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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder and the most common form of
dementia, affecting more than 5.4 million people in the USA. Although the cause of AD is not
well understood, the cholinergic, amyloid and tau hypotheses were proposed to explain its
development. Drug discovery for AD based on the cholinergic and amyloid theories have not been
effective. In this article we summarize tau-based natural products as AD therapeutics from a
variety of biological sources, including the anti-amyloid agent curcumin, isolated from turmeric,
the microtubule stabilizer paclitaxel, from the Pacific Yew 7axus brevifolia, and the
Streptomyces-derived Hsp90 inhibitor, geldanamycin. The overlooked approach of clearing tau
aggregation will most likely be the next objective for AD drug discovery.

Alzheimer’s disease (AD) was first described in 1906 by Aloysius ‘Alois’ Alzheimer, a
German psychiatrist and neuropathologist who identified and described amyloid plaques
(Ap) and neurofibrillary tangles (NFTs) from a 51-year old patient named Auguste Deter
who showed strangely impaired behavior [1]. The observed symptoms for AD are related to
cognitive decline, memory loss, confusion, problems with reading, writing and speaking,
along with changes in mood and personality. As the disease progresses, AD patients
withdraw more and more from work and social activities to depend on total care from
caregivers [2]. Since Alois Alzheimer described the disease, its cause remains unknown
except for less than 5% of the cases that are genetic, with mutations observed in amyloid
precursor protein [3], presenilin-1 and -2 [4], displaying autosomal-dominant familial AD,
and in the autosomal-recessive AD apolipoprotein E-e4 (Apo£4) [5]. Several hypotheses
have been proposed to explain the onset and development of AD. The cholinergic
hypothesis states that low production of acetylcholine (ACh) initiates AD, while the
observation of AB and NFTs lead to the amyloid and tau hypotheses as causes for AD
development.
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The acetylcholine strategy

The cholinergic hypothesis of AD arose after deficits in the neurotransmitter ACh were
noted in AD patients. ACh activity is regulated by the serine protease AChE, which breaks
down ACh in the CNS by catalyzing the hydrolysis of ACh to acetate and choline (Figure 1)
[6]. Therapy is based on drugs inhibiting AChE, which inactivates ACh at the synapse. The
inhibition of AChE prevents the normal breakdown of ACh to compensate for the low
concentrations of ACh that are characteristic of AD.

From the amyloid hypothesis to tau

The hallmarks of AD are largely twofold: insoluble deposits of AB located between neurons
and clumps of NFTs composed of tau aggregates found within nerve cells. Initially, the AR
theory prevailed against the tau theory, especially as mutations were identified in the
amyloid precursor protein located on chromosome 21 that corresponds to amyloid build-up
and AD phenotypes. More recently, however, the tau hypothesis has gained traction. The tau
protein stabilizes microtubules in neurons, but abnormal hyperphosphorylation of tau leads
to aggregate formation. Diseases known to present with these aggregates are termed
tauopathies, of which the most well-known is AD [7-12]. Although these insoluble visible
tangles correlate strongly with AD severity post-mortem [13], they may merely be the cell’s
response to the advent of AD pathology. Soluble tau intermediates are more neurotoxic than
higher order aggregates and are responsible for the cognitive dysfunction in AD and other
tauopathies (Figure 2) [14-17]. Mutations in the coding and noncoding portions of the tau
gene have also been directly associated with the development of the condition referred to as
frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17) [18,19].
Thus, despite a few efforts aimed at preventing tau aggregation [15,20], a more beneficial
approach towards AD therapeutics may be to enhance tau clearance [21]. Targeting the
microtubule-associated protein tau (MAPT) that pathologically accumulates in AD and the
paired helical filaments (PHFs) that are indicative of AD NFTs may perhaps be the most
effective strategy for treating post-symptomatic AD [14-16,22—-26]. Furthermore, the recent
failures of Ap-targeted therapeutics in Phase 111 clinical trials suggest that it is both timely
and prudent to consider alternative drug-discovery strategies for AD.

Pharmaceutical AD treatments

Currently, there are no cures for AD, and only five available drugs for treating symptoms:
four AChE inhibitors, drugs developed based solely on the cholinergic hypothesis and one
N-methyl-o-aspartate (i.e., NMDA)-receptor antagonist (Table 1) [27,201]. The first AD
drugs, starting with Cognex® (tacrine) in 1993, were developed based on the cholinergic
hypothesis of AD. Cognex®, Aricept® (donepezil), Exelon® (rivastigmine) and Razadyne®
(galantamine) are all AChE inhibitors, and the hope was that inhibiting AChE activity
would maintain ACh levels in AD patients (Table I). The more recently approved drug
memantine differs slightly in its approach by acting on the glutamatergic system instead, but
its efficacy seems restricted to those with moderate to severe AD, and it displays limited
effects [28,29].

