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ABSTRACT
Parkinson’s disease (PD) is one of the most common neurodegenerative diseases
characterized by cell death in the substantia nigra pars compacta (SNpc) and the
appearance of aggregated α-synuclein (α-syn). Autophagosomes accumulation and
lysosomal reduction were discovered in PD patients’ brain, which indicated the
deficiency of autophagy in the progress of PD.

TFEB (transcription factor EB) is a member of basic helix –loop-helix-leucinezipper transcription factors (MiT family) and is a key master monitor for autophagy
and lysosome biogenesis. Overexpression of TFEB is able to rescue the
dopaminergic neurons (DAs) loss and α-syn aggregated in α-syn transgenic mice
model and MPTP PD model. Hence, in recent years, many researchers have
considered TFEB as a new therapeutic target for PD

In this study, we discovered a novel TFEB activator named E4 by screening
synthesized curcumin analogs. We have found that E4 strongly promoted TFEB
nuclear translocation and induced autophagy in different cell lines. TFEB is
essential for E4-induced autophagy flux. We also demonstrated that the underlying
mechanism of E4 activate TFEB is mainly through inhibiting mTORC1 activity .
We constitutively activate mTOR by knockdown TSC2 abrogated the increase of
LC3-II and decrease of p-TFEB.

ii

We further estimated the protective effects of E4 in overexpressed α-syn model and
neurotoxins induced cytotoxicity model. Treated with E4 for 48h in N2a transfected
with A53T α-synuclein cells dose-dependently reduce the α-synuclein level. At the
same time, we established the MPP+ model in PC12 cells which is pre-treated cell
with E4 for 6 hours and then co-treated cells with MPP+ for 48 hours. The cell
viability results showed that E4 significantly protect PC12 cells against MPP +
cytotoxicity dose-dependently. E4 had shown good neuroprotective effects in PD
in vitro models while poor water solubility and low brain permeability restricted its
application in PD animal models.

Hence, assembling E4 molecules into self-carried nanoparticles (NanoE4)
addressed the issue of poor water solubility and intranasal administration solved the
problem of low permeability. In order to track NanoE4 release in vitro and in vivo,
we further investigated the absorption and emission of NanoE4. However, the
absorption fluorescence results showed that NanoE4 exhibits the strong
aggregation-caused quenching effect (ACQ) due to π-π stacking of the planar
molecule within the NPs. NanoE4 have much weak emission compared with E4
molecules. Therefore, we fabricated E4-TPAAQ NPs by co-reprecipitating E4
molecules with the reported fluorescent organic compound TPAAQ (2,6-Bis[4(diphenylamino) phenyl] anthraquinone).

Next, we developed an intranasal drug delivery system in our lab. After intranasal
iii

co-drop nanodrug E4-TPAAQ NPs for 24 hours, we observed strong fluorescence
distributed in the brain which indicated that deliver nanoparticles into the brain
successfully through nasal-brain system. Therefore, we examined the protective
effect of NanoE4 in MPTP-induced PD mice model. In MPTP models, we found
autophagy dysfunction, motor function decrease and increase of α-synuclein as
reported previously. Treatment with NanoE4 rescued the motor dysfunction
induced by MPTP. NanoE4 also increase TH level in the striatum part of midbrain.
NanoE4 treatment also decreased the α-synuclein protein aggregate in both SNpc
and striatum. Overall, these results demonstrate the neuroprotection NanoE4
against PD.

Collectively, our findings 1) discovered a novel TFEB activator E4 that inhibited
the mTOR pathway 2) indicated in vitro and in vivo experimental evidence for
TFEB activator as the anti-PD drug candidate 3) provide a novel drug develop and
delivery system for potential PD that limited by water solubility and BBB (bloodbrain barrier ) obstacle.

KEYWORDS: TFEB; MPP+/MPTP; self-carried nanoparticles; intranasal;
Parkinson’s disease; curcumin
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CHAPTER 1
INTRODUCTION

1

1.1 Parkinson’s disease

Parkinson’s disease (PD) is the second common neurodegenerative disease that
affects 2-3% of the population ≥65 years old (1). Major parkinsonian symptoms
including motor features and non-motor features. Diagnosis for PD focuses on the
assessment of cognitive decline and its influence on functional abilities such as
bradykinesia, rest tremor, and postural instability. And non-motor symptoms of PD
contain depression, skin problems, and sleep problems (2). Loss of dopaminergic
neurons in substantial nigra pars compacta (SNpc) and abnormal aggregation of αsynuclein (α-syn) protein are considered as two important hallmarks of PD (3).
Continuously death of dopaminergic neurons caused the decline of dopamine levels,
which lead to the parkinsonian motor symptoms (4).

A century ago, Lewy bodies (LB) that formed by aggregate α-syn protein were first
been described in the brain regions (5). However, the first evidence between α-syn
and PD appeared in 1997, was the identification of the SNCA gene mutant in some
heritable forms of PD (6). It provided evidence that α-syn may play a key role in
the PD progression (7). PD is recognized as a slowly progressive neurodegenerative
disease that develops from complicated genetic and environment influence. Now
the high efficient therapies mainly focus on dopamine receptors and dopamine
substitution (such as levodopa) while these drugs long-term treatment caused many
side effects (8). To date, there are still no therapeutic strategies for preventing or
curing this chronic disease.
2

1.2 Epidemiology of PD

Parkinson’s disease is infrequent before 50 years old, but the incidence sharply
raises 5-10 fold after 60 years old (9). The global prevalence of PD was cautiously
assessed at 0.3%. In addition, the rate grows with age to >3% after 80 years old
(10).

According to previous prevalence studies of PD, data were analyzed by age,
geographic location, and sex. Geographic location contain 1) Asia, 2) South
America, 3) North America, Europe and Australia (Figure 1.1). There is a
significantly lower prevalence in 70-79 years old of PD in Asia than in North
America, Europe and Australia (11). Caveats relating to methodological constrasts
aside, hereditary or environmental susceptibilities to PD might sensibly clarify
these discoveries. A meta-analysis of the worldwide data revealed a rising
prevalence of PD with age. PD is more common in men than in women in the most
population (Figure 1.2) (12). A defensive impact of female sex hormones, a sexassociated hereditary mechanism or sex-specific differences in exposure to
environmental risk factors might explain this male preponderance (13).
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Figure 1.1 Incidence and prevalence of Parkinson’s disease (Geographic
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Figure 1.2 Prevalence of Parkinson’s disease in men and women per
1,000,000 individuals (12).
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1.3 Neuropathology of PD

The major diagnostic markers of PD are preferential degradation of dopaminergic
4

neurons in the SNpc and presence of misfold protein in the form of LB in the brain
stem (14, 15). (Figure 1.3) The degeneration of dopaminergic neurons in the SNpc
is the most common neuropathological characteristic found in all patients with
clinical PD (16). The severe cells loss in SNpc demonstrates the degeneration
occurred very early (17). There are various impacts on cellular progress that cause
dopaminergic neuron death. These causes mainly include protein aggregation,
mitochondrial dysfunction, and dysregulation of calcium homeostasis (2, 18, 19).

α-synuclein is a pre-synaptic protein which has been found to maintain vesicular
trafficking and release the neurotransmitter dopamine.(20) After the initial
discovery of the mutant SNCA gene which was identified as a contribution to family
Parkinson’s disease, the association between PD and α-synuclein has been intensely
studied (21). α-synuclein normally is highly soluble and unfold (22). However, in
PD progression, α-synuclein aggregated and turned into insoluble fibers eventually
form LB (23). An important emerging hypothesis is that α-synuclein oligomers and
small fibrils play essential roles in Parkinson’s disorders by directly causing
cytotoxicity (24). These two pathologies are continuously shown in clinical PD
patients.

5

Figure 1.3. The main pathologies in patients with clinical Parkinson’s disease
(14). (A) Transverse hemisection images of control (left) and PD patient (right)
midbrain. Indicating a sharp decrease of dark pigment, substantia nigra. (B-C)
Haematoxylin and eosin staining represent the neurons of SNpc in control (B) and
in PD patient brain (C). (D-E) Lewy bodies in the neuron of the SNpc of PD patient
stained with heamatoxylin and eosin. (D) and the staining of aggregated α-synuclein
(E).

1.4

Etiology of PD

1.4.1 Environmental risk factor
PD mainly divide into two types, sporadic and inherited (25). The role of
environmental risk factors and the way of living were considered to be the
fundamental to sporadic PD for a long time (26). The milestone was the finding of
6

neurotoxin MPTP (1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine) in 1983 (27).
MPTP used to be an industrial herbicide and halted by a student who began showing
Parkinson’s disease symptoms (28). This discovery led to the fact that
environmental neurotoxin can be a cause of PD and many other environmental risk
factor have been identified in the following decades (29). At the same time, the
discovery of the mutant gene in inherited PD patients provided new genetic risk
factors.

1.4.2 Gene mutant of PD
About 15% of PD patients had family history and 5-10% were suffered from
monogenic PD symptoms (30). The first gene discovered to cause family PD is αsynuclein (SNCA) (6). So far, at least 23 causal genes had been identified to relate
to family PD (Table.1) and 26 independent genetic loci have been considered as
risk factors for PD. Among these genes, 3 monogenic forms (SNCA, LRRK2, and
VPS35) are frequently appeared with classical PD cases.
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Table.1 Gene locus and disease-causing genes of Parkinson’s disease (31).

AD: autosomal dominant; AR: autosomal recessive;

1.4.2.1 PARK/PARK4: SNCA

The map of α-synuclein gene was in the 4q21–q22 region of human chromosome
(32). The first mutant gene that causes PD phenotype discovered by
Polymeropoulos et al. is the A53T mutant in the larger Italian families with PD (6).
Later, other five mutant sites of SNCA (p.A30P, p.E46K, p.H50Q, p.G51D, and
p.A53E) had been identified in the following decade (33-36).

SNCA not only highly identified to causative variants but also related to risk
mutations and function of encoding proteins (37). SNCA is very especial when
comparing the clinical expression of SNCA mutation with other PD mutation genes.
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Normally, the carriers of SNCA triplication have a more severe phenotype and 10years earlier disorder progression than duplication carriers (38). The brain of
patients with SNCA mutation displayed accumulation and aggregation of αsynuclein in LB inclusions (39).

1.4.2.2 PARK8: LRRK2

LRRK2 (leucine rich repeat kinase 2) is the most common mutant gene that causing
PD and mapped to 12p11.2-q13.1. (40). Clinically, LRRK2-caused PD patients tend
to have a slower progression (41, 42). Seven variants (p.G2019S, p.N1437H,
p.R1441G, p.R1441C, p.N1441H, p.Y1699C and p.I2020T) of LRRK2 had been
found to be pathogenic and p.G2019S was the most frequently and extensively
studied LRRK2 mutation gene (43, 44). The sporadic apparently of p.G2019Srelated PD is 1-2% and familial PD cases are 5% (45).

The p.G2019S variants are located in LRRK2 kinase domain and investigate to
continuously activating kinase and impairing protein functions (46). It also affects
lysosomal function and decreases degradative activities (47). The transgenic
rodents with p.R1441C or p.G2019S mutation exhibit dopamine decrease, cognitive
depletion, and motor dysfunction (48, 49). However, the mechanisms of how
LRRK2 mutation lead to PD are still largely unclear.
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1.4.2.3 PARK17: VPS35

In 2011, the mutation of VPS35 (vacuolar protein sorting 35 homologs) p.D620N
was identified in a multigenerational Swiss family by Vilariño-Güell et al (50). The
human VPS35 gene is mapped to chromosome 16q13-q21 (51). VPS35 is a
component of the retromer complex and it is essential for the retrogradely
transported protein from endosomes and the trans-Golgi network (TGN) (52). The
VPS35 is located in dendritic spines and critical to synaptic transmission and
recycling, which plays a vital role in the neurodegenerative disease (53).

Two potential pathways that may lead to VPS35-caused PD are the Wnt signaling
pathway and the regulation of cell uptake of iron and iron translocation that
controlled by modifies divalent metal transporter 1 (54). Overexpression VPS35
can rescue the neuronal loss in the LRRK2 mutant Drosophila, indicated the critical
role of VPS35 against LRRK2-linked neurodegeneration (55).

1.4.3 Autophagy-lysosome pathway (ALP) and PD
In mammalian cells, there are two important pathways for the degradation of
aggregated proteins including α-synuclein: the ubiquitin-proteasome system (UPS)
and the autophagy-lysosomal pathway (ALP) (56). UPS and ALP are critical for
maintaining cellular homeostasis (57, 58). UPS is the main pathway that controls
the degradation of soluble intracellular proteins and autophagy plays a critical role
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in the clearance of folded protein and damaged cytoplasmic organelles (59).

In the ALP process, there are three distinct ways: macroautophagy, chaperone
mediated

autophagy

(CMA)

and

microautophagy

(Figure

1.4)

(60).

Macroautophagy is the most common and “autophagy” normally refers to
macroautophagy. Autophagy can be stimulated by different pathological and
physiological conditions (61). For example, during starvation, autophagy degrades
proteins, carbohydrates, and lipids to compensate for nutrient deprivation (62, 63).
In most cells, autophagy occurs at a basal rate in order to maintain cytoplasmic
homeostasis (64). The main steps in autophagy process including initiation,
elongation, maturation, fusion, and degradation (65) The initiation of autophagy
includes the formation of a double-membrane vesicle termed an autophagosome,
which, in mammalian cells, forms randomly in multiple locations (66). More than
15 autophagy-related proteins (ATGs) have been identified as being involved in the
formation of autophagosomes (67). Golgi body complex and the endoplasmic
reticulum (ER) are potential membrane sources for the generation of
autophagosomes (68). Once the formation of autophagosome is completed, fusion
with lysosomes and degradation of the proteins (69).

Previous research implied that mutant PD related genes, such as PARK2 (Parkin)
and PARK6 (PINK1) deficit in both Drosophila and mice model lead to damage
mitochondria and loss of dopaminergic neurons (70, 71). Parkin and PINK1 also
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found to regulate selective autophagy of mitochondria (mitophagy) (72, 73).
Further studies linked another PD mutant gene LRRK to severe autophagy
impairment in SNpc in mice models (74). Meanwhile, suppressed autophagyrelated gene ATG5 and ATG7 in mice caused massive neuron loss and
neurodegeneration (75, 76). In addition, increasing evidence has shown lysosome
marker protein LAMP1 (lysosomal-associated membrane protein 1) was also found
a marked decrease in PD patients’ brain (77). Besides, the mutant form of αsynuclein could harm the lysosome function and inhibit autophagy pathway. All the
experimental evidence has implied the important role of autophagy in the
progression of PD (78, 79).

