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Corynoxine B derivative CB6 prevents Parkinsonian toxicity in
mice by inducing PIK3C3 complex-dependent autophagy
Zhou Zhu1,2,3, Liang-feng Liu1,4, Cheng-fu Su1,2,3, Jia Liu1,2,3, Benjamin Chun-Kit Tong1,2,3, Ashok Iyaswamy1,2,3,
Senthilkumar Krishnamoorthi1,2,3, Sravan Gopalkrishnashetty Sreenivasmurthy1,2,3, Xin-jie Guan1,2,3, Yu-xuan Kan1,2,3, Wen-jian Xie2,
Chen-liang Zhao2, King-ho Cheung1,2,3, Jia-hong Lu5, Jie-qiong Tan6, Hong-jie Zhang2, Ju-xian Song1,7 and Min Li1,2,3

Increasing evidence shows that autophagy impairment is involved in the pathogenesis and progression of neurodegenerative
diseases including Parkinson’s disease (PD). We previously identified a natural alkaloid named corynoxine B (Cory B) as a neuronal
autophagy inducer. However, its brain permeability is relatively low, which hinders its potential use in treating PD. Thus we
synthesized various derivatives of Cory B to find more potent autophagy inducers with improved brain bioavailability. In this study,
we evaluated the autophagy-enhancing effect of CB6 derivative and its neuroprotective action against PD in vitro and in vivo. We
showed that CB6 (5–40 μM) dose-dependently accelerated autophagy flux in cultured N2a neural cells through activating the
PIK3C3 complex and promoting PI3P production. In MPP+-treated PC12 cells, CB6 inhibited cell apoptosis and increased cell
viability by inducing autophagy. In MPTP-induced mouse model of PD, oral administration of CB6 (10, 20 mg· kg−1

· d
−1, for 21 days)

significantly improved motor dysfunction and prevented the loss of dopaminergic neurons in the striatum and substantia nigra
pars compacta. Collectively, compound CB6 is a brain-permeable autophagy enhancer via PIK3C3 complex activation, which may
help the prevention or treatment of PD.
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INTRODUCTION
Parkinson’s disease (PD) is a progressive neurodegenerative
disease with clinical symptoms of motor disturbances [1]. The
neuropathological hallmarks of PD are the loss of dopaminergic
nigrostriatal neurons and the presence of Lewy bodies composed
of alpha-synuclein (SNCA) [2]. Currently available drugs for PD
patients, primarily dopamine agonists, relieve the motor symp-
toms but do not prevent or reverse the progressive loss of
dopaminergic neurons [3]. Thus, the discovery of disease-
modifying drugs which can stop the progression of PD is urgently
needed [3].
Macroautophagy (henceforth referred to as autophagy) is an

evolutionarily conserved cellular process [4]. During the process,
autophagosomes fuse with lysosomes to degrade and recycle
cellular components, which include toxic aggregate-prone pro-
teins, impaired organelles, and invading pathogens [4, 5].
Accumulating evidence implicates autophagy dysfunction in the
pathogenesis and progression of neurodegenerative diseases
including PD [6, 7]. Specifically, pathological studies have
demonstrated the decreased levels and activity of autophagy-
regulatory proteins in postmortem PD brains [8, 9]. Besides,
genetic studies revealed that mutation of some genes, including
SNCA, LRRK2, and VPS35, could downregulate autophagy and lead

to the increased risk of familial or sporadic PD [10–13]. Moreover,
autophagy-deficient mice with Atg5- or Atg7-knockout are easier
to develop some PD-like symptoms including motor dysfunction
and the formation of inclusion bodies [14, 15]. Given that
autophagy dysfunction is closely related to the pathogenesis of
PD, restoration of autophagy may be a promising strategy for
treating PD [6, 16, 17].
Corynoxine B (Cory B) is a natural oxindole alkaloid isolated

from the Chinese herbal 1medicine Uncaria rhynchophylla (Miq.)
Jacks (钩藤 in Chinese) that has been used for the treatment of
PD-related symptoms [18, 19]. In previous studies, we found that
Cory B induced autophagy by regulating different pathways [20–
22]. To develop more potent autophagy inducers with good brain
bioavailability, we synthesized various derivatives of Cory B and
tested their autophagy-inducing potency. A derivative termed
CB6, which has an N-propyl group modified on Cory B to improve
the hydrophobicity, showed similar autophagy-inducing effects
and improved brain permeability. In this study, we determined
the molecular mechanisms by which CB6 induces autophagy and
examined its neuroprotective effects in cellular and animal
models of PD. We found that CB6 induced autophagy via
enhancing the activity of PIK3C3/VPS34 complex. In a 1-methyl-
4-phenylpyridinium (MPP+)-induced PC12 cell model of PD,
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CB6 induced autophagy to inhibit cell apoptosis and restore
cell viability. Furthermore, oral administration of CB6 induced
autophagy in mouse brains and prevented the loss of dopami-
nergic neurons in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) mouse model of PD.

MATERIALS AND METHODS
Reagents and antibodies
CB6 was synthesized by reacting Cory B (APC-459, Aktin, Chengdu,
China) with iodine propane in dimethylformamide (DMF); it was
purified by silica gel chromatography, achieving ~98% purity.
Anti-tyrosine hydroxylase (TH) (AB152) antibody was purchased
from Millipore (Burlington, MA, USA). Anti-ACTB/β-actin (sc-47778)
and anti-UB/Ubiquitin (sc-8017) antibodies were purchased from
Santa Cruz (Dallas, TX, USA). Anti- SQSTM1/p62 (P0067) antibody,
MPP+ iodide (D048), MPTP hydrochloride (M0896), cycloheximide
(CHX) (C1988), chloroquine (CQ) (C6628), and 3-methyladenine (3-
MA) (M9281) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dopamine hydrochloride (PHR1090), 3,4-dihydroxyphenyla-
cetic acid (DOPAC) (11569), and homovanillic acid (HVA) (69673)
were purchased from Supelco (Sigma-Aldrich, St. Louis, MO, USA).
Anti-LC3B (NB100-2220) antibody was purchased from Novus
Biologicals (Littleton, CO, USA). Anti-ATG7 (sc-8558), anti-phospho-
MTOR (Ser2448) (5536), anti-MTOR (2983), anti-phospho-RPS6KB1/
P70S6K (Thr389) (9205), anti-RPS6KB1/P70S6K (9202), anti-
phospho-EIF4EBP1 (Thr37/46) (2855), anti-EIF4EBP1 (9644), anti-
phospho-ULK1 (Ser757) (14202), anti-ULK1 (8054), anti-TSC2
(4308), anti-cleaved PARP1 (Asp214) (94885), anti-cleaved CASP3
(Asp175) (9661), anti-CASP3 (14220) antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA). Anti-PARP1
(A0942) antibody was purchased from ABclonal (Woburn, MA,
USA). Protein G magnetic beads (10003D) were purchased from
Invitrogen (Waltham, MA, USA). HRP-conjugated goat anti-mouse
IgG (115-035-003) and goat anti-rabbit IgG (111-035-144) second-
ary antibodies were purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA). Alexa Fluor® 594 goat anti-
rabbit IgG (A-11012) was purchased from Life Technologies
(Carlsbad, CA, USA). Bafilomycin A1 (Baf A1) (S1413) and SAR405
(S7682) were purchased from Selleckchem (Houston, TX, USA).
Torin 1 (2273) was purchased from BioVision (Milpitas, CA, USA).
Spautin1 (HY-12990) was purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Actinomycin D (ActD) (11421)
was purchased from Cayman (Ann Arbor, MI, USA). Atg7 (mouse)
siRNA (L-049953-00-0005), Becn1 (mouse) siRNA (L-055895-00-
0005), TSC2 (human) siRNA (L-003029-00-0005), and non-target
siRNA were purchased from Dharmacon (Lafayette, CO, USA).

