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This review, citing 187 references, is an account of natural products exhibiting bioactive properties

relevant to the treatment of protein aggregation-related neurodegenerative diseases (e.g., Huntington’s,

Parkinson’s, and prion diseases). We have compared the chemical properties of secondary metabolite

leads to compounds that are in current clinical use for treating central nervous system targets. This

comparison revealed that natural products possess many of the desirable traits found in central nervous

system-acting agents. It was also observed that the discovery of secondary metabolite leads from

marine and microbial sources lags far behind the substantial discoveries emerging from plants. We have

concluded this review by providing details concerning many of the most promising secondary

metabolite leads that have been identified with therapeutic applications specific to the treatment of

Huntington’s, Parkinson’s and prion diseases. We have also summarized compounds that have more

generalized bioactivities that are favorable for treating a broad range of neurodegenerative disorders

(i.e., anti-inflammatory, prevention of glutamate-induced neurotoxicity, neurotrophic activity, and

inhibition of monoamine oxidase activity).
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1 Introduction

There has been a worldwide increase in the number of reported

cases of neurodegenerative disease over the last century,

including Alzheimer’s, Parkinson’s, Huntington’s, and prion

diseases. While a substantial portion of the newly reported cases

are attributable to increasing human lifespan, other factors such

as enhanced medical diagnostic tools and improved awareness of

neurodegenerative disease features have added to this increase.

Remarkably, Alzheimer’s, Parkinson’s, Huntington’s, and prion

diseases are united by a shared pathological feature: the accu-

mulation of aggregation-prone misfolded proteins in central

nervous system (CNS) tissues. These misfolded proteins are

ultimately responsible for the assemblage of symptoms

(e.g., behavioral and movement disorders, cognitive decline,

memory loss, etc.) that are the hallmarks of these diseases.

Although the mechanisms through which aggregation-prone

proteins cause neurodegeneration remain unclear, there are well-

established links demonstrating their roles in the dysregulation of

cell signaling, oxidative stress, inflammation, apoptosis, and

other cellular abnormalities.1–3 Currently there are no cures for

any of these diseases, so the development of new therapeutic

leads aimed at halting or reversing the progression of these

ailments is urgently needed.4

Natural products are anticipated to play a significant role in

the development of new therapeutic leads for neurodegenerative

disease. Secondary metabolites have long served as an important

resource for the development of small-molecule therapeutics,5–7

due in part to their combination of unique chemical features and

potent bioactivities. The promising applications of natural
Nat. Prod. Rep.
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Fig. 1 Number of natural products identified as having bioactivity

relevant to specific neurodegenerative diseases. Data are presented as

a percentage of the total number of compounds identified with bioactivity

specifically pertaining to neurodegeneration (n ¼ 537; Alzheimer’s

disease ¼ 71.9%, Parkinson’s disease ¼ 2.4%, Huntington’s disease ¼
2.2%, prion diseases ¼ 1.7%, general neurodegeneration ¼ 21.8%).
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products for the development of new neurodegenerative disease

therapeutics is exemplified by galanthamine (1) and huperzine A

(2), which have both proven to be potent inhibitors of acetyl-

cholinesterase and are currently in clinical use for the treatment

of Alzheimer’s disease.8,9

Previous reports have summarized sub-sets of natural prod-

ucts that exhibit promising activities for the treatment of Alz-

heimer’s and Parkinson’s diseases.10–20 We have undertaken this

review to evaluate the diverse range of studies aimed at applying

natural products to the field of neurodegenerative disease drug

discovery. We anticipate that this review will provide a unique

perspective on the broad potential for natural products to help

combat protein aggregation-related neurodegenerative disor-

ders. In order to maintain our focus on natural products that are

directly pertinent to protein aggregation-related neurodegener-

ative diseases, we have omitted compounds with biological

activities that are non-specific to CNS disorders (e.g., antioxi-

dants). We have also omitted discussion of most polyphenols

such as flavonoids due to the extensive number of reviews already

written specifically about these types of compounds.21–27 As part

of this review, we have investigated the physiochemical proper-

ties of natural product leads and compared their features to

drugs that are known to interact with CNS targets. Although our

analysis does provide broad coverage of the natural products

that are being examined for the full spectrum of protein aggre-

gation-related neurodegenerative diseases, we have omitted
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further detailed coverage of Alzheimer’s disease-specific leads.

Instead, we refer the interested reader to the companion review

on Alzheimer’s disease by Williams in this issue of Natural

Product Reports (see DOI: 10.1039/c0np00027b).

2 Natural products as lead compounds for the
treatment of protein aggregation-related
neurodegenerative disorders

Before discussing the specific natural products that have emerged

as leads for treating Alzheimer’s, Parkinson’s, Huntington’s, and

prion diseases, we have summarized the relative impact that

secondary metabolites have had on the drug development

process for neurodegenerative disease. Our analysis reveals that

Alzheimer’s disease has been the subject of the most intense

scrutiny, with 71.9% of the described leads having been studied in
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Fig. 2 a–c) Scatter plots from principal components analysis of the

chemical properties exhibited by CNS-active drugs and natural products

with bioactivity relevant to neurodegenerative disease. Data points that

cluster together have similar chemical properties. Chemical properties

analyzed are molecular weight, C logP, topological polar surface area,

C logD, number of hydrogen bond donors and the strongest basic pKa. a)

Data points for CNS drugs and natural products, showing the large

amount of overlap between the two groups. b) Data points representing

only CNS drugs. c) Data points representing natural products with

bioactivity relevant to neurodegenerative disease grouped by their bio-

logical source. d) Number of natural products with bioactivity relevant to

neurodegeneration divided by type of source organism. Data presented as

percentage of total compounds identified with bioactivity pertaining to

neurodegeneration (n ¼ 204; plant ¼ 72.1%, fungus ¼ 12.7%,

marine ¼ 9.3%, bacterial ¼ 3.4%, insect ¼ 2.0%, algae ¼ 0.5%).
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relationship to this disorder (Fig. 1). Both Huntington’s and

Parkinson’s diseases have received more modest research effort,

accounting for 2.2% and 2.4%, respectively, of the described

natural product leads. Prion diseases account for only 1.7% of

natural product leads. Drug leads not specific to any particular

disease (e.g., modulators of neuroinflammation) that could

potentially be used for any or all protein aggregation-related

neurodegenerative disorders accounted for a substantial portion

of the reported leads (21.8%).

It is estimated that in the United States alone, approximately

four million people suffer from Alzheimer’s disease, five hundred

thousand from Parkinson’s disease, one hundred thousand from

Huntington’s disease and three hundred from prion diseases. It is

certain that there are many more people worldwide suffering from

these diseases as well. Considering the relative proportion of people

suffering from each of these disorders, it is not surprising that the

development of Alzheimer’s disease leads has dominated previous

research endeavors. However, the disproportionate effort aimed at

creating new drugs for combating Alzheimer’s compared to other

neurodegenerative ailments suggests that other major disorders

like Huntington’s and Parkinson’s diseases represent understudied

but important areas for further investigation.

