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ABSTRACT

Introduction: Alzheimer’s disease (ADD) is the most common form of dementia. It is
characterized by the progressive loss of cognitive and intellectual functions and
inevitably complete loss of the capability to take care of normal daily activities at the
later stages of the diseasc. It is estimated that the prevalence will exceed 80 million
worldwide by 2040, whi.ch will impose enormous economic pressure on any country.
The causc of the discase remains incompletely clucidated. Based on histopathological
and biochemical studies, it is manifested by neuminﬂan;mali(m. with increasing levels
of amyloid plaques and neurofibrillary tangles, loss of acetylcholine (Ach) and loss of
neurons. Curcumin is a polyphenolic compound which possesses antioxidative and
anti-inflammatory properties. Other studies demonstrated its abilities to reduce
amyloid plaque burden and oxidative damage and to improve cognitive function of

rodent models of AD. However. the physiological mechanisms by which curcumin

achicved these functions are still poorly known, which hinders its development and

use to treat AD.

il

Objective and methods: The main objective of this study was to determine the
possible functions of curcumin in the hypothesized pathways of AD development.
Cell free models of metal ion induced AP aggregation and hydrogen peroxide (H,0,)
generation were used to determine the effectiveness of curcumin in reducing AP
aggregates and H,O,, respectively, at physiologically attainable concentrations. An in
vitro model was used to determine the effect of curcumin on the secretion of Apol:
protein from the mouse microglial BV2 cell line. Transgenic mouse models, Tg2576,
JNPL3 and JNPL3xTg2576, were used to determine the efficacies of curcumin on

modulating the activities of -, B- and y-secrctases; on the expression of genes



regulating AB metabolism, protecting against AP toxicity and regulating Ach

homcostasis; and to determine if curcumin can be used to treat tavopathy.

Results: Our data showed that curcumin at concentrations achievable in vivo was
effective at disrupting AP aggregates  (ICs0 < 0.9 uM). but it was incffective at
blocking H>0; production (ICsy == 5.2 uM). In vitro study showed that curcumin was
able to increase ApoE protein sccrction from a mouse microglial cell line at
physiologically attainable concentrations (0.064 1o 1 pM. p<0.001). An animal study
demonstrated that curcimin was incapable of modulating «-, f3- or y-secretase activity.
Gene expression in anmimal models showed that curcumin was incapable of
modulating genes regulating APP cleavage, but it was abic to increase the expression
of some substrates of secretases: Ble (+26%. p<0.005) and Kl (+96%. p<0.05).
Among genes rcgulating AB degradation. curcumin was able to increase Ide (+23%,
p<0.05), Mmp2 (+77%. p<0.05) and Mmp14 (+46%, p<0.005). Of genes acting as A
chaperones, curcumin  was unable to causc any change. Among
genes acting as A rcceptors, curcumin was able to increase the expression of
ApoeR2 (+37%, p<0.05). Lrpl (+30%, p<0.05) and Msr1 (446%, p<0.05). Of genes
regulating Ach homeostasis, curcumin did not show any cffect. Among genes
providing protection against A} toxicity. curcumin was capable of increasing 1gf2
(+130%, p<0.01) and Irsi (+30%, p<0.01). Of genes relating to antioxidative
defences, curcumin was able to increase Nos2 (+253%. p<0.05), Sod3 (+60%. p<0.05)
and Bmp6 (+46%, p<0.01) and suppress Nox! {(-43%, p<0.01). For treating tauopathy,
curcumin was able to reduce NFT as measured by A'T8-immunopositive arca (-75%,
p=0.02) in the medulla, but not in the cntorhinal cortex or amygdala (p=0.89). The

effect was only observed in 18 month old INPL3 mice administered curcumin in



peanut butter but not in 14 month old JNPL3 mice administered curcumin in chow. A
rotarod study of 18 month old JNPL3 mice showed that curcumin was unable to
improve motor function (p=0.67). Finally. on other phenotypic changes. curcumin
was able to reduce both mortality (p=0.009) of all male mice and weight loss

(p=0.007) of all mice.

Conclusion: Our data suggest that curcumin may reduce amyloid burden by
increasing AP solubilization, degradation and efflux; it may provide protection
against AP toxicity; and it may also increase antioxidative defences. l‘or tauopathy.
curcumin may reduce tangle formation, but more work is needed to confirm this

function. Taken together, all the data in this study showed the physiologically relevant

functions of curcumin, which lavour its beneficial use for AD treatment.
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CHAPTER ONE: INTRODUCTION

1.1 Dementia and Alzheimer’s disease

Dementia is a set of central nervous system {CN3S) disorders characterized primarily
by progressive worscning of cognitive and intellectual functions with or without
mental disorder of consciousness, which also includes some behavioral abnormalities
and changes in patients’ personality (Ropper and Samuels, 2009). Dementia involves
not only memory impairment. but also deterioration of at least one other cognitive
ability. such as language (aphasia). rcasoning, and exccutive function, and impairment
in social or occupational functioming (Sadock et al.. 2009). Eventually, it leads to

complete loss of the patient’s capabilities to take care of his daily life.

The highest risk factor for dementia is aging. In the world, about 5 pereent of
the population presumably has dementia at the age of 65. This proportion rises to
almost 50 percent among people age over 85. It was estimated that, in 2005, there
were about 24.3 million dementia patients worldwid(;(Ferri et al.. 2005) (Table 1.1).
The number of AD patients is projected to double every 20 years to 81 million by

2040. The increase between 2001 and 2040 is estimated to exceed 100% in developed

countries and 300% in developing countrics.

A study conducted in Hong Kong in 2006 showed that the prevalence of
dementia is around 2.5 percent in the age group of 65 — 69 and exponentially rises to
32.1 percent for ages above 85 (Figure 1.1). More women than men have dementia,

but this difference disappcars at ages over 85 (Lam ct al.. 2008) (Figure 1.2).



Number of people with
dementia, aged 60 years | Increase in  number of
{millions) people with dementia (%)
. 2001 2020 2040 2001-2020 2001-2040
Western Europe (EURO
A) 4-9 69 9-9 43 102
Eastern Europe low adult
mortality (EURO B) -0 [ 16 2-8 51 169
Eastern Europe high adult
mortality (EURO C) -8 2-3 32 31 3 84
North America (AMRO
A) 34 51 92 149 (72 ]
Latin America (AMRO
B/D) 1-8 4-1 9| 120 393
North Africa and Middle
Eastern Crescent {(EMRO
B/1)) 1-0 -9 47 95 385
Developed western
Pacific (WPRO A) 1-5 29 4-3 199 o 189
China and developing
western Pacific (WPRO
B) 60 117 2601 96 336 B
Indonesia, Thailand, and
Sri Lanka (SEARO B) 0-6 -3 27 100 325
India and south Asia
(SEARC D) '8 3-6 75 08 314
Africa (AFRO ID/E) 0-5 -9 -6 82 1235
TOTAL 243 42-3 811 74 234

Table 1.1. Number of demented patients in 2001 and estimation for 2020 and
2040 in developed and developing countries, grouped by WHO region. Adapted
and modified from (Ferri ct al., 2005).
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With advancing scientific findings and medical technologics, improving living
environment and hygiene, increasing education, scientific and medical knowledge of
the public, many morc people can live longer than cver before. The longevity of
people in developed and developing countries is definitely increasing, which
inevitably increascs the population of dementia patients. Therclore, the demands upon
family caregivers, medical and social services impose enormous economic pressure 1o

any socicty.

Dementia may be reversible or irreversible, depending on the cause., which
could be ncurodegeneratlive, vascular, neurological disease, endocrine, nutritional,
infectious, metabolic, traumatic, or various environmental cxposurcs {Sadock ct al.,
2009). Neurodegenerative disorders are the most  prevalent cause. The
ncurodegencrative diseasc, Alzheimer’s disease (AD) accounts for about 50 to 70

percent of all dementia cases (Sadock et al., 2009).

AD is the most common form of dementia for ages over 65. 1t is manifestied
firstly and primarily by symptoms of demecntia, such as memory impairment and
confusion, together with a unique set of histopathological changes including the
presence of extracellular amyloid plaques, intracellular neurofibrillary tangles (NF'T)
and loss of neuronal cells in the regions of cercbral cortex, such as hippocampus,
amygdala and entorhinal cortex. These pathological chhnges are detected by post-
mortem analysis. The cholinergic system in the affected arcas is severely degencrated.
These changes suggest why the patients bhave memory impairment. Gross
neurcanatomical analysis shows severe brain atrophy due to the loss of grey matter
which, in turn, causes thinning of the cortical gyri. Therefore, AD brains have

cnlarged ventricles and widened sulc.



The first case of AID was identified and described by a German psychiatrist
and neuropathologist named Alois Alzheimer in 1906, le identificd a rapidly
deteriorating, demented patient, Frau Auguste D., with loss of memory, depression
and hallucinations. She died at age 55. The autopsy done by Dr. Alzheimer showed
the presence in the cerebral cortex of shrinkage and lesions, substantial distorted
tissue and ncuronal cell damage (Turkington and Mitchell, 2011). Histopathological
analysis showed the presence of substantial numbers of scnile plaques and NI'Ts,
More than 100 years later, however, AD is still incurable, and (he etiology is still

unclear.

1.2 Alzheimer’s disease and aging

The prevalence of AD increascs from 5% atl age 65 to as much as 30% at age 85
(Sadock ct al., 2009). This observation suggests that age is the strongest risk factor for
AD dcvciopmem. There is, indeed, considerable overlapping of changes between
brains of people undergoing normal aging and brains of people suffering AD. An
carly study suggested that there is a gradual but very slow decrease of brain weight at
about 0.1% per year from young adulthood o the age of 60 (Blinkov and Gicrer,
1968). Loss of brain vo!umc is a common sign of aging and AD. Similarly, a study
using quantitative volumetric MRI showed that the rate of brain volume loss observed
over time is slow and consfant amongst healthy younger and oldest-old elderly
(Muecller et al., 1998). In contrast, another 6-yecar longitudinal MR imaging study
showed that the atrophy rate of the median temporal lobe amongst the healthy elderly
is about 0.2 to 0.3 percent per yecar, which is considerably slower than that of AD

patients, which is over 0.8 percent per year (Rusinek ct al., 2003). Amyloid plaques



and neurofibrillary tangles also coexist in nondemented persons. They become more
widespread and increase in numbers with aging. However, the number of plaques is
much fewer in mentally intact individuals compared with AD patients (Tomlinson ¢l
al., 1968, 1970). T'hcrelore, some researchers believe that Al is an exaggerated form
of the process of brain aging. Whether the presence of neuritic plaques and tangles

causcs ncurodegeneration and Al is still a controversial issuc.

1.3 Genetics

According to the age of onset of AD, il can be classified as carly-onset AD (EOAI)
or late-onset AD (ILOAD) by the cut-off age of 65 years old. Over 95 percent of AD
patienis dcvelop 1t after the age of 65 years old. Only 1 to 5 percent of patients are
identificd between 50 and 65 ycars old. The pathology of these two types of AD is

essentially the same, but EOAD is morce severe, with rapid progression.

1.3.1 EOAD

Most EOAD is duc to defects in one of three genes: amyloid 3 precursor protein
(APP), presenilin 1 (PS1) or presenilin 2 (PS2). AD caused by mutations in these
gencs is inherited in an autosomal dominant manner. These mutations either increase
secretion of total amyloid-p proteins (AP) or increase the ratio of longer (42 or 43

amino acid) to shorter (40 amino acid) fragments of A3.

APP is an integral membranc-associated type-1 transmembrane protein (see

Figure 1.3). The gene is located on chromosome 21 (Levy ct al., 1990). A variety of
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mRNA species can be alternatively transcribed {rom 18 exons of the APP gene to
form diffcrent lengths of APP protein (APP695, APP751. APP770). APP is widely
expressed in different organs and tissues, with rclatively higher expression in brain.
heart and kidney. Predominant APP transcripts in neurons. microglia and astrocyles
are different. In ncurons but not in microglia and astrocytes, APP gencrally lacks the
Kunitz proteasec inhibitor (KPI) domain. The number of known APP mutations which
have been confirmed 1o cause AD i1s still incrcasing (Cruts, 2011). All of them are
located within cxons 16 and 17, which are around the Ap-encoding cxons. The known
effects of these AD-inherited missense mutations in APP, so far, are on the processing
of the encoded APP protein. All APP mutations, however, only account for less than

0.1 percent of all AD cascs.

On the other hand, 182 and 14 AD-related mutations have so {ar been
confirmed in PS1 and PS2, respectively (Cruts, 2011). The PS1 and PS2 genes are
located on chromosome 14 (Sherringlon et al., 1995) and | (Levy-Lahad et al., 1995),
respectively. They are ubiquitously-expressed, multiple transmembranc domain
proteins. These presenifins arc involved in the y-sccretase cleavage ol APP, and the
AD-linked mutations in presenilins allcct this cleavage and augment the ratio of Ap1-

42(43) to AP1-40 (see section 1.5).

As a whole, the net effects of AD-related mutations in APP, PS1 and PS2 arc
an incrcase in the level of AB1-40 or in the ratio of A 1-42(43) 1o AB1-40. Ultimately,
the normal balance of AP production, accumulation and removal is distorted, which

leads o the initiation and progression of AD), according to the amyloid hypothesis.



1.3.2 LOAD

LOAD is not autosomal dominant in nature. The irst well established susceptibility
gene 1s apolipoprotein E (Apol:). It is localed on chromosome 19 and cncodes a
protein of 299 amino acids which is responsible for lipid-binding and delivery in the
plasma and cerebrospinal fluid (CSF). In humans. it exists in three different alleies,
APQOE-€2, APOE-£3 and APOE-ed4, bascd on the substitution of amino acids at
positions 112 and 158 (Mahlcy, 1988). APOL-£2 is the protein with a cysicine at both
sites, APOE-£3 differs by a substitution of arginine at position 158, and APOLE-£4 has
an argininc al both sites. Studics showed that the presence ol one APOE-e4 allele
instead of two APOLE-¢3 alleles (the most common genotype) increases the risk of
developing AD by 2 1o 5 fold (Corder et al.. 1993) and signiﬁcal;tly reduces the onset
age by 7.7 years (Kurz et al., 1996). In contrast, the APOE-£2 allcle is associated with
reduced risk of developing AD (Corder et al., 1994). Functionally, it has been showed
that ApoE isoforms have diffcrent eflccls on the level of AB1-42 1n brain (¢4 >> €3 >

£2) (Bales et al., 2009).

Sortilin-related receptor 1 (SORL1) has been identified with haplotypes
associated with LOAD (Rogaeva et al., 2007). The gene is located on chromosome 11
and is highly expressed in the CNS. It assists the retention of APP in compartments
where low secretase activity is found, thercby reducing both amyloidogenic and

nonamyloidogenic processing of APP.

Recently, two large genome-wide association studies have identified more
polymorphisms associated with AD (Ilarold ¢t al., 2009; Lambert ct al., 2009).

Though functional roles for these genes in AD are not validated yet, clusterin (CLU)



and complement receptor type 1 (CR1) arc suggested to be related to AP clearance
(Bertrand et al., 1995; Wyss-Coray et al.. 2002). and phosphatidylinositol binding
clathrin assembly protein (PICALM) may be involved in neurotransmitter release

(Baig ct al., 2010).

1.4 Amyloid- protein

Af is the principle constituent of amyloid plaques found in the brain of AD paticnts.
It is produced by the proteolytic cleavage of APP by B-secretase and y-sceretase. The
length varies from 39 to 43 amino acid residues, with AB1-40 as the most abundant
and Af31-42 as the second most abundant and the most fibrillogenic isoform (Kang ct

al., 1987). It is continuously produced and partially secreted into cxtracellular space.

‘The function of this peplide is not clear yet.

1.4.1 Amyloid plaques

Amyloid plaques are extracellular proteinaceous dcposits of AP peptides and other
components, including Af3-associated proteins and metal ions. Plaques exist as three
forms in Alzheimer’s brains: diffuse plaques, scnile plaques and cerebrovascular

deposits.

Diftfuse plaques are believed (o appear carlier than senile plaques and are
referred to as pre-amyloid deposits. They are abundant, amorphous, spherical and less
dense than senile plaques (Tagliavini et al., 1988). These plagues can be detected with

AR antibody, but not by P-plcated-sheet specific dyes such as Congo Red and



thioflavin-S, indicating that the structure of the peptides do not transition to a [3-
pleated-sheet conformation. They do not have surrounding degenerating neurites,

tangle-bearing ncurons and congophilic angiopathy.

In contrast, scnile plaques form spherical structures of around 50-200 pm
diamecter, with a central amyloid core enriched in longer AP species (42 or 43 amino
acids) (Iwatsubo et al., 1994), surrounded by reactive astrocyles, activated microglia,
and infiltrating dystrophic neurites which contain paired helical flaments (P11F)
(Mandybur and Chuirazzi, 1990). Due to the transformation of A} aggregates to 3-
pleated sheets, the cores ol senile plaques can be stained with Congo Red, which

appears as a green birefringence under polarized light, and thioflavin-S.

Axonal sprouting surrounds senilc plaques, suggesting that they are relaled to
synaplic dysfunction (Arendt, 2001; Hu et al., 2003). Moreover, the co-existence of
acute phase proicins such as oy-antichymotrypsin and o;-macroglobulin, and of
interfcukin-1-positive and intcrleukin-6-positive activated microgha, suggest that
senile plaques are associaled with ncuroinflammation of the surrounding brain tissue
(Eikclenboom and Vecrhuis, 1996; Wegiel and Wisniewski, 1990). However, with the
{inding that AP oligomers are particularly toxic, attention has shifted from amyloid

plaque toxicity lowards the oligomers.

1.4.2 Physiology of AP

AP peptide was first identified and sequenced as the major constituent of the
extracellular plaques of AD brains (Glenner and Wong, 1984; Wong ct al., 1985). It

was then confirmed that it normally exists tn the CSF of non-demented persons and in
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the conditioned medium from neuronal cell cultures (Haass et al., 1992; Tamaoka et
al., 1997). AB1-40 and AP1-42 are the most and second-most abundant forms of AP
peptides. The concentration of AB1-40 in human CSF is about 2-3 ng/mL, which is
about 10 times as much as AB1-42. The level of CSF AB1-40 does not differ between
AD patients and non-demented controls, however, the level of AB1-42 is around 40 to
70 percent lower in AD patients than in controls (Ida et al., 1996). Therefore, A

peptides might have normal physiological functions in the CNS.

APP and AP maintain synaptic plasticity and therefore memory formation.
Knockout studies showed that synapse numbers are decreased, dendritic length
projection depth of CAl neurons is reduced, long-term potentiation is impaired and
performance on spatial memory tasks is worse in APP null mice (Dawson et al., 1999;
Seabrook et al., 1999). These data suggest that APP and probably AP peptides are

involved in the maintenance of synaptic plasticity and synaptic function within the

hippocampus.

In contrast, transgenic mice overexpressing APP have impaired memory and
reduced long-term potentiation (LTP), which can be reversed by inhibiting AP
produtlztion through PS1 knockout (Dewachtcr‘et al., 2002). However, it should be
noted that such APP transgenic mice have APP overexpression and AP production
scvcral'times higher than normal levels, the APP gene has an AD-linked mutation and
the origin of the gene is human. Therefore, the defects in this transgenic strain may be

due to the abnormally high level of A, gain-of-toxic-functions from the mutation or

_the foreign origin of the transgene.



Evidence for a positive role for AB in synapse function can be strengthened by
a study showing that wild type mice with PS1 under-expression, which have reduced
AP level, display hippocampal LTP impairment (Morton et al., 2002). Recently,
another study further showed that endogenous AP 1s a prerequisite for normal
hippocampal synaptic plasticity and memory function. In that study. A antibody and
siRNA against murine APP impaired TP and memory of mice, and these
impairments were reversed by addition of human AB1-42 peptide, which may play a

role in the regulation of a7-containing nicotinic acetylcholine receptors (Puzzo et al.,

2011).

Neurite outgrowth and survival are promoted by Af. In a primary ncuronal
culture study, nanomolar concentrations of AB1-40 increase membrane phospholipid
concentrations and the expression of APP holoprotein and secreted APP, tau, and
growth associated protein-43, which are involved in neurite outgrowth {Wang ct al.,
2000). Moreover, 1t was shown that by suppressing AP production in primary cortical
neuronal cultures by B- or y-secrctase inhibition, the wviability of these cultures
decreased to around 20-50% of control levels within 24 hours (Plant et al., 2003).
This effect is neuronal specific because rat astrocytes and non-neuronal cell lines were
Iunaffected. With the co-addition of only picomolar AB1-40, the neuron cultures were

protected from the toxicity of secretase inhibitors.

AP has been shown to offer antioxidant protection at low nanomolar
concentrations. At physiologically relevant concentrations of AB1-40 and Af1-42,
auto-oxidation of CSF lipoproteins and plasma low density lipoprotein (LDL) is
greatly suppressed. Interestingly, such antioxidant functlion disappeared at higher
concentrations of the peptide. Such an effect may involve chelating transition metal
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ions since copper-catalyzed LDL. oxidation is also inhibited (Kontush et al., 2001).
The protective effects of metal chelation by AP were further proven in vivo. Co-
injection into rat cerebral cortex of human AfB1-42 and iron, zinc and copper at the
concentrations found in plaques caused significantly less neuronal loss than injecting
metals alone (Bishop and Robinson, 2004) or iron with rat variants of AB1-42 (Bishop
and Robinson, 2003). This may further suggest that the presence of senile plaques is a
neuroprotective response to clevated levels of redox-active metal ions. Taking

together the above evidence, AP peptides can act as a regulator of redox-active metal

ion homeostasis.

1.4.3 Production of AP (processing of APP)

APP is a single transmembrane protein containing a large extracellular amino-
terminal and a small intracellular cytoplasmic domain. As mentioned before (in
section 1.4.1), the gene is localized on chromosome 21 in humans. It is widely
expressed in different organs, tissues and cells. From the 18 exons of the pre-mRNA,
three main isoforms are formed by alternative splicing: APP695, APP751 and
APP770 (Kitaguchi et al., 1988). APP695 is the only isoform that lacks the KPI
domain. It is predominantly expressed in the neurons of the brain in the ratio of about

20:10:1 for APP 695:751:770 (Tanaka et al., 1989).

At its amino-terminal, APP has a 17-amino acid signaling peptide
(Wcide}nann et al., 1989),- which guides its transportation. Close to its carboxyl-
terminal, APP has a 22-amino acid transmembrane domain, which helps its insertion

into the endoplasmic reticulum, Golgi apparatus and cell membrane (Caporaso et al.,

-
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1994; Palacios et al.,, 1992; Tomimoto et al.,, 1995). APP is processcd by
posttranslational modifications such as glycosylation, phosphorylation and sulfation

(De Strooper and Annaert, 2000).

Full length APP is also modified by clecavage, performed by at least three
enzymes, namely, a-, B- and y-secretase. A number of fragments can be generated by
secretase cleavage. The cleavage of full length APP first happens within the
luminal/extracellular domain and is performed by either a-secretase or f3-secretase.
When it is cleaved by a-secretase, APP will undergo non-amyloidogenic proteolytic
processing to produce 2 fragments, APPsa and APP-CTFa (C83), which precludes
AP peptide generation. C83 is further clecaved by y-secretase to generate a 3 kDa
peptide (p3). When APP is first cleaved by p-secretase, this amyloidogenic
proteolytic processing will produce: 2 fragments, APPs} and APP-CTFP (C99). C99 is
then cleaved by y-secretase to generate AP and the APP intracellular domain (AICD)

(Haass and Sclkoe, 1993) (Figure 1.4.3).
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Figure 1.4.3. Schematic diagram of the non-amyloidogenic and amyloidogenic
processing of APP.

Only cleavage by a-secretase (non-amyloidogenic), B-secretase (amyloidogenic)
and y-secretase are shown here, where EC, 1C, TM are extracellular,
intracellular and transmembrane domains, respectively. In non-amyloidogenic

processing, APPsa and APP-CTFa are first generated by cleavage by a-
secretase, and then p3 and AICD are generated by 7y-secretase cleavage. In
amyloidogenic processing, APPsp and APP-CTFPB are first generated by f-

secretase cleavage, followed by y-secretase cleavage te generate AICD and AP
peptides. Adapted from (Zheng and Kog, 2600).

1.4.3.1 a-secretase

The a-secretase cleavage site is between lysine 613 and leucine 614 (of the APP695
isoform), which correspond to amino acids 16 and 17 of AP. Therefore such cleavage
precludes the generation of AP peptides and is termed non-amyloidogenic processing.
In addition, a soluble and protective fragment called APPsa is generated which can

reduce the toxicity of Ap.
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Three candidate proteins have bheen so far identified to possess w-secretase
activity: ADAM9, ADAMI1( and ADAMI17. All of them belong o the A member of
the Disintegrin And Metalloprotcase (ADAMs) family of proteases and are expressed
as preproproteins which are activated by removal of the prodomain in the tate Golgi
(Anders et al., 2001; Schiondorlf et al., 2000) by proprotein convertases (PPCs)
(Seidah and Chretien, 1999). They can be activated by protein kinase C (PKC)
stimulation (Buxbaum ¢t al., 1993). ADAMI17, also called tumor necrosis factor-a
(TACE), can also cleave thc I'NF-a receplor (Scidah and Chretien. 1999). PKC-
stimulated fibroblasts obtained from TACE-knockout mice displayed impaired APP
secretion (Buxbaum ct al., 1998). An activated ADAMI0 located in the plasma
membrane has becn shown to possess constitutive and regulated a-secretase activity
in cell cultures. In HEK 293 cells overexpressing ADAMI0, the basal and PKC-
stimulaled a-secretase cleavage activity was upregulated several fold (Lammich et al.,
1999). The endogenous o-secretase activity was suppressed by a point mutation on
ADAMI10 in the zinc binding region. Morcover, purified ADAMI0 clecaved at the
correct a-secretase sile on A} fragments. In a study using COS cells enginecred to co-
express ADAMY9 and APP, when PKC was activated by phorbol ester, the APP

protein was cleaved exclusively at the a-secretase site (lotoda et al., 2002).

Taken together, the data suggest that ADAM9, ADAMI0 and ADAMI17 play
an important role in a-secretase cleavage of APP. They can bec manipulated to
increase the non-amyloidogenic processing of APP, such that more APPsa can be

produced and, at the same time, lcss AP generated and the amyloid burden ol AD

reduced.
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1.4.3.2 B-secretase

The (3-secretase cleavage site is between residues 596 and 597 of the APP69S isoform,
at the amino-terminal of Af}. B cleavage is a nccessary sicp for A peptide generation
and is thérefore called amyloidogenic processing. The only cnzyme so far identified
as being responsible for the cleavage at this site is calied Bacel (beta-site APP-
cleaving enzyme) (Hussain et al,, 1999; Sinha ct al., 1999; Vassar et al., 1999; Yan et
al., 1999). It is a type I membrane-bound aspartyl protease (Asp2) and is mainly
localized to the late Golgi or trans-Golgi network and endosomes (Huse et al., 2000).
This localization is consistent with the amyloidogenic processing of APP during
endocytic and recycling steps (Koo and Squazzo, 1994). Bacel can also cleave within

the AP region between tyrosine 1) and glutamate 11.

It is known that both concentration and activity of Bacel are increased in the
neocortex with AD (Fukumoto ct al., 2002). Solubilized Bacc! protein clcaves
synthetic APP peptide at the B-cleavage site correctly. Overexpressing Bacel in 293
cells stably expressing wild-type APP69S enhanced the 3-secretase cleavage products
and doubled the amount of AP} peptides (Yan et al., 1999). Another similar study also
showed that Bacel over-expression increased AB1-40/42 and AB11-40/42 (Vassar et
al,, 1999). Inhibiting the cndogenous Bacel expression using an antisense
oligonucleotide reduced by 30-40% the produciion of A} from Swedish mutant
transfected cells. To further prove the effect in vivo, Bacel knockout mice were used.
As expected, they also showed reduced levels of A and B-site cleavage products.
Interestingly, the knockout of the Bace! gene did not cause any phenotypical
abnormality to the mice (Luo et al., 2001). These results suggest that a very important
therapeutic strategy could be to develop Bacel inhibitors to treat AD (Roberds et al.,
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2001) since knockout of Bacel does not display any observed abnormality but

reduces the production of AP peptides.

1.4.3.3 y-sceretase

The y-sccretase cleavage sites in APP correspond to the carboxyl-terminal of AR
peptides. The cleavage is involved in both amyloidogenic and non-amyloidogenic
pathways. Two candidale genes, namely presenilin-1 (PS1) and presenilin-2 (PS2),
werc first identified by genetic linkage analysis of familial early-onset AD (Cruts et
al., 1995; Hutton et al., 1996). It is now known that y-secretase is nol a singlc protcin.
Instead, it is a complex made of four cssential proteins: PS1/PS2, nicastrin (Net).

Aph-1 and Pen-2 (De Strooper, 2003; Selkoc and Wolfe, 2007).

PS1 and PS2 are expressed as precursor proteins. They are intramembrane
asparlyl protecases (Wolfe ct al., 1999). To malure, they have to be cleaved into 2
subunifs, an amino-terminal fragment (NTI) and a carboxy-terminal Iragment (CTF),
which remain tightly associaled as a heterodimer. Each contributes onc aspartyl
residue (0 the catalytic site (Thinakaran et al., 1996). The second membrance protein,
Net, was identified by co-immunoprecipitation with PS (Yu ct al,, 2000). it is a
glycosylated, integral single transmembrane protein which binds to the NTT and CTF
of PS. The transportation of Nct from the endoplasmic reticulum (ER) to the cell
membrane requires PS since Nct precursor accumulates in the ER in PS-deficient cells.
On the other hand, Nct suppression also leads o reduced steady-state levels of PS,
which suggests that Nct is a stabilizing factor for PS. Later, Aph-1 and Pen-2 were

identified in screening studics using C. elegans. Aph-1 is a 30 kDa multimembrane
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spanning protein {Goutte et al., 2002), and Pen-2 1s a 12 kDa hairpin-like membrane
protein {I‘rancis et al., 2002). Downregulation of Aph-1 or Pen-2 in Drosophila ceil
culturc suppresses the cleavage of APP and Notch at the y-secretasc sites and reduces
the level of mature PS (Francis et al., 2002; Lee ¢t al., 2002; Takasugi ct al.. 2003),
resulting in similar cffects to the downregulation ol Net and PS (De Strooper et al.,

1998; l-dbaucr et al., 2002).

These data suggest that all these four proteins arce required to work together to
perform the function of y-secretasc. On the other hand, overexpression of any
combination ol these four proteins cannot increasc the cleavage of APP. However, co-
expressing all these four proteins together significantly upregulates the levels of PS
heterodimers and glycosylated Ntc and, most importantly, y-sccretase activity

(Kimberly et al., 2003).

Though ncurons taken from PSl-deficient embryonic mice showed that
absence of PS1 displayed inhibited y-cleavage of the APP fransmembrane domain and
reduced the production of A peptides by fivelold, it did not affect the a-secrelase
and [3-sccretase processing of APP (De Strooper et al., 1998). ‘therefore, the author
sugpested that PS1 inhibition could be a poicntial way 1o suppress AP peptide
generation and thus treat AD. llowévér, such PS1 knockout mice had scvere health
problems. The growth of the embryo was retarded, and it died at the embryonic stage
(De Strooper ct al., 1998) with hemorrhages and impaired neurogenesis in the brain
(Shen et al., 1997). Therefore, (l:‘auti()n is nceded in the development of therapeutic
inhibitors of y-secretasc in order to rcduce the cleavage of APP to generate Af3

peptide.
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1.4.3.4 Competitive substrates

APP processing can be regulated by altering the levels and activities of w-, B- and y-
secretase such that the processing would favor ecither amyloidogenic or non-
amyloidogenic pathways. Most of the secretases were found to also cleave other
proteins. ADAMI17 is a converting enzyme which clecaves a number of receptors, such
as Tnf receptor (to rclease Tnf-ar) (Black et al., 1997; Moss ct al., 1997) and Notch
(Brou ct al., 2000). Noitch 1s a type | transmembrane receptor which determines cell
fatc during embryogenesis. It is also cleaved by ADAMIO (ltartmann et al., 2002)
and y-secretase (De Strooper ct al., 1999). N-cadherin, ephrinB and p75 neurotrophin
receptor can also be cleaved by y-secretase (Franberg et al., 2010). Klotho (K1) is an
anti-aging protein and a substrate, like APP, for all three types of secretases (Bloch ¢t
al., 2009). Overexpressing Kl can extend the life span of transgenic mice (Kurosu et
al., 2005). Since there arc at least three a-secretases, there are a number of potential

o-secretase substrates.

