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Abstract
Numerous physiological processes happening in the human body, including cerebral development and function, require 
the participation of biometal ions such as iron, copper, and zinc. Their dyshomeostasis may, however, contribute to the 
onset of Alzheimer’s disease (AD) and potentially other neurodegenerative diseases. Chelation of biometal ions is therefore 
a therapeutic strategy against AD. This review provides a survey of natural and synthetic chelating agents that are or could 
potentially be used to target the metal hypothesis of AD. Since metal dyshomeostasis is not the only pathological aspect of 
AD, and the nature of this disorder is very complex and multifactiorial, the most efficient therapeutics should target as many 
neurotoxic factors as possible. Various coumarin derivatives match this description and apart from being able to chelate metal 
ions, they exhibit the capacity to inhibit cholinesterases (ChEs) and monoamine oxidase B (MAO-B) while also possessing 
antioxidant, anti-inflammatory, and numerous other beneficial effects. Compounds based on the coumarin scaffold therefore 
represent a desirable class of anti-AD therapeutics.

Key Points 

Chelation of excess biometal ions (Fe, Cu, and Zn) limits 
their binding to amyloid plaques and the overall aggre-
gation of amyloid beta in the brain, while also reducing 
oxidative stress.

Numerous natural and synthetic metal chelators repre-
sent potential anti-AD therapeutics.

Coumarin derivatives exhibit multiple beneficial anti-AD 
effects including metal chelating activity.

1 Introduction

AD is a progressive neurodegenerative disease (ND) and 
the main cause of dementia and death in the elderly. It is 
characterized by cognitive decline accompanied with con-
secutive memory loss, depression, and communication prob-
lems, all of which are caused by neuronal damage in specific 
areas of the brain that are responsible for the aforementioned 
cognitive functions [1]. As the nature of AD is complex 
and multifactorial, the exact etiology of the disease remains 
unknown. However, disruption of cholinergic neurotransmis-
sion caused by elevated acetylcholinesterase (AChE) activity 
and the consecutive decline in acetylcholine levels, as well 
as aggregation of hyperphosphorylated τ-protein, formation 
of extracellular β-amyloid (Aβ) plaques, oxidative stress, 
and, finally, dyshomeostasis of biometal ions, are all con-
sidered to be the main biopathological aspects of AD. It has 
been discovered that incorrect folding of Aβ is considerably 
influenced by the presence of metal ions localized inside as 
well as on the periphery of amyloid plaques [2]. This has led 
to an increased interest in the study of metal ion dyshomeo-
stasis as an important factor in AD pathogenesis.

Restoring the correct equilibrium of metal ions in the 
brain may lead to prevention of Aβ aggregation, decomposi-
tion of amyloid plaques (disaggregation of Aβ) and decel-
eration of the whole process of cognitive decline in patients 
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with AD [3]. Chelation is an effective strategy for restor-
ing the homeostasis of biometal ions with the application 
of chelators—molecules able to scavenge and bind metal 
ions through formation of multiple coordinate bonds [4]. 
Among the diverse metal chelators that have been recently 
explored to regulate metal homeostasis as a key target in 
AD therapy [4, 5] are also numerous natural and synthetic 
coumarin derivatives. These compounds have exhibited a 
broad spectrum of biological activity, including the ability 
to inhibit ChEs and MAO-B depending on substituents pre-
sent, making coumarin a privileged scaffold when designing 
novel multitarget-directed therapeutics for AD [6].

2  Metal Chelators for the Potential 
Treatment of AD

The importance of metal dyshomeostasis in the pathogeneais 
of AD leads to the idea that restoring this homeostasis could 
prove beneficial in AD treatment [7]. Metal chelators capture 
metal ions and displace them from their target sites, thus 

intercepting their participation in redox processes and Aβ 
aggregation. Chelators either possess the ability to reduce 
the total extracellular amount of bioavailable metals or act 
as ionophores, competing with endogenous ligands for metal 
ions [8].

8-Hydroxyquinoline (8-HQ, 1, Fig. 1), a natural lipo-
philic molecule, shows strong anti-AD effects via chelation 
of metal ions [9]. Clioquinol (CQ, 2), a derivative of 8-HQ 
and a moderate chelator of Fe, Cu, and Zn [10], entered 
phase II clinical trials as a potential drug for AD [11]. CQ 
decreased Aβ aggregation and improved cognitive behavior, 
which was, however, accompanied by severe side effects, and 
futher clinical trials of CQ were therefore abandoned [12]. 
PBT2 (3) promotes Aβ degradation and GSK-3 phosphoryla-
tion through its chelatory activity [13], while also lowering 
 H2O2 formation [12]. Despite its initial success and prom-
ising results in animal models, repeated phase IIb clinical 
trials of PBT2 ultimately provided no evidence of cognitive 
improvement in patients with AD as compared with controls 
[14, 15]. Deferiprone (DFP, 4), an important iron chelator, 
displays a neuroprotective effect by reducing the level of 

Fig. 1  Structure of various metal chelators (1–9)
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Aβ and τ phosphorylation [16]. Trientine (TETA, 5), a tet-
radentate ligand, exhibits β-secretase inhibition, while slow-
ing amyloidosis in mice [17]. TM (6), a conjugate of TETA 
and melatonin significantly lowered the deposition of Aβ 
and neuronal degeneration in the brains of APP/PS1 double 
transgenic mice, while also blocking τ hyperphosphoryla-
tion, γ-secretase, oxidative stress, and metal dyshomeostasis 
[18]. d-Penicillamine (7), a Cu/Zn chelator, can delay AD by 
reducing oxidative stress in blood serum [19]. Deferoxamine 
(DFO, 8), preferentially an iron chelator, impaired transla-
tion of the amyloid precursor protein (APP) holoprotein and 
significantly improved certain cognitive abilities in patients 
with AD [20]. After 3 months of experiments on Tg2576 
mice, DP-109 (9) induced an increase in Aβ solubility in the 
brain, thereby reducing the amount of Aβ aggregates [21]. 
Additionally, other chelators (e.g., metformin and cyclodi-
peptides) have effectively been applied to treat NDs, includ-
ing AD, albeit being originally designed for other purposes 
[22, 23].

Tenuazonic acid (TA, 10) is a natural compound that 
exhibits antioxidant and metal chelating properties apart 
from acting as an AChE inhibitor [24]. Poliseno et al. [25] 
have synthesized five modern conjugates (11–15, Fig. 2) of 
TA and donepezil with the aim of creating novel multitarget 
anti-AD ligands. Compound 11 was shown to be a potent 
chelator of Fe(III), Cu(II), and Zn(II) (pFe = 16.6, pCu = 
11.6, and pZn = 6.0 at pH 7.4). Additionally, all five deriva-
tives were capable of AChE and Aβ aggregation inhibition, 
while remaining noncytotoxic against SH-SY5Y human neu-
roblastoma cells. Another recent study by Kilic et al. [26] 
was focused on the synthesis of novel multifunctional thio-
urea and benzamide derivatives and investigation of their 
anti-AD potential (ChEs inhibition, radical scavenging and 
metal chelation). From this series, the most effective deriva-
tives 16–20 are displayed on Fig. 2. All five compounds 
were capable of notable Fe(II), Cu(II), and Zn(II) chelation 
and butyrylcholinesterase (BChE) inhibition. Derivative 20 
also displayed AChE-inhibitory activity and considerable 
antioxidant properties, thus being the most promising anti-
AD candidate from the series.

