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KEY WORDS Abstract  Alzheimer’s disease (AD), characterized by the accumulation of protein aggregates including
phosphorylated Tau aggregates, is the most common neurodegenerative disorder with limited therapeutic
agents. Autophagy plays a critical role in the degradation of phosphorylated Tau aggregates, and tran-
scription factor EB (TFEB) is a master regulator of autophagy and lysosomal biogenesis. Thus, small-
molecule autophagy enhancers targeting TFEB hold promise for AD therapy. Here, we found that
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celastrol, an active ingredient isolated from the root extracts of Tripterygium wilfordii (Lei Gong Teng in
Chinese) enhanced TFEB-mediated autophagy and lysosomal biogenesis in vitro and in mouse brains.
Importantly, celastrol reduced phosphorylated Tau aggregates and attenuated memory dysfunction and
cognitive deficits in P301S Tau and 3xTg mice, two commonly used AD animal models. Mechanistical
studies suggest that TFEB-mediated autophagy-lysosomal pathway is responsible for phosphorylated Tau

degradation in response to celastrol. Overall, our findings indicate that Celastrol is a novel TFEB activator
that promotes the degradation of phosphorylated Tau aggregates and improves memory in AD animal
models. Therefore, Celastrol shows potential as a novel agent for the treatment and/or prevention of

AD and other tauopathies.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder in the world. According to the 2020 Alzheimer’s
Disease Facts and Figures report, about 10% of people above the
age of 65 are living with AD in the United States'. Unfortu-
nately, currently available medications for AD are very limited;
most drugs only offer moderate symptomatic relief and have side
effects. Therefore, novel effective drugs are urgently needed. The
key histopathological features of AD include senile plaques
formed by the accumulation of amyloid B-peptide (AB), and
neurofibrillary tangles comprising phosphorylated, misfolded
Tau aggregates” *. In the past decades, most drugs developed to
treat AD by targeting A have not demonstrated promising
clinical efficacy. Biogen’s monoclonal antibody aducanumab
targeting A has recently been approved by U.S. Food and Drug
Administration (FDA); however, whether aducanumab improves
cognitive decline is controversial’. New approaches that target
phosphorylated Tau have received increasing attention because
the Tau pathology is tightly linked to memory deficits in AD®’.
Among all the strategies that target Tau protein aggregates,
activating macroautophagy (hereafter referred to as autophagy)
to promote Tau aggregates degradation is considered as the most
effective approach.

Autophagy is a conserved catabolic pathway for the degradation
of long-lived proteins, protein aggregates, and organelles (e.g.,
mitochondrial) by lysosomes® '’. Autophagy dysfunction is
involved in the pathology of a variety of diseases including neuro-
degenerative diseases'''°. The multiple stages of autophagy
impairment involve in autophagosome maturation, autophagosome
formation, and autophagosome—lysosome fusion has been impli-
cated in the pathogenesis of AD'®. Several AD-associated genes
such as presenilin 1, presenilin 2, and phosphatidylinositol binding
clathrin assembly protein have been shown to affect autophagy and/
or lysosome functions'®'”'®, We and others recently found that
nuclear receptor-binding factor 2 (NRBF2), a main component of
the class III phosphatidylinositol 3-kinase (PtdIns3K) complex, is
reduced in the hippocampus of SXFAD transgenic mice and AD
patients'”°. In mouse models, NRBF2 deficiency affects memory
and exaggerates AD-like pathology'®>'. Mechanistically, NRBF2
modulates autophagosome formation and autophagosome—
lysosome fusion and interacts with amyloid beta precursor protein
(APP) to regulate APP-CTFg degradation and subsequent AS ho-
meostasis in an autophagy-dependent manner'**?. The expressions
of other autophagy-related proteins such as Beclin 1'** are also

reduced in AD patients and transgenic mice. Deletion of Beclin 1
increases both the intracellular AB and extracellular A@ and accel-
erates AD progress'’. Additionally, deficiency in essential
autophagy-related genes such as ATG7 affects both AG production
and secretion in AD mouse models***>. Conversely, genetic or
pharmacological induction of the autophagy—lysosome pathway
ameliorates the pathological features associated with AD'*?°.
These results highlight a pivotal role of autophagy in AD
pathogenesis.

Previously, TFEB has been known as the main regulator of
autophagy lysosomal pathway”’ *°. It has been demonstrated
overexpression of TFEB enhances autophagy, thereby promot-
ing Tau degradation, restoring normal neural function, and
rescuing behavioral deficits in multiple AD animal
models®***'. Thus, targeting TFEB-mediated autophagy to
enhance the clearing of Tau aggregates represents a promising
strategy for AD treatment. However, high potency TFEB small
molecule activators are rarely reported. Moreover, poor
blood—brain barrier (BBB) permeability of current known
TFEB activators hinders their application for treating neurode-
generative diseases including AD.

Celastrol is a leptin sensitizer, initially isolated from the roots
of Tripterygium wilfordii (Lei Gong Teng, common name,
thunder god vine). T. wilfordii is widely used in clinical for
treating many diseases including rheumatoid arthritis and sys-
temic lupus erythematosus in China®”>. As a main active com-
pound of T. wilfordii, celastrol has multiple therapeutic activities
such as anti-obesity and anti-inflammatory effects® *°. How-
ever, the role of celastrol in activating TFEB-mediated auto-
phagy, lysosomal biogenesis, and promoting phosphorylated Tau
degradation has not been reported. In searching for novel TFEB
activators, we found that celastrol promotes TFEB translocation
from the cytoplasm into the nucleus in vitro and in vivo, spe-
cifically in animal brains. Consequently, autophagy and lyso-
somal biogenesis were enhanced. Given that TFEB activation
could promote Tau aggregate degradation and alleviate AD-like
pathology in animal models, in our study, we tested the effec-
tiveness of celastrol on attenuating Tau pathology in P301S and
3xTg AD mice and then investigated the underlying mechanism.
Our results show that celastrol is a novel TFEB activator that
promotes the degradation of phosphorylated Tau aggregates and
improves memory deficiency in AD animal models. The findings
from this study provide key evidence for future clinical devel-
opment of celastrol as a novel agent for the treatment and/or
prevention of AD and other tauopathies.
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2. Materials and methods
2.1.  Chemical and reagents

