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Abstract: Progressive accumulation of misfolded amyloid proteins in intracellular and extracellular
spaces is one of the principal reasons for synaptic damage and impairment of neuronal
communication in several neurodegenerative diseases. Effective treatments for these diseases
are still lacking but remain the focus of much active investigation. Despite testing several
synthesized compounds, small molecules, and drugs over the past few decades, very few of them
can inhibit aggregation of amyloid proteins and lessen their neurotoxic effects. Recently, the natural
polyphenol curcumin (Cur) has been shown to be a promising anti-amyloid, anti-inflammatory and
neuroprotective agent for several neurodegenerative diseases. Because of its pleotropic actions on the
central nervous system, including preferential binding to amyloid proteins, Cur is being touted as a
promising treatment for age-related brain diseases. Here, we focus on molecular targeting of Cur to
reduce amyloid burden, rescue neuronal damage, and restore normal cognitive and sensory motor
functions in different animal models of neurodegenerative diseases. We specifically highlight Cur as
a potential treatment for Alzheimer’s, Parkinson’s, Huntington’s, and prion diseases. In addition,
we discuss the major issues and limitations of using Cur for treating these diseases, along with ways
of circumventing those shortcomings. Finally, we provide specific recommendations for optimal
dosing with Cur for treating neurological diseases.

Keywords: neurodegenerative diseases; amyloidosis; curcumin; neuroinflammation; anti-amyloid;
molecular chaperones; natural polyphenol

1. Introduction

Aggregation of misfolded amyloid proteins and their deposition in intracellular and extracellular
spaces of the central nervous system (CNS) are associated with several neurological diseases, including
Alzheimer’s (AD), Parkinson’s (PD), Huntington’s (HD) and prion diseases [1,2]. Most of these
diseases are age-related, complicated disorders which involve a multitude of causative factors,
including neuroinflammation [3], oxidative damage and deposition of misfolded protein aggregates [4].
These events can occur separately or together or in causing neuronal degeneration, which leads to
perturbation of neuronal communications, resulting in long-term cognitive and motor dysfunction.
The neuropathological onset of these diseases may have occurred long before the manifestation of
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overt symptoms, which underscores the need for early diagnosis and therapy. Although there have
been several studies using therapeutic strategies involving anti-amyloids, anti-inflammatory agents,
and small molecule drugs [5], to slow or halt the progression of neurological diseases, none of them
have proven effective without serious effects or abbreviated half-lives. As a potent anti-amyloid
natural polyphenol, curcumin (Cur) has gained considerable attention as a promising therapeutic
agent for AD and other complicated neurological diseases [6,7]. Although Cur has been considered a
wonder molecule for use in Indian and Southeast Asian traditional Ayurvedic medicine for a very long
time, primarily due to its anti-inflammatory or wound-healing properties [8], its anti-amyloidogenic
properties have only been discovered recently [9]. Cur binds to, and inhibits, amyloid-beta protein
(Aβ) aggregation, and improves motor coordination and cognition in animal models of AD and
other neurodegenerative diseases [9,10]. However, the poor water solubility, instability in body
fluids, rapid degradation, and limited bioavailability has curtailed the use of Cur as a therapeutic for
neurological diseases [11].

The outlook for using Cur as a therapeutic agent has changed dramatically with the discovery
of new formulations for Cur, including liposome-Cur, Cur-conjugated with nanogel, dendrimer-Cur,
Cur with silver, or gold nanoparticles and Cur in solid lipid nanoparticles (SLN) [11]. The SLN formula
of Cur (nanoCur) has been shown to increase its bioavailability and therapeutic value for neurological
diseases [12–14]. This review article addresses the basic understanding of the molecular signaling
mechanisms of Cur therapy and its potential impact on major neurological diseases, such as AD, PD,
HD, and prion diseases, along with recent findings from our laboratory.

