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Abstract
Over the last ten years curcumin has been reported to be effective against a wide variety of
diseases and is characterized as having anti-carcinogenic, hepatoprotective, thrombosuppressive,
cardioprotective, anti-arthritic, and anti-infectious properties. Recent studies performed in both
vertebrate and invertebrate models have been conducted to determine whether curcumin was also
neuroprotective. The efficacy of curcumin in several pre-clinical trials for neurodegenerative
diseases has created considerable excitement mainly due to its lack of toxicity and low cost. This
suggests that curcumin could be a worthy candidate for nutraceutical intervention. Since aging is a
common risk factor for neurodegenerative diseases, it is possible that some compounds that target
aging mechanisms could also prevent these kinds of diseases. One potential mechanism to explain
several of the general health benefits associated with curcumin is that it may prevent aging-
associated changes in cellular proteins that lead to protein insolubility and aggregation. This loss
in protein homeostasis is associated with several age-related diseases. Recently, curcumin has
been found to help maintain protein homeostasis and extend lifespan in the model invertebrate
Caenorhabditis elegans. Here, we review the evidence from several animal models that curcumin
improves healthspan by preventing or delaying the onset of various neurodegenerative diseases.
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1. Introduction
Curcumin ((1E,6E)-1,7-Bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is the
main component of Curcuma longa (C. longa), generically known as turmeric, a perennial
plant of the family Zingiberaceae that grows naturally in Southeast Asia. Turmeric is a spice
present in Indian curries and many dishes in South Asia. It has also been used for thousands
of years in Indian and Chinese medicine (1). The main components of turmeric extracts
(curcumin, demethoxycurcumin, and bisdemethoxycurcumin) are commonly known as
curcuminoids. Multiple beneficial effects of curcumin, which could be linked to its ability to
act as a strong anti-oxidant and anti-inflammatory, have been reported during the last ten
years. In studies performed on cell cultures and in different animal models, curcumin has
been reported to provide a number of beneficial effects. These studies have led to the
identification of several pharmacological targets of curcumin and have shed some light on
the molecular mechanisms activated by this compound. Interestingly, and maybe due to its
lack of toxicity and inexpensive cost, some clinical trials have also been conducted with this
compound. Curcumin has been reported to be effective against a wide variety of diseases
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like cancer (2, 3), cardiovascular disease (4), obesity (5, 6), liver disease (7, 8),
inflammatory disease (9–11) and even aging (12–14).

In addition to the age-related pathologies noted above, curcumin may have beneficial effects
on specific kinds of diseases characterized by the formation of aggregated fibrillar proteins
deposits. Collectively known as conformational diseases (15, 16), they are responsible for
tremendous social and economic burden. Especially under neurodegenerative conditions, the
aggregation of aberrant forms of specific proteins such as α-synuclein (Parkinson’s disease,
PD) (17), β-amyloid (Alzheimer’s disease, AD) (18) and huntingtin (Huntington’s disease,
HD) (19) may contribute to the onset and/or progression of the disease. Initially, the protein
aggregates themselves were considered to be the toxic insult leading to cell death. However,
more recent studies suggest that soluble aggregate precursors such as soluble oligomers or
fibrils, may initiate pathology by influencing neuronal function (15). Although a detailed
characterization of how these insoluble intra-and extracellular deposits develop is still
unclear, multiple factors such as pH, metal ions, protein concentration, and oxidative stress
have been reported to play a role in their formation.

It has been estimated that AD and PD are the two neurodegenerative diseases with the
greatest incidence in the United States of America and that AD accounts for 60% to 80% of
all dementia diagnosed (20). The costs associated with treating these diseases and paying
caregivers, as well as the loss of productivity of those afflicted, has been estimated to be
approximately 800 billion Euros (21). These statistics strongly suggest that developing
therapies aimed to reduce or delay neurodegenerative disease should be a priority for the
biomedical community.

PD is named after James Parkinson who described “shaking palsy” in 1817. This disease is
characterized by several symptoms such as bradykinesia, tremors, rigidity, dementia and
depression. At the molecular level, this motor dysfunction has been associated with
pathological spherical inclusions in neurons of the substantia nigra, known as Lewy bodies,
and with a loss of nigrostriatal dopamine (DA) neurons. Despite great effort, the etiology of
this disease is still undetermined. However, it does seem clear that a cumulative loss of
dopaminergic neurons during aging could contribute to the onset/progression of the disease.
This pathology can be accelerated by exposure to environmental toxins, excitotoxicity,
oxidative stress, or mutations in the α-synuclein gene, which encodes a protein found in
Lewy bodies in idiopathic PD lesions. Due to the loss of dopaminergic neurons in the
substantia nigra, striatal cholinergic neurons are disinhibited, leading to an imbalance of
dopaminergic/cholinergic neurotransmission (22). Since DA does not cross the blood brain
barrier, pharmacological approaches to treat PD have focused on developing drugs able to
increase DA or reduce acetylcholine (ACh) activity in the brain. The primary approaches
include the use of levodopa, a DA precursor and indirect agonist of G protein-coupled D2
receptors which increase DA production; direct stimulation of D2 receptors with selective
agonists such as bromocriptine, ropinirole, pramipexole or rotigotine; or preventing DA
enzymatic catabolism by enzymes like monoamine oxidase type B (e.g., selegiline and
rasagiline) or Catechol-O-Methyltransferase (e.g., Entacapone and tocalpone). These
compounds are often administered with anti-muscarinics, such as benztropine or
trihexyphenidyl in order to decrease striatal cholinergic excitability (23).

AD is a neurodegenerative illness characterized by early onset of short-term memory loss
and cognitive decline that eventually leads to dementia. This disease is associated with a
particular brain pathology that includes neurofibrillar tangles and senile plaques (β-amyloid,
Aβ). Aggregated Aβ in senile plaques have a β sheet secondary structure and are arranged in
fibrils (24). A significant amount of neuronal loss has been reported during AD progression
(e. g., basal forebrain, hippocampus and associative cerebral cortex). At molecular level, this
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neuronal loss seems to be associated with a reduction of choline acetyltransferase activity
and, as a consequence, with a marked diminution in ACh levels. No drugs are currently
available to prevent this neuronal degeneration. To date, the potential anti-amyloid
therapeutic approaches to treat AD focus on the amyloid cascade theory, such as the Aβ
vaccine or treatment with metal-complexing agents (25, 26). However, several drugs that
prevent ACh degradation have also been used to improve cognition during AD (e.g., tacrine
or donepezil).

HD is a neurodegenerative disorder caused by the autosomal dominant mutation of the
huntingtin gene. Altered protein aggregates affect muscle coordination and lead to abnormal
involuntary movements, known as chorea, as well as cognitive and psychiatric problems.
Tetrabenazine, an inhibitor of the vesicular monoamine transporter 2 (VMT2) that promotes
dopamine degradation, is used to treat Huntington’s chorea, but not to treat HD itself (27).

Unfortunately, current treatments in PD, AD and HD, beyond symptomatic improvement, do
not have neuroprotective properties or the potential to modify the course of the disease, and
even symptomatic relief is temporary. Additionally, all these compounds are highly toxic
and can cause severe side-effects (nauseas, stomach cramps, dizziness, drowsiness,
insomnia, headache, diarrhea, dry mouth, mydriasis and even delirium, depression or
hallucinations).

2. An important role for Curcumin
With all this in mind, it is easy to understand the excitement generated by a compound like
curcumin. If curcumin could be shown to have strong efficacy, it has the potential to become
a candidate for nutraceutical intervention in neurodegenerative disease. It is interesting to
note that, because of its strong affinity for fibrillar amyloid proteins, curcumin is already
used to stain in vitro tissue sections from affected individuals (28). The search for curcumin
derivatives with higher specificities for Aβ fibrils and adequate lipophilic properties for
crossing the blood-brain barrier is a subject of current research (29, 30). Further fueling
these efforts is research showing that curcumin is able to prevent aggregation of Aβ in vitro
and in cell cultures (31, 32), suggesting that curcumin could alter the effects of protein
aggregation in animal models and potentially in humans.

However, as alluded earlier, one of the principal limitations for the use of curcumin in
nutraceutical interventions is its limited bioavailability, which is mainly due to its poor
absorption and fast metabolism. Although curcumin is very stable in acidic media, at
physiological pH it is easily degraded to ferulic acid and feruloylmethane (33). Whether
these metabolites could have similar properties to those reported for curcumin is still an
active field of research. In parallel, efforts to increase its bioavailability in mammals,
particularly in humans (34–37), by conjugating it to a stable carrier or by co-administering it
with inhibitors of curcumin metabolism have rendered some interesting results.

