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Cortistatin and plakinamine steroidal alkaloids from
the marine sponges of the genus Corticium:
insights into their chemistry, pharmacology,
pharmacokinetics and structure activity
relationships (SARs)¥
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Cortistatins and plakinamines represent a unique class of marine-derived steroidal alkaloids, renowned for
their structural diversity and potent pharmacological activities. This review provides a comprehensive
overview of their chemical characteristics, pharmacological profiles, pharmacokinetics, and drug-likeness
properties, with a particular focus on structure—activity relationships (SARs). Indeed, we explored their
distinct molecular architectures and classification within the broader family of marine alkaloids,
highlighting key subclasses and derivatives identified through advanced analytical techniques. Their

broad-spectrum bioactivities, including anticancer, anti-inflammatory, antimicrobial, and antiviral effects,
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Accepted 14th March 2025 are discussed in detail, supported by insights into SARs and pharmacophore identification that illuminate

the molecular basis of their bioactivity. Additionally, we evaluate their pharmacokinetic attributes,

DOI: 10.1039/d4ra08718f including absorption, distribution, metabolism, and elimination (ADME), alongside their compliance with
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1. Introduction

Marine natural products (MNPs) represent a rich and prolific
source of structurally unique bioactive compounds, many of
which are at the forefront of drug discovery. The harsh and
diverse conditions of marine ecosystems, including extreme
temperatures, high pressures, salinity fluctuations, and varying
light availability, drive the evolution of distinctive biochemical
pathways in marine organisms, such as sponges, molluscs,
corals, algae, and marine microorganisms.' These environ-
mental pressures lead to the production of novel metabolites
that exhibit potent and often highly selective bioactivity,
making them compelling candidates for therapeutic
applications.

Beyond their structural novelty, marine natural products are
characterized by their ability to modulate unique molecular
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drug-likeness criteria, offering a holistic perspective on their potential for drug development.

pathways, often targeting mechanisms that differ from those
addressed by terrestrial compounds.®> Marine-derived
compounds demonstrate diverse bioactivities, including anti-
cancer, anti-inflammatory, antimicrobial, and antiviral
effects.>® These activities are mediated through mechanisms
such as the inhibition of cell proliferation, induction of
apoptosis, and disruption of pathogenic biofilm formation.
Moreover, the chemical diversity of these compounds offers
opportunities to overcome drug resistance, a growing challenge
in infectious disease and oncology.>*

Several MNPs have successfully transitioned from the ocean
to the clinic, demonstrating their therapeutic potential. Tra-
bectedin (Yondelis®), derived from the tunicate Ecteinascidia
turbinate, has been approved for treating soft tissue sarcoma
and ovarian cancer.” Similarly, Brentuximab vedotin (Adcetris®)
which incorporates the marine-derived dolastatin-10 is used to
treat Hodgkin lymphoma. Another noteworthy example is
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Ziconotide (Prialt®), a peptide isolated from the venom of the
cone snail Conus magus, which serves as a potent non-opioid
analgesic for severe chronic pain.® Beyond these, MNPs
continue to constitute an invaluable rich source for antimicro-
bial agents, exemplified by compounds like salinosporamide A,
the proteasome inhibitor from the marine bacterium Salinis-
pora tropica, which has demonstrated promise as an anticancer
agent.’

With the increasing demand for novel therapeutics, marine
natural products (MNPs) remain a critical source of structurally
diverse chemical scaffolds and lead compounds, reinforcing the
significance of marine ecosystems as a reservoir for drug
discovery. The ongoing exploration of marine environments
remains crucial for expanding bioactive molecule libraries,
uncovering new therapeutic targets, and addressing challenges
like sustainable supply and synthesis complexities. Advances in
chemical synthesis, aquaculture, and biotechnology continue to
pave the way, enabling marine natural products to inspire new
drug discoveries and provide unique mechanisms for treating
complex diseases such as cancer and infectious diseases.

The marine sponge Corticium, is a genus within the phylum
Porifera, found in coastal waters across various regions, notable
for its distinctive encrusting growth form on underwater
substrates. Like many sponges in nutrient-poor marine
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environments, Corticium species have evolved complex chemical
defences, enabling them to deter predators, inhibit fouling
organisms, and compete effectively within their ecological
niche. These adaptations have led to the biosynthesis of an
array of structurally diverse secondary metabolites, spanning
several distinct classes, contributing to the sponge's resilience
and ecological interactions including alkaloids, peptides,
terpenoids, polyketides, and sterols.'®'* Cortistatins are a class
of steroidal alkaloids originally isolated from the marine
sponge Corticium simplex. Their structure includes both
a steroidal core and a rare pentacyclic scaffold, distinguishing
them from other alkaloid classes. These compounds have
gained attention in research for their unique structure and
remarkable pharmacological potential, particularly their anti-
cancer and anti-inflammatory properties. The primary bioactive
compounds in this group, such as cortistatin A, have been
studied for their selective inhibition of endothelial cell prolif-
eration, which is essential in targeting angiogenesis in
tumors.” This makes them potential candidates for anti-cancer
therapies, especially in conditions where inhibiting blood vessel
formation is advantageous. Further studies have shown that
cortistatins may also possess antiviral, anti-inflammatory, and
neuroprotective effects, broadening their potential therapeutic
applications beyond oncology."*™*°
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Among the other notable compounds produced by Corticium
sponges are plakinamines, a group of nitrogen-containing
alkaloids. Plakinamines are distinguished by their polycyclic,
nitrogen-rich frameworks, which are not commonly found in
terrestrial natural products. These complex structures are
thought to play defensive roles in the marine environment,
possibly deterring predators or microbial colonization.'® From
a pharmacological perspective, plakinamines have shown
a range of biological activities, including significant antima-
larial and cytotoxic effects. Their antimalarial potential has
positioned them as candidates for developing treatments
against malaria, especially as resistance to existing antimalarial
drugs continues to rise."”

Steroidal alkaloids, including cortistatins and plakinamines,
have garnered significant interest in drug discovery due to their
unique structures and potent biological activities. The struc-
tural complexity of both classes of alkaloids poses some chal-
lenges for synthetic replication, which has driven researchers to
develop novel synthetic strategies to produce these compounds
in the lab.*® While no commercial drugs have yet been directly
developed from these specific marine alkaloids, their structural
frameworks have inspired the design of drug candidates tar-
geting cancer, inflammation, and infectious diseases." For
instance, cortistatins, isolated from marine sponges, exhibit
exceptional anti-angiogenic activity by selectively inhibiting
CDK8, a key regulator in cancer progression, making them
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valuable scaffolds for anticancer drug development.*® Similarly,
plakinamines, a class of polycyclic steroidal alkaloids, have
demonstrated promising antimalarial and cytotoxic activities,
suggesting their potential as templates for new therapeutic
agents. The influence of steroidal alkaloids extends beyond
marine-derived molecules, as seen in commercial drugs such as
veratramine and cyclopamine, which target Hedgehog signal-
ling pathways in cancer therapy.*"** These examples underscore
the pharmaceutical relevance of steroidal alkaloids and high-
light their potential as leads for next-generation therapeutics.

Building on our ongoing research into biologically active
marine natural products,”®™° the current review focuses on the
detailed exploration of cortistatins and plakinamines, aiming to
unlock their full therapeutic potential. By examining their
chemistry, medicinal properties, pharmacokinetics, and drug-
likeness, we seek to address critical knowledge gaps that
currently limit their development as viable drug candidates. A
particular emphasis is placed on investigating their pharma-
cokinetics, including bioavailability, metabolism, and safety
profiles-key factors that determine the feasibility of translating
these marine-derived compounds into effective and safe thera-
peutic agents. Through this focused approach, we aim to not
only advance the understanding of these compounds but also
provide a robust foundation for their future integration into
drug development pipelines.
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2. Chemistry of steroidal alkaloids of
the marine sponge of the genus
Corticium

In this section, we will discuss systematically the chemical
diversity of 36 marine derived steroidal alkaloids recorded from
the marine sponge of the genus Corticium, which are listed in
(Table 1 and Fig. 1-3), into three subgroups, in an ascending
manner according to their publication date, as well as their
isolation and structure elucidation.

