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Abstract: The incidence of neurodegenerative diseases, such as Alzheimer’s disease (AD), increases
continuously demanding the urgent development of anti-Alzheimer’s agents. Marine organisms (MO)
have to create their own defenses due to the adverse environment where they live and so synthesize
several classes of compounds, such as akaloids, to defend themselves. Therefore, the identification
of marine natural products with neuroprotective effects is a necessity. Being that AD is not only a
genetic but also an environmental complex disease, a treatment for AD remains to discover. As the
major clinical indications (CI) of AD are extracellular plaques formed by 3-amyloid (Af) protein,
intracellular neurofibrillary tangles (NFTs) formed by hyper phosphorylated t-protein, uncommon
inflammatory response and neuron apoptosis and death caused by oxidative stress, alkaloids that may
decrease CI, might be used against AD. Most of the alkalolids with those properties are derivatives
of the amino acid tryptophan mainly with a planar indole scaffold. Certainly, alkaloids targeting
more than one CI, multitarget-directed ligands (MTDL), have the potential to become a lead in AD
treatment. Alkaloids to have a maximum of activity against CI, should be planar and contain halogens

and amine quaternization.
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1. Introduction

Today about 50 million persons are having dementia and it is foreseen that this number
will increase 60% in 2030 and to 180% in 2050 [1]. Alzheimer’s disease (AD) is a form
of dementia which, nowadays, is more and more usual. Deficient cholinergic function,
memory loss, loss of intellectual function, neuronal death, and behavioral disorders are the
symptoms of this disease. Some risk factors for AD have been found to be family medical
history, elderliness, the apolipoprotein E (APOE) ¢4 allele genotype, cardiovascular disease
risk factors, way of living, and psychosocial factors [2]. There are two modes to develop
AD. The first one is on people younger than 65 years old and so is called early onset of AD
(EOAD). The development of EOAD is associated with genetic mutations, genes such as
amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) which are
involved in the production of the 3-amyloid (Ap) peptides. The second one is on people
older than 65 years old and is called late onset of AD (LOAD). More than 90% of cases
diagnosed are associated with LOAD [3]. LOAD has been consistently associated with
only one gene, APOE gene. The allele €4 of APOE is a genetic risk factor [4,5], generating
cognitive decline and cerebral amyloid in aged individuals [6]. APOE is produced in the
neuroglial cells, astrocytes, and provides a way for the production of A3 plaques and
development of cerebral amyloid angiopathology [7]. Furthermore, APOEe4 has also
been associated to tau pathology [8]. Nevertheless, up to 75% of APOEe4 homozygous
carriers do not progress to AD and 50% of AD patients are not APOEe4 carriers [4,5].
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Indeed, the genetic predisposition to LOAD and the contribution of the other risk factors
remains unknown [3]. Though the mechanisms of action of these genes in AD pathogenesis
have been studied extensively, the ones involved in the progression of AD remain unclear,
suggesting that AD is not only a genetic but also environmental complex disease [9].
Owing to that complexity an efficacious treatment for AD remains to discover [10] and the
action against it has concerned mostly the reduction of the clinical indications (CI) of the
disease. The major CI of AD are extracellular plaques formed by A protein, intracellular
neurofibrillary tangles (NFTs) formed by hyper phosphorylated t-protein, uncommon
inflammatory response and neuron apoptosis and death caused by oxidative stress [11-13].
Ap plaques may cause cell death as they interfere with the communication at synapses
between neurons, while NFTs block the transport of essential molecules in neurons [2].
On the other hand, the composition of the A3 plaques is mainly of A} peptides which
come from the cleavage of APP. Indeed, APP can be cleaved by the amyloidogenic pathway
involving the action of two enzymes (3-secretase (BACE-1) and y-secretase. The cleavage of
APP is performed by BACE-1, resulting two fragments, 3-APP, and a longer peptide with
99 amino acids. While 3-APP is a soluble fragment, the 99 amino acids fragment is now
cleaved by y-secretase into amylogenic peptides of varying length, including A{340, A342,
and Ap43 [14].

The imbalance between A3 generation and its clearance causes disequilibrium and
consequently cell death. So, one way to combat AD is preventing the appearance of the A3
plaques.

T-Protein is a protein that stabilizes the microtubules (MTs) but, when hyper-pho-
sphorylated, it accumulates into tangles producing the NFTs [15,16]. Indeed, T-protein
holds up the MTs however, when hyper-phosphorylated, T-protein aggregates itself and
unties the MTs which become destabilized. MTs are very important for the cytoskeleton
in eukaryotic cells. They take part in a number of important structural and regulatory
functions. Structurally, MTs are formed by the polymerization of «- and 3-tubulin het-
erodimers [17]. MTs are always vibrating alternating between growing and shrinking
phases [18]. Due to this dynamism, MTs can change rapidly and produce several different
arrangements within cells. As MTs may be formed by different isoforms of tubulin they
have a dynamic nature and interact with associated proteins (MAPs), being very important
in determining the morphology, stability, and their function in different cell types [19]. A
failure of these tuned actions of MTs is related to the appearance of many neurodegen-
erative disorders including AD [20]. Therefore, the stabilization of MTs may potentially
prevent AD progression.

Certainly, another way to prevent the disease is reducing hyper-phosphorylation
of T-protein, and, so, avoid MTs dysfunction. When t-protein is hyper-phosphorylated
it aggregates into paired helical and straight filaments that result in the formation of
NFTs [21,22]. As the phosphorylation of T-protein results from an equilibrium between
1-kinase and phosphatase activities, kinase inhibitors restrain the processes of aggregation
and the formation of NFTs [23-25]. Thus, one of the key strategies to combat AD is the
inhibition of the protein kinases used in the phosphorylation of T-protein [26]. The main
relevant protein kinases that interfere in t-phosphorylation belong to t-protein kinase
and dual-specificity kinases sub-subfamilies. The t-protein kinases involved are glycogen
synthetase kinase-3 beta (GSK3f) and casein kinase 1 delta (CKI6) whereas the dual-
specificity kinases involved are dual-specificity tyrosine phosphorylation regulated kinase
1A (DYRKIA) and cdc2-like kinase 1 (CLKI). Several key residues are conserved when
comparing these protein kinases and so they show common binding patterns. However,
while GSK3# hipper-phosphorylates t-protein, also increasing the production of Af3 and
mediating neuronal death, CKIS hipper-phosphorylates T-protein reducing binding of -
protein to microtubules, DYRKIA phosphorylates APP and t-proteins, increasing neuronal
death and the formation of aggregates and CLKI phosphorylates the serine residues in
serine/arginine-rich (SR) proteins [24-36]. GSK3f3 is considered the main enzyme involved
in the formation of NFTs. It can be [10,14].
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The development of AD may also be prevented inhibiting inflammatory response
of microglial cells [37,38]. Microglia, the brain’s resident immune cells, under normal
conditions, protect the brain from pathogens and help to maintain homeostasis of the
tissues. They have an anti-inflammatory role and are involved in different functions
as phagocytosis, steroid release, free radical reduction, and cellular repair [39]. When
unreasonably insulted, microglia cells can transform themselves, modifying their shapes,
enabling their phagocytic functions and releasing a variety of proinflammatory factors,
such as nitric oxide (NO), tumor necrosis factor-o (TNF-«), interleukin-1 (IL-1), interleukin-
6 (IL-6), reactive oxygen species (ROS), prostaglandin E2 (PGE2), and cyclooxygenase-2
(COX-2) [40—42]. The accumulation of proinflammatory factors results in damage and
degeneration of the nearby neurons. Subsequently the damaged neurons release certain
immune substances, which increase the inflammatory neurotoxicity and causes irreversible
neuroinflammation [43-45]. So, a potential therapeutic strategy for combatting AD is the
use of agents for inhibiting microglia response.