Despite what are apparent pharmacokinetic limitations, curcumin has been reported to have
multiple pharmacological activities and to be effective against a wide variety of diseases due
to its anti-carcinogenic (38, 7, 39, 40, 2, 3, 37), hepatoprotective (8, 41–44),
thrombosuppressive (45, 46), cardioprotective (47–49), anti-arthritic (9–11), and anti-
infectious properties (50–54).

Everything considered, the demographic shift toward an older population makes compounds
with this broad spectrum of potential clinical applications particularly interesting. The
remainder of this review will summarize the effects curcumin in diverse experimental
models of neurodegenerative diseases and speculate on the directions the field is headed in
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the immediate future. We particularly emphasize studies of curcumin in invertebrate models,
mice and clinical trials in humans.

3. Effect of curcumin in cell cultures
In addition to the reported benefits of curcumin in traditional Chinese and Indian medicine,
the beneficial effects of curcumin have been demonstrated in a wide variety of cells,
including neurons (55), astrocytes (56) and microglia (57). Effects have also been tested in
primary cell cultures from different regions of the central nervous system, including cortical
(58), mesencephalic (59), hippocampal (55) and spinal cord (60). Curcumin is known to
possess neuroprotective properties (61), and its anti-inflammatory (62), anti-oxidant (63)
and insulin-sensitizing effects (64) have been described using neuronal/glial primary and
immortalized cells though its interaction with different molecular targets including metals,
pro-inflammatory cytokines, protein kinases and other enzymes (65).

Aβ aggregation is a feature of AD and curcumin has been shown to be able to inhibit the
formation of the Aβ fibrils in vitro (66). In fact, in a classic experiment where 214
antioxidant compounds were tested, curcumin proved the strongest inhibitor effect on the
formation of Aβ fibrils (67). Furthermore, curcumin demonstrates a dose-dependent effect
on the inhibition of Aβ1-40/1-42 fibrils and even destabilizes preformed fibrils in vitro (66).
Several studies have also demonstrated the ability of some curcuminoids compounds,
including turmeric extract, to suppress Aβ aggregation and oligomerization (68–70). Yang
and colleagues documented the ability of curcumin to inhibit Aβ aggregation and protect
against Aβ-induced cell death (31). In addition, Zhang et al. showed that curcumin
decreased both Aβ levels and Amyloid precursor protein (APP) maturation in mouse
primary cortical neurons (71). Curcumin-mediated cell survival in Aβ as well as APP-
challenged cell systems is due to attenuation of apoptosis and oxidative injury. Curcumin
treatment of human neuroblastoma SK-M-NC cells prevents cell death elicited by the Aβ
peptide through the inhibition of NFκB activation (72). Similarly, PC12 rat
pheochromocytoma cells are protected from Aβ insult through an anti-oxidant pathway (73).
Interestingly, curcumin is also able to prevent the fibrillation pattern of α-synuclein, the
main protein involved in PD, in vitro (74).

Neuroinflammation plays a key role in the onset and progression of neurodegenerative
diseases. In line with this idea, curcumin reduces the expression of IL-1α, IL-6 and TNF-α
in LPS-stimulated BV2 microglia in a dose dependent manner (75). It is known that amyloid
aggregates can be cleared via phagocytosis by brain macrophages and that patients with AD
show signs of defective phagocytosis that results in an ineffective clearance of Aβ plaques.
Interestingly, curcumin can stimulate microglial phagocytosis and clearance of Aβ in vitro
as well as increase the induction of heat-shock proteins in response to the addition of soluble
Aβ aggregates to neuronal cultures (76).

A link between iron metabolism and AD pathogenesis is suggested by the presence of an
iron-responsive element (IRE) in the 5′ UTR of the APP mRNA (77). Additionally, high
amounts of iron and copper in amyloid plaques could be responsible for stimulating free
radical generation and thus increasing protein and DNA oxidation, lipid peroxidation,
advanced glycation end products, carbonyls, malondialdehyde, peroxynitrite, and heme
oxygenase-1 (OH-1) while decreasing levels of cytochrome c oxidase (78). In this context,
the anti-oxidant properties of curcumin might also be linked to its capacity to complex with
redox-active metals since curcumin can bind iron or copper ions in in vitro experiments (79)
and because copper-curcumin complexes show radical scavenger and superoxide dismutase-
like properties (80).
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PD has been modeled in vitro through the specific neurotoxic effect of the 6-
hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
(81) on dopaminergic neurons. Neurotoxicity triggered by 6-OHDA is attenuated by
curcumin treatment in both SH-SY5Y and MES23.5 cells through the inhibition of reactive
oxygen species (ROS), mitochondrial protection and anti-apoptotic mechanisms (82, 83).
Curcumin also confers protection against MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) and MPP+ (1-methyl-4-phenylpyridinium) induced apoptosis in PC12
cells through the Bcl-2-mitochondria-ROS-iNOS pathway (84), and by the inhibition of the
JNK pathway, which contributes to preventing dopaminergic neuronal death in SH-SY5Y
cells (85).

Taken together these results suggest that curcumin could also have beneficial effects in
whole organisms. In the next section we will analyze the current state of research involving
curcumin and invertebrate models of aging and neurodegenerative disease.

4. Effect of curcumin in invertebrates models of aging and
neurodegeneration

C. elegans has been used to identify molecules with a broad range of activities like anti-
helminthics, antifungals, and compounds with neuronal activity (86–91). Additionally, a
number of pharmacological interventions on the aging process have been demonstrated in
this system (92–105). Many of the C. elegans small molecule studies to date have focused
on the effects of natural products like extracts from Ginkgo biloba (106), blueberry phenols
(107), or resveratrol (108). Interestingly, curcumin is also able to increase lifespan through a
mechanism that involves the regulation of protein homeostasis (104). However, curcumin
seems to have no effect on mouse lifespan (109) although it is possible that this compound
could affect other aspects of aging including neurodegenerative diseases or that it could
extend lifespan when administered differently.

In addition to the multiple benefits and resources for exploitation of the worm system as a
platform for drug discovery, worms have also been genetically engineered to express human
disease-associated proteins. For example, a robust model of protein aggregation in which
human Aβ peptide3-42 is expressed under the control of the unc-54 myosin promoter in
muscle tissue has been developed in C. elegans (110). Models expressing tau protein in
neurons (111, 112), α-synuclein in different tissues (113–116) and mouse prion protein
(117) have also been generated in this model system. There are also transgenic worms
expressing chains of polyQ of different lengths, characteristic of the huntingin protein,
tagged to YFP driven by the unc-54 promoter. As observed in humans, they demonstrate an
aggregation rate that is dependent on the polyQ repeat length which culminates in a
paralysis phenotype (118, 119). Several compounds that increase lifespan have been
reported to prevent protein aggregation in these models (120). Recently, we exploited some
of these worm models of neurodegenerative diseases to test several compounds that we
identified as having pro-longevity properties (104). We found that these compounds
significantly decreased the paralysis phenotype associated with Aβ peptide3-42, PolyQ,
myosin and perlecans aggregation through a mechanism that requires components of the
protein homeostasis network. In particular, we found that curcumin supplementation
increases worm lifespan by a mechanism that depends on both the Heat Shock Factor 1
(HSF-1), a transcription factor that has long been associated with the control of stress
resistance, as well as a dietary restriction (DR)-like mechanism (121). These results were
later confirmed by another laboratory that found that curcumin’s anti-oxidant properties are
also required for the lifespan increase induced by this compound (13).
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Curcumin also increases lifespan, enhances stress resistance and improves spontaneous
locomotion in two different strains of D. melanogaster (12). Similar to the case in worms,
Drosophila has been genetically engineered to produce models of neurodegenerative disease
including AD, PD, tauopathies, several polyglutamine disorders, amyotrophic lateral
sclerosis and Prion disease (122). Unfortunately, just a few interventions in
neurodegenerative diseases are found in the literature. Recently, Ceasar and colleagues
showed that curcumin (1–100 μg/g yeast paste) is able to increase lifespan and improve
locomotion in 5 different genetic models of AD in Drosophila (123). After curcumin
treatment, they found no changes in number or size of Aβ deposits but instead observed a
tendency to favor amyloid fibril formation over the soluble oligomeric Aβ species.

These studies demonstrate that a process long associated with age-related neurodegenerative
disease is also a general feature of aging, suggesting that the loss of protein homeostasis
could be a common mechanism of aging and disease. It follows that pharmacologically
targeting the age-related decline of protein homeostasis could reduce and/or postpone
neurodegenerative disease and extend lifespan.