We hypothesize here that APP processing can be regulated by modulating the
levels of competitive substrates of these secretases. The activity and specificity of the
sccrelases are not based on the primary sequence of proteins but depend on the local
conformation of the targets. Thereforc, it is no surprise that proteins sharing very
similar secondary structure with that of the cleavage sites of APP could be cleaved by
the same secretases. Moreover, the levels of these proteins may affect the processing
of APP in that upregulating their levels may downregulate the processing of APP by
secretases, and vice versa. Thercfore, the substirates ol sccretases can act as
competitive inhibitors to APP processing. Such an approach provides an alternative

option to the strategies of designing inhibitors for Bacel and y-secretase since direct
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inhibitors of these sccretases may have toxic c¢lifects, as mentioned in the previous

scetion.

1.4.4 Toxicity of AP

Since AP1-42 is the most aggregation-prone form of A} (Jarrett et al., 1993; Snyder
et al., 1994}, it has been widely accepted that it is much more toxic than others
(Butterficld, 2002). The central themes of the studics of Af3 toxicity arc how AP
causes neuronal cell death and how synaptic plasticity and tunctions are impaircd.
Farly rescarch focused on oxidative stress caused by AB. It was shown that Af}
induced toxicity to neurons by suppressing oxidative-sensitive glutamine synthctase,
generated reactive oxygen species (ROS) in a cell-free system (Hensley ct al., 1994),
and induced intracellular ROS generation and intracellular calcium ion upregulation
(Goodman and Matison, 1994). Other possible toxicities are more related to higher

molecular A oligomers.

1.4.5 Oligomerization and fibrillization of Af

AP is a small peptide with sizes ranging from 39 to 43 amino acids. Duc to the
hydrophobic naturc of AB, it readily self-aggregates. The core sequence, KLVFFAAE,
can form amyloid by itself (Klimov and Thirumalai, 2003). Studics found that the
carboxy-terminal residues of AP are a critical determinant of the kinetics of amyloid
formation; AP1-42 fibrillizes much faster than Af31-40, and the former can act as a

“seed” to accelerate the fibrillization of the latter (Jarrett et al., 1993). This finding
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agreed with the observation that in familial FOAD brains the ratio of the level of
AB1-42 to AP1-40 is higher than in non-demented brains, which suggests that A[31-42
is important in the acceleration of AP fibrillization in vivo (Eckman et al., 1997,
Scheuner et al., 1996; Suzuki ct al., 1994). Besides the length of the A peptide itself,
the tendency to aggregate is also affected by its concentration, preparation, seeding,

environmental pH, presence of metal ions, cholesterol, ApoE, and other lactors.

It was generally believed in the last century that the amyloid fibril is the
culprit responsible for ADD (Lorenzo and Yankner, 1994). Activated microglia were
found around the amyloid plaque of AD brains (Griflin ct al., 1989) secreting the
cytokines interleukin-1 and interleukin-6, which increase cycloxygenase-2 to produce
inflammatory prostaglandins. This {inding suggested that the amyloid plaque causcs
inflammation of the surrounding tissue. Structural studics of amyloid fibrils revealed
that AP} peptides mainly adopt a B-pleated sheet anti-paraliel structure (Roher et al.,
2000). It was proposed that monomeric A3 adopts an a-helical structure and has to
dimerize to associate with other dimers to form larger species, such as Ap-derived
diffusible ligands (ADDLs) and protofibrils. Eventually, these aggregate into fibrils

with a B-pleated sheet anti-parallel structure (Roher et al., 2000).

Recent findings led us to another view of A toxicity. Dimeric AP was
isolated from AD brains and was found to impair the lcarning and memory of normal
rats (Shankar et al., 2008). Dimeric A aggregated to form larger soluble oligomers,
including ADDLs {Lambert et al., 1998) and Ap*56 (Lesne ct al., 2006). Isolated A
oligomers inhibit hippocampal LTP in rats (Walsh et al., 2002) and impair cognitive
function and memory (Cleary et al., 2005; Lesne et al.,, 2000). The toxicity of

oligomers can be neutralized by a monoclonal antibody against AP (Klyubin et al.,
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2005). Oligomers were extracted from either cell culture medium or isolated from
human AD) brains or brains of AD mice. Therefore, these oligomers are formed in
physiological conditions. Oligomers showed much morc cellular toxicity than did
fibrils (Lambert et al., 1998, Takahashi and Mihara, 2008). Furthermore, the scverity
of cognitive impairment of AD patients and mouse models of AD was found to be
better corrclated with the leve!l of soluble oligomeric A3 in the brain homogenates
than with the level of amyloid plaques {Gandy ¢t al., 2010; Tomic et al.. 2009). Taken
together, the data suggest that oligomeric AP is more important than f{ibrils for the

development of functional impairment in AD brains,

1.4.6 Protection from AP toxicity

Since AP and redox-metal ions arc naturally present in the brain in close proximity at
physiological concentrations, it is incvitable that they produce ROS. An enormous
amount of evidence described the oxidative damage of the human AD) brain (Beal,
2000). Lipid peroxidation is onc of the most apparent [orms of oxidative damage
since polyunsaturated fatty acids arc abundant in brain tissuc (Bassett and Montine,
2003). Protein carbonyl content has been reported to be increased in the hippocampus
and inferior parietal lobule of AD brain (Hensley et al., 1995). A study found that, in
AD brain mitochondriai DNA, the oxidized nucleoside, 8-hydroxy-2’-
deoxyguanosine, was 3-times more abundant than in contro! brains, which indicated
that mitochondria are scverely damaged by oxidative stress in the AD brain (Mccocci
et al., 1994), especially in the temporal lobe (Wang et al., 2005). Study of animal
models of AD showed that lipid peroxidation increased before plaque deposition

(Pratico et al., 2001).
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Consistent with the increased oxidative damage, activities of the antioxidative
enzymes superoxide dismutasc and catalasc were decreased in the frontal and
temporal cortices of AD brain (Marcus et al., 1998). The activity of phospholipase A2,
which is involved in antioxidative defense, was reduced in CSF of AD (Smesny et al.,
2008). A similar finding was also confirmed in the serum of AD paticnts, which
showed increased levels of lipid peroxidation markers accompanied by reduced levels

of the antioxidative enzymes SOD and GPX (Padurariu et al., 2010).

These evidences suggest that reduced antioxidative ecnzymes may cause
damage from oxidative stress. In view of the above, two studies demonstrated that
overexpressing SOD2 in AD mouse models decreased superoxide in hippocampus,

decreased oxidized protein, reversed cognitive impairment, decreased plaques and

+

decreased the AB1-42 to AB1-40 ratio (Dumont et al., 2009; Massaad et al., 2009).
These data suggest that mitochondrial antioxidative cenzymes provide strong
protection against oxidative stress which enhances memory impairment and plaque

formation.

1.4.7 Transport of AP

-

There are several known pathways by which soluble intact AP peptides are removed

from the brain. Some involve receptor-mediated internalization and efflux, and others

involve chaperones to transport Af3.

A well-characterized receptor mediating the efflux of AP from the brain to the

-

blood is Lrpl (low~ density lipoprotein receptor-related protein-1). It interacts with AP

3 .

Himctly (Deane et al., 2004) or indirectly through binding chaperone proteins, such as

-
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ApoE EShibata et al,, 2000). Upon inicraction. AP is internalized into the ;:ell.
transmitted to the r;cighboring cclls and eventually transported into blood by |
' transcytosis (Herz, 2003). By intracerebral injection of 1'*-labeled AB1-40 peptide to
mice whose Lrpl was inhibited by anti-Lrpl antil;odics, it was shown that Lrpt is
responsible for over 55 percent of Af} efflux (Shibata et ai.. 2000). Two chaperone
proteins are bclicved to play an important role in this process. By inhibiting a2-
mac;roglobulin using antibodies, clearance of A3 was reduced by 30 percént, while
ApoE deletion reduced it by 46 percent (Shibata et al., 2000). On the contrary. another
study usin.g ApoL knockou.It and human mutant APP overexpressing mice showed
reduced AP deposition and compléte lack of AP fibrillogenesis (Bales et al., 1999).
Both these studies may suggest that ApoE can act as a chaperone to AP, however, 11
the complex is not removed immediately or is present in a certain environment, ApoE

enhances AP fibrillogenesis (Shibata et al., 2000).

1.4.8 Degradation of Af

AB is continuously produced from cleavage of APP by secretases, and it must be
degraded or transported at an equal rate to maintain equilibrium. Besides transport,
AP peptides can be degraded by proteases, such as Ide, neprilysin, and a branch of
- matrix metalloproteinases. Their specificities differ from cach other. After AP

cleavage, the resulting fragments do not readily aggregate and exert cytotoxicity.

-

Ide (insulin-degrading enzyme) is a 110 kDa zinc metallo-cndopeptidase. It is
highly abundant in many organs, such as brain and liver (Kuo ct al., 1993) and exists

as intracellular (Akiyama ct al., 1988) and extracellular forms (Qiu et al., 1998). In
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AD brain, histological study showed Ide increased in plaques. however, the mRNA

and total protein expression of lde were decreased (Bemstein et al., 1999).

Neprilysin is a 90-110 kDa neutral zinc metalloendopeptidase plasma
membrane giycoprotein (Turner et al., 2000). In the brain, it is located in the pre- and
post-synaptic membrane (Bames ct al., 1992). Immunostaining of AD brain tissuc
showed that the protein level of NEP was reduced in pyramidal neurons of cerebral

cortex and hippocampus (Carpenticer ct al., 2002), and in frontal and temporal ncurons

(Miners ct al., 2006).

Mmp2, 3 and 9 (matrix metalloproteinase-2, -3 and -9) are zinc- and calcium-
dependent cndopeptidases. They are expressed in neuronal and glial cells in the brain.
All of them possess AP-degrading activity in vitro (Backstrom et al., 1996; Roher el
al., 1994). In contrast to Ide and Neprilysin, brain homogenate (rom AD hippocampus

has increased Mmp2 and 9 activity (Backstrom et al., 1992},

- In fact, in animal studies using models with plaque [ormation. the protein
levels of Ide (Lcal et al., 2006), Neprilysin (Apelt et al., 2003), Mmp2 and Mmp9
(Yin et al., 2006) were increcased in astrocytes surrounding the plaques. AP levels

were increased in Mmp2 and 9 knockout mice (Yin et al., 2006).

These cvidences suggest that thesc enzymes may be involved in AB
catabolism. Their localization and expression patterns are changed in response to
increased local AP level. Increased AP level may be associated with the

malfunctioning of some proteases which may be compensated by upregulating others

{(Miners et al., 2008).
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1.5 Tau

Tau protein is a member of the family of microtubule-assocated proteins (MAPs). It is
expressed by the gene called Mapt, and is highly abundant in ncurons of the brain
(Goedert et al., 1988). Alternative splicing of the Mapt gene leads to the {formation of
six isoforms of tau (Goedert ct al., 1989). Tau isoforms differ from cach other in the
number of tubulin-binding repeats (3R or 4R) and the absence or presence of one or
two inserts of 29-amino-acids at the N-terminal (Figure 1.5). The isoform are
functionally similar to each other, though they differ somewhat in microtubule

binding ability.
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Figure 1.5 Schematic diagram of six isoforms of tau. Diagram adapted from
(Ballatore et al., 2007)

1.5.1 Function of Tau (general function)

Under normal conditions, tau interacts with tubulin and stabilizes microtubules in
axons (Maccioni and Cambiazo, 1995). Its binding function is regulated by the
phosphorylation status of serine and threonine residues (Mazanetz and Fischer, 2007)
and by glycosylation (Liu et al., 2004). Other modifications also occur on tau (Gong

et al., 2005). Amongst these modifications, phosphorylation is the most often studied.
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The phosphorylation level in normal adult brain is lower than in fetal brain,
Hyperphosphorylation of tau is highly correlated with different neurodegenerative
diseascs. Through its ability to bind tubulin and stabilize microtubules, tau can
rcgulate the structure and function of neurons by changing their morphology and
axonal transport of materials, such as mitochondria and signaling molecules.
Therefore, regulation of tau can lead to change of ncuronal connectivity and viability
(Roy et al,, 2005). The most important implication for AD of these vital roles for tau
is that inhibiting tau, by hyperphosphorylation or sequestration in NFT, may lead to

serious damage or even death of the neurons.

1.5.2 Regulation of neurofibrillary tangte formation

Unlike APP, no tau mutations are clearly associated with AD. In AD. neurons develop
intracellular NFT from non-mutant tau. Mutations in tau, however, causc other
neurodegenerative discases, such as frontotemporal dementia and parkinsonism linked

to chromosome 17 (FTDP-17) (von Bergen et al., 2001).

Therefore, tau mutations are not necessary for NET formation. Bul
hyperphosphorylation of tau is necessary for NFT formation. Tau phosphorylation is a
normal regulatory process for controlling the function of lau. Under pathological
conditions, some kinases are activated, which can lead to tau hyperphosphorylation
(Braak and Braak, 1995). Many kinases were shown to be upregulated or activated in
AD brains {Martin et al., 2011). An animal study showed that inhibiling glycogen
synthase kinase 3 (Gsk3) by lithium led to a reduced level of tau phosphorylation at
sites which can be phosphorylaled by Gsk3 and are found in AD brain (Noble ct al.,
2005). Lithium treatment also reduced the level of aggregated and insoluble tau.
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Recently, the NFT level was shown to be related to acclylation of tau. In
human AD brain and animal models which develop NI'T, it was found that 1au was
acetylated, which inhibited the degradation of phosphorylated tau (Min et al., 2010).
Tau was acetylated by histone acctyltransferase p300 and reversed by protein
deacetylase SIRTI. Interestingly, the group also demonstrated that removing SIRT1
increased acetylated tau and pathologically phosphorylated tau, which was totally

opposile to the effect of inhibiting p300 (Min et al., 2010).

Another interesting finding showed that ()-linked glycosylation inhibited tau
phosphorylation (Fischer, 2008). This glycosylation requires (3-N-acetylglucosamine
(O-GlcNAc) linked to serine or threonine residues on tau. However. an enzyme called
(O-GlecNAcase can cut O-GlcNAc¢ from tau (Liu et al.. 2004). Data [rom an animal
study showed that inhibiting this enzyme led to reduced tau phosphorylation at ser396,
thr231 and ser404, which is probably due to reduced removal of O-GleNAc from tau

(Yuzwa et al., 2008).

1.6 Disease hypotheses
1.6.1 Amyloid hypothesis

The amyloid hypothesis of AD summarizes the evidences from years of studies on the
cascade of cvents in the development of AD. It was first proposed in 1991 (Seikoe,
1991). A number of different strategies for intervening in the progression of
neurodcgeneration are based on this hypothesis. It arises {rom the observation that
extensive senile plaque deposits arc found in the brains of Down syndrome and

FOAD patients, both of which have increased expression of APP and production of
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AP peptides. The hypothesis starts with the overproduction of AP peptide. specifically
AB1-42, which in turn increases AP oligomerization and reduces clearance. Therehy,
the concentration of extracellular toxic AP specics increases, which activates ncarby
microglia and astrocyles Lo secrete pro-inllammatory cytokines. Toxic oligomeric AR
together with the inflammaltory factors causc progressive synaptic and neuritic injury,
altered neuronal ionic homeoslasis and oxidative stress and damage. These {aclors
aclivate kinases which cause hyperphosphorylation of tau and NI'T formation along
with neuronal dysfunction, cell dcath and loss of ncurotransmitters. Eventually, this

cascade results in dementia.

1.6.2 Criticism of amyloid hypothesis

Although the amyloid cascade hypothesis is the most widely accepted model of the
development of Al), it is subject 1o criticism. ‘The severity of cognitive impatrment
does not correlate with the number of amyloid deposits bul docs correlale with the
concentration of soluble AR, which cannot be detected immunohistiologically (Lue et
al., 1999). Amyloid plaques can be lound in the cortex of normal clderly without
symploms of dementia. On the contrary, the severity of dementia is strongly
correlated to the number of NFT, particularly in superior temporal, inferior parictal
and midfrontal cortex but not amygdala, hippocampus or entorhinal cortex (Bierer et
al., 1995). Transgenic mice overexpressing mutant APP associated with EOQAD

developed severe amyloid pathology but no observable ncuronal loss or NFT (Irizarry

et al., 1997).
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1.6.3 Tau hypothesis

Due to the criticisms of the amyloid hypothesis, the tau hypothesis (Maccioni et al.,
2010) was proposed to complete the mechanism of the development of AD.
Hyperphosphorylated tau oligomers, together with A} oligomers, ROS and other
stresses, initiate neurotoxic cvents that lead to pathological change of the necuronal
cytoskeleton. These faclors stimulate the activation of surrounding microglia and
astrocyles 1o release pro-inflammatory cytokines which lead to neuroinflammation
(Orcilana ct al., 2007). These cytokines cventually leads to tau hyperphosphorylation
in the nearby ncurons through Cdk5 (Alvarez et al, 2001) and MAPK-p38
(Quintanilla ct al., 2004) activation. Hyperphosphorylated tau tends 1o form
oligomeric tau which will be released into the extracellular space when the neurons
dic and will then stimulate the microglia activation cascade again (Maccioni ct al.,

2010).

1.7 Current treatments

In AD, loss of choline acctyltransferasc (ChA'T) and cholinergic lunctions in the
cortex cventually leads to a reduced level of the neurotransmitter acetyicholine (Ach)
(Whitchouse et al., 1982). 'l'rc‘atmems have been developed to overcome the loss of
Ach. Acetyicholincsicrase {AChE) is an enzyme secreled into the synaptic clefl to
hydrolyse ACh into acetate and choline molecules. This mechanism is uscd to stop the
function of ACh after ACh reccptors on the postsynaplic membrane arc stimulated.
Choline is then recycled by the high-affinity choline transporter (Chtl) (Okuda et al.,

2000) 10 the cytosol of the axon terminal of the presynaptic cell, and new ACh is
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synthesized again by ChA'T (Bear et al., 2001). New ACh is loaded by the vesicular
acetylcholine transporter (VAChT) into secretory organclles in the presynapte

terminal for sccretion (Erickson and Varoqui, 2000).

Strategies for increasing the acetylcholine level inciude by enhancing ChAT,
inhibiting acelyl- and butyryl-cholinesterase, supplementing Ach precursors and
providing cholinergic receptor agonists. Amongst these stratcgies. only cholinesterase
inhibitors were shown to improve memory as verilied by functional magnetic
resonance imaging {Bentley et al., 2009). At least three are available as drugs to treat

AD.

Donepezil is a reversible acctylcholinesterase inhibitor derived from
piperidine (Scltzer, 2007). It is administered orally for trcating mild to moderate AD.
Many side effects were reported for taking Donepezil, including nauseca, vomiting,

diarrhea, dizziness and latigue.

Rivastigmine is an acctyl- and butyryl-cholinesterase inhibitor derived from
carbamate. It is approved for treating mild to moderate AD. The reported side clfects
include nausca and vomiting. it can bc administered orally or transdermally, with the

latter administrative method producing fewer side cffccts (Winblad et al., 2007).

Galantamine is a competitive and rcversible acetylcholinesterase inhibitor and
nicotinic allosteric agonist for treating mild to moderate AD (Robinson and Piosker,

2006). 1t is a tertiary alkaloid. Side effects reported arc similar to other cholinesterase

inhibilors.

Only one approved AD medicine is not a cholinesterase inhibitor: Mcmantine,

an N-methyl-D-aspartatc (NMDA) non-competitive receptor antagonist. ‘T'he principle
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of this drug is that it can antagonize the cxcitatory eflccts of glutamate on NMDA
receptors, thus blocking excitotoxic neuronal damage (Sucher et al., 1996).
Memantine is approved for treating moderate to scvere AD (Mount and Downton.
2006). The elficacy of this medicine for treating mild to moderate AD s still under

dcbate, but it is alrcady available in some countries (Schneider et al., 2011).

Nevertheless, there is no medicine yet approved for AD patients that can slow
the progression of AD. All the above available treatments are only considered to

relieve symptoms.

1.8 Drug development

With increasing understanding on the molecular pathogenesis of AD, numerous
studies on thc intervention of the disease progression are being undertaken. these
studies mainly focus on how to reduce the histopathological characteristeristics---
amyloid plaques, ncurofibrillary tangles and neuronal loss—of the AD brain tissue
and the hypothetical toxicities which arc thought to be the culpnt of the discase

(Mangialasche et al., 2010).

The anti-emyloid strategy is the most extensively studied approach. The focus
of the toxic specics of AP has changed from amyloid fibrils to oligomers with the
increased ratio of AB1-42 1o AB1-40. Therclore, medicines arc being developed to
reducc the production, to increase the clearance and to prevent the aggregationof Af}
peptides. In order to reduce the Af3 production from amyloidogenic cleavage of APP,
a-secretase activators and - and y- secretase inhibitors and modulators have been
investigated. Preclinical studies have shown that inhibitors of [3- and y- secretase can
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reduce AP production in CNS and plasma and improve cognitive perlormance of AD
animal modcls (Bateman et al., 2009; Chang et al., 2007: Henlcy ct al., 2009: Hussain
et al., 2007; Rakover et al., 2007). However, due to the adverse clfects ol y-secretase
inhibitors, including hacmatological and gastrointestinal toxicity (Tomita, 2009), the
development dircction has changed from y-sccretase inhibitors to modulators which
can block APP proteolysis selectively without inducing Notch-signalling and resulting
adverse cffects. l'o enhance non-amyloidogenic cleavage ol APP, w-scerctasc
activators have been tested. Not only can they reduce AP} peptide production as
hypothesized, but they can also increase the formation of a neuroprotective domain of

APP (sAPPa) (Etcheberrigaray ct al., 2004; Marcade ct al., 2008).

Another approach that has been actively tested in the clinical phase is
immunotherapy, which increases the clearance of AP peptide. A vaccine against
AP was tried as a means of active immunotherapy, but adverse effects, such as aseptic
meningoencepalitis and microhacmorrhages, were observed in some patients (Gilman
et al., 2005). Although the clinical study of this vaccinc was interrupted, research into
vaccines against other positions of AP with reduced side clfects (Wicssner et al.,
2011), different adjuvants (Muhs et al., 2007; Wang ¢t al., 2007) and dclivery
methods are still ongoing. Passive immunotherapy by intravenous infusion of
monoclonal antibodies, or immunoglobulins from non-AD patients, which has natural
anti-Ap antibodies, has been performed in clinical studies at different phascs. Results
suggested that passive immunotherapy enhanced A} removal from the CNS through
the blood (Dodel et al., 2004; Relkin et al., 2009; Sicmers et al., 2010). Other varieties
of anti-amyloid therapics [ocus on inhibition of AP aggregation or destabilization of

AP oligomers by small compounds. Cliquinol and PBT2 work by chelating copper
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and zinc ions from AP aggregates (Adlard ct al., 2008), and PBT2 was shown to

improve executive functions of AD paticnts in a phasc 2 study (Lannfelt ¢t al., 2008).

The presence of neurofibrillary tangles was thought 1o impair the microtubule-
stabilizing and normal functioning of tau. Thereforc, medicine has been investigated
to inhibit the formation of tangles. The first approach which has been extensively
tested is inhibition of the tau-phosphorylating kinases. GSK3, which is onc ol these
kinases, can be inhibited by lithium. However, clinical study showed that lithium did
not change the level of phosphorylated and total tau in the CSF, nor did it improve the
cognitive function of AD patients (Hampel et al., 2009). Another approach 15 by
inhibiting the tau-aggregate f{ormation through interacting with tau dircctly.
Mcthylthioninium chloride, which posscsses anti-tau-aggrepgating properties, was
tested in a phase 2 study in moderate AD paticnis. Result showed that it improved

cognitive function and slowed disease progression compared with placebo (Gura,

2008).

Mitochondria were thought to be the most importantly detective organclles in
the AD brain. Their dysfunction in early AD can induce synaptic and ncuronal
damagce, which eventually lcads o apoptosis and ncurodegeneration (Reddy and Beal,
2008). Dimebon, which maintains mitochondrial structure and function and protects
the mitochondria against AP-induced toxicity and activation of apoptosis-causing
permeability transition pores (Bachurin et al., 2003; Moreira ct al., 2001; Zhang et al.,
2010b), was shown to improve the cognitive performance of Al patients compared

with placcbo in a phase 2 study (Doody et al., 2008).

Other studies include delivery of nerve growth lactor (NGT) to basal forebrain

cholinergic neurons, use of omega-3 polyunsaturated latty acids, antioxidants, anti-
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inflammatory compounds and inhibitor ol the receptor for advanced glycation
endproducts (RAGE) to protect neurons from toxicity. Clinical studics of these targets

T

are ongoing (Mangialasche ct al., 2010).

1.9 Curcumin

1.9.1 General functions of curcumin

Curcumin, also called diferuloylmethane, is the principal yellow coloring compound
of turmeric, which is derived from the rhizome of the Curcuma longa plant. Two
other derivatives that naturally exist in turmeric together with curcumin are
desmethoxycurcumin and bis-desmelhc:xycurcumin; they exist in the approximate
ratio 75-80% : 15-20% : 3-5% , respectively (Aggarwal et al., 2007). Curcumin is
composed of two methoxy-phenolic groups connected by a chain of 7 carbons with
two o, f3-unsaturated carbonyl functional groups. It has a long history of use as a food
additive and Indian Ayurvedic medicine. Since the first published study searchable at

Pubmed in 1949 (Schraufstatter and Bernt, 1949), therc have been over 4000

publications about the functions of curcumin.
¥

A variety of functions have been claimed for the preventive and therapeutic
uses of curcumin by many in vitro and in vivo studies (Strimpa.l'(os and Sharma, 2008).
Some of the functions appear to contradict others. These include anti-inflammatory,
antioxidant, antimicrobial, antiangiogenic, cylotoxic, neuroprolective,
cardioprotective, anti-diabetic, wound healing, immunomodulatory, proapoptotic and
anti-apoptotic (Strimpakos and Sharma, 2008). Based on these evidences, a number of

different preclinical studies on particular disease models have been performed. Due to
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its apparently safe use for over a century, it has also been tested in clinical studies of
many diseases, such as colon and pancreatic cancer and AD (Hatcher et al., 2008).
Ho.wcvcr, curcumin has still not been confirmed to pos.sess the above properties in -
humans. The molecular targets which control these functions affccted by curcumin in

L]

vitro and in vivo are summarized in Figure 1.9.1.
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Figure 1.9.1 Summary of the molecular targets via which curcumin exerts its
beneficial biological functions. Adapted and modified from (Strimpakos and
Sharma, 2008).

- 1.9.2 AD related functions of curcumin

i

Amyloid oligomers, oxidative damage and inflammation in brain tissue may be major

causes of neurodegeneration in AD. Curcumin has been demonstrated to be an
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effective AD treatment by various mechanisms. It has been shown that curcumin can
inhibit and reverse amyloid fibril formation (Ono et al., 2004). It can reverse the
toxicity of exogenous A (25-35) peptides applied to PC12 cells by reducing the
increascd level of DNA fragmentation, intracellular calcium and tau phosphorylation
(Park ct al., 2008). On the road of AP generation, some cell culture studies showed
that curcumin can reduce Bacel expression (l.in et al., 2008; l.iu et al.. 2010;
Shimmyo ct al., 2008), which was shown to be upregulated in brains of AD patients
(Coulson et al.. 2010). Curcumin may also prevent the maturation of APP in vitro
(Zhang et al., 20]0\a), which may decrease A production. On the clearance of AR,
curcumin was shown to increase the internalization of AP by macrophages isolated

from AD patients (Zhang et al., 2006).

In animal studies, curcumin has been shown to reduce sotuble and insoluble
AP burden (Frautschy et al,, 2001; Lim ct al., 2001; Yang ct al., 2005). Oxidative
damage and inflammation were decreased in these models, loo. Since it was shown
that curcunﬁin cannol affect the levels of APP cleavage products, it was suggesiced that
curcumin has no effect on secretase activity (Cole el al., 2007). Another animal study
s_howed that curcumin can inhibit JNK activation and tau phosphorylation {Ma et al..
2009), which suggests that curcumin may be protective in tauopathy by inhibiting tau

phosphorylation by JNK or INK pathways.

In studies of cholinergic functions. some groups showed that curcumin
posscsses anti-acetylcholinesterase {Ache) and antioxidant activity (Ahmed and
Gilani, 2009) in rodent models which had enhanced Ache activity and oxidative
*damage (Agrawal et al., 2010). Another siudy demonstrated that curcumin can

enhance choline acetyltransferase (ChAT) activity in dementia models of AD induced
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by streptozotocin (Ishrat et al.. 2009). In rodent models of AD induced by AP
iniracerebroventricular injection, curcumin can improve cognitive function in a

Morris water maxze test {Frautschy ct al.. 2001).

The above specilic and consistent properties of curcumin may be due to its
limited bicavailability. By oral administration to mice, curcumin can rcach a
concentration of approximately 1 pM in brain (Begum et al.. 2008). At this
concentration, adverse cllects exerted on neurotoxic pathways arc physiologically
impossible. With such a potentially attractive AD drug candidate, studies of the
functions of curcumin on AD treatrnent are actively ongoing giobally. Intercstingly. a

clinical trial done by our group rccently showed that curcumin has no effect on

improving memory (Baum ct al., 2008).

1.9.3 Unaddressed issues of curcumin in AD treatment

For the studies mentioned above, in vivo observations included improvement in
cognitive function and reductions in both aggregated and soluble AP. The

physiological mechanisms by which curcumin achieved these effects are not entirely

known.

For example, an A fibril disaggregation study was donc in a metal-{rec
cnvironment (Ono et al., 2004). A3 aggregation was indced shown to be accelerated
by physiological concentrations of metal ions, such as copper and zinc (Bush, 2003).
Curcumin is a copper chelator (Baum and Ng, 2004). Thercfore, curcumin may
reduce amyloid plaque formation by chelating copper ions to prevent and reverse the

formation of AP fibrils in vivo. However, the currently available data did not prove
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this in physiological conditions. Since oxidative stress was suggested to originate
partly from thc hydrogen peroxide generated from AP peptide facilitated by copper
ions (Huang et al.,, 1999b), curcumin may also reduce the oxidative stress, for
example, by taking copper away from AB. Data are not yet available to distinguish

which of these potential mechanisms of protection by curcumin

reducing oxidative
stress or inhibiting Af} aggregation—might be most important in vivo. There are as
yel no publications on whether curcumin may affect the expression of genes that

could distinguish these alternative pathways.

As another example, the above cvidences did not produce a consistent
conclusion on the effect ot curcumin on AP production and removal in vivo. Whether
curcumin aflects the expression and activity of secretases has not yet been studied in
vivo. For the clearance of AP, the only available data for the eftect of curcumin are
from a culture study of macrophages isolated Irom human blood (Zhang et al., 2006).
However, these data cannot address the core issue of what really happens in the brain.
More studics are necessary to determine the physiologically feasible mechanisms by
which curcumin may affect the balance of production and disposal of Af. Whether
curcumin may affect the receptors involved in phagocytosis or internalization,
whether curcumin may facilitate AP removal through increasing its transporters. or
whether curcumin may enhance AP degradation by increasing the A} degrading

enzymes are still unknown.

Cholinergic degencration is known to happen in AD brain, leading to reduced
levels of acetylcholine (Whitehouse et al.. 1982), but there arc still no data available
on how curcumin can improve cognitive function in AD rodent models. To study

whether curcumin can improve cognitive function in humans, il is necessary to
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determine whether curcumin can regulate acetyicholine level by, for instance,

inhibiting Ache or cnhanciné ChAT in vivo.

For the study of tauopathy, published data only suggested that JNK inhibition
leads to reduced tau hyperphosphorylation (Ma et al., 2009). However, no report
showed that NFT were reduced upon curcumin treatment. Not only kinasc activation
may lead to increased NFT level, but acctylation may also do so by reducing tau
degradation (Min et al., 2010). Coincidentally, curcumin is a well-known inhibitor of
histone acetyltransferasc P300 (Balasubramanyam et al., 2004), which can acetylate
tau (Min et al., 2010). Therefore, it would be intcresting to know whether curcumin

can reduce NFT level also.
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1.10 Aims of study

The main objective of this study is to identify the in vitro and in vivo mechanisms of
curcumin on the treatment of AD in a logical and comprehensive manner. First of all.
we will study whether curcumin can affect the activities of the secretases which
determine the rate of AP peptide gencration. Sccond, we will determine whether, at
physiclogically attainable concentrations, curcumin can elfectively reverse Af
aggregation. Third, we will determine whether curcumin can increase A degrading
enzymes which affect the catabolism of AB. Fourth, we will study whether curcumin
can affect the level of AP transporters and receptors which determine the location and

fate of AP.

