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ABSTRACT 

Autophagy is the major cellular, conservative, lysosomal catabolic 

process to eliminate and recycle intracellular waste and organelles through 

autophagosomes. Enhancing autophagy to promote the clearance of toxic 

proteins is developing as a promising approach to treat proteinopathy 

disorders like Alzheimer’s disease (AD). AD is the most common aging-

associated neurodegenerative disease. It is characterized by the 

aggregation of aberrantly hyperphosphorylated tau (p-Tau) and excessively 

produced Amyloid-beta (Aβ) into neurofibrillary tangles (NFTs), and amyloid 

plaques (AP) respectively. Reprogramming autophagy lysosomal pathway 

(ALP) through autophagy master controller, transcription factor EB (TFEB), 

is developing as an attractive strategy to treat AD. It is already proven that 

TFEB overexpression can promote Aβ and p-Tau lysosomal clearance, 

attenuate NFT and AP deposition and restore the behavioural deficits in AD 

mice models. Previously Song et al., 2016 have identified a small molecule 

curcumin derivative C1. They reported that C1 could bind to recombinant 

TFEB and enhance ALP both in vitro and in vivo conditions independent of 

mTOR inhibition.  In the current study, C1 is systematically evaluated for its 

bioavailability, anti-AD efficacy in vitro, and in vivo AD experimental models. 

To validate TFEB mediated anti-AD efficacy of C1 in vitro, we tested 

the C1 effect on amyloid precursor protein (APP) and p-Tau degradation in 

vitro neuronal AD cell culture models. In N2a cells overexpressed with APP 

(695) and EGFP-P301L tau plasmids, C1 induced APP, CTFβ, and Tau 

lysosomal degradation. To demonstrate the TFEB dependent autophagic 

clearance effects of C1, TFEB is silenced in N2a cells with lentiviral shRNA 
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particles. Under TFEB silenced condition, C1 induced reduction of FL-APP, 

CTFβ, and Tau was compromised. Overall In vitro experiments show that 

C1 induced lysosomal digestion of FL-APP, CTFβ, and p-Tau in a TFEB 

dependent manner. 

  

To further demonstrate C1 brain bioavailability, C1 and curcumin 

comparative pharmacokinetic studies (Pk study) in both mice (time course 

Pk study) and rat (single time point analysis) are conducted. In Pk studies, 

both C1 and curcumin are dosed at 10 mg/kg to determine their 

concentration in the whole brain (mice), separate brain regions (rat), CSF 

(rat), and plasma. The WinNonlin analysis of C1 and curcumin mice Pk 

study data revealed that C1 is significantly more bioavailable than curcumin 

in both brain and plasma, which is also corroborated by the single time point 

analysis in rats. To illustrate C1 anti-AD activity in vivo, C1 is screened in 

homozygous P301S (Tau), heterozygous 5xFAD (Aβ), and homozygous 

3xTg (both Aβ and Tau) AD transgenic mice models. These mice were 

started to treat with C1 before the onset of AD pathology until the AD 

pathological phenotype is expressed to cause impairment in mice 

behaviour. In mice behavioural examination, C1 treatment has significantly 

improved mice motor function (Rotarod-P301S), restored cognitive 

impairment related to the cortex (contextual fear conditioning-5xFAD), 

hippocampus (Morris water maze-3xTg) and improved cholinergic 

activation (open field-3xTg). In the brain biochemical examination, C1 

activated the TFEB mediated ALP pathway to degrade FL-APP, CTFα/β, 

Aβ, and p-Tau and reduced the amyloid plaque load, extra neuronal-NFT 
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positive cells. Notably, C1 treatment in 5xFAD mice has significantly 

restored hippocampal synaptic function. 

 In summary, the current study validates C1 as an orally bio-available 

potent small molecule TFEB activator which restores mice cognitive 

impairment, altered behaviour, and synaptic plasticity by reducing Aβ and 

tau levels in AD experimental models. Overall, the TFEB activator C1 can 

be a promising drug to treat AD. 

Key words:  Alzheimer’s disease, Curcumin derivative C1, Autophagy, 

TFEB. 
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CHAPTER 1. Introduction  

1.1 Alzheimer’s disease 

Alzheimer’s Disease (AD) is an irreversible and most common 

neurodegenerative disease, with progressive cognitive dysfunction and 

interferes with the necessary daily living skills most likely in older adults. 

Alois Alzheimer is a German physician who first identified the clinical and 

pathological features of AD in his patient Mrs. Auguste Deter. In Dr. 

Alzheimer’s observation, Mrs. Deter diagnosed with severe memory failure, 

incomprehensiveness, anxiety, and unruly behaviour, which indeed resulted 

in her early death. Dr. Alzheimer’s pathological examination of Mrs. Deter 

brain revealed significant brain loss and peculiar layered material in her 

cortex (1). He envisioned her dementia condition is due to amyloid plaques 

and neurofibrillary tangles, which were later considered as pathological 

hallmarks of AD (2). This observation enforced to conduct further research 

to explore and understand AD pathology (3). 

 

1.1.1 Alzheimer’s disease epidemiology 

AD is covering 50-60% of dementia cases worldwide. AD is the 6th 

leading cause of death in the united states. In the recent five years, the 

deaths due to dementia overshadowed the number of deaths caused by 

cardiovascular, prostrate, and breast cancer diseases. According to world 

Alzheimer’s report 2018, there were 50 million dementia patients worldwide 
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and by 2050 this number is expected to reach 150 million. AD clinical 

features include memory loss, anxiety, depression and hallucinations (4, 5). 

A memory failure patient diagnosed with AD is suspected that AD 

pathological features might have already started from a few decades back 

of his/her lifetime. Also, these AD pathological features might have initiated 

and aggravated the disease, which resulted in neurodegeneration and 

memory failure even before the diagnosis. Furthermore, studies indicate 

that the increasing number of elder populations worldwide is more 

vulnerable to AD. Every AD patient requires round the clock assistance, 

posing socio-economic and psychological distress for future generations. 

According to Alzheimer’s association, total AD management cost is 

expected to cross 1 trillion USD by 2050 (5). 

 

1.1.2 AD pathology, diagnosis and treatment 

Currently, biochemical, genetic, neurophysiological and 

neuroimaging techniques are used for AD diagnosis. Among these Amyloid 

beta (Aβ) and hyperphosphorylated tau (p-Tau) peptides are biochemical 

markers (6); inherited gene alleles apolipoprotein E-ε4 (ApoEε-4), β-amyloid 

precursor protein (APP), Presenilin-1 (PS1) and presenilin-2 (PS2) are 

genetic biomarkers (7); electroencephalography (EEG) to record electrical 

brain activities is neurophysiological (8, 9) and many neuroimaging 

techniques like magnetic resonance imaging (MRI), positron emission 

tomography (PET) and computed tomography (CT) are used to acquire the 

status of brain volume (10, 11).  Depending on the patient memory failure 
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condition, AD is categorized into mild, moderate and severe stages(5). The 

mild stage is characterized by subjective and objective memory failure but 

cognitive features and daily activities management are unaffected (12). The 

moderate stage is featured by confusion, failure in the cognitive recollection, 

agitation and difficulty in performing daily tasks. In severe stage depending 

on the severity and location of damage in the brain, corresponding 

mechanical or physiological functional failures were evident in the patient 

(13-16). Mostly patient is bedridden, susceptible to infections, inflammations, 

and personnel assistance is necessary for performing daily activities. 

At present, AD pathological features cannot be cured; however 

neurochemical (acetylcholine) enhancement treatment strategies can be 

employed to alleviate cognitive failure symptoms. These strategies include 

treating with choline esterase inhibitors (Rivastigmine, Donepezil, and 

Galantamine) and NMDA receptor antagonist (Memantine). Various 

therapeutic approaches and more than 100 drugs were tested; however 

difficulties associated with preclinical and neuropsychological evaluation 

methodologies, and improper therapeutic approaches made these 

compounds fail in clinical trials (17). 

 

1.1.3 Pathophysiology of AD  

AD is a multifactorial disease, most likely affecting a person due to 

his/her lifestyle, inherited genes, and environmental factors (18). Depending 

on the onset of the disease and genetic factors Alzheimer’s disease is 

categorized into familial (FAD) and sporadic (SAD) Alzheimer’s disease 
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forms. More than 95% of the AD cases are sporadic and acquired in a non-

mendelian inheritance pattern. SAD is the most common as Late-Onset 

Alzheimer’s Disease (LOAD) (4). Apolipoprotein-E (APOE) gene encoding 

variant ε4 is a strong causative factor for SAD. APOE gene is located on 

19q13.2 chromosome has APOE ε2, ε3, and ε4 isoforms. Among these 

APOE ε4 isoforms increases the risk of AD and APOE ε2 isoform is reported 

to be protective from AD pathology (19, 20). APOE is more expressed in the 

liver and brain. In the brain, APOE protein is primarily secreted by astrocytes 

(21). The functions of APOE protein includes reuptake and distribute lipids to 

proliferating cells and remyelinating axons in the Central Nervous system. 

(CNS). APOE is also involved in optimizing neuronal synaptic plasticity. 

APOE protein actively participates in APP processing, Aβ production, and 

their clearance. However, the pathogenic mechanisms of APOE in AD are 

still elusive, and further research needs to be done to understand APOE 

pathological mechanisms (22). 

 

1.2 Familial Alzheimer’s disease (FAD) 

FAD accounts for 1-5% of the AD cases, and it is acquired due to 

genetic mutations through mendelian inheritance. Since FAD genetic 

mutations cause AD before 65 years, FAD is also called Early Onset 

Alzheimer’s Disease (EOAD) (23, 24). β-amyloid precursor protein (APP), Tau 

hyperphosphorylation (25), Presenilin-1 (PSEN1) and Presenilin-2 (PSEN2) 

genetic mutations cause FAD (4). APP, Tau, PSEN1 and PSEN2 will be 

discussed in detail in further sections and chapters. 
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1.2.1 β-Amyloid Precursor Protein (APP) 

APP is a type-1 transmembrane cysteine-rich glycoprotein 

incorporated in mammalian amyloid precursor-like proteins (APLP1 and 

APLP2) (26). APP crystal structure demonstrates that it is a cell surface 

protein, and it is comprised of large extracellular N-terminal E1 domain, 

Kunitz-type protease inhibitor (KPI) domain, Ox-2 antigen domain, and E2 

domain, Transmembrane Amyloid β domain, an intracellular C-terminal 

domain. N-terminal E1 domain act as a growth factor, KPI region involved 

in neuronal growth (27), wound repair and glial functioning, OX-2 region most 

likely acts as a cell surface receptor, recognition, and binding (28), E2 domain 

involved in cellular iron transport (29), Intracellular C-terminal cytoplasmic 

domain consists of YENPTY motif and it is playing vital role in APP 

trafficking and its endocytosis (30, 31). However, further research needs to be 

done to understand the functional properties of APP domains. On the other 

hand, APP expression, post-translational modifications, enzymatic 

cleavage steps, their by-products and its cellular transport were well 

studied. 
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Fig 1- 1: Structure of APP. 

1.2.1.1 APP proteolytic processing: 

  APP proteolytic processing is categorized into amyloidogenic and 

non-amyloidogenic pathways. Among these two pathways, 90% of the APP 

were processed by non-amyloidogenic pathway (32). In which, APP 

ectodomain is cleaved by following zinc metalloproteases ADAM9, 

ADAM10, TACE/ADAM17, MDC-9 (33), and another aspartyl protease 

BACE2 (34) at α-secretase site located between Lys16 and Leu17 of Aβ 

sequence. This cleavage step results in the shedding of APP ectodomain 

sAPPα and leaving intracellular C83 or CTFα domain resulting in the 
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breakdown of Aβ peptide (35). In amyloidogenic pathway, neuronal aspartyl 

protease β-secretase-1 or β-site-APP-cleaving enzyme-1 (BACE1) (36) 

cleaves APP between Tyr10 and Glu11 of Aβ resulting in the production of 

N-terminally truncated sAPPβ leaving intracellular C83 or CTFβ. This 

intracellular C-terminal domain is cleaved by γ-secretase complex 

consisting of Presenilin-1, Presenilin-2, nicastrin, APH-1, and PEN-2. γ-

secretase complex cleaves C83 or CTFα and C99 or CTFβ produce p3 and 

Aβ in non-amyloidogenic and amyloidogenic pathways respectively (37, 38). 

 

1.2.1.2 APP trafficking:  

APP cleavage and their trafficking depend on the location of APP 

cleaving enzymatic complexes and APP interacting receptors. APP is post-

translational modification occurs at endoplasmic reticulum (ER) ER s 

through O- and N-glycosylation, sulfation, and phosphorylation at Golgi and 

transported to plasma membrane. α-secretase is primarily located in the cell 

surface, and it cleaves APP through non-amyloidogenic processing and 

produces sAPPα. BACE1 is located predominantly in Golgi/Trans Golgi 

Network (TGN) and endosomes with optimal acidic pH for its activity. γ-

secretase complex activity is observed at the plasma membrane, Golgi, 

TGN, ER, and ER-Golgi compartment.  Also, APP produced in synapse is 

retrogradely transported in the axons by the Kinesin-1 Light Chain (KLC),  

by direct or indirect binding to YENPTY domain (39). Extracellular APP is 

internalized via YENPTY domain by clathrin associated pits mediated 

endocytosis, and then it is delivered to endosomal compartments and TGN 
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for recycling or for degradation in lysosome. Cytoplasmic APP is cleaved by 

BACE1 and γ-secretase complex at TGN or endosome, and Aβ1-40 or Aβ1-

42 are produced. Despite lysosomal degradation, Aβ is also metabolized by 

neprilysin and insulin degrading enzyme (40-44). 

 

Fig 1- 2: Cytoplasmic APP trafficking(43). 

APP gene alternate splicing generates eight APP isoforms; among these, 

695 amino acid isoform is most commonly expressed in brain, APP751, and 

APP770 amino acid forms are ubiquitously expressed (45, 46). Until now there 

are 32 pathogenic APP mutations identified. These APP mutations are 

regarded as prime factors in Aβ1-42 and Aβ1-40 level increase and also a 

significant shift in the Aβ1-42/ Aβ1-40 ratio (47). Among these London APP 

mutations at V717I amino acid is more predominant, Swedish mutation at 

KM670/671NL amino acids and Florida mutation at I716V amino acid were 

also well-known (48, 49). APP metabolism is a dynamic process, and its 
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function is associated with FL-APP and its cleavage products degradative 

balance. APP gene mutation, APP duplication, and mutation in APP gene 

promoter region could impair APP metabolic process and APP degradative 

balance. APP and their metabolic products overload could impair the 

necessary functional balance existing between APP and APP metabolizing 

cellular organelles. Accumulation of Aβ proteins intracellular and 

extracellular would impair many cellular processes. Due to the Aβ 

hydrophobic attraction towards each other, these Aβ peptides will aggregate 

and form Aβ oligomers.  Especially Aβ1-42 is highly aggregable and causes 

toxicity, oxidative stress, inflammation, mitochondrial diffusion, membrane 

permeability alteration, and impaired synaptic plasticity. Aβ is also reported 

to interact and impair the signalling mechanisms of NMDA receptor, AMPA 

receptor, cholinergic, insulin receptor, toll-like receptor, WNT/β-Catenin, 

MAPK signalling mechanisms. Progressive Aβ accumulation could lead to 

neuronal and synaptic dysfunction, neuronal loss and dementia (50).  

 

1.2.2 Presenilin-1 

In Sporadic AD, the prevalence of PS1 mutations is exceptionally 

high; nearly 70% of the cases were due to PS1 mutations. Presenilin-1 

(PS1) is a transmembrane protein predominantly expressed in neurons and 

mainly located in ER membrane, Golgi membrane and plasma membrane. 

In humans PS1 gene is located at gene locus 14q24.2 (51).  Presenilin 1 is 

post-translationally modified into N-terminal and C-terminal fragments. 

These two fragments association is necessary for α-secretase activity. PS1 
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consists of octameric trans-membrane protein, where γ-secretase activity 

located between 6 and 7 aspartyl residues (52). PS1 is also involved in β-

catenin, Notch signalling and PS1 is also essential in maintaining ER Ca2+ 

homeostasis (53). FAD linked PS1 missense mutations could lead to altered 

γ-secretase function. Mutation in γ-secretase activity will leads to defective 

cleavage and consistently induce the excessive formation of Aβ1-42 peptide 

(54, 55). Furthermore, Aβ1-42/ Aβ1-40 ratio increase is one of the invariant 

alterations associated with PS1 pathogenic mutations.  These concentric 

peptides will accumulate and form amyloid plaques (56). Also, PS1 gene 

alteration studies found that Presenilin is essential for learning and neuronal 

survival in an aged brain. Moreover, it is also proven that mutations in the 

PS1 gene can cause presenilin loss of function necessary for maintaining 

brain normal physiology and function (57). 

 

1.2.3 Presenilin-2  

Presenilin 2 (PS2) is also transmembrane domain having 448 amino acids. 

Unlike PS1, PS2 is unstable, PS2 mutations are clinically less disease-

causing and less aggressive than PS1 mutation (58). PS2 mutation is more 

common in the older population than the PS1 mutation. PS2 mutations were 

mostly found in European and African populations. There are 16 pathogenic 

PS2 mutations associated with FAD were identified (59). PS1 and PS2 

mutations share 67% gene homology and play similar γ-secretase catalytic 

activity. PS2 mutation is located on chromosome 1. Like PS1, PS2 mutation 

also induces the increased production of Aβ1-42 and amyloid plaque 
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formation. PS2 mutation is also involved in impairing Notch, calcium 

signalling and apoptosis-inducing mechanisms (4). 

 

1.2.4 Tau 

The inclusion of toxic phosphorylated microtubule-binding protein tau 

in neurons and glial cells is known as Tauopathy (60).  Along with AD, 

tauopathy is also common in frontotemporal dementia, supranuclear palsy 

and Pick’s disease (61, 62). Misfolded tau is most common pathological 

feature in Alzheimer’s disease. This misfolded tau accumulates and forms 

insoluble tau deposits in the form of tau fibrils commonly known as 

neurofibrillary tangles (NFT) (63). Especially these tau deposits and fibrils 

were found in dendrites, cell bodies, and neurons. These tauopathy 

inclusions were directly related and contributed to the developing clinical AD 

symptoms and pathology. Also, NFTs density in the hippocampus has a 

direct relation with AD-associated cognitive decline (64-66). 

Studies reported that normal soluble tau undergoes a self-templating 

process to generate and propagate to form tau aggregates like paired 

helical filaments (PHFs) as well as insoluble tau fibrils in the pathogenic tau 

generation process (67). In general, tau protein is found in neuronal cytosol 

and glial cells (68). Tau protein binds to microtubules and stabilizes cell 

cytoskeleton. Cytoskeleton stability is essential in axonal and cellular cargo 

transportation (69, 70). In humans, alternate splicing of exons 2,3 and 10 will 

express 6 tau isoforms. In presence of exon10 four tau binding repeats (4R) 

tau is expressed, whereas in exon 10 absence and alternate gene-splicing 
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results in three tau binding repeats (3R) expression. So, 3R tau and 4R tau 

carboxyl-terminal microtubule-binding repeats were expressed depending 

on the presence or absence of exon 10 (71, 72). Depending on cytoplasmic 

inclusions tauopathies are classified as 3R-tauopathies, 4R-tauopathies or 

an equal 3R:4R tau ratio. In non-disease states tau exists in equal 3R:4R 

tau ratio (73). In normal conditions tau undergoes post-translational 

modification by phosphorylation at serine and threonine sites. 

Dephosphorylated tau will bind to microtubule. Other modifications like 

acetylation, nitration, glycation, C-terminal truncation, and conformational 

changes happen in pathological conditions. Notably, some of these 

modifications were found only in insoluble tau aggregates. In mild to severe 

AD patient hippocampus, due to AD-associated gene modifications of 3R 

and 4R tau altered tau sequential expression was observed. This aberrant 

disease-associated tau is aggregated as NFTs in the AD patient’s brain (74, 

75). 

It is referred that tau protein-encoding gene MAPT on chromosome 

17 pathogenic mutation causes hereditary form of tauopathy. In general, 4R 

tau binds to microtubule with more affinity than 3R tau (73).  MAPT 

pathogenic mutation can inhibit tau protein microtubule-binding function and 

promotes tau aggregation. Because, this gene mutation affects exon-10 

gene splicing, resulting in imbalance in 3R:4R tau isoforms ratio (71). 3R:4R 

tau imbalance could lead to over-stabilization of microtubule and render the 

onset of tauopathy disease. MAPT or FTLD-17 gene missense mutation 

leads to amino acid sequence change in tau peptide, resulting in 

impairments of tau microtubule-binding affinity and due to their hydrophobic 
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attractive nature to each other, they form insoluble NFT’s. Furthermore, it is 

observed that free cellular and phosphorylated 4R tau is more prone to form 

insoluble tau aggregates (71, 76).  

