
Hong Kong Baptist University

DOCTORAL THESIS

Autophagy-inducing Mechanism and Anti-Parkinsonian Effects of a
Corynoxine B Analogue CB6
ZHU, Zhou

Date of Award:
2022

Link to publication

General rights
Copyright and intellectual property rights for the publications made accessible in HKBU Scholars are retained by the authors and/or other
copyright owners. In addition to the restrictions prescribed by the Copyright Ordinance of Hong Kong, all users and readers must also
observe the following terms of use:

            • Users may download and print one copy of any publication from HKBU Scholars for the purpose of private study or research
            • Users cannot further distribute the material or use it for any profit-making activity or commercial gain
            • To share publications in HKBU Scholars with others, users are welcome to freely distribute the permanent URL assigned to the
publication

Download date: 24 May, 2023

https://scholars.hkbu.edu.hk/en/studentTheses/a3aeec08-9944-499f-b94d-e02310e3ee52


HONG KONG BAPTIST UNIVERSITY 

Doctor of Philosophy 

THESIS ACCEPTANCE 

 

DATE: December 29, 2021 

 

STUDENT'S NAME: ZHU Zhou    

 

THESIS TITLE: Autophagy-inducing Mechanism and Anti-Parkinsonian Effects of a Corynoxine B 

Analogue CB6 

 

 This is to certify that the above student's thesis has been examined by the following panel 

members and has received full approval for acceptance in partial fulfilment of the requirements for the 

degree of Doctor of Philosophy. 

 

 

Chairman: Prof Yu Zhiling 

Professor, Chinese Medicine - Teaching and Research Division, HKBU 

(Designated by Dean of School of Chinese Medicine) 

 

 

Internal Members: Prof Chen Hubiao 

Professor, Chinese Medicine - Teaching and Research Division, HKBU  

(Designated by Director of Chinese Medicine - Teaching and Research 

Division) 

 

Dr Liu Jin 

Assistant Professor, Chinese Medicine - Teaching and Research Division, 

HKBU 

 

 

External Examiners: Prof Shen Hanming 

Chair Professor and Head 

Department of Biomedical Sciences 

University of Macau 

 

Dr Song You-qiang 

Associate Professor 

School of Biomedical Sciences 

The University of Hong Kong 

 

 

In-attendance: 

 

Prof Li Min 

Professor, Chinese Medicine - Teaching and Research Division, HKBU 

 

 

 

 

Issued by Graduate School, HKBU 



 

 

Autophagy-inducing Mechanism and Anti-Parkinsonian 

Effects of a Corynoxine B Analogue CB6 

 

 

ZHU Zhou 

 

 

A thesis submitted in partial fulfilment of the requirements 

for the degree of 

Doctor of Philosophy 

 

 

Principal Supervisor: 

Prof. LI Min (Hong Kong Baptist University) 

 

December 2021 

  



i 
 

DECLARATION 

 

I hereby declare that this thesis represents my own work which has been done 

after registration for the degree of PhD at Hong Kong Baptist University. This thesis 

has not been previously included in a thesis or dissertation submitted to this or any 

other institution for a degree, diploma or other qualifications. 

I have read the University’s current research ethics guidelines and accept 

responsibility for the conduct of the procedures in accordance with the University’s 

Research Ethics Committee (REC). I have attempted to identify all the risks related 

to this research that may arise in conducting this research, obtained the relevant 

ethical and/or safety approval (where applicable), and acknowledged my 

obligations and the rights of the participants. 

 

 

Signature:              

Date: December 2021 

  



ii 
 

ABSTRACT 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder 

after Alzheimer’s disease. It affects 7-10 million people worldwide, of which half 

are in China. PD is characterized by the loss of dopaminergic neurons and the 

accumulation of abnormal protein aggregates in the midbrain. Unfortunately, 

current drugs for PD only can replenish dopamine levels, without stopping the 

disease progression. Therefore, there is an urgent need to develop disease-

modifying drugs to prevent the progression of PD. The autophagy–lysosomal 

pathway (ALP) is a highly conserved process responsible for degrading and 

recycling cellular contents including protein aggregates and damaged organelles. 

Accumulating evidence indicates that impairment of ALP plays a critical role in the 

progression of PD. Thus, enhancing ALP has emerged as a promising strategy for 

treating PD. 

Previously, we identified a natural alkaloid named corynoxine B (Cory B) as a 

neuronal autophagy inducer. However, the brain permeability of Cory B is 

relatively low, which limits its potential use in treating PD. In this study, a Cory B 

derivative with better bioavailability termed CB6 was newly synthesized and its 

autophagy-enhancing and neuroprotective effects in PD were determined in vitro 

and in vivo. 
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Firstly, transmission electron microscopy showed CB6 increases autophagic 

compartments. Western blotting and immunofluorescence assays suggested that 

CB6 promotes the formation of an autophagy gold marker microtubule-associated 

protein 1 light chain 3B-II (LC3B-II), indicating CB6 induces autophagy. Although 

CB6 slightly inhibits the well-established MTORC1 pathway (a major negative 

regulator of autophagy), CB6-induced autophagy is independent of the MTORC1 

pathway. To reveal the regulatory mechanism of CB6, we explored another 

regulator of autophagy initiation, the PIK3C3 complex. CB6 enhances the activity 

of the PIK3C3 complex and promotes PI3P production without disturbing the 

assembly of the PIK3C3 complex. These results indicated that CB6 induces 

PIK3C3-dependent but MTORC1-independent autophagy. 

Secondly, to demonstrate whether CB6 is neuroprotective acting as an autophagy 

inducer, we investigated the neuroprotective effects of CB6 in a 1-methyl-4-

phenylpyridinium (MPP+)-induced PC12 cell model of PD. CB6 treatment rescued 

MPP+-decreased cell viability and the protective roles of CB6 were blocked by 

autophagy inhibition. In addition, CB6 restored MPP+-impaired autophagy and 

alleviated MPP+-induced apoptosis. Our results demonstrated that CB6 is 

neuroprotective in the MPP+-induced cellular model of PD via inducing autophagy. 
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Finally, in in vivo experiments, CB6 has been shown to induce autophagy in the 

brains of wild-type mice. To evaluate the anti-Parkinsonian effects of CB6 in vivo, 

we used the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model 

of PD. In the MPTP mouse model, CB6 treatment ameliorated motor impairment 

and attenuated the loss of dopaminergic neurons both in the striatum and substantia 

nigra pars compacta (SNpc) of mouse brains. Moreover, CB6 treatment rescued the 

decrease in striatal dopamine and its metabolites DOPAC and HVA levels. In 

summary, CB6 has neuroprotective effects on dopaminergic neurons in the MPTP 

mouse model of PD. 

Collectively, the small molecular compound CB6 is a brain-permeable 

autophagy enhancer via PIK3C3 complex activation, making it an orally effective 

drug candidate for treating PD.  
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Chapter 1 Introduction 

1.1 Parkinson’s disease (PD) 

Parkinson’s disease (PD) was first described by James Parkinson in his 

publication named “An Essay on the Shaking Palsy” in 18171. From careful 

observation of six individuals described in his essay, he had mentioned some 

features like tremulous motion, a tendency to bend the trunk forwards, and 

disturbed sleep1. The first appearance of Parkinson’s disease (Maladie de Parkinson 

in French) was in a footnote of the second edition of volume 1 of the Leçons 

published in 1875 and Bourneville was the author2. Leçons recorded Charcot’s 

lectures although he used other words instead of “Parkinson’s disease” in his 

lectures at that time2. He has refined and expanded the early description and 

disseminated information about Parkinson’s disease3. This word also could be seen 

in the appendices in the later published edition2. In 1887, Charcot was quoted as 

referring to PD in the third volume of the Leçons2. Now, It is widely acknowledged 

that Charcot was the first one who used the term “Parkinson’s disease”2,4. 

The classical symptoms of PD can be roughly divided into motor symptoms and 

non-motor symptoms. Resting tremor, muscular rigidity, and bradykinesia all 

belong to the motor symptoms of PD5. The non-motor symptoms of PD include 

hyposmia, constipation, cognitive impairment, and rapid eye movement sleep 
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behavioral disorder5. The pathological hallmarks of PD are the loss of dopaminergic 

neurons in specific areas of the substantia nigra (SN) and widespread intracellular 

alpha-synuclein (SNCA) inclusions, named Lewy body, in surviving neurons5. 

 

1.2 Epidemiology of PD 

PD is the second most common neurodegenerative movement disorder. The 

number of individuals with PD has already more than doubled globally from 1990 

to 20156. The number of individuals with PD already reached 6 million all over the 

world in 2016, and it is expected to be 9 million in 20307,8. Among these, aging 

populations contribute to much of the growth7. Aged people above 50 years have 

more prevalence of PD than people below 50 years, among whom the prevalence 

of PD is uncommon9. It is speculated that the PD population in the United States 

will increase by 56% to 700,000 from 2005 to 2040 due to aging alone10. The higher 

prevalence may be due to longer disease duration in individuals with PD as a 

consequence of life expectancy improvement11. The age-standardized annual 

incidence rates are 160 per 100,000 people aged 65 years or older, although it is 

only 14 per 100,000 in the total population in high-income countries12. 

In addition, the increased prevalence of PD might be related to environmental 

factors with the development of industry13. A French nationwide incidence study 
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showed that higher PD coincidence was significantly associated with higher 

proportions of workers in specific industry sectors, such as agriculture and textile13. 

Even people living in regions with a high density of vineyards are at a higher risk 

of PD incidence, which could be explained through more pesticide exposure14.  

The decline of smoking may contribute to a higher incidence of PD. Although 

how smoking influences PD incidence is still unclear, it has been reported that there 

is a lower risk of PD among smokers in several investigations15,16. The inverse 

association of smoking and PD incidence shows a protective effect of tobacco. 

Regardless of baseline disease prevalence, the number of PD individuals will 

increase by 10% if less smoking is a causal risk of PD and the current trend towards 

decreased smoking continues10. 

Studies indicated that the incidence ratio of males to females ranges from 1.3 to 

2.07,17. It is significantly greater in Western populations than in Asian populations18. 

However, significant differences between the two sexes did not exist in a small 

population including Japan19,20. The reason for the difference between the two sexes 

is still unclear. It may be due to different exposure to environmental risk factors and 

hormonal changes in women21. 

Race/ethnicity also influences the incidence of PD17. Hispanics (16.6 per 100,000) 

were the highest in the age-adjusted and sex-adjusted coincidence of PD17. 
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Following Hispanics, it was non-Hispanic Whites (13.6 per 100,000) who occupied 

second place. Asians and Blacks had a similar incidence, 11.3 per 100,000 and 10.2 

per 100,000 respectively17.  

 

 
Figure 1.1 Prevalence and incidence of PD. 

Adapted from reference22. 

 

1.3 Etiology of PD 

1.3.1 Environmental factors 

The risk of developing PD increased when being exposed to environmental 

factors like industrial chemicals and pesticides, including 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), rotenone, and paraquat9. Pesticides play part in 

the progression and development of PD. In the Agricultural Health Study, the risk 

of developing PD increased with an increasing number of days of exposure to 

pesticides23,24. The toxin MPTP was firstly found as a byproduct of the synthesis of 

A B 
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a meperidine analog and it was found to produce the typical symptoms of PD9. 

MPTP can pass through the blood-brain barrier (BBB) and is metabolized to 1-

methyl-4-phenyl-pyridinium (MPP+) by monoamine oxidase B (MAOB) in 

astrocytes. The toxic metabolite results in cell death and loss of dopaminergic 

neuronal cells in the substantia nigra pars compacta (SNpc) of the midbrain25. 

Paraquat is a commercial weed killer, having a similar structure to MPTP23. It could 

cause oxidative stress and destroy dopaminergic cells26. Rotenone causes 

mitochondrial dysfunction in the dopaminergic neurons, contributing to the 

degeneration of neurons9,23.  

 

1.3.2 Genetic factors 

Sporadic PD with unclear etiology occupies the majority of PD cases. It may be 

due to the association of environmental risk factors and genetic factors27. Although 

the heritable forms of PD and the associated monogenic mutations only account for 

about 5-10% of PD cases, gene mutations have provided crucial clues to the 

molecular mechanisms that underlie the pathogenic process in PD, such as 

oxidative stress, mitochondrial dysfunction, and impaired protein degradation22,26,28. 

To date, at least 19 disease-causing genes for parkinsonism have been identified by 

the HUGO Gene Nomenclature Committee (HGNC)27. The disease-causing genes 
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include 9 autosomal recessive genes and 10 autosomal dominant genes27. Here, I 

would like to introduce the three most common autosomal dominant genes related 

to PD. 

1.3.2.1 SNCA 

SNCA encodes SNCA protein, which is the main component of Lewy bodies, one 

of the hallmarks of PD. It was the first gene identified to be associated with PD 

phenotype by Polymeropoulos and colleagues in 199627,29. One year later, they also 

identified an A53T mutation in the SNCA gene in an Italian family and three 

unrelated Greek families30. To date, five missense mutations in SNCA, namely 

A53T/E, A30P, E46K, H50Q, and G51D, have been identified as causes of familial 

PD31-36. In 2003, Singleton et al identified SNCA triplication in a large family with 

autosomal dominant PD, suggesting that increased dosage of SNCA contributes to 

the risk of developing PD37. It was confirmed by the discovery of SNCA triplication 

in an unrelated Swedish-American family with hereditary early-onset 

parkinsonism38. In 2004, Chartier-Harlin and colleagues identified SNCA 

duplication by semiquantitative PCR in nine French families with autosomal 

dominant parkinsonism39. At the same time, Ibanez et al published a similar finding 

in two independent French families of 119 people in the same issue of Journal 

Lancet40. These studies suggest that mutations or multiplications in the SNCA result 
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in familial PD. SNCA has been implicated to function in various essential cellular 

processes such as vesicle trafficking, synaptic transmission, and endocytosis36,41-43. 

1.3.2.2 LRRK2 

Funayama et al firstly identified leucine rich repeat kinase 2 (LRRK2) in a 

Japanese family through genomewide linkage analysis in 200244. Mutations in 

LRRK2 are the most commonly known genetic cause of autosomal dominant PD45. 

Genome-wide association studies have identified a variety of mutations in the 

LRRK2 gene46. PD-associated mutations in LRRK2 include Asn1437His, 

Arg1441Cys, Arg1441Gly, Arg1441His, Tyr1699Cys, Gly2019Ser, and 

Ile2020Thr. The Gly2019Ser, located within the protein kinase domain, is the most 

common mutation of LRRK2. This mutation is the cause of 4% of familial and 1% 

of sporadic PD patients worldwide47. Gly2019Ser was found in 13% of sporadic 

Ashkenazi Jewish and 30% of sporadic Arab-Berber patients with PD, whereas 

Gly2385Arg mutation is more common in Asian populations48-50. LRRK2 has well-

defined biological roles in macroautophagy, chaperone-mediated autophagy, 

endocytosis, inflammation, and vesicles trafficking51-55. LRRK2-induced toxicity 

in dopaminergic neurons may be due to its aberrant kinase activity, protein 

expression level, and posttranslational modifications53,55,56.  
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1.3.2.3 VPS35 

In autosomal dominant gene associated with PD, vacuolar protein sorting 35 

(VPS35) was identified as the third one, after SNCA and LRRK257,58. It works as a 

key component of the retromer complex, which is responsible for the retrograde 

trafficking of proteins between endosomes and the trans-Golgi network (TGN) and 

retrieval of proteins from endosomes to plasma membrane59. In 2011, Vilarino-

Guell and colleagues reported VPS35 Asp620Asn mutation in a Swiss family by 

using exome sequencing analysis and subsequent sequencing60. It was also 

confirmed by PD families from the United States, Tunisia, Israel, and Austria58,60. 

