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Preface

Professor, Dr.Sc. Valentin A. Stonik is one of the pioneers in the study of marine natural

products. The scope of his research includes the metabolites of sponges, echinoderms and other

marine invertebrates. He is the author or co-author of approximately 500 scientific articles across

journals, four monographs and two-dozen patents. He is the founder of scientific schools and has

supervised and consulted for dozens of PhDs and Dr.Scs.

To mark the occasion of Professor Valentin Stonik’s 80th birthday in December 2023, Dr. Pavel

S. Dmitrenok, Dr. Natalia V. Ivanchina, and Dr. Vladimir I. Kalinin edited a Themed Issue entitled

“Honoring Prof. Dr. Valentin A. Stonik for His Outstanding Contribution to Marine Natural Product

Chemistry on the Occasion of His 80th Birthday”, in order to congratulate their scientific mentor.

The Special Issue is a gift to Professor Valentin A. Stonik from his colleagues and friends and world

experts in marine natural products chemistry and other related disciplines that are thriving in the

G.B. Elyakov Pacific Institute of Bioorganic Chemistry under his supervision.

The Editors are very appreciative to all contributors who submitted a manuscript for publication.

Vladimir I. Kalinin, Pavel S. Dmitrenok, and Natalia V. Ivanchina

Editors
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Editorial

Honoring Prof. Dr. Valentin A. Stonik for His Outstanding
Contribution to Marine Natural Product Chemistry on the
Occasion of His 80th Birthday

Pavel S. Dmitrenok, Natalia V. Ivanchina and Vladimir I. Kalinin *

G.B. Elyakov Pacific Institute of Bioorganic Chemistry, Far Eastern Branch of the Russian Academy of Sciences,
Pr. 100-Letya Vladivostoka 159, 690022 Vladivostok, Russia; paveldmt@piboc.dvo.ru (P.S.D.);
ivanchina@piboc.dvo.ru (N.V.I.)
* Correspondence: kalininv@piboc.dvo.ru; Tel.: +7-914-705-08-45

Marine natural products are a very structurally diverse group of preferably low-weight
organic molecules. They began to be intensively studied in the 1960s. Except for their wide
structural diversity, these metabolites are interesting as modulators of chemoecological
interactions, possible active substances in medicinal and other useful preparations, and as
taxonomic and food chain markers. Their biosynthesis and evolution of biosynthesis are
also very interesting.

Prof. Dr. Sc. Valentin A. Stonik is one of the pioneers in this field; he began his
impressive research career in marine natural products in the early 1970s and has continued
his research activities in this field ever since. He was born in Vladivostok, Russia, on 4
December 1942 and graduated from the Department of Chemistry of the Far Eastern State
University (Vladivostok) in 1965. Valentin A. Stonik received his PhD degree in Organic
Chemistry in 1969 and Dr. Sc. degree in Bioorganic Chemistry: Chemistry of Natural
and Physiologically Active Compounds in 1988. He became a Corresponding Member
of the Russian Academy of Sciences in 1997 and a Full Member of the Russian Academy
of Sciences (Academician) in 2003. He began his scientific activities in the synthesis of
hydroacrydines and relative compounds [1]. Since 1970, he has worked in the G.B. Elyakov
Pacific Institute of Bioorganic Chemistry, Far Eastern Branch of the Russian Academy of
Sciences (PIBOC). Professor Stonik became Head of the Laboratory of Biosynthesis in 1976,
Head of the Laboratory of the Chemistry of Marine Natural Products in 1985, Deputy
Director of the Institute from 1990 to 2002, and Director from 2002 to 2017. Since 2018, he
has been the Scientific Advisor of the Institute.

His general research scopes include the structure and properties of biphylic physio-
logically active natural products from marine invertebrates, especially echinoderms and
sponges, and his specific interests include alkaloids [2], unusual lipids [3], isoprenoids [4],
polyhydroxysteroids [5], glycosides of polyhydroxysteroids [6], steroidal [7] and triter-
penoidal oligoglycosides [8], investigation of biological activities [9], biosynthesis [10],
chemotaxonomy [11], and the chemical evolution of secondary metabolites [12]. In 1970–
1990s, he led numerous scientific expeditions on the research vessels “Kallisto”, “Professor
Bogorov”, and “Akademic Oparin” in different regions of the World Ocean. He is an author
and co-author of more than 400 scientific articles in Russian and international journals,
with more than 7500 citations, 4 monographs, and over 20 patents. He is a member of the
Editorial Boards of the following Journals: Marine Drugs, Natural Product Communications,
Natural Product Letters, Russian Journal of Bioorganic Chemistry, and others.

This Special Issue includes 12 contributions:
1. Silchenko, A.S.; Avilov, S.A.; Popov, R.S.; Dmitrenok, P.S.; Chingizova, E.A.; Grebnev,

B.B.; Rasin, A.B.; Kalinin, V.I. Chilensosides E, F, and G—new tetrasulfated triterpene
glycosides from the sea cucumber Paracaudina chilensis (Caudinidae, Molpadida): structures,
activity, and biogenesis. Mar. Drugs 2023, 21, 114.

Mar. Drugs 2024, 22, 56. https://doi.org/10.3390/md22020056 https://www.mdpi.com/journal/marinedrugs
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2. Menchinskaya, E.S.; Dyshlovoy, S.A.; Venz, S.; Jacobsen, C.; Hauschild, J.; Rohlfing,
T.; Silchenko, A.S.; Avilov, S.A.; Balabanov, S.; Bokemeyer, C.; Aminin, D.L.; von Amsberg,
G.; Honecker, F. Anticancer activity of the marine triterpene glycoside cucumarioside A2-2
in human prostate cancer cells. Mar. Drugs 2024, 22, 20.

3. Malyarenko, T.V.; Zakharenko, V.M.; Kicha, A.A.; Kuzmich, A.S.; Malyarenko,
O.S.; Kalinovsky, A.I.; Popov, R.S.; Svetashev, V.I.; Ivanchina, N.V. New ceramides and
cerebrosides from the deep-sea Far Eastern starfish Ceramaster patagonicus. Mar. Drugs 2022,
20, 641.

4. Popov, A.M.; Kozlovskaya, E.P.; Klimovich, A.A.; Rutckova, T.A.; Vakhrushev,
A.I.; Hushpulian, D.M.; Gazaryan, I.G.; Makhankov, V.V.; Son, O.M.; Tekutyeva, L.A.
Carotenoids from starfish Patiria pectinifera: therapeutic activity in models of inflammatory
diseases. Mar. Drugs 2023, 21, 470.

5. Kikionis, S.; Papakyriakopoulou, P.; Mavrogiorgis, P.; Vasileva, E.A.; Mishchenko,
N.P.; Fedoreyev, S.A.; Valsami, G.; Ioannou, E.; Roussis, V. Development of novel pharma-
ceutical forms of the marine bioactive pigment echinochrome A enabling alternative routes
of administration. Mar. Drugs 2023, 21, 250.

6. Dyshlovoy, S.A.; Fedorov, S.N.; Svetashev, V.I.; Makarieva, T.N.; Kalinovsky, A.I.;
Moiseenko, O.P.; Krasokhin, V.B.; Shubina, L.K.; Guzii, A.G.; von Amsberg, G.; Stonik,
V.A. 1-O-Alkylglycerol ethers from the marine sponge Guitarra abbotti and their cytotoxic
activity. Mar. Drugs 2022, 20, 409.

7. Gartshore, C.J.; Wang, X.; Su, Y.; Molinski, T.F. Petrosamine revisited. Experimen-
tal and computational investigation of solvatochromism, tautomerism and free energy
landscapes of a pyridoacridinium quaternary salt. Mar. Drugs 2023, 21, 446.

8. Dyshlovoy, S.A.; Shubina, L.K.; Makarieva, T.N.; Guzii, A.G.; Hauschild, J.; Strewin-
sky, N.; Berdyshev, D.V.; Kudryashova, E.K.; Menshov, A.S.; Popov, R.S.; Dmitrenok, P.S.;
Graefen, M.; Bokemeyer, C.; von Amsberg, G. New guanidine alkaloids batzelladines O
and P from the marine sponge Monanchora pulchra induce apoptosis and autophagy in
prostate cancer cells. Mar. Drugs 2022, 20, 738.

9. Ivanov, I.A.; Siniavin, A.E.; Palikov, V.A.; Senko, D.A.; Shelukhina, I.V.; Epifanova,
L.A.; Ojomoko, L.O.; Belukhina, S.Y.; Prokopev, N.A.; Landau, M.A.; Palikova, Y.A.; Kaza-
kov, V.A.; Borozdina, N.A. Bervinova, A.V.; Dyachenko, I.A.; Kasheverov I.E.; Tsetlin V.I.;
Kudryavtsev D.S. Analogs of 6-bromohypaphorine with increased agonist potency for α7
nicotinic receptor as anti-Inflammatory analgesic agents. Mar. Drugs 2023, 21, 368.

10. Usov, A.I.; Bilan, M.I.; Ustyuzhanina, N.E.; Nifantiev, N.E. Fucoidans of brown
algae: comparison of sulfated polysaccharides from Fucus vesiculosus and Ascophyllum
nodosum. Mar. Drugs 2022, 20, 638.

11. Davydova, V.N.; Krylova, N.V.; Iunikhina, O.V.; Volod’ko, A.V.; Pimenova, E.A.;
Shchelkanov, M.Y.; Yermak, I.M. Physicochemical properties and antiherpetic activity of
α-carrageenan complex with chitosan. Mar. Drugs 2023, 21, 238.

12. Solov’eva, T.F.; Bakholdina, S.I.; Naberezhnykh, G.A. Host defense proteins and
peptides with lipopolysaccharide-binding activity from marine invertebrates and their
therapeutic potential in Gram-negative sepsis. Mar. Drugs 2023, 21, 581.

Contributions 1–5 concern the metabolites from echnoderms, the representatives of
the phylum Echinodermata, one of priority interests of Professor Valentin A. Stonik. The
first contribution concerns the isolation of three new tetrasulfated triterpene glycosides,
chilensosides E–G, isolated from the Far-Eastern sea cucumber Paracaudina chilensis. Their
structures were elucidated using 2D NMR and ESIMS procedures. The compounds differ
in carbohydrate chains; while chilensosides E and F are tetrasulfated pentaosides with the
position of one of the sulfate groups at C-3 of the glucose residues which occupied third
position in carbohydrate chains, chilensoside G is a tetrasulfated hexaoside. The isolation
of tetrasulfated glycosides is rare.

The second contribution is dedicated to the study of the anticancer activity of triter-
pene glycoside cucumarioside A2-2 from the Far Eastern sea cucumber Cucumaria japonica
in human castrate-resistant cancer. The authors found that the glycoside induced a G2/M-
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phase cell cycle arrest and caspase-dependent apoptosis via an intrinsic pathway. The
glycoside also inhibited the formation of cancer cell colonies and growth in non-cytotoxic
concentrations. A proteome analysis, using the 2D-PAGE technique and MALDI-MS fol-
lowed by bioinformatical evaluation, revealed alterations in proteins involved in metastatic
potential, invasion, and apoptosis. The regulation of keratin 81, CrkII, IL-1β, and cathepsin
B was found. The results demonstrated the promising anticancer activity of cucumarioside
A2-2 in a prostate cancer model.

The third contribution concerns the study of ceramides and cerebrosides from the deep-
sea Far Eastern starfish Ceramaster patagonicus. The authors isolated three new ceramides
and three new cerebrosides along with three known cerebrosides. The structures of the new
compounds were elucidated using NMR and ESIMS procedures and the necessary chemical
transformations. All the new cerebrosides have β-D-glucopyranose as a monosaccharide
moiety. Most of the new compounds exhibited slight to moderate cytotoxic activity against
human cancer cells (HT-29, SK-MEL-28, and MDA-MB-231) and normal embryonic kidney
cells HEK293. They also inhibited the colony formation of MDA-MB-231.

The fourth contribution is dedicated to the study of the therapeutic activity of carotenoids
from the Far Eastern starfish Patiria pectinifera in models of inflammatory diseases. The
authors found that the carotenoids mixture isolated from the starfish P. pectinifera contains
about 50% astaxanthin, 4–6% zeaxanthine and lutein, as well as free fatty acids and their
glycerides. The complex exhibited anti-inflammatory, anti-allergic, and cancer-preventive
activity without any toxicity at a dose of 500 mg/kg. The carotenoid mixture effectively
improves the clinical picture of disease progression, as well as normalizing the cytokine
profile and the antioxidant defense system in the in vivo animal models of inflammatory
diseases, including skin carcinogenesis, allergic contact dermatitis, and systemic inflamma-
tion. The results show that the carotenoid complex from the starfish P. pectinifera may be
effective for the treatment or prevention of different inflammations.

The fifth contribution concerns the development of novel pharmaceutical forms of
the naphtaquinoid pigment echinochrome A, a characteristic metabolite of different sea
urchins that possesses useful biological activities as an antioxidant. The authors incor-
porated echinochrome A isolated from Diadema sea urchins harvested near that island of
Kastellorizo (Mediterranean Sea) in electrospun micro-/nanofibrous matrices composed of
polycaprolactone and polyvinylpyrrolidone in different combinations. Ex vivo permeability
studies using echinochrome A-loaded micro-/nanofibrous matrices showed an increased
permeation of the pigment across the duodenum barrier. The results reveal that electro-
spun polymeric micro-/nanofibers may be promising carriers for new pharmaceutical
formulations with controlled release, as well as increased echinochrome A stability and
solubility useful for oral administration, and have the potential for the targeted delivery of
echinochrome A.

The next three contributions cover articles concerning the metabolites of sponges
that also are in the sphere of the primary scientific scopes of Professor Valentin A. Stonik.
Contribution 6 concerns the investigation of 1-O-alkylglycerol ethers of marine sponge
Guitarra abbotti and their cytotoxic activity. The authors determined the composition of
the mixture of 1-O-alkylglycerol ethers using 1H and 13C NMR, GLC/MS, and chemical
derivatization and found 6 new and 22 previously known 1-O-alkylglycerol ethers. The
mixture reveals weak cytotoxic activity on HL-60, THP-1, DLD-1, HeLa, SKMEL-28, MDA-
MB-231, and SNU C4 human cancer cells. Further cytotoxicity studies in JB6 P+ Cl41 cells
bearing mutated MAP kinase genes revealed that JNK1 and ERK2 play a cytoprotective
role in the cellular response to the 1-O-alkylglycerol ethers-induced cytotoxic effects.

Contribution 7 concerns the reinvestigation of the chemical and physical properties
of a colored pyridoacridine alkaloid petrosamine isolated from the Belizean sponge, Pet-
rosia sp., a potent inhibitor of acetylcholine esterase. The properties were investigated
using spectroscopic and computational methods. The authors found that by analyzing
petrosamine-free energy landscapes, pKa, and tautomerism, an accurate electronic depic-
tion of the molecular structure is the di-keto form, with a net charge of q = +1, but this is

3
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not a dication (q = +2). Such molecular structure complements have been published in
computational docking studies to define the contact points in the enzyme active site. This
finding may improve the design of new acetylcholine esterase inhibitors based on such a
molecular skeleton.

Contribution 8 is dedicated to the isolation and structural elucidation of two new
guanidine alkaloids, batzelladines O and P, from the deep-water marine sponge Monan-
chora pulchra and studies of the induction of apoptosis and autophagy in prostate cancer
cells by these substances. The structures of these alkaloids were elucidated using NMR
spectroscopy, mass spectrometry, and ECD. The isolated substances revealed cytotoxic
activity on human prostate cancer cells 22Rv1, PC3, as well as PC3-DR and inhibited colony
formation and cancer cells survival. The alkaloids induced apoptosis detected by Western
blotting as caspase-3 and PARP cleavage. The pro-survival autophagy, indicated as the
upregulation of LC3B-II and downregulation of mTOR, was found to be treated by alkaloids
cells. The use of the autophagy inhibitor 3-methyladenine in combination with alkaloids
synergistically increased cytotoxic activity. In a combination of alkaloids with docetaxel, an
additive effect was determined. The isolated new guanidine alkaloids may be promising
drug candidates for the treatment of taxane-resistant prostate cancer.

The alkaloid 6-bromohypaphorine was isolated from the marine sponges Pachymatisma
johnstoni, Aplysina sp., Aplidium conicum, the nudibranch Hermissenda crassicornis [13], and
sea cucumber Apostichopus japonicus [14]. Such a wide distribution of this substance in
marine invertebrates from so far taxa allows for its microbial origination to be suggested.
L-6-bromohypaphorine acts as an agonist of the α7 nicotinic acetylcholine receptor (nAChR)
involved in anti-inflammatory regulation [13]. The ninth contribution of this Special Issue
concerns the synthesis of analogs of natural 6-bromohypaphorine with increased agonist
potency for the α7 nicotinic receptor as anti-inflammatory analgesic agents. The authors
used virtual screening to synthesize the analogs binding to the α7 nAChR molecular model.
They synthesized fourteen analogs and tested them in vitro using a calcium fluorescence
assay on the α7 nAChR expressed in neuro 2a cells. The synthesized methoxy ester of
D-6-iodohypaphorine (6ID) revealed the highest potency being almost inactive toward
α9α10 nAChR. The macrophages cytometry showed anti-inflammatory activity because
of the decrease in the expression of TLR4 and increasing CD86, similar to the action
of PNU282987, known as the selective α7 nAChR agonist. The methoxy ester of D-6-
nitrohypaphorine revealed anti-oedemic and analgesic effects in an arthritis rat model. The
tested compounds showed excellent tolerability with no acute in vivo toxicity. Thus, the
combination of molecular modeling with a natural product-inspired drug design allowed
for the preparation to be obtained with the desired activity of the chosen nAChR ligand.
Hence, the isolation of the biological active natural product by the members of Professor
Valentin A. Stonik’s group allows for the creation of new perspective candidates for the
development of anti-inflammation preparations.

Contribution 10 is a review that concerns fucoidans of brown algae, namely the
comparison of sulfated polysaccharides from Fucus vesiculosus and Ascophyllum nodosum.
The authors noted that these biopolymers have many biological activities that may be used
in practical applications. These two species from the family Phaeophyceae are known
sources of commercial fucoidans. The authors conclude that fucoidans from these species
are very complicated mixtures, and only fractions with carefully characterized structures
prepared from both fucoidans may be used for drug development.

Contribution 11 concerns the obtaining of the κ-carrageenan polyelectrolyte complex
with chitosan and studying its physicochemical properties and antiherpetic activity. The
authors showed a two-fold increase in the antiherpetic activity (selective index) of the
obtained polyelectrolyte complex compared to κ-carrageenan that may be caused by a
change in the physicochemical characteristics of κ-carrageenan in the complex.

Contribution 12 is a review summarizing the data on lipopolysaccharide-binding
proteins from marine invertebrates that may inhibit the toxic effects of bacterial lipopolysac-
charides and are possible potential drugs for the treatment of lipopolysaccharide-induced
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sepsis. The structure of the proteins and peptides and their synthetic analogs, physico-
chemical properties, antimicrobial, and LPS-binding/neutralizing activity are described in
detail. The problems which arise during the clinical trials of these substances are discussed.

Hence, all the contributions of this Special Issue revealed the wide scientific scopes and
interests of Professor Valentin A. Stonik as a researcher and as the Director and Scientific
Advisor of the G.B. Elyakov Pacific Institute of Bioorganic Chemistry.

Conflicts of Interest: The authors declare no conflict interests.
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Abstract: Three new tetrasulfated triterpene glycosides, chilensosides E (1), F (2), and G (3), have
been isolated from the Far-Eastern sea cucumber Paracaudina chilensis (Caudinidae, Molpadida). The
structures were established based on extensive analysis of 1D and 2D NMR spectra and confirmed
by HR-ESI-MS data. The compounds differ in their carbohydrate chains, namely in the number of
monosaccharide residues (five or six) and in the positions of sulfate groups. Chilensosides E (1) and
F (2) are tetrasulfated pentaosides with the position of one of the sulfate groups at C-3 Glc3, and
chilensoside G (3) is a tetrasulfated hexaoside. The biogenetic analysis of the glycosides of P. chilensis
has revealed that the structures form a network due to the attachment of sulfate groups to almost all
possible positions. The upper semi-chain is sulfated earlier in the biosynthetic process than the lower
one. Noticeably, the presence of a sulfate group at C-3 Glc3—a terminal monosaccharide residue in
the bottom semi-chain of compounds 1 and 2—excludes the possibility of this sugar chain’s further
elongation. Presumably, the processes of glycosylation and sulfation are concurrent biosynthetic
stages. They can be shifted in time in relation to each other, which is a characteristic feature of the
mosaic type of biosynthesis. The hemolytic action of compounds 1–3 against human erythrocytes
and cytotoxic activities against five human cancer cell lines were tested. The compounds showed
moderate hemolytic activity but were inactive against cancer cells, probably because of their structural
peculiarities, such as the combination of positions of four sulfate groups.

Keywords: Paracaudina chilensis; Caudinidae; Molpadida; triterpene glycosides; chilensosides; sea
cucumber; hemolytic and cytotoxic activity

1. Introduction

Triterpene glycosides from sea cucumbers are long-studied metabolites that still draw
interest from researchers from different scientific fields. The structural studies of the
compounds from holothuroids—representatives of different taxonomic groups—are pre-
dominating [1–4], but they are in close connection with biological activity research [4–8]
and, therefore, structure-activity relationships analyses [3,9]. An additional direction of the
glycosides’ applied investigations is their use as chemotaxonomic markers to clarify the
systematic position of the producing species of sea cucumbers [10–12]. This issue is also
relevant for the species under investigation—Paracaudina chilensis, belonging to the family
Molpadida. The systematics and phylogeny of this taxonomic group have raised questions
until now [13,14]. Our recent study concerning the isolation and structural elucidation of
chilensosides A–D—the glycosides from P. chilensis—demonstrated their structural similar-
ity to the glycosides isolated from different representatives of the order Dendrochirotida,
indicating the closeness of Molpadida to Dendrochirotida [15]. Chilensosides A–D contains
two different aglycones and four types of carbohydrate chains, differing in the positions
and quantity of sulfate groups from two (chilensosides A, A1, B) to three in chilensoside

Mar. Drugs 2023, 21, 114. https://doi.org/10.3390/md21020114 https://www.mdpi.com/journal/marinedrugs
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C and four in chilensoside D. Three out of five glycosides demonstrated relatively high
hemolytic and cytotoxic activity.

In continuation of the structural research on the glycosides from P. chilensis, the
isolation, structure elucidation, biologic activity testing, and carbohydrate chain biogenesis
of new sulfated highly polar glycosides chilensosides E (1), F (2), and G (3) are reported.
Each of the three new compounds contains four sulfate groups. The first finding of two
tetrasulfated glycosides in sea cucumbers has occurred fairly recently in Psolus fabricii [16].
Three years later, three other glycosides containing four sulfate groups were found in the
sea cucumber Psolus chitonoides [17] and one in P. chilensis [15]. The finding of tetrasulfated
glycosides in recent years could be explained by the increased ability of HPLC separation
techniques, including the use of different sorbents (immobile phases) to separate earlier
inseparable polar substances [18]. The expansion of knowledge concerning the structural
variability of the glycosides enables the clarification of the biosynthetic pathways of these
metabolites.

The chemical structures of 1–3 were elucidated by the analyses of the 1H, 13C NMR,
1D TOCSY, and 2D NMR (1H,1H-COSY, HMBC, HSQC, ROESY) spectra, as well as HR-ESI
mass spectra. All the original spectra are displayed in Figures S1–S24 in the Supplementary
data. The hemolytic activity on human erythrocytes and cytotoxic activities on leukemia
promyeloblast HL-60, adenocarcinoma HeLa, colorectal adenocarcinoma DLD-1, human
neuroblastoma SH-SY5Y, and monocytic THP-1 cells were tested.

2. Results and Discussion

2.1. Structure Elucidation of the Glycosides

The crude glycosidic mixture of Paracaudina chilensis was isolated by hydrophobic
chromatography of the concentrated ethanolic extract on a Polychrom-1 column (powdered
Teflon, Biolar, Latvia). Its further separation using chromatography on Si gel columns with
a stepped gradient of the system of eluents CHCl3/EtOH/H2O in the ratios of 100:100:17,
100:125:25, and 100:150:50 was followed by the additional purification of the obtained
fractions, yielding the subfractions I.0, I.1, II, III.1, and III.2. The individual glycosides
1–3 (Figure 1) have been isolated using HPLC of subfractions II and III.2 on silica-based
columns Supelcosil LC-Si (4.6 × 150 mm), and reversed-phase semipreparative columns
Supelco Ascentis RP-Amide (10 × 250 mm) and Diasfer 110 C-8 (4.6 × 250 mm).

 

Figure 1. Chemical structures of glycosides isolated from Paracaudina chilensis: 1—chilensoside E;
2—chilensoside F; 3—chilensoside G.

The sugar configurations in the glycosides 1–3 were assigned as D, along with the
biogenetic analogies with all other known triterpene glycosides from the sea cucumber.

The holostane aglycones of chilensosides E (1), F (2), and G (3) (Table 1, Tables S1 and S2,
Figures S1–S7, S9–S15 and S17–S23) have 9(11)- and 24(25)-double bonds as well as a
16-oxo-group, and are identical to each other and those of chilensosides A1, B, C, and D,
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isolated earlier [15]. The identity of the aglycones of compounds 1–3 was evidenced by
the coincidence of their NMR spectroscopic data. The structure of the aglycone moiety of
1 was established based on 2D NMR spectra analyses, where the characteristic features
were found: 18(20)-lactone signals at δC 176.9 (C-18) and δC 83.1 (C-20), 9(11)-double bond
signals at δC 151.1 (C-9), δC 111.3 (C-11) and δH 5.37 (brs, H-11), and the downfield signal of
quaternary carbon at δC 214.6 that corresponded to a carbonyl group at C-16. This position
was corroborated by the cross-peaks H2-15/C-16 and H-17/C-16 in the HMBC spectrum of
1. The signals characteristic of 24(25)-double bonds was observed in the downfield region
of the 13C NMR spectrum at δC 124.1 (C-24) and 132.1 (C-25). The correlations between
H-24/H-22, H-26/H-24, and H-27/H-23 in the ROESY spectrum and H-26/C: 24, 25, and
27 cross-peaks in the HMBC spectrum confirmed the structure of the side chain (Figure 2).

Table 1. 13C and 1H NMR chemical shifts, HMBC and ROESY correlations of aglycone moiety of
chilensoside E (1).

Position δC Mult. a δH Mult. (J in Hz) b HMBC ROESY

1 36.0 CH2 1.73 m H-11
1.30 m H-3

2 26.8 CH2 2.06 m
1.84 m H-19, H-30

3 88.4 CH 3.11 dd (4.7; 11.8) H-1, H-5, H-31, H1-Xyl1
4 39.5 C
5 52.7 CH 0.79 brd (11.8) C: 4, 19, 30 H-1, H-3, H-7
6 20.9 CH2 1.59 m
7 28.3 CH2 1.60 m H-15

1.12 m
8 38.6 CH 3.14 m H-6
9 151.1 C
10 39.5 C
11 111.3 CH 5.27 brs C: 10, 13 H-1
12 31.9 CH2 2.64 brd (16.5) C: 11, 18 H-17

2.48 dd (5.9; 16.5) C: 11, 14
13 56.0 C
14 42.0 C
15 51.8 CH2 2.42 d (16.0) C: 13, 16, 17, 32

2.11 d (16.0) C: 14, 16, 32 H-8
16 214.6 C
17 61.8 CH 2.89 s C: 12, 13, 16, 18, 20, 21 H-12, H-23, H-32
18 176.9 C
19 21.9 CH3 1.27 s C: 1, 5, 9, 10 H-1, H-2, H-8, H-30
20 83.1 C
21 26.6 CH3 1.48 s C: 17, 20, 22 H-12, H-17, H-23
22 38.6 CH2 1.80 m

1.59 m
23 23.0 CH2 2.27 m

2.08 m
24 124.1 CH 5.03 m H-22
25 132.1 C
26 25.5 CH3 1.56 s C: 24, 25, 27 H-24
27 17.4 CH3 1.54 s C: 24, 25, 26 H-23
30 16.4 CH3 0.89 s C: 3, 4, 5, 31 H-2, H-6, H-19, H-31
31 27.8 CH3 1.10 s C: 3, 4, 5, 30 H-3, H-5, H-6, H-30
32 20.5 CH3 0.89 s C: 8, 13, 14, 15 H-7, H-12, H-15, H-17

a Recorded at 176.04 MHz in C5D5N/D2O (4/1). b Recorded at 700.13 MHz in C5D5N/D2O (4/1). The original
spectra of 1 are provided in Figures S1–S7 (Supplementary Material).
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δ δ

Figure 2. Key ROE- (A), HMBC and COSY (B) correlations of chilensoside E. The oxygen atoms have
marked with red color.