2. Curcumin: The Major Active Polyphenol of Turmeric

2.1. Source

The rhizomes of the Curcuma longa (family: Zingiberaceae) herb is the source of turmeric
(Figure 1A–C). The principal yellow pigment present in the turmeric root is Cur (Figure 1E),
which was identified in early 1900 by Lampe and Milobedzka. Its structure and biochemical
analyses revealed that about 2.5–6% of turmeric contains pure Cur [15] (Table 1). The commercial
turmeric extract contains many other components, including three main types of curcuminoids,
such as (a) Cur-I (diferuloylmethane, ~77%); (b) Cur-II (demethoxyCur, DMC, ~17%); and (c) Cur-III
(bisdemethoxyCur, BDMC, ~3%) (Figure 1). In addition, four identified turmerones (α-turmerone,
β-turmerone, ar-turmerone, and aromatic-turmerone), as well as α-santalene, aromatic-curcumene,
curlone, and other compounds were also found in turmeric extract (Figure 1D).

2.2. Chemistry of Cur

Cur is a natural polyphenol, chemically known as diferuloylmethane (C21H20O6), with molecular
mass of 368.37 g/mol. Its International Union of Pure and Applied Chemistry (IUPAC) name is
1,7-bis (4-hydroxy-3-methoxy phenyl)-1,6-heptadiene-3,5-dione. There are two aryl rings containing
orthomethoxy phenolic OH-groups, which are symmetrically linked to a β-diketone moiety (Figure 1E).
The melting point of Cur is ~183 ◦C. Cur can co-exist with several tautomeric forms, of which two
predominant forms are 1,3-diketo form and 1,3-dienol form (Figure 1E). Although in the solid phase
or solution the enol form is more stable, their relative concentrations may vary with temperature,
polarity of solvent, pH, and substitution of the aromatic rings [16,17].
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Figure 1. Chemical structure of Cur and its derivatives. (A–C) Curcuma longa, its rhizomes and 
turmeric extract; (D) Different chemical components of turmeric extract; (E) Chemical structure of 
principal ingredients of curcuminoid; (F) pathway of Cur-biosynthesis; and (G) Cur metabolism in 
our body. 

Table 1. The chemical and biophysical properties of curcuminoid [15]. 

Characteristics Cur-I Cur-II Cur-III 
Common Name Cur DemethoxyCur BisdemethoxyCur 
Chemical Name Dicinnamoyl methane 4-OH cinnamoyl methane Bis-4-OH cinnamoyl methane 
Color Bright orange-yellow Bright orange-yellow Bright orange-yellow 
Amount Present (%) 77 17 3 
Molecular Mass (g/mol) 368.4 338.0 308.1 
Melting Point (°C) 183.0–186.0 172.5–174.5 224.0 
Neutral Solvent (water) Poorly soluble Poorly soluble Poorly soluble 
Solubility in Organic Solvents Soluble Soluble Soluble 
Solubility in Hexane or Ether Insoluble Insoluble Insoluble 
Excitation/Emission in 420/530 nm 420/530 nm 420/530 nm 
Excitation/Emission in Alcohol 536–560 nm Unknown Unknown 

The amounts of keto-enol forms in Cur also play vital roles in the physicochemical properties, 
biological functions, and anti-oxidant activities [18]. The keto form is predominant in acidic (pH 3) to 
neutral conditions, while, the enol form is predominant in alkaline solutions (pH > 8), and is a potent 
free radical-scavenger [15]. Cur is hydrophobic in nature, so has poor solubility in water or 
hydrophilic solutions, although the solubility can be improved in basic conditions. Cur shows greater 
solubility in organic solvents (Figure 2), such as ethanol, methanol, isopropanol, acetone and 
dimethyl-sulfoxide (DMSO), whereas it is moderately soluble in hexane, cyclohexane, 
tetrahydrofuran and dioxane [15]. 

 

Figure 2. Curcumin solubility in different solvents. Please note that Cur is more soluble in methanol 
than in phosphate buffer saline (PBS), NaOH or dimethyl-sulfoxide (DMSO). 

Figure 1. Chemical structure of Cur and its derivatives. (A–C) Curcuma longa, its rhizomes and turmeric
extract; (D) Different chemical components of turmeric extract; (E) Chemical structure of principal
ingredients of curcuminoid; (F) pathway of Cur-biosynthesis; and (G) Cur metabolism in our body.