Among the available drugs, one is a natural product. Galantamine (1; Figure 3) is an
alkaloid isolated from the bulbous herbaceous plant Galanthus woronowii (Caucasian snow-
drop) and bulbs of different species in the Amaryllidaceae family (Amaryllis, Hippeastrum,
Lycoris, Ungernia, Leucojum, Narcissus, Zephyranthes, Hymenocallis and Haemanthus
genera)[30]. It is important to note that rivastigmine (2) is a synthetic analog of the
cholinesterase inhibitor alkaloid physostigmine (3) from the poisonous seeds of Physostigma
venosum (calabar bean) [31]. The cholinergic-based drugs are considered to only ease the
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symptoms of AD and not to prevent the progression of the disease; however, AChE
inhibitors may have disease-modifying effects [32].

Recent focus on future AD therapeutics has been on reducing AP levels, and NFTs
production resulting from the hyperphosphorylation of the tau protein has received little
attention, despite clinical trials suggesting that tau-based therapies may be more relevant
than anti-Ap compounds in patients already presenting with AD symptoms [33]. Therefore,
there is a significant need for efficient drugs against AD with tau-reducing properties. These
drugs can be synthesized or harvested from nature, the advantage of the latter being the
potential for chemical diversity, biological selectivity and favorable properties. The majority
of current drugs on the market are natural product-derived compounds [34].

Current approaches to reduce the effects of tau dysfunction in AD

A number of strategies have been used to search for the best way to decrease tau levels in
neurons. They vary from inhibiting formation of tau aggregates, regulating tau using

kinases, controlling tau degradation via chaperones and stabilizing tau microtubules. Current
biochemical assays focus on inhibiting tau fibrillization [15,35]. While this approach may
yield novel compounds, recent work suggests tau aggregation may actually be a protective
mechanism employed by neurons and the most toxic entities are tau intermediates
[15,36,37]. A number of proline-directed kinases (ERK2, GSK-3 and CDKS5), nonproline-
directed enzymes (CK1 and PKA) and microtubule affinity-regulating kinases (MARKS) are
known to be involved in the process of tau phosphorylation [38—-40]. Manipulations of
kinases by drugs have been shown to be an effective way to reduce tau levels; for example, a
small-molecule inhibitor of GSK-3p kinase was effective in reducing phosphorylated tau
[41,42]. Alternatively, affecting molecular chaperone protein functions may have deleterious
effects on tau as well, since inhibiting the molecular chaperone Hsp90 showed positive
effects in reducing phosphorylated and misfolded tau [21]. Hyperphosphorylated tau is also
known to destabilize microtubules and cause impairment in microtubule function and axonal
transport, leading to the idea that microtubule-stabilizing agents may help compensate for
these losses [43,44].

Natural products as tau targeting agents

Several natural products already evaluated for their efficacy in treating AD have been
previously been summarized in literature [45,46]. Since recent clinical trials suggested tau-
based therapies may be more effective than anti-A treatments for patients already
presenting AD symptoms, the relative paucity of tau-reducing agents needs to be addressed.
Examples of anti-tau diets (diets aiding in reducing tau) indicate the potential of utilizing
natural products as future treatments for AD. Summarized below are natural products
reported to date, from terrestrial and marine plants, invertebrates and algae, as well as
microorganisms, which have been found active in tau-related screens.