2.1  Iron Chelation

Iron can be present in the body in a free form, which is 
exceptionally toxic, as well as in a bound form, which is 
beneficial and has a crucial role in maintaining physiological 
processes in the body. Iron is located in tissues and plasma, 
where it is bound to transferrin under physiological condi-
tions. However, in some cases, the free form of iron becomes 
abundant [27]. The most harmful unbound form of iron is 
the labile plasma iron, which has redox activity, can per-
meate into organs and induce iron overload [28]. Another 
form of iron is present in the tissues—tissue ferritin and 

labile iron pool (LIP). A major amount of iron in the human 
body is heme-bound in molecules such as hemoglobin and 
myoglobin. Apart from heme, it is also present in ferritin 
and hemosiderin, which are responsible for the storage of 
iron in cells [27]. Iron is mostly bound to proteins and only 
less than 1% is accessible for physiological (metabolism), 
toxicological (redox), or pharmacological (chelation) uses 
[29]. There are no proteins that bind the labile form of iron. 
In general terms, LIP is characterized as a cellular chelatable 
pool, which includes various ligand-associated ionic forms 
of iron. These ligands may include polypeptides, organic 
anions, and membrane surface components [30]. Consider-
ing neurodegenerative changes, the active form of iron plays 
a crucial role in the mechanisms of oxidation, Aβ plaques 
formation, etc. LIP exists in both cellular and extracellular 
forms, while the division into these two categories is based 
on their propensity to trigger redox processes and the acces-
sibility of the forms to be chelated. LIP generally includes 
those forms of iron that can participate in redox cycles while 
also being scavengeable by permeant chelators. Due to the 
nature of LIP, these forms of iron may have a role in the 
generation of oxidative stress. Moreover, a significant impact 
of increasing LIP amounts on reactive oxygen species (ROS) 
production, lipid peroxidation, and cell death has been dem-
onstrated. The unstable nature of LIP accounts for its high 
reactivity and subsequent ROS formation [27].

2.1.1  Iron Chelation Therapy

Since iron is involved in the pathogenesis of NDs, iron 
chelation presents a possible therapeutic strategy. Iron chela-
tion is clinically used in hemochromatosis and iron overdose 
during blood transfusion [31]. Treatment of these pathologi-
cal conditions requires high-affinity selective iron chelators 
that aid in mass excretion of iron from the body [32]. DFO, 
DFP, and deferasirox (DFX 21, Fig. 3) have been tested as 
drugs for such conditions [33].

Several iron chelators that can cross the blood–brain bar-
rier (BBB) have already been explored in the treatment of 
AD and their neuroprotective mechanisms have been linked 
to suppression of apoptotic pathways [34], promoting sur-
vival pathways [35], restoration of protein degradation [36], 
and stabilization of mitochondrial function [37]. CQ has a 
moderate affinity for iron and is capable of Fe chelation [38]. 
The therapeutic effect of CQ is often attributed to its iono-
phoric activity, which causes redistribution of copper and 
zinc to the cell [13, 39, 40]. However, the ability to chelate 
iron also accounts for its neuroprotective properties. Iron 
binds to CQ, and many beneficial effects of CQ are iron 
dependent [32]. Administration of CQ to MPTP-treated mice 
protects against iron overload in substantia nigra [41] and 
prevents its age-related degeneration in τ-knockout mice 
[38], which confers neuroprotection.
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Fig. 2  Structure of recently reported chelators (10−20)
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DFO, DFP, and DFX are Food and Drug Administra-
tion (FDA)-approved iron chelators capable of crossing the 
BBB [42]. Recently, it has been shown that these agents 
can lower iron accumulation in patients with AD [43]. DFO 
binds iron in a 1:1 ratio and is a hexadentate ligand [44]. 

Although being the most popular iron chelator with more 
than 30 years of clinical experience [45], DFO application 
is limited by its short half-life and the need to be adminis-
tered intravenously or subcutaneously [46]. Some studies 
have, however, validated the use of intranasal DFO with the 

Fig. 3  Structure of deferasirox (21), tacrine-deferiprone hybrids (22−29), and natural chelators (30–34)
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aim of reversing iron-induced memory problems by inhi-
bition of Aβ aggregation, neuronal ferroptosis, τ phospho-
rylation, and aberrant APP cleavage in AD mouse models 
[47–50]. DFP, an oral bidentate chelator that binds iron in a 
3:1 ratio [51] had beneficial effects against iron accumula-
tion associated with neurodegeneration [52]. A significant 
decrease in mouse brain iron and insoluble τ polymer levels 
after DFP administration was observed in a study by Rao 
et al. [53]. DFP was also conjugated with tacrine by Chand 
et al. [54] to obtain novel hybrids 22–29 (Fig. 3) that were 
capable of AChE and Aβ aggregation inhibition, free radi-
cal scavenging, and chelation of Cu and Zn in addition to 
Fe. Finally, DFX is a tridentate oral chelator, binding iron 
in a 2:1 ratio [55] that was used by Banerjee et al. [56] to 
block age-related iron accumulation and to reverse altered 
Aβ metabolism, oxidative stress, and neuroinflammation in 
rat brains. Another study [57] has indicated that DFX may 
chelate the iron that aggregates τ or bind τ directly, thus 
inhibiting its aggregation.

2.1.2  Natural Substances as Iron Chelators

In addition to CQ and other compounds mentioned in previ-
ous sections, the interaction of natural substances (Fig. 3) 
curcumin (30), (−)-epigallocatechin (EGC, 31), (−)-epicate-
chin-3-gallate (ECG, 32) and (−)-epigallocatechin-3-gallate 
(EGCG, 33) with metal ions and their chelating abilities 
were also studied [58].