At that time, Asp620Asn was widely considered as the only pathogenic mutation 

of VPS3548,56. The frequency of Asp620Asn mutation in familial PD patients ranges 

from 0.1% to 1% 61. Other VPS35 variants were also found in PD patients, but 

whether they are pathogenic is still unclear60,62. 

 

1.4 Clinical drugs for PD treatment 

To date, PD is still incurable, as all available therapies for PD are symptomatic 

treatments63. Symptomatic treatments involve pharmacological approaches and 

nonpharmacological approaches (such as deep brain stimulation)64,65. Here, we only 

focus on pharmacological therapies. Pharmacological treatments for PD are roughly 
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divided into treatments for motor symptoms and treatments for non-motor 

symptoms. 

Levodopa is the most effective therapy for motor symptoms since the US FDA 

approval in 197066. As levodopa is the precursor of dopamine and can cross BBB, 

levodopa therapy can provide substantial relief of PD symptoms67 (Figure 1.2). 

However, chronic levodopa treatment is associated with motor complications, such 

as motor fluctuations and dyskinesia22. The frequency and severity of the motor 

complications depend on various factors, such as the age of the patient and the stage 

of the disease. Currently, the combination of levodopa and dopamine decarboxylase 

inhibitors (carbidopa or benserazide) is the current standard treatment for PD68. 

Dopamine decarboxylase inhibitors can inhibit the conversion of levodopa to 

dopamine in peripheral tissues to reduce side effects69. Moreover, dopamine 

agonists, MAOB inhibitors, and catechol-O-methyltransferase (COMT) inhibitors 

are also used as an adjunct to levodopa/carbidopa, to reduce the therapeutically 

effective doses of levodopa and minimize its side effects70. Nevertheless, these 

symptomatic therapies just relieve motor symptoms without stopping or slowing 

the progression of the disease70. Therefore, disease-modifying drugs or 

neuroprotective therapies for PD are urgently needed. Inspiringly, there is an 

increasing number of disease-modifying drugs being tested in clinical trials for PD66. 
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Figure 1.2 Dopaminergic drug targets in Parkinson disease. 

Adapted from reference22. 

 

1.5 Animal models of PD 

To elucidate the pathogenesis of PD and the underlying mechanisms, some PD 

animal models have been established for studying the pathogenesis of PD and 

exploring promising drugs for the treatment of PD. Because both environmental 

and genetic factors contribute to the development of PD and some gene mutations 

related to PD have been identified, researchers have established animal models of 

PD caused by toxins or gene mutations for testing experimental therapeutics. 
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1.5.1 Neurotoxin-induced PD models 

Toxin-induced animal models have been well studied and widely used, including 

6-hydroxydopamine (6-OHDA), MPTP, and rotenone71. 6-OHDA is the first one to 

be introduced for the PD model and is extensively used. 6-OHDA needs to be 

injected directly into the brain because it cannot cross the BBB72. The deleterious 

effect of 6-OHDA may be due to the generation of free radicals from its auto-

oxidation73,74. Although 6-OHDA cannot lead to the formation of SNCA inclusions, 

it could result in dopaminergic neuron death and motor deficits, sharing similar 

molecular features with PD72,75,76.  

MPTP-induced PD model is one of the best-characterized models and it is the 

most used for elucidation of pathogenesis and therapy of PD. Its neurotoxic effect 

was first found in 1982 when a group of drug addicts developed parkinsonian 

features after drug injection77,78. Investigators found the drug was contaminated 

with its by-product MPTP during manufacture77. MPTP is injected as a neurotoxin 

to a variety of species to model PD, producing parkinsonian syndrome including 

tremor, rigidity, slowness, postural instability, and freezing79. Monkeys and mice 

are the most used animals for the MPTP-induced PD model. In mouse models, the 

sensitivity to MPTP varies among different strains of mice and some parameters 

such as gender, age, and body weight also influence the sensitivity of mice to 
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MPTP80. It was recommended that use male mice of at least 8 weeks of age 

weighing at least 22 g to minimize the mortality and improve the reproducibility of 

the lesion80. MPTP is lipophilic and it can cross BBB, subsequently converted into 

its metabolite MPP+ by MAOB in astrocytes81. Then, the astrocytes release MPP+ 

into the extracellular space in the brain. Because MPP+ has a high affinity of 

dopamine transporter (DAT) on the plasma membrane of dopaminergic neurons, it 

can easily influx into the dopaminergic neurons82. MPP+ accumulates in the 

mitochondria, produces free radicals, and inhibits complex I of the electron 

transport chain, resulting in the cell death81,83. 

Rotenone is a natural compound extracted from tropical plants and it is widely 

used as an insecticide and fish poison84. With the property of being highly lipophilic, 

rotenone can easily cross BBB, bind to and inhibit mitochondrial complex I85. A 

rotenone-induced PD model was produced by Betarbet and colleagues through a 

chronic and sustained delivery of the drug with the use of osmotic pumps86. The 

rats developed progressive nigrostriatal dopaminergic neuron degeneration 

accompanied by SNCA- and ubiquitin-positive inclusions86. In addition, rotenone-

intoxicated rats showed some features of parkinsonism such as slow movement and 

abnormal postures86. 
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1.5.2 Genetic PD models 

As discussed above, both environmental factors and genetic factors are involved 

in the pathogenesis of PD. A variety of genes related to PD etiology have been 

discovered allowing the development of transgenic models of PD for providing 

mechanistic insights into the pathogenesis of PD and providing a platform for 

identifying treatment of PD.  

Accumulation of SNCA plays a central role in the pathogenesis of PD, which can 

be alleviated by enhancement of proteasomal degradation and autophagy87,88. And 

some mutations of SNCA have been identified to inhibit protein degradation, 

leading to its toxic aggregation and death of neuronal cells89,90. Masliah and 

colleagues produced a transgenic mouse model of PD through overexpressing wild-

type human SNCA91. Accumulation of wild-type SNCA in mice led to SNCA and 

ubiquitin-positive inclusions, loss of dopaminergic terminals, and motor 

impairment, suggesting SNCA aggregation may play a causal role in PD91. In 

addition, Feany and Bender produced a model of PD by overexpressing wild-type 

and mutant human SNCA in Drosophila92. This Drosophila model produced an 

adult-onset loss of dopaminergic neurons, SNCA inclusions, and locomotor 

dysfunction, displaying similar features of PD92. Other genes participating in the 
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aetiology of PD also have been knocked out or knocked in to produce PD animal 

models, such as PTEN-induced kinase 1 (PINK1) and LRRK293,94.  

 

1.6 Defective autophagy-lysosome pathway in PD  

Autophagy is an evolutionarily conserved cellular process, which can be mainly 

divided into three sorts: macroautophagy, microautophagy, and chaperone-

mediated autophagy95 (Figure 1.3). The term “autophagy” in the thesis refers to 

macro-autophagy. Over the past two decades, the molecular mechanisms and 

regulation of autophagy have been characterized in detail96. During the autophagy 

process, autophagosomes fuse with lysosomes to degrade and recycle cellular 

components, which include toxic aggregate-prone proteins, impaired organelles, 

and invading pathogens97. Autophagy is initiated with the nucleation of the 

phagophore, a cup-shaped isolation membrane (Figure 1.4)96. Then, the curved 

isolation membrane elongates into a sphere, engulf cytosolic materials, and finally 

seals into a double-membrane vesicle, termed the autophagosome98. The 

autophagosomes are delivered along microtubules to lysosomes and fuse with 

lysosomes to form autolysosomes, in which the contents of autophagosomes are 

degraded and recycled99. In the case of selective autophagy, specific cargos can be 
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transported into autophagosomes through autophagy receptors such as 

Sequestosome 1 (SQSTM1/p62), which recognizes autophagy substrates100.  

The ubiquitin-proteasome system (UPS) and autophagy are the major 

degradation pathways, maintaining the homeostasis of protein levels in cells101 

(Figure 1.5). UPS degrades ubiquitinated proteins one by one, while autophagy 

degrades macromolecules and organelles102. However, they are connected 

functionally and even share key molecules, such as ubiquitin102. 

Accumulating evidence implicates that the autophagy-lysosome pathway (ALP) 

is impaired in the pathogenesis and progression of neurodegenerative diseases 

including PD101. It has been observed that the decreased levels or decreased activity 

of autophagy-related proteins (ATGs) were observed in post-mortem PD brain 

samples and different mouse models103,104. In addition, the importance of autophagy 

in the development and maintenance of the brain has been well established105,106. 

For example, ATG5 and ATG7 are two important factors involved in the initiation 

of autophagy. Mice with special ATG5 deficiency in neural cells developed motor 

dysfunction accompanied by inclusion bodies107. Mice deficient for ATG7 in the 

central nervous system showed defects in behaviors and the formation of inclusions 

in dopaminergic neurons108,109. 
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With the development of genetic methods, we have known a series of genes are 

high-risk factors for PD. To date, at least 19 disease-causing genes for parkinsonism 

have been identified by HGNC27. Almost half of these genes are involved in or 

disrupt various steps of the ALP, including SNCA, GBA, LRRK2, and ATP13A2 

(Figure 1.6)106,110. For example, SNCA plays a critical role in the relationship 

between autophagy and PD. SNCA is the main component of Lewy bodies, which 

is the hallmark in the brains of PD patients, indicating the overexpression or 

unsuccessful degradation of SNCA. It has been demonstrated that SNCA can be 

degraded by UPS and ALP111. And ALP is the major pathway for its degradation 

because its accumulation results from inhibition of the ALP, not the UPS112. SNCA 

can be degraded in the lysosomes through CMA (chaperone-mediated autophagy) 

as well as macroautophagy113. However, the pathogenic A53T and A30P mutant 

proteins have a high affinity to LAMP2A, the main CMA receptor on the lysosome 

membrane, and act as blockers inhibiting the internalization and degradation of 

themselves and other substrates, leading to protein accumulation and cellular 

toxicity113. 
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Figure 1.3 Three types of autophagy. 

Adapted from reference114. 

 

 

Figure 1.4 Overview of the autophagy process.  
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Adapted from reference96. 

 

 

Figure 1.5 Overview and comparison of UPS and autophagy. 

Adapted from reference115. 
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Figure 1.6 Genes involved in Parkinson’s disease and the autophagy-lysosome 

pathway. 

Adapted from reference116. 
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1.7 Autophagy inducers are promising disease-modifying drugs for PD 

As clinal drugs for PD treatments are only targeting motor or non-motor 

symptoms63, it is urgently needed to develop disease-modifying therapies to slow, 

halt or reverse the progression of PD. Besides, ALP dysfunction is closely related 

to the pathogenesis and progression of PD101. Thus, there is a possibility that the 

pharmacological induction of autophagy is a therapeutic strategy in the treatment 

of PD. This possible strategy has been evidenced that some reported compounds 

play neuroprotective roles in animal models of PD through inducing autophagy117 

(Table 1.1). For example, rapamycin, a widely studied MTORC1 inhibitor, has 

shown benefits in animal models of PD118,119. The therapeutic efficacy of rapamycin 

in lactacystin-induced PD-like mouse models is partially through enhancing 

autophagy to degrade aggregated proteins and impaired organelles120. Because 

MTORC1 signaling is a critical signaling hub for cell proliferation and survival, 

inhibition of MTORC1 is an unsuitable approach to develop autophagy-inducing 

drugs for neurodegenerative diseases121. Thus, more neuroprotective compounds 

are found to induce autophagy via activating AMPK or TFEB. Trehalose is a 

multitarget autophagy inducer that showed efficacy in PD models122,123. Trehalose 

was shown to induce AMPK-dependent autophagy through inhibiting members of 

glucose transporters123. In addition, trehalose also promotes autophagy through 
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inducing lysosomal enlargement and membrane permeabilization, activating 

calcineurin and dephosphorylating TFEB, thereby inducing TFEB-dependent 

autophagy124. These autophagy-inducing features of trehalose contribute to its 

therapeutic effects in PD models125,126. Rapamycin and trehalose combined 

treatment was shown to induce autophagy and ameliorate the disease phenotype in 

the MPTP-induced mouse model of PD127. Metformin has shown beneficial effects 

in PD models mainly by manipulating autophagic activity128,129. The pro-

autophagic activity of metformin has been proposed to be AMPK activation, which 

contributes to its neuroprotective effects in PD models129,130. Berberine may also 

induce autophagy via AMPK activation, playing neuroprotective roles in PD 

models131,132. Therefore, developing disease-modifying drugs targeting autophagy 

induction is a promising approach to prevent or decelerate the progression of PD. 

Corynoxine B (Cory B) is one of the tetracyclic oxindole alkaloids isolated from 

the hooks of Chinese herbal medicine Uncaria rhynchophylla (Miq.) Jacks 

(Gouteng in Chinese), which is widely distributed in Yunnan province133. Uncaria 

is the chief herb of Tianma Gouteng Yin (天麻鉤藤飲) that is a formula of Chinese 

medicine mainly used to treat PD-like symptoms caused by liver-wind agitation. 

Previously, we have reported that Cory B induces autophagy in different kinds of 

neuronal cell lines and promotes degradation of wild-type and mutant SNCA, 
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exerting a protective role in cellular models of PD134. Cory B induces MTORC1-

independent autophagy in a BECN1-dependent manner134. Cory B also interrupts 

the interaction of SNCA and high mobility group box 1 (HMGB1) to restore SNCA-

induced autophagy impairment in PC12 cells135. What’s more, Cory B-induced 

autophagy enhanced the degradation of SNCA, whose aggregation or 

overexpression in mice is enough to raise some symptoms of PD135. It also has been 

reported that Cory B is neuroprotective in manganese-exposed SH-SY5Y cells 

through inducing HMGB1-dependent autophagy136. The preceding data indicated 

that Cory B is a natural compound with the potential for the treatment of PD. 

However, all the reports about Cory B were studied in cellular models of PD not in 

animal models due to its limited brain permeability. Hence, it is promising to 

develop Cory B analogues with better brain penetration to improve its potential for 

PD treatment. 
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Table 1.1 Selected autophagy regulators exert therapeutic effects in Parkinson’s 

disease. 