It is reported that changes in protein kinase and phosphatase 

activities may enhance tau hyperphosphorylation resulting in loss/gain of 

tau functions and finally leads to neurotoxicity (77). Moreover, tau post-

translational modifications like ser/thr O-glycosylation could increase tau 

hyperphosphorylation (78, 79). Besides, calpain and caspase can cleave tau 

and produces tau fragments (80). These tau fragments may increase the 

tendency of phosphorylated tau to aggregate and form NFTs. Intracellular 

changes in anionic co-factors like heparin, RNA or negatively charged lipids 

may facilitate tauopathies (60, 81, 82).  

Recent evidence on FTDP-17 mutation and tau post-translational 

modification has been targeted to develop different therapeutic strategies. 

These include compensating tau loss of function, inhibiting/reducing tau 

hyperphosphorylation, inhibition of tau oligomers and fibrils formation, 

enhancing intracellular tau degradation. The intracellular misfolded tau 

degradation process includes macro-autophagy and ubiquitin-proteasomal 

system (62, 83). In the following chapters macro-autophagy mediated 

intracellular p-tau, and Aβ degradation process is discussed. 

 

1.3 Autophagy 

Autophagy is the principal, cellular lysosomal degradative process to 

eliminate and recycle the intracellular waste, cell organelles and cell 
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components via autophagosomes. In Greek language autophagy means 

‘self-eating.’ There are three types of autophagy with three different 

mechanisms and cellular functions: macro-autophagy, Chaperone 

mediated autophagy and micro-autophagy (84-86).  

1.3.1 Macro-autophagy 

Macro-autophagy is the most prevalent eukaryotic catabolic process 

to digest cytoplasmic debris, organelles, and long-lived proteins. Macro-

autophagy hereafter referred as autophagy. Lysosomes are nutritive bio-

sensors vital in maintaining cell homeostasis (87). Autophagosome is an 

intra-cellular double membrane structure. Autophagy involves nucleation, 

elongation of autophagosome, and autophagosome fusion with lysosome 

steps. The formation of isolation membrane or phagophore is the nucleation 

step.  This isolation membrane further elongates and forms bi-layered 

autophagosomes with inner and outer membranes. Autophagosome may 

fuse with lysosome or sequentially fuses with endosome and then later 

fuses with lysosome to form an autolysosome. Hydrolytic enzymes in the 

autolysosome will digest autophagosome contents, then releases the basic 

metabolites and nutrients into the cytoplasm for re-use (88-90).   

 

1.3.1.1 Autophagy Initiation and autophagosome biogenesis 

Autophagy is initiated by various cellular stress signals like amino 

acid deficiency, hypoxia, protein aggregates, ATP, and ER stress. These 

signals will induce the formation of a phagophore. A phagophore is formed 
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from plasma membrane, ER, Golgi and mitochondrial vesicular 

coalescence. These cellular stress signals suppress mammalian Target Of 

Rapamycin complex-1 (MTOR), resulting in the activation of stable 

autophagy-related 2 (Atg1)-Unc51-like kinase complex ULK1 and ULK2. In 

another way, mTORC1 independent phosphorylation of ULK complex 

(ULK2, ULK1, ATG13, FIP200, and ATG101) by AMP-activated protein 

kinase (AMPK) can also activate autophagy. Phosphorylated ULK1 

sequentially activates Autophagy Targeted Gene (ATG)-1-ULK1 complex. 

ATG-7 and ATG-10 will induce ATG-5, ATG12, and ATG16L conjugation 

and their complex formation. This ATG-5, ATG-12 and ATG-16L complex 

induces the formation of isolation membrane and covalent binding of 

phosphatidylethanolamine to microtubule-associated protein-1 light chain 

complex B-II (LC3B-II). This LC3B-II facilitates isolation membrane closure. 

Before this, ATG-4B cleaves the Pro-LC3 (LC3) to form LC3-I, and in the 

presence of ATG7 and ATG3, LC3-I binds to Phosphatidylethanolamine and 

forms lapidated LC3B-II (91-95). 

 

1.3.1.2 Substrate recognition 

Autophagy receptors will activate in response to the focal cellular 

insults like cell organelle injury, protein aggregates, and pathogens 

invasion. These receptors include P-62, nuclear domain 10 protein 52 

(NDP52), Next to BRCA1 gene 1 (NBR1), histone deacetylase-6, optineurin, 

and NIX. Autophagy receptors will recognize and binds to ubiquitinated 

proteins and pathogens. Additionally, PINK1 and parkin act as mitophagy 
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(selective mitochondrial autophagy) receptors. This substrate recognition, 

autophagy receptors binding, and lysosomal delivery process is more 

susceptible to impair in neurodegenerative disorders (96-99). 

 

1.3.1.3 Autophagosome-Lysosome fusion 

In neurons, autophagosomes are transported through the dynein-

mediated retrograde transport to the lysosome rich perinuclear region. 

Autophagosomes may fuse with early or late endosomes to form 

amphisome, which subsequently fuses with lysosome or directly fuses with 

a lysosome. Autophagosome and lysosomal fusion are mediated by 

VAMP7, VTI1B, VAMP8, and SNARE family proteins. Lysosome consists of 

vacuolar ATPase (V-ATPase) proton pump, importing hydrogen ions, and 

several hydrolytic enzymes like proteases, lipases, and nucleases. Under 

acidic pH ( approximately 4.5-5.0) activated hydrolases digest internalized 

autophagosome and release degraded contents into the cytoplasm (100). The 

lysosomal membrane consists of glycated proteins like LAMP1 and LAMP2, 

and these glycated proteins prevent lysosome self-digestion (101). 

Lysosomes are pivotal in the ultimate autophagosome digestion process. 

Nevertheless, alteration in lysosomes dynamics can also influence the 

autophagy process through transcription factor EB (TFEB) (102). 
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1.3.2 Autophagy impairment in AD 

Cellular endocytic pathway plays a critical role in sensing cell 

environment and uptakes extracellular nutrients and molecules. The 

internalized substances were sorted in early endosome; then these 

substances are directed for recycling purposes back to plasma membrane 

or to the trans-Golgi network for further processing or in another way this 

early endosome converts into late endosome and fuse with lysosome for 

degradation. During this process, Aβ is generated in the early endosome 

through γ-secretase involved APP processing. Moreover, APP duplication 

and FAD mutations will increase the APP processing load in endosomes. 

Notably, it has been reported that endosomal manifestation is the first 

observed symptom in plaques associated AD brain susceptible areas. 

These include enlarged endosome volume due to Aβ accumulation (103-105).  

 

1.3.2.1 Endosome-lysosomal system impairment in AD  

During the early stage of AD or before the onset of AD pathology, 

neuronal cells exposed to toxic Aβ and tau proteins increase the lysosomes 

number as well as lysosomal hydrolases expression. Most importantly, 

these hydrolases include cathepsins, and some of these cathepsins also 

participate in Aβ formation in the late stages of AD (106). During the late AD 

stage, aggregated plaques and tangles cause lysosomal dysfunction and 

prevent their fusion with endosome. These lysosomes and endosomes are 

filled with a massive load of Aβ and misfolded tau which are in the form of 

PHFs and they are destined to degrade in lysosome. The irregularities in 
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endosomes and lysosome fusion lead to neuronal cell death and release 

these toxic proteins into extracellular space (107). These dying neurons are 

characterized by dystrophic neurites with accumulated granulovacuolar 

structures. Recent studies also reported that these dystrophic neurites 

contain accumulated cell structures like autophagosome, 

autophagolysosomes or lysosome (108).  Most importantly, these stranded 

cellular organelles are enriched with APP processing enzymes, acid 

phosphatases, cathepsins and lysosomal proteases along with APP. The 

APP present in these organelles is processed through the higher APP 

processing enzyme activity in these accumulated organelles, which further 

leads to amyloidogenic APP cleavage. This further amyloidogenic APP 

cleavage produces even more Aβ peptides and aggravates AD disease 

pathology (109, 110).  

Similarly, misfolded tau protein accumulation can affect the normal 

translocation of lysosomes and irregular mitochondrial functions. 

Autophagosomes are retrogradely transported to the lysosome dense 

perinuclear space. This transportation depends on cell cytoskeleton 

integrity and stability. The cytoskeleton is stabilised by phosphorylated tau 

protein. Due to MAPT/tau AD mutation, tau processing and phosphorylation 

are abnormal, which leads to tau cytoskeleton stabilizing functional failure 

and tau-PHFs formation, cytoskeleton instability, and results in autophagic 

vacuoles retrograde transportation failure. Hence, misfolded tau induced 

disruption in neuronal functions like axonal transport may lead to 

autophagosomal pileup in the dendrites resulting in the formation of 

dystrophic axons and damage to the neurites (111-114).   
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Fig 1- 3: Autophagy alteration and autophagic vacuoles accumulation in AD. 

 

1.4 Chaperone-mediated autophagy (CMA) 

CMA is another selective autophagy process. CMA mediates 

lysosomal degradation of proteins containing pentapeptide motif (ex: 

KFERQ), which are prone to aggregate and cause disease. In CMA 

cytosolic chaperone protein Hsc70 delivers substrate proteins to lysosomal 

CMA receptor LAMP2A (Lysosome Associated Membrane Protein type 2a). 

LAMP2A will unfold internalized into the lysosomal lumen and degraded. 

LAMP2A function is the most essential, as well as its function, is more 

vulnerable in neurodegenerative diseases like AD (115, 116).  

 

1.5 Autophagy modulation as a therapeutic target 

Autophagy is an attractive target to treat various neurodegenerative 

disorders. Especially in AD, autophagy induction might reduce level of toxic 

proteins which are prone to aggregate, promotes the clearance of 
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accumulated autophagosomes, autolysosomes, and lysosomes through 

enhanced autophagy flux, and suppress the apoptotic cell death. Until now 

autophagy is induced by mTOR inhibition, AMPK activation, increasing 

autophagosome formation and enhancing lysosomal activation. Among 

these TFEB mediated lysosomes functional activation has gained much 

attention recently (117, 118). 

 

1.5.1 TFEB 

TFEB is a nuclear and cytoplasmic shuttling protein. It is a master 

controller of lysosomal biogenesis. Its nuclear translocation promotes the 

expression of the lysosomal proteins by regulating the expression of co-

ordinated lysosomal expression and regulation (CLEAR) gene network. 

TFEB is in the cytoplasm as a phosphorylated form. Phosphorylated TFEB 

binds to the lysosomal membrane mTOR protein complex. mTOR inhibition 

dephosphorylates TFEB, and triggers TFEB nucleus translocation. TFEB 

nuclear translocation triggers the transcription of CLEAR genes and 

activation also upregulates the genes responsible for the expression of 

proteins necessary for lysosomal proliferation. Also, TFEB nuclear 

translocation will induce the expression of factors necessary for 

autophagosome formation, autophagosome-lysosome fusion, lysosomal 

biogenesis, and lysosomal enzyme levels. The discovery of TFEB as master 

transcriptional regulator of lysosomal pathway has changed the role of 

lysosome in autophagy process. lysosome is considered as an organelle 

involved in the penultimate step of autophagy. Nevertheless, lysosome itself 
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can act as a TFEB activator, enhance lysosomal biogenesis and induce 

autophagy. For example, destabilizing the lysosomal membrane stability 

with Trehalose can promote autophagy lysosomal pathway and by inducing 

TFEB nuclear translocation. TFEB induced lysosomal transcriptional 

regulation has opened novel therapeutic approaches to enhance lysosomal 

catabolic clearance of accumulated toxic proteins and ameliorate 

behavioural impairments and improve AD patient’s daily life (119, 120). 

In AD, amyloidogenic APP processing results in the formation of toxic 

Aβ proteins. In the normal brain, metabolic equilibrium exists between Aβ 

production and its clearance rate. However, in AD the imbalance between 

Aβ production and clearance rate elevates aggregation prone Aβ levels, 

which eventually results in the amyloid plaque deposition. However, Qingli 

et al., 2015 have reported that TFEB overexpression by using adeno-

associated virus (AAV) particles in APP/PS1 gene overexpressed AD 

genetic mice hippocampus has attenuated Aβ generation, amyloid plaque 

formation. TFEB AAV transfection has induced lysosomal biogenesis, 

reduced APP abundance by lysosomal APP degradation resulting in short 

APP half-life and reduced amyloid plaque formation in APP/PS1 mouse. 

Qingli et al., 2015 has proven that neuronal TFEB activation can restore Aβ 

metabolic imbalance induced toxicity and behavioural defects. So, TFEB 

activation can be an effective strategy to treat against Aβ induced toxicity 

(121).  

Redistribution of microtubule dissociated, hyperphosphorylated, and 

misfolded tau in neuron cell bodies and dendrites will result in neurofibrillary 

tangle formation. Vinicia et al., 2014 has proven that AAV mediated TFEB 
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transfection in rTg4510 an in vivo tauopathy model has reduced the 

accumulation of toxic tau proteins and neurofibrillary tangle formation. They 

have proven that TFEB activation in rTg4510 mice cerebral hemispheres 

starting from post-natal day 0 resulted in memory improvement and synaptic 

function restoration. Also, they have proven that TFEB overexpression 

induced lysosomal biogenesis and lysosomal degradation of toxic tau 

species. In summary, Vinicia et al., 2014 has demonstrated TFEB activation 

can be an attractive therapeutic approach in treating AD-associated 

tauopathy disorders (122). 

 

1.5.2 Autophagy reprogramming drugs  

 There are a few pharmacological agents reported to induce 

autophagy, reduce AD pathological hallmarks and improve cognitive decline 

in mouse models.  

TORC1 inhibition: Rapamycin, Curcumin, Resveratrol, Latrepirdine (123), 

Carbamazepine (124-127) 

AMPK activation: Lithium, Trehalose, Rilmendine, Quercetin, narigen, 

berberine and catechins, arcigenin(127-130), 

Protein phosphatase 2a modulation: Finestin and metformin (131, 132).  

In lysosomal activation there are many approaches and targets to treat AD.  

Cathepsin activation: Cystatin B and C antagonists, ZPAD protease 

inhibitors, Cathepsin D or Cathepsin B, (HSP70) overexpression (133-136).  
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Lipid clearing agents: 2-hudroxypropyl-β-cyclodextrin and selective 

substrate reducing agents (137).  

Lysosomal membrane stability: HSP70 overexpression, calpain 

inhibitors, TFEB overexpression (138, 139).  

Lysosomal pH acidification: GSK3β inhibitors like valproic acid and 

Lithium (140, 141).  

Lysosomal exocytosis and exosome release: TFEB overexpression (142). 
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1.6 Curcumin 

 

Fig 1- 4: Structure of Curcumin. 

Curcumin is a poly-phenolic compound, and it is the principal 

curcuminoid present in Curcuma longa, also commonly known as curry 

spice turmeric. It belongs to the Zingiberaceae family. Curcumin is a dietary 

polyphenol, which has been investigated for chronic disorders like 

neurodegenerative, cardiovascular, and neoplastic illnesses. Curcumin is 

reported for antioxidant and anti-inflammatory properties. Curcumin is also 

reported to influence growth factors, transcription factors, and enzymes. 

The therapeutic benefits of curcumin were reported in AD and Parkinson’s 

Disease (PD). 

In AD, curcumin acts as a neuroprotective agent against β-amyloid 

toxicity, decrease β-amyloid accumulation, fibril formation, oligomerization 

as well as a decrease in Aβ peptide levels and tau phosphorylation in vitro. 

Curcumin is also examined to ameliorate Aβ toxicity along with with memory 

improvement in Tg2576, PS1dE9, APP695 swe, APP(Swe)/PS1dE9 mice 

models. Moreover, curcumin is reported to restore Long term potentiation 

impairment induced with amyloid-β oligomers incubation in rat hippocampal 

slices (125, 126, 143-147). 
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In autophagy-related studies, curcumin will induce autophagy by 

inhibiting mTORC1. Also, it's downstream molecular targets p70S6 kinase-

1 and eukaryotic initiation factor 4E (elF4E) binding protein 1 (4E-BP1) 

phosphorylation. Curcumin mTORC1 inhibition is independent of PP2A, 

AMPK, AMPK-tuberous sclerosis complex 1/2. However, curcumin will 

inhibit mTOR activity by dissociating raptor from mTOR thus activating 

autophagy (148-150).  

On the other hand, curcumin therapeutic potential and clinical 

outreach are limited due to its poor bioavailability. Even though curcumin is 

reported as an efficient drug in treating diverse diseases, its poor 

bioavailability, as well as quick metabolism and elimination, is curbing its 

effectiveness in clinical efficacy studies. There have been many attempts in 

formulating curcumin metal complexes and other novel dosage formulations 

to improve its pharmacokinetic profile. However, none of them has made a 

significant breakthrough to bring a better and promising therapeutic 

outcome. Unlike, different curcumin formulations, the development of 

structurally modified curcumin derivatives has been a prudent approach to 

discover and characterize a novel medicinal compound having better blood 

and brain bio-availability than curcumin, also activating specific molecular 

target and reactivating obstructed autophagy lysosomal pathway in 

neurodegenerative disorders can bring a better clinical agent  (151, 152). 
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1.7 Curcumin derivative C1 

 

Fig 1- 5: Structure of Curcumin derivative C1 

To discover pro-autophagy active compounds Song et al., 2016 has 

derived a few mono-carbonyl curcumin analogues. They have synthesized 

and screened many compounds for autophagy activation as well as for 

improved drug bioavailability as their primary aim. At the molecular level, 

they aimed to bring a novel structurally modified curcumin analogue with 

better TFEB induced autophagy in both in vitro and in vivo than curcumin. 

Current TFEB activators, as well as curcumin, are mTOR inhibitors. 

However, mTOR is a lysosomal membrane anchored protein complex, 

playing central role in protein synthesis, cell growth, and maintains cell 

homeostasis. Hence, a novel compound activating autophagy via TFEB 

without interfering in mTOR activity and mTOR dependent protein synthesis 

is expected to be less toxic. 

Among the series of the synthesized curcumin mono-carbonyl 

analogues, A2, B1, B3, C1, E2, E3 and E4 at 1 µM concentration increased 

LC3-II level even in presence of lysosomal inhibitor chloroquine. Indicating 

that these compounds enhance autophagy flux even after blocking 

lysosomes. However, in order select a better compound Song et al., 2016 
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has screened these compounds for mTOR inhibition. Notably Curcumin 

derivative C1 has induced autophagy independent of mTOR inhibition. 

Moreover, C1 has induced and shown better TFEB nuclear 

translocation compared to other compounds. C1 significantly increased 

TFEB mediated lysosomal biogenesis as well as autophagy flux. mRNA 

transcript analysis has revealed C1 can significantly induce TFEB, LC3-II, 

P-62, LAMP1, Cathepsin A, Cathepsin B, and Cathepsin D mRNA as well 

as their protein expression level. C1 does not inhibit serine TFEB 

phosphorylation, Mitogen-Activated Protein Kinase 1/3 (MAPK1/3) or 

ERK1/2 activity. 

In isothermal calorimetry it is observed that C1 binds to N terminus 

region of TFEB and enhances TFEB nuclear translocation (Fig 1-6 A and 

C). In addition, C1 inhibits MTOR-TFEB-YWHA interaction. Moreover, C1 

induced autophagy needs Beclin 1 as well as TFEB. C1 induced LC3B-II 

level increase in Beclin 1 and TFEB silenced neuroblastoma cells (N2a) is 

significantly less than normal cells treated with C1. 

In animals, C1 lethal dose-50 (LD50) is 175 mg/kg. Song et al., 2016 

has reported that C1 can pass through the blood-brain barrier. C1 single 

dose at 25 mg/kg in rats has found 0.063 µgm/gm brain weight, which is 

equivalent to 0.885±0.213 µM concentration. They have conducted short-

term oral treatment of C1 in rats and observed autophagy and lysosomal 

biogenesis proteins. Moreover, C1 has increased TFEB nuclear 

translocation, mTOR phosphorylation dose dependently (Fig 1-6 B and D). 

C1 has significantly increased LC3B-II and TFEB expression in brain, liver 
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and frontal cortex. In order to ensure C1 safety Song et al., 2016 has dosed 

C1 at 10 mg/kg for 21 days and observed no change in body weight, tissue 

morphology, also did not observed any toxicity symptoms in these rats. C1 

dosed at 10 mg/kg was enough to induce autophagy proteins expression in 

brain (153). Based on these observations, C1 outstands other mono-keto 

curcumin derivatives as well as curcumin in selective TFEB activation and 

TFEB mediated in vitro and in vivo ALP promotion independent of mTOR 

inhibition. Moreover, C1 safety in rodents encouraged to screen C1 efficacy 

in AD experimental models.  

