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Abstract

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disorder, characterized by the formation, aggregation and
accumulation of amyloid beta, perturbed metal (copper, iron and zinc) homeostasis, metal-induced oxidative stress, neuro-
inflammation, aberrant activity of acetylcholinesterase (AChE) and other pathologies. The aim of this review is to discuss
the current therapies based on the “combination-drugs-multitargets” strategy to target multiple pathologies to block the
progression of pathogenesis of AD. In addition to cholinergic and amyloid targets, a significant effort is focused on targeting
the metal-induced oxidative stress component of the disease. The main focus of research is based on modifications of exist-
ing drugs with specific biological activity. Tacrine was the first AChE inhibitor to be introduced into clinical practice and
has been frequently used for the design of multitarget-directed ligands. A number of hybrid compounds containing tacrine
and structural moieties derived from natural sources such as flavonoids [quercetin, rutin, coumarin, gallamine, resveratrol,
scutellarin, anisidine, hesperetin, (—)-epicatechin] and other molecules (melatonin, trolox) have also been applied to function
as multitarget-directed ligands. Most of these hybrids are potent inhibitors of AChE and butyrylcholinesterase and also of
amyloid-beta aggregation. In addition, the antioxidant functionality, represented by coumarins, melatonin and other antioxi-
dant molecules reduces the level of oxidative stress via ROS-scavenging mechanisms, as well as via chelation of redox-active
Cu and Fe, thus suppressing the formation of ROS via the Fenton reaction. Various medicinal plants are under investigation
for their ability to ameliorate symptoms of AD. The therapeutic potency of huperzine A and B, ginseng, curcumin and other
compounds is manifested predominantly by the inhibitory action toward AChE, antioxidant or radical-scavenging and redox
metal-chelating activity, inhibition of amyloid-beta aggregation and tau-protein hyperphosphorylation and antiinflammatory
activity. Flavonoids not only function as antioxidants and metal-chelating agents, but also interact with protein kinase and
lipid kinase signaling pathways, and others involving mitogen-activated protein kinase, NF-kappaB and tyrosine kinase.
Among the most promising group of substances with potential activity against AD are the flavonoids, including myricetin,
morin, rutin, quercetin, fisetin, kaempferol, apigenin and glycitein, which have been shown, in vitro, to possess antiamyloi-
dogenic and fibril-destabilization activity, as well as being able to act as metal chelators and to suppressing oxidative stress.
In terms of the clinical use of multifunctional hybrids, herbal drugs or flavonoids against AD, some remaining challenges
are to establish the ideal dose to develop effective formulations to preserve bioavailability and to determine the stage when
they should be administered. If the onset of the disease could be delayed by a decade, the number of AD victims would be
significantly reduced.
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Major hallmarks of Alzheimer’s disease

Alzheimer’s disease (AD) is one of the most common neu-
rodegenerative disorders and is characterized by a variety
of symptoms such as loss of memory, decline of cognitive
functions, abnormal behavior and psychiatric problems. AD
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is multifactorial in nature with an unknown etiology that is
characterized by several pathological manifestations, includ-
ing abnormal beta-amyloid (Af) accumulation, death of cho-
linergic neurons, microtubule T protein aggregation, metal
dyshomeostasis of copper, iron and zinc, metal-induced
oxidative stress and other aspects (Jalili-Baleh et al. 2018).

Particular regions of the brain in AD patients display
an abundance of two abnormal protein structures, amyloid
plaques and neurofibrillary tangles (NFTs) and a loss of
the connections between cells. Both amyloid plaques and
neurofibrillary tangles (NFTs) occur as an accompanying
phenomenon of normal aging; however in patients suffering
from AD, these two neuropathological markers are present
in abnormally large quantities (Kumar et al. 2018). The main
component of neurofibrillary tangles is tau protein.

Amyloid precursor protein (APP) is the initial source of
the amyloid plaques. The enzymes responsible for cleav-
age of APP are called alpha-, beta- and gamma secretase.
The benign pathway involves cleavage of the APP by
a-secretase at a critical stage where there is the potential to
form amyloid-p (AP), which thus prevents the latter from
being formed (Schedin-Weiss et al. 2014). The pathological
pathway involves the participation of B-secretase (BACE-
1), which first cleaves the APP molecule at one end of the
AP. BACE-1 is a transmembrane-bound aspartyl protease
and is the major p-secretase involved in APP metabolism.
y-Secretase then cuts the remaining fragment of APP which
is anchored in the membrane of neuronal cells (MacLeod
et al. 2015). Further cleavages result in the release of AP
into the extracellular space, which then forms aggregates
(oligomers) of various sizes.

The amyloid hypothesis (‘“null hypothesis”) was formu-
lated more than 25 years ago and since then, Ap has been
considered to be the main factor in Alzheimer’s disease
(Selkoe 2001; Bush 2003; Sayre et al. 2001; Varadarajan
et al. 2000). However, a complementary hypothesis has
been formulated, termed the “alternate hypothesis”, which
claims that Ap is in fact a secondary event (consequence)
of the disease, rather than being the initiating factor (Pimp-
likar 2009). Nonetheless, both hypotheses are in agreement
that the AP peptide is linked with the formation of reactive
oxygen species (ROS). Indeed, various markers of oxidative
stress found in the brains of patients with Alzheimer’s pro-
vide evidence that ROS-induced oxidative stress occurs in
AD (Devi and Anandatheerthavarada 2010; Tillement et al.
2010; Block and Calderon-Garciduenas 2009).

The pathogenesis of AD is also associated with the cho-
linergic system (Kuca et al. 2006), which uses an enzyme
acetylcholinesterase (AChE) to catalyze the hydrolysis of
the neurotransmitter acetylcholine, into choline and the
acetate anion. AChE contains a peripheral anionic binding
site (PAS) and a catalytic site (CAS). It has been proposed
that acetylcholine firstly binds to the PAS and then rapidly
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diffuses to the CAS. As the condition of AD progresses, the
activity of AChE decreases, while that of the non-specific
cholinesterase enzyme, butyrylcholinesterase (BuChE),
increases. Increased activity of BuChE is linked with the
aggregation of the A peptide (Geula and Darvesh 2004).
Current pharmacotherapy for patients suffering from AD is
based on the enhanced cholinergic neurotransmission which
is attained by application of cholinesterase inhibitors (ChEI).

Evidence for another critical pathology associated with
AD, which is termed metal-induced oxidative stress, has
been obtained from the precise quantification of redox-
active transition metals such as iron (Fe) and copper (Cu),
and the redox-inactive metal, zinc (Zn), in the brain tissues
(Rajendran et al. 2009; Valko et al. 2016). The detailed
application of specific physical techniques, which include
scanning transmission ion microscopy, Rutherford back scat-
tering spectrometry and particle-induced X-ray emission,
revealed an enhanced concentration of Cu, Fe and Zn in the
amyloid plaques (Rajendran et al. 2009): thus, the levels
of copper and zinc were found to be nearly treble and iron
nearly double those in the surrounding tissues. Irrespective
of the precise multifactorial origin of AD, these data support
the hypothesis that metal-induced oxidative stress plays an
important role in the pathology of the disease (Butterfield
and Halliwell 2019).

Currently approved drugs for the clinical treatment of
Alzheimer’s disease are inhibitors of AChE, such as done-
pezil (recommended dose 5—10 mg/day), rivastigmine
(recommended dose 1.5-6 mg/day), and glutamate (recom-
mended dose 16-24 mg/day), and, less commonly used, the
uncompetitive antagonist of the N-methyl-p-aspartate recep-
tor, memantine (recommended dose 5-20 mg/day), which
blocks the flow of the charged species. In addition to various
side effects of these drugs, which include diarrhea, nausea,
bradycardia and hepatotoxicity, their serious limitation is
that the symptoms are improved only temporarily, and that
it is not possible to inhibit or reverse the progression of the
disease. Even though A is one of the key biomarkers of AD,
administration of the antiamyloidf monoclonal antibodies,
bapineuzumab and solanezumab (phase III trials) failed to
improve cognitive functions in patients suffering from AD
(Wang et al. 2016).

As discussed above, proteolytic formation of neurotoxic
AP from APP is the critical event in the development of
Alzheimer’s disease. During this process, both p-secretase
and y-secretase play important roles, and accordingly, the
secretase inhibitors, semagacestat and avagacestat, have
been developed and tested with the aim of suppressing the
formation of AP. However, the results were not fully con-
vincing and serious side effects arose (Doody et al. 2013;
Coric et al. 2015). Tau is a multifunctional protein involved
in the stabilization of microtubules, and because it plays
a critical role in AD, attention has been targeted both on
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the protein itself and its phosphorylation, but yet again with
limited success (Kumar et al. 2015).