Cell culture and drug treatment
Neuro-2a (N2a) cells, PC12 cells, HEK 293 cells, and HeLa cells were
maintained in DMEM (11965084, Gibco, Waltham, MA, USA)
supplemented with 10% FBS (10500064, Gibco, Waltham, MA,
USA). All the cells were grown at 37 °C in a humid incubator
supplied with 5% CO2. For Torin 1 treatment, cells were treated
with 250 nM Torin 1 for 5 h to inhibit MTORC1 pathway and for 12
h to induce autophagy. For Baf A1 treatment, 100 nM Baf A1 was
used for 3 h to inhibit autophagosome-lysosome fusion. For CQ
treatment, 100 µM CQ was used for 3 h or 24 h to inhibit lysosomal
degradation. For 3-MA treatment, 5 mM 3-MA was added to treat
cells for 30min before CB6 treatment to inhibit the activity of the
PIK3C3 complex. For SAR405 treatment, 5 µM SAR405 was added
to treat cells for 30min before CB6 treatment to inhibit the activity
of the PIK3C3 complex. For Spautin1 treatment, 10 µM SAR405
was added to treat cells for 30 min before CB6 treatment to inhibit
deubiquitination of the PIK3C3 complex. For CHX treatment, 5 µg/
mL CHX was used for 14 h to inhibit protein synthesis. For ActD
treatment, 0.1 µM ActD was used for 24 h to inhibit RNA synthesis.

For MPP+ treatment, 0.125–4mM MPP+ were used for 48 h
treatment to establish a cellular model of PD.

Cell transfection
For overexpression experiments, cells were transfected with
indicated plasmids using Lipofectamine 3000 reagent (L3000015,
Invitrogen, Waltham, MA, USA). The plasmids were mixed and
incubated with Lipofectamine 3000 in Opti-MEM medium
(31985070, Gibco, Waltham, MA, USA) for 20 min at room
temperature. The mixture was added to N2a/HEK 293 cells and
cultured for 24 h, followed by treatment with the indicated drugs.
For knockdown experiments, cells were transfected with indicated
siRNAs using Lipofectamine RNAiMAX reagent (13778030, Invitro-
gen, Waltham, MA, USA). The siRNAs were mixed and incubated
with Lipofectamine RNAiMAX in Opti-MEM medium for 20min at
room temperature. The mixture was added to N2a/HeLa cells and
cultured for 60 h, followed by treatment with the indicated drugs.

Lactate dehydrogenase (LDH) release assay
N2a cells were seeded into 24-well plates. After 24-h incubation,
the cells were treated with different concentrations of CB6 for 24
h. After drug treatments, the culture media was collected and
centrifuged. LDH kits (11644793001, Roche, Basel, Switzerland)
were used for the measurement of LDH levels in the supernatants
according to the manufacturer’s protocol. To calculate the
cytotoxicity, cells treated without any compound were used as
negative controls; cells treated with 1% Triton X-100 were used as
positive controls.

AlamarBlue assay
AlamarBlue™ Cell Viability Reagent (DAL1025, Invitrogen, Wal-
tham, MA, USA) was used to determine the cell viability of MPP+-
treated PC12 cells. PC12 cells were seeded into 48-well plates (250
µL medium each well) and treated with indicated drugs. After
drug treatments, 25 µL alamarBlue™ reagent was directly added to
the culture medium of each well. The plates were mixed well and
incubated at 37 °C for 1 h. The absorbance value of the alamarBlue
reagent was monitored at 570 nm, using 600 nm as a reference
wavelength.

Western blotting
Cells were seeded into 12-well plates and treated with indicated
drugs. After washing with ice-cold PBS twice, cells were lysed in
RIPA lysis buffer (9803, Cell Signaling Technology, Danvers, MA,
USA) with protease inhibitors (HY-K0011, MedChemExpress, Mon-
mouth Junction, NJ, USA) and phosphatase inhibitors (A32957,
Pierce, Waltham, MA, USA). After the lysates were sonicated and
centrifuged at 15,000 r/min for 30min at 4 °C, the protein
concentrations of the supernatants were determined by BCA
assay (23225, Pierce, Waltham, MA, USA). Protein lysates were
adjusted to the same concentration with loading buffers and
boiled for 10 min at 70 °C. The samples were cooled on ice and
loaded on 12% SDS-PAGE gels. After being separated on the gels,
the samples were transferred onto 0.45 µm PVDF membranes,
blocked with 5% non-fat milk in TBST, and incubated with primary
antibodies overnight at 4 °C. Then, the membranes were
incubated with secondary antibodies for 2 h at room temperature.
The protein chemiluminescence signals were detected by ECL kits
(34580, SuperSignal, Waltham, MA, USA) and captured on X-ray
film (FUMINGWEI, Shenzhen, China).

Transmission electron microscopy (TEM)
N2a cells were seeded into 90 mm dishes, grown to 60%
confluence, and then treated with CB6 (20 µM) for 14 h.
Immediately after the culture medium was discarded, cells were
fixed with 2.5% glutaraldehyde (G5882, Sigma-Aldrich, St. Louis,
MO, USA) in 0.1 M sodium cacodylate buffer (11654, Electron
Microscopy Sciences, Hatfield, PA, USA) for 1 h at room
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temperature. After being fixed, the cells were scraped, centrifuged,
and rinsed with 0.1 M sucrose in cacodylate buffer. Cells were
post-fixed in 1% osmium tetroxide (OsO4) and dehydrated. After
being embedded in Poly/Bed® 812, the samples were cut into 100
nm ultra-thin sections by ultramicrotome. Then the sections were
examined on a Philips CM100 transmission electron microscope at
the University of Hong Kong.

Immunofluorescence staining
After transfections or drug treatments, cells on the coverslips were
fixed in 4% paraformaldehyde (PFA) in PBS for 15–20min at room
temperature, permeabilized in 0.25% ice-cold Triton X-100 for 10
min, blocked with 2% BSA for 1 h, and incubated with primary
antibody overnight at 4 °C. On the second day, the cells were
stained with fluorescent secondary antibodies for 2 h at room
temperature and stained with DAPI for 3–5min. Then the
coverslips were mounted on slides and air-dried. A confocal
microscope (Leica TCS SP8, Weitzlar, Germany) was used to
acquire cell images.

Quantification of phosphatidylinositol 3-phosphate (PI3P)
N2a cells were seeded into 90mm dishes, grown to 80%
confluence, and then treated with CB6 (20 µM) for 6 h. Cells were
lysed in Nonidet P-40 (NP-40) cell lysis buffer containing 25mM Tris
(J75825, Thermo Scientific, Waltham, MA, USA), pH 7.6, 100mM
NaCl (J21618-A7, Thermo Scientific, Waltham, MA, USA), 0.5% NP40
(74385, Sigma-Aldrich, St. Louis, MO, USA), 1mM EDTA (E9884,
Sigma-Aldrich, St. Louis, MO, USA), 10% glycerol (15514-011,
Invitrogen, Waltham, MA, USA) with protease inhibitors. Anti-
BECN1 antibody (sc-10086, Santa Cruz, Dallas, TX, USA) or IgG
antibody (10500 C, Invitrogen, Waltham, MA, USA) was used to
immunoprecipitate the PIK3C3 complex. The PIK3C3 kinase reaction
was performed and the quantification of PI3P level was determined
by using a Class III PI3-Kinase Kit (K-3000, Echelon Biosciences, Salt
Lake City, UT, USA) according to the manufacturer’s protocol.