The hippocampus is known to be one of the most affected 
areas of the brain in early stages of AD. Neurotoxic heavy 
metals such as lead and cadmium disrupt cell structure in 
this area as well [58]. Neurotoxicity in the hippocampal area 
of rats caused by Pb and Cd was considerably lowered by 
curcumin [59, 60]. Furthermore, promotion of hippocam-
pal neurogenesis by curcumin was observed in chronically 
stressed rats [61]. The neuroprotective effect of curcumin 
is presumably mediated through its ability chelate harmful 
metal ions, resulting in the formation of solid, inactive com-
plexes. The anti-inflammatory effect of curcumin may also 
limit nervous tissue swelling [58]. Potential reaction centers 
of curcumin are the phenolic hydroxyls, the carbonyl groups, 
and the methylene group in the α-position to the carbon-
yls. The phenolic and enolic hydroxyl groups are capable of 
forming complexes with metal ions [62]. These complexes 
exhibit efficient radical scavenging which, together with the 
binding of redox-active metals such as Fe and Cu, implies 
the considerable neuroprotective effect of curcumin. The 
interaction of curcumin with Fe reaches half of the maxi-
mum value at a concentration of 2.5–5 μM and interaction 
with Cu at a concentration of 3–12 μM [63]. Importance 
of the curcumin scaffold in the design of new fluorescent 
probes for AD diagnosis and therapy has also been described 
[64].

Another potential group of natural iron chelators are poly-
phenols, which also display antioxidant and anti-inflamma-
tory effects that account for their neuroprotective activity 
[65]. The ingredients of green tea have been proposed to 
treat various cardiovascular and inflammatory diseases and 
some NDs [66, 67]. The major components of green tea are 
the polyphenolic compounds EGC, ECG, and EGCG [68], 
with the latter being a relatively potent chelator of both iron 
and copper [58]. EGC and ECG have been shown to primar-
ily chelate  Cu2+ and  Zn2+ ions and diminish Cu/Zn-induced 
or self-assembled Aβ aggregates while also decreasing ROS 
production [69]. Since the pathogenesis of AD is associated 
with metal accumulation, tea polyphenols and curcumin may 
gain significance as potential drugs for AD.

Mandel et al. [70] have actually proposed the use of cur-
cumin and EGCG in the treatment of AD. Both substances 
are able to cross the BBB and possess multifunctional activi-
ties, which include metal chelation, radical scavenging, neu-
roprotection, and anti-inflammatory activity. The safety and 
dietary abundance of these compounds further support the 
interest in their use as anti-AD drugs. The authors hypoth-
esized that these two substances may primarily act as iron 
chelators, again suggesting an important role of iron in the 
pathogenesis and progression of AD.

Jahanshahi et al. [71] have studied the effects of another 
natural flavanone compound naringin (34) on the hippocam-
pus of iron-overloaded mice. Their results showed that nar-
ingin has a strong iron chelation capacity and could also 
decrease the formation of amyloid plaques, which could be 
beneficial for neuroprotection and AD prevention.

2.2  Copper Chelation

Copper is essential for the proper functioning of organisms, 
but at increased concentrations it becomes toxic. Thus, its 
level and bioavailability in the body are very important fac-
tors. The majority of copper is bound to proteins or other 
macromolecules in the body. Nevertheless, the redox activity 
of copper can lead to highly toxic products. Abnormal and 
uncontrolled intracellular  Cu2+ concentrations contribute to 
oxidative stress, as the resulting ROS can lead to DNA dam-
age and oxidation of lipids and proteins [72].

On the other hand, superoxide anions, which belong to 
ROS, are disproportionated in the body by the enzyme Cu/
Zn-superoxide dismutase (Cu/Zn-SOD), which uses copper 
as its catalytic active center. The protection of cells from 
copper toxicity is mediated by metallothioneins which con-
trol the levels of copper ions in the cytoplasm and chap-
erones that transport them to destined cellular structures 
[72]. In the blood, copper is bound and transported by 
albumin and ceruloplasmin, with the latter accounting for 
90% of copper transport. Albumin binds  Cu2+ ions, which 
are reduced to  Cu+ in the presence of ascorbate. However, 
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molecular oxygen easily reoxidizes  Cu+ back to  Cu2+ [73]. 
The “free copper pool” represents a small percentage of cop-
per (5–15%) that is loosely associated with albumin or other 
small molecules but not covalently bound to ceruloplasmin. 
The free copper pool must be maintained at low levels, as 
there is ample evidence that the higher its level, the greater 
the damage caused by copper toxicity [72].

2.2.1  Copper Chelators and Treatment of AD

Tegoni et al. [72] have described the structure and biological 
activity of numerous copper chelators. CQ chelates biometal 
ions through its N and O donor atoms [74] and can cross the 
BBB. Upon entering the brain tissue, CQ is able to cause 
partial disaggregation of the Cu-induced Aβ aggregates due 
to its high affinity for  Cu2+ [75]. The chemical mechanism of 
this activity presumably involves partial resolubilization of 
Cu-Aβ plaques, inhibition of ROS formation and increased 
expression of matrix metalloproteinases that degrade Aβ 
[76, 77]. However, long-term use of CQ has adverse side 
effects [78] due to the cytotoxicity of elevated levels of 
copper-CQ complexes (same as in the case of 8-HQ) [74].

Altering the substituents on the same structural motif sig-
nificantly affects the degree of cytotoxicity of a given com-
pound. The CQ derivative PBT2 displays several advantages 
over CQ [79, 80], including higher membrane permeability, 
greater effectiveness in lowering the cerebral level of Aβ 
plaques and improving cognitive function. PBT2 also pos-
sesses fewer side effects than its parent molecule [79, 81]. 
The probable mechanism of action of CQ and PBT2 involves 
their permeation across the BBB and reaching the copper-
containing Aβ plaques. The chelators compete with aggre-
gated or oligomeric Aβ for  Cu2+ binding and form soluble 
complexes, transporting copper inside the cells and restoring 
its normal levels by acting as ionophores. The simultaneous 
activity of matrix metalloproteinases causes the degradation 
of Aβ peptides [77, 82, 83].

Two novel analogs of CQ—C1 (35) and  C2 (36)—have 
been reported [84–86], their structure containing either two 

8-aminoquinoline or two 8-hydroxyquinoline skeletons con-
nected via a linker (Fig. 4). These compounds possess the 
same donor atoms (N and O) as CQ, but exhibit a higher 
affinity for copper by acting as tetradentate ligands. This 
accounts for their increased ability to disaggregate Cu-
induced Aβ plaques and a remarkable capacity of reducing 
ROS formation. Moreover, some aromatic chelators, which 
include bathocuproinedisulfonic acid (37), effectively pro-
mote disaggregation of Cu-induced Aβ plaques through an 
intercalation-like interaction [87].

2.2.2  Bifunctional Copper Chelators

Bifunctional chelators are ligands that have a second func-
tion in addition to possessing a metal binding site. For 
instance, a reducing group that posseses the ability of inhib-
iting ROS formation or a moiety supporting the chelator’s 
active transport across membranes may be incorporated into 
the main structure. A prodrug preparation strategy has also 
been presented, in which the chelator molecule contains an 
activatable or cleavable protecting group that allows it to 
remain inactive until it reaches its target site, where the che-
lator is rendered available for metal binding by the action of 
enzymes or ROS that remove the protecting group. Supply-
ing the chelator with another function is beneficial in terms 
of specificity, allowing it to operate only when precise condi-
tions are met, and the chelator is located in certain tissues or 
when specific biomolecules are present [88].