It has been suggested that dysfunction of the dopaminer-
gic system in the mesolimbic pathway is related to the “posi-
tive symptoms’ of schizophrenia. Different levels of dopa-
mine dysfunction can also occur in the course of all phases
of AD (Martorana and Koch 2014). The most frequent
symptoms typical for dysfunction of dopamine systems
are the extrapyramidal signs and apathy. Dopamine-related
symptoms involve cognitive decline and neuronal degenera-
tion linked with the presence of oxidative stress. Clinical
application of dopaminergic drugs, involving mainly DA-D2
agonists such as rotigotine, exhibit improved cognitive func-
tions in Alzheimer’s patients (Koch et al. 2014). Further
research and clinical trials are needed to clarify the potential
therapeutic outcomes of dopaminergic therapy in patients
with AD. In addition, attention should be focused on the role
of dopaminergic dysfunction in cognitive decline of patients
with AD.

The complex pathophysiological mechanisms of Alz-
heimer’s disease require a targeted selection of drugs that
can suppress early pathogenic alterations and prevent and/
or alter the natural course of the disease’s progression. As
outlined above, disturbed metal homeostasis results in metal-
induced oxidative stress, which is documented by a number
of oxidative stress markers in the brains of AD patients.
Oxidative stress is an integral pathology in a range of age-
dependent diseases such as cancer, cardiovascular disease
and various neurological disorders, including Alzheimer’s
disease. Despite the contradictory and insufficiently con-
vincing reports on the possible beneficial effects of supple-
ments to suppress oxidative stress, it appears that naturally
occurring antioxidants in vegetables and fruits, when sup-
plemented with multiple antioxidants, may be very effective
in combating some of the harmful effects linked with oxida-
tive stress, especially in the early stages of the development
and progression of the disease. The aim of this review is to
discuss the role of (metal-induced) oxidative stress and other
pathologies in AD and prospective therapeutic approaches,
which employ synthetic and/or natural antioxidants either
as individual supplements or as an integral component of
bifunctional/multifunctional drugs to adjust any oxidant/
antioxidant imbalance in AD.

Metallobiological aspects of oxidative stress
in Alzheimer’s disease

Redox-active (Fe, Cu) and redox-inactive (Zn) metals are
required for the function of enzymes, which play key roles in
various physiological processes. Oxidative stress is a common
denominator in various metal-overload diseases such as Wil-
son’s disease (copper) and hemochromatosis (iron), or diseases

with perturbed metal homeostasis such as AD, which disturbs
the compartmentalization of metal ions (Poprac et al. 2017).

Copper- and iron-induced formation of ROS

The concentration of copper and iron varies between differ-
ent regions of the brain (Roberts et al. 2012), and thus while
healthy neuropils contain approximately 79 pM of copper, in
AD, due to the association of copper with senile plaques, its
level is substantially decreased (Deibel et al. 1996). Hence, in
the brains of Alzheimer’s patients, copper is pathologically
transferred to the senile plaques, which causes a copper defi-
ciency to arise in the brain cells. Applying a combination of
three physical techniques, namely scanning transition micros-
copy, scattering spectrometry and proton-induced X-ray emis-
sion, significantly increased concentrations of metals in the
amyloid plaques were identified: thus, while the concentration
of iron was found to be doubled, the concentration of copper
was trebled and that of zinc almost trebled, as compared with
the surrounding tissue (Rajendran et al. 2009).

While the precise quantification of total Fe or Cu (and also
non-redox Zn) levels remains a matter of debate, it may be less
important to know the exact total amounts of iron or copper,
than to know the ratio of Fe** to Fe** or Cu®* to Cu* species.

Free, or non-chelated, iron or copper are the main com-
ponents of the “labile metal pools” which can catalyze the
formation of damaging ROS via the Fenton reaction (Valko
et al. 2005) (Eq. 1):

Fe** /Cu* + H,0, — Fe’* /Cu** + OH + OH". (1)

The formation of hydroxyl radicals via the Fenton reaction
requires hydrogen peroxide, which is produced by the removal
of the superoxide radical anion (O ), the latter being gener-
ated under physiological conditions by the activated enzyme
NADPH oxidase, to kill oxygen-dependent pathogens. Physi-
ologically balanced levels of superoxide radical anion are

maintained via the dismutation reaction (Eq. 2) (Halliwell and
Gutteridge 2007):

_ 4 SOD

which is catalyzed by the superoxide dismutase (SOD)
enzymes that function in conjunction with hydrogen perox-
ide-removing enzymes, such as catalase (Matés et al. 1999)

(Eq. 3):

Catalase

2H,0,—— H,0+0, k=7.0x10°M"s7", 3

and glutathione peroxidases (GPx) (Halliwell and Gutteridge
2007; Matés et al. 1999) (Eq. 4):

GPx
H,0, + 2GSH—H,0 + GSSG, 4)
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where glutathione (GSH) is oxidized to glutathione disulfide
(GSSG).

The superoxide radical anion may reduce ferric ions to
ferrous species, yielding molecular dioxygen in the process:

Fe** + 0, — Fe’* +0,. 5)

By combining the equations for the Fenton reaction
(1) and reaction (5), an overall reaction known as the
Haber—Weiss reaction is obtained (Valko et al. 2004) (Eq. 6):

0; +H,0, - 0, + OH+ OH". (6)

The shielding of redox-active metals such as copper and
iron plays an important role in preventing metal-induced
oxidative stress. The binding of natural substances via coor-
dinating atoms such as oxygen, nitrogen or sulfur to redox
metals blocks their catalytic activity to form ROS via Fenton
chemistry. Since the maximal coordination number of iron
and copper is six, the hexadentate chelators can provide cata-
lytically more inert complexes than free metal ions due to
their ability to completely saturate the coordination sphere
around redox ions. Thus, a suitable proposed biologically
active molecule that binds to all six sites of redox ions cata-
lytically deactivates the free (unbound) metal ions. There
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are many examples of chelators that inhibit the catalytic
reactions with the participation of redox metals (Lovejoy
and Richardson 2003). Flavonoids or some alkaloids have
a strong affinity for redox-active metal ions such as Cu(Il)
and Fe(II) and thus may affect metal-induced DNA damage.
Generally, the more favorable the interaction between the
redox metals and the flavonoids, the more profound is the
antioxidant activity observed. While interactions of ferrous
ions and flavonoids result in a very effective mechanism of
DNA damage prevention, interactions of flavonoids with
cuprous ions is much weaker and do not give rise to effec-
tive antioxidant activity and, in fact, may even promote DNA
damage via excessive ROS formation (Perron et al. 2011).

The pathways for the formation of ROS and their elimina-
tion by antioxidants and antioxidant enzymes are depicted
in Fig. 1.

Redox-active copper and iron in AD

The “null hypothesis” in Alzheimer’s disease has been
focused predominantly on Af (Braak and Braak 1991) and
thus the increased formation of A as a preventive antioxi-
dant for brain lipoproteins under the conditions of oxidative

DNA damage
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Fig. 1 Various pathways of ROS formation and their elimination by antioxidant defense mechanisms
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stress is proposed to be a key phenomenon in the incidence
of AD (Hardy and Selkoe 2002).

The neurotoxicity of Af is closely connected with the
length and conformation of the peptide chain (Atwood et al.
1998). AP(1-42) is the most abundant species in amyloid
plaques and is more toxic than AB(1-40); Ap(1-42) also has
the greatest aggregation ability and affinity toward cupric
ions and is furthermore a major source of hydrogen peroxide
and ROS. Ap aggregates into two conformational states: the
cytotoxic ordered fibrillary p-sheet and the benign amor-
phous non-fibrillar non-B-sheet (Chafekar et al. 2007). The
neurotoxicity of A is associated with its aggregation prop-
erties. The process of aggregation is strongly influenced by
the peptide concentration, the pH of its local environment
and by the relative concentrations of iron, copper and zinc
there.

The general view that AP is toxic of itself has recently
been challenged and it has been demonstrated that it is not
toxic in the absence of redox metal ions (Huang et al. 1999).
Hence, it may be concluded that the signs of oxidative dam-
age detected in AP are a direct consequence of the presence
of the redox-active metals, copper and iron (Valko et al.
2005; Bush and Curtain 2008). Indeed, AP has a high affin-
ity toward copper and iron and has been shown that it can
reduce both these metals, with the subsequent formation of
hydrogen peroxide and oxidized amyloid (Cuajungco et al.
2000; Huang et al. 1999; Hung et al. 2010). Since the tox-
icity of AP is associated with its ability to form hydrogen
peroxide (Valko et al. 2005) and other ROS, this may be
suppressed by the administration of antioxidants and free
radical scavengers (Halliwell 2001).

Oxidative stress/damage in AD is characterized by the
upregulation of antioxidant enzymes, and most sensitively
by the elevation of levels of heme oxygenase-1 (HO-1)
(Premkumar et al. 1995). A recent study has identified RNA
as a major target for oxidative damage in patients with AD,
for which mitochondrial dysfunction and elevated levels of
8-hydroxy-guanine—a sensitive marker of oxidative dam-
age—are collectively responsible (Valko et al. 2006).