There are, of course, many limitations to using these simple animal models and we should
not underestimate the complexity of human disease by comparing to the events modeled in
worms and flies. Indeed most of the enzymatic machinery that processes neurotoxic proteins
is not present in these invertebrates and in most cases they lack critical modulators of
disease progress such as complex inflammatory responses.

Nevertheless, these results suggest that edible compounds like curcumin could be used to
suppress age-related disease pathologies and underline some important concepts for a novel
approach to the discovery of new drugs with the potential to improve the conditions of
neurodegenerative diseases. It is also important to consider that compounds that affect the
dynamics and patterns of protein aggregation could also generate some soluble oligomeric
species potentially toxic to the cell. Additionally, at the concentration required to affect
protein aggregation, some compounds could have off-target effects that act in parallel to
produce deleterious effects on cell physiology. Therefore, caution ought to be taken when
considering compounds identified through this experimental approach for use as potential
therapeutic drugs.

5. Effect of curcumin in mammals
A small number of compounds have been tested for their ability to increase lifespan and
improve healthspan in mammals. Among others, nordihydroguaiaretic acid and aspirin (2-
acetoxybenzoic acid) increase the lifespan of male, but not female mice (124), probably due
to sex-specific pharmacokinetics of these drugs. Interestingly, the immunosuppressant
rapamycin that inhibits mTOR signaling, is able to increase lifespan in both male and female
mice when administered late in life (125, 126). Therefore, it is reasonable to assume that
compounds that positively affect lifespan could also produce beneficial effects on
degenerative diseases and hence, the effect of these compounds on healthspan is an active
field of research.

Despite there being no evidence that curcumin affects lifespan in either male or female mice
when administered beginning at 4months of age (109), several interesting studies in rodents
have examined the ability of curcumin to provide neuroprotection from neurodegenerative
disorders, especially AD and PD. For a review of the effect of curcumin in aging, please see
Dr. Lai’s chapter in this issue. In a pioneering study, Frautschy and colleagues (127) showed
that a curcumin nutraceutical intervention attenuated oxidative injury, microgliosis,
synaptophysin loss, spatial memory deficits, postsynaptic loss, and Aβ deposits produced by
intracerebroventricular infusion of Aβ amyloid in rats.
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The Aβ-overexpressing Tg2576 APPSw transgenic mouse, a popular mouse model for AD,
has also been used as a pre-clinical tool to evaluate the neuroprotective potential of
curcuminoids on this disease. Lim and coworkers (128) evaluated the effect on Tg2576 mice
fed for 6 months with high doses (5,000 ppm) or low doses (160 ppm) of curcumin and
found that both doses significantly decrease two biochemical conditions which normally are
found elevated in the brains of these mice; protein oxidation and the levels of the
proinflammatory cytokine interleukin-1β. In their experiment, low doses of curcumin
attenuated Aβ overexpression, decreased oxidative damage, and also reduced levels of glial
fibrillary acidic protein, which is involved in brain injury and inflammation. In a subsequent
study in Tg2576 mice, dietary administration of curcumin reduced amyloid plaque
formation, attenuated both ROS and reactive nitrogen species (NOS) formation as well as
decreased cell death (129). Interestingly, in a study where curcumin was intravenously
administered in Aβ overexpressing mice (PS1dE9), beneficial effects including plaque
disruption and attenuation of distorted neuritis were also observed (28). Besides its anti-
amyloid, anti-oxidant, anti-inflammatory and cholesterol-lowing properties, curcumin can
also attenuate memory deficits in AlCl3 and D-galactose-challenged Kunming mice (130).

Taken together, these studies illustrate the potential of curcumin to reverse
neurodegeneration and improve the cognitive impairments associated with AD. There are
also data suggesting that curcumin could have a protective effect against neurodegeneration
in PD. As found for Aβ, curcumin can also inhibit the aggregation of α-synuclein (131), and
several studies performed in rodents have examined the neuroprotective potential of
curcuminoids against both MPTP- and 6-OHDA-induced dopaminergic degeneration. In
these studies, orally and intravenously administered curcumin modulates dopaminergic
damage in 6-OHDA-treated rodents by suppressing apoptosis and inducing microglial
activation with a consequent improvement in locomotion (132, 133). Dietary, intravenous
and intraperitoneal curcumin administration reversed the dopaminergic neurotoxicity in
MPTP-treated rodents. In these experiments curcumin was able to decrease the oxidative
stress, inhibit the activity of monoamine oxidase B, suppress apoptosis, inhibit protein
nitration, increase levels of glutathione and decrease the activity of mitochondrial complex I
induced by MPTP treatment (134–137). Unfortunately, there are limited data on the
potential beneficial role of curcumin in other neurodegenerative diseases. This could be the
result of the low incidence of these diseases. Recently, it has been shown that dietary
curcumin in a doses of 555 ppm causes a decrease in huntingtin protein aggregation,
improved rearing deficits but impairing climbing behavior in the CAG140 mice, an animal
model of HD (138). These in vivo pre-clinical studies exhibit the potential of curcumin as a
neuroprotector and suggest a role for this compound in the prevention and reversal of
degenerative diseases such as AD or PD (Table 1).

6. Curcumin in clinical trials
As described above, therapeutic options for the treatment of neurodegenerative diseases
offer limited benefits and multiple side effects, indicating the need to develop safe and
effective pharmacological agents for the prevention and treatment of these kinds of diseases.
Due to its anti-oxidant and anti-inflammatory effects, as well as its ability to inhibit protein
aggregation, curcumin represents one of the most promising compounds with therapeutic
potential. Epidemiologic evidence of curcumin action is illustrated in a recent large
population-based study of 1010 elderly non-demented Asians. Subjects in this study that
consumed curry occasionally, often or very often scored significantly better on the Mini-
Mental State Examination (MMSE), an established measure of cognitive function, than did
those who never or rarely consumed curry (139). The therapeutic use of curcumin has been
tested in two independent clinical trials. The first one was a 6-month randomized, placebo-
controlled, double-blind, clinical pilot study of curcumin conducted in patients with AD in
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Hong Kong, China. In this study, thirty four subjects started the trial and 27 completed; 8
subjects on 0 g, 9 on 1 g, and 11 on 4 g curcumin per day. No difference was observed
between the 1 and 4 g groups. On this study, curcumin serum levels reached a maximum of
250 nM at 1.5 h when given with food and 270 nM at 4 h when given with water. The
inability to detect any relative protective effect of curcumin could be due to the lack of
cognitive decline in the placebo group. However, when compared with the placebo control
group, curcumin showed increased plasma levels of Vitamin E and increased serum Aβ40,
suggesting that curcumin could disaggregate Aβ-deposits in the brain and release Aβ for
circulation and disposal (140). The second clinical trial was a phase II double-blind study on
mild to moderate AD, performed in California, USA with patients that receive 2–10 mg of
curcumin for 6 months. Unfortunately, no significant improvement in cognitive function or
changes in the levels of Aβ, total tau and phosphorylated tau in plasma and CSF were found
(141) (Table 1). To date, two other studies are still active. One is a phase II study in India
using 2 g/day of curcumin. The second is an early intervention conducted in the USA with a
combination of 5.4 g of curcumin and bioperine, another natural product derived from black
pepper that has been claimed to increase the bioavailability of several nutritional
compounds. These studies are directed to evaluate the efficacy, safety and tolerability of
curcumin in moderate AD.

Despite the somewhat disappointing results of the clinical trials available to date, it is
premature to conclude a total lack of effect of curcumin on AD or PD. Additional studies
with larger numbers of patients and longer period of treatment could be required to improve
the clinical conditions, delay the onset or ameliorate the progression of these diseases.

7. Conclusions and future directions
While identifying compounds that improve the healthspan of mammals is undoubtedly more
relevant for human drug development, the prohibitive cost of mouse studies makes it
extremely unlikely that large scale chemical screens will be carried out in mice. Basic
research in more cost-effective model systems is therefore a critical starting point for
identifying such compounds and elucidating their mechanism(s) of action. Cell culture and
invertebrate model organisms provide opportunities to assay promising compounds, like
curcumin, in an efficient manner. Moreover, once candidate compounds are identified,
model systems allow for rapid elucidation of the genetic pathways being targeted by these
compounds. Furthermore, some pathological features of certain diseases are now being seen
as a more general feature of aging. Perhaps the clearest example of this is the failure of
protein homeostasis associated with age-related neurological disease, which leads to the
formation of intra- or extracellular protein aggregates. This is consistent with a mechanistic
relationship between aging and disease.