Different aspects affecting bioavailability, toxicity, and 
efficacy must be considered when designing novel chela-
tors with potential application in clinical AD treatment. The 
three most necessary factors are: (1) the chelator as well as 
its corresponding metal complexes must not be toxic, (2) 
the chelator must display sufficient affinity for the particular 
metal ion when competing with Aβ but not exceedingly high 
to not abstract metal cofactors from metalloproteins, and (3) 
the BBB must be overcome by the drug candidate, which 
should therefore be appropriately soluble and simultane-
ously sufficiently lipophilic [88, 89]. These three conditions 

Fig. 4  Synthetic copper chelators (35–37)
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were met in a number of different methods, which include 
the incorporation of a metal binding moiety into a molecule 
capable of interacting with Aβ (incorporation approach) or 
the linkage of two such components through a spacer (link-
age approach) [72].

In the incorporation approach, the aim is to replace some 
of the original molecule’s carbon atoms by heteroatoms such 
as N and O in order to obtain a compound that structur-
ally resembles the original molecule. In this way, structures 
capable of chelating copper and forming five- or six-mem-
bered chelate rings are obtainable [72]. Various organic 
compounds capable of interaction with Aβ aggregates have 
been studied in the past in order to develop novel phar-
maceuticals that target aggregated Aβ or act as probes for 
in vitro and in vivo imaging of Aβ plaques [90–92]. Thiofla-
vine T [90, 91], stilbene, and chalcone derivatives [92, 93], 
6-iodo-2-(4-dimethylamino)phenylimidazo[1,2-α]pyridine 
(IMPY) [94, 95] and diphenylpropyinone [96, 97] were the 
most commonly used scaffolds in the design of bifunctional 
chelators 38–60 (Fig. 5).

Some of these chelators contain a (N,N)-chelating 
arrangement that includes two nitrogen atoms, one of which 
is a part of the pyridine moiety, making them capable of 
forming 5-membered ring complexes with  Cu2+ (38–41, 
49–54, 56–57) [72]. Compounds 43 and 44 use pyridyl and 
carbonyl groups to chelate copper and thus act as (N, O) 
chelators [97]. In the case of ligands 45–50 and 58–60, six-
membered rings are formed during the chelation of  Cu2+ 
[98, 99]. Compound 42 is the only tetradentate ligand in this 
series [100]. Some of the chelators contain a dimethylamino 
substituent attached to a benzene or pyridine nucleus (39, 
41, 42, 44, and 55–57), which enhances their ability to bind 
copper–Aβ aggregates. This is attributed to its lipophilic 
nature and ability to act as a hydrogen bond acceptor [97, 
101, 102].

Most of the ligands 38–60 are able to either inhibit the 
formation of Cu-containing Aβ aggregates or to promote 
their disaggregation (or both). They do not function as non-
specific chelators but recognize local  Cu2+ ions found in 
Aβ oligomers or aggregates instead [98]. Lim et al. [97, 
100–105] studied compounds 38–44 and 51–57 in terms 
of Cu-Aβ aggregation inhibition and disaggregation effi-
ciency. Both Cu-induced and self-induced Aβ1–40 fibrilli-
zation still occurs and these chelators are unable to fully 
suppress aggregation in the presence of  Cu2+. However, the 
ligands cause a significant reorganization and morphologi-
cal transformations of the aggregates, which results in their 
shrinkage. A similar behavior was observed for compounds 
58–60, which promoted the formation of large amorphous 
aggregates when coadministered with  Cu2+ to Aβ fibrils. 
Additionally, Aβ aggregation was inhibited and Aβ adducts 
were partially disaggregated by the action of these three 
chelators [99].

Furthermore, the aforementioned studies included a 
series of nuclear magnetic resonance (NMR) experiments 
to determine whether chelators 38–41, 43, 44, and 51–57 
were capable of interaction with Aβ monomers in addi-
tion to Aβ aggregates in the presence of a denaturing agent 
(sodium dodecyl sulfate, SDS) [101–105]. Under such cir-
cumstances, Aβ assumes an α-helical conformation, unlike 
the one present in native conditions [72]. The aggregation of 
Aβ is reduced as a result of stabilizing its monomeric form 
by SDS [106]. Chelator administration resulted in altering 
the chemical shifts of the NH protons in the Aβ chain, with 
amino acid residues at the N-terminus of the α-helix, near 
the Cu binding site (His13 and His14), being most affected 
[101–105]. The interaction of chelators 38–41 and 51–54 
with Aβ has also been investigated through molecular dock-
ing, which revealed an interaction of the amino, imino and 
pyridyl groups (H-bond acceptors) of the ligands with the 
amino acid residues [97, 102–105]. In the case of ligand 
42, NMR evidence revealed its capability of binding to the 
β-sheet structure of Aβ. This interaction is mediated by spe-
cific H-bonds with the backbone of Aβ or by van der Waals 
forces and π–π interactions between the ligand and lipophilic 
Aβ residues [100].

Since Cu–Aβ aggregates contribute to ROS production, 
which might induce oxidative stress and ultimately the 
neurotoxic aberrations typical for AD [2, 107], the ability 
to inhibit  H2O2 formation was also studied in the case of 
ligands 38–41 and 55 [102–104]. In the presence of these 
chelators, the amount of  H2O2 produced was 30% lower than 
in their absence. Thus, under the influence of these ligands, 
not only the structural features of Cu–Aβ aggregates, but 
also their chemical reactivity is modified. Compounds 42 
and 58–60 also displayed significant antioxidant effects [99, 
100]. The cytotoxicity of chelators 38–42 and 55 against 
human neuroblastoma cell lines was also studied, which 
revealed their cytotoxicity to be very little both in the pres-
ence and in the absence of  Cu2+ [100, 102–104].

In the linkage approach, the Cu-chelating site is designed 
independently from the main scaffold. The advantage over 
the incorporation approach resides in the possibility of using 
a vast variety of Cu-binding moieties and scaffolds targeting 
Aβ. However, the linkage of two distinct molecular skeletons 
increases the molar weight and possibly also the hydropho-
bicity and charge, which results in decreasing the overall 
bioavailability. The potential number of different bifunc-
tional chelators designed by this method is very large, but 
only compounds based on thioflavin T and DFP have been 
prepared and studied so far (Fig. 6) [72].

Compounds 61 and 62 contain a bis(pyridylamino) 
group as a chelating moiety [108, 109], and compound 
64 contains a polyaminocarboxylate group [110], while 
chelators 65–70 are based on DFP [111]. Compound 62 
is a tetradentate ligand, and thus complexes  Cu2+ better 
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than the tridentate ligand 63 [72]. In analogy with thiofla-
vin T, ligands 61–63 are also capable of interacting with 
Aβ aggregates and they promote disaggregation of Cu-Aβ 
adducts. Compound 61 proved to be capable of convert-
ing Cu–Aβ1–40 fibrils into a  pool of oligomers, while 
compounds 62 and 63 are able to inhibit the formation of 
Cu–Aβ1–42 aggregates and cause their disaggregation. The 
disadvantage of all three compounds lies in their relatively 
high cytotoxicity [108, 109].