Table 1. The chemical and biophysical properties of curcuminoid [15].

Characteristics Cur-I Cur-II Cur-III

Common Name Cur DemethoxyCur BisdemethoxyCur
Chemical Name Dicinnamoyl methane 4-OH cinnamoyl methane Bis-4-OH cinnamoyl methane
Color Bright orange-yellow Bright orange-yellow Bright orange-yellow
Amount Present (%) 77 17 3
Molecular Mass (g/mol) 368.4 338.0 308.1
Melting Point (◦C) 183.0–186.0 172.5–174.5 224.0
Neutral Solvent (water) Poorly soluble Poorly soluble Poorly soluble
Solubility in Organic Solvents Soluble Soluble Soluble
Solubility in Hexane or Ether Insoluble Insoluble Insoluble
Excitation/Emission in 420/530 nm 420/530 nm 420/530 nm
Excitation/Emission in Alcohol 536–560 nm Unknown Unknown

The amounts of keto-enol forms in Cur also play vital roles in the physicochemical properties,
biological functions, and anti-oxidant activities [18]. The keto form is predominant in acidic (pH 3) to
neutral conditions, while, the enol form is predominant in alkaline solutions (pH > 8), and is a potent
free radical-scavenger [15]. Cur is hydrophobic in nature, so has poor solubility in water or hydrophilic
solutions, although the solubility can be improved in basic conditions. Cur shows greater solubility in
organic solvents (Figure 2), such as ethanol, methanol, isopropanol, acetone and dimethyl-sulfoxide
(DMSO), whereas it is moderately soluble in hexane, cyclohexane, tetrahydrofuran and dioxane [15].
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Interestingly, Cur is a natural fluorophore, with its absorption noted in polar solvents ranging
from 408 to 540 nm [16,19]. The maximal fluorescence intensities of Cur is noted in chloroform,
acetonitrile, and in acetone to be in the range of 494 to 538 nm, whereas in alcohols and dimethyl
formamide (DMF), the fluorescence spectra may shift from 536 to 560 nm [15]. In contrast, in non-polar
solvents (e.g., benzene, hexane and cyclohexane), sharper peaks (~460 nm) are observed, because of
the blue-shifting of its absorption spectra [15] (Table 1).

2.3. Cur Biosynthesis

Cur may be biosynthesized via two ways (Figure 1F). Phenylalanine is the precursor
molecule, and the cinnamic acid is the first byproduct of the Cur biosynthetic pathway (Figure 1F).
When cinnamic acid reacts with 5-malonyl CoA, it forms bis-dehydroxybisdesmethoxy-Cur.
This compound can then be converted to bisdemethoxy-Cur (BDMC) and demethoxy-Cur (DMC),
which can be transformed into Cur (Figure 1F). The second pathway involved in Cur synthesis is the
production of cinnamic acid, which is then converted to p-coumaric acid, and ferulic acid. The ferulic
acid reacts with 5-malonyl CoA to form Cur [20,21] (Figure 1F).