Cognitive decline in AD patients is associated with the deficiency of the brain neuro-
transmitter acetylcholine (ACh). However, upon action of the enzyme acetylcholinesterase
(AChE), ACh breaks down and, by hydrolysis, gives acetate and choline. When that hap-
pens choline is up taken into the presynaptic neuron and carried out by the choline carriers
and the signal transduction at the neuromuscular junction finishes rapidly [46]. Inhibition
of AChE prevents the breakdown of ACh and subsequently increases its concentration and
duration of action, which are considered to be clinically beneficial for AD patients. Thus,
AChE inhibitors are widely used for the treatment of AD [47].

On the other hand, ACh binds to several receptors in the synaptic cleft. One of them,
nicotinic ACh receptors (nAChRs) in the central nervous system, control the liberation of
other neurotransmitters and are involved in cognitive processes and memory [47,48]. Thus,
another strategy to combat AD is controlling nAChRs.

So, the disease pathology can progress through different pathways which can even
be related. For instance, AChE accelerates the deposition of A3 protein [49]. The AChE
gets co-localized with A3 deposits. The interactions between them produces AChE-Af3
complex, a very toxic substance, which in turn increases the intracellular calcium load and
decreases mitochondrial membrane potential. The AChE-A3 complex formation causes
the neuronal cells death [50]. On the other hand, as mentioned above, AChE stimulates
the protein kinase C (PKC) which inhibits GSK3{. Thus, the above mechanisms may work
altogether through interaction between genetic, molecular, and cellular events [51].

Among several strategies that have been identified to combat AD, multi-target com-
pounds represent an effective strategy for the treatment of this multifactorial disease [52-54].
For instance, neuroinflammation and cholinergic deficit are considered major contributing
factors for AD. Thus, compounds which have activity against AChE and anti-inflammatory
qualities are mutli-target compounds to combat AD.

Owing to a huge genetic diversity of organisms and an ecological and molecular
diversity, oceans are a unique and rich source of active compounds. Marine organisms
(MO) have to create their own defenses due to the adverse environment where they live
with specific chemical and physical properties, such as, water salt concentrations, pressure,
temperature (including extreme), light penetration, oxygen concentrations, radiation ex-
posure, and ocean currents. Each marine environment, with their own specifities, causes
that MO get adapted to that environment structurally (or morphologically), as well as,
physiologically and behaviorally [55,56].

As there are several kingdoms of MO: Bacteria, Protozoans, Chromists (including
Seaweeds), Fungi, Plants, and Animals including jellyfish, sponges, sea spiders, bryozoans,
mussels, sea stars, fish, and whales, they can synthesize several classes of metabolites used
to immobilize and capture prey and defend against predators. These molecules enclose
the potential to become a lead in AD innovative drug discovery [56-63]. Some of those
molecules, the alkaloids, are pharmacologically active secondary metabolites characterized
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for containing nitrogen in their chemical structures, with at least one nitrogen atom derived
directly from an amino acid [64,65].

Some compounds containing nitrogen in their structures have already been approved
for the treatment of AD (Figure 1). Tacrine (1) (withdrawn from the market in 2012 due to
adverse effects), donepezil (2), rivastigmine (3), and galantamine (4) were approved due to
their activity on the inhibition of AChE. Menantine (5) is the other compound approved as a
N-methyl-d-aspartate receptor antagonist. All of them are obtained synthetically. Although
originally galantamine (4) was isolated from the terrestrial plant Galanthus nivalis, now it is
produced by several synthetic routes.
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Figure 1. Chemical structures of the approved alkaloids for the treatment of Alzheimer’s disease.

Adapted from [10].

It can be concluded that alkaloids from MO have a huge potential for being AD agents.
Thus, in this review, are presented the several alkaloids discovered in MO, which are
very active in the mechanisms described above (Figure 2 and Table 1).

Inhibition of
AB production

Inhibition of Inhibition of
NFTs formation pro-inflammatory
factors

Stabilization of
nChARs

Figure 2. Activities of alkaloids discovered in marine organisms on the several mechanisms associated
with Alzheimer’s disease. Adapted from [10].
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Table 1. Alkaloids from marine organisms with neurological activities and their mode of action.

Compound ! Mechanism of Action ICsp (M) Ref.
6 Dictyodendrin F 1.5 [66]
7 Dictyodendrin H 1.0 [66]
8 Dictyodendrin I 2.0 [66]
9 Dictyodendrin J S . 2.0 [66]
10 Lamellarin O Inhibition of A production 10 [67]
11 Lamellarin O1 <10 [67]
12 Lamellarin O2 >10 [67]
13 Tianthellidone F >10 [67]
14 6-Bromoindirubin 0.045 [68]
15 Manzamine A 10.0 [69]
16 Manzamine Y o <25 [69]
17 8-Hydroxymanzamine A Inhibition of GSK3 <25 [69]
18 Manzamine E <25 [69]
19 Manzamine F >25 [69]
L Inhibition of GSK34 1.3
20 Meridianin A Inhibition of CKI5 NE [70]
. Inhibition of GSK34 0.5
21 Meridianin B Tnhibition of CK15 10 701
Lo Inhibition of GSK3f 2.0
22 Meridianin C Inhibition of CKI5 30.0 701
. Inhibition of GSK3# 2.5
23 Meridianin D Tnhibition of CKI5 100.0 [70]
. Inhibition of GSK34 25
24 Meridianin E Tnhibition of CK15 0.4 [70]
L Inhibition of GSK3f 2.0
25 Meridianin F Inhibition of CKI5 NE 701
o Inhibition of GSK34 350
26 Meridian G Inhibition of CK15 NE [701
o Inhibition of GSK3/ 0.07
27 Variolin B Inhibition of CKI5 0.005 (711
Inhibition of GSK3f
. Inhibition of CK16
28 Kororamide A Inhibition of DyrkIA NE 721
Inhibition of CLK1
. Inhibition of GSK3f3
2 Kororamide B Tnhibition of CK15 NE [72]
30 (Z)-5-(4-Hydroxybenzylidene)-hydantoin 13.7 [73]
31 Ningalin B 0.8 [74]
32 Ningalin C <0.2 [74]
33 Ningalin D ens <0.2 [74]
34 Ningalin E Inhibition of GSK3f3 16 [74]
35 Ningalin F 3.1 [74]
36 Ningalin G <0.5 [74]
37 13-Desmethyl spirolide C NE [75]
38 Hyvmenaldisine Inhibition of GSK3f 0.07
Y Inhibition of CKI5 0.03 76
39 Debromohymenialdisine Inhibition of GSK3p 0.2
Y Inhibition of CKIS 0.1
. Inhibition of GSK3f
40 Convolutamine I Inhibition of CKI15 NE -
1 Convolutamine | Inhibition of GSK3f