Orvig et al. [111] prepared a series of ligands 65–70 
that are based on DFP as a chelating moiety. These ligands 
contain different substituents, but their activity against Cu-
induced Aβ aggregation is almost the same. Interestingly, 
these ligands selectively inhibited Aβ1-40 aggregation in the 
presence of  Cu2+ but not in the presence of  Zn2+. In terms 
of reactivity related to ROS formation, chelators 62 and 
63 are highly potent inhibitors of  H2O2 production, with 
compound 63 being more effective than 62 in this regard 

Fig. 5  Bifunctional copper chelators (38−60)
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Fig. 6  Bifunctional copper chelators (61−72)
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[109]. Inhibitory activity on  H2O2 production has not been 
detected in DFP-based chelators, but their ability to scavenge 
hydroxyl radicals has been demonstrated [111]. In addition, 
compounds 65–68 display potent antioxidant effects charac-
teristic of DFP [87, 88]. Compound 64 was able to suppress 
Zn-induced Aβ1–40 aggregation and the same activity can 
be expected for Cu [110]. It is expected that this molecule 
could also interact with monomeric Aβ [72]. Ligand 64 is 
not cytotoxic at millimolar concentrations but is poorly bio-
available in terms of BBB permeability [110].

Vecchio et al. [112] presented a multifunctional  Cu2+ 
chelator 71, which contains a homocarnosine dipeptide 
(γ-aminobutyryl-l-histidine) connected to the disaccharide 
trehalose. Trehalose is a potent inhibitor of Aβ aggregation 
while also being able to reduce its cytotoxicity [113]. Thus, 
in ligand 71, the homocarnosine unit serves as a binding 
site for  Cu2+, while the function of trehalose is to interact 
with Aβ. At pH > 6, the compound exhibited exceptional 
Cu chelation, while also reducing the extensiveness of 
Aβ aggregation [112]. No evidence has been found on the 
interaction of compound 71 with Aβ aggregates contain-
ing copper, but using trehalose in the linkage approach of 
novel bifunctional chelators design might prove as a potent 
strategy [72].

In a recent study by Tan et  al. [114], eleven novel 
3,3′-diamino-2,2′-bipyridine derivatives were prepared and 
subsequently tested as potential chelators for AD therapy. 
The results proved that majority of the derivatives signifi-
cantly inhibit self-induced aggregation of Aβ1–42. Derivative 
72 (Fig. 6) was determined to be most effective in this regard 
with half-maximal inhibitory concentration  (IC50) equal to 
9.4 μM and was further subjected to testing its copper chela-
tory activity. The compound was found to selectively chelate 
 Cu2+ and displayed 66.2% inhibition of  Cu2+-induced Aβ1–42 
aggregation, while also significantly reversing Aβ-induced 
memory deficits in mice.

2.2.3  Modern Quinoline‑Based Copper Chelators

Although the aforementioned chelators CQ and PBT2 
did not ultimately find their application in AD treatment, 
the quinoline scaffold has remained attractive in terms of 
designing modern copper chelators with anti-AD activity 
as observed in a study by Zhao et al. [115] focused on two 
novel tetradentate chelators TDMQ20 (73) and TDMQ22 
(74) (Fig. 7). These derivatives were able to selectively 
abstract copper from Cu-amyloids without disrupting the 
activities of tyrosinase or Cu/Zn-SOD and administration of 
compound 73 to three different murine AD models resulted 
in a full reversal of their cognitive and behavioral impair-
ment along with reducing oxidative stress in the cortex.

Pavlidis et al. [116] have synthesized another series of 
quinoline-based copper chelators 75–78. Compound 76 

exhibited considerable neuroprotection against Aβ- and 
 H2O2-induced toxicities in SH-SY5Y cells, while deriva-
tive 77 was more effective against  H2O2 after complexation 
with copper rather than as a sole molecule. According to 
molecular docking simulations, the authors have additionaly 
proposed a strong interaction between the two ligands and 
AChE, indicating that they might also act as inhibitors of 
the enzyme. Moreover, a recent study [117] describes the 
synthesis of two novel sulfur-bridged quinoline derivatives 
1TPIQ (79) and 2TPQ (80) that were tested synergistically 
with ascorbic acid (AA) to provide copper chelation while 
scavenging ROS at the same time. The best synergistic 
mechanism was observed in a ligand:Cu:AA ratio of 2:1:7.

2.3  Zinc Chelation

Divalent zinc ions are a typical structural or catalytic com-
ponent of numerous proteins [118]. Apart from  Zn2+ ions 
present in metalloproteins, they are also found in the pool 
of mobile zinc (mZn), which requires strict regulation in 
terms of concentration and biochemical activity in order to 
properly maintain physiological processes and prevent path-
ological repercussions [119]. The role of mZn in the CNS 
is particularly important, as the concentration of chelatable 
zinc is high in specific regions of the brain [120]. The amyg-
dala, hippocampus, and cerebral cortex represent the pri-
mary areas of the forebrain where mZn is abundantly located 
in axons [121]. High levels of mZn can lead to inhibition of 
protein-tyrosine phosphatases [122], allosteric blockage of 
NMDA receptors [123], TrkB kinase transactivation [124, 
125], and modulation of AMPA receptors function [121, 
126].

2.3.1  Zinc Chelation Therapy

Since Aβ aggregation and amyloid plaque deposition in AD 
is ameliorated by zinc ions, research into the design of new 
therapeutics has also been focused on the ability of Zn com-
plexation. Indeed, the chelators CQ and DP-109 were found 
to significantly reduce amyloid plaque formation in the 
brains of APP/PS1 double transgenic mice [127] and aged 
female hAbetaPP-transgenic Tg2576 mice [21], respectively. 
Affecting the toxic oligomerization of Aβ in AD mediated 
by  Cu2+ and  Zn2+, PBT2 significantly lowered Aβ amounts 
in cerebrospinal fluid and improved cognitive abilities in 
patients with AD [128]. Another potential therapeutic struc-
ture is the dipeptide carnosine with Cu/Zn-chelating prop-
erties. Carnosine as a dietary supplement has been found 
to reduce hippocampal intraneuronal Aβ accumulation and 
prevent mitochondrial dysfunction in triple-transgenic AD 
mice but has no effect on τ pathology development [129]. 
Furthermore, bis(thiosemicarbazonato) complexes have 
been demonstrated to reduce extracellular Aβ levels through 
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selective intracellular zinc delivery [130]. Presenilin, which 
mediates the proteolytic cleavage of APP, is also eminent for 
copper/zinc turnover in cells and could indirectly affect Aβ 
aggregation by reducing  Zn2+ levels [131].

