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Abstract: During the last three decades, secondary metabolites of marine origin have emerged
as a significant source of bioactive compounds. Among the marine organisms explored, sponges
offer a vast number of metabolites with unique structural diversity and a plethora of biological
activities. Ageladine A, a fluorescent bromopyrrole alkaloid isolated from the marine sponge Agelas
nakamurai, exhibited matrix metalloproteinase (MMP) inhibitory properties, as well as antiangiogenic
activity. Due to this interesting biological profile, Ageladine A became, soon after its discovery, a
target for total synthesis. In addition, a significant number of derivatives have been synthesized,
and their biological activity was evaluated. The present review highlights all the successful efforts
made towards the synthesis of Ageladine A. Furthermore, all the medicinal chemistry approaches to
identify and assess new more potent inhibitors and to elucidate the structural features responsible for
the activity are described.

Keywords: marine natural products; Ageladine A; total synthesis; Agelas nakamurai; MMP inhibitors;
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1. Introduction

Nature is considered an unlimited source of chemical compounds with significant
biological activities. Long before the development of new methodologies for the discovery
of synthetic drugs and the revolution of modern medicine, our ancestors clearly had
the notion that nature could provide them with some of the necessary weapons to fight
diseases. Despite the fact that more than 70% of our planet is covered by oceans, terrestrial
plants and bacteria have always been the primary sources of natural products. However,
during the last 30 years, researchers have raised their attention to marine natural products
(MNPs) in terms of isolation, structural elucidation, synthesis, and biological evaluation,
with bryozoans, microorganisms, sponges, molluscs, tunicates, and algae being, among
others, the major sources of MNPs. Of particular importance, a large number of secondary
metabolites discovered in marine organisms are derived from marine sponges [1].

Secondary metabolites isolated from marine sponges of the genus Agelas (class De-
mospongiae, order Agelasida, family Agelasidae) display an amazing structural diver-
sity of bromopyrrole and diterpene alkaloids [2]. To this date, 36 species of the Agelas
genus have been identified [3]. Structurally, pyrrole alkaloids generally have a bromo-
or dibromopyrrole-2-carboxamide core attached to a variety of side chains, either linear
or cyclic [4,5]. Apart from their structural diversity, this class of compounds has shown
a wide range of biological activity, including antiparasitic and antimalarial [6,7], antihis-
taminic [8], antimicrobial [9], antifouling [10], and inhibitory action towards voltage-gated
K+ channels [11].

This review primarily deals with the synthetic approaches of the bromopyrrole alkaloid
Ageladine A (1) isolated from the marine sponge Agelas nakamurai (Figure 1). Ageladine A
was first reported in 2003 by Fusetani et al. [12]. It was isolated from the hydrophilic extract
of the marine sponge Agelas namamurai using a bioassay-guided fractionation. Ageladine A

Compounds 2023, 3, 107–121. https://doi.org/10.3390/compounds3010010 https://www.mdpi.com/journal/compounds

https://doi.org/10.3390/compounds3010010
https://doi.org/10.3390/compounds3010010
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/compounds
https://www.mdpi.com
https://orcid.org/0000-0001-8944-1635
https://doi.org/10.3390/compounds3010010
https://www.mdpi.com/journal/compounds
https://www.mdpi.com/article/10.3390/compounds3010010?type=check_update&version=1


Compounds 2023, 3 108

belongs to the pyrrole-imidazole alkaloids family, as it was confirmed by two-dimensional
(2D) NMR studies. This alkaloid showed inhibition of matrix metalloproteinases MMP-1,
-2, -8, -9, -12, and -13 and inhibition of cell migration of bovine aortic endothelial (BAE)
cells. Interestingly, kinetic studies revealed that Ageladine A is not able to chelate Zn2+,
which is a common feature for MMP-2 inhibitors. Hence, its inhibitory activity is probably
attributed to a mechanism different from what other MMP-2 inhibitors exhibited. Previous
experiments in the literature, involving radio-labeled amino acids, have shown that active
metabolites of the oroidin family can be derived from biogenetic precursors, such as proline,
histidine, or ornithine [13–15]. Since Ageladine A is an oroidin metabolite, Fusetani et al.
proposed a plausible biosynthetic pathway, which is depicted in Figure 1. It is assumed
that 4,5-dibromo-1H-pyrrole-2-carbaldehyde (3) can be derived from proline (1), while
histamine (4) can be obtained from histidine (2). Then, 2 and 3 can produce N-vinyl
imine (5). Finally, this azatriene is subjected to an intramolecular 6π-azaelectrocyclization
followed by dehydrogenation of the anticipated dihydropyridine to afford Ageladine A.
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Figure 1. Proposed biosynthetic pathway of Ageladine A (6) by Fusetani et al. [12].