Inhibition of CKI16
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Table 1. Cont.

Compound ! Mechanism of Action ICsp (M) Ref.
Inhibition of DyrklA 0.06
42 KH-CB 19 Inhibition of CLK1 0.02 (771
43 Eleutherobin
44 Sarcodyctin A
45 Sarcodyctin B MT-stabilizing NE [20]
46 Sarcodyctin C
47 Sarcodyctin D
48 Caulerpin Inhibition of pro-inflammatory NE [78]
49 Pseudane-VII factors [79]
50 2-{2-[(1R)-3-Hydroxy-1-(1H-indol-3-yl) 11.8 [80]
-2-methoxypropyl]-1H-indol-3-yl}acetic acid ’
(35)-3-[3-(2-hydroxyethyl)-1H-indol-2-yl]
51 -3-(1H-indol-3-yl)propane-1,2-diol 135 [80]
52 Marinoquinoline 49 [80]
53 Geranylphenazinediol 2.6 [81]
34 Quinolactacin Al 280 [82]
55 Quinolactacin A2 19.8 [82]
56 Circumdantin C o 15.6 [83]
57 Circumdantin D Inhibition of AChE 8.7 [83]
58 Circumdantin F 11.8 [83]
59 Circumdantin G 18.9 [83]
60 Circumdantin H 33.3 [83]
61 Circumdantin I 18.6 [83]
62 2-Hydroxycircumdantin C 16.5 [83]
63 Irene-carboline A 0.7 [84]
64 Irene-carboline B 0.5 [84]
65 Turbotoxin A 90.0 [85]
66 Pulmonarin B 20.0 [86]
67 (+)-Discorhabdin G 116.0
68 (-)-3-Dihydro-7,8-dehydrodiscorhabdin C s 152.0
69 Y (+)—Disc0r]f}iabdin B Inhibition of hAChE 494 [87]
70 (-)-Discorhabdin L 158.2
71 Barettin 36.0 [80]
72 8,9-Dihydrobarettin 29.0 [80]
73 Petrosamine 0.1 [88]
74 stryphnusin 232.0 [89]
75 Psammaplysene D Inhibition of AChE 13 [90]
76 Aplysamine-2 1.3 [80]
77 Purpuramine J NA [80]
78 Aplysamine-4 16.0 [80]
79 Purealidin Q 1.2 [80]
22 Ho;?;;i‘f;ﬁi“lom Inhibition of hAChE 44% [80]
82 N-butyl(3-butyl-pyridinium)n 0.1 [91]
83 Saraine 1 6.4 [92]
84 Saraine 3 6.3 [92]
85 Saraine A 44 [92]
86 Saraine B 44 [92]
87 Saraine C L 8.4 [92]
88 Isosaraine 1 Inhibition of AChE 10.7 [92]
89 4-Acetoxy-plakinamine B 3.8 [80]
90 Oroidin <0.5 [93]
91 PZT 4.0 [80]
92 Parazoanthoxanthin A 26.0 [80]
93 Pseudozoanthoxanthin 12.2 [80]
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Table 1. Cont.

Compound ! Mechanism of Action ICsp (M) Ref.

94 Stevensine Inhibition of hAChE 14.6 [80]

95 Ulosantoin Inhibition of AChE <0.1 [80]

96 Anabaseine Stabilization of nAChRs NE [94]

97 Fascaplvsin Stabilization of nAChRs NE [95]

Py Inhibition of AChE 1.49 [80]

1 Chemical structures of 6-13 (Section 2.1), 14-41 (Section 2.2.1), 42 (Section 2.2.3), 43—47 (Section 2.2.5), 48—49
(Section 2.3), 50-53 (Section 2.4.1), 54-62 (Section 2.4.2), 63-66 (Section 2.4.3), 67-95 (Section 2.4.4), and 96-97
(Section 2.5). hAChE—human recombinant acetylcholinesterase; NA—not active; NE—not evaluated.

2. Activities of Alkaloids Discovered in Marine Organisms
2.1. Inhibition of AB Production

Of the enzymes which are involved in the amyloidogenic pathway, 3-secretase is the
one which catalyzes the rate limiting step in the formation of amyloid plaques. So, then
inhibition of this enzyme reduces the load of amyloid plaques in the neuronal cells by
slowing or reversing the process [96].

2.1.1. Derivatives of Tryptophan

From the Australian marine sponge lanthella sp. a series of alkaloids in the class of the
dictyodendrins were found (Figure 3). Dictyodendrins, pyrrolidone-containing alkaloids,
are biosynthesized by the condensation between tryptophan and one or more substituted
4-hydroxyphenyl residues. Dictyodendrins F (6), H (7), I (8), and J (9) showed [3-secretase
inhibitory, being dictyodendrin H (7) the most potent one [66,67,97].

OH
HO

® N
X X X
nonon
i

HO HO
O COMe O HO,, CcOMe
OE: b 8
HO HO
10 R,=Me;R,=0 L
1 R,=H:R,=0
12 R,=H:R,=H, OH

Figure 3. Structures of alkaloids from marine organisms that inhibit 3-secretase.
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2.1.2. Derivatives of Tyrosine

From the same marine sponge, lanthella sp., other series of compounds were isolated,
the lamellarins and the ianthellidones [66,67] (Figure 3). The lamellarins, pyrrole-containing
alkaloids, were reported as lamellarins O (10), O1 (11), and O2 (12). As ianthellidons,
pyrrolidone containing molecules, was only reported ianthellidone F (13). The biosynthesis
of lamellarins is seen as a condensation between tyrosine and one or more substituted
4-hydroxyphenyl residues. The ianthellidones are viewed as oxygen addition adducts
of lamellarins. The lamellarins and ianthellidone F (13) showed reduction of (3-secretase
activity, being lamellarin O1 (6) the most potent.