Triton X-100-soluble and -insoluble fractionation
After the indicated drug treatments, PC12 cells were lysed with 1%
Triton X-100 (T9284, Sigma-Aldrich, St. Louis, MO, USA) in PBS
with protease inhibitors on ice for 30 min and centrifuged at
15,000 r/min for 30min at 4 °C. After centrifugation, the super-
natants were collected as Triton X-100-soluble fractions. The
pellets were washed twice with 1% Triton X-100 in PBS and further
lysed with 1% SDS and 1% Triton X-100 in PBS at 60 °C for 1 h.
Lysates were centrifuged at 15,000 r/min for 30min and the
supernatants were collected as Triton X-100-insoluble fractions.
Protein samples were subjected to Western blot analysis as
described above.

Animals
Two-month-old male C57BL/6 mice were purchased from the
Chinese University of Hong Kong and acclimated for at least one
week before experiments. All the mice used for the study were
maintained under 12 h light or dark cycles and were provided ad
libitum access to chow and water. For autophagy-inducing
experiments, mice (n= 3 or 4) were treated with oral administra-
tion of vehicle or CB6 (10 mg/kg or 20 mg/kg) for 7 consecutive
days. For MPTP mouse model experiments, two-month-old male
C57BL/6 mice were randomly separated into four groups (n= 10):
Saline group; MPTP group (MPTP-30 mg/kg); MPTP+ CB6-10
group (MPTP-30 mg/kg+ CB6-10mg/kg) and MPTP+ CB6-20
group (MPTP-30 mg/kg+ CB6-20mg/kg). Mice received MPTP
(30mg ·kg−1 ·d−1 free base) intraperitoneally (i.p.) for 7 consecu-
tive days. The first dosage of CB6 treatment was orally
administered one week before the first injection of MPTP and
CB6 treatment continued for 21 consecutive days. MPTP hydro-
chloride (M0896, Sigma-Aldrich, St. Louis, MO, USA) was dissolved
in normal saline and CB6 was suspended in 0.5%

carboxymethylcellulose sodium (CMC-Na, C5678, Sigma-Aldrich,
St. Louis, MO, USA). All the animal experiments were approved by
the Hong Kong Baptist University Committee on the Use of
Human and Animal Subjects in Teaching and Research.

Rotarod test
A rotarod cylinder was chosen to assess mouse motor coordina-
tion (SeDaCom v2.0.000, Harvard apparatus, Holliston, MA, USA).
For all tests, mice were brought into the experimental room 30
min before testing. Before MPTP treatment, mice were trained on
the rotarod for 3 consecutive days at speeds of 5, 10, and 15 r/min,
respectively. Each mouse had 3 trials per day with a 60-min
interval between trials. For the test on day 13, the rotarod was
accelerated from 4 to 40 r/min within 5 min. A cut-off time of 3
min and an inter-trail interval of 60 min were used. Each mouse
was tested three times and the latency to fall was recorded.

Immunohistochemistry
Mice were perfused intracardially with 4% PFA in PBS. Then the
brains were removed, post-fixed with 4% PFA overnight in 50mL
tubes, and dehydrated sequentially in 15% and 30% sucrose in
PBS. The brains were frozen with Cryomatrix (6769006, Thermo
Scientific, Waltham, MA, USA) and sectioned into 25 µm slices by
using a microtome (Cryostar NX70, Thermo Scientific, Waltham,
MA, USA). Frozen sections of striatum and substantia nigra were
collected and stored in 0.4% Triton X-100 at 4 °C. For DAB staining,
brain sections were incubated with 3% H2O2 for 10 min to quench
the endogenous peroxidase activity. The sections were blocked
with 2% BSA and incubated with anti-TH antibody overnight at 4 °
C. Then, the sections were incubated with ABC Elite Kit (PK-6101,
Vector Laboratories, Burlingame, CA, USA) and visualized by DAB
peroxidase (SK-4100, Vector Laboratories, Burlingame, CA, USA).

Measurement of striatal Dopamine, DOPAC, and HVA levels
The striatum was weighed and homogenized in 500 µL ice-cold
80% methanol in H2O. After centrifugation at 12,000 × g for 20 min
at 4 °C, the supernatants were dried under vacuum centrifugation
and resolved in 0.2% formic acid in deionized H2O containing D4-
dopamine as an internal standard. After centrifugation at 21,000 ×
g for 10 min at 4 °C, the supernatants were collected and analyzed
with a high-performance liquid chromatography (HPLC) system.
UPLC BEH C18 column (1.7 µm particle size, 2.1 mm I.D. × 100mm,
Waters Acquity, Milford, MA, USA) connected with VanGuard Pre-
column (2.1 mm I.D. × 5mm length) was used to determine
dopamine and its metabolites. The mobile phase contained
0.2% formic acid in H2O as mobile phase A and acetonitrile as
mobile phase B; the flow rate was 0.3 mL/min. The contents of
dopamine and its metabolites were detected by mass spectro-
metry (MS) for quantification using multiple reaction monitoring.
For dopamine, its precursor ion with m/z value of 154.1 and
product ions of 137.1 and 119.1 were used. For D4-dopamine, its
precursor ion with m/z value of 158.1 and a product ion of 141.1
were used. For DOPAC, its precursor ion with m/z value of 168.1
and a product ion of 123.0 were used. For HVA, its precursor ion
with m/z of 182.1 and a product ion of 137.0 were used.

Statistical analysis
All data are presented as mean ± SEM. Data were analyzed by
unpaired t-test or one-way analysis of variance (ANOVA) followed
by Dunnett’s multiple comparison test, by using GraphPad Prism
7.0 (GraphPad, San Diego, CA, USA). A probability value of P < 0.05
was considered statistically significant.

RESULTS
CB6 has better brain permeability than Cory B
CB6 was synthesized from Cory B with an N-propyl substituent
(Supplementary Fig. S1a), and its structure was confirmed by
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nuclear magnetic resonance (NMR) spectroscopy (Supplementary
Fig. S1e). Due to the addition of the propyl group, CB6 should be
more hydrophobic and brain permeable than Cory B. To compare
the brain bioavailability of CB6 with Cory B, a brain permeability
study was done on C57BL/6 mice through oral administration. At
early time points, there was more amount of CB6 in brains but less
amount in the plasma compared with that of Cory B (Supple-
mentary Fig. S1b, c). Comparison of compound concentration in
brains with that in plasma showed that a larger proportion of CB6
remained in brains than Cory B (Supplementary Fig. S1d), possibly
reducing its side effects on other internal organs. Moreover, the
peak concentration of CB6 in brains was much higher than Cory B
(Supplementary Fig. S1c). In summary, CB6 is easier to pass
through the blood-brain barrier (BBB) compared with Cory B.