Apart from this biological profile, Ageladine A exhibits a pH-dependent fluores-
cence [16]. It shows the highest fluorescence at pH 3–4, as well as the lowest at pH 9, and
the largest fluorescence changes were observed at the region of pH 6–7. Furthermore, due
to its membrane permeability, Ageladine A is an excellent candidate for the detection of in-
tracellular pH changes. Hence, it can be used for the staining of living cells. Bickmeyer et al.
successfully exploited these properties to stain acidic vesicles in mouse neuronal cells, while
it showed no toxicity in either PC12 or hippocampal neurons [17]. All these very interesting
properties led to the synthesis of a series of derivatives, and their biological activity was
assessed. In the context of the present review, these structure-activity relationship studies
of Ageladine A and its derivatives are also discussed.
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2. Total Syntheses of Ageladine A
2.1. Weinreb’s Total Synthesis of Ageladine A

In 2006, Meketa and Weinreb reported the first total synthesis of Ageladine A in
12 steps, using a 6π-azaelectrocyclization approach for the formation of the pyridine
ring [18]. This successive strategy is applied in the synthesis of various natural products
and their analogs. It involves the conversion of three π-bonds of an hexatriene into a
cyclic moiety that contains two π-bonds and a new σ-bond of lower energy [19]. As
shown in Scheme 1, the synthesis commenced with the metalation of BOM-protected
tribromoimidazole 7 [20], a process that can be realized in a controlled and predictable
manner [21,22]. This involved initially treatment of compound 7 with n-BuLi to result in
the metalation at the C-2 position followed by the insertion of a thiomethyl group upon
reaction with dimethyl disulfide. Then, a second equivalent of n-BuLi was added to effect
metalation at the C-5 position and then treated with DMF to introduce a formyl group.
Thus, compound 7 was converted to compound 8 through a one-pot procedure.
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Scheme 1. Total synthesis of Ageladine A by Weinreb et al. [18].

Towards the formation of the pyridine ring, aldehyde 8 was converted to its corre-
sponding terminal alkene 9 through a Wittig reaction. On the other hand, the bromo
substituent was converted to the carboxylic acid 10 upon treatment with n-BuLi and CO2,
which in turn gave rise to N-methoxy imidoyl chloride 11 in 87% yield. Finally, a 6π-
electrocyclization reaction took place when compound 11 was heated at 150 ◦C using a
solvent of high boiling point, such as o-xylene, to afford 13 in 84% yield.

The next steps on the synthesis of Ageladine A involved the installation of the amino-
group at the C-2 position of the imidazole core. To this end, the thiomethyl group was
oxidized to the corresponding sulfoxide 13, which then treated with sodium azide to
give azide 14. Finally, compound 14 was subjected to catalytic hydrogenation to afford
2-aminoimidazolopyridine 15 with very good overall yield.
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The attachment of the pyrrole moiety to intermediate 15 proved to be quite challenging.
However, the authors found that this could be realized under Suzuki-Miyaura coupling
conditions using as ligand, Buchwald’s 2-biphenyldicyclohexylphosphine [23]. It is worth
to notice that this ligand was crucial for the successful outcome of the reaction, since the use
of other ligands did not afford the desired product. Thus, compound 15 was coupled with
boronic acid 16 to give a mixture of compounds 17 and 18, which was further treated with
HCl to result in compound 19 after global deprotection. However, late-stage bromination
of pyrrole was problematic. The best results were obtained when Ageladine A was treated
with bromine in a cold mixture of acetic acid/methanol. Thus, the desired alkaloid was
obtained, but only in 17% yield along with recovered starting material, mono-brominated,
and traces of tri-brominated product.