Agents Effects References 

Trehalose 
Rescues motor dysfunction  
and improve the neuronal survival 

Reference126 

Rapamycin Rescues loss of dopaminergic neurons  Reference119 

Metformin 
Improves motor impairment and 
ameliorates the degeneration of 
dopaminergic neurons 

Reference129 

Berberine Ameliorates behavioral disorders Reference132 

Tunicamycin Protects dopaminergic neurons Reference137 

 

1.8 Hypothesis and objectives of this study 

In our previous study, we have synthesized a series of Cory B analogues and 

screened for autophagy inducers. Among these analogues, we found compound 

CB6 can induce autophagy, which will be introduced in the next chapter. Due to 

the addition of the propyl group, CB6 should be more hydrophobic and brain 

permeable than Cory B. Therefore, we hypothesize that a Cory B analogue termed 

CB6 is a brain-permeable autophagy enhancer and has neuroprotective effects in 

experimental PD models. 

The primary research objective of this thesis is to confirm CB6 is brain-
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permeable and induces autophagy, as well as explore the autophagy-inducing 

mechanisms of CB6 and investigate the neuroprotective effects of CB6 in PD 

models. The detailed objectives are shown as follows: 

(1) To identify CB6 is brain-permeable by performing a brain permeability study 

in mice through oral administration. (Chapter 2) 

(2) To confirm CB6 is an autophagy inducer by western-blotting, 

immunofluorescence, and transmission electron microscopy experiments; To 

reveal the autophagy-inducing mechanisms by exploring the autophagy 

upstream kinases. (Chapter 4) 

(3) To investigate the in vitro neuroprotective effects of CB6 in an MPP+-

induced PC12 cell model of PD. (Chapter 5) 

(4) To investigate the in vivo neuroprotective effects of CB6 in an MPTP mouse 

model of PD. (Chapter 6) 
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Chapter 2 A Cory B analogeue CB6 has better brain permeability 

2.1 Introduction 

PD is the most common neurodegenerative movement disorder. The loss of 

dopaminergic neurons in SNpc and the appearance of Lewy bodies in the remaining 

dopaminergic neurons are the hallmarks of PD5. Currently, some medicines, like 

levodopa and dopamine agonists, have been applied for clinical PD treatment to 

reduce short-term symptoms67,70. However, as PD progresses, these long-used 

medications become less effective and produce severe side effects22. Therefore, 

there is an urgent need to develop disease-modifying drugs for treating PD through 

targeting disease-relevant mechanisms of action to prevent or delay PD progression. 

It has been observed that the decreased levels and activity of autophagy-

regulatory proteins in postmortem PD brains104,138. 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 

PD111,139-141 (Figure 1.5). 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 bodies107,108. On the other hand, 

inducing autophagy by pharmacological strategies has been reported to alleviate 

parkinsonian symptoms. Rapamycin, metformin, trehalose and et al have shown 
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neuroprotective efficacy in animal models of PD through inducing 

autophagy120,125,129,130 (Table 1.1). Therefore, developing disease-modifying drugs 

targeting autophagy induction is a promising approach to halt or decelerate PD 

progression. 

Our Previous studies have studied that Cory B, which is extracted from a Chinese 

medicine called Gouteng, has been reported to induce autophagy in an mTOR-

independent manner. Moreover, Cory B can directly interact with HMGB1 to 

trigger autophagy effects, resulting in degradation of SNCA, and finally, exert 

neuroprotective roles. 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 mouse models of PD have not been studied. In this study, to 

develop more potent autophagy inducers with good brain bioavailability, we 

focused on Cory B’s C-22 ester interchange and N-1 substituted group and 

synthesized ten new analogues of Cory B, with the help of Prof Zhang Hongjie’s 

lab. After the synthesis, we screened the autophagy-inducing potency of the 

analogues. An analogue termed CB6, which has an N-propyl group modified on 

Cory B to improve the hydrophobicity, showed similar autophagy-inducing effects.  

In this chapter, we will introduce the synthesis process of compound CB6 and 

compare the brain permeability of Cory B and CB6. 
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2.2 Materials and methods 

2.2.1 Reagents 

Corynoxine B (APC-459) was purchased from Aktin Chemicals, Inc. 

2.2.2 Synthesis of CB6 

XIE Wenjian and ZHAO Chenliang from our collaborator Prof ZHANG 

Hongjie’s lab (SCM, HKBU) helped the synthesis and purification of CB6. Firstly, 

Weighing Cory B 200 mg and adding 5 ml DMF into reaction flask, shaking slightly, 

and leading the starting material to be soluble into solvent DMF completely. 

Subsequently, adding 1-Iodopropane 240 mg and K2CO3 415 mg in a consecutive 

sequence, stirring at room temperature. Using TLC to monitor the reaction progress 

every 2 h. Till the reaction was completed (3 h, reaction mixture color changed), 

EtOAc was used to wash the reaction mixture and the product was obtained by 

preparative thin layer silica gel chromatography using combination developing 

solvent system with ratio 1: 2 of petroleum ether to ethyl acetate. 

2.2.3 Animals 

C57BL/6 mice were purchased from the Chinese University of Hong Kong. 

Before experiments, two-month-old male mice were bought and acclimatized for at 
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least one week. Mice were housed in animal rooms at temperatures of 21-23℃ and 

humidity of 60 ± 5%. Enough food and water are available for the mice.  

2.2.4 Animal experiments 

Animals were randomly allocated for vehicle and drug treatment groups. Four 

mice were used for each group of the first time points (5 min, 15 min 30 min, and 

1 h) and three mice were used in each group of other time points (0 min, 2 h, 4 h). 

Six mice were used as blank groups for preparing Cory B/CB6 standard solutions. 

C57BL/6 mice were starved for one night before drug administration. For oral 

administration, Cory B and CB6 were suspended in 0.5% carboxymethylcellulose 

sodium (CMC-Na, C5678, Sigma). Mice were anesthetized at assigned time points 

after oral administration of Cory B or CB6 at a dose of 20 mg/kg. Blood and brains 

were immediately collected into marked tubes. After a centrifugation at 10000 rpm 

for 10 min, the supernatant was collected as plasma and stored at -80℃. 

2.2.5 LC-MS/MS method development for determination of Cory B and CB6 

Preparation of standard solutions for working curve 

Stock solutions of Cory B and CB6 were dissolved in DMSO at a concentration 

of 10 mg/ml, respectively. Then, the Cory B and CB6 solutions were further diluted 

with methanol to a concentration of 100 µg/ml working as stock standard solutions. 

For these two compounds, the other compound will be used as an internal standard 



29 

when analyzing one compound. The working standard solutions for Cory B/CB6 

were made by diluting the stock solutions to produce final concentrations of 10, 50, 

100, 500, 1000, 5000, 10000 ng/ml. 

Calibration curve sample preparation 

For calibration curve in plasma, each 100 ul blank mice plasma was added with 

10 µl of working standard solutions to produce final concentrations of 1, 5, 10, 50, 

100, 500, 1000 ng/ml of each compound, followed by plasma sample preparation. 

For calibration curves in brains, 10 µl of working standard solutions were added to 

about 150 mg blank mice brains, followed by brain sample preparation. 

Plasma sample preparation 

To each 100 ul mice plasma samples, 400 µl of ice-cold methanol was added to 

extract compounds. The mixture was centrifuged at 215,000 g for 15 min at 4℃ 

after being vortexed for 10 s. The supernatants were transferred into centrifuge 

tubes and dried in a vacuum concentrator for 14 h. On the second day, the dried 

samples were dissolved and vortexed in 100 µl ice-cold 50% methanol in H2O with 

internal standard (L-4-Chlorophenylalanine). The supernatants were collected for 

LC-MS/MS after centrifugation of 215,000 g for 10 min. The quantifications of 

Cory B and CB6 were determined using the following LC-MS/MS method. 

Brain sample preparation 
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For brain tissue samples, approximately 150 mg brain in each mice was weighed 

and added five times the volume of methanol to extract compounds. With the help 

of a Polytron PT2100 homogenizer (Kinematica), the brains were homogenized. 

The mixture was then centrifuged for 15 min at 215,000 g at 4°C. The supernatants 

were transferred into centrifuge tubes and dried in a vacuum concentrator overnight. 

On the second day, the dried samples were dissolved in 200 µl ice-cold 50% 

methanol in H2O with internal standard (L-4-Chlorophenylalanine). The 

supernatants were collected after a centrifugation at 215,000 g for 10 min. To 

quantify Cory B and CB6, 10 µl of the supernatant of each sample was subjected to 

LC-MS/MS. 

LC-MS/MS analysis 

LC‑MS/MS analyses were performed by using a UPLC BEH C18 column (1.7 

µm particle size, 2.1 mm I.D. (internal diameter) × 100 mm, Waters Acquity) 

connected with VanGuard Pre-column (2.1 mm I.D. × 5 mm length) to separate 

Cory B and CB6. The flow rate for the LC part was 0.3 ml/min and the mobile 

phases were as below: mobile phase A was 0.1% formic acid in H2O; mobile phase 

B was acetonitrile. The molecular weights were determined with a Triple 

Quadrupole Mass Spectrometry (Thermo Fisher) equipped with an electrospray 

ionization (ESI) source. The Cory B and CB6 molecules were detected and 
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quantified by mass spectrometry (MS) using multiple reaction monitoring (MRM) 

mode. For Cory B, its precursor ion with an m/z value of 385.2 and product ions of 

160.05, 241.09, 269.1, and 353.07 were used. For CB6, its precursor ion with an 

m/z value of 427.26 and product ions of 202.08, 226.08, 283.11, 311.17, and 395.16 

were used. 

2.2.6 Pharmacokinetic analysis 

DAS 3.0 pharmacokinetic program (BioGuider Co., Shanghai, China) was used 

to perform a non-compartmental pharmacokinetic analysis of the brain and plasma.  

 

2.3 Results 

2.3.1 CB6 was synthesized from Cory B 

The natural oxindole alkaloid Cory B was an autophagy enhancer with low brain 

permeability. To improve the 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. CB6 is a promising 

autophagy enhancer for neurodegenerative diseases, which warrants further studies. 

With the help of Prof. Zhang Hongjie’s Lab, compound CB6 was synthesized from 

Cory B reacting with iodide propane in dimethylformamide (DMF) (Figure 2.1). 
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The structure of the product CB6 was verified and confirmed by the Hydrogen-1 

nuclear magnetic resonance (1H NMR) spectrum (Figure 2.2). The results showed 

that CB6 was successfully synthesized as expected and the production rate is 

approximately 60%. The 1H-NMR spectrum of CB6 showed characteristic signals 

of a propyl group (δH 0.95 (3H, t, J = 7.39 Hz), 2.17 (2H, m), 3.39 (1H, m), 3.91 

(1H, m)), confirming the chemical structure of CB6. 

 

 

Figure 2.1 The synthesis reaction of compound CB6. 

CB6 was synthesized by reacting Cory B with iodine propane in DMF and purified 

by silica gel chromatography. XIE Wenjian and ZHAO Chenliang from Prof 

ZHANG Hongjie’s lab helped the synthesis of CB6. 
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Figure 2.2 Confirmation of CB6 structure by 1H-NMR spectrum. 

The 1H-NMR spectrum of CB6 showed characteristic signals of a propyl group (δH 

0.95 (3H, t, J = 7.39 Hz), 2.17 (2H, m), 3.39 (1H, m), 3.91 (1H, m)). 

 

2.3.2 CB6 has better brain permeability than Cory B 

Considering CB6 was synthesized with an N-propyl substituent on Cory B, CB6 

should be more hydrophobic and brain permeable than Cory B. To demonstrate it, 

a brain permeability study was performed. Mice were orally administered with Cory 

B or CB6 at a dose of 20 mg/kg. The plasma and brains were collected and analyzed 

to determine Cory B and CB6 concentrations. In general, the data showed that both 

compounds reached the peak concentration promptly at 5 min and were then 

eliminated gently in plasma (Figure 2.3A). The concentrations of Cory B were 
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higher than CB6 during the whole period. However, in brain samples, CB6 reached 

its peak concentration of approximately 260 ng/g at 15 min and Cory B reached its 

peak concentration of approximately 100 ng/g at 30 min (Figure 2.3B). To visually 

observe the brain penetration difference between Cory B and CB6, we first 

calculated the ratio of the concentration value of each compound in the brain and 

that in corresponding plasma in the same mice. Then we compared the ratio of Cory 

B with the ratio of CB6 at 5 min or 15 min and found that there was much more 

proportion of CB6 pass through the BBB when compared with Cory B (Figure 2.4), 

which was also reflected by less amount of CB6 in plasma and more amount of 

CB6 in brains at the corresponding time points (Figure 2.3).  

Then, according to the compounds’ concentrations in brains and plasma, a 

pharmacokinetic analysis was performed. A series of pharmacokinetic parameters 

were determined, which showed a similar result of Cory B and CB6 except the 

Cmax (Tables 2.1 and 2.2). Comparing the AUC of two compounds in plasma and 

brains, we found that although less amount of CB6 was retained in the plasma 

compared with Cory B, similar amounts of Cory B and CB6 were in brains, 

suggesting a larger percentage of CB6 passed through BBB (Tables 2.1 and 2.2). 

Besides, CB6 has a greater Cmax in comparison to Cory B in brain samples (Table 

2.2). 
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Taken together, CB6 has better brain permeability than Cory B, enhancing its 

bioavailability, which is a beneficial property of compounds for the treatment of 

neurodegenerative diseases. 

 

 
Figure 2.3 The plasma/brain concentration-time curve after oral administration of 

Cory B or CB6. 

C57BL/6 mice were orally administrated Cory B or CB6 at 20 mg/kg and sacrificed 

at the indicated time. Plasma and brains were collected for determining Cory B or 

CB6 levels by LC-MS/MS methods. Four mice were used for 5, 15, 30 min; three 

mice were used for the remaining time points. A. The plasma concentration-time 
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curve after oral administration of Cory B or CB6. B. The brain concentration-time 

curve after oral administration of Cory B or CB6. 

 

 

Figure 2.4 Comparison of compound levels in brains and that in plasma. 

Five or 15 min after oral administration, mice were sacrificed. The concentrations 

of Cory B and CB6 in brains were compared with that in plasma, respectively. Data 

are presented as mean ± SEM. **p < 0.01, ***p < 0.001. 
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Table 2.1 Pharmacokinetic parameters of Cory B and CB6 in plasma. 

Parameters Units Plasma-Cory B Plasma-CB6 

AUC (0-t) ng/ml*h 445.49  222.81  

AUC (0-∞) ng/ml*h 445.49  222.81  

R_AUC (t/∞) % 100.00  100.00  

AUMC (0-t) h*h*ng/ml 879.90  222.61  

AUMC (0-∞) h*h*ng/ml 879.96  222.67  

MRT (0-t) h 1.98  1.00  

MRT (0-∞) h 1.98  1.00  

VRT (0-t) h^2 4.20  0.76  

VRT (0-∞) h^2 4.21  0.76  

λz 1/h 0.49  0.44  

C_last ng/ml 0.00  0.00  

t1/2z h 1.42  1.59  

Tmax h 0.08  0.08  

Vz/F L/kg 9.18E+07 2.06E+08 

CLz/F L/h/kg 4.49E+07 8.98E+07 

Cmax ng/ml 375.42  178.01  
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Table 2.2 Pharmacokinetic parameters of Cory B and CB6 in brains. 