2.1 Isolation and structure elucidation of B(9a)-homo-19-
nor-steroidal alkaloids

Chemical examination of the chloroform crude extract of the
Pacific marine sponge Corticium sp., which displayed a powerful
cytotoxic effect towards KB cancer cell lines with 100% cyto-
toxicity led to the isolation of 3a-amino-23,29-imino-B(9a)-
homo-19-nor-5a-stigmasta-1(10),7,9(11),23(N)-tetraene (1) and
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3a-amino-23,29-imino-B(9a)-homo-19-nor-5a-stigmasta-

1(10),7,23(N)-triene (2) (Fig. 1), compounds 1 and 2, were found
to be the first members of an unprecedent group of marine
derived natural products with the unpredicted tetracyclic
system in which 9,10 bond fission has occurred to yield a seven
membered ring B. Indeed, the B(9a)-homo-19-nor- steroids were
known only from terrestrial sources before the successful
isolation of these two derived marine steroidal alkaloids.
Compounds 1 and 2, structures were elucidated through the
extensive analysis of their 1D and 2D NMR data accompanied
with the analysis of their HRMS spectra. Compounds 1 and 2,
were not examined for any relevant biological activity.**

2.2 Isolation and structure elucidation of cortistatins
steroidal alkaloids

Due to its promising cytotoxic effect against HUVECs, in 2006,
the methanolic extract of the marine sponge C. simplex, which
was collected in Indonesia, from the Island of Flores was
discovered by Aoki et al.,”> through bioassay guided fraction-
ation, which led to the first report of the unusual rearranged
steroidal cortistatin core i.e., cortistatins A (3), B (4), C (5), and D
(6), (Fig. 2), their structures were formulated based on the by
analysis of their high-resolution mass spectrometry (HRESI-
TOF MS) data as well as the interpretation of their 1D and 2D
NMR data, the relative configuration of the stereogenic centres
of the obtained compounds were deduced based on the
observed correlations in their NOESY spectra and the measured
coupling constants between the protons of the stereogenic
carbons, furthermore the proposed relative configuration of
absolute configuration of cortistatin A (3), was confirmed
through the analysis of its crystallographic data of its obtained
crystals, additionally its absolute structure was further exam-
ined based on the observed data in its CD spectrum.

Due to the unique structure of cortistatins A-D (3-6), as well
as their powerful cytotoxic effect, the same group of authors
manage to isolate another four stigmastane-type steroidal
alkaloids cortistatins derivatives namely cortistatins E (7), F (8),
G (9) and H (10), (Fig. 2), from the same Indonesian marine
sponge C. simplex, through the bioassay guided separation of its
methanolic extract, their planar structures were deduced based
on the observed correlation on their NMR spectra along with the
analysis of their HR-ESI-MS spectra, furthermore their relative
structure were designed based on the observed correlations in
their NOESY spectra.*

Another and last successful trial for the isolation of this
unusual steroidal alkaloids was done in 2007, Aoki et al., from
the Indonesian marine sponge C. simplex, based on the bioassay
guided separation, which led to the isolation of three
androstane-type steroidal alkaloids, namely cortistatins J (11), K
(12), and L (13), (Fig. 2), their structures were determined
through extensive analysis of their HRESI-TOFMS, 1D and 2D-
NMR data, whilst the relative configuration of the asymmetric
carbons of the isolated steroidal derivatives were deduced based
on the observed correlations in their NOESY spectra, the abso-
lute configuration of the stereogenic centres cortistatin J (11),
was determined by circular dichroism (CD) exciton chirality

RSC Adv, 2025, 15, 9092-9107 | 9095
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Table 1 List of 36 isolated steroidal alkaloids of the marine sponge Corticium sp. together with their displayed therapeutic activities
MF Biological activity
No Name Source Assay Effect Reference
B(9a)-homo-19-nor-steroidal alkaloids
1 CaoHygN, Corticium sp. Not determined for any relevant biological activity 31
3a-amino-23,29-imino-B(9a)-
homo-19-nor-5a-stigmasta-
1(10),7,9(11),23(N)-tetraene
2 CaoHy6N, Corticium sp. Not determined for any relevant biological activity 31
3a-amino-23,29-imino-B(9a)-
homo-19-nor-5a-stigmasta-
1(10),7,23(N)-triene
Cortistatins derivatives
3 C30H36N,05 C. simplex Cytotoxicity ICso (0.0018 pM) 12
Cortistatin A
4 C30H36N,0,4 C. simplex Cytotoxicity ICso (1.1 pM) 12
Cortistatin B
5 C30H3,N,0, C. simplex Cytotoxicity ICso (0.019 pM) 12
Cortistatin C
6 C30H3,4N,05 C. simplex Cytotoxicity ICso (0.15 pM) 12
Cortistatin D
7 C;,H;,N,O C. simplex Cytotoxicity ICso (0.35-1.9 uM) 32
Cortistatin E
8 C;,H;50N,O C. simplex Cytotoxicity ICs0 (0.35-1.9 uM) 32
Cortistatin F
9 C31H4,N,O C. simplex Cytotoxicity ICso (0.35-1.9 uM) 32
Cortistatin G
10 C3:H4N,O C. simplex Cytotoxicity ICs0 (0.35-1.9 uM) 32
Cortistatin H
11 C3oH3,N,0 C. simplex Cytotoxicity 1Cso (0.008 pM) 33
Cortistatin J
12 C30H36N,O C. simplex Cytotoxicity ICso (0.04 pM) 33
Cortistatin K
13 C30H36N,0, C. simplex Cytotoxicity ICs (0.023 uM) 33
Cortistatin L
Plakinamine derivatives
14 C;31H50N,O Corticium sp. Cytotoxicity ICso (0.5-5.0 pg mL™") 34 and 35
Lokysterolamine A Immunomodulatory Mild (0.13 and > 25.0)
Antibacterial Inhibition zone (19.0 mm)
Antifungal Inhibition zone (9-11.0 mm)
Nucleic acid cleaving Inactive
15 C3;HysN,0, Corticium sp. Cytotoxicity ICs0 (0.5 - >2.0 pg mL™") 34
Lokysterolamine B Immunomodulatory Mild (0.0.48 and > 12.5)
Antibacterial Inhibition zone (8.0 mm)
Antifungal Inhibition zone (0 mm)
16 C33H54N,0, Corticium sp. Cytotoxicity ICso (<3.2 pg mL ™) 16
Plakinamine C Anti-viral Slight
17 C33H54N,0, Corticium sp. Cytotoxicity ICs0 (<3.3 pg mL™) 16
Plakinamine D
18 C3,H50N,0 Corticium sp. Cytotoxicity ICs0 (3.6 pg mL™") 16 and 36
N,N-dimethyl-4-oxo-3-
epi-plakinamine B
19 CuoHysN, Corticium sp. Cytotoxicity ICs0 (5.7 pg mL™") 16 and 36
24,25-Dihydroplakinamine A Anti-viral Slight
20 C30H5,N, Corticium sp. Cytotoxicity ICs0 (4.9 pg mL™") 16 and 36
— Anti-viral Slight
21 C3,Hs50N,0, Corticium sp. Cytotoxicity ICs0 (0.2 pg mL ™) 35
Plakinamine E Antifungal Inhibition zone (12.0 mm)
Nucleic acid cleaving
22 C31H,5N,O Corticium sp. Cytotoxicity ICs (1.3 pg mL ™) 35
Plakinamine F Antifungal Inhibition zone (8.0 mm)
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Table 1 (Contd.)
MF Biological activity