2.2. Karuso’s Total Synthesis of Ageladine A

Karuso et al. chose a convergent methodology for the synthesis of Ageladine A
using a biomimetic approach [24]. Furthermore, the problematic late-stage bromination of
Weinreb’s synthesis was taken under consideration and for that reason, N-Boc-4,5-dibromo-
2-formylpyrrole 20 was used as starting material (Scheme 2). According to the proposed
biogenesis of Ageladine A [12], it is quite possible that this dibrominated pyrrole can be
derived from proline (1), while 2-aminohistamine 21 can be derived from histidine (2).
Therefore, a Pictet-Spengler reaction of 20 and 21 in the presence of Sc(OTf)3 as a Lewis acid
led to the anticipated compound 22 as a mixture of diastereoisomers. Finally, Ageladine
A was successfully obtained in 29% yield after dehydrogenation and simultaneous Boc-
deprotection when treated with chloranil in refluxing chloroform.
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A few years later, Karuso et al. also reported a robust one-pot procedure for the
synthesis of Ageladine A [25]. This procedure involved the Pictet-Spengler reaction of
compounds 20 and 21 in the absence of a Lewis acid in ethanol for 6 h while chloranil was
replaced by Pd/C (Scheme 2). The resulting mixture was refluxed for 24 h and furnished
upon purification Ageladine A in 16% overall yield.

2.3. Ando’s Total Synthesis of Ageladine A

At the time first Karuso’s total synthesis was published, Ando et al. proposed the
synthesis of Ageladine A following the same biosynthetic route [26]. However, Ando
used Boc-protected aminohistamine 24, instead of Karuso’s completely unprotected 21,
which was derived from 23 through a two-step procedure, which involved a nitroaldol
condensation with AcONH4 and CH3NO2 followed by reduction with LiAlH4 (Scheme 3).
Compound 24 was then subjected to a Pictet-Spengler reaction with SEM-protected 4,5-
dibromo-2-formylpyrrole 25 to provide compound 26 in 80% yield. It should be noted that
compound 26 was obtained in higher yield without the use of a Lewis acid, compared to
Karuso’s synthesis.
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Scheme 3. Total synthesis of Ageladine A by Ando et al. [26].

For the formation of the pyridine ring (compound 27), Ando et al. followed a two-
step procedure. Initially, partial dehydrogenation took place upon treatment of 26 with
IBX in DMSO. The dehydrogenation was completed after treatment of the thus obtained
intermediate with activated MnO2. The overall yield of these two steps was 89% and proved
to be more efficient compared to Karuso’s procedure using chloranil. Finally, Ageladine A
was obtained as its bistrifluoroacetate salt after treatment with BF3·Et2O to remove both
protective groups and TFA in MeOH in 70% yield over two steps.

2.4. Weinreb’s Second Total Synthesis of Ageladine A

In 2007, Weinreb published a new convergent synthesis of Ageladine A using a
biomimetically inspired 6π-2-azatriene electrocyclization for the generation of the imida-
zolopyridine moiety [27,28]. In contrast with his first synthesis, Weinreb chose to introduce
the two bromo-substituents from the beginning of the synthesis. Hence, the necessary
pyrrole fragment was synthesized from the commercially available 2-cyanopyrrole 28 as
it can be depicted in Scheme 4. Initially, 28 was protected almost quantitively as its corre-
sponding N-BOM derivative (compound 29). Compound 29 was subjected to hydrolysis to
give the corresponding primary amide 30, which, upon treatment with NBS, afforded the
dibromo derivative 31 in 94% yield with the desired regiochemistry as confirmed by X-ray
crystallography.
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Scheme 4. Synthesis of the pyrrole fragment 31.

The construction of the imidazolopyridine fragment started with tribromoimidazole 7,
which was transmetallated selectively at the C-2 position to insert a thiomethyl group.
Following a procedure already described in their previous synthesis (Scheme 1), compound
34 was obtained, which was then subjected to a Wittig reaction with phosphonium iodide
35 to give vinyl iodide 36 in 93% yield (Scheme 5).
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Scheme 5. Synthesis of the imidazole fragment 36 [27,28].

With both fragments in hand, Z-enamide 37 was synthesized stereoselectively using
Buchwald’s protocol (Scheme 6) [29], which, in turn, was then converted to its correspond-
ing thioenamide 38 upon treatment with Lawesson’s reagent. Compound 38 was reacted
with methyl triflate, and the thiomethyl imidate 39 was formed, which was heated with
mesitylene to result in compound 40 in the context of the electrocyclization step. The total
synthesis of Ageladine A was completed with the conversion of the thiomethyl group to
the corresponding amino function with a procedure described previously.
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et al. [27,28].