AP participates in the oxidation of membrane lipids,
which results in the formation of 4-hydroxynoenal (Cic-
cotosto et al. 2004; Smith et al. 2006), a compound that
has been shown to modify histidine units in Ap via cova-
lent bonding. A cellular deficiency of copper results in the
localization of amyloid on cholesterol rich lipid rafts, thus
forming a favorable environment for the formation of Cu—Ap
complexes (Hung et al. 2009).

The catalytic action of copper ions results in the oxidation
of several amino acids on the side chains of Af, as has been
demonstrated by the formation of methionine sulfoxide and
methionine sulfone at position 35 (Ciccotosto et al. 2004; Ali
et al. 2005) and by the modification of lysines at positions
16 and 28 (Chen et al. 2007). Various oxidation products

of histidine and N3-pyroglutamate have been detected in
amyloid plaques, while in addition, tyrosine at position 10
is another target for redox metal-induced redox reactions
(Barnham et al. 2004; Haeffner et al. 2005) and a variety of
tyrosine modifications (Reynolds et al. 2005).

As discussed above, it has been documented that the
N-terminal residues of histidine (His13, His14, His6) and
tyrosine (Tyr10) participate in the complexation of copper
ions with AP (Cerpa et al. 2004). It has been suggested that
the N-terminal end of Af is complexed with cupric ions
which results in the formation of the

Met-S + Ap — Cu(ll) < Met-S™ + Ap — Cu(l) @)
sulfide radical of Met35 (Met-S'*), accompanied by the
reduction of cupric ions to cuprous species (Eq. 7). As is
clear from the reaction (7), the process of metal reduction
requires the one-electron oxidation of methionine which
results in the formation of radical cation (Met-S'™), and
which has been proposed to play a role in the neurotoxicity
of AP with the subsequent formation of more ROS.

In spite of the fact that thermodynamic calculations,
based on the half-cell reduction potentials of the cupric/
cuprous and Met/Met-S™* couples, show that the reaction
(7) is rather unfavorable, electron transfer from Met-S to
AP—Cu(Il) may be assisted by the exergonic deprotonation
reaction of MetS*, thus making the reaction (7) feasible
under in vivo conditions (Pogocki 2003; Valko et al. 2005).

The Met-S* radical cation may be stabilized via the for-
mation of a three-electron sulfur—sulfur bond (Cerpa et al.
2004), since theoretical calculations have predicted the for-
mation of an S.:O bond in AP, where the notation “.:” indi-
cates a three-electron bond, in which two electrons occupy a
bonding c-orbital, while the third electron is located in a the
" antibonding orbital. The Met-S™* radical cation may also
react very rapidly with ROS, for example with superoxide
radical anions, to form Met-sulfoxide (MetSO) as a product,
which has been detected in AD senile plagues (Cerpa et al.
2004; Pogocki 2003):

o+ ._ Met
MetS™* + 0;—2MetSO. (8)

In conclusion, amyloid plaques are rich in a variety of
oxidized AP species, and since methionine is highly prone
to oxidative damage under in vivo conditions, this residue
is closely linked with the pathogenesis of AD. Oxidation
of Met35 to Met-sulfoxide has a consequence of reducing
toxic and pro-apoptotic effects of the AP protein fragment
on isolated mitochondria.

ROS are involved in the process of lipid peroxida-
tion and are responsible for the formation of a variety of
reactive carbonyl compounds. The latter can react fur-
ther with very important biological molecules such as
proteins, lipids and DNA, to cause such phenomena as
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protein cross-linking and DNA damage. During the course
of these reactions, a variety of advanced glycation (AGE)
and advanced lipid (ALE) peroxidation end products are
formed (Sayre et al. 2001; Chafekar et al. 2007), which
may further trigger activation of signaling pathways such
as those involving proinflammatory cytokines (interleu-
kin-6) (Valko et al. 2005). ROS-mediated lipid peroxida-
tion of polyunsaturated fatty acids results in the formation
of various reactive aldehydes, among which 4-hydroxy-
trans-2-nonenal (HNE), 4-oxo-trans-2-nonenal (4-ONE),
acrolein and 4-oxo-trans-2-hexenal are well-known neu-
rotoxic agents.

An interesting correlation between cholesterol levels
and AD has been proposed. High levels of cholesterol in
the blood can increase both the aggregation of A and the
brain iron load, which may catalyze oxidative damage. Thus,
hypercholesterolemia has been proposed to be a potential
risk factor for AD (Ong and Halliwell 2004).

Redox-inert zincin AD

In micromolar concentrations, zinc is able to inhibit
Ap-induced toxicity (Cuajungco et al. 2000; Maret 2019;
Dong et al. 2006; Deshpande et al. 2009; Garai et al. 2007).
While the protective mechanism of zinc against the Af tox-
icity is not fully known, it has nonetheless been proposed
that the cytoprotection is assisted by blocking the membrane
calcium channel pore formed by AB(1-40).

Further roles of zinc in AD are closely associated with
copper (Cuajungco et al. 2000). Zinc is able to compete
with copper (and partly with iron) and bind tightly to A, so
changing its conformational state to such an extent that cop-
per ions are unable to access its binding sites. The inability
of copper ions to reach the binding sites (copper and zinc
share binding sites), due to their saturation by zinc, results
in the prevention of copper—Af-induced formation of ROS.

Various exogenous and endogenous factors that result in
the induction of both oxidative and nitrosative stress may
in turn trigger the pathological metabolism of A, which is
accompanied by uncontrolled flooding of the vesicular zinc
pool (Cuajungco and Lees 1998). Taken together, while low
levels of zinc may protect against AP toxicity, excess of zinc
induced by oxidative stress could be responsible for neuronal
death. In support of this, it has been confirmed that the inter-
action of AP with high concentrations of zinc is responsible
for the precipitation of the AP (Cuajungco and Faget 2003).

From the above, discussion it follows that a delicate bal-
ance between the metabolism of A and copper and zinc is
maintained exclusively under normal physiological condi-
tions. However, under conditions of oxidative and nitrosa-
tive stress, this balance is disturbed and is followed by the
deposition of amyloids and elevated zinc pools.
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Combating oxidative stress and other
pathologies in AD

As discussed above, AD is multifactorial in origin and
involves three main pathologies: (1) a deficiency of ace-
tylcholine, caused by the aberrant activity of an enzyme
AChE, (2) the formation of extracellular amyloid plaques
and neurofibrillary tangles and (3) (metal-induced) oxida-
tive stress. Here, we discuss predominantly those drugs
which suppress the oxidative stress component of AD,
either by acting as individual molecules or as an active
part of a multifunctional drug.

Multifunctional drugs containing metal-chelating
and oxidative stress-suppressing moiety

The key therapy against AD is based on the application
of centrally acting AChE inhibitors to compensate for the
cholinergic deficit in the brain. AChE is found primar-
ily in the blood and in the neural synapses, and has been
shown to be the most viable therapeutic target to improve
the symptoms of AD. In addition to AChE, the liver con-
tains butyrylcholinesterase (BuChE) (Mehta et al. 2012).
Most of the available drugs for the treatment of AD tar-
get both AChE and BuChE; however, some of them are
more selective than others. Historically, the first ChEI
was the alkaloid, physostigmine, isolated from the seeds
of Physostigma venenosum, but the drug exhibited many
side effects and was accordingly abandoned for the treat-
ment of AD (Orhan et al. 2009). Tacrine was the first drug
approved for the treatment of AD, and was introduced in
1993 (Tumiatti et al. 2010); however, due to its various
side effects, its widespread application was limited and a
series of new drugs were approved after 1995, including
donepezil, rivastigmine and galantamine.

To address the multifactorial nature of AD, a new
approach, based on the application of “one molecule—
multiple targets”, has recently attracted the wide interest of
scientists. A variety of drugs, called multitarget-directed
ligands (MTDLs), which are capable of acting at the vari-
ous neuropathological levels of AD, have been prepared
and studied. Such a hybrid usually consists of two chemi-
cally and pharmacologically different molecules that are
connected by a linker unit of varying size and chemical
type (Girek and Szymanski 2019). Multifunctional drugs
combine BBB permeability with the ability to target mul-
tiple receptors, as a means to combat those key pathologies
that are typical for AD.

Since tacrine has demonstrated very mild improvements
in the cognitive functions of AD patients, medicinal chem-
ists were prompted to undertake the design and testing of
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hybrid molecules containing tacrine and an antioxidant
moiety. Such a multipotent approach toward targeting
the oxidative stress component in AD included the intro-
duction of novel tacrine—melatonin (Spuch et al. 2010),
tacrine—coumarin (Hamulakova et al. 2014), tacrine—gal-
lamine (Elsinghorst et al. 2007), tacrine—resveratrol (Jera-
bek et al. 2017), tacrine—scutellarin (Spilovska et al. 2017),
tacrine—anisidine (Korabecny et al. 2015), tacrine—trolox
(Nepovimova et al. 2015) and related hybrid molecules
(Fig. 2).

