three independent

experiments and are presented as the mean + SEM
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Supplementary Figure S1c, NTZ (10 uM) or wortmannin (5 uM)
could promote AP, clearance in BV2 cells, while cotreatment of
NTZ with wortmannin failed to have a preferable ability in
promoting AR, clearance compared with the NTZ treatment
result in the cells. These results thus suggested that NTZ promoted
AB4o clearance via the PI3K-dependent signaling pathway.

In addition, AKT activator SC79 [37] was applied to verify that
PI3K/AKT signaling is responsible for the regulation of NTZ against
mTOR. In the assay, BV2 cells were treated with DMSO, NTZ (20
uM), SC79 (5 uM), or NTZ (20 uM) in combination with SC79 (5 uM),
and the phosphorylation levels of PI3K, AKT and mTOR were
detected by Western blot. As indicated in Figs. 3e, f, SC79 stimu-
lated phosphorylated AKT and mTOR and effectively reversed the
NTZ-induced suppression of the phosphorylation levels of AKT
and mTOR; however, it had no effects on phosphorylated PI3K.

Therefore, these results demonstrated that NTZ promoted
autophagy involving PI3K/AKT/mTOR signaling.

NTZ stimulates autophagy involving NQO1/mTOR signaling. It is
noted that NTZ has previously been reported to be capable of
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Mycobacterium tuberculosis [38]. Thus, we wondered whether
NTZ also inhibited NQO1 signaling to stimulate autophagy in
neuron-like cells.

Thus, we used B-lapachone (an activator of NQO1 [39]) to
evaluate the potential of NTZ in inhibiting NQO1 via ELISA in BV2
cells. In the assay, the cells were treated with DMSO, NTZ (20 pM),
B-lapachone (2uM), or NTZ (20uM) in combination with
B-lapachone (2 uM). As expected, the results in Fig. 3g demon-
strated that B-lapachone effectively reversed the NTZ-induced
decrease in the AP4o level, which implies the potential of -
lapachone in weakening AR, clearance and antagonizing the
NTZ-induced promotion of autophagy. Thus, we presumed that
NTZ might also activate autophagy involving the regulation of
NQOT1 signaling in BV2 cells. To verify this presumption, a Western
blot assay was carried out to detect the effect of B-lapachone in
reversing the NTZ-induced decreases in the levels of P-PI3K, P-AKT
and P-mTOR. As indicated in Figs. 3h, i, B-lapachone could
antagonize the NTZ-induced decrease in phosphorylated mTOR,
while there was no influence on P-PI3K or P-AKT. Thus, these
results demonstrated that NTZ stimulated autophagy involving

enhancing autophagy by inhibiting NQO1 signaling in NQO1/mTOR signaling.
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Fig. 5 NTZ reduced LPS-stimulated inflammation involving suppression of PI3K/Akt/NFkB signaling. a, b BV2 cells (a) were cultured with
different concentrations of NTZ (20, 10, 5 or 0 pM) and 1 mg/mL LPS for 24 h, and phosphorylation levels of PI3K, AKT and IxB and protein level
of NFkB in cytosol and nuclear fraction were detected by Western blot. b Quantitative results of Figure a. GAPDH and Lamin B1 were used as

loading controls in Western blot assays (one-way ANOVA. n = 3. ‘P < 0.05; “P < 0.01;

"P<0.001 vs LPS group). ¢ RT-PCR assay was used to test

the effects of NTZ on transcription of inflammatory cytokines with 1 mg/mL LPS, including TNF-o, IL-1B, and iNOS (one-way ANOVA. n = 3. P<

0.05; "P<0.01;

"P < 0.001 vs LPS group). d, e BV2 cells (d) were cultured with different concentrations of NTZ (20, 10, 5 or 0 uM) for 24 h with

1 mg/mL LPS, and protein levels of TNF-q, IL1 and iNOS were detected by Western blot. e quantitative results of (d). GAPDH was used as a

loading control in Western blot assays (one-way ANOVA. n=3. "P<0.05; P <0.01;
three independent experiments and are presented as the mean + SEM
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Taken together, NTZ stimulates autophagy involving the
regulation of PI3K/AKT/mTOR and NQO1/mTOR signaling
pathways.

NTZ restrains tau hyperphosphorylation involving PI3K/AKT/
GSK3p signaling

NTZ suppressed phosphorylation levels of PI3K, AKT, and GSK3p.
We have determined that NTZ as an autophagy activator
promoted AR clearance; thus, we subsequently investigated
whether NTZ also exhibited activity in suppressing tau hyperpho-
sphorylation, another hallmark of AD [40]. In the assay, we chose
SH-SY5Y and primary neuron cells for the tau-related study
because SH-SY5Y cells belong to a neuroblastoma cell line that
closely resembles primary neurons, while BV2 cells and primary
astrocytes are considered more suitable for AP clearance related
assays [41].