2.5. Tanaka’s Total Synthesis of Ageladine A

In 2016, Tanaka et al. reported the one-pot synthesis of a new class of Ageladine A
derivatives with N1-substitution (vide infra) as selective modulators of neuronal differenti-
ation [30,31]. They used a cascade which involved a new preparation of 2-aminoimidazole
inspired by the naturally occurring post-translational modification (PTM) of arginine by
lipid metabolites [32]. In proteins, the guanidine moiety of the arginine residue can react
with the conjugated aldehyde of the lipid-oxidized metabolite 4-oxo-(2E)-nonenal to give
N1-substituted 2-aminoimidazole.

Hence, starting from the commercially available 2,4-dinitrofluorobenzene 43, 2,4-
dinitrophenylguanidine 44 was obtained in 53% yield (Scheme 7). This was then reacted
with fumaraldehyde 45 to give rise to the intermediate 46, which directly coupled with
4,5-dibromo-2-formylpyrrole 47 to furnish the 2,4-dinitrophenyl-substituted Ageladine A
48. Finally, basic thiolysis of 48 with 2-mercaptoethanol gave rise to Ageladine A in 5%
overall yield starting from 44.
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2.6. Lindel’s Total Synthesis of Ageladine A

Only recently, Lindel et al. proposed a new alternative for the late-stage bromine inser-
tion to the synthesis of Ageladine A [33]. The regioselective dibromination of the pyrrole
ring was accomplished using an aza-BODIPY route (Scheme 8). Initially, 3-nitropyridin-
4-ol 49 gave 2-chloropyridine-3,4-diamine 50 through an already published three-step
procedure [34,35]. Compound 50 was then treated with CDI to furnish imidazolone 51 in
77% yield. Imidazolone 51 was converted to 53 through a cross-coupling reaction with
Boc-protected pyrrole-2-boronic acid 16. The optimum yield for this reaction was obtained
when the Buchwald’s precatalyst 52 was used [36]. Treatment of compound 53 with POCl3
in a sealed tube afforded chloride 54, which, upon reaction with hydrazine hydrate and
diazotization of the thus obtained compound 55, led to the azide 56 in 66% yield over
two steps. Boron complex 57 was then easily obtained upon treatment with BF3·Et2O in
61% yield, followed by bromination with Br2 to obtain the compound 58 in 76% yield.
Hence, the presence of the boron complex directs the insertion of the two bromine atoms to
the desired positions. The last two steps towards the synthesis of Ageladine A involved
decomplexation with ZrCl4 and finally reduction of the azido function to its corresponding
amine using Na2S in MeOH. Thus, Ageladine A was synthesized through nine linear steps
in 7.9% overall yield.

Compounds 2023, 4, FOR PEER REVIEW 8 
 

 

 

Scheme 8. Total synthesis of Ageladine A by Lindel et al. [33]. 

3. Synthesis and Biological Evaluation of Ageladine A Derivatives 

MMPs are zinc-dependent proteolytic enzymes that can affect cell function through 

the regulation of membrane receptors’ activity and post-receptor’s signaling mechanisms 

[37]. Furthermore, they have the ability to degrade various proteins in the extracellular 

matrix (ECM), such as collagen and elastin and, as a consequence, can interfere in vascular 

smooth muscle (VSM) cell migration in Ca2+ signaling and proliferation [38]. The role of 

MMPs in various physiological processes, such as angiogenesis, morphogenesis, or em-

bryogenesis, is well established, while they also play an important role in pathological 

conditions. Elevated MMPs levels have been associated with progression and invasion of 

tumors, hence they can be considered as biomarkers for a series of diseases and as appeal-

ing therapeutic targets for cardiovascular disorders and cancer.   

Ageladine A was discovered during Fusetani’s campaign for MMPs inhibitors from 

Japanese marine invertebrates [12]. It showed inhibitory activity against MMP-2 with IC50 

= 2.0 μg/mL but it was also active against other MMPs. Interestingly, the corresponding 

N-methylated derivatives 59–61 (Figure 2), showed no inhibitory activity against MMP-2. 

Furthermore, Ageladine A exhibited a 65.9% inhibition of cell migration using BAE cells 

at 25 μg/mL. This, in combination with the fact that Ageladine A inhibits MMP-2, renders 

it as a potent antiangiogenic compound. 

 

Figure 2. N-methylated derivatives of Ageladine A. 

These observations paved the way for the synthesis of new analogues in an effort to 

find more potent inhibitors and to decipher the structural features responsible for the ac-

tivity. Weinreb et al. tested some analogues (62–64) and intermediates (15 and 19) derived 

from the total synthesis of Ageladine A for MMP inhibition (Figure 3) [39]. 