 

Fig 1- 6: C1 directly binds to TFEB and promotes ALP. Previous studies 

reported that C1 directly binds to TFEB at Glycine/alanine (221-320) domain 

of TFEB (A), promotes TFEB nuclear translocation both in vitro and in vivo 

(B and D), enhances ALP proteins LAMP1, LC3-IIB, increases TFEB and 

unchanged p62 expression without altering mTOR and its substrate 

RPS6KB1 phosphorylation (C and D). Figures were adapted from Song et 

al., 2016 (153). 
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CHAPTER 2. Hypothesis and Objectives 

The current era of AD drug development has diverse molecular 

targets. These include vaccines and agents preventing beta-amyloid 

production, tau production, immunomodulators as well as chemical 

modulators of γ- and β-secretase enzymes, antagonists of 5-HT6 and 

histamine-H3 neurotransmitter systems. However, recent clinical drug 

failure of these strategies emphasizing the need to improve in AD-related 

drug discovery methods (154, 155). 

Accumulating evidence suggesting that targeting or modulating 

autophagy and lysosomal biogenesis especially at its obstructed stages in 

AD is necessary and it is an attractive AD treatment approach. Previously, 

our lab has screened 22 curcumin derivatives and identified Curcumin 

derivative C1. It is a potent mono keto curcumin derivative activates TFEB 

and promotes ALP in vitro. Moreover, in vivo studies has ascertained its 

safety and concluded that it is an orally bio-available compound and 

promotes ALP in brain and liver (Fig 1-6) (153). To find new anti-AD small 

molecule compounds, we have screened this TFEB activator C1 in 

experimental Alzheimer’s disease models. We hypothesize that TFEB 

activator C1 can reduce Aβ plaques and NFTs formation, their toxicity on 

neurons, alleviate behavioural impairment and restore cognitive 

dysfunction.  

This study aimed to complete the following objectives: 

To determine C1 brain permeability compared to curcumin. 
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To evaluate C1 effect on APP and Aβ clearance in vitro and in vivo. To 

understand C1 efficacy in restoring synaptic plasticity.  

To study the C1 efficacy in tau clearance in vitro and in vivo. To determine 

C1 efficacy in Aβ and tau combined toxicity model in vivo. 

C57BL/6 mice and SD rats were used to find C1 brain bioavailability. 

To elucidate the efficacy of C1 in-vitro, neuroblastoma (N2a) cells were 

transfected with Swedish-APP and EGFP-P301L tau plasmid as well as 

silenced with TFEB shRNA lentiviral particles to show TFEB dependent 

degradation of overexpressed APP metabolic products and tau proteins. In 

the present study, C1 in vivo efficacy is evaluated in 5xFAD, P301S and 

3xTg transgenic AD mouse models and their characteristic behaviour 

alterations (memory retrieval, learning, and motor coordination), bio-

chemical (APP, Tau, detergent soluble and insoluble Aβ and tau) and 

histopathological examinations were done.   



31 
 

CHAPTER 3. PHARMACOKINETIC STUDY OF 

CURCUMIN DERIVATIVE C1 IN COMPARISON WITH 

CURCUMIN 

3.1 Introduction 

Curcumin is a polyphenolic bis-α, β-unsaturated-β-diketone with a 

broad spectrum of pharmacological activities, especially in 

neurodegenerative disorders. In phase-1 clinical trials, it is reported that 

curcumin is poorly bio-available in humans. Curcumin was proven to be safe 

up to 12 gm/day clinically. However, its poor bioavailability is curtailing its 

clinical application (156). It is observed that less intestinal absorption, fast 

metabolism of the absorbed drug and rapid systemic clearance are the 

contributing factors for poor curcumin bio-availability (157-161). There have 

been many attempts to improve curcumin systemic bioavailability. They 

include slowing its metabolism with different curcumin formulations like 

liposomes, nanoparticles and creating phospholipid curcumin complex (162-

170). However, deriving curcumin structural derivatives with better 

therapeutic as well as pharmacokinetic properties better than curcumin is 

an attractive approach to treat neurodegenerative disorders like AD. Hence 

chemical structural modifications with enhanced pharmacokinetic as well as 

pharmacodynamic properties is a prudent strategy to avail a clinically better 

therapeutic compound. Previously, Song et al., 2016 identified mono 

carbonyl derivative Curcumin analogue (C1) showing better TFEB nuclear 

translocation with improved brain bioavailability after 28 days of treatment. 

In our study C1 is expected to increase in vivo autophagy flux, augment the 

clearance of toxic proteins in AD experimental conditions (153). 
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In this study C1 a mono-carbonyl curcumin derivative has been examined 

for its bioavailability in comparison with curcumin.  

 

3.2 Materials and methods 

Curcumin analogue-1 (C1) and curcumin were purchased from Atkin 

chemicals, Inc. Salbutamol (#s58260), sodium carboxy methyl cellulose 

(#C5678) were purchased from Sigma-Aldrich. Acetonitrile (LC1005-G4L), 

ethyl acetate (LC-1070) was purchased from Lab scan. Chloral hydrate was 

purchased from VWR (#75835-600). 

 

3.2.1 Animals and treatment  

Male C57BL/6 mice and Sprague dawley rats were purchased from 

Chinese University of Hong Kong, acclimatized in Hong Kong Baptist 

university animal house for 2 weeks. Animals were kept for 18 hours fasting 

one day before the experiment. C1 and curcumin were suspended in 1% 

Carboxy Methyl Cellulose at 10 mg/kg, given to animals through oral route 

at 10 ml/kg dosing volume. Chloral hydrate anaesthesia at 500 mg/kg/I.P 

was given to mice 5 mins before the sacrifice. Periodically blood (by heart 

puncture) and brain samples were collected simultaneously starting from 

0.25, 0.5, 1, 2, 4, 6, 8, 12 and 24-hour time points (n=3 for each time point). 

Based on mice pharmacokinetic study results, rat study is conducted. In rat 

study, blood, specific parts of brain and cerebrospinal fluids (CSF) were 
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collected at 30 minutes time point (n=4). All blood samples were collected 

in heparinized tubes. Plasma was collected by centrifuging at 10,000 rpm 

for 10 minutes at 4°C. Plasma, brain, and CSF were stored in -80°C until 

further analysis (171). 

 

3.2.2 Cerebrospinal fluid (CSF) collection 

Cerebrospinal fluid (CSF) was collected by puncturing Cisterna 

Magna according to Mahat. M. Y. A et al., 2012. Briefly., stereotaxic 

apparatus (Stoelting, Wood Dale, USA) was used for CSF collection. The 

tip of the CSF collection needle (21G) was placed at the centre of 

stereotaxic apparatus ear bars contact and considered it as zero point. Then 

rats were anaesthetized with chloral hydrate at 500mg/kg in saline through 

intra-peritoneal route. Rats were fixed on the stereotaxic apparatus with 3 

cm elevated body position. Rat head was positioned at nearly 110° angle 

between stereotaxic apparatus frame and rat nose. Cisterna magna location 

was identified by a 3 mm2 depressed area between the spine and occipital 

protuberance in mid-sagittal plane, at 10-12 mm approximate distance from 

ear. The collection Needle was inserted into the Cisterna magna from zero 

point at A-P: −1.5±1 mm, M-L: 0mm and D-V: not more than 4-6mm (from 

the skin surface). The needle was connected to a 1 ml syringe through a 

silicon tube. By applying a gentle negative pressure through 1 ml syringe 

100 microlitre CSF without any blood contamination was collected (172). 
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3.2.3 Brain sample processing: 

The whole brain and specific brain parts were homogenized with 2 

weight/volumes of PBS (pH=3.2). To the brain homogenate 10 μl of internal 

standard salbutamol (200 ngm/ml in methanol) was spiked. 0.5M sodium 

hydroxide (50 µl) was added to the brain homogenate. Samples were liquid-

liquid extracted with 1 ml of ethyl acetate. After vigorous sonication and 

vortex mixing, samples were centrifuged at 15,000 RPM for 10 min. The 

liquid supernatant was collected and vacuum dried. Dried pellets were 

reconstituted with mobile phase (100 µl of 0.1% formic acid in acetonitrile), 

sonicated, vortex mixed, and transferred to an amber coloured sampler vial 

with plastic insert. 

 

3.2.4 Plasma and CSF sample processing 

100 μl of plasma and CSF was mixed with 100 μl of PBS (pH=3.2), 

10 μl of 0.05 M sodium hydroxide and spiked with 10 μl of salbutamol 

(200ng/ml in methanol). The mixture was liquid-liquid extracted with 500 μl 

of ethyl acetate. After vigorous sonication and vortex mixing, samples were 

centrifuged at 15,000 RPM for 10 min at 4°C. The supernatant was collected 

and vacuum dried. The samples were reconstituted with 100µl of mobile 

phase (0.1% formic acid in acetonitrile), vortex mixed, and transferred to an 

amber coloured sampler vial with plastic insert (173). 
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3.2.5 LC-MS/MS condition 

UPLC 1290 (Agilent technologies, CA, USA) with binary pump, 

autosampler system, column with thermostat, vacuum degasser and 6460 

QQQ Mass spectrometer was used for compound detection. 

Chromatographic separation was achieved by waters BEH-C18 (1.7 μm, 2.1 

× 50 mm) column maintained at 40°C. Sample solutions (3 μl) were eluted 

with the mobile phase consisting of 0.1% formic acid in water (A) and 0.1% 

formic acid in acetonitrile (B). Gradient elution with the following solvent 

transition rate was performed: 0-5 min, 30% solvent B; 5-5.1 min, 30-80% 

solvent B; 5.1-7 min, 80-100% solvent B; 7-7.1 min, decreased from 100-

30% solvent B and finished with 30% solvent B from 7.1-9 min at 0.35 

ml/min constant flow rate. Agilent 6460 Quadrupole MS with electron spray 

ionization (ESI) source with jet stream technology was used to produce 

positive MS/MS precursor ions with the following MS operational 

parameters: nitrogen as collision gas with capillary voltage 4 kV, 8 L/min 

sheath gas flow rate, sheath gas temperature at 350°C, nebulizing gas 

temperature 300°C, 45 psi nebulizer pressure and 90V fragment voltage. 

Collision energies are 11 eV for C1, curcumin and 12eV for salbutamol. 

Multiple Reaction Monitoring (MRM) ion mode was used to monitor 

369.1>285.1 m/z for curcumin, 295.1>187.1 m/z for C1 and 248>148m/z for 

salbutamol precursor-to-product ion transitions. Mass data were collected 

and processed using Agilent technologies Mass hunter B.03 software QQQ 

software for both qualitative and quantitative analysis. Pharmacokinetic 

parameters were analysed by WinNonlin software (version 2.1, Pharsight, 

USA).  
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3.2.6 Preparation of stock solutions and calibration of standards 

Stock solutions of C1 and curcumin at 1 mg/ml concentration in 

methanol were prepared separately and stored in -80°C. Internal standard 

(IS) salbutamol working solution was prepared by diluting the stock solution 

(1 mg/ml in methanol) with mobile phase to 200 ng/ml. 100 μl of blank 

plasma and 100 μl of brain homogenate were spiked C1 and curcumin at 

200 ngm/ml concentration and further serial dilutions were made to standard 

curve, along with IS to achieve final concentration in the range of 200 - 0.78 

ng/ml and R2>0.99 were selected for the quantification. 

 

3.2.7 Statistical analysis  

All data are presented as Mean ± SEM. Statistical analysis was done 

by Unpaired T-Test using GraphPad Prism 5.03. A probability value of P< 

0.05, P<0.01, P<0.001 was statistically significant. 

 

3.3 Results  

3.3.1 C1 and curcumin bioavailability in mice 

To better understand the absorption, distribution, metabolism and 

elimination properties of C1 we have conducted a time course comparative 

pharmacokinetic study of C1 with curcumin each at 10 mg/kg/P.O. In our 

study, C1 has shown much higher blood and brain bioavailability than 
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curcumin in C57BL/6 mice. C1 maximum concentration in brain was 

1308.23 ± 88.96 ngm (Cmax) at 30 minutes (Tmax) time point (Fig: 1 and 

2). In blood 489.39±110.89 ngm of maximum C1 concentration (Cmax) at 

15 minutes (Tmax) time point. In brain C1 was below detection level at 24-

hour time point in brain. However, we found 9.01±0.43 ngm/ml of C1 just 

above the detection level in plasma (Fig: 3-1 and 3-2). 

Curcumin was reported to reach 400 ngm/ gram of brain tissue in 

mice after dosing with 100 mg/kg through intraperitoneal route (174). 

However, in our study we found 73.77±0.24 ngm per gram of brain tissue at 

1-hour time point after 10 mg/kg curcumin oral administration. Curcumin 

level in the brain and plasma was undetectable 8 hours post administration 

(Fig: 3-1 and 3-2). 

C1 and curcumin brain concentrations were applied in WinNonlin 

analysis to derive pharmacokinetic parameters and then compared. C1 

AUC (0-α) in the brain was significantly (P<0.01) higher than curcumin AUC 

(0-α) in the brain. On the other hand, C1-T1/2 in the brain was insignificant, 

when compared to curcumin-T1/2 in the brain (Table: 3-1). C1-T1/2 in the 

plasma is 8.09 ± 2.62 hours, indicating its maximum retention in the 

systemic circulation, whereas the curcumin level in the plasma was below 

detection level (Table: 3-1). 

Both mice and rat pharmacokinetic study has revealed that curcumin 

mono keto derivative C1 has significant systemic bioavailability than 

curcumin in both blood as well as brain. The pharmacokinetic profile of C1 
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is very encouraging to screen C1 therapeutic potential in neurological 

disorders. 
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Fig 3-1: Pharmacokinetic profiles of curcumin analogue-C1 and curcumin in 

brain. Time-course curve of C1 and curcumin concentration (ng/g) in the 

mice brain after oral treatment (10 mg/kg). Values are expressed as Mean 

± SEM (n = 3).  
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Fig 3-2: Parallel time-course curve of C1 distribution in the brain (ngm/gm 

brain tissue) and blood (ngm/ml plasma). Values are expressed as Mean ± 

SEM (n = 3). 

 

Table 3-1: Pharmacokinetic parameters of curcumin derivative-C1 and 

curcumin in mice. The time course drug concentration in plasma and brain 

for C1 and brain curcumin concentrations were analysed for 

pharmacokinetic profiling by using WinNonlin software (version 2.1, 

Pharsight, USA). Cmax: maximum concentration; T1/2: half-life. Tmax: 

maximum residence time; AUC: area under curve. Values are expressed as 

mean ± SEM values. Statistical analysis was done by unpaired T-Test. 

**P<0.01 was considered significant. 
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Parameter Plasma Brain Brain
Cmax (ng/mL) 489.39±110.89 1308.23±88.96 73.77±0.24 

Tmax (h) 0.25 0.5 1

T1/2 (h) 8.09±2.62 2.13±1.61 2.06±0.26

AUC (0 -  α)  (ng.h/mL) 999.81±95.37 1710.87±211.79** 241.23±14.27

C1
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3.3.2 C1 and curcumin single time point oral bioavailability study in rat 

The 30 minutes Cmax and Tmax in mice oral pharmacokinetic study 

have been taken as an index to find C1 concentration in different brain 

regions in SD rats. We found 57.97±18.65 ngm/gm in frontal cortex, 

68.41±21.72 ngm/gm in the hippocampus and 4.69±2.19 ngm/gm in 

striatum. In our study, 352.16±21.37 ngm/ml of C1 in blood was determined. 

We also found 101.5±52.41 ngm/ml of C1 in CSF. Curcumin level was below 

the detection level at 10 mg/kg, 1-hour post oral drug administration (Fig: 3-

3). 

 

 

Fig 3-3: C1 concentration in SD rat brain-specific regions. The concentration 

of C1 in frontal cortex, hippocampus and striatum of the brain (weighted as 

ng/gm brain tissue), plasma and CSF (weighted as ng/ml) was quantified at 

30 minutes time point post drug administration. Values are expressed as 

Mean ± SEM (n = 4). 
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3.4 Discussion  

Curcumin pharmacological properties were hindered due to its poor 

oral bioavailability in humans. Many curcumin structural derivatives were 

synthesized with curcumin as the lead pharmacophore to identify novel 

compounds with better bioavailability and efficacy but failed (19). In this 

study, C1 mono keto curcumin derivative has been studied for its 

pharmacokinetic profile in comparison with curcumin. 

C1 has shown significantly higher oral bioavailability than curcumin 

(Fig: 3-1 and 3-2). In our study C1 is 17 times much higher concentration 

than curcumin in total brain estimation, C1 dosed mice have shown AUC (0- 

α) is significantly higher than curcumin. C1 systemic plasma half-life is 8.09 

± 2.62 hr (Table: 3-1). From this study, it is clear that C1 is systemically 

available after 15 mins, crossed blood-brain barrier, reached maximum 

concentration at 30 mins. C1 brain level was steadily decreased and 

reached below detection level after 12 hours (Fig: 3-1 and 3-2). In rats 

specific regions analysis, we also found C1 in hippocampus, striatum, 

frontal cortex and in CSF (at 30 mins time point), however curcumin level 

was below detection level at the corresponding Tmax (1 hr in the brain) 

observed in mice Pharmacokinetic study (Table: 3-1). In C1 two hydroxy 

groups were removed. Previous studies report that hydroxy groups increase 

drug hydrophilicity and promote drug metabolism by conjugation and 

promote their systemic clearance(175, 176). Probably removal of these two 

hydroxy groups promoted C1 systemic and brain bioavailability. Further 

studies on C1 and curcumin hydrophilic lipophilic balance will conclude the 

structural modifications influence on enhanced C1 bioavailability. 



42 
 

Until now, there are many curcumin structural modifications derived. 

Among them, Curcumin derivative J147 a brain penetrating neurotrophic 

compound screened for anti-Alzheimer’s, anti-inflammatory, and anti-

diabetic properties. It has been reported that J147 dosed at 20 mg/kg 

through intraperitoneal route in CD1 mice found 435 ng/ml in plasma and 

203 ngm/gm in brain (177) (Table: 3-1). 

In addition, Song et al., 2016 has administered C1 at 25 mg/kg 

through oral route for 28 days and determined C1 concentration in the rat 

brain. They found around 0.26±0.063 concentration of C1 in rats whole brain 

tissue 6 hrs post drug administration. Even they have reported that C1 can 

increase the expression of ALP pathway proteins in the rat frontal cortex 

(153). The studies of C1 are specific to its brain bioavailability. However, it is 

necessary to study C1 availability in other targeted organs to evaluate its 

pharmacological effect on other diseases. 

In human’s curcumin dosed at 2 gm/kg, was below detection level in 

plasma. However, in rats dosed at the same dose curcumin half-life was 

1.7±0.5 hrs. It indicates that curcumin pre-clinical validation is not replicated 

in clinical studies. Moreover, it is also observed that 75% of orally dosed 

curcumin is excreted in feces (178). Nevertheless, even after curcumin 

administered through intravenous and intra-peritoneal route, it is observed 

that curcumin is excreted through bile route as well. Mice dosed at 100 

mg/kg through intraperitoneal route shown 0.4 ± 0.01 µgm/gm brain tissue 

(174). In our study curcumin half-life in the brain was found to be 2.06±0.26 

hrs (Table: 3-1). As curcumin plasma level was below the detection level 

and curcumin is safe at relatively larger doses and it is better to use higher 
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doses for its efficacy studies (Fig: 1 and 2). On the other hand, further 

studies need to be conducted to further understand metabolic enzymes 

involved in C1 metabolism, C1 systemic clearance and volume of 

distribution (through Intravenous drug administration). 

In summary, C1 can enter the brain adequately after dosing at 10 

mg/kg in mice. According to previous studies, C1 oral administration can 

activate TFEB transgene and induce autophagy (153). So, C1 activated 

autophagy may degrade pathological proteins accumulated in AD 

transgenic mice. C1 pharmacokinetic study results were very encouraging 

to screen for its activity in vivo neurodegenerative disorder animal models. 
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CHAPTER 4. EFFECT OF CURCUMIN DERIVATIVE 

C1 ON APP AND Aβ DEGRADATION IN VITRO AND 

IN VIVO 

4.1 Introduction  

Alzheimer’s Disease is the most common dementia form in elderly 

population, characterized by two prominent amyloid plaques and 

Neurofibrillary tangles (NFT’s) pathological hallmarks. In consensus with 

the recent research evidence, amyloid-β accumulation is the initial step in 

the cascade of neuronal response following neurodegeneration. These 

events include neuroinflammation, synaptic impairment, neuronal loss and 

cognitive deficit (179-183).  