The design and optimization criteria for mZn chela-
tors vary, but all must meet certain common requirements 
regarding their structure, charge, and binding kinetics. Most 
importantly, they need to exhibit specificity for zinc over 
other biometal cations [118]. Such specificity is achieved 
through application of the theory of soft and hard acids and 
bases [132]. Soft Lewis bases will preferentially bind to soft 
metal ions  (Zn2+) over hard alkali or alkaline earth metal 
ions  (Ca2+). Chelators intended for intracellular administra-
tion should be neutral and sufficiently hydrophobic in nature 
to ensure their passive diffusion across the plasma mem-
brane. In contrast, extracellular chelators generally carry 
an overall negative charge to minimize their translocation 
across the cell membrane [118]. Protonation of the donor 
atoms may limit the rate of chelation, as these protons are 
required to dissociate first [133]. The chelators must also 

possess sufficient affinity for mZn to avoid disrupting the 
homeostasis of  Zn2+ ions or the zinc proteome [118].

2.3.2  Intracellular and Extracellular Chelators of Zinc

The most common intracellular zinc chelator is N,N,N′,N′-
tetrakis(2-pyridylmethyl)-ethylenediamine (TPEN, 81, 
Fig. 8). TPEN easily crosses the cell membrane and, using 
six donor atoms, forms a stable complex with Zn (Kd Zn = 
0.7 fM) [118]. The fairly soft nitrogen donor atoms of the 
pyridine nuclei and amino groups contribute to the selec-
tivity of TPEN for zinc over other, harder divalent cations 
(e.g.,  Ca2+). However, TPEN also exhibits high affinity 
toward other chelatable transition metals (i.e., copper) [118]. 
Moreover, the toxicity of TPEN has been established, which 
lies in its ability to induce axon and dendrite degeneration 
[134], to capture zinc cofactors from metalloproteins [135] 
and to promote apoptosis [136, 137]. Therefore, research has 
been focused on the development of advanced zinc chelators 
as drugs for NDs [138] as well as prochelators capable of 

Fig. 7  Modern quinoline-based copper chelators (73−80)
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Fig. 8  Intracellular and extracellular zinc chelators (81−89)
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crossing the BBB [139] and multifunctional chelators that 
target specific proteins [103, 140].

On the other hand, extracellular zinc chelators have been 
investigated to a much greater extent. The most common zinc 
extracellular chelators include ethylenediaminetetraacetic 
acid (EDTA), ethylene glycol-bis(2-aminoethylether)-
N,N,N′,N′-tetraacetic acid (EGTA, 82), 1,2-bis(o-aminophe-
noxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA, 83) and 
ethylenediamine-N, N′-diacetate-N, N′-dipropionate (EDPA, 
84) [141, 142]. Although these chelators tightly coordinate 
 Zn2+ through their carboxyl groups, whose anionic nature 
prevents intracellular transfer, their disadvantage lies in their 
high affinity for  Ca2+ and  Mg2+ [118]. To prevent disruption 
of the extracellular calcium levels, another zinc chelator has 
been developed—the calcium salt of EDTA, CaEDTA (85). 
However, CaEDTA displays a significantly lower affinity for 
Zn (Kd Zn = 2 nM) along with slower zinc binding rate (k 
= 0.0024  s–1) than EDTA since  Ca2+ needs to dissociate 
prior to zinc binding. The kinetics of CaEDTA chelation 
are, therefore, relatively slow [141, 142]. As an alternative, 
the use of tricine (86) as a metal-chelating buffer has been 
proposed [142]. However, tricine has a low affinity for zinc 
(Kd Zn = 10 μM) [118].

Nagano et al. [143] used TPEN as a model structure for 
the synthesis of sodium salts of (4-{[2-bis-pyridin-2-yl-
methylamino)ethylamino]methyl}phenyl)methanesulfonic 
acid (DPESA, 87) and [4-({[2-bis-pyridin-2-ylmethylamino)
ethyl]pyridin-2-ylmethylamino}-methyl)phenyl]methanesul-
fonic acid (TPESA, 88). Both compounds selectively che-
late zinc through their nitrogen atoms in a similar fashion 
to TPEN but are negatively charged owing to the presence 
of sulfonate groups, making them unable to cross cell mem-
branes. DPESA and TPESA coordinate zinc with picomolar 
affinities and the rate of  Zn2+ chelation is slower for DPESA 
than TPESA [143]. Still, both ligands 87 and 88 are supe-
rior to CaEDTA in terms of zinc chelation [118]. Another 
synthesis of an extracellular zinc chelator consisting of a 
dipicolylamine moiety as the major Zn-binding component 
and aniline-2-sulfonic acid as the bearer of a negative charge 
was reported [144]. The resulting chelator ZX1 (89) easily 
binds Zn with a Kd Zn = 1 nM and kZn = 0.027  s–1, which 
ensures its superiority over CaEDTA [118].

3  Coumarin Derivatives as Metal Chelators

The broad pharmacological activity spectrum of coumarin 
derivatives is dependent upon their structure and on the sub-
stituents present. Among the most studied pharmacologi-
cal aspects of these compounds, Stefanachi et al. [6] have 
emphasized their antibacterial, antitubercular, antifungal, 
antiviral, antimutagenic, antioxidant, anti-inflammatory, 
antithrombotic, anticancer, anticoagulant, vasodilatory, 

and cytotoxic effects. They are also able to scavenge ROS 
and inhibit ChEs. Many of these activities result from the 
remarkable chemical structure of the oxaheterocyclic sys-
tem, which enables the molecule to easily bind to numerous 
target proteins. The coumarin skeleton is characterized by 
planarity, aromaticity, and lipophilicity, allowing its inter-
action with lipophilic biomolecular binding sites through 
strong hydrophobic, but mainly π–π stacking or cation–π 
interactions with aromatic or positively charged amino 
acids, respectively. In addition, the lactone group supplies 
coumarin with the ability to form hydrogen bonds and 
dipole–dipole interactions [6].

Regardless of the mechanism of action, the binding 
strength of coumarins to target structures is augmented by 
additional interactions involving the substituents present on 
the coumarin scaffold, ultimately establishing their biologi-
cal activity profile [6]. Concerning the chelatory proper-
ties of coumarin itself, Aalikhani et al. [145] have recently 
shown that coumarin was able to chelate  Fe2+ ions in vitro, 
while also being able to stimulate the activities of superoxide 
dismutase and catalase in vivo.