The disappointing outcomes of dozens of phase III clinical trials in AD, PD and others
suggests that preclinical studies in animal models are less relevant than we would hope.
Since aging is a major risk factor for many human diseases, compounds that slow aging are
highly sought after due to their potential for treating age-related diseases. Here, we argue
that the recent growth of a new subfield, the chemical biology of aging, will lead to the
identification of candidate compounds and mechanistic insights that will ultimately propel
forward treatments of age-related diseases. Curcumin is a great example of this general idea
due to the multiple beneficial effects reported for curcumin in vitro. Curcumin has been
reported to increase lifespan in C. elegans and Drosophila but does not seem to increase
lifespan in mice. Nevertheless, there is enough evidence to suggest that curcumin could be
of help in the treatment of several neurodegenerative diseases and other age-associated
diseases to significantly improve healthspan. This could be due to its well-known anti-
oxidant and anti-inflammatory properties, but could be also the result of a modulation of
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protein aggregation through the regulation of protein homeostasis or a dietary restriction-like
mechanism as recent studies in worms suggest (Figure 1). Since most of the drug therapies
for neurodegenerative diseases (like AD and PD) currently available have shown little
efficacy and produce multiple side-effects, a nutraceutical intervention with an innocuous
and cheap compound like curcumin could represent a major avenue for the treatment of
these diseases. One of the main limitations for a nutraceutical intervention with curcumin on
neurodegenerative diseases is its limited bioavailability. This could be addressed by
chemical modifications of curcumin, through its conjugation with lipophilic compounds or
by co-administration of curcumin with compounds that facilitate its absorption. Despite that,
clinical trials available to date do not provide conclusive evidence of the efficacy of
curcumin for preventing or treating neurodegenerative diseases. There are, however, some
encouraging results suggesting that curcumin could be of therapeutic relevance in these
kinds of diseases. Of course, more studies are needed to explore the effects of this
compound in long-term nutraceutical interventions and the fact that curcumin seems to be
innocuous in humans could prompt additional studies on the effect of curcumin in the onset
and progression of several neurodegenerative diseases.

Acknowledgments
We would like to thank Aric N. Rogers for helpful discussion. G.J.L. is supported by the NIH AG21069, AG22868,
AG029631-01A1, ES016655, the Larry L. Hillblom Foundation and UL1 RR024917. S.A. was supported by the
U19AGO231222 from the Longevity Consortium.

References
1. Prasad, S.; Aggarwal, BB. Turmeric, the Golden Spice: From Traditional Medicine to Modern

Medicine. 2011.

2. Basnet P, Skalko-Basnet N. Curcumin: an anti-inflammatory molecule from a curry spice on the
path to cancer treatment. Molecules. 2011; 16:4567–4598. [PubMed: 21642934]

3. Darvesh AS, Aggarwal BB, Bishayee A. Curcumin and liver cancer: a review. Curr Pharm
Biotechnol. 2012; 13:218–228. [PubMed: 21466422]

4. Jagtap S, Meganathan K, Wagh V, Winkler J, Hescheler J, Sachinidis A. Chemoprotective
mechanism of the natural compounds, epigallocatechin-3-O-gallate, quercetin and curcumin against
cancer and cardiovascular diseases. Curr Med Chem. 2009; 16:1451–1462. [PubMed: 19355899]

5. Aggarwal BB. Targeting Inflammation-Induced Obesity and Metabolic Diseases by Curcumin and
Other Nutraceuticals. Annual Review of Nutrition. 2010; 30:173–199.

6. Alappat L, Awad AB. Curcumin and obesity: evidence and mechanisms. Nutrition Reviews. 2010;
68:729–738. [PubMed: 21091916]

7. Sharma RA, Ireson CR, Verschoyle RD, Hill KA, Williams ML, Leuratti C, Manson MM, Marnett
LJ, Steward WP, Gescher A. Effects of dietary curcumin on glutathione S-transferase and
malondialdehyde-DNA adducts in rat liver and colon mucosa: relationship with drug levels. Clin
Cancer Res. 2001; 7:1452–1458. [PubMed: 11350917]

8. El-Agamy DS. Comparative effects of curcumin and resveratrol on aflatoxin B(1)-induced liver
injury in rats. Arch Toxicol. 2010; 84:389–396. [PubMed: 20112103]

9. Funk JL, Frye JB, Oyarzo JN, Kuscuoglu N, Wilson J, McCaffrey G, Stafford G, Chen G, Lantz
RC, Jolad SD, Solyom AM, Kiela PR, Timmermann BN. Efficacy and mechanism of action of
turmeric supplements in the treatment of experimental arthritis. Arthritis Rheum. 2006; 54:3452–
3464. [PubMed: 17075840]

10. Funk JL, Oyarzo JN, Frye JB, Chen G, Lantz RC, Jolad SD, Solyom AM, Timmermann BN.
Turmeric extracts containing curcuminoids prevent experimental rheumatoid arthritis. J Nat Prod.
2006; 69:351–355. [PubMed: 16562833]

11. Chandran B, Goel A. A Randomized, Pilot Study to Assess the Efficacy and Safety of Curcumin in
Patients with Active Rheumatoid Arthritis. Phytother Res. 2012

Monroy et al. Page 9

Biofactors. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12. Lee KS, Lee BS, Semnani S, Avanesian A, Um CY, Jeon HJ, Seong KM, Yu K, Min KJ, Jafari M.
Curcumin extends life span, improves health span, and modulates the expression of age-associated
aging genes in Drosophila melanogaster. Rejuvenation Res. 2010; 13:561–570. [PubMed:
20645870]

13. Liao VH, Yu CW, Chu YJ, Li WH, Hsieh YC, Wang TT. Curcumin-mediated lifespan extension in
Caenorhabditis elegans. Mech Ageing Dev. 2011; 132:480–487. [PubMed: 21855561]

14. Pallauf K, Rimbach G. Autophagy, polyphenols and healthy ageing. Ageing research reviews.
2012

15. Kopito RR, Ron D. Conformational disease. Nat Cell Biol. 2000; 2:E207–209. [PubMed:
11056553]

16. Kikis EA, Gidalevitz T, Morimoto RI. Protein homeostasis in models of aging and age-related
conformational disease. Adv Exp Med Biol. 2010; 694:138–159. [PubMed: 20886762]

17. Selkoe DJ. Folding proteins in fatal ways. Nature. 2003; 426:900–904. [PubMed: 14685251]

18. Haass C, Selkoe DJ. Soluble protein oligomers in neurodegeneration: lessons from the Alzheimer’s
amyloid beta-peptide. Nat Rev Mol Cell Biol. 2007; 8:101–112. [PubMed: 17245412]

19. Bates G. Huntingtin aggregation and toxicity in Huntington’s disease. Lancet. 2003; 361:1642–
1644. [PubMed: 12747895]

20. Nussbaum RL, Ellis CE. Alzheimer’s disease and Parkinson’s disease. N Engl J Med. 2003;
348:1356–1364. [PubMed: 12672864]

21. Gustavsson A, Svensson M, Jacobi F, Allgulander C, Alonso J, Beghi E, Dodel R, Ekman M,
Faravelli C, Fratiglioni L, Gannon B, Jones DH, Jennum P, Jordanova A, Jonsson L, Karampampa
K, Knapp M, Kobelt G, Kurth T, Lieb R, Linde M, Ljungcrantz C, Maercker A, Melin B,
Moscarelli M, Musayev A, Norwood F, Preisig M, Pugliatti M, Rehm J, Salvador-Carulla L,
Schlehofer B, Simon R, Steinhausen HC, Stovner LJ, Vallat JM, den Bergh PV, van Os J, Vos P,
Xu W, Wittchen HU, Jonsson B, Olesen J. Cost of disorders of the brain in Europe 2010. Eur
Neuropsychopharmacol. 2011; 21:718–779. [PubMed: 21924589]

22. Meissner WG, Frasier M, Gasser T, Goetz CG, Lozano A, Piccini P, Obeso JA, Rascol O, Schapira
A, Voon V, Weiner DM, Tison F, Bezard E. Priorities in Parkinson’s disease research. Nat Rev
Drug Discov. 2011; 10:377–393. [PubMed: 21532567]

23. Schapira AH, Bezard E, Brotchie J, Calon F, Collingridge GL, Ferger B, Hengerer B, Hirsch E,
Jenner P, Le Novere N, Obeso JA, Schwarzschild MA, Spampinato U, Davidai G. Novel
pharmacological targets for the treatment of Parkinson’s disease. Nat Rev Drug Discov. 2006;
5:845–854. [PubMed: 17016425]

24. Ittner LM, Gotz J. Amyloid-beta and tau--a toxic pas de deux in Alzheimer’s disease. Nat Rev
Neurosci. 2011; 12:65–72. [PubMed: 21193853]

25. Finefrock AE, Bush AI, Doraiswamy PM. Current status of metals as therapeutic targets in
Alzheimer’s disease. J Am Geriatr Soc. 2003; 51:1143–1148. [PubMed: 12890080]