Parameters Units Brain-Cory B Brain-CB6 

AUC (0-t) ng/g*h 145.28  144.27  

AUC (0-∞) ng/g*h 145.29  144.27  

R_AUC (t/∞) % 100.00  100.00  

AUMC (0-t) h*h*ng/g 225.45  95.46  

AUMC (0-∞) h*h*ng/g 225.51  95.46  

MRT (0-t) h 1.55  0.66  

MRT (0-∞) h 1.55  0.66  

VRT (0-t) h^2 1.49  0.29  

VRT (0-∞) h^2 1.50  0.29  

λz 1/h 0.46  1.29  

C_last ng/g 0.00  0.00  

t1/2z h 1.52  0.54  

Tmax h 0.50  0.25  

CLz/F kg/h/kg 1.38E+08 1.39E+08 

Cmax ng/g 103.48  263.79  
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2.4 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 PD142,143. Cory B was reported by us 

that it can induce autophagy and play beneficial efficacy in SNCA-overexpressing 

cellular models of PD134,135. However, its brain permeability is relatively low, 

which limits its potential use in treating PD patients or animal models. We 

previously synthesized various analogues of Cory B to improve brain permeability 

and tested their autophagy-inducing potency. In this chapter, we focused on an 

analogue termed CB6 because of its autophagy-inducing effects, which will be 

shown detailedly in the next chapter. CB6 has an N-propyl group modified on Cory 

B to improve the hydrophobicity, which is supposed to make the compound more 

brain-penetrative (Figure 2.1). CB6 was synthesized successfully, confirmed by 

NMR spectroscopy (Figure 2.2). Brain permeability studies showed that, compared 

with Cory B, the peak concentration of CB6 in brains was much higher and a larger 

proportion of CB6 passed through the BBB (Figures 2.3 and 2.4), possibly 

reducing its side effects on other internal organs. 

Taken together, a Cory B analogue termed CB6 was newly synthesized and CB6 

is easier to pass through BBB compared with Cory B.  
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Chapter 3 CB6 induces PIK3C3 complex-dependent autophagy in 

vitro 

3.1 Introduction 

Autophagy is an evolutionarily conserved cellular process144. During the process, 

autophagosomes fuse with lysosomes to degrade and recycle cellular components, 

which include toxic aggregate-prone proteins, impaired organelles, and invading 

pathogens144,145. Accumulating evidence implicates autophagy dysfunction in the 

pathogenesis and progression of neurodegenerative diseases including PD142,146. 

Restoration of autophagy may be a promising strategy for treating PD142,143,147. 

MTOR is a serine/threonine protein kinase. MTOR is the main subunit of two 

distinct complexes known as MTOR complex 1 (MTORC1) and MTORC2148. Both 

MTORC1 and MTORC2 share the same proteins including MTOR, mLST8, and 

DEPTOR148. On the other hand, MTORC1 is defined by RAPTOR and PRAS40, 

whereas MTORC2 is defined by RICTOR, PROTOR1/2, and mSIN1149-152. 

MTORC2 phosphorylates Ser473 of AKT and its phosphorylation is critical for the 

full activation of AKT153,154. Therefore, AKT mediates crosstalk between 

MTORC2 and MTORC1 because AKT has been shown to phosphorylate and 

inactivate tuberous sclerosis complex 2 (TSC2), a strong inhibitor of MTORC1 

activity154,155. MTORC1 pathway promotes protein synthesis through 
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phosphorylating two well-known effectors, ribosomal protein S6 kinase B1 

(RPS6KB1) and eukaryotic translation initiation factor 4E binding protein 1 

(EIF4EBP1)156,157. In addition, MTORC1 signaling is a well-characterized negative 

regulator of autophagy158. Unc-51 like autophagy activating kinase 1 (ULK1) 

phosphorylation is essential for the activity of the ULK1 complex, a key effector in 

the induction of autophagy159. ULK1 can be phosphorylated by MTORC1 and the 

MTORC1-mediated phosphorylation prevents the phosphorylation of other sites on 

ULK1 by AMPK, leading to the inactivation of ULK1160,161. MTORC1 also 

regulates the phosphorylation of transcription factor EB (TFEB) and thereby 

modulates the localization of TFEB. Only when TFEB is in the nucleus and it is 

activated, it can regulate the transcription of autophagy and lysosome-related 

genes162,163. 

In our previous study, we screened a series of Cory B analogues, aiming to 

identify autophagy inducers with good brain permeability. In the last chapter, we 

already found and demonstrated that a Cory B analogue CB6 has better brain 

permeability than Cory B. In this chapter, we further confirm whether CB6 induces 

autophagy and investigate the mechanisms underlying CB6-induced autophagy. 
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3.2 Materials and methods 

3.2.1 Reagents and antibodies 

Anti-ACTB/β-actin (sc-47778) and anti-BECN1 (sc-10086) antibodies were 

purchased from Santa Cruz. Anti- SQSTM1/p62 (P0067) antibody, 3-

methyladenine (3-MA) (M9281), and chloroquine (CQ) (C6628) were purchased 

from Sigma-Aldrich. Anti-LC3B (NB100-2220) antibody was purchased from 

Novus Biologicals. Anti-ATG7 (sc-8558), anti-MTOR (2983), anti-phospho-

MTOR (Ser2448) (5536), anti-RPS6KB1/P70S6K (9202), anti-phospho-

RPS6KB1/P70S6K (Thr389) (9205), anti-EIF4EBP1 (9644), anti-phospho-

EIF4EBP1 (Thr37/46) (2855), anti-TSC2 (4308) antibodies were purchased from 

Cell Signaling Technology. Protein G magnetic beads (10003D) were purchased 

from Invitrogen. HRP-conjugated goat anti-mouse IgG (115-035-003) and goat 

anti-rabbit IgG (111-035-144) secondary antibodies were purchased from Jackson 

ImmunoResearch Laboratories. Bafilomycin A1 (Baf A1) (S1413) and SAR405 

(S7682) were purchased from Selleckchem. Torin 1 (2273) was purchased from 

BioVision. Spautin1 (HY-12990) was purchased from MedChemExpress. 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. 
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3.2.2 Cell culture and drug treatment 

Neuro-2a (N2a) cells, PC12 cells, HEK 293 cells, and HeLa cells were 

maintained in DMEM (11965084, Gibco) supplemented with 10% FBS (10500064, 

Gibco). All the cells were grown at 37℃ 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 

the 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 14 h to inhibit lysosomal degradation. 

For 3-MA treatment, 5 mM 3-MA was added to treat cells for 30 min before CB6 

treatment to inhibit the activity of the PIK3C3 complex. For SAR405 treatment, 5 

µM SAR405 was added to treat cells for 30 min 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. 

3.2.3 Lactate dehydrogenase (LDH) release assay 

After drug treatments, the culture media of N2a cells was collected and 

centrifuged. LDH kits (11644793001, Roche) were used for the measurement of 

LDH levels in the supernatants. Briefly, the supernatants were collected after the 

culture media was centrifuged for 14,000 rpm for 2 min. 46 µl supernatants and a 
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46 µl mixture (solution A and solution B in kits) were successively added into 96-

well plates. The plates were mixed well and incubated in dark at room temperature 

for 20 min. The absorbance value was detected at 490 nm. 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. 

3.2.4 Western blotting 

After drug treatment, cells were washed with ice-cold PBS twice and lysed in 

RIPA lysis buffer (9803, Cell Signaling Technology) with protease inhibitors (HY-

K0011, MedChemExpress) and phosphatase inhibitors (A32957, Pierce). After the 

lysates were sonicated and centrifuged at 15,000 rpm for 30 min at 4℃, the 

supernatants were collected for detecting the protein concentrations by BCA assay 

(23225, Pierce). Protein lysates were adjusted to the same concentration with lysis 

buffer, added one-third volume of 4X loading buffer, and boiled for 10 min at 70℃. 

The samples were cooled on ice and loaded on 12% SDS-PAGE gels. After SDS-

PAGE, the samples were transferred onto 0.45 µm PVDF membranes and blocked 

with 5% non-fat milk in TBST. Then, the membranes were incubated with primary 

antibodies overnight at 4℃ and secondary antibodies for 2 h at room temperature. 

The protein chemiluminescence signals were detected by ECL kits (34580, 

SuperSignal) and captured on X-ray film (FUMINGWEI).  
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3.2.5 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) in 0.1 M 

sodium cacodylate buffer (11654, Electron Microscopy Sciences) for 1 h at room 

temperature. After being fixed, the cells were scraped, centrifuged, and rinsed with 

0.1 M sucrose in the 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. 

3.2.6 Immunofluorescence staining 

After transfections or drug treatments, cells on the coverslips were fixed in 4% 

paraformaldehyde (PFA) in PBS for 15-20 min 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℃. On the second day, the cells were 

stained with fluorescent secondary antibodies for 2 h at room temperature and 

stained with DAPI for 3-5 min. Then the coverslips were mounted on slides and air-

dried. A confocal microscope (Leica TCS SP8) was used to acquire cell images. 
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3.2.7 Cell transfection 

For overexpression experiments, cells were transfected with indicated plasmids 

using Lipofectamine 3000 reagent (L3000015, Invitrogen). The plasmids were 

mixed and incubated with lipofectamine 3000 in the Opti-MEM medium 

(31985070, Gibco) 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, Invitrogen). The siRNAs 

were mixed and incubated with lipofectamine RNAiMAX in the Opti-MEM 

medium for 20 min at room temperature. The mixture was added to N2a/HeLa cells 

and cultured for 60 h, followed by treatment with the indicated drugs. 

3.2.8 Quantification of phosphatidylinositol 3-phosphate (PI3P) 

N2a cells were seeded into 90 mm dishes, grown to 80% confluence, and then 

treated with CB6 (20 µM) for 6 h. Cells were lysed in IP lysis buffer (25 mM Tris 

(75825, USB), pH 7.6, 100 mM NaCl (J21618-A7, USB), 0.5% NP40 (74385, 

Sigma), 1 mM EDTA (E9884, Sigma), 10% glycerol (15514-011, Invitrogen) with 

protease inhibitors). An anti-BECN1 antibody or IgG antibody (10500C, Invitrogen) 

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 
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III PI3-Kinase Kit (K-3000, Echelon Biosciences) according to the manufacturer's 

protocol. 

3.2.9 Statistical analysis 

All data are presented as mean ± SEM from at least three independent 

experiments. 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. A probability value of p < 0.05 was considered statistically significant.  

 

3.3 Results 

3.3.1 CB6 induces autophagy in cultured cells 

In this study, we determined the autophagy-inducing effects of CB6 in vitro. We 

firstly chose N2a cells for our main experiments because N2a cells are widely used 

neuronal cell lines. Secondly, to determine the cytotoxicity of CB6 on N2a cells, 

we used an LDH assay to detect the LDH levels released from N2a cells, which 

were treated with different concentrations of CB6 for 24 h. From the results of cell 

viability experiments, CB6 tended to be toxic at the dose of 40 µM, although there 

was no statistical significance. CB6 was nontoxic at doses below 20 µM (Figure 

3.1).  
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Microtubule-associated protein 1 light chain 3B (LC3B) is a widely used marker 

of autophagy. LC3B has two forms in cells: a freely diffuse form (LC3B-I) and a 

membrane-anchored, lipidated form (LC3B-II)164. Under normal conditions, 

LC3B-I is mainly distributed in the cytosol and nucleus diffusely; once autophagy 

is activated by different forms of stress, such as nutrient deprivation and growth 

factor depletion, LC3B-I is conjugated with membrane-resident 

phosphatidylethanolamine (PE) and converted into LC3B-II165,166. Sequestosome 1 

(SQSTM1/p62), is one of the autophagy receptors linking the ubiquitinated cargos 

and LC3B for autophagic degradation167. 

To determine whether CB6 induces autophagy, we detected the autophagy 

markers LC3B-II levels and SQSTM1 levels in CB6-treated N2a cells. After N2a 

cells were treated with different durations of 20 µM CB6 for 12 h, CB6 dose-

dependently induced LC3B-II levels and reduced SQSTM1 levels using Cory B and 

Torin1 as positive controls (Figure 3.2). The autophagy-inducing effects of 20 µM 

CB6 and 20 µM Cory B were similar. Considering 40 µM CB6 might be toxic 

according to the cell viability results, we chose 20 µM CB6 for the most following 

experiments. Then, we treated N2a cells with 20 µM CB6 for different durations 

and found CB6 induced LC3B-II levels and reduce SQSTM1 levels in N2a cells in 

a time-dependent manner (Figure 3.3), indicating that CB6 induced the initiation 
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of autophagy in N2a cells. The autophagy-inducing effects of CB6 were further 

confirmed in PC12 (Figure 3.4), HeLa (Figure 3.5A-B), and HEK 293 cells 

(Figure 3.5C). In these cells, LC3B-II levels were also increased by CB6 treatment. 

MTORC1 (a negative regulator of autophagy) inhibitor Torin 1 was used as a 

positive control to induce autophagy168,169.  

To further confirm whether CB6 enhanced the formation of autophagosomes, 

N2a cells were transfected with GFP-LC3 plasmid for 24h and then treated with 

CB6 for another 12 h. As shown in the immunofluorescence staining, CB6 

increased the puncta number of GFP-LC3, indicating an increased level of 

membrane-anchored LC3 (Figure 3.6). 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 (Figure 3.7). As ATG7 is involved in the lipidation of LC3B170, 

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 (Figure 3.8). Overall, 

these results indicate that CB6 enhances the formation of autophagosomes and 

induction of autophagy. 
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Figure 3.1 Cell viability of N2a cells after CB6 treatment for 24 h.  

N2a cells were treated with different concentrations of CB6 for 24 h, and then the 

supernatant was collected and analyzed by LDH assay. Data were presented as 

mean ±SEM. ***p < 0.001 vs. 0 µM CB6 group. 

 

 

Figure 3.2 CB6 induces dose-dependent autophagy in N2a cells.  

A. Representative western blots show the levels of SQSTM1 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. B and C. The relative 
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levels of SQSTM1 (B) and LC3B-II (C) were quantified as mean ± SEM. *p < 0.05, 

**p < 0.01 and ***p < 0.001 vs. Ctrl group. 

 

 

Figure 3.3 CB6 induces time-dependent autophagy in N2a cells.  

A. Representative western blots show the levels of autophagy markers 

(SQSTM1/P62 and LC3B) in N2a cells. N2a cells were treated with different 

durations of 20 µM CB6. B and C. The relative levels of SQSTM1 (B) and LC3B-

II (C) were quantified as mean ± SEM. **p < 0.01 and ***p < 0.001 vs. Ctrl group. 
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Figure 3.4 CB6 dose-dependently increases LC3B-II levels in PC12 cells.  