After studying the factors which directly regulate AP} metabolism, we will
investigate whether curcumin can affect the expression of enzymcs controlling
acetylcholine homeostasis. Then, we will examine whether curcumin upregulates
gencs wﬁich can provide neuroprotection by reducing Af level. reducing A toxicity

or reducing oxidative stress. Lastly, we will determine whether curcumin can reduce

the level of NFTs.
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CHAPTER TWO: MATERIALS AND METHODS

2.1 Cell free assays
2.1.1.1 AP aggregation Thioflavin T assay

Lyophilized AB1-40 and AP1-42 were gifts gencrously offered by Professor A.l
Bush, the Mental ilcalth Research [nstitute (Melbourne). The protocol was adapted

from his laboratory and his publication (Adlard et al., 2008).

Before the assay, each AP peptide was dissolved in 0.005 N NaOH in a [.5
mL microcentrifuge tube by vortexing. The tube was sonicated in a water bath
sonicator for 5 minutes, followed by centrifugation at 16,100 x g for 5 minutes. The
supernatant was transferred to another 1.5 mlb microcentrifuge tube. The protein
concentration was measurcd by diluting 5 pL of the peptide solution in 495 pl. of
MilliQ water and measuring the absorbance at 214 nim using MilliQQ walter as a blank

for autozéming. The concentration was calculated as follows:
Concentration [pg/ml.] = A4 o x dilution factor / 0.03 pg/ml,

To prepare Af} aggregates, | mM Thioflavin T solution and 1 mM ZnCl; or CuCl,
were added 1o a 15-mL centrifuge tube with PBS (Sigma, with Ca(ll) and Mg(11)).
Then, either AB1-40 or AP1-42 solution was transferred to the tube. The final
concentrations of AP, Thioflavin T and metal ions were 10 pM, 20 uM and 20 pM,
respeclively. The tube was covered with aluminium foil and incubated at 37°C for 24

hours on a rotating wheel running at 30 cycles/minute.

For the disaggregation assay, test compounds were prepared and diluted in

DMSO. Then they were diluted 100 fold by the aggregate solution in 1.5 mlL
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microcentrifuge tubes. The tubes were incubated at 37°C for 2 hours on a rotating

whecl running at 30 cycles/minute.

After disaggregation, the mixtures were transferred to a Greiner Black Plate.
The fluorescence signal. which comes [rom the f3-sheet structure of Ap-bound
Thioflavin T (LeVine, 1999), was measured by fluorescence plate reader (Spectramax

Gemini X8, Molccular Devices) at Ex:432nm/Em:493nm.

2.1.1.2 Western blotting of monomeric Ap

‘To determine changes in the amount of monomeric A} pepudc, the solution [rom the
above expcriment was centrifuged at 20,000 x g for 15 minutes at room tempcerature

to remove insoluble AP aggregates. The supernatant samples were resolved on a

16.5% Tricine SDS-PAGE gel.

The protocol for Tricine SDS-PAGL analysis was adapted and modified from
(Schagger, 2006). 16.5% Separating gel was preparcd by mixing Q.61 mL MilliQ
water, 3.33 ml. 3X Gel buffer (3 M Trig/lICI, 0.3% SDS. plt 8.45), 5 ml. 33%
acrylamide mix (33% T, 6% C), 1.06 mL 100% glyccrol. 34 pl. 10% ammonium
persulfate (APS) and 3.4 pl. TEMED. 3.92% stacking gel was prepared by mixing
1.31 ml MilliQ water, 0.50 mL 3X Gel bulfer, 196 upL 40% acrylamide mix (40%

T. 3% C), 16 pL 10% APS and 1.6 pl. TEMED. Samples and standards of known
amounts of monomeric AB peptide (1, 5, 10 and 20 ng) were mixed with sample
buffer (2% SDS, 40% glycerol, 200 mM ‘Iris, pl1 6.8, 0.04% Coomassie bluc and 2%
B-mercaptoethanol), boiled for 5 minutes and loaded onto the gel with a protein size

marker (SeeBluc Plus2, Invitrogen). Electrophoresis was run with cathode butfer (0.1
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M Tris, 0.1 M Tricine, 0.1% SDS, pH 8.25) in the upper tank and anode bufter (0.2 M

Tris/HCI, pH 8.9) in the lower tank at 100 V tor about 2 hours.

Protcin was transferred from the gel o nitrocellulose membrane in I'ransler
buffer (48 mM Tris*Base, 39 mM glycine, 20% methanol, and 0.0375% SDS) with a
frozen Bio-lce cooling unit in the tank at 400 mA [or 3 hours. The membranc was
taken out and washed in PBS thrice for 5 minutes. Then it was boiled with PBS in a
microwave oven for 10 minutes to expose the epitope. It was washed in T'BST (25
mM Tris, 192 mM NaCl, pH 7.4 and 0.05% Tween-20), blocked in 10% non-fat milk
in TBST and immunobilotted in primary antibody (1:2000 diluted 6E10 in 5% BSA in
TBST). Afler washing, the membrane was blotted with 1:6000 diluted sccondary
antibody (AP-conjugated goat anti-mousc 1g(3) in 10% non-fat milk in TBST and then
washed with TBST. Excess buffer was removed briefly, and the membranc was put
on microwave plastic film. Immun-Star Chemilumincescent Substrate was mixed with
Substrate Enhancer and then was added onto thc membrane and incubated lor 5
minutes. lixcess substrate was withdrawn, and the membranc was translerred to
another picce of microwave plastic film. The lumincscent signal was caplured by

exposure to Kodak X-ray film in the dark for difterent lengths of time.

Images of the X-ray film were scanned and saved as Tiff liles. Densitometry

was performed using Imagel 1.441 software.

2.1.1.3 Statistical analysis

Data of Thioflavin 1" assays were normalized. 1Csos were calculated by fitting using

nonlinear regression by GraphPad Prism. Data of A} western blotting were

46



statistically compared by one-way ANOV A for multiple comparisons and Tukecy HSD
as a post hoc test. P values of less than 0.05 were considered statistically significant.
Signals of bands were calculated by comparing Lo the standards. Results were plotted

using GraphPad Prism and expressed as mean 4 SID from triplicate measurements.

2.1.2.1 Hydrogen peroxide scavenging assay

Lyophilized AP1-42 was a gift generously olfered by Prolessor A.l. Bush, the Mental
Health Rescarch Institute (Melbourne). The protocol was adapted from his laboratory

and their published papers (Adlard ct al., 2008; [ luang et al., 1999b).

A small amount of AB1-42 peptlide was dissolved in Chelex 100 treated
MilliQ water, sonicated in a water bath sonicator for 5 minutcs and centrituged at
16,100 x g for 5 minutes. I’rol‘cin quantification was the same as in section 2.1.1.1.
Cu(il)-glycine solution with 1 mM Cu(Il) and 6 mM glycine was prepared in MilliQ
waler and diluted to 100 pM Cu(ll) with PBS. A[31-42 peptide and Cu(ll)-glycine
were added 1o PBS such that their final concentrations werc 1 uM and 2 uM
(AP42:Cu solution). Dopamine was preparcd at 0.5 mM in PBS. Test compounds
were dissolved in DMSO and diluted 10-fold in PBS. 2°,7'dichlorolluorescein
diacctate (DCF) was dissolved in argon-purged DMSO, then de-acetylated by the
same volume of 0.05 M NaO!ll for 30 minutes. The pH of DCF solution was adjusted
by 0.5 M disodium hydrogen phosphate solution to pH 7.4, then diluted 5-fold to PBS
at around 1 mM final concentration. Tlydrogen peroxidase (HRP) was dissolved in

PBS at 100 puM. Then (1) PBS, (2) Cu(ll) or 100:200nM Af342:Cu, (3) test compound

or solvent control, (4) 5 uM dopamine, (5) 100 uM DCT solution, and (6) 1 uM HRP
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were added to a 96-well black plate with a transparcnt bottom. The plate was sealed
and shaken in the dark at 37°C for 1 hour. Lastly, the fluorescence signal was

measurcd using an LS55 (Perkinkilmer) at Ex: 485/ Iim: 535.

2.1.2.2 Statistical analysis

Data were normalized to controls. 1Csgs were calculated by [itting using nonlincar
regression of GraphPad Prism. Results were statistically compared by one-way
ANOVA for multiple comparisons and Tukey HSD as a post hoc test. P values ol less
than 0.05 were considered slatistically significant. Results were plotted using

GraphPad Prism and cxpressed as mean + SD from triplicate measurements.

2.2 Cell cultures

The cell linc BV-2 was offered by Professor Raymond Chang, Department of

Anatomy (HKU).

2.2.1 Culture of microglia (BV-2)

'The mouse microglial cell line, BV-2, was maintained in DMEM (Gibco) with high
glucose, 4 mM L-glutamaic and 20 mM HEPES, and supplemented with 5% fetal
bovine serum at 37°C in a humidified incubator with 5% CO,. It was subcultured
every 3 to 4 days at a ratio of 1:5. One day alter initial seeding at 2.5 x 10° cells per
well in a 24-well plate, cells reached confluence. The medium was then changed to

the same medium containing different concentrations of curcumin, ferulic acid and
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tannic acid. Each condition was done in triplicate. After 16-24 hours, each well was
rinscd twice with serum-frce medium. The same concentrations of the above
compounds were added lo the serum-free medium which was added to the plate.
Conditioned medium was collected at 4 and 8 hours of incubation in the humidificd

incubator, centrifuged at 3000 rpm for 10 minutes and stored at -80°C.

2.2.2 MTT cell viability assay

BV-2 microghal cells were maintained in the same conditions as above. The ccelis
were seeded onto a 96-well plate at the same cell density. After just reaching
confluence, the medium was replaced as above and incubated for the same length of
time, Then the medium was removed, and 110 pl. of MTT (0.5 mg/mL in DMEM
serum-[ree medium) solution was added. The platc was incubated at 37°C in a
humidified incubator with 5% CO; for I hour and 15 minutes. The medium was
removed, ﬁnd 100 pl. of DMSO was added. The plate was then shaken at room
temperaturc for 20 minutes. The absorbance at 570 nm was taken, with 690 nm as the
relcrence wavelength, using a microplate reader (U Quant microplate reader, Bio-Tek

Instruments Inc.).

2.2.3 Dot blotting of ApoE protein

100 pl. of conditioned medium was transierred onto a nitrocellulose membrane using
a dot blot apparatus (Biorad). The membrane was air-dried and blocked in blocking
buffer (5% non-fat milk in TBST). After brief washing in TBST, it was blotted in
1:6000 diluted rabbit anti-mouse Apok antibody (Biodesign International) in 3% BSA
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blocking buffer. The membrane was washed thrice in TBST for 5 minutes and blotted
in 1:10,000 diluted AP-conjugated goat anti-rabbit 1gG antibody. X-ray film was

developed as in section 2.1.1.2.

2.2.4 Western blotting of ApoE

Specificities of the antibody and dot blot analysis were conlirmed by western blotting.
BV-2 microglial cells were maintained in the same conditions as above, except that
they were seeded in 6-well plates. The conditions of drug treatment were the samc as
above. The conditioned medium was concentrated from 4.8 mL to 0.05 ml. using a
molccular weight cut-off spin concentrator (10k MWCO Amicon Ultra, Millipore). 10
pL of the concentrated conditioned medium was resolved on a 12% SDS-PAGE gel
together with a protein size marker (SeeBlue Plus 2, Invitrogen) according to a
published protocol (Sambrook and Russell, 2001). Electrophoresis was run in a 'I'ris-
glycine buffer system (25 mM ‘I'ris, 0.192 mM glycine, 0.1% SDS, pll 8.3) at 100V

until the size marker of 22 kDa approached the end of the gel.

After SDS-PAGEL, the gels were taken out and immersed in ice-cold Transfer
buffer (48 mM Tris*Base, 39 mM glycine, 20% mcthanol, 0.038% SDS). PVDF
membrane was soaked in 100% methanol. The gel and PVDF membrane were then
placed in a gel holder cassctte. Protein on the gel was then transferred to PVDF

membrane with a frozen Bio-Ice cooling unit in the tank at 400 mA for 2 hours.

After transfer, the procedures of blotting and film development were mostly

the same as in section 2.2.3, except that the membrane was not air-dried.
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2.2.5 Signal quantification of secreted ApoE

The film was scanned using an Imaging Densitometer (BioRad (GS700). Densitometry

was performed using Quantity One (Biorad).

2.2.6 Statistical analysis

Data from the dot blot images were compared using SPSS by one-way ANOVA for
multiple comparison and Tukey HSD as a post hoc test. Results are expressed as

mcan = SD from triplicatc measurements. P values of less than 0.05 were considered

v
.
e

statistically significant.

2.3 Animal studies

The animal handling and experimental procedures were according to the Animals
(Control of Experiments) Ordinance (Cap.340) of Hong Kong. Animal ethics
approval was obtained from the Animal Experimentation Ethics Committee of The
Chinese University of Hong Kong (Ref. (()7-184) in DH/ORHI/8/2/1 pt.9 & Ref. (09-

171) in DH/HA&P/8/2/1 pt.?)..

2.3.1.1 Strains

Tg2576 is the transgenic mouse generated by (lsiao et al., 1996) 1t carries the 695
amino acid isoform of the human B-amyloid precursor protein gene with the Swedish

mutation (K670N/M671L) (APPswe) which leads to the mouse expressing five-fold

51



and 14-fold higher than usual levels of AP1-40 and AP1-42, respectively. IU is
hemizygous for the mutant gene and was bred on '] progeny of SJL/JerNTac and
C57BL6/NTac strains. Cognitive impairment develops al 9 to 10 months, with the
presence of AP plaques in cortical and limbic structures. Taconic Farms, Inc. rccciv'cd

it from the Mayo Clinic, and we obtained this strain from Taconic Farms, Inc.

JNPI.3 is the transgenic mouse gcncrated by Lewis et al. in the laboratory of
Mike Hutton (Lewis ci al., 2000). It cxpresses human 4RON isoform ol Mapt with the
P301L mula-lion. [t is homozygous for the mutant gene. Motor [‘unction impairment
was reported. to deveif)p as carly as 4.5 months, but we could not obscrve phenotypic
changc until age 15 months. Neurofibrillary tangles (NFT) developed extensively in
amygdala, thalamus, hypothalamus, midbrain, pons, medulla, cerebellum and sbir;al
cord. The hemizygBus mouse was bred on F1 progeny of DBA/2 and C57BL/6 strains,
aﬁd the h(;;mozyg()us mousc was produced ‘by crossing hemizygous mice and
maintained by mating 1o homozygous mice. We 6btained this strain from Taconic

Farms, Inc.

INPL3x1Tg2576 mice are the I'l progeny of male homozygous JINPL3 and
female hemizygous Tg2576 mice. The crossing and phenotypic characterization was

first done by (Lewis ct al,, 2001). Plaques and NFT developed as carly as six and

three months, respectively.

2.3.1.2 Breeding
¢

Tg2576, INPL3 and JNPL3x'I‘g25?6 were maintained in the Laboratory Animal

Services Centre (LASEC) at The Chincse University of Hong Kong. A breeding
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agreement was obtained from ‘Taconic

below:

Farms, Inc. The breeding scheme is shown

APPswe/Tau
Hemizygote
(Male/Female)

APPswe
Hoemizygote
(Male]

APPswe
Hemizypoto
{Male)

BESILFL
{female)

P301L Tau
Homozygote
{Male)

P301L Tau
Homozygole
{Male)

SHAJerNTar
fvlaie)

SIL/JerNTac SILATerNTac

Female)

{iviale)

C57BL6/NTac
{(Female)

P301L Tau

Homozygate
(Femaie)

CB7BLG/NTac C57BLG/NTac

{Male) {(Femaie)

Figure 2.3.[.2 Breeding scheme of Tg2576, JNPL3 and JNPL3xTg2576 strains.

2.3.1.3 Genotyping

Genotyping was carried out on Tg2576 and JNPL3xTg2576 tor the presence ol the

APPswe transgene. A tail biopsy of cach mousc was obtained at 2 months old. The

samples were stored at -20°C in fresh 1.5 ml, microcentrifuge tubes.

2.3.1.4 DNA extraction

-

Genomic DNA was cextracled from mouse tail samples using the High Pure PCR
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Template Preparation Kit (Roche). About 0.5-1 ¢cm samples were lysed in 1.5 ml.
botl-proof microcentrifuge tubes (Axygen) by incubating with 200 ul. of Tissue Lysis
Buffer and 35 pl. of Proteinase K solution at 56°C overnight. 200 uL. of Binding
Buffer and 100 ul. of isopropanol werc added and mixed well. The mixture was
centrifuged at 12,000 x g for 5 minutes. Supernatant was transterrcd into the upper
reservoir of a combined High Purc filter tube-collection tube assembly. The tube
assembly was ccentrifuged at 8,000 x ¢ for 1 minute, the ilow through was discarded
and 500 pl. of Inhibitor Removal Buffer was added (o the upper rescrvoir. The tube
assembly was centrifuged at 8,000 x g for 1 minute. The tube was washed twice by
adding 500 ul. of Wash Buffer and centrifuged as before. Residual cthanol containing
Wash Butter was removed by centrifugation at 14,000 x g for 10 scconds. Genomic
DNA was eluted by adding 200 pl of prewarmed (70°C) Elution Buffer and

centriluging at 8000 x g for 1 minute. DNA samples were stored at-20°C.

2.3.1.5 DNA quantification

DNA samples were thawed and spun briefly. They were diluted 5-fold in MilliQ
walcr. The quantification was done by mcasuring the absorbance at 260 nm and 280
nm. The quality was determined by taking the ratio of Az to Azge, which should be
between 1.5 and 2.0> The DNA concentration was calculated by the following

equation:

[DNA| pg/pl. = 50 x dilution factor x Azep / 1000
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2.3.1.6 PCR

PCR was performed by using AmpliTag Gold DNA Polymcrasc (Applied

Biosystems), with f3-actin as the internal control, with the following components:

Reaction Mix Component Final Volume, Concentration
Sterilized MilliQ water 1.89 pl,

10X PCR Bufler 1.25 pl, 1X

25 mM MgCl, 0.75 pl., 1.5 mM

10 mM dNTP, 2.5 mM each 1 pl., 0.2 mM each

4 Primers Mix, 2.5 uM cach 2.5 ul., 0.5 pM each

S U/ul. AmpliTaq Gold DNA Polymerase 0.13 ul., 0.05 U/ul.

Master mix volume 7.5 ub

25 ng template DNA Spul

Total reaction volume 12.5 nl.

Primer (Invitrogen) scquences (57 to 37) are listed as (ollows:

APPswe forward: CTG ACC ACT CGA CCAGGT TCTGGG T
APPswe reverse: GTG GAT AAC CCC TCC CCC AGC CTA GAC CA
f-actin forward: CGG AAC CGC TCATTG CC

f3 -actin reverse: ACC CAC ACT GTG CCC ATC TA

Thermal cycling conditions are as follows:

95°C 15 min - | cycle

95°C 45 sec

55°C 1 min }- 35 cycles

72°C I min

72°C 10 min - 1 ¢ycle
4°C Forever

The PCR products were mixed with 6x loading butter. Electrophoresis of the PCR
products was run in 2% agarose gels in 1x TAILS buffer prestained with 0.5 pg/ml.

ethidium bromide at 160 V.

A product size of 300 bp, representing [3-actin, indicated that the PCR was

successful. A product size of 466 bp was used to indicate the presence of the APPswe
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transgene. The picture below shows one of the gels after electrophoresis:

2.3.2.1 Demographic data

Strain Sex Group Staargt;ng No. |Duration| Mode Vehicle Dosage
Curcumi 14 500
thioutbol g&m 6m Ad libitum| Chow (5P14) i
Male Control 13 Oppm
JNPL3 EigTumin i6m 5 2m Peros Peanut Butter 100me/kg
Control 9 omg/kg, 1ul/g
Eanial Curcumin 8m 10 6m 500 ppm
Control 10 0ppm
Male C;:Jra:mlln 12 530 ppm
Tg2576 ontre' | gm 5m ppm
Curcumin 14 500 ppm
Female
Control 13 Oppm
Male cé”c‘:m'ln : Ad libitum| Chow (5P14) 530 p':nm
C — < 7 ) 50(;) :
Female {C2reumin : L
0 m
INPL3xTg2576 O e
Male Curcumin 5 500 ppm
Control 5 0ppm
21 11m 5m L
Curcumin 4 500 ppm
Female
Control 3 0ppm

Table 2.3.2.1 Demographic data showed the ages, numbers, treatment durations,
mode of administration, dosages and vehicles of the mice used in this whole study.

2.3.2.2 Husbandry

Mice were raised and kept in LASEC. The environment was maintained at a 12-hour

light-and-dark cycle. Sterilized food pellets or chow (LabDiect) and water were
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available ad libitum. 1g2576 and IJNPI.3xTg2576 mice were car-tagged after tail
biopsy. Alter genotyping confirmed the presence of the APPswe wransgene, the non-

transgenic mice were culled and the transgenic male mice were individually caged.

Mice administicred with chow as vehicle were kept in LASEC until the

treatment was finished. Their body weights were recorded before and after the
Fand

treatment regime. Then they were sent to the animal facility at Prince of Wales

Hospital (PWIH) lor rotarod 1est or disscction. Mice that died during the treatment

regime were noted.

Mice administered with pcanut butler as vehicle were sent to the animal
facility at PWH before the treatment began. Their body weights were recorded daily

from Monday to Friday, and dcaths were noted.

2.3.2.3 Diet

Since the ingredients of the chow have a significant impaci on the pathology ol the

transgenic mice, all mice were fed chow with the same ingredients (LabDict, SP14).

2.3.2.4 Drug administration

For treatment with chow as vehicle, curcumin was sent to Labliet to be integrated
into chow (5P14). The amount of curcumin was about 500 parts per million (ppm}.
The chow with or without curcumin was availablc ad libitum. Assuming cach mouse
weighing around 25 grams takes about five grams of chow per day. cach mousc

would consume about 2.5 mg curcumin per day.
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For trcatment with peanut butter as vehicle, curcumin was prepared freshly by
mixing with peanut butter at 0.1 mg/puL. The paste was transferred 1o a | mL syringe
without a ncedle. The mice were fed by injecting onto the mouth at 1 pl./g of body
weight. Therefore, cach mouse of 25 grams body weight takes about 25 ul. x (1.}
mg/ul. = 2.5 mg curcumin, which is cquivalent to the daily consumption of mice

administered curcumin in chow. The mice were {ed daily from Monday to Friday.

2.3.2.5 Statistical analysis (body weight, mortality)

Comparison of the distributions of mice belore treatment among strains was done by
Chi-squarc test, and comparison of the sexual distribution in each strain was done by
Fisher’s cxact test using GraphPad Prism. Comparison of the change of body weight
between groups with or without curcumin was performed by Student’s t-lest using
SPSS. Mortality analysis between treatment and control groups was done by Fisher's
cxacl test, and ‘data were ploticd using GraphPad Prism. P values less than 0.05 were

considered statistically significant.

2.3.3.1 Rotarod test

Motor function performance of mice was assesscd by rotarod test. The lest was
performed based on a published protocol (Rozas et 8., 1997). Only INPL3 mice were
used for this test since the motor lunction 1s disturbed by the human mutant P3Q1L
Mapt transgene. Female mice were excluded due to larger physiological variation.
JNPL3 administecred curcumin in chow (JNPL3 (chow)) were excluded after

preliminary training showing the lack of detcctable impairment in motor function.
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Rotarod testing was done in the animal facility at PWH.

Mice were placed in the testing room for one hour before commencement of
the test Lo adapt o the testing environment. Then {our rounds of trial training and one
round of tesling were performed with a one hour mterval in between. The rotarod
apparatus was cleaned with cthanol alter every single use. The apparatus was set to
accclerate at a rate of about | rpm / 9 seconds, beginning from 4 rpm and going up to
40 rpm. Mice were placed onto the rod ol the apparatus. Rotation was started at a
constant ratc of 4 rpm to allow thc mice to balance. Then the rotation speed was
increascd. The time between the beginning of the acceleration of the rod and the

lalling of cach mousc was recorded.

2.3.3.2 Statistical analysis

Statistical analysis of the rotarod performance, assessed by the time cach mouse
stayed on the rod, was conducted using two-way ANOVA lollowed by Bonferroni
test in SPSS. A time of zero was used for mice that had died or were unable o
perform the test. Data were plotted using GraphPad Prism. A p value of less than (.05

was considered slatistically significant.

2.3.4 Dissection

Mice treated with chow as vehicle werce dissccted aller overnight fasting to show the
long term effects of curcumin. Mice treated with peanut butter as vehicle were

dissected onc to 1.5 hours alter treatment 1o determine short term effects of curcumin.
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Each mouse was cuthanized with isofluranc in a closed glass bottle and was
taken out 10 seconds alter the final breath. Body weight was recorded. The body was
fixed on a dissecting board with the chest facing up. The chest was cut and opened. A
needle of a 2 cc syringe was inserted into the apex of the left ventricle to withdraw the
blood. The blood was then transicrred to a 1.5 ml. microcentrifuge tube containing 2()
pl. of 0.5 M EDTA and kept on icc. The right atrium was cut open. A needle of a 30
ce syringe with 30 mL of ice-cold PBS was inserted into the apex of the lell ventricle.
PBS was injected into the heart slowly to let it travel through the body. The head was
removed by cutting at the neck. One side ol a fine scissors was inserted into the
vertebral column to cut up to the skull. After pulling the skull into two halves, the
whole brain was taken out. It was washed briefly in ice-cold PBS, then cut into left
and right hemispheres. One hemisphere was transferred to 13 ml. of 10% neutral
buffered formalin (NBF) in a 15 mL centrifuge tube. Another hemisphere was
dissected into hippocampus, entorhinal cortex, amygdala, thalamus and hypothalamus,

mid-brain, cerebellum, pons and medulla.

Blood was centrifuged at 3000 x g for 15 minutes. Plasma and other brain
tissues were snap-frozen in liquid nitrogen and then stored at -80°C. Fixation of the

hemisphere continued at 4°C for at least 3 days.

2.3.5 Secretase activity assays
2.3.5.1 Protein extraction

Dissected brain regions, except hippocampus, were thawed from -80°C and

transferred into one 1.5 mL microcentrifuge tube. lce-cold homogenization buffer (20
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mM Hepes, pH 7.2, 0.02% NaNj, 1x complete protecase and phosphatasc inhibitors)
was added. The tissue was lysed by passing through a 23G needle of a 3 mL syringe
20 times. Homogenate was centrifuged at 800 x g for 10 minutes at 4°C. The pellet
was homogenized as before for 2 more times. Supernatant was pooled and centrifuged
at 100,000 x g for 60 minutes at 4°C (50k rpm using a TLA-100.4 rotor (Beckman
Coulter)). Pellet was resuspended, homogenized and ultracentrifuged again. The
washed pellet was homogenized in the samc buffer with 10% glycerol. The
supcrnatant from the ultracentrifugation and the resuspended pellet were stored as

aliquots at -80°C.

2.3.5.2 Protein quantification

Protein quantification was done using the Protein Dc assay (Biorad). BSA:standards
P
was prepared in the same bufler as the sample at 3 mg/ml. and then serially diluted to
1.5, 0.75, 0.375, and 0.1875 mg/mL. Frozen protein prepared in the last scction was
diluted 10 times in the samec buffer. Five pL of samples and standards were
transferred to a 96-well transparent culture plate. 25 pL ol Reagent A of the Biorad
Protein Dc Assay was added, followed by 200 pl. of Reagent B. After shaking and
incubating, the absorption at 750 nm was measured by a microplate reader (U Quant

microplate reader, Bio-Tek Instruments Inc.). The protcin concentration was

calculated by comparing with the linear curve of the BSA standard.
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2.3.5.3 a-secretase assay

The a-secretasc assay was modificd from a published protocol (Moss and Rasmussen,
2007). Information of the substratc: Ac-RE(EDANS)-VHHQKILVF-K(DABCYL)-R-
Ol (Calbiochem, catalog number 565767). After cleavage, the fluorescence group
EDANS was separated from the quencher DABCYIL.. therefore. upon excitation at

355 nm, emission at 510 nm can be detected.

A protein sample was thawed on ice. Then it was diluted to 5 mg/ml. using the
same storage buffer, then diluted by a-membrane solubilisation butter (10 mM llepes,
0.4% NP-40, 0.01% NaN;, Ix protecase inhibitors) to a final concentration of’ 2
mg/mL. It was then incubated at 4°C on a rotating wheel for 1 hour. Then the «-
secretase cleavage assay was started by adding 5 pM of fluorogenic substrate in «-
secretase reaction buffer (10 mM Hepes, pH 7.5, 0.0006% Brij-35, 0.01% NaNj, 1x

proteasc inhibitor). Fluorescence signal was read at Ex: 355 nm, Em: 510 nm at time

zero, 1, 1.5 and 2 hours.

2.3.5.4 B-secretase assay

The P-secrctase assay was modified from a published protocol (Benjannet et al.,
2001). Information of the substrate: H-RE(EDANS)EVNLDAEFK(DABCY1.)R-OI1
(Merck, catalog number 565758). The principle is the same as that for the substrate

for a-sceretase.

A protein sample was thawed on ice. Then it was diluted to 5 mg/mL using the

same storage buffer, then diluted by B-membrane solubilisation buffer (0.1 M sodium
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acctate, pH 4.5, 1% Triton X-100, 0.01% NaNj, 1x protease inhibitors) at 0.25 mg/mL

final concentration. It was then incubated at 4°C on a rotating wheel for | hour. Then
the f3-secretasc cleavage assay was started by adding 5 uM of fluorogenic substrate in
[3-secretase reaction buffer (0.1 M sodium acetate, pH 4.5, 0.02% NaN;, 1x protcase

mhibitors). Fluorescence signal was read at Ex: 355 nm. Em: 510 nm at time zero. 15,

30, 45, 60, 90 and 120 minutes.

2.3.5.5 y-secretase assay

The y-secretase assay was modified from a published protocol (Li et al., 2000).
Information of the substrate: NMA-GGVVIATVK(DNP)-DRDRDR-NH2 (Merck.

catalog number 565764). Upon cleavage, NMA can be excited at 355 nm and emit at

440 nm.

A protein sample was thawed on ice. Then it was diluted to 5 mg/ml. using the
same storage buffer, then diluted by y-membrane solubilisation buffer (20 mM Hepes,
pH 7.0, 10 mM MgCl,, 10 mM CaCl,, 0.3 M KCI, 2% CIHAPSO, 0.02% NaN;,
complete phosphatase inhibitors) at 1 mg/ml. final concentration with 1% CHAPSO.
It was then incubated at 4°C on a rotating wheel for 1 hour. Then the y-secretase
clcavage assay was started by adding 8 uM of fluorogenic substrate in y-sccretase
reaction buffer (50 mM Pipes, pH 7.0, 5 mM MgCl,, 5 mM CaCl,, 150 mM KClI,
0.02% NaN3) with a final concentration of 0.25% CHAPSO. Fluorcscence signal was

read at IEx: 355 nm, Em: 440 nm at time zcro, 18, 24, 36 and 48 hours.
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2.3.5.6 Statistical analysis

Data of a-sccretase activity assays were calculated by subtracting signals at 0 hours
from those at 3 hours. Data ol P-secrctasc activily assays were calculated by
subtracting signals at 0 minu.tes from those at 45 minufes. Data of y-secrctlase activity
assays were calculated by subtracting signals at 0 hours from those at 18 hours.
Statistical comparisons were performed using Student’s t-test in SPSS; data were

plotted using GraphPad Prism: results were expressed as mean + SD.

2.3.6 Total tau quantification

2.3.6.1 Protein extraction

N

Ultracentrifuged supernatant samples from brain homogenization prepared in section
2.3.5.1 were used in this section. Only INPL3 (chow) mice were used in this part.
Tg2576 n‘licc were cxcluded duc to the lack of human Mapt transgenc.
INPL3xTg2576 mice were not used due to small sample size. INPL3 (PB) mice were

not considercd becausce the treatment period was short.

2.3.6.2 Protein quantification

The protein quantification proccdure was more or less the same as in scction 2.3.5.2,

except that the supernatant samples were diluted 5 times for quantification.
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2.3.6.3 Western blotting of total tau

After total protein quantification, samples were normalized for equal loading. One
normalized samplc was loaded on cach gel for use in normalizing signal intensitics
among blots. All samples were mixed with Lacmmli sample buffer ({inal
concentration: 62.5 mM  Tris-HCl, pHl 6.8, 25% glycerol, 2% SDS. 0.01%
bromophenol blue and 5% B-mercaptocthanol) and then botled at 95°C for 3 minutes.
15 pg total protein of each sample and 7 pl. of SceBlue Plus2 protein size marker
(Invitrogen) were loaded onto a 10% SDS-PAGE gel, which was prepared according
10 a published protocol (Sambrook and Russcll, 2001). Electrophoresis was performed
in a Tris-glycine bulfer system (25 mM Tris. 0.192 mM glycine, 0.1% SDS, pll 8.3)
at 40 V in the beginning. When the dye front approached the revolving gel, the

voltage was changed to 110 V until the sizc marker of 22 kDa approached the end of

the gel.