In AD abnormal β-Amyloid precursor protein (APP) expression, 

associated with impaired APP cleavage leads to massive autophagic load 

of its cleavage products. In most cases this is due to Swedish, Florida, 

London, Indiana, Presenilin-1 and Presenilin-2 FAD mutations. Dubious 

expression of membrane harbouring protein APP due to these mutations 

will eventually exceed the regular secretion rate of its cleavage products 

and amyloid β proteins. Due to this abnormal load autophagy process is 

impaired and autophagic vacuoles accumulation leads to dystrophic 

neurites formation (184, 185). These proteins will aggregate and form amyloid 

plaques and continue to expand (84). Furthermore, these accumulated 

metabolic products will obstruct the cellular self-sustaining catabolic 

mechanisms like Autophagy (110, 186). Overexpression of these APP 

mutations and analysing APP cleavage products is a useful experimental 
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tool to understand the anti-Aβ mechanisms and evaluate the efficacy of 

newly derived compounds towards Aβ toxicity.  

Moreover, these FAD mutations were employed in animals to 

generate various transgenic mouse models. Among various mice models, 

5xFAD mice model is used in this study. 5xFAD is an APP/PS1 transgenic 

mouse model with 5 FAD mutations. These include Swedish, Florida and 

London APP mutations, M146L and L286V PS1 mutations. These mutations 

were introduced into Thy1-APP (695) and Thy1-PS1 cDNAs via site-

directed mutagenesis. 5xFAD single transgene model has stable APP and 

PS1 gene transmission and expression over generations. In this model total 

Aβ levels were elevated. It is observed that among these specifically Aβ 1-

42 level was dramatically increased than Aβ 1-40 due to Florida, London, 

M146L, and L286V mutations. The heterozygous 5xFAD model is 

characterized by amyloid plaque early onset (2 months). Due to the 

accumulation of the plaques progressively, the 5xFAD mice model is 

reported for working memory impairment in Y-maze at 4-5 months, 

contextual fear conditioning at 6 months, Morris-water maze, and 

conditioned taste aversion test at 9 months. In association with the cognitive 

deficit, long term potentiation impairment in hippocampal synapse was 

reported at 6 months age in these mice (187, 188). In the current study, 

heterozygous female 5xFAD mice are administered with C1 starting from 

2nd month to 6th month. Then these mice are subjected to contextual fear 

conditioning experiments, and then brains were harvested. These brains 

were used to study the TFEB activator C1 effect on APP autophagic 

metabolism, Aβ plaques level.  
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Synaptic plasticity of hippocampal LTP impairment is associated with 

AD pathology and acts as an index for hippocampal Amyloid plaque 

accumulation, synaptic activity, and neurodegeneration in 5xFAD mice. 

Long-term potentiation is a synaptic mechanism required for learning as well 

as long term memory storage and retrieval. Moreover, Hippocampus 

neuronal function, synaptic activity, is necessary for our daily learning and 

memory storage. Hence, in the current study in C1 treated 5xFAD mice are 

evaluated for synaptic plasticity. fEPSP recordings will give proof of 

evidence for C1 efficacy in improving hippocampal synaptic connections 

and remote memory stabilization in 5xFAD mice (189-197). In this study, we 

evaluated TFEB direct activator C1 for its anti-AD efficacy in vitro and in 

vivo experimental Aβ conditions. 

 

4.2 Materials and methods 

4.2.1 Reagents and antibodies 

 C1 was purchased from Atkin chemicals, Inc. with 98% purity. 

Curcumin (#08511), Cycloheximide (CHX, #01810) and anti-SQSTM1/p62 

(#P0067) were purchased from Sigma-Aldrich. Anti-BACE1 (#ab108394) 

antibody was purchased from Abcam. Anti-H3F3A/histone H3 (D1H2; 

#4499), anti-PSEN1 (#5643), Anti-phospho-MTOR (Ser2448) (#2971), anti-

MTOR (#2983) and anti-phospho-RPS6KB1/P70S6K (Thr389) (#9234) 

antibodies were purchased from Cell Signalling Technology. HRP-

conjugated goat anti-mouse (115-035-003) and goat anti-rabbit (111-035-

003) secondary antibodies were purchased from Jackson Immuno-
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Research. Anti-TUBB/β-tubulin (H-235; #sc-9104), anti-GAPDH (G-9) (#sc-

365062) and anti-ACTB/β-actin (#sc-47778) was purchased from Santa 

Cruz Biotechnology. Anti-LC3B (#NB100-2220) antibody was purchased 

from Novus Biologicals. Anti-TFEB (A303-673A) was purchased from 

Bethyl Laboratories, Inc. DMEM (11965-126), fetal bovine serum 

(FBS;10270-106), Opti-MEM I (#31985-070), anti-APP (51-2700) and 

Nunc-immuno 96 well solid plates (#439454) were purchased from Thermo 

Fisher Scientific. Anti-β-Amyloid (6E10) (#803017) and biotinylated β-

Amyloid (4G8) (#800701) were purchased from Bio legend. 

 

4.2.2 Cell-culture 

N2a cells were maintained in DMEM/Opti-mem in 50:50 ratio, 

(Invitrogen) supplemented 2% Fetal Bovine Serum (FBS, Invitrogen; 

#10500) and 50 U of Penicillin-streptomycin (Pen/Strep; Invitrogen; 

#15140122) at 37° C and 5% CO2. Human Swedish/Indiana APP-695 PC-

DNA (#30145) was purchased from add-gene.  

 

4.2.2.1 Transfection protocol  

N2a cells of sufficient confluency were seeded in 12 well plate. 

Lipofectamine 3000 was used for transfection and transfection was carried 

out according to the manufacturers protocol. 1 µg of DNA was dissolved in 

100 microlitre of Opti-MEM, 2µl of P3000 reagent was added, mixed gently 

and incubated at room temperature for 5 mins. Then 2 µl of Lipofectamine 
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LTX was added to the DNA-P3000 solution, mixed and incubated at room 

temperature for 15 mins. Finally, DNA-Lipofectamine LTX complex was 

added to the cells and incubated for overnight and taken for experiments. 

 

4.2.2.2 Silencing protocol 

In 96 well plate N2a cells of 70% confluent cells were infected with 

lentivirus expressing nontarget shRNA (Sigma-Aldrich, SHC002V) or 

mouse Tfeb shRNA (Sigma-Aldrich, TRCN0000085548) (5 ul) in fresh 

medium containing 8 ug/mL polybrene (125X) for 48 h. After 48 hours, 

infected cells were selected in fresh medium containing puromycin (1.5 

mg/ml) for 3 days. After selection, shRNA knockdown efficiencies or specific 

gene expression studies were investigated by western blot analysis. 

 

4.2.2.3 Cells treatment 

One day after transfection medium was changed to Opti-MEM and 

1% PSN. Previously 25% cytotoxicity of C1 was observed at 10 µM 

concentration through cytotoxicity assay. So, C1 was treated to the cells at 

0.3, 0.6, 1.2µM concentration for 16 hours. Cells treated with EBSS for 4hrs 

is used as standard for autophagy induction. For APP chasing assay cells 

were treated with C1 1.2 µM for 16 hours followed by 50 µg/ml 

Cycloheximide and cells were collected at 0, 0.5, 1 and 2hrs. Cells were 

lysed by using RIPA buffer (Cell-signalling #9806) constituted with 0.1% 

SDS protease and phosphatase inhibitor cocktails and 1mM PMSF. Cell 
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lysate was briefly sonicated and centrifuged at 15,000 RPM for 30 minutes 

at 4°C. The supernatant was collected, and protein was estimated by BCA 

protein assay (#23225). 

 

4.2.3 5xFAD mice and treatment  

All animal experiments and procedures were prior approved by the 

Hong Kong Baptist University (HKBU) Committee on the Use of Human and 

Animal subjects in Teaching and Research. Heterozygous male 5xFAD 

mice purchased from Jackson laboratory (#006554) were maintained HKBU 

animal house at 23±2 °C and 60±15 % relative humidity with free access to 

feed and water ad libitum. Male 5xFAD mice were bred with female wild-

type C57BL/6. The produced heterozygous litters were maintained until they 

age 2 months. At 2 months age tail sample is collected in Non-ionic 

detergent buffer (50mM KCL, 10mM Tris-HCL, 2.5 mM mgCl2, 0.1 mg/ml 

Gelatine, 0.45% v/v NP-40, 0.45% v/v Tween 20 and 100µgm/ml Proteinase 

K). Tail samples were incubated in 55°C for overnight and denatured at 

95°C for 5 mins. Denatured samples were centrifuged, and supernatant is 

used for genotyping. Mice tail samples were genotyped using standard PCR 

protocol by using GoTaq G2 Green Master Mix (M7822), for APP, Forward 

5’-AGGACTGACCACTCGACCAG-3′ and reverse, 5′-

CGGGGGTCTAGTTCTGCAT-3′. After polymerase chain reaction 

amplification mice overexpressing APP transgene at 377bp were isolated 

and maintained. 
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Two months old male and female Wild Type (WT) and 5xFAD mice 

each group with (n=10-14/group) were isolated and maintained until they 

age 2 months. Mice were treated with Vehicle (1% Carboxy Methyl 

Cellulose-Na (CMC-Na); Sigma-Aldrich, C5678) curcumin analogue-C1 (5 

mg/kg-Low Dose-LD) and 10 mg/kg (High Dose-HD)) and Curcumin (50 

mg/kg) suspended in 1% CMC-Na by Post-Oral (P.O.) route daily for 4 

months. After 4 months of treatment mice were subjected for contextual fear 

conditioning cognitive experiment. 

 

4.2.3.1 Contextual fear conditioning 

Contextual fear conditioning (CFC) was used to evaluate the fear 

memory reconsolidation of 5xFAD mice after treatment for 4 months. The 

experiment was conducted 30 min after the drug administration in an ANY 

maze fear conditioning system with licensed ANY maze tracking system 

connected to a Windows XP computer. A digital camera was installed on 

each chamber and signals were sent to the computer for analysis. The 

experiments were conducted in two sound-proof chambers. All the 

experiments were conducted with continuous 40 units of white noise and 40 

lux white light. During training, mice were allowed to explore the platform for 

2.5 min and then received 3 repeated foot shock cycles (30 s) each with 30 

s intervals, each foot shock starting with a signalling cue tone (28 s, 1500 

Hz) and ending with a foot shock (30.0 mA, 2 s). On the second day the 

mice could explore the platform for 3 min followed by a cue tone (30 s, 1500 

Hz) without foot shock, and the freezing time was recorded. Contextual fear 
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memory formation and the subsequent remote memory stabilization were 

evaluated by scoring freezing index (the absence of all body movements 

except respiratory movement) (196). 

 

4.2.3.2 Animal Sacrifice  

After the behavioural examination mice were sacrificed by Cervical 

dislocation. Brains were removed, one half of the brain was used for 

Immunohistochemistry and the other half was used for Western blot and 

ELISA. 

 

4.2.3.3 Western blot protocol 

Brain homogenate were lysed with RIPA buffer (TBS with 1% NP-40, 

1% sodium deoxycholic acid, 0.1% SDS, and protease phosphatase 

inhibitor cocktails) and centrifuged at 15,000 RPM for 30 min. Supernatant 

was collected, Protein concentration was estimated by BCA assay. Samples 

were equalized and boiled with Nu-Page (#NP007) sample loading buffer. 

Samples were boiled and subjected for western blot analysis. Protein 

samples were separated in 10-15% SDS-PAGE acrylamide gel loaded with 

5-10 µgm of protein, and transferred to PVDF membrane (GE Healthcare, 

#RPN303F). The membranes were blocked for 1 hour in 5% non-fat milk 

prepared in Tris Buffered Saline-Tween-20 (0.01%) and probed with 

appropriate primary and secondary antibodies. The desired bands were 
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visualized by using ECL kit (Pierce-#32106). The band intensities were 

quantified by using ImageJ and normalized to control group. 

 

4.2.3.4 Immunohistochemistry 

Half of the mice brains were fixed in 4% paraformaldehyde in PBS 

for 24hrs followed by dehydration step in 30% sucrose in PBS for another 

48hrs. Coronal brain sections of 30 µm thickness were taken in microtome 

and stored in PBS+0.1% sodium azide. Sections were treated with 3% 

hydrogen peroxide for 15 mins followed by 0.4% PBS-triton-x step. Sections 

were washed with 0.1% PBS-Tween-20 after each step. Sections were 

blocked in 1% bovine serum albumin for 1 hour at room temperature, 

followed by incubation with 4G8 (1:1000) antibody for overnight. Next day, 

sections were washed and incubated with Avidin-Biotin enzyme complex 

(Vecstatin-ELITE ABC standard kit) and amyloid plaques were visualized 

by DAB and quantified by using ImageJ software (198). 

 

4.2.3.5 ELISA assay 

The whole brain samples were sequentially extracted through a 3-

step extraction procedure (199) with minor modifications. Mouse brain 

samples were homogenized in 1/10 volumes of ice cold TBS (containing 

protease inhibitor, phosphatase inhibitor and PMSF) and centrifuged in 

Beckman Coulter Optima™ L-80XP, Ultracentrifuge at 1,00,000 xg, 4°C for 

1h. TBS supernatant was fraction collected, and the pellets were 
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resuspended in 1% Triton X and proceeded for ultracentrifugation. The 

resulting Triton soluble fraction was collected, and the pellets were 

homogenized again in 70% formic acid (FA) in 50 mM TBS (pH=7.4). After 

brief sonication, samples were centrifuged at 20,000g, 4° C for 20 min. FA 

fractions were neutralized with Tris buffer (pH=11, containing protease 

inhibitor, phosphatase inhibitor and PMSF) at 1:12 dilution rate. Aβ in TBS-

Triton fraction was regarded as the detergent- soluble, while Aβ in 

neutralized formic acid fraction was considered as the detergent-insoluble 

fraction and subjected for sandwich ELISA. The ELISA plates (Thermo-

Fischer scientific, 439454) were coated overnight with 6E10 (4 µg/ml) 

antibody in phosphate well coating buffer (pH=8.3) and blocked with 4% 

block ace in PBS for 2 hours. Equal amounts of the FA neutralized fraction 

and equalized protein concentration of TBS Triton fractions were loaded in 

duplicate wells and incubated at room temperature for 2 h under constant 

shaking. Biotinylated 5C3 (Nanotools, 0060S) and 8G7 (Nanotools, 0061S) 

were used to determine Aβ1-40 and Aβ1-42, respectively. Secondary 

antibodies were diluted at 1:1000 concentration in 1% Block ace solution 

and incubated at room temperature for 2 h. After washing the plates with 

PBST, streptavidin HRP (Dako, P03971) was added, and the plates were 

incubated at 37 °C for 1 h. TMB substrate (BD Biosciences, 555214) was 

added to the plates, and they were incubated at room temperature for 30 

min. Finally, an equal volume of 2M H2SO4 was added, and absorbance 

was measured at 450 nm. Synthetic Aβ 1-42 and Aβ 1-40 peptides 

(AnaSpec, AS-20276 and AS-24236) were used to construct respective 

standard curves (198). 
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4.2.4 C1 efficacy in restoring synaptic plasticity in 5xFAD mice 

4.2.4.1 5xFAD Mice treatment 

Female 5xFAD mice genotyped as described previously were 

divided into 3 groups, one group with C57BL/6 (WT, n=6), other two groups 

having Heterozygous 5xFAD mice (5x, n=6 each). Starting from 3rd month 

of mice age mice were treated with vehicle 1% carboxy methyl cellulose 

(CMC) to the WT and 5x-CON group and 5x-C1-10 mg/kg daily through oral 

route. Treatment continued until mice were 6 months old. 

 

4.2.4.2 Electrophysiological recordings with micro-electrode array 

recording system 

After decapitation, mouse brain was quickly dissected and placed in 

sucrose-substituted ice-cold artificial cerebrospinal fluid (sucrose-aCSF, 

120 mM sucrose, 10 mM  D-glucose, 2.5 mM KCl, 1.25 mM KH2PO4, 0.5 

mM CaCl2, 10 mM MgSO4, 64 mM NaCl and 26 mM NaHCO3, gas with 

5% CO2/95% O2). Acute horizontal brain slices (350 µm) were sectioned 

with a vibrating microtome (5100mz, Campden Instruments, England) and 

recovered in the recording aCSF (recording aCSF, 10 mM D-glucose, 3.5 

mM KCl, 1.25 mM KH2PO4, 2.5 mM CaCl2, 1.5 mM MgSO4, 120 mM NaCl 

and 26 mM NaHCO3, gas with 5% CO2/95% O2) at 32°C for 1 hr. The brain 

slices were then incubated in the oxygenated recording aCSF at room 

temperature before and during recording. To record field excitatory 

postsynaptic potential (fEPSP), brain slices were transferred to a 16 

channels multi-electrode array probe chamber (MED-PG501A, Alpha MED 
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Scientific, Japan). The slices were carefully relocated such that the multi-

electrode array was situated in the CA1 region of the hippocampal Schaffer-

Collateral/Commissural pathway. Oxygenated recording aCSF was 

perfused to the probe chamber at 2 ml/min. Bi-phasic field pulses stimuli 

(10-60 µA, 0.2 ms) were delivered to Schaffer-Collateral/Commissural 

pathway to invoke EPSP every 20 seconds, and slope of the fEPSP was 

recorded by MED64-Quad II recoding system (Alpha MED Scientific, 

Japan). The intensity of the bi-phasic field pulses stimuli for each brain 

slices was pre-determined by the input/output (I/O) response curve. Stimuli 

that invoke 40% of maximum response amplitude were typically selected for 

each slice. The recordings were continued for 20 min to ensure a stable 

baseline response. Then, 5 trains of theta burst stimulation (TBS, 10 burst 

pulses at 100 Hz with 200 ms interval for each pulse and 30 s interval for 

each train) were delivered to the slice to induce long term potentiation (LTP). 

The increase in fEPSP slope was monitored for 60 min to ensure its stability 

(179, 200).  

 

4.3 RESULTS: 

4.3.1 C1 treatment reduces APP and CTFβ in SweAPP overexpressed 

N2a cells 

N2a cells overexpressed with Swe/Ind-APP were treated with C1 at 

0.3, 0.6, and 1.2µM concentration along with autophagy induction by amino 

acid starvation with EBSS as standard. C1 has significantly reduced APP 

and CTFβ levels compared to the control. Moreover, C1 has no significant 

influence on BACE1/beta-secretase 1 and γ-secretase complex enzyme- 
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Presenilin-1. In the nucleus and cytoplasm fraction analysis C1 has 

significantly increased nuclear TFEB level dose-dependently (Fig: 4-1 A & 

B).  

 

 

Fig 4- 1: C1 reduces FL-APP, CTFβ level in Swe/Ind-APP overexpressed 

N2a cells. After 16 hrs of C1 treatment and 4hrs starvation autophagy with 

EBSS cell lysate is subjected for western blot. Cells(A, B, C, and D) No 

transfection (NT) and Swe-APP transfection and representative blots 

showing FL-APP, CTFβ, BACE1, PSEN1, cytoplasmic TFEB, nuclear TFEB 

level, and their quantification results with H3F3A as nucleus and tubulin as 

loading controls and their respective purity verification from 3 independent 

experiments. Values are expressed as Mean±S.E.M values.  *P<0.05, 
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**P<0.01, ***P<0.001 in comparison with control. Statistical analysis was 

done by One-Way ANOVA followed by Tukey’s multiple comparison post-

test. 

 

4.3.2 C1 induces lysosomal degradation of APP and CTFβ  

To understand the C1 augmentation in lysosomal APP degradation, protein 

synthesis was inhibited by using cycloheximide and lysosomal acidification, 

which is necessary for lysosome mediated degradation was inhibited by 

using bafilomycin. Initially, cells were treated with C1 for 14 hrs, Before, 

CHX treatment at specific time points, cells were co-treated with Bafilomycin 

and protein was extracted at specific time points. At each time point, protein 

synthesis and lysosomal biogenesis inhibition prevented C1 induced APP 

reduction. In summary, C1 mediated APP reduction was significantly 

inhibited by lysosomal inhibitor bafilomycin.  
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Fig 4-2: C1 reduces FL-APP through lysosomal degradation. A and B. 

Representative blots showing Fl-APP level chasing with CHX (at indicated 

timepoints) after co-treatment with C1 (1.2µM, 12hrs) or vehicle and 

Bafilomycin (100nM, 4hrs). Values are expressed as Mean±S.E.M of 3 

independent experiments. *P<0.05, **P<0.01, ***P<0.001 in comparison 

with control. Statistical analysis was done by One-Way ANOVA followed by 

Tukey’s multiple comparison post-test. 