Extensive analysis of the 1H,1H-COSY, 1D TOCSY, HSQC, and ROESY spectra of
carbohydrate parts of compounds 1–2 (Tables 2 and 3) indicated the same monosaccharide
composition: one xylose (Xyl1), one quinovose (Qui2), two glucose (Glc3 and Glc4), and
3-O-methylglucose (MeGlc5) residues. The positions of glycosidic linkages established by
the ROESY and HMBC (Figure 2) correlations were typical for the sea cucumber glycosides
(β-(1→4) and β-(1→3) bonds) and corresponded to the oligosaccharide chains branched by
C-4 Xyl1 having a bottom semi-chain composed of Qui2 and Glc3 and an upper semi-chain
composed of Xyl1, Glc4, and MeGlc5.

Table 2. 13C and 1H NMR chemical shifts, HMBC and ROESY correlations of the carbohydrate moiety
of chilensoside E (1).

Atom δC Mult. a,b,c δH Mult. (J in Hz) d HMBC ROESY

Xyl1 (1→C-3)
1 104.6 CH 4.61 d (7.4) C: 3 H-3; H-5 Xyl1
2 83.4 CH 3.70 m C: 3 Xyl1 H-1 Qui2
3 75.0 CH 3.93 m
4 80.8 CH 3.94 m C: 3 Xyl1; 1 Glc4 H-1 Glc4; H-2 Xyl1
5 63.4 CH2 4.33 dd (6.0; 12.3)

3.58 m H-1 Xyl1
Qui2 (1→2Xyl1)

1 104.6 CH 4.74 d (8.3) C: 2 Xyl1 H-2 Xyl1; H-3, 5 Qui2
2 75.5 CH 3.92 t (9.4) C: 3 Qui2 H-4 Qui2
3 74.4 CH 4.06 t (9.4) H-1, 5 Qui2
4 86.0 CH 3.30 t (9.4) C: 1 Glc3 H-1 Glc3
5 71.7 CH 3.60 dd (6.0; 9.4) H-1, 3 Qui2
6 17.4 CH3 1.54 d (6.0) C: 4, 5 Qui2 H-4 Qui2

Glc3 (1→4Qui2)
1 104.1 CH 4.67 d (7.9) C: 4 Qui2 H-4 Qui2; H-3, 5 Glc3
2 72.8 CH 3.81 t (7.9) C: 1, 3 Glc3
3 83.8 CH 4.98 t (7.9) H-1, 5 Glc3
4 69.5 CH 3.80 t (7.9) C: 3, 5 Glc3 H-6 Glc3
5 74.2 CH 4.07 t (7.9)
6 67.4 CH2 4.91 brd (9.8)

4.52 dd (7.3; 11.0)
Glc4 (1→4Xyl1)

1 103.4 CH 4.85 d (7.9) C: 4 Xyl1 H-4 Xyl1; H-3, 5 Glc4
2 74.0 CH 3.83 t (7.9)
3 85.8 CH 4.17 t (9.2) C: 1 MeGlc5 H-1 MeGlc5; H-1 Glc4
4 69.5 CH 3.68 t (9.2) C: 5 Glc4
5 74.4 CH 4.16 m
6 67.7 CH2 4.95 brd (10.5)

4.44 brdd (7.2; 11.2)
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Table 2. Cont.

Atom δC Mult. a,b,c δH Mult. (J in Hz) d HMBC ROESY

MeGlc5 (1→3Glc4)
1 104.3 CH 5.16 d (8.3) C: 3 Glc4 H-3 Glc4; H-5 MeGlc5
2 74.0 CH 3.87 t (8.3) C: 1 MeGlc5 H-4 MeGlc5
3 85.3 CH 3.71 t (8.3) C: 4 MeGlc5; OMe H-1 Me Glc5
4 76.1 CH 4.88 t (8.8) C: 5 MeGlc5
5 76.4 CH 3.86 m H-1 MeGlc5
6 61.7 CH2 4.49 d (11.6)

4.33 m
OMe 60.8 CH3 3.93 s C: 3 MeGlc5 H-3 MeGlc5

a Recorded at 125.67 MHz in C5D5N/D2O (4/1). b Bold = interglycosidic positions. c Italic = sulfate position.
d Recorded at 500.12 MHz in C5D5N/D2O (4/1). Multiplicity by 1D TOCSY. The original spectra of 1 are provided
in Figures S1–S7.

Table 3. 13C and 1H NMR chemical shifts, HMBC and ROESY correlations of the carbohydrate moiety
of chilensoside F (2).

Atom δC Mult. a,b,c δH Mult. (J in Hz) d HMBC ROESY

Xyl1 (1→C-3)
1 104.6 CH 4.62 d (7.7) C: 3 H-3; H-3, 5 Xyl1
2 82.9 CH 3.71 t (7.7) C: 1, 3 Xyl1 H-1 Qui2
3 75.1 CH 3.93 t (7.7) C: 2, 4 Qui2 H-1 Xyl1
4 81.2 CH 3.92 m C: 1 Glc4 H-1 Glc4
5 63.4 CH2 4.28 dd (5.1; 11.5) C: 3 Xyl1

3.57 m H-1, 3 Xyl1
Qui2 (1→2Xyl1)

1 104.7 CH 4.75 d (7.3) C: 2 Xyl1 H-2 Xyl1; H-3, 5 Qui2
2 75.3 CH 3.94 t (9.3) H-4 Qui2
3 74.4 CH 4.06 t (9.3) C: 2, 4 Qui2 H-1, 5 Qui2
4 85.9 CH 3.31 t (9.3) C: 1 Glc3; 5 Qui2 H-1 Glc3; H-2 Qui2
5 71.7 CH 3.60 m H-1, 3 Qui2
6 17.4 CH3 1.53 d (6.4) C: 4, 5 Qui2 H-4 Qui2

Glc3 (1→4Qui2)
1 104.1 CH 4.68 d (7.5) C: 4 Qui2 H-4 Qui2; H-3, 5 Glc3
2 72.8 CH 3.80 t (9.0) C: 1, 3 Glc3
3 83.9 CH 4.98 t (9.0) C: 2, 4 Glc3 H-1, 5 Glc3
4 69.5 CH 3.82 t (9.0) C: 3, 5, 6 Glc3
5 74.3 CH 4.08 t (9.0) H-1, 3 Glc3
6 67.4 CH2 4.92 brd (11.7)

4.53 dd (7.6; 11.7) C: 5 Glc3 H-4 Glc3
Glc4 (1→4Xyl1)

1 103.5 CH 4.81 d (7.8) C: 4 Xyl1 H-4 Xyl1; H-3, 5 Glc4
2 74.0 CH 3.92 t (8.4) C: 1, 3 Glc4
3 82.8 CH 4.37 t (8.4) C: 1 MeGlc5; 2, 4 Glc4 H-1 MeGlc5
4 75.5 CH 4.74 t (8.4) C: 5, 6 Glc4 H-2 Glc4
5 73.8 CH 4.33 m H-1 Glc4
6 68.5 CH2 5.50 m

4.62 t (10.9) H-4 Glc4
MeGlc5 (1→3Glc4)

1 104.5 CH 5.20 d (8.2) C: 3 Glc4 H-3 Glc4; H-3, 5
MeGlc5

2 74.5 CH 4.00 t (9.4) C: 1, 3 MeGlc5
3 86.9 CH 3.65 t (9.4) C: 2, 4 MeGlc5; OMe H-1, 5 Me Glc5; OMe
4 70.0 CH 3.91 t (9.4) C: 3, 5, 6 MeGlc5 H-6 MeGlc5
5 77.5 CH 3.87 m H-1 MeGlc5
6 62.0 CH2 4.34 brd (11.7)

4.09 dd (7.0; 11.7) C: 5 MeGlc5

10
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Table 3. Cont.

Atom δC Mult. a,b,c δH Mult. (J in Hz) d HMBC ROESY

OMe 60.3 CH3 3.76 s C: 3 MeGlc5
a Recorded at 125.67 MHz in C5D5N/D2O (4/1). b Bold = interglycosidic positions. c Italic = sulfate position.
d Recorded at 500.12 MHz in C5D5N/D2O (4/1). Multiplicity by 1D TOCSY. The original spectra of 2 are provided
in Figures S9–S15.

The molecular formula of chilensoside E (1) was determined to be C60H90O39S4Na4
from the [M4Na–2Na]2− ion peak at m/z 804.1857 (calc. 804.1874), [M4Na–3Na]3− ion peak at
m/z 528.4622 (calc. 528.4619), and [M4Na–4Na]4− ion peak at m/z 390.5999 (calc. 390.5991)
in the (−)HR-ESI-MS (Figure S8). The 1H and 13C NMR spectra of the carbohydrate chain
of chilensoside E (1) (Table 2, Figures S1–S7) demonstrated five characteristic doublets of
anomeric protons at δH 4.61–5.16 (J = 7.4–8.3 Hz) and the signals of anomeric carbons at
δC 103.4–104.6, indicating the presence of a pentasaccharide chain and β-configurations
of glycosidic bonds. The MS data indicated the presence of four sulfate groups in the
sugar chain of 1 due to the registration of a four-charged ion. The analysis of the signals
of the isolated spin system corresponding to the Glc3 residue deduced by 1D TOCSY
and 1H,1H-COSY spectra showed three strongly deshielded proton signals (δH 4.98 (H-3
Glc3); 4.91 and 4.52 (2H-6 Glc3)). The HSQC spectrum correlated them with two carbon
signals at δC 83.8 (C-3 Glc3) and 67.4 (C-6 Glc3). These data indicated that two sulfate
groups were linked to the Glc3 residue at C-3 and C-6. The ROESY and HMBC correlations
of H-3 Glc3 with any protons or carbons of neighboring monosaccharide residues were
absent. These data indicated that Glc3 is a terminal residue of the bottom semi-chain. The
attachment of the third sulfate group to C-6 Glc4 was deduced from the characteristic signal
at δC 67.7 assigned in the same manner as for Glc3. The position of the last sulfate group
was established to be at C-4 MeGlc5 due to the deshielding of its signal to δC 76.1 when
compared with corresponding signals in the spectra of chilensosides A and C observed
at δC 70.0 [15]. Moreover, all the signals of this monosaccharide unit in the 13C NMR
spectrum of 1 coincided with the signals of 3-O-methylglucose residue, sulfated by C-4,
in the spectrum of chilensoside B [15]. Hence, chilensoside E (1) is characterized by a
tetrasulfated carbohydrate chain with a new combination of sulfate group positions.

The (−)ESI-MS/MS of 1 (Figure S8) demonstrated the fragmentation of [M4Na–2Na]2−
ion with m/z 804.2 giving the fragment ion-peak at m/z 665.7 [M4Na–2Na–MeGlcSO3Na+H]2−,
as well as the fragmentation of [M4Na–3Na]3− ion with m/z 528.5 resulting in the ion peaks
[M4Na–3Na–HSO4Na–SO3Na+2H]3− and [M4Na–3Na–MeGlcSO3Na+H]3− observed at
m/z 456.8 and 430.1, correspondingly.

These data indicate that chilensoside E (1) is 3β-O-{3,6-O-sodium disulfate-β-D-glucop
yranosyl-(1→4)-β-D-quinovopyranosyl-(1→2)-[4-O-sodium sulfate-3-O-methyl-β-D-glucop
yranosyl-(1→3)-6-O-sodium sulfate-β-D-glucopyranosyl-(1→4)]-β-D-xylopyranosyl}-16-
oxoholosta-9(11),24(25)-diene.

The molecular formula of chilensoside F (2) was determined to be C60H90O39S4Na4
from the [M4Na–2Na]2− ion peak at m/z 804.1875 (calc. 804.1874), [M4Na–3Na]3− ion peak
at m/z 528.4628 (calc. 528.4619) and [M4Na–4Na]4− ion peak at m/z 390.5998 (calc. 390.5991)
in the (−)HR-ESI-MS (Figure S16), indicating compound 2 is isomeric to 1 presumably by
the sulfate group positions. The carbohydrate chain of 2 consisted of five sugar residues
(from five signals of anomeric protons at δH 4.62–5.20 (J = 7.3–8.2 Hz)) (Table 3, Figures
S9–S15). Two glucose residues (Glc3 and Glc4) were sulfated by C-6, which was deduced
from the presence of characteristic signals of the sulfated hydroxy methylene groups at
δC 67.4 and 68.5, while the 3-O-methylglucose residue did not bear any sulfates (δс 70.0
(C-4 MeGlc5) and δс 62.0 (C-6 MeGlc5)). An additional two sulfates were attached to
C-3 Glc3 and C-4 Glc4, deduced from the downfield shifting of their signals to 83.9 and
75.5, respectively. The comparison of the signals corresponding to the Glc3 residue in the
13C NMR spectra of chilensosides E (1) and F (2) showed their coincidence corroborating
the presence of sulfate groups at C-3 Glc3 and C-6 Glc3 in 2. The same procedure was
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conducted for the signals of the Glc4 residue in the 13C NMR spectra of chilensosides A,
A1, C [15], and F (2) and confirmed the sulfate groups attachment to C-4 Glc4 and C-6 Glc4
in 2. The deshielding of the signal of C-4 Glc4 to δC 75.5 due to the α-shifting effect of the
sulfate group in the spectrum of 2 compared with the same signal in the spectrum of 1 (δC
69.5) and corroborated the position of the sulfate group. Therefore, chilensoside F (2) has a
tetrasulfated sugar chain with two disulfated glucose residues.

The (−)ESI-MS/MS of 2 (Figure S16) demonstrated the fragmentation of [M4Na–2Na]2−
ion at m/z 804.2 that led to the ion peak at m/z 533.7 [M4Na–2Na–MeGlc–GlcSO3Na+H]2−
and fragmentation of [M4Na–3Na]3− ion at m/z 528.5 resulted in the ion peaks at m/z 488.8
[M4Na–3Na–HSO4Na]3− and 430.1 [M4Na–3Na–MeGlc–SO4Na+H]3−.

All these data indicate that chilensoside F (2) is 3β-O-{3,6-O-sodium disulfate-β-D-
glucopyranosyl-(1→4)-β-D-quinovopyranosyl-(1→2)-[3-O-methyl-β-D-glucopyranosyl-(1→3)-
4,6-O-sodium disulfate-β-D-glucopyranosyl-(1→4)]-β-D-xylopyranosyl}-16-oxoholosta-
9(11),24(25)-diene.

The molecular formula of chilensoside G (3) was determined to be C66H100O44S4Na4
from the [M4Na–2Na]2− ion peak at m/z 885.2161 (calc. 885.2138), [M4Na–3Na]3− ion peak at
m/z 582.4816 (calc. 582.4795), and [M4Na–4Na]4− ion peak at m/z 431.1139 (calc. 431.1123)
in the (−)HR-ESI-MS (Figure S24).

The 1H and 13C NMR spectra of the carbohydrate chain of chilensoside G (3) (Table 4,
Figures S17–S22) demonstrated six characteristic doublets of anomeric protons at δH
4.65–5.38 (J = 6.8–8.7 Hz) and six signals of anomeric carbons at δC 102.3–104.7 that cor-
responded to hexasaccharide chain having β-configurations of glycosidic bonds. The
extensive analysis of the 1H,1H-COSY, 1D TOCSY, HSQC, ROESY, and HMBC spectra of 3

indicated the presence of one xylose (Xyl1), one quinovose (Qui2), three glucose (Glc3, Glc4,
Glc5), and one 3-O-methylglucose (MeGlc6) residue. The monosaccharides were connected
to each other and to the aglycone by the glycosidic linkages located at typical sea cucumber
glycoside positions, which was confirmed by the correlations in the ROESY and HMBC
spectra of 3: H-1 Xyl1/H-3 (C-3) of the aglycone, H-1 Qui2/H-2 (C-2) Xyl1, H-1 Glc3/H-4
(C-4) Qui2, H-1 Glc4/H-3 (C-3) Glc3, H-1 Glc5/H-4 (C-4) Xyl1, and H-1 MeGlc6/H-3 (C-3)
Glc5 (Table 4, Figures S17–S23).

Table 4. 13C and 1H NMR chemical shifts, HMBC and ROESY correlations of the carbohydrate moiety
of chilensoside G (3).

Atom δC Mult. a,b,c δH Mult. (J in Hz) d HMBC ROESY

Xyl1 (1→C-3)
1 104.7 CH 4.65 d (6.8) C: 3 H-3; H-3, 5 Xyl1
2 82.2 CH 3.85 t (8.7) C: 1 Xyl1 H-1 Qui2
3 75.0 CH 4.10 t (8.7) C: 2, 4 Qui2 H-5 Xyl1
4 79.5 CH 4.05 m H-1 Glc5
5 63.4 CH2 4.34 dd (4.9; 11.7) C: 3 Xyl1

3.63 brdd (8.7; 11.7) H-1 Xyl1
Qui2 (1→2Xyl1)

1 104.5 CH 4.89 d (8.0) C: 2 Xyl1 H-2 Xyl1; H-3, 5 Qui2
2 75.4 CH 3.83 t (8.9) C: 1, 3 Qui2 H-4 Qui2
3 74.7 CH 3.92 t (8.3) C: 2 Qui2 H-1 Qui2
4 86.9 CH 3.34 t (8.3) C: 1 Glc3; 3, 5 Qui2 H-1 Glc3; H-2 Qui2
5 71.4 CH 3.61 dd (6.2; 8.3) H-1, 3 Qui2
6 17.6 CH3 1.57 d (6.5) C: 4, 5 Qui2 H-4 Qui2
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Table 4. Cont.

Atom δC Mult. a,b,c δH Mult. (J in Hz) d HMBC ROESY

Glc3 (1→4Qui2)
1 104.2 CH 4.71 d (7.8) C: 4 Qui2 H-4 Qui2; H-3, 5 Glc3
2 73.4 CH 3.83 t (8.6) C: 1, 3 Glc3
3 86.1 CH 4.16 t (8.6) C: 1 Glc4; 2, 4 Glc3 H-1 Glc4; H-1 Glc3
4 69.3 CH 3.75 t (8.6) C: 3, 5, 6 Glc3 H-6 Glc3
5 74.7 CH 4.08 t (8.6) H-1 Glc3
6 67.4 CH2 4.95 brd (10.2) C: 4 Glc3

4.54 dd (7.1; 11.0) H-4 Glc3
Glc4 (1→3Glc3)

1 104.6 CH 5.19 d (7.8) C: 3 Glc3 H-3 Glc3; H-3, 5 Glc4
2 74.9 CH 3.91 t (8.6) C: 3 Glc4
3 77.2 CH 4.09 t (8.6) C: 2, 4 Glc4 H-1 Glc4
4 71.0 CH 3.88 t (8.6)
5 77.7 CH 3.90 t (8.6) H-1 Glc4
6 61.9 CH2 4.35 d (11.8)

4.05 dd (5.5; 11.8) C: 5 Glc4
Glc5 (1→4Xyl1)

1 102.7 CH 4.81 d (8.7) C: 4 Xyl1 H-4 Xyl1; H-3, 5 Glc5
2 73.5 CH 3.96 t (8.7) C: 1, 3 Glc5
3 80.1 CH 4.52 t (8.7) C: 1 MeGlc6; 2, 4 Glc5 H-1 MeGlc6; H-1, 5 Glc5
4 75.3 CH 4.76 t (8.7) C: 3, 5, 6 Glc5 H-6 Glc5
5 73.8 CH 4.25 t (8.7) C: 4, 6 Glc5 H-1, 3 Glc5
6 68.2 CH2 5.39 d (10.9)

4.66 dd (7.6; 10.9) C: 5 MeGlc5
MeGlc6 (1→3Glc5)

1 102.3 CH 5.38 d (7.8) C: 3 Glc5 H-3 Glc5; H-3, 5 MeGlc6
2 74.0 CH 3.94 t (7.8) C: 1, 3 MeGlc6
3 86.3 CH 3.61 t (8.9) OMe; C: 2, 4 MeGlc6 OMe; H-1, 5 MeGlc6
4 69.4 CH 4.04 t (8.9) C: 3, 5, 6 MeGlc6
5 75.6 CH 3.97 m H-1, 3 MeGlc6
6 66.8 CH2 4.94 d (10.4) C: 4 MeGlc6

4.79 dd (5.2; 11.9)
OMe 60.3 CH3 3.73 s C: 3 MeGlc6

a Recorded at 125.67 MHz in C5D5N/D2O (4/1). b Bold = interglycosidic positions. c Italic = sulfate position. d

Recorded at 500.12 MHz in C5D5N/D2O (4/1). Multiplicity by 1D TOCSY. The original spectra of 3 are provided
in Figures S17–S22.

The positions of sulfate groups were established as a result of NMR spectra analyses.
The typical values of chemical shifts observed due to the sulfate groups shifting effects
were found. The signal of C-6 Glc3 was deshielded to δC 67.4, and the signal of C-5 Glc3—
shielded to δC 74.7, indicating the sulfation of the hydroxymethylene group of this residue.
At the same time, the signal of C-3 Glc3 was observed at δC 86.1 due to the glycosylation
effect appearing because of the attachment of the terminal (Glc4) unit to this position.
The ROESY correlation H-1 Glc4/H-3 Glc3 confirmed this supposition. As a result of the
analysis of the isolated spin system corresponding to the Glc5 residue, two deshielded
signals (in comparison with the signals of non-sulfated carbons) were assigned to sulfated
carbons, C-4 Glc5 (δC 75.3) and C-6 Glc5 (δC 68.2). Another downfield shifted signal at δC
80.1 was attributed to position 3 of Glc5 glycosylated by the sixth monosaccharide unit.
The last sulfate group was attached to C-6 of the terminal residue in the upper semi-chain—
MeGlc6. A corresponding signal (C-6 MeGlc6) was observed at δC 66.8. The presence of a
terminal non-methylated glucose unit (Glc4) was established by the shielded signal of C-3
Glc4 at δC 77.2, which was observed instead of the signal at δC ~86.5 in 3-O-methylated
derivatives. The absence of the signal of the second OMe-group at δC ~60.5 in the 13C NMR
spectrum of 3 was an additional confirmation. Hence, chilensoside G (3) is a tetrasulfated
hexaoside that expanded the list of the most polar glycosides of sea cucumbers found so far.
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The (−)ESI-MS/MS of 3 (Figure S24) demonstrated the fragmentation of [M4Na–
2Na]2− ion with m/z 885.2 resulted in the ion-peaks at m/z 825.7 [M4Na–2Na–SO4Na]2−,
746.7 [M4Na–2Na–MeGlcSO3Na]2−, 695.7 [M4Na–2Na–MeGlcSO3Na–SO3Na]2−, and 614.7
[M4Na–2Na–MeGlcSO3Na–Glc–SO3Na]2−. The fragmentation of [M4Na–3Na]3− ion at
m/z 582.5 led to the presence of the ion peaks at m/z 548.8 [M4Na–3Na–SO3Na]3−, 542.8
[M4Na–3Na–NaHSO4]3−, and 484.1 [M4Na–3Na–MeGlcSO3Na]3−.

These data indicate that chilensoside G (3) is 3β-O-{β-D-glucopyranosyl-(1→3)-6-
O-sodium sulfate-β-D-glucopyranosyl-(1→4)-β-D-quinovopyranosyl-(1→2)-[6-O-sodium
sulfate-3-O-methyl-β-D-glucopyranosyl-(1→3)-4,6-O-sodium disulfate-β-D-glucopyranosyl-
(1→4)]-β-D-xylopyranosyl}-16-oxoholosta-9(11),24(25)-diene.

2.2. Bioactivity of the Glycosides

The cytotoxic activities of chilensosides E–G (1–3) against human cell lines, erythro-
cytes, and cancer cells, including neuroblastoma SH-SY5Y, adenocarcinoma HeLa, colorectal
adenocarcinoma DLD-1, leukemia promyeloblast HL-60, and monocytic THP-1 have been
studied. The earlier tested chitonoidoside L [3] was used as the positive control in all the
tests (Table 5). The activity of the glycosides against SH-SY5Y, HeLa, and DLD-1 cells was
examined using an MTT assay and against HL-60 and THP-1 cells using an MTS assay.

Table 5. The cytotoxic activities of glycosides 1–3 and chitonoidoside L (positive control) against
human erythrocytes, SH-SY5Y, HeLa, DLD-1, HL-60, and THP-1 human cell lines.

Glycosides
ED50, μM,

Erythrocytes

Cytotoxicity, IC50 μM

SH-SY5Y HeLa DLD-1 HL-60 THP-1

Chilensoside E (1) 29.89 ± 2.67 >100.0 >100.0 >100.0 >100.0 >100.0
Chilensoside F (2) 34.31 ± 0.63 >100.0 >100.0 >100.0 >100.0 >100.0
Chilensoside G (3) 40.74 ± 1.55 >100.0 >100.0 >100.0 >100.0 >100.0
Chitonoidoside L 1.12 ± 0.10 8.06 ± 0.98 14.36 ± 1.12 9.61 ± 1.24 8.22 ± 0.65 8.32 ± 0.81

Erythrocytes, in agreement with earlier published data [15,19], exhibited an increased
sensitivity to the membranolytic action of sea cucumber glycosides compared to cancer
cells. The erythrocytes are a traditional and convenient model for investigating the membra-
nolytic action of the glycosides. All compounds 1–3 showed moderate hemolytic activity,
allowing us to suppose the cytotoxic doses of the investigated compounds will be relatively
high. Chilensosides E–G (1–3) were not cytotoxic against cancer cell lines even at the maxi-
mal tested concentration (100 μM). As previously observed, the presence of four sulfate
groups alone did not deplete the activity [17]. However, the decreasing membranolytic
activity caused by the increasing number of sulfates was reported earlier for some of the
glycosides [20]. Generally, the influence of sulfate groups on the activity of the glycosides
significantly depends on the structural characteristics of their carbohydrate chains [9]. So,
in the case of chilensosides E–G (1–3), the combination of sulfates quantity and positions
presumably negatively affected their activity. This was in good agreement with the previous
tests of cytotoxicity of tetrasulfated chilensoside D, which has been inactive in relation to
three of five cancer cell lines [15]. The analysis of the structure-activity relationships of the
glycosides isolated from P. chilensis and the comparison between the effects of trisulfated
chilensoside C, tetrasulfated chilensosides D [15], and E–G (1–3) have allowed the finding
of the common feature of tetrasulfated glycosides that presumably extremely decreased
their activity against cancer cells—the presence of a sulfate group at C-6 Glc3 (on the bottom
semi-chain). However, the much more complicated influence of the glycosides’ different
structural features, including aglycones’ structures, carbohydrate chains, architecture and
composition, and their combinations on the glycoside/membrane interactions is obvious.
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2.3. Biogenesis of Chilensosides A–G

The majority of chilensosides share the same overall structures, including the same
aglycones and monosaccharide composition. Consequently, biosynthesis of the glycosides
of P. chilensis looks somewhat strictly directed. However, the combinatorial features of
biosynthesis [18,21] have become evident when the character of sulfation of sugar chains of
these glycosides is analyzed. The biogenetic analysis of this series of glycosides has revealed
that they form a network instead of biogenetic rows due to the enzymatic introduction of
sulfate groups in almost all possible positions (Figure 3). The trend has been derived from
the biogenetic analysis that the upper semi-chains are sulfated before the bottom ones, and
C-6 of the glucose residues attached to C-4 Xyl1 take precedence in the sulfation.

 

Figure 3. The directions of sulfation in the process of biosynthesis of the glycosides of P. chilensis.
Uncombined biogenetic rows are highlighted by blue and red colors.

Noticeably, the presence of a sulfate group at C-3 Glc3—the terminal monosaccharide
residue in the bottom semi-chain of compounds 1 and 2—excludes the possibility of further
sugar chain elongation. Thus, chilensosides C [15] and F (2) could not be the biosynthetic
precursors of hexaoside chilensoside G (3). More likely, chilensoside G (3) is biosynthesized
through the chilensosides A and D (Figure 2), having a free hydroxyl group available for
glycosylation. Presumably, the processes of glycosylation and sulfation are concurrent
biosynthetic stages. They can be shifted in time in relation to each other, a characteristic
feature of the mosaic type of biosynthesis [18,21].

3. Materials and Methods

3.1. General Experimental Procedures

Specific rotation was measured on a PerkinElmer 343 Polarimeter (PerkinElmer,
Waltham, MA, USA); NMR spectra were registered on a Bruker AMX 500 (Bruker BioSpin
GmbH, Rheinstetten, Germany) (500.12/125.67 MHz (1Н/13C) spectrometer; ESI MS (posi-
tive and negative ion modes) spectra were registered on an Agilent 6510 Q-TOF apparatus
(Agilent Technology, Santa Clara, CA, USA), sample concentration 0.01 mg/mL; HPLC was
conducted on an Agilent 1260 Infinity II equipped with a differential refractometer (Agilent
Technology, Santa Clara, CA, USA); columns were used: Supelcosil LC-Si (4.6 × 150 mm,
5 μm) and Discovery Ascentis RP-Amide (10 × 250 mm, 5 μm) (Supelco, Bellefonte, PA,
USA), Diasfer 110 C-8 (4.6 × 250 mm, 5 μm) (Biochemmack, Moscow, Russia).