Figure 1.4 Schematic model of the three types of autophagy (80).
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1.4.4 TFEB is the new therapeutic target for PD.
TFEB (transcription factor EB) is a member of basic helix–loop-helix-leucinezipper transcription factors (81). It involved a gene network named coordinated
lysosomal expression and regulation (CLEAR) network (82). TFEB was found to
be a target of microRNA-128 (miR-128). Knocking down TFEB by using miR-128
mimic exhibited the reduction of CLEAR lysosome genes. This demonstrated the
essential role of TFEB in the induction of CLEAR genes expression (83). TFEB
also identified to involve in the genes expression of some cellular process such as
lysosomal acidification, exocytosis, and endocytosis (84, 85). Subsequent works
indicated that TFEB promotes the autophagy flux via regulating the expression of
several key autophagy and lysosome genes. TFEB is also acting downstream of
mitophagy modulator PINK and Parkin and found to be antagonized by autophagy
transcriptional repressor ZKSCAN3 (86).

Many kinases have demonstrated to phosphorylate TFEB at different sites (Figure
1.5) (87). ERK2 (also known as MAPK1) was firstly found to phosphorylate TFEB
at Ser142 (88). AKT kinase was also found to regulate TFEB activity at Ser467
phosphorylated site (89). Another kinase that identified to control TFEB nuclear
translocation is GSK3. TFEB phosphorylated by GSK3 at ser134 and ser138 that
mediates the trafficking of TFEB to the lysosome (90). Further study revealed
calcineurin acts the downstream phosphate of mTORC1 responsible for TFEB dephosphorylation (91).
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Figure 1.5 Different kinase regulate TFEB at different phosphorylation sites
(87).

The mTOR kinase is one of the well-studied TFEB regulators that modulating
TFEB via direct phosphorylated TFEB at specific TFEB residues (92). Treatment
with mTORC1 inhibitor, Torin1 decreased the phosphorylate TFEB at Ser 142 and
promote TFEB translocated from cytoplasm to nucleus. Mutation of Ser 142 or Ser
211 results in the constitutively nuclear TFEB accumulation similar to cells treated
with Torin 1 (93).

The structure and function of α-synuclein are similar to the 14-3-3 protein that is
responsible for maintaining cytosolic TFEB (94). TFEB was reported to combine
with overexpressed α-synuclein may imply that α-synuclein sequester TFEB and
halt its translocation (95). Overexpression of TFEB was able to rescue the DAs loss
and α-syn aggregated in MPTP PD model (96). Genetic overexpressed TFEB by
AAV-TFEB injection protected α-syn transgenic mice against α-syn-induced
toxicity (97). TFEB transfection also reversed lysosome depletion and prevent cell
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death in MPP+ intoxicated cell model (98). Hence, in recent years, many researchers
have considered TFEB to be a new therapeutic target for PD (99).

1.5 MPP+/MPTP-induced PD model

MPTP is a pro-neurotoxin and has been shown to induce symptoms similar to those
of Parkinson’s disease in experimental animals and humans (100). MPTP itself does
not show toxicity, but its oxidized product 1-methyl-4-phenylpridinium ions (MPP+)
is toxic (101). Astrocytes and serotonergic neurons turned MPTP to MPP+ via
MAO-B and led to neurotoxicity (102).

There are three reasons why using MPTP for toxic model of PD. First, MPTP is the
only neurotoxin able to cause clinical PD symptom in human and monkeys (100).
Next, handing MPTP does not require for any particular equipment and surgery on
living mice such as 6-hydroxydopmine and rotenone (103). More importantly,
MPTP exhibits a reliable and reproducible injury of nigrostriatal after systemic
administration (104).

The precise underlying mechanism of MPP+ toxicity is unknown. The previous
studies showed that MPP+ induced cell death and increased α-synuclein aggregation
in SH-SY5Y cells (105). Another defining research is that MPP+ reduced lysosomal
numbers and inhibited autophagy flux. The pathogenic lysosomal reduction also
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found in PD patients brain samples (77). Overexpression of TFEB could restore
lysosomal levels and promote autophagosomes degradation (77). Moreover, it has
been recently demonstrated that MPP+ reduced nuclear TFEB in SN4741 cells (98).
Thus, MPP+/MPTP model may be the “best” model for investigating the
relationship between TFEB and Parkinson’s disease.

1.6 Self-carried Nanoparticle and Intranasal Drug Delivery
1.6.1 The Self-carried Nanoparticles
The major challenges for the development of new drugs for PD include how to
design and specifically deliver the drugs to the desired targets (106). More than 40%
of all drugs failures in development can be attributed to inadequate drug delivery
(107). The water insolubility of many small molecule hydrophobic drugs such as
curcumin are the major challenge for their clinical drug delivery (108). Advances
in nanotechnology, chemistry, and biology have led to the emergence of
nanomedicines (109, 110). The use of nanocarriers, such as liposome, for increasing
hydrophobic small molecules poor water solubility, has attracted much attention
(111, 112). Drug nanoparticles (NPs) can achieve a high ratio of surface area to
volume since it reducing the particle size (113).
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Nonetheless, the major hurdle of nano-carried based delivery systems is the low drug
loaded capacity (normally <10%) (114). Besides, the neurotoxicity might be caused by
these nanocarriers raised concerns with the safety of the carriers in treating
neurodegenerative diseases (115). For instance, it has been reported that silica
nanoparticles (SiO2-NPs) have a negative effect on the dopaminergic neurons (116).
And the most widely used polysorbate 80-modified chitosan nanoparticles for targeting
brain has reported to decrease GFAP expression and induce neurotoxicity in rat (117).
The nanocarriers produced byproducts during the preparation in some cases also
increase the toxicity of the system. Therefore, developing pure nano drug without
surfactants or carriers by reprecipitation is an alternative method to the drug
development formula.

The reprecipitation method is dissolving drugs into a miscible solvent like
tetramethylene (THF) and then inject the dissolving drugs into water (118). The drug
molecules will self-assembly form nanocrystal and stable spread in water (119). Selfassembly nanoparticles provide a highly effective and safe nanodrug delivery
strategies without using any nanocarriers (120). Besides, self-assembly
nanoparticles decrease the unstable conditions that associate with encapsulation
(121). Take it all, present evidence has shown that self-carried nanoparticles are a
more feasible and cost-effective strategy to prepare pure nanodrugs (122).
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1.6.1 Intranasal administration and BBB
The blood-brain barrier (BBB) is composed of impermeable endothelial cells with
tight junctions and formed a membrane barrier to maintain brain homeostasis (123).
The BBB separates the circulating blood from the brain and extracellular fluids in
the central nervous system (CNS) (124). Due to the tight junctions of BBB, only a
few small molecules can permeate into the CNS and tight junctions alos lead to a
huge number of drugs failed to enter CNS to exert therapeutic effect. Traditional
drug administration routes such as i.p. (intraperitoneal) or i.v. (intravenous)
injection (125) failed to help drugs get into brain. The intranasal administration is
a new emerging therapeutic approach that delivers drugs to the CNS to the treatment
of CNS disorder such as Alzheimer’s disease, PD, cerebral ischemia and brain
tumor (126-128).

Many candidate therapeutics such as NGF (Nerve growth factor), insulin, and EPO
(erythropoietin) have been developed for the nasal delivery route and have been
successfully delivered into the brain in animal models and human patients (129131). Intranasal route exhibits various benefits including higher bioavailability,
preventing drugs from immediate hepatic metabolism and rapid brain access bypass
the BBB (132). The intranasal administration of different drugs depends on
different absorption pathways, which highly dependent on the characteristics of
drug (133). The olfactory epithelium is a small region located on the top of the nasal
cavity (134). The primary olfactory neurons are in contact with the environment in
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the nasal cavity and they are also in communication with their axons with the
olfactory bulb in the brain (135). Generally, particles smaller than 1 mm are more
efficient in penetrating through mucosal barriers. One method to prepare safe nasal
formulations is to use nanoparticles. Their small diameters potentially allow
nanoparticles to be transported transcellularly through olfactory neurons to the
brain (136). Overall, intranasal administration of nanoparticles is a novel nose-tobrain strategy for PD with minimal side effects, low cost and high efficiency (137).

1.7 Treatment for PD.

Up to now, there is no treatment to slow down or prevent the progression of PD.
The present drug treatments only attenuate parkinsonism symptoms. Most common
clinical drug families including levodopa (L-DOPA), dopamine agonists and MAOB inhibitor aim to increase the level of dopamine or block the chemical activity that
affects dopamine (138, 139). The first and most effective treatment for PD is LDOPA, the precursor to the neurotransmitters dopamine (140). According to present
research, L-DOPA does effect the progression of PD while it increases dopamine
concentration and offers the greatest symptomatic benefit for PD. However, longterm treatment of L-DOPA induces the severe side effects such as dyskinesia in PD
patients (141). Same as L-DOPA, other drugs are also limited by their potential side
effects. Therefore, there are highly desirable to have drugs which have minimal side
effects and also target multiple disease pathways.
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Curcumin is a polyphenol and an active component of Chinese medicine turmeric
(Curcuma longa) with various pharmacological effects (142). Curcumin has been
reported to be neuroprotective in experimental models of PD through multiple
mechanisms, such as preventing oxidative stress and inflammation and inhibiting
α-synuclein aggregation and fibrillation (143). Because the autophagy-inducing
activity of curcumin in cancer cells has been well studied (144), whether autophagy
plays a role in the neuroprotective effects of curcumin in PD has been investigated.
Curcumin protects against A53T α-synuclein-induced toxicity in vitro (145). In SHSY5Y cells overexpressing A53T α-synuclein, curcumin restored autophagy by
inhibiting the mTOR pathway to degrade the accumulated A53T α-synuclein (146).
These studies indicate that curcumin reduces neurotoxicity by enhancing autophagy
medicated degradation of α-synuclein. However, its low bioavailability and rapid
metabolism restricted its therapeutic application. To improve the bioavailability and
potency, make chemical modification in curcumin molecules and synthesis several
curcumin analogs is a potential approach. We and others have synthesized a number
of curcumin derivatives to screen potent ALP enhancers and neuroprotective
reagents. We identified novel mTOR-dependent and -independent autophagy
enhancers from monocarbonyl analogs of curcumin(147). Importantly, we
identified a potent TFEB activator termed C1 which directly binds to and activates
TFEB without inhibiting mTOR activity(147). Compound C1 promotes ALP and
degrades α-synuclein in vitro and in vivo(147), and therefore could be used as a
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leading compound for further PD drug development.
Taken into account, it is an increasing possibility to develop the curcumin analog
as the potential therapeutic drugs for PD treatment.
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CHAPTER 2

HYPOTHESIS AND OBJECTIVES
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Parkinson’s disease (PD) is the second common neurodegenerative disorder mainly
characterized by the present of Lewy bodies and degradation of dopaminergic
neurons in the midbrain. Up to the present moment, there is no cure treatment for
PD. Clinical drugs such as L-DOPA are only symptomatic treatment whereas longterm use causes several side effects including aggressive behavior (148). Thus, the
development of non-toxic and high effective drugs is highly desirable.

The cause of PD is still unclear, but emerging evidence revealed the important role
of autophagy in the progression of PD. The identified PD mutant genes such as
Parkin (PARK2) and PINK1 (PARK6) are responsible for the regulation of
mitophagy (selective autophagy), strengthen the correlation between PD and
autophagy (149). Besides, overexpression the mutant α-synuclein protein that
encoded by the most important mutant gene SNCA in PD, lead to the suppression
of autophagy (150). There are other evidence showed that α-synuclein interrupt
autophagy transmembrane protein ATG9 and reduce the formation of
autophagosomes (151). Further research that knock out autophagy related gene,
ATG5 and ATG7 genes in mice trigger serious dopaminergic neurons loss and
neurodegeneration implied the essential role of autophagy in PD. Therefore,
enhancement of autophagy maybe a potential therapeutic target for PD treatment.

Recent studies revealed the lysosome deficit in the PD patients’ brain as well as PD
experimental animal models, highlighted the lysosome activity as another
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therapeutic target. Transcription factor EB (TFEB) is recently identified as the key
master of autophagy and lysosome biogenesis (152). Thus, activation of TFEB may
exhibits “one stone two bird” neuroprotective effects of enhancing autophagy and
increasing lysosome activity for treating PD. Supporting studies has appeared that
genetic overexpression of TFEB shown to rescue the dopaminergic neuron cell
death in α-synuclein transgenic mice. Take it together, the drug that targeting TFEB
activation might be a drug candidate for PD treatment.

The major challenges for the development of new drugs for PD include what to
target and how to deliver the drugs into the brain. The blood-brain barrier (BBB) is
the main obstacle for drug delivery where BBB separates the blood from the brain
and extracellular fluids in the central nervous system (CNS) (153). The BBB
comprises endothelial cells with tight junctions and its limited permeability hinders
many drugs into the brain. Intranasal administration is an emerging new approach
for drug deliver to CNS that bypass the BBB (126). Many candidate therapeutics
such as NGF (Nerve growth factor), insulin, and EPO (erythropoietin) have been
developed for the nasal delivery route and have been successfully deliver into the
brain in animal models and human patients (127, 154). Thus, the development of
nasal administration might provide a higher effective route for PD treatment.
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In our previous study, we have synthesized several curcumin analogs and were
screening for TFEB activators. Among these analogs, we found one TFEB activator
named E4. In this work, we continue to study the molecular mechanism:
1) Provide experimental evidence for developing E4 as a new TFEB activator;
2) Identify the underlying mechanism of E4-induced TFEB activation and
autophagy;
3) Develop modified intranasal nanoparticles delivery system to increase the
effectiveness of drug delivery;
4) Evaluate the neuroprotective effects of E4 and E4 nanoparticles in PD in vitro
and in vivo models.
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CHAPTER 3

Curcumin analog E4 promoted TFEB nuclear
translocation, induced autophagy flux, and lysosome
biogenesis
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3.1 Introduction

Parkinson’s disease (PD) is the progressive neurological disease characterized by
neuronal loss in substantial nigra pars compacta (SNpc) and intracellular protein
(α-synuclein) aggregate (14). Overexpressed α-synuclein (α-syn) in both in vitro
and in vivo models caused the dysfunction of autophagy imply the critical role of
the autophagy-lysosome pathway (APL) in the progression of PD (155).