 

4.3.3 C1 induced APP/CTFβ reduction requires TFEB 

To understand the TFEB involvement in APP/CTFβ degradation, N2a cells 

stably silenced for TFEB with lentivirus shRNA transfection particles. N2a 

cells with/without TFEB knockdown cells were transfected with Swe/Ind-

APP and treated with C1 (1.2µM) and CHX at indicated time points. Cells 
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were subjected for western blot analysis. In this experiment among TFEB 

knockdown cells, C1 induced APP and CTFβ degradation were significantly 

abolished. From this experiment, it is evident that C1 induced APP/CTFβ 

reduction is TFEB dependent. 

 

Fig 4-3: C1 reduces FL-APP, CTFβ level in TFEB dependent manner. After 

16 hrs of C1 treatment cells were subjected to western blot analysis. A and 

B: Representative blots showing FL-APP, CTFβ, TFEB and Actin-B and 

their quantification from 3 independent experiments. Values are expressed 

as Mean±S.E.M. *P<0.05, **P<0.01, ***P<0.001 in comparison with control. 

Statistical analysis was done by One-Way ANOVA followed by Tukey’s 

multiple comparison post-test. 
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4.3.4 C1 activates TFEB, degrades APP, Aβ and ameliorates memory 

impairment in 5xFAD mice 

Previous research evidence has supported that TFEB activation can 

reduce not only APP/Aβ abundance but also restores cognitive deficits (121). 

Hence, we evaluated TFEB direct activator C1 efficacy in decreasing Aβ 

abundance and further restoring memory, synaptic plasticity, as well as 

attenuating amyloid plaque burden in the brain. 

After treating for 4 months, the C1 effect on memory formation was 

evaluated by contextual fear conditioning. Firstly, in comparison with 

5xFAD-Veh, the WT group has shown a significant increase in the freezing 

percentage. Moreover, the C1-HD group and Cur group has shown a 

significant increase in the freezing percentage. From this data, it is evident 

that C1-HD and Curcumin groups have better memory reconsolidation in 

both males and females. However, the C1-HD group has shown better 

memory improvement than curcumin (Fig:4-4). Besides, we evaluated C1 

efficiency in attenuating LTP impairment in 6 months old female 5xFAD 

mice (189) after treating with C1 at 10 mg/kg through oral route daily for 3 

months. In our experiment, LTP impairment in Schaffer collaterals in the 

hippocampus CA1 region is evident in 5xFAD mice, in comparison with the 

same age wild type litters (P<0.001). Also, in C1 treated 5xFAD mice, LTP 

impairment is significantly restored (P<0.001). The curcumin effect on 

synaptic plasticity in vivo is not reported. However, curcumin restored LTP 

impairment induced with Abeta oligomers in stressed rat hippocampal slices 

(150). This limited invitro curcumin activity in restoring synaptic plasticity may 

be due to its limited brain bioavailability. This scenario is consistent with the 
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previous pharmacokinetic study where C1 is available in the hippocampus 

but not curcumin. So, C1 brain bioavailability significantly restored synaptic 

plasticity and increased fear-induced freezing response in 5xFAD mice (Fig 

4-8). 

In the whole-brain lysate, western blot analysis of 5xFAD mice 

treated with C1 and curcumin has significantly reduced FL-APP, CTFα/β, 

and Aβ levels. Especially, C1 has significantly increased autophagy through 

TFEB activation. C1 mediated autophagy induction is evident in 5xFAD 

mice by the increase in nuclear TFEB, LC3B-II, LAMP1, and lysosomal 

enzyme CTSD levels in both males and females. Also, Curcumin and C1-

HD have shown a similar effect on reducing FL-APP, CTFα/β, and Aβ in 

female mice. Nevertheless, C1-HD has shown better TFEB nuclear 

translocation without effecting P-MTORC1, P-70S6K levels. On the other 

hand, curcumin has significantly reduced P-MTORC1, P-70S6K levels. 

However, in curcumin treated mice TFEB has a mild but insignificant 

increase in nuclear TFEB level. These results confirm that curcumin induced 

autophagy by inhibiting mTOR. Whereas, C1 has induced autophagy by 

activating TFEB in an mTOR independent manner and reduced APP and 

Aβ levels in 5xFAD mice (Fig: 4-5). Most importantly, in the present study, 

along with the 5xFAD mice, wildtype-C57BL/6 mice in both males and 

females were treated with C1 for the same period. In this study, C1 has not 

affected the levels of APP and Tau proteins level (Fig: 4-8). 

In this study, we evaluated whether the mice's gender influences C1 

effects. Also, previous clinical studies confirm that AD pathology is more 

severe in female human patients than males (201). Especially in 5xFAD mice, 
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studies concluded that female mice exhibit more AD pathology than males 

(192). In our study, intergender C1 activity analysis confirmed that C1-LD 

group activity is majorly influenced by the 5xFAD mice gender, which is not 

observed in the C1-HD group in comparison with vehicle treated 5x mice. 

Especially, this gender influence on C1-LD activity is limited in the reduction 

of FL-APP, CTF-α/β, and Aβ, but not in the TFEB nuclear translocation, 

CTSD, LAMP1, and LC3B-II levels expression (Table 4-1). These results 

indicate that C1 activity may not be affected by the gender in enhancing 

ALP machinery via TFEB. These results are consistent with the TFEB 

overexpression study in APP/PS1 mice. Xiao et al., also reported that TFEB 

overexpression has ameliorated Aβ pathology independent of mice gender 

(121). 

In the present study, 5xFAD mice treated with curcumin at 50 mg/kg 

through oral route also restored memory in the contextual fear condition 

test. Curcumin has reduced FL-APP, CTFs, and Aβ by enhancing 

autophagy via mTOR inhibition and preventing its substrate RPS6KB1 

phosphorylation. Curcumin has mild but insignificant TFEB nuclear 

translocation in 5xFAD mice. Moreover, Curcumin activity may be partly 

attributed to its BACE1 inhibition. Previous studies report that curcumin can 

inhibit BACE1 enzyme in 5xFAD mice (202). 

Immunohistochemistry and sandwich ELISA assay methods 

investigated further C1 effect on Aβ plaque load in 5xFAD mice. C1-LD 

(P<0.01) and C1-HD (P<0.001) has significantly reduced the percentage of 

Aβ plaque load in both male and female 5xFAD mice, determined by 4G8 

immunohistochemistry (Fig: 4-6). Moreover, Aβ1-40 and Aβ 1-42 triton 
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soluble and formic acid soluble levels were determined. In males, C1-HD 

has significantly reduced the triton soluble Aβ 1-40 level. However, C1-LD, 

C1-HD, and Curcumin have significantly reduced formic acid soluble Aβ 1-

40 and Aβ 1-42 levels. In females, C1-HD has significantly reduced triton 

soluble Aβ 1-42 level. C1-LD, C1-HD, and Curcumin have significantly 

reduced triton soluble Aβ 1-40 level. In a formic acid soluble fraction, C1-

HD has significantly reduced Aβ 1-42 level, and C1-HD, as well as 

Curcumin, has significantly reduced formic acid soluble Aβ 1-40 peptide 

level (Fig: 4-7).  

In addition to the previous pharmacokinetic study in C57BL/6, C1 

brain penetration is also evaluated in 5xFAD mice. 6 hours after C1-10 

mg/kg administration, 216.7 ± 55.3 ng/g and 261.2 ± 32.9 ng/g of C1, which 

is equivalent to 0.74 ± 0.19 μM and 0.89 ± 0.11 μM of C1 was found in male 

and female (n = 5) 5xFAD mice respectively (Fig: 4-8). 

In summary, C1 treatment in 5xFAD mice has significantly improved 

memory formation in contextual fear conditioning, reduced FL-APP, CTF’s 

level in both males and females. C1 has significantly reduced Aβ plaque 

load in immunohistochemistry as well as Triton and formic acid soluble Aβ 

peptide levels in the sandwich ELISA method. Notably, C1 has significantly 

induced autophagy by TFEB nuclear translocation without inhibiting mTOR 

and its substrate P70S6K phosphorylation levels, unlike mTOR inhibitor and 

its lead structure curcumin in 5xFAD mice. 
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Fig 4-4: C1 increased freezing percentage in contextual fear conditioning 

memory test in both male and female 5xFAD mice (n=9-10). Graph showing 

freezing percentage after cue tone in contextual fear memory evaluation in 

both male and female 5xFAD mice combined. *P<0.05, **P<0.01, 

***P<0.001 in comparison with 5x-vehicle group. Statistical analysis was 

done by One-Way ANOVA followed by Tukey’s multiple comparison post-

test. 
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Fig 4-5: C1 reduces Aβ plaque load in both male and female 5xFAD mice. 

A and B. Representative images showing 4G8 staining in 5xFAD mice 

coronal brain sections and their quantification relative to control. D. C1 

quantity in 5xFAD mice whole brain homogenate quantified through LC-

MS/MS analysis. *P<0.05, **P<0.01, ***P<0.001 in comparison with 5x-

vehicle group. Statistical analysis was done by One-Way ANOVA followed 

by Tukey’s multiple comparison post-test. 
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Fig 4-6: C1 promotes ALP reduces APP, CTFs, Aβ via TFEB. A, B and C. 

Male and female 5xFAD mice treated with C1-5, 10 mg/kg, curcumin 50 

mg/kg at the same time wild type and control group were treated with vehicle 

6hrs before sacrifice. Mice brains were extracted with RIPA and analysed 

through western blot. Representative blots showing FL-APP, CTFα/β, Aβ, 

Cytoplasmic-TFEB, Nuclear-TFEB, LAMP1, Cathepsin-D and LC3B-II level 

and their quantification with the corresponding loading controls. *P<0.05, 

**P<0.01, ***P<0.001 in comparison with 5x-vehicle group. Statistical 

analysis was done by One-Way ANOVA followed by Tukey’s multiple 

comparison post-test. 
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Fig 4-7: C1 treated 5xFAD mice brain differential Aβ quantification through 

ELISA assay.  Male and female 5xFAD mice brains were differentially 

extracted for Triton soluble and formic acid soluble fractions and analysed 

through sandwich ELISA. C1 treatment has significantly reduced Aβ 1-40 

and Aβ 1-42 peptide levels in both triton and formic acid soluble fractions. 

*P<0.05, **P<0.01, ***P<0.001 in comparison with 5x-vehicle group. 

Statistical analysis was done by One-Way ANOVA followed by Tukey’s 

multiple comparison post-test. 
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Fig 4-8: C1 acts independent of mTOR inhibition in 5xFAD mice and C1 

quantification in 5xFAD mice brain homogenate. WT and 5xFAD mice 

treated with vehicle as well as C1 and curcumin 6hrs before sacrifice. Then 

whole brain lysates were subjected to analyse mTOR inhibition. (A) Blots 

showing p-mTOR, mTOR, p-RPS6KB1, T-RPS6KB1, and β-actin. (B) 

Graph representing the quantification of p-mTOR, p-RPS6KB1 with their 

corresponding loading controls T-mTOR, and T- RPS6KB1. (C) Graph 

representing C1 amount in the 5xFAD treated mice male and female brain. 

Values are expressed as mean±S.E.M. statistical analysis was done by 

One-way ANOVA and **P<0.01 and ***P<0.0001 are considered as 

significant. 
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Table 4- 1: Table representing Two-way ANOVA results of probability and 

degrees of freedom values of C1 activity interaction with mice gender in 

5xFAD mice. Statistical analysis was done by Two-way ANOVA. 
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Fig 4-9: C1-HD treatment did not alter the endogenous APP, CTFs and Tau 

levels in C57BL/6 mice. A picture representing the western blot results of 

APP, CTFs, PHF1 and total tau levels in 4 months treated wild type-

C57BL/6 mice (n=6) whole-brain homogenate sacrificed at the 7 months 

age. 
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4.3.5 C1 restores hippocampal Synaptic Plasticity in 5xFAD mice 

The usual cause of learning and memory impairment in Alzheimer’s 

disease is due to hippocampal synaptic plasticity impairment. To further 

corroborate C1 ameliorating memory restoration in AD mice models, we 

also investigated synaptic plasticity restoration in 5xFAD mice. In our study, 

long-term potentiation induced by TBS was significantly impaired in 5xFAD 

mice compared to the similar age wild type mice (P<0.001). In C1 treated 

5xFAD mice, synaptic plasticity is restored substantially in comparison with 

the vehicle treated 5xFAD control group (P<0.001). Together, these results 

indicate that C1 treatment can reverse synaptic dysfunction and alleviate 

memory deficits in the 5xFAD mice model. 

 

Fig 4-10: C1 restores altered synaptic plasticity in 5xFAD mice. 

Representative fEPSP time course recording of WT, 5x-CON and 5x-C1 

groups before and after TBS stimulation. Each trace is normalized and 

represented as baseline percentage. Corresponding traces were presented 

before (black) and after TBS stimulation (red) in the figure. (B) Mean fEPSP 

slope percentage of baseline calculated from the last 20 minutes of fEPSP 

recordings. Mean fEPSP slope percentage change in the last 20 minutes of 
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each recording is calculated and their mean fEPSP slope of each group is 

compared by One-Way ANOVA. ###P<0.001 vs. WT-Veh; ***P<0.001 vs. 

5xFAD-Veh. 

 

4.4 DISCUSSION 

Modulating autophagy to treat neurodegenerative disorders is 

developing as a promising approach. Moreover, recent evidence suggests 

enhancing Autophagy lysosomal pathway (ALP) via TFEB activation can be 

a prudent strategy to enhance cellular catabolic degradation of neurotoxic 

proteins. Furthermore, TFEB overexpression in AD mice brain has 

attenuated tauopathy and Aβ plaque load in vivo. Even in vitro TFEB 

overexpression in cellular model also activated ALP pathway and reduced 

Aβ generation. Previously, C1 is reported to directly bind to recombinant 

TFEB and activate autophagy, so as ALP pathway in vitro and in vivo. 

Moreover, C1 is bio-available to activate TFEB and ALP (153). In this study, 

C1 efficacy to degrade Aβ and APP in APP695 overexpressed cell models 

and 5xFAD animal models have been investigated. 

In the present study, C1 has significantly induced TFEB mediated 

autophagy in vitro and in vivo under AD experimental conditions. In 

vitro, C1 mediated APP, and CTFβ degradation is via ALP. This degradative 

process requires TFEB activation. We also quantified 0.74 and 0.89 µM C1 

concentration in male and female 5xFAD mice brains, respectively. Unlike 

mTOR inhibitor curcumin, C1 induced ALP activation via TFEB independent 

of mTOR inhibition and degraded APP, CTF’s and Aβ in 5xFAD mice. C1 

ameliorated Aβ caused cognitive impairment tested through CFC 
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experiment in 5xFAD mice and significantly reduced Aβ and amyloid-β 

plaque load in 5xFAD mice. 

According to Xiao et al., 2015., TFEB overexpression in vitro and in 

vivo (APP/PS1 mice) in lysosomal APP and CTFs degradation and in a 

reduction in APP, CTF’s, Aβ and amyloid plaque load respectively (121). 

Similarly, C1 activated TFEB, induced ALP, promoted APP, CTFs, and 

reduced amyloid plaque load. Meanwhile, C1 has not interrupted mTOR and 

showed better TFEB activation at 10 mg/kg than curcumin at 50 mg/kg. 

From this data, C1 is better than curcumin in activating TFEB mediated 

autophagy in 5xFAD mice. The better C1 binding efficacy to the 

recombinant TFEB also substantiates this scenario. According to Song et 

al., 2016, C1 outstand curcumin in TFEB direct binding and activation. From 

the current study and previous pharmacokinetic study, it is evident that C1 

is brain bioavailable, and facilitated TFEB mediated autophagy activation in 

5xFAD mice. 

Accumulating evidence suggests that CTFβ aggregation is directly 

linked to endosome-lysosome-autophagosome pathway impairment. The 

endosome-lysosome-autophagosome pathway is an active cellular process 

involved in APP, CTFs, and Aβ processing and degradation. However, β-

secretase cleavage product CTFβ overproduction may halt the endosome-

lysosome-autophagosome pathway independent of Aβ (203). According to 

Inger et al., 2016, CTFβ accumulation has resulted in inflammation and 

synaptic dysfunction. In the current study, C1 treatment in Swe-APP 

overexpressed N2a cells has significantly reduced CTFβ in TFEB 

dependent manner. Also, C1 treatment in 5xFAD mice for 4 months has 
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significantly decreased the CTFβ level in both males and females. So, C1 

may have amended CTFβ halted endosome-lysosome-autophagosome in 

FAD conditions. However, further experiments need to be done to validate 

and understand this scenario completely. 

Yagisawa et al., 2011 developed a fluoro-curcumin (19F-MeC1) 

derivative that has been used as a molecular probe through 19F-MRI for 

amyloid plaque deposition diagnosis in AD mice brain. They said that this 

curcumin derived molecular probe can brain penetrate and even prevent Aβ 

toxicity in vitro (204). However, in our study, small molecular TFEB activator 

C1 can also able to penetrate the blood-brain barrier, and ameliorated Aβ 

toxicities by activating autophagy in 5xFAD mice. 

After treating female 5xFAD mice with C1 at 10 mg/kg for 4 months 

daily, Mice brains were subjected to fEPSP recordings in the CA1 region of 

the hippocampus by using the MED64 system. In Long term potentiation 

experiments, C1 treatment has significantly restored synaptic plasticity 

impairment in 5xFAD mice. Heterozygous 5xFAD mice exhibit spatial 

memory impairment only after 9 months, and the current study is terminated 

before the onset of Aβ detrimental effect in the hippocampus. Hence, in 

further studies, hippocampus-dependent memory evaluation tests (Morris-

Water Maze) need to be assessed. 
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CHAPTER 5. Effect of curcumin derivative C1 in 

P301S mice 

5.1 Introduction 

AD is the most devastating illness among the elderly population with 

unique cognitive and behavioural deficits. One of the AD characteristic 

features were formed due to abnormal tau phosphorylation. In general, tau 

phosphorylation is required for brain development. Tau protein is highly 

phosphorylated in developing foetal brain but minimally phosphorylated in a 

controlled manner to stabilize cytoskeleton in the adult brain, whereas 

abnormally phosphorylated in the AD patient brain. The tau gene mutation 

in Frontotemporal Dementia and Parkinsonism linked to chromosome-17 

(FTDP17) will disrupt tau function, form tangles, and causes dementia (205-

208).  

An AD patient with mutated MAPT or FTDP-17 cases will have tau 

gene mutation at exon 1, 9,10,11,13, and at intron 9. Among these, P301L 

and P301S mutations are observed at exon-10. These mutations will induce 

the excessive formation of human 4R tau. According to previous studies, 

4R tau is more vulnerable to form tau aggregates. These mutations will lead 

to progressive neurodegeneration, especially at the frontotemporal lobes of 

the adult human brain (209, 210).  

Tau is a 441 amino acid protein. Tau is specifically 

hyperphosphorylated at 19 amino acids out of its entire sequence, and few 

of them are associated with AD pathology. In AD, abnormally 

phosphorylated tau will go through different morphological, developmental 
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stages and forms NFTs. Morphological stages of NFTs include pre-NFTs, 

intra, and extra neuronal NFTs. Tau puncta formed in a healthy neuron 

develops into pre-NFTs. These pre-NFTs slowly grow and develop through 

the intracellular filamentous tau inclusion process. Then it further develops 

into intra neuronal NFTs and progressively into extra neuronal NFTs. 

Morphologically, intraneuronal NFTs will appear as punctate cellular regions 

with slight damage to basal dendrites. Extra neuronal NFTs in an affected 

neuron appears as filamentous aggregates, displaying neuronal atrophy 

and basal dendritic loss. In later stages, these neurons with extra neuronal 

NFTs display a discerned nucleus and eventually leads to neuronal death. 

Primarily, intraneuronal NFTs were reported to phosphorylate at S396. 

Extra neuronal NFTs were serine phosphorylated at S199, S202, and S409 

sites. There are many antibodies raised against these different tau epitopes 

phosphorylated at different sites. They are PHF-1 (pSer396, pSer404), AT-

8 (pS199, pSer202, pThr205), 12E8 (Ser262, Ser356), CP-13 (Ser202) and 

Total Tau (Tau 243-441) (211, 212). These antibodies were used to understand 

different tauopathy stages, tau phosphorylation, and their processing before 

as well as after tau filament formation in both In vitro and In 

vivo experimental conditions. In the present study, we overexpressed N2a 

with Tau-P301L mutation tagged with EGFP to study the autophagic 

clearance of C1. 