2.2. Inhibition of NFTs Formation
2.2.1. Inhibition of GSK3{
Derivatives of Tryptophan

6-Bromoindirubin (14) (Figure 4) was found from the Mediterranean mollusca Hexaplex
trunculus and reported as a selective inhibitor of GSK3f [68]. It is a bis-indole alkaloid.

Acanthostrongylophora sp., a sponge from the Pacific Ocean, biosynthesizes manza-
mine alkaloids [98-100] (Figure 4). Manzamine A (15), E (18), F (19), Y (16), and 8-
hydroxymanzamine A (17) are moderate, but significant inhibitors of human GSK3f3
activity. In a cell-based assay most of the compounds, but especially manzamine A (15) and
8-hydroxymanzamine A (17), showed a strong ability to inhibit tau phosphorylation within
cells. From these data it can be concluded that the activity of GSK3f3 of the manzamine
alkaloids is reduced by the hydrogenation of the double bond at C-32/C-33 and oxidation
of C-31 to the ketone. It should also be mentioned that, when the manzamine alkaloids
were evaluated in a series of assays relevant to nervous system function and pathology,
they did not show any effect on AChE or 3-amyloid cleaving enzyme ([3-secretase) or
any significant ability to protect human neuroblastoma SH-SY5Y cells against oxidative
stress-induced cell death [69]. It can be concluded that this complex scaffold can be used to
inhibit the hyper-phosphorylation of T-protein and the appearance of intracellular NFTs
but has no effect on the other clinical characteristics of AD.

From tunicate Aplidium meridianum and another tunicate in the genus of Synoicum,
from the Antarctic, a series of indole alkaloids connected to an aminopyrimidine ring,
were extracted, the meridianins [101-103] (Figure 4). Meridianins A (20), B (21), C (22),
D (23), E (24), F (25), and G (26) are inhibitors of GSK3p [70,101]. Meridianin B (21) was
found to be the most potent inhibitor of GSK3[3 among this series of compounds. The other
meridianins; except meridianin G (26), were also very active as GSK3f inhibitors.

Meridianins are able to bind to all the six regions of protein kinases with a different
binding strength depending on their chemical structure. They establish hydrophobic
interactions, in the N-terminal lobe of the protein kinase, with the aminopyrimidine ring,
revealing that this part of the molecule is important for optimal interactions [101,104].
Being small molecules, they can interact with the phosphate binding groove, located in
the C-terminal lobe of the protein kinase. This is a rich polar region that consequently can
create intermolecular interactions [105].

Variolin B (27) (Figure 4) is an alkaloid, also with an aminopyrimidine ring, and also
inhibitor of GSK3f3. It was extracted from Kirkpatrickia vaialosa, a sponge from the Antarctic
Ocean [71,106].

Kororamides A (28) and B (29) (Figure 4) are tribrominated tryptophan derivatives,
with an indole scaffold bearing an internal carbamoyl group, extracted from the bryozoan
Amathia tortuosa [107,108]. Docking calculations and molecular dynamics (MD) simulations
indicate that both compounds could bind to the ATP binding pocket of GSK3p3, thus
theoretically acting as ATP competitive inhibitors. Binding energies obtained after docking
and MD simulations showed that kororamide A (28) presented better energies when bound
against GSK3p3, suggesting that the cyclization of the internal carbamoyl group decreases
the inhibition of the ATP binding pocket [72,109,110].
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23 Ri=R;=R4=H:R:=0Br
15 R=R;=H 24 R;=0H;Rz=Ra=H; Ry=Br
16 R=0H;R;=H 18 R=R;=H 25 Ry=Rsy=H;R:=R:=Br
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Figure 4. Structures of alkaloids from marine organisms that inhibit the kinase GSK3.
Derivatives of Tyrosine

From a sponge Hemimycale arabica in the Red Sea, an alkaloid was extracted, (Z)-5-(4-
hydroxybenzylidene)-hydantoin (30) (Figure 4). It binds directly to GSK3 inhibiting its
activity [73].
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Derivatives of 3,4-Dihydroxyphenylalanine (DOPA)

Ningalins, another class of compounds, derivatives from DOPA, contain several
catechol groups (Figure 4). They were isolated from an Australian ascidian of the genus
Didemnum [74,111]. While ningalins C (32), D (33), and G (36) present strong activity as
GSK3p inhibitors, ningalins B (31), E (34), and F (35) presented moderate activity [74],
suggesting that the number of catechol structures is determinant on the activity presented
by this class of alkaloids.

Derivatives of Glycine

The dinoflagellate Alexandrium ostenfeldii biosynthesizes and accumulates in shellfish
the spirolide, 13-desmethyl spirolide C (37) (Figure 4) [112]. It reduces the activity of
GSK3p [75].

Derivatives of Proline

From the sponges Axinella verrucosa and Acanthella aurantiaca the alkaloid hymenal-
disine (38) (Figure 4) was isolated [113]. The compound showed to be a potent GSK3f3
inhibitor with the ICs5y value of 10 nM. That activity results from the competition of
hymenaldisine (38) with ATP for binding to GSK3{. Hymenaldisine (38) prevents the hy-
perphosphorylation of tau protein both in vitro and in vivo [114]. It should be mentioned
that the presence of the bromine atom at C-2 does not decreases the activity of GSK3f3. De-
bromohymenialdisine (39) (Figure 4), a naturally occurring analog of hymenaldisine with
the lack of the bromine atom at C-2 was isolated from the sponge Phakellia flabellate [115].
Likewise, hymenaldisine (38) and debromohymenialdisine (39) also inhibited the activity
of GSK3p [76].

Derivatives of Phenylalanine

Another family of compounds extracted from the bryozoan, genus Amathia, are the con-
volutamines (Figure 4). Convolutamines I (40) and J (41) are halogenated heterocyclic com-
pounds as other known kinase inhibitors. Thus, docking calculations and MD simulations
were carried out to evaluate if convolutamines I-] could bind to GSK3f3. The results indicate
that both the compounds could bind to the ATP binding pocket of GSK3f [72,109,110].