A. Representative western blots show the levels of LC3B in PC12 cells. PC12 cells 

were treated with different concentrations of CB6 for 12 h. B. The relative levels of 

LC3B-II were quantified as mean ± SEM. *p < 0.05 and **p < 0.01 vs. Ctrl group. 

 

 
Figure 3.5 CB6 increases LC3B-II levels in HeLa and HEK 293 cells.  

A. Representative western blots show the levels of LC3B in HeLa cells. HeLa cells 

were treated with different concentrations of CB6 for 12 h. B. The relative levels of 
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LC3B-II in (A) were quantified as mean ± SEM. *p < 0.05 vs. Ctrl group. C. 

Representative western blots show the levels of LC3B in HEK 293 cells. HEK 293 

cells were treated with different concentrations of CB6 for 12 h. 

 

 

Figure 3.6 CB6 increases the formation of GFP-LC3 puncta in HeLa cells.  

A. Representative immunostaining images show the pattern of GFP-LC3 in HeLa 

cells. HeLa cells were transfected with GFP-LC3 plasmids for 24 h and then treated 

with CB6 (20 µM) for another 12 h. Cells were fixed with 4% paraformaldehyde 

(PFA), stained with DAPI (blue). Scale bar: 25 µm. B. Statistical results for the 

mean number of green puncta in each cell. At least 10 cells were analyzed in each 

group. Data were quantified as mean ± SEM. ***p < 0.001 vs. Ctrl group. 
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Figure 3.7 CB6 enhances autophagic vacuoles in N2a cells. 

A. Representative transmission electron microscopic images show autophagic 

compartments in N2a cells. N2a cells were treated with or without 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. B. 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. 

 

 
Figure 3.8 CB6 fails to increase LC3B-II levels in Atg7-deficient N2a cells. 

A. Representative western blots show the levels of LC3B in N2a cells. N2a cells 

were transfected with nontarget or Atg7 specific siRNA for 60 h and then treated 
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with CB6 (20 µM) for 12 h. B. The relative levels of LC3B-II were quantified as 

mean ± SEM. ***p < 0.001 vs. siNT+CB6 group. 

 

3.3.2 CB6 induces autophagy flux in N2a cells 

We have found that CB6 increased LC3B-II levels, suggesting CB6 promotes 

autophagosome formation and induces autophagy. However, LC3B-II levels also 

can be increased by its failed degradation mediated by the blockage of autophagy 

flux. When the acidification of lysosomes is impaired or the fusion of 

autophagosomes and lysosomes is blocked, resulting in dysfunctional autophagic 

degradation, LC3B-II protein levels increase due to its impaired degradation. 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 flux99. We found Baf A1 co-treatment further 

enhanced the increase in LC3B-II levels and restored SQSTM1 levels in CB6-

treated cells (Figure 3.9). In addition, like Baf A1, co-treatment with CQ also 

enhanced the accumulation of LC3B-II (Figure 3.10), suggesting CB6 induces 

autophagy flux not blocks autophagy flux. In the immunostaining images, greater 

area and more puncta of GFP-LC3 were formed in CQ co-treated cells, showing 

that the degradation of CB6-increased LC3 was further blocked by CQ treatment 
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(Figure 3.11). Furthermore, mRFP-GFP-LC3 plasmids (tandem fluorescent LC3, 

tfLC3) were used to confirm CB6-induced autophagy flux. These plasmids encode 

LC3 proteins with mRFP and GFP signals171. GFP fluorescence is sensitive to the 

acidic lysosomal environment and easy to be degraded by lysosomal hydrolases, 

while the mRFP signal is relatively stable in acidic conditions171. Therefore, 

autophagosomes are marked by LC3 proteins with mRFP and GFP signals; after 

autophagosomes fuse with lysosomes, the GFP signal is attenuated and only mRFP 

signal can be observed, suggesting the existence of autolysosomes171. In N2a cells 

transfected with tfLC3 plasmids, CB6 treatment significantly increased red-only 

puncta (autolysosomes) of LC3 (Figure 3.12). Conversely, autophagy inhibitor CQ 

increased the number and area of yellow puncta of LC3 but did not increase the red-

only puncta in merged images (Figure 3.12), indicating CQ blocked the 

acidification of lysosomes and the degradation of autophagy. Taken together, these 

results confirmed that CB6 induces autophagy flux in N2a cells. 
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Figure 3.9 Baf A1 further increases LC3B-II levels in CB6-treated 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 and C. The 

relative levels of SQSTM1 in (B) and LC3B-II in (C) were quantified as mean ± 

SEM. *p < 0.05 and **p < 0.01 vs. CB6 group. 
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Figure 3.10 CQ increases LC3B-II levels in CB6-treated 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 lysosomal inhibitor chloroquine (CQ, 100 µM) was added into cells to 

block the lysosomal degradation. B and C. The relative levels of SQSTM1 in (B) 

and LC3B-II in (C) were quantified as mean ± SEM. *p < 0.05 and ***p < 0.001 

vs. CB6 group. 
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Figure 3.11 CQ enhances the number of GFP-LC3 puncta in CB6-treated cells. 

A. 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. B. Statistical results for the area of green 

puncta in each cell. At least 25 cells were analyzed in each group. *p < 0.05 and 

***p < 0.001 vs. CB6 group. 
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Figure 3.12 CB6 increases red-only puncta (autolysosomes) of LC3 in N2a cells. 

A. Representative immunostaining images show the pattern of tfLC3 in N2a cells. 

N2a cells were transfected with tfLC3 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. B. 

Statistical results for the mean number of autolysosomes (puncta with red color in 

merged images) in each cell. Data were quantified as mean ± SEM. ***p < 0.001 

vs. Ctrl group. 

 

3.3.3 CB6-induced autophagy is independent of the MTORC1 pathway 

MTORC1 is a well-established autophagic negative regulator, whose activity can 

be determined by the phosphorylation levels of its substrates including RPS6KB1 

and EIF4EBP1, which control protein synthesis (Figure 3.13)97,172. In the presence 

of nutrients, MTORC1 inhibits autophagy via phosphorylating ULK1, which plays 

a critical role in the initiation step of autophagy (Figure 3.13)173. Therefore, we 
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firstly wanted to detect whether the MTORC1 pathway is involved in CB6-induced 

autophagy. 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 

(Figure 3.14). Although CB6 decreased the phosphorylation level of another 

MTORC1 substrate RPS6KB1, the decrease was very slight when compared with 

that in cells treated with MTOR well-known inhibitor Torin 1 (Figure 3.14). Torin 

1 eliminated the protein levels of phosphorylated MTOR, RPS6KB1, and 

EIF4EBP1 (Figure 3.14). 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 (Figure 3.14), indicating the MTORC1 

pathway does not mediate the CB6-induced autophagy. Moreover, we also treated 

N2a cells with 20 µM CB6 for different durations. Consistent with the previous 

data, CB6 slightly reduced the phosphorylated RPS6KB1 levels but did not change 

the phosphorylation levels of MTOR, EIF4EBP1, and ULK1 (Figure 3.15). 

It was further confirmed in PC12 cells that different concentrations of CB6 did 

not alter the phosphorylated protein levels of the MTORC1 pathway (Figure 3.16). 

Furthermore, to identify whether CB6 induces autophagy through inhibiting the 

MTORC1 pathway, we knocked down TSC2, a negative regulator of MTORC1, to 

activate the MTORC1 pathway in HeLa cells (Figure 3.13) and then treated the 

cells with CB6 for 5 h. In TSC2-deficient cells, the phosphorylated levels of 

RPS6KB1 increased significantly, indicating the successful activation of the 

MTORC1 pathway. CB6 treatment still successfully increased LC3B-II levels in 

MTORC1 pathway-activating cells, without downregulating the phosphorylated 

levels of RPS6KB1 (Figure 3.17). From these results, we conclude that although 
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CB6 partially inhibits the MTORC1 pathway in specific cells, inhibition of the 

MTORC1 pathway is not the mechanism underlying CB6-induced autophagy. 

 

Figure 3.13 Schematic of MTORC1 pathway. 

Adapted from reference174. 

 

 

Figure 3.14 CB6 partially inhibits the MTORC1 pathway in N2a cells in a dose-

dependent manner. 
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A. N2a cells were treated with different concentrations of CB6 for 12 h using Torin 

1 (250 nM) as a positive control. B-E. The relative levels of phosphorylated MTOR, 

RPS6KB1, EIF4EBP1, and ULK1 were quantified as mean ± SEM. *p < 0.05, **p 

< 0.01 and ***p < 0.001 vs. Ctrl group. 

 

 

Figure 3.15 CB6 partially inhibits the MTORC1 pathway in N2a cells in a time-

dependent manner. 

A. N2a cells were treated with 20 µM CB6 for different durations using Torin 1 

(250 nM) as a positive control. B-E. The relative levels of phosphorylated MTOR, 

RPS6KB1, EIF4EBP1, and ULK1 were quantified as mean ± SEM. *p < 0.05 and 

***p < 0.001 vs. Ctrl group. 
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Figure 3.16 CB6 does not change the activity of the MTORC1 pathway in PC12 

cells.  

Representative western blots showed the levels of total and phosphorylated MTOR, 

RPS6KB1, and EIF4EBP1 in PC12 cells. PC12 cells were treated with the indicated 

doses of CB6 for 12 h. 
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Figure 3.17 CB6 increases LC3B-II levels in TSC2-deficient Hela cells.  

Representative western blots showed the levels of LC3B, TSC2, total and 

phosphorylated MTOR, and RPS6KB1 in HeLa cells. HeLa cells were transfected 

with nontarget or TSC2 specific siRNAs for 67 h, followed by treatment with CB6 

(20 µM) for 5 h. 

 

3.3.4 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 autophagy134, we hypothesized that CB6-induced 

autophagy is also dependent on the PIK3C3 complex. This complex comprises 

BECN1 and plays a significant role in the lipidation of LC3B and the initiation of 

autophagy flux175,176. First, We used two PIK3C3 complex inhibitors 3-MA and 

SAR405 to inhibit the lipidation of LC3B 177. Following CB6 treatment, LC3B-II 

levels were induced by CB6 in N2a cells, whereas the PIK3C3 complex inhibitors 
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3-MA and SAR405 suppressed the induction of LC3B-II levels (Figure 3.18). On 

the other hand, treatment of 3-MA or SAR405 rescued the decrease in SQSTM1 

protein in CB6-treated cells (Figure 3.18). In addition, we found that Becn1 

knockdown partially blocked LC3B-II levels which were induced by CB6 treatment 

in N2a cells (Figure 3.19). To further confirm these results, we transiently 

transfected N2a cells with GFP-LC3 plasmids to observe the LC3 puncta formation 

after drug treatments. The efficiency of the transfection was about 40%. The results 

showed that the puncta number of LC3 was significantly increased by CB6 

treatment alone but was blocked by the co-treatment of SAR405, indicating that 

SAR405 inhibited CB6-induced lipidation of LC3 (Figure 3.20). In other words, 

CB6-induced autophagy is dependent on the activity of the PIK3C3 complex. 

Since the PIK3C3 complex is involved in CB6-induced autophagy, we tried to 

identify whether CB6 modulates 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 domains175,178. 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 thereby promoted the 

production of PI3P (Figure 3.21). This increase could be blocked by PIK3C3 
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inhibitor SAR405, suggesting that CB6 enhanced PI3P production by activating the 

PIK3C3 complex (Figure 3.22). Moreover, to evaluate the activity of the PIK3C3 

complex in vitro, endogenous PIK3C3 complex was immunoprecipitated from the 

N2a cell lysates with or without CB6 treatment through using an anti-BECN1 

antibody. Then the enzyme activity of the PIK3C3 complex was determined by 

using an ELISA kit. In this experiment, an anti-IgG antibody was used as a negative 

control, which could not immunoprecipitate the PIK3C3 complex. The ELISA 

results showed that CB6 treatment effectively promoted the production of PI3P, 

suggesting CB6 enhances the kinase activity of the PIK3C3 complex (Figure 3.22). 

Then we determined whether CB6 enhances the kinase activity of the PIK3C3 

complex by regulating the assembly or disassembly of its core components 

including PIK3R4, PIK3C3, ATG14, UVRAG, RUBCN, BECN1, and BCL2179-181. 

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 

(Figure 3.23). Similar results were also confirmed in HEK 293 cells, by using anti-

BECN1 antibodies to immunoprecipitate the PIK3C3 complex (Figure 3.24A). 

Furthermore, we used exogenous-expressing Flag-BECN1 or Flag-ATG14 to 
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immunoprecipitate the PIK3C3 complex and found that CB6 did not alter the 

assembly of main components of the PIK3C3 complex in HEK 293 cells (Figure 

3.24B). Together, these results indicate that CB6 enhances the activity of the 

PIK3C3 complex without affecting the assembly of the PIK3C3 complex.  
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Figure 3.18 CB6-induced autophagy is blocked by PIK3C3 complex inhibitors (3-

MA and SAR405) in N2a cells. 

A. After pretreatment with PIK3C3 inhibitor 3-methyladenine (3-MA, 5 mM) for 

30 min, N2a cells were treated with CB6 (20 µM) for another 12 h. B and C. The 

relative levels of SQSTM1 and LC3B-II in (A) were quantified as mean ± SEM. *p 

< 0.05, **p < 0.01 and ***p < 0.001 vs. CB6 group. D. After pretreatment with 
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PIK3C3 inhibitor SAR405 (5 µM) for 30 min, N2a cells were treated with CB6 (20 

µM) for 12 h. E and F. The relative levels of SQSTM1 and LC3B-II in (D) were 

quantified as mean ± SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. CB6 group. 

 

 
Figure 3.19 Knockdown of Becn1 partially blocked CB6-increased LC3B-II levels 

in N2a cells.  

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. ***p < 0.001 vs. siNT group. C. The relative 

levels of LC3B-II in (a) were quantified as mean ± SEM. *p < 0.05 and **p < 0.01 

vs. siNT+CB6 group. 
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Figure 3.20 CB6-increased GFP-LC3 puncta are eliminated by the PIK3C3 

complex inhibitor SAR405. 

A. 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 30 min before CB6 treatment). Scale bar: 25 µm. B. Statistical 
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results for the mean number of green puncta in each cell. At least 20 cells were 

analyzed in each group. ***p < 0.001 vs. CB6 group. 

 

 

Figure 3.21 CB6 increases the formation of GFP-FYVE in N2a cells. 

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 30 min before CB6 treatment). B. Statistical results for the 
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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. 

 

 

Figure 3.22 CB6 enhances the lipid kinase activity of the PIK3C3 complex in N2a 

cells. 

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 anti-BECN1 or anti-IgG antibody-

coated magnetic beads, followed by kinase reaction. Anti-IgG antibody was used 

as a negative control. The quantification of the product PI3P was determined by the 

PIK3C3 Kit. ***p < 0.001 vs. Ctrl group. 
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Figure 3.23 CB6 does not affect the assembly of the PIK3C3 complex in N2a cells.  