Scheme 8. Total synthesis of Ageladine A by Lindel et al. [33].



Compounds 2023, 3 114

3. Synthesis and Biological Evaluation of Ageladine A Derivatives

MMPs are zinc-dependent proteolytic enzymes that can affect cell function through the
regulation of membrane receptors’ activity and post-receptor’s signaling mechanisms [37].
Furthermore, they have the ability to degrade various proteins in the extracellular matrix
(ECM), such as collagen and elastin and, as a consequence, can interfere in vascular smooth
muscle (VSM) cell migration in Ca2+ signaling and proliferation [38]. The role of MMPs in
various physiological processes, such as angiogenesis, morphogenesis, or embryogenesis, is
well established, while they also play an important role in pathological conditions. Elevated
MMPs levels have been associated with progression and invasion of tumors, hence they can
be considered as biomarkers for a series of diseases and as appealing therapeutic targets
for cardiovascular disorders and cancer.

Ageladine A was discovered during Fusetani’s campaign for MMPs inhibitors from
Japanese marine invertebrates [12]. It showed inhibitory activity against MMP-2 with
IC50 = 2.0 µg/mL but it was also active against other MMPs. Interestingly, the corre-
sponding N-methylated derivatives 59–61 (Figure 2), showed no inhibitory activity against
MMP-2. Furthermore, Ageladine A exhibited a 65.9% inhibition of cell migration using
BAE cells at 25 µg/mL. This, in combination with the fact that Ageladine A inhibits MMP-2,
renders it as a potent antiangiogenic compound.
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Figure 2. N-methylated derivatives of Ageladine A.

These observations paved the way for the synthesis of new analogues in an effort
to find more potent inhibitors and to decipher the structural features responsible for the
activity. Weinreb et al. tested some analogues (62–64) and intermediates (15 and 19) derived
from the total synthesis of Ageladine A for MMP inhibition (Figure 3) [39].
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The screening revealed that the number of bromine atoms, as well as the location,
plays vital role to the activity. Brominated compounds 62 and 63 showed superior activity
compared to non-brominated compound 19 but were five-fold less active when compared to
Ageladine A. Furthermore, the absence of the pyrrole ring (compound 15) or the protection
of the nitrogen (compound 64) were detrimental to the activity.

Ando et al. reported the total synthesis of Ageladine A in 2007 [26]. In this paper,
they employed their strategy to further synthesize a series of analogues (65–73), which
tested as potent MMP-12 inhibitors (Figure 4). This series comprised two mono-brominated
analogues (65 and 66), a compound with no bromine (67), compounds 67–72, which are
N-methylated in various combinations, and compound 73 lacks the amino function at the
C-2 position of the imidazole.
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The biological evaluation revealed that the presence of two bromines in the pyr-
role ring is indispensable for the inhibition since compounds 65–67 showed no activity
(IC50 > 100 µM). The same results were obtained when either pyrrole nitrogen was methy-
lated (compound 68) or imidazole nitrogen was methylated in combination with methy-
lation of the C-2 amino function (compounds 71 and 72). It seems that retention of the
two bromines in combination with unsubstituted nitrogen atoms in both pyrrole and im-
idazole play important role for the activity against MMP-12 since compound 69 was the
most active (IC50 = 10.4 µM). However, 69 was three-fold less potent than Ageladine A
(IC50 = 3.66 µM).