A necessary part of the process for identifying neurodegener-

ative disease-relevant drug leads is a consideration of each com-

pound’s chemical features (i.e., molecular weight, C logP,

topological polar surface area, C logD, number of hydrogen bond

donors, and the strongest basic pKa). Specifically, it is important

to recognize whether a lead compound bears the proper combi-

nation of physical properties that will enable it to penetrate the

blood–brain barrier. Since central nervous system (CNS)-active

drugs must possess a more stringently refined set of chemical

properties compared to orally available systemic drugs, we

examined how the natural product-derived leads described in this

review compared to approved CNS-active agents. This point of

concern is highly relevant because the frequently espoused

chemical diversity of natural products could potentially serve as

a liability if their assorted structural features drove secondary

metabolites outside the realm of requirements for acceptable

bioavailability. Scatter plots generated from a principle compo-

nents analysis of natural product leads and approved CNS-active

agents showed remarkable overlap for the chemical features of

these two groups of compounds (Fig. 2a). Due to the substantial

integration of the hundreds of compounds included in this review,

additional scatter plots of the same data showing only the

approved CNS-active agents (Fig. 2b) or natural product leads

(Fig. 2c) are also provided. While natural products as a whole do

exhibit somewhat greater scatter in terms of their structural

features, it is important to recognize that the lead compounds

included in this analysis have not undergone any type of optimi-

zation. Therefore, the significant similarity of secondary metab-

olite leads to CNS-active agents is even more extraordinary.

A detailed breakdown of the six major chemical features that

are of greatest concern for developing CNS-active drugs is

illustrated in Fig. 3. Scatter plots comparing CNS-active drugs

against natural products show that important properties such as

C logP (Fig. 3b), C logD (Fig. 3d), and pKa properties (Fig. 3f)

are within the desired ranges. Some deviation is observed con-

cerning molecular weight (i.e., natural products tend to be larger)

(Fig. 3a) and total polar surface area (i.e., natural products tend
This journal is ª The Royal Society of Chemistry 2010
to have greater polar surface area) (Fig. 3c), although these

parameters are not substantially divergent. In general, natural

products tend to possess a larger number of H-bond donor

groups compared to CNS-active drugs (Fig. 3e), but the unop-

timized nature of the secondary metabolite lead pool may be the

primary reason for this discrepancy. Overall, natural products

meet many of the basic requirements for CNS-active drugs and

therefore secondary metabolite leads should be regarded as

generally compatible with the blood–brain-barrier penetration

needs of CNS-active agents.

We also considered the biogenic sources of the reported natural

product leads (Fig. 2c and 2d). We observed that a dispropor-

tionate number of compounds have been identified from plants,

while other important groups of organisms are significantly

under-represented. We were especially surprised that marine

organisms and microbes (fungi and bacteria) have both been

particularly under-utilized despite their incredible drug discovery

potentials. We anticipate that focused efforts to screen new

marine and microbial sources for Alzheimer’s, Parkinson’s,

Huntington’s, and prion disease leads will be particularly fruitful.
3 Alzheimer’s disease

One of the characteristic features associated with Alzheimer’s

disease is the presence of insoluble extracellular amyloid plaques.

These plaques consist primarily of the aggregation-prone peptide
Nat. Prod. Rep.
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Fig. 3 Scatter plots showing the distribution of values of chemical properties for CNS drugs and natural products with bioactivity relevant to

neurodegenerative disease: a) molecular weight, b) C logP, c) topological surface area (TPSA), d) C logD, e) number of H-bond donors, and f) strongest

basic pKa. Bars represent the mean value of the data points in each column. Shaded regions show the ‘‘ideal’’ values for each property.28
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b-amyloid (Ab), which is essential to Alzheimer’s disease

neuropathology.29 The misfolding and aggregation of Ab

contributes to the disruption of normal neuronal functions,

including decreased production and altered regulation of

neurotransmitters and neurotrophins, mitochondrial dysfunc-

tion, oxidative stress, inflammation, and tau hyper-

phosphorylation.29,30 The combined effects of these problems

lead to the degeneration of cholinergic neurons, especially in the

hippocampus, which results in the development of the primary

symptoms of Alzheimer’s disease.29,30 A variety of biological

targets have been proposed for attempting to modulate Alz-

heimer’s disease, including acetylcholinesterase, b-secretase,

protein kinases such as Gsk3 and Cdk5 and protection of cells

against Ab toxicity. Natural products that modulate these targets

have been identified, and the interested reader is encouraged to

refer to the companion review by Williams for further details.
4 Parkinson’s disease

The primary symptoms of Parkinson’s disease (loss of motor

function and coordination) are largely due to the deterioration of

dopaminergic neurons.31 The affected regions of the brains of

Parkinson’s disease patients accumulate protein aggregates

called Lewy bodies that consist primarily of misfolded a-synu-

clein.32 Although the native function of a-synuclein is still not

clear,32,33 several cellular features of Parkinson’s disease have

been identified, including mitochondrial dysfunction, inflam-

mation, oxidative damage, and apoptosis.34

Nearly all of the current therapies approved for Parkinson’s

disease focus exclusively on enhancing dopaminergic activity in

the brain. Unfortunately, this approach is only effective for

modifying the symptoms of Parkinson’s disease rather than its

cause.31 The lack of a clear understanding of the underlying

biochemical basis of Parkinson’s disease has made the develop-

ment of effective neuroprotective treatments for this condition

very difficult.35 The following section describes the limited

number of natural products that have been identified as having

activities related to the treatment of Parkinson’s disease.
Nat. Prod. Rep.
The neurotoxic effects of 6-hydroxydopamine (6-OHDA)

mimic many of the pathological features of Parkinson’s disease,

making the use of 6-OHDA toxicity the most widespread model

for identifying therapeutic leads for Parkinson’s disease.36 This

compound specifically targets catecholaminergic (dopaminergic

and noradrenalinergic) neurons in animals, making it a highly

useful tool for identifying new therapeutic leads that ameliorate

the symptoms of Parkinson’s disease.37 Unfortunately, investi-

gations using a 6-OHDA model of Parkinson’s disease lack the

ability to identify compounds targeting the non-dopaminergic

features of Parkinson’s disease. However, useful alternatives to

the 6-OHDA model have not yet emerged.37,38

Three compounds isolated from the roots of Stemona tuberosa

protected SH-SY5Y cells against 6-OHDA toxicity.39 Stilbostemin

B 30-b-D-glucopyranoside (3), stilbostemin H 30-b-D-
This journal is ª The Royal Society of Chemistry 2010
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glucopyranoside (4), and stilbostemin I 200-b-D-glucopyranoside (5)

all protected cells from 6-OHDA-induced toxicity at concentrations

of 1 mM.39

Paeoniflorin (6), a compound isolated from the roots of

Paeonia lactiflora with a very unique cage-like pinane moiety,

decreased behavioral abnormalities in rats induced by 6-OHDA

when administered at doses as low as 5 mg/kg.40 Interestingly,

this report also showed that 6 is not a dopamine receptor agonist,

which may indicate the potential for this compound as a non-

dopaminergic therapy for Parkinson’s disease.

Cytisine (7) is a quinolizidine alkaloid that was originally

isolated from the seeds of Sophora secundiflora.41 Compound 7

and its derivative 5-bromocytisine (8) significantly reduced

striatal dopamine loss induced by 6-OHDA in rats at a dose of 2

mg/kg. However, another derivative of 7, 3-bromocytisine (9),

had no effect on striatal dopamine concentrations.42 These

results are significant since it has been shown that a decrease in

striatal dopamine levels is a key pathological feature of the 6-

OHDA model of Parkinson’s disease.37

Nanolobatolide (10) is a metabolite isolated from the marine

soft coral Sinularia nanolobata.43 Treatment of SH-SY5Y

neuronal cells with 10 at a concentration of 0.1 mM significantly

reduced the toxicity of 6-OHDA in these cells.