According to the published reports, two main kinases, glycogen
synthase kinase 3( (GSK3p) and cyclin-dependent kinase 5 (CDK5),
are highly responsible for tau phosphorylation [42], and GSK3p is
regulated by PI3K/AKT signaling [43]. As NTZ has been determined
to be active in repressing the phosphorylation levels of PI3K and
AKT in BV2 cells and astrocytes, we subsequently investigated
whether it also exhibited these effects in SH-SY5Y and primary
neuron cells. As expected, the results indicated that NTZ could
also inhibit the phosphorylation of PI3K or AKT in both SH-SY5Y
and primary neuron cells (Figs. 4a-d).

It is reported that GSK3p activity is activated when the residue
Tyr216 is phosphorylated and inhibited when Ser9 phosphory-
lated [44]. With these facts, we performed a Western blot assay to
investigate the phosphorylation level of GSK3B for the two
previously described residues to evaluate the GSK3( enzymatic
activity in response to NTZ treatment. As shown in Figs. 4e-h, NTZ
decreased GSK3B phosphorylation at Tyr216, while it had no
effects on the phosphorylation at Ser9 in both SH-SY5Y and
primary neuronal cells. These results thus suggested that NTZ
suppressed GSK3p activity.

209
299

We subsequently examined the potential regulation of NTZ
against CDK5 enzyme in SH-SY5Y and primary neuron cells.
According to the literature reports, CDK5 alone is an inactive
catalytic subunit and can be activated by p35 or p25 (the cleaved
product of p35) [45]. As indicated in Supplementary Figure S2a-d,
NTZ had no effects on CDKS5, p25 or p35, which thus implies that
NTZ rendered no influence on CDK5 activity.

NTZ restrained tau phosphorylation. As NTZ has been determined
to restrain GSK3[B activity, we subsequently investigated its
suppression against tau hyperphosphorylation in cells. As
expected, the results indicated that NTZ efficiently decreased
tau phosphorylation at multiple sites, including Ser396, 199 and
Tyr231 [46], in both SH-SY5Y and primary neuron cells (Figs. 4i-l).
Moreover, the level of total tau did not change with different
concentrations of NTZ, which thus implied that NTZ-inhibited tau
phosphorylation might not occur via autophagy.

We subsequently investigated whether PI3K/AKT pathway was
required for the regulation of NTZ against tau phosphorylation. As
shown in Supplementary Figures S2e-f, NTZ (10 uM) or wortman-
nin (5 uM, PI3K inhibitor) could decrease the phosphorylation of
tau, while the cotreatment of NTZ with wortmannin failed to
further suppress the phosphorylation of tau, thereby implying
that NTZ reduced tau phosphorylation via PI3K/AKT signaling
pathway.

Taken together, NTZ suppressed tau phosphorylation involving
PI3K/AKT/GSK3p signaling pathway.

NTZ attenuated LPS-induced inflammation involving PI3K/AKT/
IkB/NFkB pathway

NTZ inhibited NFkB signaling via PI3K/AKT/IkB pathway. It is
reported that the regulation of IkB phosphorylation involves PI3K/
AKT signaling, and phosphorylation and degradation are two
essential steps for NFKB activation, while P65, the subunit of NFkB,
could translocate into the nucleus evoking the transcription of
pro-inflammatory mediators [47]. Thus, the capability of NTZ in
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Fig. 7 NTZ reduced A level and senile plaque formation in APP/PS1 transgenic mice. a, d ELISA assay was used to evaluate ABaq/4; levels in
APP/PS1 transgenic mice (t-test, n=4. P<0.01; P<0.001 compared with TV). e-f Representative micrographs of Thioflavine S-stained
amyloid plaques in the hippocampus and cortex of APP/PS1 transgenic mice, scale bar: 100 pm. f Statistical analysis of images e. (t test,  P<
0.001 compared with TV). NV, nontransgenic vehicle group; TV, transgenic vehicle group, NTZ, transgenic mice administration with NTZ
administration (90 mg-kg~'-d™") group. Values indicate the mean + SEM

inhibiting PI3K/AKT signaling also encouraged us to evaluate its
potential in suppressing inflammation, which is also closely
related to AD [48]. In the assay, lipopolysaccharide (LPS) [47]
was used as an inducer of inflammation in BV2 cells.