Melatonin is a hormone, produced by the pineal gland
that is involved in the synchronization of the circadian
rhythms. It has additionally been shown to act as a highly
effective scavenger of hydroxyl radicals, superoxide radicals
and nitric oxide and is also one of the most efficient lipo-
philic antioxidants known. From a study which evaluated
the influence of tacrine—melatonin hybrids on the behav-
ior and neuropathologic changes in APP transgenic mice
(Spuch et al. 2010), it was shown that administration of such
drugs caused a significant reduction in AP deposits. On the
basis of an object recognition test, it was revealed that the
application of the hybrids also alleviated several behavioral

Fig.2 Structures of ligands
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deficits, including short-term memory loss, which indicates
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is identified. Using the same tacrine—melatonin hybrids, in
another study (Rodriguez-Franco et al. 2006) some very
promising antioxidant activity against oxygen radicals was
reported, as determined by the ROS-absorbance capacity
assay, which used fluorescein. One additional result from
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tacrine by a factor of 40,000.

Coumarin is found in many plants and since it inhibits
the synthesis of vitamin K, it is used therapeutically as an
anticoagulant. A variety of tacrine—coumarin hybrids were
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ment of AD (Xie et al. 2013; Xie et al. 2015). Different
derivatives of coumarin with different types and lengths of
the tacrine—coumarin linkers have been used. The coumarin
moiety is active against aggregation of Af, the tacrine moi-
ety is active against inhibition of AChE and BuChE and
the linker, which contains oxygen and nitrogen donors, is
involved in the chelation of redox-active metal ions. In our
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N
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own group, we studied tacrine—7-hydroxycoumarin hybrids
linked by polyamine tethers of different lengths via an amide
functionality (Hamulakova et al. 2016). It was found that the
compounds exhibited a significant activity toward the inhibi-
tion of hAChE (IC5,=38 nM) and hBuChE (IC5,=63 nM),
and a greater than 50% inhibitory effect against Ap was
observed for several compounds with different lengths of
the linker. With respect to the oxidative stress component
of AD, interaction of the hybrid compounds with Cu(II)
ions and the formation of free radicals were studied using
EPR spectroscopy. The results confirmed that reduction of
cupric to cuprous species occurred upon interaction with the
hybrids, while EPR spin trapping experiments (with DMPO
as the spin trap), using the model Fenton reaction, confirmed
that the formation of hydroxyl radicals was significantly sup-
pressed, in comparison with a system containing free cop-
per ions. Hence, a potential protective effect of the hybrid
molecules against free metal (copper)-catalyzed formation
free radicals, which results in oxidative stress in AD brain,
is indicated. The protective activity of tacrine—coumarin
hybrids against DNA damage in a model Fenton system was
in accordance with the conclusions drawn from the EPR
spectroscopic measurements (Hamulakova et al. 2016).

There have been very few investigations made of such
hybrid drugs which interact simultaneously with a choliner-
gic system and muscarinic acetylcholine receptor M,, which
use G proteins in their signaling pathway, even though many
types of neurons respond sensitively to stimulation of mus-
carinic receptors. In one such study (Elsinghorst et al. 2007;
Romero et al. 2013), it was found that while gallamine itself
did not exhibit significant antioxidant properties, in the form
of a hybrid, where it interacted with a cholinergic system
and a muscarinic choline receptor, it was a very effective
inhibitor of AChE, with IC5, =500 pm.

Resveratrol is a natural phenolic compound occurring in
red wine, blueberries, grapes and other fruits, which has
been documented to exhibit protective effects against metal-
induced oxidative stress in cerebro-cardio-vascular systems
(Carrizzo et al. 2013). Thus, resveratrol has been found to
suppress cognitive and motor impairment, neuroinflamma-
tion, apoptosis, DNA damage, and oxidative and nitrosative
damage (Singh et al. 2013). In tacrine-resveratrol hybrids,
tacrine functions as a cholinesterase-inhibiting moiety, while
the resveratrol moiety acts as an antioxidant and neuroin-
flammatory suppressor; it is also an effective antiaggregation
modulator of Ap and a ChEI at micromolar concentrations.

Scutellarin is a herbal flavonoid which occurs in the Chi-
nese traditional herb Erigeron breviscapus Hand-Mazz and
has several beneficial effects on human health, based on
antioxidant, antiinflammatory and cardioprotective proper-
ties along with other positive features. New derivatives and
improved formulations have been developed to improve the
bioavailability and effectiveness of scutellarin, and thus a
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series of 6-Cl-tacrine—scutellarin hybrids was prepared and
studied as potential therapeutic agents for the treatment of
AD. On the basis of a DPPH assay it was determined that
the hybrids exhibit weaker radical-scavenging (antioxidant)
activities than the Trolox standard. The scutellarin molecule
contains —OH groups which are assumed to be responsi-
ble for its radical-scavenging activity; however, the phe-
nolic —OH groups of the scutellarin molecule are hindered
by —~OCHj groups in the hybrids, which thus prevents them
from manifesting their antioxidant effects under the condi-
tions of the DPPH assay.

Docking calculations revealed that the scutellarin
functionality protrudes out of the cavity gorge, while the
tacrine functionality interacts with the CAS of AChE. A
similar stereochemical orientation has also been reported
for tacrine—tianeptine or 7-methoxytacrine—adamantyl-
amine hybrids (Ceschi et al. 2016; Spilovska et al. 2013;
Korabecny et al. 2015). An opposite arrangement, in which
tacrine interacts with PAS has been reported for 7-methox-
ytacrine—p-anisidine (Korabecny et al. 2015), 7-methoxy-
tacrine—donepezil (Misik et al. 2015) and tacrine—trolox
heterodimers (Nepovimova et al. 2015).

p-Anisidine is known to suppress intracellular accumula-
tion of the precursor to the neurotoxic AP, APP. p-Anisidine
has been used to synthesize 7-methoxytacrine—p-anisidine
hybrids as potential dual-binding site AChE inhibitors for
the treatment of Alzheimer’s disease (Korabecny et al.
2015). Both functionalities were linked with an alkyl tether
containing urea/thiourea molecules. With respect to inhibi-
tory activity against AChE, the hybrids were slightly more
active than 7-methoxytacrine and less active than tacrine.
Interestingly, those hybrids with longer linkers displayed a
greater inhibitory activity toward AChE.

Trolox is a synthetic water-soluble analog of vitamin E
that exhibits very efficient radical-scavenging activity and
the Trolox Equivalent Antioxidant Capacity (TEAC) assay
is used to determine the antioxidant/radical scavenging of a
given compound (or extract) with respect to trolox as a stand-
ard. Thus, trolox has been used to prepare tacrine—trolox
hybrids with the aim of alleviating metal-induced oxidative
stress in AD. While some of the resulting compounds were
found to have slightly better cholinesterase activity than the
reference molecule tacrine, more importantly, it was noted
that these hybrids could block the PAS of the AChE which
is connected to the neurotoxic pathways of AD via AChE-
induced aggregation of AB. Docking calculations revealed
that while the trolox moiety interacts with CAS, the tacrine
functionality binds to the PAS of the AChE. On the basis of
a DPPH assay, it was determined that due to the excellent
radical-scavenging ability of the trolox functionality, these
compounds were able to alleviate ROS-induced oxidative
stress.
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Benzimidazoles are compounds that can exert vari-
ous biological effects. With the aim of addressing sev-
eral pathologies in AD, the hydroxyphenylbenzimida-
zole functionality was incorporated into the series of
tacrine—hydroxyphenylbenzimidazole hybrids (Hire-
mathad et al. 2018). The latter compounds were found to
exhibit excellent AChE inhibitory activity at nanomolar
concentrations and are more strongly active in this regard
than is the parent tacrine. They also inhibited copper-
induced and self-induced aggregation of AP and showed
mild radical-scavenging/antioxidant activity and metal-
chelating efficiency; furthermore, the hybrids were able
to inhibit AP and iron/ascorbate-induced neurotoxicity in
neuronal cells.

Ferulic acid is a hydroxycinnamic acid present in plant
cell walls. The presence of two hydroxyl groups in the
molecular structure predetermines the ferulic acid to be an
effective antioxidant. In line with this, several tacrine—ferulic
acid hybrids have been prepared and studied as potential
drugs for the treatment of AD (Zhu et al. 2018). Hybrids
have been shown to be active inhibitors of both AChE
and BuChE in the nanomolar range. In addition, the com-
pounds significantly inhibited the self-induced aggregation
of AP and showed antioxidant activity. In vivo evaluation
of hybrids using Morris water navigation task confirmed
that some of the hybrids significantly improved memory
in the scopolamine-induced cognitive impairment. Taken
together, ferulic acid appears to be a promising agent for
further investigation.