A series of secoiridoid glycosides were isolated from the plant

Ligustrum japonicum that attenuated the toxicity of 6-OHDA in

human neuroblastoma cells. The metabolites (8E)-nuezhenide

(11), (8Z)-nuezhenide (12), (8Z)-nuezhenide A (13) and oleo-

nuezhenide (14) all protected SH-SY5Y cells against 6-OHDA-

induced toxicity at concentrations of 10 mM.44

In addition to 6-OHDA-induced toxicity, dopamine-induced

toxicity has also been used to investigate the therapeutic poten-

tial of small molecules.45 Esculin (15), a metabolite from Fraxinus

sieboldiana, protected SH-SY5Y cells from dopamine-induced

toxicity when applied to the cells at a concentration of 0.1 mM.45

Several compounds that are described in more detail in other

sections of this review have demonstrated promising biological

activity for Parkinson’s disease as well. The bacterial metabolite

tacrolimus (16) protected mice from the degeneration of dopa-

minergic neurons due to 6-OHDA toxicity when administered at

a dose of 1.5 mg/kg.46 Further description of the activity of 16

can be found in section 5.4. The metabolites harmine (17) and
This journal is ª The Royal Society of Chemistry 2010
harmaline (18) enhanced the release of dopamine in striatal brain

slices, indicating that these compounds may have therapeutic

potential for Parkinson’s disease treatment.47 Further descrip-

tion of the activity of 17 and 18 can be found in section 7.4.
5 Huntington’s disease

Huntington’s disease is a progressive neurodegenerative disorder

arising from a CAG trinucleotide repeat expansion mutation in

the huntingtin (Htt) gene.48,49 Individuals carrying mutant forms

of huntingtin (mHtt) encoding for $35 glutamine repeats are at

risk of developing Huntington’s disease. The number of poly-

glutamine-encoding CAG repeats in mHtt strongly influences the

age of disease onset, symptom severity, and rate of Huntington’s

disease progression.50 Mutant forms of the huntingtin protein are

highly prone to aggregation, resulting in the formation of

microscopic plaques that are distributed throughout affected

regions of patients’ brains. Unfortunately, the mechanism by

which mutant huntingtin protein causes Huntington’s disease is

not known. However, oxidative stress, mitochondrial dysfunc-

tion, and apoptosis are some of the cellular processes that are

believed to be induced as part of the disease process.48 Additional

druggable targets for Huntington’s disease have been proposed

(e.g., inhibition of protein kinases, modulation of mutant hun-

tingtin protein aggregation, and enhancement of the clearance of

mutant huntingtin protein from cells), but the efficacy of these

treatment methods have not yet been fully validated.51
5.1 Gsk3 as a target for Huntington’s disease

Glycogen synthase kinase 3 (Gsk3) has been identified as

a promising target for the development of Huntington’s disease

therapeutics. Although Gsk3 fulfills a variety of cellular func-

tions, its role in enhancing apoptotic signaling associated with

mutant huntingtin-affected regions of the brain represents

a possible target for therapeutic modulation.52,53 Supporting this

view are data demonstrating that inhibition of Gsk3 can protect

cells against mHtt toxicity.54 As evidence for the enthusiasm

surrounding the development of drugs that target Gsk3, we have

noted that more than 25 patents have been issued concerning the

pharmacological management of this kinase. Although the

compounds described in this section were originally identified as

having therapeutic relevance to Alzheimer’s disease, we have

listed them here in order to draw attention to their potential

applications to Huntington’s disease.

Hymenialdisine (19), a marine sponge metabolite, was identi-

fied as a potent inhibitor of Gsk3 (IC50¼ 10 nM).55 A panel of 15

structural analogues of 19 were also tested in this study for their

inhibitory activity against Gsk3, but 19 was much more active

(10–10,000-fold greater) than any of the analogues.

Manzamines are marine sponge-derived alkaloids that exhibit

modest Gsk3 inhibitory activities.56 In studies utilizing an in vitro

cell-free assay, manzamine A (20), 8-hydroxymanzamine A (21),

manzamine Y (22), manzamine E (23), manzamine F (24), and

the manzamine dimer neo-kauluamine (25), all inhibit Gsk3 at

a concentration of 25 mM.56,57 However, only compounds 20 and

21 were shown to retain their Gsk3 inhibitory activities in a cell-

based model system.57 A recent molecular docking study suggests

that 21 binds to the ATP-noncompetitive pocket of Gsk3.58
Nat. Prod. Rep.
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5.2 Caspase inhibitors

Apoptosis has been implicated as playing an important role in

Huntington’s disease. Accordingly, the blockade of apoptotic

signals through inhibition of caspases has been proposed as an

important therapeutic target for Huntington’s disease
Nat. Prod. Rep.
intervention.59 Caspases 1 and 3 are upregulated in Huntington’s

disease patients and in mouse models of the disease. In both

humans and rodents, caspases enzymatically cleave the hun-

tingtin protein, resulting in an increase in the amount of toxic

mutant huntingtin fragments in diseased cells.59,60

The marine sponge Batzella sp. yielded the metabolite dis-

corhabdin P (26), which inhibits caspase CPP32 with an IC50

value of 0.78 mM.61 It is interesting to note that the related

metabolite discorhabdin C (27) does not inhibit caspase CPP32,

even though the only difference between these two compounds is

the presence of the N-methylpyrroline in 27 as opposed to the

unsubstituted pyrroline in 26.
5.3 Decreasing mutant huntingtin aggregation

Misfolding and aggregation of the mutant huntingtin protein

have been closely linked with toxicity and the pathogenesis of

Huntington’s disease.48 Possible methods for combating the toxic

effects of the misfolded mutant huntingtin include inhibiting the

formation of mutant huntingtin aggregates or enhancing the

ability of cells to remove protein aggregates through autophagy.
This journal is ª The Royal Society of Chemistry 2010
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Autophagy is the process by which cells degrade and recycle large

protein bodies and organelles.62 It has been shown that

increasing the autophagic capacity of cells containing misfolded

proteins and protein fragments can enhance cell survival.62

Accordingly, it has been proposed that increasing autophagy

could serve as a means for combating Huntington’s disease, as

well as other neurodegenerative disorders.63–65

Rapamycin (28) is a well-known secondary metabolite that

was first isolated from Streptomyces hygroscopicus.66 The

compound interacts with the protein FKB12, resulting in
This journal is ª The Royal Society of Chemistry 2010
inhibition of the mTOR complex and upregulation of autoph-

agy.67,68 It was recently shown that 28 increased autophagy

further when administered in combination with lithium, which

activates autophagy through an mTOR-independent pathway.69

The potential of this combination approach was demonstrated in

a Drosophila model of mHtt-induced neurodegeneration.69

Broader applications of 28 in treating other protein aggregation

associated diseases, including Alzheimer’s disease, have been

proposed as well.70

Two secondary metabolites were identified in a screening of

pure compounds for the ability to reduce in vitro aggregation of

the mutant huntingtin protein.71 Celastrol (29), a metabolite

isolated from the plant Tripterygium wilfordii, and juglone (30),

a well-known natural product from Juglans nigra, both exhibited

potent activity in this assay (IC50 ¼ 3.55 mM and 2.67 mM,

respectively). Further investigation of these compounds in

striatal cells expressing mHtt showed that the application of 29

and 30 at a concentration of 10 mM significantly increased the

number of cells with cytoplasmic localization of mutant hun-

tingtin protein (note that normal huntingtin protein is typically

localized in both the nucleus and the cytoplasm in this cell line,

but mutant huntingtin is localized exclusively to the nucleus).71
Nat. Prod. Rep.
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5.4 Protection against mutant huntingtin toxicity

Tacrolimus (16), also known as FK506, is a bacterial metabolite

produced by Streptomyces tsukubaensis.72 When administered in

a Huntington’s disease mouse model at a dose of 4 mg/kg, 16

delayed the onset of disease-related symptoms, but it did not

prolong lifespan.73 However, a separate study reported that

administration of 16 to mice in a Huntington’s disease rodent

model at a dose of 0.5 mg/kg accelerated the onset of the

neurological phenotype of the disease. It was proposed that this

deleterious effect was due to the calcineurin inhibitory proper-

ties of 16.74 In yet another report, 16 was shown to restore

normal transport of brain-derived neurotrophic factor (BDNF),

which is typically disrupted by mutant huntingtin toxicity.