2.2.2. Inhibition of CKI&

Meridianins (22-25), derivatives of tryptophan, mentioned above as inhibitors of
GSK3, are also CKI6 inhibitors [101,104]. As explained above, several key residues are
conserved when comparing these two protein kinases and so they show a common binding
pattern. Protein kinases, GSK3{ and CK15, present 5 similar binding residues. For CK15
the most active meridianins are B (21) and E (24). It seems that to increase the affinity of
the ligand on this receptor, the aminopyrimidine moiety should be oriented towards the
top of the hydrophobic pocket at the N-terminal region. It should be noted that all the
active meridianins for both kinases, the meridianins B (21), C (22), D (23), E (24), and F (25),
contain bromine atoms, i.e., they are polar molecules and so can establish strong molecular
interactions in the phosphate binding groove. As meridianin B (21) and E (24) contain, also,
a hydroxy group it can also have other strong intermolecular interactions such as hydrogen
bonds.

Other alkaloids, derivatives of tryptophan, which are common inhibitors of GSK3[3
and CK15, due to the similar binding pattern of both protein kinases, are variolin B (27) [71],
kororamide A (28) and B (29) [71,72,107-109], as well as, convolutamine I (51) and J (52),
derivatives of phenylalanine [72,109,110]. Hymenaldisine (38) and debromohymenialdisine
(39) are two other alkaloids, derivatives of proline, that inhibit both protein kinases.
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2.2.3. Inhibition of DyrklA

KH-CB 19, dichloroindolylenaminonitrile (42) (Figure 5), a derivative of tryptophan,
extracted from the blue-green algae Dichothrixbaueriana showed activity as DyrklA in-
hibitor [109]. This compound is in pre-clinical trials [1].

42

Figure 5. Structures of KH-CB 19 from Dichothrixbaueriana that inhibit the kinase DyrkIA.

As mentioned above, kororamides A (28) and B (29) are tribrominated tryptophan
derivatives, with an indole scaffold bearing an internal carbamoyl group, extracted from
the bryozoan Amathia tortuosa [116,117]. By docking and MD simulations, kororamide A-B
were compared. Kororamide A (28) shows better energies against DyrklA [72].

2.2.4. Inhibition of CLKIl

KH-CB 19, dichloroindolylenaminonitrile (42), a derivative of tryptophan is a potent
inhibitor not only for DyrklA, as already mentioned, but also for CLKI [77].

When comparing kororamide A-B and convolutamine I-] by docking and MD simula-
tions kororamide A (28) presented better energies against CLK1 [109].

2.2.5. MT-5tabilizing

Eleutherobin (43) [117,118] (Figure 6), a derivative of L-histidine, was extracted from
the coral Eleutherobia sp. Sarcodyctins A (44), B (45), C (46), and D (47) (Figure 6) were
extracted from the coral Sarcodictyon roseum [118,119]. They are alkaloids with the same
scaffold and promote MT-stabilization [117,120] by interaction with 3-tubulin at the taxane
binding site [20].

0
p-)‘\‘_ & ¥ 0 o
[’:"’:L“' b T o NE A .
- O ‘ H = ) T:- x.N__ H - o T xN —
I, :T"O]‘ ,;_,J-\_ e / # N=/ A= ! ) £
. . C ! o J [ T 7
)}__A/Or__‘i{/ J ) ‘.;T-- \OH Ro~ '[ ! \_i___\OH
q \ 0 #0R oy #~0Ma
e / OH o o
OH
43 4 R=CH: 46 R=H
45 R= CHCH; 4T R=CH;CO

Figure 6. Structures of alkaloids from marine organisms that stabilize the microtubules.

2.3. Inhibition of Pro-Inflammatory Factors

From a seaweed in the family Caulerpaceae, Caulerpa racemosa (Forsskal) J. Agardh, from
the Northeast of Brazil, was extracted caulerpin (48) (Figure 7), a derivative of tryptophan.
This bisindole alkaloid inhibits cyclooxygenase (COX), a key enzyme in inflammatory
processes [78,121].
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48 49

Figure 7. Structures of alkaloids from marine organisms that inhibit pro-inflammatory factors.

A secondary metabolite from a bacterial strain, Pseudoalteromonas sp., pseudane-VII
(4-hydroxy-2-alkylquinoline) (49) (Figure 7), derivative of anthranilic acid, inhibits the
LPS-stimulated NO, ROS production, and the expression of iNOS and COX-2 [79,122].

2.4. Inhibition of Acetylcholinesterase (AChE)
2.4.1. Inhibitors from Bacteria
Derivatives of Tryptophan
2-{2-[(1R)-3-Hydroxy-1-(1H-indol-3-yl)-2-methoxypropyl]-1H-indol-3-yl}acetic acid
(50) and (35)-3-[3-(2-hydroxyethyl)-1H-indol-2-yl1]-3-(1H-indol-3-yl)propane-1,2-diol (51)
(Figure 8) were isolated from a marine actinomycetes species, Rubrobacter radiotolerans [123].
They have a scaffold characterized by a dimeric indole nucleus. These alkaloids are
moderately active as cholinesterase inhibitors. Indeed, nevertheless these molecules have
two planar regions constituted by the two indole rings, they have not a corresponding
extended aromatic system as, between them, there is a sp3 carbon, suggesting that the
interaction between the esterase and the second indole group hinders the interaction of the
active site of AChE and the first indole group.

50 51
|
OH l
=\ N
L MH
I = N/
-
N OH
52 53

Figure 8. Structures of alkaloids from marine bacteria that inhibit acetylcholinesterase.
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When comparing the molecules 50 and 51 with marinoquinoline (52) (Figure 8), iso-
lated from the bacterium Rapidithrix thailandica, in the south of Thailand, an increase in the
inhibition of AChE is observed. Marinoquinoline (52) inhibits AChE with an IC value of
4.9 uM [49,80,124]. Indeed, the extensive aromatic ring system of it provides a huge planar
7t system which promotes 7t-7t stacking interactions. Marinoquinoline interacts with AChE
by participating in -7t stacking with Trp-84 [125].

Derivatives of Anthranilic Acid

A new phenazine derivative, geranylphenazinediol (53) (Figure 8) was produced by
a Streptomyces sp. strain LB 173. This strain was obtained from a sediment sample of the
brown algae Saccharina latissima, which was collected in the Kiel Fjord in Germany. This
molecule also presents an extensive aromatic system. Geranylphenazinediol (53) inhibits
AChE in micromolar range [81].

2.4.2. Inhibitors from Fungi

From the sponge Suberites domuncula four isolates of fungal strains were obtained.
From them quinolactacin Al (54) and its optical isomer, A2 (55) (Figure 9), derivatives of
tryptophan, were extracted. Quinolactacin A2 (55), just having a different configuration in
one carbon, is much more active against AChE than A1 [82,126].

Figure 9. Structures of alkaloids from marine fungi that inhibit acetylcholinesterase.