3.2. Animals and Cells

The sea cucumber Paracaudina chilensis (family Caudinidae; order Molpadida) (36 spec-
imens) was harvested in Troitsa Bay, Sea of Japan, in August 2019 by scuba diving 2–5 m
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in depth. The taxonomic position of the animals was determined by Boris B. Grebnev.
The voucher specimen PIBOC-2019-MES-0135 is kept in G.B. Elyakov PIBOC FEB RAS,
Vladivostok, Russia.

Human erythrocytes were purchased from the Station of Blood Transfusion in Vladi-
vostok. The cells of the human adenocarcinoma line (HeLa) were provided by the N.N.
Blokhin National Medicinal Research Center of Oncology of the Ministry of Health Care
of the Russian Federation (Moscow, Russia). The human colorectal adenocarcinoma line
DLD-1 CCL-221™ cells, human monocytic THP-1 TIB-202™ cells, human neuroblastoma
line SH-SY5Y CRL-2266™, and human promyeloblast cell line HL-60 CCL-240 were re-
ceived from ATCC (Manassas, VA, USA). The HeLa cell line was cultured in the medium of
DMEM (Gibco Dulbecco’s Modified Eagle Medium) with 1% penicillin /streptomycin sul-
fate (Biolot, St. Petersburg, Russia) and 10% fetal bovine serum (FBS) (Biolot, St. Petersburg,
Russia). The cells of THP-1, HL-60, and DLD-1 lines were cultured in the medium of RPMI
with 1% penicillin/streptomycin (Biolot, St. Petersburg, Russia) and 10% fetal bovine serum
(FBS) (Biolot, St. Petersburg, Russia). The cells were incubated at 37 ◦C in a humidified
atmosphere with 5% (v/v) CO2. SH-SY5Y cells were cultured in MEM (Minimum Essential
Medium) with 1% penicillin/streptomycin sulfate (Biolot, St. Petersburg, Russia) and with
fetal bovine serum (Biolot, St. Petersburg, Russia) to a final concentration of 10%.

The study was carried out in accordance with the guidelines of the Declaration of
Helsinki and approved by the Ethics Committee of G.B > Elyakov Pacific Institute of
Bioorganic Chemistry (Protocol No. 0037.12.03.2021).

3.3. Extraction and Isolation

The ethanol extract of the sea cucumbers was purified by standard methodology [15,18],
including column hydrophobic and Si gel chromatography. For the latter stage, the stepwise
gradient of solvent systems CHCl3/EtOH/H2O: 100:100:17 → 100:125:25 → 100:150:50 as
mobile phase was applied, followed by the additional purification of the obtained fractions
with CHCl3/EtOH/H2O (100:125:25) as the mobile phase. Finally, the subfractions: I.0
(22 mg), I.1 (120 mg), II (286 mg), III.1 (66 mg), and III.2 (177 mg) were isolated [15]. HPLC
of the subfraction II on the silica-based column Supelcosil LC-Si (4.6 × 150 mm, 5 μm) with
CHCl3/MeOH/H2O (55/30/4) as the mobile phase resulted in the isolation of two frac-
tions (II.1 and II.2). The subsequent HPLC of fraction II.2 on the Supelco Ascentis RP-Amide
(10 × 250 mm) column with MeOH/H2O/NH4OAc (1 M water solution), ratio (60/38.5/1.5),
as the mobile phase led to the isolation of four subfractions. The re-chromatography of
two of them on a Diasfer 110 C-8 (4.6 × 250 mm) column with MeOH/H2O/NH4OAc
(1 M water solution) (50/48/2) as the mobile phase applied for the separation of each
subfraction, resulted in the isolation of chilensosides E (1) (2.2 mg, Rt 14.12 min) and F (2)
(2.8 mg, Rt 17.25 min). The subfraction III.2 was submitted to HPLC on a Supelco Ascentis
RP-Amide (10 × 250 mm) column with CH3CN/H2O/NH4OAc (1 M water solution),
ratio (30/68/2), as the mobile phase to give two main fractions and some minor ones. The
repeated HPLC of one of the main fractions in the same conditions led to the isolation of
11.0 mg of chilensoside G (3) (Rt 16.67 min).

3.3.1. Chilensoside E (1)

Colorless powder; [α]D
20–39◦ (c 0.1, H2O). NMR: Table S1 and Table 1, Figures S1–S8.

(−)HR-ESI-MS m/z: 804.1857 (calc. 804.1874) [M4Na–2Na]2−, 528.4622 (calc. 528.4619)
[M4Na–3Na]3−, 390.5999 (calc. 390.5991) [M4Na–4Na]4−); (−)ESI-MS/MS m/z: 665.7 [M4Na–
2Na–C7H11O8SNa (MeGlcSO3Na)+H]2−, 456.8 [M4Na–3Na–HSO4Na–SO3Na+2H]3−, 430.1
[M4Na–3Na–C7H12O9SNa (MeGlcSO3Na)]3−.

3.3.2. Chilensoside F (2)

Colorless powder; [α]D
20–42◦ (c 0.1, H2O). NMR: Table S2 and Table 2, Figures S9–S15.

(−)HR-ESI-MS m/z: 804.1875 (calc. 804.1874) [M4Na–2Na]2−, 528.4628 (calc. 528.4619)
[M4Na–3Na]3−, 390.5998 (calc. 390.5991) [M4Na–4Na]4−); (−)ESI-MS/MS m/z: 533.7 [M4Na–
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2Na–C7H13O5(MeGlc)–C6H9O11S2Na2(Glc(SO3Na)2+H]2−, 488.8 [M4Na–3Na–HSO4Na]3−,
430.1 [M4Na–3Na–C7H13O5 (MeGlc)–SO4Na+H]3−.

3.3.3. Chilensoside G (3)

Colorless powder; [α]D
20–53◦ (c 0.1, H2O). NMR: Tables S3 and Table 3, Figures S17–

S22. (−)HR-ESI-MS m/z: 885.2161 (calc. 885.2138) [M4Na–2Na]2−, 582.4816 (calc. 582.4795)
[M4Na–3Na]3−, 431.1139 (calc. 431.1123) [M4Na–4Na]4−; (−)ESI-MS/MS m/z: 825.7 [M4Na–
2Na–SO4Na]2−, 746.7 [M4Na–2Na–C7H12O8SNa(MeGlcSO3Na)]2−, 695.7 [M4Na–2Na–
C7H12O8SNa(MeGlcSO3Na)–SO3Na+H]2−, 614.7 [M4Na–2Na–C7H12O8SNa (MeGlcSO3Na)–
C6H11O5(Glc)–SO3Na]2−

, 548.8 [M4Na–3Na–SO3Na]3−, 542.8 [M4Na–3Na–NaHSO4]3−,
484.1 [M4Na–3Na–C7H12O8SNa (MeGlcSO3Na)]3−.

3.4. Cytotoxic Activity (MTT Assay) (for SH-SY5Y, HeLa, and DLD-1 Cells)

All substances (including chitonoidoside L used as a positive control) were tested in
concentrations from 0.1 μM to 100 μM using a 2-fold dilution in d-H2O. The cell suspension
(180 μL) and solutions (20 μL) of tested glycosides in different concentrations were injected
in wells of 96-well plates (SH-SY5Y, 1×104 cells/well, HeLa and DLD-1, 6×103/200 μL)
and incubated at 37 ◦C for 24 h in the atmosphere with 5% CO2. After the incubation,
the glycosides with the medium were replaced by 100 μL of fresh medium. Then, 10 μL
of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich,
St. Louis, MO, USA) stock solution (5 mg/mL) were added to each well, followed by
incubation of the microplate for 4 h. After this procedure, 100 μL of SDS-HCl solution (1 g
SDS/10 mL d-H2O/17 μL 6 N HCl) was added to each well and incubated for 18 h. The
absorbance of the converted dye formazan was determined with a Multiskan FC microplate
photometer (Thermo Fisher Scientific, Waltham, MA, USA) at 570 nm. Cytotoxic activity
of the tested glycosides was calculated as a concentration that caused 50% cell metabolic
activity inhibition (IC50). The experiments were conducted in triplicate, p < 0.05.

3.5. Cytotoxic Activity (MTS Assay) (for HL-60 and THP-1 Cells)

The cells of THP-1 (6 × 103/200 μL) and HL-60 line (10 × 103/200 μL) were placed
in 96-well plates at 37 ◦C for 24 h in a 5% CO2 incubator. The cells were treated with
tested glycosides and chitonoidoside L as a positive control at concentrations between 0
and 100 μM for an additional 24 h. Then the cells were incubated with 10 μL MTS ([3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) for
4 h, and the absorbance in each well was determined at 490/630 nm with a plate reader
PHERA star FS (BMG Labtech, Ortenberg, Germany). The experiments were conducted
in triplicate. The results were presented as the percentage of inhibition that produced a
reduction in absorbance after tested glycoside treatment compared to the non-treated cells
(negative control), p < 0.01.

3.6. Hemolytic Activity

Erythrocytes were obtained from human blood (AB(IV) Rh+) by centrifugation with
phosphate-buffered saline (PBS) (pH 7.4) at 4 ◦C for 5 min three times at 450 g on a
centrifuge LABOFUGE 400R (Heraeus, Hanau, Germany). Then, the erythrocytes residue
was resuspended in ice-cold phosphate saline buffer (pH 7.4) to a final optical density of 1.5
at 700 nm and kept on ice [22]. For the hemolytic assay, 180 μL of erythrocyte suspension
was mixed with 20 μL of test compound solution (including chitonoidoside L used as a
positive control) in V-bottom 96-well plates. After 1 h of incubation at 37 ◦C, the plates were
exposed to centrifugation for 10 min at 900 g in a laboratory centrifuge LMC-3000 (Biosan,
Riga, Latvia) [22]. Then, 100 μL of supernatant was carefully decanted and transferred into
new flat plates. The erythrocyte lysis values were measured by measuring the supernatant’s
hemoglobin concentration with a microplate photometer Multiskan FC (Thermo Fisher
Scientific, Waltham, MA, USA), λ = 570 nm [23]. The effective dose causing 50% hemolysis
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of erythrocytes (ED50) was calculated with the computer program SigmaPlot 10.0. All the
experiments were carried out in triple repetitions, p < 0.01.

4. Conclusions

As a result of the investigation of the glycosidic composition of the sea cucumber
Paracaudina chilensis, taking into account this paper and a previously published paper [15],
the structures of eight new glycosides, chilensosides A–G have been established, and their
cytotoxic activity has been studied. The structural diversity of these compounds concerned
the sugar moieties, mainly the number and positions of sulfate groups. Seven glycosides
shared pentasaccharides branched by C-4 Xyl1 chains with the same monosaccharide
composition and sequence of residues. One glycoside from the series—chilensoside G (3)—
contained six monosaccharide residues having additional glucose units in the bottom semi-
chain. Analogously, seven glycosides have identical aglycones, and only one, chilensoside
A [15], is characterized by the other structure of the aglycone side chain. Thus, the majority
of chilensosides share the same overall structure. They are formed as a result of the
same cascade of enzymatic reactions making this biosynthetic pathway predominant and
minimizing the mosaicism (combinatorial character) [18] of the glycosides biosynthesis.
However, the combinatorial features become evident in the mode of sulfation of sugar
chains of these glycosides because of the attachment of sulfate groups in somewhat different
positions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md21020114/s1; The original spectral data (Figures S1–S24 and
Tables S1 and S2).
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Abstract: Despite recent advances in the treatment of metastatic castration-resistant prostate cancer
(CRPC), treatment is inevitably hampered by the development of drug resistance. Thus, new drugs
are urgently needed. We investigated the efficacy, toxicity, and mechanism of action of the marine
triterpene glycoside cucumarioside A2-2 (CA2-2) using an in vitro CRPC model. CA2-2 induced a
G2/M-phase cell cycle arrest in human prostate cancer PC-3 cells and caspase-dependent apoptosis
executed via an intrinsic pathway. Additionally, the drug inhibited the formation and growth of
CRPC cell colonies at low micromolar concentrations. A global proteome analysis performed using
the 2D-PAGE technique, followed by MALDI-MS and bioinformatical evaluation, revealed alterations
in the proteins involved in cellular processes such as metastatic potential, invasion, and apoptosis.
Among others, the regulation of keratin 81, CrkII, IL-1β, and cathepsin B could be identified by
our proteomics approach. The effects were validated on the protein level by a 2D Western blotting
analysis. Our results demonstrate the promising anticancer activity of CA2-2 in a prostate cancer
model and provide insights on the underlying mode of action.

Keywords: cucumarioside A2-2; castration-resistant prostate cancer; PC-3 cells; apoptosis;
anti-metastatic activity; proteomics

1. Introduction

Prostate cancer is the most common cancer in men aged 50+ with more than 1.3 million
new cases annually, and is among the five deadliest cancers worldwide [1]. At an early
stage, prostate cancer is often asymptomatic and, depending on tumor biology, can be
managed by active surveillance of the patient. However, at later stages, so-called aggressive
variants of prostate cancer (AVPCs) appear. AVPCs are resistant to various anticancer
treatments and show an aggressive, metastases-prone phenotype [2]. Castration-resistant
prostate cancer (CRPC), which is a subtype of AVPCs, is characterized by resistance to
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hormonal therapy, which still is the mainstay of treatment of systemic disease [3]. Despite
intensive research in this area and the active search for new antitumor agents, effective
ways to suppress the growth and development of CRPC tumors are still urgently needed.

Bioactive compounds derived from marine organisms are a valuable source of new
anticancer agents [4]. Additionally, for many substances with established structures, pre-
viously unknown biological activities and the identification of the underlying mode of
action are reported [5]. In vitro and in vivo studies of the chemo-preventive and anticancer
properties of compounds isolated from fish, mollusks, starfish, and sea cucumbers indicate
their great therapeutical potential [6].

Triterpene glycosides, produced by holothurians (also referred to as sea cucumbers),
are a group of small molecules with a wide range of biological activities. Among others,
they are known to be cytotoxic and ichthyotoxic, as well as antimicrobially, antivirally,
radio-protectively, and immunomodulatorily active [7]. Using triterpene glycosides from
sea cucumbers, several pharmacological preparations, biological additives, functional
nutrition products, and cosmetics have already been developed and patented [8].

Of particular interest are the antitumor properties of these compounds. It has previ-
ously been described that holothurians’ triterpene glycosides inhibit the proliferation of
human tumor cells of various origins, including cervical and lung carcinoma, liver and
stomach cancer, breast and ovarian cancer, malignant melanoma, and other types [9–16]. It
is also known that triterpenoids (specifically triterpene saponins of plant origin) can effec-
tively inhibit the division of tumor cells and suppress the growth of hormone-dependent
tumors [17]. However, only little is known about the antitumor activity of marine triter-
pene glycosides in prostate cancer. It has been reported that the triterpene saponins
cercodemasoides A–E originating from the sea cucumber Cercodemas anceps, stichorreno-
sides A–D from the sea cucumber Stichopus horrens, and triterpene tetraglycosides from
Stichopus herrmanni, as well as echinoside A from Pearsonothuria graeffei, exhibit strong
cytotoxic activity at micromolar concentrations on prostate cancer models both in vitro
and in vivo [18,19]. Furthermore, it could be shown that frondoside A isolated from the
sea cucumber Cucumaria okhotensis inhibits the proliferation and formation of colonies of
metastatic castration-resistant prostate cancer cells by inhibition cell cycle progression,
induction of apoptosis, and inhibition of autophagy [20,21]. Additionally, in vivo, this
compound inhibited the tumor growth of PC-3 and DU145 cells with a significant reduction
in lung metastasis, as well as circulating tumor cells in the peripheral blood in a mouse
model [20].

Cucumarioside A2-2 (CA2-2) is a triterpene glycoside which was initially isolated
from the sea cucumber Cucumaria japonica. Our group has previously shown that CA2-2
is able to suppress the growth of mouse Ehrlich carcinoma cells in vitro and in vivo, can
block DNA biosynthesis in the S-phase, induces apoptosis in a caspase-dependent manner,
bypassing the activation of the p53-dependent segment, and causes apoptotic necrosis
and mitoptosis [22–26]. This glycoside overcomes the multidrug resistance of tumor cells
and promotes the intracellular accumulation of certain chemotherapeutic agents [27,28].
In the work presented here, we set out to elucidate the molecular mechanisms of the
observed antitumor effects of CA2-2 using human CRPC PC-3 cells. We used a global
proteomics screening approach based on 2D-PAGE electrophoresis followed by MALDI-MS
and subsequent bioinformatical data analysis to identify proteins showing differential
regulation upon CA2-2 treatment in these prostate cancer cells.

2. Results

2.1. CA2-2 Inhibits Prostate Cancer Cell Viability

The anticancer activity of the triterpene glycoside CA2-2 (Figure 1a) was assessed in
metastatic castration-resistant prostate cancer PC-3 cells, known to be resistant to both anti-
hormonal as well as cytotoxic agents [2]. Experiments revealed a concentration-dependent
cytotoxic effect of CA2-2 at micromolar concentrations with an IC50 of 2.05 μM (Figure 1b).
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Figure 1. Chemical structure of CA2-2 (a). Viability of PC-3 cells treated with CA2-2 for 48 h and
evaluated using the MTT assay (b).

2.2. CA2-2 Induces Apoptosis and Inhibits Colony Formation in PC-3 Prostate Cancer Cells

As the next step, we analyzed the ability of CA2-2 to induce apoptosis in PC-3 cells.
We investigated a cleavage of poly (ADP-ribose) polymerase 1 (PARP-1) and a cleavage of
caspases-3 and -9 as markers of apoptotic cell death (Figure 2a). Following 48 h of treatment,
a dose-dependent cleavage of PARP-1 (89 kDa fragment) was observed in PC-3 tumor cells
(Figure 2a). In addition, CA2-2 activated caspase-3 and caspase-9 at concentrations of 1 and
2 μM after 48 h of treatment. Figure 2a shows the increased expression of cleaved caspase-3
and caspase-9 compared to the control, indicating the induction of these enzymes by the
triterpene glycoside.

Figure 2. Cleavage of caspase-3, -9, and PARP-1 in PC-3 cells treated with CA2-2 for 48 h. Cisplatin
(CDDP) was used as a positive control (a). Effect of triterpene glycoside of CA2-2 on colony formation
of PC-3 tumor cells. Cisplatin (CDDP) was used as a positive control (b). Incubation time in either
experiment was 48 h. All experiments were performed in triplicates. * p ≤ 0.05.

The effect of CA2-2 on the ability of PC-3 cells to form colonies was studied using an
in vitro colony formation assay showing the ability of single cells to form colonies. Thus,
this assay can be viewed as an in vitro testing of the in vivo anti-metastatic activity of a
substance [29].

Figure 2b represents images of six-well plates with cancer cell colonies stained with
Giemsa dye. For the experiments, we used different concentrations for CA2-2, including
the IC50 of 2 μM. Cisplatin (CDDP) at a concentration of 5 μM was used as a positive
control [30], strongly suppressing the growth of PC-3 cells colonies. We found that CA2-2
also effectively inhibits the formation and growth of tumor cell colonies. A 30% reduction
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of cell colony growth was observed when CA2-2 was applied at concentrations of 1 to 2 μM
(Figure 2b).

2.3. CA2-2 Arrests Cell Cycle of Prostate Cancer Cell

The effects of CA2-2 on cell cycle progression were evaluated using flow cytometry.
In this assay, anisomycin was used as a positive control, being able to induce apoptosis
and increasing the fraction of aneuploid cells containing fragmented DNA (appearing as
sub-G0 phase) [31–34].

The incubation of PC-3 cells with the CA2-2 led to an increased number of cells
containing fragmented DNA, suggesting the induction of apoptosis. The accumulation of
cells in the mitotic phase (G2/M) indicates partial blocking of the cell cycle progression
(Figure 3a, Table 1), whereas the number of cells in the G0/G1 phase was reduced.

Figure 3. Distribution (a) and quantification (b) of the fractions of cells in different phases of the cell
cycle depending on drug treatment for 48 h with either anisomycin (1 μM) as a positive control, or
CA2-2 (2 μM). * p ≤ 0.05.

Table 1. Effect of CA2-2 on cell cycle progression of PC-3 cells. Anisomycin was used as a positive
control. Treatment time was 48 h.

Substance
Cell Cycle Phases (%)

SubG0 G0/G1 S G2/M

Control (untreated) 2.59 ± 0.08 63.54 ± 1.01 9.85 ± 2.05 15.22 ± 1.71

CA2-2 (1 μM) 8.78 ± 0.23 * 36.87 ± 1.53 * 9.22 ± 0.04 32.14 ± 0.30 *

CA2-2 (2 μM) 16.92 ± 1.10 * 29.19 ± 3.11 * 9.43 ± 0.20 32.56 ± 2.72 *

Anisomycin (1 μM) 12.71 ± 4.32 * 39.63 ± 4.34 * 9.81 ± 1.09 29.62 ± 9.04
* p ≤ 0.05 compared with control.

Thus, the triterpene glycoside CA2-2 significantly increases the number of apoptotic
cells, and simultaneously inhibits the cell cycle in the mitotic phase (G2/M) in PC-3 cells.

2.4. CA2-2 Regulates Expression of Proteins Involved in Growth, Migration, Invasion, and Cell
Death in Prostate Cancer Cells
2.4.1. Proteomics Analysis of Proteins Using 2D-PAGE, MALDI-MS, and
Bioinformatic Analysis

A global proteomics approach is a useful tool to identify drug targets on the protein
level in cancer cells. The use of 2D electrophoresis, followed by mass spectrometry, helps
to elucidate regulated protein spots and, thus, the effects of biologically active compounds
on a molecular level.
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Hence, we performed an analysis of proteins after the treatment of PC-3 cells with
CA2-2. Tumor cells were incubated with the compound for 48 h, followed by protein
isolation and separation by two-dimensional gel electrophoresis. Figure 4 represents
images of the 2D-PAGE gels from control versus CA2-2-treated cells. Proteins showing both
down-regulation (Figure 4a) or up-regulation (Figure 4b) upon treatment were identified.
A differential image analysis revealed a total number of 946 detected protein spots. In
CA2-2-treated cells, the expression of 20 protein spots was significantly altered by the
treatment (0.5 ≥ fold change ≥ 2; p < 0.05). Figure 4c shows representative magnified
images of the protein spots significantly affected by the treatment. Among them, 13 protein
spots were up-regulated, and 7 were down-regulated following exposure to CA2-2 (Table 2,
Figure 4d).

Figure 4. Images of 2D gel electrophoresis of non-treated (control) PC-3 cell lysates (a) versus lysates
of PC-3 cells incubated with 2 μM of CA2-2 for 48 h (b). Spots with down-regulation upon treatment
are indicated on gel A, while up-regulated spots are indicated on gel B. Magnified images of spots on
a 2D gel corresponding to representative target proteins regulated by CA2-2 are shown in (c). The
“−” sign in the figure denotes corresponding spots depicted for gel A (control cells), whereas “+”
indicates spots depicted for gel B. Summarized information on proteins regulated in PC-3 cells is
graphically shown in (d). Numbers indicate the total number of protein spots identified on 2D gels in
the middle; arrows indicate the direction of expression of differentially regulated spots.

All significantly regulated spots were subjected to peptide mass fingerprint analysis,
followed by protein identification. A typical example for the identification of a protein of
interest from PC-3 cells is presented in Figure 5 by the identification of IL1B (Interleukin-1β).
The expression of this protein was found to be significantly changed upon treatment with
triterpene glycoside (see Table 2).
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Table 2. Proteins regulated by CA2-2 in human PC-3 prostate cancer cells. The numbers of down-
regulated proteins correspond to the numbers of spots in Figure 4a; the numbers of up-regulated
proteins correspond to the numbers of spots in Figure 4b.

Spot No
on Gel

Gene Name Protein
Up/Down

Regulation, Fold
Change

Protein Function

Protein metabolism, enzymatic activity

4 PDIA1 Protein disulfide-isomerase 2.44 ↑ Catalyzes the formation and destruction of
disulfide bonds during protein folding

1 CATB Cathepsin B 3.2 ↓ Takes part in apoptosis, and is a mediator of
the lysosomal pathway of cell death

6 GRP78 78 kDa glucose-regulated
protein 2.43 ↑ Controls the processes of invasion, apoptosis,

and inflammation

Metabolism of carbohydrates

5 PGP Phosphoglycolate
phosphatase 2.12 ↓ Takes part in the metabolism of carbohydrates

Cytoskeletal organization, cell motility, and division

2 K2C1 Keratin, type II cytoskeletal
1 2.35 ↑ Participates in the formation of intermediate

filaments

11 KRT81 Keratin, type II cuticular
Hb1 2.96 ↑ Participates in the formation of intermediate

filaments

10 KRT81 Keratin, type II cuticular
Hb1 2.52 ↑ Participates in the formation of intermediate

filaments

7 STMN1 Stathmin 2.16 ↓ Regulates rapid cytoskeletal remodeling in
response to cell needs

5 KINH Kinesin-1 heavy chain 2.22 ↑ Supports mitosis, meiosis, and transport of
intracellular molecules

13 CALD1 Caldesmon 2,18 ↑ Binds calmodulin, and inhibits the ATPase
activity of myosin

12 CRK II Adapter molecule crk 2.93 ↑ Involved in phagocytosis of apoptotic cells,
and may regulate EFNA5-EPHA3 signaling

Immune response

9 IL1B Interleukin-1 beta 3.32 ↑
(precursor)

Development and regulation of the body’s
defense response to a pathogen

3 IL1B Interleukin-1 beta 3.09 ↑
(mature)

Development and regulation of the body’s
defense response to a pathogen

mRNA processing

4 ROAA Heterogeneous nuclear
ribonucleoprotein A/B 2.04 ↓

Regulates the formation of telomeres and/or
their stabilization, and also takes part in the

control of apoptosis

8 HNRL2
Heterogeneous nuclear

ribonucleoprotein U-like
protein 2

2.27 ↑ Process heteronuclear RNA into mature
mRNAs, and regulates of gene expression

Response to stress

3 NDRG1 Protein NDRG1 2.2 ↓
Participates in the formation of a response to
stress and hormones, and participates in cell

growth and differentiation

Structural and functional organization of the nucleus

6 CRABP2 Cellular retinoic
acid-binding protein 2 2.16 ↓ Is an intracellular lipid-binding protein that

interacts with cyclin D

1 NPM Nucleophosmin 2.16 ↑ Takes part in the biogenesis of ribosomes, and
the transport of proteins to the nucleus

2 LMNB1 Lamin-B1 4.01 ↓ Performs structural functions, and takes part
in the regulation of transcription

7 SYNE1 Nesprin-1 2.15 ↑
Takes part in the nuclear organization and

structural structure of the nucleus, and
interacts with F-actin and with the nuclear

envelope
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Figure 5. Peptide mass fingerprint spectrum (a), MOWSE score (b), and sequence coverage (c) of
protein IL-1β of the gel derived from PC-3 cells. (a) MALDI mass spectrum obtained from peptide
mixture derived from in-gel digestion of protein. (b) Database search result of protein revealed the
presence of IL1B_HUMAN gene product in this spot. Identification scores greater than 56 (shaded
area) are regarded as significant (p < 0.05). (c) The database entry for the protein sequence is depicted
in the single letter code. The sequence stretches that are covered by peptide ion signals (81% sequence
coverage) in the mass spectrum are shown in bold red.

The identified proteins regulated by CA2-2 could be assigned to different groups
according to their supposed biological functions (Table 2). Most of these proteins identified
play an important role in the functioning of tumor cells, including some well-established
tumor markers. Interestingly, the largest group of proteins regulated by CA2-2 could be
assigned to proteins involved in the structural organization of the cytoskeleton, as well as
in cell movement and proliferation (32%). Another frequent finding was proteins playing
an important role in the functioning of the cell nucleus (21%).
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2.4.2. Verification of Protein Expression by Western Blotting and 2D Western Blotting

A proteomics analysis identified 20 proteins whose expression was significantly altered
following treatment with CA2-2. To verify the proteomics data, we selected four proteins
and analyzed their expression using 1D and 2D Western blotting. The expressions of
keratin-81, Crk II, interleukin-1β, and cathepsin B were examined.

Experiments on protein verification by immunoblotting showed that treatment with
CA2-2 resulted in a significant increase in the expression of both interleukin-1β isoforms
(Figure 6c). However, at the same time, the expression of the keratin 81 protein remained
at the control level (Figure 6a). Therefore, a 2D Western blot of keratin 81 was performed,
showing a significant increase in the expression of a specific isoform of keratin 81 compared
to the controls (Figure 7a,b). The expression of the CRK II protein was found to be increased
when cells were incubated with CA2-2 (Figure 6b).