26. Barnham KJ, Bush AI. Metals in Alzheimer’s and Parkinson’s diseases. Curr Opin Chem Biol.
2008; 12:222–228. [PubMed: 18342639]

27. Ha AD, Fung VS. Huntington’s disease. Curr Opin Neurol. 2012; 25:491–498. [PubMed:
22772878]

28. Garcia-Alloza M, Borrelli LA, Rozkalne A, Hyman BT, Bacskai BJ. Curcumin labels amyloid
pathology in vivo, disrupts existing plaques, and partially restores distorted neurites in an
Alzheimer mouse model. J Neurochem. 2007; 102:1095–1104. [PubMed: 17472706]

29. Ran C, Xu X, Raymond SB, Ferrara BJ, Neal K, Bacskai BJ, Medarova Z, Moore A. Design,
synthesis, and testing of difluoroboron-derivatized curcumins as near-infrared probes for in vivo
detection of amyloid-beta deposits. J Am Chem Soc. 2009; 131:15257–15261. [PubMed:
19807070]

30. Lee I, Yang J, Lee JH, Choe YS. Synthesis and evaluation of 1-(4-[(1)(8)F]fluoroethyl)-7-(4′-
methyl)curcumin with improved brain permeability for beta-amyloid plaque imaging. Bioorg Med
Chem Lett. 2011; 21:5765–5769. [PubMed: 21885280]

31. Yang F, Lim GP, Begum AN, Ubeda OJ, Simmons MR, Ambegaokar SS, Chen PP, Kayed R,
Glabe CG, Frautschy SA, Cole GM. Curcumin inhibits formation of amyloid beta oligomers and

Monroy et al. Page 10

Biofactors. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fibrils, binds plaques, and reduces amyloid in vivo. J Biol Chem. 2005; 280:5892–5901. [PubMed:
15590663]

32. Hamaguchi T, Ono K, Murase A, Yamada M. Phenolic compounds prevent Alzheimer’s pathology
through different effects on the amyloid-beta aggregation pathway. Am J Pathol. 2009; 175:2557–
2565. [PubMed: 19893028]

33. Wang YJ, Pan MH, Cheng AL, Lin LI, Ho YS, Hsieh CY, Lin JK. Stability of curcumin in buffer
solutions and characterization of its degradation products. Journal of pharmaceutical and
biomedical analysis. 1997; 15:1867–1876. [PubMed: 9278892]

34. Anand P, Kunnumakkara AB, Newman RA, Aggarwal BB. Bioavailability of curcumin: problems
and promises. Mol Pharm. 2007; 4:807–818. [PubMed: 17999464]

35. Gota VS, Maru GB, Soni TG, Gandhi TR, Kochar N, Agarwal MG. Safety and pharmacokinetics
of a solid lipid curcumin particle formulation in osteosarcoma patients and healthy volunteers. J
Agric Food Chem. 2010; 58:2095–2099. [PubMed: 20092313]

36. Kumar A, Ahuja A, Ali J, Baboota S. Conundrum and therapeutic potential of curcumin in drug
delivery. Crit Rev Ther Drug Carrier Syst. 2010; 27:279–312. [PubMed: 20932240]

37. Yallapu MM, Jaggi M, Chauhan SC. Curcumin nanoformulations: a future nanomedicine for
cancer. Drug Discov Today. 2012; 17:71–80. [PubMed: 21959306]

38. Cheng AL, Hsu CH, Lin JK, Hsu MM, Ho YF, Shen TS, Ko JY, Lin JT, Lin BR, Ming-Shiang W,
Yu HS, Jee SH, Chen GS, Chen TM, Chen CA, Lai MK, Pu YS, Pan MH, Wang YJ, Tsai CC,
Hsieh CY. Phase I clinical trial of curcumin, a chemopreventive agent, in patients with high-risk or
pre-malignant lesions. Anticancer Res. 2001; 21:2895–2900. [PubMed: 11712783]

39. Sarkar FH, Li Y, Wang Z, Padhye S. Lesson learned from nature for the development of novel
anti-cancer agents: implication of isoflavone, curcumin, and their synthetic analogs. Current
pharmaceutical design. 2010; 16:1801–1812. [PubMed: 20345353]

40. Shehzad A, Wahid F, Lee YS. Curcumin in cancer chemoprevention: molecular targets,
pharmacokinetics, bioavailability, and clinical trials. Arch Pharm (Weinheim). 2010; 343:489–
499. [PubMed: 20726007]

41. Singh R, Sharma P. Hepatoprotective Effect of Curcumin on Lindane-induced Oxidative Stress in
Male Wistar Rats. Toxicol Int. 2011; 18:124–129. [PubMed: 21976817]

42. Girish C, Pradhan SC. Hepatoprotective activities of picroliv, curcumin, and ellagic acid compared
to silymarin on carbon-tetrachloride-induced liver toxicity in mice. J Pharmacol Pharmacother.
2012; 3:149–155. [PubMed: 22629090]

43. Morsy MA, Abdalla AM, Mahmoud AM, Abdelwahab SA, Mahmoud ME. Protective effects of
curcumin, alpha-lipoic acid, and N-acetylcysteine against carbon tetrachloride-induced liver
fibrosis in rats. J Physiol Biochem. 2012; 68:29–35. [PubMed: 21986891]

44. Singh M, Sasi P, Gupta VH, Rai G, Amarapurkar DN, Wangikar PP. Protective effect of curcumin,
silymarin and N-acetylcysteine on antitubercular drug-induced hepatotoxicity assessed in an in
vitro model. Hum Exp Toxicol. 2012

45. Srivastava R, Dikshit M, Srimal RC, Dhawan BN. Anti-thrombotic effect of curcumin. Thromb
Res. 1985; 40:413–417. [PubMed: 4082116]

46. Prakash P, Misra A, Surin WR, Jain M, Bhatta RS, Pal R, Raj K, Barthwal MK, Dikshit M. Anti-
platelet effects of Curcuma oil in experimental models of myocardial ischemia-reperfusion and
thrombosis. Thromb Res. 2011; 127:111–118. [PubMed: 21144557]

47. Miriyala S, Panchatcharam M, Rengarajulu P. Cardioprotective effects of curcumin. Adv Exp Med
Biol. 2007; 595:359–377. [PubMed: 17569220]

48. Duan W, Yang Y, Yan J, Yu S, Liu J, Zhou J, Zhang J, Jin Z, Yi D. The effects of curcumin post-
treatment against myocardial ischemia and reperfusion by activation of the JAK2/STAT3
signaling pathway. Basic Res Cardiol. 2012; 107:263. [PubMed: 22466958]

49. Izem-Meziane M, Djerdjouri B, Rimbaud S, Caffin F, Fortin D, Garnier A, Veksler V, Joubert F,
Ventura-Clapier R. Catecholamine-induced cardiac mitochondrial dysfunction and mPTP opening:
protective effect of curcumin. Am J Physiol Heart Circ Physiol. 2012; 302:H665–674. [PubMed:
22101527]

50. Reddy RC, Vatsala PG, Keshamouni VG, Padmanaban G, Rangarajan PN. Curcumin for malaria
therapy. Biochem Biophys Res Commun. 2005; 326:472–474. [PubMed: 15582601]

Monroy et al. Page 11

Biofactors. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



51. Perez-Arriaga L, Mendoza-Magana ML, Cortes-Zarate R, Corona-Rivera A, Bobadilla-Morales L,
Troyo-Sanroman R, Ramirez-Herrera MA. Cytotoxic effect of curcumin on Giardia lamblia
trophozoites. Acta Trop. 2006; 98:152–161. [PubMed: 16678115]

52. De R, Kundu P, Swarnakar S, Ramamurthy T, Chowdhury A, Nair GB, Mukhopadhyay AK.
Antimicrobial activity of curcumin against Helicobacter pylori isolates from India and during
infections in mice. Antimicrob Agents Chemother. 2009; 53:1592–1597. [PubMed: 19204190]

53. Na HS, Cha MH, Oh DR, Cho CW, Rhee JH, Kim YR. Protective mechanism of curcumin against
Vibrio vulnificus infection. FEMS Immunol Med Microbiol. 2011; 63:355–362. [PubMed:
22092562]

54. Nagajyothi F, Zhao D, Weiss LM, Tanowitz HB. Curcumin treatment provides protection against
Trypanosoma cruzi infection. Parasitol Res. 2012; 110:2491–2499. [PubMed: 22215192]

55. Ye J, Zhang Y. Curcumin protects against intracellular amyloid toxicity in rat primary neurons. Int
J Clin Exp Med. 2012; 5:44–49. [PubMed: 22328947]