‘After SDS-PAGE, the gels were taken out and immersed in ice-cold Transter
buffer (25 mM 'lris, 192 mM glycine and 20% methanol). PVDF membrane was
soaked in 100% methanol. The gel and PVDF membrane were then packed in the
Transfer Gel Sandwich. Protein on the gel was then translerred to PVDE membrance

with a frozen Bio-Ice cooling unit in the tank at 400 mA tor 2 hours.

Aller transler, the membrane was washed three times in TBS'T and then was
blocked in 3% BSA-TBST blocking solution for one hour. After blocking. the
membrane was immunoblotted by 1:1,000 diluted H'T7 (Pierce, mouse monoclonal.
total human tau specific) in the blocking buffer in the cold room overnight. Then, it
was washed 3 times in TBST for § minutes. Secondary antibody (Biorad, AP-

conjugated goat anti-mouse) diluted at 1:10,000 in 5% non-lat milk was used to probe
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HT7. After incubation for 1 hour, the memb;ﬁﬁ?eﬂ Was washed 3 times in TBST for 10

minutes. Excess buffer was withdrawn, and the membrane was put on microwave
>

plastic ﬁlll"‘l. Immun-Star Chemiluminescent Substrate was added onto the membrane

and incubated for S minutes. Then excess substrate was withdrawn, and the membrane

was transferred to ‘another piece of’ microwave plastic film. Lumincscent signal was

capturcd by exposure to Kodak X-ray film in the dark for different lengths of time.

2.3.6.4 Signal quantification of total tau

An image of the X-ray film was scanned and saved as a TifT file. Densitometry was

performed using Imagel 1.44i software.

AN

2.3.6.5 Statistical analysis

The signals of bands were normalized by dividing by the mean of signals of the
normalization  samples on the same blot. The data were statistically compared by

»

Student’s t-test using SPSS. Results were plotted using GraphPad Prism and
"y ’ - '
expressed as mean £ SEM. &

2.3.7 PHF quantification
4 .
2.3.7.1 Sample preparation

Ultracentrifuged pellet samples extracted in section 2.3.5.1 were used in this section.

For the same reason as in section 2.3.6.1, only JNPL3 (chow) mice were used in this
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part.

2.3.7.2 PHF isolation

PHIF were isolated using a published protocol (Lee ¢t al., 1999). Ultracentrifuged
pellets were diluted to 6 mg/ml.. High salt tissuc homogenization buffer (HS-T1HB)
was added to samples with the same amount of total protein to a final concentration of
50 mM Tris-Cl (pH 7.0). | mM EGTA, 0.5 mM MgSQ,, 2 mM DTT. .75 M NaCl,
0.02% NaN;j, 1x complete protease inhibitors and phosphatase inhibitors. The mixture
was vortexed and incubated on ice for 20 minutes to depolymwerise any residual
microtubules. It was ultracentrifuged at 100,000 x g for 60 minutes at 4°C (50k rpm
using a TLA-100.4 rotor (Beckman Coulter)). The pellet was washed the same way
again. PHI extraction buffer (10 mM Tris-Cl. 10% sucrose. 0.85 M NaCl. 1 mM
EGTA, pll 7.4.) was used to resuspend the pellet. The pellet was homogenized by
passing through a 25G needle in a 2 mL syringe 40 times. The homogenate was
centrifuged at 15,000 x g for 20 minutes at 4°C. The pellet was extracted the same
way again. The supernalants, which were enriched with PHE. of these two
centrifugations were pooled and centrifuged at 100,000 x g for 30 minutes at 47C. The
supcrnatant was transferred to a 1.5 ml. microcentrifuge tube. 10% Sarkosy | solution
was added to the supernatant to about 1% linal concentration. he mixture was
incubated on a rotating wheel at 37°C and then centrifugated at 100,000 x g for 120
minutes at 4°C. The pellet was resuspended in Tricine sample butfer (200 mM Tris-
HCI, pH 6.8, 40%: glyccrol, 2% SDS. 0.04°%% Coomassic Blue G-230 and 5% [3-

mercaptocthanol), vortexed for 5 minutes and incubated at 95 C tor 4 minutes.
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2.3.7.3 Western blotting of AT8-immunopositive PHF

Tricine SDS-PAGE gels were.uscd for protein electrophoresis in this scction. 10%
SDS-PAGE gels were prepared according to a published protocol (Schagger. 2006).
The wells of each gel were rinsed thrice with Cathode butfer (1 M Iris. 1 M Tricing,
1% SDS, pH 8.25). Boiled samples and SeeBluc I’1us2 protein size marker (Invitrogen)
were loaded onto cach gel. Clectrophoresis was started at 40 V. When the dye reached
the resolving gel, the voltage was increased 1o 120 V. When the size marker of 24.5
kDa reached the end ot the gel, the gel was taken out and timmersed in Transter bufter
(25 mM Tris, 192 mM glycine, and 20% methanol). Nitrocellulose membrane was
rinsed in Transler bufler. The Transfer Gel Sandwich was preparcd. and the protein
on the gel was transferred Lo the nitrocellulose membrane at 400 mA for 2 hours with

a frozen Bio-Ice cooling unit in the tank.

After transfer, the membrane was washed thrice in TBST. cach time tfor 5
minutes. Then it was blocked in Blocking buffer (3% BSA in TBST} lor 1 hour.
followed by ovemight immunoblotting in 1:1000 diluted AT8 antibody (Picrce.
mouse monoclonal antibody to tau that was phosphorylated at serine 202 and

thrconine 205).;,The membrane was washed thrice in TBST and then blotted in

Pl
7

1:10.000 diluté AP-conjugated goat-anti-mousc secondary antibody. Immun-Star
Chemiiuminescent substrate was added onto the membrane after the membrane was

washed. After incubation for S minuics, the signal on the blot was developed onto

Kodak X-ray 1ilm in the dark lor different fengths of time.
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2.3.7.4 Signal quantification of PHF

The signal gp the film was quantified as in section 2.3.6.4.

2.3.7.5 Statistical analysis

Statistical comparison was done as in section 2.3.6.5. Data are presented as relative
PHI" level by comparing the signal of PHF from curcumin treated mice to control

mice. P values arc shown in the figures.

2.3.8 Histological staining
2.3.8.1 Sample preparation

2.3.8.1.1 Fixation

One hemisphere of cach brain was immediately immersed after dissection in 13 mL of
ice-cold 10% neutral buffered formalin (10% NBF). The fixation was performed for
at least 3 days at 4°C. Then the fixative was discarded and the hemisphere was
washed five times with PBS for 30 minutes cach time. Afier that, it was washed thrice

i 70% ethanol each for 1 hour and stored in 70% cthanol at 4°C until use.

2.3.8.1.2 Paraffin embedding

Paraffin embedding was started with gradient dchydration of the hemisphere in

ethanol (70% ethanol, 80% cthanol, 90% ecthanol, 100% ethanol thrice). Each cycle
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lasted 30 minutes at room temperature. FEthanol was substituted by xylene for o 30
minute incubation. The dchydrated brain tissue was inserted into paraffin wax at 65°C
for 45 minutcs, and this step was repeated thrice, The brain tissue was translerred o a
molten wax lank and cmbedded al the correct orientation in the centre of the paraffin
block holder together with the embedding case. Fiquid wax was poured into the
holder and the solidification was accelerated by putting the holder onto a cold plate.

‘The block was kept at 4°C until use.

2.3.8.1.3 Sectioning

The block of embedded brain tissue was locked onto the microtome holder. It was
trimmed until a section close to the hippocampus was seen. Then it was sliced into
sections of 4 and 8 pm thicknesses for Biclschowsky's silver staining and
immunohistological staining, respectively. The correct slice was recognized by
comparing 1o a standard atlas (Paxinos and Franklin, 2001). The region for the
hippocampus was from bregma -1.70 mm to -2.30 mm. while that of the cercbellum
was from -5.60 mm to -6.00 mm. The sections were allowed to stretch on a 37°C

water bath, mounted onto Superfrost plus shides and dried at 37°C vertically overnmight.

Before immunohistological staining, the slides were briclly heated on a 70°C
plate for 10 minutes. The sections were deparaflinised by immersing with shaking
into xylene thrice at 2 minutes each. Then the sections were rehydrated in descending
concentrations of cthanol (3x 100%. 90%, and 70%) at 2 minutes cach. Finally. they

were washed in MilhQ water.
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2.3.8.2.1 Immunohistological staining of amyloid plaques

Antigen retrieval was done by incubating in 80% formic acid for 20 minuies. The
slices were washed in PBS .twicc for 3 minutes. ondogenous peroxidase activity was
blocked in 3% [1,0; for 5 minutes. The sections were washed again in PBS as before,
tollowed by blocking in 10% normal goat serum in PBS tor 30 minutes. The serum
was withdrawn by filter paper. Primary antibody 4G8 (cpitope: position 17-24 of Af3
peptides; Signet). diluted at 1:100 in blocking scrum, was added (o the sections and
incubated overnight at room temperature. A negative control wayg p;cparcd by adding

the same blocking serum instead of the primary antibody.

Sections were washed in PBS twice for 2 iminutes. Sceondary goat anti-mouse
1gG antibody (Dako, HRP labelled polymer) was added and incubated for 45 minutes
al room lemperature. Secondary antibody was removed by washing in PBS twice for 2
minutes. Then, freshly prepared DAB peroxidase solution was added and incubated

for about 3 minutcs. Color development was stopped by washing in MilliQ) water.

Counterstaining was performed by immersing in Harrts Hematoxylin for about
2 minutes. Afler washing in tap water, the scetions were immersed i acid aleohol
(70% cthanol, 1% HC), tollowed by washing in tap water and immersing m Scott’s
tap water (3.5 g NaHCO;, 20 g Mg50,, 1 L MilliQQ water) unti! they turned blue in

aboutl 5 minutes. They werce washed again in tap water for 2 minutes.

Dehydration was performed by immersing the slides in ascending
concentrations of cthanol (70%. 95% and 100% x 2), for 2 minutes each. Ethanol was
removed by xylene incubation for 5 minutes thrice. The slices were mounted with

DPX and covered with cover slips.
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2.3.8.2.2 Quantification of 4G8-immunopositive plaque area

Procedures to quantify plagues on the immunostained sections were adapted and
moditfied from a publishcd protocol (van Belle et al.. 1997). Stained scctions were
inspected at 5x magnification. Four ficlds which contained the highest density ol
plaques were randomly seléeted from the hippocampus: auditory cortex to entorhinal

cortex: and piriform cortex to amygdata and hypothalamus.

Images were captured and analysed using SigmaScan Pro 5.0 to detect pixels
ol 4G8 immunopositive area within the colour threshold which was scelected manually,
The percentage ol 4G8 immunopositive arca was calculated to represent the average

density of plaques within the section,

2.3.8.2.3 Statistical analysis

Since the 4G8 immunopositive area of hippocampus. entorhinal cortex to auditory
cortex. and amygdala and hypothalamus were very low, they were combined into one
value for comparison. Statistical comparison of ‘the pergentage of 4GS
nmmunopositive arca of brain regions was performed by Student’s t-test using SPSS.
Data were no'rmalimﬁl relative o the percentage plaque area of the control group.

Results were plotted b‘y/ GraphPad Prism and expressed as mean £ SEM.

2.3.8.3.1 Bielschowsky’s silver staining

Rehydrated slides were immersed into 37°C pre-warmed 20% silver nitrate solution
which was prepared (reshly. They were incubated at 37°C for 15 minutes in the dark.
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followed by washing in MilliQ water for 4 minutes thrice. Ammoniacal silver solution
was then prepared by adding concentrated ammonium hydroxide to anothier fresh 20%
silver nitrate solution until the precipitates formed has just disappeared. The slices
wére then incubated in ammoniacal silver solution at 37°C for 10 minutes in the dark,
[ollowed by immersing in ammonia water (2 drops / coplin jar). Developing stock
solution was then prepared by adding 0.5 g citric acid and 2 drops of concentrated
nitric acid to 100 ml. MilliQ water. followed by mixing 1 ml. of the mixture with 200
pL of formaldehyde (37 - 40%) freshly. Working developer was then freshly prepared
by adding 2 drops of the Developing stock solution to the used ammoniacal silver
sofution. 'The slides immersed in ammonia water were then transferred 1o the Working
developer. When slides began to turn brown, they were inspected  for tanglhe
dcvelopmc:t under a light microscope altier brielly dipping into another cup of
ammonia walcr. [)evelupmcnl_ was resumed il necessary by further dipping in
ammonia water, followed by immersing in the Working developer. The slides were
washed in MilliQQ water for 5 minutes thrice, then immersed in 5% Hypo (50 g sodium
thiosulfatc in 1 [. MilliQ water) tor 5 minutes, followed by rinsing as belore.

Dehydration was performed as in section 2.3.8.2.1.

2.3.8.3.2 Quantification of si

Iver stained tangles

Stained pons scctions were inspected under 4x magnification. The presence of
tangles was judged manually by the intracellular deep brown to dark appearance. The
numbers of angles in the pons region were counted thrice, and the average of the two

closest counts was uscd.
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2.3.8.3.2 Statistical analysis

Statistical comparison of the number of tangles in pons sections of mice in each group
was performed by Student’s (-test using SPSS. Data were normalized relative to the
average numbcer of tangles in pons ol the control group. Results were plotied by

GraphPad Prism and cxpressed as mean 1+ SD.

2.3.8.4.1 immunohistological staining of AT8-immunopositive tangles

Antigen retrieval was done by heating the shides with boiled citrate bulfer 10 a
microwavce oven for 5 minutes at high power, and then the solution level was relilled
with Mitli(} water. Lastly, the slices were heated i a microwave oven again al
medium power for 10 minutes and cooled to room temperature, Other sieps are more
or less the same as in section 2.3.8.2.1, except that the primary antibody was ATS

{Pierce) and was diluted 1:50.

2.3.8.4.2 Quantification of AT8-immunopositive area

Procedures Lo quantily tangles on the immunostained sections were adapted and
modified from published protocols (Zehr et al., 2004) and (van Belle ¢t al.. 1997).
Stained sections were inspected at 40x magnilication. Four fields which contained the
highest density of tangies were randomly selected in the medulla and entorhinal

cortex lo amygdala, and images were captured.

The images were analysed using SigmaScan Pro 5.0 to detect pixels of A'l'8

immunopositive arca within the colour threshold which was sclected manually. The
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percentage of AT8 immunopositive arca was calculated o represent the average

density ol tangles within the section.

2.3.8.4.3 Statistical analysis

Statistical comparison of the percentage of AT8 immunopositive arca ol brain regions
was performed by Student’s t-(est using SPSS. Data were nommalized relative 1o the
percentage of ATE immunopositive arca of the control group. Results were plotted by
(iraphPad Prism and cxpressed as mean t SEM. P ovalues less than 0.05 were

considered statistically signilicant.

2.3.9 Microarray

In this and the next sections, only male mice were used sinee lemale mice have

relatively larger physiological variation.

2.3.9.1 RNA extraction

Total RNA extraction was done by using TRIzol (Invitrogen) reagent. Frozen
hippocampus tissues were thawed from -80°C. Some tissue samples were weighed.
Avcrage weight was about 18 myg. Thercfore, 500 pl. of TRIzol reagent was used per
sample. TRIzol rcagent was added before the tissue thawed. Tissue was broken by
pipetting up and down at least 10 times with a | mL pipette tip. Samples were Irozen

at -80°C and thawed on ice. The samples were further homogenized by passing
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through a 23G needle on a 3 ml. syringe until smooth. They were then incubated on
ice for 15 minutes and room temperature for 1 minute. Chloroform was then added.
The mixture was vigorously shaken for 15 seconds and then incubated on ice for §
minutes, followed by centrifugation at 12,000 x g for 15 minutes at 4°C. The upper
colorless aqueous phase was transferred to a fresh autoclaved 1.5 ml. microcentrifuge
tube (Axygen). Isopropanol was added to precipitate the total RNA. which was spun
down at 12,000 x g for 10 minutes at 4°C. The RNA pellet was washed with 75%
ethanol twice and was air-dried until the white pellet just turned colorless. The pellet
was dissolved in RNasc-Iree water, incubated in a 60°C water bath. and stored in

aligquots at -80°(

2.3.9.2 RNA quantification

RNA quantification was conducted by using Nanodrop with 1.5 pl. samples.
Readings of A260/A280 and A260/A230 were taken for determining protein and
organic solvent contamination, respectively. Total RNA content was calculated by the

formula: [RNA] (ng/mL) = A260 * 40.

2.3.9.3 RNA quality determination

RNA quality was determined using a Bioanalyzer (Agilent) by the values ol RIN

(RNA integrity number) and rRNA (225/185).
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2.3.9.4 Microarray

To reduce the cost of the microarray experiment, pooling was adapted as in a previous
study (Kendziorski et al.. 2005). RNA samples of mice in cach group ot the 4 pairs
were pooled as one RNA samiple. They were INPL3 (chow). INPL3 (P, Tg2576
and INPL3xTg2576 with or without treatment. Liqual amounts (500ng) of samples
with rIRNA>0.8, RIN>5.4 and 260/230 1.8 were included in the pooling. The number

of samples included in the each group is listed below:

Groups JNPL3(chow) INPL3PB) T¢2576 JNPL3xTg2576
Treatment

Curcumin 8 5 8 5

Chow 8 4 34 2

After pooling, the RNA quality of cach sample was checked by Bioanalyzer
again. Then about 500 ng of RNA sample was used as mput tor amplilication. The

dye uscd for cRNA labelling was Cy3. One-color array type was used.

The procedures of RNA quality determination. RNA amphification. ¢RNA-
Cy3 hybridization and microarray scanning were done in collaboration with Prolessor

Richard Choy of the Department of Obstetrics and Gynaccology (CUHK).

2.3.9.5 Signal processing °

The output Rles {rom microarray scanning were used as input for the data analysis
software GeneSpring GX11 (Agilent). Signals were normalized by the sottware to
minimize local and chip-to-chip signal variations. The normalized data with

differential expression ratio of curcumin:control of each gene in each group were
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output.

2.3.9.6 Data analysis

The differential expression data were ranked by the ratio of expression level of
curcumin to control according to the JNPL3 (PB) group since the mice in this group
had well-controlled drug dosage and time of disscection after treatment. which made it
a rclatively rcliable group for the study of the direct effect of curcumin treatment. A
fold change over 2 was used as the cutoff for possible diflerential expression of a

genc duce to curcumin treatment.

2.3.10 Real-time PCR

Candidate genes were sclected for real-time PCR conlirmation based on the fold
change ranking of the INPL3 (PB) group and the relationship of the genes with AD.

Therefore. some genes with fold change of less than 2 were sclected in this section.
B g

2.3.10.1 Reverse transcription

5 pg of total RNA was used for this and the following experiments. Genomic DNA
was removed {rom the sample by using DNasc (Invitrogen) digestion. For cach
sample, 1 pL of 10X DNasce | Reaction Buffer, 1 ul. of DNase I and 0.5 pl. of
RNaseOUT were added to 5 pg of RNA. The reaction volume was filled to 10 pl..

For the control setup, 7.5 pL ol nuclease-free water (Invitrogen) was used instead ol
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an RNA sample. The mixture was incubated at room temperature for 15 minutes. The
activity of DNase I was abolished by adding 1 pl. of 25 mM EDTA. heating at 65°C

for 10 minutes in a thermal block cycler and cooling on ice.

Reverse transcription of RNA was performed by using Transcriptor First
Strand cDNA Synthesis Kit (Roche). To the DNasc-treated RNA sample, 2 pl. of
random hexamer primer and 1 pl. of anchored-oligo(dT)18 primer were added,
followed by heating at 65°C for 10 minutes in a thermal block cycler in order to
denature the template-primer mixture, and cooling on ice. Then, a master mixture of
4 ul. of 5x Transcriptor Reverse Transcriptase Reaction Buffer, 0.5 pl. of Protector
RNase Inhibitor, 2 pl. of Decoxynucleotide mix (10 mM cach) and 0.5 pL of
Transciptor Reverse Transcriptase was added. After mixing gently with pipetting. it
was incubated at 25°C for 10 minutes, followed by 50°C for 60 minutes, in a thermal
block cycler. The rcaction was finished by heating up the sample to 85°C for 5
minutes in order 1o inactivale 1ranscriptor Reverse Transcriptase. The ¢cDNA sample

was stored at -20°C.

2.3.10.2 Primers for real-time PCR

Primers of each gene were designed by a -Roche online tool called Universal
ProbeLibrary Assay Design Center, unless otherwise mentioned. The design was
specifically for use with Universal Probellibrary (Roche) in real-time PCR reactions.

The primer sequences and-the probe number of the Universal Probel.ibrary for cach

gene are listed below according to the functional pathways related to AD:



-
"?7
v

Gene l Accession 1D FForward primer Reverse primer Probe

) __ _ - Housekeeping NN T
I | Gapdh l NM 008084 I gtgttcctacccccaatgt _| tgtcatcatacttggcaggtttc _80 |
_ ‘j_ o ____ Ap-production PE——
2 | Adaml0 AlF011379 gtgttgccgacagtgttaattc lttaaaggatticcatactgacctc | 55 |
3 | Adam17 NM_009615 | ctttagtgcctitcgtect _| gagcaaagaatcaagctictcaa 106
4 | Adam9 | NM 007404 lccggeagtgagtacaagaa | gcattgaagcetticcacaca | 48 |
51 Bacel [ NM 011792 _|_ccctttcctgcatcgetac tacacaccctitcggaggtc 34
B B o _ Secretasc substrate ]

6 | Bic NM_007568 cgggtagcagtgtcagcthacang' gagaattgcaagacc _ 68
7 | Ereg ENSMUST00000031324 | accgtgatcccatcatge _| 9ggatcgtcttccatetgaa | 2
8 | Feer2a NM 013517 atccctgggcttgaatgag gacatatgttgcatgcagttcc | 75
9 1 Kl ENSMUST00000078856 | ccattgacaacccctacgtg | ttggcatgagccaaaagtag 1
10 [ Mucl NM 013605 ctgttcaccaccaccatgac cttggaagggcaagaaaacc 4
11 | Seli NM 011346 _ggtcatctccagagccaatc tccatggtaccdaac_l_gggg_ 47
121 APP | NM 007471 - | cgagagagaatgtcccaggt | agttcttggcttgacgetct 103
o Ap-degradation L -
13 | Ace NM_009598 __| gatggaaggagaggtagtgt | caccaagtcctccatgtica 64
14 | Bsg NM_009768 cttcttatagagccgcagtag | ggtgccttgaggaaaccag 17
15 | Ide NM_031156 agcgatcccaccacagac ggagggtctgacagtgaacct 73
| 16 | Mmp2 | ENSMUST00000034187 | aactttgagaaggatggcaagt | tgccacccatggtaaacaa 29 ]
17 | Mmp3 NM_010809 _| agctgaggactttccaggtg tgcgaagatccactgaagaa 89
18 | Mmp9 NM _ 013599 ___ | acgacatagacggcatcca | gctgtggticagttatagtg = | 19|
19 | Mmpli4 NM_008608 | cccaaggcagcaacttica _ccctgégggjgggjgggpatg_ 1. ]
20 | Neprilysin | NM_008604 _| gggaggctttatgtggaagce ccggattigtgcaatcaagt 67
AB-transporter . _ L
21 | A2M NM_175628 tgaggaggcggtaaaagaag | tggcactctgggtttctga 93
22 | ApoAl [ NM 009692 _| gcggcagagactatgtgtcc | cagtittccaggagaticaggt 63
23 | ApoE NM 009696 ‘gaccctggaggctaaggact agagccttcatcticgcaat 12
24 | Apo) ENSMUST00000022616 | tgctgatctgggacaatgg | cctacteccttgagtggacagt 15
25 y uf NM_ 008522 gggcaagtgcggtttagtt ccattgcttitggaggattt 53]
26 | Tir NM 013697 cctcgetggactggtatttg gaccatcagaggacatttgga 67
i __Af-receptor ) L

27 | Ager NM 007425 ggtccactggataaaggatgg | taggtgcccteatectcgt 52
28 | Apoer2 NM_001080926 ctcccgaagaaccctctttc agacttaatgccactegettg I 27
29 | Cd36 NM_ 007643 tggagctgttattggtgcagt ggttccticticaaggacaactt 76
30 | Colecl2 NM_ 130449 agcgtgtcctcagtcaccat | gtaaccgaaggactgcacct 6
31 | Ldlr NM_010700 caagaggcagggtccaga | ccaatctgtccagtacatgaage 21
32 | Lpl NM_ 008512 ggaccaccatcglggaaa tcccagccacggtgatag 97
33 ] Lrp2 ENSMUST00000080953 | gatggattagccgtggacty | tccgttgacicttagcatctga 97
34 | Msrl . ENSMUSTO00000110488 | ctggacaaactggtccacct gtccccgatcacctitaaca 1
35 | Sortl ENSMUST00000102632 | tgaggacatggtcttcatge ggtaaagatggtgccaaacc 80
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Cholinergic _ ]
36 | Ache ENSMUSTO00000085934 | ctttctccccaaattgetea tccagtgcaccatgtaggag 97
37 [ ChAT NM_009891 ggticaggtgcgtaacagce gegaticttaatccagagtagea 108
38 | Chil NM_022025 cctgcactgatgggagagat | acatccacatcaatgatcacg 49
39 | VACII NM 021712 caagctgtcggaageagtg gcacacgatgaccageac 45
| Regulating Ap level L .
40 | Alox15 ENSMUSTO00000019068 | gaagctgitccgaccetgt l ggcccaaggtattctgacac J__ L6
41 | Cd74 NM_001042603 caccgaggcetccacctaa gcagggatgtggctgact | 72 ]
42 | Gprl NM_008154 ctgccagaaccigagtqggag | tgagaaccaggcecatagagce 32
43 | Ngfr NM 033217 actgagcgecagttacge cgtagaccitgtgatccatcg 26

Reducing A toxicity
44 | 1gf2 NM_010514 cgcttcagtitgtctgttcg gcagcactcitccacgatg 40
45 | Irsl ENSMUSTO00000069799 | tatgccageatcagettce | tgctgaggtcatitaggtcette 106
46 | Fas NM_007987 cagacatgctgtggatetgg tcggagatgctattagtacctigag 100
47 | Pla2gda NM 008869 agggctcccgactgagag cacttcccaggtcettctatggt 98
48 | Rho NM_145383 acctggatcatggegtty | tgccctcagggatgtace 32
49 | Tnf NM 013693 ctgtageccacgtegtage ttgagatccatgecgttg | 25
Oxidative stress

50 | Duoxl NM_001099297 ctggagctctccgggtet ticagccctitgtagettgg 109
51 | Nos2 NM 010927 gagctgtcacggagatca ccatgatggtcacatictge 99
52 | Nox1 NM_172203 cctgaticctgtatatcgaa cagigtacggtigcaaaatga 36
53 | Nox3 NM 198958 cgggatagctgtcaattcagt ggcctgacccaggtgata 1
54 | Sod3 NM 011435 ) ggggaggcaactcagagg | tggctgaggtictctgeac 69
55 | Bmp6 NM_007556 actgactagcgcgcagga . tgtggggagaactccitgic 22
I __ lau-related
56 | Mapt NM_001038609 ggctctactgagaacctgaage | tecagettcttatiaatiatctgeac 1)

Gapdh was used as the housckeeping gene based on a study showing the rehiability of

stable Gapdh expression in brain tissuc for the study of ncurodegencration (Calvo et

al., 2008). Primers used {or Gapdh were from a previous paper (Guibal et al., 2009).

Primers for Kl and Irs1 were designed manually due to lack of an amplitfication plot in

preliminary experiments.

2.3.10.3 Real-time PCR

Real-time PCR was performed using FastStart Universal Probe Master and Universal
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ProbeLibrary Sct (Roche) on an AB! 7900HT Real-time PCR machine. The

ingredients of the master mix for the real-time PCR of most genes were as tollows,

unless otherwise mentioned:

Reagent Iinal Concentration
1. FastStart Universal Probe Master (B¢
(ROX), 2x o
i1. UPL probe (10 uM), 50x 200 nM .
ii. Forward primer (18 pM), 20x 900 nM
iv. Rcverse primer (18 pM), 20x 900 nM .
v. Watcr, RNase-{ree e
Leave 30% volume for template

‘The PCR master mix ol Duox1 was optimized to have an additional 0.5 mM MgCla.

and that of Nos2 was optimized to have an additional 1 mM MgCl,.

The PCR thermal cycling condition was as follows:

Cycles | Analysis Mode | Temperature | Hold Time | Remarks ~
1 None 95°C 10 minutes | Activation of FastStart
‘ 'Taq DNA Polymerasc
60 None 95°C 15 seconds | Denaturation
’ Quantification | 60°C | minute | Annealing -
1 None 40°C 2 minutes | Cooling ~

The detection channel was sct to standard IFAM.

2.3.10.4 Data calculation

The Ct (threshold cycle) value and amplification efficicncy of each sample were
calculated by using the online 0ol Real-time PCR Miner (Zhao and Fernald. 2005). It
was designed by using an objcctive method to quantify real-time PCR results based

on the kinctics of individual raw PCR amplification curves. {t uses a (our-parameter
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logistic model for fitting the raw data of the tluorescence signal of each sample in
order to identify the exponential phase of cach curve of a reaction and compute the
amplification clficiency. The Ct was identified by the first positive second derivative
maximum from the logistic model. The advantages of using this mcthod arc that it
provides an objective calculation instead of subjective judgment. it does not require
the setting of a baseline and a threshold, and it calculates the amplification cificiency
and Ct based only on the individual PCR amplification curve. It can save time and
resources that would otherwisc be used to optimize conditions so that the

amplification efficiency would be the same as for the housckeeping gene.

Instead of normalizing gene expression using the 2" method. which
requires that the amplification efficiency of the target gene be the same as that of the
housckeeping gene of an individual sample, our data were normalized by calculating
the starting template concentrations ol the farget gene (RO target) and the
housekeeping gene (RO housckeeping) by the amplification efficiency (L) and Ct of

that gene of a particular sample oblained by the above described mecthod. The

calculation is as follows:
RO = 1/ (1+E)""

Then, the expression level of the target genc was normalized to that ol the

housekeeping gene as follows:

RO (normalized target gene) = RO (target gene) / RO (housekeeping gene)

2.3.10.5 Statistical analysis

Statistical analysis for comparing the mRNA cxpression of a gene in groups of mice
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treated with vs. without curcumin was performed by Mann-Whitney U test using
SPSS; data were plotted using GraphPad Prism. Data were shown with a box
indicating the median, 25 and 75 percentile, whisker caps indicating 5 and 95

percentile. and filled circles indicating outliers. P values less than 0.05 were

considered statistically significant.
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CHAPTER THREE: RESULTS
3.1 Effects of curcumin on phenotypic changes

3.1.1 Effect of curcumin treatment on body weight

Body weights of transgenic mice fed with or without curcumin were compared betore
and after the treatment regime. Data are shown in Table 3.1.1.1. Body weight change
of each group varied from +4.5% to -24%. The average body weight change amongst
all strains differed very significantly between treatments with versus without

curcumin.

For males, curcumin generally reduced the loss of body weight in most groups.
The difference was significant only in the JNPL3xTg2576 strain. For females, the
effect of body weight loss reduction by curcumin treatment was obscrvable in all

groups combined and in all individual groups, particularly in JNPL3 mice.
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Table 3.1.1.1 Body weights of mice before and after curcumin treatment regime.