Figure 6. Immunoblots of keratin 81 (a), CrkII (b), IL-1β (c), and cathepsin B (d) upon treatment of
PC-3 cells for 48 h with CA2-2.

Figure 7. Results of 2D Western blot analysis of changes in the expression of keratin 81 in control (a)
and CA2-2-treated cells (b). Cathepsin B control (c) and CA2-2-treated PC-3 cells (d). CA2-2 was used
at 2 μM for 48 h. The arrows on the gels indicate the spots corresponding to the studied proteins.
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Taken together, we could demonstrate that CA2-2 causes changes in the expression
of a number of proteins that play roles in the functioning of tumor cells. These molec-
ular/submolecular processes are involved in a broad spectrum of biological activities,
including the mechanisms of cancer cell development and division, tumor invasion, and
the programmed death of tumor cells. Therefore, the data generated using a global pro-
teomics approach are in good agreement with the observation that the antitumor activity
of triterpene glycosides is exerted by their ability to abolish tumor cell proliferation, block
the cell cycle, and induce tumor cell apoptosis.

3. Discussion

Triterpene glycosides of holothurians are characterized by a wide spectrum of dose-
dependent biological activities. Used at high concentrations, triterpene glycosides are
known to exhibit membranolytic properties leading to hemolysis, cytotoxicity, and antimi-
crobial and embryotoxic activity [7]. On the other hand, at low nanomolar concentrations,
these compounds can demonstrate immunostimulatory activity by the activation of im-
munocompetent cells [22], induction of apoptosis in tumor cells, and blockade of the cell
cycle and proliferation [23].

Here, we present, for the first time, that the triterpene glycoside CA2-2 induces apop-
tosis in drug-resistant human prostate cancer PC-3 cells. Apoptosis upon treatment with
CA2-2 is characterized by the activation of proapoptotic caspases (caspase-3 and -9) and by
the appearance of a cleavage product of the substrate of activated caspases, i.e. cleaved
PARP-1 protein. The effect of cucumarioside A2-2 was accompanied by a significant in-
crease in the number of aneuploid cells containing fragmented DNA and appearing in the
sub-G0 phase, as well as a blockade of the cell cycle in the G2/M mitosis phase. Moreover,
CA2-2 is able to effectively abrogate the formation and growth of colonies of human tumor
PC-3 cells.

Searching for the mode of action and involved pathways, we used a global proteomics
screening approach. Protein groups found to be differentially expressed upon exposure of
PC-3 cells to CA2-2 can be classified as important regulators of cell metabolism, motility,
and division, as well as the structural and functional organization of the cytoskeleton. The
identified direct or indirect protein targets, including stathmin, kinesin, caldesmon, clathrin,
CRABP2, nucleophosmin, lamin-B1, nesprin-1, CRK II, and others, play a key role in the
functioning of tumor cells and are closely associated with mechanisms of the development
and regulation of mitosis, tumor cell proliferation, cell migration, and tumor invasion, and
control of programmed death.

It was found that CA2-2 increases the expression of GRP78 and IL-1β. Those pro-
teins play complex and multiple roles in the development and progression of tumors.
Thus, some studies describe that the GRP78 protein promotes the growth and invasion of
tumor cells [35,36]. Other reports show that the high expression of GRP78 promotes the
effectiveness of chemotherapy and improves the disease-free survival of patients [37].

Speaking about the role of IL-1β, it should be noted that it plays a role in many pro-
cesses in the human body. In oncogenesis, both positive and negative functions of this
protein have been described, depending on the type of tumor. A high IL-1β expression in
prostate cancer predicts good treatment prognosis and better progression-free survival [38].
And, when LNCaP prostate cancer cells are co-cultured with fibroblasts, the high expression
of IL-1β is antiproliferative [39]. The first results of the effect of IL-1b on metastasis were
shown 30 years ago. Thus, fibrosarcoma cells that overexpress IL-1β have been shown to
have increased invasive potential [40]. Recently, the inhibition of IL-1β was found to reduce
the metastatic potential of murine prostate cancer cells while its overexpression was in-
creased [41]. These new insights are a first step to understanding the underlying molecular
mechanisms of the observed anticancer activities hiding in holothurian glycosides.

It is well-known that some marine triterpene glycosides exhibit pronounced anti-
cancer effects by direct interaction with tumor cells in the sub-cytotoxic concentration
range [6,8]. However, we are only beginning to understand the molecular mechanisms
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and signaling pathways involved in their antitumoral activity. We postulate that triterpene
glycosides suppress the function of tumor cells by their ability to induce caspase-dependent
or -independent apoptosis, arrest the cell cycle in certain phases, and control the expression
of the nuclear factor NF-κB, as well as regulate the expression of cellular receptors and
enzymes involved in carcinogenesis, such as EGFR, Akt, ERK, FAK, MMP-9, and some
others [5].

So far, to our knowledge, only for one triterpene glycoside, frondoside A, several
target proteins were identified [20]. A global proteome analysis and bioinformatic approach
revealed the regulation of proteins involved in the formation of metastases, tumor cell
invasion, and apoptosis, like keratin 81, CrkII, IL-1β, and cathepsin B [20]. Comparing the
results of the proteomics analyses of both frondoside A and CA2-2, we found only five pro-
teins that are equally regulated by these proteins. The proteins most significantly regulated
by CA2-2 were recognized as proteins encoded by the IL1B, KRT81, and CRK II genes (up-
regulated), as well as proteins encoded by the CATB and ROAA genes (down-regulated). A
literature search for the functional activity of these proteins in databases revealed that these
proteins are directly involved in the regulation of tumor cell proliferation, tumor invasion,
metastasis, and apoptosis [42–46].

Moreover, in vivo, frondoside A inhibited the tumor growth of PC-3 and DU145
cells with a notable reduction of lung metastasis, as well as circulating tumor cells in the
peripheral blood [20]. The results of the current study indicate that the mechanism of action
of CA2-2 may be similar to those of frondoside A, making this class of chemicals highly
interesting substances for drug development in oncology.

4. Materials and Methods

4.1. Reagents and Antibodies

The marine triterpene glycoside cucucmarioside A2-2 was isolated from the extract of
sea cucumber Cucumaria japonica as previously reported [47]. The purity of cucucmarioside
A2-2 was determined by 13C NMR spectroscopy and ESI mass-spectrometry.

MTT solution (Sigma-Aldrich, Burlington, MA, USA), Giemsa’s solution (Merck,
Darmstadt, Germany), trypsin-EDTA (gibco® Life technologiesTM, Paisley, UK), propidium
iodide solution (Sigma-Aldrich, Burlington, MA, USA), RNase (Carl Roth, Karlsruhe, Ger-
many), CHAPS (Sigma-Aldrich, Burlington, MA, USA), 1% Pharmalyte (Sigma-Aldrich,
Burlington, MA, USA), Coomassie Brilliant Blue G 250 (Thermo scientific, Rockford,
IL, USA), anisomycin (Sigma-Aldrich, Burlington, MA, USA), DMEM medium (Lonza,
Walkersville, MD, USA), fetal calf serum (FBS) (gibco® Life technologiesTM), penicillin-
streptomycin (gibco® Life technologiesTM), polyclonal rabbit antibodies against PARP-1,
titer 1:1000 (Cell signaling, Danvers, MA, USA); monoclonal rabbit antibodies against
caspase-3, titer 1:1000 (Cell signaling, Danvers, MA, USA); monoclonal mouse antibodies
against caspase-9, titer 1:1000 (Cell signaling, Danvers, MA, USA); and polyclonal rabbit
antibodies against GAPDH (abcam, Cambridge, MA, USA) were used. Secondary goat
antibodies labeled with horseradish peroxidase against rabbit, titer 1:5000 (abcam, Cam-
bridge, MA, USA), and secondary rabbit antibodies against mouse, titer 1:10,000 (abcam,
Cambridge, MA, USA) were used.

4.2. Cell Lines and Culture Conditions

The human prostate cancer androgen-independent cell line PC-3 was obtained from
ATCC (CRL-1435 ™, Manassas, VA, USA). PC-3 cells were cultured as a monolayer under
standard conditions (37 ◦C, 5% CO2) in DMEM medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin.

4.3. MTT Assay

The cytotoxic activity of CA2-2 was measured by the MTT method. 20 μL of a solution
of the test compound of various concentrations was added to the wells of a 96-well plate
to 180 μL of adherent PC3 cells (6 × 103 cells/well), and then incubated for 48 h at 37 ◦C
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and 5% CO2. After incubation, 200 μL of the supernatant was replaced and 100 μL of pure
medium and 10 μL of MTT solution (5 mg/mL in PBS) were added. They were further
incubated for 4 h and 100 μL of SDS-HCl solution was added and incubated at 37 ◦C for
18 h. Absorbance was measured at 570 nm using an Infinite F200PRO plate reader (TECAN,
Mannedorf, Switzerland). The cytotoxic activity of a substance was expressed as the IC50
concentration at which the metabolic activity of cells is inhibited by 50%.

4.4. Colony Formation Assay

PC-3 cells were seeded on small Petri dishes d = 35 mm at a concentration of 3 × 105 cells
in 5 mL of DMEM medium for 24 p for adhesion at 5%, CO2, 37 ◦C. Then, 50 μL of Kuk
solution at various concentrations was added to the cells and placed in a CO2 incubator for
48 h. Then, the cells were treated with trypsin (0.25% trypsin in 1 mM EDTA solution) and
washed with PBS by centrifugation for 5 min, 1500 rpm, and resuspended; the number of
living and dead cells was counted using an automated Beckman Coulter Vi-CELL instru-
ment (Beckman Coulter, Krefeld, Germany) and seeded into 6-well plates at a concentration
of 100 live cells in 3 mL of DMEM medium. After 10 days of incubation, the medium was
taken, the cells were fixed with 1 mL of 100% methanol for 25 min, washed with PBS and
dried, and 1 mL of Giemsa solution was added, and then they were incubated for 25 min
at room temperature and washed with dH2O [36]. The cells were then air dried and the
number of colonies was counted. Results were expressed as the number of colonies grown
per well.

4.5. Cell Cycle Analysis

PC-3 cells in the amount of 2 × 106 cells/mL were plated on Petri dishes in complete
growth medium and incubated for 24 h for adhesion (5% CO2, 37 ◦C). After that, the
medium was changed, and solutions of substance in different concentrations of 100 μL
were added and placed in an incubator for 48 h. Then, the cells were treated with a solution
of trypsin, the total number of cells was counted, and 1 × 106 cells were taken from each
sample. The cell pellet was resuspended in 300 μL of cold phosphate-buffered saline (PBS),
fixed in 700 μL of 100% ethanol, and left for 24 h at −20 ◦C. Then, the cells were washed
twice from ethanol and resuspended in 200 μL of propidium iodide solution (PI, 5 μg/mL
in PBS), RNase 20 μg/mL. The cells were then transferred to flow cytometry tubes and
incubated for 30 min at room temperature in the dark. Before analysis, 500 μL of cold PBS
was added to the cell suspension. The study was carried out using an FACScalibur flow
cytometer (Becton Dickinson, USA) at 488 nm excitation in the FL2 channel. Histograms
were evaluated using the WinMDI 2.9 Ink program (USA).

4.6. Western Blotting

For the determination of caspase-3, -9, and PARP-1 proteins by Western blotting, cells
were plated on Petri dishes in the amount of 1 × 106 cells in 5 mL of complete growth
medium and placed in a CO2 incubator for 24 h for adhesion. After that, the medium was
replaced with a fresh one with the addition of substance in the investigated concentrations.
After 24 h or 48 h, the cells were treated with Trypsin-EDTA solution and washed with
PBS three times. Next, the cell pellet was resuspended in 100 μL of lysis buffer solution
(0.88% NaCl, 50 mM Tris-HCl (pH 7.6), 1% NP-40, 0.25% sodium cholate, 1 mM PFMS,
1 mM Na3VO4) and incubated 40 min on ice, after which it was left overnight at −20 ◦C.
Lysed cells were pelleted by centrifugation for 10 min at 14000 rpm and 4 ◦C. Protein
concentration was measured according to the Bradford method. Samples with proteins
were heated to 95 ◦C for 5 min. The electrophoretic separation of proteins was carried out
according to the Laemmli method [48] in 10% PAGE at a voltage of 80 V for the first 30 min
and at 120 V for the remaining time.

After electrophoretic separation, proteins were transferred from the gel to a PVDF
membrane (0.45 m, Millipore Corporation, Burlington, MA, USA) at 25 V for 1 h using
a Trans-blot SD Semi-dry transfer cell (Bio-rad, USA). Before incubation with primary
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antibodies overnight at 4 ◦C, the membrane was blocked with 5% BSA solution in 0.05%
TBS-Tween 20 solution for 1 h. Then, the membrane was washed from primary antibodies
with TBS-Tween 20 solution 3 times for 5 min and incubated for 1 h with secondary
antibodies labeled with horseradish peroxidase at room temperature. After that, 1 mL of
Pierce ECL Western Blotting Substrate (Thermo scientific, Rockford, IL, USA) solutions
were added to the membranes, a CL-XPosureTM Film 5 × 7 inches X-ray film (Thermo
scientific, Rockford, IL, USA) was applied, and the signal was visualized on the X-ray film
after its development using a developing machine (AGFA CP 1000, Mortsel, Belgium).

4.7. Two-Dimensional Gel Electrophoresis (2D-PAGE)

Experiments on the analysis of protein expression using the proteomics approach were
carried out on PC-3 cells by two-dimensional electrophoresis (2D-PAGE) and subsequent
analysis of the protein structure by mass spectrometry. The cells were seeded in flasks
at a concentration of 5 × 106 cells in 30 mL of complete growth medium and placed in
a CO2 incubator for 24 h for adhesion. Then, triterpene glycoside solutions were added
to the cells, and the cells were incubated for 48 h. After that, the cells were collected and
washed twice by centrifugation in PBS solution. The cell pellet was resuspended in 500 μL
of lysis buffer of the following composition, 9 M urea, 4% CHAPS, 1%Pharmalyte, 1% DTT,
and bromophenol blue 10 μg/mL, and left overnight at −20 ◦C. Then, the samples were
precipitated by centrifugation for 10 min, 4 ◦C, and 14,000 rpm, and 450 μL aliquots with
1 mg of proteins were applied to strips for isoelectric focusing (Immobiline Dry Strip pH 4–7,
24 cm, GE Healthcare Bio-Sciences AB, Uppsala, Sweden) for 24 h to rehydrate at RT. Next,
the first separation was performed using a Protean IEF cell (Bio-Rad, Hercules, CA, USA).
After the first separation, the strips were equilibrated in 1% DTT solution supplemented
with 6 M urea, 4% SDS, 50 mM Tris-HCl pH 8.8 for 15 min, and then alkylated with 4.8%
iodoacetamide solution for 15 min at RT. Then, the strips were transferred onto a 15%
SDS-PAGE gel (27 cm × 21 cm × 1.5 mm) and covered with a 0.6% agarose solution. The
second electrophoretic separation was carried out in SDS-buffer solution of the following
composition: 1.44% glycine, 0.3% Tris base, 0.1% SDS at 20 ◦C for 14 h. The gels were fixed
and stained with a Coomassie solution (400 mL/gel containing 0.13% Coomassie Brilliant
Blue G 250, 3.6% H2SO4, 1.44 M NaOH, 20.3% CCl3COOH) overnight, after which the gels
were washed with dH2O three times.

4.8. 2D-Gel Image Analysis and Protein Identification by Mass Spectrometry

The studied protein spots were excised from the gel and transferred to a 96-well plate.
Spot matching, normalization of the digital images (based on total optical density), and
gel image analysis were performed using Delta 2D 4.0 software (Department of Medical
Biochemistry and Molecular Biology, University of Greifswald, Germany). Briefly, trypsin
digestion, followed by transfer of aliquots of protein solutions to MALDI targets, was
performed automatically on an Ettan Spot Handling Workstation (Amersham-Biosciences,
Sweden) using a modified standard protocol. MALDI-MS measurements of sample mea-
surements were performed on the 4800 MALDI-ToF/ToFTM Analyzer (Applied Biosystems,
Waltham, MA, USA). Recording spectra in the reflex mode in the mass range from 0.8 to
4 kDa, with a mass change of 2 kDa. Additionally, for the five most intense peaks of the
MS spectra, MALDI-MS/MS analysis was performed; after subtracting the peaks, there
were background or trypsin fragments. Comparison of MS revenues and MS/MS data
with usage efficiency was reported in databases using GPS Explorer, Ver. 3.6 (Applied
Biosystems, Waltham, MA, USA). The SwissProt v56.1 database was used for identification.

4.9. Bioinformatic Analysis of Differentially Expressed Proteins

The following databases were used to search for the functions of proteins:
UniProtKB/Swiss-Prot (http://www.uniprot.org, accessed on 4 September 2023);

GeneCards (http://www.genecards.org, accessed on 4 September 2023); Gene Ontology
Consortium (http://www.geneontology.org, accessed on 4 September 2023); Bioinformatic
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Harvester (http://www.embl.de/services/bioinformatics, accessed on 4 September 2023);
PubMed (http://www.ncbi.nlm.nih.gov/pubmed, accessed on 4 September 2023).

4.10. Mini 2D Western Blotting Analysis (2D-WB)

Two-dimensional Western blotting (2D Western blotting) was used to confirm the
results of 2D-PAGE electrophoresis. Aliquots of protein extracts containing 30 μg of protein
were diluted using 2D-PAGE-lysis buffer to a volume of 125 μL, and then loaded onto
immobilized pH-gradient (IPG) Immobiline Dry Strip (pH 4–7, 7 cm, GE Healthcare Bio-
sciences, Sweden). The IPG strips were incubated overnight at RT for rehydration. Next,
the IPG strips were subjected to isoelectric focusing (IEF) using a Protean IEF cell (Bio-Rad,
Germany). Separation of proteins in the first dimension (isoelectric focusing) was carried
out sequentially in 4 stages: 1–30 min at 500 V; 2–5 kV/h at 5 kV (“linear focusing”);
3–5 kV/h at 5 kV (“fast focusing”); 4–2 h at 500 V. After the IEF step, the IPG strips were
stored at −80 ◦C.

After the first separation, the strips were equilibrated in 1% DTT solution supple-
mented with 6 M urea, 4% SDS, 50 mM Tris-HCl pH 8.8 for 15 min, and then alkylated with
4.8% iodoacetamide solution for 15 min at RT and loaded onto SDS-polyacrylamide gels
containing 15% acrylamide and prepared as described for Western blotting, but without the
concentrating gel. A marker (Spectra multicolor Broad Range Protein Ladder, Fermentas,
Finland) in an amount of 10 μL was applied to 0.5 cm2 filter paper, placed on the gel next to
the IPG strip, and embedded in a 0.6% agarose solution in dH2O containing 0.001% (w/v)
bromophenol blue as a dye. Proteins were separated in a Mini-PROTEAN 3 electrophoresis
chamber (Bio-Rad, Hercules, USA) in a buffer solution for protein separation in polyacry-
lamide gel. Electrophoresis was carried out for ~3 h at 65 V at RT to the required degree of
protein separation controlled by the marker. Subsequent transfer of proteins to the mem-
brane, blocking of the membrane, incubation with primary and secondary antibodies, and
signal detection were performed in the same way as described for one-dimensional Western
blotting (see Section 4.6). After the transfer step, polyacrylamide gels were stained with
Coomassie Brilliant Blue colloidal solution G-250 (20 mL/gel), followed by washing with
dH2O as described for 2D-PAGE (see Section 4.8). After washing, the gels were scanned
using a GS-800 Calibrated Densitometer (Bio-Rad, Hercules, USA). Digital images of the
gels were used as a control for loading the same amount of protein for the 2D Western blot
method. The relative optical density of protein spot signals was quantitatively analyzed
using the Bio 1D 15.01 software (Vilber Lourmat, Eberhardzell, Germany).

4.11. Statistics

All data are expressed as mean ± S.E. from three or more experiments, and were
statistically evaluated by Student’s t-test using SigmaPlot 14.0 (Jandel Scientific, San Rafael,
CA, USA). Differences were considered significant when p ≤ 0.05.

5. Conclusion

In summary, the triterpene glycoside, CA2-2, isolated from the sea cucumber C. japonica,
is a small bioactive molecule capable of inducing apoptosis in tumor cells via the caspase-
dependent intrinsic pathway. Furthermore, it leads to a blockade of the cell cycle in the
G2/M phase. Among others, keratin 81, CrkII, IL-1β, and cathepsin C were identified as
proteins directly or indirectly targeted by CA2-2 in human prostate cancer cells. Given the
promising anticancer activity of CA2-2, these and other newly identified molecular targets
are worth being investigated further.
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Abstract: Three new ceramides (1–3) and three new cerebrosides (4, 8, and 9), along with three
previously known cerebrosides (ophidiocerebrosides C (5), D (6), and CE-3-2 (7)), were isolated
from a deep-sea starfish species, the orange cookie starfish Ceramaster patagonicus. The structures
of 1−4, 8, and 9 were determined by the NMR and ESIMS techniques and also through chemical
transformations. Ceramides 1–3 contain iso-C21 or C23 Δ9-phytosphingosine as a long-chain base
and have C16 or C17 (2R)-2-hydroxy-fatty acids of the normal type. Cerebroside 4 contains C22

Δ9-sphingosine anteiso-type as a long-chain base and (2R)-2-hydroxyheptadecanoic acid of the normal
type, while compounds 8 and 9 contain saturated C-17 phytosphingosine anteiso-type as a long-chain
base and differ from each other in the length of the polymethylene chain of (2R)-2-hydroxy-fatty
acids of the normal type: C23 in 8 and C24 in 9. All the new cerebrosides (4, 8, and 9) have β-D-
glucopyranose as a monosaccharide residue. The composition of neutral sphingolipids from C.
patagonicus was described for the first time. The investigated compounds 1–3, 5–7, and 9 exhibit slight
to moderate cytotoxic activity against human cancer cells (HT-29, SK-MEL-28, and MDA-MB-231) and
normal embryonic kidney cells HEK293. Compounds 2, 5, and 6 at a concentration of 20 μM inhibit
colony formation of MDA-MB-231 cells by 68%, 54%, and 68%, respectively. The colony-inhibiting
activity of compounds 2, 5, and 6 is comparable to the effect of doxorubicin, which reduces the
number of colonies by 70% at the same concentration.

Keywords: ceramides; cerebrosides; NMR spectra; fatty acids; long-chain bases; starfish; Ceramaster
patagonicus; cytotoxic activity; inhibition of colony formation

1. Introduction

Starfish (also called sea stars) are found throughout the world’s oceans at a wide
range of depths: from intertidal to deep-sea habitats. Their ecological characteristics and
life-history features make them a rich source of various low-molecular-weight compounds.
The best-studied starfish-derived substances are polar steroidal compounds that were
found in almost all of the species analyzed [1–9]. In addition, anthraquinoid pigments,
triterpene glycosides, carotenoids, and sphingolipids were found in starfish [5,9–15].

Sphingolipids are a group of heterogeneous lipids including those present in the
plasma membranes that, along with phospholipids and sterols, play a fundamental role
in important phenomena such as cell–cell recognition and antigenic specificity [16,17].
Sphingolipids can be divided into several structural groups: ceramides, cerebrosides,
gangliosides, and sphingophospholipids.
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Ceramides are hydrophobic molecules consisting of a long-chain base (LCB) and an
amide-linked fatty acid (FA) residue. Ceramides are biosynthesized during the reaction of
S-acyl-coenzyme A (usually C16-CoA) with serine, which is catalyzed by serine palmitoyl
transcriptase or related enzymes, followed by the reduction of the carbonyl group by
ketosphinganine reductase and the N-acylation by ceramide synthase. Surprisingly, the LCB
hydroxylation, which leads to the production of so-called phytosphinganine derivatives,
also occurs in plants and many echinoderms. When hydroxylases act on FA in these
invertebrates, an additional hydroxyl group is introduced also into the α–position of
FA [17]. Additionally, both bases and FA moieties in this type of natural product may
contain normal chains, as well as those with iso- and/or anteiso-branching. Unfortunately,
the biological activity of starfish-derived ceramides has not been sufficiently studied. It
was previously reported that asteriaceramide A from Asterias amurensis showed it could
actively stimulate the root growth of Brassica campestris [18].

Cerebrosides are glycosylceramides containing, as a rule, glucose and galactose or
other rare monosaccharide residues in their carbohydrate moieties. These compounds
are synthesized by special enzymes, glycosyl-transferases, that attach monosaccharide
residues to C-1 of ceramide [17]. On the basis of the chemical structure of cerebrosides,
these can be divided into three groups: monoglycosides, biglycosides (mainly lactosides),
and oligoglycosides. In addition to glucose and galactose residues, this class of glycosylated
lipids can contain an aminosugar residue (globosides) in their carbohydrate moieties or be
sulfated. The interest in sphingolipids and their derivatives is mainly associated with their
wide range of biological activities. Some studies have shown that sphingolipids can inhibit
the growth of microalgae, fungi, and bacteria [19]. It was previously reported that starfish
cerebrosides showed neuritogenic activity against the rat pheochromocytoma PC12 cells in
the presence of nerve growth factor (NGF), an anti-inflammatory effect, in vitro cytotoxic
activity against Caco-2 colon cancer cells, improvement of the barrier function of the skin,
and other properties [14].

Thus, the study of starfish sphingolipids is an interesting and relevant scientific issue.
It is also worth noting that previously, sphingolipids were studied from starfish that live at
shallow depths. To date, there have been no reports on sphingolipids derived from starfish
dwelling at depths greater than 150 m.

Recently, we found that conjugates of polyhydroxysteroids with long-chain FAs from
the same starfish species exhibited potent anticancer activity in vitro [20]. In the present
report, continuing the search for anticancer compounds from marine organisms, we provide
the results of our studies on the structures of ceramides and cerebrosides derived from the
starfish Ceramaster patagonicus, and also their effects on the viability of human normal and
cancer cells and the colony formation of cancer cells.

2. Results and Discussion

2.1. The Isolation and Determination of the Structures of Compounds 1–9 from C. patagonicus

The concentrated methanol–chloroform–ethanolic extract of C. patagonicus was sep-
arated between H2O and AcOEt/BuOH, with the organic layer dried and washed with
cold acetone. The acetone-soluble fraction was separated by chromatography on a silica
gel column, followed by HPLC on semi-preparative Diasfer-110-C18, Discovery C18, and
Discovery HS C18-10 columns. As a result, we obtained three new ceramides (1–3) and
three new cerebrosides (4, 8, and 9) along with three known cerebrosides: ophidiacerebro-
sides C (5) and D (6) that had been previously isolated from the purple starfish Ophidiaster
ophidianus [21] and CE-3-2 (7) from the sea cucumber Cucumaria echinata [22] (Figure 1).
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Figure 1. The structures of compounds 1–9 isolated from C. patagonicus.

The IR spectrum of compound 1 showed the presence of hydroxyl (3402 cm−1) and
amide (1656, 1523 cm−1) groups. The molecular formula of compound 1 was determined as
C37H73NO5 from the [M + Na]+ sodium adduct ion peak at m/z 634.5376 in the (+)HRESIMS
and the [M – H]− deprotonated molecular ion peak at m/z 610.5412 in the (–)HRESIMS
(Figures S1 and S2). The 1H- and 13C-NMR spectroscopic data of 1 showed the resonances
of protons and carbons of three terminal methyls CH3-20, CH3-21, and CH3-16′ [δH 2 ×
0.88 d (6.5), 0.89 t (7.2); δC 2 × 22.5, 14.0], four oxygenated groups CH2-1 [δHa 4.51 dt
(10.9, 4.2), δHb 4.43 m; δC 61.8], CH-3 (δH 4.34 m; δC 76.7), CH-4 (δH 4.28 m; δC 72.8),
and CH-2′ (δH 4.62 m; δC 72.3), one amide group NH-CO [δH 8.55 d (9.0); δC 175.0], the
9(10)-double bond (δH 5.50 m, 5.48 m; δC 130.1, 129.9), and one characteristic methine CH-2
[δH 5.10 sext (4.5); δC 52.8] attached at the nitrogen atom (Table 1, Figures S3 and S4). Thus,
the 1H- and 13C-NMR spectra of 1 exhibited the characteristic signals of an unsaturated
phytosphingosine-type ceramide with a 2-hydroxy fatty acid (Figure 1). Moreover, ceramide
1 has normal and iso-types of side chains; in the terminal methyl groups, the carbon atom
signals were observed at δC 14.0 (normal form) and 2 × 22.5 (iso-form) in the 13C-NMR
spectrum (Table 1, Figure S4). The 1H-1H COSY and HSQC correlations of 1 revealed the
corresponding sequences of protons at C-1 to C-11; C-20 to C-21 through C-19; C-2 to NH;
C-2′ to C-4′, and C-16′ to C-14′ (Table 1, Figures 2A, S5 and S6). The key HMBC cross-peaks,
such as Hb-1/C-3; H-2/C-1, C-3, C-1′; H-3/C-2, C-4; Hb-5/C-4, C-6, C-7; H-8/C-6, C-7,
C-9, C-10; H-9 and H-10/C-8, C-11; H-11/C-9, C-10; H-19/C-20, C-21; H3-20/C-19, C-21;
H3-21/C-19, C-20; NH/C-2, C-1′; H-2′/C-1′; Ha-3′/C-1′, C-4′; Hb-3′/C-2′; H2-15′/C-14′;
and H3-16′/C-14′, C-15′ confirmed the overall structure of ceramide 1 (Figures 2A and S7).