A and B. Representative western blots showed the levels of core components of the 

PIK3C3 complex in N2a cells. N2a cells were treated with or without CB6 (20 µM), 

and the PIK3C3 complex was immunoprecipitated by using an anti-PIK3C3 

antibody (A) or anti-BECN1 antibody (B), followed by western blot analysis. 
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Figure 3.24 CB6 does not affect the assembly of the PIK3C3 complex in HEK 293 

cells. 

A. Representative western blots showed the levels of core components of the 

PIK3C3 complex in HEK 293 cells. HEK 293 cells were treated with or without 

CB6 (20 µM) for 6 h, and the PIK3C3 complex was immunoprecipitated by using 

an anti-BECN1 antibody, followed by western blot analysis. B. Representative 



76 

western blots showed the levels of core components of the PIK3C3 complex in 

HEK 293 cells. After transfection with Flag-BECN1 or Flag-ATG14 plasmids for 

24 h, HEK 293 cells were treated with CB6 (20 µM) for another 6 h. The PIK3C3 

complex was immunoprecipitated from cell lysates using an anti-Flag antibody, 

followed by western blot analysis. 

 

3.4 Discussion 

It has been demonstrated in the last chapter that CB6 has good brain permeability, 

which is beneficial for drugs targeting neurodegenerative diseases. As CB6 was 

designed as an autophagy inducer from Cory B, we firstly confirmed its autophagy-

inducing efficacy. 

The increase in LC3B-II levels is a hallmark of the formation of autophagosomes 

and the induction of autophagy. Upon autophagy is activated, LC3B-I is conjugated 

with PE and converted into lipidated-form LC3B-II, which is located on the 

membranes of autophagosomes164. SQSTM1 is one of the autophagy receptor 

proteins which connect LC3B and autophagy cargos167. As SQSTM1 also will be 

degraded in the autolysosomes along with autophagic cargos, the decrease in 

SQSTM1 protein level is always used as another marker for the enhancement of 

autophagy activity. Our finding showed that CB6 could increase LC3B-II levels 



77 

and reduce SQSTM1 levels in N2a cells after treatment with different 

concentrations or durations of CB6 (Figures 3.2 and 3.3), indicating CB6 induces 

autophagy in N2a cells. It was also confirmed in various cells, such as PC12, HeLa, 

and HEK 293 cells (Figures 3.4 and 3.5). CB6 also increased the puncta of GFP-

LC3 in HeLa cells (Figure 3.6), suggesting the increasing formation of 

autophagosomes in cells treated with CB6. TEM was used to assist the observation 

of autophagic vacuoles and much more autophagic vacuoles were found in CB6-

treated N2a cells than control cells (Figure 3.7). ATG7 plays a crucial role in the 

initiation process of autophagy, including the lipidation of LC3B. We showed that 

efficient knockdown of ATG7 significantly reduced LC3B-II levels and also 

lessened the CB6-induced LC3B-II levels (Figure 3.8), suggesting CB6 enhanced 

the lipidation of LC3B, which is mediated by ATG7. Besides this, CB6-induced 

LC3B-II levels were further enhanced by co-treatment with Baf A1 or CQ, two 

classical downstream inhibitors of autophagy flux (Figures 3.9 and 3.10). CQ 

treatment also increased the puncta area of GFP-LC3, showing the blockage of LC3 

degradation (Figure 3.11). These data suggested CB6 induces the initiation of 

autophagy and this induction could be blocked by the inhibition of autophagic 

degradation. Moreover, CB6 treatment upregulated the number of autolysosomes, 

indicated by the red-only puncta of tfLC3 (Figure 3.12). Together, our data 
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suggested CB6 induces LC3B lipidation, enhances autophagosome and 

autolysosome formation, and promotes autophagy flux. 

To identify the underlying mechanisms of CB6-induced autophagy, we firstly 

detected the MTORC1 pathway, which is a classical negative regulator of 

autophagy. Previously, we reported that Cory B induced BECN1-dependent but 

MTORC1-independent autophagy at the dose of 25 µM134. However, other studies 

reported 50 µM or above of Cory B inhibited MTORC1 signaling136. In this study, 

although a Cory B derivate called CB6 slightly inhibited the phosphorylated MTOR 

substrate RPS6KB1, CB6 did not change the phosphorylated EIF4EBP1 and ULK1, 

suggesting that CB6 partially affect the activity of the MTORC1 pathway (Figures 

3.14 and 3.15). In addition, hyperactivation of MTORC1 signaling by knocking 

down TSC2 did not influence the CB6-induced autophagy (Figure 3.17). Therefore, 

CB6 may inhibit MTORC1 signaling at high concentrations. However, CB6-

induced autophagy is independent of the MTORC1 pathway. 

As the MTORC1 pathway is not involved in the CB6-induced autophagy, we 

need to identify other possible mechanisms underlying the CB6-induced autophagy, 

especially in the initiation process of autophagy. Because CB6 was synthesized 

from Cory B that induced BECN1-dependent autophagy, CB6 was supposed to 

induce autophagy dependent on BECN1. Considering BECN1 is one main 
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component of the PIK3C3 complex, the PIK3C3 complex may mediate CB6-

induced autophagy. PIK3C3 complex is another complex involved in the initiation 

of autophagy and it provides PI3P on the membrane helping the location of LC3B 

to omegasomes. Firstly, to detect whether CB6-induced autophagy is dependent on 

the PIK3C3 complex, we used 3-MA and SAR405 to block the activity of the 

PIK3C3 complex. These two PIK3C3 complex inhibitors partially inhibited CB6-

increased LC3B-II levels, indicating PIK3C3 complex is involved in CB6-induced 

autophagy (Figure 3.18). It was further confirmed by the immunofluorescence 

puncta of GFP-LC3 (Figure 3.20). Knocking down of BECN1 also eliminated 

CB6’s autophagy-inducing effects (Figure 3.19). To determine how CB6 regulates 

the PIK3C3 complex, we found CB6 enhanced the activity of the PIK3C3 complex, 

shown by the increased PI3P probe (Figure 3.21). In vitro experiments also showed 

the kinase activity of the PIK3C3 complex upregulated by CB6 treatment (Figure 

3.22). Because the activity of the PIK3C3 complex is regulated by its modifications 

or the assembly of its core components, we first detected protein levels of the 

PIK3C3 complex after immunoprecipitation to determine whether CB6 regulates 

the assembly or disassembly of the PIK3C3 complex’s core components. There was 

no change in the protein levels of the PIK3C3 complex after CB6 treatment 

(Figures 3.23 and 3.24), suggesting that CB6 does not affect the assembly of the 
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PIK3C3 complex. Together, these results indicate that CB6 enhances the activity 

of the PIK3C3 complex without affecting the assembly of the PIK3C3 complex.  

Overall, our results indicated that CB6 enhanced the activity of the PIK3C3 

complex to promote PI3P production, thus accelerating MTORC1-independent 

autophagy flux. Since brain-permeable small-molecule autophagy enhancers are 

rarely identified, it is worthy of studying the autophagy-inducing mechanisms of 

CB6, aiming to evaluate the therapeutic potential of CB6 against PD and develop 

novel anti-PD drug candidates. 
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Chapter 4 CB6 induces autophagy and inhibits apoptosis in 

MPP+-induced PC12 cell model of Parkinson’s disease 

4.1 Introduction 

Till now, most of the reported compounds for PD treatment exert autophagy-

inducing effects through regulating MTOR, TFEB, or AMPK pathways, whereas 

small molecules which enhance the activity of the PIK3C3 complex in the treatment 

of PD are rarely seen. To develop CB6 as a PIK3C3 activator and an autophagy 

inducer for the treatment of PD, the neuroprotective effects of CB6 need to be 

further examined in PD models. 

We will use 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 

PD182,183. MPTP is a neurotoxin, which can cross BBB. In astrocytes, MPTP can be 

converted to MPP+ by MAOB and the metabolite MPP+ has a high affinity to DAT 

on dopaminergic neurons184. Through DAT, MPP+ can be imported into the cytosol 

of dopaminergic neurons and causes cell toxicity and apoptosis184. 

In this chapter, we will study the neuroprotective roles of CB6 in the MPP+-

induced cellular model of PD. 
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4.2 Material and methods 

4.2.1 Reagents and antibodies 

Anti-UB/Ubiquitin (sc-8017) antibodies were purchased from Santa Cruz. MPP+ 

iodide (D048) and cycloheximide (CHX) (C1988) were purchased from Sigma-

Aldrich. Anti-cleaved PARP1 (Asp214) (94885), anti-cleaved CASP3 (Asp175) 

(9661), anti-CASP3 (14220) antibodies were purchased from Cell Signaling 

Technology. Anti-PARP1 (A0942) antibody was purchased from ABclonal. Alexa 

Fluor® 594 goat anti-rabbit IgG (A-11012) was purchased from Life Technologies. 

SAR405 (S7682) was purchased from Selleckchem. Spautin1 (HY-12990) was 

purchased from MedChemExpress. Actinomycin D (ActD) (11420) was purchased 

from Cayman.  

Other reagents and antibodies are the same as 3.2.1. 

4.2.2 Cell culture and drug treatment 

PC12 cells were maintained in DMEM (11965084, Gibco) supplemented with 

10% FBS (10500064, Gibco). All the cells were grown at 37℃ in a humid incubator 

supplied with 5% CO2. For CQ treatment, 100 µM CQ was used for 14 h to inhibit 

lysosomal degradation. For SAR405 treatment, 5 µM SAR405 was added to treat 

cells for 30 min before CB6 treatment to inhibit the activity of the PIK3C3 complex. 



83 

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 - 4 mM MPP+ were used for 48 h treatment to establish a cellular 

model of PD. 

4.2.3 Cell transfection 

The protocol is the same as 3.2.7. PC12 cells were cultured with siRNAs for 24 

h, followed by MPP+ or CB6 treatment for another 48 h. 

4.2.4 AlamarBlue assay 

AlamarBlue™ Cell Viability Reagent (DAL1025, Invitrogen) 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℃ for 1 h. 

The absorbance value of the alamarBlue reagent was monitored at 570 nm, using 

600 nm as a reference wavelength. 

4.2.5 Western blotting 

The protocol is the same as 3.2.4. 
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4.2.6 Immunofluorescence staining 

The protocol is the same as 3.2.6. 

4.2.7 Triton X-100-soluble and -insoluble fractionation 

After the indicated drug treatments, PC12 cells were lysed with 1% Triton X-100 

(T9284, Sigma) in PBS with protease inhibitors on ice for 30 min and centrifuged 

at 15,000 rpm for 30 min at 4℃. After centrifugation, the supernatants were 

collected as Triton X-100-soluble fractions. The pellets were washed twice with 1% 

Triton X-100 and further lysed with 1% SDS and 1% Triton X-100 in PBS at 60℃ 

for 1 h. Lysates were centrifuged at 15,000 rpm for 30 min and the supernatants 

were collected as Triton X-100-insoluble fraction. Western blot analysis was used 

to detect the protein samples. 

4.2.8 Statistical analysis 

Statistical analysis is the same as 3.2.9. 

 

4.3 Results 

4.3.1 PIK3C3-dependent autophagy is involved in CB6’s neuroprotective 

effects in the MPP+-induced cellular model of PD 

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 of PC12 cells was significantly decreased by 
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the treatment of MPP+ in a dose-dependent manner (Figure 4.1A). The maximum 

concentration of MPP+ (4 mM) showed the lowest cell viability of PC12 cells, while 

the minimum concentration of MPP+ (0.125 mM) also showed that less amount of 

MPP+ started to reduce the cell viability of PC12 cells after 48 h treatment. The cell 

viability of 1 mM MPP+-treated PC12 cells was reduced by approximately 51%, 

compared with the control cells (Figure 4.1A), so 1 mM MPP+ was selected to 

induce a cellular model of PD 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 co-treated with 

MPP+ for another 48 h. As expected, CB6 rescued the cell viability, which was 

reduced in the only MPP+-treated cells (Figure 4.1B). The cell viability was 

increased by 46% upon 20 µM CB6 treatment in the cellular model of PD (Figure 

4.1B). Surprisingly, 40 µM CB6 had shown more protective effects than 20 µM 

CB6 in the MPP+-induced cellular model of PD. In Figure 3.1, we have found 40 

µM CB6 reduced cell viability mildly but not significantly. In these cellular model 

experiments, maybe 40 µM CB6 had much more neuroprotective effects against 

MPP+ than its toxic effects, leading to 40 µM CB6’s protection roles, as a whole, 

in MPP+-induced cellular model of PD. 

To demonstrate whether CB6’s neuroprotective role in cellular models of PD was 

through its autophagy-inducing effects, we used a lysosome inhibitor CQ to block 

the autophagic degradation and then checked the cell viability. From the results, we 

found CB6’s protective effects were abolished by CQ, indicating the 

neuroprotective effects of CB6 involve autophagic and lysosomal degradation 

(Figure 4.2). 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 
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neuroprotective effects of CB6, as shown in the cell viability results (Figure 4.3A). 

Similar results were also confirmed by another PIK3C3 complex inhibitor Spautin1 

(Figure 4.3B). BECN1 is one main component of the PIK3C3 complex, we also 

knocked down Becn1 to inhibit the activity of the PIK3C3 complex. The western 

blotting results in Figure 4.3C showed the success of Becn1 knockdown efficiency 

The neuroprotective effects of CB6 were also abolished by knocking down Becn1 

in PC12 cells (Figure 4.3C). Taken all, these results indicate that PIK3C3-

dependent autophagy is involved in the neuroprotective effects of CB6 in the MPP+-

induced cellular model of PD. 

 

 

Figure 4.1 CB6 rescues the cell viability in the MPP+-induced cellular model of 

PD. 

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. ***p < 0.001 vs. Ctrl group. B. After pretreatment with different 

concentrations of CB6 for 30 min, PC12 cells were co-treated with MPP+ (1 mM) 
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for another 48 h. Data were quantified as mean ± SEM. **p < 0.01 and ***p < 

0.001 vs. MPP+ group. 

 

 

Figure 4.2 CQ inhibits the protective effects of CB6 in the MPP+-induced cellular 

model of PD. 

After pretreatment of CB6 (20 µM) and CQ (50 µM) for 30 min, PC12 cells were 

co-treated with MPP+ (1 mM) for another 48 h. Data were quantified as mean ± 

SEM. ***p < 0.001 vs. MPP++CB6 group. 
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Figure 4.3 PIK3C3 complex is involved in the neuroprotective effects of CB6 in 

the MPP+-induced cellular model of PD. 

A and B. After the treatment with CB6 (20 µM) and SAR405 (5 µM) (A) or 

Spautin1 (10 µM) (B) for 30 min, PC12 cells were treated with MPP+ (1 mM) for 

another 48 h. Data were quantified as mean ± SEM. *p < 0.05, **p < 0.01 and ***p 

< 0.001 vs. MPP++CB6 group. C. PC12 cells were transfected with nontarget or 

Becn1 specific siRNA for 24 h, followed by co-treatment with CB6 (20 µM) and 
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MPP+ (1 mM) for another 48 h. Data were quantified as mean ± SEM. **p < 0.01 

vs. siNT+MPP+ group. n.s., not significant. Western blots show the knockdown 

efficacy of Becn1 in PC12 cells. 