Scientists have looked to dietary sources, including extracts and preparations of
ethnobotanical plants, for relief of neurodegenerative disorders [47,48]; recent efforts to
uncover the chemical basis of these materials have identified a number of bioactive
metabolites, some with drug-development potential. Many anti-tau natural products made by
plants are polyphenols such as curcumin (4; Figure 4), a linear diarylheptanoid present at
66.8% of an optimized turmeric (Curcuma longa) extract [49]. This extract, in addition to
acting as an antioxidant, was observed to significantly increase production of the anti-
inflammatory cytokine I1L-4 and to reduce AP and tau levels in Ap-overexpressing mice
[50]. Furthermore, our group has identified a potent macrocyclic diarylheptanoid from
bayberry root bark (Myrica ceriferd) extract, (+)-aR,115myricanol (5) that reduces tau
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levels [51]. Compound 5 reduced tau levels ex vivoin a cell culture model of tauopathy (in
HeLa-C3 cells) with an ECgq value of 35 pM and is a suitable scaffold for AD drug
discovery [101]. The isolation of (+)-aR,11S5-myricanol (5) was accompanied by additional
bayberry flavonoids, including myricetin (6) and its rhamoside glycoside myricitrin (7). Low
micromolar tau filament formation inhibition of myricetin was previously reported /n vitro
as well as for two other members of the flavonoid family the roselle (Hibiscus sabadariffa)-
derived gossypetin (8) [52] and the green tea (Camellia sinensis)-derived (-)-epicatechin-3-
gallate (9) [53] showing ICsq values at 1.2, 2.0 and 1.8 uM, respectively [54]. A cinnamon
(Cinnamonium zeylanicurm) extract inhibiting aggregation of human tau /n vitroleads to an
inhibitory activity attributable to both compounds cinnamaldehyde (10) and A-type doubly
linked procyanidin oligomers of the catechins/epicatechin structural classes (11) [55].
Similar procyanidins identified from grape seed ( Vitis vinifera)-derived polyphenolic
extracts were found to prevent tau fibrillization into neurotoxic aggregates [56].
Investigation of sage (Salvia offinalis) as a culinary source for improving cognition and
memory showed that the active ingredient was the polyphenol rosmarinic acid (12), which
reduced tau hyperphosphorylation in addition to attenuating several AD pathways, such as
reactive oxygen species formation, lipid peroxidation, DNA fragmentation, caspase-3
activation and Ap accumulation [57].

Other plant and dietary sources with tau-modifying effects produce compounds that are not
polyphenols. Tanshinone 1A (13; Figure 5), a norditerpene from red sage (Sa/via
miltiorrhiza), possesses protective effects against neurotoxicity and tau
hyperphosphorylation induced by p-amyloid at 10 uM [58], whereas the lignans 14 and 15,
and the isoflavane 16, from the water soluble extract of Chinese Yew, Taxus yunnanensis,
revealed stimulatory effects on GSK-3p at 10 uM, preferentially phosphorylating serine
residues rather than threonine residues on recombinant human tau protein (rhTP) [59]. The
known microtubule stabilizer drug (MSD) paclitaxel (25; Figure 6) from the Pacific Yew,
Taxus brevifolia, showed positive results in neurodegenerative tauopathy by counteracting
‘loss-of-function’ effects of tau pathology in a transgenic mouse model [44]. Oleocanthal
(17), from olive oil (Oleaeuropaea), was tested for inhibition of filament formation of the
longest tau isoform T40 and the corresponding microtubule-binding region K18, displaying
ICsq values of 20 and 2.9 uM, respectively [60]. The anthroquinone emodin (18), isolated
from the root and rhizome of rhubarb, Rheum palmatum, displays inhibition of PHFs [61].
Levels of tau-1 were found to decrease in ovariectomized rats (which hold similar pathology
to menopausal women with AD) after 4 weeks of drinking the juice of young coconut
(Cocos nucifera). Young coconut juice contains estrogen-like substances such as estrone
(19), 17-p-estradiol (20) and B-sitosterol (21), which are implicated in the observed effects
on tau [62]. The steroid glycoside ginsenoside Rd (22) from Asian ginseng, Panax ginseng,
shows /n vivo and in vitro reduction of neurotoxicity and tau hyperphosphorylation by
enhancing the activities of PP-2A [63]. Aged garlic (A/lium sativum) extract has sulfur-
containing constituents S-allyl-cysteine (23) (water-soluble component of garlic) and diallyl-
disulfide (24) (lipid-soluble component of garlic), which exhibited anti-amyloidogenic, anti-
inf lammatory and anti-tangle effects [64].