CB6 promotes autophagy flux in cultured cells
Then we determined the autophagy-inducing effects of CB6
in vitro. Firstly, an LDH release assay was used to detect the
cytotoxicity of CB6 on N2a cells (Fig. 1a). MAP1LC3B (LC3B) is a
widely used marker of autophagy. LC3B-I is normally localized in
the cytosol. Upon autophagy activation, LC3B-I is lipidated to
LC3B-II, which associates with autophagosome membranes [23].
Another marker of autophagy, SQSTM1/p62, is an adaptor protein,
which connects LC3B and ubiquitinated protein aggregates for
the degradation by autophagy [24]. To detect whether CB6
induces autophagy, N2a cells were treated with different
concentrations of CB6. The results showed that both 20 µM
and 40 µM CB6 significantly increased LC3B-II levels and reduced
SQSTM1 levels (Fig. 1b–d), suggesting CB6 induces autophagy.
Because 40 µM CB6 tends to be toxic although it was not
statistically significant (Fig. 1a), we chose 20 µM for the most
subsequent experiments. Then, we found CB6 also induces
autophagy in a time-dependent manner, as shown by the
increased LC3B-II levels and decreased SQSTM1 levels (Fig. 1e±g).
The autophagy-inducing effects of CB6 were further confirmed in
PC12 (Supplementary Fig. S2a, b), HeLa (Supplementary Fig. S2c,
d), and HEK 293 cells (Supplementary Fig. S2e). In these cells,
LC3B-II levels were also increased after CB6 treatment. MTORC1 (a
negative regulator of autophagy) inhibitor Torin 1 was used as a
positive control to induce autophagy [25, 26]. Moreover, CB6
increased the formation of GFP-LC3 puncta in HeLa cells,
indicating an increased level of lipidated LC3B (Supplementary
Fig. S2f, g). To visualize the induction of autophagy, we used TEM
and found more autophagic vacuoles (double or multi-membrane
structures with more electron-dense contents) in CB6-treated N2a
cells, compared with control cells (Fig. 1h, i). As ATG7 is involved in
the lipidation of LC3B [27], we detected whether knocking down
Atg7 with siRNA reduces CB6-induced lipidation of LC3B. The
results showed that LC3B-II levels were increased by CB6
treatment, but it was partially blocked by knocking down Atg7
(Fig. 1j–l). Overall, these results indicate that CB6 enhances the
induction of autophagy.
In fact, lipidated LC3B-II can be accumulated by either

autophagy inducers or inhibitors. To further confirm that whether
CB6 promotes autophagy flux, cells were treated with CB6 in the
presence or absence of lysosomal inhibitors, Baf A1 or CQ, which
are widely used for detecting autophagy flux [28]. We found Baf
A1 cotreatment further enhanced the increase in LC3B-II levels
and restored SQSTM1 levels in CB6-treated cells (Fig. 2a–c). In
addition, cotreatment with CQ also enhanced the accumulation of
LC3B-II (Fig. 2d–f). In the immunostaining images, greater area and
more puncta of GFP-LC3 were formed in CQ-cotreated cells,
showing that the degradation of CB6-increased LC3 was further
blocked by CQ treatment (Fig. 2g, h). Furthermore, CB6-induced
autophagy flux was also confirmed by the significantly increased
red-only puncta (autolysosomes) in N2a cells, which were
transfected with mRFP-GFP-LC3 plasmids (tandem fluorescent
LC3, tfLC3) (Fig. 2i, j). Conversely, autophagy inhibitor CQ did not

increase the red puncta number in merged images (Fig. 2i, j).
These results further confirm that CB6 induces autophagy flux.

CB6-induced autophagy is independent of the MTORC1 pathway
MTORC1 is well-established as a negative regulator of autophagy,
whose activity can be determined by the phosphorylation of its
substrates including RPS6KB1 and EIF4EBP1 [29, 30]. Therefore, we
firstly wanted to detect whether CB6 regulates the activity of the
MTORC1 pathway. To explore this, we firstly treated N2a cells with
different concentrations of CB6 for 12 h and found that there was
no statistical change in the phosphorylation levels of MTOR and its
substrate EIF4EBP1 after CB6 treatment (Fig. 3a–c). However,
MTOR inhibitor Torin1 totally eliminated the phosphorylation
levels of phosphorylated MTOR, RPS6KB1, and EIF4EBP1
(Fig. 3a–d). Although CB6 decreased the phosphorylation levels
of another MTORC1 substrate RPS6KB1, the decrease was very
slight when compared with that in cells treated with Torin1
(Fig. 3d). Because MTORC1 negatively regulates autophagy via
phosphorylating ULK1 at the Ser757 site, we also detected the
phosphorylated ULK1 levels. The results showed that different
concentrations of CB6 did not change the phosphorylated ULK1
levels (Fig. 3a, e), indicating the MTORC1 pathway may not
mediate CB6-induced autophagy in N2a cells. Moreover, we also
treated N2a cells with 20 µM CB6 for different durations. CB6 did
not change the phosphorylation levels of MTOR, EIF4EBP1, and
ULK1. Only after 12-h treatment, CB6 statistically reduced the
phosphorylated RPS6KB1 levels, but mildly when compared with
Torin1 treatment (Fig. 3f–j). These results indicated that CB6
partially inhibited MTORC1 pathway in N2a cells. Nevertheless,
when we treated PC12 cells with different concentrations of CB6,
all the phosphorylation levels of the MTORC1 pathway were
unchanged after CB6 treatment, indicating CB6 does not influence
the activity of MTORC1 pathway in PC12 cells (Supplementary
Fig. S3a). Till now, we have found that CB6 partially inhibits the
MTORC1 pathway in N2a cells, but not in dopaminergic PC12 cells,
although CB6 induces autophagy in both cells. To further identify
whether the inhibition of MTORC1 pathway is involved in the
CB6’s autophagy-enhancing effects, we knocked down TSC2 in
HeLa cells to activate the MTORC1 pathway and found that the
phosphorylated levels of RPS6KB1 increased significantly but they
were not reduced after CB6 treatment (Supplementary Fig. S3b).
CB6 still successfully increased LC3B-II levels in the MTORC1
pathway-activating cells (Supplementary Fig. S3b). From these
results, we conclude that CB6-induced autophagy is not through
inhibiting the MTORC1 pathway.