2.4. Cur Metabolism

The metabolism of Cur, including its pharmacokinetics (PK) and pharmacodynamics (PD) has
been studied by several investigators in rodents and in human [22–25]. The profile of Cur metabolites
depends on the route of administration. For example, oral administration of Cur immediately reaches
the liver, following intestinal absorption, and become sulfated or glucuronidated by liver-specific
enzymes, such as sulfatase and glucuronidase, respectively (Figure 1). The major Cur metabolites
in animal liver are the glucuronides of tetrahydrocurcumin (THC) and hexahydrocurcumin (HHC),
whereas the traces amounts of dihydroferulic acid and ferulic acid are also found as the minor
metabolites [26]. However, both these glucuronides, and sulfate conjugates are water soluble,
and found in the urine of rats. According to Pan and colleagues, 99% of Cur in plasma was present
as glucuronide-conjugates, which suggests that Cur first undergoes extensive reduction by alcohol
dehydrogenase, followed by conjugation [27]. In contrast, when Cur is administered intravenously
(i.v.), or intraperitonally (i.p.), it can form more stable, and water soluble Cur-derivatives, such as
THC, HHC and octahydrocurcumin (OHC), which are easily eliminated from body through urine [27].
In addition, after absorption, Cur is readily catabolized to several degradation products, such as
ferulic aldehyde, ferulic acid, ferulyol methane and vanillin (Figure 1G). A pharmacokinetic (PK) study
revealed that the maximum concentration of curcuminoid conjugates in plasma was found within 1 h
after its oral administration [28], but whether these Cur-metabolites are active, in a manner similar
to free Cur, is not yet clear. However, some experimental data demonstrated that Cur-glucuronides
and THC are less active than Cur itself [26], but other studies reported that they may be more active
than Cur, because of their greater stability in body fluids, [29]. For example, THC shows better
anti-diabetic and anti-oxidative effects than Cur in a rat model of type-2 diabetic [30], whereas Sandur
and colleagues reported that THC has much lower anti-inflammatory and anti-proliferative activities
than Cur [31].

3. Pleotropic Actions of Cur on Nervous System

3.1. Anti-Amyloid Properties

The most promising application of Cur in neurodegenerative diseases therapy is its anti-amyloid
property [9,32]. Its preferential binding and potent inhibitory effects on amyloid aggregation has
attracted researchers to investigate its beneficial roles for treating neurological diseases [13,33]. It not
only binds with Aβ-oligomers and fibrils in AD [9,34], but also binds readily with other amyloid
proteins, such as α-synuclein (α-syn) in PD [35], huntingtin (HTT) in HD [36], phosphorylated tau
(p-tau) in tauopathies and AD [37], as well as with prion proteins in prion diseases [38] (Table 2).
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Most interestingly, the high lipid content of brain tissue allows lipophilic Cur molecules to cross the
blood brain barrier (BBB) and inhibit the aggregation of amyloid proteins.

Table 2. Anti-amyloid activities of Cur in major neurodegenerative diseases.

Proteins Diseases Nature of Binding of Cur Outcomes Ref.

Aβ AD With amino acid 16–21 of Aβ
Inhibits oligomer and fibril formation, thus
decrease Aβ induced neurotoxicity [9,13,34]

Tau Tauopathies,
AD

In the microtubule-binding region
of tau

Inhibits phosphorylated tau, thus decrease
neurofibrillary tangle [12,37]

α-Syn PD In the hydrophobic no Aβ

component region

Inhibits α-syn oligomers and fibril
formation, thus decrease α-Syn induced
oxidative damage

[35,39]

HTT HD Unknown Lower doses (nM) decrease HTT aggregates [36,40]

Prion Prion α-Helical intermediate and to the
amyloid form of prion protein Inhibits PrPsc accumulation [38,41]

3.2. Potent Antioxidant

Due to the high metabolic rate, increased demand of O2, large quantities of membrane
phospholipids and polyunsaturated fatty acids (PUFA), and lower levels of anti-oxidants relative to
other organs, the CNS is particularly vulnerable to oxidative damage (Figure 3). All these factors
significantly contribute to increase reactive oxygen species (ROS) and peroxynitrite (ONOO-) levels,
which lead to inflammation, mitochondria dysfunction and, ultimately, induce neuronal death.
Chronic progressive neurological diseases induce inflammation, oxidative stress, lipid peroxidation,
DNA damage, oxidized protein products [42].
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Figure 3. Amelioration of oxidative stress by Cur in brain. The CNS is vulnerable to oxidative stress
due to high metabolic rate, which causes higher O2 demand. This leads to an increase in oxidative
stress in the brain tissue. Whereas Cur, as a potent free radical scavenger, can ameliorate these effects.

Chronic oxidative stress has also been associated with induction of misfolded protein aggregates
in brain tissues [43]. To counter this, Cur, as a potent anti-oxidant, can scavenge superoxide anions
(O2
−) and hydroxyl radicals (OH−), and increase anti-oxidant levels, such as glutathione (GSH) [44].