No Name Source Assay Effect Reference

Nucleic acid cleaving Inactive

23 CaoHuN,O Corticium sp. Cytotoxicity ICs (6.8 pg mL ™) 36
Plakinamine G

24 C;31H,N,O Corticium sp. Cytotoxicity ICso (9.0-61.0 pg mL ™) 36
Plakinamine H

25 C30H45N,0 Corticium sp. Cytotoxicity ICso (16.2-26.1 ug mL™") 36
4a-hydroxydemethylplakinamine B

26 C,oH50N, Corticium sp. Cytotoxicity ICso (1.4 pg mL ™) 36
TEtrahydroplakinamine A

27 C31H50N, C. niger Cytotoxicity ICso (2.52-11.27 pg mL™Y) 37 and 40
Plakinamine I

28 C30H50N, C. niger Cytotoxicity ICs (2.63-5.70 ug mL™") 37 and 40
Plakinamine J Gl (2.4 M)

29 C3,H;,N,0, C. niger Cytotoxicity ICs0 (0.698-2.48 pg mL™) 37
Plakinamine K

30 C3,H54N,0, C. niger Cytotoxicity ICso (0.697 pug mL™%) 37
Dihydroplakinamine K

31 C3,H56N,0, Corticium sp. Cytotoxicity ICs0 (3.9 pg mL ™) 38
Plakinamine I

32 C33H;5,N,0, Corticium sp. Enzyme inhibition ICso (3.75 £+ 1.69 pM) 10
4-Acetoxy-plakinamine B

33 C33H55N,O Corticium sp. Antibacterial MIC (3.6 pug mL’1) 39 and 41
Plakinamine L

34 CuoHysN, Corticium sp. Antibacterial MIC (15.8 pg mL ™) 39
Plakinamine M

35 C33H5gN, C. niger Cytotoxicity Gl (11.5 M) 40
Plakinamine N

36 C31H;50N,0, C. niger Cytotoxicity Glso (1.4 pM) 40
Plakinamine O

HoNY HoNY

Fig.1 Reported B(9a)-homo-19-nor- steroids 1 & 2.

method, even though compounds cortistatins K (12), and L (13)
didn't showed the expected split CD maxima in their CD
spectra, but due to the high structural similarity of cortistatins
rendered safe the assumption that both 12 and 13 share the
same absolute configuration as that of cortistatins A (3), and J
(11).%

2.3 Isolation and structure elucidation of plakinamines and
related steroidal alkaloids

Chemical examination of the ethanolic extract of the marine
sponge Corticium sp., collected in Indonesia from the island of
Sulawesi, by scuba diving from a depth of —20 m, led to the
isolation of two previously undescribed steroidal alkaloids,

© 2025 The Author(s). Published by the Royal Society of Chemistry

namely lokysterolamines A (14) and (15), (Fig. 3), their planar
structures were elucidated through extensive analysis based on
the collected data from the used spectroscopic method means
i.e., IR, HREIMS, and NMR spectroscopic methods. The relative
configuration of the asymmetric carbons of compounds 14 and
15, was prosed based of the obtained data from their NOE
experiments along with the compression with the previously
reported related analogue plakinamine A, isolated from the
marine sponge Plakina sp.>*

Bioassay guided separation of methanolic extract of the
South Pacific marine sponge Corticium sp., collected from
a depth of 12-18 m, at Porth Havannah, Vanuatu led to the
isolation of five previously unreported steroidal alkaloids
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Fig. 2 Reported cortistatins 3—13.

namely plakinamines C (16) and D (17), along with other three
related compounds (18-20) (Fig. 3), their structures were
elucidated through extensive analysis of their HREIMS, along
with 1D and 2D NMR data. The relative configuration of the
stereogenic carbons was assigned based on the analysis of the
observed correlations in their ROESY spectra as well as with the
compression with the previously reported related analogue
plakinamine A, isolated from the marine sponge Plakina sp.*®

Plakinamines E (21) and F (22), two previously un-described
plakinamine related steroidal alkaloids along with the previ-
ously mentioned analogues lokysterolamine A (14) (Fig. 3), were
isolated from the organic extract of the marine sponge Corti-
cium sp., collected from the Harbor of Apra, Guam, at a depth of
5-15 m, where they were identified as N-oxo and 4-oxo derivative
of the previously reported analogue lokysterolamine A (14),
based on the interpretation of the observed correlation in their
1D and 2D NMR spectra accompanied with the obtained data
from their HREIMS spectra.*®

Borbone et al., in their trial for the chemical examination of
the second collection from the South Pacific marine sponge C.

9098 | RSC Adv, 2025, 15, 9092-9107

sp., were able to isolate in a pure form another four previously
unreported steroidal alkaloids derivative namely plakinamines
G (23), H (24), 4a-hydroxydemethylplakinamine B (25) and tet-
rahydroplakinamine A (26), together with the previously
mention derivatives (18-20) (Fig. 3). Compounds 23-26, planar
structures were proposed based on the extensive analysis of
their spectroscopic features i.e., HREIMS, 1D and 2D NMR data,
along with the comparison with the spectroscopic features of
the previously reported analogues.*®

Chemical examination of the methanolic extract Philippine
sponge C. niger, collected from the island of Boracay, at a depth
of 15-30 m, resulted in the isolation of the un-described pla-
kinamines I (27), J (28), K (29), and dihydroplakinamine K (30),
(Fig. 3). Compounds 27-30, structures have been assumed
based on the obtained data from the high-resolution mass
measurements in combination with the extensive analysis of
the observed correlations obtained from their 1D and 2D NMR
spectra. Additionally, the relative configuration of the asym-
metric carbons of compounds 27-30, were deduced according
to the acquired data from their NOESY and ROESY spectra.*”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Reported plakinamines 14-36.

Reinvestigation of the polar extract of the South Pacific
marine sponge Corticium sp., by Zampella et al.,*® resulted in the
successful isolation of the naturally occurring 19-acetoxy-3a-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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amino steroid namely plakinamine I (31), (Fig. 3) for the first
time, it is worth mention that even though it has the same name
as that for compound (27), but they are two different structures.
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Plakinamine I (31), planar structure was determined, through
HRESIMS measurement as well as the interpretation of
acquired NMR data accompanied with the obtained data from
its chemical synthesis. Furthermore, the relative configuration
of the stereogenic centres was deduced based on the observed
correlation in its ROESY spectrum as well as the measured
coupling constants.

4-Acetoxy-plakinamine B (32), (Fig. 3) another previously
unreported stigmastane-type steroidal alkaloid, was isolated
based on the bioassay guided separation, from the methanolic
extract of the marine sponge C. sp., collected in the Province of
Surat-Thani, at a depth of 18-30 m, based on the EIMS
measurement, along with the extensive analysis of the obtained
NMR data, its planar structure was deduced. Additionally, its
relative configuration was proposed based on the analysis of the
observed correlations of its NOESY spectrum and the measured
coupling constants, along with the compression of the NMR
data of similar and previously reported most steroids and tri-
terpenoids. It is worth mention that 4-acetoxy-plakinamine B
(32) represents the first example of the non-pregnane type
steroid.*

Aknin et al., reported the isolation of the first plakinamine
derivative with acyclic side chain namely plakinamine L (33),
from the organic extract of the south-west Madagascar marine
sponge C. sp. Its planar structure was determined based on the
analysis of their spectroscopic features i.e., HREIMS, 1D and 2D
NMR. Furthermore, the relative configuration of its stereogenic
centres was determined by the interpretation of the observed
correlation in its NOESY spectrum, as well as the comparison
with the previously reported plakinamine A, isolated from the
marine sponge Plakina sp.*®

Further two acyclic side chain steroidal alkaloids included
the previously mentioned plakinamine L (33) along with the
previously unreported plakinamine M (34), (Fig. 3) were isolated
from the methanolic extract of an unknown species of the
marine sponge of the genus Corticium, through bioassay guided
fractionation, compound plakinamine M (34) planar structure
were assumed based on the obtained spectroscopic data
including HRESIMS, 1D and 2D NMR data. Additionally, the
relative configuration of the asymmetric centres was deduced
based on the observed correlations in its NOESY spectrum as
well as the measured coupling constants.*

Bioassay-guided fractionation of the polar extract of the
Philippines marine sponge C. niger, collected at a depth of —15
to —20 m, from the west of Luzon, resulted in the isolation of
two previously unreported plakinamines analogues, namely
plakinamines N (35) and O (36), along with the previously
mentioned plakinamines, I (27) and J (28) (Fig. 3). Compounds
35 and 36, planar structures were determined based on the
extensive analysis, of their 1D and 2D NMR data, along with
their HRESIMS measurements, together with the comparison of
their spectroscopic features with those of the previously re-
ported analogues. The relative configuration of the asymmetric
carbons of plakinamines N (35) and O (36), was assumed based
on the analysis of their ROESY accompanied with the measured
coupling constant along with the comparison of their '*C
spectra with those of the previously reported analogues.*
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3. Pharmacological activities of
steroidal alkaloids of the marine
sponges of the genus Corticium

Steroidal alkaloids isolated from the marine sponge Corticium
sp., were found to display a wide array of biological activities
including cytotoxic, antimicrobial, anti-HIV, immunomodula-
tory, and nucleic acid cleaving activities.'***** Within this
section we tried to highlight a shed on the different bioactivity's
abilities of the marine sponge Corticium sp. steroidal alkaloids,
as well as summarizing these biological abilities in Table 1.