Prompted by these results, Ando et al. reported the synthesis of 21 new analogs in an
effort to extent their structure–activity relationship studies (SAR) towards the inhibition
of MMP-12. The new compounds bore substituents at the three available positions of the
pyrrole ring leaving the imidazopyridine core intact [40]. Rewardingly, three new analogs
(74–76) showed better inhibitory activity than Ageladine A itself (Figure 5). The results
clearly demonstrated that the presence of a halogen, either bromine or chlorine at the C-2
position of the pyrrole, is crucial for the activity. The substitution at the C-3 position either
with bromine or with phenyl or phenethyl groups showed slightly different effect. Interest-
ingly, the introduction of a bromine at the C-4 position significantly increased the activity.
Especially, tri-brominated compound 74 exhibited the best activity (IC50 = 1.24 µM), being
three-fold more active compared to Ageladine A (IC50 = 3.66 µM).
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The biological outcomes of the aforementioned studies from Ando et al. produced a
third generation of ten new analogues. The pyrrole ring was replaced by either imidazole,
triazole, or tetrazole rings to further examine the role of the acidic proton of the pyrrole ring
to the activity [41]. The results confirmed the previous findings that only analogues having
a halogen at the C-2 position (Br or Cl) showed inhibitory activity. In particular, compounds
77 and 78 (Figure 6) were more potent than Ageladine A, with dibromoimidazole 77 being
four-fold more active (IC50 = 0.86 µM). In addition, the presence of the -NH of the pyrrole is
essential, since acidic triazole or tetrazole rings showed no or very weak activity. However,
the presence of halogen atoms at the C-2 and the C-3 position seem to be more important
to the inhibitory effect than the strength of the acidity of the -NH.
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Further replacement of the pyrrole ring by other heterocycles (e.g., indole) or fused
aromatic rings (e.g., naphthalene) or non-aromatic substituents (linear or cyclic) showed no
inhibitory activity against MMPs. The same results were obtained even when the pyridine
ring was replaced by an azepine ring, as can be exemplified in Figure 7 [42]. However,
compounds 79–82 showed some interesting antiproliferative activity when tested against
DU145 prostate, A2058 melanoma, and MDA-MB-435 breast cancer cells lines.
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Figure 7. Structures of the imidazo[4,5-c]azepin-2-amine derivatives 79–82.

The application of the one-pot procedure developed by Karuso et al. [25] for the synthe-
sis of Ageladine A led to a series of new analogues where the pyrrole ring was replaced by
other heterocycles. These compounds were screened for their potential inhibitory activity
against MMP-2 and MT1-MMP (MMP-14) and, as it was anticipated, with the exception
of compound 83 (IC50 = 3.0 µg/mL for MMP-2 and 0.57 µg/mL for MT1-MMP), showed
reduced activity compared to Ageladine A (IC50 = 1.7 µg/mL for MMP-2 and 0.2 µg/mL
for MT1-MMP).

The natural product and some selected derivatives were also tested for their antiangio-
genic activity. Surprisingly, 2-pyridine analogues 84, 85 and 86 (IC50 = 8, 19 and 21 µg/mL,
respectively) and also benzothiophene analogue 87 (IC50 = 17 µg/mL) showed better an-
tiangiogenic activity than Ageladine A (IC50 = 24 µg/mL). On the other hand, 3-pyridine
derivative 88 showed no activity indicating the importance of the C-2 substitution of the
pyridine core (Figure 8).
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Ageladine A and compound 84 were further screened against 402 kinases. Both
compounds showed similar profile by selectively inhibiting the same kinases, namely,
DYRK1A, DYRK2, TYRK2 (JH2 domain), and YSK4. Collectively, it is reported for the first
time, that the angiogenic activity of Ageladine A is not associated with MMP inhibition, but
rather with kinase inhibitory activity. This remarkable conclusion renders Ageladine A as a
very promising scaffold for the development of new potent and selective kinase inhibitors.

DYRK1A, a serine/threonine kinase, is associated with the suppression of the neural
proliferation and differentiation and therefore is connected with pathogenesis, such as
Alzheimer’s disease [43]. Prompted by the observation that Ageladine A and its analogue
84 inhibit this kinase, Tanaka et al. synthesized a series of 20 N1-substituted Ageladine
A derivatives to study their potency to inhibit DYRK1A and to differentiate neural stem
cells [30]. The results indicated that the substitution of Ageladine at the N1-position
clearly eliminated the DYRK1A inhibitory activity of the compounds. At the same time,
compounds 89 and 90 (Figure 9) were found to promote the neural differentiation and
were more effective than harmine, which is a known DYRK1A inhibitor. On the other
hand, compound 91 suppressed the differentiation of neurons while also showing neg-
ligible inhibitory activity of DYRK1A. These findings showed, beyond any doubt, that
the differentiation–modulation activity of these compounds is DYRK1A-independent. It
is very important to say that this modulation of neuron cells did not affect the astrocyte
differentiation.
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To this date, none of the synthesized analogs of Ageladine A showed better inhibitory
activity against MMP-2. However, a number of compounds exhibited better inhibitory
activity against MMP-12 compared to the natural metabolite. The following, Table 1,
summarizes the in vitro activity of Ageladine A and its analogs against MMP-12.



Compounds 2023, 3 118

Table 1. Structures and inhibitory activity against MMP-12 of Ageladine A and its more potent analogs.