Transcription factor EB (TFEB) is the key regulator for autophagy and lysosome
biogenesis. It binds to promoter region that regulate enormous autophagy related
genes such as MAPLC3B, SQSTM1, VPS11, VPS18 and ATG9B (82), and TFEB
activation was found in the downstream of Parkin-mediated mitophagy (156).
Besides, genetic overexpression of TFEB prevents the neuronal death in SNpc both
in the α-synuclein transgenic mice and MPTP model mice (96, 97). These studies
support the potential therapeutic role of TFEB in PD.

Curcumin is a hydrophobic polyphenol isolated from Chinese medicine Curcum
alonga. Curcumin has been shown to exhibit antioxidant, anti-inflammatory,
antimicrobial and anti-cancer activities (146). In recent years, curcumin has been
shown to induce autophagy in various cell lines (157). However, few studies
revealed that curcumin can activate TFEB. Therefore, in our previous studies, we
screened a series of curcumin analogs, aiming to identify TFEB activators (147).
And we have found one TFEB activators E4 ((1E,4E)-1,5-bis(2-iodophenyl)penta27

1,4-dien-3-one) (Table 2) .

In this chapter, we further investigate the experimental evidence for E4-induced
TFEB nuclear accumulation and confirm it promote autophagy and lysosome
biogenesis.
Curcumin

Curcumin
C1

C1
E4

Table 2. Structures of curcumin and its analog E4.
E4

3.2 Research materials and methodology
3.2.1 Reagents and antibodies
The analog of curcumin E4 was synthesized according to our previous study (158).
The anti-Flag (F1804) antibody was purchased from Sigma-Aldrich. TFEB siRNA
(L-050607-02-0005) and non-target siRNA were purchased from Dharmacon.
Torin1 (2273-5) was purchased from BioVision Inc. Anti-β-actin/ACTB (sc-488
47778) and anti-β- tubulin (Sc-9104) were purchased from Santa Cruz
Biotechnology. Anti-LAMP1 (AB24170) and anti-CTSD (AB75852) antibody
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were purchased from Abcam Company. Anti- H3F3A/histone H3 (D1H2) antibody
were purchased from Cell Signaling Technology company. Anit-TFEB (A301852A) antibody was purchased from Bethyl Laboratories, Inc. Anti-GAPDH
(GTX100118) antibody was purchased from GeneTex Company. Anti- LC3B
(NB100-2220) was purchased from Novus Biologicals. LysoTracker® Red DND99 (L-7528), DMEM (11965-126), FBS (10270-106), Opti-MEM I (31985-070)
and Lipofectamine 3000 regent (L3000015) were purchased from Life
Technologies. Alexa Fluor®488 goat anti-mouse IgG (A-11001), Alexa Fluor®488
goat anti-Rabbit IgG (A-11034) and Alexa Fluor 488 (A-11008) were purchased
from Life Technologies

3.2.2 Cell culture
N2a cells were cultured in DMEM supplement with 10% FBS. HeLa cells stably
expressing 3x-Flag-TFEB (CF-7) cells were maintained in DMEM supplemented
with 10% FBS and 50 μg/mL G418 (93). All cells were maintained with cell culture
medium containing 100 units/mL penicillin/streptomycin mixture (Invitrogen) at
37°C, gassed with 5% CO2.

3.2.3 RNA interference assay
To verify the role of TFEB in the E4-induced autophagy, we silenced TFEB in N2a
(Neuro-2a) cells. With the help of Lipofectamine RNAiMax, TFEB siRNA and No29

target siRNA (Dharmacon) were incubation with the Opti-MEM I Reduced Serum
Medium and add to N2a cells according to manufacturers’ protocol (158). Briefly,
N2a cells seed into 12 or 24 well plates and after 24 hours, the 1 μL siRNA (50nM)
and 1 μL Lipofectamine RNAiMax mixed in 100ul Opti-MEM I Reduced Serum
Medium incubated for 10 mins at room template and then add into each well
containing cells. Transfected N2a cells were maintained in 37 ℃ and gassed with
5% CO2 for 48 hours and then subject to treatment.

3.2.4 Transfection of plasmids into N2a cells
For overexpression experiment, N2a cells were transfected with mRFP-GFP-LC3
plasmids by using Lipofectamine 3000 according to the manufacturer’s protocol.
Shortly, N2a cell seed to 24 well plates. 24 hours later, prepared 1 μg DNA mixed
with 2 μL P3000™ Reagent dilute in 100 μL Opti-MEM I Reduced Serum Medium.
Diluted 1.5 μL Lipofectamine 3000 Reagent in 100 μL Opti-MEM I Reduced Serum
Medium. And add diluted DNA into diluted Lipofectamine 3000, mixed well and
incubated for 10 mins at room temperature. Before adding DNA-lipid complex to
cells, the medium changed to 300 μL/ well Opti-MEM I medium. In the end, 100
μL DNA-lipid complex added to each well containing cells. 24 well plate was
incubated for 6 hours and changed to free medium. N2a cells were maintained in
37 ℃ for continue 48 hours and then subject to treatment or assay.
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3.2.5 Immunostaining
Cells were seed on coverslips placed in 24-well plates. N2a cells were transfected
with tfLC3 plasmid for 24 h and then treated with the indicated drugs and then
examined the autophagy flux. For lysosome activity were evaluated using
LysoTracker Red DND99 (L7528, Thermo Fisher Scientific) according to the
manufacturer's instructions. During the last 1 h of drugs treatment, 50nM
LysoTracker Red DND99 or LysoTracker green DND26 added to plates. After
treatment, slices were washed three times with PBS and fixed with 4%
paraformaldehyde (PFA), permeabilized in 0.25% Triton X-100 (Sigma-Aldrich,
T8787) and blocked with 3% BSA. After blocking, slides were stained with antiFlag (1:600), anti-TFEB (1:200) and anti-LC3B (1:500) antibodies overnight at 4°C.
Alexa Fluor® 488 (green) secondary antibodies (1:1000) were added for 1 h at
room temperature. After nuclear staining with DAPI, the slices were mounted with
Dako mounting medium (CS703, Agilent Technologies). Cells were visualized
using the API DeltaVision Personal Imaging System and Confocal Laser Scanning
Microscope (Leica TCS SP8).

3.2.6 Western blotting analysis
Cells were washed twice with cold 1x PBS (phosphate-buffered saline) and then
lysed on ice with 1x RIPA Lysis buffer (9803, Life Technologies) with complete
protease inhibitor mixture (04693124001, Roche Applied Science) and phosphatase
inhibitor (B15001, Biotool) was added to pellets parts, which allowed identification
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of aggregate protein. Protein concentrations were determined by Bio-Rad Bradford
assays using bovine serum albumin (BSA) as standard. Proteins were separated by
10-15% SDS-PAGE, transferred, and blotted with the antibodies described. The
blots were then incubated with primary and secondary antibodies. The protein
signals were detected by the ECL kit (Pierce, 32106) and quantified using ImageJ
software.

3.2.7 Isolation of the cytosol and the nucleus fractions.
Cytosol and nucleus extracts were prepared according to a previous protocol.59 In
brief, at the end of drug treatment, the cells were washed with ice-cold PBS,
centrifuged, and re-suspended in cold lysis buffer containing 20 mM N-2hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), pH 8.0, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT,
1 mM sodium orthovanadate, 1 mM NaF, 1 mM PMSF, 0.5 mg/mL benzamidine,
0.1 mg/mL leupeptin, and 1.2 mg/mL aprotinin. The cells were allowed to swell on
ice for 15 min. NP-40 (10% (v/v)) was subsequently added to the cell suspensions.
The samples were vortexed vigorously for 10 s. The homogenates were centrifuged
for 50 s at 16,000xg, and the supernatant was used as cytosolic extract. The nuclear
pellet was re-suspended in cold extraction buffer containing 20 mM HEPES, pH
8.0, 1 mM EDTA, 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, 1 mM sodium
orthovanadate, 1 mM NaF, 1 mM PMSF, 0.5 mg/mL benzamidine, 0.1 mg/mL
leupeptin, 1.2 mg/mL aprotinin, and 20% glycerol. All the protein fractions were
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stored at -30 ◦C until use.

3.2.8 Statistical analysis
Each experiment was performed at least 3 times, and the results were presented as
mean ± SEM. Student’s t-test or One-way analysis of variance (ANOVA) followed
by the Student-Newman-Keuls test using GraphPad Prism 7.0 software packages.
A probability value of P < 0.05 was considered statistically significant.
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3.3 Results
3.3.1 E4 promoted TFEB activation in different cell lines
TFEB is the transcription factor that regulate autophagy related genes and lysosome
related genes. In normal condition, TFEB locates in the cytoplasm and is
phosphorylated by several important kinases such as mTOR. Acctivation of TFEB
means promote TFEB nuclear accumulation. Firstly, to investigate whether E4
could regulate TFEB subcellular localization, we used two different cell lines: the
mouse neuroblastoma Neuro-2a (N2a) cell line, and HeLa cells stably expressing
3xFlag-TFEB (CF-7 cells) to test effect. We observed a strong TFEB nuclear
accumulation after treated N2a cells (Figure 3.1) and CF-7 cells (Figure 3.2) with
E4 (1μM) for 24 h by immunostaining assay. Used Torin1 (250 nM) as a positive
control.

Next, we evaluated the effect of E4 on activating TFEB nuclear translocation in CF7 cells by Western Blot assay, we extracted cytosolic and nuclear fractionation and
evaluated TFEB protein levels respectively. TFEB levels in the cytoplasm reduced
while in the nuclear accumulated after E4 treatment in a dose-dependent manner
(Figure 3.3).

Because TFEB nuclear translocation is involved in the dephosphorylation of TFEB,
which can be reflected by the TFEB molecular weight downshift by Western blot
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assay. To verify that, we also examined the Flag-TFEB molecular weight in CF-7
cells. Treatment with E4 and Torin1 both can promote the TFEB molecular weight
downshift (Figure 3.4). Together, these results indicated that E4 is a TFEB activator
that promoted TFEB nuclear translocation.

Figure 3.1 E4 treatment promoted TFEB nuclear translocation in N2a cells
After being treated with E4 (1 μM) for 24 h, N2a cells were fixed and stained with
the anti-TFEB antibody (red) and DAPI (blue). Representative images are shown.
Scale bar: 15 μm.
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Figure 3.2 E4 treatment promoted TFEB nuclear translocation in CF-7 cells.
(A)After being treated with E4 (1 μM) and positive control Torin1 (250 nM) for
24 h, CF-7 cells were fixed and stained with the anti-Flag antibody (green) and
DAPI (blue). Representative images are shown. (B) Quantification of the number
of cells with nuclear TFEB localization. Data are presented as mean ±SEM of 3
replicates in a representative experiment. At least 100 cells were analyzed in each
treatment group. Scale bar: 15 μm.
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Figure 3.3 E4 treatment promoted TFEB nuclear translocation in CF-7 cells.
(A) The expression of Flag-TFEB in the cytosol and the nucleus in CF-7 cells
were detected by Western blotting after being treated with indicated compounds
for 6 h. (B) Relative intensity of TFEB is normalized to that of Tubulin and H3.
Data are presented as mean ±SEM of 3 replicates in a representative experiment.
(*p＜0.05, **p＜0.01)

Figure 3.4 E4 treatment triggered the molecular down shift in CF-7 cells.

CF-

7 cells treated with E4 at indicated concentration for 24 hours and then cell lysates
subjected to Western Blot assay.
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3.3.2 E4 induced autophagy flux in N2a cells

TFEB is critical for the activating autophagy-lysosome pathway. To identify
whether E4 could induce autophagy flux as a TFEB activator. We first treated N2a
cells with different dose of E4 (0, 0.25, 0.5, 1 μM) and found that there is a dosedependent increase of LC3-II protein (Figure 3.5), a common marker of autophagy.
Moreover, the immunofluorescence results showed that there is a significant
increase of LC3 puncta after treatment of cells with E4 (Figure 3.6). In addition, to
confirm that E4 induced autophagy flux, we used lysosomal inhibitor chloroquine
(CQ) to block the autophagosomal degradation and fount that E4 cotreatment with
CQ further increased LC3-II protein level (Figure 3.7) (159), indicating that E4 is
an autophagy inducer rather than an autophagy blocker.

In order to monitor the autophagy flux, N2a cells were transfected with an mRFPGFP (red fluorescent protein–green fluorescent protein) tandem tagged LC3 protein
(tfLC3). The end marker of autophagy, acidified autophagolysosome, only form
mRFP-positive puncta (red puncta) since GFP signals quenched in an acidic
component (160). N2a cells transfected with tfLC3 and then treated with E4 (1 μM)
and CQ (20 μM) for 24 hours. E4 treatment significantly increases red-only puncta
whereas CQ treatment increases the colocalization of both green and red puncta
which overlapped yellow fluorescence (Figure 3.8). To sum up, the experimental
results showed that E4 promoted autophagy in neuronal N2a cells.
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Figure 3.5 E4 dose dependently increased the LC3-II level in N2a cells. (A) N2a
cells were treated with different concentration (0, 0.25, 0.5, 1 μM) of E4 or 0.1%
(v/v) DMSO for 24 hours. The cell lysates were analyzed by western blot assay. (B)
Relative intensity of LC3-II is normalized to that of β-actin/ACTB. Data are
presented as mean ±SEM of 3 replicates in a representative experiment. (*p＜0.05,
**p＜0.01)
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Figure 3.6 E4 treatment increased the LC3-II puncta in N2a cells. N2a cells
treated with E4 (1 μM) and Torin1 (250 nM) for 24 hours. Cells were washed with
PBS and fixed with 4% PFA and stained with anti-LC3 antibody. The fluorescence
of LC3 puncta was detected by fluorescence microscopy, representative images are
shown. Scale bar: 15 μm.
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Figure 3.7 E4 co-treatment with CQ further increased the LC3-II in N2a cells.
(A) N2a cells were treated with the indicated concentration of E4 and CQ for 24
hours. The cell lysates were analyzed by western blot assay. (B) The relative
intensity of LC3B is normalized to that of β-actin/ACTB. Data are presented as
mean ±SEM of 3 replicates in a representative experiment. (# p＜0.05)
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Figure 3.8 E4 treatment increased autophagolysosome number in N2a cells
transfected with tfLC3 plasmid. N2a cells transfected with tfLC3 plasmid and
then treatment with E4 (1 μM) and CQ (20 μM) for 24 hours. Cells were washed
with PBS and fixed with 4% PFA. Stained for DAPI for 5 mins. And the
fluorescence of RFP-LC3 and GFP-LC3 was captured by Deltavision Personal
imaging system. Representative images are shown. Scale bar: 15 μm.
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3.3.3 E4 increased lysosome biogenesis and activities
TFEB not only regulates the autophagy genes but also manages the lysosome
biogenesis (83). Lysosome plays an essential role in the autophagy-lysosome
pathway (82). To verify the effect of E4 treatment promotes lysosome biogenesis,
we evaluated the lysosome numbers by staining Lysotraker Red in N2a cells.
Treated N2a cells with E4 for 24 h dramatically increased the lysosome number,
which refleced by Lysotracker red staining. Whereas co-treatment with CQ
significantly down regulate the relative fluorescence intensity (Figure 3.9).