3.1 Cytotoxicity

During the search of bioactive metabolites of marine origin, De
Marino et al., found that the crude extract of unidentified
species of the marine sponge Corticium, showed a powerful
cytotoxic effect against KB cancer cell line, with 100% cytotox-
icity, even though the discovered promising cytotoxic effect of
the crude extract, compounds 1 and 2, that isolated from it,
were not examined for any relevant biological activity.*!

Aoki et al., during their investigation of bioactive substances
of marine origin, they examined the anti-proliferative effect of
the MeOH extract of the Indonesia marine sponge C. simplex,
against HUVECs where it displayed selective anti-proliferative
effect, furthermore compounds cortistatins A-D (3-6), were
found to be a strong cytotoxic effect against HUVECs cells with
ICs, values of 0.0018, 1.1, 0.019, and 0.15 puM, respectively, and
a selective index of 3300-fold for compound 3, when compared
to that of NHDF cells, and other cancer cells i.e., KB3-1, K562,
and Neuro2A cancer cell lines. Additionally, cortistatins A (3),
displayed an inhibition effect towards the tubular formation
and the migration of HUVECs induced by bFGF or VEGF at 2 nM
concentration, respectively.'> In contrast to cortistatins A (3),
cortistatins E-H (7-10), displayed only weak anti-proliferative
effect towards HUVECs with ICs, values ranged between 0.35
and 1.9 pM, and they didn't show any selectivity between
HUVECs and other cell lines.*?

Furthermore, cortistatin J (11) displayed anti-proliferative
effect towards HUVECS cells with ICs, values of 0.008 uM, in
contracts its A®'® saturated derivative 12 and 13, were found to
be less cytotoxic with ICs, values of 0.04 and 0.023 uM,
respectively.*® Lokysterolamines A (14), and B (15) were exam-
ined for their cytotoxicity against P-388, A-549, HT-29, and MEL-
28 tumour cell lines, where they were found to be strong anti-
cancer agent with ICs, values of (0.5, 0.5, 1.0, and 5.0 ug mL ™)
and (1.0, 0.5, 1.0, and >2.0 pg mL "), respectively.**

Later after another successful trial by De Marino et al., which
led to the isolation of compounds 16-20, where they were tested
for their antitumour effect towards NSCLC-N6 (human bron-
chopulmonary non-small-cell lung carcinoma cells), and they
displayed moderate cytotoxic effect with ICs, values of 3.2, <3.3,
3.6, 5.7, and 4.9 pg mL™ ", respectively.'®

Furthermore, Lee et al., examined the cytotoxic effect of the
crude extract of the Guam marine sponge Corticium sp., where it
showed moderate effect against K562 (human leukaemia cell

© 2025 The Author(s). Published by the Royal Society of Chemistry
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line), with IC5, value of 46 ug mL ™", whilst compounds 14, 21,
and 22, obtained in their study, showed strong cytotoxic effect
against the same examined cancer cell line with ICs, values of
0.9, 0.2, and 1.3 pg mL™', respectively.®

De Marino et al., in their continuous efforts to discover
bioactive ingredient from marine natural sources they examine
compounds 23-26, for their antitumour effect towards rat
glioma (C6) and murine monocyte/macrophages (RAW 264) cell
lines, while all of them were found to display cytotoxic effect
against rat glioma (C6) with ICj5, values of 6.8, 9.0, 26.1, and 1.4
ug mL ™', respectively, only compounds 24 and 25, showed
cytotoxic effect against RAW 264 with ICs, values of 61.0 and
16.2 ug mL ', respectively.®®

Additionally, the hydrochloride salts of 27, 28, and 30, along
with compound 29, were tested for their cytotoxic activity
against HCT-116 (human colon tumour cell line), where all of
them displayed mild to potent effect against the examined
cancer cell line with ICs, values of 4.99, 2.68, 0.697, and 0.698 pg
mL ™", respectively.?”

Due to their promising cytotoxicity compounds 27-29, were
screened for their cytotoxicity against a panel of 11 tumour cell
line in the Bristol-Myers Squib Pharmaceutical Research Insti-
tute, where compound 29 was the most potent (mean ICs;) 0.79
ng mL™, (max. ICso/min. 2.48 ng mL™"), while compound 27
exhibited the greatest selectivity (mean ICso) 2.52 pg mL ™,
(max. ICsp/min = 11.27 pg mL™"). Compound 28 also had
significant cell panel results, with a mean ICjs,, 2.63 ug mL ™"
and max. IC5o/min. IC5o = 5.70 pg mL ™%

Plakinamine I (31) displayed good cytotoxic effect with ICs,
value of 3.9 pg mL™", when it was examined for its cytotoxic
effect against MCF7 cell lines.*® Compounds 27, 28, 35, and 36
were examined for their cytotoxic activity in the NCI- 60 anti-
cancer screen, which includes a panel of seven human colon
carcinoma cell lines (COLO 205, HCT-15, SW-620, HCC-2998,
HT29, HCT-116, KM12), while compounds 28, 35, and 36, dis-
played potent to moderate cytotoxic effect with GI5, values of
1.4,11.5 and 2.4 pM, respectively, compound 27, had only mild
activity in the primer screening and was not further examined.*’

3.2 Immunomodulatory

Lokysterolamines A (14), and B (15), showed moderate immu-
nomodulatory activity (LcV/MLR > 187).*

3.3 Antimicrobial

Lokysterolamines A (14), and B (15), displayed antimicrobial
effect against B. subtilis and C. albicans, with an inhibition zone
of (19.0 and 11.0 mm) and (8.0 and 0 mm), respectively at
a concentration of 50 pg per disc.** Moreover, Lee et al., exam-
ined the antifungal activity of the crude extract of the Guam
marine sponge C. sp., where it showed mild effect against C.
albicans, with an inhibition zone of 6.5 mm using the disk paper
method at a concentration of 25 pg per disk, whilst compounds
14, 21, and 22, obtained in their study, at the same concentra-
tion displayed antifungal activity with a diameter of clear zones
9.0, 12.0, and 8.0 mm, respectively.*® Additionally, Lu et al.,
examined for the first time the ability of the plakinamines
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derivatives for Mycobacterium tuberculosis growth inhibition,
where they found that compounds plakinamines L (33) and M
(34), displayed a potent inhibition effect against M. tuberculosis
with MIC values of 3.6 and 15.8 ug mL ", respectively. More-
over, both compounds were tested as well for their antibacterial
effect against S. aureus, B. subtilis and E. coli, they were found to
be inactive, also they were tested for their antifungal activity
against C. albicans, where they showed weak effect at a concen-
tration of 50 ug mL %%

3.4 Antiviral

Compounds 16, 19, and 20, showed slight anti-HIV effect, when
examined against T leukaemia virus type one (HTLV-I), by
checking the efficiency of the substrate to inhibit syncytia
formation after HIV infection of an MT4 cell line.*®

3.5 Nucleic acid cleavage

While compounds 14 and 22 were found to be in active when
evaluated for their abilities to cleaved both double-stranded
DNA and 16SrRNA isolated from E. coli at the concentration
of 10 pg/20 mL in gel electrophoresis, compound 21 cleaved
both nucleic acids totally using the same test.*

3.6 Enzyme inhibition

4-Acetoxy-plakinamine B (32), is the first steroidal alkaloid
derived from marine source that displayed an inhibition effect
toward acetylcholinesterase, where it showed a potent inhibi-
tion effect with ICs, value of 3.75 + 1.69 uM, it is worth mention
that among the best accepted models towards Alzheimer's
disease (AD), treatments are the using of acetylcholinesterase
(AChE) inhibitors.*®