CB6 induces autophagy by activating the PIK3C3 complex
Since CB6 was synthesized from Cory B and we previously
reported that Cory B can induce BECN1-dependent autophagy
[20], we hypothesized that CB6-induced autophagy is dependent
on the PIK3C3 complex. This complex comprises BECN1 and plays
a significant role in the lipidation of LC3B and the initiation of
autophagy flux [31, 32]. First, we found that Becn1 knockdown
impaired LC3B-II upregulation following CB6 treatment in N2a
cells (Fig. 4a–c). We also used two PIK3C3 complex inhibitors 3-MA
and SAR405 to inhibit the lipidation of LC3B [33]. Following CB6
treatment, LC3B-II levels were induced in control cells, whereas
3-MA and SAR405 suppressed the induction of LC3B-II levels
(Fig. 4d–i). On the other hand, treatment of 3-MA or SAR405
rescued the loss of SQSTM1 protein in CB6-treated cells (Fig. 4d–i).
To further confirm these results, we transfected N2a cells with
GFP-LC3 plasmids to observe the LC3 puncta formation. The
number of LC3 puncta was significantly increased by CB6
treatment alone but was blocked by the cotreatment of SAR405,
indicating that SAR405 inhibited CB6-induced lipidation of LC3
(Fig. 4j, k). In other words, CB6-induced autophagy is dependent
on the PIK3C3 complex.
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Fig. 1 CB6 induces autophagy in neural cells. a N2a cells were treated with the indicated concentration of CB6 for 24 h and then the
cytotoxicity was detected by LDH assays. b Representative Western blots show the levels of autophagy markers (SQSTM1/P62 and LC3B) in
N2a cells. N2a cells were treated with different concentrations of CB6 for 12 h. Cory B (20 µM) and Torin 1 (250 nM) were used as positive
controls. c, d The relative levels of SQSTM1 and LC3B-II in b were quantified as mean ± SEM from three independent experiments. *P < 0.05,
**P < 0.01 and ***P < 0.001 vs. Ctrl group. e Representative Western blots show the levels of SQSTM1 and LC3B in N2a cells. N2a cells were
treated with CB6 (20 µM) for indicated durations. f, g The relative levels of SQSTM1 and LC3B-II in e were quantified as mean ± SEM from three
independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. Ctrl group. h Representative transmission electron microscopic images
show autophagic compartments in N2a cells. N2a cells were treated with DMSO or CB6 (20 µM) for 14 h, fixed with 2.5% glutaraldehyde for 1
h. Mi, mitochondria; AVd, degradative autophagic vacuole; Nu, nucleus. Scale bar: 500 nm. i Statistical results for the number of autophagic
compartments in each image. At least 20 images were analyzed in each group. ***P < 0.001 vs. Ctrl group. j Representative Western blots show
the levels of LC3B in N2a cells. N2a cells were transfected with nontarget (NT) or Atg7 specific siRNA for 60 h and then treated with CB6 (20 µM)
for 12 h. k The relative levels of ATG7 in j were quantified as mean ± SEM from three independent experiments. ***P < 0.001 vs. siNT group.
i The relative levels of LC3B-II in k were quantified as mean ± SEM from three independent experiments. ***P < 0.001 vs. siNT+ CB6 group.
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Fig. 2 CB6 induces autophagy flux in neural cells. a Representative Western blots show the levels of SQSTM1 and LC3B in N2a cells. N2a cells
were treated with CB6 (20 µM) for 12 h. Three hours before harvesting cells, the v-ATPase inhibitor bafilomycin A1 (Baf A1, 100 nM) was added
to the cell culture medium to inhibit the autophagosome-lysosome fusion. b, c The relative levels of SQSTM1 and LC3B-II in a were quantified
as mean ± SEM from three independent experiments. *P < 0.05 and **P < 0.01 vs. CB6 group. d Representative Western blots show the levels of
SQSTM1 and LC3B in N2a cells. N2a cells were treated with CB6 (20 µM) for 12 h. Three hours before harvesting cells, the lysosomal inhibitor
chloroquine (CQ, 100 µM) was added into cells to block the lysosomal degradation. e, f The relative levels of SQSTM1 and LC3B-II in d were
quantified as mean ± SEM from three independent experiments. *P < 0.05 and ***P < 0.001 vs. CB6 group. g Representative immunostaining
images show the pattern of GFP-LC3 in N2a cells. N2a cells were transfected with GFP-LC3 plasmids for 24 h and then treated with CB6 (20 µM)
for 12 h with or without CQ (100 µM) (CQ was added into cells 3 h before fixing cells). Scale bar: 10 µm. h Statistical results for the area of green
puncta in each cell in g. At least 25 cells were analyzed in each group. *P < 0.05 and ***P < 0.001 vs. CB6 group. i Representative
immunostaining images show the pattern of tf-LC3 in N2a cells. N2a cells were transfected with tf-LC3 plasmids for 24 h and then treated with
CB6 (20 µM) for 12 h using CQ (100 µM) as a negative control. Scale bar: 25 µm. j Statistical results for the mean number of autolysosomes
(puncta with red color in merged images) in each cell in (i). Data were quantified as mean ± SEM. ***P < 0.001 vs. Ctrl group.
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Since the PIK3C3 complex is involved in CB6-induced autop-
hagy, we tried to identify whether CB6 increases the activity of the
PIK3C3 complex. This complex is primarily responsible for the
production of PI3P, which is required for the formation of the
phagophore and can be detected by the proteins containing FYVE,
PX, or WD40 domains [31, 34]. Immunofluorescence assay showed
that CB6 treatment increased the number of GFP-FYVE (PI3P
probe) puncta in N2a cells, indicating CB6 activated the PIK3C3
complex and promoted the production of PI3P (Fig. 5a, b). This
increase could be blocked by PIK3C3 inhibitor SAR405, suggesting
that CB6 enhanced PI3P production through activating the PIK3C3
complex (Fig. 5a, b). Moreover, to evaluate the activity of the
PIK3C3 complex directly, endogenous PIK3C3 complex was
immunoprecipitated from the N2a cell lysates with or without
CB6 treatment. Then the enzyme activity of the PIK3C3 complex
was determined by using an ELISA kit. The ELISA results showed

that CB6 treatment effectively promoted the production of PI3P,
suggesting CB6 enhances the activity of the PIK3C3 complex
(Fig. 5c).
Then we determined whether CB6 enhances the activity of the

PIK3C3 complex by regulating the assembly or disassembly of its
core components including PIK3R4, PIK3C3, ATG14, UVRAG,
RUBCN, BECN1, and BCL2 [35–37]. N2a cells were treated with or
without CB6, and the PIK3C3 complex was immunoprecipitated by
using anti-PIK3C3 or anti-BECN1 antibodies. We found that CB6
treatment did not change the levels of the immunoprecipitated
interacting proteins, indicating that CB6 does not affect the
assembly of the PIK3C3 complex (Supplementary Fig. S4a, b).
Similar results were also confirmed in HEK 293 cells (Supplemen-
tary Fig. S4c). Furthermore, we used exogenous Flag-BECN1 or
Flag-ATG14 to immunoprecipitate the PIK3C3 complex and found
that CB6 did not alter the assembly of main components of the

Fig. 3 CB6-induced autophagy is independent of the MTORC1 pathway. Representative Western blots show the levels of total and
phosphorylated MTOR, EIF4EBP1, RPS6KB1, and ULK1 in N2a cells. a N2a cells were treated with different concentrations of CB6 for 12 h using
Torin 1 (250 nM) as a positive control. The relative levels of p-MTOR (b), p-EIF4EBP1 (c), p-RPS6KB1 (d), and p-ULK1 (e) in (a) were quantified as
mean ± SEM from three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. Ctrl group. f N2a cells were treated with CB6 (20 µM)
for the indicated durations. The relative levels of p-MTOR (g), p-EIF4EBP1 (h), p-RPS6KB1 (i), and p-ULK1 (j) in (f) were quantified as mean ± SEM
from three independent experiments. *P < 0.05 and ***P < 0.001 vs. Ctrl group.
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Fig. 4 PIK3C3 complex is involved in CB6-induced autophagy. a After transfection with nontarget or Becn1 specific siRNAs for 60 h, N2a cells
were treated with CB6 (20 µM) for another 12 h. b The relative levels of BECN1 in (a) were quantified as mean ± SEM from three independent
experiments. ***P < 0.001 vs. siNT group. c The relative levels of LC3B-II in (a) were quantified as mean ± SEM from three independent
experiments. *P < 0.05 and **P < 0.01 vs. siNT+ CB6 group. d After pretreatment with PIK3C3 inhibitor 3-methyladenine (3-MA, 5mM) for 30
min, N2a cells were treated with CB6 (20 µM) for another 12 h. e, f The relative levels of SQSTM1 and LC3B-II in d were quantified as mean ±
SEM from three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. CB6 group. g After pretreatment with PIK3C3 inhibitor
SAR405 (5 µM) for 30 min, N2a cells were treated with CB6 (20 µM) for 12 h. h, i The relative levels of SQSTM1 and LC3B-II in g were quantified
as mean ± SEM from three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. CB6 group. (j) Representative immunostaining
images show the pattern of GFP-LC3 in N2a cells. After transfection with GFP-LC3 plasmids for 24 h, N2a cells were treated with CB6 (20 µM)
for 12 h in the presence or absence of SAR405 (5 µM) (SAR405 was added into cells 30min before CB6 treatment). Scale bar: 25 µm. k Statistical
results for the mean number of green puncta in each cell in j. At least 20 cells were analyzed in each group. ***P < 0.001 vs. CB6 group.
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PIK3C3 complex in HEK 293 cells (Supplementary Fig. S4d).
Together, these results indicate that CB6 enhances the activity of
the PIK3C3 complex without affecting the assembly of the PIK3C3
complex.