The aim is to develop multitarget agents that meet the cri-
teria for clinical testing for AD. However, clinical application
of MTDL therapy faces several problems, such as too high
molecular mass of hybrids and their problematic penetra-
tion through the CNS barrier. In addition, the concentration
of inhibitor in in vitro assay may be significantly different
from the optimal concentration for use under in vivo condi-
tions. For example, inhibitor 7-methoxytacrine (7-MEQOTA),
which shows cellular toxicity under in vitro assays, surpris-
ingly, does not exhibit hepatotoxicity in the in vivo assays
(Girek and Szymanski 2019; Nepovimova et al. 2015). In the
course of in vivo tests, it is important to evaluate the value of
the median lethal dose of hybrid molecules. Critical toxicity
concentrations of novel hybrids should also be determined
within the in vivo tests. To achieve all these goals, attention
should be focused on deeper understanding of the mecha-
nism of action of multitarget drugs (Prati et al. 2016). This
will require robust pharmacokinetic and pharmacodynamic
data confirming whether the drug crosses effectively BBB
and simultaneously modulates multiple targets. In a recent
paper, it has been suggested that the AP hypothesis, which
has been formulated more than 20 years ago, should have
been rejected because of the limited progress that has been
made (Herrup 2015). In fact, potentially more promising

targets, such as tau protein, have been studied relatively
scarcely.

In conclusion, most of these hybrid compounds are potent
inhibitors of AChE and BChE and also of AP aggregation. In
addition, the antioxidant functionality, represented by cou-
marins, melatonin and other antioxidant molecules, reduces
the level of oxidative stress via ROS-scavenging mecha-
nisms as well as via chelation of redox-active Cu and Fe.
Chelated metal ions exhibit a suppressed catalytic activity
in various reactions, including the Fenton reaction (1) which
is the origin of hydroxyl radical formation that causes dam-
age to neurons.

Herbal drugs

The therapeutic potency of the herbal drugs is manifested
predominantly by (1) their inhibitory activity against AChE,
(2) antioxidant or radical-scavenging and redox metal-
chelating activities, (3) inhibition of Ap aggregation, T pro-
tein hyperphosphorylation and (4) antiinflammatory activity.
The entry of drugs to the CNS from the circulatory system
is governed by the blood—brain barrier (BBB) (Wang et al.
2016), and crossing the BBB is a critical issue for AD drugs,
although many single compounds extracted from herbs have
been found to do this and thus manifest their therapeutic
potency in the brain (Fig. 3).

Huperzine A is an alkaloid, which occurs naturally in the
plant, Huperzia serrata, and is a selective and reversible
inhibitor of AChE. It has been shown that of two bifunc-
tional hybrids, donepezil-huperzine A was less effective,
while tacrine-huperzine A was more effective as an inhibitor
of AChE, under in vitro conditions, than the parent tacrine.
Huperzine A has better oral bioavailability than donepezil or
tacrine and engenders more beneficial effects on short-term
memory than on long-term memory. Huperzine A improves
both the cognitive functions and the memory of patients with
AD, without causing side effects, and is marketed in the
USA as a nutraceutical cognitive enhancer.

Huperzine A exhibits antioxidant properties and decreases
the levels of BACE1 and APP695 proteins; accordingly, it is
also able to reduce the incidence of AP hyperphosphoryla-
tion of T protein in the hippocampus and cerebral cortex in
transgenic mice with AD (Huang et al. 2014).

Natural huperzine B is an alkaloid isolated from the same
Chinese medicinal herb as huperzine A. While huperzine
B is less active than huperzine A (Shi et al. 2009), several
derivatives of huperzine B have been found to show a greater
potency, and are more active than huperzine A, galantamine
or rivastigmine.

One of the most active inhibitors of AChE is serpentine,
a terpene alkaloid isolated from the Apocynaceae family of
flowering plants. This alkaloid has a high anticholinergic
potency (ICs5,=0.77 pM) which is related to the binding of
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Fig. 3 Structures of herbal
drugs with therapeutic potency
against Alzheimer’s disease
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its quaternary nitrogen functionality to the aspartate residue
of PAS (Pereira et al. 2010).

Ginseng (genus Panax) is the root of plants that grow in
Korea (Korean ginseng) and China (Chinese ginseng), and
its main active components are ginsenosides and gintonin,
which is a glycolipoprotein fraction. There are more than 30
ginsenosides (e.g., Rgl, Rg2) extracted from ginseng, which
exert various different biological effects. Many studies have
demonstrated that ginsenosides can prevent and improve the
symptoms of AD, by regulating antiinflammatory effects,
synaptic plasticity, the formation of A and the activity of §
secretase (Kim et al. 2013). Ginsenoside Rg1 has been docu-
mented to suppress the level of AP in the hippocampus of
the brains of mice with AD, which resulted in the protection
of cholinergic neurons and synapses, along with improved
cognitive functions (Fang et al. 2012) The neuroprotective
effect of Rgl is linked to a suppressed apoptosis of neuronal
cells and increased levels of Bcl-2 over Bax, and inhibition
of the expression of cytochrome C. (Gong et al. 2011). Gin-
senoside Rg3 inhibits the hyperphosphorylation of T pro-
tein and the neuroinflammatory response via suppression of
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Curcumin

inflammatory factors, such as tumor necrosis factor (TNF-a),
interleukin 1 beta (IL-1p) and cyclooxygenase (COX), which
in turn improves both memory and cognitive performance in
rats (Lee et al. 2013).

The positive effects of Salvia miltiorrhiza (Danshen) on
neurological disorders, including AD, are due to the pres-
ence of two types of active components: hydrophilic compo-
nents, such as danshensu and lipophilic components, such as
tanshinone ITA (Lu et al. 2015). Tanshinone Ila significantly
protects neurons against metal-induced oxidative stress by
several mechanisms: an increase in the concentration of glu-
tathione peroxidase (GPX), direct ROS and RNS scavenging
activity, an increase in the level of the membrane potential,
a reduction in the toxic effects of malondialdehyde (MDA),
a suppression of the activity of superoxide dismutase, an
increase in the level of glutathione peroxidase (GSH-PX),
and an increase in the amount of the Bcl-2 over Bax with
regard to AP-induced toxicity in the cortical neurons of rats
(Liu et al. 2010).

Extracts from danshen (Radix S. miltiorrhiza) are charac-
terized by lipophilic components such as tanshinone IIA and
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hydrophilic components such as salvianolic acid B (Lu et al.
2015; Wang et al. 2016; Weng et al. 2015). Since most of
these components protect neurons, they have the potential to
be used to combat some of the pathologies that are features
of AD. Lipophilic tanshinone IIA has been found to decrease
the number of apoptotic PC12 cells via activation of PI3K/
AKt and phosphorylation of GSK3p (Xiuli et al. 2015).
However, the most significant effect of tanshinone ITA is
against oxidative stress, which is one of the key pathologies
in AD and thus it reduces the formation of ROS, malondial-
dehyde and the activity of caspase 3. Conversely, tanshinone
ITA is found to increase the mitochondrial membrane poten-
tial and the ratio of Bcl-2/Bax in cortical neurons (Liu et al.
2010). Danshensu, which is a hydrophilic component of dan-
shen, also has the ability to alleviate some of the symptoms
of AD as a result of reducing oxidative stress: thus, oxida-
tive damage achieved by hydroxydopamine-induced overex-
pression of PI3K/Akt/Nrf2 has been found to be suppressed
through danshen-induced expression of the enzyme, heme
oxygenase-1 (Chong et al. 2013). Other active components,
such as tanshinone I and its derivatives, as extracted from
danshen, show neuroprotective effects (Wong et al. 2010)
which involve a reduction both in the uptake of calcium and
in the release of lactate dehydrogenase.

Corilagin (gallotannin) was isolated in the early 1950s
from Libidibia coriaria, which is a tree that is native to Cen-
tral America (Li et al. 2018) and in addition to its anticancer
and hepatoprotective properties, neuroprotective activities
have been demonstrated for this compound. Thus, AP has
been found to induce extensive formation of ROS and cell
cycle arrest in PC 12 cells (Youn et al. 2016), but it was
shown that corilagin provided protection of the cells against
these damaging effects. Furthermore, the compound resulted
in an activation of the transcription factor NF-kappaB, a
suppressed formation of inflammatory mediators involv-
ing TNF-a, and NO' and a downregulation of the inducible
enzyme nitric oxide synthase (NOS). Overall, these results
indicate a variety of neuroprotective effects for corilagin,
which is therefore a promising agent for the prevention and
treatment of AD.