As indicated in the Western blot results (Figs. 5a, b), LPS
increased the phosphorylation levels of PI3K, AKT and IkB,
decreased the protein level of total IkB, and induced nuclear
translocation of the NFkB subunit p65 in BV2 cells, while NTZ
treatment effectively reversed the LPS-induced activation of
P-PI3K, P-AKT and IkB and inhibited the nuclear translocation of
NFkB/p65. These results thus suggested that NTZ attenuated NFkB
activation involving PI3K/AKT/IkB pathway.

NTZ inhibited the expression of pro-inflammatory cytokines. Given
the determined activity of NTZ in repressing NFkB/p65 nuclear
translocation, we subsequently examined its potential inhibition
against pro-inflammatory cytokines, including IL-1f3, iNOS and
TNF-a [49], by real-time PCR and Western blot in BV2 cells. As
indicated in Figs. 5c-e, LPS treatment induced increases in both
the mRNA and protein levels of IL-1[3, iINOS and TNF-a compared
to the control group. Moreover, NTZ antagonized these LPS-
induced promotions on these pro-inflammatory cytokines. Thus,
these results showed that NTZ attenuated LPS-induced inflamma-
tion involving PI3K/AKT/IKB/NFKB pathway.

NTZ improved learning and memory impairments in APP/PS1
transgenic mice

As we have determined that NTZ was capable of promoting AP
clearance and suppressing tau hyperphosphorylation and inflam-
mation in cells, we subsequently evaluated its efficacy in
ameliorating learning and memory impairments in APP/PS1

Acta Pharmacologica Sinica (2019) 40:1279 - 1291

transgenic mice using the MWM test [50] because APP/PS1
transgenic mice expressing chimeric mouse/human Swedish
mutant APP and mutant human presenilin 1 protein have been
widely used as AD model mice for research [24].

As indicated in Figs. 6a, b, in the training test, the latencies to
find the platform for the vehicle-administered transgenic mice
(transgenic vehicle group) were longer than those for the vehicle-
administered nontransgenic mice (nontransgenic vehicle group).
However, the latencies of the transgenic mice administered 90
mg/kg NTZ (transgenic NTZ group) were clearly decreased
compared with those for the transgenic vehicle group. These
results thus suggested that NTZ administration ameliorated the
space learning ability of APP/PS1 transgenic mice.

As demonstrated in Figs. 6¢, d, in the probe trial assay, the
transgenic vehicle group crossed over the hidden location of the
platform less frequently than the nontransgenic vehicle group,
while the transgenic NTZ group crossed over the hidden location
of the platform more frequently than the transgenic vehicle
group. Thus, these results demonstrated that NTZ improved the
memory ability of the transgenic mice.

In the assay, we selected three doses of NTZ (10, 30 and 90 mg/
kg) for the in vivo assay, and no positive effects were obtained for
the 10 and 30 mg/kg NTZ groups (data not shown).

NTZ reduced AP level and senile plaque formation in APP/PS1
transgenic mice

NTZ reduced AB level. We subsequently evaluated the inhibition
of NTZ against the AB4o/42 level in both the hippocampus and
cerebral cortex in the transgenic mice using an ELISA assay. As
shown in Figs. 7a-d, the ABa4o/4> levels of the transgenic vehicle
group were expectedly higher than those of the nontransgenic
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vehicle group, and the transgenic NTZ group mice had a lower
ABao/a2 level in the hippocampus or cerebral cortex than in the
transgenic vehicle group.

NTZ suppressed senile plaque formation. As we have determined

the inhibition of NTZ against AB40,42 in vivo, we subsequently
investigated the potential of NTZ in restraining senile plaque

SPRINGERNATURE

formation in the transgenic mice via the Thioflavine S staining
assay, with senile plaque stained in green. As shown in Figs. 7e,
f, the senile plaques in the hippocampus or cerebral cortex of
the nontransgenic vehicle group were less than in the
transgenic vehicle mice, while 90 mg/kg NTZ administration
clearly decreased the senile plaque formation in the transgenic
mice.
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Fig. 10 NTZ reduced inflammation in APP/PS1 transgenic mice.
a RT-PCR assay was used to assess the effects of NTZ on the
transcription of inflammatory cytokines in APP/PS1 transgenic
mice (one-way ANOVA, Dunnett’s multiple comparison test. n=3.
"P<0.05 “P<0.01; "'P<0.001 vs TV). b-c Protein levels of
inflammatory cytokines in APP/PS1 transgenic mice were assessed
by Western blot. ¢ Quantitative results of (b). GAPDH was used
as a loading control in Western blot assays (one-way ANOVA. n = 4.
P<0.05; P<0.01 vs TV). NV, nontransgenic vehicle group, TV,
transgenic vehicle group, NTZ, transgenic mice with NTZ adminis-
tration (90 mg-kg~'-d™") group. Values indicate the mean + SEM