 

4.3.2 CB6 induces autophagy in the MPP+-induced cellular model of PD 

It has been reported that MPTP and MPP+ block the autophagy flux due to 

depleted lysosomes and failed lysosomal-mediated degradation185. MPP+ treatment 

also downregulates autophagy-related protein levels, such as BECN1, ATG7 and 

so on186,187. However, the protein levels of LC3B modulated by MPP+ varies in 

different cell types, even though MPP+ plays inhibitory effects on autophagy in all 

the cells187,188. MPP+ has been reported to decrease LC3B levels and increase 

SQSTM1 levels in PC12 cells186, which I chose for establishing PD models. Some 

articles have shown MPP+ may reduce SQSTM1 levels, but actually, SQSTM1 was 

increased by MPP+ treatment in the Triton X-100-insoluble fraction, demonstrated 

by Junghyun Lim, et al188. In the meantime, ubiquitinated proteins also could be 

detected in the Triton X-100-insoluble fraction after MPP+ treatment188. Therefore, 

it is better to separate the cell lysate into Triton X-100-soluble and -insoluble 

fractions to detect autophagy substrate SQSTM1 levels  

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 dispersed small 

puncta in both CB6-treated cells and control cells (Figure 4.4). However, it turned 

into a pattern of inhomogeneous large puncta in MPP+-treated cells, indicating the 

formation of SQSTM1 aggregates (Figure 4.4). But this pattern was rescued by 

CB6 pretreatment, suggesting CB6 prevented SQSTM1 aggregation, which was 

induced by MPP+ treatment (Figure 4.4). CQ was used as a negative control, 

showing a similar pattern as MPP+-treated cells (Figure 4.4). 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 
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synthesis of SQSTM1, and only the degradation rate of SQSTM1 was detected. 

SQSTM1 protein levels were decreased dramatically in Triton X-100-soluble 

fractions after CHX treatment, indicating CHX successfully blocked the synthesis 

of SQSTM1 (Figure 4.5). In the Triton X-100-insoluble fractions, CB6 treatment 

significantly decreased SQSTM1 levels in MPP+-treated cells, which was not 

observed in control cells (Figure 4.5). These data indicate that CB6 promotes the 

degradation of insoluble SQSTM1 in the cellular model of PD but not in normal 

conditions. To demonstrate whether CB6-induced degradation of insoluble 

SQSTM1 was through activating autophagy, we co-treated 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 (Figure 4.5). Similar results were also confirmed by another autophagy 

substrate ubiquitinated proteins by using anti-UB antibodies (Figure 4.5). Overall, 

these results indicate that CB6 induces autophagy and enhances autophagic 

degradation in MPP+-treated PC12 cells. 

 

 

Figure 4.4 CB6 rescues SQSTM1 aggregates induced by MPP+ in PC12 cells. 
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Representative immunostaining images show the pattern of SQSTM1 in PC12 cells. 

PC12 cells were pretreated with CB6 (20 µM) for 30 min, followed by co-treatment 

with MPP+ (1 mM) for another 48 h, and then the cells were fixed for 

immunostaining. 

 

 

Figure 4.5 CQ partially blocked CB6-induced autophagy in MPP+-treated PC12 

cells. 
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A. PC12 cells were pretreated with CB6 (20 µM), followed by co-treatment with 

MPP+ (1 mM) for another 48 h with or without protein synthesis inhibitor 5 µg/ml 

CHX (CHX was added into cells 14 h before cell harvesting). The cell lysates were 

separated into the Triton X-100-soluble and -insoluble fractions. The levels of 

autophagy markers (SQSTM1 and LC3B) in the Triton X-100-soluble and the 

levels of SQSTM1 and UB/Ubiquitin in the Triton X-100-insoluble fractions were 

detected by western blot analysis. The relative levels of insoluble SQSTM1 (B) and 

UB (C) were quantified as mean ± SEM. **p < 0.01 and ***p < 0.001 vs. 

CHX+MPP++CB6 group. n.s., no significant. 

 

4.3.3 CB6 inhibits apoptosis in the MPP+-induced cellular model of PD 

Because CASP3-dependent apoptosis is reportedly involved in the MPP+-

induced neural cell death 189, 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 

(Figure 4.6 A-C), confirming that MPP+ can induce CASP3-dependent apoptosis 

in PC12 cells. Conversely, CB6 treatment drastically abolished the MPP+-increased 

levels of cleaved PARP1 and cleaved CASP3 (Figure 4.6 A-C), indicating CB6 
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treatment protected the PC12 cells from MPP+-induced apoptosis. To investigate 

whether the anti-apoptosis effects of CB6 in the MPP+-induced cellular model of 

PD is through inducing autophagy, we used CQ to block autophagy flux and then 

detected whether CB6 is still working as an apoptosis inhibitor. The results have 

shown that in cellular models, the co-treatment of CB6 and CQ significantly 

increased the levels of cleaved PARP1 and cleaved CASP3, compared with CB6 

treatment, suggesting the CB6’s anti-apoptosis effects were further blocked by CQ 

co-treatment (Figure 4.6 A-C). Furthermore, in the experiments, we replaced CHX 

with ActD (0.1 µM, 24 h) to inhibit RNA synthesis to repeat the experiments for 

avoiding some unknown effects of CHX. In the presence of ActD, MPP+ also 

increased the protein levels of cleaved PARP1 and cleaved CASP3, which were 

rescued by CB6 treatment (Figure 4.6 D-E). Furthermore, CQ treatment blocked 

the anti-apoptotic effects of CB6 (Figure 4.6 D-E). Collectively, these results imply 

that CB6 exerts anti-apoptotic and neuroprotective roles in MPP+-treated PC12 

cells by inducing autophagy. 
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Figure 4.6 CB6 rescues MPP+-induced apoptosis via inducing autophagy. 

A. After pretreatment with CB6 (20 µM) for 30 min, PC12 cells were treated with 

MPP+ (1 mM) for another 48 h. CHX was used to treat cells for 14 h to inhibit 

protein synthesis. The levels of apoptosis-related protein (total and cleaved PARP1 

and CASP3) were detected by western blot analysis. B and C. The relative levels 

of cleaved PARP1 and CASP3 were quantified as mean ± SEM. *p < 0.05, **p < 

0.01 and ***p < 0.001 vs. CHX+MPP++CB6 group. D. After pretreatment with 

CB6 (20 µM) for 30 min, PC12 cells were co-treated with MPP+ (1 mM) 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. E and F. The relative levels of cleaved PARP1 

and CASP3 were quantified as mean ± SEM. *p < 0.05 and **p < 0.01 vs. 

ActD+MPP++CB6 group. 

 

4.4 Discussion 

We have demonstrated that CB6 induced autophagy through activating the 

PIK3C3 complex in the last chapter. To explore CB6’s neuroprotective potential in 

the treatment of PD, we firstly applied CB6 treatment in the cellular model of PD.  

MPTP-induced mouse model of PD is one of the best-characterized mouse 

models and it is widely used for the elucidation of pathogenesis and therapy of PD. 
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MPTP is lipophilic and can be converted into its metabolite termed MPP+ by MAO-

B in brains. Therefore, we chose MPP+ for our cellular model of PD.  

To establish an MPP+-induced cellular model of PD, PC12 cells were treated 

with different concentrations of MPP+ for 48 h. The dose of 1 mM, which reduced 

about half of the cell viability (Figure 4.1A), was chosen to induce a cellular model 

of PD. Compound CB6 dose-dependently rescued the cell viability in the MPP+-

treated PC12 cells (Figure 4.1B), showing a neuroprotective role of CB6 in the 

MPP+-induced cellular model of PD. However, lysosome inhibitor CQ eliminated 

CB6-mediated neuroprotection (Figure 4.2), suggesting lysosomal degradation is 

correlated with CB6’s neuroprotection. As CB6-induced autophagy is dependent 

on the PIK3C3 complex, we tried to identify whether the PIK3C3 complex is 

involved in the neuroprotective roles of CB6. We found that inhibition of PIK3C3 

complex, through using pharmacological inhibitors of the complex or knocking 

down Becn1, significantly reduced the neuroprotective roles of CB6 in the MPP+-

induced cellular model of PD (Figure 4.3). 

To unravel the mechanisms underlying CB6’s neuroprotective roles in cellular 

models of PD, we firstly demonstrated CB6 induced autophagy in MPP+-treated 

cells. CB6 pretreatment converted the inhomogeneous large puncta pattern of 

SQSTM1 induced by MPP+ to a dispersed small puncta pattern of SQSTM1, which 
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is similar to that of control cells (Figure 4.4). In addition, MPP+ treatment blocked 

the autophagy process, leading to the aggregation of insoluble SQSTM1 and 

decreased LC3B-II levels, which were abolished by CB6 treatment (Figure 4.5). 

These data indicate that CB6 relieves the autophagy-inhibiting effects of MPP+ in 

PC12 cells. Then, the protective roles of CB6 were abolished by autophagy 

inhibitor CQ, further suggesting that CB6 plays a neuroprotective role through 

inducing autophagy (Figure 4.5).  

Because apoptosis contributes to PD neuronal loss and because MPP+ induces 

the apoptosis of neural cells189,190, we wondered whether CB6 plays anti-apoptosis 

roles in the MPP+-induced cellular model of PD through inducing autophagy. 

Consistent with the reported data, MPP+ elevated the protein levels of apoptosis 

markers, such as cleaved PARP1 and cleaved CASP3 (Figure 4.6). However, CB6 

treatment dramatically inhibited cell apoptosis induced by MPP+, and this inhibition 

was further blocked by CQ treatment (Figure 4.6). The results imply that the 

autophagy-inducing effects of CB6 contribute to its anti-apoptosis roles in the 

MPP+-induced cellular model of PD. 

In this chapter, we found CB6 plays a neuroprotective role in the MPP+-induced 

cellular model of PD, through enhancing autophagy and thereby inhibiting 

apoptosis of neural cells.  
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Chapter 5 CB6 protects dopaminergic neurons in an MPTP 

mouse model of Parkinson’s disease 

5.1 Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disease. 

The pathological hallmarks of PD are loss of dopaminergic neurons in specific areas 

of the substantia nigra and widespread intracellular protein (SNCA) inclusions, 

named Lewy body, in surviving neurons5. 

MPTP-induced PD model is one of the best-characterized models and it has been 

widely used for elucidation of pathogenesis and therapy of PD80. Compared with 

other genetic models of PD, MPTP-induced PD model can clearly reproduce the 

pathological and biochemical hallmarks of dopaminergic neurons in the 

nigrostriatal pathways. In mouse models, the sensitivity to MPTP varies among 

different strains of mice, and some parameters such as gender, age, and body weight 

also influence the sensitivity of mice to MPTP80. It was recommended that use male 

mice of at least 8 weeks of age weighing at least 22 g to minimize the mortality and 

improve the reproducibility of the lesion80. In this study, two-month-old C57BL/6 

male mice weighing around 26 g were chosen for establishing PD models. The 

intraperitoneal injection of MPTP-HCl (30 mg/kg/day free base in saline) was 

administered for 7 consecutive days, as some published protocols80. To measure the 
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neuroprotective effect of CB6 in the MPTP mouse model, we chose oral 

administration as CB6 delivery route because oral administration is the best way to 

minimize the damage of the delivery route to mice. 

In this chapter, we aimed to investigate the autophagy-inducing effects of CB6 

in C57BL/6 mice and the neuroprotective effects of CB6 in the MPTP-induced 

mouse model of PD. 

 

5.2 Materials and methods 

5.2.1 Reagents and antibodies 

Anti-tyrosine hydroxylase (TH) (AB152) antibody was purchased from 

Millipore. MPTP hydrochloride (M0896) was purchased from Sigma-Aldrich. 

Dopamine hydrochloride (PHR1090), 3,4-dihydroxyphenylacetic acid (DOPAC) 

(11569), and homovanillic acid (HVA) (69673) were purchased from Supelco.  

Other reagents and antibodies are the same as 3.2.1. 

5.2.2 Animal experiments 

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. 

For autophagy-inducing experiments, mice (n=3 or 4) were treated with oral 

administration of vehicle or CB6 (10 mg/kg or 20 mg/kg) for 7 consecutive days. 
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For MPTP-induced mouse model experiments, mice (n=10) received MPTP (30 

mg/kg/day free base) intraperitoneally (i.p.) for 7 consecutive 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. The Rotarod test was 

performed on the 13th day and mice were sacrificed on the 14th day. MPTP 

hydrochloride (M0896, Sigma) was dissolved in normal saline and CB6 was 

suspended in 0.5% carboxymethylcellulose sodium (CMC-Na, C5678, Sigma).  

5.2.3 Rotarod test 

A rotarod cylinder was chosen to assess mouse motor coordination (SeDaCom 

v2.0.000, Harvard apparatus). 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 rpm, 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 rpm within 5 min. A cut-off time of 3 

min and an inter-trial interval of 60 min was used. Each mouse was tested three 

times and the latency to falling was recorded. 

5.2.4 Perfusion and tissue processing 

Half mice (n=5) in each group were used for histological analysis. Firstly, we 

used chloral hydrate (400 mg/kg, i.p.) to anesthetize the mice and then perfused 
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mice with 0.1M PBS and 4% PFA successively. After perfusion, the brains of the 

mice were collected and fixed in 4% PFA for another 48 h. After fixation, we used 

15% sucrose (15% w/v in PBS) to dehydrate brains for 24 h, followed by another 

dehydration of 30% sucrose solution (30% w/v in PBS). After cryoprotection, the 

brains were frozen with cryomatrix (6769006, Thermo Scientific) and sectioned 

into 25 µm slices by using a cryostat (CryoStar NX70, Thermo Scientific). Frozen 

sections of striatum and substantia nigra were collected and stored in 0.4% Triton 

X-100 at 4℃ until analysis. 

Half mice (n=5) in each group were used for biochemical analysis. After 

sacrificing the mice, the brains were rapidly dissected and the regions where we are 

interested were separated and collected in different tubes. The tissues were frozen 

in dry ice and stored at -80°C for further analysis.  

5.2.5 Immunohistochemistry 

For DAB staining, sections of striatum and substantia nigra (thickness 25 μm) 

were washed with PBS twice and incubated with 3% H2O2 for 10 min to quench the 

endogenous peroxidase activity. After being washed with 0.05% Tween 20 in PBS 

three times, the sections were blocked with goat serum in 2% BSA solution for 2 h 

and then incubated with anti-TH antibody (1:500 in 2% BSA) overnight at 4°C. 