Ginkgo biloba is one of the oldest trees on our planet and
has been continually cultivated for use in traditional medi-
cine. Representative extracts from the Ginkgo leaf contain
25% flavonoid glycosides, up to 10% of organic acids and
3-7% of terpenoids. Although the exact mechanism of the
action of gingko is not fully understood, it is known that
protection of cells from oxidative damage is provided by
an optimization of blood flow and the scavenging of ROS.
Gingko is able to function as a neuroprotective agent as a
result of the preservation of mitochondrial function, antiin-
flammatory activity and the suppression both of neuronal
apoptosis and A aggregation (Shi et al. 2010). The anti-
oxidant action of gingko results from increased levels of

antioxidants such as glutathione and/or antioxidant enzymes
such as superoxide dismutase. However, clinical trials
involving gingko gave inconsistent results and from one
study, involving more than 2800 participants, no reduction
in the progression of AD was found (Vellas et al. 2012). In
contrast, improvements both to cognitive functions and the
neuropsychiatric symptoms of patients with AD, who were
treated with gingko EGB761, were reported. Positive clini-
cal results and a satisfactory tolerance were also observed
for patients with dementia, when administered with gingko
EGB761. On the basis of experiments using animal models
it was determined that the positive effect of gingko EGB761
is achieved via reduced apoptosis of the cells and a suppres-
sion of inflammation that is linked with cytokines such as
tumor necrosis factor a and chemokine CCL-2 (Liu et al.
2015).

Uncaria rhynchophylla (Chotoko) is a Chinese plant used
in traditional medicine (Xian et al. 2011) and a study was
made of its protective effect against cognitive decline in
mice, as induced by p-galactose (p-gal). The results dem-
onstrated improvements in goal-orientated (for example, in
searching for food) behavior, as assessed by an open-field
test. Mice treated with U. rhynchophylla (200, 400 mg/
kg weight) showed inhibition of AChE which resulted in
increased levels of acetylcholine and additionally, the levels
of glutathione, one of the most effective intracellular anti-
oxidants known, were found to be raised, which resulted in
an elevated overall brain antioxidant status.

Lemon balm (Melissa officinalis) is a plant growing in
Europe, Iran and Central Asia and contains compounds
that belong to the terpene family. Melissa has been used
throughout history to treat neurological disorders, including
problems with memory and mood (Wightman 2017) and
its relevant effect on the CNS is achieved via the action of
monoterpenes and sesquiterpenes. In addition to their anti-
oxidant effects, this group of compounds has a positive effect
on neurons and toward the activation of the cholinergic sys-
tem and upregulation of y-aminobutyric acid-(GABA)-ergic
neurons (Awad et al. 2009). From a clinical trial in which
patients with mild to moderate AD were treated with lemon
balm for 4 months, positive effects of M. officinalis on agita-
tion were reported (Akhondzadeh et al. 2003). However, two
alternative studies failed to find statistically significant posi-
tive results from the application of Melissa to AD patients,
although it should be noted that in these investigations, the
Melissa was administrated in the form of aromatherapy
spray, so the exact dose received by patients was not known.

Curcumin is produced by Curcuma longa plants and it
was demonstrated that its application could prevent deposi-
tion of AP in the brains of murine models for AD (Wang
et al. 2009). In addition, it was found that an alleviated
hyperphosphorylation of tau resulted from application of
curcumin and that the substance also reduces the degree
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of oxidative stress by binding redox-active metals such as
copper(Il). Although a positive activity of curcumin has also
been found toward the cholinergic system and on the overall
antioxidant status of neurons (Tang and Taghibiglou 2017),
the major barrier to the therapeutic use of curcumin is its
low bioavailability and solubility. Thus, an intake of sev-
eral grams of curcumin resulted in only nanomolar serum
concentrations which are very low for a therapeutic effect
to be achieved (Lao et al. 2006). Several formulations, such
as curcumin-cyclodextrin have been tested and these were
found to increase the solubility/bioavailability of curcumin
by a factor of ten thousand. Another potential strategy that
might improve the bioavailability of the material is based on
the application of curcumin encapsulated in nanoparticles
(nanocurcumin) (Bisht et al. 2007).

Panchagavya is an Ayurvedic medicine mixture consist-
ing of five cow products and has been reported to improve
cognitive performance, to attenuate seizures and suppress
metal-induced oxidative stress in pentylenetetrazole-induced
seizures in rats (Joshi et al. 2015).

Overall, it appears that herbs may provide an important
source of new prospective drugs for the treatment of AD
with a further advantage that the active components con-
tained in herbs have relatively very mild side effects and
may exhibit multitarget modes of action, to alleviate those
pathological manifestations as are characteristic for AD.

Flavonoids

Flavonoids are polyphenolic compounds that occur in plants
and have significant antioxidant (radical-scavenging) and
metal-chelating properties. There are six main subgroups
of flavonoids: (1) flavanols, (2) flavones, (3) isoflavones, (4)

Fig.4 Biological roles of
flavonoids
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flavanones, (5) flavanols and (6) anthocyanins (Williams
et al. 2004). Although there is presently no direct association
between neurological status and consumption of flavonoids,
the beneficial effects of these materials appear to be related
to their ROS scavenging properties, redox metal-chelating
capacity and their interaction with intracellular neuronal and
glial signaling pathways.

The antioxidant and metal-chelating properties of fla-
vonoids along with their ability to interact with signaling
pathways may render their therapeutic potential to prevent
the onset and progression of AD. However, the prospec-
tive usefulness of flavonoids is mainly restricted to the
prevention period or to the early stages of the development
of the disease, although supplementation with flavonoids
may result in improvements to cognitive performance, since
metal-induced oxidative stress in AD affects mainly cogni-
tion and/or short-/long-term memory (Airoldi et al. 2018;
Sureda et al. 2017; de Andrade Teles et al. 2018) Some bio-
logical roles for flavonoids are outlined in Fig. 4.

The biological activity of flavonoids is related to their
molecular structural features of which the most impor-
tant determinants of biological activity are the hydroxyl
groups on the B ring and a C2—-C3 double bond in the C
ring (Fig. 5). These particular structural characteristics
are all important determinants of the radical-scavenging
(antioxidant) activity of flavonoids and due to their distinct
structural characteristics, different flavonoids act differently
in living cells according to their varying interactions with
kinases or receptors.

Flavonoids are molecules that interact with various neu-
ronal signaling pathways which may involve such protein
kinase and lipid kinase signaling pathways as PI3K/Akt,
mitogen-activated protein kinase (MAPK), NF-kappaB,
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Fig.5 Flavonoids with potential activity against Alzheimer’s disease

tyrosine kinase, protein kinase C and other pathways (Spen-
cer 2010). Upregulation or downregulation of signaling
pathways significantly influences the functions of neurons
by influencing the phosphorylation of target molecules.

Structurally similar flavonoids may activate different
pathways. For example, while the flavonoid quercetin has
been shown to inhibit Akt/PKB signaling pathways via inhi-
bition of PI3-kinase activity, the structurally similar hes-
peretin has been found to activate Akt/PKB signaling and
trigger prosurvival activity in neurons (Vauzour et al. 2007).
In addition to its antioxidant activity, (—)epicatechin is able
to modulate protein kinase signaling pathways and was dem-
onstrated to stimulate a rapid, extracellular signal-regulated
kinase (ERK)- and PI3-kinase-dependent increase in CREB
phosphorylation, in addition to Akt phosphorylation, which
showed bell-shaped concentration response characteristics
(Schroeter et al. 2007). Some flavonoids are capable of
disrupting fibrillization and can act as BACE-1 inhibitors,
consequently resulting in suppression of Ap formation, but
further studies are necessary to select the most potent flavo-
noids in this regard (Baptista et al. 2014).

Catechin

Catechin

OH

Resveratrol

Luteolin commonly occurs in parsley and celery and
belongs to the group of flavone compounds. The neuropro-
tection of luteolin against cognitive decline and the accom-
panying mechanisms induced by AP peptide were studied
in rats (Yu et al. 2015). On the basis of the results of animal
behavior tests, it was revealed that luteolin was able to ame-
liorate AB-induced cognitive/memory impairments. Supple-
mentation of rats with luteolin improved their antioxidant
status by increasing the levels of acetylcholine, superoxide
dismutase (SOD), glutathione peroxidase (GPX) and by
simultaneously decreasing the levels of the oxidant malon-
dialdehyde. Luteolin has been shown to support cell survival
via increasing the Bcl-2/Bax ratio and thus this compound
offers potential as a therapeutical agent to target both cho-
linergic and oxidative stress systems in AD.

Inhibition of glycogen synthase kinase 3 (GSK-3)
may suppress pathological cleavage of APP. Luteolin has
been shown to induce inhibition of GSK-3, which in turn
decreased cleavage of APP by amyloidogenic y-secretase
(Rezai-Zadeh et al. 2009). Luteolin was also able to decrease
the levels of soluble Af. A structurally similar flavonoid to
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luteolin, diosmin, has been found to suppress the pathologi-
cal manifestations associated with Af in animal experiments.

