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Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders, which is caused by multi-factors and

characterized by two histopathological hallmarks: amyloid-β (Aβ) plaques and neurofibrillary tangles of Tau proteins. Thus,

researchers have been devoting tremendous efforts to developing and designing new molecules for the early diagnosis of

AD and curative purposes. Curcumin and its scaffold have fluorescent and photochemical properties. Mounting evidence

showed that curcumin scaffold had neuroprotective effects on AD such as anti-amyloidogenic, anti-inflammatory, anti-

oxidative and metal chelating.
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1. Introduction

Alzheimer’s disease (AD) is a multi-faceted neurodegenerative disease in the elderly population with complicated

pathogenesis. Generally speaking, there are two remarkable neuro-histological hallmarks in postmortem AD patient brain

tissues: extracellular amyloid-β (Aβ) plaques and intracellular neurofibrillary tangles of hyperphosphorylated tau protein .

It has been proposed that the abnormality of Aβ appears far earlier than tau abnormality, and the Aβ abnormality can

induce hyperphosphorylation of tau protein and neuroinflammation . Therefore, the amyloid cascade theory is

considered to be related to the pathology of AD. Based on the research guidelines published by NIA-AA in 2018, Aβ

abnormality has been considered to be an early biomarker for diagnosis in the early stages of AD.

According to amyloid cascade theory, Aβ is produced by cleavages of amyloid-β precursor protein (APP) by β- and γ-

secretase and is precluded by α-secretase activity. While Aβ42 and Aβ40 are the two major Aβ species, Aβ42 is more

aggregation-prone and readily forms neurotoxic oligomers and is more prevalent than Aβ40 in plaques . Normally, the

N-terminal segment has the capacity to bind metal ions, such as Fe , Cu  and Zn , which is simultaneously

accompanied by the production of reactive oxygen species (ROS) . During the Aβ aggregation, there are several Aβ

sub-species including monomers, dimers, oligomers, and fibrils/aggregates. During the aggregation process, all the Aβ

sub-species involved in the process are equilibrated . In this equilibration process, once Aβ monomers reach a critical

high concentration, over-accumulation of Aβ begins. Aβ monomers can quickly gather into large molecular weight

polymeric precipitation, which turns into oligomers and eventually fibrils/aggregates  that will produce toxic

effects on the surrounding neurons and synapses, and cause synaptic membrane damage, resulting in neuronal cell

death . The amyloid cascade hypothesis is shown in Figure 1.
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Figure 1. The amyloid cascade hypothesis.

Tau protein can stabilize the internal skeleton of nerve cells in the brain. Studies show that the total amount of tau proteins

in AD brains is increased significantly, and the increased tau proteins are usually in the form of excessive abnormal

phosphorylation, which means that if the tau protein is abnormally phosphorylated, it is easy to form paired helical

filaments (PHF), which can lead to neurofibrillary tangles (NFTs). NFTs are highly related to the occurrence of AD 

. Clearly, developing new imaging probes that target NFTs is becoming of great significance for the accurate diagnosis

of AD.

In recent years, neuroinflammation is considered a highly relevant biomarker in AD, which is closely associated with

oxidative stress (OS). In fact, oxidative stress always plays an important role in AD pathogenesis . Mounting

research evidence revealed that the concentration of reactive oxygen species (ROS) in AD brains is much higher than in

that of healthy brains . ROS, including superoxide radical, hydroxyl radical and hydrogen peroxide, always

contribute to the pathophysiology of neurodegenerative disorders. Although ROS can modulate cell survival, once the

balance of ROS was broken, it will be accompanied by oxidative damage. Multiple sources contributed to ROS

production, such as mitochondria dysfunction, reactions involving peroxisomal oxidases, NAD(P)H oxidases, cytochrome

P-450 enzymes, over-accumulation of metal ions and aggregation of Aβs or Tau tangles . Recently, the

relationship between OS and AD has been revealed, and the research shift is from fundamental research to clinical

treatment, such as the use of antioxidants (vitamin E/C, curcumin, GSH)  and chelating agents.

It is well known that many countries have the habit of eating curry, especially in India, and curry contains abundant

curcumin which has preventive and therapeutic effects on AD. That may be one reason for the low incidence of dementia

in India. This phenomenon was drawing researchers’ attention in the AD field. Curcumin is a natural product of

polyphenols with a diketone structure, the trans double bond and the keto-enol tautomerism make it have a long-

conjugated carbon chain, which can result in several different fluorescent properties and functions. Remarkably, the

neuroprotective effects of curcumin scaffold on AD have been extensively studied, such as the inhibition of Aβ

accumulation, prevention of tau hyperphosphorylation and aggregation, as well as having anti-inflammatory, antioxidant,

and metal ions-complexing properties .