The polymethylene chain length of LCB and FA and the absolute configuration of
the ceramide 1 were determined as follows. When 1 was methanolyzed with methanolic
hydrochloric acid, fatty acid methyl ester (FAME) was obtained together with LCB. A gas
chromatography–mass spectrometry (GC–MS) analysis of FAME showed the existence
of one component that was characterized as saturated methyl 2-hydroxyhexadecanoate
of normal type (FAME-1). The normal type of FAME-1 was also confirmed by 1H-NMR
spectra, which consisted only of one triplet terminal methyl group at δH 0.89. The optical
rotation of FAME-1 ([α]D

25 –3.5◦ (c = 1.0, CHCl3)) is consistent with the data [α]D
25–3.21◦

reported in the literature [23]; therefore, the absolute stereochemistry at C-2′ is suggested to
be R. Based on this suggestion, as well as on NMR and mass spectrometric data, we assumed
LCB of ceramide 1 to have 21 carbon atoms and iso-type of unsaturated polymethylene
chain. The geometry of the double bond in LCB can be determined on the basis of the 13C-
NMR chemical shift of the methylene carbon adjacent to the olefinic carbon (δC ≈ 27 for (Z)
isomers and δC ≈ 32 for (E) isomers [24]). The 13C-NMR spectrum of compound 1 indicated
the presence of two characteristic allyl carbons, C-8 (δC 27.5) and C-11 (δC 27.3). Thus, the
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olefinic group in 1 was determined to have a cis (Z) geometry. The location of the double
bond in the LCB moiety at position C-9 was determined through 1H-1H COSY, HMBC, and
2D TOCSY NMR experiments (Figures 2A, S5, S7 and S8). The absolute configuration of
LCB of ceramide 1 was assumed to be D-ribo-(2S,3S,4R) on the basis of similarities in optical
rotation ([α]D

25 +28.0◦ (c = 1.0, CHCl3)) with synthetic D-ribo-(2S,3S,4R)-phytosphingosine
([α]D

25 +26.8◦ (c = 1.1, CHCl3)) [25].

Table 1. 1H- (700.13 MHz) and 13C- (176.04 MHz) NMR chemical shifts of ceramides 1−3 in C5D5N,
at 30 ◦C, δ in ppm, J values in Hz.

Position δH δC Position δH δC

1a
1b

4.51 dt (10.9,
4.2)

4.43 m
61.8 11 2.10 q (6.7) 27.3

1-OH 6.60 m 19 or 21 1.51 m 27.9
2 5.10 sext (4.5) 52.8 20 or 22 0.88 d (6.5) 22.5
3 4.34 m 76.7 21 or 23 0.88 d (6.5) 22.5

3-OH 6.59 d (6.8) NH 8.55 d (9.0)
4 4.28 m 72.8 1′ 175.0

4-OH 6.14 d (6.5) 2′ 4.62 m 72.3
5a
5b

2.28 m
1.95 m 33.9 2′-OH 7.53 d (5.1)

6a
6b

1.74 m
1.39 m 26.1 3′a

3′b
2.24 m
2.05 m 35.5

7a
7b

1.58 m
1.53 m 30.2 4′a

4′b
1.80 m
1.73 m 25.6

8 2.17 q (7.0) 27.5 14′ or 15′ 1.25 m 31.9
9 5.50 m 130.1 15′ or 16′ 1.27 m 22.7
10 5.48 m 129.9 16′ or 17′ 0.89 t (7.2) 14.0

Based on all above-mentioned data, we determined the structure of 1 to be (2S,3S,4R,9Z)-
2-[(2R)-2-hydroxyhexadecanoylamino]-19-methyl-9-icosen-1,3,4-triol. As far as we know, a
ceramide with such a chemical structure was isolated for the first time.

The IR spectrum of compound 2 showed the presence of hydroxyl (3404 cm−1) and
amide (1657, 1522 cm−1) groups. The molecular formula of compound 2 was determined as
C39H77NO5 from the [M + Na]+ sodium adduct ion peak at m/z 662.5324 in the (+)HRESIMS
and the [M – H]− deprotonated molecular ion peak at m/z 638.5364 in the (–)HRESIMS
(Figures S9 and S10). A comparison of the 1H-, 13C-NMR spectra and an extensive 2D NMR
analysis of compounds 1, 2, and 3 revealed that the unsaturated phytosphingosine-type
ceramide with a 2-hydroxy fatty acid of 2 and 3 is identical to that of compound 1, while
the polymethylene chain lengths of LCB and/or FA of 1–3 differ from each other (Figures 1
and S11–S15, Table 1). A comparison of the molecular weights (MWs) of 1 and 2 showed
that they differed by 28 amu.

The FA unit in 2 was identified by GC analysis and the mass spectra of the FAME-2
derivative were measured by GC–MS similarly to compound 1. The GC–MS analysis
showed that FAME-2 was identical to FAME-1. Moreover, the normal type of FAME-2
was also confirmed by the 1H-NMR spectrum, which consisted of only one triplet ter-
minal methyl group at δH 0.89. Thus, the FA of ceramide 2 was determined to be (2R)-
2-hydroxyhexadecanoic acid. Based on this finding, as well as on the NMR and mass
spectrometry data, we suggested that LCB of ceramide 2 has 23 carbon atoms and an iso-
type of unsaturated polymethylene chain. Accordingly, the structure of 2 was determined
to be (2S,3S,4R,9Z)-2-[(2R)-2-hydroxyhexadecanoylamino]-21-methyl-9-docosen-1,3,4-triol.

Compound 3 was characterized from a mixture with compound 2 at a ratio of 2:1
on the basis of the evaluation of the ion peak intensities in ESI mass-spectra. The IR
spectrum of compound 3 showed the presence of hydroxyl (3407 cm−1) and amide (1655,
1522 cm−1) groups. The positive HRESI mass spectrum of this mixture showed two
[M + Na]+ ion peaks at m/z 662.5324 corresponding to compound 2 and at m/z 676.5463
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corresponding to compound 3. Therefore, the molecular formula of compound 3 was
determined as C40H79NO5 from the [M + Na]+ sodium adduct ion peak at m/z 676.5463
in the (+)HRESIMS and the [M – H]− deprotonated molecular ion peak at m/z 652.5520
in the (–)HRESIMS (Figures S16 and S17). The NMR spectra of compounds 3 and 2 were
almost identical (Figures S18–S22), but the MWs of 3 and 2 differed by 14 amu. A GC–MS
analysis and mass spectra of fatty acid methyl esters obtained from the mixture of 3 and 2

showed the presence of FAME-2 containing saturated methyl 2-hydroxyhexadecanoate of
the normal type and FAME-3 containing methyl 2-hydroxyheptadecanoate of the normal
type. Thus, compounds 2 and 3 differed from each other by FA residues, C16 in 2 and C17 in
3, and had an identical C23 unsaturated phytosphingosine-type LCB. Thus, the structure of
3 was determined to be (2S,3S,4R,9Z)-2-[(2R)-2-hydroxyheptadecanoylamino]-21-methyl-9-
docosen-1,3,4-triol.

The IR spectrum of compound 4 showed the presence of hydroxyl (3383 cm−1) and
amide (1649, 1538 cm−1) groups. The molecular formula of compound 4 was determined as
C45H85NO9 from the [M + Na]+ sodium adduct ion peak at m/z 806.6110 in the (+)HRESIMS
and the [M – H]− deprotonated molecular ion peak at m/z 782.6154 in the (–)HRESIMS
(Figures S23 and S24). The 1H- and 13C-NMR spectroscopic data of the ceramide moiety of
4 showed the resonances of protons and carbons of three terminal methyls CH3-21, CH3-22,
and CH3-17′ [δH 0.87 t (7.3), 0.87 d (6.2), 0.89 t (7.0); δC 11.3, 19.1, 14.0], three oxygenated
groups CH2-1 [δHa 4.70 dd (10.6, 5.6), δHb 4.26 dd (10.6, 4.1); δC 69.9], CH-3 (δH 4.77 m;
δC 72.1), and CH-2′ (δH 4.58 m; δC 72.3), one amide group NH-CO [δH 8.32 d (9.0); δC
175.4], the 4(5)-double bond [δH 5.99 dd (15.8, 6.2), 5.93 dt (15.8, 6.2); δC 131.7, 132.2], the
9(10)-double bond (δH 5.50 m, 5.49 m; δC 130.3, 129.6), and one characteristic methine CH-2
attached to nitrogen atom [δH 4.81 m; δC 54.4] (Table 2, Figures S25 and S26). Thus, the
presence of characteristic signals of an unsaturated sphingosine-type ceramide including
the 2-hydroxy FA residue in the 1H- and 13C-NMR spectra of the ceramide part of 4 was
shown (Figure 1). Moreover, the ceramide moiety of 4 had normal and anteiso-types of side
chains because the carbon atom signals of the terminal methyl groups were observed at δC
14.0 (normal form) and 11.3 and 19.1 (anteiso-form) in the 13C-NMR spectrum (Table 2). The
1H-1H COSY and HSQC correlations in the NMR spectra of 4 indicated the corresponding
sequences of protons at C-1 to C-11; C-21 to C-22 through C-19 and C-20; C-2 to NH; C-2′
to C-4′, and C-16′ to C-14′ (Table 2, Figures 2B, S27 and S28). The key HMBC cross-peaks
such as Hb-1/C-2, C-3; H-2/C-1′; H-3/C-2, C-4; H-4/C-5, C-6; H-5/C-6, C-7; H-8/C-6,
C-7, C-10; H-9/C-8, C-10, C-11; H-11/C-9; H3-21/C-19, C-20; H3-22/C-19; NH/C-2, C-1′;
H-2′/C-1′; Ha-3′/C-1′, C-2′, C-4′; H2-16′/C-15′; and H3-17′/C-15′, C-16′ confirmed the
overall structure of the ceramide part of 4 (Figures 2B and S29).

A GC–MS analysis of FAME-4 showed the existence of one component belonging to
saturated methyl 2-hydroxyheptadecanoate of the normal type. Based on this finding, as
well as on the NMR and mass spectrometry data, we assumed that the LCB of the ceramide
part of 4 has 22 carbon atoms and an anteiso-type of unsaturated polymethylene chain.
The E-configuration of the 4(5)-double bond in LCB was determined on the basis of the
coupling constant between H-4 and H-5 (15.8 Hz) in the 1H-NMR spectrum of 4 (Table 2).
The geometry of the 9(10)-double bond in LCB was characterized as Z on the basis of the
13C-NMR chemical shifts of methylene carbons at δC 27.2 (C-8) and δC 27.0 (C-11) [19]. The
location of the double bond in the LCB moiety was determined through 1H-1H COSY and
HMBC NMR experiments (Table 2, Figures 2B, S27 and S29).

The absolute configuration of C-2 and C-3 in LCB of the ceramide part of 4 is suggested
to be (2S,3R) according to the similarities of the 1H-NMR data with the previously known
asteriacerebroside G with a (2S,3R)-configuration of asymmetric centers [18].
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Table 2. 1H- (700.13 MHz) and 13C- (176.04 MHz) NMR chemical shifts of cerebrosides 4 and 8, 9 in
C5D5N, at 30 ◦C, δ in ppm, J values in Hz.

Position
4 8, 9

δH δC δH δC

1a
1b

4.70 dd (10.6, 5.6)
4.26 dd (10.6,

4.1)
69.9

4.71 dd (10.6, 6.5)
4.53 dd (10.6,

4.4)
70.3

2 4.81 m 54.4 5.26 m 51.5

3 4.77 m 72.1 4.32 dd (12.3,
5.5) 75.7

3-OH 6.75 d (4.7) 6.69 d (6.0)

4 5.99 dd (15.8,
6.2) 131.7 4.21 m 72.4

5a
5b 5.93 dt (15.8, 6.2) 132.2 2.24 m

1.91 m 33.9

6 2.12 m 32.1
7 1.50 m 29.4
8 2.11 m 27.2
9 5.50 m 130.3
10 5.49 m 129.6
11 2.12 m 27.0

19 or 14 1.30 m 34.4 1.30 m 34.5
20a or 15a
20b or 15b

1.30 m
1.12 m 36.7 1.30 m

1.10 m 36.8

21 or 16 0.87 t (7.3) 11.3 0.86 t (7.5) 11.3
22 or 17 0.87 d (6.2) 19.1 0.86 d (6.4) 19.2

NH 8.32 d (9.0) 8.54 d (9.2)
1′ 175.4 175.4
2′ 4.58 m 72.3 4.58 m 72.3

2′-OH 7.53 d (5.0) 7.55 m
3′a
3′b

2.21 m
2.02 m 35.4 2.20m

2.01 m 35.4

4′a
4′b

1.82 m
1.73 m 25.7 1.77 m

1.70 m 25.0

Terminal CH3 0.89 t (7.0) 14.0 0.88 t (7.0) 14.0
1” 4.92 d (7.8) 105.4 4.95 d (7.9) 105.5
2” 4.03 m 74.9 4.00 m 74.9

2”-OH 7.11 brs
3” 4.20 m 78.2 4.17 m 78.2
4” 4.20 m 71.4 4.17 m 71.4
5” 3.91 m 78.3 3.89 m 78.3

6”a
6”b

4.51 brd (12.5)
4.35 m 62.5 4.48 brd (12.0)

4.33 m 62.5

6”-OH 6.26 brs 6.27 brs

In addition to the above-mentioned signals, the 1H-NMR spectrum of 4 exhibited one
resonance in the de-shielded region due to the anomeric proton of the monosaccharide unit
at δH 4.92 that correlated in the HSQC experiment with a carbon signal at δC 105.4 (Table 2).
The 1H-1H COSY, HSQC, HMBC, and ROESY experiments led to the assignment of all the
proton and carbon signals to the carbohydrate residue of 4 (Table 2, Figures 2B and S25–S29).
The coupling constant (7.8 Hz) of the anomeric proton was indicative of a β-configuration
of the glycosidic bond. The NMR spectroscopic data of the monosaccharide moiety strictly
coincided with those of a β-glucopyranosyl residue of the known asteriacerebroside G from
A. amurensis [18]. The attachment of the monosaccharide to the ceramide part of 4 was
deduced from the long-range correlations in the HMBC spectrum. There were cross-peaks
between H-1” of Glcp and C-1 of aglycon, as well as between H-1 of the ceramide part
and C-1” of Glcp (Figure 2B). Acid hydrolysis of cerebroside 4 with 2M TFA was carried
out to confirm the identification of its monosaccharide unit as glucose. An alcoholysis of
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sugar by ©-(−)-2-octanol followed by acetylation, a GC analysis, and a comparison with
the corresponding derivatives of standard monosaccharides allowed us to identify the
D-configuration for the β-glucopyranosyl residue of 4.

 

Figure 2. 1H-1H COSY and key HMBC correlations for compounds 1–3 (A) and 1H-1H COSY, key
HMBC, and ROESY correlations for compounds 4 (B), 8, and 9 (C).

The presence of a monosaccharide unit and the structure of the ceramide part of
cerebroside 4 were confirmed by ESIMS/MS data. In fact, the (−)ESIMS/MS spectrum
of the molecular anion peak –M − H]− at m/z 782 showed fragmentary peaks obtained
through the loss of a sugar unit at m/z 602 [–M − H)−180]− (Z0-ion) and 179 [hexo–e −
H]− (C2-ion), and also a few characteristic fragmentary peaks due to the cleavage of the
ceramide part of 4: m/z 326 [–M − H)−456]−, the loss of a monosaccharide residue, and
the cleavage of the bond between C-2 and C-3 (S-ion); m/z 310 [–M − H)−472]−, the loss
of monosaccharide residue, and the cleavage of the bond between C-2 and C-3 (T-ion); m/z
293 [–M − H)−489]−, the cleavage of the bond between C-2 and C-3 (G-ion); m/z 283/284
[–M − H)−499/500]−, the cleavage of the bond between C-2 and NH (U-ion); m/z 267
[–M − H)−515]−, the cleavage of the amide bond (V-ion), and m/z 239 [–M − H)−543]−,
and the cleavage of the bond between C-1′ and C-2′ (W-ion) (Figure 3).

On the basis of all the above-mentioned data, we determined the structure of cerebro-
side 4 to be (2S,3R,4E,9Z)-1-O-(β-D-glucopyranosyl)-2-[(2R)-2-hydroxyheptadecanoylamino]-
19-methyl-4,9-henicosadien-3-ol.

After carrying out an extensive 2D NMR and MS analysis of cerebrosides 4, 8, and 9,
we suggested that the monosaccharide moiety of 4 is identical to those of glycosides 8 and 9.

The IR spectrum of compound 8 showed the presence of hydroxyl (3401 cm−1) and
amide (1634, 1541 cm−1) groups. The molecular formula of compound 8 was determined as
C46H91NO10 from the [M + Na]+ sodium adduct ion peak at m/z 840.6336 in the (+)HRES-
IMS and the [M – H]− deprotonated molecular ion peak at m/z 816.6574 in the (–)HRESIMS
(Figures S30 and S31). The 1H- and 13C-NMR spectroscopic data of the ceramide part of 8

showed the resonances of protons and carbons of three terminal methyls CH3-16, CH3-17,
and CH3-22′ [δH 0.86 t (7.5), 0.86 d (6.4), 0.88 t (7.0); δC 11.3, 19.2, 14.0], four oxygenated
groups CH2-1 [δHa 4.71 dd (10.6, 6.5), δHb 4.53 dd (10.6, 4.4); δC 70.3], CH-3 [δH 4.32 dd
(12.3, 5.5); δC 75.7], CH-4 (δH 4.21 m; δC 72.4), and CH-2′ (δH 4.58 m; δC 72.3), one amide
group NH-CO [δH 8.54 d (9.2); δC 175.4], and one characteristic methine CH-2 [δH 5.26 m;
δC 51.5] attached at the nitrogen atom (Table 2, Figures S32 and S33). Thus, the 1H- and
13C-NMR spectra of 8 exhibited the characteristic signals of a saturated phytosphingosine-
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type ceramide residue containing a 2-hydroxy FA (Figure 1). Moreover, the ceramide part
of 8 had the normal and anteiso-types of side chains because the carbon atom signals of
the terminal methyl groups were observed at δC 14.0 (normal form) and 11.3 and 19.2
(anteiso-form) in the 13C-NMR spectrum (Table 2). The 1H-1H COSY and HSQC correlations
in the NMR spectra of 8 indicated the corresponding sequences of protons at C-1 to C-5;
C-16 to C-17 through C-15 and C-14; C-2 to NH; C-2′ to C-4′, and C-22′ to C-20′ (Table 2,
Figures 2C, S34 and S35). The key HMBC cross-peaks such as Hb-1/C-2, C-3; H-2/C-1′;
H-3/C-4; H-4/C-5; H3-16/C-14, C-15; H3-17/C-14; NH/C-2, C-1′; H-2′/C-1′; Ha-3′/C-1′,
C-2′, C-4′; H2-21′/C-20′; H3-22′/C-21′ confirmed the common structure of the ceramide
part of 8 (Figures 2C and S36).

 

Figure 3. The key fragmentary peaks in (–)ESIMS/MS spectra of compounds 4, 8, and 9.

A GC–MS analysis of FAME-5 showed the existence of one component that belonged
to a saturated methyl 2-hydroxytricosanoate of the normal type. Based on this finding,
as well as on the NMR and mass spectrometric data, we assumed that the LCB of the
ceramide part of 8 has 17 carbon atoms and the anteiso-type of saturated polymethylene
chain. The absolute configuration of LCB of the ceramide moiety of 8 is suggested to be
D-ribo-(2S,3S,4R) on the basis of the similarity of its 1H-NMR spectroscopic data with those
of the LCB of ceramide 1. The attachment of the monosaccharide to the ceramide part of 8

was deduced from long-range correlations in the HMBC spectrum. There were cross-peaks
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between H-1” of Glcp and C-1 of aglycon, as well as between H-1 of the ceramide part and
C-1” of Glcp (Figures 2C and S36).

The presence of a monosaccharide unit and the structure of the ceramide part of
cerebroside 8 were confirmed by ESIMS/MS data. In fact, the (−)ESIMS/MS spectrum
of the molecular anion peak –M − H]− at m/z 816 showed fragmentary peaks obtained
through the loss of a sugar unit at m/z 654 [–M − H)−162]− (Y0-ion), m/z 636 [–M −
H)−180]− (Z0-ion) and 179 [hexo–e − H]− (C2-ion), and also few characteristic fragmentary
peaks due to the cleavage of the ceramide part of 8: m/z 410 [–M − H)−406]−, the loss
of a monosaccharide residue and the cleavage of the bond between C-2 and C-3 (S-ion);
m/z 394 [–M − H)−422]−, the loss of a monosaccharide residue and the cleavage of the
bond between C-2 and C-3 (T-ion); m/z 368/369 [–M – H)−448/449]−, the cleavage of the
bond between C-2 and NH (U-ion); m/z 351 [–M – H)−465]−, the cleavage of the amide
bond (V-ion); m/z 323 [–M – H)−493]−, the cleavage of the bond between C-1′ and C-2′
(W-ion); m/z 253 [–M – H)−563]−, the cleavage of the bonds between C-1 and C-2 and
simultaneously between C-2 and NH; m/z 241 [–M – H)−575]−, the cleavage of the bond
between C-2 and C-3 (G-ion); and 211 [–M – H)−605]−, the cleavage of the bond between
C-3 and C-4 (Figure 3).

Hence, we determined the structure of cerebroside 8 to be (2S,3S,4R)-1-O-(β-D-glucopy
ranosyl)-2-[(2R)-2-hydroxytricosanoylamino]-14-methylhexadecan-3,4-diol.

The IR spectrum of compound 9 showed the presence of hydroxyl (3401 cm−1) and
amide (1626, 1540 cm−1) groups. The molecular formula of compound 9 was determined as
C47H93NO10 from the [M + Na]+ sodium adduct ion peak at m/z 854.6687 in the (+)HRES-
IMS and the [M – H]− deprotonated molecular ion peak at m/z 830.6730 in the (–)HRESIMS
(Figures S37 and S38). Based on a thorough 2D NMR analysis of cerebrosides 9 and
8, we suggested that the ceramide part of 9 is almost identical to those of compound 8

(Figure S39–S43). However, a comparison of the molecular weights of 8 and 9 showed
that they differ in MW by 14 amu. A GC–MS analysis of FAME-6 showed the presence
of one component that was characterized as saturated methyl 2-hydroxytetracosanoate
normal type.

The presence of a monosaccharide unit and the structure of the ceramide part of
cerebroside 9 were confirmed by ESIMS/MS data. In fact, the (−)ESIMS/MS spectrum
of the molecular anion peak –M – H]− at m/z 830 showed fragmentary peaks obtained
through the loss of a sugar unit at m/z 668 [–M – H)−162]− (Y0-ion), m/z 650 [–M –
H)−180]− (Z0-ion), and 179 [hexo–e – H]− (C2-ion) and also few characteristic fragmentary
peaks due to the cleavage of the ceramide part of 9: m/z 424 [–M – H)−406]−, the loss
of a monosaccharide residue and the cleavage of the bond between C-2 and C-3 (S-ion);
m/z 408 [–M – H)−422]−, the loss of a monosaccharide residue and the cleavage of the
bond between C-2 and C-3 (T-ion); m/z 382/383 [–M – H)−448/449]−, the cleavage of the
bond between C-2 and NH (U-ion); m/z 365 [–M – H)−465]−, the cleavage of the amide
bond (V-ion); m/z 337 [–M – H)−493]−, the cleavage of the bond between C-1′ and C-2′
(W-ion); m/z 253 [–M – H)−577]−, the cleavage of the bonds between C-1 and C-2 and
simultaneously between C-2 and NH; m/z 241 [–M – H)−589]−, the cleavage of the bond
between C-2 and C-3 (G-ion); and 211 [–M – H)−619]−, and the cleavage of the bond
between C-3 and C-4 (Figure 3).

Thus, we determined the structure of cerebroside 9 to be (2S,3S,4R)-1-O-(β-D-glucopyr
anosyl)-2-[(2R)-2-hydroxytetracosanoylamino]-14-methyl-hexadecan-3,4-diol.

2.2. The Cytotoxic Activity of Compounds 1–3, 5–7, and 9 against Normal and Cancer Cells and
their Effect on Colony Formation and Growth of Human Cancer Cells

In the present study, the cytotoxic activity of compounds 1–3, 5–7, and 9 against
human normal embryonic kidney cells HEK293 and a panel of human cancer cells HT-29,
SK-MEL-28, and MDA-MB-231 was measured by the MTS assay after 24 h of exposure.
Different concentrations of doxorubicin (10, 50, and 100 μM), used as a positive control, and
compounds 1–3, 5–7, and 9 (1, 10, and 50 μM) were studied. As a result, it was found that
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compounds 1–3, 5–7, and 9 had moderate cytotoxic activity against HEK293, HT-29, and
SK-MEL-28 (Table 3). These compounds slightly inhibited the viability of HEK293, HT-29,
and SK-MEL-28 cells at concentrations of up to 50 μM (with a percentage of inhibition lower
than 15%). Compounds 1, 7, and 9 also possessed slight cytotoxic activity against MDA-
MB-231 cells at concentrations of up to 50 μM. The half maximal inhibitory concentration
(IC50) of compounds 2, 3, 5, and 6 that caused inhibition of 50% cell viability was recorded
only for breast carcinoma cells MDA-MB-231 and was comparable among the compounds
under study (Table 3). The IC50 of doxorubicin (Doxo) was 35.7 μM, 21.8 μM, 40.0 μM,
and 22.3 μM for HEK293, HT-29, SK-MEL-28, and MDA-MB-231 cell lines, respectively
(Table 3).

Table 3. Cytotoxic activities of compounds 1–3, 5–7, and 9 against normal and cancer cells.

Compounds
Half Maximal Inhibitory Concentration (IC50), μM

HEK293 HT-29 SK-MEL-28 MDA-MB-231

Doxorubicin 35.7 ± 1.2 21.8 ± 3.2 40.0 ± 5.0 22.3 ± 0.2
1 >50.0

>50.0
>50.0
>50.0
>50.0
>50.0
>50.0

>50.0
>50.0
>50.0
>50.0
>50.0
>50.0
>50.0

>50.0
>50.0
>50.0
>50.0
>50.0
>50.0
>50.0

>50.0
2 48.7 ± 2.4
3 49.4 ± 1.6
5 48.7 ± 1.8
6 40.5 ± 0.5
7 >50.0
9 >50.0

IC50 is the concentration of compounds that caused a 50% reduction in cell viability of tested normal and cancer
cells. Values are mean ± standard deviation.

Since compounds 1–3, 5–7, and 9 inhibited the viability of breast cancer cells MDA-
MB-231, we then tested their ability to inhibit colony formation of MDA-MB-231 cells using
the soft agar assay. The colony formation assay, also referred to as soft agar assay, allows for
screening the therapeutic efficacy of compounds for anchorage-independent cell growth,
which is one of the hallmark characteristics of cellular transformation and uncontrolled
growth of cancer cells [26].

As a result, we found that compounds 1, 3, 7, and 9 at a concentration of 20 μM had a
comparable effect on MDA-MB-231 colony formation and decreased the number of colonies
by 46%, 48%, 44%, and 50%, respectively. Compounds 2, 5, and 6 (20 μM) inhibited colony
formation of MDA-MB-231 cells by 68%, 54%, and 68%, respectively. The colony-inhibiting
activity of compounds 2, 5, and 6 (20 μM) was comparable with the effect of doxorubicin
that reduced the number of colonies by 70% at a concentration of 20 μM (Figure 4).