: - Mean pre-  Mean post- Change of

A:::::yzls Treatment trecatment treatment mean P
group __weight (gm) weight (gm) wecight (%)
Both sexes
JNPL3  Curcumin  40.99 .38.63 -5.85 vy
(Chow) Control -~ 42.93 37.72 412,10 '
JNPL3 Curcumin . 42.50 *39.38 -7.21 0.630
(PB) Control : 40.43 .36.93 -8.56 :
Tugs7e  Curcumin © 28.2] 2871 286 012'2

i Control ~ 27.67 2628 -3.87 '

pIE ) .
JNPL3x . Curcumin , 30.88 3163 2.60 o
Tg2576 Control 31.25 29.10 . -6.45 :
. Curcumin - 34.95 34.04 -1.50 : *';
Allstrains - control - 35.74 052 19 00
% ,‘1_.‘:- oS .
Males S
IJNPL3  Curcumin  44.00 41,70 L o 91'1‘
(Chow)  :Control .  42.90 40.86 -4.68 '
JNPL3 Cutcumin  42.50 3988 he -7.2] 3 4
(PB) Control ~  40.43 36.93 I -8.56 ,'
Curcumin * 32.00 3120 .. -2.09
182576 Control . 33.00 30.68 - -6.40 g
JNPL3x  Curcumin . 35.00 36.58 4.49 0.023*
Tg2576 Control 35.00 13159 - 9.74 S
e
Citretimin. - 39.15 37.62 3.45 T
All males L eEEal % 39 54 36.86 673 0'290
Females ; o '
Curcumin  34.96 82808 .. -7.01 el
JNPL3  SGiatiele 43.00 3248 2447 0.001**
' b b i

.:-‘

-l

86




i P
Tg2576 Curcumin  24.80 26.47 a5 732

Gontrol: % 25.73 24.68 2.95 0.098
JNPL3x  Curcumin  26.75 2668 7. 072 g
Tg2576 Control  27.50 556075 A 316 :
Cutchibin <. 28.17 ABI4 L 1.66
All females Foici® % 3118 27.31 29,44 0.014*

Tg2576, strain with APP Swedish mutant transgene; JNPL3, strain with Tau (P301L)
mutant transgenc; JNPL3xTg2576, strain produced by crossing female JNPL3 with
male Tg2576; Chow, curcumin was pre-mixed with the ordinary food pellets; PB.
curcumin was mixed in peanut butter and administercd orally. Minus sign (-) indicates
weight loss after treatment. *, p<0.05; **, p<0.01.
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3.1.2 Mortality upon curcumin treatment

Distributions of mice of different strains and genders at the beginning of treatment are
listed in Table 3.1.2.1. Statisuical analysis by Chi-square and Fisher's exact tests of
the distribution of mice of dilfcrent strains was performed 1n male and female groups
separatcly. There were no significant difterences in the distributions of mice of

diffcrent strains in either males or females at the beginning of the treatment.

After 10 weeks, 5 months or 6 months ol curcumin treatment in vehicle of
either peanut butter or chow, the numbers of live and dead mice of different strains
were recorded. The mortality rates for mice with or without lrcéumcnt in different
combinations ol groups or genders were analysed by Fisher's exact test. Gender-
independent analysis of the mortality rate of mice amongst difterent strains and
administration vehicles is listed in Table 3.1.2.2. The death rate of all curcumin-ied
mice was marginally significantly lower than for mice not fed curcumin (Figure
3.1.2.1). Breaking down the mice into different strains. cach individual strain had a
mortalily ratc that tended to be reduced by treating with curcumin. Amongst strains.
only INPL3xTg2576 showed significant mortality reduction by curcumin trcatment

(Figure 3.1.2.4).

In order to determine the gender ellect of curcumin on mortality, analyses
were performed on male and female groups separately (Table 3.1.2.3). In ctther males
or females, there were no significant dilferences in the mortality rates of mice with or
without curcumin treatment in any strain. But when all male mice were analyzed
together (without regard to strain), the cffect of curcumin on the mortality rate was
very significant (Figure 3.1.2.2). When the groups using peanut-butier as vehicle

were removed from analysis, the mortality rate of the male mice fed with curcumin in
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" chow was also significantly diffcrent from mice without curcumin (Figure 3.1.2.3).
Individual I'Slrain .a-malysis showed that curcumin tended to reduce mortality of all
strains, but only the mortality of JNPL3xTg2576 was significantly reducced (Figure
3.1.2.5). Table 3.1.2.4 illustratcs the male specific mortality rate of mice with or

without trcatment.
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Table 3.1.2.1 Distribution of mice strains in treatment and control groups at the
beginning of the treatment regime.

Te2576 JNPL3 x JNPL3 JNPL3 Chi-square
Tg2576 (Irn) test (strains),
p valuc
Male (.845
Curcumin 15 10 14 8
Conirol 12 13 13 9
Female 0.950
Curcumin 14 Il 1)
Control 13 9 1)
Fisher's
¢xacet test | (0547 I
(sex),
p value

Table 3.1.2.2 Gender-independent mortality analysis of mice after curcumin

treatment,.
Death Fisher's
Strain Treatment | Vchicle Start | Alive | Dead | rate (%) | exacl test
umi + 9 28.0
All Curcumin | Chow+PB | 82 5 23 0.050
Control Chowt+PB | 79 {45 34 43.0
) i b 31.1
All Curcumin | Chow 74 51 23 0.087
Control Chow 70 38 32 45.7
: i ) ¢ 2 31.0
T2576 Curcumin | Chow 29 20 9 0,777
Control Chow 25 16 9 36.0
JNPL3x Curcumin | Chow 21 13 8 38.1 0.033
Tg2576 Control | Chow 22 |6 16 72.7 T
sumi ) 18.8
INPL3 Curcumin | Chow+PB | 32 26 6 0.556
Control Chow+PB3 | 32 23 9 281
i 25.0
INPL3 Curcumin | Chow 24 18 6 0.751
Control Chow 23 16 7 304

Group with

significant difference of mortality between curcumin and control

treatment is shown in beld. PB, curcumin was mixed in peanut butter and
administered orally; Chow, curcumin was pre-mixed with the ordinary food pellets:
Chow+PB, group includes mice trcated with curcumin or control in cither chow or

peanut butter.
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Table 3.1.2.3 Mortality analysis of female mice after curcumin treatment,

Death rate | Fisher's
Strain Treatment | Vehiclc Start | Alive | Dcad | (%) exact test
Curcumin | Chow+PB | 35 22 13 37.1
All ]
Control Chow+PB { 32 21 11 34.4
Curcumin | Chow 35 22 13 37.1
All ]
Control Chow 32 21 11 344
urcumi b 21.4
142576 Curcumin | Chow 14 11 3 0.596
Control Chow 13 12 | 7.7
INPL3x Curcumin | Chow 11 5 6 54.5 0.670
Tg2576 Control Chow 9 3 6 66.7 ’
) i ) 40.0
INPL3 Curcumin | Chow 10 6 4 |
Control Chow 1) 6 4 40.0

Table 3.1.2.4 Mortality analysis of male mice after curcumin treatment.

Death Fisher's
Strain Treatment | Vchicle Start | Alive | Dead | rate {%) | cxact test
! i ! + 21.3
Al Curcumin | Chow+PB | 47 37 10 ‘ 0.009
Control Chow+I'B | 47 24 23 48.9
i 25.6
All Curcumin | Chow 39 29 10 0,011
Control Chow 38 17 21 55.3
i 40.0
12576 Curcumin | Chow 15 9 6 0.252
Control Chow 12 4 8 66.7
JNPL3x Curcumin | Chow 10 8 2 20.0 0.012
Tg2576 Control | Chow 13 |3 10 | 769 |
> i N 9.1
INPL3 Curcumin | Chow+PB | 22 20 2 0412
Control Chow+PB | 22 17 5 22.7
i : 14.3
INPLA Curcumin | Chow 14 12 2 0.648
Control Chow 13 10 3 23.1
i 0.0
INPL3 Curcumin | PB 8 8 0 - 0.47]
Control PB 9 7 2 222

Groups with signiticant difference of mortality between trcaiment and control arc

bolded.
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All strains and genders
80~ ‘
p =0.0502 EA Alive

Dead
60-

Number of mice after treatment
8

e
20- EE e
o
0- ey i
Curcumin Control
Treatment
Treatmen{ Alive | Dead | Total
Curcumin 59 23 82
Control 45 34 79
Total 104 57 161

Figurc 3.1.2.1 Gender-independent mortality analysis of mice with or without
curcumin treatment.

All males
t
g 40~ o A
= p =0.0090 Alive
o Dead
t 30-
@
= -
o 20- e
0
E W
'S 104 o e
a Il I. i
0 |- -l _-l-
E 0- :
=
rd Curcumin Control
Treatment

Treatment | Alive Dead Total

Curcumin 37 10 47

Control 24 23 47

Total , 61| 33 94

Figure 3.1.2.2 Malc specific mortality analysis of mice with or without curcumin
treatment.
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All males, excluding PB

- 40
= p=00108
(4]
)
S 30-
‘@ 20-
.Q . S
E - o N
‘S 10J - e
a-, -
o] - |
E 0_ | o
S
=z Curcumin Control
Treatment
Treatment | Alive Dead Total
Curcumin 29 10 39
Control 17 21 38
Total 46 31 77

Figure 3.1.2.3 Male specific mortality analysis of mice (except the group using

E3 Alive
Dead

peanut butter as vehicle) with or without curcumin treatment.

- All JNPL3xTg2576
E 20-
- p =0.0329
£ 15- :
® o
t .
(1] e
o 10- "
L
E
‘.6 5-1 : e e
=
a e o
o o
E 0- '
S
4 Curcumin Control
' Treatment
Treatment | Alive Dead :| Total
Curcumin -~ 13 8 21
Control 6 16 22
Total 19 24 43

Figure 3.1.2.4 Gender-independent mortality analysis of JNPL3xTg2576 mice

with or without curcumin treatment.
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All JNPL3xTg2576 males

g
,,E_. 15-
o p=0.0123
o
5 10- T
% :.I.l.l.l
a e
'2 el
E s
o
'6 ------ il
L -
g 0-— e RN 2 . »
2 Curcumin Control
Treatment
Treatment | Alive Dead Total
Curcumin 8 2 10
Control 10 13
Total 1 12 23

Figure 3.1.2.5 Male specific mortality analysis of JNPL3xTg2576 mice with or

without curcumin treatment.
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3.1.3 Rotarod performance upon curcumin treatment

The rotarod test was employed to test the motor function of JNPL3 mice. which carry
a mutant human Mapt transgene, treated with or without curcumin. The mice fed with
curcumin {or not curcumin} in chow were excluded from this test due to the
obscrvation that their motor impairment was undetectable, Other strains were not
tested due 1o insufficient sample number and lack of inlormation of the loss of motor

function. Therefore, only the older INPL3 mice fed with curcumin in peanut butter

were used.

The number of INPL.3 mice capable of performing the rotarod test was
recorded before. at the middle and at the end of the trcatment period. The data are

listed in Table 3.1.3.1. The number of mice capable of remaining on the rotarod

tended to decrease slower with curcumin treatment.

The performance of JNPL3 mice on the rolarod was quantified by comparing
the length olf time that each mouse stayed on the rotating rod (Figure 3.1.3.1}. A time
of zero was used for mice that had died or were unable to perform the test. Mice
treated with curcumin tended to remain longer on the rotarod than did control mice,

though the difference was not significant: p=0.67 for interaction of time and treatment

on two-way ANOVA,
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Table 3.1.3.1 Number of JNPL3 mice capable of performing rotarod test in
curcumin and control groups using peanut butter as vehicle.

Treatment Period Before (0 wecks) Middle (5 weeks) End (10 weeks)

(weeks)
Curcumin T 6 5
Control 8 5 3

Performance of JNPL3 mice on rotarod with or without curcumin

@
x 4

T -©- Control
-& Curcumin

[=1]
o
1

]
o
1

o

Mean time on rotarod (seconds)
5

Period of treatment (weeks)

Figure 3.1.3.1 Rotarod performance of JNPL3 mice treated with or without
curcumin using peanut butter as vehicle.
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3.2 Effects of curcumin on AP generation

3.2.1 Microarray of APP cleavage enzyme and competitive substrate

genes

To determine whether curcumin has an effect on A generation in vivo, we first
studied the effect of the change of expression levels of related genes. To limit the cost
of doing microarra); experiments, all female strains were excluded due to their larger
physiological variation. RNA samples werc isolated {rom hippocampus only. The
quality of RNA sample from each mouse was checked by Bioanalyser. Samples with
RIN over 5.5 and rRNA 22S/18S over (.8 were pooled into one group for each strain,
administration vehicle, and treatment. For each strain and administration vehicle, the
group with curcumin was compared with the group without curcumin. Therefore.
there were only 4 pairs of results: Tg2576, INPL3xTg2576. JNPL3 with chow as
vehicle and JNPL3 with peanut butter as vehicle. For each gene, the ratio of

expression with curcumin to expression without curcumin was calculated.

When the cutoff of fold change was set at 2.0 (or 0.5), there were not any a-,

- or y-secretase candidate genes with gene expression levels beyond this threshold in

any pair of groups of male mice. Data are shown in Table 3.2.1.1.

To extend our focus further on genes which may affect the activities of the
secretases, we focused on genes encoding proteins which are known to be the
substrates of the secretases. Amongst them, Btc, Ereg, Fcer2a, Hs6st3, Mucl and Sell
were found in the microarray to have over 2-fold reduction in JNPL3 (peanut butter)
with curcumin treatment compared to the control group. Cd46 was shown to be

reduced by over 2-fold in Tg2576 with curcumin treatment. K1 was consistently
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upregulated over 2 fold amongst INPL3 (chow uand pcanut butter) and
JINPL3xTg2576 strains. Details ol the fold changes of the selected substrates of

sceretases arce illustrated in Table 3.2.1.2.
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Table 3.2.1.1 Fold change of RNA levels of genes regulating AP peptide
generation in the hippocampus region of selected mice in pooled RNA samples.

Genes

: JNPLS JNPL3 (PB) - Tg2576 JNPL3 x
_(Chow) ' Tg2576

a-secretases SR
Adam10 -1.06 1.01 -1.31 -1.57
Adam17 1.13 1.18 - 1.16 k11
Adam9 -1.01 -1.09 © 1.04 -1.02
B-secretase ;y F
Bacel 5102 SR ) 1.0
y-secretase subunits o
Aphla 138 133 8 1,06 . -1.30
Aphlb AR ) 1.12 1.03 .15
GSAP i o 1.26 3 -1.50 -1.20
Nicastrin 1.57 1.66 - -1.93~ 1.52
PEN-2 1.21 -1.08 S S IN10 -1.10
Psenl 1.16 1.04 - -1.06 -1.02
Psen2 -1.07 1.09 1.07 1.02

Table 3.2.1.2 Fold change of RNA levels of genes acting as substrates of
secretases in the hippocampus region of selected mice in pooled RNA samples.

Genes ;Cleamd-by g JNPL3 JNPL3 Tg2576  JNPL3 x

| | (Chow) (PB) Tg2576
APP wﬂfy-secretases -1.06 -1.02° -1.04 - = -1.00.
Areg a-secretase 1.12 -1.55 1.69 -1.40
Btc o-secretase -1.07 -2.06 148 ' - 1.04
Cdd6  aly-secretases -1.38 *an 65 -2.10 - 1.04
Ereg  o-Secretase -1.06 .. 2,15 . 1.90 L.01,
Fcer2a a.-secretase. : 1.75 %1 ~-2.15 -1.97 ", 110
Hbegf | ASe 1.17 1.05 1.21 73 - oS
Hs6st3 | 5 112 55 e 1.10 - D136
I1r2 "{"% -1.03 - & 21126 | -1.42 ¢ ¢ o105
Kl 220 Feuge 756 -1.11 38 S80S
Mucl | o/y-sec 1.41 -2.05 -1.60 i #1010
Notchl e % -L13 = =107 1.01 i &8 145
Sell i 106 - 221 1.64 % 1,09,

Samples with fold change over two are underlined for easy reference.
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3.2.2 Real-time PCR of APP cleavage enzyme and competitive

substrate genes

To confirm the findings in the microarray experiment. the candidate genes lor w-
secretase—Adam9, Adam10 and Adaml7-—and [3-sccretase—Bacel—were sclected
to be examined by real-time PCR. Since y-secretase is composed of at least four
subunits, change in y-secretase function is not simply explained by change in
expression of any one of the subunits. Thercfore, candidate genes for y-secretase were
excluded in real-time PCR confirmation. Consistent with the microarray results, none
of the candidate genes of «- and P-sccretases were shown to have significant
differences in expression levels between curcumin and control treatments of any pairs

of groups. Data comparing genc expression levels are illustrated in Figure 3.2.2.1.1.

o

For confirmation of microarray results of the differential gene expression of
the substrates of secretases, Btc, Ereg, I'cer2a, Kl, Mucl, Sell and APP were selected.
Differential gene expression data are shown in Figure 3.2.2.2.1 (a-g). Amongst them,
APP, Ereg, Fcer2a and Mucl were shown to have no significant diflerences between

curcumin and control treatments for any pairs of groups.

Gene cxpression of Btc was significantly increased in all mice treated with
curcumin. Mean expression was upregulated by around 13 percent. Amongst the
groups, genc expression was found to be very significantly different in JNPL3 (chow)

mice, with an incrcase of over 26 percent compared to the control group.

Differential gene expression of Kl was also significant, with mean cxpression

incrcased by over 47 percent. In JNPL3 (chow) and JNPL3xTg2576, mean

100



expression of the Kl genc was significantly increased by around 96 and 82 percent,

respectively.

LExpression of Sell was significantly increased i the INPL3xTg2576 strain by

curcumin treatment. The increase was 63 percent.
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3.2.3 Secretase functional assays

To detect differences in functional activity of the secretases ol different mouse strains
between curcumin and control groups, activity assays using the membrane Iraction ol
cortical regions were performed for o-, - and y-secretasc scparately. a-secretase
activity was reduced significantly, by 9.5 percent, in INPL.3xTg2576 lemale mice
with curcumin treatment. Curcumin did not show any significant cffect on the
function of a-secrctase in other strains and scxes. Data arc illustrated in Figure
3.2.3.1(a). Figure 3.2.3.1(b and c¢) showed that the activity assays ol [}- and y-
secreta-s.cl had no significant differences in any strains between curcumin and control

groups.
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Figure 3.2.3.1 Comparison of activities of (a) a-secretase, (b) B-secretase and (c)
y-secretase of membrane fraction of cortex of different mice strains between
curcumin treatment and control groups. Results are expressed as mean %= SD.
Significant difference between treatment groups of different strains was

compared by Student’s t-test using SPSS; data were plotted using GraphPad
Prism. *, p<0.05.
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3.3 Effects of curcumin on AP aggregate formation

3.3.1 Anti-Af-metal aggregation-Thioflavin-T assay

Thioflavin-T binds specifically to the B-sheet structure which is adopted by the
AP aggregates induced by metal ions. To examine whether curcumin can reduce AP
aggregation by disrupting the J-sheet structure of AP, a well-developed
disaggregation assay was performed using Afl:melal aggregates formed by incubating
Af31-40 or AP1-42 with either Cu(Il) or Zn(11) ions. The amount of B-shect structure
formed by the aggregates was detected by the addition of the fluorescent compound,
thioflavin-T. Upon binding to the B-sheet structure, it does not aflect the structure ot

the aggregates, but changes the fluorescent wavelength of excitation and emission of

350 nm and 438 nm to 450 nm and 482 nm, respectively.

The AP-metal disaggregation assay showed that curcumin can reverse
aggregate formation by reducing the amount of B-sheet structure with IC50 at sub-
micromolar concentrations. The IC50s were calculated by fitting the data using
nonlinear regression (Figure 3.3.1.1), the dose vs. response curves were obtained for
AB40:Cu, AB40:Zn, AP42:Cu and AP42:Zn aggregates and various concentrations of
curcumin. Data of the IC50s with 99% confidence interval are illustrated in Table

3.3.1.1. The R? of the goodness of fit of these four curves arc in the range between

0.96 and 1.00.
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Figure 3.3.1.1 Comparison of dose-responsc curves of curcumin disaggregation
of Zn- or Cu-induced A31-40 or AP1-42 peptide aggregates. Normalized data
were fitted, relative 1C50s were determined and the significance of differences
was calculated by nonlinear regression using GraphPad Prism. ***, p <0.0001.

Table 3.3.1.1 Relative 1C50 of curcumin disaggregation of Zn- or Cu-induced
AP1-40 or AB1-42 peptide aggregates.

Reiative IC50 99% confidence interval
Log [Curcumin], M | uM | Upper Limit | Lower Limit
Ap42:Zn | -6.04 0.90 ] 1.22 0.67
Ap42:Cu | -6.22 0.61 0.66 0.56
AB40:Zn { -6.43 0.38 | 0.43 0.31
Ap40:Cu | -6.23 0.59 | 0.68 0.50

Concentrations of curcumin at IC50 and at upper and lower limits of 99% confidence
interval are presented in pM.
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3.3.2 Western blotting of monomeric AP from anti-Ap aggregation

assay

To determine that curcumin not only disaggrcgates the AP:metal aggregates and
reduces the P-sheet structure, but also increascs the amount of monomeric AP,
western blotting analysis was used. ‘Tricine-SDS PAGE gels were used due to the
small molecular weight of AP peptide (4 kDa), which precludes it from being
resolved by ordinary Glycine-SDS PAGIE gels. The result is shown in Figure
3.3.2.1(A). In order to simplify the figure, the protein sizc marker is not shown.
Aggregates were prepared by incubating Af40 with Cu(ll). After the assay, the
supernatant following 14k rpm centrifugation was loaded onto the gel. AB40 peptide
prepared in monomeric form was also run on the gel for quantification and size-
checking of the AP aggregates. Quantification of monomeric A in Figure 3.3.2.1(B)
shows that the amount of monomeric AP was significantly increased with increasing

concentration of curcumin.
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Figure 3.3.2.1 (A) Western blotting analysis of the monomeric AB1-40 level from
the samples after Thioflavin-T disaggregation assay of Cu-induced AP1-40
aggregates. Known amounts of monomeric AB peptide were loaded in the first
four lanes, counting from the left side. Concentrations of curcumin used in the
assay are shown on the right side. Image on the film was quantified by Imagel.
Quantification by comparing to the standard curve of known amount of AB1-40
peptide is illustrated in (B). Results are expressed as mean = SD from triplicate
measurements. Statistical difference between control and various concentrations
of curcumin was determined by one-way ANOVA for multiple comparisons and
Tukey HSD as a post hoc test.*, p<0.05; **, p<0.01; ***, p<0.001.
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3.3.3 Immunohistochemical staining of 4G8-immunopositive plaques

To reproduce the previous findings from other groups that curcumin can reduce the
amyloid plaque burden in vivo, immunohistochemical staining using anti-Ap antibody
4G8 was performed to detect the presence of amyloid plaques. Selected

photomicrographs of 4G8 immunopositive staining arc shown in Figure 3.3.3.1.

Quantification of the 4G8 positive signal is shown in Figure 3.3.3.2. Female
groups were excluded due to larger physiological variations. There was no significant
difference in male Tg2576 between the groups treated with curcumin (9 mice) and
without curcumin (4 mice) in the percentage arca occupied by plaques in the brain
sections. For each mouse, one view from the hippocampus, entorhinal cortex, auditory
cortex, and hypothalamus was quantified and combined since the 4G8-positive area

was too little per cach view.
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Figure 3.3.3.1 Immunochistochemical staining of amyloid plaques of the brain
sections of Tg2576 male mice treated with (right) or without (left) curcumin.
Antibody 4G8, which is specific for human AP peptide, was used. Images were
captured at SX magnification.
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Figure 3.3.3.2 Quantification of percentage plague (4G8 immunopositive) arca of
brain regions of hippocampus, entorhinal cortex, auditory cortex and
hypothalamus of male Tg2576 mice with or with curcumin treatment, Data are
normalized by percentage change of curcumin group compared to control group.
Results are expressed as mean + SEM. Statistical difference between control and
curcumin groups was dctermined by Student’s t-test using SPSS: p=10.754.
Graph was plotted using GraphPad Prism.
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3.4 Effects of curcumin on A} degradation

3.4.1 Microarray of AB degrading enzyme genes

There are many proteins which have been shown to be able to degrade A3 peptides in
vitro or in vivo. Using microarrays to measure expression of all genes narrows the list
of candidate genes which are both responsible for AP degradation and arc upregulated
by curcumin treatment. (see Table 3.4.1.1). Acc was increased by curcumin by over 2
fold in JNPL3 (chow and peanut butter) mice. Bsg and Mmp2 were shown 1o be
increased by curcumin beyond the 2-fold threshold exclusively in JNPL3 (pcanut
butter) mice. Mmp3 was consistently upregulated over 2 fold by curcumin treatment
in JNPL3 (peanut butter) and JNPL3xTg2576 strains but reduced by over 2 fold by

curcumin treatment in Tg2576 mice.

Table 3.4.1.1 Fold change of RNA levels of genes involved in AP peptide
degradation in the hippocampus region of selected mice in pooled RNA samples.

Genes ~ JNPL3 JNPL3(PB) Tg2576 JNPL3 x

___ (Chow) ‘ - Tg2576
Ace e o 5226 4.85 [ieg 134 1.54
Bsg - 113 2.01 -1.18 1.21
Ecel . -1.07 | 1.00 - 1.04 -1.03
Ece2 6 REN0T. 1.09 1.10 -1.03
Ide FREECE 101 1.20 -1.04 - 1.01
Mmpl4 (MT1-MMP) . 121 1.38 ¢4t 08) 1.41
Mmp2 Ve S 313 116 1.39
Mmp3 i g =109 240 -2.60 3.87
Mmp9 ©FR 106 | 1.23 L 113 -1.01

Neprilysin (Mme) e il -1.05 | G 11,23 -1.03

Samples with fold change over two are underlined for easy reference.

118



3.4.2 Real-time PCR of AP degrading enzymes

Candidate genes of AP degrading enzymes sclected lor real-time PCR confirmation
were based on microarray data. Some genes were also sclected based on our interest
in those which have been determined by in vivo study showing the degradation of A3

peptides. The selected genes are Ace, Bsg, 1de, Mmp2, Mmp3, Mmp9, Mmpl14 and

Nep.

Amongst these genes, the expression of lde was found to be significantly
uprcgulated (+23%) by curcumin in JNPL3 (chow) mice. Data of the relative Ide gene
expression Jevel amongst different groups are illustrated in Figure 3.4.2.1(¢). Mmp2
gene expression levels are shown in Figure 3.4.2.1(d). It was confirmed that Mmp2
was significantly upregulated with curcumin treatment amongst all strains and
particularly in JNPL3 (chow) mice, by 36 percent and 77 percent, respectively. As
with Mmp2, thc gene expression level of Mmpl4, which is shown in Figure
3.4.2.1(g), was confirmed to be upregulated significantly by curcumin amongst all
strains and particularly very significantly in JNPL3 (chow) mice, by 20 percent and

46 percent, rcspectively.
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3.5 Effects of curcumin on AP removal
3.5.1 Cell culture study

3.5.1.1 MTT assay of tested compounds

Before determining the effect of phenolic compounds on ApoE secretion from BV-2
microglial cells, MTT cell viability assays were performed to test the toxicity of
curcumin, ferulic acid and tannic acid. Mecasurement of toxicity is necessary because
the level of ApoE and all other proteins secreted to the medium could be affected by

toxicity which reduces the total cell number.

Figure 3.5.1.1.1 (A) illustrates the viability of BV-2 cells after cight hours
incubation in serum-free medium with these three compounds at a range of
concentrations. Since the stock solution of curcumin was prepared in DMSO and
those of the others were in water, the experiment of each compound was run with its
own solvent control. After incubating with the cells, the compound-containing
conditioned medium was replaced by fresh serum-free medium with dissolved MTT.
The purple formazan crystals that formed inside the living cells were dissolved and

quantified by spectrophotometry.

Data showed that curcumin and ferulic acid were not toxic in the range of
concentrations tested. Surprisingly, both of them significantly increased cell viability’
at the highest concentration testecl, which may be due to increased metabolic ratc or
cell numbers. Tannic acid was shown to have very mild but significant toxicity at the
lowest two concentrations tested. The toxicity was increased dramatically at the two
highest concentra'lions. Tannic acid at 6.25 and 15.625 uM extremely significantly

reduced cell viability, by 34 and 50 percent, respectively.

124
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Figure 3.5.1.1.1 (A) MTT cell viability assay of BV2 microglial cells after 8 hours
of treatment with various concentrations of curcumin, ferulic acid or tannic acid.
Results are expressed as mean + SD from triplicate measurements. Statistical
difference between control and various concentrations of compounds was
determined by one-way ANOVA for multiple comparison and Tukey HSD test as
a post hoc test.*, p<0.05; **, p<0.01; #, p<0.001.
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3.5.1.2 ApoE secretion from BV2 microglial cells treated with

phenolic compounds

To determine the eflect of compounds on ApoL secretion from microglia. the BV-2
microglial cell line was used. Since ApoE and albumin are highly abundant in serum.
which may interfere with ApoE metabolism and quantification, the medium has to be
serum-free. As the level of secrcted ApolE at cight hours is under the limit of detection
by western blotting, a more scnsitive method. dot blotting. was used to quaniify Apol:.
Conditioned medium was harvested and centrifuged to get rid of tloating cells.
Medium was transferred to the nitrocellulosc membrance and passed through it by
applying a vacuum to the dot blot apparatus. ApoE protein in the medium bound to
the membrane when the solution passed through it. Another common protein binding
membrane, PVDF, was not used due to the loss of binding capacity when it is dried

under vacuum suction.

An image from one of at least three experiments is shown in Figure 3.5.1.2.1
(A). Each concentration was run in triplicatc in each expecriment. Results were
quantified and compared as illustrated in Figure 3.5.1.2.1 (B). Curcumin, even at the
lowest concentration tested, increascd the level of Apol: secrction significantly, and
such an cffect was maintained up to 1 puM. Further increasing the concentration of
curcumin beyond that level reduced its capacity to cnhance Apok secretion. At 15.6
uM, there was no significant difference in the ApoE secrction level between curcumin

and control.

The reliability of dot blotting quantification was further confirmed by running
a western blot of conditioned medium which was concentrated 50 times before

loading on the gel (see Figure 3.5.1.2.1 (C)). Even without quantification, it is casily
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observable {rom the blot that nanomolar concentrations of curcumin increased Apot:

secretion to the conditioned medium.

A dot blot showing the effect of ferulic acid on ApoE sceretion can be seen in
Figure 3.5.1.2.2 (A). Quantification of the blot is illustratcd in Figure 3.5.1.2.2 (B).
Result showed that feruhic acid significantly increased ApoE secretion from BV-2 cell
at the concentration over 0.4 uM. llowever, the cilect of ferulic acid did not go up
further or down significantly beyond this concentration since the level of secreted
ApoL: at 0.4 pM has no significant difference between it and higher concentrations

tested.

Figure 3.5.1.2.3 (A) illustrates the dot blotting result of the effect of tannic
acid on ApoE sccretion from BV-2 cells after cight hours incubation. Data in Figure
3.5.1.2.3 (B) showed that tannic acid increcased ApoLEl secretion with sigruticant effcet
at concentration of at least 1pM. The effect went up as the concentration of tannic
acid increascd. However, the effect dramatically disappeared at concentration of
15.6uM. Furthermore, tannic acid was significantly shown to reduce ApoL secretion

at concentration of 50uM by about 15 percent.
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A. Curcumin

0 0.064 0.16 0.4 1 2.5 6.2515.625uM

B.
Curcumin
*kk
Curcumin (8hrs)
o
o
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N © O N 6 H .o
M ARC N PR
Concentration, uM
C.
[Curcumin] 8 0.25nM GnM 64nM  04pM 1M

Figure 3.5.1.2.1 (A) Dot blotting analysis of the level of ApoE secreted from
curcumin-treated BV2 microglial cells for 8 hours. Curcumin concentration is
labeled on the bottom of the blot, and replicate number is shown on the left of
the blot. (B) Quantification of the dot blot. Results are expressed as mean £ SD
from triplicate measurements. Statistical difference between control and various
concentrations of curcumin was determined by one-way ANOVA for multiple
comparison and Tukey HSD test as post hoc test. **, p<0.01; ***, p<0.001. The
specificity of the antibody and reliability of the dot blotting experiment were
confirmed by (C) western blotting with conditioned medium that was
concentrated 50x.
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A. Ferulic acid

0 0.064 0.16 0.4 1 2.5 6.2515.625nM

Ferulic acid

120
l A Ferulic acid (8 hrs)

100+

Relative level, OD

o8

O P o ® N 9 » b

Concentration, ptM

Figure 3.5.1.2.2 (A) Dot blotting analysis of the level of ApoE secreted from

ferulic acid-treated BV2 microglial cells for 8 hours. (B) Quantification of the dot
blot. Results arc expressed as mean = SD from triplicate measurements.
Statistical difference between control and various concentrations of ferulic acid
was determined by one-way ANOVA for multiple comparison and Tukey HSD

as post hoc test.*, p<0.05; **, p<0.01.
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A. Tannic acid

0 016 04 1 25 6.2515.62550uM

Tannic acid

- E3 Tannic acid (8 hrs)

-
[
e

100 g

Relative level, OD

O o ® N
o oF

WP e P

Concentration, uM

Figure 3.5.1.2.3 (A) Dot blotting analysis of the level of ApoE secreted from
tannic acid-treated BV2 microglial cells for 8 hours. (B) Quantification of the dot
blot. Results are expressed as mean * SD from triplicate measurements.
Statistical difference between control and various concentrations of tannic acid
was determined by one-way ANOVA for multiple comparison and Tukey HSD
as post hoc test.*, p<0.05; ***, p<0.001.
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3.5.2 Microarray of AP transporter and receptor genes
3.5.2.1 AP transporters

The genes known to transport and remove A} peptides are shown in Table 3.5.2.1.1.,
which lists the fold change of expression, measurcd by microarray, for each gene and
pair of groups of mice duc to curcumin compared to control trcatment. Curcumin
reduced the expression of ApoAl over two fold in JNPL3 (peanut butter) mice. Ltf
was uprcgulated in JNPL3 (peanut butter) but downregulated in INPL3 (chow) over
two fold. Ttr was upregulated over two fold in JNPL3 (chow and pcanut butter) and

JNPL3x'1'g2576 strains. Ttr expression in JNPL3 (peanut butter) was upregulated 30

fold.