Tau antibodies used in this study PHF1, CP13, and MC1 were
generously gifted by Prof. Peter Davies, Albert Einstein College,
NY, USA. Torin 1 (2273-5) was purchased from BioVision Inc.
Bafilomycin Al (sc-201550) and anti-B-actin/ACTB (sc-47778)
were obtained from Santa Cruz Biotechnology. The following
primary antibodies were used: Flag M2 (Sigma—Aldrich, F1804);
Phospho-ribosomal protein S6 kinase B1 (P70S6K/RPS6KBI1,
Thr389; Cell Signaling Technology, 9234); P70S6K/RPS6KB1
(Cell Signaling Technology, 9202); H3F3A/histone H3 (D1H2;
Cell Signaling Technology, 4499); microtubule-associated protein
1 light chain 3B (LC3B; Novus Biologicals, NB100-2220); TFEB
(Bethyl Laboratories, A303-673A); anti-phospho-TFEB (Ser142;
Millipore, ABE1971); anti-phospho-TFEB  (Ser211; Cell
Signaling Technology, 37681S); GAPDH antibody (GeneTex,
GTX100118). The following items were used: Alexa Fluor® 488
goat anti-mouse IgG (Life Technologies, A-11001); goat anti-
rabbit IgG (Life Technologies, A-11034); vector ABC staining
kit (PK-6100 Elite); chloroquine (C6628, Sigma—Aldrich); DAB
Peroxidase Substrate Kit (VECTOR, SK-4100); protease inhibitor
mixture (04693124001, Roche Applied Science); phosphatase
inhibitor (B15001, Biotool); ECL kit (32106, Pierce); BAPTA
acetoxymethyl ester (Sigma—Aldrich, A1076); okadaic acid
(Sigma—Aldrich, 459620); Lysotracker® Red DND-99 (L-7528),
FK-506 (sc-24649A), cyclosporin A (sc-3503) (Life Technolo-
gies); goat anti-rabbit (111-035-003) secondary antibodies, HRP-
conjugated goat anti-mouse (115-035-003) (Jackson Immuno
Research); RIPA lysis buffer (9803, Life Technologies); Trizol
(15596026, Thermo Fisher Scientific). Celastrol was obtained
from Aktin Chemical (Chengdu, China) with a purity of more than
98%.

2.2.  Cell culture

HeLa, N2a, and HEK293 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM). HeLa cells stably express-
ing 3XFlag-TFEB (CF-7)*"”%*7 were cultured in DMEM con-
taining 10% FBS and 200 pg/mL G418. RNAi-mediated
knockdown experiments were conducted using Lipofectamine
RNAIMAX (13778030) from Invitrogen. For overexpression
experiments, cell transfection was used Lipofectamine 3000
(L3000015, Invitrogen) 3XFlag-TFEB plasmid was a kind gift
from Professor Andrea Ballabio (TIGEM)>"-*%%7, 3XFlag-TFEB
S142D and S211D plasmids were generated by using Q5® Site-
Directed Mutagenesis Kit (NEB, E0554S) according to the
manufacturer’s instructions followed by verification using
sequencing.

2.3.  Animals and drug treatments

All animal experiments were approved by the Committee of
Human & Animal Subjects in Teaching and Research (HASC),
Hong Kong Baptist University (Hong Kong, China). We fol-
lowed the approved protocols in all animal experiments. Ani-
mals were maintained at 23 £ 2 °C, 60 + 15% relative humidity
with 12-h light/dark cycles, and water and food were provided
ad libitum. Homozygous human P301S Tau transgenic mice
were kind gifts from Dr. Michael Goedert®®. 1.5-Month-old mice
(both male and female n = 7—8) were treated daily with

celastrol at the concentrations of 1 and 2 mg/kg/day or vehicle
for 2.5 months. Homozygous 3xTg mice bought from Jackson
Laboratory (CA, USA) were used in this study. Since previous
findings suggested that male 3xTg mice may not exhibit AD-like
pathology™, only female mice were used in our study. In 3xTg
mice, celastrol was given daily from 6 months of age till the
mice reached 15 months of age with concentrations of 1 and
2 mg/kg/day (n = 8 per group). For long-term treatment of
celastrol to avoid oral damage, we mixed celastrol in regular
feed as per our previous protocol; fresh feed containing celastrol
was prepared twice weekly'”*'. Briefly, the average daily
amount of drug consumption was calculated based on the
amount of food consumed every day. The assessment of animals’
body weight and calculation of feed consumption were per-
formed every 2 weeks. Celastrol was suspended in distilled
water and mixed with the measured weight of regular feed
powder. The mixture was kept at 55 °C to evaporate excessive
water. A fresh feed with the required amount of celastrol was
prepared twice weekly.

2.4.  Open field test

Open field test was conducted as described previously*’ *%.
Briefly, mice were placed in a plexiglass box (25 cm X 25 cm) and
allowed to explore the environment. The behavior of each mouse
was recorded for 5 min to analyze the exploratory and locomotor
function. Time spend in center and margin were recorded and data

. . . 40,41
analyzed as described in our previous reports™ .