Cur also can stabilize the brain anti-oxidant enzyme systems, including activation of superoxide
dismutase (SOD), glutathione peroxidase (GPx), glutathione S-transferase (GST) [45]. It also protects
cells from lipid peroxidation, DNA damage, and protein oxidation or protein carbonylation [46]
(Figure 3). Although most researchers describe oxidative stress as an imbalance of pro-oxidants
and antioxidants, the actual mechanism involves a disruption of redox signaling and control [47,48].
Therefore, measurement of the signaling proteins associated with oxidative stress, as well as the ROS
and anti-oxidant system, are required to investigate the effectiveness of Cur treatments.
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3.3. Anti-Inflammatory Agent

Next to its anti-oxidant properties, the second most important reason for interest in
Cur as a therapy for neurological diseases is its ability to reduce neuroinflammation [33,49].
Several reports suggest that Cur is a potent anti-inflammatory agent, which can downregulate many
neuroinflammatory marker proteins, such as nuclear factor kappa beta (NF-κB) [45]. Cur also
inhibits phospholipases and arachidonic acid metabolic enzymes, such as cyclooxygenase-2 (COX-2),
5-lipoxygenase (5-LOX) [50]. In addition, it reduces the levels of several cytokines, such as tumor
necrosis factor (TNF), interleukin-1 (IL-1) and interleukin-6 (IL-6) [51,52] (Figure 4). Similarly, Cur is
also an agonist for peroxisome proliferator-activated receptor gamma (PPARγ) which can inhibit the
pro-inflammatory pathways [53].
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Figure 4. Anti-inflammatory properties of Cur. Curcumin increase levels of anti-inflammatory cytokines,
inhibits inflammatory chemokines, iNOS levels and inhibits transcription factors, such as NF-κB.

3.4. Modulate Activity of Molecular Chaperones

Cellular protein quality is control by a set of proteins, called molecular chaperones. They are very
important to reverse the unfolded or misfolded proteins to their native form. One of the important
molecular chaperones are the heat shock proteins (HSPs). These proteins are downregulated in
different neurological diseases [54]. Recently, we, and others, have shown that Cur is neuroprotective
through the activation of molecular chaperones, such as HSP70, HSP90, HSP60 and HSP40 and heat
shock cognate 70 (HSC70) [55].

3.5. Increase Neurotrophins, Neurogenesis and Synaptogenesis

Mounting evidence indicates that significant declines in neuronal growth factors, such as NGF,
BDNF, GDNF, as well as other supporting factors, such as PDGF can lead to synaptic damage and
neuronal death. Diets containing Cur have shown to stimulate NGF, BDNF, GDNF, PDGF levels
in vivo [56]. Cur also enhances neurogenesis, synaptogenesis and improves cognition in rats [57],
which may be due to promoting these neurotrophic factors. Furthermore, improved memory functions
in animal models of neurological diseases have been observed after Cur therapy, which may be due to
increase levels of these neuronal growth factors. The pre-synaptic and post-synaptic markers, such as
synaptophysin and PSD95, are also restored in different animal models of neurodegenerative diseases
after Cur treatment [58] (Figure 5).
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3.6. Metal Chelator

Heavy metals, such as aluminum (Al), copper (Cu), cadmium (Cd), iron (Fe), lead (Pb), manganese
(Mn), and zinc (Zn) can induce misfolded protein aggregation and production of ROS in different
neurological diseases [59,60]. The presence of two phenolic (OH) groups (see Figure 1) and one active
methylene (CH2) group in a Cur makes it an excellent ligand for any metal chelation [61]. For example,
Cur can interact with Cd and Pb and prevent neurotoxicity caused by these metals [62]. In fact,
Cur effectively binds to Cu, Fe, and Zn, and makes them unavailable to induce amyloid protein
aggregation. In addition, most of these heavy metals can induce neuroinflammation by increasing the
expression of NF-κB levels, whereas it is speculated that Cur suppresses inflammation by inhibiting
the NF-κB levels, perhaps via metal chelation [7,63]. The Cur-metal complexes also show greater
anti-oxidant properties. For example, Cu-Cur complexes scavenge ROS more efficiently than Cur
alone [61]. Similarly, Mn-Cur complex exhibits a more potent neuroprotection than Cur, as shown in
both in vitro and in vivo experiments [18,61] (Figure 5).