Green, white and black teas contain the catechin, epigal-
locatechin-3-gallate (EGCG), which is frequently used in
dietary supplements, due to its many health benefits. That
EGCG has significant neuroprotective effects documented
from a number of studies of cell lines and animal models
(Mandel et al. 2008). EGCG has been shown to reduce Af
levels in the brain via the modulation of APP processing
(Rezai-Zadeh et al. 2008; Gaudreault and Mousseau 2019)
and it inhibits AP aggregation in animal models via acti-
vation of a-secretase and by disrupting unfolded peptide
(Awasthi et al. 2016). On the basis of theoretical studies it
was proposed that, in addition to electrostatic effects, van der
Waals interactions between EGCG and Af are important,
and these appear to be responsible for the inhibitory activity
of EGCG. EGCG not only reduces levels of Ap, but can also
lower levels of damaging ROS and ameliorate Af-induced
mitochondrial dysfunction. It was found that ATP levels
were increased by 75% in mitochondria isolated from vari-
ous brain regions, such as cortex, striatum and hippocampus,
due to the presence of EGCG (Dragicevic et al. 2011).

Among the most promising flavonoids that might be
used for the protection of neurons against AD are myrice-
tin, morin, rutin, quercetin, fisetin, kaempferol, apigenin
and glycitein, since they have shown antiamyloidogenic and
destabilizating effects toward Ap fibrils (Ono et al. 2003).
The antiamyloidogenic and fibril-destabilization activities
of some flavonoids, as studied in vitro, were found to be in
the following order: myricetin ~ morine ~ quercetin > kaemp-
ferol > catechin, which can be rationalized on the basis of
structural similarities/differences of these molecules. The
molecules of myricetin, morine, quercetin and kaempferol
lack chirality, and both catechol and y-benzopyrone moieties
are located in a single plane. In contrast, the catechin mol-
ecule possesses two chiral centers, so the two rings occupy
different planes. The anti-AD properties of flavonoids are
also markedly influenced by their substitution by hydroxyl
groups and, thus, as the number of hydroxyl groups increases
in the series of flavonoids (myricetin 6, morin 5, quercetin
4 and kaempferol 4), their anti-AD activity also increases.
From all of the above, it may be concluded that the antiamy-
loidogenic and fibril-destabilization properties of flavonoids
are significantly influenced by the overall stereochemistry
and number of hydroxyl groups in their molecules.

The optimal concentration of myricetin, morin, rutin
and quercetin required for effective destabilization of Af
fibrils has been found to be in the range of 0.1-1 pM (Ono
et al. 2003). Molecular dynamics (MD) simulations revealed
that destabilization of Af fibrils by morin is achieved via
its binding at the end groups of the fibrils, which thereby
creates a barrier against the attachment of another peptide
(Lemkul and Bevan 2010). In addition, morin interacts with
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the hydrophobic core of the AP and breaks the interaction
between oppositely charged residues of the Asp23-Lys28
fragment, in addition to destabilizing the hydrogen bonding
network of the backbone.

From clinical studies it was discovered that quercetin
exerts potent neuroprotective effects in patients suffering
from AD according to an improvement in learning and spa-
tial memory tasks, as determined by the elevated plus maze
test (Bhullar and Rupasinghe 2013). Accordingly, in our own
research group, we have investigated the antioxidant effect of
free quercetin and quercetin coordinated to copper ions with
regard to the formation of ROS in the Cu-catalyzed Fenton
reaction and DNA damage (Jomova et al. 2017). Since the
Cu(II)—quercetin (1:2) complex intercalates into DNA, a pro-
tective effect for quercetin via a ROS-scavenging mechanism
has been confirmed only at higher stoichiometric ratios of
quercetin relative to copper.

Some flavonoids are structurally homologous to the
pharmacological modulators of ERK signaling and there-
fore their effect on the ERK pathways, via interactions with
MAPK kinases MEK1 and MEK2 has been studied. It was
found that activation of ERK can result in downstream
activation of the cAMP response element-binding protein
(CREB) which may upregulate neuroprotective pathways
and synaptic plasticity and memory (Impey et al. 1998).

Catechins (e.g., EGCG) are the main components of
green tea extract, and when senescence-accelerated mice
were administered with green tea extracts for 6 months,
it was shown that memory impairments were prevented
by a suppressed formation of A increased activity of the
cAMP-PKA/CREB pathway, and the upregulation of pro-
teins related to synaptic plasticity. (Li et al. 2009).

Resveratrol is a naturally occurring phenol which is pro-
duced by several plants as a protective substance against
injury (Gomes et al. 2018). Although resveratrol exists in
two isomers, the pharmacological activity of the cis-iso-
mer has not as yet been elucidated. Resveratrol is present
both as a free substance and as 3p-glucoside resveratrol in
grapes and wine. The solubility of resveratrol in water is
rather low, as too is its bioavailability, since the substance
rapidly degrades (Rege et al. 2014). To overcome the bio-
logical obstacles associated with resveratrol administration,
various strategies have been proposed and tested, including
encapsulation of resveratrol in liposomal formulations, the
application of protein (carrier)-resveratrol complexes, the
use of solid lipid nanoparticles and the formation of resvera-
trol-cyclodextrin complexes (Augustin et al. 2013).

The protective antioxidant/radical-scavenging prop-
erties of resveratrol against neuronal damage have been
the subject of various studies (Wang et al. 2018). It was
found that long-term supplementation with resveratrol in
rats with streptozotocin-induced diabetes suppressed the
formation of malondialdehyde and restored glutathione
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levels to normal (Sadi and Konat 2016). Resveratrol scav-
enges ROS either directly or indirectly via inhibition of
pro-oxidative genes such as NAD(P)H and activation of
antioxidant enzymes including SOD, catalase, GPX and
thioredoxin (Carrizzo et al. 2013). On the basis of animal
studies it was shown that in addition to its direct ROS
scavenging activity, resveratrol suppresses the activity of
enzymes involved in formation of ROS, such as iNOS,
which is associated with the AB-induced peroxidation of
lipids and downregulation of heme oxygenase-1 (HO-1)
(Huang et al. 2011). Since resveratrol is able to interact
with redox-active metal ions, such an interaction may pre-
vent accumulation of iron or copper which might other-
wise lead to copper and/or iron-induced formation of ROS
and neuroinflammation. As discussed above, dysregulation
of zinc is also linked with AD, since accumulated zinc
can indirectly promote ROS formation, mainly via dis-
placing isostructural copper ions from copper-containing
antioxidant enzymes. Resveratrol has not been shown to
modulate zinc levels directly; however, the indirect and
positive influence of resveratrol on zinc-related patholo-
gies has been proven (Rege et al. 2014).

Resveratrol prevents the proinflammatory impact of
Ap on macrophages by inhibiting the activation of signal
transducer and transcription (STAT) family proteins and
of nuclear factor-kappaB, by interfering with IKK and
IxB phosphorylation (Capiralla et al. 2012). An antiamy-
loidogenic effect of resveratrol is achieved by suppression
of AP formation/aggregation and by the destabilization of
Ap fibrils (Rege et al. 2014). The long-term administration
of resveratrol has been shown to be effective in protecting
animals against AB-induced neuronal damage, increased
expression of HO-1, cell death and lipid peroxidation.

Tannic acid is a plant polyphenol tannin containing
a number of hydroxyl groups, which is found in green,
black and white teas, bananas, beans, raspberries and other
sources. Due to the number of hydroxyl groups present in its
molecules, tannic acid can exert significant radical-scaveng-
ing/antioxidant, antiinflammatory and antibacterial effects
and several in vivo and in vitro studies have demonstrated
the neuroprotective effects of tannic acid against AD (Braidy
et al. 2017). In addition to its redox metal-chelating and anti-
oxidant properties, tannic acid is able to inhibit -secretase
(BACE1), which is responsible for the formation and deposi-
tion of the AP peptide, and it can also suppress aggregation
of the principal component of intracellular neurobifrillary
tangles (NFT), the t-peptide.

Investigations were made of the potential therapeutic
activity of flavonoids against cognitive impairments using
rodent models, which demonstrated that anthocyanin-for-
tified bilberry extracts could modulate the APP processing
that was directly linked with AP production and ameliorate
cognitive impairments (Vepsalainen et al. 2013).

From the above information, it can be concluded that
supplementation of elderly people with polyphenols may
provide protection against the incidence and progression
of AD. While positive potential therapeutic effects are
clearly documented from a number of different studies, it
is likely to take some considerable time before this knowl-
edge can be transferred to clinical applications for the pre-
vention/treatment of neurodegenerative diseases such as
AD. By extrapolating the doses used in animal studies to
humans (with an average weight of ca 75 kg), it appears
that supplementation of about 3000 mg to 15,000 mg of
a flavonoid per day is required; however, due to the fact
that flavonoids undergo rapid metabolism and elimination
or transformation, their bioavailability would appear to
be a serious limitation. Hence, various formulations, for
example, using nanocarriers, encapsulation matrixes and
other means to increase the bioavailability of flavonoids
for clinical applications, are necessary and it is hoped to
prove successful in the near future.