3.5.2.2 AP receptors

The genes‘known to act as receptors involved in dircct or indirect uptake of AP
peptides are shown in Table 3.5.2.2.1. Amongst them, microarray results showed that
expression of Ager and Msrl werce increased by over two fold by curcumin treatment
in the JNPL3 (peanut butter) and JNPL3x1g2576 groups, respectively. Curcumin

downregulated Cd36 by almost three folds in JNPL.3 (pecanut butter) mice.

131



Table 3.5.2.1.1 Fold change of RNA levels of genes involved in AR peptide

interaction and transport in the hippocampus region of selected mice in pooled
RNA samples.

Genes . _JNPL3 JNPL3 (PB) Tg2576 JNPL3 x

~ (Chow) . | Tp2576
A2M 149 1.16 1.02 1.30
ApoAl : 1.02 2.22 S0 -1.06
ApoE ; Ve 1908 -1.07 1.03 ¢ 1.00
ApoJ/Clusterin (Clu) 1.06 117 -1.07 1.07
Ltf -3.00° 2.57 1 i Faka9 1.67
Ttr | 2.26 29.77 "7 08 2.08

Samples with fold change over two are underlined for easy reference.

Table 3.5.2.2.1 Fold change of RNA levels of genes involved in AP peptide uptake
in the hippocampus region of selected mice in pooled RNA samples.

Genes . JNPL3 JNPL3 (PB) Tg2576 JNPL3 x

____(Chow) A 1 Tg2576
Ager P R 2.54 -1.16 -1.26
Cd36 L2 e =2.94 2 1.55 1.19
Colecl2 O U1 1.75 it -1.12 130
Ldir X -1.53 1.13 88 g iy -1.12
Lrpl R ) -1.01 1.04 -1.07
Lrp2 (Megalin) -~ 131 115 1.09 1.56
Lrp8 (Apoer2) - 1.01 111 b | =1.05 1.05
Msrl : s 0 1.54 e 123 2.11
Sortl - =118 -1.08 = i 4807 -1.07

Samples with fold change over two are underlined for easy reference.3.5.3
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3.5.3 Real-time PCR of AP transporter and receptor genes
3.5.3.1 Gene expression of AP transporters

Of gencs known as transporters of Af} peptides. AZM, ApeAtl. Apoli. Apol. Lif and
Tir were selected for real-time PCR confirmation. None of thc Af} transporter

candidate genes revealed a significant difference in their expression levels between

curcumin and control treated groups.

3.5.3.2 Gene expression of A} receptors

Ager, ApocR2, Cd36, Coleci2, Ldir, Lrpl, Lrp2, Msrland Sort] are known receptors
for AP peptides. By cxamining their expression using real-time PCR, Lrp2 was found
to be significantly uprcgulated, by 12 pereent, in all curcumin treated mice versus
controls. However, curcumin did not significantly upregulalc Lrp2 in any particular
groups. ApoeR2, Lrpl and Msrl were confirmed to be significantly upregulated by

curcumin trcatment in JNPL3 (chow) mice, by 37, 30 and 46 percent, respectively.
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3.6 Effects of curcumin on cholinergic function
3.6.1 Microarray of cholinergic genes

Nicotinic and muscarinic acctylcholine receptors and glutamatce receptors are known
to be involved in controlling cholinergic function of neurons. The change of
expression of these genes upon curcumin treatment was detected using microarrays

(Table 3.6.1.1).

Microarray diffcrential expression data for gencs that have been relatively well
documented as being involved in regulating acetylcholine homeostasis in ncurons are
listed in Table 3.6.1.2. Microarray data showed that ChAT gene expression was 16-
fold reduced after curcumin trecatment of JNPL3 (pcanut butter) mice. Curcumin
increased choline transporter Chtl gene expression in JNPL3 (pecanut butler) and
JNPL3xTg2576 by over two and 500 fold, respectively. Gene expression of Vacht
was found to be 2-fold incrcased in JNPL3 (chow) but decrcased in Tg2576 by

curcumin treatment.

3.6.2 Real-time PCR data on expression of genes regulating

aetylcholine homeostasis

To confirm the microarray data showing changes in the expression of Ache. ChA'T,
Chtl and Vacht, rcal-time PCR was performed. Amongst these genes, none of them

was significantly different by curcumin in any group.
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Table 3.6.1.1 Fold change of RNA level of genes involved in cholinergic function
in the hippocampus region of selected mice in pooled RNA samples.

Genes - JNPL3 JNPL3 Tg2576 JNPL3 x
_ (Chow) (PB) ; Tg2576
Nicotinic B %
acetylcholine : i i
receptors (nAChRs) . :
Chrnal £ W18 -1.05 Tt 1593 -1.15
Chrna2 & -1.10 -2.03 T £128 -4.76
Chrna3 S (g 177 T 21,32 -1.03
Chrna4 R -1.02 -1.17 1.07
Chrna$ e 1128 -1.06 -1.09 1.04
Chrna6 R LT 2,19 {7 1.26 -1.02
Chrna?7 e B9 i -1.01 -1.17 -1.19
Chrna9 e ei]i2B -1.79 421 1.04
Chrnal0 ¥ i 150D 1.21 B2 118 -3.28
Chrnbl C ik T8 1.62 ~ ' -1.16 P41
Chrnb2 1.02 -1.01 - 1.00 -1.16
Chrnb3 _ ~1.46 -1.77 - +-1.05 -1.07
Chrnb4 W 5 109 2,01 niiatas 1.53
Chrnd £ 41,08 -2.25 210 1.03
Chrne ST 118 1.12 | 1.35: 1.58
Chrng BET 149 -2.13 -1.11 -1.25
i i
Muscarinic j
acetylcholine i
receptors (mAChR) i
Chrm1 : -1.14 1.25 § 1,20 -1.23
Chrm2 : 3.65 -1.06 . -1.14 -1.57
Chrm3 ' . =125 1.19 . ¢ 1.12 -1.12
Chrm4 s 290 -1.11 o 1920 -1.25
Chrm5 © 1.81 -1.04 . - =112 1.67
Glutamate receptors &. - * W R
(NMDA)
Grinl To128 101 . 2. 3525 1.02
Grin2a e -1.05 55 ga1.38 -1.15
Grin2b ; -1.05 -1.07 ¢ -1.18 -1.08
Grin2c i -1,09 -1.09 T v g -1.05
Grin2d - 1.06 117 F oL 146 -1.06
Grin3a -1.05 -2.10 & 1.32"! -1.05
Grin3b . -1.19 1.24 % -1.33 -1.13
Grina 1.07 -1.07 - 1.06 1.73

Samples with fold change over two are underlined for casy reference.
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Table 3.6.1.2 Fold change of RNA level of gemes involved in acetylcholine
homeostasis in the hippocampal region of selected mice in pooled RNA samples.

Genes - JNPL3 JNPL3 (PB) - Tg2576 JNPL3 x

(Chow) 3 Tg2576
Ache _ 1.29 1.06 33 114
ChAT -1.82 -16.76 . 1.04 .46
Chtl (SlcS5a7) 1.32 2.38 1.10 501.92
Vacht (Sle18a3) © 238 1.14 3 &) 32350 1.37

Samples with fold change over two are underlined for casy reference.

(a) Ache
N.K.
181« ® T
= 9
=
2 128«
£ T
5 l
L 1
= 90.sj : _ﬁ
3 .
64
L ] v L] L] | L J L ] | | ]
’ x\ ﬂ\ x\ A0 o\ A0
N P,\\— —1,5’\ ,5\6* o *“ ,,rv v?’\ q,\’ f:’\ ,;\w
1% "Q} @ kc‘(\o ‘Q? ? “% r‘q}
O TS gs? A

o

Strains and treatments
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3.7 Other neuroprotective and harmful effects of curcumin

3.7.1 Cell free assay

3.7.1.1 Hydrogen peroxide scavenging assay

‘Yo determine the antioxidative propertics of curcumin, an assay specifically designed
to mimic the hydrogen peroxide (H,0,) generation process in brain using AB1-42
peptide and Cu(ll) ion was adopted. A melal chelator, clioquinol, was used as the
positive control for this assay. Clioquinol can chelate and decrease the ability of redox
active metal ions, such as Cu(Il), to gencrate H,O, from APB1-42 peptide. With the
presence of DCF in the mixture, the level of fluorescent signal gencrated is
proportional to the amount of 11,0, and can be detected by excitation at 485 nm and

emission at 535 nm.

Figure 3.7.1.1.1 (A & B) show that curcumin and clioquinol significantly
reduced the amount of 11,0, in the reaction mixture, by about 40 and 60 percent at 5
uM, respectively. The inhibition due to either compound reached 100 percent at 10
pM. Dose vs. response curves in Figure 3.7.1.1.1 (C) show that the ICsq of 11,0,
inhibition for curcumin and clioquinol is about 5.2 uM and 4.4 pM, respectively. The

R? of the goodness of fit of the curves is about 0.94 and 0.97 for curcumin and

clioquinol, respectively.
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Dose vs. response
(Normalized to 100%)

9

o 100 i _
o -o- Curcumin
9 8o -& Clioquinol
o

S 604

* 1c50-

£  40-

.
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)

o

e 0 7 T =— g

g -6.5 -6.0 - -5.5 -5.0

Log [Compound], Log M

Figure 3.7.1.1.1 H,0; scavenging assay of (A) curcumin and (B) clioquinol. H,O-
generated by Ap1-42 peptide in the presence of Cu(ll) ions was monitored by the
fluorescent signal of DCF. (C) Comparison of dose-response curves of curcumin
and clioquinol on inhibition of AB1-42:Cu-induced H20; generation. Significant
differences of the effect of increasing concentration of curcumin and clioquinol
‘in (A) and (B) were determined by one-way ANOVA for multiple comparison
with Tukey HSD as post hoc test. Normalized data were fitted, relative 1Csy were
determined and the significance of differences was determined by nonlinear
regression using GraphPad Prism. *, p < 0.05; #, p<0.0001.

-
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3.7.2 Microarray of neuroprotective and neurotoxic genes

®

To examine the neuroprotective and harmful effects ol curcumin in vivo, RNA was
extracted from the hippocampus region of each mouse for global differential gene

cxpression analysis by microarray experiment. Microarray results for genes of intcrest

were examined.

LY

Dif.l:crential cxpression data of Alox15, Cd74, Gpr3, Myocd and Ngfr, which
are known to be involved in reducing the level of AP plaques in vivo by mechanisms
not dircctly involving APP gencration, APP cleavage, AP transport, or AP
degradation, are listed in Table 3.7.2.1. From the table, it can be scen that curcumin
- affected expression of most of these genes only in JNPL3 (PB) mice. In these mice,
the expression of Alox15, Gpr3 and Myocd were reduced by over two fold by

curcumin treatment, while the expression of Cd74 was increased by over three fold.

We then studied the differential expression of genes which have no known

effect on AP metabolism but exert protection aéainsl AP toxicity. Amongst the
numerous genes that have this function, Fas, g2, Irsl, Pla2g4a, Rho and Tnf were
selected for further examination because curcumin changed their expression about
two fold or more in the microarray data. The fold changes of the expression of these
genes are listed in Table 3.7.2.2. Curcumin suppressed thc.exprcssion of Ias, Pla2g4a,
Rho and Tnf by around or over two fold in JNPL3 (PB) mice. On the other hand,
curcumin increased the expression of Igf2 in all mice overexpressing tau: JNPL3
(Chow), INPL3 (PB), and JNPL3xTg276. Curcumin also increased Irsl expression,

»

but only in JNPL3 (PB) mice. ¢
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Since the antioxidative properties of curcumin have been studied extensively
in many cell-free assays and in vitro studies, we are interested in studying the cffect of
curcumin on the expression of oxidative stress related genes in vivo. Six genes with a
fold changc of expression of or over two were selected and arc lisied in Table 3.7.2.4.
Amongst them, Duox!, Nos2, Nox! and Nox3 were downregulated and Bmp6 and

Sod3 were upregulated by curcumin in JNPL3 (PB) mice.
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Table 3.7.2.1 Fold change of RNA levels of genes involved in decreasing the level

of AB plaques in the hippocampus region of selected mice in pooled RNA
samples.

Genes JNPL3 JNPL3(PB) . Tg2576 JNPL3 x

_(Chow) Tg2576
Alox15 i 8109 2.12 -1.30 -1.03
Cd74 : 1.22 3,12 -1.17 1.43
Gpr3 -1.09 -2.03 i 1.25 -1.02
Myocd s 10 -2.13 -1.20 1.40
Ngfr (p7SNTR) HE1A8 1.69 1.10 1.47

Samples with fold change over two are underlined for easy reference.

Table 3.7.2.2 Fold change of RNA levels of genes involved in protection against
AP toxicity in the hippocampus region of selected mice in pooled RNA samples.

Genes - JNPL3 JNPL3(PB)  Tg2576 JNPL3 x

(Chow) Tg2576
Fas : =135 -2.07 -1.14 1.04
Igf2 ] 3.66 -1.00 1.82
Irsl S 1.03 2.08 ko 0 e -1.05
Pla2gda : -1.03 -2.11 ~1.21 -1.05
Rho -1.02 211 ;  -1.08 1.02
Tnf - 1.07° -1.97

-1.31 -1.06

1o
1

Samples with fold change over two are underlined for easy reference.

Table 3.7.2.3 Fold change of RNA levels of genes involved in oxidative stress in
the hippocampus region of selected mice in pooled RNA samples.

Genes . JNPL3 JNPL3 (PB) " Tg2576  JNPL3«x

: __ (Chow) : Tg2576
Bmp6 6 -1.84 2.75 i wen-1.03 1.44
Duox1 = -1.07° -2.12 5% 106 1.07
Nos2 Yon 1102 -2.10 - b w2 1.01
Noxl1 -1.07 -1.99 i By 129 -1.05
Nox3 S5 01,05 225 BB v g -1.00

Sod3 R 3.86 =%, 5550 1.01

Samples with fold change over two are underlined for easy reference.

152



3.7.3 Real-time PCR of ncuroprotective and neurotoxic genes

To confirm the differential gene cxpression observed from the microarray experiment,
rcal-time PCR was used. Amongst the genes which are involved in regulating the
level of AP production or accumulation, Alox15, Cd74, Gpr3 and Ngfr were further
studied. Data arc illustrated in Figure 3.7.3.1.1. Curcumin (reatment of
JNPL3xTg2576 mice significantly upregulated Cd74, by over 50 percent, as shown in
Figure 3.7.3.1.1(b). Expression of Gpr3 was very significantly higher in all mice

treated with curcumin, as shown in Figure 3.7.3.1.1(¢).

Regarding the genes involved in providing protection against A} toxicity, Igl2,
Irs1, Fas, Pla2gd4a, Rho and Tnf were further examined by real-time PCR. Data are
presented in Figure 3.7.3.2.1. Amongst them, only Igf2 (Figure 3.7.3.2.1(a)) and lIrsl]
(Figure 3.7.3.2.1(b)) were very significantly overexpressed in curcumin treated
JNPL3 (Chow) mice compared to controls. The mean expression levels of Igf2 and

Irst were about 130 and 30 percent increased, respectively.

To understand the physiological function of curcumin as an antioxidant in vivo,
expression of relevant genes that were reported from the microarray experiment,
Duox1, Nos2, Noxl, Nox3, Sod3 and Bmp6, .were quantified by real-time PCR.
Figure 3.7.3.3.1 shows their differential expression. Amongst them, curcumin
increased expression of several genes. Nos2 was shown to be significantly
upregulated, by about 18 percent, in all mice treated with curcumin compared (o
control treatment (Figure 3.7.3.3.1(b)). Analysis by individual groups showed that it
was about 25 percent higher in curcumin treated JNPL3 (Chow) mice than controls.
Expression of Sod3 was significantly higher, by about 60 percent, in JNPL3 (Chow)

mice (Figure 3.7.3.3.1(¢)). In all mice treated with curcumin, mean expression of
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Bmp6 was found to be significantly increcased, by 26 percent. compared Lo mice in
control groups (Figure 3.7.3.3.1(f)). The diffcrence was even more significant in

JNPL3 (Chow) groups, with an increasc ol 46 percent.

-

On the contrary. curcumin decreased expression of other genes. The mean
expression level of Nox!1 was shown to be very significantly reduced. by 30 percent.
in all mice (Figure 3.7.3.3.1(¢)). Individual strain analysis showed that the
downregulation of Nox! was signilicant only in INPL3 (Chow) mice. with a 43
percent decrease. Gene cxpression of Nox3 was also significantly but only very

slightly lowered by 6 percent in the Tg2576 strain only (Figure 3.7.3.3.1(d)).
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3.8 Effects of Curcumin on Tauopathy

To investigate the effects of curcumin on tauopathy in vivo, a transgenic mouse model,
IJNPIL.3, was used. INPL.3 mice overexpress human mutant P301L tau protein {rom the
Mapt gene. Duc to the presence of this mutant transgene, the mice develop
intracellular ncurofibrillary tangles (N171') as they grow old. NFT appear extensively
in some brain regions, such as spinal cord, medulla, pons, hypothalanmus and thalamus,
and lo a lesser extent in amygdala and entorhinal cortex. Therefore. the etfect of

curcumin on tauopathy can be studied by monitoring the level of NFT in these regions

alter the course of treatment.

Before studying the final cllect on NFT development, we are interested to
determine whether curcumin has any effect on the expression ot the endogenous Mapt
gene, especially in the hippocampus region since NFT are particularly abundant in the
human AD hippocampus, so that we would know whether the final level of NFT is
due partly to a change in (he endogenous (au expression level. From the microarray
data shown in Table 3.8.1.1.1, curcumin did not alter the expression of mapt in the
hippocampus in any group of mice. This negative result was then confirmed by real-

time PCR. and the data arc shown in Figure 3.8.1.2.1.

Next, we are intercsted (o know if curcumin has any etfect on the protein
expression level of mutant tau in the brain. Corlical regions were uscd lor western
blotting, and the total level of human mutant tau was detected by antibody HT7.
which is specific for human tau protein. One representative western blot image of
cach sex is shown in Figure 3.8.2.1.1. Parts (A) and (B) of the figure show malc and
fcmale INPL3 mice, respectively, treated with or without curcumin in chow as vehicle

for six months. Results were analysed and illustrated in Figure 3.8.2.1.1(C). They
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show that therc was no significant difference of human mutant tau protein level
between the mice in curcumin and control groups. However, inspecting the western
blot imagc of females revealed that the mutant tau protein level varied widely, Some

female INPL3 mice did not have mutant tau protein at a detectable level.

Then, we determined the change of the level of NFT" in male and female
JNPL.3 mice treated with or without curcumin tor six months in chow as vehicle. We
cxamined the pons since this brain region was reported o have high numbers of NFTs
in JNPL3 mice. A very traditional tcchnmique, namely Biclschowsky's silver staining,
was used to detecct NFTs, which appeared as deep brown to black intracellular
structures in the pons. !mages of the staining of the pons region of male INPL3 mice
are shown in Figure 3.8.3.1.1. 'The number of tangles was recorded and compared.
which revealed that curcumin tended (o reduce the number of tangles in male mice,
but the effect was not statistically signiticant. Figure 3.8.3.1.2 comparcs the number
of tangles in male and female JNPL3 mice treated with or without curcumin lor six
months. blte to the widc variation of the expression of mutant tav and the numbers of

tangles, female mice were excluded [rom further analysis of tauopathy.

Bielschowsky’s staining suffers trom a high background signal. To reduce the
background staining, we performed immunohistochemical staining using antibody
ATS, which specifically detectsphosphorylated tau protein and thus labels NIFTs. The
staining was done on the entorhinal cortex/amygdala and medulla. lmages ol A'T3
immunostaining of male JNPL3 mice treated with or without curcumin in chow as
vehicle for six months arc shown for medulla (Figure 3.8.3.2.1) and entorhinal
cortex/amygdala (Figure 3.8.3.2.2). Comparisons ol thc percentage area covered by
AT8-positive staining of medulla and entorhinal cortex/amygdala arc shown in
Figure 3.8.3.2.3 (A) and (B), respectively. There were no significant differences
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between curcumin-treated and untreated brains in the AT8-positive area in either

medulla and cntorhinal cortex/amygdala.

Since the Bielschowsky's silver staining and the immunostaining revealed that
the numbers of NFTs are very low. We suspected that the mice had not developed
enough NFT pathology for comparison. Therefore. we added another group ol male
JNPL.3 mice at an older age: 16 months before treatment. The mice were administered
peanut butter with or without curcumin for 10 weeks. The medulla and entorhinal
cortex/amygdala rcgions were stained with AT8, and the images arc shown in Kigure
3.8.3.2.4 and Figure 3.8.3.2.5, respectively. Comparisons of the AT8-positive area in
medulla and entorhinal cortex ol mice treated with or without curcumin are shown in
Figure 3.8.3.2.6 (A) and Figure 3.8.3.2.6 (B), respectively. Interestingly, curcumin
significantly reduced the A'T'8-positive arca in the medulla region (by 75 percent) but

not in the cntorhinal cortex/amygdala regions.

The main component of NFT is paired hclical filaments (PHF). To further
invcsliga.te whether there was any effect ol curcumin on tauopathy in the younger
JNPI.3 mice (age 8 months before treatment) treated with or without curcumin for six
months, we isolated PHF and compared their levels in the cortex. After tsolating the
sarkosy! insoluble fraction, which is supposed to contain most of the PHI', the levets
of PHIF were compared by western blotting. Blots of male and temale mice are shown
in Figure 3.8.4.1 (A) and Figure 3.8.4.1 (B). respectivels . Comparisons ot the fevels
of PHT arc shown in Figure 3.8.4.2. The data showed that curcumin did not reduce

the level of PHIF in male or female INPL3 mice.
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3.8.1 Gene expression of endogenous Mapt

3.8.1.1 Microarray of Mapt~

Table 3.8.1.1.1 Fold change of RNA level of Mapt in the hippocampus region of
selected mice in pooled RNA samples.

Genes .. JNPL3 JNPL3(PB) Tg25?6 JNPL3 x
(Chow) - B Tg2576
Mapt o e cll13 1.02 . L1 -1.03

3.8.1.2 Gene expression of endogenous Mapt by real-time PCR

Mapt
200
® & - NS
S 1501 T
S
=5
e b=
= 1uo+
*]
&) .
- 5 -
2
L F |} v | | L} v  J ] L}
N W o A » a0
“0 \ ‘0\ 6\\ ‘0 0 6\\
W “c, t"ﬁo ‘& v O’*‘° s ‘c\}q o
S P N st i
(Q}&\B "J\(" S\k\“ $?\:b \3& *51:‘%
= '58 5?\3

Strains and treatments

Figure 3.8.1.2.1 Comparison of mRNA expression of Mapt in hippocampus of
different mice strains between curcumin treatment and control groups. The
boxes indicate median, 25 and 75 percentile; whisker caps indicate 5 and 95
percentile; filled circles indicate outliers. Data were analyzed by Mann-Whitney
U test using SPSS, and were plotted using GraphPad Prism. No significant
differences (N.S.) due to curcumin were found in any group or amongst all
groups.
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3.8.2 Protein expression of transgenic mutant tau

3.8.2.1 Total human mutant tau expression

A. Male JNPL3 B. Female JNPL3
DeoOPOB®u®w mm  GPesos e
TETCTETCET TCTCTCTCT

C.

Total human mutant tau protein level of JNPL3

150

» -‘ N.S Control
s T N.S. Treatment
c ;] .
E 100 :.3 .
O | | T
|
a_ CEN L
S s0- e
k] e
] et
x e

0- : ' J E.

Male JNPL3 Female JNPL3
Gender

Figure 3.8.2.1.1 Western blotting analysis comparing the total human mutant tau
protein expression level in the cortex of JNPL3 mice treated with or without
curcumin in chow as vchicle for six months. (A) Selected blot of male JNPL3
mice. (B) Selected blot of female mice. T, curcumin treatment; C, control
treatment. (C) Quantification of the protein level of treatment and control
samples. Data from the blots were quantified using ImageJ software. Results are
expressed as mean = SEM. Statistical differences between control and curcumin
groups were determined by Student’s t-test using SPSS, and were plotted using
GraphPad Prism. N.S,, no significant difference.
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3.8.3 Neurofibrillary tangles

3.8.3.1 Bielschowsky’s silver staining

Figure 3.8.3.1.1 Bielschowsky’s silver staining of pons sections of male JNPL3
mice treated with (left) or without (right) curcumin in chow as vehicle.
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Tangle count Tangle count

of male JNPL3 of female JNPL3
_5 150+ NS ‘5 200~
§ 100- I § 150+ N.S.
. . 100-
8_ 50+ s g 50
2 o : 2 ol EEE :
Control Curcumin Control Curcumin
Treatment Treatment

Figure 3.8.3.1.2 Quantification of the number of tangles in pons sections of
JNPL3 male and female mice treated with or without curcumin in chow as
vehicle. Results are expressed as mean £+ SI). Statistical difference between
control and curcumin groups was dctermined by Student’s t-fest using SPSS,
and was plotted using GraphPad Prism. N.S., no significant difference.
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3.8.3.2 Immunohistochemical staining of AT8-immunopositive tangle

Figure 3.8.3.2.1 Immunohistochemical staining of necurofibrillary tangles of the
medulla of male JNPL3 mice treated with (left) or without (right) curcumin in
chow as vehicle. Antibody ATS8, which is specific for phosphorylated tau, was
used. Images were captured at 40x magnification.
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Figure 3.8.3.2.2 lmmunohlstochcmlcal stammg_, of nwrof’hrllldrv tdn;_,lcs of the
entorhinal cortex and amygdala regions of male JNPL3 mice treated with (left)
or without (right) curcumin in chow as vchicle. Antibody AT8 was used. Images
were captured at 40x magnification.

A.JNPL3 males B.JNPL3 males
(Chow) (Chow)

s Medulla B EC/AG
% g 150- p=0.351 o g 600+ p=0.176 _
g 2 < .2
0ot o = 4004
g8 £ & 0 :
) (o] unn E (o] i J .
2 g 25 |mm EE

E Control Curcumin E Control Curcumm

- Treatment - Treatment

Figure 3.8.3.2.3 Quantification of percentage tangle (AT8-immunopositive) area
in (A) medulla and (B) EC/AG sections of JNPL3 male mice treated with or
without curcumin in chow as vehicle. Data are normalized to 100 for the control
group. Results are expressed as mean = SEM. Statistical differences between
control and curcumin groups were determined by Student’s t-test using SPSS,
and were plotted using GraphPad Prism. N.S., no significant difference. EC/AG,
entorhinal cortex and amygdala.
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Figure 3.8.3.2.4 Immunohistochemical staining of ncurofibrillary tangles of the
medulla of male JNPL3 mice treated with (left) or without (right) curcumin in
peanut butter as vehicle. Antibody AT8 was used. Images were captured at 40x
magnification. '
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Figure 3.8.3.2.5 Immunohistochemical staining of neurofibrillary tangles of the
entorhinal cortex and amygdala regions of male JNPL3 mice treated with (left)
or without (right) curcumin in peanut butter as vehicle. Antibody AT8 was used.
Images were captured at 40x magnification.
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Figure 3.8.3.2,6 Quantification of percentage tangle (AT8-immunopositive) arca
in (A) medulla and (B) EC/AG sections of JNPL3 male mice treated with or
without curcumin in peanut butter as vehicle. Data are normalized to 100 for the
control group. Results are cxpressed as mean £ SEM. Statistical differences
between control and curcumin groups were compared by Student’s {-test using
SPSS, and were plotted using GraphPad Prism. *, p<0.05; N.S., no significant
difference. EC/AG, entorhinal cortex and amygdala.
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3.8.4 PHF level
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Figurce 3.8.4.1 Representative Western blots of sarkesyl-insoluble tau (PHF)
extracted from the cortex of JNPL3 mice treated with or without curcumin in
chow. (A) male and (B) femalc mice. T, curcumin trcatment; C, control.
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Figure 3.8.4.2 Quantification of PHF from JNPL3 male and female mice treated
with or without curcumin in chow as vehicle. Data from blots were quantified
using ImageJ software. Results are expressed as mean £ SEM. Statistical
differences between control and curcumin groups were compared by Student’s
t-test using SPSS and were plotted using GraphPad Prism. N.S., no significant
difference.
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CHAPTER FOUR: DISCUSSION

4.1 Effects of curcumin on phenotypic changes

As a prehiminary study using animals at the most elementary level. the health of the
subjeets was monitored for any possible side effects that could not be identified in cell
culture studies. Body weight change is casily obscrvable. Mortality is especially
important in assessing the safe usc ol a medicine for long term treaiment. [n addition,
for a particular disease model, specific behavioural assessment which characterizes

the beneficial use of the medicine in curing the disease is of the ultimate importance.

4.1.1 Effect of curcumin treatment on body weight

Our finding suggests that long term use of curcumin has a significant effect on
slowing the loss of body weight. This effect is consistent 1n most strains ol both sexes
and particularly statistically significant in males of the INPL3xTe2576 strain. females
of the JINPL3 strain, and the combination ot both sexes and all strains. This finding is
our lirst evidence which suggests that prolonged usc of curcumin is not harmful and.
at the same time, may delay or slow the aging progress. The transgenic mouse models
of AD wce use in this study develop symptoms and histopathological features onty at
old ages. The body weight generally decreases along with physical activities. which
suggests that the aging progress and the discasce have already begun. In fact there 1s o
study showing that the onset ol discase in JNPL3 mice is {ollowed by weight loss
(Bolmont et al., 2007). In aging, Tg2576 mice become less aggressive, INPL3 mice

begin (o have paralysed hind legs, and INPL3xTg2576 mice (which are the ofispring
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of female JNPL3 and male Tp2576 mice} show both {eatures even carlier than cither

parent strain.

Therefore, by slowing the loss of body weight, it is possible that curcumin
may delay the onset or slow the rate of aging and. to some extent, Al Body weight
could be allected by many fuctors, such as physical excreise. metabolic rate and the
amount of food intake. It has been suggested that aging is inversely associated with
insulin sensitivity and protein level of glucose transporter 4 (Glutd) (Houmard et al.,
1995). Another study showed that curcnmin increases glucose uptake into the skeletal
muscles in vitro by upregulation of membrane Glutd expression in @ muscarinic M-1
cholinoceptor and phosphoinositide 3-kinase dependent manner (Cheng et al., 2009).
Taken together, this evidence suggests that curcumin may slow the loss of body

weight during aging by increasing glucose uptake mnto skeletal muscle.

Morcover, some studies suggest an association between body weight loss and
AD (Cronin-Stubbs et al.. 1997, Wolf-Klein and Silverstone, 1994). or the use of
accelerated weight loss as a preclinical indicator of Al} (Johnson et al.. 2006).
Theretore. our observations suggest that curcumin may slow the progression of AD.
Nevertheless, there is o lack of studies suggesting whether there is any relationship
between glucose uptake into skeletal muscle and AD. and the mechanism connecting
accelerated weight loss with AL 1s still unknown (Woli-Klein and Silverstone, 1994).
Although the mechanism by which curcumin slows body weight loss 1s outside the
scope of this study. it is worth {urther investigation, as is the connection betweenbody

weight loss and AD.
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4.h\Mortality upon curcttmin treatment

Further investigation into the toxicity ol long term usc of curcumin suggests that it
significantly reduced the mortality of all mice treated with curcumin in this study. The
effect was significant in male but not female mice, which suggests that the protection
has a gender-dependent eflcet. Performing analyses of individual strains found that
curcumin significantly reduced the mortality of only one strain, male JINPL3IXTg2576
mice, which suggest that it has a strain-dependent cffect. However. all strains and
treatments of maie mice exhibited a tendency toward protection by curcumin, thus it
is possible that experiments using larger numbers ol mice would demonstrate
significant mortality reduction of all groups of male mice. Although there 15 one
repor! that curcumin extends life span in Drosophila melanogaster (Lee ¢t al.. 2010),

our study is the first 1o show that long term use of curcumin reduces mortality in

mammalian AD models.

lLoss of statistical significance in lemales oflen occurs in animal studies due to
physiological variations of the reproductive system. Therefore, by excluding all
female mice, the analysis showed that the reduced mortality was much more

statistically significant.