3.1  Hydroxycoumarins and Their Derivatives

The simplest natural coumarins are substituted with one 
hydroxyl group, as observed in the case of 7-hydroxycou-
marin (umbelliferone, 90) [146]. DPPH radical scavenging 
by umbelliferone is concentration dependent [147]. At a 
concentration of 50 μg  ml−1, umbelliferone displays 59.6% 
inhibition [148], while AA (standard) exhibits 96% inhibi-
tion of DPPH [149]. Umbelliferone also scavenges hydroxyl 
radicals at all concentrations [150], and its inhibition effi-
ciency of membrane reactive hydroxyl radicals is 63.6% 
[148]. Furthermore, umbelliferone inhibits superoxide anion 
formation in the oxidation process of NADH by phenazine 
methosulfate with  IC50 of 150 μM compared with AA  (IC50 
of 86 μM) [146]. In the case of the  ABTS+ radical cation, 
umbelliferone scavenged 68% of the species (AA 80%). The 
half-maximal effective concentration  (EC50) value of umbel-
liferone (16.7) did not surpass the  EC50 value of AA (14.9) 
[148]. The ability of umbeliferone to chelate  Fe2+ ions has 
also been demonstrated. Umbeliferone reduced  Fe3+ to  Fe2+ 
and bound 58.8 % of  Fe2+ ions at a concentration of 200 μg 
 ml−1 [150].

Natural coumarin derivatives able to chelate metals and 
inhibit ROS include other simple hydroxycoumarins and 
methoxycoumarins (Fig.  9), such as 6,7-dihydroxycou-
marin (esculetin, 91), 7,8-dihydroxycoumarin (daphne-
tin, 92), 7-hydroxy-6-methoxycoumarin (scopoletin, 93), 
6,7-dimethoxycoumarin (scoparone, 94), and the glycoside 
6-β-d-glucopyranosyloxy-7-hydroxycoumarin (esculin, 95) 
[147].
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Mladěnka et al. [147] have studied the copper-chelating 
activity of compounds 90–95, as well as other coumarin 
derivatives 96–104 (Fig. 10). All derivatives possessing 
the ortho-dihydroxy moiety showed the ability to chelate 
 Cu2+. Only minor or no variations in the chelating activi-
ties of 6,7-dihydroxycoumarins and 7,8-dihydroxycou-
marins were observed. Of the remaining compounds, only 
derivative 101 was able to chelate  Cu2+ cations, although 
to a much lower extent than o-dihydroxycoumarins. Cou-
marin derivatives containg different substituents or a 
1,3-arrangement of hydroxy groups were almost incapable 
of chelating copper.

The chelating activity and complex stoichiometry of 
o-dihydroxycoumarins 91, 92 and 96 were studied in more 
detail under noncompetitive conditions. The results sug-
gested that the preferred stoichiometric ratio was 2:1, since 
approximately 50% of copper ions were chelated at a 1:1 
ratio of coumarin to  Cu2+. All three derivatives were capa-
ble of chelating  Cu2+ cations in the pH range 5.5–7.5, but at 
pH 4.5, chelation was no longer observed for either of the 
compounds.  Cu+ ions were not complexed at any pH value. 
No differences were observed in the chelation activity of 
derivatives 92 and 96; both compounds formed complexes 
with  Cu2+ ions at a ratio of 2:1. However, derivative 91 

Fig. 9  Structure of natural coumarin derivatives (90−95)

Fig. 10  Structure of coumarin derivatives (96−104)
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coordinated  Cu2+ ions at pH 5.5 and 6.8 with a stoichiom-
etry of 1:1, which gradually changed to 2:1 at pH 7.5 [147].

With respect to copper and iron ions, the same functional 
groups participate in their chelation [147]. In addition to 
potent o-dihydroxycoumarins, diacetoxycoumarins 101 
and 102 were capable of chelating both transition metals, 
although to a much lower extent due to the electron-with-
drawing effect of the carbonyl groups [151]. In the case of 
iron chelation, the differences between 6,7-dihydroxy and 
7,8-dihydroxy groups were more notable as opposed to cop-
per, with the 7,8-dihydroxycoumarins 92 and 96 being the 
most potent iron chelators with their activity being compa-
rable to DFP [151].

A modern theranostic agent 105 (Fig.  11) based on 
4-hydroxycoumarin has recently been presented [152]. Apart 
from acting as a fluorescence probe, the compound exhibited 
numerous anti-AD effects, including chelation of various 
metal ions (mainly  Cu2+), ROS elimination  (IC50 of 3.10 
μM against OH·) and inhibition of  Cu2+-induced and self-
induced Aβ aggregation, which was more effective when 105 

was already coordinated with Cu(II). The ligand also showed 
low cytotoxicity and was predicted to cross the BBB, mak-
ing it a very attractive molecule for both the diagnosis and 
treatment of AD. Another study by the same group [153] 
describes the synthesis and biological activity of three cou-
marin derivatives 106–108 that possess a similar structure 
to 105 and an even better anti-AD activity profile. The com-
pounds were also predicted to cross the BBB, could chelate 
 Cu2+ in a 2:1 ratio, showed stronger OH· scavenging than 
105  (IC50 of 1.33–1.54 μM) and even possessed selective 
inhibitory activity against AChE  (IC50 of 11.15–61.47 μM) 
as opposed to BChE  (IC50 > 100 μM). All three derivatives 
have further displayed certain inhibitory activity against 
Aβ1–42 aggregation, with 106 and 107 being the most potent 
ones against self-induced and  Cu2+-induced aggregation, 
respectively. Both studies have demonstrated that such 
4-hydroxycoumarins could be a leading class of novel mul-
titarget-directed ligands for the potential treatment of AD. 
Du et al. [154] have also attempted to elucidate the anti-AD 
potential of wedelolactone (109) by computational studies. 

Fig. 11  Structure of coumarin derivatives (105−109)
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Their results indicated that wedelolactone has exception-
ally good affinity to both AChE and BChE, could scavenge 
hydroperoxyl radicals and act as a potent Cu(II) chelator. 
However, this is yet to be experimentally confirmed.

3.2  Hydroxypyridinone‑Coumarin Hybrids

The design and synthesis of new hydroxypyridinone-cou-
marin conjugates is based on the idea of linking two phar-
macophores, each of which possesses a distinct therapeutic 
effect against AD, to form multifunctional anti-AD agents. 
In this case, the aim is to combine the hydroxypyridinone 
structure which provides good water solubility with cou-
marin derivatives that are highly lipophilic and cross the 
BBB well [155]. In terms of biological activity, hydroxypyri-
dinone derivatives have been used as effective, nontoxic iron 
chelators [156], while coumarins, in addition to their many 
other beneficial effects [6], display the ability to inhibit 
MAO-B [157]. MAO-B catalyzes the oxidative deamination 
of β-phenylethylamines and benzylamines, using FAD as a 
cofactor. However, the catalytic activity of MAO-B elevates 
the concentration of neurotoxic species, including aldehydes 
and  H2O2, which contribute to ROS formation and damage 
neuronal tissue [158, 159]. MAO-B inhibition is therefore 
one of many desirable effects of anti-AD drugs. MAO-B 
inhibitors also help to improve memory and learning ability 
in animals through suppression of oxidative stress [160].