2. Curcumin Scaffold as a Tool for Understanding AD

Aβ plaques represent a classical pathology which is found in the AD brain. Aβ peptide usually undergoes conformation

changes from monomer to oligomers and fibers that are rich in β-sheets . Martin et al. analyzed the dynamics and

energetics between curcumin and 24-peptide in Aβ fibrils using molecular dynamics simulations. The results show that

particular hydrophobic sites existed on the protofibril surface that can bind with curcumin, and this binding is usually

associated with the complexation of curcumin with dimers, trimers, or oligomers, even at the end of the fibrillary growth

axis. The hydrophobic interaction and solvation effects may contribute to the good binding between curcumin and

protofibril. These interactions may be the key to reducing the toxicity of Aβ oligomers and changing the Aβ accumulation

pathway to form non-toxic aggregates . Zhao et al. demonstrated that curcumin is also a potential Aβ-toxic inhibitor

because it has a high tendency to interact with certain Aβ residues which were highly likely to form hydrogen bonds with

curcumin. Additionally, curcumin was observed to act as a β-sheet breaker when it was inserted into Aβ protein. The π-π

stacking interactions frequently existed between the aromatic ring of curcumin and proteins such as histidine, tyrosine,

and phenylalanine . Although the interactions are temporary, they indirectly contribute to decreasing β-sheet content

. Gestwicki et al. found that hydroxyl substitution in aromatic rings on both sides of curcumin was essential for inhibiting

Aβ by structure–activity relationship, and the length and flexibility of the linker between aromatic rings should be kept

within an appropriate range . Curcumin has ketone-enol tautomerism and exists in the form of enol in solution. Studies

have shown that the form of enol exhibits anti-Aβ aggregation properties, not the β-dione form .

Besides inhibiting Aβ aggregation, some researches showed that curcumin has the capability to inhibit

hyperphosphorylated tau protein aggregation. Molecular docking studies predicted that curcumin had a possible binding

site in the tau microtubule region. A strong hydrophilic interaction between curcumin and tau D225 residues was revealed

by Panda. Furthermore, the electrostatic interaction might contribute to blocking the tau-tau interaction, which was

considered to be the most crucial factor in the process of tau aggregation .

Recently, oxidative stress is deemed to be another risk factor in AD . Reactive oxygen spices (ROS) can interact with

lipids, proteins, and nucleic acids, which can cause irreversible damage to neurons in the brain . The diketone and

phenolic groups in the curcumin structure can prevent the production of a variety of reactive oxygen species. In addition,

the β-dione group and the hydroxyl group can complex with metal ions, such as copper ions, ferrous ions, and zinc ions
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. Whereas ions are necessary for the production of hydroxyl radicals, so curcumin exerts antioxidant activity directly or

indirectly.

It is well known that curcumin has fluorescence properties, which is attributed to the unique structure of the

diphenylenone, and the isomerization transition between the ketone form and the enol form also gives curcumin many

unique photochemical properties. Therefore, curcumin can be used as sensitive material for the detection of chemical

substances. Curcumin can form complexes with Cu , Fe , Zn  and other cations through the structure of 1,3-diketone

that can carry out keto-enol isomerization. This complexation could lead to the increase of solubility in water and the

change of color . Importantly, curcumin can cross the blood-brain barrier, so it might be used as a candidate in brain

studies. In addition, curcumin can specifically bind to Aβ aggregates and abnormal tau proteins, which has been reported

for staining experiments, suggesting that curcumin can bind to specific groups in proteins and produce changes in optical

properties . Therefore, curcumin has the potential to be developed as an imaging probe candidate for AD diagnosis.

Due to a variety of effects on AD, curcumin and its analogues have the potential to be a drug for AD therapy and can act

as a chemical fluorescence probe for AD with great research value.

3. Curcumin Scaffold as a Tool for AD Therapy

Recent studies have revealed the close connection between curcumin scaffold and AD. Research uncovered that

curcumin can prevent Aβ aggregation and cross the blood-brain barrier (BBB), reach brain cells, repair the nerve and

participate in the treatment of AD, such as ameliorating cognitive decline and improving synaptic functions in animal

models .

3.1. Aβ Inhibition

In the last decade, curcumin has been considered an efficient inhibitor for β-amyloid (Aβ) aggregation. Mounting evidence

has revealed that curcumin has a variety of anti-amyloid properties. It has been noted that curcumin and its derivatives

are reported to have some potential binding sites for Aβ protein, to block its assembly. Some in vitro studies showed that

curcumin has the capability of inhibiting the fibrillar Aβ formation from Aβ monomer and also destabilizing preformed

fibrillar Aβ . Meanwhile, several in vivo studies showed that curcumin could not only promote disaggregation of existing

amyloid deposits but also prevent the formation of new amyloid deposits, and even reduce the size of remaining deposits

. Curcumin could also bind to Aβ oligomers and block its accumulation to lower the toxicity . Curcumin was

also found to decrease Aβ peptides levels in in vitro studies by inhibiting the expression of presenilin 1, which has a close

relationship to γ secretase and leads to the generation of Aβ . In 2020, Huang reported curcumin could inhibit BACE1

(β-amyloid precursor protein Cleaving Enzyme) gene expression in SH-SY5Y cells at transcriptional and translational

levels. Furthermore, this result revealed that the signaling in nuclear factor kappa B is involved in the regulation between

curcumin and BACE1 .