PIK3C3-dependent autophagy is involved in CB6’s neuroprotective
effects in an MPP+-induced cellular model of PD
Because CB6 is brain permeable and because it induces MTORC1-
independent autophagy in neural cells, we hypothesized that CB6
may be a promising drug candidate for the treatment of PD. We
used PC12 cells as a model of dopaminergic neurons to establish a
cellular model of PD induced by MPP+. This cellular model has
been widely used for in vitro studies as MPP+ is the active
metabolite of neurotoxin MPTP, which selectively causes the
degeneration of nigrostriatal dopaminergic neurons in PD [38, 39].
To establish a cellular model of PD, PC12 cells were treated with

different concentrations of MPP+ for 48 h and then the cell
viability was measured by the alamarBlue assay. The cell viability
was significantly decreased by the treatment of MPP+ in a dose-
dependent manner (Fig. 6a). MPP+ (1 mM) was selected for the
following experiments. To investigate the neuroprotective effects
of CB6 in the cellular model of PD, PC12 cells were pretreated with
different concentrations of CB6 for 0.5 h and then cotreated

with MPP+ for another 48 h. As expected, the cell viability was
increased by 46% upon CB6 treatment in the cellular model of PD
(Fig. 6b). However, CB6’s protective effects were abolished by a
lysosome inhibitor CQ, indicating the neuroprotective effects of
CB6 involve autophagic and lysosomal degradation (Fig. 6c). As
CB6-induced autophagy requires the PIK3C3 complex, we then
examined whether the PIK3C3 complex is involved in the
neuroprotective effects of CB6. We noted that PIK3C3 complex
inhibitor SAR405 blocked the neuroprotective effects of CB6, as
shown in the cell viability results (Fig. 6d). Similar results were also
confirmed by another PIK3C3 complex inhibitor Spautin1 (Fig. 6e).
Moreover, the neuroprotective effects of CB6 were also abolished
by knocking down Becn1 in PC12 cells (Fig. 6f). The results indicate
that PIK3C3-dependent autophagy is involved in the neuropro-
tective effects of CB6 in the MPP+-induced cellular model of PD.

CB6 induces autophagy and inhibits apoptosis in an MPP+-
induced cellular model of PD
The inhibition of autophagy is reportedly involved in the cytotoxicity
of MPP+ in the cellular model of PD [40]. To verify whether CB6
induces autophagy in an MPP+-induced cellular model of PD, we
detected an autophagy substrate SQSTM1 in PC12 cells. First, in
immunofluorescence experiments, SQSTM1 showed a pattern of

Fig. 5 CB6 enhances the activity of the PIK3C3 complex. a Representative immunostaining images show the pattern of GFP-FYVE (a PI3P
binding reporter) in N2a cells. After transfection with GFP-FYVE plasmids for 24 h, N2a cells were treated with SAR405 (5 µM) and CB6 (20 µM)
for 12 h (SAR405 was added into cells 30min before CB6 treatment). b Statistical results for the mean number of GFP-FYVE puncta in each cell.
At least 15 cells were analyzed in each group. *P < 0.05 and ***P < 0.001 vs. Ctrl group. c Representative ELISA assay shows the amount of PI3P
produced in each group. After N2a cells were treated with CB6 (20 µM) for 6 h, PIK3C3 complex was immunoprecipitated from cell lysates
using BECN1 antibody-coated magnetic beads, followed by kinase reaction. The quantification of the product PI3P was determined by PIK3C3
Kit. ***P < 0.001 vs. Ctrl group.
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dispersed small puncta in both CB6-treated cells and control cells
(Fig. 7a). However, it turned into a pattern of inhomogeneous large
puncta in MPP+-treated cells, indicating the formation of SQSTM1
aggregates. However, this pattern was rescued by CB6 pretreatment,
suggesting CB6 prevented SQSTM1 aggregation, which was induced
by MPP+ treatment (Fig. 7a). CQ was used as a negative control,
showing a similar pattern as MPP+-treated cells (Fig. 7a). We next
applied Western blot analysis to examine the protein levels in Triton
X-100-soluble and -insoluble fractions of cell lysates. Considering
protein levels are regulated by synthesis and degradation rates, we
used CHX (5 µg/mL, 14 h) to block the protein synthesis of SQSTM1,
and only the degradation rate of SQSTM1 was detected. After CHX
treatment, SQSTM1 protein levels were dramatically decreased in
the Triton X-100-soluble fractions, indicating CHX successfully
blocked the synthesis of SQSTM1 (Fig. 7b). Compared with the
control cells in the presence of CHX, we found that MPP+ treatment
significantly decreased LC3B-II levels in the soluble fractions but
increased SQSTM1 levels in the insoluble fractions, indicating MPP+

inhibits autophagy in PC12 cells (Fig. 7b, c). In the Triton X-100-
insoluble fractions, CB6 treatment statistically decreased SQSTM1
levels in MPP+-treated cells (Fig. 7b, c). These data indicate that CB6
promotes the degradation of insoluble SQSTM1 in the cellular model

of PD. To demonstrate whether CB6-induced degradation of
insoluble SQSTM1 was through activating autophagy, we cotreated
PC12 cells with CQ to block autophagic degradation. In the cellular
model of PD, CB6-induced downregulation of the insoluble SQSTM1
levels was significantly blocked by CQ treatment (Fig. 7b, c). Similar
results were also confirmed by another autophagy substrate
ubiquitinated-protein aggregates (Fig. 7b, d). Overall, these results
indicate that CB6 induces autophagy and enhances autophagic
degradation in MPP+-treated PC12 cells.
Because MPP+ induces neural cell death by activating CASP3-

dependent apoptosis [41] and because mounting evidence has
shown induction of autophagy has been a potential strategy to
prevent apoptosis [42], we hypothesized that the neuroprotective
effects of CB6 are through inducing autophagy and thereby
inhibiting MPP+-induced apoptosis. In the presence of CHX, MPP+

treatment markedly increased protein levels of cleaved PARP1 and
cleaved CASP3 (apoptosis markers) in PC12 cells (Fig. 7e–g).
Conversely, CB6 treatment drastically abolished the MPP+-
increased levels of cleaved PARP1 and cleaved CASP3 (Fig. 7e–g).
The CB6’s anti-apoptotic effects were further blocked by CQ

cotreatment (Fig. 7e–g). Similarly, ActD (0.1 µM, 24 h) was also
used to inhibit RNA synthesis, and the anti-apoptotic effects of