To study the C1 in vivo efficacy, we used a homozygous P301S 

mouse model. P301S mouse is a PS19 mouse generated by inserting 

G272V and P301S gene mutations into 4R tau cDNA, at XhoI site of Thy1.2 

expression vector by site-directed mutagenesis. These mice have been 
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developed with relevance to AD-related tau epitopes (AT-180, At-8, 12E8, 

At-180, AT-270, AP422, and Phospho-Ser396) increased expression and 

NFTs formation. It has been reported that P301S mice exhibit significant 

behavioural abnormalities (7-days post-natal) even before the onset of brain 

tau related histopathological observations. It has been reported that 

homozygous P301S mice behavioural abnormalities were related to initial 

mutant tau aggregation in the amygdala and hippocampus. Hippocampal 

synaptic loss, LTP dysfunction, cognitive deficits, overt motor function at 3rd 

month are observed prior to NFTs formation. These toxicities may be related 

to the pre-NFTs toxicities. Neural circuit connections deteriorations are 

exhibited as presymptomatic behavioural abnormalities even before the 

tangle formation. Homozygous P301S tau mutation physiological 

manifestations resemble early-stage AD brain neural circuit deterioration 

and neuronal vulnerability to the generated tau epitopes  (213). Hence, this 

model is a useful tool to understand presymptomatic disease stages and to 

develop new therapeutic strategies. In the current study, we used this 

homozygous P301S tau transgenic mouse model to evaluate C1 efficacy in 

a tauopathy model. 

After confirming C1 brain bioavailability and its anti-AD activity in 

5xFAD mutation mice, in the current study, C1 efficacy has been studied in 

EGFP-P301L overexpressed n2a cells. Homozygous PS19-P301S tau 

transgenic mice have been used to evaluate its effectiveness in a tauopathy 

mice model. 
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5.2 Materials and Methods 

5.2.1 Reagents and antibodies  

C1 was purchased from Atkin chemicals, Inc with ~98% purity. 

Curcumin (#08511) and anti-SQSTM1/p62 (P0067), CMC-Na in water 

(#C5678]), nontarget shRNA transfection particles (#SHC002V), TFEB 

shRNA transfection particles (#TRCN0000085548) were purchased from 

Sigma-Aldrich. of Penicillin-streptomycin (Pen/Strep; Invitrogen; 

#15140122) was purchased from Invitrogen. Anti-H3F3A/histone H3 (D1H2; 

#4499), Anti-phospho-mTOR (Ser2448) (#2971), anti-mTOR (#2983) and 

anti-phospho-RPS6KB1/RPS6KB1 (Thr389) (#9234) antibodies and RIPA 

buffer (#9806) were purchased from Cell Signalling Technology. HRP-

conjugated goat anti-mouse (#115-035-003) and goat anti-rabbit (#111-

035-003) secondary antibodies were purchased from Jackson 

ImmunoResearch. Anti-TUBB/β-tubulin (H-235; #sc-9104), anti-GAPDH 

(G-9) (#sc-365062) and anti-ACTB/β-actin (#sc-47778) was purchased from 

Santa Cruz Biotechnology. Anti-LC3B (#NB100-2220) antibody was 

purchased from Novus Biologicals. Anti-TFEB (#A303-673A) was 

purchased from Bethyl Laboratories, Inc. DMEM (#11965-126), fetal bovine 

serum (FBS; #10270-106), Opti-MEM I (#31985-070), anti-APP (#51-2700), 

anti-AT8 (#MN1020), Alexa Fluor® 488 goat anti-mouse IgG (#A-11001) 

and Alexa Fluor® 594 goat anti-rabbit IgG (#A-11012), BCA protein assay 

kit (#23225) and Lipofectamine 3000 (#L3000-015) were purchased from 

Thermo Fisher Scientific. EGFP-P301L PC-DNA (#46908) was purchased 

from add-gene Anti-β-Amyloid (6E10) (#803017) and biotinylated β-Amyloid 

(4G8) (#800701) were purchased from Bio legend. Anti-total Tau (#A0024) 
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was purchased from Agilent (Dako). Anti-PHF1 and MC1 were kindly 

provided by Prof. Peter Davies at Albert Einstein College of Medicine. 

 

5.2.2 Cell-culture 

N2a cells were maintained in DMEM/Opti-mem in 50:50 ratio, 

(Invitrogen) supplemented 2% Fetal Bovine Serum (FBS, Invitrogen; 10500) 

and 50 U of penicillin and streptomycin at 37° C and 5% CO2. EGFP-P301L 

PC-DNA was used to overexpress EGFP-P301L tau. Tau is overexpressed 

according to Lipofectamine supplier’s standard procedure.  

 

5.2.2.1 Transfection protocol  

N2a cells of sufficient confluency were seeded in 12 well plate. 

Lipofectamine 3000 was used for transfection and transfection was carried 

out according to the manufacturer's protocol. 1 µg of DNA was dissolved in 

100 microlitres of Opti-MEM, 2µl of P3000 reagent was added, mixed gently 

and incubated at room temperature for 5 mins. Then 2 µl of Lipofectamine 

LTX was added to the DNA-P3000 solution, mixed and incubated at room 

temperature for 15 mins. Finally, DNA-Lipofectamine LTX complex was 

added to the cells and incubated for overnight and taken for experiments. 
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5.2.2.2 Silencing protocol 

In 96 well plate N2a cells of 70% confluent cells were infected with 

lentivirus expressing nontarget shRNA (Sigma-Aldrich, SHC002V) or 

mouse Tfeb shRNA (Sigma-Aldrich, TRCN0000085548) (5 ul) in fresh 

medium containing 8 ug/mL polybrene (125X) for 48 h. After 48 hours, 

infected cells were selected in a fresh medium containing puromycin (1.5 

mg/ml) for 3 days. After selection, shRNA knockdown efficiencies or specific 

gene expression studies were investigated by western blot analysis. 

 

5.2.2.3 Cells treatment 

One day after the transfection medium was changed to Opti-MEM 

and 1% PSN. C1 was treated to the cells at 0.3, 0.6, 1.2µM concentration 

for 16 hours. Cells treated with EBSS for 4hrs is used as standard for 

autophagy induction. For lysosomal inhibition experiment cells were treated 

with C1 for 12 hours followed by Bafilomycin co-treatment for 4hrs. In Tfeb 

knockdown cells as well as vector treated cells were overexpressed with 

EGFP-P301L tau for 24hrs. Then cells were treated with C1 for 16 hrs. Cells 

were lysed by using RIPA buffer constituted with 0.1% SDS protease and 

phosphatase inhibitor cocktails and 1mM PMSF. The cell lysate was briefly 

sonicated and centrifuged at 15,000 RPM for 30 minutes at 4°C. The 

supernatant was collected, and protein was estimated by BCA protein 

assay. 
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5.2.3 Animals and treatment  

All animal care and experimental procedures were approved by the 

Hong Kong Baptist University Human & Animal Research Ethics Committee 

(HAREC) on the use of human and animal subjects in teaching and 

research. Homozygous PS19 line carrying MAPT P301S tau mutation 

(Generously supplied by Michael Goedert) and maintained in in Hong Kong 

Baptist University animal house and maintained at 23 ±2°C temperature, 60 

± 15% relative humidity with free access to food and water ad libitum. 

Homozygous P301S and 3xTg mice were multiplied in Hong Kong Baptist 

University Animal House.  

 

5.2.3.1 C1 oral administration in P301S mice  

One-month-old homozygous human P301S tau transgenic mice 

(male and female, n = 8 per group) were treated with C1 mixed food or 

vehicle for three months. C1 is suspended well in distilled water and mixed 

with calculated weight of regular feed powder (LD-5 mg and HD-10 mg per 

kg body weight) or vehicle. The assessment of animals’ body weight and 

calculation of food consumption were performed once in every two weeks 

before drug admixed food supply. The C1 admixed food was replaced with 

fresh food every two days once. 
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5.2.3.2 Rota rod experiment  

After 50 days of treatment period animal motor co-ordination was 

evaluated by using Rotarod (Harvard apparatus, SeDaCom v2.0.000). 

Animals were introduced into the experimenting room 30 mins before the 

start of experiment. On experimenting day animals were placed on stable 

rotor for 2 mins to observe normal motor function as well as to acclimatize 

to the testing environment. On Day-1 animals were placed on the rotor at 

fixed 4 RPM speed for 3 minutes in 3 attempts. On Day 2 and 3 animals 

were trained at 8 RPM and 16 RPM in 3 attempts. On each day, the time 

each mouse spent on the rotor is recorded. On 4th day latency to fall at the 

acceleration speed from 4 RPM to 40 RPM in 5 minutes is recorded(213). 

 

5.2.3.3 Tissue extraction and Western blotting analysis 

Brain tissues were lysed with RIPA buffer (TBS with 1% NP-40, 1% 

sodium deoxycholic acid, 0.1% SDS, and protease phosphatase inhibitor 

cocktails) and centrifuged at 15,000 RPM for 30 min. In P301S mice Soluble 

and insoluble proteins were further extracted by sarkosyl fractioning 

according to the previous protocols.(122) Briefly, the equalized protein-

containing brain lysates were resuspended in 1% sarkosyl in TBS with 

protease inhibitor and phosphatase inhibitor cocktails, sonicated, incubated 

in shaking for 30 min and ultra-centrifuged at 100,000 × g for 1 h. The 

supernatants (sarkosyl-soluble) were collected, and the pellets containing 

the sarkosyl-insoluble material were resuspended in PBS(122). Protein 

lysates were separated by 10-15% SDS-PAGE, transferred onto PVDF 
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membrane, blocked with non-fat milk, incubated overnight with full-length 

PHF1, AT8, total Tau, LC3B, TFEB (A303-673A), LAMP1, Cathepsin-D. 

Next day morning membranes were washed with the respective secondary 

antibodies for 2 h at room temperature. Protein chemiluminescence signal 

was detected by using ECL kit and quantified using ImageJ software. 

 

5.2.3.4 Immunohistochemistry 

Mice half brains were fixed with 4% paraformaldehyde in PBS 

overnight and dehydrated in 30% sucrose in PBS for at least 24 h. Brain 

sections (30 µm) were cut on a microtome and stored at 4°C in PBS+0.1% 

sodium azide. Sections were permeabilized for 10 min with cold PBS 

containing 0.5% Triton X-100. After that sections were blocked in 3% bovine 

serum albumin for 1 h at room temperature. Then sections were incubated 

with PHF-1 and AT-8 monoclonal antibodies overnight. Next day sections 

were washed with and incubated with respective Alexa Fluoro-568 

fluorescence secondary antibodies, following by nuclear staining with DAPI 

(4′,6-Diamidino-2-phenylindole dihydrochloride) quantified using ImageJ 

software. 

 

5.2.4 Statistical analysis 

All data are presented as Mean ± SEM. One-way analysis of variance 

(ANOVA) followed by Dunnett's Multiple Comparison Test was performed 
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using the GraphPad Prism 5.03. A probability value of P< 0.05, P<0.01, 

P<0.001 was considered to be statistically significant. 

 

5.3 RESULTS 

5.3.1 C1 treatment reduces aberrant tau in vitro 

We used EGFP-P301L overexpressed N2a cells to examine the C1 

autophagic clearance effect on the overexpressed tau level. After 

transfection, the cells were treated with C1 for 16 hrs, and cell lysates were 

subjected to western blot analysis. C1 has significantly decreased PHF1 

and Total tau expression levels in comparison with the control group at 0.3, 

0.6, and 1.2µM concentrations. EBSS treatment for 4 hrs is used as 

standard. Starvation has also significantly reduced both PHF1 and Total tau 

expression levels (Fig: 5.1). 

 

 

Fig 5-1: C1 reduces P301L tau mutation overexpressed tau in N2a cells. C1 

at 0.3, 0.6, and 1.2 µM concentration and EBSS induced autophagy reduced 

PHF-1 and total tau in P301L mutation overexpressed tau in N2a cells. Data 

are presented as Mean ± S.E.M values of 3 independent experiments. 

*P<0.05, **P<0.01, ***P<0.001 in comparison with control. Statistical 
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analysis was done by One-Way ANOVA followed by Tukey’s multiple 

comparison post-test.

 

5.3.2 C1 induces lysosomal degradation of aberrant tau   

EGFP tagged P301L tau were overexpressed in N2a cells and 

treated with C1 at 1.2µM concentration. After 12 hours of C1 treatment, cells 

were co-treated with bafilomycin 100 nM for 4 hrs. after a total 16 hrs of C1 

and C1-bafilomycin co-treatment, cells were collected for protein extraction 

and subjected to western blot analysis. In the presence of Baf, C1 has 

shown a significant additive increase in LC3B-II level, indicating an increase 

in autophagy. Under the lysosomal inhibited condition, the degradation of 

PHF1 and total tau levels were prevented. These results suggest that C1 

promoted the lysosomal degradation of tau (Fig: 5.2). 

 

 

Fig 5- 2: C1 increases autophagy and reduces tau through lysosomal 

degradation. C1 (1.2 µM) and cotreatment with Baf (100nM) concentration 

abolished tau reduction in P301L mutation overexpressed tau in N2a cells. 

PHF-1, Total tau, LC3B-II and actin-B blots of cells treated with vehicle, C1, 

Baf and C1 co-treated with Baf. Values are expressed as Mean ± S.E.M 
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values of 3 independent experiments. *P<0.05, **P<0.01, ***P<0.001 in 

comparison with C1 and C1+Baf. #P<0.05, ##P<0.01 in comparison with C1 

and Veh. Statistical analysis was done by One-Way ANOVA followed by 

Tukey’s multiple comparison post-test. 

 

5.3.3 C1 induced tau degradation requires TFEB 

To examine C1 induced tau degradation is via TFEB, N2a cells were 

knocked down for TFEB with Adenovirus shRNA as well as an empty vector. 

These cells were overexpressed with EGFP-P301L tau and treated with 

Vehicle and C1 at 1.2 µM concentration and subjected to western blot 

analysis. In shTFEB knockdown cells, the decrease in PHF-1 and Total tau 

was significantly abolished. These results conclude that TFEB mediated 

autophagy induction has a significant role in C1 mediated tau degradation 

(Fig: 5.3). 

 

 

Fig 5- 3: C1 decreases tau in TFEB dependent manner. C1 (1.2 µM) activity 

in tau degradation was inhibited in shTFEB knocked down, and P301L 

mutation overexpressed N2a cells. TFEB, PHF-1, Total tau, and Actin-B 
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representative blots treated of N2a cells and TFEB knockdown N2a cells 

treated with Vehicle and C1. Data are presented as Mean ± S.E.M values 

of 3 independent experiments. ***P<0.001 in comparison with C1 and 

shTFEB n2a cells treated with C1. ###P<0.001 in comparison with C1 and 

Veh. Statistical analysis was done by One-Way ANOVA followed by Tukey’s 

multiple comparison post-test. 

 

5.3.4 Effect of C1 in homozygous P301s mice-tauopathy model 

In this study, C1 efficacy was examined in PS19 line P301S-

MAPT/Tau gene mutation carrying C57BL/6 mice. 

5.3.4.1 C1 treatment alleviates motor impairment in homozygous P301S 

mice 

After food admixed C1 treatment starting from 1st month to 3rd 

month, P301S mice were examined for motor impairment. After three days 

of training mice, the time spent on the rotor was observed in acceleration 

speed mode. In both male and female C1 treatment at 5mg and 10 mg/kg 

doses, have significantly increased the maximum time spent on the rotor in 

comparison with vehicle treatment (Fig: 5.4). 
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Fig 5-4: C1 treatment alleviates motor impairment in P301S mice. C1 at 5 

and 10 mg/kg has significantly increased time spent on rotor (Combined 

male and female, N=9). Graph representing each group maximum time 

spent on rotor. Data is presented as Mean ± S.E.M values. *P<0.05 and 

**P<0.01 in comparison with C1 5 mg/kg, 10 mg/kg and vehicle-treated 

control group. Statistical analysis was done by One-Way ANOVA followed 

by Dunnet’s multiple comparison post-test. 

 

5.3.4.2 C1 reduces p-Tau epitopes by enhancing ALP in P301S mice  

After behavioural observation, a very small part of P301S whole brain 

homogenate is extracted with 0.1% SDS RIPA buffer for western blot 

analysis. In comparison with the vehicle group, C1 treated mice has 

significantly reduced the AT-8 tau epitope level relative to the total tau level 

(Fig: 5-5 A and B). In this fraction, C1 has significantly increased the 

expression of TFEB and enhanced its nuclear TFEB level (Fig: 5-5 A and 
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B, and Fig: 5-7 C and D). TFEB overexpression and nuclear translocation 

have enhanced the LC3B-II level. However, RIPA soluble sequestosome-1 

(SQSRM1 or p-62) level was unchanged in this fraction (Fig: 5-5 A and B). 

In P301S mice, C1 has significantly increased P-mTOR and its downstream 

substrate P-p70S6K expression level (Fig: 5-6 A and B). These results 

indicate that C1 enhanced TFEB mediated autophagy induction, and this 

autophagy induction is independent of mTOR pathway inhibition (Fig: 5-5, 

5-6, and 5-7). 
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Fig 5-5: C1 Induces autophagy independent of MTOR activation and 

reduces Phospho tau epitope in P301S mice whole brain homogenate 

(Combined male and female, N=9). (A and B) western blots and their 

quantification of AT-8 and PHF-1 levels with total tau as a loading control, 

TFEB, LC3B-II, SQSTM1, LAMP1, pro-Cathepsin D, and mature cathepsin 

D quantified with β-actin as a loading control. Data is presented as Mean ± 

S.E.M values. *P<0.05, **P<0.01, ***P<0.001 is considered as significant. 

C1 5 and 10 mg/kg are compared with Vehicle treated control group. 

Statistical analysis was done by One-Way ANOVA followed by Dunnet’s 

multiple comparison post-test. 

 

 

Fig 5- 6: C1 increased mTOR and its substrate phosphorylation in P301S 

mice. (A) western blot showing the p-mTOR and p-RPS6KB1 levels relative 

to the T-mTOR and T-RPS6KB1 levels. (B) Quantification results of p-

mTOR and p-RPS6KB1 (both male and females, n=9). Values are 

expressed as Mean±S.E.M. values. **P,0.01 and ***P<0.001 in comparison 
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with vehicle treated control. Statistical analysis was done by One-way 

ANOVA followed by Dunnet’s multiple comparison post-test.  

 

 

Fig 5-7: C1 increases autophagy flux in male P301S mice. (A) Western blot 

analysis of male P301S mice (n=4-5) whole brain homogenate RIPA 

fraction, blots showing LAMP1 and Cathepsin D levels, and (B) their 

quantification. (C) Western blot analysis of cytosolic as well as nuclear 

fractions of male P301S mice, blots showing nuclear and cytoplasmic TFEB, 

and their respective loading controls tubulin and Histone H3 protein blots. 

Data are expressed as Mean±S.E.M. values. *P<0.05, **P<0.01, and 

***P<0.001 in comparison with the vehicle by One-way ANOVA.  
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5.3.4.3 C1 reduces sarkosyl insoluble tau in P301S tau mice 

To understand the nature of decreased tau species level, P301S 

mice whole brain homogenates were extracted for sarkosyl soluble 

(cytosolic) and insoluble tau fractions. In western blot analysis, in both 5 mg 

and 10 mg/kg C1 treated mice AT-8, PHF-1, MC1, total tau, and autophagy 

receptor SQSTM1 levels were dramatically decreased (Fig: 5-8 A and C). 

However, C1 treatment does not affect sarkosyl soluble AT-8, PHF-1, MC1 

total tau, and SQSTM1 levels (Fig: 5-8 B and D). Western blot results 

indicate that C1 treatment has significantly induced autophagy and 

prevented specific sarkosyl insoluble neurofibrillary tangles formation in 

both male and female P301S mice (Fig: 5-8). 
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Fig 5-8: C1 reduces sarkosyl insoluble phospho-tau epitopes but not 

sarkosyl soluble phospho-tau epitopes (Combined male and female, N=9). 

(A and B) Representative blots showing sarkosyl soluble and insoluble 

fraction of C1 treated P301S mice and vehicle-treated control group and 

their respective quantification results (C and D). Data are presented as 

Mean ± S.E.M values. **P<0.01, ***P<0.001 in comparison with C1 5 and 

10 mg/kg and vehicle-treated control group. Statistical analysis was done 

by One-Way ANOVA followed by Dunnet’s multiple comparison post-test. 
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5.3.4.4 C1 reduced NFTs in P301S mice 

AT-8 detects tau phosphorylation at both Ser-199 and Ser-202. As 

these phosphorylated tau peptides are reported to incorporate slightly into 

intraneuronal NFTs and mostly observed as extra neuronal tangles, AT8 

detects these respective NFTs (212). Another antibody, PHF1, detects both 

Ser-396 and Ser-404 tau phosphorylation sites. As these phosphorylated 

tau peptides are reported to incorporate aggregate as extra neuronal and 

slight intra-neuronal neurofibrillary tangles, PHF1 detects these respective 

NFTs. Hence in the present study, we employed AT-8 and PHF-1 immuno-

reactive positive cells to study the intra, and extra neuronal fibrillary tangles 

level in C1 treated as well as vehicle groups. P301S mice brain coronal 

sections were immune-stained for AT-8 and PHF-1 positive cells in the 

hippocampus and cortex region. In the present study, C1 treatment in both 

male and female P301S mice has significantly reduced the number of AT-8 

and PHF-1 positive cells (Fig: 5-9 A and B). 
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Fig 5-9: C1 reduced PHF-1 and AT-8 phospho-tau epitopes positive cells in 

P301S mice (Combined male and female, N=9). A. C1 brain coronal 

sections were stained for AT-8 and PHF-1 immuno-positive cells.  B. 