56. Lavoie S, Chen Y, Dalton TP, Gysin R, Cuénod M, Steullet P, Do KQ. Curcumin, quercetin, and
tBHQ modulate glutathione levels in astrocytes and neurons: importance of the glutamate cysteine
ligase modifier subunit. Journal of Neurochemistry. 2009; 108:1410–1422. [PubMed: 19183254]

57. Karlstetter M, Lippe E, Walczak Y, Moehle C, Aslanidis A, Mirza M, Langmann T. Curcumin is a
potent modulator of microglial gene expression and migration. Journal of Neuroinflammation.
2011; 8:125. [PubMed: 21958395]

58. Wang J, Zhang YJ, Du S. The protective effect of curcumin on Abeta induced aberrant cell cycle
reentry on primary cultured rat cortical neurons. Eur Rev Med Pharmacol Sci. 2012; 16:445–454.
[PubMed: 22696871]

59. Ortiz-Ortiz MA, Morán JM, Ruiz-Mesa LM, Niso-Santano M, Bravo-SanPedro JM, Gómez-
Sánchez R, González-Polo RA, Fuentes JM. Curcumin exposure induces expression of the
Parkinson’s disease-associated leucine-rich repeat kinase 2 (LRRK2) in rat mesencephalic cells.
Neuroscience Letters. 2010; 468:120–124. [PubMed: 19879924]

60. Jiang H, Tian X, Guo Y, Duan W, Bu H, Li C. Activation of nuclear factor erythroid 2-related
factor 2 cytoprotective signaling by curcumin protect primary spinal cord astrocytes against
oxidative toxicity. Biol Pharm Bull. 2011; 34:1194–1197. [PubMed: 21804205]

61. Darvesh AS, Carroll RT, Bishayee A, Novotny NA, Geldenhuys WJ, Van der Schyf CJ. Curcumin
and neurodegenerative diseases: a perspective. Expert Opin Investig Drugs. 2012; 21:1123–1140.

62. Aggarwal BB, Sung B. Pharmacological basis for the role of curcumin in chronic diseases: an age-
old spice with modern targets. Trends in Pharmacological Sciences. 2009; 30:85–94. [PubMed:
19110321]

63. Kelsey NA, Wilkins HM, Linseman DA. Nutraceutical Antioxidants as Novel Neuroprotective
Agents. Molecules. 2010; 15:7792–7814. [PubMed: 21060289]

64. Agrawal R, Mishra B, Tyagi E, Nath C, Shukla R. Effect of curcumin on brain insulin receptors
and memory functions in STZ (ICV) induced dementia model of rat. Pharmacol Res. 2010;
61:247–252. [PubMed: 20026275]

65. Zhou H, Beevers CS, Huang S. The targets of curcumin. Curr Drug Targets. 2011; 12:332–347.
[PubMed: 20955148]

66. Ono K, Hasegawa K, Naiki H, Yamada M. Curcumin has potent anti-amyloidogenic effects for
Alzheimer’s beta-amyloid fibrils in vitro. J Neurosci Res. 2004; 75:742–750. [PubMed: 14994335]

67. Kim H, Park BS, Lee KG, Choi CY, Jang SS, Kim YH, Lee SE. Effects of naturally occurring
compounds on fibril formation and oxidative stress of beta-amyloid. J Agric Food Chem. 2005;
53:8537–8541. [PubMed: 16248550]

68. Shytle RD, Bickford PC, Rezai-zadeh K, Hou L, Zeng J, Tan J, Sanberg PR, Sanberg CD, Roschek
B Jr, Fink RC, Alberte RS. Optimized turmeric extracts have potent anti-amyloidogenic effects.
Curr Alzheimer Res. 2009; 6:564–571. [PubMed: 19715544]

69. Guo JP, Yu S, McGeer PL. Simple in vitro assays to identify amyloid-beta aggregation blockers
for Alzheimer’s disease therapy. J Alzheimers Dis. 2010; 19:1359–1370. [PubMed: 20061605]

70. Varghese K, Molnar P, Das M, Bhargava N, Lambert S, Kindy MS, Hickman JJ. A new target for
amyloid beta toxicity validated by standard and high-throughput electrophysiology. PLoS One.
2010; 5:e8643. [PubMed: 20062810]

Monroy et al. Page 12

Biofactors. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



71. Zhang C, Browne A, Child D, Tanzi RE. Curcumin decreases amyloid-beta peptide levels by
attenuating the maturation of amyloid-beta precursor protein. J Biol Chem. 2010; 285:28472–
28480. [PubMed: 20622013]

72. Kuner P, Schubenel R, Hertel C. Beta-amyloid binds to p57NTR and activates NFkappaB in
human neuroblastoma cells. J Neurosci Res. 1998; 54:798–804. [PubMed: 9856863]

73. Kim DS, Park SY, Kim JK. Curcuminoids from Curcuma longa L. (Zingiberaceae) that protect
PC12 rat pheochromocytoma and normal human umbilical vein endothelial cells from betaA(1-42)
insult. Neurosci Lett. 2001; 303:57–61. [PubMed: 11297823]

74. Ono K, Yamada M. Antioxidant compounds have potent anti-fibrillogenic and fibril-destabilizing
effects for alpha-synuclein fibrils in vitro. J Neurochem. 2006; 97:105–115. [PubMed: 16524383]

75. Cho JW, Lee KS, Kim CW. Curcumin attenuates the expression of IL-1beta, IL-6, and TNF-alpha
as well as cyclin E in TNF-alpha-treated HaCaT cells; NF-kappaB and MAPKs as potential
upstream targets. Int J Mol Med. 2007; 19:469–474. [PubMed: 17273796]

76. Cole GM, Teter B, Frautschy SA. Neuroprotective effects of curcumin. Adv Exp Med Biol. 2007;
595:197–212. [PubMed: 17569212]

77. Rogers JT, Randall JD, Eder PS, Huang X, Bush AI, Tanzi RE, Venti A, Payton SM, Giordano T,
Nagano S, Cahill CM, Moir R, Lahiri DK, Greig N, Sarang SS, Gullans SR. Alzheimer’s disease
drug discovery targeted to the APP mRNA 5′untranslated region. J Mol Neurosci. 2002; 19:77–
82. [PubMed: 12212798]

78. Jomova K, Vondrakova D, Lawson M, Valko M. Metals, oxidative stress and neurodegenerative
disorders. Molecular and Cellular Biochemistry. 2010; 345:91–104. [PubMed: 20730621]

79. Baum L, Ng A. Curcumin interaction with copper and iron suggests one possible mechanism of
action in Alzheimer’s disease animal models. J Alzheimers Dis. 2004; 6:367–377. discussion 443–
369. [PubMed: 15345806]

80. Barik A, Mishra B, Kunwar A, Kadam RM, Shen L, Dutta S, Padhye S, Satpati AK, Zhang HY,
Indira Priyadarsini K. Comparative study of copper(II)-curcumin complexes as superoxide
dismutase mimics and free radical scavengers. Eur J Med Chem. 2007; 42:431–439. [PubMed:
17240482]

81. Beal MF. Experimental models of Parkinson’s disease. Nat Rev Neurosci. 2001; 2:325–334.
[PubMed: 11331916]

82. Wang J, Du XX, Jiang H, Xie JX. Curcumin attenuates 6-hydroxydopamine-induced cytotoxicity
by anti-oxidation and nuclear factor-kappa B modulation in MES23.5 cells. Biochemical
pharmacology. 2009; 78:178–183. [PubMed: 19464433]

83. Jaisin Y, Thampithak A, Meesarapee B, Ratanachamnong P, Suksamrarn A, Phivthong-Ngam L,
Phumala-Morales N, Chongthammakun S, Govitrapong P, Sanvarinda Y. Curcumin I protects the
dopaminergic cell line SH-SY5Y from 6-hydroxydopamine-induced neurotoxicity through
attenuation of p53-mediated apoptosis. Neurosci Lett. 2011; 489:192–196. [PubMed: 21167259]

84. Chen J, Tang XQ, Zhi JL, Cui Y, Yu HM, Tang EH, Sun SN, Feng JQ, Chen PX. Curcumin
protects PC12 cells against 1-methyl-4-phenylpyridinium ion-induced apoptosis by bcl-2-
mitochondria-ROS-iNOS pathway. Apoptosis. 2006; 11:943–953. [PubMed: 16547587]

85. Yu S, Zheng W, Xin N, Chi ZH, Wang NQ, Nie YX, Feng WY, Wang ZY. Curcumin prevents
dopaminergic neuronal death through inhibition of the c-Jun N-terminal kinase pathway.
Rejuvenation Res. 2010; 13:55–64. [PubMed: 20230279]