However, the latter activity was also ascribed to the calcineurin-

inhibitory effects of 16.75 At first glance these reports appear to

be in conflict. However, closer inspection reveals that the study

by Ditzler et al. used a dose of 16 that was 8-fold greater than

the study by Hern�andez-Espinosa and Morton. The two studies

also utilized different methods of measuring the symptoms of

mutant huntingtin toxicity, with Ditzler et al. using only

behavioral changes to determine the effect of the mutant hun-

tingtin toxicity, while Hern�andez-Espinosa and Morton used

a combination of behavioral observations and biochemical

markers. Since these two studies used such dissimilar doses and

metrics of the progression of Huntington’s disease symptoms, it

is not surprising that they found different results employing the

same mouse model of Huntington’s disease.

Resveratrol (31) is a stilbene metabolite produced by

a variety of plants, including grapes.76 In a Drosophila model of

Huntington’s disease, treatment of the flies with 31 at

a concentration of 10 mM reduced the amount of neuro-

degeneration caused by mutant huntingtin; however, it did not

increase the lifespan of the flies.77 The mechanism by which 31

elicited its protective effects was speculated to arise from the

compound’s potential antioxidant activity78 and its sirtuin-

activating properties.79
A series of green-tea catechins were reported to protect a yeast

model of Huntington’s disease from the toxic effects of a mutant

huntingtin protein fragment.80 Gallocatechin (32), epi-

gallocatechin (33), epicatechin (34), epigallocatetchin-3-O-

gallate (35), epigallocatetchin-3-O-(30-O-methyl)gallate (36) and

epicatechin-3-O-gallate (37) protected cells from mutant hun-

tingtin toxicity at concentrations ranging from 0.1 nM to 10 mM.

A separate study showed that 35 also modulated mutant hun-

tingtin aggregation in vitro and that it reduced the detrimental

effects of mutant huntingtin in a Drosophila model.81 For a more

complete summary of the reported neuroprotective effects of

green tea catechins, the reader is directed to a review of the

subject by Mandel et al.82
Nat. Prod. Rep.
The chemotherapeutic agent mithramycin (38) was reported to

enhance the survival of mice in a transgenic model of Hunting-

ton’s disease.83 This metabolite was isolated from the bacteria

Streptomyces agrillaceus and exhibited the ability to significantly

increase the lifespan of the mice in this disease model. This report

suggested that the prevention of mutant huntingtin-induced

hypermethylation of histone H3 by 38 may be the mechanism by

which it protects mice against mutant huntingtin’s toxicity.83

Compound 38 is an attractive therapeutic lead for Huntington’s

disease since it is already an FDA approved drug.

6 Prion diseases

Prion diseases, also known as transmissible spongiform

encephalopathies, are a rare but fatal group of neurodegenera-

tive diseases observed in humans and other mammals.84,85 These

diseases are caused by an infectious prion, which is a misfolded

protein that forms amyloid plaques and is able to transfer its

misfolded conformation to other proteins.86 Approximately 300

cases of prion diseases are diagnosed in the U.S. each year and
This journal is ª The Royal Society of Chemistry 2010
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they are particularly devastating to patients since they are often

fatal within one year of diagnosis.87 The most common prion

disease in humans is Creutzfeldt–Jakob disease, but other forms

of the disease include kuru, fatal familial insomnia (FFI), and

Gerstmann–Straussler–Scheinker disease.87

Several cellular models of prion diseases have been developed

that have been useful in the search for drug leads.86 Almost all of

the reported assays have targeted the inhibition of the prion

misfolding process, reduction of the total amount of prion

protein in cells, and stabilization of the natively folded prion

protein.88
6.1 Prion amyloidogenesis inhibition

The polyene macrocycle amphotericin B (39) was originally

isolated from Streptomyces nodosus in 1955 and has been widely

used as an antifungal drug over the past 50 years.89–93 It was

reported that 4.5 mg/mL of compound 39 is sufficient to reduce

the generation of misfolded prion protein in infected GT1-7 and

S12 cells.94 Treatment of these cell lines with 39 at this concen-

tration induced no observed toxicity.

The Cannabis sativa metabolite cannabidiol (40) reduced the

accumulation of prion protein in infected cells at a concentration

of 5 mM.95 The major psychoactive constituent of C. sativa,

D9-tetrahydrocannabinol (41), also exhibited activity, but its

effects were limited to only a subset of the investigated cell lines.

Compound 40 significantly increased the survival of prion

infected mice when administered at a dose of 20 mg/kg.95 Inter-

estingly, a variety of other potential protective activities per-

taining to neurodegeneration have been reported for 40 including

anti-inflammatory activity, antioxidant activity, and protection

against glutamate-induced toxicity.96

Curcumin (42) is found in Curcuma longa and has been

reported to exhibit a wide range of biological activities,

including several that are related to other neurodegenerative

diseases.97,98 In regard to prion diseases, 42 potently inhibited

prion protein accumulation in a neuroblastoma cell model

(IC50 �10 nM).99
This journal is ª The Royal Society of Chemistry 2010
A screen of 2000 pure compounds consisting of natural

products and drugs identified several substances that inhibit the

accumulation of the misfolded prion protein in infected cells.100

A group of 17 compounds were obtained that exhibited IC50

values of #1 mM. Most of the active natural products consisted

of polyphenols, such as epigallocatetchin-3-O-gallate (35), epi-

catechin 3-O-gallate (37), and 2,3,5,7,30,40-pentahydroxyflavin

(43). The activities of these compounds were confirmed in both in

vitro and in vivo models.100 The activity of 35 pertaining to

Huntington’s disease is described in section 5.4.

A group of tetracycline derivatives have also been reported to

exhibit anti-prion activity.101 Doxycycline (44) and minocycline

(45) were particularly effective, with in vitro and in vivo activity

reported for both compounds. These compounds are attractive

targets for therapeutic development since they are already US-

FDA-approved antibiotics.101 There is an extensive body of

literature available summarizing the therapeutic potential of 45

for many neurological disorders, including Alzheimer’s, Par-

kinson’s and Huntington’s disease, to which the interested reader

is directed for more information.102–105

7 General neurodegeneration

A substantial number of cellular dysfunctions are shared among

neurons experiencing any one of the four major protein aggre-

gation-related neurodegenerative diseases. Accordingly, many

research groups have examined these non-specific disease targets

in the hope of finding compounds that have broad applications

to more than one neurodegenerative disorder. Several assays

have been described for identifying generalized neuroprotective

agents, including preventing glutamate-induced neurotox-

icity,8,106,107 modulating neurotrophic activity,18,19,108,109
Nat. Prod. Rep.
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providing protection against inflammation,110,111 and inhibiting

monoamine oxidases.112 A wide variety of secondary metabolites

have emerged from these assays, and they are summarized in the

following sections based on their biological targets.

7.1 Glutamate-induced neurotoxicity

Glutamate is an important neurotransmitter; however, excessive

glutamate exposure leads to neuronal cell death as a result of

unbridled excitotoxicity.8 Much of the damage caused by gluta-

mate excitoxicity is attributable to excessive Ca2+ efflux in

neurons, which triggers a signaling cascade that leads to

apoptosis and oxidative stress.8,107 Evidence has emerged sug-

gesting a probable link between glutamate excitotoxicity and

neuronal cell death in Alzheimer’s, Parkinson’s, and Hunting-

ton’s diseases.106 These shared features make prevention of

glutamate-induced toxicity an appealing target for preventing

neurodegeneration.