4. Structure activity relationships
(SARs)
4.1 Cortistatins structure activity relationships

Cortistatins are classified into three types based on the chem-
ical structure of their side-chain moieties: isoquinoline, N-

-=Crucial for biological activity
== Increase biological activity

-= Reduce biological activity
==[nhibit biological activity

Fig. 4 Key Pharmacophoric SARs linked to cortistatins' s bioactivity.
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Fig. 5 Chemical structure of plakinamines A-B (I-Il).

methyl piperidine, or 3-methylpyridine units.**** Among the
recovered cortistatins derivatives, cortistatin A (3) and J (11),
which characterized by a dimethylamino group at the C-3
position and an isoquinoline side chain, were found to be the
most active members of this derivatives.*> The isoquinoline
moiety is required for cortistatins and related compounds to
display anti-angiogenic activity against HUVECs as evidenced by
lack of activity observed with compounds bearing N-methyl
piperidine (cortistatins E (7) and F (8)), or 3-methylpyridine unit
and/or 22-ene (cortistatin G (9) and F (10)), showed only weak
anti-proliferative activity lost selectivity function.** Indeed, the
triene system in cortistatin J (11) not only exhibited high cyto-
static anti-proliferative activity at a concentration of 8 nM but
also demonstrated remarkable selectivity against HUVECs
compared to other cell lines. This can be further substantiated
by the observed decrease in activity and selectivity of cortistatins
K (12) and L (13), which contain a diene system instead of
a triene one (Fig. 4).

Additionally, in a study by Naoyuki et al., the position of the
side chain was shown to be critical, as the target molecule
strictly recognizes cortistatins with an isoquinolin-7-yl moiety.
Synthetic analogues containing an isoquinolin-6-yl moiety were
able to interact with the target molecule but resulted in
a significant loss of activity, with less than half the maximal
inhibitory concentration.*

HO

HoN
OAc

-=Crucial for biological activity
== Increase biological activity
-=Reduce biological activity

Fig. 6 Key pharmacophoric SARs linked to plakinamines’ s bioactivity.
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Additionally, 2a-hydroxyl-diene nature of cortistatins L (13)
and the absence of hydroxylation at the 2-position in cortistatin
K (12) further exacerbates the decline in bioactivity and selec-
tivity.** Accordingly, it can be concluded that conjugation plays
a more critical role in selectivity than the presence/absence of
the hydroxyl group on ring A.*> However, this does not extend to
ring D, as hydroxylation, particularly at the 16- or 17-positions,
as seen in cortistatins B (4) and D (6), significantly reduces
activity.*

Furthermore, in a related synthetic study, estrogen
analogues lacking the tertiary amine group at the C-3 position
retained inhibitory activity but exhibited a threefold reduction
in potency. Notably, the C-17 A-analogue failed to demonstrate
any inhibitory effect on the cell lines tested.** Moreover, Phil S.
Baran and his co-workers studied the effect of stereochemistry
of C-17 on biological activity. The authors showed that 17-epi-
cortistatin A does not exhibit significant activity, indicating the
importance of stereochemistry for biological behaviour.*

(Fig. 4).

4.2 Plakinamines structure activity relationships

In general, plakinamine A analogues has emerged as the
predominant and highly potent cytotoxin within the plakin-
amines class, the cytotoxic activity of plakinamines A-B (I-II)
(Fig. 5), G (23),° J (28),” K (29),” N (35), O (36)" with
substituted pyrrolidine ring in their steroidal side chains
showed the highest activity regardless of the presence of the A**
olefin as in dihydroplakinamine K (30).”” In contrast, plakin-
amine I (27)* featuring a fused piperidine ring showed reduc-
tion in cytotoxicity as evidenced by a low cytotoxic activity
against the human colon tumour cell line HCT-116.*

Furthermore, A cell line-dependent cytotoxicity profile was
observed within this class of compounds, for instance, plakin-
amine G (23)*® and tetrahydroplakinamine A (26) exhibited
higher activity against rat glioma (C6) cells, whereas plakin-
amine H (24) and hydroxydemethylplakinamine B (25) demon-
strated greater selectivity towards murine monocyte/
macrophage (RAW 264) cell lines. Overall, these results
revealed that plakinamines with a saturated pyrrolidine ring in
their side chain exhibited greater cytotoxic activity compared to
those containing a tetrahydropyridine ring, additionally when
the acetate group was placed at C-4 as observed in plakinamine
K (29) and plakinamine O (36), an increase in cytotoxic activity
was observed.*® (Fig. 6).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Moreover, De Marino et al., have investigated the cytotoxic
activity of plakinamine C (16) and D (17),'® characterized by the
ketone carbon atom C-4 of the steroid nucleus and an etha-
nolamine residue bonded to the pyrrolidine ring through the
nitrogen atom. Plakinamine D (17) showed superior cytotoxic
activity to N,N-dimethyl-4-oxo-3-epi-plakinamine B (18) and
24,25-dihydroplakinamine A (19) when tested against NSCLC-
N6 Cells with ICs < 3.3 ug mL™~".*® Indeed, the replacement of
the imine group in the side chain of lokysterolamine A (14) with
a nitrone group significantly enhanced the cytotoxic activity
against the human leukaemia cell line K562, as observed with
plakinamine E (21).%

Conversely, the oxidation of the hydroxyl-bearing C-4 posi-
tion to a carbonyl group, as in plakinamine F (22), resulted in
a six-fold reduction in cytotoxic activity.’” Indeed, the majority
of plakinamine compounds feature an intact cyclic amine
functionality on their side chains, which is critical for their
activity. Even though, the substituted pyrrolidine ring demon-
strated higher cytotoxicity, plakinamines B (II) and H (24)
featuring an N-methyl 1,2,5,6-tetrahydropyridine side chain,
exhibited significantly higher antimicrobial activity. A study
conducted by Markus et al.*® on the total synthesis of plakin-
amine B (II), synthetic analogues with similar structures, where
the methylamino group was replaced by a 3-acetoxy group,
showed a marked reduction in activity*® highlighting the crucial
role of the amino group at C-3 in maintaining biological activity,
irrespective of its methylation state.** Moreover, plakinamines L
(33),* M (34), and N (35),* featuring acyclic side chains,
exhibited weak activity against Candida albicans. Furthermore,
the inhibition of Mtb by plakinamines L (33), M (34), and N (35)
revealed significant differences in potency, with MIC values of
3.6 uig mL ', 15.8 ug mL ™', and 1.8 pg mL ™", respectively. The
reduced activity of plakinamine M (34)* is attributed to the
presence of a hydroxyl group at C-2, which appears to negatively
impact its inhibitory activity. In contrast, the dimethyl amino
group in plakinamine M (34) enhances its activity with a selec-
tivity index (SI) of 8.5 (ref. 47) (Fig. 6).