Recently, it has been reported that corn silk contains
many biologically active substances such as flavonoids,
alkaloids, phytosterols, vitamins and other components
(Li and Lapcik 2018; Ma et al. 2014; Hu and Deng 2011).
Thus corn silk may be a valuable nutritional supplement
to alleviate the symptoms of AD.

Metal complexes containing coordinated phenolic com-
pounds (e.g., flavonoids) have been shown to be active
against various cancer cells, such as leukemia cells,
hepatocellular cells, cells of colon and rectum, cervical
cells and other human cancer cells. Zn(II) and Mn(II)
complexes with quercetin, Ni(II) complexes with rutin,
Cd(II) complexes with morin and other metal-flavonoid
complexes caused caspase activation and induction of
apoptosis (Perron et al. 2011). Cytotoxicity of metal com-
plexes was attributed predominantly to DNA intercalation
mechanism of action. Intercalation mechanism has been
substantiated by the insertion of a planar aromatic system
of flavonoids between DNA base pairs. From the above
follows that when selecting a suitable flavonoid for the
treatment of AD, possible prooxidant properties of the
flavonoid must be taken into account.

Antioxidants

Melatonin (Fig. 6) was discovered in 1958 and is a hor-
mone that regulates circadian rhythms. Melatonin’s antioxi-
dant properties were first described in 1993 by the group
of Reiter (Tan et al. 1993). Although melatonin levels in
the body decrease naturally, with age, AD patients have just
half the level of melatonin as people without the disease. It
has been found that supplementation of AD patients with
melatonin alleviates both their sleep disorders and behavio-
ral disturbances (sundowning) (Rosales-Corral et al.2012).

@ Springer



2506 Archives of Toxicology (2019) 93:2491-2513
o— o) _ SR
AP — Cu(ll) + AscH™ & AP — Cu(l) + Asc™ + H™, 9)
OH
H A p — Cu(l) + Asc™ < AP — Cu(l) + Asc, (10)
N
) \ﬂ/ AP = Cu(l) + H,0, — Ap — Cu(Il) + ‘OH + OH"~ (Fenton),
HN _
S (11)
Melatonin alipoc acid Ap = Cu() + O, < Ap — Cu(l) + O; . (12)

Fig.6 Structures of melatonin and a-lipoc acid

It has been proposed that melatonin may inhibit the enzyme
[B-secretase and simultaneously enhance the a-secretase pro-
cessing of BAPP. Since melatonin is a more efficient anti-
oxidant than ascorbic acid and provides protection against
metal-induced oxidative stress and also shows remarkable
anti-neuroinflammatory properties, it is a promising poten-
tial therapeutic agent for the treatment of AD (Shukla et al.
2017). However, attention should be focused on optimizing
both the required dose and the stage before the onset of the
disease when melatonin should be administered.

An interesting link between ascorbic acid and AP has
been reported (Dikalov et al. 2004). While neurotoxic forms
of AP were found to stimulate Cu-mediated oxidation of
ascorbate anion (AscH™) to ascorbyl radical anion (Asc™)
(Eq. 9), the nontoxic form of A did not (Ryglewicz et al.
2002).

Oxidation of ascorbate anions by cupric ions reduces the
latter to cuprous species (Eq. 10), which may catalyze the
decomposition of hydrogen peroxide (Eq. 11) resulting in
the formation of hydroxyl radicals. Reaction of cuprous spe-
cies with molecular oxygen may regenerate cupric species
and superoxide radical anions (Eq. 12). These reactions can
be described as follows (see also Fig. 7):

Fig.7 Amyloid-p-copper(1l)
complex and oxidation of
ascorbate
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A study has been made of the role of vitamin E in the
prevention of neurodegenerative disorders (Azzi et al. 2003),
the results of which indicated that vitamin E supplementa-
tion may be of the greatest benefit if it is commenced well
before the onset of the various diseases and applied for a
prolonged period. In addition, the most effective strategy
seems to be to consume vitamin E together with ascorbate
(vitamin C), which has a capacity to regenerate vitamin E
from its radical form (the tocopherol radical) (Fig. 1).

a-Lipoic acid (Fig. 6) is a natural compound which is
readily absorbed from the diet and reduced to its dithiol
form, dihydrolipoic acid. Lipoic acid is soluble in both water
and fat (Packer et al. 1995; Smith et al. 2004) and has been
shown to confer physiological benefits to patients with AD.
The beneficial properties of lipoic acid have been related to
its antioxidant/radical-scavenging abilities and a stimulated
formation of acetylcholine via activation of choline acetyl-
transferase. Lipoic acid is further able to chelate redox-
active metals and thus prevent the formation of ROS via the
Fenton reaction and it also contributes to the formation of
the reduced form of glutathione (GSH) (Packer et al. 1997).

From a study in which nine patients (age: 67 +9 years)
with AD and dementias were supplemented daily with
600 mg lipoic acid for a period of 337 + 80 days (Maczurek
et al. 2008), it was found that a stabilization of the decline of
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cognitive functions occurred, as demonstrated by the scores
from two neuropsychological tests conducted over a period
of almost 1 year. However, it has been pointed out that since
lipoic acid is an effective chelator of redox-active metals,
which may in turn lead to a depletion of metal-containing
enzymes, its long-term use in the treatment of neurologi-
cal diseases should be undertaken with caution (Suh et al.
2004).

Conclusions

AD is a multifactorial disease characterized by accumulation
of the neurotoxic forms of AP peptide, which are capable of
forming amyloid plaques. AD is also linked to a deficiency
in the neurotransmitter acetylcholine in brains that have
been associated with altered activity of the enzyme AChE,
which converts acetylcholine into choline and acetate. An
imbalance in redox metal homeostasis, resulting in ROS-
induced oxidative stress, appears to be an important factor
in the pathogenesis of AD. The observed oxidative stress
markers in the AD brain involve DNA oxidation products,
hydroxyl radical adducts with DNA bases, lipid peroxides,
RNS, advanced glycation end products and other markers
(Hatanaka et al. 2015).

The current strategy of medicinal chemists for battling
AD is based on the design and studies of multifunctional
drugs that combine AP antiaggregation activity, AChE
inhibitory activity, and antioxidant and metal-chelating
activity. In addition, the application of herbal drugs, flavo-
noids and antioxidants has a great therapeutic potential.

The main focus of research in this field is on modifica-
tions of existing drugs that have specific biological activ-
ity, of which tacrine is probably the most frequently used
due to its cholinesterase inhibitory activity and is applied
for the design of multitarget-directed ligands. A number of
hybrid compounds containing structural moieties derived
from natural sources, such as flavonoids, alkaloids, coumarin
and other molecules, have also been investigated for the
treatment of AD, the majority of which displayed improved
antioxidant, metal-chelating and inhibitory activities toward
ACHhE. Effective hybrid molecules include resveratrol, trolox
and coumarin, in which the antioxidant moieties chelate
redox metals and thus suppress metal-catalyzed formation
of ROS (chelated metals have a lower catalytic activity than
free metals) and/or directly scavenge ROS.

Many herbal drugs, such as huperzine A and B, ginseng,
corilagen, curcumin and others are able to cross the BBB
and exhibit therapeutic potential via the inhibition of AChE,
chelation of redox-active metals, inhibition of the aggrega-
tion of AP and reduction of neuroinflammation.

Flavonoids not only act as antioxidants, but are also sign-
aling molecules, and are able to slow down the progression

of the disease and improve cognitive performance in patients
suffering from AD. An important property is their ability to
chelate redox metals and cause disruption of A aggregation
(Baptista et al. 2014). Several flavonoids have been reported
with promising neuroprotective properties against cognitive
dysfunction in AD. The flavonoid, quercetin, protects neu-
rons against severe oxidative stress and attack by ROS via
mild intercalation of its molecules into DNA, thus creating a
protective barrier against stronger intercalators and/or attack
by ROS.

Among the critical challenges that must be met in regard
to the clinical use of antioxidants or flavonoids against AD
are: to establish the ideal dose, to devise effective formula-
tions to preserve bioavailability, and the most effective stage
at which to administer the drug, so as to optimize the overall
effectiveness of the antioxidant therapy. The key aim is to
determine and optimize the age of the patient at which it
is most effective to start the antioxidant therapy, to delay
the onset of AD by at least 5 years. This would reduce the
number of current sufferers of AD by one-half in less than
25 years. If the onset could be delayed by a decade, the
current number of AD patients would be reduced by 80%.
Delaying the onset of the disease and/or alleviating the
symptoms using multifunctional hybrid or single molecules
is a critical goal in the battle against AD.
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