Figure 4. The effect of compounds 1–3, 5–7, and 9 on colony formation of human breast cancer
cells MDA-MB-231 (2.4 × 104) that were exposed to PBS (control), Doxo (5, 10, and 20 μM), or the
compounds under study (5, 10, and 20 μM) and placed on dishes with 0.3% Basal Medium Eagle
(BME) agar containing 10% fetal bovine serum FBS, 2 mM L-glutamine, and 25 μg/mL gentamicin.
After 14 days of incubation, the number of colonies was counted under a microscope using the ImageJ
software program.
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3. Materials and Methods

3.1. General Procedures

Optical rotations were determined on a PerkinElmer 343 polarimeter (Waltham, MA,
USA). UV spectra were recorded on a Shimadzu UV-1601 PC spectrophotometer (Shimadzu,
Kyoto, Japan). IR spectra were recorded using a Bruker Equinox 55 spectrophotometer
in CDCl3 (Bruker, Göttingen, Germany). The 1H- and 13C-NMR spectra were obtained
on Bruker Avance III 700 spectrometer (Bruker BioSpin, Bremen, Germany) at 700.13 and
176.04 MHz, respectively; chemical shifts were referenced to the corresponding residual
solvent signals (δH 7.21/δC 123.5 for C5D5N). The HRESIMS spectra were recorded on
a Bruker Impact II Q-TOF mass spectrometer (Bruker, Bremen, Germany); the samples
were dissolved in MeOH (c 0.001 mg/mL). HPLC separations were carried out on an
Agilent 1100 Series chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped
with a differential refractometer and with the following columns used: Diasfer-110-C18
(10 μm, 250 × 15 mm, Biochemmack, Moscow, Russia), Discovery HS C18-10 (10 μm, 250 ×
21.2 mm, Supelco, North Harrison, PA, USA), and Discovery C18 (5 μm, 250 × 4 mm,
Supelco, North Harrison, PA, USA). GC and GC–MS analyses were performed on a GC
2010 chromatograph equipped with a flame ionization detector and a gas chromatograph–
mass spectrometer GCMS-QP5050, both Shimadzu (Kioto, Japan), and with fused silica
capillary columns Supelcowax 10 and MDN-5S (both columns 30 m, 0.25 mm ID, 0.25 lm
film, Supelco, USA). Low-pressure liquid column chromatography was carried out us-
ing Polychrom-1 (powdered Teflon, 0.25–0.50 mm; Biolar, Olaine, Latvia), Si gel KSK
(50–160 μm, Sorbpolimer, Krasnodar, Russia), and Florisil (60–100 μm, Sigma Aldrich, St.
Louis, MO, USA). Sorbfil Si gel plates (4.5 × 6.0 cm, 5–17 μm, Sorbpolimer, Krasnodar,
Russia) were used for thin-layer chromatography.

3.2. Animal Material

Specimens of Ceramaster patagonicus Sladen, 1889 (order Valvatida, family Goniasteri-
dae) were collected at a depth of 150–300 m in the Sea of Okhotsk, off Iturup Island, during
the 42nd research cruise aboard the R/V Akademik Oparin in August 2012. The species was
identified by B.B. Grebnev (G.B. Elyakov Pacific Institute of Bioorganic Chemistry FEB
RAS, Vladivostok, Russia). A voucher specimen [no. 042-67] is deposited at the marine
specimen collection of the G.B. Elyakov Pacific Institute of Bioorganic Chemistry FEB RAS,
Vladivostok, Russia.

3.3. Extraction and Isolation

The fresh C. patagonicus specimens (3 kg wet weight) were cut into small pieces and
extracted with CHCl3:MeOH (2:1) followed by further extraction with CHCl3:MeOH (1:1)
and EtOH. The combined extracts were concentrated in vacuo to a residue of 159.5 g. This
residue was separated between H2O (1.5 L) and AcOEt:BuOH (2:1) (4.5 L), and the organic
layer was concentrated in vacuo to obtain a less polar fraction (51.5 g), which was washed
with cold acetone (1 L). The acetone-soluble fraction (28.5 g) was chromatographed on a Si
gel column (19 × 4.5 cm) using CHCl3, CHCl3:MeOH (97:3), and CHCl3:MeOH (9:1) to yield
four fractions: 1 (932 mg), 2 (486 mg), 3 (735 mg), and 4 (1.04 g). Fractions 1–4 were further
chromatographed on a Si gel column (10 × 4 cm) using n-hexane:AcOEt:MeOH (step-
wise gradient, 6:3:0.1→6:3:0.7, v/v/v) to yield six subfractions: 21 (123 mg), 31 (475 mg),
32 (231 mg), 41 (55 mg), 42 (212 mg), and 43 (570 mg), which were then analyzed by TLC in
the eluent system CHCl3:MeOH:H2O (8:1:0.1, v/v/v). Subfractions 21–43 mainly contained
ceramides, cerebrosides, admixtures of pigments, and other concomitant lipids. A HPLC
separation of subfraction 31 (475 mg) on a Diasfer-110-C18 column (2.5 mL/min) with
MeOH as an eluent yielded pure 2 (12.0 mg, Rt 68.2 min) and seventeen subfractions 31-3–
31-15 and 31-17–31-20. A HPLC separation of subfractions 31-14 and 31-18 on a Discovery
C18 column (2.5 mL/min) with MeOH as an eluent yielded pure 1 (2.0 mg, Rt 15.1 min) and
unseparated mixture of 3 and 2 (1.5 mg, Rt 17.8 min). HPLC separation of subfraction 42
(212 mg) on a Discovery HS C18-10 column (4.0 mL/min) with MeOH as an eluent yielded
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pure 5 (3.0 mg, Rt 133.2 min), 6 (4.5 mg, Rt 153.2 min), and thirteen subfractions 42-4–42-15
and 42-17. A HPLC separation of subfractions 42-12, 42-13, 42-15, and 42-17 on a Discovery
C18 column (2.5 mL/min) with MeOH as an eluent yielded pure 4 (1.0 mg, Rt 15.9 min), 7

(2.5 mg, Rt 18.9 min), 8 (0.5 mg, Rt 21.7 min), and 9 (1.5 mg, Rt 26.9 min).

3.4. Compounds Characterization Data

(2S,3S,4R,9Z)-2-[(2R)-2-hydroxyhexadecanoylamino]-19-methyl-9-icosen-1,3,4-triol (1): Amor-
phous powder; [α]D

25: +15.4 (c 0.1, MeOH); IR (CDCl3) νmax 3402, 2934, 2920, 2855, 1722, 1656,
1625, 1523, 1493, 1462, 1365, 1274, 1186, 1130, 1080 cm−1; (+)HRESIMS m/z 634.5376 [M +
Na]+ (calcd for [C37H73NO5Na]+, 634.5381); (–)HRESIMS m/z 610.5412 [M – H]− (calcd for
[C37H72NO5]−, 610.5416); 1H- and 13C-NMR data, see Table 1.

(2S,3S,4R,9Z)-2-[(2R)-2-hydroxyhexadecanoylamino]-21-methyl-9-docosen-1,3,4-triol (2):
Amorphous powder; [α]D

25: +10.8 (c 0.1, MeOH); IR (CDCl3) νmax 3404, 2937, 2922, 2853,
1724, 1657, 1625, 1522, 1495, 1460, 1365, 1275, 1187, 1131, 1080 cm−1; (+)HRESIMS m/z
662.5324 [M + Na]+ (calcd for [C39H77NO5Na]+, 662.5694); (–)HRESIMS m/z 638.5364 [M –
H]− (calcd for [C39H76NO5]−, 638.5729); 1H- and 13C-NMR data, see Table 1.

(2S,3S,4R,9Z)-2-[(2R)-2-hydroxyheptadecanoylamino]-21-methyl-9-docosen-1,3,4-triol (3)
as mixed with 2 (ratio 2:1): Amorphous powder; [α]D

25: +10.0 (c 0.1, MeOH); IR (CDCl3)
νmax 3407, 2932, 2927, 2855, 1728, 1655, 1624, 1522, 1495, 1464, 1366, 1278, 1183, 1130,
1081 cm−1; (+)HRESIMS m/z 676.5463 [M + Na]+ (calcd for [C40H79NO5Na]+, 676.5850);
(–)HRESIMS m/z 652.5520 [M – H]− (calcd for [C40H78NO5]−, 652.5885); 1H- and 13C-NMR
data, see Table 1.

(2S,3R,4E,9Z)-1-O-(β-D-glucopyranosyl)-2-[(2R)-2-hydroxyheptadecanoylamino]-19-methyl-
4,9-henicosadien-3-ol (4): Amorphous powder; [α]D

25: –9.7 (c 0.05, MeOH); IR (CDCl3) νmax
3383, 2927, 2854, 1718, 1649, 1602, 1538, 1461, 1366, 1261, 1098, 1078, 1034 cm−1; (+)HRES-
IMS m/z 806.6110 [M + Na]+ (calcd for C45H85NO9Na, 806.6117); (–)HRESIMS m/z 782.6154
[M – H]− (calcd for C45H84NO9, 782.6152); (–)ESIMS/MS of the ion at m/z 782: m/z 602
[–M − H)−180]−, 326 [–M − H)−456]−, 310 [–M − H)−472]−, 293 [–M − H)−489]−,
283/284 [–M − H)−499/500]−, 267 [–M − H)−515]−, 239 [–M − H)−543]−, 179 [hexo–e −
H]−; 1H- and 13C-NMR data, see Table 2.

(2S,3S,4R)-1-O-(β-D-glucopyranosyl)-2-[(2R)-2-hydroxytricosanoylamino]-14-methylhexadecan-
3,4-diol (8): Amorphous powder; [α]D

25: –14.0 (c 0.1, MeOH); IR (CDCl3) νmax 3401, 2925,
2854, 1732, 1634, 1602, 1541, 1457, 1363, 1261, 1078, 1018 cm−1; (+)HRESIMS m/z 840.6336 [M
+ Na]+ (calcd for C46H91NO10Na, 840.6335); (–)HRESIMS m/z 816.6574 [M – H]− (calcd for
C46H90NO10, 816.6570); (–)ESIMS/MS of the ion at m/z 816: m/z 654 [–M − H)−162]−, 636
[–M − H)−180]−, 410 [–M − H)−406]−, 394 [–M − H)−422]−, 368/369 [–M − H)−448/449]−,
351 [–M − H)−465]−, 323 [–M − H)−493]−, 253 [–M − H)−563]−, 241 [–M − H)−575]−, 211
[–M − H)−605]−, 179 [hexo–e − H]−; 1H- and 13C-NMR data, see Table 2.

(2S,3S,4R)-1-O-(β-D-glucopyranosyl)-2-[(2R)-2-hydroxytetracosanoylamino]-14-methylhexadecan-
3,4-diol (9): Amorphous powder; [α]D

25: –17.5 (c 0.1, MeOH); IR (CDCl3) νmax 3401, 2925, 2854,
1731, 1626, 1602, 1540, 1455, 1297, 1103, 1078, 1029 cm−1; (+)HRESIMS m/z 854.6687 [M +
Na]+ (calcd for C47H93NO10Na, 854.6692); (–)HRESIMS m/z 830.6730 [M – H]− (calcd for
C47H92NO10, 830.6727); (–)ESIMS/MS of the ion at m/z 830: m/z 668 [–M − H)−162]−, 650
[–M − H)−180]−, 424 [–M − H)−406]−, 408 [–M − H)−422]−, 382/383 [–M − H)−448/449]−,
365 [–M − H)−465]−, 337 [–M − H)−493]−, 253 [–M − H)−577]−, 241 [–M − H)−589]−, 211
[–M − H)−619]−, 179 [hexo–e − H]−; 1H- and 13C-NMR data, see Table 2.

3.5. Methanolysis of Compounds 1–9 and Analysis of FAMEs

Compounds 1–9 (1 mg) were heated with 1 N HCl in 80% aqus. MeOH (1.0 mL) at
80◦C for 4 h. The reaction mixtures were then extracted with n-hexane and the extracts
were concentrated in vacuo to yield FAME-1–FAME-9. The FAMEs were analyzed on
Supelcowax 10 columns at 200 ◦C. Helium was used as the carrier gas at a linear velocity of
30 cm/s. Mass spectra were recorded at 70 eV. The obtained mass spectra were compared
with the NIST library and a FA mass spectra archive accessible online.
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3.6. Acid Hydrolysis and Determination of Absolute Configurations of Monosaccharides

The acid hydrolysis of 4 (0.5 mg) was carried out in a solution of 2 M trifluoroacetic
acid (TFA) (1 mL) in a sealed vial on an H2O bath at 100 ◦C for 2 h. The H2O layer was
washed with CHCl3 (3 × 1.0 mL) and concentrated in vacuo. One drop of concentrated
TFA and 0.5 mL of R-(–)-2-octanol (Sigma Aldrich) were added to the sugar fraction, and
the sealed vial was heated in a glycerol bath at 130 ◦C for 6 h. The solution was evaporated
in vacuo and exposed to a mixture of pyridine/acetic anhydride (1:1, 0.5 mL) for 24 h
at room temperature. The acetylated 2-octylglycosides were analyzed by GC using the
corresponding authentic samples prepared by the same procedure. The following peaks
were detected in the hydrolysate of 4: D-glucose (tR 24.24, 24.84, 25.08, and 25.38 min). The
retention times of the authentic samples were as follows: D-glucose (tR 24.23, 24.83, 25.06,
and 25.37 min), L-glucose (tR 24.39, 24.63, 24.83, and 25.06 min).

3.7. Bioactivity Assay
3.7.1. Reagents

The McCoy’s 5A Modified Medium (McCoy’s 5A), the Dulbecco’s Modified Ea-
gle’s Medium (DMEM), Basal Medium Eagle (BME), phosphate-buffered saline (PBS),
L-glutamine, penicillin–streptomycin solution (10 000 U/mL, 10 μg/mL) and trypsin were
all purchased from Sigma-Aldrich (St. Louis, MO, USA). The MTS reagent was purchased
from Promega (Madison, WI, USA). Fetal bovine serum (FBS), agar and gentamicin were
purchased from ThermoFisher Scientific (Waltham, Massachusetts, USA).

3.7.2. Cell Lines

The human embryonic kidney cells HEK293 (ATCC® CRL-1573™), the colorectal
adenocarcinoma cell line HT-29 (ATCC® HTB-38), the melanoma SK-MEL-28 (ATCC®

HTB-72™), and breast adenocarcinoma MDA-MB-231 (ATCC® HTB-26™) cell lines were
obtained from the American Type Culture Collection (Manassas, VA, USA).

3.7.3. Cells Culture Conditions

HT 29 cells were cultured in McCoy’s 5A medium; HEK293, SK-MEL-28, and MDA-
MB-231 cell lines were maintained in the DMEM medium. The culture media were sup-
plemented with 10% FBS and a 1% penicillin/streptomycin solution. The cell cultures
were maintained at 37 ◦C in a humidified atmosphere containing 5% CO2.

3.7.4. Preparation of Compounds

Compounds 1–3, 5–7, and 9 were dissolved in a sterile dimethyl sulfoxide solution
(DMSO) to prepare stock concentrations of 20 mM. Cells were exposed to serially di-
luted 1–3, 5–7, and 9 (1–100 μM) (with the culture medium used as a diluent) (the final
concentration of DMSO was less than 0.5%).

Doxorubicin (Doxo) (Teva Pharmaceutical Industries, Ltd. (Israel)) was dissolved in
sterile PBS to prepare stock concentrations of 10 mM. Cells were exposed to serially diluted
Doxo (10–100 μM) (with the culture medium used as a diluent).

The vehicle control is the cells exposed to the equivalent volume of DMSO (the final
concentration was less than 0.5%) for all of the experiments conducted.

3.7.5. Cell Viability Assay

The effect of compounds 1–3, 5–7, and 9 on the viability of tested cell lines was
evaluated by the MTS assay. HEK293 (1.0 × 104/200 μL), HT-29 (1.0 × 104/200 μL), SK-
MEL-28 (0.8 × 104/200 μL), and MDA-MB-231 (1.0 × 104/200 μL) cells were seeded on a
96-well plate and incubated for 24 h at 37◦C in a CO2 incubator. The cells were exposed to
either DMSO (vehicle control) or Doxo at concentrations of 1, 10, 50 μM (positive control) or
1–3, 5–7, and 9 at concentrations of 1, 10, and 50 μM for 24 h. The cells were subsequently
incubated with 15 μL MTS reagent for 3 h, and the absorbance of each well was measured
at 490/630 nm on a Power Wave XS microplate reader (BioTek, Winooski, VT, USA). The
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concentration at which a compound exerted half of its maximal inhibitory effect on cell
viability (IC50) was calculated using the AAT-Bioquest® online calculator [27].

3.7.6. Colony Formation Assay

MDA-MB-231 cells (2.4 × 104/mL) were exposed to either DMSO (vehicle control)
or Doxo (positive control) at concentrations of 5, 10, and 20 μM, and to 1–3, 5–7, and 9

at concentrations of 5, 10, 20 μM. Then, the cells were applied on dishes with 0.3% BME
agar containing 10% FBS, 2 mM L-glutamine, and 25 μg/mL gentamicin. The cultures
were maintained at 37◦C in a 5% CO2 incubator for 14 days. The number and size of the
colonies were estimated under a Motic microscope AE 20 and using the ImageJ software
bundled with 64-bit Java 1.8.0_112 (NIH, Bethesda, Maryland, USA).

3.7.7. Statistical Analysis

All assays were performed in triplicate. Results are presented as mean ± standard
deviation (SD).

4. Conclusions

Three new ceramides (1–3) and three new cerebrosides (4, 8, and 9) along with three
previously known cerebrosides—ophidiacerebrosides C (5), D (6), and CE-3-2 (7)—were
isolated from a deep-sea starfish species, the orange cookie star Ceramaster patagonicus.
Ceramides 1–3 contain iso-C21 or C23 Δ9-phytosphingosine as LCB and have C16 or C17
(2R)-2-hydroxy-fatty acids of the normal type. As far as we know, ceramides with the
iso-type of LCB were isolated from this starfish for the first time. It is also worth noting
that starfish-derived ceramides are the least studied class of sphingolipids. This may be
due to the challenge of isolating certain components from complex mixtures of ceramides
and other lipids. However, new data on the structures of starfish ceramides allow a better
understanding of the biosynthetic features of these animals. Furthermore, these ceramides
can also be used as chemotaxonomic markers.

Cerebroside 4 contains C22 Δ9-sphingosine of anteiso-type and (2R)-2-hydroxyheptadecanoic
acid of the normal type. The C22 Δ9-sphingosine of anteiso-type was found in starfish cerebro-
sides for the first time. New compounds 8 and 9 contain saturated C-17 phytosphingosine
of anteiso-type as LCB and differ from each other in the length of the polymethylene chain
of (2R)-2-hydroxy-fatty acids: C23 at 8 and C24 at 9. All the isolated cerebrosides have β-
D-glucopyranose as a monosaccharide residue. It is also worth noting that all the isolated
ceramides and cerebrosides have only (2R)-2-hydroxy-fatty acids of the normal type. As far as
we know, the composition of neutral sphingolipids of the starfish C. patagonicus was described
for the first time.

Compounds 1–3, 5–7, and 9 under study exhibit slight or moderate cytotoxic activity
against HEK293, HT-29, SK-MEL-28, and MDA-MB-231 cells. On the other hand, com-
pounds 1, 3, 7, and 9 at a non-toxic concentration of 20 μM significantly decreased the
number of colonies of MDA-MB-231 cells. The colony-inhibiting activity of compounds
2, 5, and 6 is comparable to the anticancer effect of doxorubicin. Ophidiacerebrosides C
(5) and D (6) with (4E,8E,10E)-9-methylsphinga-4,8,10-trienine as LCB showed the highest
cytotoxic and colony formation inhibitory effects among the cerebrosides analyzed. These
data agree well with the results of published studies where these cerebrosides showed
strong cytotoxic activity at a concentration of 2 μM against murine leukemic cells L1210
and moderate cytotoxic activity against a number of human cancer cell lines at concen-
trations of 15–34 μM [21,28]. The inhibition of cancer cell colony formation by starfish
sphingolipids was shown for the first time.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20100641/s1, copies of the HRESIMS (Figures S1, S2, S9, S10,
S16, S17, S23, S24, S30, S31, S37, and S38), 1H-NMR (Figures S3, S11, S18, S25, S32, and S39), 13C-NMR
(Figures S4, S12, S19, S26, S33, and S40), 1H-1H-COSY (Figures S5, S13, S20, S27, S34, and S41), HSQC
(Figures S6, S14, S21, S28, S35, and S42), and HMBC (Figures S7, S15, S22, S29, S36, and S43) spectra
of compounds 1, 2, 3, 4, 8, and 9, respectively. This material is available free online.
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Abstract: The carotenoids mixture (MC) isolated from the starfish Patiria. pectinifera contains more
than 50% astaxanthin, 4–6% each zeaxanthine and lutein, and less pharmacologically active compo-
nents such as free fatty acids and their glycerides. Astaxanthin, the major component of MC, belongs
to the xanthophyll class of carotenoids, and is well known for its antioxidant properties. In this work,
in vitro and in vivo studies on the biological activity of MC were carried out. The complex was shown
to exhibit anti-inflammatory, anti-allergic and cancer-preventive activity, without any toxicity at a
dose of 500 mg/kg. MC effectively improves the clinical picture of the disease progressing, as well as
normalizing the cytokine profile and the antioxidant defense system in the in vivo animal models of
inflammatory diseases, namely: skin carcinogenesis, allergic contact dermatitis (ACD) and systemic
inflammation (SI). In the skin carcinogenesis induced by 7,12-dimethylbenzanthracene, the incidence
of papillomas was decreased 1.5 times; 1% MC ointment form in allergic contact dermatitis showed
an 80% reduced severity of pathomorphological skin manifestations. Obtained results show that MC
from starfish P. pectinifera is an effective remedy for the treatment and prevention of inflammatory
processes.

Keywords: carotenoids mixture (MC); starfish Patiria pectinifera; astaxanthin; therapeutic activity;
inflammatory diseases

1. Introduction

Currently, natural biologically active substances (BASs), which have beneficial proper-
ties for human health, are of great interest to the consumer. A special place among these
BASs is occupied by carotenoids (CRs), which are characterized by a high potential for
protecting the body from a wide range of diseases, such as chronic inflammatory [1–4],
neurodegenerative [5–9], cardiovascular [10–13], cancer [14–17], metabolic syndrome and
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diabetes [18–21], liver [22,23], skin [24–26] and eye [27] diseases, exercise-induced fa-
tigue [21], infertility [28,29] and many other pathologies. Carotenoids are of particular
interest as an adjuvant drug to reduce the cytokine storm, including those associated
with COVID-19 [30,31]. It has been established that astaxanthin blocks oxidative dam-
age to DNA, reduces the level of C-reactive protein and other biomarkers of inflamma-
tion [1,30–32]. Eating a diet rich in carotenoids has been shown to combat inflammation by
increasing plasma concentrations of IFN-α2 and decreasing MIP-1β and TNF-α in human
trials [1].

The CRs family is represented by more than 850 natural fat-soluble pigments, which
are synthesized by algae, phytoplankton, plants, and some varieties of fungi and bacte-
ria [33–35]. CRs are responsible for the coloration of various photosynthetic organisms [36].
Animals and humans are not able to synthesize CRs de novo; they obtain them with
food [37–39] and actively use the metabolic capabilities of CRs [40]. For example, β-carotene
is converted in the body to vitamin A, whereas lutein and zeaxanthin are macular pigments
protecting the retina from damage by UV light [27,41].

As suggested [42,43], the antioxidant properties of CRs are the main mechanism by
which they maintain and improve human health. Marine CRs (astaxanthin, fucoxanthin,
β-carotene, lutein, as well as the rare siphonaxanthin, sioxanthin, and myxol) have recently
demonstrated antioxidant properties in reducing markers of oxidative stress [1,44,45].
However, the interpretation of some results remains conflicting. It is difficult to explain
CRs’ physiological effects only by their antioxidant activity; therefore more research is
necessary to clarify the relationship between CRs’ action and ROS-mediated disorders.
Over the past few years, genomic studies have focused on the unusual ability of CRs to
regulate the expression of specific genes involved in cell metabolism [1,44,45].

To date, a large body of data has been collected in a number of epidemiological,
interventional, and clinical studies, mainly from experiments with β-carotene, lycopene,
astaxanthin, lutein, and zeaxanthin, which generally support the observation that an
adequate intake of CR-rich fruits and vegetables or CR supplements can significantly
reduce the risk of certain chronic diseases. The World Health Organization estimates that
low fruit and vegetable intake is responsible for 31% of coronary heart disease, 11% of
strokes, and 19% of gastrointestinal cancers worldwide.

Preparations based on echinoderm extracts have not yet been widely used in modern
medicine, but are actively used in Chinese medicine for the prevention and treatment
of a wide range of diseases. Increasingly, scientific works began to appear showing the
effectiveness of the use of echinoderm extracts in the treatment of various diseases. In this
regard, the research on the composition of metabolites of this type of animal is of great
scientific interest [46,47].

Patiria (=Asterina) pectinifera [48] is an unpretentious species of starfish, widely dis-
tributed along the Western coast of the Pacific Ocean from the Sakhalin Island to the Yellow
Sea. It is the most numerous species in the Peter the Great Bay (Sea of Japan).

The tissues of P. pectinifera contain a large amount of CRs, with the major component
being astaxanthin [49–51]. Takashi Maoka et al. [51] almost completely, with the exception
of 2%, identified carotenoids of the starfishes A. pectinifera and Asterias amurensis. They
showed that starfish carotenoids are mainly astaxanthin derivatives. Our carotenoids
mixture (MC) preparation contained 56% astaxanthin, 4% zeaxanthin, 6% lutein, and
unidentified carotenoids (Figure 1). They can be used as raw materials for the production
of new medicinal, cosmetic, and food products.

The goal of this work was to test the biological activity of a mixture of carotenoid
pigments enriched in astaxanthin obtained from the starfish P. pectinifera according to
the Russian patent [49] in a series of models of skin damage and systemic inflammatory
diseases in vivo.
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Figure 1. The high-performance liquid chromatography (HPLC) chromatogram of carotenoids
mixture of starfish P. pectinifera (a) and sample of astaxanthin (90%, Sigma-Aldrich, St. Louis, MO,
USA) (b). Chromatographic conditions: HPLC was carried out on a chromatograph LaChrom
2000 (Hitachi/Merck, Darmstadt, Germany) equipped with UV detector L-7400, pump L-7100,
thermostat L-7300, integrator D-7500; column, Agilent Technologies Zorbax Eclipse XDB-C18, 3.5 μm
(75 mm × 4.6 mm) with guard column Hypersil ODS, 5 μm (4.0 mm × 4.0 mm); detection, UV 475
nm; solvent, acetonitrile/water (85/15, v/v) with 1% glacial acetic acid; flow rate, 0.2 mL/min;
thermostated at 30 ◦C. Abbreviations: MC—carotenoid mixture of starfish P. pectinifera.

2. Results

2.1. Evaluation of Safety of Carotenoid mixture of Starfish P. pectinifera (MC)

To access the toxicity of the preparation, 12 healthy mice (6♂and 6♀) of the intact group
of animals were treated for 14 days. The changes in the body weight were in the normal
mode, characteristic of healthy animals (Table 1). The general condition and behavior of
the intact group met the criteria of the norm: they actively moved around the cage, drank
water, and ate food. Food and water intake as well as hairline and mucous membranes
remained normal.

Table 1. Weight (g) of healthy intact mice, mice after a single intraperitoneal or oral administration of
a water–alcohol solution (solvent) and MC.

No.,
Gender

Intact Animals
Water-Alcohol Solution (Solvent)

in a Volume of 0.5 mL
MC at a Dose of 500 mg/kg.

First Day
On the 14th

Day
Before Admin-

istration
On the 14th

Day
Before Admin-

istration
On the 14th

Day

IP injection

1♂ 23.5 30.2 22.6 30.6 23.0 31.1
2♂ 23.4 31.1 23.4 30.1 23.8 31.8
3♂ 22.8 31.6 22.8 31.1 22.3 31.2
1♀ 21.3 30.8 22.1 30.9 22.4 29.8
2♀ 23.4 31.1 23.2 32.1 23.0 31.1
3♀ 23.2 31.6 22.4 31.3 22.6 30.3

Oral administration

1♂ 22.4 30.9 22.2 31.3 23.6 29.9
2♂ 22.9 31.1 23.4 31.1 23.2 30.4
3♂ 23.3 31.1 23.8 31.8 22.3 30.1
1♀ 22.9 30.4 22.3 30.4 23.3 30.4
2♀ 23.5 31.8 23.8 32.1 23.8 32.1
3♀ 22.4 33.1 23.4 32.3 22.8 31.3

Abbreviations: MC—carotenoids mixture of starfish P. pectinifera; IP—Intraperitoneally administration; ♂—male;♀—female.

The evaluation of the product’s safety in mice established that a single dose of the
carotenoid complex orally and intraperitoneally had no toxic effect on the body weight
compared to intact animals. The general condition of this group of experimental animals

54



Mar. Drugs 2023, 21, 470

remained the same as the groups of healthy intact animals. Their behavior throughout the
experiment did not differ from the behavior of healthy animals, i.e., they actively moved
around the cage, drank water, and ate food. Feed and water intake as well as the condition
of the hairline and mucous membranes remained normal after oral and intraperitoneal
administration, with no local irritation observed, leading us to conclude on the safety of
the MC use for therapeutic and prophylactic purposes.