Graphical representation of AT-8 and PHF-1 positive cells count. Values are 

expressed as Mean ± S.E.M values. **P<0.01, ***P<0.001 in comparison 

with C1-5 and 10 mg/kg with vehicle-treated control group. Statistical 

analysis was done by One-Way ANOVA followed by Dunnet’s multiple 

comparison post-test. 
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5.4 DISCUSSION  

In this study, C1 activated master controller of autophagy-TFEB and 

enhanced lysosomal degradation of aberrant tau species in vitro as well 

as in vivo. Moreover, C1 alleviated motor impairment in the rotarod test in 

homozygous P301S mice (Fig: 5-4). TFEB, the master controller of 

autophagy activation, has been reported to augment autophagy and clears 

Phospho-tau epitopes in inducible T40PL-P301L tau mutation 

overexpressed HEK293 cell line (in vitro) as well as it alleviates cognitive 

deficits in rTg4510 and P301S tau mice (in vivo) (122). Similarly, we used 

P301L-EGFP construct to overexpress AD-related tau in N2a cells and 

evaluate C1 efficiency for in vitro experiments. Initially, C1 effective 

concentration for autophagy induction along with tau clearance strategy, is 

established (Fig: 5-1). Then to corroborate autophagy lysosomal pathway 

involvement in C1 mediated tau clearance, lysosomal acidification was 

inhibited by using v+ATPase inhibitor Bafilomycin and PHF-tau level was 

evaluated (Fig: 5-2). In this experiment, lysosomal inhibition has significantly 

increased tau levels under C1 co-treatment with Bafilomycin. Moreover, to 

validate the TFEB role in C1 mediated tau clearance, N2a cells were 

knocked down for TFEB using TFEB shRNA AAV particles. These stable 

cells were overexpressed with tau and evaluated for C1 mediated tau 

clearance. Interestingly, TFEB knockdown cells treated with C1 has 

inhibited C1 mediated tau clearance (Fig: 5-3). These results confirm that 

TFEB dependent autophagy lysosomal pathway is playing a significant role 

in C1 induced tau degradation in vitro. Moreover, these experiments 
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substantiate C1 as an efficient TFEB dependent small molecular compound 

that needs to be validated for tau clearance in AD animal models. 

In the present study, C1 promoted total tau lysosomal clearance 

similar manner to the starvation-induced autophagy. Previously, the 

autophagy mechanism is reported for the clearance of total tau (214). Also, 

tau secretion and its spreading rate are increased in autophagy inhibited 

condition (215). In consistent to the autophagy tau clearance mechanism, C1 

promoted tau degradation. From the pharmacokinetic study, we observed 

C1 is eliminated within 12 hrs after the administration. In the Pk study, as 

C1 did not produce double peak concentration, from this, it is also evident 

that C1 is not binding to blood proteins and release depending on its blood 

concentration gradient. Most of the drugs bind to blood proteins and 

produce organic toxicity. Moreover, it is also vital to select a safe drug dose 

to show its autophagic clearance activity of toxic proteins and alleviate the 

altered mice behaviour. In the current study, C1-10 mg/kg has shown its 

autophagic activity (all transgenic mice sacrificed 6hrs after C1 

administration of drug administration) at a very safe dose pattern relevant 

to the pharmacokinetic study.  

TFEB transcriptional overexpression in tau transgenic mice has 

significantly ameliorated tauopathy induced behavioural deficits and toxicity. 

rTg4510 is MAPT/P301L human tau mutation expressing mice. TFEB 

overexpression from Post-natal Day 0 in rTg4510 transgenic mice pups has 

led to autophagy and lysosomal pathway activation and significantly 

reduced aberrant Phospho-tau epitopes. Notably, TFEB has selectively 

reduced hyperphosphorylated and misfolded PHF-tau and leaving normal 



99 
 

tau levels unaffected (122). In another study, TFEB overexpression in 

heterozygous P301S mice has activated autophagy lysosomal pathway, 

cleared PHF-tau, and restored cognitive deficits(216). These study results 

demonstrate that TFEB as an efficient target to activate and relieve tau 

related neurotoxicity mechanisms.  

In the current study, C1 also mimicked the TFEB overexpression 

effect. In this study, homozygous P301S mice were used as a tauopathy 

model. In this mouse, AD mechanisms exhibit behavioural abnormalities 

even before the neuropathological tau tangles formation(213). In order to 

precede drug treatment before tangles formation, mice need to be started 

treating from the first month. Performing oral drug administration manually 

in mice weighing less than 20 grams may cause damage to the mice, and 

the gavaging error might influence the mice behaviour and final study 

output. So, we admixed compound C1 in the food and supplied it to the mice 

depending on its daily average food intake. After 2 months of drug 

treatment, mice were subjected to the rotarod experiment. In the rotarod 

experiment, C1significantly improved motor impairment in P301S mice (Fig: 

5-4). In the biochemical examination, initially, we evaluated the proteins for 

autophagy induction and tau clearance in normal RIPA fraction. In RIPA 

fraction C1 has significantly increased TFEB and LC3B-II, indicating 

autophagy induction. Activated autophagy has significantly decreased AT-

8 tau in comparison with total tau (Fig: 5-5 A and B). Similarly, in male 

P301S mice, C1 treatment has increased nuclear TFEB level, LAMP1, and 

Cathepsin D (Fig: 5-7 A and B). Notably, C1 activated autophagy without 

inhibiting mTOR activity (Fig: 5-6 A and B). Also, it is observed that p-MTOR 
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and its substrate p-RPS6KB1 levels were elevated in C1 treated mice 

compared with the vehicle treated control group (Fig: 5-6 A and B). Further, 

to understand and differentiate sarkosyl soluble or cytoplasmic and sarkosyl 

insoluble or pathological tau level, differential protein extraction of brain 

lysate was performed (217). Notably, C1 treated group has selectively 

reduced sarkosyl insoluble aberrant tau species (Fig: 5-8 A, B, C, and D). 

According to Jo et al., 2014 autophagy sequestering protein P-62 has also 

accumulated in the sarkosyl insoluble fraction of an AD human patient brain 

lysate along with tau-PHFs (214). In consistence to their observation, in 

homozygous P301S mice, sarkosyl insoluble fraction p-62 level was 

observed. Notably, the p-62 level was significantly decreased the sarkosyl 

insoluble fraction of C1 treatment groups (Fig: 5-8 A, B, C, and D). However, 

the PHF-tau epitopes level and p-62 levels were unchanged in the sarkosyl 

soluble fraction (Fig: 5-8 A, B, C, and D). These results demonstrate that 

C1 induced TFEB activation has significantly alleviated tauopathy induced 

neurotoxicity in the P301S mice model. 

However, Curcumin has been reported to selectively reduce tau 

dimers in hTau transgenic mice through molecular chaperon activation. Yet, 

in their study curcumin treatment unchanged PHF-tau and total tau in 

different detergent fractions analysis (218). As per Song et al., 2016., C1 is 

better than curcumin in TFEB activation and autophagy induction (153).  

Hence, C1 attributed MTOR independent TFEB, and autophagy activation 

might facilitate NFTs reduction better than curcumin.  

In another study, fluorine-19 curcumin derivative named Shiga Y5, a 

molecular imaging probe to detect Aβ aggregates through MRI imaging, has 
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been developed. This probe has an additional anti-Aβ aggregates formation 

property screened in APP/PS1 mice. Nevertheless, this probe has been 

tested for anti-tauopathy activity in rTg4510 mice. However, Shiga Y5 has 

unchanged tau accumulation in the biochemical and histopathological 

examination, as well as no improvements, were observed in behavioural 

observation (204). On the other hand, mTOR inhibiting TFEB activator Fisetin 

reported activating TFEB and autophagy lysosomal genes to decrease 

PHF-tau in-vitro. However, Fisetin in vivo activity is not reported (219). In our 

study, C1 activity is confirmed in reducing PHF-tau in vitro as well as in 

decreasing tau epitopes in the sarkosyl insoluble fraction in vivo and for 

motor impairment in P301S mice. From this study, small molecular TFEB 

activator C1 can be a potential NFTs preventive drug to treat tauopathy 

related complications.   

AD pathological features amyloid plaques and neurofibrillary tangles 

combined neuropathology model is an efficient tool to study anti-AD 

therapies. 3xTg mice are one such model with Swe-APP, P301L, and PS1-

M146L mutations. These mice are characterized to exhibit cognitive deficits 

associated with amyloid plaque accumulation and neurofibrillary tangle 

formation (220). After confirming C1 activity in ameliorating Aβ-5xFAD and 

tau-P301S mice models, C1 efficacy has been evaluated in Aβ and tau 

combined 3xTg toxicity model. 
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CHAPTER 6. STUDY OF C1 IN TRIPLE 

TRANSGENIC AD MICE MODEL 3xTg 

6.1 Introduction 

 AD pathological hallmarks Aβ plaques and NFTs cause a detrimental 

effect on neurons. However, current therapeutic approaches were targeted 

to any one of these pathological hallmarks. Besides, ongoing anti-AD drug 

development and clinical trial agents comprise of very less percentage of 

agents targeting both Aβ plaques and NFTs (221). Moreover, previous clinical 

trial drug failure cautiously reiterates the necessity to study the 

interrelationship between Aβ and tau peptides in AD pathogenesis. It is also 

reported that Aβ exerts its toxicity partly via tau by activating the Src kinase 

and Fyn pathway (222). Also, Abeta and tau interaction at synapse cause 

synapse depotentiation, reduced spine formation, as well as growth. These 

detrimental effects cause impaired synaptic plasticity, as well as learning 

and memory retrieval (223).  

In this study, C1 activity is also screened in AD mice model 3xTg. 

3xTg mice is a triple transgenic mouse with APPSWE, PS1M146V, and Tau P301L 

AD mutations. These mice are generated by co-injecting both APPswe and 

4R tau mutation P301L independent constructs into homozygous PS1M146V 

knock-in mice embryo. The inserted gene expression is regulated by the 

Thy1.2 element. Previous studies report that homozygous 3xTg mice with 

APP and PS1 transgene have resulted in significant increase in expression 

of APP, CTF’s and Aβ resulting in the formation of Aβ plaques. Extracellular 

Aβ deposits were reported to start from the sixth month and more 

predominant by 12th month. In this mice P301L mutation causes the 
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increased expression of 4R Tau. At 12th – 15th months age 3xTg mice have 

tau immune-reactive cells in amygdala and hippocampal neurons. Due to 

these AD-related pathologies, 6-month-old 3xTg mice are observed with 

anxiety-like behaviour in elevated plus maze and open field. Interestingly, 

in open field test these mice have equal ambulatory behaviour but restricted 

their location to the centre of the open field. Such behaviour was postulated 

due to the increase in hypothalamic- pituitary-adrenal (HPA) central axis 

activation. Generally, HPA central axis releases glucocorticoids in order to 

adapt to the stress. However, in 3xTg mice, the HPA axis is activated from 

the third month. Prolonged activation of this central axis will make neurons 

vulnerable to dysfunction and may lead to neuronal mortality. Moreover, 

3xTg mice have been reported for spatial and memory retrieval impairments 

through contextual fear conditioning and Morris water maze tests, starting 

from 6 months as well. These studies indicate that mild behavioural 

abnormalities and AD pathology preceded with brain neuroendocrine-HPA 

axis activation. In these mice, extracellular amyloid β plaques and tangles 

start to appear from 6th and 15th months, respectively. Also, 3xTg mice are 

reported for significantly impaired synaptic function at 6 months of age (220, 

224-226). To corroborate anti-AD activity of C1 in both Aβ and Tau toxicity AD 

mice model, in the current study female 3xTg mice is employed. 
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6.2 Materials and Methods 

6.2.1 Reagents and antibodies  

C1 was purchased from Atkin chemicals, Inc with ~98% purity. 

Curcumin (#08511) and anti-SQSTM1/p62 (P0067), CMC-Na in water 

(#C5678]), Anti-H3F3A/histone H3 (D1H2; #4499), Anti-phospho-mTOR 

(Ser2448) (#2971), anti-mTOR (#2983) and anti-phospho-

RPS6KB1/RPS6KB1 (Thr389) (#9234) antibodies and RIPA buffer (#9806) 

were purchased from Cell Signalling Technology. HRP-conjugated goat 

anti-mouse (#115-035-003) and goat anti-rabbit (#111-035-003) secondary 

antibodies were purchased from Jackson ImmunoResearch. Anti-TUBB/β-

tubulin (H-235; #sc-9104), anti-GAPDH (G-9) (#sc-365062) and anti-

ACTB/β-actin (#sc-47778) was purchased from Santa Cruz Biotechnology. 

Anti-LC3B (#NB100-2220) antibody was purchased from Novus Biologicals. 

Anti-TFEB (#A303-673A) was purchased from Bethyl Laboratories, Inc. 

Anti-β-Amyloid (6E10) (#803017) and biotinylated β-Amyloid (4G8) 

(#800701) were purchased from Bio legend. Anti-total Tau (#A0024) was 

purchased from Agilent (Dako). Anti-PHF1 and MC1 were kindly provided 

by Prof. Peter Davies at Albert Einstein College of Medicine. 

 

6.2.2 Animals and treatment  

All animal care and experimental procedures were approved by the 

Hong Kong Baptist University Human & Animal Research Ethics Committee 

(HAREC) on the use of human and animal subjects in teaching and 

research. Homozygous 3xTg mice (APP KM670/671NL (Swedish), MAPT-
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P301L, PSEN1 M146V) (#004807) were from purchased from Jackson 

laboratory and maintained in in Hong Kong Baptist University animal house 

and maintained at 23 ±2°C temperature, 60 ± 15% relative humidity with 

free access to food and water ad libitum. Homozygous P301S and 3xTg 

mice were multiplied in Hong Kong Baptist University Animal House.  

 

6.2.2.1 3xTg mice C1 oral administration and behavioural assessment 

Seven months old female 129/SvJ-WT (n = 10) and 3xTg mice (n = 

10 for each group) were treated daily with vehicle 1% CMC-Na in water or 

curcumin analogue C1 at 5 mg/kg, and 10 mg/kg or curcumin at 50 mg/kg 

suspended in 1% CMC-Na by oral gavage daily for 7 months. After 7 months 

treatment mice were subjected to behavioural examination in the open field 

and Morris-water maze test 

 

6.2.2.2 Open-field test  

3xTg mice were treated with the indicated compounds for seven 

months, and then the open-field test was performed to evaluate the mice 

exploratory behaviour in novel environment. The experiment was conducted 

30 min after last dosing time. Mice placed in the centre of an empty open 

field (25 cm x 25 cm) were allowed to explore the environment for 5 min 

without any external disturbance. Ethnovision XT software was used to 

measure the patterns of movement, time spent in the center and margin, 

velocity, distance travelled as indicators of agility, and exploration(226). 
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6.2.2.3 Morris-water maze 

3xTg mice were treated with the indicated compounds for 7 months, 

and Morris-water maze (MWM) was used to evaluate the spatial learning 

memory.  

MWM is a circular water (21 ± 1ºC) container with 1-meter diameter. 

Animals were pre-quarantined and acclimatized to the experimenting room 

at least 1 week before the start of the experiment. The experiment was 

started with one-day visual platform trial. Each mouse underwent 4 visible 

platform trials (each trial 60 seconds) with different platform placement, 

positioned above the water level. Hidden platform training was conducted 

after mixing a non-toxic paint in the water. Mice were trained for 6 

continuous days, each day composed of different sessions with 4 hidden 

platform trials (each trial 60 seconds). Each session was designed with 

randomized animal introduction pattern into the water maze with unchanged 

platform position. Each trial was conducted with 30 min inter-trial interval 

and provided with external cues. To assess the long-term spatial memory 

retrieval a probe trial (60 seconds) was conducted 24 h after the last training 

session. During probe trial water maze was divided into 4 quadrants. The 

hidden platform in the target quadrant was removed after determining its 

location. Ethnovision XT software was used to observe and record the 

swimming pattern. During hidden platform training sessions, time spent to 

find the platform was taken as a parameter to evaluate memory acquisition. 



107 
 

In the probe trial the percentage of time spent in the target quadrant  

compared to the other 3 quadrants was calculated(198). 

 

6.2.2.4 Tissue extraction and Western blotting analysis 

In 3xTg mice hippocampus was separated, protein was extracted in 

the RIPA buffer with 0.1% SDS. Protein concentration was estimated by 

BCA assay. (122). Protein lysates were separated by 10-15% SDS-PAGE, 

transferred onto PVDF membrane, blocked with non-fat milk, incubated 

overnight with full-length APP, 6E10, PHF1, AT8, total Tau, LC3B, TFEB 

(A303-673A). Next day morning membranes were washed with the 

respective secondary antibodies for 2 h at room temperature. Protein 

chemiluminescence signal was detected by using ECL kit and quantified 

using ImageJ software. 

 

6.2.2.5 Immunohistochemistry 

Mice half brains were fixed with 4% paraformaldehyde in PBS 

overnight and dehydrated in 30% sucrose in PBS for at least 24 h. Brain 

sections (30 µm) were cut on a microtome and stored at 4°C in PBS+0.1% 

sodium azide. Sections were permeabilized for 10 min with cold PBS 

containing 0.5% Triton X-100. For 4G8 staining sections were boiled in 

sodium citrate buffer (10 mM sodium citrate and 0.05% Tween 20, Ph6.0) 

for 5 mins at 95°C. The sections were incubated with a biotinylated 4G8 

antibody (800701, Biolegend) overnight, and then incubated with Avidin-
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Biotin enzyme complex (Vecstatin-ELITE ABC-HRP kit) and Aβ plaques 

were visualized by DAB peroxidase. For immunofluorescence sections 

were permeabilized for 10 min with cold PBS containing 0.5% Triton X-100. 

After that sections were blocked in 3% bovine serum albumin for 1 h at room 

temperature. Then sections were incubated with PHF-1 and AT-8 

monoclonal antibodies overnight. Next day sections were washed with and 

incubated with respective Alexa Fluoro-568 fluorescence secondary 

antibodies, following by nuclear staining with DAPI (4′,6-Diamidino-2-

phenylindole dihydrochloride) quantified using ImageJ software. 

6.2.2.6 Statistical analysis 

All data are presented as Mean ± SEM. One-way analysis of variance 

(ANOVA) followed by Dunnett's Multiple Comparison Test, or Two-way 

ANOVA followed by Bonferroni post-hoc test was performed using the 

GraphPad Prism 5.03. A probability value of P< 0.05, P<0.01, P<0.001 was 

considered to be statistically significant. 