Next, the sections were incubated with ABC® Elite (PK-6101, VECTOR) 
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secondary biotinylated goat anti-rabbit IgG for 30 mins at room temperature and 

incubated with 3,3’-diaminobenzidine (DAB) (SK-4100, VECTOR) for several 

seconds. The sections were air-dried and mounted with histofluid mounting 

medium (6900002, Paul Marienfeld). Brain slices were observed under Leica LMD 

7000 Laser Microdissection System. 

5.2.6 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 x g for 20 min at 4℃, 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 x g for 10 min at 4℃, 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. × 100 mm, Waters Acquity) connected with 

VanGuard Pre-column (2.1 mm I.D. × 5 mm 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 

spectrometry (MS) for quantification using multiple reaction monitoring. For 

dopamine, its precursor ion with an m/z value of 154.1 and product ions of 137.1 
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and 119.1 were used. For D4-dopamine, its precursor ion with an m/z value of 158.1 

and a product ion of 141.1 were used. For DOPAC, its precursor ion with an 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. 

5.2.7 Statistical analysis  

Statistical analysis is the same as 3.2.9. 

 

5.3 Results 

5.3.1 CB6 induces autophagy in mouse brains 

Because CB6 has good brain permeability (Figure 2.4) and because it protects 

neural cells from MPP+-induced apoptosis by enhancing autophagy (Figure 4.6), 

we hypothesized that CB6 would also exert neuroprotective effects in mouse 

models of PD through inducing autophagy. Firstly, to demonstrate CB6 can induce 

autophagy in mouse brains, C57BL/6 mice were orally administered with 10 mg/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 

(Figure 5.1), indicating that CB6 treatment induced autophagy in mouse brains. 
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Figure 5.1 CB6 increases LC3B-II levels in mouse brains. 

After oral administration with 10 mg/kg or 20 mg/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. B-D. Relative levels of 

LC3B-II were quantified as mean ± SEM (male, n = 3 or 4). *p < 0.05 and ***p < 

0.001 vs. Vehicle group. 
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5.3.2 CB6 improved motor dysfunction induced by MPTP in mice 

We then used an MPTP-induced mouse model of PD to test the neuroprotective 

effects of CB6 in vivo. Two-month-old male C57BL/6 mice were randomly 

separated into four groups (n=10): Saline group; MPTP group (MPTP-30 

mg/kg/day); MPTP+CB6 (10 mg/kg) group (MPTP-30 mg/kg/day + CB6-10 

mg/kg/day) and MPTP+CB6 (20 mg/kg) group (MPTP-30 mg/kg/day + CB6-20 

mg/kg/day). Mice were administered with indicated drugs as shown in the 

experimental timeline (Figure 5.2). Mice were orally administrated with CB6 for 

21 consecutive days and MPTP was injected intraperitoneally (i.p.) for 7 

consecutive days. CB6 was given in the morning and MPTP was given in the 

afternoon at least 4 h later than CB6 administration to alleviate the mutual 

interference of two compounds. For the behavioral experiments, rotarod was used 

to evaluate mice's motor coordination. The latency to falling was recorded. 

The body weights of mice were measured every two days. Our results showed 

that MPTP could slightly reduce body weight, especially in the first 4 days, and 

then it slowly recovered (Figure 5.3). A similar tendency was also seen in the body 

weights of mice in the MPTP and CB6-treated group, but the reduction is less than 

that in the MPTP-treated group (Figure 5.3). 
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We used the rotarod test to measure the motor ability of mice treated with drugs. 

The latency to falling was slightly decreased in MPTP-treated mice compared to 

saline-treated mice (Figure 5.4). However, CB6 treatment significantly increased 

the latency to falling in MPTP-treated mice (Figure 5.4). These results indicate that 

CB6 treatment ameliorates motor impairment induced by MPTP in C57BL/6 mice. 

 

 

Figure 5.2 Experimental timeline of MPTP-induced mouse model of PD.  

Mice were orally administered with 10 mg/kg or 20 mg/kg CB6 for 21 consecutive 

days and the first administration was 7 days before MPTP first injection. CB6 drug 

treatment started 7 days before the first MPTP injection. MPTP (30 mg/kg/day free 

base in saline) was injected intraperitoneally (i.p.) for 7 consecutive days. After all 

drug treatment, the mice were subjected to behavioral tests on the 13th day and 

sacrificed on the 14th day. 
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Figure 5.3 CB6 treatment partially prevented the decrease in body weights induced 

by MPTP.  

Weights of each group of mice were measured and recorded every two days. 

 

 

Figure 5.4 CB6 improved motor performance of MPTP-treated mice in the rotarod 

test.  

Rotarod was chosen for mice behavioral tests and the latency to falling was 

recorded. Data were quantified as mean ± SEM (n = 7-9). *p < 0.05 vs. MPTP group. 

 

5.3.3 CB6 rescued the loss of nigrostriatal TH-positive neurons induced by 
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MPTP 

After confirming the motor ability-enhancing effects of CB6 in MPTP-treated 

mice, we used an anti-tyrosine hydroxylase (TH) antibody to stain dopaminergic 

neurons in the striatum and SNpc of brains. TH is the rate-limiting enzyme that 

catalyzes the conversion of tyrosine into L-DOPA and is specifically located in 

dopaminergic neurons, so TH has become a gold marker for dopaminergic neurons. 

It was found that TH-positive neurons decreased in PD patients.  

In this study, we first checked whether the dopaminergic neurons were lost in PD 

models and whether CB6 could rescue the MPTP-induced neuronal loss. Using 

DAB staining of TH to visualize the dopaminergic neurons, we found that the 

number of dopaminergic neurons was dramatically reduced in the SN of MPTP-

treated mice (Figure 5.5). Both low-dose and high-dose CB6 treatment 

significantly rescued the neuronal loss in SN (Figure 5.5), indicating CB6 is 

neuroprotective in MPTP mouse models. 

Secondly, we detected the abundance of TH in the striatum of the mice in each 

group and compared the difference between groups. After DAB staining of TH, we 

found that the terminals of dopaminergic neurons were also affected by MPTP and 

CB6. 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 
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MPTP (Figure 5.6). In contrast, CB6 treatment markedly increased the density of 

TH in the striatum, compared with the MPTP group (Figure 5.6). The content of 

TH in mouse brains was also confirmed by western blot analysis. TH protein levels 

were dramatically decreased in the MPTP group, but this decrease was abolished 

by CB6 administration (Figure 5.7). These results indicated that CB6 treatment 

rescued the decreased number of dopaminergic neurons in the MPTP-treated mouse 

model of PD. 
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Figure 5.5 CB6 rescued the loss of nigral TH-positive neurons induced by MPTP.  

A. Representative DAB-staining images of TH-positive SNpc of mouse brains. B. 

Statistical results for the relative number of TH-positive neurons in the SNpc. Data 

were quantified as mean ± SEM (n = 5). **p < 0.01 and ***p < 0.001 vs. MPTP 

group. 
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Figure 5.6 CB6 rescued the decreased density of striatal TH protein induced by 

MPTP. 

A. Representative DAB-staining images of TH-positive dopaminergic neurons in 

the striatum of mouse brains. B. Statistical results for the relative density of TH in 

the striatum. Data were quantified as mean ± SEM (n = 5). ***p < 0.001 vs. MPTP 

group. 
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Figure 5.7 CB6 rescued the decrease in striatal TH levels induced by MPTP. 

A. Representative western blots show the levels of TH in the striatum of mouse 

brains. B. The relative levels of TH in the striatum were quantified as mean ± SEM 

(n = 5). ***p < 0.001 vs. MPTP group. 

 

5.3.4 CB6 rescued dopaminergic synaptic dysfunction induced by MPTP. 

To further confirm the neuroprotective effects of CB6, we used LC-MS/MS 

assay to detect striatal dopamine and its metabolites 3,4-dihydroxyphenylacetic 

acid (DOPAC), and homovanillic acid (HVA) levels, which are markers of 

dopaminergic synaptic function. Comparing the MPTP group with the saline group, 
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the concentrations of striatal dopamine, DOPAC, and HVA were markedly 

decreased by 75%, 78%, and 64% respectively (Figure 5.8). 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) (Figure 5.8). Therefore, 

MPTP markedly damaged the physical function of dopaminergic synapses in mice, 

and CB6 administration rescued the damages induced by MPTP. In summary, CB6 

has neuroprotective effects on dopaminergic neurons in the MPTP-induced mouse 

model of PD. 
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Figure 5.8 CB6 partially recovered the decrease in dopamine and its metabolites 

(DOPAC and HVA) levels induced by MPTP.  

A-C. Representative images show the levels of dopamine and its metabolites 

(DOPAC and HVA) in the striatum of mouse brains. 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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5.4 Discussion 

PD is a progressive neurodegenerative disease, characterized by the loss of 

dopaminergic neurons in the SNpc. PD-associated mutations are primarily involved 

in autophagy impairment142. For example, mutations in PINK1 are associated with 

autosomal recessive PD191. 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 PD192. As the 

PIK3C3 complex plays a crucial role in the initiation of autophagy193, 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 neurons194. However, small molecules which enhance the activity of 

the PIK3C3 complex to induce autophagy in the treatment of PD are still 

unavailable. In this chapter, we report a synthesized alkaloid CB6, which enhances 

the activity of the PIK3C3 complex (studied in the last chapter), induces autophagy, 

and protects dopaminergic neurons in PD models. 

In the previous chapters, we have studied that CB6 is brain permeable and can 

induce autophagy and protect neural cells in vitro. To determine whether CB6 is 



116 

neuroprotective in mouse models of PD, we firstly detected whether CB6 induces 

autophagy in normal mouse brains. After oral administration of CB6, we found CB6 

markedly activated autophagy in different regions (striatum, substantia nigra, and 

frontal cortex) of mouse brains (Figure 5.1). The in vivo results have suggested that 

CB6 can cross BBB and induce autophagy in mouse brains, making it possible in 

the application of PD animal models. 

Then, we used an MPTP-induced mouse model of PD to determine the 

neuroprotective effects of CB6 in vivo. For the behavior experiments, a rotarod test 

was used to evaluate the motor coordination of mice. MPTP-treated mice showed 

poor performance in the rotarod test, while CB6 treatment significantly rescued this 

reduction of latency in MPTP-treated mice (Figure 5.4), suggesting CB6 alleviated 

MPTP-induced damage in the motor ability of mice. Moreover, CB6 administration 

significantly rescued the loss of TH-positive dopaminergic neurons induced by 

MPTP (Figures 5.5-5.7), showing neuroprotective effects of CB6 in the PD model. 

As dopaminergic neurons are the main source of dopamine that mediates the 

synaptic function, we evaluated the dopamine and its metabolites levels in the 

striatum. Our results showed that CB6 partially recovered the decrease in dopamine 

and its metabolites (DOPAC and HVA) levels induced by MPTP (Figure 5.8). We 

also found that CB6 rescued the loss of dopaminergic neurons to a large extent, 
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even almost to the normal levels of saline-treated mice, but CB6 increased the levels 

of dopamine only to a small extent. Because dopamine is secreted by the 

dopaminergic neurons, the levels of dopamine can be regulated by the number of 

dopaminergic neurons and the rates of its synthesis and metabolism. The results 

indicated CB6 markedly restored the loss of dopaminergic neurons but may slightly 

rescue the synthesis of dopamine from the neurons. MPTP may inhibit some 

pathways involved in the synthesis of dopamine, and CB6 partially rescued this 

inhibition by MPTP. 

Taken together, CB6 induces autophagy in mice and is neuroprotective in the 

MPTP-induced PD model.  
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Chapter 6 Conclusion and future directions 

In this study, we identified a new synthetic oxindole alkaloid termed CB6, which 

was chemically modified from Cory B found in Chinese herbal medicine Gouteng, 

as an autophagy enhancer. We found that CB6 induced autophagy via activating the 

PIK3C3/VPS34 complex and inhibited MPP+-induced neuronal toxicity in cell 

cultures. Importantly, due to its good brain permeability, CB6 significantly 

improved motor dysfunction and prevented the loss of dopaminergic neurons in 

MPTP-intoxicated mice. 

Chinese medicine Uncaria rhynchophylla (Miq.) Jacks (Gouteng in Chinese) has 

been traditionally used for treating PD-related symptoms. From this Chinese 

medicine, we have extracted some oxindole alkaloids and studied their molecular 

functions and the underlying mechanism. Among these oxindole alkaloids, we 

found Cory B acts as an autophagy inducer. In previous studies, we found that Cory 

B induced autophagy by regulating different pathways. To develop more potent 

autophagy inducers with good brain bioavailability, we synthesized various 

analogues of Cory B and tested their autophagy-inducing potency. An analogue 

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. 
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In the in vitro autophagy-inducing experiments, CB6 induced LC3B lipidation 

and promoted autophagy flux. It was further demonstrated that CB6-induced 

autophagy is independent of the MTORC1 pathway but dependent on the PIK3C3 

complex. CB6 enhances autophagy flux by enhancing the activity of the PIK3C3 

complex to promote PI3P production without disturbing the assembly of the 

PIK3C3 complex, but it warrants further studies about how CB6 upregulates the 

activity of the PIK3C3 complex. 

In the MPP+-induced cellular model of PD, CB6 protects the cell viability 

through PIK3C3 complex-dependent autophagy. CB6 induces autophagy and 

enhances autophagic degradation, which was blocked by MPP+. Through inducing 

autophagy, CB6 plays anti-apoptosis roles in the MPP+-induced cellular model of 

PD. 

In the in vivo experiments, oral administration of CB6 induced autophagy in 

mouse brains and prevented the loss of dopaminergic neurons in an MPTP-induced 

mouse model of PD. Due to its good brain permeability, CB6 significantly induced 

autophagy in the brains of C57BL/6 mice after oral administration. In the MPTP-

induced mouse model of PD, CB6 attenuated MPTP-induced PD-like symptoms, 

including motor dysfunction, dopaminergic neuronal loss, and dopamine depletion. 

Therefore, CB6 plays neuroprotective roles in the MPTP-induced mouse model of 
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PD. Nevertheless, it is still unclear that whether CB6 exerts neuroprotection by 

inducing autophagy in vivo. 

To summarize, this work has introduced a synthetic oxindole alkaloid termed 

CB6 to prevent parkinsonian toxicity by inducing PIK3C3 complex-dependent 

autophagy, as shown in the schematic diagram (Figure 6.1). Based on this work, 

the following directions could be considered for future research. First, the 

mechanisms underlying the autophagy-inducing effects of CB6 are worthy of future 

research, because how CB6 increases the activity of the PIK3C3 complex is still 

unclear. Second, in vitro findings have shown that CB6 shows neuroprotective 

effects through inducing PIK3C3 complex-dependent autophagy, but it still needs 

further investigations to explore whether CB6 exerts neuroprotective roles in vivo 

by inducing PIK3C3 complex-dependent autophagy. Third, the application of CB6 

can be promoted in the treatment of other neurodegenerative diseases involving 

autophagy impairment. 
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Figure 6.1 A mechanistic model shows that CB6 inhibits MPP+-induced apoptosis 

in neural cells involving the activation of PIK3C3 complex-dependent autophagy. 

CB6 treatment enhances the activity of the PIK3C3 complex and the production of 

PI3P, thereby promoting the lipidation of LC3B and accelerating autophagic 

degradation, which is essential for the resistance of MPP+-induced apoptosis. 
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