3.2. Tau Inhibition

The formation of the neurofibrillary tangles with tau hyperphosphorylation plays an important role in the pathogenesis of

AD . The prevention of hyperphosphorylation of tau has been the most significant hotspot of AD research .

Several studies showed that curcumin can prevent tau hyperphosphorylation and decrease neurotoxicity . Curcumin

could inhibit α-synuclein accumulation and increase the protein solubility, which could lead to decreasing levels of soluble

tau dimers and elevated heat shock proteins contained in the process of tau clearance in AD mice . HSP 70 and HSP

90, two heat shock proteins, closely enhance the solubility of tau protein and promote tau-microtubule interaction . In

2017, Panda reported that curcumin has the capability to bind the adult tau and the fetal tau. The dissociation constants

were 3.3 ± 0.4 µM and 8 ± 1µM, respectively. Molecular docking studies showed that curcumin had a possible binding site

in the tau microtubule-binding region, which may lead to inhibiting tau aggregation and disintegrating preformed tau

oligomers. More importantly, it revealed that curcumin has the capability to break the formation of β-sheets in protein

structure to inhibit aggregation . In the same year, Sun reported that curcumin could be utilized as the lead compound

to study the correlation between tau protein and Caveolin-1 (a marker protein of membranal caveolae). After being treated

with curcumin, the expression of Caveolin-1, tau protein and their relationship were detected, and the potential

mechanism was also explored .

3.3. Metal Ion Binding

Metal ion dyshomeostasis has been recognized as a cofactor which might cause cellular death or severe dysfunction in

neurodegenerative disorders such as Alzheimer’s disease (AD) . The Aβ misfolding process, which is associated
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with aggregation, is related to the metal irons (i.e., copper, iron, and zinc) that could be found in both the core and rim of

the AD plaques . Studies have shown that the levels of metal ions (iron, zinc, and copper) in the brain of AD patients

are 3–7 times higher than those in the normal brain . Animal studies have confirmed that curcumin has an anti-

inflammatory effect. Curcumin is a metal chelating agent, which can exhibit anti-AD effects. Reducing metal ions which

can induce Aβ amyloid fibril formation is a possible mechanism . Recent studies suggest that curcumin has the

capability to bind metal irons . The strategy of measuring the affinity between curcumin and different metal ions may

verify the likelihood that curcumin could protect against AD through chelation. In 2013, Picciano et al. demonstrated that

estimating Cu -curcumin binding affinities in the absence and presence of the Aβ peptide could provide evidence for this

Cu  chelation role . Moreover, a curcumin analogue named CRANAD-17  exhibited the ability to inhibit Aβ42 cross-

linking that was induced by copper. It raised the potential for CRANAD-17 to be considered a hit compound for AD

therapy.

3.4. ROS Scavenging and Neuroprotective Effects

Mounting evidence has revealed that oxidative stress is a key role in the onset and progression of AD . Besides Aβ

protein and tau, chronic inflammation is considered another pathological hallmark of AD, which is characterized by the

increased presence of activated microglia and astrocytes, accompanied by elevated expression of acute-phase proteins

and proinflammatory cytokines . During the aggregation of Aβs, numerous ROS are generated. The generated ROS

can further induce the accumulation of inflammatory cytokines such as TNFα, which can affect the microglia to release

more ROS . Many studies have shown that curcumin has potential anti-inflammatory effects such as reducing levels

of IL1β and oxidized protein, microgliosis in the cortex, Aβ peptides and plaque burden . Moreover, curcumin also

has the capability to protect PC1  cells and normal human umbilical endothelial cells from oxidative stress caused by

amyloid-β . Curcumin, a PPARγ agonist, could improve mitochondrial function and reduce ROS leakage, which could

indirectly reduce oxidative stress. Meanwhile, curcumin also can inhibit LPS-induced microglial activation by inhibiting NO

production and reducing the release of pro-inflammatory cytokines such as IL-6, and IL-1β . Most importantly, curcumin

can attenuate microglial migration and trigger another microglial phenotype with anti-inflammatory and neuroprotective

effects . Numerous studies have revealed that curcumin exhibits good properties such as scavenging free radicals,

reducing iron ions, chelating metal ions, and inhibiting lipid oxidation degradation . Therefore, curcumin could be

capable of protecting glial cells and reducing ROS.
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