2.5.  Contextual fear conditioning (CFC) test

CFC test was performed according to previously described pro-
tocols™. Briefly, in two sound-proof chambers, all the experiments
were conducted with continuous 40 units of white noise and 40 lux
white light. In training experiments, mice were allowed to explore
the platform for 2.5 min and then received three repeated foot
shock cycles (30 s) at 30 s intervals, each starting with a cue tone
(28 s, 1500 Hz) and ending with a foot shock (30.0 mA, 2 s). On
the second day, the mice were allowed to explore the platform for
3 min followed by a cue tone (30 s, 1500 Hz) stimulation without
foot shock, and the freezing time was recorded. Contextual fear
memory formation and the subsequent remote memory stabiliza-
tion were evaluated by scoring freezing index (the absence of all
but respiratory movement).

2.6. The Morris water maze

The Morris water maze test was performed according to a previ-
ous protocol**. The data were analyzed as described in our pre-
vious reports***!. Briefly, the hidden-platform training (4 trials/
day) was performed for 6 consecutive days. The visible platform
training was done with a flag attached to the platform, and the
platform position was changed for each trial during the training
session. The hidden-platform training included 4 trials per day,
and every trial included four 60-s trials with a 30-min interval. In
the hidden platform sessions, the platform location remained
constant and the entry point for placing the mice in the tank was
changed randomly between the training days. On the 7th day, a
probe trial was conducted and allowed the mice to search for the
platform for 60 s. The percentage of time spent in each quadrant
and distance to reach the target quadrant of the pool during the
probe trial was recorded and analyzed using an Ethovision video
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tracking system (Version 3.0, Noldus Information Technology,
Leesburg, VA, USA).

2.7.  Western blotting analysis

Cells were lysed in RIPA to separate cytosol and nucleus extracts
prepared according to our previous protocol™ *’. The extracted
protein was analyzed using Western blot, the protein was run in
SDS-PAGE separating them at different kDa. The protein from the
gel was transferred to the membrane and was probed for different
proteins using a primary antibody and secondary antibody. The
protein expression was detected using an ECL reagent and
developed in the X-ray film.

2.8.  Tau extraction

Sarcosyl-soluble and -insoluble Tau fractionation was performed
based on our previous studies’”*'. Briefly, brain samples were
homogenized using lysis buffer containing protease and phos-
phatase inhibitor tablets. Soluble and insoluble pellets were ob-
tained after centrifugation. The pellet fraction was extracted in a
high salt lysis buffer. After 30 min centrifugation, 1% sarcosyl
was mixed with the supernatant and incubated at RT for 2 h and
centrifuged again for 30 min to separate sarcosyl-insoluble Tau in
the pellet. The pellet was then resuspended in 20 pL of Tris-EDTA
buffer. Total lysis buffer fraction, S1 fraction, and sarcosyl
insoluble fractions were used for immunoblotting detection of
human total Tau and phospho-Tau variants.

2.9.  Immunohistochemistry

The extracted brain was cut into equal halves and one half was
fixed in 4% paraformaldehyde and dehydrated in 30% sucrose.
Then the brain was cut into slices in cryotome, and the brain slices
were used for free-floating immunohistochemistry. The brain sli-
ces were permeated in 0.4% PBST for 15 min and further washed
in 1 x PBS twice. Then brain slices were incubated in 5% BSA
for 30 min at room temperature. Next, the target primary antibody
was added to the free-floating brain slices and incubated overnight
at 4 °C. The next morning the primary antibody was collected, and
the brain slices were washed twice with PBS. Then secondary
antibody with a fluorescent tag was incubated with brain slices for
2 h at room temperature. Next, the brain slices were washed with
PBS and incubated with DAPI for 5 min and immediately washed
twice with PBS. Then the brain slices were mounted in the slides,
air-dried, and covered with a coverslip. The target brain fluores-
cence was imaged in confocal and analyzed for the intensity using
Image J.

2.10.  Flow cytometry assay

Lysotracker red staining was conducted as described previously*®
and by following the manufacturer’s instructions. The lysotracker
fluorescence intensity was detected using flow cytometry (BD
Accuri C6 Plus). To analyze the data FlowJo software was used.

Venus-based Tau-BiFC system was constructed as described
previously®. In this system, wild-type full-length human Tau or
P301S mutation human Tau were fused to a non-fluorescent N-
terminal fragment of Venus (VN173, 1—172 a.a.) and non-
fluorescent C-terminal fragment of Venus (VC155, 155—238
a.a.). After transfection into cells, the fluorescence intensity could
be used as an indicator for Tau aggregate formation. The BiFC

fluorescence intensity was detected using flow cytometry (BD
Accuri C6 Plus).

2.11.  Quantitative real-time PCR

Total RNA was extracted from cells with the Trizol reagent.
Reverse transcription was carried out following the protocol of the
High-Capacity cDNA Reverse Transcription Kit (4368814, Life
Technologies). The related gene primers of autophagy were fol-
lowed with our previous research®’. The primers were synthesized
by Life Technologies, the primer sequences are listed in
Supporting Information Table S1. Real-time PCR was performed
using the Fast SYBR Green Master Mix (Life Technologies,
4385612) with the ViiA™ 7 Real-Time PCR System (Life Tech-
nologies, Carlsbad, CA, USA). Fold changes were calculated with
the AACT method, and the results were normalized against an
internal control (GAPDH).

2.12.  Immunocytochemistry

The treated cells and control cells were fixed in 4% para-
formaldehyde for 15 min and then permeabilized in 0.4% PBST
for 15 min and further washed in 1 x PBS twice. Then cells were
incubated in 5% BSA for 30 min at room temperature. Next, the
target primary antibody was added to the cells and incubated
overnight at 4 °C. After staining with anti-Flag primary antibody,
the Alexa Fluor® 488 (green) secondary antibodies were added
and incubated for 2 h. Next, the cells were labeled with DAPI and
mounted in slides. The cells were visualized using an API Delta
Vision Personal Imaging System and quantified using Image J.