5. Pharmacokinetics and drug-
likeness properties of cortistatins and
plakinamines

A total of 36 cortistatins and plakinamines were characterized
from three marine-derived chordates, specifically Corticium sp.,
C. simplex, and C. niger. These identified compounds exhibit
a wide range of potent biological and pharmacological activi-
ties, including significant cytotoxic effects against various
cancer cell lines, along with antibacterial and antiviral proper-
ties. Their diverse potential makes them highly promising
candidates for drug discovery. This study highlights the drug-
likeness and pharmacokinetic properties of cortistatins and
plakinamines, acknowledging the well-documented challenges
associated with the pharmacokinetics of natural products. We
explore various molecular descriptors to establish rules specific
to this category of natural compounds. The calculated
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Table 2 Explore based data analysis of eight physicochemical prop-
erties of the cortistatins and plakinamines are based on their source
producing species®

Source Mean  Min Max Median Skewness
MW Corticium sp. 467.178 420.685 510.807 466.754 —0.121
C. simplex 469.572 438.615 502.611 472.629 -—0.115
C. niger 465.424 424.717 498.796 466.754 —0.156
clog P Corticium sp. 6.595 5.707 8.055 6.539 1.025
C. simplex 5.306 2.631 6.744 6.182 —0.698
C. niger 6.524 6.158 6.924 6.518 0.201
nHD  Corticium sp. 1.052 0.000 2.000 1.000 —0.025
C. simplex 1.000 0.000 3.000 0.000 0.724
C. niger 1.500 0.000 2.000 2.000 —1.536
nHA  Corticium sp. 2.842 2.000 4.000 3.000 0.286
C. simplex 4.181 3.000 7.000 3.000 0.842
C. niger 3.000 2.000 4.000 3.000 0.000
TPSA  Corticium sp. 38.976  6.480 61.690 38.380 —0.537
C. simplex 46.939 15.710 103.120 25.360 0.715
C. niger 39.810 6.480 64.350 44.205 —0.761
RB Corticium sp. 4.684 3.000 8.000 4.000 1.344
C. simplex 3.000 2.000 5.000 2.000 0.777
C. niger 3.833 1.000 6.000 4.000 —0.678
NC Corticium sp. 4.894 4.000 5.000 5.000 —2.798
C. simplex 6.636 6.000 7.000 7.000 —0.660
C. niger 5.166 5.000 6.000 5.000 2.449
LogS Corticium sp. —5.249 —6.514 —4.292 —5.119 —0.340
C. simplex —4.208 —5.523 —-2.724 —4.383 —0.221
C. niger —4.662 —4.873 —4.298 —4.721 —0.635
“In addition to the eight physicochemical drug-like properties

previously discussed, two additional parameters, namely, quantitative
estimate of drug-likeness (QED)** and synthetic accessibility (SA)™
scores have been utilized to evaluate the ligandability of the 36
compounds.

properties presented in Table 2 can serve as a valuable reference
for future drug discovery projects.

5.1 Drug likeness of cortistatins and plakinamines

Oral bioavailability describes how effectively a drug can be
absorbed when taken orally. This concept is closely related to
the processes of absorption, distribution, metabolism, excre-
tion, and toxicity (ADME/T) of drug molecules. In simple terms,
it describes the ability of a drug to cross through the intestinal
walls, enter the bloodstream, reach its target site, and remain
there long enough to carry out its intended medical effect. Once
it has been eliminated from the body efficiently, it must not
accumulate to high levels that can be toxic.

The Rule of Five (Ro5)* is a set of four physical-chemical
property ranges that can increase the likelihood of a biologi-
cally active compound being orally bioavailable and having
a favorable ADMET profile. These rules include a molecular
weight of less than 500, a clog P of less than 5, less than 5
hydrogen bond donors (nHD), and less than 10 hydrogen bond
acceptors (nHA).

In addition to Lipinski's properties, other parameters have
been investigated like Topological Polar Surface Area (TPSA),
which is another parameter that can be included in evaluating
the oral bioavailability of compounds because TPSA has
a substantial effect on the potential of a compound to penetrate
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through the cell membranes and blood-brain barrier. Small
compounds with TPSA < 140 A* have more chance to be well
absorbed and able to reach their molecular target within the
body cells, according to Veber,” water solubility, which is
expressed as logsS, is another important measure for drug
bioavailability.

Indeed, compounds with poor water solubility have poor
absorption and oral bioavailability, as well as low formulation
potential in drug discovery projects. Water solubility is given in
log(mol L") (insoluble = —10 < poorly soluble = — 6 <
moderately = —4 < soluble = —2 < very soluble < 0 < highly
soluble).*® All the eight investigated physicochemical properties
exhibit nonparametric distribution patterns, as shown in Fig. 7
and Table 2. The compounds studied from the three species
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2.0 A
2
2 1 5 -
8
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\
0.0 f T T \\
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exhibit generally acceptable drug-like physicochemical proper-
ties, except for clog P. Compounds produced by Corticium sp.
and C. niger show higher lipophilicity compared to those from
C. simplex, as depicted in Fig. 7.

Additionally, all molecules display a certain degree of flexi-
bility and possess c¢log P values that exceed the typical param-
eters defined by drug-like criteria, contributing to their
lipophilic nature. Three compounds, specifically 3, 4, and 5,
exhibit all drug-like properties without violations and, there-
fore, have a clog P of less than 5. About other molecular drug-
like filters, Table S2 (ESIt) shows that all compounds respect
the Rule of Veber with at least one exception, except for
compounds 33 and 34. Additionally, only compounds 16, 17, 31,
and 32 do not comply with the Rule of 3.
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Fig. 8 Distribution of quantitative estimate of drug-likeness (QED) and synthetic accessibility (SA) based on the species of compounds producing

cortistatins and plakinamines.
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However, all compounds conform to the Rule of 4. If we
inspect the properties of these molecules, we can understand
that among the compounds with violations, only compounds 33
and 34 are highly lipophilic, with clog P values of 8.0559 and
7.0267, respectively, and a high degree of flexibility. The solu-
bility profiles of cortistatins and plakinamines indicate that this
class of molecules displays a moderate level of solubility.
Specifically, the median solubility values calculated for various
compounds are as follows: those produced by C. sp. had
a median solubility of —5.119, which reflects a relatively lower
solubility.

In contrast, the compounds derived from C. simplex exhibited
a median solubility of —4.383, while those from C. niger presented
a median solubility of —4.721. These findings highlight the
differences in solubility across the different species, underscoring
the distinct chemical properties associated with each species
source. As known the number of orally bioavailable drugs and
drug candidates exhibiting one or more Rule of Five (Ro5) viola-
tions (bRo5) is steadily on the rise. Currently, compounds with
established promising biological activities as anticancer agents
are paving the way for new natural product-derived drug candi-
dates that extend beyond the conventional guidelines.

The QED (Fig. 8) serves as an indication of the distribution of
Lipinski's molecular properties, with values ranging from zero
(indicating all properties are unfavourable) to one (indicating all
properties are favourable). Meanwhile, the SA score assesses the
ease of synthesizing the compounds, where a score of 0 signifies
easy synthesis and a score of 10 indicates significant difficulties in
synthesis. According to Fig. 8, the QED median values for cortis-
tatins and plakinamines are approximately 0.46 and 0.60, and
0.38 for Corticium sp., C. simplex, and C. niger, respectively.

Notably, the QED values for compounds produced by Corti-
cium sp. and C. niger exhibit a skew compared to those from C.
simplex. In terms of SA median values, they stand at approxi-
mately 5.181, 6.493, and 5.106 for Corticium sp., C. simplex, and
C. niger, respectively.

This indicates that compounds from C. simplex possess
higher drug-like properties compared to those derived from the
other two species. However, they are challenging to produce,
which underscores an important point: while natural products
can exhibit promising drug-like characteristics, their laboratory
synthesis can be complicated.

Conversely, the compounds from Corticium sp. and C. niger
tend to have lower QED values but are easier to synthesize (SA
values between 5.028 and 5.927 Table S1, ESIT).

Based on the discussions above regarding the various prop-
erties, it can be concluded that the 36 compounds in question
exhibit greater hydrophobicity compared to traditional drug
compounds. This observation prompts us to consider addi-
tional rules, such as the Rule of 4 (Ro4), applicable to Protein—
Protein Interaction Drugs (PPIDs) and Proteolysis Targeting
Chimeras (PROTACs).

Notably, all compounds adhere to the Ro4 criteria, as illus-
trated in Fig. 5 and Table S1 and S2 (ESIf). Each compound
demonstrates a molecular weight (MW) greater than 400, a ¢ log
P value exceeding 4, a number of rings (NC) above 4, and more
than 4 hydrogen bond acceptors (nHA). Furthermore, these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds exhibit lower QED values compared to non-PPI
drugs, as shown in (Fig. 8), a trend also noted in PPIDs and
PROTACs. Consequently, the analysis reveals that alongside the
complex and distinctive structures of these 36 compounds
compared to traditional small-molecule drugs, cortistatins, and
plakinamines possess intriguing characteristics that position
them as promising candidates for development as PPIDs and
offer potential in the creation of PROTACs,* by introducing
linkers and E3 ligase inhibitors to those compounds.