NTZ promoted autophagy involving PI3K/AKT/mTOR signaling in
APP/PS1 transgenic mice

Given that NTZ enhanced autophagy involving PI3K/AKT/mTOR
and NQO1/mTOR signaling pathways in response to AP clearance
promotion in BV2 and primary astrocytes, we subsequently
assessed these effects in APP/PS1 transgenic mice.

NTZ promoted autophagy. We initially investigated the promo-
tion of NTZ on autophagy in the transgenic mice by Western blot.
As indicated in Figs. 8a—c, the transgenic vehicle group had higher
protein levels of p62 and phosphorylated ULK1 and a lower
protein level of LC3Il than those in the nontransgenic vehicle
group, which thus suggested the suppression of the autophagy
process in transgenic mice [24]. However, NTZ administration
clearly alleviated the protein levels of p62 and phosphorylated
ULK1, while it promoted LC3Il protein level (Figs. 8a—c), thus
implying that NTZ activated autophagy in APP/PS1 transgenic
mice.

NTZ inhibited PI3K/AKT/mTOR signaling. We subsequently exam-
ined the inhibition of NTZ against the PI3K/AKT/mTOR pathway by
Western blot assay in vivo. As expected, the transgenic vehicle
group mice had higher levels of P-PI3K, P-AKT, P-mTOR and P-
P70S6K than the nontransgenic vehicle group mice (Figs. 8a-c),
while NTZ administration clearly reversed these effects as
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indicated in the transgenic NTZ group mice.

In addition, we also attempted to examine the inhibition of NTZ
against NQO1 activity in vivo, but failed (data not shown). This
failure might be due to the complicated ingredients released from
the crushed brains, which influenced the enzymatic assay against
NQO1 activity.

Taken together, these results have demonstrated that NTZ
stimulated autophagy involving the inhibition of PI3K/AKT/mTOR
pathway in APP/PS1 transgenic mice.

NTZ reduced GSK3f activity and Tau hyperphosphorylation in
APP/PS1 transgenic mice

Similar to the cell-based assay in examining the inhibition of NTZ
against GSK3p, we also investigated the phosphorylation levels of
GSK3( at Tyr216 and Ser 9 [44] to evaluate the GSK3f activity in
the cortex of the transgenic mice. As indicated in Figs. 9a, b, NTZ
administration efficiently decreased the level of GSK3f phosphor-
ylation at Tyr216, while it had no effects on GSK3f phosphoryla-
tion at Ser9 as in the case of the cell-based assay, which
demonstrated that NTZ administration inhibited GSK3p activity in
the transgenic mice.

A Western blot assay was subsequently conducted to detect the
suppression of NTZ against tau hyperphosphorylation in the cortex
of the transgenic mice. As expected, NTZ administration restrained
tau phosphorylation at multiple sites, including Ser396, 199 and
Tyr231 (Figs. 9¢, d), similar to the results of the cell-based assay
(Figs. 3i-l). These results thus indicated that NTZ administration
reduced tau hyperphosphorylation in APP/PS1 transgenic mice.

Furthermore, we also investigated the protein levels of CDK5
and p35/p25 by Western blot in the cortex of the mice according
to the cell-based assay. As indicated in Supplementary Fig-
ures S3e-f, NTZ administration rendered no influence on these
three protein levels. This result thus demonstrated that NTZ did
not inhibit CDK5 enzymatic activity, consistent with the cell-based
assay results.

NTZ inhibits pro-inflammatory mediators in APP/PS1 transgenic
mice

According to a published report, AR mediates inflammatory
activation in  APP/PST transgenic mice [51]. As we have
determined the activities of NTZ in promoting AP clearance as
an autophagy activator and suppressing the LPS-induced exces-
sive expression of pro-inflammatory mediators in BV2 cells, we
subsequently investigated the potential anti-inflammatory activity
of NTZ in the cortex of the transgenic mice.

As indicated in Figs. 10a-c, the real-time PCR and Western blot
results both showed that the mRNA and protein levels of IL-1(,
iNOS and TNF-a in the transgenic vehicle group mice were higher
than those in the nontransgenic vehicle group mice, indicative of
the activation of inflammation in transgenic mice. NTZ adminis-
tration efficiently inhibited the expressions of these pro-
inflammatory mediators at both the mRNA and protein levels.