2.13.  Statistical analysis

All data are presented as mean =+ standard error of mean (SEM)
using GraphPad Prism 8.0. For in vitro experiments the drug
treatment and untreated cells were compared using Student’s z-
test. For animal experiments, between groups comparison, and
between animals were compared using one-way ANOVA. For
behavior studies, we also used two-way ANOVA for some pa-
rameters to compare between groups at different time points and
between animals. We used the Bonferroni test and Tukey’s mul-
tiple comparison test for comparing the groups in the study.

3. Results

3.1.  Celastrol activates TFEB to promote autophagy

By using HeLa cells stably expressing 3XFlag-TFEB (CF-7 cells)
as a cell model, we evaluated several natural compounds for their
ability to promote the accumulation of TFEB in the nucleus, and
we found that celastrol (Cel, Fig. 1A) promoted TFEB trans-
location from the cytosol into the nucleus in a dose- (Fig. 1B and
C) and time-dependent manner (Supporting Information
Fig. STA). Notably, celastrol is highly potent TFEB activation
being achieved even at low micromolar concentrations (Fig. 1B
and C). Since TFEB is a key regulator of autophagy and lysosomal
biogenesis?’**"°, we first identified the effect of celastrol on
inducing autophagy by detecting the levels of a well-defined
autophagy marker LC3B-II. As shown in Fig. 1D, celastrol
increased LC3B-II levels. Celastrol also increased LC3B-II levels
in the presence of lysosome inhibitor chloroquine (CQ, Fig. 1E),
indicating that celastrol promotes autophagy flux rather than
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Celastrol promotes TFEB-mediated autophagy and lysosome biogenesis. (A) Chemical structure of celastrol (Cel). (B, C) Celastrol

promotes TFEB translocation from the cytoplasm into the nucleus in HeLa cells stably expressing 3xFlag-TFEB as reflected by immunostaining
and Western blot analysis (at least 250 cells were counted for each group, scale bar = 15 um). (D) Celastrol increased the levels of LC3B-II and
LAMPI. (E) Celastrol further increased LC3B-II levels in the presence of lysosome inhibitor CQ (chloroquine). (F) tf-LC3 staining further
confirmed that celastrol promoted autophagy flux (scale bar = 10 pm). (G) Celastrol increased lysosomal numbers as reflected by Lysotracker
Red DND-99 staining using flow cytometry assay. The TFEB activator Torin 1 was used as a positive control. (H) Celastrol increased the
expression of multiple autophagy—lysosome-related genes as reflected by qPCR assay. (I) Knockout of the expression of TFEB attenuated
celastrol-induced autophagy flux. All the values are average = SEM from at least three independent experiments. *P < 0.05, **P < 0.01 vs. the
control group or as indicated analyzed by one-way ANOVA.
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attenuate celastrol-induced nuclear accumulation of TFEB. (E) Celastrol inhibited the phosphorylation of RPS6KB1 in HEK293 cells. (F)
Knockdown of TSC2 attenuated celastrol-induced dephosphorylation of mTORCT substrate RPS6KB1. All the values are average + SEM from at
least three independent experiments. *P < 0.05, **P < 0.01 vs. the control group or as indicated analyzed by one-way ANOVA.
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Celastrol is a blood—brain barrier permeable and enhances autophagy and lysosomal biogenesis in mouse brains. (A) Celastrol is

brain permeable. Celastrol concentration in the brain was determined by LC—MS methods after giving mice 2 mg/kg celastrol by gavage.
Cpax = 766.67 ng/g (n = 5). C57 mice received 1 and 2 mg/kg/day celastrol for 7 consecutive days by gavage. (B, C) Celastrol promoted TFEB
translocation from the cytoplasm into the nucleus in animal brains. (D—H) Celastrol increased autophagy and lysosome biogenesis. The
expression of LC3B-II, LAMPI, cathepsin B, and cathepsin D in the frontal cortex was examined by Western blotting after treatment with
celastrol. All the values are average = SEM (n = 4—6). *P < 0.05 vs. Vehicle group analyzed by one-way ANOVA.

inhibiting lysosome functions. Microscope images showed red-
only puncta of tfLC3 (Tandem RFP-LC3-GFP) constructs”’
were increased, further confirming that celastrol promotes auto-
phagy flux (Fig. 1F). Importantly, celastrol increased lysosomal
contents as proved by Lysotracker Red staining (Fig. 1G). We
further showed that celastrol increased the lysosomal-associated
membrane protein 1 (LAMP1) levels (Fig. 1D) and induced the
expression of multiple genes related to autophagy and the lyso-
some pathway (Fig. 1H). Importantly, the knockout of TFEB
attenuated celastrol-induced autophagy flux (Fig. 1I). Taken
together, these results indicate that celastrol enhances TFEB-
mediated autophagy and lysosomal biogenesis.

3.2.  Celastrol activates TFEB via inhibiting mammalian target
of rapamycin complex I (mTORCI)

To investigate the possible mechanisms by which celastrol pro-
motes the nuclear accumulation of TFEB, we first determined the

role of celastrol in TFEB phosphorylation status, which is critical
for TFEB subcellular localization. As shown in Fig. 2A and B,
celastrol induced the dephosphorylation of TFEB (S142 and S211)
in a time- and dose-dependent manner. Furthermore, after trans-
fection of cells with two phosphomimic TFEB mutants
[TFEB(S142D), TFEB(S211D)] in HEK293 cells, we found that
the nuclear translocation of TFEB after celastrol treatment was
compromised (Fig. 2C), suggesting that the dephosphorylation of
TFEB at S142 and S211 is important for the nuclear translocation
of TFEB. Certain phosphatases namely calcium-dependent PPP3/
calcineurin, an endogenous serine/threonine phosphatase, can
dephosphorylate TFEB**>® and translocate from the cytosol
into the nucleus. Therefore, we wanted to check whether calci-
neurin is required for celastrol-induced nuclear accumulation of
TFEB. In Fig. 2D, cells were pretreated with PPP3/calcineurin
inhibitor CsA (cyclosporin A) and FK506°* or calcium chelator
BAPTA-AM (BAPTA acetoxymethyl ester) did not obviously
inhibit the nuclear translocation of TFEB after celastrol treatment
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Figure 4  Celastrol ameliorates memory impairment and reduces phosphorylated Tau aggregates in P301S Tau mice. (A) Schematic models
show experimental design for P301S Tau mice. At the end of celastrol treatment, (B) contextual fear conditioning test results show that celastrol
improved memory impairments. (C, D) Open field test results show that celastrol improved exploratory and locomotor behavior. (E) Immuno-
fluorescence analysis and quantification data show that celastrol reduced MC1 levels. (F) Immunofluorescence analysis and quantification data
show that celastrol reduced CP13 levels. (G) Immunohistochemistry analysis and quantification data show that celastrol reduced ATS levels (scale
bar = 500 um). All the values are average = SEM (n = 7—8). *P < 0.05, **P < 0.01 vs. Vehicle group analyzed by one-way ANOVA.
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Figure 5