Mescengricin (46) was isolated from Streptomyces griseoflavus

2853-SVS4. This bacterial metabolite exhibited potent protective

effects against glutamate toxicity in chick primary mescenephalic

neurons (EC50 ¼ 6 nM).113 Further experiments in the N18-RE-

105 neuronal cell line demonstrated that the mechanism of

protection of 46 against glutamate toxicity did not involve

antioxidant activity.113

Three compounds isolated from the bacteria Streptomyces sp.

Q27107, neuroprotectin A (47) and B (48) and complestatin (49),

all protected cells from glutamate toxicity.114 The three

compounds protected chick telencephalic neurons from 20 mM

glutamate toxicity with IC50 values of �0.44 mM.
Nat. Prod. Rep.
Fangchinoline (50) is a bis-benzylisoquinoline alkaloid from

Stephania tetrandra.115 Compound 50 protected cerebellar

granule cells from glutamate-induced toxicity at a concentration

of 1 mM. Treatment of the cells with 50 also reduced Ca2+ influx,

which is significant because disruption of Ca2+ homeostasis is an

important factor contributing to glutamate toxicity in

neurons.8,107

Seven iridoid glycosides, 8-O-E-p-methoxycinnamoylharpagide

(51), 8-O-Z-p-methoxycinnamoylharpagide (52), 60-O-E-p-methoxy-

cinnamoylharpagide (53), 60-O-Z-p-methoxycinnamoylharpagide

(54), E-harpagoside (55), Z-harpagoside (56), and harpagide

(57), were isolated from the roots of Scrophularia buergeriana

and protected rat cortical cells against glutamate toxicity. The

compounds exhibited moderate to good potency with activity

noted at concentrations ranging from 0.1–10.0 mM.116

Six dihydropyranocoumarin analogues showed the ability to

enhance the viability of rat cortical cells treated with a toxic

concentration of glutamate (100 mM).117 Decursinol (58) and

decursin (59) were isolated from Angelica decursiva, while

40 0-hydroxytigloyldecursinol (60), 40 0-hydroxydecursin (61),

(20 0S,30 0S)-epoxyangeloyldecursinol (62) and (20 0R,30 0R)-epox-

yangeloyldecursinol (63) were isolated from Angelica gigas. All

six compounds (58–63) significantly increased viability of the

glutamate-treated cells at concentrations of 0.1–1.0 mM.117

The root bark of Dictamnus dasycarpus yielded the liminoid

analogues dictamnusine (64), dictamdiol A (65), fraxinellone

(66), calodendrolide (67), obacunone (68), and limonin (69).118

All of the liminoids provided significant protection against

glutamate-induced neurotoxicity in primary cultures of rat
This journal is ª The Royal Society of Chemistry 2010
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cortical cells. Whereas the positive control dizocilpine maleate (a

noncompetitive agonist of the NMDA receptor) was active at

10.0 mM, compounds 64–69 exhibited greater potency, with

activity reported at a concentration of 0.1 mM.118

Cynandione A (70) is a metabolite isolated from the roots of

Cyanchum wilfordii.119 Rat cortical cells treated with 50 mM 70

were protected against glutamate-induced toxicity. However,

cells were still susceptible to excitotoxicity induced by treatment

with N-methyl-D-aspartate.119

Ginsenoside Rg3 (71) and Rb1 (72) protected rat cortical cell

cultures from glutamate-induced toxicity.120 Both compounds
This journal is ª The Royal Society of Chemistry 2010
exhibited maximum protection at a concentration of 0.10 mM.

Further activity of these compounds is described in more detail in

section 7.2.

It is worth noting that a significant number of natural products

have been reported to protect N18-RE-105 neuronal cells against

glutamate toxicity.121–131 However, it is likely that this protection

was achieved through an antioxidant mechanism and that these

compounds do not confer any specific protection against gluta-

mate toxicity.125,132 Therefore, the potential application of these

natural products is not discussed further.
7.2 Neurotrophic activity

Healthy neuronal activity is promoted and maintained by neu-

rotrophins, small proteins that participate in the regulation of

several neuronal processes including survival, neurite

outgrowth, and neural stem cell differentiation.109,133 Due to the

array of therapeutically relevant modulatory effects exhibited by

neurotrophins, small molecules that mimic or regulate the

activities of these proteins have been sought for the treatment of

neurodegenerative diseases,109,133,134 In particular, natural

product effectors of endogenous neurotrophins such as nerve

growth factor (NGF), as well as modulators of neurotrophic

targets like TrkA (the cellular receptor for NGF), hold great

promise as therapeutics for treating neurodegenerative condi-

tions.135 Related to the neurotrophin-focused approach is the

attempt to develop stem-cell-based therapies for neurodegener-

ative diseases.136 Stem-cell approaches to treating neuro-

degeneration could be greatly enhanced by the availability of

small molecules that can effectively control and direct the

differentiation of neural stem cells. Although there have been

a small number of reviews concerning natural products with

neurotrophic activity,18,19,108 the most promising results in this

area of research, as well as highlights of more recent discoveries,

are presented here.

Merrilactone A137 (73) and 11-O-debenzozyltashironin138 (74)

are sesquiterpenes isolated from the pericarps of Illicium mer-

rillianum. Treatment of fetal rat cortical neurons with 73 and 74

at concentrations of 0.1 mM resulted in substantial enhancement

in cellular neurite outgrowth.137,138 Two additional sesquiterpene

metabolites from Illicium jiadifengpi, jiadifenin (75) and

(2S)-hydroxy-3,4-dehydroneomajucin (76), are structurally very

similar to 73 and 74 and exhibited comparable neurotrophic

acitivity.139 Both 75 and 76 significantly enhanced neurite

outgrowth in rat cortical neurons at concentrations of 0.1 mM

and 0.01 mM, respectively. Neurite outgrowth induced by 75 and

76 was similar to the enhancement observed using basic fibro-

blast growth factor.139
Nat. Prod. Rep.
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Three diterpenes, kansuinin A (77), D (78) and E (79), isolated

from the roots of Euphorbia kansui, were tested for their stimu-

latory effects on TrkA, the cellular binding target of NGF.140

Survival of TrkA expressing fibroblasts was specifically

promoted by 79 (ED50 ¼ 0.2 mg/mL), while 77 and 78 promoted

the survival of fibroblasts expressing both TrkA and TrkB

(ED50 ¼ 7.9 and 0.6 mg/mL, respectively, for TrkA expressing

fibroblasts). TrkB is the receptor for brain-derived neurotrophic

factor (BDNF), a neurotrophin that has a variety of important

functions for cholinergic and dopaminergic neurons.133

A series of withanolides were isolated from the roots of an

Ayurvedic medicinal plant, Withania somnifera, that enhanced

neurite outgrowth in the human neuroblastoma cell line SH-

SY5Y.141 Treatment of SH-SY5Y cells with withanolide A (80),
Nat. Prod. Rep.
(20S,22R)-3a,6a-epoxy-4b,5b,27-trihydroxy-1-oxowitha-24-eno-

lide (81), (20S,22R)-4b,5b,6a,27-tetrahydroxy-1-oxowitha-2,24-

dienolide (82), coagulin Q (83), withanoside IV (84) and

withanoside VI (85) (each at a concentration of 1 mM) resulted in

significantly increased neurite outgrowth. However, the activities

of these compounds were somewhat distinct from one another

with 81, promoting the growth of axonal neurites, while 84 and

85 increased the growth of dendritic neurites.141

Genipin (86) and aucubin hydrolysate (87) are the products of

enzymatic hydrolysis of two iridoid glycosides isolated from

Gardenia jasminoides and Aucuba japonica, respectively.142 Both

compounds exhibited the ability to enhance neurite outgrowth in

PC12h cells at a concentration of 1 mg/mL. Interestingly, the

glycoside of 87 is inactive in the neurite outgrowth assay, while
This journal is ª The Royal Society of Chemistry 2010
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the glycoside of 86 exhibited significantly less activity than the

hydrolysate, indicating that removal of the glucose moiety is

important for conveying activity.142

Several quinone-containing compounds promoted NGF-

mediated neurite outgrowth in PC12D cells.143 Sargaquinoic acid

(88), isolated from Sargassum spp., and alizarin (89), isolated

from Rubia tinctorum, were the most potent of these compounds.