Compound Structure
In Vitro Inhibitory Activity against

MMP-12
IC50 (µM)

Refs

Ageladine A

 
 

 
 

 
Compounds 2023, 4, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/compounds 

Table 1. Structures and inhibitory activity against MMP-12 of Ageladine A and its more potent an-
alogs. 

Compound Structure 
In Vitro Inhibitory Activity against 

MMP-12 
IC50 (μΜ) 

Refs 

Ageladine 
A 

 

3.66 [40] 

74 

 

1.24 [40] 

75 

 

2.02 [40] 

76 

 

2.99 [40] 

77 

 

0.86 [41] 

78 

 

1.64 [41] 

Furthermore, a number of analogs exhibited better antiangiogenic activity compared 
to parent natural metabolite. The structures and the activity of these compounds are sum-
marized in Table 2.  

  

NH
N

H2N

N
N
H

Br

Br

NH
N

H2N

N
N
H

Br

Br Br

NH
N

H2N

N
N
H

Cl

Br

NH
N

H2N

N
N
H

Br

Br
Ph

N
H

N
N

Br

Br

N NH

H2N

N
H

N
N

Cl

Br

N NH

H2N

3.66 [40]

74

 
 

 
 

 
Compounds 2023, 4, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/compounds 

Table 1. Structures and inhibitory activity against MMP-12 of Ageladine A and its more potent an-
alogs. 

Compound Structure 
In Vitro Inhibitory Activity against 

MMP-12 
IC50 (μΜ) 

Refs 

Ageladine 
A 

 

3.66 [40] 

74 

 

1.24 [40] 

75 

 

2.02 [40] 

76 

 

2.99 [40] 

77 

 

0.86 [41] 

78 

 

1.64 [41] 

Furthermore, a number of analogs exhibited better antiangiogenic activity compared 
to parent natural metabolite. The structures and the activity of these compounds are sum-
marized in Table 2.  

  

NH
N

H2N

N
N
H

Br

Br

NH
N

H2N

N
N
H

Br

Br Br

NH
N

H2N

N
N
H

Cl

Br

NH
N

H2N

N
N
H

Br

Br
Ph

N
H

N
N

Br

Br

N NH

H2N

N
H

N
N

Cl

Br

N NH

H2N

1.24 [40]

75

 
 

 
 

 
Compounds 2023, 4, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/compounds 

Table 1. Structures and inhibitory activity against MMP-12 of Ageladine A and its more potent an-
alogs. 

Compound Structure 
In Vitro Inhibitory Activity against 

MMP-12 
IC50 (μΜ) 

Refs 

Ageladine 
A 

 

3.66 [40] 

74 

 

1.24 [40] 

75 

 

2.02 [40] 

76 

 

2.99 [40] 

77 

 

0.86 [41] 

78 

 

1.64 [41] 

Furthermore, a number of analogs exhibited better antiangiogenic activity compared 
to parent natural metabolite. The structures and the activity of these compounds are sum-
marized in Table 2.  

  

NH
N

H2N

N
N
H

Br

Br

NH
N

H2N

N
N
H

Br

Br Br

NH
N

H2N

N
N
H

Cl

Br

NH
N

H2N

N
N
H

Br

Br
Ph

N
H

N
N

Br

Br

N NH

H2N

N
H

N
N

Cl

Br

N NH

H2N

2.02 [40]

76

 
 

 
 

 
Compounds 2023, 4, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/compounds 

Table 1. Structures and inhibitory activity against MMP-12 of Ageladine A and its more potent an-
alogs. 

Compound Structure 
In Vitro Inhibitory Activity against 

MMP-12 
IC50 (μΜ) 

Refs 

Ageladine 
A 

 

3.66 [40] 

74 

 

1.24 [40] 

75 

 

2.02 [40] 

76 

 

2.99 [40] 

77 

 

0.86 [41] 

78 

 

1.64 [41] 

Furthermore, a number of analogs exhibited better antiangiogenic activity compared 
to parent natural metabolite. The structures and the activity of these compounds are sum-
marized in Table 2.  

  

NH
N

H2N

N
N
H

Br

Br

NH
N

H2N

N
N
H

Br

Br Br

NH
N

H2N

N
N
H

Cl

Br

NH
N

H2N

N
N
H

Br

Br
Ph

N
H

N
N

Br

Br

N NH

H2N

N
H

N
N

Cl

Br

N NH

H2N

2.99 [40]

77

 
 

 
 

 
Compounds 2023, 4, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/compounds 

Table 1. Structures and inhibitory activity against MMP-12 of Ageladine A and its more potent an-
alogs. 