2.2. The MC Effectiveness in Treatment of Carcinogenic and Allergic Skin Pathologies, and
Systemic Inflammation (SI)
2.2.1. Evaluation of Cancer-Preventive Activity of MC

The study of the cancer-preventive activity of MC was carried out in a model of skin
carcinogenesis induced by 7,12-dimethylbenzanthracene (DMBA). It was shown that during
the period of active development of the oncological process, after frequent applications
of DMBA, the groups of animals that received prophylactic oral administration of MC
(10 mg/kg three times a week for 8 weeks) saw a decrease in the incidence of new tumor
foci and in the growth intensity (Figure 2). It should be emphasized that MC was more
effective than the reference substance, rosmarinic acid (RA), in inhibiting the formation
of new papillomas (Table 2). So, in the MC C group, by the 11th week of the experiment,
the formation of new tumor foci almost completely stopped, and by the 15th week, the
number and size of papillomas were more than 1.5 times smaller than in the C(−) group
(Figure 2b).

Figure 2. Dynamics of skin cancer incidence (a) and changes in the size of papillomas (b) (y-axis)
in the experimental groups of animals. The data are presented from the moment the first changes
appeared on the DMBA-treated animal skin areas (5 weeks after the start of the experiment). The
results are presented as m ± SD (standard deviation) (n = 10), * p ≤ 0.05, ** p ≤ 0.01, compared
with C(−) group. Abbreviations: C(−)—negative control; RA—rosmarinic acid (positive control);
MC—carotenoids mixture of starfish P. pectinifera.

Table 2. Chemopreventive effect of MC in the experimental model of skin carcinogenesis.

Group
Number of Animals

with Tumor, %
Number of

Tumors
Average Tumor
Diameter, mm

Latent Period,
Week

Intact - - - -
C(−) 100 27 4.4 ± 1.6 4.2 ± 2.9
RA 70 15 3.5 ± 0.9 4.6 ± 1.1
MC 60 13 3.5 ± 1.01 4.3 ± 2.7

Abbreviations: C(−)—negative control; RA—rosmarinic acid (positive control); MC—carotenoids mixture of
starfish P. pectinifera.

Oxygenated carotenoids (astaxantin, zeaxanthin and lutein), the components of MC,
are supposed to exert protective activity in oncological, allergic, and inflammatory pro-
cesses mainly due to their ability to modulate the immune response [3–5,21,23,31,50,52].
When evaluating the functional activity of the immune system of experimental animals,
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it was shown that at the stage of progressive tumor growth in the C(−) group, onco-
dependent immunosuppression was observed, which was expressed as a decrease in the
level of IL-1, IL-17, IFN-γ, TNF-α, IL- 10, both systemically (blood serum) and locally (skin
homogenate) (Figure 3a,b). Prophylactic oral intake of MC contributed to the stimulation
of immunological surveillance, through an increase in the production of all of the above
cytokines to the level close to the intact group, with the exception of IL-4. The data obtained
indicate the ability of MC to modulate immunological reactions in skin lesions caused by
DMBA and enhance the antitumor immune response.

 

Figure 3. The profile of cytokines (y-axis, pg/mL) in blood serum (a) and skin homogenate (b), the
level of malonic dialdehyde (MDA) (c) and total bilirubin (d) in the blood serum of animals (y-axis,
μmol/L) at experimental modeling of skin carcinogenesis. The results are presented as m ± SD
(standard deviation) (n = 10), * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.01, compared with the C(−) group;
## p ≤ 0.01, ### p ≤ 0.01, C(−) group compared to C(i) group. Abbreviations: C(−)—negative control;
C(i)–intact control; RA—rosmarinic acid (positive control); MC—carotenoids mixture of starfish
P. pectinifera; IL-1,4,10,17—interleukins-1,4,10,17; IFN-γ—interferon-gamma; TNF-α—tumor necrosis
factor; GM-CSF—granulocyte–macrophage colony-stimulating factor.

The state of the antioxidant system in the experimental animals was assessed by the
concentration of malonic dialdehyde (MDA) (Figure 3c) in the blood serum. It was shown
that in the C(−) group, the level of MDA was increased by 1.5 times compared to the group
of intact animals. At the same time, MC turned out to be an effective corrector of this
parameter. The general condition of the experimental animals was assessed by the level of
bilirubin. The analysis showed that total bilirubin in the MC and RA groups was within
the normal range (Figure 4d). Consequently, long-term administration of RA and MC did
not exert a noticeable toxic effect on the animal organism.
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Figure 4. Indicators of the level of erythema (y-axis) caused by DNFB in different groups of animals
after each day of treatment (x-axis). The results are presented as m ± SD (standard deviation) (n = 8),
* p ≤ 0.05, *** p ≤ 0.01 (paired Student’s t-test). Abbreviations: DNFB—2,4-dinitrofluorobenzene;
C(−)—negative control; C(+)—positive control ointment “Fucidin”; Mco—ointment, containing 1%
carotenoids mixture of starfish P. pectinifera.

Thus, in the groups of experimental animals treated with MC, a pronounced cancer-
preventive effect was observed. MC is effective similarly to RA and improves the clinical
picture of the disease progression, while normalizing the cytokine profile and the antioxi-
dant defense system in the experimental animals.

2.2.2. Evaluation of the MC Ointment Form in Allergic Contact Dermatitis (ACD)

In the case of administering a 1% MC ointment as an active compound, a significant
restoration of the initial parameters of the skin and a decrease in the severity of external
pathomorphological manifestations of ACD were observed. By the 4th day of treatment
of experimental animals in the MC group, the index of reducing the severity of path-
omorphological skin manifestations was 80% (Table 3). At the same time, the level of
erythema decreased by approximately two times as compared to the C(−) group (Figure 4).
It should be noted that the studied MC-based ointment was superior to the commercial
anti-inflammatory drug “Fucidin” in terms of the effectiveness of the pharmacological
action. MC acts as an effective corrector of the inflammatory process in ACD, the severity
of which was assessed by the level of pro-inflammatory and anti-inflammatory cytokines
in the blood serum by enzyme-linked immunosorbent assay (ELISA) (Figure 5).

Table 3. Effect of MC ointment on the process of restoration of skin integuments affected by DNFB.

Group
Animals

1 Days 2 Days 4 Days

Healing, %, (m ± σ)

C(−) - - -
Fucidin 8 ± 2.5 20 ± 3.5 24 ± 2.3
MC, 1% 43 ± 2.9 40 ± 2.6 80 ± 1.3

Abbreviations: C(−)—negative control without treatment; Fucidin—positive control treatment ointment “Fucidin”;
MCo—ointment, containing 1% carotenoids mixture of starfish P. pectinifera.
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Figure 5. The level of cytokines in the blood serum (y-axis, optical density at λ 450 nm) in
the experimental model of allergic contact dermatitis (ACD) induced by DNFB. Blood sam-
ples were obtained 24 h after the last application of the ointments. The results are presented
as m ± SD (standard deviation) (n = 8), * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.01, compared
with the C(−) group; # p ≤ 0.05, ## p ≤ 0.01, C(−) group versus C(i) group. Abbreviations:
DNFB—2,4-dinitrofluorobenzene; C(−)—negative control; C(i)–intact control; C(+)—positive con-
trol ointment “Fucidin”; Mco—ointment containing 1% carotenoids mixture of starfish P. pec-
tinifera; IL-2,4,6,10—interleukins–2,4,6,10; IFN-γ—interferon-gamma; TNF-α—tumor necrosis factor;
GM-CSF—granulocyte–macrophage colony-stimulating factor.

It was found that the use of MC led to a decrease in the level of the main pro-
inflammatory cytokines, involved in the pathogenesis of ACD, IL-2, TNF-α and GM-CSF,
with a sharp increase in the main anti-inflammatory cytokines, IL-10 and IL-4, which may
indicate the ability of MC components to enhance the anti-inflammatory response in ACD.

2.2.3. Anti-Inflammatory Activity of MC in SI Model

When lipopolysaccharide (LPS) was administered to experimental animals, an increase
in the serum content of pro-inflammatory cytokines, e.g., IL-1, -6, IFN-γ, and TNF-α, in the
C (−) group was recorded (Figure 6a).

It is typical that the effect of MC and the reference drug “Dexamethasone” on the level
of cytokines largely depends on the dose and route of administration of the drug. When
administered orally, MC and Dexamethasone contributed to a sharp increase in the level of
all tested cytokines compared to the C(i) and C(−) groups. However, with intraperitoneal
administration, MC was more effective than Oftan-Dexamethasone in suppressing the
production of key pro-inflammatory cytokines, IL-1 and TNF-α, bringing their level to that
of the intact animals.

Thus, the ointment containing 1% MC of starfish P. pectinifera has high pharmacological
prospects in the treatment of ACD and can be further used in various preclinical studies.

It should be noted that under conditions of SI, regardless of the dose and route of
administration, the studied MC preparation had a protective effect on redox homeostasis,
functional activity of the liver, biliary tract, and hematopoiesis, analyzed by the content of
MDA and total bilirubin in blood serum in different experimental groups (Figure 6b,c). The
conducted experimental studies in the SI model showed that MC has pronounced antioxi-
dant and anti-inflammatory protective effects on the organism of experimental animals.
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Figure 6. The content of cytokines (a) (y-axis, pg/mL), malonic dialdehyde (MDA) (b) and total
bilirubin (c) (y-axis, in μmol/L) in the blood serum. The results are presented as m ± SD (standard
deviation) (n = 6), * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.01, compared with the C(−) group; # p ≤ 0.05,
## p ≤ 0.01, ### p ≤ 0.01, C(−) group versus C(i) group. Abbreviations: C(−)—negative control,
C(i) —intact control; Dex-1, Dex-10—“Dexamethasone” in doses of 1 and 10 mg/kg, respectively;
MC-1, MC-10—oxygenated carotenoid complex of starfish P. pectinifera at doses of 1 and 10 mg/kg, re-
spectively; MDA—malonic dialdehyde; IL-2,4,6,10—interleukins–2,4,6,10; IFN-γ—interferon-gamma;
TNF-α—tumor necrosis factor.

3. Discussion

One of the most promising strategies in the control of the incidence of oncological
and inflammatory pathologies is chemoprophylaxis, which consists in the systematic use
of prophylactic agents and functional nutrients that have a tumor-protective effect. At
the same time, special attention is paid to compounds that have the ability to maintain
redox homeostasis, exhibit an immunomodulatory effect, and have a positive effect on
the functioning of various cell-signaling pathways with no side effects on the body of
experimental animals. The results of our studies indicate that there is a direct correlation
between the therapeutic use of MC of starfish P. pectinifera and a reduction in the risk
of developing skin cancer (Figure 3, 1.5-fold reduction), and MC is more effective than
rosmarinic acid (Table 2).

The Inhibition of the formation and growth of skin neoplasms observed with the
use of MC may be the result not only from the antioxidant and immunomodulatory
activity of carotenoids but also their ability to neutralize the carcinogenic effect of DMBA
on epidermal cells, through the activation of the aryl hydrocarbon receptor (AhR). By
stimulating the activity of AhR, they contribute to the stimulation of gene expression of
biotransformation enzymes and the detoxification and elimination of xenobiotics, reducing
the risk of accumulation of carcinogens in epithelial cells and thereby inhibiting the initial
stages of carcinogenesis. It has been shown that AhR agonists are able to restrain neoplastic
processes in the cell induced by chemical carcinogens, including DMBA [44,53–55]. The
use of MC as prophylactic agent and functional nutrient can prevent the adverse effects of
carcinogenic factors, maintain the optimal immunological status of the body and, thereby,
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reduce the risk of cancer. In addition to preventive action, MC has been shown to enhance
the antitumor effect of the well-known cytostatic doxorubicin, which is widely used in
chemotherapy, when they are used together [50]. In this regard, MC, after conducting
preclinical trials, can expand the arsenal of complementary therapies in the treatment of
oncological diseases.

Since carotenoids are considered not only as functional components of food, but also as
active ingredients of cosmetic and cosmeceutical products, an important task is to evaluate
their therapeutic effect in skin diseases, particularly in allergies. Allergic dermatoses are
common inflammatory skin diseases with multifactorial etiology and complex pathogen-
esis. The most well-known diseases are psoriasis, contact dermatitis, eczema, chronic
urticaria, and others. Pathogenesis includes primarily damage to the epidermal barrier as
a result of an excessive inflammatory response from the immune system, in response to
the action of various irritants (mechanical damage to the skin, contact with chemical, food,
household, and other allergens). Currently widely used antiallergic drugs (glucocorticoids,
antihistamines, mast cell stabilizers, and immunosuppressants) have a strong antiallergic
effect. However, due to the narrow range of pharmacological action, none of these drugs
are universal for the treatment of all types of skin allergies, and often they require long-
term use, which can lead to a number of side effects: central nervous system depression,
impaired carbohydrate and lipid metabolism, myasthenia gravis, osteoporosis, decreased
resistance to infections [55]. In this regard, it is necessary to develop universal effective
drugs that, along with antiallergic activity, can also inhibit inflammatory reactions and
stimulate reparative processes in the epidermis. The therapeutic effect of the MC—based
ointment was seen in a noticeable improvement (80% skin restoration effect, Table 3) in
pathomorphological and biochemical parameters of the disease, i.e., a significant decrease
in the level of erythema and correction of the cytokine profile. Previously, Meephansan et al.
studied the effect of astaxanthin on skin wound healing [56]. Full-thickness skin wounds
were created in 36 healthy female mice, which were divided into a control group and a
group treated with 78.9 mg locally of astaxanthin twice a day for 15 days. Astaxanthin-
treated wounds showed marked narrowing by day 3 of treatment and complete wound
closure by day 9, while wounds in control mice showed only partial epithelialization and
still had scabs. Biological markers of wound healing, including Col1A1 and bFGF, were sig-
nificantly elevated in the astaxanthin group from day 1. The results show that astaxanthin is
an effective wound-healing compound. Chow et al. showed that the astaxanthin-enriched
extract (EAE) from H. pluvialis increased the expression of certain proteins that promote
cell proliferation, had a higher cell growth capacity than doxycycline, and was able to
proliferate more collagen than the control group over seven days [57]. This indicates that it
is the best alternative for collagen production.

Immunological blood testing (Figure 6) showed that MC acts as an effective corrector
of the inflammatory process in ACD, its use led to a decrease in the level of the main pro-
inflammatory cytokines involved in the pathogenesis of ACD: IL-2, TNF-α and GM-CSF. It
should be noted that under the action of MC, the content of the main anti-inflammatory
cytokines sharply increased: IL-10 and IL-4. This fact may indicate the ability of MC to
enhance the anti-inflammatory response in ACD. It can be assumed that these carotenoids
have an anti-inflammatory effect, preventing the synthesis of endogenous inhibitors of
matrix metalloproteinases. The latter play a central role in the metabolism of connective
tissue proteins, as they promote tissue renewal and are essential for skin repair and removal
of inflammatory agents [58]. In 2010, Park et al. conducted the first comprehensive
study investigating the effects of dietary ASX on modulating immune response, oxidative
status, and inflammation in young healthy adult female subjects [59]. After eight weeks
of supplementation, ASX enhanced both cell-mediated and humoral immune responses,
including T cell and B cell mitogen-induced lymphocyte proliferation, NK cell cytotoxic
activity, and IL-6 production. ASX did not affect plasma C-reactive protein concentrations,
but levels of 8-hydroxy-2’-deoxyguanosine (8-oHdG) (a biomarker of DNA damage) were
significantly lower in the higher-dose ASX group.
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The study on the effect of MC on the immunological status of animals in the model
of skin carcinogenesis, ACD and SI, indicates that it is an anti-inflammatory agent when
administered intraperitoneally, but not orally. Altogether, the obtained results show that
MC from sea star P. pectinifera is an effective remedy for the treatment and prevention of
inflammatory processes.

4. Materials and Methods

4.1. Preparations

The method for obtaining an MC from starfish P. pectinifera includes the extraction of
raw materials with 96% alcohol with the addition of food acid and ascorbic acid as a food
antioxidant, column chromatography on a hydrophobic sorbent Polychrome-1, balanced
with 20–30% alcohol. The column with adsorbed carotenoids is washed with alcohol in a
gradient of 30→50%. The mixture of carotenoids is eluted with 60–65% alcohol. The eluate
is evaporated in vacuum at 40–60 ◦C. Additional purification of the MC from phospholipids
carried out by dissolving the concentrate in 96% alcohol, settling solution for 24–48 h at
(−18 ◦C), centrifugation and subsequent evaporation in vacuum at 40–60 ◦C [49].

The MC composition was determined by high-performance liquid chromatography,
UV and IR spectroscopy (Figure 1).

For intraperitoneal and oral injections, MC were weighed according to the dose used
and prepared in aqueous, water–alcohol (100:1, v/v) or aqueous solutions with DMSO
(Sigma-Aldrich, St. Louis, MO, USA) (10:1, v/v). Ointment for external use was prepared
on a lanolin–Vaseline basis (1:3 by weight): 1 g of MC (1%) was added to 100 g of the
ointment base.

4.2. Animals

CBA, CD-1, and BALB/c mice (20 ± 2 g) were used as a test system for studying the
activity of natural substances. The experiments were performed on animals purchased
from the laboratory animal nursery “Pushchino” and bred in the vivarium of the Pacific
Institute of Bioorganic Chemistry of the Far Eastern Branch of the Russian Academy of
Sciences (PIBOC FEB RAS) (certificate available).

The animals were kept in accordance with the GOST 33216-2014 “Guidelines for
accommodation and care of animals. Species-specific provisions for laboratory rodents and
rabbits”. After the experiment was completed, they were subjected to euthanasia. Studies
using experimental animals were carried out in accordance with the GOST 33044-2014
“Principles of good laboratory practice” and “Guidelines for conducting preclinical studies
of drugs”, edited by Mironov et al. [60]. All experiments were approved by the Ethical
Committee for Animal Research of the PIBOC FEB RAS, protocol code 08/19, date of
approval 27 March 2019.

4.3. Safety Assessment of MC

The safety assessment of MC was carried out in accordance with the guidelines
for studying the toxic effects of pharmacological substances [61]. The experiments were
performed on female and male mice of the CD-1 line (24 ± 2 g). Experimental groups of
animals: 36 mice were used in the experiment, including 18 females and 18 males. Animals
were randomized into 3 groups. The experimental group included 12 animals, 6 males
and 6 females, who were administered MC orally and intraperitoneally in a water–alcohol
solution in a volume of 0.5 mL. The control group of intact animals, 6 females and 6 males,
were injected with distilled water. The control negative group, 6 females and 6 males,
consisted of the animals that were injected with a water–alcohol solution (solvent).

4.4. Murine Model of Skin Carcinogenesis

The study of the cancer-preventive activity of MC was carried out on a model of
skin carcinogenesis induced by 7,12-dimethylbenzanthracene (DMBA) (Sigma-Aldrich,
St. Louis, MO, USA), which was dissolved in benzene and applied to the shaved inter-
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scapular region of experimental animals at a dose of 10 μg per mouse, 3 times a week for
8 weeks. The cancer-protective effect of the studied substances was assessed by their effect
on pathomorphological changes in tissues: changes in the number of animals with a tumor,
size, number of tumor formations (diameter, mm) and latent period (the period between
the appearance of the first signs of oncogenesis until the appearance in the group of 50% of
animals with tumor). Rosmarinic acid (RA) (Sigma-Aldrich, St. Louis, MO, USA) was used
as a positive control.

4.5. Murine model of Experimental Dermatitis

Experimental ACD was reproduced using the obligate allergen 2,4-dinitrofluorobenzene
(DNFB) (Sigma-Aldrich, St. Louis, MO, USA) in the form of a 0.5% oil-acetone mixture
(acetone: olive oil, 4:1, by volume) for sensitization (applied once on shaved area of the
peritoneum) and a 0.2% mixture to obtain an extensive disease (double application to the
inner and outer surface of the ear). The effect of ointment preparations on the degree
of healing of the affected areas and the level of erythema (redness and induration of the
area, inflamed tissues with hyperemia, lichenification of the skin and the formation of a
superficial hemorrhagic crust and areas of necrosis) was assessed. Commercial ointment
“Fucidin” (Leo Laboratoris Limited, Dublin, Ireland) was used as a reference drug.

4.6. Murine Model of Inflammation

SI was induced by LPS from Escherichia coli (Sigma-Aldrich, St. Louis, MO, USA)
at a dose of 0.1 mg/kg. The anti-inflammatory commercial drug Oftan Dexamethasone
(Santen AO, Tampere, Finland) was used as a positive control. The test substances were
administered to the animals 1 h before LPS induction. An hour and a half after SW
induction, blood samples were taken for immunological and biochemical analyses.

4.7. Immunological and Biochemical Parameters Studies

The functional state of the immune system was assessed by determining the level of
cytokines by ELISA using diagnostic kits (BD Bioscience OptEIA, Bergen, NJ, USA).

The severity of free-radical processes in pathological processes was determined by the
content of TBA-reactive products (MDA) in blood plasma, by reaction with thiobarbituric
acid (TBA) (Sigma-Aldrich, St. Louis, MO, USA).

To assess the effect of the studied dietary supplements on the general condition of the
body, an analysis was made for total bilirubin using the Novogluk-KM kit (Vector-Best,
Novosibirsk, Russia). The optical density of the samples was measured using an ELS 808
iu plate reader (BioTek, Winooski, VT, USA) at a wavelength of 450 nm.

4.8. Statistics

Statistical and graphical processing of experimental data was carried out using the
statistical package Microsoft Excel Office version number 12.0. The obtained values were ex-
pressed as mean ± SD (standard deviation). The significance of differences was determined
using a parametric Student’s t-test. Differences at p < 0.05 were taken as significant.

5. Conclusions

Evaluation of the functional activity of the antioxidant defense system and the general
state of the body of experimental animals, when modeling the SI, showed that MC in all
studied doses and routes had a protective effect on redox homeostasis and the functional
activity of the liver, biliary tract, and hematopoiesis, and had no toxic side effects.

The results of the study of the effect of MC on the immunological status of animals,
when modeling skin carcinogenesis, ACD, and SI, testify in favor of the conclusion that
MC manifests itself as a local, and oral, anti-inflammatory agent. Namely, MC reduces the
excessive immune response by direct action on the focus of inflammation (ip injection in
SI, applications on the inflamed skin area in ACD), and at the same time has an immunos-
timulatory effect when administered enterally (oral administration for skin carcinogenesis
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and SI). Therefore, the selection of the route of administration of the oxygenated carotenoid
products largely determines their physiological effect on the body. Based on the results ob-
tained, it can be concluded that the P. pectinifera starfish MC is a promising candidate for the
treatment and prevention of inflammatory processes. This finding creates the background
for a comprehensive study of MC biopharmaceutical properties and its optimization for
medical and cosmetic practice.
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Abstract: Echinochrome A (EchA), a marine bioactive pigment isolated from various sea urchin
species, is the active agent of the clinically approved drug Histochrome®. EchA is currently only
available in the form of an isotonic solution of its di- and tri-sodium salts due to its poor water
solubility and sensitivity to oxidation. Electrospun polymeric nanofibers have lately emerged as
promising drug carriers capable of improving the dissolution and bioavailability of drugs with limited
water solubility. In the current study, EchA isolated from sea urchins of the genus Diadema collected at
the island of Kastellorizo was incorporated in electrospun micro-/nanofibrous matrices composed of
polycaprolactone and polyvinylpyrrolidone in various combinations. The physicochemical properties
of the micro-/nanofibers were characterized using SEM, FT-IR, TGA and DSC analyses. The fabricated
matrices exhibited variable dissolution/release profiles of EchA, as evidenced in in vitro experiments
using gastrointestinal-like fluids (pH 1.2, 4.5 and 6.8). Ex vivo permeability studies using the EchA-
loaded micro-/nanofibrous matrices showed an increased permeation of EchA across the duodenum
barrier. The results of our study clearly show that electrospun polymeric micro-/nanofibers represent
promising carriers for the development of new pharmaceutical formulations with controlled release,
as well as increased stability and solubility of EchA, suitable for oral administration, while offering
the potential for targeted delivery.

Keywords: Echinochrome A; micro-/nanofibers; electrospinning; controlled release; dissolution;
permeability

1. Introduction

Echinochrome A (7-ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone, EchA) is a ma-
rine pentahydroxyethyl naphthoquinone and is the most abundant pigment found in
various sea urchin species [1]. It is isolated as a red crystalline powder (Russian Federation
registration number P N002362/01-2003), and, in the form of its sodium salts, it is used as
the active ingredient of the commercially available drug Histochrome® [2]. Histochrome®

(Russian Federation registration number P N002363/01-2003) is used as a cardioprotective
and antioxidant drug for the treatment of various cardiovascular diseases, such as coronary
heart disease and reduction of the necrotic zone in myocardial infarction [3]. Histochrome®

(Russian Federation registration number P N002363/02-2003) is also used in ophthalmology
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for the treatment of ocular diseases, such as macular degeneration, cornea and retina de-
generative diseases, primary open-angle glaucoma, post-traumatic hemorrhages, diabetic
retinopathy and dyscirculatory disorders in the central artery and vein of the retina [4,5].

EchA can simultaneously block a number of free radical reactions by the neutralization
of reactive oxygen species, nitric oxide and peroxide radicals, the chelation of metal ions,
the inhibition of lipid peroxidation and the regulation of antioxidant enzymes’ levels [6,7].
Over the last years, there has been an increasing interest in the expansion of the commercial
applications of EchA since, besides its antioxidant and cardioprotective activities [8–12],
EchA has been reported to exhibit anti-inflammatory [13–16], antiviral [17] and antibac-
terial [18] activities, among others [19–25]. Recently, the multifaceted clinical effects and
the mechanisms of action of EchA in the treatment of various cardiovascular, ophthalmic,
cerebrovascular, metabolic and inflammatory diseases have been described, highlighting
its remarkable pharmacological activities and therapeutic potential [26].

Currently, EchA is used only in the form of an isotonic solution of its di- and tri-sodium
salts. The poor water solubility of EchA, in combination with its low stability in solution
due to its sensitivity to oxidation, restrict its use in the pharmaceutical sector, prohibiting,
up to now, its oral, buccal, nasal or transdermal administration.

Water solubility is a crucial parameter in drug formulation, influencing drug phar-
macodynamics and pharmacokinetics. Most of the failures in the development of new
drugs are usually associated with the poor water solubility of the active ingredient and
the low stability of its solutions. Poor solubility can lead to low bioavailability and, as a
result, to suboptimal drug delivery and low efficacy. About 40% of the drugs in the market
and almost 90% of drug candidate molecules are poorly soluble in water [27]. Taking into
account the range of activities displayed by EchA, the development of new formulations
that could increase its solubility and enhance its stability while maintaining its efficacy is
of significance. Recently, complexes of β-cyclodextrin–histochrome [28] and carrageenan–
EchA [29–31] exhibiting increased stability/solubility in aqueous media have been reported
as promising pharmaceutical forms of EchA.

Polymeric micro-/nanofibers have attracted significant interest in drug delivery ap-
plications as suitable drug carriers of both water-soluble and poorly water-soluble drugs
due to their high encapsulation efficiency and high loading capacity [32–34]. Fibrous
scaffolds can be easily produced from electrically charged polymeric solutions or melts
by electrospinning, the most efficient, scalable and versatile technique for the preparation
of polymeric fibers with diameters ranging from the submicron down to the nanometer
scale [35–37]. Various active pharmaceutical ingredients can be incorporated into elec-
trospun micro-/nanofibers for the preparation of alternative solid forms with modified
and controlled release characteristics [38–40]. The rapid evaporation of solvents during
electrospinning facilitates the incorporation of active ingredients into fibrous networks
in the amorphous physical state. Due to homogeneous drug distribution and restricted
molecular motion within the polymer matrix, electrospun micro-/nanofibers can maintain
the embedded poorly water-soluble drugs in an amorphous state for prolonged periods,
improving drug dissolution and bioavailability [41,42].

In the framework of our research interests towards the development of electrospun
micro-/nanofibrous matrices for drug delivery and other biomedical applications [43–46],
we invested in the development of new pharmaceutical formulations of EchA through its
incorporation in polymeric micro-/nanofibers. Electrospun micro-/nanofibrous matrices
composed of polycaprolactone (PCL) or/and polyvinylpyrrolidone (PVP) in various ratios
loaded with EchA were fabricated and characterized by SEM, FT-IR, TGA and DSC analyses.
The dissolution/release profile of EchA from the electrospun matrices was evaluated
in vitro in gastrointestinal-like fluids, while the permeation of EchA across the duodenum
barrier was assessed in ex vivo permeability studies on the small intestine of young rabbits.
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2. Results and Discussion

Micro-/nanofibers represent alternative drug delivery systems that allow for the en-
capsulation and controlled release of various active ingredients. In the present study, EchA
was isolated from sea urchins of the genus Diadema collected at the island of Kastellorizo
and successfully incorporated into electrospun micro-/nanofibers composed of PCL or/and
PVP at different ratios that were evaluated for their efficacy to serve as controlled release
systems of EchA suitable for oral administration.