Both significantly increased the number of cells with neurites at

concentrations of 6.25 mg/mL and 12.5 mg/mL, respectively. The

plant metabolites lapachol (90), from Tabebuia avellandedae, and

lawsone (91), from Lawsonia inermis, also enhanced neurite

outgrowth, but at much higher concentrations of 50 mg/mL and

100 mg/mL, respectively.143

Aster scaber is traditionally used in Korea for the treatment of

bruises, headaches and dizziness.144 The quinic acid metabolite

(�)-3,5-dicaffeoyl-muco-quinic acid (92) isolated from this plant

has been shown to enhance neurite outgrowth in PC12 cells at

a concentration of 5 mM. Experimental evidence indicates that 92

activates a cascade of signaling pathways similar to NGF, which

suggests that this secondary metabolite specifically activates

TrkA.144

A compound isolated from the fungus Penicillium fellutanum,

fellutamide B (93), has been reported to possess unique neuro-

trophic acitivty.145 Treatment of glioblastoma cells with 93 at

a concentration of 10 mM resulted in a large increase in the

production and secretion of NGF. The mechanism of action of

93 has been shown to be through inhibition of the proteasome,

which represents a novel target in the search for neurotrophic

compounds.145
This journal is ª The Royal Society of Chemistry 2010
Carnosic acid (94) is a diterpene from rosemary (Rosmarinus

officinalis) that has been identified as having neurotrophic

activity.146 Treatment of PC12h cells with 94 at a concentration

of 15 mM resulted in enhanced neurite outgrowth comparable to

the outgrowth observed upon treatment of cells with NGF. Gene

transcription analysis indicated that 94 activated the differenti-

ation of the PC12h cells via a mechanism that is distinct from the

activity of NGF.146

Both 3,30-di-O-methylellagic acid (95) and 3,30-di-O-methyl-

ellagic acid 4-O-b-D-xylopyranoside (96) were isolated from the

African tree Terminalia superba.147 Treatment of neural stem cells

with 95 and 96 at a concentration of 10 mM for 24 h followed by

treatment at a concentration of 1 mM for an additional 72 h

resulted in a significant increase in the number of differentiated

neuronal cells with no apparent toxicity. Interestingly, the related

compound ellagic acid (97), which differs primarily from 95 and

96 by the presence of hydroxyl groups rather than methoxy

groups at the C-3 and C-30 positions, was less active and some-

what toxic to the neural stem cells.147

Ginsenoside Rg3 (71), Rk1 (98) and Rg5 (99), isolated from

the roots of Panax sanchi-ginseng, enhanced the differentiation

of neural stem cells.148 The most active of the three compounds

was 99. Neural stem cell differentiation required transient

exposure of the cells to 8 mM 99 for 24 h followed by 72 h

incubation with the same compound at 1 mM.148 This treatment

also led to the increased proliferation of neurons in the culture.

Ginsenoside Rb1 (72), ginsenoside Rb3 (100), notoginsenoside R4

(101) and notoginsenoside Fa (102) are saponins isolated from

Panax japonicus.149 All four compounds enhanced neurite

outgrowth in SK–N–SH cells when applied to the cells at

concentrations of 100 mM each. Immunostaining experiments

showed that 72 and 100–102 promoted the extension of both

axonal and dendritic neurites.149

The neolignans honokiol (103) and magnolol (104), found in

the plant Magnolia obovata, enhanced neurite outgrowth in rat
Nat. Prod. Rep.
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cortical neurons when applied to cells at a concentration of

10 mM.150 It was observed that compound 103 was much more

potent than 104. Neurites in cells treated with 103 were almost

50% longer than those found in cells treated with 104. Addi-

tionally, 103 also promoted the survival of neurons in cell

cultures, resulting in a 40% increase in cell viability.150

The fungal metabolite NG-061 (105), isolated from Penicillium

minioluteum, increased neurite outgrowth in PC12 cells through

an NGF-independent mechanism.151 Treatment of cells with

10 mg/mL of 105 substantially enhanced neurite outgrowth

compared to NGF-positive controls. A combination treatment

consisting of both 105 and NGF resulted in an even greater

neurite growth enhancement.151

A series of alkaloids were isolated from the rhizome of Coptis

chinensis which potentiated neurite outgrowth in PC12 cells by
Nat. Prod. Rep.
NGF.152 Berberine (106), coptisine (107) and palmatine (108)

were active at concentrations of 5 mg/mL, 5 mg/mL and 25 mg/mL,

respectively, when applied to cells in combination with 10 ng/mL

NGF.

Hercinone C (109), D (110), E (111) and H (112) are neuro-

trophic metabolites from the mushroom Hericium erina-

ceum.153,154 All four compounds stimulated the secretion of NGF

into the extracellular medium by mouse astroglial cells when

applied at a concentration of 33 mg/mL. The amount of NGF

which these compounds caused to be secreted by the astroglial

cells decreases in the order 112 > 110 > 111 > 109.153,154
The fungal metabolite NGA0187 (113) was isolated from

Acremonium sp. TF-0356.155 This compound exhibited neuro-

trophic activity through an enhancement of neurite outgrowth in
This journal is ª The Royal Society of Chemistry 2010

http://dx.doi.org/10.1039/C0NP00017E


D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

O
kl

ah
om

a 
 o

n 
07

 O
ct

ob
er

 2
01

0
Pu

bl
is

he
d 

on
 0

7 
O

ct
ob

er
 2

01
0 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0N

P0
00

17
E

View Online
PC12 cells at a concentration of 30 mg/mL. The activity of 113

that was observed at this concentration was equivalent to the

positive control, NGF.155

Farnisone A (114) and C (115), isolated from the fungus

Paecylomyces farinosus RCEF 0101, enhanced neurite

outgrowth in PC12 cells at concentrations of 20 and 50 mM,

respectively.156 A third compound, farnisone B, did not

enhance neurite growth, even though it only differed from 114

by the presence of a hydroxylamine in the pyridone ring.156

Although both 114 and 115 induced neurite growth indepen-

dent of NGF, neither compound was as effective as NGF by

itself.156

A metabolite isolated from coffee beans, trigonelline (116),

exhibited neurotrophic activity in SK-N-SH human neuroblas-

toma cells.157 Treatment of the cells with 116 at a concentration

of 30 mM resulted in a significant increase in the number of cells

with neurites. Cells treated with 116 exhibited positive staining

for the axonal marker phosphorylated NF-H, indicating that the

compound induced the growth of axons from neuroblastoma

cells.157

Two iridoid metabolites isolated from the plant Picrorhiza

scrophulariiflora, picroside I (117) and II (118), potentiated the

neurotrophic effects of NGF in PC12D cells.158 Neither 117 nor

118 were able to enhance neurite outgrowth alone, but when

applied to the cells at a concentration of 60 mM in combination

with NGF (2 ng/mL), neurite outgrowth was substantially

increased compared to the positive control alone (NGF, 30 ng/

mL). The potentiating neurotrophic activity of 117 and 118 was

observed to act in a dose-dependent manner.158
This journal is ª The Royal Society of Chemistry 2010
Nardosinone (119) is a plant metabolite isolated from

Nardostachys chinensis.159 Similar to 117 and 118, 119 did not

exhibit any neurotrophic activity by itself. However, when

applied to PC12D cells at a concentration of 30 mM in combi-

nation with NGF (2 ng/mL), 119 significantly increased the

number of neurite-bearing cells and it was found to be more

effective than treatment with NGF (30 ng/mL) alone.159

Neurotrophic activity has been reported for panaxytriol (120),

which was isolated from Panax ginseng.160 Treatment of PC12

cells with 120 at a concentration of 60 mM in the presence of

NGF (50 ng/mL) enhanced neurite outgrowth.160 However, due

to the unusually high concentration of NGF used in this study

and the lack of quantitative analysis of the neurite growth, the

significance of these results remains uncertain.