It has already been shown that transgenic mice which overexpress the human
Swedish mutant APP transgene have high premature lethality (lsiao et al., 1995).
Another report mentioned that mice ol the Tg2576 strain had increased mortality,
especially during the ages of six to 12 months, compared to a non-transgenic
background strain {King and Arendash, 2002). There is no report on whether the
survival rate is allected in JNPL3 mice. which overcxpress mutant Mapt. ‘The

offspring produced by crossing INPL.3 and Tg2576 have carlier and more severe and
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extensive development ol neurotibrillary tangles but not of plaques. which suggests
that the interaction of mutant APP and Mapt cnhun::cd the toxicily of tauopathy
(Lewis et al.. 2001). Thus. it is possible thatl the exapgerated toxicity induced by the
dverexprcssion of both mutant APP and Mapt increases mortality in INPL3xXTg2576.
In our study, we nolitccd that INPL3xTg2576 mice died earlier than their parent

strains. Therefore, we had shifted our design to use younger mice of this strain for

long term curcumin treatment.

After the course of treatment, we noticed the reduced mortality with curcumin
treatment of JNPL3 and more obviously of 12576, though the reduction did not
reach statistical significance. Curcumin reduced the mortality of INPL3xTg2576 1o a
grecater degree than either of its parents, suggesting that the toxicities from
overexpressing mutant APP or Mapt are enhanced n this strain. Therefore. curcumin

may larget these toxicities by multiple pathways.

Here, we must emphasize that most human AD patients. unlike our transgentc
mice, have ncither APP nor Mapt mutations and have late-onset discase without a
drastic decrease in longevity. The search for possible mechanisms by which curcumin
reduces mortality are not in the scope of this study. Our result does not suggest that
l()ng term curcumin treatment can extend the life span of other animal models of AD
or of human patients. Rather. it -suggests that curcumin may ameliorate the adversc

effects cxerted by overexpression of mutant APP and Mapt. and thereby delay the

death that occurs at an unusually carly age.
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4.1.3 Rotarod performance upon curcumin treatment

The most obvious phenotypic impairment of JNPL.3 mice is their deteriorating motor
tunction performance (l.ewis et al., 2000). In our study, assessment of male INPL3
strains found no statistically significant change of motor function between mice with
or without curcumin treatment. although there was a trend toward increasing the

difference of the mean performance between treatment and control groups.

The lack of significance may be due to the large variation of the time of onset
of motor function impairment of this strain, with a range of about four months
(Bolmont et al.. 2007). In our study. we did not observe deterioration of the rotarod
performance of male JNPL3 mice at the age of 14 months after six months of
curcumin treatment. Theretore, we cxcluded the mice of this age from motor
performance assessment lor the effect of curcumin trecatment. Female mice were
excluded. too, since they generally have large physiological variations. Betore starting
treatment, it is not possible to predict which individual mice will develop a phenotype
of carly onset of motor {unction impairment. However, we can screen out those which
have developed hind leg paralysis. In order to narrow the variation of phenotype. we
used mice at an older age, 16 months old., with no observable motor function

impairment. The vehicle for curcumin administration was changed to peanut butter for

easier contro! of dosage.

As we expected, deterioration of motor {unction occurred during the course of
treatment. There was great variation among individual mice. with some mice
displaying very severe impairment which caused complete inability to perform the
rotarod test, and other mice performing very well on the test. Therefore, we had to

shorten the treatment period to 10 wecks. Since the slarting and ending number of
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mice was 100 small to discern moderate effects in the face of large mterindividual
varialion. we were not able to conclude whether or not curcumin has a beneficial

cffect on motor function impairment caused by overexpression of mutant human Mapt.

Since AD is a form of dementia, the appearance of a memory deficit is the
most important phenotypic change of 125376 mice for modeling AD in human
patients (Hsiao et al., 1996). However, we encountered several problems in assessing
memory loss. Memory studies of Tg2576 mice are often pertformed using the Morris
water maze. However. we found in our preliminary experiment that most of our mice
at the age of 13 months either only stayed in the water without swimming or died by
drowning. Morcover. there is a report showing that the cognitive pertormance of this
strain was greatly affected by the genetic background. and the decline of memory did
not differ [rom that of a non-transgemic control strain with the same genetic
background (King and Arendash. 2002). Furthermore. we ended up with very few
mice surviving to finish the treatment regime. Thercfore. the use ol this strain for

memory assessment was aborted.

IFor INPL3xTg2576 mice, in principle. the eflect of long term curcumin
treatment on phenotypic changes could bc monitored by both the rotared test and the
Morris water maze. [However, for the same reasons as mentioned for the individual
parent strains, and since the mortality of this strain is so high. we estimated that
behavioural assessment would not have enough statistical power (o reach meaninglul

conchusions. Therefore, this strain was excluded from behavioural studies.

Taking all the data together, phenotypic assessment does not suggest the
benefit of long term use of curcumin. The most important reason 1s the small sample

size of each strain in this study in the context of high genctic variability. which may
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seriously affect the consistency of the results. Nevertheless. with the observation of a
tendency toward better rotarod performance with curcumin treatment of male JNPL3
mice, further study using larger numbers of phenotype-screened JNPL.3 mice is highly
reccommended. Further experiments using Tg2576 mice should consider choosing a
suitable inbred strain, backcrossing in order to inbreed mice for enough generations to

reducc the genetic variability, screening out the mice which cannot swim and using

control strains with the same genetic composition.
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4.2 Effects of curcumin on AP generation

One logical approach to study the clfect of drugs on treating AL is to track down the
cffect of the drugs on mechanisms of the development of AD neuropathologies. Since
curcumin has been shown (o reduce AR cytotoxicity in vitro (Qin ¢t al., 2009; Qin ct
al., 2010} and decrease amyloid plaque formation in vivo (Lim et al., 2001), we are
interested to know whether curcumin treatment has any effect on the initial

prerequisite stage ot plaque development — AP peptide generation.

4.2.1 Microarray of APP cleavage enzyme and competitive substrate

genes

Microarray is the fastest method 10 simultaneously observe the difterential expression
of the complete set of over 30,000 genes. We used it as a preliminary screening (o
identify genes whosc cxpression is influenced by curcumin treatment. Since the
reliability of microarray experiments could be aflected by many factors, such as the
integrity of RNA across samples and the quality of printed spots for individual genes
across chips, the confirmation of microarray results is necessary, and can be

accomplished by methods such as real-time PCR.

Our microarray results suggest that expression of secretases involved in a-, f3-
and y- cleavage of APP protein for the generation of AR pepuide was not obviously
affected by curcumin trcatment. On the other hand. the data also rcveal that the
expression of many substrates ol these secretases was upregulated or downregulated

over two fold, with Btc, Cd46, Ereg, Fecer2a, Mucl and Sell being downregulated, and
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Hs6st3 and Kl upregulated. lowcever, it is very important to note that the changes we

observed in gene expression usually arc not consistent among different strains,

The microarray data of our study arc unrcliable, which makes the analysis very
ditficult. Besides the technical issues that cannot be overcome, the pooling of RNA
samples introduced another clement of variability which made the data less
representative of each group of mice. In order to reduce the cost. we prepared pools of
RNA from the mice of the same strain. treatment and administration mode by mixing
equal amounts of RNA samples that met RNA integrity standards. Therefore, we had
four pairs of treatment and control groups: JNPL3 with peanut butter as vehicle,

JNPL3 with chow as vehicle, Tg2576 with chow as vehicle and INPL3xTg2576 with

chow as vehicle.

For the groups with curcumin administrated in chow, the dosage of curcumin
intake and time of final dose were hard to control. Therefore. they were dissected after
overnight fasting in order 1o show the long term cffect ol curcumin treatment. For
curcumin administrated in peanut butler. the mice were fed with curcumin by the
dosage that is cquivalent to the daily consumption of mice in groups administrated in
chow, assuming that the daily chow consumption is about 20% ot body weight. The
mice were dissceled about one to 1.5 hour after the final administration, which could

be used 1o study the acute effect of curcumin on regulation of gene expression.

Besides the diffcrences of treatment modes. the small sample sizes of mice for
pooling in each group reduced the representativeness of each pool. Another problem
is that each pair of groups is actually of different strains or ages. As a whole. the

microarray results could be analysed by the consisltency of fold change observed
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across groups and could serve as a guideline for candidate gene selection for studies

of different pathways. '

4.2.2 ' Real-time PCR of APP cleavage enzyme and competitive

substrate genes

Our results from real-time PCR experiments confirm that curcumin has no long term
or acute effect on the cxpression levels of a-sccrctases (Adam9, Adaml0 and
Adam17) or of the B-sccretase (Bacel) in vivo. a-secretases can cleave APP at the -
site. Bacel is the only known i‘rhysinlogical B-secretasc. which cleaves APP at the [3-
site. It has been shown that Bacel expression was incrcased in response to oxidative
stress (Tamagno ct al., 2003), which can be generated by AB1-42 peptide (Butterfield.
2002), and by the presence of redox-active metal ions, such as Cu(ll) (Huang ct al..
1999a; Huang et al., 1999b). Protein expression and activity of Bacel were shown to
be incrcased in the brain of sporadic AD patients (Marks and Berg, 2008). Recent
study has shown that curcumin can suppress Af31-42 peptide—induced upregulation of
Bacel expression (Shimmyo et al., 2008). Another study has shown that only redox

active metal ions increase Bacel expression in vitro (Lin et al., 2008), which can be

inhibited by curcumin.

However, these studies only showed the direct effect of purc A31-42 peptide
and pure metal ions in vitro. The effect of curcumin on inhibiting Bacc1 expression in
thesc studies may be a result of direct ncutralization of the toxicity by preventing A3

from forming toxic species and chelating redox active metal ions. Morcover, applying

curcumin to cultured cells cannot show the effect of metabolized curcumin, which can
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only cxist naturally in the brain. Furthermorc, a study using Tg2576 mice showed that
Bacc! activities increased with aging. but the protein and mRNA levels are not
changed (Apelt ct al., 2004). Thus, even though ROS increased in response to
increasing AP level. it is not cnough to increase Bacel expression. Therefore, the
results from these studies may only show thal curcumin can reduce the toxicity of

APB1-42 peptide and metal ions in vitro at physiological irrclevant conditions.

We did not artificially elevate Bacel cxpression in our mice. This means that
the expression occurred under physiological conditions. Also, curcumin was taken
orally, which means it was mctabolized betore entering the brain. Therefore. our
result shows a reliable in vivo study on the cffect of naturally existing and
metabolized curcumin on the natural expression of Bacel in the hippocampus region.
Our data from four different groups of mice suggest that curcumin treatment hasl [no

significant effect on Bacel expression.

‘Although the expressions of genes for a- and [3-sceretascs were not affected
by curcumin, the ralc of APP cleavage may be influenced by the level of other
proteins wl:ich are the substrates of sccretases competing with APP. Qur real-{ime
PCR data show that the levels of Bte, Kl and Sell were increased by curcumin
trcatment. Since the changes were only in JNPL3 (chow) mice but not INPL3 (PB)

mice, we suggest that they were not caused by acute effect of curcumin treatment and

that a single high-dose treatment per day is not enough to producc this response.

Btc (betaceliulin} is an epidermal growth factor-like growth lactor. 1t is
expressed in precursor form as a transmembrane protein. [t can be proteolytically
processed by Adam10, Adam17 and y-secrctase (1linkle et al., 2004: Sandcrson et al.,

2005; Stoeck et al., 2010). Its function in the brain 1s not clear. However, a- and y-

186



secretase cleavage of pro-Bte can be enhanced by 11,0, stimulation (Sanderson et al.,

2006).

K1 (klotho} is a type-1 transmembrane protein highly expressed in brain. It is
proteolytic processed by Adaml0, 17, Bacel and y-secretase (Bloch et al.. 2009).
Data showed that overexpression of Kl extends lite span of mice (Kurosu ct al., 2005),
a very interesting finding since this clfect is consistent with our data that mortality
was reduced in our mice treated with curcunn. It s also a protective protein against
oxidative stress (Yamamolo et al., 2005). Kl mutant mice develop cognitive
impairment at the age of seven weeks (Nagai et al., 2003), suggesting that loss of
function of K| has delcterious effects in the brain. Therefore, upregulation of KI not
only protects the brain against ROS toxicity, but also extends the healthy life of the
brain and reduces the mortality of subjects, and K upregulation has been targeted as a

potential trecatment for AD (Wolle. 2010).

Sell (sclectin 1) is a member of the lamily of adhesion receptors (Bevilacqua
et al., 1991). It is a substrate of Adam]7. The expression and {unction in the brain is
not known. Although its expression in the curcumin treated group ol INPL3x'T22576
mice was statistically significantly different from the control group. the result 15 not
very reliable since the sample size of this strain 1s very small in both the curcumtn and

control group (5 vs 3).

Taken together, our data show that expression of «- and [3-secretases was not
affected by curcumin at a transcriptional level. Interestingly, we lound that K1 was
increased upon long term curcumin treatment. This finding and our finding ol reduced
mortality are consistent with a study showing that overexpression of Kl incrcases life

span (Kurosu ct al., 2005). Further investigation on how curcumin increases Kl
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expression, on whether increasing Kl expression has any efteet on APP or AR
metabolism, on tauopathy, on maintenance of cholinergic tfunctions and on

neurodegeneration are very intcresting [ollow-up project directions.

4.2.3 Secretase function assays

It is important {o remember that the expression of « and [-sceretases may not clearly
represent the functional activitics of these secrelases. Activity assays for cach of them

must be performed.

Our data show that curcunun significantly suppresses the a-secretase activity
in female JNPL3x 12576 mice. However, it has no cflect on males or other strains.
This resull should be taken with caution since this strain has high interindividual
variation (because it was bred on a mixed genetic background). and the sample sivze of

females in both treatment and control groups was extremely small (5 vs 3).

For [3- and y-sceretase activity assays, our data suggest that curcumin has no

sigmficant eflect.

Taken together, we did not lind any rchable and significant eflect of curcumin
on o, - and y-sccretasc activities. Theretore, we conclude that mechanism by which

curcumin may treat AD is not through AP production pathways.
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4.3 Effects of curcumin on AP aggregate formation

Since we found that secretase activity is not affected by curcumin treatment in vivo,
the toxicity of AP peptides should not be diminished by curcumin through
suppressing Af} generation. Therefore, the next question we would like to know is
whether curcumin has any cffect on reducing the toxicity of A3 peptides by inhibiting

the formation of toxic A} aggregates.

4.3.1 AP aggregation Thioflavin T assay

AP apgregates induced by metal ions were used for testing the effectiveness of
curcumin in reversing A} aggregation. Our data suggest that curcumin disaggregates
the preformed A[} aggregates. Thioflavin-T, which binds to [3-sheet structure
specifically, is used as a detector to quantify the level of B-sheet structure of AP
aggrcgut'es. Therefore, the results also suggest that curcumin converts the f-sheet
structure which is adopted by amyloid and insoluble A fibrils to soluble forms. This
effect of curcumin is useful because conversion to B-sheet structure is a prerequisite
step in the formation of insoluble plaque. The concentration of curcumin which
inhibits half of AP aggrcgate formation is between 0.3 and 0.9 uM, which is in
agreecment with previous reports that used AP fibrils that were not induced by metal

ions and found an ICs of curcumin between 0.1 and 1 uM (Ono et al., 2004).

To mimic the formation of AP aggregates more physiologically, we used
aggregates which arc induced by the metal ions Cu(Il) and Zn(Il) (Bush, 2003).

Although curcumin has very different binding affinity to Cu(ll) and Zn(II) ions
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(Baum and Ng, 2004), we did not obscrve a big ditference of the [Csy between
aggregates induced by Cu(ll) and Zn(11) and between ours and the studics by (Ono ct
al., 2004). Morcover, a study showed that curcumin binds to amyloid plaques in vivo
(Yang et al., 2005). Therefore, we suggest that the mechanism by which curcumin
disaggregates Af is not metal chelation. Curcumin may bind to insoluble A} plagues

or {ibrils and turn them back to a soluble form.

Curcumin is very insoluble in agqucous solution, which makes 1t very poorly
absorbed through oral administration. The reported concentration of {ree curcumin
administrated by oral feeding 1s around 1.4 M in the brain (Begum ct al.. 2008), but
it is below the detection limit in plasma. Glucuronidated curcumin is the predominant
form in plasma. tHowever, glucuronidated curcumin may not help to treat AD since it
does not pass through the blood brain barrier (Begum ct al.. 2008). Based on the fact
that the 1Csy of curcumin tor the formation of A} aggregates is within the
physiologically relevant concentration of (ree curcumin in the brain. we suggest that
curcumin disaggregaling amyloid plaques and preventing their tormation from Af}

peptides are physiologically possible.

4.3.2 Western blotting of monomeric A} from anti-Ap aggregation

assay

Although curcumin can disaggregate AP aggregates, it is nol clear whether the
solubilized AP would form other multimeric forms which may be toxic. We used
western blotting to check the change of the level of monomeric AP peptide upon

curcumin disaggregation, Our data show that the level of monomeric Ap peptide is
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stgnificantly incrcased with increasing concentration of curcumin. [t s important to
know that curcumin, even within its physiological concentration range, stll
significantly disaggregates Af} and returns it to monomeric form. which 1s morc
readily removed or degraded. Therclore. the data lurther strengthen the protective
cftect of curcumin on inhibiting amyloid plaques and facilitating their clearance in a

physiological relevant manner,

4.3.3 Immunohistochemical staining of 4G8-immunopositive plaques

[n order to reproduce the effect of curcumin on reducing amyloid plagues in vivo, we
repeated other studies on treating APPswe overexpressing mice. Tg2576, with
curcumin (Hamaguchi et al., 2009; Lim et al., 2001; Yang et al.. 2005). However, our
data do not confirm the ¢ffect of curcumin on amyloid plague reduction. We believe

that this is due to two major reasons.

First of all, the mortality ol this strain during the trecatment period was high:
only nine curcumin-ircaicd and tour control male mice completed the treatment. It is
possible that all mice with more severc amyloid pathology died, which would be
consisient with the observation that the mice which completed the treatment showed

N
relatively few plaques.

Sccondly, this strain was bred on a mixed background of two diflerent strains.
This makes the genctlic composition vary greatly among individual mice (l.assalle et
al., 2008). This genctic diversity would likely correspond with variation in the onset
and severity of amyloid pathology. The way to overcome the genetic variation is by

backcrossing to an inbred strain for cnough generations unil a consistently narrow
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range of amyloid pathology is confirmed by histology. llowever, repeated
backcrossing Lo an inbred strain lor many generations may lead to eventual loss of the
transgene. Therefore, problems of the genctic background cannot be solved guickly.
Nevertheless, it is still possible to use this strain lor treatment studies, provided that

the number of mice is large enough to cover difierent durations of treatment stratepies.

Our data suggest that curcumin can disaggregate amyloid plaques and prevent
the formation of aggregates [rom soluble A, Disassembling aggregates into
monomeric AP may allow casier clearance by other pathways in a physiological

relevant manncr.
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4.4 Effects of curcumin on AP degradation

As curcgmin can reverse the formation of toxic AP species, it would eventually lead
to an increascd level of soluble, non-toxic Af3. Once the concentration of curcumin
returns to an ineffective level, more toxic AP species can be readily formed. Therefore,
reducing AR toxicity by reversing the formation of A} aggregates may not entirely
explain the effect of curcumin treatment on reduced plaque burden. Since we showed
that curcumin has no ettect on reducing AB production in vivo, and a report showed
that curcumin can reduce the amyloid plaque formed from intracerebroventricular
infusion of AP (Frautschy et al.. 2001). we are interested 10 know whether curcumin

has a direct effect on the catabolism of AP beptides n vivo,

4.4.1 Microarray of AP degrading enzyme genes

In the microarray study of male mice, our data suggest that Ace. Bsg and Mmp2 were
selectively upregulated by over two fold in some groups trecated with curcumin.
However, Mmp3 was upregulated over two fold in JNPL3 (PB) and JNPL3xTg2576
but downregulated by a similar magnitude in Tg2576. However, after selcction of
samples by RNA integrity, the sample size of Tg2576 and JNPL3xTg2576 involved
in the pool were just 8 vs 4 (for curcumin vs control) and 5 vs 2, respectively. Another
problem was that the mice were bred on a mixed genetic background. Thus, we did
not try to draw a conclusion based on this result. Nonetheless, we chose genes for
real-time PCR based on the current literature on the candidates for involvement in A3
degradation and the results from JNPL3 (PB) mice, which were screened by the

pathological change and had well-controlled feeding amount and dissection time.
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4.4.2 Real-time PCR on gene expression of AP degrading enzymes

Afier confirmation of genc expression by real-time PCR, our lindings suggest that
long term usc of curcumin significantly upregulates lde, Mmp2 and Mmpl4
expression. Since we only see the cffect on JNPL3 (chow) but not INPL3 (PB). we
suggest that the upregulation of Ide, Mmp2 and Mmp14 is not due to an acute effect

of curcumin, and a single high dose administration per day is obviously incllective.

Ide (insulin-degrading enzyme) is a 110 kDa zinc-binding protease which was
identified by insulin degradation ability (Affholter ct al.. 1988). 'The purified Ide trom
rat brain can degrade AP peptide (Kurochkin and Goto, 1994). It can cxist as a
cytosolic form, a secreted form from microglia and a membranc associated form in
differcntiated neurons (Vekrellis et al., 2000). It can be found in cerebrospinal fluid as
a functional form which can degrade extracellular A} (Qiu et al., 1998). Since lde has
higher affinity to insulin than 10 A} peptide, insulin can inhibit the degradation of Ap
peptide by Ide (Kurochkin and Goto, 1994). It has been shown that Ide can degrade
AP in vivo—deletion of Ide in mice increased the cerebral concentration of
endogenous AP and decreased AP degradation by the membrane fraction of brain
tissue by half (Farris et al., 2003)—which suggests that Ide is not the only protease for
AP degradation. Gencetic linkage analysis showed that the chromosome 10g23-24
region containing the Ide gene is associated with AD (Bertram et al., 2000).
Functional analysis of the polymorphism showed that the catalytic activity of Ide was

decreased without a change in the mRNA lcevel (Kim ct al., 2007). These reports

suggest that reducing the activity of Ide would increase Af} accumulation and the
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chance of developing AD. Furthermore, overexpression of Ide reduced plague and AP
levels by increasing AP degradation. which also reduced premature lethality of APP
overexpressing mice (Leissring et al., 2003). Taken together. these studics support the

beneficial cifects of upregulation of Ide in reducing AP and treating AD.

Mmp?2 (matrix metallopeptidase 2) is a 72 kDa type IV collagenase (Devarajan
et al., 1992). It is expressed as the pro-Mmp2 form. which requires Mmpl4 for
activation {Strongin et al., 1995). It can cleave A} at Lys16-l.eul7. L.eu34-Met35 and
Met35-Val36 in vitro (Roher et al., 1994). It i1s expressed and secreted by astrocytes
{Yin et al.,, 2006). Expression of Mmp2 is increased in AB-stimulated human
cerebrovascular smooth muscle cells (Jung et al., 2003), astrocytes and mixed
hippocampal cells in vitro (Deb and Gottschall, 1996) and plaque-surrounding
astrocytes (Yin et al., 2006). In vitro study showed that conditioned medium [rom
astrocytes can cause AP peptide fragmentation (Deb et al.. 2003) which is inhibited by
Mmp2 inhibitors (Yin et al.. 2006). In vivo study showed that AR concentration is
incn':ased in Mmp2 knockout mice (Yin ¢t al.. 2006). This evidence suggests that
Mmp?2 is required at least by astrocytes for degradation of extracellular A, and that
Mmp2 is upregulated in response to increased A} level in the brain. which supports

the beneficial use of curcumin to enhance Mmp2 cxpression for A clearance in

treating AD.

Mmpl4, membrane type-1 (MT1)-matrix mectalloproteinase, is a 66 kDa
integral membrane protein (Sato et al.. 1994). It 1s expressed by microglia and
astrocytes in the brain (l.iac and Van Nostrand, 2010; Yamada et al., 1995).
Expression in human astrocyloma cells and cerebrovascular smooth muscle cells can

be increased by AP in vitro, which enhances Mmp2 activity (Deb et al., 2003; Jung et
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al., 2003). Cos-1 cells expressing transtected Mmpl4 alone, without Mmp2, can
decgrade exogenous AP peptides in vitro (Liao and Van Nostrand. 2010). Truncated
Mmp14, without the transmembrane domain. still possesses the ability to cleave AP
peptides, and it can also degrade synthetic fibrillar AB1-42 and amyloid plagues from
Tg2576 mice (Liao and Van Nostrand, 2010). As with Mmp2. an in vivo study
showed that Mmpl4 expression is also increased in the reactive astrocvies
surrounding microvascular amyloid deposits (l.iao and Van Nostrand, 2010). which
suggests ils expression is induced in responsc 1o AP in order to clear Af from the
brain. Therefore, the uprcgulation of Mmpl4 not only increases AP peptide and (ibril
degradation, bul also activates Mmp2 for AP clearance, which suggests multiple

advantages of curcumin to enhance Mmp14 expression for AP degradation.

Another interesting result we noted by comparing the effects in different
groups is that the upregulation of Ide. Mmp2 and Mmp14 only happened in JINPL3
(chow} but not in JNPL3 (PB). One explanation could be different dosages of
curcumin. The amount of curcumin fed to INPL3 (PB) mice was calculated by the
daily consumption that we assumed the mice in JNPL3 (chow) would take from the
chow. That mcans JNPL3 (PB) took a single dose which was caten by INPL3 (chow)
mice over a whole day. We belicve this is the adverse cffect of high dose curcumin
treatment since another group also found that high dose curcumin trcatment of
Tg2576 did not reduce amyloid plaques, insoluble and soluble A3 and the astrocytic
marker GFAP compared to low dosc curcumin treatment (Lim et al.. 2001). They
obscrved that a high dose of curcumin suppressed clearance of A by glia.

Interestingly, Ide, Mmp2, and Mmpl4 arc all produced by glia.
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There are some limitations ol this study. First of a.ll. the activitics of these
proteases have nol been confirmed. For example. Mmp2 tunction requires activation
by Mmpl4, thus the degrading activity of a protcase may not be proportional to its
mRNA level. Secondly, this result was only confirmed in JNPL3 (chow) mice but not
in Tg2576 mice, perbaps due to an insufficient number of mice in the latter strain, It
would be intercsting to know if there is any inter-strain vanations, if the basal
expression levels of these proteases are higher in Tg2576 than INPL3 mice in
response (o the presence of higher overall levels of soluble A} and amyloid plaques in
the brain. and il curcumin can still produce the same effect in Tg2576 if the basal
expression of these protcases was already upregulated. Future investigation should
also study whether curcumin can increase their expression in different neural cell
types, how curcumin upregulates their expression, what dosage and duration of
treatment are important for such an effect, whether curcumin still has an effect on
AP reduction when these genes are knocked out, and to identily other possible
degrading cnzymes uprcgulated by curcumin. However, due to the limitation of time
and resource, the above suggested studics are not covered in this project.

In summary, our result is the first and the only in vivo study to report that
curcumin incrcases the expression of several of the known A degrading enzymcs.
Ide, Mmp2 and Mmpl4. This upregulation may be related to the reduction of amyloid

plaques and soluble AP peptides.
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4.5 Effects of curcumin on AP removal

Degradation is not the sole pathway by which AP level can be reduced. There are
transporters and receptors responsible for transferring and taking up AR to cells for
turning over or transporting to the circulatory system. Therefore, the next issue we
would like to address is whether curcumin treatment can aflect the levels of these

transporters and rcceptors in vitro and in vivo.

4.5.1 Cell culture study

QOur data suggest that phenolic compounds. curcumin. ferulic acid and tannic acid,
have significant etfects on increasing the sccretion of Apoll protein Irom microglial
cells. In the MTT cell viability assay, we noted significant changes of cell viability at
relatively high concentrations of phenolic compounds. Curcumin at concentrations
over 15 puM increased cell viability and reduced ApoL: secretion. However. curcumin
cannot reach this concentration in vivo. Tannic acid at over 6 pM dramatically
reduced cell viability and sharply reduced ApoE sccretion. Therefore. although we
observed a decrease of ApoL secretion corresponding to decreased cell viability, the
incrcase of ApoE sccretion at low curcumin concentrations was not likely to be

afTected by the cell viability, which did not change at a rcasonably low and non-toxic

level of curcumin.

ApoE is a 34 kDa protein responsible for cholesterol transport and metabolism
of lipoproteins in plasma (Weisgraber and Mahley, 1996). It is expressed and secreted
by astrocytes and microglia in the brain tissue. It has becn shown that ApoL can

interact with AP and facilitate its uptake through ApoE receptors. Different ApoE
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isoforms show different AP clearance rates. in the order ol Apok2 > Apoli3 > Apok4
(Castellano et al.,, 2011). Carniers of the Apol:4 allele have increased risk of
developing LOAD (Corder et al., 1993). A clinical study showed that the levels of
Apol: inversely correlated with AP levels in the brain (Lambert ¢t al., 2005). Recent
in vitro and in vivo studies showed that ApoE isoflorms aftect Apok prolein levels in
conditioned medium of astrocyte cultures and in the brains, CSF and plasma of mice
sclectively exﬁressing onc of these isoforms in the order of E2/22 > L3/E3 > [4/L4
(Riddcl! et al., 2008). This cvidence suggests that loss-of-lunction of Apokl increases
the risk of developing 1.OAD, probably due to a reduced level of Apol:. Therefore, we

believe that increascd cxtraccllular ApoE could lacilitate AP removal.

Nevertheless, although we saw an increased level of ApoE in the microglia
conditioned medium, it 1s possible that this was duc to reduced degradation of Apok
by microglia. Moreover, we did not try to show that increased Apol: level could
increase the uptake of A} peptide in our cultured cells. Due to the hmitation of time

and rcsources, these experiments may be conducted in the future.

In summary, based on the literature and our data, we suggest that curcumin
may reduce amyloid plaque formation by increasing AP removal through increasing

the level of extracellular ApoE secreted from microglial cells.
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4.5.2 Microarray of AP transporter and receptor genes
4.5.2.1 AP transporters

In examining transporters ol A}, our microarray data suggest that levels of ApoAl,
Ttr and Ltt may be affccted by curcumin treatment. ApoAl may be suppressed. Ttr
may be increased since it was consistently upregulated over 2 fold, except in the
Tp2576 group. with a 27 fold risc in the INPL3 (PB) group, which may suggest an
acute effect of curcumin on upregulation of Ttr. Ltf was upregulated in JINPL3 (chow)
but downrcgulated in JNPL3 (£B) which may suggest that the long term and acute

effects of curcumin arc opposite.

4.5.2.2 AB receptors

Examination of AP receptor genes in our microarray dala showed that Ager. Cd36 and
Msrl expréssion were affected. Ager and Cd36 were only affected in JNPL3 (PB),
suggesting that the changes werc in response to acutc curcumin treatment. Since Msrl
was only uprcgulated in INPL3xTg2576, but not other groups, we believe it may not

be a reliable resuit.

4.5.3 Real-time PCR of AP transporter and receptor genes

4.5.3.1 Gene expression of Af transporters

Our results for the confirmation of AP transporter levels suggest that no known AP

transporters were significantly up or down regulated by long term or acute curcumin
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treatment. For ApoE expression, the data are important as comparison 1o the
microglial cell culture result. Based on the cell culture and animal studies on protein
and mRNA levels, respectively. we suggest that curcumin can increase  the
extraccllular Apol protein level but that the increase is not caused by higher Apok

expression.

4.5.3.2 Gene expression of AP receptors

Our data of real-time PCR for the genc cxpression ol AP receptors conlirm that
curcumin significantly upregulates ApocR2, Lrpl and Msrl. The fact that the
significant changes occur only in JNPL3 (chow) mice, but not INPL3 (PB) mice.
suggest thal they were not caused by an acute effect of curcumin treatment and that a
single high dose trcatment per day is nol enough to producc this response. Qur data
also show that L.rp2 was significantly affected by curcumin trcatment. Since there was
no significant dilference within individual strains, we belicve the data of this gene are

nol reliable, and it will not be discusscd further.

ApocR2 (Apolipoprotein E receptor 2. also called low density lipoprotein
receplor-related protein 8, or Lrp8), is a membrance protein with multiple domains. It
can acl as a receptor for low density lipoprotein (1.DI.) and very low density
lipoprotein (VLDL) (Kim ¢t al., 1996). It is widely expressed in brain, especially, in
granule cells, pyramidal ncurons and Purkinje cells of hippocampus and cercbellum
regions (Clatworthy ct al., 1999). It is found that ApoeR2 colocalizes with and
increases cell surface and lipid rafl associated APP.leve]. and its cxpression associated

with increased AP production in vitro (Fuentcalba et al., 2007). However, severe
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ncurological dysfunction was observed upon double knockout of this gene, which
may be due to the loss of binding function to sclenoprotein P, which maintaing the
sclenium level in the brain (Burk et al., 2007). A recent report did not show an
association between ApocR2 polymorphism and dementia (Helbecque et al., 2009),
Bul a case-control study showed that the R952Q variant of ApoeR2 has an additive
effect to ApoE isoforms in atfecting the Apok level in plasma (Martinelli et al., 2009),
which suggests an association between the ApoE level and ApoeR2. Nevertheless, the
relationship amongst ApoeR2, Af3 and Al is still unknown. Therefore. it is still not
known whether ApocR2 uprcgulation has any protective or adverse cliect to the
development of AD. Further study is needed to conlirm whether ApoeR2 level would

affect the metabolism of Af3.