5.2 Pharmacokinetics of marine steroidal alkaloids
cortistatins and plakinamines

Table S3 (ESIf) summarizes the predicted absorption, distri-
bution, metabolism, excretion, and toxicity (ADMET) properties
of the investigated compounds. We focused on key parameters
impacting oral bioavailability. The pkCSM>* model predicts
human oral bioavailability, which reflects the percentage of an
orally administered drug that reaches systemic circulation. An
intestinal absorbance value below 30% suggests poor
absorption.

Here, all compounds are predicted to have excellent intes-
tinal and oral absorption, suggesting good permeability. The
low total clearance (logCL,) values for these compounds
suggest a potentially extended drug half-life.

Additionally, a log BB value below —1 indicates poor distri-
bution to the brain. Importantly, none of the compounds
exhibited hERG inhibition or tested positive in the AMES test,
which implies a minimal risk of cardiac side effects or muta-
tions. However, all compounds display low total clearance
values, along with some ability to cross the blood-brain barrier.
All compounds are predicted to be inhibitors for CYP1A2,
however, there are predicted to be substrates CYP3A4, the two
main cytochrome P450 subtypes, which should be considered
for further drug discovery projects to investigate metabolism
and potential drug-drug interactions.

According to the detailed ADMET analysis (Table S3t), all
compounds demonstrate favorable ADMET profiles and may be
promising candidates for further experimental investigation.
This is particularly noteworthy given that the unique charac-
teristics of natural products often diverge from conventional
drug-likeness criteria, such as the Rule of Five (Ro5), yet this
does not inherently negate their bioactivity.

While developing them into conventional oral drugs may
present challenges, they can still serve as valuable starting
points for drug discovery projects. It has been reported that, in
the past 40 years, approximately half of the new drugs on the
market came directly or indirectly from natural products.*
Their optimization may include alternative administration
routes, modifications to enhance drug-likeness, or exploring
new strategies such as PPIDs and PROTACSs.

6. Conclusions and future
perspectives

The current review explored the immense potential of cortistatins
and plakinamines from the marine sponges of the genus
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Corticium. as promising candidates for marine-derived drug
discovery. It delves into their complex chemistry, covering the
isolation and structural elucidation of cortistatins, plakinamines
and their related compounds. Besides, it explores the diverse
pharmacological activities of these unique steroidal alkaloids,
including cytotoxic, immunomodulatory, antimicrobial, antiviral,
nucleic acid-cleaving and enzyme inhibitory activities.

The structure-activity relationships (SAR) of cortistatins and
plakinamines emphasized the importance of specific functional
groups in determining their bioactivity. Cortistatins with an
isoquinoline side chain, such as cortistatin A and J, exhibited
the strongest anti-angiogenic and anticancer effects, while
modifications to the triene system and hydroxylation patterns
proved to immensely impact potency and selectivity. Similarly,
plakinamines with a substituted pyrrolidine ring demonstrated
enhanced cytotoxic and antimicrobial activities, with key
structural features like the C-3 amino group and C-4 acetate
influencing their bioactivity.

Investigating the drug-likeness and pharmacokinetic prop-
erties of the identified 36 cortistatins and plakinamines
revealed adherence to various drug-likeness criteria, such as the
Rule of Four (Ro4), and demonstrated promise for applications
in Protein-Protein Interaction Drugs (PPIDs) and Proteolysis
Targeting Chimeras (PROTACs). Notably, while compounds
isolated from the marine sponge Corticium simplex showed
superior drug-like properties but were more challenging to
synthesize. Meanwhile, compounds recorded from the other
species including Corticium sp. and C. niger were easier to
synthesize but exhibited lower Quantitative Estimate of Drug-
likeness (QED) values. Solubility and lipophilicity analyses
revealed interspecies variability, with some compounds
surpassing typical lipophilicity thresholds. Despite minor
violations of Lipinski's Rule of Five, many compounds
demonstrated significant drug discovery potential, particularly
as anticancer agents, by leveraging both drug-like properties
and innovative synthesis strategies.

Furthermore, favorable ADMET profiles, including excellent
absorption, extended half-life, and minimal risks of toxicity,
reinforced their promise for drug development. These findings
highlight the significant therapeutic potential of the marine-
derived natural products, cortistatins and plakinamines.
These compounds provide a robust foundation for further
research into their analogs and related bioactive molecules.

Future directions include the development of optimized
synthetic strategies to improve their bioavailability and target
specificity, as well as comprehensive exploration of their
mechanisms of action and therapeutic applications. Advancing
this research will require preclinical and clinical studies, com-
plemented by innovative tools such as computational modeling
and structure-based drug design, to fully realize their potential
as transformative agents in drug discovery.

Data availability

This is a review article, and no new data were generated or
analyzed in this study. All data discussed are based on pub-
lished literature cited within the manuscript.

9106 | RSC Adv, 2025, 15, 9092-9107

View Article Online

Review

Author contributions

Mohamed A. Tammam: writing-original draft, writing-review &
editing, visualization, validation, conceptualization, formal
analysis, data curation. Adnane Aouidate: writing-review &
editing, writing-original draft, formal analysis, data curation.
Manar M. Mahmoud: writing-review & editing, writing-original
draft, formal analysis, data curation. Mariam 1. Gamal EIl-Din:
writing-review & editing, writing-original draft. Amr El-
Demerdash: writing-review & editing, writing-original draft,
visualization, validation, supervision, project administration,
investigation, conceptualization. Formal data
curation.

analysis,

Conflicts of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

Amr El-Demerdash is immensely grateful to his home univer-
sities, University of East Anglia (UK) and Mansoura University
(Egypt) for unlimited support inside and outside. Mohamed A.
Tammam is humbly dedicating this work to the soul of his
sister Dr Mai A. Tammam who passed away on 19 March 2022,
was always a kind supporter in all aspects of his life. Mariam
Gamal El-Din expresses sincere gratitude to Dr Paul Kroon and
the Quadram Institute Bioscience, Norwich Research Park,
Norwich, UK, for the opportunity to conduct research as
a postdoctoral visiting scientist.

References

1 N. Papon, B. R. Copp and V. Courdavault, Biotechnol. Adv.,
2022, 54, 107871.

2 N. M. Fahmy, M. 1. G. EI-Din, M. M. Salem, S. H. Rashedy,
G. S. Lee, Y. S. Jang, K. H. Kim, C. S. Kim, M. El-Shazly and
S. Fayez, Mar. Drugs, 2023, 21, 404.

3 M. A. Tammam, M. I. G. El-Din, A. Aouidate and A. El-
Demerdash, Bioorg. Chem., 2024, 151, 107654.

4 A. M. Elgohary, A. A. Elfiky, F. Pereira, M. I. Gamal El-Din,
M. A. Tammam, A. Aouidate and A. El-Demerdash, J.
Comput. Biophys. Chem., 2024, 2024, 1-17.

5 L. Cherigo, D. Lopez and S. Martinez-Luis, Mar. Drugs, 2015,
13, 2010-2029.

6 F. Barbosa, E. Pinto, A. Kijjoa, M. Pinto and E. Sousa, Int. J.
Antimicrob. Agents, 2020, 56, 106005.

7 R. B. Pereira, N. M. Evdokimov, F. Lefranc, P. Valentao,
A. Kornienko, D. M. Pereira, P. B. Andrade and
N. G. M. Gomes, Mar. Drugs, 2019, 17, 329.

8 D. J. Newman, Mar. Drugs, 2019, 17, 324.

9 W. A. Negm, S. M. Ezzat and A. Zayed, RSC Adv., 2023, 13,
4436-4475.

10 R. Langjae, S. Bussarawit, S. Yuenyongsawad, K. Ingkaninan
and A. Plubrukarn, Steroids, 2007, 72, 682—685.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08718f

Open Access Article. Published on 25 March 2025. Downloaded on 4/21/2026 6:08:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

11 J. W. Blunt, B. R. Copp, W. P. Hu, M. H. G. Munro,
P. T. Northcote and M. R. Prinsep, Nat. Prod. Rep., 2009,
26, 170-244.