From the fungus Aspergillusochraceus, associated with corals, a series of several alka-
loids with a quinazoline benzodiazepine scaffold, the circumdantins (Figure 9), derivatives
of anthranilic acid, were extracted. Circumdantin C (56), D (57), F (58), G (59), H (60), I (61),
and 2-hydroxycircumdantin C (62) were isolated. Circumdantin D (57) exhibited high
inhibitory effect toward AChE and interference with pro-inflammatory response [83].



Mar. Drugs 2022, 20, 75

14 of 26

63

2.4.3. Inhibitors from Animals: Jellyfish, Ascidian, and Molluscs

Cnemidocarpa irene, an ascidian, was collected from the Oshima-Kojima Islet in Japan.
The irene-carbolines A (63) and B (64) (Figure 10) were extracted. The compounds, deriva-
tives of tryptophan, exerted inhibition of AChE at sub-micromolar level [84].
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Figure 10. Structures of alkaloids from marine animals: ascidian and molluscs that inhibit acetyl-
cholinesterase.

Turbo marmorata, a snail, was collected from Okinawa in Japan. From the visceral
extracts of it, turbotoxin A (65) (Figure 10), a derivative of tyrosine, was isolated [85]. The
compound is active against AChE.

The ascidian Synoicum pulmonaria was collected off the coast of Tromsg, in Norway.
Pulmonarin B (66) (Figure 10), a derivative of lysine, was extracted from the ascidian [86].
It is very active against AChE. From the results obtained for alkaloids turbotoxin A (65)
and pulmonarin B (66) can be concluded that the cationic amine motif binds to the enzyme
so that the alkaloid might exercise its effect [127].

2.4.4. Inhibitors from Animals: Sponges and Corals
Derivatives of Tryptophan

Sponges of the Latrunculia genus, dredged from the Antarctic Ocean, contained four
discorhabdin alkaloids (Figure 11) [87]. From Latrunculia biformis (+)-discorhabdin G
(67) [128] and (—)-3-dihydro-7,8-dehydrodiscorhabdin C (68) [129] were extracted whilst
from Latrunculia bocagei (+)-discorhabdin B (69) [130] and (—)-discorhabdin L (70) [131]
were isolated. (+)-Discorhabdin B (69) shows a higher activity against human recombinant
AChE (hAChE) [87] suggesting that its three relevant H-bonds, in addition to a series of
hydrophobic interactions due to the presence of the bromine and sulfur atoms.

The diketopiperazines barettin (71) and 8,9-dihydrobarettin (72) (Figure 11) [132,133]
were extracted from the deep-sea sponge Geodia barretti, in Varangerfjorden, Norway.
These compounds are brominated and derivatives simultaneously from two amino acids,
tryptophan and ornithine. They were non-competitive inhibitors of AChE being 8,9-
dihydrobarettin (72) more active. Comparing these results with the ones obtained for
compounds 2-{2-[(1R)-3-Hydroxy-1-(1H-indol-3-yl)-2-methoxypropyl]-1H-indol-3-yl}acetic
acid (50) and (35)-3-[3-(2-hydroxyethyl)-1H-indol-2-yl]-3- (1H-indol-3-yl)propane-1,2-diol
(51) it looks like a contradiction as, in this case, it is the most planar compound the less active.
However, for compounds barettin (71) and 8,9-dihydrobarettin (72) the 2,5-diketopiperazine
core is not so bulky as the indole group of alkaloids 50 and 51. Compounds 71 and 72 also
contain two carbonyl groups and two secondary amines which allow the establishment of
very strong hydrogen bonding with AChE.
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Figure 11. Structures of alkaloids from marine animals: sponges that inhibit acetylcholinesterase.

Petrosamine (73) (Figure 11), collected in Thailand, was extracted from a sponge of
the genus Petrosia [88]. This alkaloid is a derivative from two amino acids, tryptophan and
tyrosine. Petrosamine (73) shows strong AChE inhibitory activity. The most important
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interaction between petrosamine-AChE is due to the quaternary ammonium group of the
alkaloid.

Derivatives of Phenylalanine or Tyrosine

The marine secondary metabolite stryphnusin (74) (Figure 11), a brominated phenethy-
lamine, a derivative of phenylalanine, extracted from the sponge Stryphnus fortis, found in
Norway, presents inhibitory activity against AChE [89].

From a sponge, Suberea ianthelliformis, collected off Nuku Hiva in French Polynesia,
psammaplysene D (75) (Figure 11), a derivative of tyrosine was extracted [90]. It was found
that it behaved as a mixed competitive/non-competitive inhibitor against AChE [80].

Aplysamine-2 (76) [90,134] and purpuramine ] (77) (Figure 11) [135], also derivatives
of tyrosine, were extracted from the sponge Pseudoceratina cf. purpurea from the Koh-Ha
Islets, Thailand. While aplysamine-2 (76) inhibits AChE in a non-competitive manner,
purpuramine J (77), differing from aplysamine-2 only by its rare N-oxide motif, is inactive.
This fact suggests how important is the terminal dimethyl amine of aplysamine-2 for the
inhibition of AChE. However, if that terminal is substituted by ammonium group, the
inhibition of AChE is maintained. Indeed, aplysamine-4 (78) (Figure 11), which differs from
aplysamine-2 (76) due to that group, isolated from the sponge Psammaplysilla purpurea [136]
and Verongida sponge [137], is a potent inhibitor of AChE. If the terminal is the free amine
(-NH,), obtained by alkali treatment of aplysamine-4, there is a significant reduction in the
activity against AChE. On the other hand, purealidin Q (79) (Figure 11), a derivative of tyro-
sine, extracted from Psammaplysilla purpurea, is the most potent spiro-isoxazole containing
inhibitor of AChE. Homoaerothioin (80) (Figure 11), also a derivative of tyrosine, extracted
from the sponges Verongia aerophoba [138] and Acanthodendrilla sp. in Thailand [139], dis-
plays also low micromolar inhibitory activity against AChE. Fistularin 1 (81) (Figure 11),
derivative of tyrosine, extracted from the sponges Aplysina fistularis forma fulva [140] and
Acanthodendrilla sp. [139], is another alkaloid with the same spirocyclohexadienylisoxazo-
line structural feature of purealidin Q (79). It is also effective against AChE [139]. These
facts show how important is the substitution of the N-terminal and the O-terminal of
tyramine of the alkaloids with this scaffold. The spirocyclohexadienylisoxazoline group on
the N-terminal and the N,N-dimethylaminopropyl group on the O-terminal show to be the
best groups to improve the inhibition of AChE.