Compound Structure 
In Vitro Inhibitory Activity against 

MMP-12 
IC50 (μΜ) 

Refs 

Ageladine 
A 

 

3.66 [40] 

74 

 

1.24 [40] 

75 

 

2.02 [40] 

76 

 

2.99 [40] 

77 

 

0.86 [41] 

78 

 

1.64 [41] 

Furthermore, a number of analogs exhibited better antiangiogenic activity compared 
to parent natural metabolite. The structures and the activity of these compounds are sum-
marized in Table 2.  

  

NH
N

H2N

N
N
H

Br

Br

NH
N

H2N

N
N
H

Br

Br Br

NH
N

H2N

N
N
H

Cl

Br

NH
N

H2N

N
N
H

Br

Br
Ph

N
H

N
N

Br

Br

N NH

H2N

N
H

N
N

Cl

Br

N NH

H2N

0.86 [41]

78

 
 

 
 

 
Compounds 2023, 4, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/compounds 

Table 1. Structures and inhibitory activity against MMP-12 of Ageladine A and its more potent an-
alogs. 

Compound Structure 
In Vitro Inhibitory Activity against 

MMP-12 
IC50 (μΜ) 

Refs 

Ageladine 
A 

 

3.66 [40] 

74 

 

1.24 [40] 

75 

 

2.02 [40] 

76 

 

2.99 [40] 

77 

 

0.86 [41] 

78 

 

1.64 [41] 

Furthermore, a number of analogs exhibited better antiangiogenic activity compared 
to parent natural metabolite. The structures and the activity of these compounds are sum-
marized in Table 2.  

  

NH
N

H2N

N
N
H

Br

Br

NH
N

H2N

N
N
H

Br

Br Br

NH
N

H2N

N
N
H

Cl

Br

NH
N

H2N

N
N
H

Br

Br
Ph

N
H

N
N

Br

Br

N NH

H2N

N
H

N
N

Cl

Br

N NH

H2N

1.64 [41]

Furthermore, a number of analogs exhibited better antiangiogenic activity compared
to parent natural metabolite. The structures and the activity of these compounds are
summarized in Table 2.



Compounds 2023, 3 119

Table 2. Structures and antiangiogenic activity of Ageladine A and its more potent analogs.

Compound Structure Antiangiogenic Activity
IC50 (µg/mL) Refs

Ageladine A
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4. Conclusions

Marine sponges are an inexhaustible source of secondary metabolites offering both
amazing structural diversity and a wide range of biological applications. Pyrrole alkaloids
are one of the most prominent classes of such compounds. Ageladine A, derived by the
marine sponge Agelas nakamurai, is a pyrrole-imidazole compound with very interesting
biological activity as a MMP inhibitor and as a potent antiangiogenic compound. The
elucidation of its structure and its biological profile motivated a number of research groups
to describe efficient methods for the total synthesis of this natural product and to further
expand their studies towards the synthesis of several derivatives in order to identify the
structural elements responsible for such activity. Despite the fact that all total syntheses are
inspired in terms of synthetic methodology, they suffer from low overall yields that render
the synthesis of Ageladine A in gram-scale rather unattractive. Hence, there is still need for
the discovery of new more efficient synthesis of Ageladine A, which will probably generate
even more potent analogs in the future.

In the context of these synthetic approaches, a small number of compounds with
better inhibitory activity compared to Ageladine A were discovered. Additionally, a new
biological activity as potent neuron cells modulators without affecting the differentiation
of the astrocytes was reported. Interestingly, Ageladine A has also the ability to stain
fast-moving vesicles in live nerve cells, hence it can be used in fluorescence microscopy.

The present review attempted to highlight the synthetic efforts made towards the
synthesis of Ageladine A and its derivatives and to shed lights on the structural features,
which are indispensable for the activity. Hence, this work aspires to motivate more scientists
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in the field of marine natural products to discover new, more potent Ageladine A derivatives
either as kinase inhibitors or towards a new target.
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11. Zidar, N.; Žula, A.; Tomašič, T.; Rogers, M.; Kirby, R.W.; Tytgat, J.; Peigneur, S.; Kikelj, S.D.; Janez, I.; Mašič, L.P. Clathrodin,
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