Mi et al. [161] have synthesized a series of hydroxypyri-
dinone-coumarin hybrids 110–120 (Fig. 12). Subsequently, 
their chelating activity against  Fe3+ ions as well as their abil-
ity to inhibit human MAO-B were investigated. Compounds 
110 and 111 proved to be the most effective chelators with 
 pFe3+ values of 18.9 and 19.8, respectively, thus outperform-
ing DFP used as a standard  (pFe3+ = 17.3). However, other 
derivatives 112–120 also showed good chelating activity 
with  pFe3+ values around 17.

The inhibitory activity of compounds 110–120 against 
human MAO-B was tested at two concentrations of the 
derivatives, 1 μM and 10 μM. Compounds that exhibited 
significant inhibitory activity were subsequently subjected to 
the  IC50 assay. Introduction of the hydroxypyridinone struc-
ture into the parent structure of coumarin did not impair 
its capacity to inhibit MAO-B. Majority of the derivatives 
showed a weak inhibitory effect when tested in 1 μM con-
centrations. However, at 10 μM, their inhibitory potency sur-
passed 90%. As a result, the  IC50 values of all derivatives 
are less than 10 μM. At 1 μM concentrations, the inhibitory 
potencies of 110 and 116 were greater than 20%, while com-
pounds 115, 118, and 120 exceeded 30%. Derivatives 111 
and 119 were shown to be the most potent MAO-B inhibi-
tors, with 54% and 62% inhibitory effects, respectively. The 
 IC50 values of these two compounds were discovered to be 
0.68 μM and 0.86 μM, respectively [161].

In terms of structure-activity relationship, the introduc-
tion of a hydroxymethyl substituent at position 2 of the 
hydroxypyridinone scaffold resulted in a significant improve-
ment in iron chelating activity. Neither this activity, nor the 
ability to inhibit MAO-B seemed to be affected by the length 
of the carbon linker connecting the triazole and hydroxypyridi-
none rings. However, the MAO-B inhibitory activity of 3- and 
7-substituted coumarins was significantly higher than that of 
4-substituted derivatives [161].

Xie et  al. [155] have synthesized another series of 
hydroxypyridinone-coumarin derivatives 121–144 (Fig. 13) 
and studied their chelating activity as well as MAO-B inhibi-
tory activity. Majority of the derivatives exhibited potent iron-
chelating ability  (pFe3+ ≈ 18). Derivatives 135 and 139 with 
 pFe3+ values of 18.75 and 18.65, respectively, outperformed 
the DFP standard  (pFe3+ = 17.3) and were the most effective 
iron chelators from the series. However, all other compounds 
from the series 121–144 retained the excellent iron-chelating 
activity of the hydroxypyridinone pharmacophore as well.

The MAO-B inhibitory activity of compounds 121–144 
was measured at a concentration of 10 μM with pargyline 
being used as a standard MAO-B inhibitor. Despite the 
incorporation of the hydroxypyridinone scaffold onto the 
coumarin skeleton, the obtained compounds maintained a 
significant MAO-B inhibitory activity. Derivatives whose 
inhibitory activity exceeded 75% were subjected to the  IC50 
test. Compounds containing a 7-substituted coumarin scaf-
fold proved to be more potent MAO-B inhibitors and their 
 IC50 values ranged from submicromolar to lower nanomolar 
concentrations. Derivative 136 exhibited the highest MAO-B 
inhibitory activity  (IC50 of 14.7 nM), surpassing even par-
gyline  (IC50 of 85.8 nM) in this regard. Compounds 121–123 
were less potent than their respective 7-methoxy (124–126) 
and 7-propargyloxy (127–129) analogs. Introduction of a 
benzyloxy group at position 7 led to a further enhancement 
of the inhibitory activity. After the incorporation of elec-
tron-withdrawing substituents (Cl and F) at meta- or para-
positions of the benzyloxy phenyl ring, derivatives 133–144 
were obtained, which exhibited an even better MAO-B 
inhibitory activity [155].

Compound 136 was further investigated due to its high-
est MAO-B inhibitory activity and its cytoprotective effect 
against oxidative stress as well as its significant ability to 
improve cognitive abilities in mice have been demonstrated 
[155]. This derivative also did not exhibit any cytotoxicity 
and is therefore a promising multifunctional anti-AD drug.

4  Conclusions and Outlook

The treatment of AD has been the subject of interest of 
numerous scientific studies. New potential anti-AD drugs 
are constantly being developed and tested for their activity. 
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Fig. 12  Structure of hydroxypyridinone–coumarin hybrids (110−120)
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Fig. 13  Structure of hydroxypyridinone–coumarin hybrids (121−144)
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Owing to the multifactorial nature of the disease, the design 
of compounds that would target as many stages of the AD 
neurotoxic cascade as possible, is, however, a great chal-
lenge and an enourmously difficult process. It has now been 
well-established that there is a connection between biometal 
dyshomeostasis and AD. Therefore, metal chelation may be 
regarded not only as a therapeutic strategy but also as a way 
of reducing the risk of AD onset and progression by includ-
ing natural compounds with anti-AD activity, many of which 
have been described in this review, in diet.

However, even though extensive research has been con-
ducted in this area over the past decades, there is still no 
effective chelator therapeutically used in AD treatment. 
Lack of relevant data and firm conclusions seems to be the 
limiting factor when concerning the advantages of metal 
chelation therapy in AD. There is still a need for deeper 
investigation and extensive clinical studies to provide a more 
comprehensive view of intracellular metal trafficking and 
the action of metal chelators in vivo to ultimately establish 
effective chelators for AD treatment. Moreover, there is a 
number of distinctive challenges concerning the application 
of metal chelators for the treatment of NDs. A clinically 
acceptable chelator must be well absorbed into the blood-
stream and capable of crossing the BBB, while binding only 
to its specific metal ion targets located in distinct areas of 
the brain in preference to other divalent cations in the rest of 
the body (e.g.,  Ca2+ or  Mg2+). Nonremoval of specific met-
als from intracellular deposits, redistibution of toxic metals, 
and loss of essential metals are all limitations responsible 
for the mild or serious side effects that a majority of cur-
rent clinically used chelators exhibit. Toxic chelates may be 
formed as a consequence of metal binding or a removal of 
metal ions from essential proteins and cofactors may occur. 
These numerous challenges and limitations seem to be the 
prime reason why metal chelators have yet to reach clinical 
acceptance as anti-AD drugs.

The present review provides a summary of chelating 
agents that have been isolated and/or synthesized so far 
with the aim of rebalancing metal dyshomeostasis in the 
body. Since the coumarin molecule is a desirable scaf-
fold when concerning the design of new potential anti-
AD drugs, particularly owing to its peculiar structure and 
broad spectrum of biological activity, the latter sections of 
this review are specifically dedicated to coumarin-based 
metal chelators. Such molecules may provide a  novel 
approach of targeting multiple aspects of the neurotoxic 
cascade of AD and are a promising class of potential anti-
AD therapeutics for further research.
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