Celastrol reduces phosphorylated Tau aggregates in P301S Tau mice. (A) The brain lysates of P301S Tau mice in Fig. 4 were

separated into sarcosyl-insoluble and sarcosyl-soluble fractions. (B—E) Phosphorylated Tau proteins (AT8, PHF1, CP13, and MC1) from sarcosyl-
insoluble fractions were quantified. (F, G) Total Tau proteins and autophagy substrate SQSTM1/p62 from sarcosyl-insoluble fractions were
quantified. All the values are average £ SEM (n = 7—8). *P < 0.05 vs. Vehicle group analyzed by one-way ANOVA.

(Fig. 2D). This evidence supports the notion that calcium and
PPP3/calcineurin are not essential for celastrol to induce the nu-
clear accumulation of TFEB. We also tested whether okadaic acid
(OA) induced inhibition of protein phosphatase 2A (PP2A) could
attenuate the nuclear accumulation of TFEB after celastrol treat-
ment because recent findings showed that PP2A is also important
for TFEB dephosphorylation and nuclear accumulation®. As
shown in Fig. 2D, inhibition of PP2A by OA did not obviously
affect the nuclear accumulation of TFEB in response to celastrol,
suggesting that PP2A is also not required for Celastrol-induced
nuclear accumulation of TFEB. Finally, since mTORCI is the
main kinase responsible for TFEB dephosphorylation (both
Ser211 and Serl42 residues)’’*%%’, we tested the effect of
celastrol on mTORCI activity. The reducing phosphorylation of
RPS6KB1, a well-known downstream kinase of mTORCI,
demonstrated that celastrol inhibited mTORC1 (Fig. 2E). More-
over, knockdown of the expression of TSC2 compromised the
inhibition of mTORCI in response to celastrol (Fig. 2F). These
results indicate that celastrol may activate TFEB via inhibition of

mTORCI. Together, these results demonstrate that celastrol-
induced TFEB nuclear accumulation occurs via mTORCI inhi-
bition and does not involve calcium-dependent calcineurin or
PP2A activation.

3.3.
brains

Celastrol activates TFEB to enhance autophagy in mouse

To determine whether celastrol can penetrate the BBB and enter
the brain, an essential requirement for an anti-AD drug candidate,
we first measured the levels of celastrol in mice brain tissues.
After oral administration of celastrol (2 mg/kg body weight),
pharmacokinetic parameters of celastrol in mouse brains were
detected at various time points. The maximum concentration
(Cmax) 696 ng/g recorded (Fig. 3A), indicated that celastrol can
effectively pass the BBB. The pharmacokinetic parameters of
celastrol in the plasma were also detected (Supporting Information
Fig. S2 and Table S2). Next, we wondered whether celastrol could
promote TFEB-mediated autophagy and lysosomal biogenesis in
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Figure 6 Celastrol mitigates memory impairments and reduces Tau aggregates in 3xTg mice. (A) Schematic models show experimental design
for 3xTg mice. At the end of drug treatment, (B) contextual fear conditioning test results show that celastrol improved memory impairments. (C,
D) Open field test results show that celastrol improved exploratory and locomotor behavior. (E—G) Morris water maze results show that celastrol
ameliorated spatial learning and memory impairment in 3xTg mice. (H) Immunofluorescence analysis and quantification data show that celastrol
reduced MCI levels. (I) Immunofluorescence analysis and quantification data show that celastrol reduced CP13 levels. (J) Immunohistochemistry
analysis and quantification data show that celastrol reduced AT8 levels (scale bar = 500 pm). All the values are average += SEM (n = 8).
*P < 0.05, ##P < 0.01 vs. Vehicle group analyzed by one-way ANOVA.
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mouse brains. After isolation of the cytoplasm and the nuclear
fractions from the brains of mice that had been treated with
celastrol for 7 consecutive days by gavage, Western blotting was
performed, and results show that celastrol promotes TFEB trans-
location from the cytosol into the nucleus (Fig. 3B and C).
Celastrol increased the levels of LC3B-II, pro-cathepsin B,
mature-cathepsin B, pro-cathepsin D, mature-cathepsin D, and
LAMPI levels in the frontal cortex (Fig. 3D—H), suggesting that
celastrol promotes TFEB-mediated autophagy and lysosomal
biogenesis in mouse brains. Taken together, these results show that
celastrol is BBB-permeable and promotes autophagy and lyso-
somal biogenesis in mouse brains.