To confirm the immunostaining results, we evaluated the level of lysosome related
protein in N2a cells after E4 treatment. LAMP1 (lysosome membrane protein 1) is
a widely used marker for lysosome activity and. The LAMP1 mRNA level is
regulated by overexpression TFEB (89). CTSD (Cathepsin D) is a lysosome
aspartic protease for degrading intracellular proteins. Both LAMP1 and CTSD
protein dose dependently increased by E4 treatment (Figure 3.10), further support
the reuslt that E4 increases lysosome biogenesis.
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Figure 3.9 E4 treatment increased lysosome numbers. (A) N2a cells were treated
with E4 (1 μM) at the indicated concentration for 12 hours and then stained with
LysoTracker Red DND-99 (50 nM) for 30 minutes. (B) Fluorescence intensity of
treated cells was measured by fluorescence microscopy. The numeric data are
presented as means ±SEM from 3 independent experiments. (*p＜0.05, **p＜0.01,
##P＜0.01

)
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Figure 3.10 E4 treatment dose-dependently increased LAMP1 and CTSD
protein in N2a cells. (A) N2a cells were treated with different concentration of E4
or positive control Torin 1 for 24 hours and then cells lysates analyzed by western
blot assay. The relative intensity of LAMP1, pro-CTSD and mature-CTSD were
normalized to that of β-actin/ACTB. Data are presented as mean ± SEM of 3
replicates in a representative experiment (*p＜0.05, **p＜0.01).
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3.3.4

TFEB activation is required for E4-induced autophagy and lysosome

biogenesis
Next, we determined whether TFEB is specifically necessary for E4 to enhance
autophagy and lysosome biogenesis. We knocked down TFEB in N2a cells by
transfecting cells with TFEB specific siRNAs (Figure 3.11). Knocked down of
TFEB attenuated E4 induced increase of lysosome contents (Figure 3.12). E4
treatment increased LAMP1 and CTSD but TFEB knockdown abrogated the effects.
(Figure 3.14, Figure 3.15). We also observed the dramatically reduce of LC3-II
level in TFEB knocked down cells treated with E4 and CQ, compared to nontarget
siRNAs group (Figure 3.13). Furthermore, LC3 puncta reduced in Si-TFEB N2a
cells after treated with E4 (1μM) (Figure 3.16) as reflected by immunostaining.
Overall, these data suggest that TFEB is required for E4-induced autophagy and
lysosome biogenesis.

Figure 3.11 N2a cells transfected with specific TFEB siRNA and TFEB siRNA
effectively reduce the TFEB protein level in N2a cells. (A) N2a cells were
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transfected with nontarget siRNA (si-NT, 50 nM), TFEB siRNA (si-TFEB, 50 nM)
for 48 h and cells lysates subjected to western blotting. Representative blots are
shown. (B) Relative intensity of TFEB was normalized to that of β-actin/ACTB.
Data are presented as mean ± SEM of 3 replicates in a representative experiment
(*p＜0.05, **p＜0.01).

Figure 3.12 Silence TFEB in N2a cells significantly reduced E4-induced
increase of lysosome numbers. (A) N2a cells were transfected with nontarget
siRNA (si-NT, 50 nM), TFEB siRNA (si-TFEB, 50 nM) for 48 h and treated with
E4 (1 μM) for 16 h and then stained with LysoTracker Red DND-99 (50 nM) for 30
minutes. Representative images are shown. (B) Fluorescence intensity of treated
cells was measured by fluorescence microscopy. The numeric data are presented as
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means ±SEM from 3 independent experiments. Scale bar: 15 μm.

Figure 3.13 Silence TFEB in N2a cells reduced E4-induced increase of LC3-II
level. (A) N2a cells were transfected with nontarget siRNA (si-NT, 50 nM), TFEB
siRNA (si-TFEB, 50 nM) for 48 h and treated with E4 (1 μM) for 16 h and then cell
lysates subjected to western blot assay. Representative blots are shown. SE: short
exposure; LE: long exposure. (B) Relative intensity of LC3-II was normalized to
that of β-actin/ACTB. Data are presented as mean ± SEM of 3 replicates in a
representative experiment (*p＜0.05, **p＜0.01).
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Figure 3.14 Silence TFEB in N2a cells reduced E4 induced increase of LAMP1
level. (A) N2a cells were transfected with nontarget siRNA (si-NT, 50 nM), TFEB
siRNA (si-TFEB, 50 nM) for 48 h and treated with E4 (1 μM) for 16 h and then cell
lysates subjected to western blot assay. Representative blots are shown. (B) Relative
intensity of LMAP1 was normalized to that of β-actin/ACTB. Data are presented
as mean ± SEM of 3 replicates in a representative experiment (# p＜0.05, n.s. not
significant ).
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Figure 3.15 Silence TFEB in N2a cells reduced E4-induced increase of CTSD
level. (A) N2a cells were transfected with nontarget siRNA (si-NT, 50 nM), TFEB
siRNA (si-TFEB, 50 nM) for 48 h and treated with E4 (1 μM) for 16 h and then cell
lysates subjected to western blot assay. Representative blots are shown. (B) Relative
intensity of pro-CTSD and mature-CTSD were normalized to that of β-actin/ACTB.
Data are presented as mean ± SEM of 3 replicates in a representative experiment
(** p＜0.01, n.s. not significant ).
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Figure 3.16 Silence TFEB in N2a cells reduced E4-induced increase of LC3
puncta. N2a cells were transfected with nontarget siRNA (si-NT, 50 nM), TFEB
siRNA (si-TFEB, 50 nM) for 48 h and treated with E4 (1 μM) for 16 h. Cells were
washed with PBS and fixed with 4% PFA and stained with anti-LC3 antibody. The
fluorescence of LC3 puncta were detected by fluorescence microscopy,
representative images are shown. Scale bar: 15 μm.
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3.4 Discussion

TFEB was found to regulate the expression of multiple autophagy and lysosomerelated genes, such as CTSB, CTSD, LAMP1, UVRAG, VPS11, and MAPLC3.
Thus, TFEB is regarded as the key master of regulating the autophagy-lysosome
pathway (ALP). Activation of TFEB is regarded to promote autophagy flux and
lysosome biogenesis in mammalian cells (161).

Increasing evidence has shown that autophagy dysfunction and lysosome depletion
appeared not only in the PD mice models but also in the clinical PD patient and
implied the potential therapeuticof PD by enhancing autophagy and lysosome
biogenesis (152). Therefore, TFEB has considered as a new target for PD treatment.
Genetic transfected TFEB has been shown to prevent dopaminergic neurons loss
and attenuate motor deficit in both α-syn transgenic mice and toxin-induced mice
(96).

Previously, we synthesized several curcumin analogs. Curcumin is a polyphenol
extracted from Chinese medicine turmeric (Curcuma longa) and recently reported
as an autophagy inducer (162, 163). We screened these curcumin analogs to
identified TFEB activator and found two activator C1 and E4 (Table 3.1). We have
well studied that TFEB activator C1 directly binds to TFEB and promotes its
nuclear translocation. However, the effect of E4 promotes TFEB nuclear
accumulation still unclear.
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In this study, we have confirmed that E4 promoted TFEB accumulation in different
cell lines (Figure 3.1 & 3.2) by immunostaining assay and western blot assay
(Figure 3.3). Subsequently, activating TFEB is able to promote autophagy flux and
lysosome biogenesis, therefore, we evaluated the effects of E4 induced autophagy
and increased lysosome activity in N2a cells.

E4 treatment increased LC3-II protein level dose-dependently (Figure 3.5) and
LC3-II level further increased by co-treatment with CQ (Figure 3.7) which
indicated that E4 promoted the autophagy flux. We also confirmed that E4 treatment
increased LC3 puncta (Figure 3.6) and autophagolysosome numbers (Figure 3.8)
by immunostaining assay. Lysotracker red staining showed an increase of lysosome
numbers after E4 treatment (Figure 3.9) and western blotting results also
demonstrated the increased of lysosome marker protein LAMP1 and CTSD (Figure
3.10).

In order to verify the critical role of TFEB in E4-induced autophagy and lysosome
biogenesis, we knock down TFEB expressions in N2a cells by adding siRNA.
Transfected with specific TFEB siRNA significantly reduced TFEB protein level in
N2a cells (Figure 3.11). Afterward, we examined the LC3-II level after silencing
TFEB and we found that the increase of LC3-II and LC3 puncta were partially
abrogated in siTFEB group (Figure 3.13 & 3.16). Furthermore, the increased of
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lysosome numbers also abolished by TFEB knock down (Figure 3.12 & 3.14
&3.15). Above experimental evidence revealed that TFEB is required for E4
induced autophagy and lysosome biogenesis.

In sum, we identified a novel TFEB activator, a curcumin analog, named E4. E4
promoted TFEB nuclear accumulation in different cell lines and induced autophagy
flux as well as lysosome biogenesis. Since TFEB is a new therapeutic target for PD,
the chemical TFEB activator E4 may be a novel drug candidate for PD therapy.
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Chapter 4
E4 promoted TFEB translocation and induced autophagy
through mTOR inhibition
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4.1 Introduction
Transcription factors drive their functions generally in the nucleus. In some
conditions, the transcription factor localized in the cytoplasm (164). The
translocation of transcription factor from the cytoplasm to the nucleus is governed
by several mechanisms (165). A common cellular mechanism that links signaling
pathways to the control gene expression is the phosphorylation of transcription
factor (166).

Under normal conditions, phosphorylated TFEB protein stays in the cytoplasm,
dephosphorylation of TFEB promotes its nuclear translocation. Main kinases or
phoshoptase such as mTOR, ERK, AKT, GSK3, and calcineurin modulate TFEB
phosphorylation (87, 89, 167). mTOR is the most important kinase that
phosphorylated TFEB at Ser 142 and Ser 211 site to promote it’s the cytoplasm
accumulation. TFEB is phosphorylated and colocalized with mTORC1 on the
lysosome surface (92). Mutation of TFEB at serine 142 that phosphorylated by
mTORC1 cause a constitutively TFEB nuclear translocation. After translocation
from the cytoplasm to the nuclear, TFEB has been identified to bind to the promoter
regions of multiple autophagy-related genes and to induce autophagy initiation as
well as lysosome biogenesis.

Multiple independent research indicated that in the animal neurodegenerative
disease (NDs) models, TFEB signaling dysfunction may contribute to disease
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pathology (168). For example, in the Huntington disease (HD) mouse model and
Htt-104Q-expressing Neruo2a cells, the expression of TFEB reduced in the striatum
(169).

Lysosome depletion and autophagy dysfunction have been observed in the PD
patients’ brain sample (99). Transfected TFEB rescued the lysosomal reduction and
prevent cell death in the MPP+ induced PD in vitro model. Adeno-associated viral
(AAV) inject TFEB in the brain of PD rodent models, attenuated the motor
dysfunction and reduced the aggregate of α-synuclein.

In the previous chapter, we identified a curcumin analog E4 as the TFEB activator
and confirmed that E4 promoted autophagy flux and lysosome biogenesis. However,
the underlying mechanism of E4- induced TFEB nuclear accumulation is still
unclear. Therefore, in this chapter, we aimed to focus on the mechanical study of
E4-induced signaling pathway. Furthermore, we evaluated the neuroprotection of
E4 in different PD in vitro models.

4.2 Material and methods
4.2.1 Reagents and antibodies
MPP+ (1-Methyl-4-phenylpyridinium iodide) (D048) were purchased from SigmaAldrich. TSC2 siRNA (L-003029-00-0005) and non-target siRNA were purchased
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from Dharmacon. Torin1 (2273-5) was purchased from BioVision Inc. Anti-phosphoP70S6K (Thr389) (9234), anti-P70S6K/RPS6KB1 (9202), anti-phospho-mTOR
(Ser2448) (2971S), anti-mTOR (2972S), anti-α-synuclein (2628S), anti-TSC2 (4308s),
anti-AKT (9272S), anti- phosphor-AKT (Ser473) (9276S) antibodies were purchased
from Cell Signaling Technology company. Anti-Flag (F1804) antibody was purchased
from Sigma-Aldrich. Anti-β-actin/ACTB (sc-488 47778) were purchased from Santa
Cruz Biotechnology. Anit-TFEB (A301-852A) antibody was purchased from Bethyl
Laboratories, Inc. Anti-TFEB (Ser142) (Q3004775) antibodies were purchased from
Millipore Company. Anti-GAPDH (GTX100118) antibody was purchased from
GeneTex Company. Anti- LC3B (NB100-2220) was purchased from Novus
Biologicals. DMEM (11965-126), FBS (10270-106), Opti-MEM I (31985-070),
alamarBlue™ Cell Viability Reagent (DAL1025) were purchased from Life
Technologies. Alexa Fluor®488 goat anti-mouse IgG (A-11001), Alexa Fluor®488
goat anti-Rabbit IgG (A-11034) and Alexa Fluor 488 (A-11008) were purchased
from Life Technologies

4.2.2 RNA interference assay
To verify the role of mTOR in the E4-induced autophagy, we silenced TSC2 in CF7 cells. With the help of Lipofectamine RNAiMax, TSC2 siRNA and No-target
siRNA (Dharmacon) were incubation with the Opti-MEM I Reduced Serum
Medium and add to N2a cells according to manufacturers’ protocol. Briefly, CF-7
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cells seed into 12 well plates and after 24 hours, the 2 μL siRNA (50nM) and 1 μL
Lipofectamine RNAiMax mixed in 100ul Opti-MEM I Reduced Serum Medium
incubated for 10 mins at room template and then add into each well contained cells.
Transfected CF-7 cells were maintained in 37 ℃ and gassed with 5% CO2 for 48
hours and then subject to treatment.