Fig. 6 PIK3C3 complex-dependent autophagy is involved in the neuroprotective effects of CB6 in MPP+-treated PC12 cells. a PC12 cells
were treated with different concentrations of MPP+ for 48 h and then the cell viability was measured using alamarBlue assay. Data were
quantified as mean ± SEM from three independent experiments. ***P < 0.001 vs. Ctrl group. b PC12 cells were pretreated with different
concentrations of CB6 for 30min, followed by cotreatment with MPP+ (1 mM) for another 48 h. Data were quantified as mean ± SEM from
three independent experiments. **P < 0.01 and ***P < 0.001 vs. MPP+ group. c After treatment of CB6 (20 µM) and CQ (50 µM) for 30min, PC12
cells were treated with MPP+ (1 mM) for another 48 h. Data were quantified as mean ± SEM from three independent experiments. ***P < 0.001
vs. MPP++ CB6 group. After treatment of CB6 (20 µM) and SAR405 (5 µM) (d) or Spautin1 (10 µM) (e) for 30min, PC12 cells were treated with
MPP+ (1 mM) for another 48 h. Data were quantified as mean ± SEM from three independent experiments. *P < 0.05, **P < 0.01 and ***P <
0.001 vs. MPP++ CB6 group. (f) PC12 cells were transfected with nontarget or Becn1 specific siRNA for 24 h, followed by co-treatment with CB6
(20 µM) and MPP+ (1 mM) for another 48 h. Data were quantified as mean ± SEM from three independent experiments. **P < 0.01 vs. siNT+
MPP+ group. n.s., not significant. Western blots show the knockdown efficacy of Becn1 in PC12 cells.
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Fig. 7 CB6 induces autophagy and inhibits apoptosis in MPP+-treated PC12 cells. a Representative immunostaining images show the
pattern of SQSTM1 in PC12 cells. PC12 cells were pretreated with CB6 (20 µM) for 30min, followed by cotreatment with MPP+ (1 mM) for another
48 h, and then the cells were fixed for immunostaining. PC12 cells were treated with CQ (50 µM) for 24 h. b PC12 cells were pretreated with CB6
(20 µM), followed by cotreatment with MPP+ (1mM) for another 48 h with or without protein synthesis inhibitor cycloheximide (CHX, 5 µg/mL)
(CHX was added into cells 14 h before cell harvesting). PC12 cells were treated with CQ (50 µM) for 24 h. The cell lysates were separated into the
Triton X-100-soluble and -insoluble fractions. The levels of autophagy markers (SQSTM1, UB/Ubiquitin, and LC3B) were detected by Western blot
analysis. The relative levels of SQSTM1 (c) and UB (d) in the insoluble fractions were quantified as mean ± SEM from three independent
experiments. **P < 0.01 and ***P < 0.001 vs. CHX+MPP++ CB6 group. e After treatment with CB6 (20 µM) for 30min, PC12 cells were treated
with MPP+ (1mM) for another 48 h. CHX (5 µg/mL) was added into cells 14 h before cell harvesting. The levels of apoptosis-related protein (total
and cleaved PARP1 and CASP3) were detected by Western blot analysis. The relative levels of cleaved PARP1 (f) and cleaved CASP3 (g) were
quantified as mean ± SEM from three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. CHX+MPP++ CB6 group. h After
treatment with CB6 (20 µM) for 30min, PC12 cells were cotreated with MPP+ (1mM) for another 48 h. An mRNA synthesis inhibitor actinomycin
D (ActD, 0.1 µM) was added to cells 24 h before cell harvesting. Total and cleaved PARP1 and CASP3 were detected by Western blot analysis. The
relative levels of cleaved PARP1 (i) and cleaved CASP3 (j) were quantified as mean ± SEM from three independent experiments. *P < 0.05 and **P
< 0.01 vs. CHX+MPP++ CB6 group.
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CB6 in MPP+-treated PC12 cells were analyzed subsequently. In
the presence of ActD, MPP+ increased the protein levels of
cleaved PARP1 and cleaved CASP3, which were rescued by CB6
treatment (Fig. 7h–j). Furthermore, CQ treatment blocked the anti-
apoptotic effects of CB6 in the presence of ActD (Fig. 7h–j).
Collectively, these results imply that CB6 exerts anti-apoptotic and
neuroprotective roles in MPP+-treated PC12 cells by inducing
autophagy.

CB6 protects dopaminergic neurons in an MPTP mouse model of
PD
Because CB6 has good brain permeability (Supplementary Fig. S1)
and because it protects neural cells from MPP+-induced apoptosis
by enhancing autophagy (Fig. 7), we hypothesized that CB6 would
also exert neuroprotective effects in mouse models of PD through
inducing autophagy. Firstly, to demonstrate CB6 was able to
induce autophagy in mouse brains, C57BL/6 mice were orally
administered 10mg/kg or 20 mg/kg CB6 for one week. Different
regions (striatum, substantia nigra, and frontal cortex) of the
brains were dissected and further processed for Western blot
analysis. CB6 treatment increased LC3B-II levels in these three
regions of brains, indicating that CB6 treatment induced
autophagy in mouse brains (Fig. 8a–d). We then used an MPTP
mouse model of PD to test the neuroprotective effects of CB6
in vivo [43]. A timeline of mice experiments was shown in Fig. 9a.
After MPTP injection, mouse weights decreased slightly but
recovered later (Fig. 9b). For the behavioral experiments, rotarod
was used to evaluate mice’s motor coordination. The latency to fall

was slightly decreased in MPTP-treated mice compared to saline-
treated mice (Fig. 9c). However, CB6 treatment significantly
increased the latency to fall in MPTP-treated mice (Fig. 9c). These
results indicate that CB6 treatment ameliorates motor impairment
induced by MPTP in C57BL/6 mice.
After confirming the motor ability-enhancing effects of CB6 in

MPTP-treated mice, we used a TH antibody to stain dopaminergic
neurons in the striatum and substantia nigra pars compacta
(SNpc) of brains. For the MPTP group, the density of TH
dramatically decreased in the striatum, which was consistent with
a decrease in the motor ability of mice injected with MPTP
(Fig. 10a, b). In contrast, CB6 treatment markedly increased the
density of TH in the striatum, compared with the MPTP group
(Fig. 10a, b). In addition, the number of TH-positive dopaminergic
neurons in the SNpc was decreased in the MPTP group, whereas
this decrease was rescued in the MPTP+ CB6 groups (Fig. 10c, d).
The content of TH in mouse brains was also confirmed by Western
blot analysis. TH protein levels were drastically decreased in the
MPTP group, but this decrease was abolished by CB6 administra-
tion (Fig. 10e, f). These results indicated that CB6 treatment
rescued the decreased number of dopaminergic neurons in the
MPTP-treated mouse model of PD. To further confirm the
neuroprotective effects of CB6, we used LC-MS/MS assay to
detect striatal dopamine and its metabolites DOPAC and HVA
levels, which are markers of dopaminergic synaptic function.
Comparing the MPTP group with the saline group, the concentra-
tions of striatal dopamine, DOPAC, and HVA were markedly
decreased by 75%, 78%, and 64% respectively (Fig. 10g–i).