3.4.  Celastrol attenuates Tau pathology in P301S Tau mice
Since pharmacological or genetic activation of TFEB promotes
phosphorylated Tau degradation and improves neurodegeneration
in multiple AD animal models, we tested whether celastrol, a
TFEB agonist, could alleviate Tau pathology in AD mice. We
firstly employed homozygous P301S Tau mice, expressing four-
repeat human Tau protein with the P301S mutation in nerve cells,
created by Dr. Michael Goedert™, to test the anti-AD effect of
celastrol. Tau protein hyperphosphorylation and aggregation,
characteristic in AD and other tauopathies are observed in these
mice, and thus they are commonly used for AD study™®. Celastrol
(1 and 2 mg/kg/day) was orally administered to 1.5-month-old
P301S Tau mice for 2.5 months, and then the behaviors were

assessed (Fig. 4A). The percentage of freezing was significantly
increased in celastrol-treated mice compared to vehicle-treated
P301S Tau mice in contextual fear conditioning (CFC) test
(Fig. 4B), indicating that celastrol improves learning and memory
ability in these mice. An open-field test was also employed to test
the effects of celastrol on improving exploratory behavior and
locomotor activity in these mice. The results showed that trans-
genic (Tg) mice stayed much longer in the center compared with
the wild type (WT) mice, and celastrol-treated mice showed
reduced time in the center compared with P301S Tau mice
(Fig. 4C and D). These results indicate that celastrol alleviates
exploratory behavior and locomotor activity deficit in P301S Tau
mice.

Next, we wondered whether celastrol-improved cognitive
impairment was accompanied by reduced phosphorylated Tau
levels in these mice. Immunostaining results showed that celastrol
effectively reduced phosphorylated MC1 (Ser312—322) and CP13
(Ser202) levels (Fig. 4E and F). Immunohistochemistry staining
using another phosphorylated Tau antibody AT8 (S202/T205)
further confirmed that celastrol reduced phosphorylated Tau in
P301S Tau mice (Fig. 4G). Since insoluble phosphorylated Tau
contributes to neurodegeneration, we further determined whether
celastrol could reduce insoluble Tau levels. Brains samples were
fractionated into the detergent (sarcosyl)-soluble and -insoluble
fractions according to a previous method***'. Western blotting
results show that celastrol specifically reduced phosphorylated Tau
AT8, PHF1 (Ser396 and Ser404), CP13, conformation-specific
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Figure 7

Celastrol reduces phosphorylated Tau aggregates in 3xTg mice. (A) The brain lysates of 3xTg mice in Fig. 6 were separated into
sarcosyl-insoluble and sarcosyl-soluble fractions. (B—E) Phosphorylated Tau proteins (AT8, PHF1, CP13, and MC1) from sarcosyl-insoluble
fractions were quantified. (F, G) Total Tau proteins and autophagy substrate SQSTM1/p62 from sarcosyl-insoluble fractions were quantified.
All the values are average &= SEM (n = 7—8). *P < 0.05 vs. Vehicle group analyzed by one-way ANOVA.
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TFEB-mediated autophagy and the lysosomal pathway are required for celastrol-induced phosphorylated Tau aggregate degradation.
(A) Celastrol promotes TFEB nucleus accumulation in mouse neuroblastoma N2a cells transiently expressing Flag-TFEB (scale bar = 10 um).
(B) Celastrol-induced autophagy in N2a cells; knockdown of Azg5 attenuated celastrol-induced elevation of LC3B-II levels. (C) Celastrol pro-
moted the clearance of phosphorylated Tau (CP13, PHF1, AT8) in NP40-insoluble fraction in N2a cells transiently expressing P301L Tau;
starvation (EBSS) was used a positive control. (D) Celastrol increased autophagy flux; lysosome inhibitor Baf Al attenuated SDS-insoluble
phosphorylated Tau degradation in response to celastrol in N2a cells. (E) Lysosome inhibitor CQ attenuated AT8 degradation in response to
celastrol in N2a cells. (F) Knockdown of Atg7 compromised phosphorylated Tau AT8 degradation after celastrol treatment. (G) Knockdown of
Tfeb compromised AT8 degradation after celastrol treatment. (H) Schematic models show tau-BiFC sensor based on Venus-based BiFC system.
N- and C-terminal constituents of Venus protein were fused to full-length P301L mutated Tau. After Tau formed aggregates, the fluorescence
increased. (I, J) By using a Tau-BiFC sensor, representative results from fluorescence microscope and flow cytometry analysis show that celastrol
reduced Tau aggregates, and this reduction is inhibited by lysosome inhibitor Baf A1 (scale bar = 50 um). All the values are average + SEM from
at least three independent experiments. *P < 0.05, **P < 0.01 vs. the control group or as indicated analyzed by one-way ANOVA.
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Tau (MC1), total Tau and autophagy substrate sequestosome 1
(SQSTM1/p62) in the sarcosyl-insoluble fractions in a dose-
dependent manner (Fig. 5). In contrast, celastrol had minimal
effects on reducing soluble phosphorylated Tau levels (Fig. 5,
quantification data not shown). These results demonstrate that
celastrol may specifically reduce insoluble Tau aggregates in the
brain of P301S mice. Taken together, our findings indicate that
celastrol specifically reduces insoluble, phosphorylated Tau ag-
gregates and improves memory deficiency in P301S Tau mice.

3.5.  Celastrol mitigates cognitive deficits and reduces
phosphorylated Tau aggregates in 3xTg AD mice

We next employed another Tau-associated AD animal model, the
3xTg mice, to further verify the roles of celastrol in attenuating
Tau pathology. 3xTg mice harbor three human mutant genes: APP
with the Swedish mutation, presenilin-1-KI, and TauP301L°°.
These mice show various characteristics of AD pathology
including Tau-associated neurofibrillary tangles and Ag-associ-
ated amyloid plaques®®. We orally administered celastrol at the
concentrations of 1 and 2 mg/kg/day to 3xTg mice from 6-month-
to 15-month-old (Fig. 6A). At the end of drug administration, the
CFC test, open field test, and Morris water maze (MWM) test
were used to assess cognitive deficits. In the CFC test, as expected,
the percentage of freezing was significantly decreased in 3xTg
mice compared with wild mice (Fig. 6B). In contrast, celastrol-
treated mice froze more than vehicle Tg mice (Fig. 6B), sug-
gesting that celastrol improved learning and memory ability in
these mice. In the open-field test, 3xTg mice spent more time in
the center compared with WT mice, and celastrol-treated mice
dramatically reversed this phenomenon compared with Tg vehicle
(Fig. 6C and D), indicating that celastrol improved exploratory
behavior and locomotor activity. Finally, to further verify the ef-
fects of celastrol on learning and memory, the MWM behavior test
was performed. The escape latencies were determined during 6
days of hidden platform training. The results show that the escape
latencies of celastrol-treated mice were significantly shorter than
Tg vehicle mice (Fig. 6E—G), suggesting that celastrol improves
spatial reference memory in 3xTg mice. In the probe trial,
celastrol-treated mice spent a much longer time in the quadrant
compared with Tg vehicle mice (Fig. 6F and G), indicating that
celastrol may improve memory. Overall, these results indicate that
celastrol ameliorates cognitive deficits in 3xTg mice.