86. Novak J, Vanek Z. Screening for a new generation of anthelminthic compounds. In vitro selection
of the nematode Caenorhabditis elegans for ivermectin resistance. Folia Microbiol (Praha). 1992;
37:237–238. [PubMed: 1505886]

87. Davies AG, McIntire SL. Using C. elegans to screen for targets of ethanol and behavior-altering
drugs. Biol Proced Online. 2004; 6:113–119. [PubMed: 15192754]

88. Kwok TC, Ricker N, Fraser R, Chan AW, Burns A, Stanley EF, McCourt P, Cutler SR, Roy PJ. A
small-molecule screen in C. elegans yields a new calcium channel antagonist. Nature. 2006;
441:91–95. [PubMed: 16672971]

89. Tampakakis E, Okoli I, Mylonakis E. A C. elegans-based, whole animal, in vivo screen for the
identification of antifungal compounds. Nat Protoc. 2008; 3:1925–1931. [PubMed: 19180076]

Monroy et al. Page 13

Biofactors. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



90. Moy TI, Conery AL, Larkins-Ford J, Wu G, Mazitschek R, Casadei G, Lewis K, Carpenter AE,
Ausubel FM. High-throughput screen for novel antimicrobials using a whole animal infection
model. ACS Chem Biol. 2009; 4:527–533. [PubMed: 19572548]

91. Lemieux GA, Liu J, Mayer N, Bainton RJ, Ashrafi K, Werb Z. A whole-organism screen identifies
new regulators of fat storage. Nat Chem Biol. 2011; 7:206–213. [PubMed: 21390037]

92. Harrington LA, Harley CB. Effect of vitamin E on lifespan and reproduction in Caenorhabditis
elegans. MechAgeing Dev. 1988; 43:71–78.

93. Adachi H, Ishii N. Effects of tocotrienols on life span and protein carbonylation in Caenorhabditis
elegans. J Gerontol A Biol Sci Med Sci. 2000; 55:B280–285. [PubMed: 10843344]

94. Melov S, Ravenscroft J, Malik S, Gill MS, Walker DW, Clayton PE, Wallace DC, Malfroy B,
Doctrow SR, Lithgow GJ. Extension of life-span with superoxide dismutase/catalase mimetics.
Science. 2000; 289:1567–1569. [PubMed: 10968795]

95. Fei YJ, Inoue K, Ganapathy V. Structural and functional characteristics of two sodium-coupled
dicarboxylate transporters (ceNaDC1 and ceNaDC2) from Caenorhabditis elegans and their
relevance to life span. J Biol Chem. 2003; 278:6136–6144. [PubMed: 12480943]

96. Evason K, Huang C, Yamben I, Covey DF, Kornfeld K. Anticonvulsant medications extend worm
life-span. Science. 2005; 307:258–262. [PubMed: 15653505]

97. Benedetti MG, Foster AL, Vantipalli MC, White MP, Sampayo JN, Gill MS, Olsen A, Lithgow
GJ. Compounds that confer thermal stress resistance and extended lifespan. Experimental
gerontology. 2008; 43:882–891. [PubMed: 18755260]

98. McColl G, Killilea DW, Hubbard AE, Vantipalli MC, Melov S, Lithgow GJ. Pharmacogenetic
analysis of lithium-induced delayed aging in Caenorhabditis elegans. J Biol Chem. 2008; 283:350–
357. [PubMed: 17959600]

99. Srivastava D, Arya U, SoundaraRajan T, Dwivedi H, Kumar S, Subramaniam JR. Reserpine can
confer stress tolerance and lifespan extension in the nematode C. elegans. Biogerontology. 2008;
9:309–316. [PubMed: 18409080]

100. Pietsch K, Saul N, Menzel R, Sturzenbaum SR, Steinberg CE. Quercetin mediated lifespan
extension in Caenorhabditis elegans is modulated by age-1, daf-2, sek-1 and unc-43.
Biogerontology. 2009; 10:565–578. [PubMed: 19043800]

101. Saul N, Pietsch K, Menzel R, Sturzenbaum SR, Steinberg CE. Catechin induced longevity in C.
elegans: from key regulator genes to disposable soma. Mech Ageing Dev. 2009; 130:477–486.
[PubMed: 19501612]

102. Honda Y, Tanaka M, Honda S. Trehalose extends longevity in the nematode Caenorhabditis
elegans. Aging cell. 2010; 9:558–569. [PubMed: 20477758]

103. Onken B, Driscoll M. Metformin induces a dietary restriction-like state and the oxidative stress
response to extend C. elegans Healthspan via AMPK, LKB1, and SKN-1. PLoS One. 2010;
5:e8758. [PubMed: 20090912]

104. Alavez S, Vantipalli MC, Zucker DJ, Klang IM, Lithgow GJ. Amyloid-binding compounds
maintain protein homeostasis during ageing and extend lifespan. Nature. 2011; 472:226–229.
[PubMed: 21451522]

105. Powolny AA, Singh SV, Melov S, Hubbard A, Fisher AL. The garlic constituent diallyl trisulfide
increases the lifespan of C. elegans via skn-1 activation. Experimental gerontology. 2011;
46:441–452. [PubMed: 21296648]

106. Wu Z, Smith JV, Paramasivam V, Butko P, Khan I, Cypser JR, Luo Y. Ginkgo biloba extract
EGb 761 increases stress resistance and extends life span of Caenorhabditis elegans. Cell Mol
Biol (Noisy-le-grand). 2002; 48:725–731. [PubMed: 12396085]

107. Wilson MA, Shukitt-Hale B, Kalt W, Ingram DK, Joseph JA, Wolkow CA. Blueberry
polyphenols increase lifespan and thermotolerance in Caenorhabditis elegans. Aging cell. 2006;
5:59–68. [PubMed: 16441844]

108. Bass TM, Weinkove D, Houthoofd K, Gems D, Partridge L. Effects of resveratrol on lifespan in
Drosophila melanogaster and Caenorhabditis elegans. Mech Ageing Dev. 2007; 128:546–552.
[PubMed: 17875315]

109. Strong R, Miller RA, Astle CM, Baur JA, de Cabo R, Fernandez E, Guo W, Javors M, Kirkland
JL, Nelson JF, Sinclair DA, Teter B, Williams D, Zaveri N, Nadon NL, Harrison DE. Evaluation

Monroy et al. Page 14

Biofactors. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of Resveratrol, Green Tea Extract, Curcumin, Oxaloacetic Acid, and Medium-Chain Triglyceride
Oil on Life Span of Genetically Heterogeneous Mice. The Journals of Gerontology Series A:
Biological Sciences and Medical Sciences. 2012

110. Link CD, Taft A, Kapulkin V, Duke K, Kim S, Fei Q, Wood DE, Sahagan BG. Gene expression
analysis in a transgenic Caenorhabditis elegans Alzheimer’s disease model. Neurobiology of
aging. 2003; 24:397–413. [PubMed: 12600716]

111. Kraemer BC, Zhang B, Leverenz JB, Thomas JH, Trojanowski JQ, Schellenberg GD.
Neurodegeneration and defective neurotransmission in a Caenorhabditis elegans model of
tauopathy. Proc Natl Acad Sci U S A. 2003; 100:9980–9985. [PubMed: 12872001]

112. Miyasaka T, Ding Z, Gengyo-Ando K, Oue M, Yamaguchi H, Mitani S, Ihara Y. Progressive
neurodegeneration in C. elegans model of tauopathy. Neurobiol Dis. 2005; 20:372–383.
[PubMed: 16242642]

113. Lakso M, Vartiainen S, Moilanen AM, Sirvio J, Thomas JH, Nass R, Blakely RD, Wong G.
Dopaminergic neuronal loss and motor deficits in Caenorhabditis elegans overexpressing human
alpha-synuclein. J Neurochem. 2003; 86:165–172. [PubMed: 12807436]

114. Cao S, Gelwix CC, Caldwell KA, Caldwell GA. Torsin-mediated protection from cellular stress
in the dopaminergic neurons of Caenorhabditis elegans. J Neurosci. 2005; 25:3801–3812.
[PubMed: 15829632]

115. Hamamichi S, Rivas RN, Knight AL, Cao S, Caldwell KA, Caldwell GA. Hypothesis-based
RNAi screening identifies neuroprotective genes in a Parkinson’s disease model. Proc Natl Acad
Sci U S A. 2008; 105:728–733. [PubMed: 18182484]

116. van Ham TJ, Thijssen KL, Breitling R, Hofstra RM, Plasterk RH, Nollen EA. C. elegans model
identifies genetic modifiers of alpha-synuclein inclusion formation during aging. PLoS Genet.
2008; 4:e1000027. [PubMed: 18369446]