DISCUSSION

AD is a neurodegenerative disease with hallmarks of memory
recession and behavior ability impairment [52]. The current drugs
for AD treatment can only alleviate the symptoms of the patient’s
illness [53].

It is reported that both extracellular and intracellular accumula-
tion of AP initiate a cascade of events leading to neurodegenera-
tion [54] in AD patients. Although AP is mainly produced by
neurons, microglia and astrocytes have also been reported to
function potently in AP clearance and degradation. In addition,
astrocytes play key roles in the homoeostasis, defense and
regeneration of the central nervous system [55]. In the pathogen-
esis of AD, AP and its precursor APP, as well as AD-related genes
inhibit autophagy, and promoting autophagy in response to the
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Fig. 11 A proposed model illustrating the mechanism that underlies

NTZ in the amelioration of AD pathology. NTZ stimulated autophagy
and promoted AP clearance by inhibiting both PI3K/AKT/mTOR/
ULK1 and NQO1/mTOR/ULK1 signaling pathways. NTZ was capable
of repressing tau hyperphosphorylation involving inhibition of PI3K/
AKT/GSK3p pathway and attenuating LPS-induced inflammation by
inhibiting PI3K/AKT/IxB/NFkB signaling

promotion of AP clearance by astrocytes is believed to be a
promising strategy for the drug discovery against AD. Autophagy
is regulated by various signaling pathways, including PI3K/AKT/
mTOR and AMPK/Raptor signaling. Moreover, the activity of PI3K/
AKT/mTOR signaling is markedly enhanced in cells or transgenic
mice that overexpress APP, leading to the inhibition of autophagy
[56]. In the current work, we found that NTZ promoted autophagy
by inhibiting PI3K/AKT/mTOR signaling.

In addition, NTZ has previously been discovered to inhibit
NQO1 activity, and we determined that NQO1/mTOR signaling
was also involved in NTZ-stimulated autophagy. Given the
report that NQOT1 is highly expressed in the brains of patients
with AD [57], we tentatively suppose that excessive activation of
NQO1 may inhibit autophagy, leading to the accumulation of
AB. Furthermore, published reports have also indicated that
NQO1 overexpression is caused by Af-induced oxidative
stress, and NQO1 mutation-induced inactivation (C609T) can
increase the risk of AD in the Chinese population [58]. Thus,
these results indicate the complicated role of NQO1 in the
pathogenesis of AD.

In addition to AP accumulation, the hyperphosphorylation of
tau protein is a key pathological feature of AD. In our work, we
determined that NTZ decreased the phosphorylation of P?'c-
GSK3 in response to GSK3f inhibition by the PI3K/AKT signaling
pathway. It has been reported that P?'®-GSK3 level is high in the
cortex and hippocampus of transgenic mice or AD patients [44],
and GSK3p activity regulation involves PI3K/AKT signaling via the
phosphorylation of GSK3f at Ser9 or Tyr216 [59]. It has also been
reported that PI3K inhibitors, wortmannin or LY294002, decrease
tau phosphorylation [36, 60], which is consistent with our results.
However, there are also other reports that demonstrated
wortmannin causes tau phosphorylation [61, 62]. Thus, these
results have implied the complexity of wortmannin as a PI3K
inhibitor in regulating tau phosphorylation.

In AD, neuroinflammation is a significant contributor to disease
progression [63]. AR accumulation causes excessive activation of
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astrocytes and increases transcription and protein levels of
inflammatory factors [64], while the occurrence of inflammation
could further aggravate tau phosphorylation. NSAIDs (nonster-
oidal anti-inflammatory drugs) have been shown to be effective in
ameliorating AD symptoms [65]. In our work, NTZ was found to
exhibit an anti-inflammatory effect by inhibiting the nuclear entry
of NFkB and reducing the transcription of inflammatory factors.
Therefore, these results have addressed the potential multi-
function of NTZ in the treatment of AD.

In summary, we reported that NTZ can stimulate autophagy and
promote AP clearance by inhibiting both PI3K/AKT/mTOR/ULK1
and NQO1/mTOR/ULK1 signaling pathways. NTZ repressed tau
hyperphosphorylation by inhibiting PI3K/AKT/GSK3 pathway and
attenuated LPS-induced inflammation by inhibiting PI3K/AKT/IkB/
NFkB signaling. Moreover, NTZ efficiently improved the learning
and memory impairments of APP/PS1 transgenic mice (Fig. 11).
These results have highlighted the potential of nitazoxanide in the
treatment of AD.
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