We next studied whether the ability of celastrol to improve
memory is related to its attenuating Tau pathology. Immuno-
staining and immunohistochemistry were firstly used to detect the
phosphorylated Tau levels in mouse brains. The immunostaining
assay (Fig. 6H and I) shows that phosphorylated Tau proteins
CP13 (Ser202) and MC1 (Ser312—322) were significantly
reduced after celastrol treatment. AT8 (S202/T205) levels were
also dramatically reduced in response to celastrol treatment
(Fig. 6]). These results suggest that celastrol reduced phosphor-
ylated Tau levels in 3xTg mice. Since insoluble phosphorylated
Tau contributes to neurodegeneration, we further determined
whether celastrol could specifically reduce insoluble phosphory-
lated Tau in 3xTg mice. Brain samples were fractionated into the
detergent (sarcosyl)-soluble and -insoluble fractions. Western
blotting results showed that celastrol specifically reduced phos-
phorylated Tau ATS, PHF1, CP13, conformation-specific Tau
MC1, total Tau, and autophagy substrate SQSQTM1/p62 in the
sarcosyl-insoluble fractions in a dose-dependent manner
(Fig. 7A—G). In contrast, celastrol did not noticeably affect

soluble phosphorylated Tau levels (Fig. 7A). These results
demonstrate that celastrol specifically reduces insoluble Tau ag-
gregates in the brain of 3xTg mice. Taking our results together, we
conclude that celastrol improves memory deficiency and reduces
insoluble, phosphorylated Tau in 3xTg mice.

3.6. TFEB-mediated autophagy is required for celastrol to
degrade phosphorylated Tau in vitro

The results in P301S Tau mice and 3xTg mice show that celastrol
improves memory deficiency and reduces phosphorylated Tau
aggregates in mouse brains. We next studied whether TFEB-
mediated autophagy is responsible for its anti-AD effects with a
particular focus on phosphorylated Tau aggregate degradation. In
P301S Tau mice, results of fractionation of the cytoplasm and the
nucleus fractions followed by Western blot assay showed that
celastrol treatment significantly increased the accumulation of
TFEB in the nucleus (Supporting Information Fig. S3A and S3B).
Interestingly, celastrol also increased mature cathepsin B (m-
CTSB), and mature cathepsin D (m-CTSD) levels in the brain of
P301S Tau mice (Fig. S3C and S3D), suggesting that celastrol
activates TFEB to induce autophagy in pathological conditions of
animal brains. Moreover, in both 3xTg and P301S Tau mice,
celastrol increased autophagy marker LC3B-II (Fig. S3E and S3F)
and reduced SQSTM1/p62 levels (Figs. 5 and 7), suggesting that
celastrol promotes autophagy in Tg mice and that the enhance-
ment of autophagy may contribute to its effects in reducing
phosphorylated Tau levels.

To confirm whether TFEB-mediated autophagy is responsible
for phosphorylated Tau degradation, we first examined whether
celastrol can activate TFEB in neuron cell line N2a cells. As
shown in Fig. 8A, celastrol promoted the nuclear accumulation of
TFEB and increased the expression of LC3B-II (Fig. 8B).
Knockdown of ATGS attenuated celastrol-induced the increase of
LC3B-II levels (Fig. 8B). Importantly, celastrol further increased
LC3B-II levels in the presence of lysosomal inhibitor Baf Al
(Fig. 8D), suggesting that celastrol enhances autophagy flux in
neuronal N2a cells. Next, we examined whether celastrol pro-
motes the degradation of phosphorylated Tau in N2a cells and
investigated the possible mechanisms. As shown in Fig. 8C,
celastrol reduced the phosphorylated Tau ATS, PHF1, and CP13 in
NP40-insoluble fractions. Importantly, celastrol-mediated reduc-
tion of Tau can be inhibited by lysosomal inhibitors Baf Al and
CQ (Fig. 8D and E), suggesting that lysosome functions may be
required for phosphorylated Tau aggregate degradation in
response to celastrol. Furthermore, knockdown of Atg7 and Tfeb
also compromised celastrol-induced phosphorylated Tau degra-
dation (Fig. 8F and G), suggesting that TFEB-mediated autophagy
is required for celastrol-mediated phosphorylated Tau aggregate
degradation. Finally, we used a previously described Venus-based
Tau-BiFC system™ to further verify whether celastrol could pro-
mote the degradation of Tau aggregates. In this system, wild-type
full-length human Tau or P301S mutation human Tau were fused
to a non-fluorescent N-terminal fragment of Venus (VN173,
1—172 a.a.) and non-fluorescent C-terminal fragment of Venus
(VC155, 155—238 a.a.). After transfection into cells, the fluores-
cence intensity could be used as an indicator for Tau aggregate
formation®® (Fig. 8H). We used the P310L Tau-BiFC system to
further examine whether celastrol promotes Tau aggregate
degradation. Interestingly, we found that celastrol treatment
reduced fluorescence and, importantly, lysosome inhibitor Baf Al
reversed this effect in the P301L Tau-BiFC system as shown in
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microscope images (Fig. 8I). Flow cytometry-based assay further
confirmed the role of celastrol in promoting Tau-aggregates
degradation and its susceptibility to lysosome inhibitor Baf Al
(Fig. 8J). Collectively, these results demonstrate that TFEB-
mediated autophagy is required for phosphorylated Tau-
aggregates degradation, at least in cell models.