 

6.3. C1 effect on 3xTG triple transgenic mice model 

In this study, the C1 effect was examined in triple AD transgenic 

mice model 3xTg. These mice carry Swe-APP, P301L-Tau, and PS1-

M146Lmutations in 129SVJ mice. 
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6.3.1 C1 improves open field exploratory behaviour in female 3xTg mice 

Starting from 6 months age, 3xTg mice introduced into the novel 

environment have open field exploratory impairment. So, to prove TFEB 

direct activator C1 effect on mice exploratory behaviour, we conducted an 

open field test. In open field test, vehicle-treated 129SVJ (WT) mice have 

spent significantly more time in the corner in comparison with vehicle-

treated female 3xTG mice (control), indicating 3xTg mice has significant 

impairment in open-field exploration (Fig: 6-1 A). Our observation in 3xTg 

mice open field exploratory impairment was consistent with the previous 

observations on female 3xTg mice at 6 months of age(226). On the other 

hand, C1 treatment has significantly increased the mice time in the corner 

(10 mg/kg) (Fig: 6-1 A). Notably, when compared with the total distance 

travelled, the 3xTg control group has no significant difference in comparison 

with either WT or C1 treated groups (Fig: 6-1 B). These results indicate that 

C1 treatment in 3xTg mice has significantly restored open field exploratory 

impairment in female 3xTg mice (Fig: 6-1). 
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Fig 6-1: C1 Treatment has improved open field exploratory behaviour in 

female 3xTg mice. A. Graph representing time spent in the center for each 

treatment (mean ± s.e.m.) female (n = 10) 3xTg mice. B. Graph representing 

distance traveled for each treatment (mean ± S.E.M.) female (n = 10) 3xTg 

mice. C. Representative images showing mice exploratory behaviour for 

each group. Values are expressed as Mean ± S.E.M values. *P<0.05, 

**P<0.01, ***P<0.001 in comparison with vehicle-treated WT, 5 and 10 

mg/kg treated 3xTg mice and vehicle-treated 3xTg. Statistical analysis was 

done by One-Way ANOVA followed by Dunnet’s multiple comparison post-

test. 
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6.3.2 C1 restores learning and cognitive impairments in Morris water maze 

spatial memory learning 

3xTg mice are reported to develop learning and memory retrieval 

impairment in the Morris water maze test at 12 months of age. Hence, to 

study the C1 efficacy in spatial memory recognition, the Morris water maze 

test is conducted. Morris water maze test consists of a one-day visual 

platform, six days training to find the hidden platform condition followed by 

memory examination through probe trial. In the probe trial, the platform is 

removed with the same experimental condition as in the hidden platform 

training period, and the mice time spent in the platform quadrant or target 

quadrant is recorded. During each experiment day, mice were treated 30 

mins before the start of the experiment. In hidden platform training, C1-10 

mg/kg, Cur-50mg/kg, and WT mice have significantly decreased the 

distance travelled to reach the hidden platform compared to the 3xTg control 

group (Fig: 6-2 A). In the probe trial, female 3xTg mice treated with C1-5 

and 10 mg/kg, Cur 50 mg/kg, and WT mice have spent a significantly higher 

percentage of time in the target quadrant than 3xTg control group (Fig: 6-2 

B). In comparison with Cur-50 mg/kg, C1-10 mg/kg is superior in both time 

spent to reach the target platform during the training period as well as 

percentage time spent in the target quadrant in the probe trial. In summary, 

C1 treatment in 3xtg mice has significantly improved spatial learning and 

enhanced memory retrieval in the Morris water maze test.  
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Fig 6-2: C1 Treatment in 3xTg mice has significantly improved Spatial 

learning memory impairment in Morris water maze test. A. Training in 

hidden platform: Graphs representing distance traveled to reach the hidden 

platform on each day for WT, C1-LD, C1-HD, and curcumin in comparison 

with control group (mean ± S.E.M.) female (n = 10). B. Probe trial: Graph 

representing percentage of time spent in the target quadrant in probe trial. 

C. Representative mice tracking images in Morris-water maze for probe trial 

each treatment group. Data are expressed as Mean ± S.E.M values. 

*P<0.05, **P<0.01, ***P<0.001 in comparison with vehicle-treated WT, C1-

5 and 10 mg/kg treated 3xTg mice with vehicle-treated 3xTg. Statistical 

analysis was done by One-Way ANOVA followed by Dunnet’s multiple 

comparison post-test for Probe trial, statistical analysis for learning 

assessment during training period was done by Two-way ANOVA followed 

by Bonferroni post-test. 
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6.3.3 C1 reduces p-Tau, APP, CTFs by promoting ALP in female 3xTg 

mice 

According to Oddo S et al., 2003, in homozygous 3xTg mice, the 

cerebral hippocampus and cortex were observed with the highest tau and 

Aβ pathology (220). In the current study, hippocampus related memory is 

evaluated through the Morris-water maze test. Hence in this study, we 

isolated the hippocampus region of female 3xTg mice samples and 

analysed through western blot. In our study, 3xTg mice treated with C1-10 

mg/kg have significantly increased nuclear TFEB (Fig: 6-3 B and D), 

induced LC3B-II, mature Cathepsin-D, and LAMP1 expression level (Fig: 6-

3 A and C). Also, C1-5 and C1-10 mg/kg treated 3xTg mice has significantly 

reduced both CTF-α and CTF-β expression level compared to the 3xTg 

vehicle group, but not FL-APP (Fig: 6-3 A and C). Consistent with the P301S 

results, in 3xTg mice hippocampus, both PHF1 and AT-8 phosphorylated 

tau epitopes level was significantly reduced (Fig: 6-3 A and C). In a similar 

manner to the 5xFAD study and P301S study, C1 treatment in 3xTg mice 

has not inhibited MTOR activity. However, curcumin has significantly 

inhibited p-MTOR and p-P70S6k expression levels. In a similar manner to 

the P301S and 5xFAD mice studies, C1 in 3xTg mice hippocampus also 

mimicked mTOR independent TFEB activation, and curcumin has shown 

significant mTOR activity inhibition (Fig: 6-4 A and B). In summary, western 

blot analysis revealed that C1 in 3xTg mice induced mTOR independent 

TFEB activation, induced autophagy-lysosomal pathway as well as reduced 

CTFs, PHF1, and AT-8 tau epitopes in 3xTg mice hippocampus. 
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Fig 6-3: C1 Induces autophagy, lysosomal activity and reduces CTFs, and 

phospho-Tau epitopes in female 3xTg mice hippocampus (female, N=6). A 

and B. Mice were treated with respective drugs 6 hrs before sacrifice. 

Representative blots and corresponding blot quantification showing FL-

APP, CTF’s, PHF-1, AT-8, LC3B-II, LAMP1, Pro-Cat D, Mature-Cat D, 

Nuclear TFEB, Cytoplasmic TFEB, P-MTOR, MTOR, P-RPS6KB1, 

RPS6KB1.  Data is presented as Mean ± S.E.M values. *P<0.05, **P<0.01, 

***P<0.001 in comparison with C1 5 and 10 mg/kg and Vehicle treated 
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control group. Statistical analysis was done by One-Way ANOVA followed 

by Dunnet’s multiple comparison post-test. 

 

Fig 6-4: Curcumin but not C1 alter mTOR pathway in female 3xTg mice 

hippocampus. (A) Western blot results showing p-mTOR and p-RPS6KB1 

results along with their respective loading controls T-mTOR and T-

RPS6KB1 and their (B) quantification. Data is presented as Mean ± S.E.M 

values. ***P<0.001 in comparison with C1 5 and 10 mg/kg and Vehicle 

treated control group. Statistical analysis was done by One-Way ANOVA 

followed by Dunnet’s multiple comparison post-test. 
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6.3.4 C1 reduces Aβ plaque load and p-Tau level in female 3xTg mice 

hippocampus 

Amyloid plaques:  

In addition to the 5xFAD amyloid plaque load analysis through IHC, 

3xTg mice hippocampal amyloid plaque load is also analysed by immune-

histochemistry. In co-relation to the significant Morris water maze memory 

improvement, C1 treatment in 3xTg mice has significantly reduced amyloid-

beta plaque load in female 3xTg mice hippocampus (Fig: 6-5; A and B). 

 

Fig 6-5: C1 reduced Amyloid plaque load in female 3xTg mice hippocampus 

(female, N=6). A and B. Representative 4G8 stained amyloid plaques IHC 

images and quantification.  Data is presented as Mean ± S.E.M values. 

**P<0.01 in comparison with C1 5 and 10 mg/kg and Vehicle treated control 

group. Statistical analysis was done by One-Way ANOVA followed by 

Dunnet’s multiple comparison post-test. 
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Neurofibrillary tangles:  

In addition to the P301S mice NFTs analysis through IHC, 3xTg mice 

hippocampal tangle formation is also analysed by immune-histochemistry. 

In co-relation to the significant ambulatory behaviour in open field and 

memory retrieval in Morris-water maze improvement, C1 treatment in 3xTg 

mice has significantly reduced PHF-1 and AT-8 Neurofibrillary tangles in 

female 3xTg mice hippocampus (Fig: 6-6 A and B). 

 

Fig 6-6: C1 reduced NFTs AT-8 and PHF-1 positive relative intensity in 

female 3xTg mice hippocampus (female, N=8-9). A and B. Representative 

IHC images showing AT-8 and PHF-1 immuno-positive images and their 

quantification.  Data is presented as Mean ± S.E.M values. *P<0.05 and 

**P<0.01 in comparison with C1 5 and 10 mg/kg and Vehicle treated control 

group. Statistical analysis was done by One-Way ANOVA followed by 

Dunnet’s multiple comparison post-test. 
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6.4 DISCUSSION  

In this study, C1 improved learning and memory retrieval in the 

Morris water maze test also enhanced exploratory behaviour in the open 

field test in the 3xTg AD mice model. C1 oral gavage treatment in 3xTg mice 

for 7 months has significantly improved its open field exploration much 

better than curcumin. However, curcumin has not shown significant 

improvement in open-field exploratory behaviour. Moreover, spatial memory 

was evaluated through Morris water. In this experiment, C1 treated mice 

has significantly improved learning throughout the training period. Curcumin 

(200 mg/kg, IP), has been previously reported to restore intracranially 

delivered Aβ 1-42 induced memory impairment in SD rats (227). In another 

study curcumin (food admixed-500 ppm) administered to 3xTg mice for 2 

months has not significantly improved cognition in Y-maze test 

(spontaneous alteration behaviour) in 3xTg mice (228). However, in our study, 

curcumin dosed at 50 mg/kg has significantly amended spatial learning and 

memory retrieval tasks in 3xTg mice. On the other hand, C1 treated mice at 

10 mg/kg have shown much better improvement in behavioural examination 

than mice dosed with curcumin at 50 mg/kg. In 3xTg mice, in consistence 

to behavioural observation, C1 treatment has significantly reduced 

hippocampal amyloid plaque load, extra neuronal NFTs in C1 treated 

groups in immunohistochemistry (Fig: 6-5 A and B, Fig: 6-6 A and B). 

Nevertheless, curcumin treated mice have shown higher variation. Also, 

western blot analysis revealed a significant reduction in CTF’s and tau-

PHFs (Fig: 6-3 A and C). Furthermore, C1 treated mice has significantly 

increased nuclear TFEB, autophagy, as well as lysosomal protein level, 
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however insignificant in curcumin, treated group (Fig: 6-3 A, B, C, and D). 

These results indicate that C1 dosed at 5 times lesser dose than curcumin 

has much better therapeutic efficacy in showing anti-AD activity, through 

TFEB mediated autophagy induction in 3xTg mice. 
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CHAPTER 7. DISCUSSION AND CONCLUSION 

In the current study a small molecule TFEB activator C1 is 

systematically evaluated for its anti-AD efficacy. C1 is proved to be active 

in ameliorating behavioural as well as pathological proteins in tauopathy 

model P301S, Aβ plaque model 5xFAD, and both NFTs and Aβ plaque 

combined AD mice model3xTG. 

 

7.1 Targeting ALP as a promising strategy for AD treatment 

Autophagy, catabolic, cellular homeostasis maintaining process, and 

it is efficient in the clearance of proteinopathy, causing core elements is 

proven to be impaired in an AD patient brain (229). Moreover, Beclin-1, a 

mammalian homologue of yeast autophagy targeted gene-6 expression is 

reduced in human AD patient brain (230). Autophagy dysfunction in AD can 

be treated by reprogramming and enhancing specific molecular proteins 

expression so that impaired autophagy is restored. Moreover, increasing 

autophagy activity can promote the clearance of AD pathological proteins. 

(231). Mounting research evidence suggests that TFEB molecular activation 

can induce ALP and reduce both amyloid-β and tau pathology (119, 122, 232). 

Moreover, drugs reprogramming autophagy process by TFEB activation 

can be a potential strategy to treat AD. Curcumin is a potent mTOR inhibiting 

autophagy inducer and its clinical application is limited due to its poor 

bioavailability. Curcumin derivative C1 is one such compound developed to 

activate TFEB and in the current study for its efficacy to ameliorate AD 

pathology is evaluated (158, 160). 
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7.2 Curcumin and its derivatives anti-AD activity 

The anti-AD activity of curcumin is well studied and reported. Also, 

there are some attempts to develop curcumin derivatives for repurposing its 

anti-AD property to yield a clinically useful compound. Yanagisawa et al., 

2015 and Orlando et al., 2011 have developed and screened curcumin 

derivatives for an effective drug to prevent Aβ aggregates or oligomers 

formation. They have developed a molecular probe to diagnose Aβ plaque 

deposition in an AD brain based on curcumin structure (204). Orlando et al., 

2011 has synthesized 5 carbon linker chains with keto functional group or 

keto and hydroxy 7 carbon linker to two phenolic groups by using curcumin 

as a pharmacophore. These compounds are targeted to develop a better 

Aβ oligomer formation inhibitor (233). J147 another curcumin derivative 

developed to restore AD-related cognitive deficits. They reported that J147 

could penetrate the brain and improve cognitive deficits in APP/PS1 mice 

(177). On the other hand, there also many attempts to augment curcumin, as 

well as its derived compounds bioavailability. However, there are no 

attempts made to synthesise new curcumin structural derivatives to 

optimise and develop new compounds synthesised for enhancing 

autophagy. Previously, Song et al., 2016 has developed a TFEB mediated 

autophagy inducing and brain penetrating mono-keto curcumin derivative 

C1 (153). In the current study, C1 is screened for its anti-AD pharmacological 

activity in AD experimental models. 
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7.3 C1 as a promising anti-AD drug candidate  

In our study, C1 has significantly reduced tau-PHFs, APP, and CTFβ 

levels through the autophagy lysosomal pathway. Also, lysosomal digestion 

of tau-PHFs, APP and CTFβ requires TFEB. It is also proven that TFEB 

silencing significantly halted C1 induced degradation of these proteins. 

However, curcumin is reported to reduce cellular Aβ levels by modulating 

secretory and endocytic APP processing (234). In the case of Tau, curcumin 

upregulates BAG2 expression levels and reduce hyperphosphorylated tau 

levels (235). Moreover, curcumin is reported to reduce tau phosphorylation 

by inhibiting GSK3β and reduce Aβ production by β-secretase inhibition (202, 

236). However, in the present study C1 reduced tau-PHFs and APP 

metabolites without altering GSK3β and β-secretase levels. Hence, mTOR 

independent and TFEB dependent lysosomal degradation of tau-PHFs and 

APP metabolites independent of GSK3β and β-secretase inhibition 

differentiates anti-AD activity of C1 from curcumin (237). 

C1 has been evaluated in 3 different mice models with different 

behavioural parameters. These mouse models have been standardized to 

develop various behavioural impairments depending on their AD 

pathological features development in the specific brain region. In our study, 

we used the homozygous P301S-MAPT/Tau mutation and a PS19 tau 

transgenic mice model. Homozygous P301S mice have been reported to 

display severe motor paraparesis at 5-6 months of age. In tau transgenic 

mouse models, motor impairment is observed mainly due to myelin sheath 

deterioration and tau lesions in somatodendritic neurons. Moreover, the 

reduction in axons number is associated with the impaired axonal transport 
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rate of autophagic vacuoles. Also, this phenomenon is concerning the 

observed motor disabilities in the late stages of an AD patient (238, 239). 

Furthermore, studies suggest that mild cognitive impairment patient, 

associated with motor impairment is more susceptible to convert into AD 

patient (240-242).  In this study, C1 treated P301S mice has significantly 

improved time spent on the rotating rod, indicating tauopathy and tau 

lesions inducing neuronal toxicities progression is narrowed. 

In our study we used heterozygous 5xFAD mice harbouring 3-APP 

and 2 Presenilin mutations. Drug administered 5xFAD and WT mice were 

examined through contextual fear conditioning to study C1 efficacy in 

restoring cognitive deficits at 6 months age (196). In other AD animal models, 

Aβ plaques were observed at an average age of 6-12 months. However, 

5xFAD mice starts forming Aβ aggregates from 2 months (187, 190). In general, 

cortico-basal region associated cognitive behaviour deficit can be assessed 

with H-maze, contextual fear conditioning and conditioned taste aversion 

tests (187, 243). Because Aβ deposition first appears in cortical layer 5 and 

then in hippocampal subiculum area. Moreover, in 5xFAD mice, complete 

cortical plasticity deficiency is also observed in the 6th month (190). In our 

experiment we used contextual fear conditioning experiment to assess C1 

mediated cognitive improvements related to the cortex region. In both male 

and female combined analysis C1 has significantly improved freezing 

percentage compared to the vehicle-treated 5x-CON group. Even in 

biochemical examination C1 has significantly reduced pathological APP 

metabolic products and Aβ level. Even though the cortical region LTP 

impairment is much significantly impaired than hippocampal region in 
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5xFAD, we evaluated hippocampal synaptic plasticity in C1 treated 5xFAD 

mice. Because, accumulating research evidence reveals that our daily life 

learning, memory storage, and retrieval are mostly influenced by 

hippocampal synaptic plasticity (244-246). 5xFAD is a robust amyloid plaque 

model with impaired hippocampal synaptic plasticity starting from 6th month. 

C1 is evaluated to study its efficacy to restore hippocampal LTP in 5xFAD 

mice (190). In our study C1-10 mg/kg has significantly alleviated hippocampal 

LTP impairments in 5xFAD mice. Whereas, curcumin synaptic plasticity has 

been reported in SD rat hippocampal slices incubated with curcumin (10µM) 

(150). However, curcumin is a strong Aβ oligomer preventive compound, 

which may enable the monomerization of the Aβ peptide and prevented Aβ 

oligomers detrimental effect on synapse (233). Besides, C1 mechanism in 

promoting synaptic plasticity also can be evaluated. To illustrate this 

mechanism synaptic plasticity impairments can be produced with Aβ 

oligomers and further studies can be conducted. Before that, it is also 

necessary to validate C1 preventive effect on Aβ oligomers formation.  

After screening in tau and Aβ transgenic mouse models separately, 

C1 anti-AD activity is evaluated in 3xTg mice. 3xTg mice carries Swe-APP, 

PS1-M146L and P301L tau mutations. This model is developed to 

understand the Aβ and tau combination induced AD pathology (220). 

Moreover, studies conducted on primary neuronal cultures treated with Aβ 

aggregates have induced tau phosphorylation and induced microtubule 

destabilization (247). The behavioural changes in 3xTg mice are aggravated 

due to tau deleterious effect on defensive excitatory neurotransmission (248). 

Due to the combined Amyloid β and tau proteins neurotoxicity, 3xTg mice 
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neuropathology is different from 5xFAD and P301S tau transgenic mouse 

models. In 3xTg mice, open field exploratory deficit is reported. Notably 

cognitive impairments were reported through contextual fear conditioning 

and Morris-water maze test (249). In open field exploratory behaviour C1 has 

significantly enhanced mice exploratory impairment (Fig: 6-1 A, B and C). 

In the Morris-water maze test, C1 revoked mice behaviour in learning and 

memory retrieval deficit in the 3xTg mice model (Fig: 6-2 A, B and C). 

 

7.4 Limitations and future study plans 

Regarding pharmacokinetic study, in the present study C1 oral brain 

permeability has been examined in comparison with curcumin. However, 

the pharmacokinetic profiling of a newly synthesized molecule also needs 

to be studied for its clearance and volume of distribution. Moreover, C1 

metabolising enzymes and brain transporter profiling is also necessary to 

proceed for the future clinical studies. 

In the current study, C1 significantly deceased CTFβ level both In 

vitro and In vivo experiments. Nevertheless, in AD, APP metabolic products 

like CTFβ and Aβ impair APP transportation and its degradation via 

endosomal-lysosomal-autophagy pathway (110). Whereas, TFEB 

overexpression significantly restored this cellular malfunction (121). Hence it 

is also important to understand the influence of C1 on endosome-lysosome 

fusion mechanisms under APP or Tau overexpressed conditions. Also, in 

TFEB mediated tau-PHFs degradation requires phosphatase and tensin 

homologue-long (PTEN-L) mediated autophagy activation. Moreover, tau 
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phosphorylation involves several kinases and phosphatases involvement. 

C1 effect on decreasing tau can be further studied concerning PTEN-L and 

also its influence on different kinases and phosphatases (122). 

In conclusion, C1 is proven to be an anti-AD drug in the AD pre-

clinical experimental systems. C1 has shown better brain permeability than 

curcumin. Our in vitro experimental models condensed AD pathological 

proteins expression level and C1 has enhanced ALP and cleared these 

proteins TFEB dependently. The same and even more severe combination 

of AD genetic mutations are inserted in in vivo early-onset AD experimental 

models, and these models were used to examine C1 efficacy. These mice 

were examined for their characteristic behavioural, immunohistochemical 

and biochemical examination. Throughout these AD experimental animal 

models, C1 has mimicked the TFEB overexpression effect and alleviated 

AD pathological features and improved mice behavioural impairments. 

These results illustrate C1 is a potent TFEB activating drug to slow the AD 

progression in AD experimental models. 

At last but not least, current studies C1 in vivo efficacy studies are 

preventive, since, C1 is dosed before the onset of pathology initiation. 

However, AD cannot be diagnosed before its onset, except for FAD carrying 

individuals. Therefore, preventive studies may not reflect clinical situation. 

Hence, neuroprotective effects of C1 in AD mice should be evaluated in the 

future. 
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