Lepl (low density lipoprotein receptor-related protein 1), which s a well
known receptor for Apok (Myklebost et al., 1989) and alpha-2-macroglobuiin
(Chappell et al., 1992), is a membrane protcin which i1s expressed as a 600 kDu
precursor form and is then cleaved into two non-covalently linked protein subunits: an
exiracellular 515 kDa heavy chain and an 85 kDa transmembrane light chain. Genetic
association studies suggested that Lrpl polymorphisms associaied with LLOAID (I3aum
et al., 1998; Kamboh et al., 1998; Kang ct al., 1997; Wavrant-DcVricze ct al., 1999).
An in vitro study showed that overexpression of functional lLrpl minircceptor
increascd, but deletion of Lrpl reduced, A[31-42 uptake (Fuentealba et al., 2010),
which suggest that Lrpl is involved in AB1-42 uptake. A recent study showed that the
internalization of AP into an endothelial cell line derived from blood-brain barmier is
mediated by Lrpl (Yamada ct al., 2008). Another study demonstrated that Lrpl
uptake of Af1-42 is mediated by Apok: (Zerbinatti et al., 2006). Declinc of the protein

level of Lrp] at the blood-brain barricr was shown to be age-dependent (Silverbery et
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al., 2010). The expression of Lrp] was shown to be reduced with ADD associated Lrp!
polymorphic genotypes, which was also shown (o cause increased soluble AR and
amyloid plaques (Kang ct al., 2000). These findings suggest that Lrpl is involved in
AP internalization via Apol. As we found that the protein level of scereted Apols is
increased by curcumin, we suggest that the lrpl upregulation we observed in

responsc 1o long term curcumin treatment can enhance the removal ol Af.

Msrl (macrophage scavenger receptor 1) is a trimeric integral membranc
glycoprotein which takes up acetyl-low density lipoproteins (Ac-LDLs), oxidized
I.DLs and A} peptide. Msrl mediates attachment of microgha to amyloid fibrils (El
Khoury et al., 1996). llistological study demonstrated that Msrl is expressed in
microglia but not astrocytes or ncurons, and the expression is upregulated in microghia
associated with senile plaques in the brain (Christie et al., 1996). It has been
demonstrated that Msri is required by microglial cells for internalization of A in
either soluble or microaggregate forms (Paresce et al., 1996). Co-cxpressing Msrl and
humanl APPSwe showed that A} in the conditioned medium was reduced by 40
percent (Malherbe ¢t al., 1999). The above evidence suggests that Msrl can assist the
internalization ol soluble and fibrillar A} by microglia. Therefore, we suggest that
curcumin, based on s upregulation of Msrl in our study, may enhance removal of

soluble AP and amyloid plaques by microglial internalization.

Our data on AP receptors suggest that curcumin can enhance the removal of
soluble and aggregated A} by increcasing Apoll sccretion, by increasing clearance
through Msrl made by microglia, and by increasing Lrpl expression and thus
internalization of AP through cndothelial cclls of the blood brain barrier. These

pathways provide a beneficial effect of curcumin in treating AD.
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4.6 Effects of curcumin on cholinergic functions

In studics of cognitive function, other groups showed that curcumin can improve the
memory performance of a cognitively impaired rat model induced by
intracerebroventricular (ICV) infusion of AB (Irautschy et al, 2001) or
intraperitoneal injection of scopolamine (Ahmed and Gilani, 2009). Some studies also
showed that curcumin reverses the activation of acetylcholinesterase induced by
aluminium (Sharma et al., 2009) and increases the activity of choline acetyltransferase
in a cognitive impaired rat model induced by ICV infusion of streptozotocin (Ishrat et
al., 2009). Thereforc, we arc interested to know whether there is any eftect of
curcumin, at the transcriptional level, on the cholinergic functions rcgulated by

acetycholine homeostasis.

4.6.1 Microarray of cholinergic genes

By focusing on the genes which arc involved in rcgulating the homeostasis of
acetylcholine through formation, degradation and rcuptake. our microarray data
suggest that the expression of ChAT, Chtl and Vacht were affected by curcumin.
There may be an acute effect of curcumin on suppressing ChAT and enhancing Chtl
expression. On the other hand, uprcgulation of Vacht may be a long term effect of

curcumin.
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4.6.2 Real-time PCR on expression of genes regulating acetylcholine

homeostasis

Since the cholinergic neurons in AD brain are degencrating, the amount of
acctylcholine (Ach) that can be synthesized and secreted by the presynaptic terminal
is decreasing and is insufficient to fully stimulatc the ACh receptors on the
postsynaptic membrane. Therefore, acetylcholinesterase inhibitors were developed to

maintain the level of ACh (Davis et al., 1992).

Our data on mRNA levels of genes regulating the availability of acetylcholine
show that curcumin has no significant effect on the differential expression of these
genes. These results are relevant in that they help us determine whether curcumin
treatment has any effcct on the balance of acetylcholine, which affects cognitive
performance in AD. Since their activity levels are not entirely reflected by their
mRNA expression, functional assays of AChE and ChAT should be performed to

assess the effect of curcumin treatment.

Curcumin can inhibit AChE activity in scopolamine or aluminium
administered models in vivo (Ahmed and Gilani, 2009; Sharma et al., 2009). However,
the effect of curcumin on inhibiting AChE activit); in an ex-vivo model with enhanced
AChE activity is not detectable (Ahmed and Gilani, 2009). It may be suggested that
curcumin has no effect on inhibiting AChE enzymatic activity directly; instead, it
might interrupt the toxic pathways lcading to AChE activation. A similar explanation
might be applied to another streptozotocin-induced model, in which ChAT activity is
decreased and partly restored by curcumin (Ishrat et al., 2009; Sharma and Gupta,
2001). The loss of ChAT activity in this model is caused by the oxidative stress

generated by streptozotocin directly damaging membrane integrity. Curcumin may
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restorc ChAT activity by reducing the oxidative stress before the activity of ChAT is
impaired, rather than by restoring the activity of ChAT. These evidences suggest that
curcumin may nol affect the enzymatic function of ChA1T and AChE. Instead.

curcumin may only suppress the toxicities of the agents used to generate the models.

On the other hand, it has been demonstrated that an APPswe overexpressing
model, Tg2576, has no impairment in ChAT or enhancement in AChL activities (Gau
ct al., 2002), which suggests that AP toxicily may not lead to the development of
cholinergic dcgencration. Therefore, the causc of cholinergic degencration in AD
neéds 1o be contirmed. In addition, the use of chemical agents to induce AChE
activation and ChAT inhibition may not be physiologically rclevant to the cause of
cholinergic abnormality in AD. Taken together, these cvidences suggest that these

models may not be suitable for studying the change in cholinergic function of AD.

Nevertheless, since our data show that curcumin has no effect on regulating
the expression of genes related 1o acctylcholine homeostasis, the evidence does not

support further investigation of the effect of curcumin on cholinergic function.
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4.7 Other neuroprotective and harmful effects of curcumin

The multipotent nature of curcumin has been described for many years. For a
macroscopic view on the physiological functions of curcumin, we would like to study

whether curcumin can provide any other protective functions in vivo at the

transcriptional level. .

4.7.1 Cell free assay

4.7.1.1 Hydrogen peroxide (H,0,) scavenging assay

A rcactive oxygen species generation assay was developed by combining A 1-42 and
redox active metal ions, which has been proposed to be one ot‘l thc causes of
neurotoxicity to the brain (Huang et al., 1999a; Huang et al., 1999b). We used this
assay to determine if physiological concentrations of curcumin ‘posscss enough

antioxidative ability to potentially protect against AD.

Our results suggest that curcumin has significantly inhibits 11,0, gencration.
However, we do not suggest that the. function is physiologically relevant because the
lowest effective dosage of curcumin in this assay is at least 5 uM, which is much
higher than the concentration of 1.4 pM achieved in the brain (Begum et al., 2008).
Although thcrc_ are studies that showed that CL;rcumin treatment in AD rodent models
reduces oxidative stress and damage (Frautschy et al., 2001; Lim et al.,, 2001), we
believe that the oxidative stress is indeed alleviated through inhibiting the toxicity of

AP by disaggregating it and increasing its removal by degradation and internalization,

as shown in our data in previous sections.
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4.7.2 Microarray of neuroprotective and neurotoxic genes

To fm:ther explore the microarray results, we searched for the effect of curcumin on
groups of genes which can reduce amyloid plaque levels, provide protection against
AP toxicily and affect oxidative stress. Since microarray data indicated that there
were many genes affccted by curcumin, but the number of real-time PCR results

confirming the microarray data was very low, we will discuss only the contirmatory

results,

4.7.3 Real-time PCR of neuroprotective and neurotoxic genes

Genes known to regulate Af3 plaque level, other than the genes already examined,
were semi-quantitatively confirmed. However, we do not suggest that curcumin
treatment has any effect on the expression of these genes. Although there are
statistically significant changes of Cd74 and Gpr3, Cd74 was only shown to be
changed in JNPL3xTg2576 mice, of which only 5 were treated by curcumin and 3

were controls. Gpr3 was not changed in any individual group. Therefore, we do not

think the results are representative enough.

4

Some genes have been shown to provide protection against AP toxicity. Our
data suggest that upon curcumin treatment Igf2 and Irsl werc upregulated. Only long
term and continuous iow dosage treatment but not short term treatment produced the

upreguiation since we only observe such changes in JNPL3 {chow) but not JNPL3

(PB) groups.
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Igf2 (insulin-like growth factor II) is a short polypeptide belonging o the
insulin family of polypeptide growth factors. It is involved in promoting growth and
development of the brain. Autoradiographic study showed that it is highly
concentrated in the hippocampus (Kar et al., 1993). Gene expression study showed
that Igf2 is downregulated in aged brain, including hippocampus (Kitraki et al.. 1993).
A study using primary ncurons from embryonic rat insulted by AP peptide followed
by treating with Igf2 showed that 1gf2 caused a significant recovery from AB-induced
toxicity (Jarvis ct al., 2007). In an animal study. Igf2 was found to be upregulated in
hippocampus upon inhibitory avoidance learning (Chen et al., 2011). Recombinant
Igf2 can significantly improve memory consolidation by injecting into the
hippocampus of rats after training and can enhance continued long-term potentiation
in hippocampal slices (Chen et al., 2011). Based on thesc results, we suggest that [gf2
upregulation by curcumin treatment may provide beneficial effects for AD treatment

by protecting the brain against A} toxicily and enhancing memory consolidation.

Irs1 (insulin receptor substrate 1) is coupled to insulin receptors (White, 2002)
and rclays the signal from insulin to activate downstream signaling (Virkamaki et al.,
1999). It was shown that the Irsl level in AD neurons was decreased, while there was
an increase in the levels of phospho(Ser312) Irsl and phospho(Ser616) Irsl, which
are inactivated forms (Moloncy et al., 2010) that are correlated to insulin-resistance.
In a hippocampal cell culturc study, AP oligomer was demonstrated to increase the
phosphorylated forms of Irsl, and this effect could be reduced by treating with
curcumin (Ma ct al., 2009). An animal study showed that curcumin increases the Irsi
level in a transgenic mousc model of AD (Ma ct al., 2009). It was suggested that the
reduced level of phosphorylated Irsl and increased level of total Irsl after curcumin
treatment may be due to inhibition of JNK activation (Ma et al., 2009). In our study,
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we confirm that Irs] expression was increased upon curcumin ireatment. Therefore,
increased protein level of unphosphorylated Irs1 after curcumin treatment may be due
to increased Irs] gene expression, rather than decreased phosphorylation of Irsl
protein. As a whole, based on our finding. we suggest that curcumin can increase Irsl
expression and therefore restore the insulin-signaling function which was impaired by

toxic Af} species and, thereby, provide an extra beneficial effect to the treatment of

AD.

Oxidative stress is frequently mentioned as a causc of the toxicity in AD
brains. Qur data suggest thal curcumin significantly upregulates Nos2. Sod3 and

Bmp6, and downregulates Nox1, all genes involved in oxidative stress.

Nos2, encodes a protein called inducible nitric oxide synthase (iNOS) (Geller
et al., 1993). Nitric oxide (NO) is gencrated by iNOS using L-arginine and oxygen; it
is a signaling moleculc which can be produced by endothelial cells in the brain as a
vasorelaxant or by ncurons as a neurotransmitter (Malinski, 2007). It is commonly
believed that increased expression of Nos2 and production of NO is cytotoxic
(Moncada and Higgs, 1991). Its adverse effects were described by many studies (Guix
et al., 2005). Genetic association sfudies did not suggest that Nos2 polymorphisms
were associated with increased risk of AD (Singleton et al., 2001; Xu et al., 2000). A
Nos2 double knockout mouse model was generated to test the effect of removing
iNOS and NO in mice overexpressing mutant APP (Swedish K760N/M671L, Dutch
E693Q and lowa D694N). Surprisingly, the result did not show that brain damage was
lessened. Rather, the mice displayed greater impairment of cognitive function, with
severc tauopatl:ly and neuronal loss in the hippocampus (Wilcock ct al., 2008), which

better recapitulates human AD neuropathology.
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Based on the above evidence, we supgest that Nos2 expression in response to
AP toxicity may be a mechanism to neutralize toxic species and prevent [urther
damage of neurons, such as by formation of neurofibrillary tangles. However, in
contradiction to our result, another study showed that curcumin suppresses NO
production and iNOS mRNA and protein expression in lipopolysaccharides (1.PS) or
interferon-y insultcd RAW 264.7 cells duc to the inhibition of c-JUN/AP-I activity
(Brouct and Ohshima, 1995). Moreover, another study confirmed the iNOS

expression inhibition clfect by curcumin in mouse peritoneal macrophages and livers

(Chan ct al., 1998).

When comparing these data to our result, onc must be very carcful 1o consider
the dosage and preparation of curcumin, the types of cclls and the target organs. The
first study showed that the 1Cs of curcumin on iNOS suppression was 6 uM, which is
too high to achieve in vivo, and this study used a macrophage cell line, which may be
irrelevant to the nervous system. Although the sccond study showed that as little as 1
pM curcﬁmin inhibited iNOS expression, the study used peritoneal macrophages,
which may not be informative with regard (o cffects on the brain. For treating animals,
curcumin was prepared by firstly dissolving in NaOH, which quickly degrades
curcumin, and since the biocavailability of curcumin was not mcasurcd in the study,
we do not know what concentrations of curcumin and its metabolites entered the body.
Moreover, the target of studying the level of iNOS was liver, which is the main organ
for metabolizing curcumin. Furthermore, for all models in this study, the iNOS level
was increased by LPS stimulation. Other potential problems were that the liver may
not have received the same amount of curcumin as the brain; there were different
preparation and administration methods; and the liver may have had a different
response than the brain. Therefore, we believe that our data are more physiologically
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reliable for showing that curcumin-induced Nos2 expression provides a bencficial

effect in slowing the progression of AD by preventing tangle formation and ncuronal

loss.

Sod3 (extracellular superoxide dismutase [EC-SOD]), is an antioxidant
enzyme which is secreted into extracellular regions. It provides protection to the brain
by converting superoxide radicals to H,O; and oxygen (Zelko ct al., 2002). So far,
there is no study connecting the function of Sod3 and AD. We may speculate on its
function based on other studies. A study using transgenic micc demonstrated that
Sod3 overexpression leads to reduced levels of superoxide, protein carbonyl, p38 and
extracellular signal-related kinase 2 phosphorylation, with improved hippocampal
LTP, motor learning and spatial learning ability (Hu ct al., 2006). This study may
suggest that Sod3 can suppress oxidative stress and improve synaptic plasticity and
memory. Therefore, our result, demonstrating that curcumin incrcased Sod3
expression, may suggest beneficial effects to treating AD by reducing oxidative stress

and improving synaptic plasticity and memory.

Bmp6 (bone morphogenic protein 6) is a member of the TGFp superfamily
and is a secreted signaling molecule. Previously, it was demonstrated that adding
Bmp6 either before or after H;O; insult diminished primary cortical cell death (Du ct
al., 2007). Another study showed that Bmp6 expression was upregulated upon Ap1-
42 treatment in vitro (Crews ct al., 2010). This group also confirmed the upregulation
of Bmp6 mRNA and protein levels in the hippocampus of AD patients and a mouse
model of AD. Histological study furth'er confirmed the presence of high levels of
Bmp6 surrounding the plaques in the brains of lAD patients and in a mouse model

(Crews et al., 2010). However, the author belicves that upregulation of Bmp6 has
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adverse effects in the hippocampus because another experiment by this group showed
that recombinant Bmp6 inhibited neurogenesis. Nevertheless, the above studics still
cannot draw a final conclusion on the effect of upregulation of Bmp6 in response Lo
nearby amyloid plaques because it is nol clear whether the upregulated Bmp6
provides more protection or harmful effect to the ncarby cells. Stopping neurogenesis
of the cells surrounding the plaque could be a protective mechanisim if the effect is
temporary, but could be deleterious il it persists long enough. Thercfore. we do not
conclude whether Bmp6 upregulation by curcumin has any protective or harmful
effect in AD) treatment. Further projects are required lo confirm the effeet of Bmpo6

change.

Nox! (NADPH oxidase 1) is an enzyme homolog of the catalytic domain of
superoxide-generating NADPH oxidase (Suh et al., 1999), which gencrates reactive
oxygen species, superoxide and H>O; when upregulated in fibroblast cells. Not much
is known about its {unction in AD. A cell culturc study demonstrated that inhibiting
NADPH oxidase suppressed apoptotic cell death (Coyoy et al., 2008). Another study
showed that suppressing Nox1 expression abrogated intracellular ROS generation-
induced cell death (Kim et al., 2011). An animal study found that Nox1 knockout in
mice reduced by 55 percent the size of ischemic lesions caused by middle cercbral
artery occlusion (Kahles ct al., 2010). Taken together, the above cvidence suggests
that suppressing Nox! protects against apoplotic death. Since there is not enough
evidence 1o prove that Noxl suppression helps protect against AD, we do not
conclude that curcumin-induced Nox1 reduction is beneficial in AD treatment.
Further investigation is necessary to show the connection between AD

neuropathology and Nox1 expression, localization and toxicity.
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In summary, our data suggest that curcumin provides beneficial effects in the
treatment of AD by protecting the brain against AP toxicity and enhancing memaory
consolidation through [gf2 upregulation, restoring insulin-signaling pathways through
[rs1 upregulation, slowing the progression of AD and preventing tangle formation and
neuronal cell loss by enhancing Nos2 expression, and reducing oxidative stress and

improving synaptic plasticity and memory by increasing Sod3 expression.
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4.8 Effects of Curcumin on Tauopathy

Tau hyperphosphorylation is one of the main foci of tauopathy rcsearch. Many
kinases have been shown to be able to phosphorylate tau, such as GSK3f3 (Doble and
Woodgett, 2003), INK and Cdk5 (Patrick et al., 1999). Tau acetylation was recently
found to prevent phosphorylated tau from degradation, and histone acetyltransicrasc
p300 can acetylate tau (Min et al., 2010). Curcumin has been found to posscss JNK
(Somasundaram et al., 2002) and p300 (Marcu ct al., 2006) inhibiting properties.
Therefore, in this study, we would like to know whether long term curcumin
treatment can be bencficial to tauopathy by reducing the level of intracellular
neurofibrillary tangles (NFT). JNPL3 transgenic mice which overexpress human
mutant P301L tau develop NFT in some brain regions at an old age, thereforec JNPL3
mice were uscd as in vivo model of tauopathy. To investigate whether long term
curcumin treatment has any cffect on the development of tauopathy, brains of mice
were harvested for gene expression and protein expression study, followed by

confirmation of the disease progression by histological and proteomic studies.

4.8.1 Gene expression of endogenous Mapt

Microarray and real-time PCR experiments suggest that long term treatment with
curcumin has no significant effect on the expression level of the endogenous Mapt
gene in the hippocampus. In this study, we had two groups of JNPL.3 mice: onc

-
treated with curcumin in chow from age eight months for duration of six months, and

*

the other trcated with curcumin in peanut butter from age 16 months for duration of

10 weeks. The daily consumption of curcumin per mouse in these two groups was
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cquivalent. To compare whether there is long term or acute cffect of curcumin on
endogenous Mapt expression, the mice treated with curcumin in chow were dissected
after overnight fasting, while the mice treated with curcumin in peanut butter were
dissected at onc to two hours after the final dose of curcumin. The lack of a
statistically significant effect of curcumin on endogenous Mapt expression in cither
group of mice indicates that there is no acute or long term effect of curcumin on
endogenous Mapt expression. It is important to note that the endogenous gene
expression of Mapt is not affected by curcumin treatment because suppression of
endogenous Mapt expression increases the level of NF1' formation from the human
tau protein (Andorfer et al., 2003). If there was any cfiect on mouse Mapt expression,

it would complicate the interpretation of the effect on NIFT formation.

4.8.2 Protein expression of transgenic mutant tau

Western blotting analysis on the protein level of human mutant tau suggests that long
term use of curcumin had no significant effect on the expression and stability of total
human tau. We compared male and female JNPL.3 mice with the same administration
method and duration. Results are similar, but femalc mice have a large variation in the
protcin level of human mutant tau. It is also important to know the level of human
mutant tau because the level has an impact on tauopathy severity and on the age of

onset of the pathologies (Lewis et al., 2000).
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4.8.3 Neurofibrillary tangles

In the first histological study, our results suggest that long term use of curcumin has
no statistically significant cffect on the level of NI'T in the pons region ol male and
female mice, though there is a trend toward reduction of the number of NFT' in male
JNPL3. Bielschowsky’s silver staining was cmployed as a cheap and preliminary
check of the amount of NFT. INPL3 does not develop NFT in the hippocampus, but
extensive NFI' normally appear in the spinal cord, pons, medulla, hypothalamus
{Lewis et al., 2000}, thus we selected pons for this experiment. Since Bielschowsky’s
silver staining was used 10 analyze human AD brain for the presence of both NFT and
amyloid plaques in the early history of AD research, we suspected that it may not be
specific enough to distinguish NFT from other pathology. Therefore, this study was
followed by immunostaining, for which we used an antibody, A'T'8, that specilically

binds to phosphorylated tau, which is highly enriched in NFT.

The results from the immunostaining of di{ferent brain scctions from the same
treatment groups of malc JNPL3 show that long term use of curcumin has no
significant impact on the level of AT8-positive NFT. To broaden the analysis, the
medulla, entorhinal cortex, and amygdala regions were uscd. Interestingly, we
observed large variation in the number of tangles in Bicischowsky’s stained sections
and in the pcrccnt;lge area covered by AT8-positive staining. Morcover, both staining
methods show that the level of NFT was indeed very low in the treatment and non-
trcatment groups. The histopathological results seem consistent with the motor
function performance test in that the variation is large and the pathologies are too mild
to be scen, which is in agreement with the findings [rom another study (Bolmont et al.,

2007). The above evidence suggests that the mice we used might have just begun o
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develop the pathologies at the time of their disscction. Therelore, it would be
necessary to increase the sample size and extend the treatment period, or to reduce the
variation within groups and start the treatment at the time that the pathologies arc

about to devclop, in order 1o give sufficient statistical power.

In dcaling with the abovc issue, we chosc another group of mice [rom a lew
litters lacking mice that died or developed pathologics of hindlimb paralysis. The
mice looked healthy and did not show hindlimb paralysis at the age of around 16
months. During the first five weeks of treatment, a consisten( drop in body weight was
observable amongst most mice, which suggested the onsct of pathologics. Alter
another five weeks of treatment, many mice had already developed severe hindlimb

dysfunction.

Immunostaining of different brain sections of the older INPL3 mice
administered with peanut butter as the vehicle shows that 10 weeks of curcumin
treatment significantly reduces the level of AT8-positive NIFT in the medulla.
However, such an cffcct was not observed in cntorhinal cortex/amygdala regions.

These results suggest that curcumin may have site-specific effects.

NFT require tau hyperphosphorylation by kinases, such as INK (Goedert ct al.,
1997). Curcumin was shown to be able to inhibit JNK activation in vitro (Chen and
Tan, 1998) and in vivo (Ma et al., 2009). Our finding on the effect of curcumin on
reducing AT8-positive NFT is in agreement with a recent finding that curcumin
reduced JNK and tau phosphorylation (Ma ct al., 2009). These pieces of evidence,
together with our finding, suggest that long term use of curcumin has a prolonged

effect of reducing NFT, at least partly by suppressing JNK activation.
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It is important to note that our result on the effect of curcumin on NFT
reduction is the first study using a model that can form NFT, which is different from
another study, that used a modcl which cannot develop NFT and that only has
phosphorylated tau, which was reduced by curcumin (Ma et al.,, 2009). Since
formation of NFT is affected not only by tau phosphorylation, suppression of tau
phosphorylation by curcumin may not completely explain the cause of NIFT reduction

in our result.

Recently, a report suggested that tau acetylation is enhanced in tauopathy
patients ar'ld that such acetylation prevents phosphorylated‘tau from degradation (Min
et al., 2010). Acetylation can be balanced by histonc acetyltransferases and
deacetylases. One of the histone acetyltransferases, p300, can acetylate tau (Min et al.,
2010). Curcumin was found to be a selective inhibitor of p300 (Marcu et al., 2006).
Therefore, it may be possible that curcumin can reduce the NFT level by inhibiting
p300, which, in turn, limits the acctylation of tau. It would be interesting to study
wheth.er phosphorylation, acetylation or other pathways are affected by curcumin to
reduce NFT formation. Due to the limitations of time and resources, the study of the
molecular pathways of tauopathy which are affectcd by curcumin will not be covered

by this thesis but will be followed by later projects.

4.8.4 PHF level

Using another approach to ecvaluate the effectiveness of curcumin on tauopathy,
western blotting was employed to characterize the level of paired helical filaments
(PHF), which are the main component of NFT. Our results show that long term
curcumin treatment has no statistically significant effect on the level of PHF.
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Consistent with the genceral findings lrom others, PHF is morc abundant in
female than male JNPL3 mice of the samc age (Bolmont et al., 2007; Lewis et al.,
2000}, which suggests that the development of NF1" was still in the initial phase. The
level of PHIF of male JNPL.3 mice was consistenl with the Biclschowsky’s silver
staining and immunostaining results in that they all showed reduced mean levels upon
fong term curcumin treatment, consistent with the observed trend toward preservation
of motor function performancc. However, none of the results were statistically
significant. As suggested before, this lack of significance could be largely due to
genetic variation, which caused large variation in the time of onset of the discase
. pathology. Therelore, a larger sample size of this strain and an older age may improve
follow up experiments. Another approach could be to extend the treatment duration

until there are considerable numbers of mice developing motor tunction impairment.

In summary, the results in this section suggest that long term curcumin
treatment has beneclicial effects on reducing the amount of NIT of micc which have
dcvcioped severe tauopathy. It is not conclusive whether curcumin can delay the onset
of NFT deveclopment in mice. Ncvertheless, based on these results, a study using a
large cohort of transgenic animals is hi%hly recommended to confirm this enticing

possibility.
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CHAPTER FIVE: CONCLUSIONS AND FUTURE PERSPECTIVE

5.1 Conclusions

Although there are many studies suggesting the functions or mechanisms of curcumin
in treating AD, most of this research was performed in vitro using physiologically
irrelevant concentrations of curcumin. Examination of the protective functions of
curcumin needs to be associated with the pathways of AD development in vivo. In
this project, we have demonstrated the activities of curcumin on rcgulating the
function and expression -of the key players which had been concluded to have

stgnificant modulating cffects on the development of or protection against AD.

To address the problem of physiological relevance in studying the functions of
curcumin in cell-frce systems, we used two hyphothetical cell-frec models which
mimic the initial toxic pathways of AD development. For modeling A3 aggregation,
metal tons were used to simulate the oligomer or plaque formation of AD brain. We:
have showﬁ that curcumin at concentrations attainable in vivo can effectively
disaggregate prg-fqrmed_ AP aggregates. We used a ROS generation model which
simulates the toxicity of AB]f42 peptide enhanced by redox-active halurally existing
metal ions. However, we showed that curcumin has no oBservablc cifect on inhibiting
H,0; gcncrat‘ion, wﬁfch suggests that curcumin may not be as antioxidative as most

people had shown, and it may not act as an antioxidant by itself in vivo.-

Problems that may not be addressed in vivo require cell culture models to
solve. We showed that curcumin at physiologically attainable concentrations can raise
the ApoE protein level in the conditioned medium of BV-2 mouse microglial cells,

which may assist the turnover of AP in the brain. We also showed that the
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transcriptional level of ApoE was not affected by curcumin treatment in vive. No
matter whether ApoE secretion is increased or turnover is reduced, increased available

ApoE may provide extra capability to remove A from the extracellular space.

Nevertheless, the only way to translale hypotheses to medical treatment
nccessarily requires animal models to provide an appropriate physiological
environment. We used three transgenic mousc models which resemble different
clinical mantfestations of AD. We also determined the acute and long term etfcct of
curcumin treatmeni. Although Tg2576 and JNPL3xTg2576 were cventually ignored
due to small sample sizes and large genetlic variation, two groups of inbred JNPL3

mice provided reliable comparison of the effects of curcumin treatment in vivo,

We found that the loss of body weight and mortality which occurred with
aging were reduced upon curcumin treatment. Although these etfects were not shown

to be related specifically to AD development, they demonstrate the general beneticial

use of curcumin.

QOur results revealed a number of protective pathways of curcumin against the
progression of AD. First, on AP} generation, our resulls suggested that curcumin may
reduce APP metabolism which leads to AP production by increasing the competitive
substrates of secretases, such as Btc, Kl and Sell. Amongst them, Kl was shown by
other groups to extend life span and protect against oxidative stress. Second. on AP
degradation, our results demonstrated that curcumin may increase Af} catabolism by
increasing the expression of some of the known AP degrading enzymes: Ide, Mmp2
and Mmp14. Third, on AP removal, our results suggested that curcumin may increase
the internalization of AR from extracellular spacc through upregulation of two AP

receptors, Lrpl and Msrl. Last but not least, on pathways not associated with Af3
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metabolism, our data suggested that curcumin may provide protection against AP
toxicity and oxidative stress, and improve memory consolidation and synaptic
plasticity, by increasing [gf2 and Sod3 expression; restore insulin-signaling pathways
by upregulating Irsl expression; and prevent tangle formation and neuronal loss by
increasing Nos2 expression. Reduced stress on the brain by increased Igf2. Sod3 (van
Deel et al., 2008) and Irsl (Standen et al.. 2009) may have an inhibitory cffect on INK
activation. These cifects, together with that of Nos2, might explanation why the level

of NFT was rcduced in JNPL3 mice in our study.
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5.2 Future Perspective

As scveral studies showed protective cffcets of curcumin on AD treatment in vivo
(Frautschy et al., 2001; Lim et al., 2001; Yang et al., 2005), pcople may believe that it
may be an effective medicine to cure AD. llowever, those studies did not show by

what mechanisms curcumin can reduce AD pathology.

Through our results, we demonstrated a number of pathways by which
curcumin might slow AD progression. Our gene expression results were from only
one transgenic mouse model, and futurc projects should be repeated with larger

sample sizes and in different transgenic and non-transgenic models.

Short term, high dosage treatment and long term, low dosage treatment gave
somewhat different results. Therefore, future studies should include different
treatment dosages and administrative methods in order to reveal the direct targets,
maximize the protective cffects and minimize the adversc effects of the usc of

curcumin,

In addition, genctic and physiological variations were shown to have large
impacts on the consistency and reliability of results in our study. Theréfore, in the
future, we can minimize the variations by backcrossing to inbred strains for
generations. We can also try to compare the effect of different inbred strains in order
to choose the appropriate one. At the same time, the phenotype can be screened to
prevent the loss of cxpression of the trangenes. In addition, different transgenic

models should be tried.

Furthermore, functional studies should be performed on the effects of changed

expression of the genes identified in our data. These may include labeling AP and
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injecting il into the brain to trace it in ncurons and epitheiial cells on the blood-brain
barrier for receptor-dependent AP internalization studies, and to trace labeled
fragments for AP degrading enzyme studies. Specific genes may be suppressed to
observe the cfiects on plaque and tangle pathology. In order to obtain physiologically

relevant results, future studies should use animals to answer as many questions as

possible.
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