4.2.3 Transfection of plasmids into N2a cells
For overexpression experiment, N2a cells were transfected with A53T α-synuclein
plasmids by using Lipofectamine 3000 according to the manufacturer’s protocol.
Shortly, N2a cell seed to 12 well plates. 24 hours later, prepared 2 μg DNA mixed
with 4 μL P3000™ Reagent dilute in 100 μL Opti-MEM I Reduced Serum Medium.
Diluted 3 μL Lipofectamine 3000 Reagent in 100 μL Opti-MEM I Reduced Serum
Medium. And add diluted DNA into diluted Lipofectamine 3000, mixed well and
incubated for 10 mins at room temperature. Before adding DNA-lipid complex to
cells, the medium changed to 300 μL/ well Opti-MEM I medium. In the end, 100
μL DNA-lipid complex added to each well contain cells. 12 well plate was
incubated for 6 hours and changed to free medium. N2a cells were maintained in
37 ℃ for continue 48 hours and then subject to treatment or assay.

4.2.4 Immunostaining
Cells were seed on coverslips placed in 24-well plates. N2a cells were transfected
with RFP-LAMP1 plasmid for 24 h and then treated with the indicated drugs. After
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treatment, slices were washed three times with PBS and fixed with 4%
paraformaldehyde (PFA), permeabilized in 0.25% Triton X-100 (Sigma-Aldrich,
T8787) and blocked with 3% BSA. After blocking, slides were stained with antimTOR (1:200) antibodies overnight at 4°C. Alexa Fluor® 488 (green) secondary
antibodies (1:1000) were added for 1 h at room temperature. The slices were
mounted with Dako mounting medium (CS703, Agilent Technologies). Cells were
visualized using the API DeltaVision Personal Imaging System

4.2.5 Western blotting analysis
Cells were washed twice with cold 1x PBS (phosphate-buffered saline) and then
lysed on ice with 1x RIPA Lysis buffer (9803, Life Technologies) with complete
protease inhibitor mixture (04693124001, Roche Applied Science) and phosphatase
inhibitor (B15001, Biotool) was added to pellets parts, which allowed identification
of aggregate protein. Protein concentrations were determined by Bio-Rad Bradford
assays using bovine serum albumin (BSA) as standard. Proteins were separated by
10-15% SDS-PAGE, transferred, and blotted with the antibodies described. The
blots were then incubated with primary and secondary antibodies. The protein
signals were detected by the ECL kit (Pierce, 32106) and quantified using ImageJ
software.
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4.2.6 Alamar blue assay
Cells were seed in 96 well plates and treatment with drugs. For cell viability
estimated, add 1 of 10 volume of alamarBlue™ Cell Viability Reagent (DAL1025,
Life Technologies) directly to cells in the culture medium, incubate for 1 to 4 hours
at 37°C in a cell culture incubator, protected from direct light. Monitor the
absorbance of Alamar Blue at 570 nm, using 600 nm as a reference wavelength.
Results of treatment were read relative to controls, assuming the absorbance of
controls was 100% (170)

4.2.7 Statistical analysis
Each experiment was performed at least 3 times, and the results were presented as
mean ± SEM. Student’s t-test or One-way analysis of variance (ANOVA) followed
by the Student-Newman-Keuls test using GraphPad Prism 7.0 software packages.
A probability value of P < 0.05 was considered statistically significant.
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4.3 Results
4.3.1

E4 inhibited AKT/mTOR activity in a dose dependent manner and

inhibited p70S6K/ mTOR in a time dependent manner
We aimed to further study the underlying mechanisms for E4-induced TFEB
activation. mTOR (mammalian target of rapamycin) is a key kinase that controls
many cellular processes including cell growth and autophagy. Besides, mTORC1
was shown to play a major role in the regulation of TFEB intracellular location (87).
mTORC1 is known to phosphorylate TFEB under sufficient nutrition
conditions(171). To further verify whether E4 activates TFEB through the
inhibition of mTOR, we examined the effects of E4 on the mTOR upstream kinase
AKT, phosphorylation of mTOR as well as its well-known substrate kinase P70S6K.
We found that E4 inhibited phosphorylation of AKT and mTOR dose-dependently
(Figure 4.1), Torin 1, the well-known mTORC1 inhibitor was used as a positive
control. We also found that E4 inhibited mTOR and P70S6K time-dependently
(Figure 4.2). Taken these data together, E4 treatment inhibited the mTOR activity
dose and time dependently.
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Figure 4.1 E4 inhibited AKT and mTOR activity in a dose-dependent manner. (A)
N2a cells were treated with E4 at different concentration (0, 0.25, 0.5, 1 μM) or
positive control Torin1 (250 nM) for 6 h. Representative blots show the expression
of phosphorylated (p-) and total AKT and mTOR. (B) Relative intensity of p-AKT
and p-mTOR were normalized to that of total AKT and total mTOR. Data are
presented as the mean ± SEM from 3 independent experiments. *p < 0.05. **p <
0.01.
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Figure 4.2 E4 inhibited mTOR and p70S6K activity in a time-dependent manner.
(A) N2a cells were treated with E4 (1 μM) at the different time point (0, 15, 30, 60,
180, 360 mins). Representative blots show the expression of phosphorylated (p-)
and total mTOR and p70S6K. (B) Relative intensity of p-mTOR and p-p70S6K
were normalized to that of total mTOR and total p70S6K. Data are presented as the
mean ±SEM from 3 independent experiments. **p < 0.01.
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4.3.2

E4 abrogate the LAMP1 and mTOR colocalization and decrease p-

TFEB (ser 142)
As mTOR kinase normally is activated and located in the lysosome surface, thus,
mTOR is colocalizated with lysosome (172). We transfected mRFP-LAMP1 in N2a
cells and detected the colocalization of mRFP-LAMP1 and mTOR by
immunostaining. After being treated with E4 for 24 hours, we observed that mRFPLAMP1 and mTOR colocalization decrease indicated mTOR inhibition.

mTOR was identified that phosphorylated TFEB mainly at Ser142 and Ser 211, we
further investigated the effects of E4 treatment in phosphate TFEB. E4 and Torin1
both decreased the p-TFEB (Ser142) and this indicated the inhibition of mTOR.
Taken these data together, E4 treatment inhibited the mTOR activity.
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Figure 4.3 E4 treatment abolished the colocalization of mTOR and RFPLAMP1. The N2a cells were transfected with RFP-LAMP1 plasmid for 48 hours
and then treated with E4 (1 μM) for an additional 24 hours. N2a cells fixed with 4%
PFA and stained with anti-mTOR antibody overnight. Representative images are
shown. Scale bar: 15 μm.

Figure 4.4 E4 treatment reduced p-TFEB (Ser 142) levels in CF-7 cells. (A) CF7 cells treated with E4 or Torin1 for 24 hours and cell lysates subject to western blot
assay. Representative blots are shown. (B) Relative intensity of p-TFEB was
normalized to that of GAPDH. Data are presented as mean ± SEM of 3 replicates
in a representative experiment (** p＜0.01)

4.3.3

Constitutively activated mTOR by knock down TSC2 could

interrupt the autophagy flux and TFEB dephosphorylation
In order to confirm the mTOR inhibition in E4-induced autophagy and TFEB dephosphorylation. Rheb is a potential activator of mTORC1 and TSC2 (the tuberous
sclerosis complex 2) contains Rheb-GAP domain which is critical for inhibiting
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Rheb and mTORC1 (173, 174). Emerging evidence demonstrates that loss of TSC2
contributes to constitutive activation of mTORC1 (174). Here, in our study, we
constitutively activate mTOR by silencing TSC2 and then co-treatment with E4. As
shown in Figure 4.5, TSC2 knockdown rescued the inhibition of p-P70S6K that
caused by E4. At the same time, the increased level of LC3-II and the decreased
level of p-TFEB (Ser142) that induced by E4 were abrogated by TSC2 knockdown.
Overall, these results suggest that E4 promote TFEB nuclear translocation is
through mTOR inhibition.
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Figure 4.5 Silence TSC2 in CF-7 cells constitutively activate mTOR and
abrogate the E4-induced autophagy. (A) CF-7 cells transfected with nontarget
siRNA (si-NT, 50 nM) and TSC2 siRNA (Si-TSC2, 50nM) for 48 hours and then
treated with E4 (1 μM) for an additional 16 hours. Cells lysates subjected to western
blot assay. Representative blots showed the expression of TSC2, phosphorylated
(p-), total p70S6K, p-TFEB (ser142) and LC3. (B) Relative intensity of p-p70S6K
was normalized to that of total p70S6K. Relative intensity of p-TFEB and LC3-II
were normalized to that of GAPDH. Data are presented as mean ± SEM of 3
replicates in a representative experiment (**p ＜ 0.01, ***p ＜ 0.001, n.s. not
significant ).

4.3.4

E4 promoted the α-synuclein degradation and protected neuronal

cells against MPP+ neurotoxicity
MPP+ (1-methyl-4-phenylpyridinium) is reported to accumulate in mitochondria
and induce ROS formation, eventually caused cell damage (175). Moreover, recent
studies revealed the role of MPP+ in regulating TFEB and autophagy process.
Exposure to MPP+ impaired autophagosomes degradation and activating GSK3β
that negative regulating TFEB (98, 176, 177). To evaluate the neuroprotection of
E4 in the PD in vitro models, we used the MPP+- induced toxicity model. Firstly,
we treated PC12 cells with different concentration of MPP+ to confirm its capability
to induce cell death (Figure 4.6A). MPP+ treatment significantly and dosedependently reduced cell viability. We used 1 mM of MPP+ as our final
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concentration to test neuroprotection effects of E4. PC12 cells were pre-treated with
E4 (0.4, 0.6, 1 μM) and E4 (1 μM) with CQ for 6 hours, and then add MPP+ (1 mM)
for additional 48 hours. E4 pretreatment prevented PC12 cells from MPP+ induced
cytotoxicity while CQ co-treatment abrogated E4’s neuroprotective effect (Figure
4.6B). Light microscopic images showed the morphological changes induced by
MPP+ or MPP+ and E4 (Figure 4.7). These experimental data showed the
neuroprotective effects of E4 against MPP+ cytotoxicity.
α-synuclein is an important biomarker of PD, thus, another in vitro PD model we
used is overexpression α-synuclein cell model. We transfected A53T α-synuclein
plasmid in N2a cells and treated cell with E4 for 24 hours. The western blot results
showed that E4 decreased A53T α-synuclein dose-dependently. In sum, E4 showed
good neuroprotective effects in both in vitro PD models.

Figure 4.6 E4 protect PC12 cells against MPP+ induced cell death. (A)
Establishment of MPP+ induced cytotoxicity model in PC12 cells. PC12 cell were
treated with different concentration of MPP+ (0, 0.25, 0.5, 1, 2, 4, 6 mM) for 48
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hours. The cell viability was measured by Alamar blue assay. Data are presented as
mean ± SEM of 3 replicates in a representative experiment. (B) PC12 cells
pretreated with E4 at the indicated concentration or with lysosome inhibitor CQ for
6 hours and then co-treatment with MPP+ (1 mM) for another 48 hours. The cell
viability was measured by Alamar blue assay. Data are presented as mean ± SEM
of 3 replicates in a representative experiment. (**p＜0.01, ****p＜0.0001, #p＜
0.05 )

Figure 4.7 E4 protected PC12 cells against MPP+ induced cell death. Bright
field images showed morphological changes induced by MPP+ or MPP+ and E4.
Scale bar: 50 μm.
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Figure 4.8 E4 promote α-synuclein degradation in N2a cells. (A) N2a cells
transfected with A53T α-synuclein plasmid for 48 hours and then treated with E4
for 24 hours. Representative blots showed E4 treatment decreased the A53T αsynuclein expression. (B) Relative intensity of α-synuclein was normalized to that
of β-actin/ACTB. Data are presented as mean ± SEM of 3 replicates in a
representative experiment (***p＜0.001).

4.4 Discussion
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phosphorylation sites is complex. TFEB was phosphorylated by many kinases, such
as GSK3, mTOR and ERK, and inactive in the cytoplasm (178). mTOR kinase is
one of the most important regulators for TFEB subcellular distribution by
controlling its phosphorylation (93). Phosphorylation site of ser142 is regarded as
an essential site for mTORC1 regulating TFEB at the surface of lysosome
membrane. We have found that E4 can inhibit p-TFEB (Ser142), which may
indicate the inhibition of mTORC1 (Figure 4.3). Naturally, immunostaining results
have demonstrated the E4 reduced mTOR and LAMP1 colocalization (Figure 4.4).
We further confirmed that E4 inhibit mTOR activity by western blot assay (Figure
4.1& 4.2).
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Although we demonstrated that E4 inhibits mTOR and at the same time, activate
TFEB. The correlation between these two effects needs deeper investigate. Thereby,
we constitutively activated mTOR by knockdown TSC2 (179), an essential
upstream kinase of mTOR, correct the downregulation of p-P70SK6 kinase and
abrogate the increase of LC3-II level that modulates by E4 treatment (Figure 4.5).
Taken together, our data revealed that E4 activates TFEB via inhibiting mTOR
activity.

To date, there are no cure methods for PD treatment. Therefore, a novel therapeutic
target is highly desirable. Due to the severe dysregulation of autophagy was found in the
PD patient brain, the autophagy and lysosome biogenesis were discovered that involved
in the development of PD. It have been widely investigated that pharmacological
enhancement of autophagy mitigated PD-related neurodegeneration and show
neurotrophic effect in PD models have been widely investigated. For example,
rapamycin, a well-known autophagy inducer, protected neuronal death in 6-OHDA
induced PD models (180). However, further study of lysosome deficit in PD patient
brain drives demand for raising lysosome activity in therapeutic strategies. Thus, TFEB,
the transcription factor which regulates both autophagy and lysosome biogenesis gene,
has drawn increasing attention. Some researches considered regulation of TFEB as a
new therapeutic approach for PD whereas very few TFEB activators have been
demonstrated to show neuroprotective effect in PD experimental models. Therefore, we
further examined the neuroprotection of E4 in different PD cell models.
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Major cell models of PD is overexpressed α-syn model and neurotoxins induced
cytotoxicity model. MPP+ is one of the most common toxins that used for inducing
neuronal cell death Recent studies indicated that MPP+ impaired the autophagy flux
and induced α-syn aggregation (177, 181, 182). Additionally, MPP+ treatment also
found decreased the LAMP1 level in human dopaminergic BE-M17 neuroblastoma
cells, as well as in MPTP treated mice brain (77). As a result, MPP+ cell model might
be an appropriate model for studying the protection of PD. Aggregation of α-syn
has been reported to block autophagy flux whereas enhance autophagy might
promote α-syn degradation (181, 183).