A series of sesterterpenes were reported from a marine sponge,

Spongia sp., with neurotrophic activity.161 Scalarolide acetate

(121), 12-epi-scalarin (122), 12-O-deacetyl-12-epi-scalarin (123),

and two additional scalarane sesterterpenes, (124) and (125), all

enhanced the outgrowth of neurites in PC12 cells when applied to

the cells at a concentration of 50 mg/mL. The activity of these

compounds decreased in the order 121 > 124 > 122 > 123

> 125.161

The militarinones are neurotrophic alkaloids from the fungus

Paecilomyces militaris RCEF 0095.162–164 Militarinone A (126)

exhibited the most pronounced activity of the four metabolites,

as well as no observable toxicity, resulting in a significant

enhancement of neurite outgrowth in PC12 cells at a concen-

tration of 33 mM. The dehydroxy analog of 126, (+)-N-deox-

ymilitarinone (127), showed greatly reduced potency, requiring

a dose of 100 mM to elicit a similar effect. In contrast, treat-

ment of human neurons (IMR-32) with 127 at 100 mM resulted

in cell toxicity.162,164 The effects of militarinones B (128) and C

(129) on PC12 cells were rather modest, with doses of 100 mM

resulting in only marginal enhancement of neurite

outgrowth.163
Nat. Prod. Rep.
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A series of sphingolipids were isolated from Bombycis Corpus

101A, which is made from infecting Bombyx mori (silk moth)

larvae with the fungus Beauveria bassiana 101A.165 The compounds,

(4E,6E,2S,3R)-2-N-eicosanoyl-4,6-tetradecasphingadienine (130),

(4E,2S,3R)-2-N-eicosanoyl-4-tetradecasphingenine (131),

(4E,6E,2S,3R)-2-N-docosanoyl-4,6-tetradecasphingadienine (132)

and (4E,2S,3R)-2-N-octadecanoyl-4-tetradecasphingenine (133)

obtained from this mixture potentiated the effects of nerve

growth factor (NGF), leading to the enhancement of PC12 cell

neurite outgrowth at concentrations of 10 mM.165 Compounds

130 and 133 were the most active and 131 and 133, which lack the

C-6 double bond present in the former compounds, were much

less active.165

Four diterpenes from the fruiting bodies of mushrooms were

found to stimulate the production of NGF in rat astroglial

cells.166,167 Scabronine B (134) and E (135) were isolated from

Hericium erinaceum, while scabronine A (136) and G (137) were

obtained from Sarcodon scabrosus. Treatment of rat astroglial

cells with 134 and 135 at concentrations of 60 mM and 90 mM,

respectively, increased the production and secretion of NGF into

the extracellular medium. Both 136 and 137 exhibit similar

activity; however, they required a slightly higher dose (100 mM)

to elicit these effects.166,167

Two compounds isolated from Verbena littoralis, gelsimiol

(138) and 9-hydroxysemperoside aglucone (139), potentiated the

neurotrophic effects of NGF in PC12D cells when applied at
Nat. Prod. Rep.
concentrations of 100 mM.168 In the presence of NGF (2 ng/mL),

138 and 139 increased the number of neurite-bearing cells by

more than 50% and increased the length of neurites by more than

100% compared to treatment with NGF (30 ng/mL) alone.168
This journal is ª The Royal Society of Chemistry 2010
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7.3 Anti-inflammatory activity

Chronic inflammation is associated with a variety of neurode-

generative diseases and it has been shown to be a contributing

factor to neuronal cell death.1 Activated microglia are one of the

prime participants in neuroinflammation.110 These immune

system cells are thought to contribute to neuronal death through

production of reactive nitrogen species (e.g., nitric oxide) and

reactive oxygen species (e.g., hydrogen peroxide).169 Combating

these inflammatory processes has been proposed as an important

means for blocking the development and progression of neuro-

degenerative diseases, and a selected group of anti-inflammatory

lead compounds have already entered clinical trials.111

The diarylheptanoid (3R)-1,7-diphenyl-(4E,6E)-4,6-hepta-

dien-3-ol (140), isolated from the plant Curcuma comosa, has

been shown to significantly reduce the expression of inducible

nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX-2) in

lipopolysaccharide (LPS) treated HAPI microglial cells at

a concentration of 1 mM.170 Compound 140 also decreased the

production of nitric oxide (NO) and prostaglandin E2 (PGE2),

which are the respective products of iNOS and COX-2.

Plakortide P (141), isolated from the marine sponge Plakortis

angulospiculatus, reduced the amount of thromboxane B2

(TXB2), a biochemical marker of the inflammatory response,

released by LPS treated rat microglia (IC50 ¼ 0.93 mM).171

Moreover, no cytotoxicity was observed from this metabolite in

a variety of mammalian cell lines.
This journal is ª The Royal Society of Chemistry 2010
The plant metabolite 15,16-dihydrotanshinone I (142), iso-

lated from Salvia miltiorrhiza, exhibited anti-inflammatory

activity in LPS-activated microglia.172 Treatment of activated

microglia with 142 at a concentration of 5 mM significantly

reduced the expression of several inflammatory response

biomarkers including iNOS, interleukin-1B, tumor necrosis

factor-A, and TNF-A converting enzyme.

Four oxindole alkaloids and one indole alkaloid glycoside

reduced the amount of NO released by LPS-treated rat micro-

glial cells.173 Corynoxeine (143), rhynchophylline (144), iso-

corynoxeine (145), isorhynchophylline (146) and vincoside

lactam (147), isolated from the leaves of Uncaria rhynchophylla,

were active with IC50 values of 15.7, 18.5, 13.7, 19.0 and 16.4 mM,

respectively. These values compare favorably with the activity of

resveratrol (IC50¼ 11.5 mM) in the same assay. Interestingly, two

other oxindole alkaloids, 18,19-dehydrocorynoxinic acid B (148)

and 18,19-dehydrocorynoxinic acid (149), were not active even

though the only structural difference between them and

compounds 143 and 145 was the configuration of the C-20

stereocenter and the presence of a carboxylic acid in 148 and 149

rather than the methyl ester that was present in 143 and 145.173
Nat. Prod. Rep.
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16-Hydroxycleroda-3,13-diene-15,16-olide (150), a diterpene

from the bark of Polyalthia longifolia var. pendula, significantly

reduced the inflammatory response of LPS-activated microglia

when applied to the cells at a concentration of 10 mM.174 The

expression of iNOS, COX-2 and other markers of the inflam-

matory response was also reduced. Additionally, 150 enhanced

neuronal survival in neuronal cells (SH-SY5Y) co-cultured with

microglia-like HAPI cells, indicating its therapeutic potential for

protecting neurons from toxicity associated with the inflamma-

tory response of microglia.174

A sesquiterpene from the stem and root bark of Ulmus

davidiana var. japonica, torilin (151), was reported to inhibit the

inflammatory enzymes iNOS, COX-2, and interleukin-1b in

LPS-activated microglia when applied to cells at a concentration

of 30 mM.175 Compound 151 also reduced the release of the

products of iNOS and COX-2 (NO and PGE2, respectively) and

interleukin-1b into the culture medium.