12 S. Aoki, Y. Watanabe, M. Sanagawa, A. Setiawan, N. Kotoku
and M. Kobayashi, J. Am. Chem. Soc., 2006, 128, 3148-3149.

13 W. E. Bjorn-Yoshimoto, I. B. L. Ramiro, T. L. Koch,
E. Engholm, H. Y. Yeung, K. K. Sorensen, C. M. Goddard,
K. L. Jensen, N. A. Smith, L. F. Martin, B. ]J. Smith,
K. L. Madsen, K. J. Jensen, A. Patwardhan and H. Safavi-
Hemami, Venom-inspired somatostatin receptor 4 (SSTR4)
agonists as new drug leads for peripheral pain conditions,
bioRxiv, 2024, preprint, arXiv:2024.04.29.591104, DOI:
10.1101/2024.04.29.591104.

14 A. Baghban, S. A. R. Rezaee, M. Tafaghodi, M. Bozorgmehr
and M. M. Heravi, PRENAP, 2024, 2024, 100036.

15 M. R. Hossain, M. M. L. Tareq, P. Biswas, S. ]J. Tauhida,
S. Bibi, M. N. H. Zilani, G. M. Albadrani, M. Q. Al-Ghadi,
M. M. Abdel-Daim and M. N. Hasan, J. Cell. Mol. Med.,
2024, 28, e18588.

16 S. De Marino, M. Iorizzi, F. Zollo, C. Roussakis and
C. Debitus, Eur. J. Org Chem., 1999, 1999, 697-701.

17 D. Datta, S. N. Talapatra and S. Swarnakar, Int. Lett. Nat. Sci.,
2015, 34, 42-61.

18 S. Indu and K. P. Kaliappan, Org. Biomol. Chem., 2020, 18,
3965-3995.

19 A. R. Hardin-Narayan, E. M. Simmons and R. Sarpong, Eur. J.
Org Chem., 2010, 2010, 3553-3567.

20 M. Xi, T. Chen, C. Wu, X. Gao, Y. Wu, X. Luo, K. Du, L. Yu,
T. Cai and R. Shen, Eur. J. Med. Chem., 2019, 164, 77-91.

21 M. L. Dirks and O. M. McDougal, Pharmaceuticals, 2024, 17,
123.

22 F. Wu, Y. Zhang, B. Sun, A. P. McMahon and Y. Wang, Cell
Chem. Biol., 2017, 24, 252-280.

23 M. A. Tammam and A. El-Demerdash, Curr. Res. Biotechnol.,
2023, 6, 100145.

24 M. A. Tammam, O. Aly, F. Pereira, A. Mahdy and A. El-
Demerdash, Curr. Res. Biotechnol., 2024, 7, 100175.

25 M. A. Ghareeb, M. A. Tammam, A. El-Demerdash and
A. G. Atanasov, Curr. Res. Biotechnol., 2020, 2, 88-102.

26 M. Sebak, F. Molham, C. Greco, M. A. Tammam, M. Sobeh
and A. El-Demerdash, RSC Adv., 2022, 12, 24887-24921.

27 F. Pereira, L. Bedda, M. A. Tammam, A. K. Alabdullah,
R. Arafa and A. El-Demerdash, J. Biomol. Struct. Dyn., 2023,
42, 3983-4001.

28 M. A. Tammam, F. Pereira, O. Aly, M. Sebak, Y. M. Diab,
A. Mahdy and A. El-Demerdash, RSC Adv., 2023, 13, 27477-
27490.

29 A. El-Demerdash, M. A. Tammam, A. G. Atanasov,
J. N. A. A. Hooper, A. Al-Mourabit and A. Kijjoa, Mar.
Drugs, 2018, 16, 214.

30 A. El-Demerdash, A. G. Atanasov, O. K. Horbanczuk,
M. A. Tammam, M. Abdel-Mogib, J. N. A. Hooper,
N. Sekeroglu, A. Al-Mourabit and A. Kijjoa, Mar. Drugs,
2019, 17, 115.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

31 S. De Marino, F. Zollo, M. Iorizzi and C. Debitus, Tetrahedron
Lett., 1998, 39, 7611-7614.

32 Y. Watanabe, S. Aoki, D. Tanabe, A. Setiawan and
M. Kobayashi, Tetrahedron, 2007, 63, 4074-4079.

33 S. Aoki, Y. Watanabe, D. Tanabe, A. Setiawan, M. Arai and
M. Kobayashi, Tetrahedron Lett., 2007, 48, 4485-4488.

34 J. Jurek, P. J. Scheuer and M. Kelly-Borges, J. Nat. Prod., 1994,
57, 1004-1007.

35 H.S. Lee, Y. Seo, J. R. Rho, J. Shin and V. ]J. Paul, J. Nat. Prod.,
2001, 64, 1474-1476.

36 N. Borbone, S. De Marino, M. Iorizzi, F. Zollo, C. Debitus,
G. Esposito and T. Iuvone, J. Nat. Prod., 2002, 65, 1206-1209.

37 C. P. Ridley and D. J. Faulkner, J. Nat. Prod., 2003, 66, 1536—
15309.

38 A. Zampella, R. D'Orsi, V. Sepe, S. De Marino, N. Borbone,
A. Valentin, C. Debitus, F. Zollo and M. V. D'Auria, Eur. J.
Org Chem., 2005, 2005, 4359-4363.

39 Z.Lu, M. Koch, M. K. Harper, T. K. Matainaho, L. R. Barrows,
R. M. Van Wagoner and C. M. Ireland, J. Nat. Prod., 2013, 76,
2150-2152.

40 S. N. Sunassee, T. Ransom, C. J. Henrich, J. A. Beutler,
D. G. Covell, J. B. McMahon and K. R. Gustafson, J. Nat.
Prod., 2014, 77, 2475-2480.

41 M. Aknin, A. Rudi, Y. Kashman, J. Vacelet and E. M. Gaydou,
Nat. Prod. Commun., 2010, 5, 33-34.

42 B. Czako, L. Kiirti, A. Mammoto, D. E. Ingber and E. J. Corey,
J. Am. Chem. Soc., 2009, 131, 9014-9019.

43 J. Shi, H. Shigehisa, C. A. Guerrero, R. A. Shenvi, C. C. Li and
P. S. Baran, Angew. Chem., Int. Ed., 2009, 48, 4328-4331.

44 N. Kotoku, M. Arai and M. Kobayashi, Chem. Pharm. Bull.,
2016, 64, 128-134.

45 N. Kotoku, A. Ito, S. Shibuya, K. Mizuno, A. Takeshima,
M. Nogata and M. Kobayashi, Tetrahedron, 2017, 73, 1342—
1349.

46 M. Gans and F. Bracher, Tetrahedron, 2014, 70, 1084-1090.

47 C. R. Felix, ]J. C. Roberts, P. L. Winder, R. Gupta, M. Cristina
Diaz, S. A. Pomponi, A. E. Wright and K. H. Rohde, Mar.
Drugs, 2019, 17, 707.

48 C. A. Lipinski, F. Lombardo, B. W. Dominy and P. J. Feeney,
Adv. Drug Deliv. Rev., 1997, 23, 3-25.

49 D. F. Veber, S. R. Johnson, H.-Y. Cheng, B. R. Smith,
K. W. Ward and K. D. Kopple, J. Med. Chem., 2002, 45,
2615-2623.

50 D. E. V. Pires, T. L. Blundell and D. B. Ascher, J. Med. Chem.,
2015, 58, 4066-4072.

51 G. R. Bickerton, G. V. Paolini, J. Besnard, S. Muresan and
A. L. Hopkins, Nat. Chem., 2012, 4, 90-98.

52 P. Ertl and A. Schuffenhauer, J. Cheminform., 2009, 1, 8.

53 H. J. Maple, N. Clayden, A. Baron, C. Stacey and R. Felix,
Medchemcomm, 2019, 10, 1755-1764.

54 Y. Li, Y. Jia, X. Wang, H. Shang and Y. Tian, Pharmaceuticals,
2022, 16, 46.

RSC Adv, 2025, 15, 9092-9107 | 9107


https://doi.org/10.1101/2024.04.29.591104
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08718f

	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...

	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...

	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...

	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...

	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...
	Cortistatin and plakinamine steroidal alkaloids from the marine sponges of the genus Corticium: insights into their chemistry, pharmacology,...