3.7. Cur Regulates Epigenetics

Epigenetics play vital roles in gene expression in different disease conditions. Cur plays significant
regulatory roles in modulating the methylation, acetylation, ubiquitination, and phosphorylation status
of histone and other DNA-binding proteins [64]. For example, when the lysine at position 4 in histone-3
becomes methylated (H3K4me3), it activates the gene, whereas the lysine methylation at position
27 in the same protein (H3K27me3) silences the gene [65]. Similarly, histone acetylation produces
increase in gene expression, whereas deacetylation has opposite effect. The histone acetylation is
governed by histone acetyltransferase (HAT) and the enzyme involved deacetylation is the histone
deacetylase (HDAC).

However, the epigenetic role of gene expression of Cur has been shown by inhibiting HAT activity
and activating HDAC in AD (Figure 6). Cur can directly bind to HAT at a nM levels and can inhibit
the catalytic activity of HATs [64], thus inhibiting nuclear histone acetylation. Decreases in histone
acetylation reduce the inflammation via NF-κB pathway in some brain diseases [45].
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3.8. Improving Cerebral Circulation

Decreased cerebral circulation in aging brain causes an increase in risk of cerebral hemorrhage and
stroke, whereas Cur has an influential role on cerebral circulation [66]. It can reduce the adhesion of
platelets in brain microvascular endothelial cells (BMECs) [67,68], and also can inhibit the inflammation
of blood vessels, which may improve overall cerebral circulation [69].

4. Limitations of Cur Delivery

Cur has been delivered in animals and humans by several means, including oral, subcutaneous,
intraperitoneal, intravenous, nasal, and topical deliveries to achieve its beneficial effects. The major
concerns about Cur delivery involve its instability and poor solubility in most body fluids,
which reduces its absorption through the gastrointestinal (GI) tract, and facilitates its metabolism and
degradation, as well as rapid elimination from the body, mitigating its bioavailability [70]. For example,
researchers were unable to detect free Cur from the plasma of AD patient in a clinical trial in
which 2–4 g Cur were delivered daily [71]. It is hypothesized that after absorption, Cur becomes
rapidly glucuronidated in the liver by glucuronidase, which makes it water soluble, and, thus,
promotes its rapid excretion through the urine [71,72]. Similarly, oral administration of 1 g/kg
dose of Cur causes excretion of ~75% of Cur through feces, with negligible amounts in the urine [73].
Similarly, approximately 40% of the Cur was found in the feces, along with Cur-glucuronide and
sulfates in the urine when 400 mg per day Cur is administered orally [26]. Most of the Cur is excreted
within 72 h when lower doses (10 or 80 mg) are administered, whereas Cur remains in tissues for
12 days after oral administration of higher (400 mg) doses [24]. In contrast, no Cur or its metabolites
were found in urine in a clinical trial when 36 and 180 mg was given daily for 4 months by oral
administration, but some of these metabolites was excreted in the feces [74]. Clearly, major challenges
for successful Cur delivery and its clinical applications for neurological diseases will require a special
formula, which can optimize its solubility, stability, and bioavailability. In addition, it is critical to
determine the amount of Cur required to prevent further neurodegeneration or to rescue degenerating
neurons in neurological diseases.

5. Nano-Technological Approaches for Cur Delivery

To improve the bioavailability of Cur, numerous approaches and many promising novel
formulations have been undertaken by several investigators, which included the use of nanoparticles,
liposomes, micelles, and phospholipid complexes, nanogels, noisomes, cyclodextrins, dendrimers,
silver, gold, and structural analogues of Cur [11] (Table 3). Most of these novel delivery mechanisms
increase Cur bioavailability by providing longer circulation, better permeability, and/or resistance to
metabolic processes.
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