Tau-reducing compounds are not limited to plant sources; however, in addition to those
listed above, bacterial- and fungal-derived compounds with anti-tau activity have been
reported. Most are quinone derivatives such as the anthraquinones, daunorubicin (26; Figure
7) and adriamycin (27) isolated from the bacterium Strepfomyces peucetius, along with the
previously discussed compound emodin (18). Both compounds 26 and 27 displayed tau
aggregation inhibition activity, dissolving PHFs /n vitroand in cells [61]. From the fungal
kingdom, the anthraquinone rubellins were isolated from the phytopatogenic fungus
Ramularia collo-cygni [65]. After broad bioactivity profiling, rubellins B, D and E (28-30)
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were found to inhibit the formation of tau aggregates with 1Cgq values of 1.2, 0.9 and 0.9
UM, respectively, and to promote the disassembly of tau aggregates with DCsqy’s of 1.6, 2.2
and 0.5 pM, respectively. Benzoquinone macrocyclic polyketide geldanamycin (31), isolated
from the related microbe Streptomyces hygroscopicus [66], was identified as an inhibitor of
Hsp90 and reported to reduce levels of hyperphosphorylated tau [21]. While tetracycline
(32), a compound isolated from Streptomyces spp., inhibited and disassembled A fibrils
[67], its synthetic derivative minocycline (33) showed additional capacities such as
neuroprotection [68], microglial activation [69], caspase-3 activation inhibition, and
reduction of tau hyperphosphorylation [70]. Minocycline is currently being tested in a Phase
Il clinical trial in AD (Table 1).

Transgenic mice with existing tau pathology treated with the myxobacteria (Sorangium
cellulosum)-derived MSD macrocyclic polyketide epothilone D (34; Figure 8) had less
forebrain tau pathology, with a reduction of axonal dystrophy and an increase of axonal
microtubule density [71]. Tau tangles are still present in the optic nerve, which is expected.
Improving MT function and axonal integrity with a MSD may not alter tau phosphorylation
and aggregation, but may compensate for the loss-of-function of tau [44].

Microbial action on plant litter polyphenolics produces complex mixtures of higher order
polyphenolics known as fulvic and humic acids. Fulvic acid standard | (35) (Suwannee
River | 1S101F), was found to inhibit aggregation of tau fibrils /n vitro with an I1Csq value of
37 uM and promote the disassembly of tau fibrils with a DCsq value of 95 uM [72]. Fulvic
acid also represents a major component of the Indian Ayurvedic traditional medicine shilafit,
a tar-like substance reported to control aging-related cognitive disorders [73].

Further tau-reducing compounds are found in marine organisms such as sponges and sea
snails. Peloruside A (36; Figure 9) is a MSD isolated from the marine sponge Mycale
hentscheli with the same mode of action as paclitaxel [74]. Palinurin (37), a linear
furanosesterterpene from sponges of the genus /rcinia (1. variabilis, 1. dendroides and /.
oros), emerged as a non-ATP competitive inhibitor of GSK-3p with an ICsq value of 4.5 uM
[75,102], resulting in reduction of tau hyperphosphorylation. Marine alkaloids have also
been evaluated against GSK-3p. Manzamine A (38), isolated from the sponge Haliclona sp.
[76], and hymenaldisine (39), first isolated from two sponges Axinella verrucosa and
Acanthella aurantiaca [77], inhibited cyclin-dependent kinases, displaying 1Csq values
toward GSK-3p of 10 uM [78] and 35 nM, respectively [79]. Finally, the bis-indole
alkaloids indirubins are constituents of a dye extracted from gasteropod mollusks of the
Muricidae and Thaididae families. 6-bromoinduribin (40) from the Mediterranean mollusk
Hexaplex trunculus and its synthetic derivative 6-bromoinduribins-3"-oxime (41) display an
impressive selectivity toward, and inhibition of, GSK-3p with 1Cgq values of 45 and 5 nM,
respectively [80]. These outstanding results show that bromominated b/s-indoles may prove
to be good candidates to develop for their ability to reduce tau.

Development of natural products as tau-modifying compounds in AD

Little is currently known about structure—activity or structure—property relationships of these
natural products. In the case of flavonoid polyphenols, it appears ortho-substituted phenol
groups are required for tau reduction, based on comparison of (=)-epicatechin-3-gallate (9)
to (-)-epicatechin, the latter of which is not active [54]. The same observation is noted with
polyphenols for a-synolein and prion protein aggregation [81,82]. A protein/small-molecule
interaction mechanism study revealed that the tau fibrillogenic fragment K18 is likely to be
covalently modified by oleocanthal through Schiff base formation between the e-amino
group of the lysine residues and oleocanthalaldehyde carbonyls, which inhibits tau
fibrillation [83]. However, further studies are needed to clarify the interaction between tau-
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reducing small molecules and the protein. In addition, the exact mechanism of tau oligomer
formation remains to be elucidated. Furthermore the blood—brain barrier (BBB), the semi-
permeable protective shield surrounding the brain to restrict substances in the blood from
entering the CNS, can present developmental challenges for drugs in AD. Crossing the BBB
requires a drug with low molecular weight and lipid solubility [84]. Few permeability
studies have been conducted on the natural products discussed above. However, curcumin
(4) was found effective at crossing the BBB [85]. Other tau-reducing polyphenols of the
proanthocyanidin and flavonoid classes may be good candidates for AD leads as a result of
having similar chemical character to curcumin [86,87]. On the other hand, the anticancer
MSD paclitaxel (25) and related taxanes showed poor BBB permeability, suggesting smaller
or more lipophilic natural products may be more successful [88]. Indeed, epothilone D (34),
another MSD, is a brain penetrant and safe at low doses [71]. The indirubins displayed /in
vivo efficacy, highlighting their facility in crossing the BBB and suggesting these
compounds may warrant development as therapeutic agents in AD and other
neurodegenerative disorders [79].