117. Park KW, Li L. Cytoplasmic expression of mouse prion protein causes severe toxicity in
Caenorhabditis elegans. Biochem Biophys Res Commun. 2008; 372:697–702. [PubMed:
18519028]

118. Gidalevitz T, Ben-Zvi A, Ho KH, Brignull HR, Morimoto RI. Progressive disruption of cellular
protein folding in models of polyglutamine diseases. Science. 2006; 311:1471–1474. [PubMed:
16469881]

119. Gidalevitz T, Krupinski T, Garcia S, Morimoto RI. Destabilizing protein polymorphisms in the
genetic background direct phenotypic expression of mutant SOD1 toxicity. PLoS Genet. 2009;
5:e1000399. [PubMed: 19266020]

120. Alavez S, Lithgow GJ. Pharmacological maintenance of protein homeostasis could postpone age-
related disease. Aging cell. 2012; 11:187–191. [PubMed: 22226190]

121. Hsu AL, Murphy CT, Kenyon C. Regulation of aging and age-related disease by DAF-16 and
heat-shock factor. Science. 2003; 300:1142–1145. [PubMed: 12750521]

122. Rincon-Limas DE, Jensen K, Fernandez-Funez P. Drosophila models of proteinopathies: the little
fly that could. Current pharmaceutical design. 2012; 18:1108–1122. [PubMed: 22288402]

123. Caesar I, Jonson M, Nilsson KP, Thor S, Hammarstrom P. Curcumin promotes A-beta fibrillation
and reduces neurotoxicity in transgenic Drosophila. PLoS One. 2012; 7:e31424. [PubMed:
22348084]

124. Strong R, Miller RA, Astle CM, Floyd RA, Flurkey K, Hensley KL, Javors MA, Leeuwenburgh
C, Nelson JF, Ongini E, Nadon NL, Warner HR, Harrison DE. Nordihydroguaiaretic acid and
aspirin increase lifespan of genetically heterogeneous male mice. Aging cell. 2008; 7:641–650.
[PubMed: 18631321]

125. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, Nadon NL, Wilkinson JE,
Frenkel K, Carter CS, Pahor M, Javors MA, Fernandez E, Miller RA. Rapamycin fed late in life
extends lifespan in genetically heterogeneous mice. Nature. 2009; 460:392–395. [PubMed:
19587680]

126. Miller RA, Harrison DE, Astle CM, Baur JA, Boyd AR, de Cabo R, Fernandez E, Flurkey K,
Javors MA, Nelson JF, Orihuela CJ, Pletcher S, Sharp ZD, Sinclair D, Starnes JW, Wilkinson JE,
Nadon NL, Strong R. Rapamycin, but not resveratrol or simvastatin, extends life span of

Monroy et al. Page 15

Biofactors. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



genetically heterogeneous mice. J Gerontol A Biol Sci Med Sci. 2011; 66:191–201. [PubMed:
20974732]

127. Frautschy SA, Hu W, Kim P, Miller SA, Chu T, Harris-White ME, Cole GM. Phenolic anti-
inflammatory antioxidant reversal of Abeta-induced cognitive deficits and neuropathology.
Neurobiology of aging. 2001; 22:993–1005. [PubMed: 11755008]

128. Lim GP, Chu T, Yang F, Beech W, Frautschy SA, Cole GM. The curry spice curcumin reduces
oxidative damage and amyloid pathology in an Alzheimer transgenic mouse. J Neurosci. 2001;
21:8370–8377. [PubMed: 11606625]

129. Begum AN, Jones MR, Lim GP, Morihara T, Kim P, Heath DD, Rock CL, Pruitt MA, Yang F,
Hudspeth B, Hu S, Faull KF, Teter B, Cole GM, Frautschy SA. Curcumin structure-function,
bioavailability, and efficacy in models of neuroinflammation and Alzheimer’s disease. J
Pharmacol Exp Ther. 2008; 326:196–208. [PubMed: 18417733]

130. Pan R, Qiu S, Lu DX, Dong J. Curcumin improves learning and memory ability and its
neuroprotective mechanism in mice. Chin Med J (Engl). 2008; 121:832–839. [PubMed:
18701050]

131. Pandey N, Strider J, Nolan WC, Yan SX, Galvin JE. Curcumin inhibits aggregation of alpha-
synuclein. Acta Neuropathol. 2008; 115:479–489. [PubMed: 18189141]

132. Zbarsky V, Datla KP, Parkar S, Rai DK, Aruoma OI, Dexter DT. Neuroprotective properties of
the natural phenolic antioxidants curcumin and naringenin but not quercetin and fisetin in a 6-
OHDA model of Parkinson’s disease. Free Radic Res. 2005; 39:1119–1125. [PubMed:
16298737]

133. Tripanichkul W, Jaroensuppaperch EO. Curcumin protects nigrostriatal dopaminergic neurons
and reduces glial activation in 6-hydroxydopamine hemiparkinsonian mice model. Int J Neurosci.
2012; 122:263–270. [PubMed: 22176529]

134. Vajragupta O, Boonchoong P, Watanabe H, Tohda M, Kummasud N, Sumanont Y. Manganese
complexes of curcumin and its derivatives: evaluation for the radical scavenging ability and
neuroprotective activity. Free radical biology & medicine. 2003; 35:1632–1644. [PubMed:
14680686]

135. Rajeswari A. Curcumin protects mouse brain from oxidative stress caused by 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine. Eur Rev Med Pharmacol Sci. 2006; 10:157–161. [PubMed:
16910344]

136. Rajeswari A, Sabesan M. Inhibition of monoamine oxidase-B by the polyphenolic compound,
curcumin and its metabolite tetrahydrocurcumin, in a model of Parkinson’s disease induced by
MPTP neurodegeneration in mice. Inflammopharmacology. 2008; 16:96–99. [PubMed:
18408903]

137. Mythri RB, Harish G, Dubey SK, Misra K, Bharath MM. Glutamoyl diester of the dietary
polyphenol curcumin offers improved protection against peroxynitrite-mediated nitrosative stress
and damage of brain mitochondria in vitro: implications for Parkinson’s disease. Mol Cell
Biochem. 2011; 347:135–143. [PubMed: 20972609]

138. Hickey MA, Zhu C, Medvedeva V, Lerner RP, Patassini S, Franich NR, Maiti P, Frautschy SA,
Zeitlin S, Levine MS, Chesselet MF. Improvement of neuropathology and transcriptional deficits
in CAG 140 knock-in mice supports a beneficial effect of dietary curcumin in Huntington’s
disease. Mol Neurodegener. 2012; 7:12. [PubMed: 22475209]

139. Ng TP, Chiam PC, Lee T, Chua HC, Lim L, Kua EH. Curry consumption and cognitive function
in the elderly. Am J Epidemiol. 2006; 164:898–906. [PubMed: 16870699]

140. Baum L, Lam CW, Cheung SK, Kwok T, Lui V, Tsoh J, Lam L, Leung V, Hui E, Ng C, Woo J,
Chiu HF, Goggins WB, Zee BC, Cheng KF, Fong CY, Wong A, Mok H, Chow MS, Ho PC, Ip
SP, Ho CS, Yu XW, Lai CY, Chan MH, Szeto S, Chan IH, Mok V. Six-month randomized,
placebo-controlled, double-blind, pilot clinical trial of curcumin in patients with Alzheimer
disease. J Clin Psychopharmacol. 2008; 28:110–113. [PubMed: 18204357]

141. Ringman JM, Younkin SG, Pratico D, Seltzer W, Cole GM, Geschwind DH, Rodriguez-Agudelo
Y, Schaffer B, Fein J, Sokolow S, Rosario ER, Gylys KH, Varpetian A, Medina LD, Cummings
JL. Biochemical markers in persons with preclinical familial Alzheimer disease. Neurology.
2008; 71:85–92. [PubMed: 18509095]

Monroy et al. Page 16

Biofactors. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Model depicting the proposed mechanism of curcumin to provide neuroprotection
By it chemical structure, curcumin may act as a natural free radical (ROS) scavenger. Acting
through the Neurotrophic factor κB (NF- κB) curcumin can decrease the release of different
interleukins. Curcumin could act as a stress response mimetic that induces some components
of the protein homeostasis network or as it is known to bind amyloid, directly acts in the
misfolded cascade. This induction requires the transcription factors HSF-1 and Nrf2 (SKN-1
in C. elegans). Additionally, curcumin could act as a DR mimetic to activate these
transcription factors through the AMPK pathway (Black arrows = induction, red symbol =
inhibition).
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