We determined the protective effects of E4 in both PD cell models. Our results have
shown that E4 could promote the degradation of α-syn (Figure 4.8) and rescue
neuronal cells from MPP+ induced toxicity, while co-treatment with autophagy
inhibitor CQ attenuate neuroprotective effects of E4 (Figure 4.6& 4.7). To sum up,
the basis of E4 induced TFEB nuclear accumulation is through mTOR inhibition.
E4 have exerted good neuroprotective effects in PD cell models.
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Chapter 5
Self-carried nanoparticles of E4
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5.1 Introduction

In fact, water solubility is the main obstruction of drugs development to delivery to
the brain (184). At present, nanotechnology is the most widely and effective
approach to enhance water solubility. Drug nanoparticles (NPs) can achieve a high
ratio of surface area to volume since reducing the particle size (108). The use of
nanocarriers such as liposome is capable to encapsulate the hydrophobic and
hydrophilic molecules in the bilayer liposome vesicles and increase the drug
solubility (112). However, in many cases, the preparation of nanocarriers are
required multiple steps and complex processes (185). Besides, the use of some toxic
organic compounds in preparation may also have side effects (186). The safety
concerns of nanocarriers are mainly from the toxicity caused by carriers and their
biodegradation problems. For instance, silica nanoparticles (SiO2-NPs) were reported
to induce neurotoxicity and caused the loss of the dopaminergic neurons (116).

Furthermore, there are still some problems with using nanocarriers such as low drug
loaded capacity (normally ≤10%) and autophagy and lysosome dysfunction also
have been reported to be caused by nanomaterials (187). To address these issue,
self-carried nanoparticles, which also refer to self-assembly nanoparticles is an
emerging method to synthesize pure nanodrug (PNDs) which enhance the
potentially clinical application of nanomedicines (188).

Many chemotherapeutic candidates like doxorubicin and curcumin have been well
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studied for PNDs to enhance the anticancer therapy whereas the application of
PNDs is few in the treatment of PD (189, 190). Recently, a breakthrough reprecipitation method has been successfully demonstrating for developing PNDs
that sizes below 100 nm (119).

In this chapter, we aim to develop an E4 self-carried pure nanodrug (NanoE4) by
re-precipitation method and evaluate its effects on TFEB activation and autophagy.
We further confirm the neuroprotective effects of NanoE4 in various PD in vitro
models.

5.2 Material and methods
5.2.1 Reagents and antibodies
Tetrahydrofuran, doxycycline (D9891) and anti-Flag (F1804) antibody were
purchased from Sigma. Anti-LAMP1 (AB24170) antibody was purchased from
Abcam Company. Anti-α-synuclein (2628S) antibodies were purchased from Cell
Signaling Technology Company. LysoTracker® Red DND-99 (L-7528) alamarBlue™
Cell Viability Reagent (DAL1025) were purchased from Life Technologies.

5.2.2

Preparation of the E4 pure nanodrugs (NanoE4) and dye-doped E4

nanodrugs (E4-TPAAQ NPs).
NanoE4 was prepared using a well-documented reprecipitation method (120). In a
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typical procedure, 2 mg/mL solution of E4-molecules dissolved in THF was prepared.
400 µL of the E4 THF solution was dropped into 5 mL of deionized water under
vigorous stirring at room temperature for 10 min, subsequently, the E4-NPs suspension
was blown with nitrogen for 10 min and sonicated for another 20 min under room
temperature. For the preparation of E4-TPAAQ NPs, 2 mg/mL E4 and TPAAQ (weight
percentage of E4 is 50%) in THF were prepared. E4-TPAAQ mixed solution (400 µL)
was quickly dropped into deionized water (5 mL) under the same fabrication process
indicated above. Afterwards, the as-prepared NPs were freeze-dried and stored at 4 ℃
for future use.

5.2.3 Characterization of NanoE4 and E4-TPAAQ NPs.
Sizes and morphologies of the E4-NPs and E4-TPAAQ NPs were examined with SEM
(Scanning electron microscope) (HITACHI S-4300) and TEM (Transmission electron
microscope) (JEM2100). SEM samples were prepared by drying the nanoparticles onto
a Si substrate followed by a 2 nm layer of Au coating. Hydrodynamic sizes of the NPs
were measured in aqueous solutions using a DLS instrument (Malvern Zetasizer Nano
ZS). Ultraviolet-visible (UV-vis) and fluorescence spectra were respectively recorded
with a Hitachi U-3900 and a Hitachi F4600 systems.

5.2.4 Immunostaining
Cells were seed on coverslips placed in 24-well plates. For autophagy flux
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assessment, N2a cells were transfected with tfLC3 plasmid for 24 h and then treated
with the indicated drugs. For cell uptake assay, N2a cells were treated with E4TPAAQ NPs for 2 hours and then fixed cells with 4% PFA. The TPAAQ
fluorescence were record with a confocal Laser Scanning Microscope. For
colocalization detection, cell were added with E4-TPAAQ NPs for 4 hours and
during the last 1 h of drugs treatment, 50nM LysoTracker green DND26 added to
plates. Cells were fixed with 4% PFA and stained with DAPI for 5 mins. The
coverslips sealed with mounting medium. Fluorescence were record with a confocal
Laser Scanning Microscope.

5.2.5 Western blotting
The protocol is the same as 4.2.4

5.2.6 Alamar blue assay
The protocol is the same as 4.2.6

5.2.7 Statistical analysis
Each experiment was performed at least 3 times, and the results were presented as
mean ± SEM. Student’s t-test or One-way analysis of variance (ANOVA) followed
by the Student-Newman-Keuls test using GraphPad Prism 7.0 software packages.
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A probability value of P < 0.05 was considered statistically significant.
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5.3 Results
5.3.1 Characterization of E4 self-carried nanoparticles
We aimed to evaluate the neuroprotective effect of E4 in the in vivo PD model.
However, E4 is poor water soluble and cannot pass the brain-blood barrier (BBB)
to get into the brain, which hindered its further application in the treatment of PD.

In order for enhancing the bioavailability and water solubility, we have developed
a self-assembled pure nanodrug without using further surface modification, and
self-carried E4 nanoparticles (NanoE4) were prepared by a reprecipitation method
as discovered recently (119, 120). Both transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) images demonstrated NanoE4 in the form
of well-defined and monodispersed nanospheres (Figure 5.1).

A beam of green laser shines through the NanoE4 sample showing a fine suspension
from the NPs via the Tyndall effect comparing with E4 molecules in tetrahydrofuran
(THF) (Figure 5.2). Thus, the self-carried nanoparticles solved the poor water
solubility problem of E4. Dynamic light scattering measurement (DLS) showed a
hydrodynamic diameter of 88.4 nm and a polydispersity index (PDI) value of 0.149
for NanoE4 (Figure 5.3A). The high negative zeta potential (Figure 5.3B)
represented the high stability of NanoE4 in water owing to the electrostatic
repulsion between the NPs. After nanosized the E4 molecules, the water solubility
of E4 increased to around 4mg/mL.
80

Figure 5.1 TEM and SEM images for NanoE4. (A) SEM image of NanoE4; scale
bar is 200 nm. (B) TEM images of NanoE4

Figure 5.2 Tyndall effect in solution of NanoE4. Images display that a beam of
green laser shines through the samples showing scattering from the NanoE4 via the
Tyndall effect.
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Figure 5.3 Characterization of NanoE4. (A) DLS and PDI measurements of the asprepared NanoE4 in deionized water. (B) Zeta potential of the NanoE4 in aqueous
medium.
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5.3.2 Characterization of E4-TPAAQ self-carried nanoparticles
In order to track NanoE4 release in vitro and in vivo, we further measured the
absorption and emission of NanoE4. Interestingly, the absorption fluorescence
results showed that NanoE4 exhibit the strong aggregation-caused quenching effect
(ACQ) due to π-π stacking of the planar molecule within the NPs (Figure 5.4). NanoE4
have much weak emission compared with E4 molecules. Therefore, we fabricated E4TPAAQ NPs by co-reprecipitating E4 molecules with the reported fluorescent organic
compound TPAAQ (2,6-Bis[4-(diphenylamino)phenyl] anthraquinone) (191) (Figure
5.5 A). TPAAQ is an adduct of triphenylamine (TPA) and anthraquinone (AQ). TPAAQ
NPs exhibits the strongest emission at 650 nm, while TPAAQ molecules are nearly
nonfluorescence. The SEM image (Figure 5.5 B) and DLS results of E4-TPAAQ NPs
present a hydrodynamic diameter of 182.5 nm and a PDI value of 0.357 (Figure 5.5 C),
showed similar characteristics as NanoE4.

Moreover, we also analyzed NanoE4 and E4-TPAAQ NPs by LC/MS method (Figure
5.6). Two nanoparticles showed the same peaks at around 4.3 mins compared to E4
molecules manifest the same properties of two NPs. We also measured the cell uptake
of E4- TPAAQ NPs in N2a cells after 2 hours of treatment (Figure 5.7). Real-live
confocal laser scanning microscopy (CLSM) was used to record the cell images. Our
results showed that E4-TPAAQ NPs colocalization well with lysosomes (Lysotracker
green staining), indicating that E4-TPAAQ NPs mainly released by lysosome after
uptake by cells (Figure 5.8).
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Figure 5.4 Emission and absorption spectra of NnaoE4. (A) The photograph
showed the fluorescence of free E4 molecules and NanoE4 in deionized water. (B)
Absorbance and fluorescence spectra of free E4 molecules dissolved in THF and
NanoE4 in deionized water.

84

Figure 5.5 Chemical construction of TPAAQ and characterization of E4TPAAQ NPs. (A) Chemical structure of TPAAQ (B) SEM image of E4-TPAAQ
co-drup nanoparticles. (C) DLS and PDI measurements of the as-prepared E4-TPAAQ
NPs in deionized water.
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Figure 5.6 LC/MS results of E4 molecules, NanoE4 and E4-TPAAQ NPs
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Figure 5.7 Cell uptake of E4-TPAAQ in N2a cells. N2a cells were incubated with
co-drop nanoparticles E4-TPAAQ NPs for 2 hours and the fluorescence of E4TPAAQ NPs in live N2a cells was observed by Confocal Laser Scanning
microscope. Scale bar: 15 μm.
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Figure 5.8 Confocal images of colocalization of Lysotraker green and E4TPAAQ NPs. N2a cells were incubated with E4-TPAAQ NPs for 2 hours and add
Lysotraker (50 nM) for 30 mins. The cells were washed with PBS and fixed with
4% PFA. Incubated with DAPI for 5 mins and slides were covered with Dako
mounting medium. The fluorescence was captured by Confocal Laser Scanning
microscope. Scale bar: 15 μm.
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5.3.3

E4 self-carried nanoparticles promote TFEB nuclear translocation

and induce autophagy flux
To further validate NanoE4 is applicable for evaluating the neuroprotective effect in vivo
PD models. We assessed the capability of NanoE4 in promoting TFEB nuclear
translocation and inducing autophagy. We first examined the cell viability of E4
molecules and NanoE4 at the same concentrations (Figure 5.8). We found that NanoE4
displayed lower toxicity in cells when compared with free E4 molecules. Eventually, by
comparing with E4 molecules, we choose 4 μM as the final concentration of E4 NP in
cell studies.
As shown in Figure 5.9, after treatment of cells with NanoE4 (4 μM) for 48 hours, there
was a significant TFEB nuclear accumulation in CF-7 cells as demonstrated by
immunofluorescence results. Next, we measured the LAMP1 and LC3-II protein levels
in N2a cell after treatment with NanoE4. As expected, NanoE4 increased LAMP1 and
LC-II levels dose dependently. E4 molecules and Torin 1 were used as positive controls
(Figure 5.10). Furthermore, NanoE4 treatment markedly increased red only puncta in
N2a cells stably expressing GFP-RFP-LC3 (Figure 5.11). Taken into account, NanoE4
showed the same pharmacological effects of E4 to activate TFEB and to induce
autophagy flux.
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Figure 5.9 The cell viability of NanoE4 and E4 molecules in N2a cells after 48
hours of incubation. N2a cells incubated with different concentration free E4
molecules and NanoE4 for 48 hours. Data are presented as mean ± SEM of 3
replicates in a representative experiment. **p < 0.01. ****p < 0.0001
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Figure 5.10 NanoE4 promoted the TFEB nuclear translocation. (A) Treated CF7 cells with NanoE4 (4 μM) for 48 hours and stained with anti-Flag antibody.
Representative images are shown. Scale bar: 25 μm. (B) Quantification of the
number of cells with nuclear TFEB localization. Data are presented as mean ±SEM
of 3 replicates in a representative experiment. **p < 0.01.
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Figure 5.11 NanoE4 increased LAMP1 level and LC3-II level in N2a cells. (A)
After being treated with NanoE4 (4 μM), E4 (0.8 μM) and positive control Torin1
(250 nM) for 48 h, the expression of LAMP1 and LC3B were assessed by Western
blotting. (B) Relative intensity of LAMP1 and LC3-II are normalized to that of
ACTB/β-actin. Data are presented as the mean ± SEM from 3 independent
experiments. *p< 0.05. **p < 0.01. ***p < 0.001
.
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Figure 5.12 NanoE4 induced autophagy flux. N2a cells stably express tf-LC3
plasmid treatment with NanoE4 for 48 hours. The cells were fixed with 4% PFA and
fluorescence were captured by the confocal microscope. Scale bar: 25 μm.

93

5.3.4

E4 self-assembly nanoparticles protected neuronal cells in different

PD cell experimental models
In the previous study, we identified that NanoE4 promoted TFEB and induced
autophagy. Next, we investigate whether NanoE4 also exhibits the same neuroprotective
effects in PD cell models as E4 did. We observed NanoE4 displayed similar effects on
reducing α-synuclein and protecting (Figure 5.12) the cell injury against MPP+ toxicity
(Figure 5.13). In summary, NanoE4 is suitable for evaluating the neuroprotective effect
on the in vivo PD models.