Future perspective

Overall, we have focused this review on tau-based therapeutics for AD. We have
summarized current literature describing anti-tau compounds from nature as potential agents
to treat AD. Natural products from different biological sources, such as plants, fungi,
bacteria, marine sponges and mollusks have been evaluated for their tau protein modulation.
Discovery and development of compounds along this line will require stronger knowledge
of the mode of action of the disease. Furthermore, any newly discovered drug leads must
have favorable BBB permeability and suitable pharmacodynamic properties.
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Key Terms

Alzheimer’s Most common form of neurodegenerative disorder affecting memory,

disease thinking and behavior. It is characterized by the gradual loss of
neurons and synapses in the brain and leads to death.

Tau Microtubule-stabilizing protein abundant in neurons of the CNS. The
abnormal function of tau leads to neurodegenerative disorders such as
Alzheimer’s disease.

Galantamine AChE inhibitor that is the first and, currently, only natural product
used as a drug to treat symptoms of Alzheimer’s disease.

Alkaloid Organic substance containing basic nitrogen atoms.

Polyphenal Organic substance characterized by the presence of multiple phenol
structural units.

Curcumin Principal constituent of the indian spice turmeric (Curcuma longa). A
broad range of therapeutic properties toward cancer, autoimmune
diseases and Alzheimer’s disease are attributed to curcurmin.

Paclitaxel Yew tree-derived antimitotic drug used in cancer chemotherapy that
has been studied as a treatment for Alzheimer’s disease.

Quinone Aromatic organic substance characterized by fully conjugated diiones.
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Minocycline Tetracycline antibiotic primarily used in treating acne. Minocycline
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Executive summary
Understanding Alzheimer’s disease progression is crucial to finding a curefor a
rising aging population

L] Current commercially available drugs for Alzheimer’s disease (AD) are
ACHhE inhibitors. Tacrine, donepezil, and the natural product-derived
galantamine and rivastigmine can alleviate symptoms of AD and may have
modifying effect on the disease.

L] Mechanisms of AD development and progression are not well known.
However, two major theories are the amyloid and tau hypotheses.

A switch in drug-discovery strategy from the AB to the tau hypothesis

L] Due to the limited success of Ap-based drugs in clinical trials, tau-based
therapeutics have emerged as a potential alternative.

L] Two drugs based on the tau hypothesis are already in Phase 11 clinical trials.
The outcomes of these trials will provide more information about the
viability of the tau strategy.

Natural productsarearich source of diverse scaffoldsfor AD drug discovery

L] Many drugs are derived from natural products including two of the four
available AD drugs based on AChE.

L] Based on current successes, natural products may provide new resources for
the discovery of novel and more effective drugs for AD.

Future Med Chem. Author manuscript; available in PMC 2013 July 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Calcul et al.
O , 0
)J\ | e Acetylcholine esterase
O/\/N\ > .
O
Acetylcholine Acetate

Figure 1.
Breaking down of acetylcholine by acetylcholine esterase.
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Figure 2. Thetau hypothesis of Alzheimer’s disease progression
NFT: Neurofibrillary tangles; PHF: Paired helical filaments.
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Figure 3.
AChE inhibitors galantamine (1), rivastigmine (2) and physostigmine (3).
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Figure4.
Plant-derived tau-targeting natural products.
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Figureb5.
Plant-derived tau-targeting natural products.
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Figure 6. Paclitaxel
Plant-derived microtubule stabilizer drug as tau-targeting natural product.
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Figure7.
Microbe-derived tau-targeting natural products.
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Figure8.
Microbe-derived tau-targeting natural products (34 & 35).
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Figure9.
Marine macro-organism-derived tau-targeting natural products.
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