Several of the compounds described in previous sections of this

review have been demonstrated to possess anti-inflammatory

activity as well. Nanolobatolide (10) demonstrated significant

anti-inflammatory activity and was reported to reduce the

expression of iNOS in activated microglia when applied at

a concentration of 10 mM.43 Manzamine A (20), B (152), C (153)

and D (154) exhibited low micromolar anti-inflammatory

activity, but manzamine E (23) and manzamine F (24) did not.176

Treatment of activated microglia with celastrol (29) at

a concentration of 100 nM significantly inhibited the production

of NO, TNF-a and IL-1b.177

7.4 Monoamine oxidase inhibitors

Monoamine oxidases (MAO) are enzymes that deaminate

neurotransmitters.112 Both the MAO A and B isoforms have

been implicated as targets for treating neurodegenerative
Nat. Prod. Rep.
disease.112 Recent evidence suggests that inhibition of both MAO

A and B can confer neuroprotection through antiapoptotic

mechanisms, reduction of reactive oxygen species production,

and stabilization of the mitochondrial membrane.178 MAO

inhibitors have a long history of use for the treatment of Par-

kinson’s disease, but they have more recently demonstrated

potential as therapeutics for a broader range of neurodegenera-

tive diseases (i.e., Alzheimer’s and Huntington’s disease).112

Two b-carbolines were isolated from brewed coffee that inhibit

MAO A and B.179 Harman (155) selectively inhibited MAO A

(IC50 ¼ 0.34 mM) in vitro while norharman (156) was active

against both MAO A (IC50 ¼ 6.50 mM) and B (IC50 ¼ 4.70 mM)

in vitro. The related compounds harmine (17) and harmaline (18)

from Banisteriopsis caapi also inhibited MAO with IC50 values of

12.6 nM and 15.8 nM, respectively.180 Further experiments

showed that 17 is a selective inhibitor MAO A (IC50¼ 4.54 nM),

but not MAO B.47

Seven xanthone glycosides, corymbiferin 3-O-b-D-glucopyr-

anoside (157), corymbiferin 1-O-b-D-glucopyranoside (158),

triptexanthone C (159), veratriloside (160), swertianolin (161),

norswertianolin (162) and swertiabisxanthone-I 80-O-b-D-gluco-

pyranoside (163), and three xanthone aglycones, bellidin (164),

bellidifolin (165) and swertiabisxanthone-I (166), were isolated

from Gentianella amarella ssp. acuta and examined for their

inhibitory activity against MAO A and B.181 Compounds 164

and 165 show the greatest inhibition of MAO A (91% and 99%,

respectively) when tested at a concentration of 10 mM, and these

values were greater than that of the positive control pargyline

(60% at a concentration of 10 mM), a known inhibitor of MAO A

and B. All ten compounds inhibited MAO B at a concentration

of 10 mM, but 158 and 161 show the greatest activity (94% and

71%, respectively).181

The fruits of Evodia rutaecarpa yielded the metabolite

1-methyl-2-unadecyl-4(1H)-quinolone (167).182 This compound

selectively inhibited MAO B with an IC50 value of 15.3 mM, but

was inactive against MAO A. Determination of the kinetic

pattern of MAO B inhibition by 152 show that it is an irrevers-

ible inhibitor of MAO B.182

A xanthone, 1,7-dihydroxy-3-methylxanthone (168), and the

anthraquinone emodin (169) were isolated from the fungus

Anixiella micropertusa.183 Both 168 and 169 inhibit MAO activity

in vitro with IC50 values of 20.6 mM and 37.0 mM, respectively.

Lemuninol A (170) is a naphthoquinone–naphthalene dimer

isolated from Lemuni Hitam (a Malaysian herbal medicine

containing the heartwood of Diospyros species).184 MAO was

inhibited 62% by 170 at a concentration of 25 mM.

Four coumarin analogues from the roots of Peucedanum

japonicum, praeruptorin A (171), xanthotoxin (172), psoralen

(173) and bergapten (174), exhibited in vitro MAO inhibitory

activity.185 The most potent of these compounds was 174

(IC50 ¼ 13.8 mM), followed by 171 (IC50 ¼ 27.4 mM), 173

(IC50 ¼ 35.8 mM), and 172 (IC50 ¼ 40.7 mM).
This journal is ª The Royal Society of Chemistry 2010
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Licocoumarone (175) and licofuranone (176) are two benzo-

furans isolated from licorice (Glycrrhiza spp.).186 These

compounds demonstrated modest potency against MAO

activity, with IC50 values of 60 mM (175) and 87 mM

(176).

Coptisine (107), described in section 7.2, selectively inhibited

MAO A with an IC50 value of 1.8 mM but did not inhibit

MAO B.187 This compound was significantly more potent than

the structurally similar berberine (106) and palmatine (108),

which have been reported to inhibit MAO A with IC50 values of

98.2 mM and 90.6 mM, respectively.187
This journal is ª The Royal Society of Chemistry 2010
8 Summary and conclusions

Currently there are no effective therapies for treating Alzheim-

er’s, Huntington’s, Parkinson’s and prion diseases. However,

given the large number of promising secondary metabolites dis-

cussed in this review, it is evident that natural products are well-

suited to serve as a leading resource for the discovery of unique

drug leads. We anticipate that screening programs focused on

testing natural products have a considerable likelihood of

uncovering new molecules that are capable of modulating targets

related to neurodegenerative disease in novel ways that are

certain to rapidly advance the drug discovery process.

Our analysis of the natural products literature suggests that

many sources of secondary metabolites such as bacteria, fungi,

and marine organisms remain under-utilized as resources for
Nat. Prod. Rep.
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discovering new neurodegenerative disease drug leads. We have

also observed that natural products are highly compatible with

currently accepted chemical features that are desirable for CNS-

active drugs. Further enhancements of lead pharmacophores

driven by medicinal chemistry will serve to optimize drug leads

and provide a wealth of important scaffolds upon which to

design a new generation of therapeutics for neurodegenerative

diseases.

The neurodegeneration in Alzheimer’s, Huntington’s, Par-

kinson’s and prion diseases is linked to misfolded proteins.

Although the exact mechanism of the toxicity associated with

these aggregation-prone proteins is yet to be determined,

inflammation, apoptosis and oxidative stress are among the

cellular abnormalities that have been linked to these diseases.

The many pathological features that are shared among these

diseases provides a strong rationale for the search for natural

product leads which modulate targets applicable to many

neurodegenerative diseases, including compounds that reduce

glutamate-induced toxicity, neurotrophic compounds, anti-

inflammatory compounds and inhibitors of monoamine

oxidases. In addition to these general targets, there are also

a small number of druggable targets that have been identified for

specific diseases such as caspase and Gsk3 inhibitors for Hun-

tington’s disease and inhibitors of prion propagation and amy-

loidogenesis for prion diseases. The combination of the attractive

chemical properties of natural product leads with the variety of

druggable targets that have been identified for neuro-

degeneration associated with protein misfolding makes it clear

that many opportunities remain for new discoveries in the area of

natural products relevant to neurodegenerative diseases.

Considering that millions of people currently suffer from these

diseases, the work summarized here provides hope that new,

effective therapies for curing Alzheimer’s, Huntington’s, Par-

kinson’s and prion diseases should be within our grasp.
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