Figure 5.13 NanoE4 promoted the degradation of α-synuclein. (A) Inducible
PC12 cells were induced by doxycycline and treated with different concentrations
of NanoE4 for 48 hours. Cell lysates were subjected to western blot assay.
Representative images are shown. (B) Relative intensity of α-synuclein was
normalized to that of ACTB/β-actin. Data are presented as the mean ±SEM from 3
independent experiments. *p < 0.05.
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Figure 5.14 NanoE4 prevented cells from MPP+ induce cell death. (A) PC12
cells pretreated with NanoE4 at indicated concentration and then co-treatment with
MPP+ (1 mM) for another 48 hours. The cell viability were measured by Alamar
blue assay. Data are presented as mean ± SEM of 3 replicates in a representative
experiment. *p ＜ 0.05, ***p ＜ 0.001. (B) Bright field images showed
morphological changes induced by MPP+ or MPP+ and NanoE4. Scale bar: 50 μm.
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5.4 Discussion
Poor water dissolvability is an industry wide issue, it is reported that approximately
40% of the pharmaceutical industrial compounds are poor water soluble (192). A
restricting limitation factor to the in vivo execution of poor water soluble drugs is
not sufficiently wetted by and broken up into fluid in the gastrointestinal (GI) after
oral administration (184). Therefore, expanding the dissolution rate of ineffectively
water soluble drugs is an important and noteworthy challenge for drug development.
Accordingly, decrease the particle size and expanding the surface region will
attenuate the poor water solubility (193). Nanotechnology has been characterized
as the technology that controls and fabricate structures and devices into the
“nanometer” size range. Therefore, nanotechnology now considered as a new drug
delivery strategies (194, 195). The molecules that hard to be modified by the routine
method could be formulated as drug nanoparticles by various nanotechnology. The
small size and improved solubility provided a new door of low water solubility
drugs in biomedical application.

During the past three decades, the pharmaceutical industry has developed and
marketed several nanoparticlate pharmaceuticals that are mainly intravenous
products, for example, intravenous liposomal items (Doxil®, AmBisome®)(196).
However, the failure of high drug loading, the complex processing, and confined
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nanoformulations. Recently, the self-carried pure nanodrug of molecules is an
alternative strategy for drug development.

In this study, we developed E4 self-carried pure nanodrug (NanoE4) to increase the
poor water solubility of E4. A well-document reprecipitation method was used to
prepare NanoE4. The TEM and SEM images of NanoE4 exhibited as wellcharacterized and monodispersed nanospheres (Figure 5.1). The Tyndall effect of
NanoE4 dissolving in the water is showing a good suspension of NanoE4 which
solved the poor water solubility of E4 (Figure 5.2). Other characterizations of
NanoE4 including dynamic light scattering (DLS), polydispersity index (PDI) and
high zeta potential demonstrated the success of synthesizing E4 self-carried
nanoparticles (Figure 5.3).

However, due to π-π stacking of the planar molecule within the NanoE4, it displayed a
strong aggregation-caused quenching effect (ACQ) and had very weak emission
(Figure 5.4). Thus, new co-drop nanoparticles E4-TPAAQ NPs were used for tracking
NanoE4 release and distribution in vitro and in vivo (Figure 5.5). Further investigation
in cells showed that E4-TPAAQ colocalizated with Lysotraker and indicated that NPs
released by lysosome in N2a cells. Besides, the pharmacological effects of NanoE4 were
also estimated.
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Nanoparticles have reported to induced autophagy in some cases but mainly focus on
anti-tumor therapeutic strategies (197, 198). For instance, TiO2, ZnO, and Ag NPs have
been well reported that involved in the autophagy in cancer cell lines (199). Recently,
Ag NPs also found to promote the TFEB nuclear translocation which is essential for Ag
NPs induced cytotoxicity (200). However, the nanoparticles that activate TFEB or
autophagy were rarely reported to against neurodegenerative disease such as PD. Here,
our data suggested that NanoE4 promoted the TFEB nuclear translocation (Figure 5.10)
and also induced autophagy (Figure 5.12). Importantly, NanoE4 exhibited good
neuroprotective effects against MPP+ induced cell death. Besides, NanoE4 was proved
to promote the degradation of α-synuclein (Figure 5.13& 5.14).

Taken all together, the formation of NanoE4 pure drug overcame the low water
dissolving problem of E4 molecules. Meanwhile, our self-carried nanoparticles of E4
constitute a novel discovery of nano-TFEB activator. The experimental data provided
the evidence to develop NanoE4 as the TFEB activator that may have a therapeutic
effect for the treatment of PD.
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Chapter 6
Neuroprotective effect of NanoE4 in MPTP-induced PD
animal model
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6.1 Introduction
Parkinson’s disease (PD) is the neurodegenerative disease characterized by slowing
degradation of dopaminergic neurons and misfolded α-synuclein protein (201).
MPTP is widely used as the animal model of PD since MPTP is the only neurotoxin
that caused almost all of the severe parkinsonian symptoms in both human and other
primates (202).

MPTP (1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride) is highly
lipophilic and could easily acrosses the blood-brain barrier (BBB) (203). MPTP is
nontoxic whereas its metabolite MPP+ (1-methyl-4-phenyl-2,3-dihydropyridinium)
is active toxic. The metabolism of MPTP to MPP+ is mainly through the enzyme
monoamine oxidase B (MAO-B) (204). The mechanism that MPP+ induces
neuronal cells death is still under investigation. Recent work has found that
exposure to mid MPP+ leads to the impairment of autophagy and lysosome
depletion, indicating the potential therapeutic effect of targeting ALP (autophagylysosome pathway) (177).

We used the MPTP-induced PD mice model to measure the neuroprotective effect
of NanoE4, however, the drug delivery route is another problem we need to solve.
Recently, intranasal administration is an emerging route to deliver nanoparticles and
benefit drugs to bypass the blood- brain barrier (BBB) (205). BBB contains
impermeable endothelial cells with tight junctions and separates the circulating
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blood from the brain and extracellular fluids in the central nervous system (CNS).
Due to the tight junctions of BBB, many drugs failed to get into the brain to exert
therapeutical effects through normally administration routes such as intravenous
and intraperitoneal injections (206). Therefore, the nose to brain route (intranasal
route) has attracted many attentions.

Generally, the nose to brain delivery of different drug will depend on different
absorption pathways, which is highly dependent on the characteristics of drugs
(207). The olfactory epithelium is a small region located on the top of the nasal
cavity. The primary olfactory neurons are in contact with the environment in the
nasal cavity and they are also in communication with their axons with the olfactory
bulb in the brain. Particles smaller than 1 mm are more efficient in penetrating
through mucosal barriers (133). Their small diameters potentially allow
nanoparticles to be transported transcellularly through olfactory neurons to the
brain.

In the chapter, we gave NanoE4 through intranasal administration and injected
MPTP by i.p. administration. We aimed to investigate the neuroprotective effects
of NanoE4 in MPTP PD model.
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6.2 Material and methods
6.2.1 Regents
MPP+ (1-Methyl-4-phenylpyridinium iodide) (D048), MPTP (1-Methyl-4-phenyl1,2,3,6-tetrahydropyridine hydrochloride) (M0896) were purchased from SigmaAldrich. Anti-Tyrosine Hydroxylase (TH) antibody (AB152) was purchased from
Merck Millipore. Anti-α-syn (2628), anti-phospho-mTOR (Ser2448) (2971S) and
anti-mTOR (2972S) were purchased from cell signaling technology. Anti-GAPDH
(GTX100118) antibody was purchased from GeneTex Company. Anti- LC3B (NB1002220) was purchased from Novus Biologicals. Goat anti-rabbit (G21234) secondary
antibodies and Alexa Fluor®594 goat anti-Rabbit IgG (A-11034) were purchased
from Life Technologies. VECTASTAIN Elite ABC kit (PK-6101) was purchased
from VECTOR LAB.

6.2.2 Animals
All animal care and experimental procedures were approved by the Hong Kong Baptist
University Committee on the Use of Human and Animal Subjects in Teaching and
Research. The 6 weeks C57BL/6 (body weight 25±3 g) mice were purchased from
Hong Kong Chinese University and acclimated to the laboratory environment for 2
weeks before the experiment. They were housed at temperature-, humidity- and lightcontrolled environment, under 12-h night/12-h dark conditions with a libitum access
to food and water.
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Mice were treated with intranasal administration of 2 mg/kg NanoE4 every two days
within 15 days. NanoE4 drug treatment started 5 days prior to the first MPTP injection.
The intraperitoneal injection of MPTP-HCl (30 mg/kg/day free base in saline) was
administrated for six consecutive days (208). The behavior learning and studying were
started on day 6 and mice were sacrificed at day 9.

6.2.3 Open Field Test.
The Open Field (OF) test is a commonly used assay for monitoring exploratory behavior
and locomotor activity. The activity chamber was 25×25×30 cm, made of clear Plexiglas
and covered with a Plexiglas lid with holes for ventilation. The mice were placed in one
designated corner of the open field and record its activity during the subsequent 5 min.
Data were collect by Sony Net5 camera and analyzed by image J and MouseMove
program (209).

6.2.4 Rotarod test.
Mouse motor coordination was evaluated by using a rotarod apparatus. Before recording,
all mice were trained on the rotarod (4 to 10 r/min in 300 s linearly) for 300 s. This
training process was performed for more than 3 rounds to train all mice to walk on the
rotarod. After drugs and MPTP treatment, the rotarod test was conducted at a uniformly
accelerating speed from 4 to 40 r/min in 300 s, and the latency to fall was recorded
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automatically (210). The SeDaCom software for visualizing the data was purchased
from Panlab at Harvard University.

6.2.5 In Vivo imaging of tissue distribution studies.
The in vivo biodistribution of the co-doped E4-TPAAQ NPs in C57BL/6 mice was
performed using IVIS Lumina XR small animal imaging system (Caliper Life
Sciences). After intranasal E4-TPAAQ NPs and saline for 24 h, mice are sacrificed
and major organs including brain, liver, spleen, kidney, lung, and heart carefully
removed for visualization under the imaging system.

6.2.6 Perfusion and tissue processing
For biochemical analysis, brain regions of interest were rapidly dissected, frozen in
dry ice and stored at -80 °C. For histological analysis, mice were anesthetized using
chloral hydrate (400 mg/kg, i.p.) and then transcardially perfused with 0.1M PBS,
followed by 4% paraformaldehyde (PFA) dissolved in PBS, pH 7.4. After perfusion,
the brains were collected and post-fixed in 4% PFA for 24 h. For dehydration, the
brain was transferred to 10% sucrose (10% w/v in 4% paraformaldehyde PBS
solution) for 48h. Then, the brains were transferred to a 30% sucrose solution (30%
w/v in 4% paraformaldehyde PBS solution) and allowed to sink to the bottom. After
cryoprotection, the brain tissues were cut into 30 μm sections on a cryostat
(CryoStar NX70, Thermo Scientific), and the sections of interest were stored in
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PBST at 4 C until analysis.

6.2.7 TH staining for brain sections
Midbrain sections (thickness 30 μm) were incubated with 1% H2O2 for 10 mins to
quench the endogenous peroxidase activity. After washed with 0.3% Triton-X, the
sections were blocked with horse serum for 30 mins and then incubated with TH
antibody (1:300) overnight at 4°C. Next, the sections were incubated with ABC®
Elite (VECTOR, Burlingame) secondary biotinylated goat anti-rabbit IgG for 30
mins at room temperature and incubated with 3,3’-diaminobenzidine (DAB) for 5
min. The sections were air-dried and mounted with Leica mounting buffer. Brain
slices were then observed under Leica LMD 7000 Laser Microdissection System.

6.2.8 Immunostaining for brain sections
Brain sections (30 μm) were washed with PBS twice and then incubated with 2% BSA
for 2 hours. Next, the section was incubated with anti- α-synuclein antibody (1:300) at
4% overnight. After incubated with the first antibody, remove the antibody and washed
with PBS for twice. Alexa Fluor® 594 (Red) secondary antibodies (1:1000) were
added for 1 h at room temperature. Sections were stained with DAPI for 5 mins and
transfer to the slides, air-dried. The slides were mounted with histofluid mounting
medium (6900002, Paul Marienfeld) and then observed under API DeltaVision
Personal Imaging system.
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6.2.9 Western blotting
Animal brain samples were homogenized in 9 volumes of ice-cold TBS supplemented
with 1% Triton-X (T9284, Sigma-Aldrich) and protease inhibitor. The homogenates
were centrifuged for 20 mins at 15,000xg, after centrifuge, collect the supernatants
and pellets respectively. For verifying the level of aggregate α-synuclein, TBS buffer
with 1% SDS (L3771, Sigma-Aldrich) and protease inhibitor was added to pellets parts,
which allowed identification of the aggregate protein. Protein concentrations were
determined by Bio-Rad Bradford assays using bovine serum albumin (BSA) as
standard. Proteins were separated by 10-15% SDS-PAGE, transferred, and blotted
with the antibodies described. The blots were then incubated with primary and
secondary antibodies. The protein signals were detected by the ECL kit (Pierce,
32106) and quantified using ImageJ software.

6.2.10 Statistical analysis

Student’s t-test or One-way analysis of variance (ANOVA) followed by the StudentNewman-Keuls test using GraphPad Prism 7.0 software packages. A probability value
of P < 0.05 was considered statistically significant.
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6.3 Results
6.3.1 Established the MPTP –induced PD mice model

MPTP could be given by various administration routes, such as oral and stereotaxic
injection into the brain, however, the most common and reliable administration is
i.p injection (intraperitoneal injection). The differences in age, gender and body
weight may affect the reproducibility and sensitivity of MPTP lesion (211).
According to previous studies, the 8 weeks male mice and body weighing over 22g
are the most reproducible regimen for MPTP model establishment.

There are three different injection models: acute, subchronic and chronic MPTP
models for PD animal studies. Acute treatment: 20 mg/kg, four times injection in
one day, 2 h per injection (212); Subchronic treatment: 30 mg/kg per day for 5-10
days (213); Chronic treatment: 15-20 mg/kg, three times one week for 4-6 weeks
(214). Among these models, the subchronic model is the most common one to
evaluate neuroprotective effects which caused 40-50% depletion of striatal
dopamine. We established MPTP models by i.p. injection MPTP (30 mg/kg) per
day for 6 days.

107

6.3.2

E4 NPs intranasal administration help E4 NPs bypass the Brain blood

barrier
BBB is the primary obstacle to delivering NanoE4 to the brain. Recent studies have
demonstrated that intranasal administration is an efficient route for delivering
therapeutic target agents into the central nervous system and for treating
neurodegenerative diseases, bypassing the BBB (126, 130, 133). Therefore, we used
intranasal administration to deliver NanoE4 into brain and investigated its
neuroprotective effects in a PD model.