4. Discussion

Here, for the first time, we show that celastrol promotes TFEB-
mediated autophagy and lysosomal biogenesis both in vitro and
in vivo. Celastrol ameliorated memory deficiency and reduced
phosphorylated Tau aggregates in P301S Tau and 3xTg mice. We
also demonstrated that TFEB-mediated autophagy is required for
celastrol to degrade phosphorylated Tau aggregates. These results
indicate that celastrol is a novel TFEB activator that promotes the
degradation of phosphorylated Tau aggregates to alleviate Tau
pathology. Our findings may provide novel insight into the role of
celastrol in ameliorating AD disease.

Natural products represent an important resource for devel-
oping effective agents for treating aging-associated diseases
including neurodegenerative diseases” ~°. We previously identi-
fied several natural autophagy activators and showed neuro-
protective effects in neurodegenerative disease cell/animal
models® 74000 Celastrol, a natural triterpenoid, has multiple
biological activities including anti-inflammatory, anti-cancer,
anti-obesity, and anti-diabetic effects®> *°!. Here, we uncovered
an additional potential activity: that of preventing or reducing
neurodegeneration. Tau pathology is a key characteristic of AD;
our findings suggest that celastrol can reduce Tau pathology. Tau
is a microtubule-associated protein abundantly expressed in the
axons of neurons. A main function of Tau is stabilizing micro-
tubules®”. In AD and other Tau-related neurodegenerative dis-
eases, Tau proteins are hyperphosphorylated and form insoluble
aggregates, thus losing the ability to stabilize microtubule,
leading to axonal transport impairment, and finally neuron death
and, by association, cognitive deficits®”. Interestingly, mounting
evidence suggests that Tau pathology better correlates with
cognitive impairment than A@ in AD. As such, targeting patho-
logical Tau is a promising strategy for developing pharmaceutical
interventions of AD and other tauopathies. Among all the stra-
tegies, enhancing autophagy by targeting TFEB to degrade
phosphorylated Tau aggregates is an effective way to prevent
pathological disease. Our findings in animal models show that
TFEB activator celastrol may represent a novel agent for pre-
venting/treating AD by degradation of phosphorylated Tau
aggregates.

Previous studies have shown that celastrol-induced heat shock
response and the upregulation of chaperones are responsible for its
neuroprotective effects in neurodegenerative diseases such as
Huntington’s disease and amyotrophic lateral sclerosis®> . Pre-
vious studies on these diseases suggest that celastrol has neuro-
protective effects in AD via a mechanism related to reducing beta-
amyloid pathology via inhibiting BACE-1 activity®". However, the
role and underlying mechanisms of celastrol in attenuating Tau-
pathology have not been reported. Here, we have revealed that
celastrol promotes the degradation of phosphorylated Tau aggre-
gates via a novel mechanism involving TFEB-mediated autophagy
and improves AD-associated memory deficiency in mouse
models. Future studies using brain-specific TFEB knockout and/or
autophagy-deficient mice to further explore the underlying
mechanism of celastrol in alleviating Tau pathology in the animal

models are required to confirm the neuroprotective effects of
celastrol. Since previous reports showed that chaperones also play
a role in the clearing of Tau proteins, we cannot fully exclude the
possibility that celastrol-induced heat shock response and the
upregulating expression of chaperones also plays a role in its
ability to alleviate Tau pathology in P301S Tau and 3xTg mice.
Though we have revealed that celastrol promotes Tau degradation,
alleviates memory deficiency, and induces autophagy in 3XTg
mice, the role of celastrol in reducing beta-amyloid pathology
may also be responsible for its effect in improving memory deficit
since it has been reported that celastrol reduced AB production®.
Our results in 5XFAD mice also showed that celastrol alleviates
Ag pathology (data not shown). Here, we have found that celastrol
induces autophagy via mTORCI inhibition-mediated TFEB
dephosphorylation and activation. These results suggest that
celastrol may have multiple targets for inducing autophagy.
Nevertheless, the drug target for celastrol-mediated mTORCI1
inhibition is still elusive; future studies are required for deter-
mining this target. Since celastrol has anti-inflammatory effects’”,
an inflammatory response is also critical for AD pathogenesis, it is
also possible that these effects also play a role in alleviating AD
pathology in response to celastrol treatment. Finally, mitophagy
has been implicated in the pathogenesis of multiple diseases
including AD®"®°, whether mitophagy may also play a role in
alleviating AD are unclear since celastrol was reported to activate
TFEB*. Future studies aiming at understanding this question is an
interesting topic.

5. Conclusions

Overall, given that the impairment of the autophagy—lysosomal
pathway has been connected to the pathogenesis of numerous
diseases such as liver diseases, AD31’5("7°772, and other tauo-
pathies, and that autophagy plays a critical role in the degrada-
tion of phosphorylated Tau aggregates to alleviate disease
pathology. Thus, autophagy enhancers, especially those targeting
TFEB, hold great promise for developing novel anti-AD agents.
Here, we found celastrol promoted the degradation of phos-
phorylated Tau aggregates in P301S Tau and 3xTg mice and
improved memory deficits apparently via activating TFEB-
mediated autophagy. Thus, the results here provide strong
justification for the future development of celastrol as a novel
pharmaceutical agent. Our study may enhance understanding of
the pharmacological activation of TFEB to degrade phosphory-
lated Tau aggregates and point to a new strategy for the discovery
and development of drugs to treat and/or prevent AD and other
tauopathies.
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