Fig. 8 CB6 induces autophagy marker (LC3B-II levels) in mouse brains. After oral administration with 10mg/kg or 20mg/kg CB6 for one
week, mice were sacrificed. Different regions (striatum, substantia nigra, and frontal cortex) of brains were dissected for processing.
a Expression levels of LC3B in different regions of mouse brains were examined by Western blot analysis. Relative levels of LC3B-II in striatum
(b), substantia nigra (c) and frontal cortex (d) were quantified as mean ± SEM (male, n= 3 or 4). *P < 0.05 and ***P < 0.001 vs. Vehicle group
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However, CB6 administration rescued the decrease in striatal
dopamine, DOPAC, and HVA levels, especially in the mice given
high doses of CB6 (20 mg/kg) (Fig. 10g–i). In summary, CB6 has
neuroprotective effects on dopaminergic neurons in the MPTP
mouse model of PD.

DISCUSSION
Accumulating evidence has suggested that restoration of autophagy
flux to degrade pathological proteins is a potential method to
develop new drug candidates to treat neurodegenerative diseases,
including PD [6, 16]. Our previous study demonstrated that a natural
alkaloid Cory B can induce autophagy and promote SNCA
degradation in vitro [20]. However, the underlying mechanisms
were not fully understood, and the brain permeability of Cory B was
relatively low, which limits its potential use in treating neurodegen-
erative diseases. To improve the brain bioavailability and potency of
Cory B for treating PD, a Cory B derivate termed CB6 was
synthesized. CB6 passes through the BBB more quickly and easily,
and its efficient concentration in brains is much higher than Cory B.
In this study, we systematically investigated the autophagy-inducing
effects of compound CB6. We demonstrated that CB6 enhanced the
activity of the PIK3C3 complex to promote PI3P production, thus
accelerating autophagy flux (Fig. 11). Since neurotoxin MPP+

activates CASP3-dependent apoptosis and autophagy enhancers
are emerging as apoptosis inhibitors [41, 42], autophagy enhancers
are promising to exert neuroprotective effects against MPP+-
induced cytotoxicity. In the MPP+-induced cellular model of PD,
we demonstrated that CB6 inhibited neural cell apoptosis and
increased cell viability by inducing autophagy (Fig. 11). The in vivo
studies further proved that CB6 prevents the loss of dopaminergic
neurons in an MPTP mouse model of PD. However, it warrants
further studies about how CB6 upregulates the activity of the PIK3C3
complex in vitro and whether the neuroprotective effects of CB6 are
through PIK3C3 complex-mediated autophagy in vivo.

We previously reported that Cory B has autophagy-inducing
effects in a cellular model of PD. It induces MTORC1-independent
autophagy in a BECN1-dependent manner, thus promoting SNCA
degradation in SNCA-overexpressed N2a cells [20]. Cory B also
interrupts the interaction of SNCA and HMGB1 to restore
autophagy in PC12 cells [22]. It also has been reported that Cory
B is neuroprotective in manganese-exposed SH-SY5Y cells through
inducing HMGB1-dependent autophagy [44]. However, all the
reports about Cory B were studied in cellular models of PD. Due to
its limited brain permeability, the neuroprotective effects of Cory B
in an MPTP mouse model of PD have not been studied. In this
study, to improve the bioavailability of Cory B in animal models,
CB6 was synthesized to have better brain permeability (Supple-
mentary Fig. S1), which is beneficial for the candidate drugs to
treat neurodegenerative diseases. Brain permeability studies
showed that, compared with Cory B, the peak concentration of
CB6 in brains was higher and a larger proportion of CB6 passed
through the BBB. Ideally, this results in fewer side effects of CB6.
Moreover, brain-permeable CB6 showed neuroprotective proper-
ties in vivo, like successfully restoring motor dysfunction and
preventing the dopaminergic neuron loss in the MPTP mouse
model of PD (Figs. 9, 10).
Previously, we reported that Cory B induced BECN1-dependent

but MTORC1-independent autophagy at the dose of 25 µM [20].
However, other studies reported 50 µM or above of Cory B
inhibited MTORC1 signaling [44]. In this study, since CB6 was
synthesized from Cory B, it may have similar effects on MTORC1
pathway. We found that 12-h treatment of 20 µM CB6 inhibits the
MTORC1 pathway in N2a cells but not in PC12 cells (Fig. 3 and
Supplementary Fig. S3). The CB6’s inhibition effects on the
MTORC1 pathway depend on different cell types, concentrations,
and durations of the treatment. In addition, hyperactivation of
MTORC1 signaling by knocking down TSC2 did not affect the CB6-
induced autophagy (Supplementary Fig. S3). Therefore, CB6 may
inhibit MTORC1 signaling at high concentrations. However, CB6-

Fig. 9 CB6 treatment on an MPTP mouse model of Parkinson’s disease (PD). a Drug treatment and behavioral study scheme with C57BL/6
mice. MPTP was injected intraperitoneally (i.p.) for 7 consecutive days. CB6 was orally administered for 21 consecutive days and the first
administration was 7 days before MPTP first injection. After all treatment, the mice were subjected to behavioral tests. b Mice weights
were measured every two days. c Rotarod was chosen for mice behavioral tests and the latency to fall was recorded. Data were quantified as
mean ± SEM (n= 7–9). *P < 0.05 vs. MPTP group.
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Fig. 10 CB6 protects dopaminergic neurons in an MPTP mouse model of PD. Representative DAB-staining images of tyrosine hydroxylase
(TH)-positive dopaminergic neurons in the striatum (a) and substantia nigra pars compacta (SNpc) (c) of mouse brains. Statistical results for
the relative density of TH in the striatum (b) and the relative number of TH-positive neurons in the SNpc (d). Data were quantified as mean ±
SEM (n= 5). **P < 0.01 and ***P < 0.001 vs. MPTP group. e Representative Western blots show the levels of TH in the striatum of mouse brains.
f The relative levels of TH in the striatum were quantified as mean ± SEM (n= 5). ***P < 0.001 vs. MPTP group. g–i Representative images
show the levels of dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) in the striatum of mouse brains.
Dopamine, DOPAC, and HVA were extracted in 80% methanol in ddH2O, determined by LC-MS/MS analysis, and calculated. Data were
quantified as mean ± SEM (n= 5). *P < 0.05, **P < 0.01 and ***P < 0.001 vs. MPTP group.
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induced autophagy is independent of the MTORC1 pathway,
which is consistent with Cory B.
PD is a progressive neurodegenerative disease, characterized by

the loss of dopaminergic neurons in the SNpc. PD-associated
mutations are primarily involved in autophagy impairment [6]. For
example, mutations in PTEN-induced kinase 1 (PINK1) are
associated with autosomal recessive PD [45]. Normal full-length
PINK1 interacts with BECN1 and enhances PIK3C3 complex-
dependent autophagy, whereas PINK1 mutant W437X fails to
interact with BECN1, leading to autophagy dysfunction in PD [46].
As the PIK3C3 complex plays a crucial role in the initiation of
autophagy [47], activation of the PIK3C3 complex is a feasible
solution to induce autophagy in the treatment of PD. Studies have
shown that overexpression of SLC35D3, which is selectively
expressed in midbrain dopaminergic neurons, enhances the
formation of BECN1-ATG14-PIK3C3 complex, thus activating
autophagy and preventing the loss of dopaminergic neurons
[48]. However, small molecules which enhance the activity of the
PIK3C3 complex in the treatment of PD are still unavailable. In this
study, we report a synthesized alkaloid CB6 enhances the activity
of PIK3C3 complex, thus inducing autophagy and protecting
neurons in PD models.
Overall, CB6 has good brain permeability and has autophagy-

inducing and neuroprotective effects by activating the PIK3C3
complex, making it an orally effective drug candidate for the
prevention or treatment of PD.
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