E4-TPAAQ NPs were used to track whether nanoparticles successfully bypassed the
BBB. We treated animals with E4-TPAAQ NPs by the intranasal route and measured
the fluorescence of E4-TPAAQ NPs in different organs after 24 hours (Figure 6.2). Our
results demonstrated that the majority of NanoE4 spread to and accumulated in the brain
within 24 hours of administration.
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Figure 6.1 The biodistribution of E4-TPAAQ NPs in different organs after
intranasal administration for 24 hours. Fluorescence images of different mice
organs after intranasal administrated E4-TPAAQ NPs or saline for 24 h.
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6.3.3 E4 NPs treatment mitigated motor dysfunction in MPTP mice model

In our study, eight-week-old male C57BL/6 mice were injected intraperitoneally with
30 mg/kg MPTP for six consecutive days and treated with intranasal administration (i.n.
administration) of 2 mg/kg NanoE4 every two days within 15 days (Figure 6.2).
Behavior training started on day 6, and mice were sacrificed on day 9. Our results
showed that NanoE4 treatment did not affect animal body weight, indicating that
NanoE4 may be suitable for safe long-term use (Figure 6.3). Additionally, the open field
test and rotarod test showed that NanoE4 treatment could significantly mitigate the
motor dysfunction caused by MPTP (Figure 6.4).

Figure 6.2 Experimental timeline of the model establishment (i.p. injection of
MPTP at 30 mg/kg for 6 days), drug treatment (i.n. administration of saline or
NanoE4 at 2mg/kg for 7 days as indicated) and behavioral tests in MPTPinduced PD mouse model.
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Figure 6.3 The body weights of different treatment groups of mice. NanoE4 or
saline was intranasally administrated to C57/BL6 mice (n=10 per group) every two days;
body weights were measured every 7 days.
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Figure 6.4 The open field test results of different treatment groups of mice.
Representative track sheets of the open field test are shown. The latency to stay in the
central part in open field test was calculated by Mouse Move program; representative
data are shown (n=10 per group) (**p＜0.01)
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Figure 6.5 The rotarod test results of different treatment groups of mice. (A)
The machine used for the rotarod test. (B) The latency to fall of various groups as
assessed by the rotarod test. (**p＜0.01)

6.3.4

Nasal E4 NPs in MPTP PD models restored LC3-II decrease and

increase TH level
We further examined the protein level in corpus striatum after NanoE4 treatment by
Western blot assay (Figure 6.6). Results revealed a dramatic reduction of TH (Tyrosine
hydroxylase) in the MPTP group, but only a slight reduction of TH, a marker for
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dopaminergic neurons, in the MPTP+NanoE4 group.

We also measured the LC3-II and p-P70S6K levels in the three groups. Interestingly, in
the MPTP group, we observed a marked decrease of LC3-II, which represents the
inhibition of autophagy. In the NanoE4 treatment group we observed an increase in
LC3-II and inhibition of the p-P70S6K activity (Figure 6.6). These results indicated that
autophagy induction is involved in the neuroprotective effect of NanoE4.

Immunohistochemistry staining of TH in the striatum and SNpc further supported our
Western blot results that NanoE4 rescued dopamine neuron loss. TH staining signal
reduced in the mice of MPTP and co-treated with NanoE4 significantly increase the TH
protein level both in the striatum (Figure 6.7) and SNpc (Figure 6.8). This contrast
indicates NanoE4 can prevent dopaminergic neuron death.
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Figure 6.6 NanoE4 treatment increased TH and LC3-II levels while inhibited
mTOR level. (A) The expressions of TH, LC3, and p70S6K protein levels in the mice
brain striatum part were assessed by Western blot assay (B) Relative intensity of TH
and LC3-II are normalized to that of GAPDH. Relative intensity of p-p70S6K is
normalized to that p70S6K. Data are presented as the mean ± SEM from 5 mice
brain samples per group. *, p < 0.05. **, p < 0.01.
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Figure 6.7 NanoE4 rescued the decrease of TH+ positive dopaminergic neurons
in striatum induced by MPTP. (A) Mice midbrain sections (striatum) were stained
with for TH+ positive dopaminergic neurons. (B) Densitometric quantification of
intensity of TH+ positive dopaminergic neurons in the midbrain. (C) Forebrain sections
were stained (SNpc) for TH+ positive dopaminergic neurons. *, p < 0.05
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Figure 6.8 NanoE4 rescued the decrease of TH+ positive dopaminergic neurons
in SNpc induced by MPTP. (A) Forebrain sections were stained (SNpc) for TH+
positive dopaminergic neurons. (B) Densitometric quantification of intensity of TH+
positive dopaminergic neurons in SNpc of the forebrain. ***, p < 0.001
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6.3.5 E4 NPs decrease the α-synuclein aggregate in MPTP mice model
Accumulation of Lewy bodies is another hallmark of PD, and α-syn is the main
component of Lewy bodies. Therefore, we examined whether NanoE4 could reduce αsyn levels in the brain. Both immunostaining results and Western blot results showed
that the oligomeric α-synuclein fiber was remarkably increased in the striatum (Figure
6.9) and SNpc (Figure 6.10) of MPTP treated mice, but not in the MPTP+NanoE4
group. Overall, intranasal administrated NanoE4 exhibited good neuroprotective effects
on MPTP- treated mice as evidenced by improvement in behavior deficits, clearance of
α-syn, and reduction in dopamine neuron loss via autophagy induction.

118

Figure 6.9 NanoE4 promoted the degradation of α-synuclein in the striatum
which increased by MPTP injection. (A) Midbrain sections were stained with antiα-syn antibody. Fluorescence of α-syn (red) were captured by microscope.
Representative images are shown. Scale bar: 25 μM. (B) Quantification of intensity of
α-syn in the striatum. **, p < 0.01
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Figure 6.10 NanoE4 promoted the degradation of α-synuclein in SNpc which
increased by MPTP injection. (A) The expressions of aggregate α-syn in SNpc of
forebrain were examined by Western blot assay. (B) Relative intensities of α-syn are
normalized to that of GAPDH. **, p < 0.01
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6.4 Discussion
Interestingly, MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) was the only
neurotoxin found in the human first followed by the animal model for PD studies.
MPTP can cross the blood brain barrier easily and harm the dopaminergic neurons
in SNpc. In spite of the fact that MPTP itself is not toxic, type B monoamine oxidase
(MAO-B) changed it to MPP+ that binds to dopamine transporters (DAT) and
impaired the dopamine take up (215). After administration of MPTP, the mRNA
and protein level of α-syn in midbrain parts significantly increased, which is the
major characterization of PD. (216). In order to better replicate the main features of
PD, in specific that progressive nature of degeneration, we employed the mice PD
model of MPTP to estimate the neuroprotective effect of NanoE4.

First, we established the modified intranasal delivery system according to previous
studies. To evaluate the efficiency of this nasal delivery system, we treated mice
with E4-TPAAQ NPs intranasally. After 24 hours, the mice were sacrificed and the
fluorescence of different organs were observed in IVIS Lumina XR small animal
imaging system. The strong fluorescence accumulation in brain showed the good
capacity of intranasal route to deliver nanoparticles into brain (Figure 6.1).

Next, we evaluate the effect of NanoE4 in MPTP PD mice model by intranasal
delivered NanoE4. Rotarod test is the most widely used approach in the rodent
model of neurodegenerative disease for evaluating motor functions. The setting of
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the test starts at a speed of 4 rpm and accelerate to 40 rpm in 5 mins and the latency
before mice fall are recorded (217). Due to MPTP-induced neurotoxicity, mice in
the MPTP model group showed a shorter time to walk on the rods and exhibited
motor dysfunction. Whereas in NanoE4 and MPTP co-treatment group, the latency
of mice to fall significantly increase (Figure 6.5).

Open field test is another common motor assessment method used in PD (218). It
evaluates the reaction related to an unfamiliar environment: the exploration activity
because the mice have nature slant to stay close to the edge of a chamber (219). The
animal’s behavior can be recorded and analyzed for time spend within the center of
the chamber. The MPTP model group mice showed the increase of time spent in the
center and the mice in NanoE4 +MPTP treated group are spending more time in the
perimeter area (Figure 6.4). Hence, our data indicated that NanoE4 treatment
attenuated the MPTP-induced motor deficit.

Tyrosine hydroxylase (TH) is the rate limiting enzyme that catalyzes the conversion
of tyrosine into L-DOPA and became a marker for dopaminergic neurons in the
central nervous system (CNS) (220). The tyrosine-hydroxylase positive (TH+)
neurons were found dramatically decreased in PD patients (221). In our study, we
observed a markedly decrease of TH protein expression in the MPTP model group.
Meanwhile, the tyrosine-hydroxylase positive (TH+) neurons were lost in the
striatum and SNpc parts of MPTP model mice. Tyrosine-hydroxylase is the enzyme
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that catalyzes the conversion of the amino acid L-tyrosine to L-DOPA and present
in the central nervous system. Whereas co-treatment with NanoE4 significantly
increased the TH level (Figure 6.6-6.8). As we demonstrated that E4 promoted
autophagy, the LC3-II level of midbrain were also determined. We found that LC3II level decreased in the MPTP model group but increased in the NanoE4+ MPTP
group, indicated that NanoE4 induced autophagy in MPTP PD mice model. As
previous report, after MPTP treatment, α-syn increased significantly in striatum and
SNpc. NanoE4 treatment promoted the degradation of α-syn protein (Figure 6.9 &
6.10).

Collectively, the intranasal administration of self-carried E4 nanoparticles (NanoE4)
demonstrated significant therapeutic effects against behavior deficits, promoted
clearance of α-syn, and rescued dopamine neuron loss in MPTP-induced PD mice.
Our study demonstrates that NanoE4 as a TFEB activator holds great promise for
development into a disease-modifying drug for PD intervention.
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CHAPTER 7
GENERNAL DISCUSSION AND CONCLUSIONS
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7.1 Identify novel TFEB activator via mTOR inhibition
In this study, we discovered a novel TFEB activator E4 by screening synthesized
curcumin analogs. We have found that E4 strongly promoted TFEB nuclear
translocation and induced autophagy. Unlike other autophagy enhancers, E4 also
promoted TFEB-regulate lysosome biogenesis. The autophagy enhancement and
lysosome biogenesis increase of E4 depends on activation of TFEB since silencing
TFEB attenuated E4 increased LC3-II, LAMP1, CSTD level. Thus, E4 activate
TFEB to regulate the autophagy and lysosome biogenesis.

Torin 1, a well-known mTOR inhibitor that promotes TFEB nuclear translocation.
However, besides Torin 1, few chemicals have been reported to activate TFEB as an
mTOR inhibitor. In our study, we demonstrated that the basis of E4 activate TFEB is
main through inhibiting mTORC1 activity since constitutively activate mTOR by
knockdown TSC2 abrogated the increase of LC3-II and decrease of p-TFEB. Confirmed
that E4 induced TFEB activation mainly through inhibition mTOR. Our data indicated
that E4 promoted TFEB nuclear accumulation and induced autophagy through
inhibiting mTOR.

7.2 Modified intranasal route combined with self-carried nanoparticles is a
new drug delivery system for treating PD
The water insolubility of E4 is the major challenge for animal study. Nowadays, the
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use of nanocarriers, such as liposome, for increasing hydrophobic small molecules poor
water solubility has attracted much attention (111, 112). Nonetheless, the major hurdle
of nano-carried based delivery systems is the low drug loaded capacity. Besides, the
neurotoxicity might be caused by these nanocarriers raised concerns with the safety of
the carriers (222). Several reports demonstrated that nanocarriers induced neurotoxicity
in vitro and in vivo (186). One of the potential methods to address this issue is not to use
any carrier for drug delivery and develop pure nanodrugs that contain entirely of drug
molecules. Here, in our study, we used a well-documental reprecipitation approach to
develop E4 pure self-carried nanoparticles to increase water solubility.

BBB is a primary hurdle of drug delivering when targeting the brain and greatly
limited the clinical application of many drugs. Meanwhile, there are some claims
have been made in recent years that delivery nanodrugs through intranasal route
can significantly improve the drug brain permeability. Deliver drug nose to the brain
through a different pathway is highly dependent on the properties of drugs. But the
small diameter of nanoparticles allows it to transport transcellularly through
olfactory neurons to the brain (133, 207).

Our results have shown that E4 NPs perfectly solve the low water solubility of the
E4. Tracking NPs by immunofluorescence images indicated the benefits of
bypassing the BBB by gave the E4 NPs through intranasal administration. Whereas
oral administration pharmacokinetic (PK) study showed undetectable level E4 in
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the brain which demonstrates poor brain permeability of E4. Notably, it is
worthwhile to mention that nasal nanoparticles provide a new strategy to increase
drug bioavailability to bypass the BBB that may largely extend the clinical
application of brain disease drugs that may be impeded by BBB and water solubility.

7.3 Evaluate the neuroprotective effect of TFEB activator E4 in PD
experimental models
Although the induced mechanism of PD is still unclear, the neuronal cell death and
appeared aggregated α-syn are considered as the key cause of PD. TFEB is the major
regulator for lysosome biogenesis and autophagy process because it promotes the
transcription of lysosome and autophagy related genes. As TFEB deficit was also found
in the neurodegenerative disease progression, enhancement of TFEB is now regarded
as a new therapeutic target for treating PD. In our study, we identified E4 as a new TFEB
activator and it promotes α-syn degradation as well as prevent neuronal cell death. To
further study in PD animal model, we assembling E4 molecules into self-carried
nanoparticles which addressed the issue of poor water solubility and intranasal
administration solved the problem of low permeability. In the MPTP PD mice model,
NanoE4 also promoted α-syn degradation and increased tyrosine-hydroxylase positive
(TH+) neurons. Consequently, NanoE4 displayed the expected protective effect in
MPTP-induced PD in vivo model.
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7.4 Limitation and further work
We have demonstrated the important role of TFEB since TFEB monitoring autophagy
and lysosome biogenesis. Activating TFEB nuclear accumulation could trigger the
transcription of many autophagy relate genes and enhanced lysosome biogenesis.
Therefore, many lysosomal storage disorders (LSD) including multiple sulfatase
deficiency, Batten disease, has shown benefits from TFEB activation (223, 224). Similar
to PD, other neurodegenerative diseases related to protein aggregation such as
Alzheimer's disease (AD) and Huntington's disease (HD) also found the improvement
of behavior deficit by activating TFEB (225, 226). Therefore, in further study, we will
evaluate the neuroprotective effect of E4 on other neurodegenerative disorders such as
AD.

Another limitation for developing NanoE4 as anti-PD drug is hard to detect the
efficiency of NanoE4 released. We observed that NanoE4 uptake by cells, however, how
many E4 molecules relesased from lysosome is difficult to detect. Therefore, we need
to further investigate a new method to monitor the NanoE4 release efficiency before
developing NanoE4 as anti-PD drugs for clinical studies.

In this research study, we identified that E4 inhibited mTOR activity, however, the
primary target of E4 need to further investigation. We will identify the key kinase and
substrates of E4 in TFEB activation. Although the neuroprotective effect of E4 was
estimated in MPTP induce animal model. The mechanism of E4 in the animal model
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needs further investigation.
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