Derivatives of Nicotinic Acid

N-butyl(3-butyl-pyridinium) repeating subunits, polymerized head-to-tail, and exist-
ing as a mixture of two main polymers with molecular weights without counterion of about
5520 and 1890 (82) (Figure 11) was isolated from the sponge Reniera sarai. The monomer
analogue of the inhibitor, N-butyl-3-butylpyridinium iodide has been synthesized. This
molecule shows mixed reversible inhibition of AChE. The polymer act as AChE inhibitor
and show an unusual inhibition pattern. Indeed, the AChE molecule contains several affin-
ity binding sites where the polymer can bind. After the first binding has been accomplished,
binding to other sites is favored leading to the formation of an irreversible enzyme-inhibitor
complex [91].

A series of polycyclic diamine alkaloids, saraine 1 (83), saraine 3 (84), saraine A (85),
saraine B (86), saraine C (87), and isosaraine 1 (88) (Figure 11) have been extracted from
the sponge Reniera sarai [141-146] in the Mediterranean ocean. The mixture of saraines and
isosaraine, inhibits the activity of AChE [92].

4-Acetoxy-plakinamine B (89) (Figure 11), collected from Thailand, from a sponge,
Corticium sp., is a steroidal alkaloid [147]. This alkaloid reversibly inhibits AChE activity
with the IC5( of 3.75 uM in a mixed-competitive mode [80].

Derivatives of Ornithine

Oroidin (90) (Figure 11), a dibromopyrrole compound, was extracted from the sponge
Agelas oroides in the Mediterranean Sea [148,149]. The compound inhibits AChE [93]. 4,5-
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Dibromopyrrol-2-carboxylic acid corresponding to the left hand fragment of oroidin, was
also isolated from A. Oroides is inactive against AChE [80].

Pseudozoanthoxanthin-like compound (PZT) (91) (Figure 11) was extracted from a
coral Parazoanthus axinellae in the Mediterranean Sea, Italy. This coral is commonly known
as the yellow cluster anemone. PZT is a competitive AChE inhibitor. The compound
interacts with the aromatic residues lining the active site gorge. The alkaloid extinguishes
the signal from the intrinsic tryptophan located in the gorge of AChE [150,151]. From P.
axinellae was also isolated parazoanthoxanthin A (92) (Figure 11). It also inhibits AChE.
Pseudozoanthoxanthin (93) (Figure 11) was extracted from a Pacific zoanthid of the Gerardia
genus [152] and from an unidentified Mexican coral. Modeling studies suggest that this
alkaloid would be capable of binding to both the catalytic and peripheral anionic sites of
AChE [153]. The three alkaloids, oroidin (90), PZT (91) and parazoanthoxanthin A (92), and
pseudozoanthoxanthin (93) have a huge extended aromatic system and are planar.

Derivatives of L-Proline

Stevensine (94) (Figure 11) extracted from a Micronesian sponge and from Axinella
verrucosa, collected in the Mediterranean Sea, is a potent inhibitor of AChE [154]. Itis a
simultaneously derivative of the amino acids L-proline and histidine. It also presents a
planar scaffold with an extended aromatic system.

Derivatives of Glycine

From the sponge Ulosa ruetzleri, collected off the coast of Bermuda, ulosantoin (95)
(Figure 11), a phosphorylated hydantoin derivative, was extracted [155]. This compound
inhibits AChE.

2.5. Stabilization of Nicotinic Acetylcholine Receptors (nAChRs)

When using the stabilization of the neuronal nicotinic ACh receptors (nACHTrs) to con-
trol AD, compounds with mixed agonist/antagonist properties are required. Compounds
that activate some o7 receptors and inhibit others and that afford the responses of other
subtypes. Other compounds may stabilize nAChRs systems by activating one subtype and
antagonizing another [156].

Anabaseine (96) (Figure 12) is an example of alkaloid isolated from a marine ribbon-
worm Paranemertes peregrine [157], which is a nonselective mixed agonist/antagonist for
diverse types of nAChRs [94,158,159]. It is a simultaneously a derivative of nicotinic acid
and lysine. GTS-21, a derivative of anabaseine is in phase II of clinical trials [10].

Br~
J R- _N+ == o
(| N7 TR P
" N
M H !
9%

97 R=H
98 R=CH:

Figure 12. Structures of alkaloids from marine animals: sponges that stabilize nicotinic acetylcholine
receptors.

From a Fijian sponge Fascaplysinopsis bergquist sp. [10,95,160], a benzoyl-linked f3-
carboline alkaloid was isolated, fascaplysin (97) (Figure 12) [161]. This alkaloid shows P-gp
induction activity. P-gp is an important member of the ATP-binding transporter which
is related with AD. Indeed, when the level of P-gbp increases there is a decrease in the
appearance of A3, as P-gp is a transporter for out of the brain [160].

Several derivatives of it were synthesized, chosen by molecular modeling studies. One
of them, 9-methylfascaplysin (98) (Figure 12), showed to have P-gp induction activity.
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This compound, also, shows great potential to activate antioxidant enzymes, and thus,
to produce neuroprotective effects against ROS. It crosses the blood brain barrier (BBB) in
mice, preventing cognitive damages through the inhibition of AChE in the hippocampus,
without causing severe neurotoxicity. Thus, this molecule can preventive dysfunction,
decrease neuroinflammation, and reduce tau hyper phosphorylation [161]. It is in clinical
trials [10].

3. Conclusions

Nowadays 93 alkaloids, from marine organisms (MO), showed to be potential anti-
Alzheimer agents: 47 (50.5%) were found in sponges, 7 (7.5%) in fungi, 9 (9.7%) in ascidian,
8 (8.6%) in corals, 5 (5.4%) in bacteria, 4 (4.3%) in bryozoan, and the other 13 (14.0%) were
found in algae, dinoflagellates, mollusks, and worms. Half of the alkaloids active against
AD are from sponges. This conclusion is explained as the result of the high content of
opportunistic and symbiotic microorganisms on sponges [162,163]. Many of these alkaloids
extracted from sponges present structures extremely different, however, most of them are
derivatives of the amino acid tryptophan (42%), amino acid very planar with an extended
aromatic system. Coincidentally, 40% of the very active alkaloids extracted from all the
MO reported are also derivatives of tryptophan. Even, 65% of the alkaloids active, in all
the mechanisms analyzed against AD, present in their structures an extended aromatic
system suggesting that planarity and an extensive 7 system in the molecule is one of the
requirements for alkaloids be active against AD. Indeed, a significant effect in inhibiting
human GSK3 activity can be obtained using manzamine compounds. Manzamine A (15)
and 8-hydroxymanzamine A (17), showed to be the most active inhibiting tau phosphoryla-
tion. This suggests that activity is due to the extended aromatic system of the 3-carboline
residue and, in these compounds, the double bond at C-32/C-33 is much more efficient for
activity than the oxidation of C-31. However, manzamines did not show any effect on the
inhibition of AChE or (3-secretase, or the pro-inflammatory factors.

Meridianins have also been reported as potent inhibitors of GSK3f. Consisting of an
indole framework connected to an aminopyrimidine ring, all the atoms are present with a
hybridation sp,, and so the molecule is planar and has an extended 7t system. Meridianins
can link to all the regions of the enzyme with different binding strength accordingly to their
specific chemical structure. So, with this framework they bind to protein kinases in general,
but owing to the substitution pattern of the indole ring, each one is more related with one
of the protein kinases. For GSK3f3, the most potent inhibitors are meridianins C (22), D (23),
E (24), and F (25). They establish hydrophobic contacts with the aminopyrimidine ring.
The meridianins C-F contain bromine atoms on the indole ring, suggesting that in bromine,
the substitution of the aromatic indole group is important for the inhibition of GSK3f3. For
CK156 the best inhibitors are meridianins C, D, and F. It seems that to increase the inhibition
of this kinase C-4 of the indole ring should not be substituted. Variolin B (27), with a
framework similar to meridianins, is also very active in the inhibition of GSK33 and CK15.
Kororamide A (28) and B (29), also with a framework similar to meridianins, except for the
aminopyrimidine ring, have also bromine atoms at the indole ring. Docking calculations
and MD simulations show that kororamide A and B have activity against protein kinases,
having kororamide A better energies for GSK3f3, DyrklA and CLK1, suggesting that the
opening of the aminopyrimidamine ring of meridianins and appearance of a pyrrolidinium
ion, causes no effective change on the inhibition of kinases, mainly if the positive charge
in the nitrogen atom is not hindered. These results show how the indole scaffold (planar
scaffold) and the presence of halogen atoms are important in a molecule for the inhibition
of GSK3(3, CK15, DyrklA and CLK1. Marinoquinoline (52), a pyrrole quinolone derivative
with an extended aromatic system, is a potent inhibitor of AChE. Other pyrrole derivatives,
but lacking an extensive aromatic ring system are inactive, suggesting that inhibition
produced by marinoquinoline was due to 7-7 stacking interactions only possible for planar
molecules.
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Irene-carbolines A (63) and B (64), 3-carboline alkaloids, with an aromatic ring system,
a cationic imine motif and one bromine atom linked to the phenyl group, are strong in-
hibitors, but many other (3-carboline alkaloids, with molecules with the same characteristics,
but not brominated, do not present that activity, suggesting, also, the need of the halo-
gen substitution of the phenyl group. Pulmonarin B (66) with a O-methyl-dibrominated
phenol group and a cationic quaternary amine motif and stryphnusin (74), a brominated
phenethylamine, exhibit inhibitory activity against AChE suggesting that hydrophobic aryl
substituents and amine quarternisation increase the inhibition of the enzyme, in part by
binding to the cationic amine motif of the alkaloid.

Psammaplysene D (75) is an inhibitor against AChE. It should be noticed the im-
portance of the trans-cinnamoyl group making the molecule planar at that part and the
aromatic ring on the other side of the molecule. The two aromatic rings have two bromine
atoms linked to each one.

Petrosamine (73), also with an extended aromatic ring system, shows strong AChE
inhibitory activity. The interaction between petrosamine and the enzyme is mainly due to
the cationic amine motif of the alkaloid.

The results reported here only concern the interaction of one alkaloid with the active
site of one enzyme. However, AD has multiple pathogenic factors, as described. Thus,
using more than one pharmacological approach can be highly advantageous [164,165] as
AD is such a complex disease involving several mechanisms which may work altogether
through interaction between genetic, molecular, and cellular events. One possible successful
strategy might be multitarget-directed ligands (MTDL) that is, using a multitarget therapy.
This therapy can be achieved by two ways. The first one, combination therapy, uses
a drug cocktail, where each drug has an active component for the inhibition of one of
the mechanisms of AD. This approach therapy is associated with high-risk drug—-drug
interactions. The second approach is referred to as MTDL where only one active ingredient
is administered [166]. So, the risk of interaction between drugs is eliminated. Additionally,
the prevision of pharmacokinetic and pharmacodynamics properties is simplified with
a single agent. The MTDL strategy looks to be more advantageous [163]. Analyzing the
scaffold of the several alkaloids isolated, which inhibit one of the mechanism of AD, it is
concluded that all of those mechanisms are inhibited mostly by alkaloids with a planar
core. For the inhibition of 3-secretase 100% of the alkaloids isolated have a planar core. For
the inhibition of AR plaques, NFTs, pro-inflammatory factors, AChE, and the stabilization
of nChAR, the alkaloids isolated from MO have, respectively, 80, 84, 100, 61, and 100%
structures with a planar core. So, as previously mentioned, alkaloids to have a maximum
of activity for the several pathways of AD, should be planar. Even, for the several planar
alkaloids isolated from MO, the inhibition of 3-secretase is 50% from alkaloids derivatives
of tryptophan. For the inhibition of A3 plaques, NFTs, pro-inflammatory factors, AChE and
the stabilization of nChAR, the planar alkaloids isolated from MO have, respectively, 100,
63, 100, 46, and 100% structures derivatives of the amino acid tryptophan. Thus, a MTDL,
should be planar, with an extended aromatic system, at least like the one presented by an
indole group (derivative of tryptophan). A planar MTDL should contain in their structure
halogens, such as bromine, for the establishment of strong molecular interactions in the
phosphate binding groove of several protein kinases, including GSK3p3. A quaternary
ammonium group on the planar MTDL is also required to interact with AChE. Some
molecules have already showed activity, in more than one pathway.

Circumdantin D (57), with an aromatic ring system even more extended than the one
of an indole group, inhibits AChE and interferes with pro-inflammatory response.

9-Methylfascaplysin (12), a fascaplysin derivative, inhibits the formation of A3 plaques
and AChE. It has also potential to activate antioxidant enzymes and thus, to produce
neuroprotective effects against ROS. 9-Methylfascaplysin (12) contains in its scaffold an
aromatic ring system also more extended than the one presented by the indole group and
has a cationic iminium ion. Certainly, if this scaffold contained bromine atoms, it might
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be able to bind to the ATP binding pocket of GSK3f3. Thus, fascaplysin derivatives can
become a new class of potential multi-target drugs for AD.

Considering the alkaloids already isolated from MO, MTDL alkaloids inhibiting
several pathways causing AD, should be identified. As all the pathways interact among
them, the future research should focus not only on identifying alkaloids that are active
against not only one, but several pathways.
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