2.1. Physicochemical Characterization of Electrospun Micro-/Nanofibrous Patches

PCL and PVP were selected to serve as EchA-polymer carriers since they are non-
toxic polymers that can be easily electrospun, offering, due to their high hydrophobic
and hydrophilic character, respectively, different release profiles. In total, six different
micro-/nanofibrous matrices incorporating in all cases EchA in a 10% w/w (weight to
matrix weight) final concentration were fabricated, including two scaffolds based solely on
PCL or PVP (PCL-EchA and PVP-EchA, respectively), three blended fiber mats resulting
from the co-electrospinning of PCL and PVP in different ratios in an antiparallel setup
[PCL-EchA/PVP-EchA (1:3), PCL-EchA/PVP-EchA (1:1) and PCL-EchA/PVP-EchA (3:1)]
and one composite fiber mat resulting from the electrospinning of a single spinning solution
of PCL and PVP [[PCL-PVP(1:3)]-EchA].

The chemical integrity of EchA following electrospinning was verified by 1H NMR and
UV-Vis analyses of the recovered compound after extraction of the fabricated fiber mats.

The electrospinning parameters were optimized to allow for the production of uniform
fibrous matrices with bead-free fibers in all cases. The morphological characteristics of the
fabricated micro-/nanofibrous matrices were evaluated through analyses of the obtained
SEM images (Figure 1). The examination of the PCL-EchA fiber mat revealed a network of
cylindrical-shaped fibers with diameters ranging from 185 nm to 1.15 μm and an average
diameter size of 521 ± 96 nm. In the case of the PVP-EchA fiber mat, smooth fibers of a
cylindrical morphology and a higher diameter size were observed, with diameters ranging
from 24 nm to 2.28 μm and an average diameter size of 1.05 ± 0.16 μm. The PCL-EchA/PVP-
EchA (1:3), PCL-EchA/PVP-EchA (1:1) and PCL-EchA/PVP-EchA (3:1) blended fiber mats
exhibited similar homogeneous fibrous networks with the fiber size differences attributed
to the different feeding rates of the PCL-EchA and PVP-EchA spinning solutions during
the electrospinning process and the different ratio of the corresponding blended fibers.
The PCL-EchA/PVP-EchA (1:3) fiber mat consisted of fibers with diameters ranging from
77 nm to 1.92 μm with an average diameter size of 964 ± 183 nm, whereas in the case of
the PCL-EchA/PVP-EchA (1:1) fiber mat, the fiber diameters measured from 105 nm to
1.92 μm with an average diameter size of 857 ± 150 nm. In the case of PCL-EchA/PVP-EchA
(3:1), the mat fibers’ diameters ranged from 34 nm to 1.16 μm with an average diameter size
of 592 ± 115 nm. A uniform micro-/nanofibrous network with the diameters of the fibers
ranging from 78 nm to 1.87 μm and an average diameter size of 1.03 ± 0.16 μm was also
observed in the case of the composite [PCL-PVP(1:3)]-EchA fiber mat, indicating that the
combination of the polymers in the same spinning solution did not affect their spinability.

The FT-IR spectrum of EchA included a broad absorption band centered approximately
at 3363 cm−1 assigned to –OH stretching vibrations, a –C=C stretching at 1675 cm−1, a
characteristic carbonyl –C=O absorption band at 1560 cm−1 and in-plane bending vibrations
of the hydroxyl groups at 1420 cm−1 (Figure 2a) [29]. In the FT-IR spectrum of PCL,
the absorption bands observed at 2944 and 2867 cm−1 were attributed to asymmetric
and symmetric –CH2 stretching vibrations, whereas the carbonyl –C=O stretching was
recorded at 1725 cm−1 [47]. The FT-IR spectrum of PVP exhibited a characteristic broad
absorption band at 3434 cm−1 assigned to –OH stretching vibrations and bands at 2948 and
1651 cm−1 attributed to –CH2 and –C=O stretching vibrations, respectively. –C–H and
–C–N bending vibrations were recorded at 1422 and 1284 cm−1, respectively, whereas the
–N–C=O bending was observed at 570 cm−1 [48].
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Figure 1. SEM images and diameter distribution histograms of (a) PCL-EchA, (b) PVP-EchA,
(c) PCL-EchA/PVP-EchA (1:3), (d) PCL-EchA/PVP-EchA (1:1), (e) PCL-EchA/PVP-EchA (3:1) and
(f) [PCL-PVP(1:3)]-EchA fibers.

Figure 2. (a) FT-IR spectra, (b) TGA and (c) DSC thermograms of EchA, PCL, PVP, PCL-EchA,
PVP-EchA, PCL-EchA/PVP-EchA (1:3), PCL-EchA/PVP-EchA (1:1), PCL-EchA/PVP-EchA (3:1) and
[PCL-PVP(1:3)]-EchA fibrous matrices.

The FT-IR spectra of the fabricated matrices revealed the characteristic signals of their
ingredients (Figure 2a). Due to the large amount of PCL and PVP dominating the fibrous
matrices, all scaffolds exhibited mainly the characteristic absorption bands of the polymeric
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components. The incorporation of EchA into the polymeric fibers was evident from the
absorption band at 1560 cm−1 attributed to carbonyl –C=O stretching vibrations since the
other signals overlapped with those of PCL and/or PVP. The PCL-EchA/PVP-EchA (1:3),
PCL-EchA/PVP-EchA (1:1), PCL-EchA/PVP-EchA (3:1) and [PCL-PVP(1:3)]-EchA fiber
mats exhibited similar absorption bands in their FT-IR spectra, with the intensity of the
–C=O band of PCL at 1725 cm−1 being analogous to the proportion of PCL in the fiber mats.

The physicochemical properties of the fabricated micro-/nanofibrous patches, as well
as those of the utilized raw materials, were characterized by TGA and DSC analyses. As
shown in the TGA thermograms (Figure 2b), EchA started to decompose at 220 ◦C, and
its degradation was completed at approx. 294 ◦C. The thermal decomposition of PCL was
observed between 355 and 411 ◦C, whereas PVP was recorded to decompose between
373 and 445 ◦C. The thermogravimetric curves of the designed matrices revealed the
synergistic degradation phenomena of the combined ingredients. The PCL-EchA fibers
started to decompose at 248 ◦C due to the degradation of EchA, with their main mass
loss occurring from 357 ◦C until complete degradation at around 411 ◦C. In the case of
PVP-EchA, the fibers started to decompose at 282 ◦C, whereas the main decomposition of
the fiber mat occurred from 371 to 449 ◦C. The different ratios of the combined polymers in
the blended and composite fibers resulted in different thermal degradation patterns for the
corresponding matrices. In the case of the blended fiber mats, the PCL-EchA/PVP-EchA
(1:3) scaffold started to decompose at 289 ◦C due to the presence of EchA, and its main
degradation occurred between 359 and 448 ◦C. In the case of the PCL-EchA/PVP-EchA
(1:1) fiber mat, the presence of EchA initiated the decomposition of the fibers at 275 ◦C,
with the main mass loss occurring from 360 to 444 ◦C. The PCL-EchA/PVP-EchA (3:1)
fiber mat started to decompose at 261 ◦C due to the degradation of EchA, and its major
decomposition was recorded between 360 and 441 ◦C. The decomposition of the composite
[PCL-PVP(1:3)]-EchA fiber mat was initiated at 285 ◦C due to the decomposition of EchA,
and its main degradation occurred from 361 to 448 ◦C.

The DSC thermogram of EchA revealed a weak endotherm at 210.5 ◦C and a sharp
endothermic peak at 223.9 ◦C attributed to the melting of the compound (Figure 2c). PCL
exhibited a sharp melting endotherm at 59.9 ◦C and PVP showed a broad dehydration
endotherm at 105.9 ◦C. In the thermograms of the various micro-/nanofibrous matrices,
only the sharp melting peak of PCL and the broad dehydration curve of PVP were clearly
evident at slightly shifted temperatures and different curve patterns due to different
synergistic thermal events were attributed to their different compositions, fabrication
methods and structural fiber characteristics. None of the characteristic thermal events
of EchA were evident in the thermograms of the micro-/nanofiber matrices, indicating
the absence of crystalline EchA within the fabricated matrices due to its conversion to an
amorphous state during electrospinning [49].

2.2. Dissolution Studies

In vitro dissolution testing is widely used to assess the drug release of developed
pharmaceutical products. According to the European Medicine Agency (EMA) [50] and
the US Food and Drug Administration (FDA) [51] guidelines for solid oral dosage forms,
dissolution testing should be performed in aqueous media with a pH range from 1.2 to
6.8. More specifically, the effect of the dissolution medium on the in vitro drug release
should be evaluated at three different pH values (1.2, 4.5 and 6.8), corresponding to the
different pH conditions that the drug undergoes while traversing the gastrointestinal tract.
Therefore, all developed micro-/nanofibrous patches, as well as neat EchA, were tested at
pH 1.2, 4.5 and 6.8 using a USP dissolution apparatus-II with the paddle method.

In all tested dissolution media, the PVP-EchA fiber mats showed a burst release of
EchA corresponding to 91.1 ± 4.7, 95.1 ± 4.0 and 93.3 ± 0.7% of the loading dose at
pH 1.2, 4.5 and 6.8, respectively (Figure 3). These release values are reported for the
30 min time point, indicating a pH-independent release of EchA that rapidly occurred
in all three dissolution media. The conversion of EchA to an amorphous state during
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the electrospinning process, as suggested by the DSC thermograms, enabled a higher
solubility of EchA released from the fibrous scaffolds in comparison to that of neat EchA
at all tested pH conditions, as demonstrated by the performance of the PVP-EchA fiber
mats. Specifically, after the immediate release of EchA during the deconstruction of the
PVP fiber mats at the time point of 30 min, no precipitation of the substance was observed
in any of the pH conditions. The high hydrophilicity of PVP enabled the effective wetting
of the fiber mat by the water molecules [52] and allowed the immediate release of the
incorporated EchA, which remained dissolved in the dissolution media. On the contrary,
the lipophilic PCL employed in the case of the PCL-EchA fiber mats impeded the hydration
of the scaffold, retarding the release of EchA, as depicted in the dissolution profiles at pH
1.2 and 4.5 (Figure 3).

At pH 1.2 and 4.5, all patches containing PCL showed sustained release profiles. The
percentage of EchA released from the blended PCL-EchA/PVP-EchA fiber mats at both
pH values increased gradually as the ratio of PVP/PCL in the patch increased. At pH
1.2, this trend was obvious when comparing PCL-EchA to PCL-EchA/PVP-EchA (3:1),
PCL-EchA/PVP-EchA (1:1) and PCL-EchA/PVP-EchA (1:3), even though the level of
variance in some cases resulted in a non-significant statistical difference (Figure 3a). It is
worth noting that at pH 1.2, the blended PCL-EchA/PVP-EchA (1:3) performed markedly
better than the composite [PCL-PVP(1:3)]-EchA mats, displaying almost double the release
rate of the latter, even though the two fibrous scaffolds differed only in the method of
fabrication. On the contrary, at pH 4.5, both fibrous scaffolds displayed similar dissolution
profiles (Figure 3b).

EchA is known to be more soluble in higher pH values, as was also observed in the
current study (Figure 3c). In particular, the dissolution of neat EchA at pH 6.8 approached
the fast-release profile of the PVP-EchA mats, while the PCL-containing patches maintained
the sustained release that was also observed at pH 1.2 and 4.5. The lower stability of EchA at
less-acidic pH conditions led to a gradual degradation of EchA from the 60 min time point
of the dissolution experiment and onwards. When PCL was present in the nanofibrous
formulations at an equal or greater ratio to PVP (PCL-EchA, PCL-EchA/PVP-EchA (3:1)
and PCL-EchA/PVP-EchA (1:1) fiber mats), the degradation of EchA was slightly delayed
due to its slower release rate from the hydrophobic PCL-dominated scaffolds. At pH 6.8, the
dissolution profiles of the PCL-containing mats were not significantly different at all time
points of the study. The similar trend observed for their dissolution profiles at pH 6.8 may
point to an effect of the pH on the polymer’s integrity, as also reported in the literature [53].
Indeed, the degradation process of PCL has been found to be more favored as the medium
environment becomes more alkaline due to OH- nucleophilic substitution on the carbonyl
group [54,55]. Accordingly, the faster release of EchA from the PCL-containing mats at pH
6.8 can probably be attributed to a possible alteration of the polymer’s structure at this
pH value.

2.3. Permeability Studies

The dissolution studies revealed that the combination of two polymers, one with a
high hydrophilicity and one highly lipophilic, led to the development of fibrous scaffolds
that offered a controlled release of EchA. The release rate was determined by the ratio of
the two polymers, being higher when the amount of PVP prevailed. The burst release of
EchA from the PVP-EchA mats was not considered desirable since the active compound is
mostly absorbed in the intestine. Therefore, the fast release in the acidic conditions of the
stomach would probably favor the degradation of EchA, without significantly contributing
to the absorption process. Accordingly, the PCL-EchA/PVP-EchA (1:3) and the [PCL-
PVP(1:3)]-EchA fiber mats, fabricated as either blended or composite, respectively, were
selected to be tested in an ex vivo permeability study using rabbit intestine tissues as the
biological barrier.
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Figure 3. Dissolution/release profiles of neat EchA and PCL-EchA, PVP-EchA, PCL-EchA/PVP-
EchA (3:1), PCL-EchA/PVP-EchA (1:1), PCL-EchA/PVP-EchA (1:3) and [PCL-PVP(1:3)]-EchA fibrous
matrices at pH (a) 1.2, (b) 4.5 and (c) 6.8 (mean ± SD, n = 3).
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The ex vivo permeation experiments with PCL-EchA/PVP-EchA (1:3) and [PCL-
PVP(1:3)]-EchA patches were performed in the duodenum, the most proximal portion of
the small intestine. The permeability of neat EchA was also assessed as a control in order to
be compared with the values obtained from the fibrous mats. During the first four hours of
the study, no significant differences were noted among the tested formulations. However, at
the final time point of the 24 h, the amount of EchA transported across the intestine barrier
was higher in the case of the composite [PCL-PVP(1:3)]-EchA patch compared to that of the
blended PCL-EchA/PVP-EchA (1:3) mat and neat EchA. Specifically, the permeation from
the [PCL-PVP(1:3)]-EchA patch, expressed as a % amount of the loading dose of EchA,
was found to be 50% higher than that of both the PCL-EchA/PVP-EchA (1:3) mat and neat
EchA (Figure 4).

Figure 4. Permeation profiles of EchA from the PCL-EchA/PVP-EchA (1:3) and [PCL-PVP(1:3)]-EchA
fibrous matrices, as well as that of neat EchA, through the intestine barrier of rabbits, expressed as
quantity permeated per unit area (mean ± SD, n = 7).

The mixing of polymers in a single spinning solution electrospun towards the fabrica-
tion of the composite [PCL-PVP(1:3)]-EchA fibrous mats led to surfaces of uniform fibers
composed of both hydrophilic and lipophilic parts. In contrast, the antiparallel electrospin-
ning employed for the fabrication of the blended PCL-EchA/PVP-EchA (1:3) scaffold was
expected to result in a network of PCL and PVP fibers. This structural difference between
the two formulations could also be observed in the SEM images (Figure 1), which depicted
different architectures for the two nanofibrous mats that may explain their different ex vivo
performances. As previously reported [56], PCL presents adequate mucoadhesion at the
beginning of the intestine mediated by hydrophobic interactions. Thus, the presence of PCL
in all fibers of the [PCL-PVP(1:3)]-EchA mat would probably allow a more efficient interac-
tion of the composite fibers with the intestinal mucosa, as was also revealed by the higher
% of EchA transported across the intestine barrier. On the contrary, the hydrophilicity of
the PVP fibers that dominated the structure of the PCL-EchA/PVP-EchA (1:3) patch and
favored its dissolution, as established by the in vitro experiments, may render the meshing
of PCL with the mucus layer more difficult. It is important to note that the structure of the
mucosa affects the diffusivity and partition of EchA, evidencing the differences between
the formulations that could not be observed in the in vitro dissolution experiments.

In terms of EchA stability, the higher mass balance of the PCL-EchA/PVP-EchA (1:3)
and the [PCL-PVP(1:3)]-EchA patches indicated a protective effect of PCL against the pH-
induced degradation. Specifically, the mass balance, calculated as the sum of EchA in the
receptor, donor and mucosa, was equal to 42.57 ± 8.44% in the case of neat EchA, which
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was markedly increased when EchA was formulated in the fiber mats, as revealed by the
62.54 ± 9.43 and 70.11 ± 17.6% recovery in the cases of the PCL-EchA/PVP-EchA (1:3) and
[PCL-PVP(1:3)]-EchA patches, respectively.

According to our results, it is evident that the selection of the polymers used as carriers
of EchA can affect the release profile, allowing for the preparation of micro-/nanofibrous
patches according to the desired properties for different routes of administration, while
holding the potential for targeted delivery.

3. Materials and Methods

3.1. Materials

Polycaprolactone (PCL) (Mw 80,000), polyvinylpyrrolidone (PVP) (Mw 1,300,000),
dichloromethane (DCM), dimethylformamide (DMF) and ethanol (EtOH) were purchased
from Sigma-Aldrich (Darmstadt, Germany). All chemicals were of reagent grade and used
directly without further purification. Disodium hydrogen phosphate and monosodium
phosphate were acquired from Merck KGaA (Darmstadt, Germany). Sodium citrate dihy-
drate and citric acid were purchased from Fischer (Waltham, MA, USA). Triple-deionized
water was used for all preparations. Clear hydroxypropyl methylcellulose, capsules size 0,
were purchased from Capsule Fillers (Bologna, Italy). Normal-phase and reversed-phase
C18 silica gel for column chromatography and TLC plates with Kieselgel 60 F254 and RP-18
F254s on aluminum support were purchased from Merck (Darmstadt, Germany).

3.2. Biological Material

Sea urchins of the genus Diadema were collected by SCUBA diving at a depth of 5–7 m,
at Agios Georgios bay, Kastellorizo Island, Greece, in September 2021. The urchins were
immediately frozen, transferred to the Section of Pharmacognosy and Chemistry of Natural
Products, Department of Pharmacy, National and Kapodistrian University of Athens, and
stored at –20 ◦C until analyzed.

3.3. Extraction and Isolation of Echinochrome A

After washing with cold fresh water, the sea urchins were dissected, and the entrails
were removed. The shells and spines (7.5 kg) were crushed into small pieces and exhaus-
tively extracted with an ethanol solution (70% v/v) containing sulfuric acid (8–10% v/v) at
room temperature for 24 h three times. Subsequently, the acidified extract was filtered and
concentrated under reduced pressure to afford a viscous residue which was diluted with
distilled water and sequentially extracted with CH2Cl2 and EtOAc. After evaporation of
the organic solvents in vacuo, the CH2Cl2 and EtOAc extracts were pooled together and
subjected to vacuum column chromatography over silica gel acidified with oxalic acid in
ethanol, using mixtures of cHex with increasing amounts of CH2Cl2 and subsequently
CH2Cl2 with increasing amounts of MeOH as the mobile phase, to yield 8 fractions (A–H).
Fraction F (12 g) was subjected to vacuum column chromatography over C18 silica gel,
using H2O with increasing amounts of MeOH and finally EtOAc as eluent, to yield 12 frac-
tions (F1–F12). Fraction F8 (H2O/MeOH 20:80, 4 g) was further purified using vacuum
column chromatography over C18 silica gel, using H2O with increasing amounts of MeOH
as the mobile phase, to yield 8 fractions (F8a–F8h). Fraction F8d (H2O/MeOH 20:80, 2.95 g)
was identified as EchA in pure form by comparison of its spectroscopic and physical data
with those reported in the literature [57].

3.4. Preparation of Electrospun Micro-/Nanofibrous Patches

Electrospinning was conducted using a γ-High Voltage Research DC power supply
generator (Gamma High Voltage Research, Ormond Beach, FL, USA) with the spinning
solutions being loaded into 10 mL disposable syringes fitted with stainless steel blunt
needles (23G). The syringes were mounted on a horizontally positioned programmable
syringe pump (Harvard PHD 2000, Harvard Apparatus, Holliston, MA, USA), and the
produced micro-/nanofibers were deposited on aluminum foil wrapped on an RC-6000
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(NaBond Technologies, Hong Kong) rotating drum collector rotating at 500 rpm. For the
fabrication of the blended fiber mats, electrospinning was performed using two horizontally
opposed programmable syringe pumps so that the corresponding spinning solutions were
co-electrospun in an antiparallel setup to ensure a homogeneous blending of the polymer
fibers. Temperature and relative humidity were set at 21 ± 2 ◦C and 60 ± 5%, respectively.
Electrospinning was performed with the solution feeding rate, applied voltage and tip-to-
collector distance fixed appropriately in order to obtain the polymeric micro-/nanofibers.

All spinning solutions were prepared by dissolving the corresponding polymers and
EchA at appropriate organic solvent systems at room temperature under stirring for 24 h to
ensure their homogeneity. Appropriate quantities of EchA were added to each polymer
solution so as to result in a 10% w/w (weight to matrix weight) final concentration of
EchA. Specifically, the spinning solution of PCL-EchA was prepared by dissolving PCL
at a concentration of 12% w/v in DCM:DMF 8:2 v/v followed by the addition of EchA
at a concentration of 1.333% w/v. The spinning solution of PVP-EchA was prepared by
dissolving PVP at a concentration of 12% w/v in ethanol followed by the addition of EchA
at a concentration of 1.333% w/v. The [PCL-PVP(1:3)]-EchA spinning solution was prepared
by dissolving PCL at a concentration of 3% w/v and PVP at a concentration of 9% w/v in
DCM:EtOH 7:3 v/v, followed by the addition of EchA at a concentration of 1.333% w/v.

For the fabrication of the PCL-EchA and PVP-EchA fiber mats, the PCL-EchA and PVP-
EchA spinning solutions were separately electrospun with the solution feeding rate, applied
voltage and tip-to-collector distance fixed at 3 mL/h, 25 kV and 15 cm, respectively. For
the fabrication of the blended PCL-EchA/PVP-EchA (1:3), PCL-EchA/PVP-EchA (1:1) and
PCL-EchA/PVP-EchA (3:1) fiber mats, the PCL-EchA and PVP-EchA spinning solutions
were co-electrospun in an antiparallel setup to ensure a homogeneous blending of the
PCL and PVP polymer fibers at different ratios. Electrospinning was performed with the
applied voltage and tip-to-collector distance fixed at 25 kV and 15 cm, respectively, with
the syringes mounted on two horizontally opposed programmable syringe pumps. For the
fabrication of the PCL-EchA/PVP-EchA (1:3) fiber mat, the feeding rate of the PCL-EchA
spinning solution was adjusted to 1.5 mL/h, whereas the feeding rate of the PVP-EchA
spinning solution was fixed at 4.5 mL/h. For the fabrication of the PCL-EchA/PVP-EchA
(1:1) fiber mat, the feeding rates of the PCL-EchA and PVP-EchA spinning solutions were
both adjusted to 3 mL/h. For the fabrication of the PCL-EchA/PVP-EchA (3:1) fiber mat,
the feeding rate of the PCL-EchA spinning solution was adjusted to 4.5 mL/h, whereas the
feeding rate of the PVP-EchA spinning solution was fixed at 1.5 mL/h. For the fabrication of
the composite [PCL-PVP(1:3)]-EchA fiber mat, the [PCL-PVP(1:3)]-EchA spinning solution
was electrospun with the solution feeding rate, applied voltage and tip-to-collector distance
fixed at 3 mL/h, 25 kV and 15 cm, respectively.

3.5. Scanning Electron Microscopy (SEM)

For the morphological characterization of the micro-/nanofibers, the samples were
precoated with a conductive layer of sputtered gold and examined using a PhenomWorld
(Thermo Fischer Scientific, Waltham, MA, USA) desktop scanning electron microscope
with a tungsten filament (10 kV) and a charge-reduction sample holder. The average
fiber diameter was determined using the embedded image analysis software (Phenom Pro
Suite/Fibermetric) by evaluating at least 100 measurements per sample.

3.6. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were recorded using the attenuated total reflection (ATR) method on a
Bruker Alpha II (Billerica, MA, USA) FT-IR spectrometer.

3.7. Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis spectra were recorded on an Infinite M200 PRO TECAN plate reader (Männedorf,
Zürich, Switzerland). The wavelength range was 230-500 nm, and EchA was detected in
the samples via short-lived signals (flash = 2) with steps equal to 2. Calibration curves
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of EchA were prepared for each buffer medium (pH 1.2, 4.5, 6.8 and 7.4). The calibration
curve concentrations ranged from 0.5 to 50 μg/mL of EchA and were prepared using
appropriate volumes of a starting stock solution of EchA in methanol diluted with the
respective buffer medium.

3.8. Thermogravimetric Analysis (TGA)

Thermogravimetric analyses (TGA) were performed using a TGA 55 Thermogravimet-
ric Analyzer (TA Instruments, New Castle, DE, USA) from 40 to 600 ◦C at a heating rate of
10 ◦C/min under a 25 mL/min nitrogen flow with the sample weight, sample temperature
and heat flow recorded continuously.

3.9. Differential Scanning Calorimetry Analysis (DSC)

Differential scanning calorimetry (DSC) analyses were conducted using a Discovery
DSC 25 Thermal Analyzer (TA instruments, New Castle, DE, USA). Sealed samples of
6–7 mg in aluminum pans were heated from 40 to 370 ◦C for the fibrous scaffolds and
from 40 to 270 ◦C for neat EchA at a constant rate of 10 ◦C/min under a 50 mL/min
nitrogen flow.

3.10. Dissolution Studies

Dissolution tests for the micro-/nanofibrous patches and neat EchA were performed
in three different media using a Vankel 750D dissolution apparatus with the paddle method.
The experiments were carried out in a 500 mL final volume of buffer at 37 ◦C and 50 rpm.
The patches were introduced in capsule sinkers, while cellulose capsules were employed
for neat EchA to avoid floating of the material during the experiment. Specifically, 20 mg
(approx. 4 cm2) of patch (containing 2 mg of EchA) or 2 mg of neat EchA were dispersed in
500 mL of HCl 0.1 M (pH 1.2), citric buffer 0.1 M (pH 4.5) or phosphate buffer 0.1 M (pH 6.8).
At defined time intervals (5, 10, 15, 20, 30, 45, 60, 120 and 180 min for the dissolution study
at pH 1.2 and 5, 10, 15, 20, 30, 45, 60, 120, 180, 240, 300 and 360 min for the dissolution study
at pH 4.5 and 6.8), a 3 mL sample was withdrawn from the dissolution medium of each
container and replaced with equal volume of fresh dissolution medium. The withdrawn
samples were filtered via regenerated cellulose filters (Whatman, Spartan syringe filters,
0.45 μm) to remove undissolved EchA before the absorbance measurements, using 1 mL for
each filter’s saturation. The filtered volume was transferred in a UV transparent Corning
96 flat plate, and the absorbance of EchA was measured at 470 nm using an Infinite M200
PRO TECAN (Männedorf, Zürich, Switzerland) plate reader. The dissolution experiments
for each patch and neat EchA were run in triplicate at the three tested pH values.

3.11. Permeability Studies

The small intestine of young rabbits (Oryctolagus cuniculus) was selected as the most
appropriate tissue for the ex vivo diffusion experiments. The duodenum of small intestine
was extracted on the day of the experiment from rabbits collected from a local slaughter-
house (Athens, Greece). For the isolation of the intestine tissue, a surgical scissor was used
to remove the mesentery and cut the intestine on both sides of the duodenum area. Then,
a longitudinal section of the isolated part of the intestinal tract allowed for the thorough
cleansing of the tissue with water. The serosa and the muscle layers were gently removed
using surgical forceps. During the isolation process, the intestinal mucosa was kept hy-
drated with saline solution. The extracted intestine was cut into squares of a 1 cm2 surface
to cover completely the Franz cells’ diffusion area (0.636 cm2). Each intestine section was
mounted between the donor and receptor compartments of the Franz diffusion cell (Crown
Glass, Somerville, MA, USA), with the mucosal interior side facing the donor. To assure
the proper cell assembly and the integrity of the mucosa, the receptor compartment was
filled with phosphate buffer saline (PBS) solution to check that no liquid could pass to
the empty donor due to inappropriate mounting or lack of tissue integrity. The Franz
cells were assembled by filling the receptor compartment with 5 mL of PBS (pH 7.4) and

76



Mar. Drugs 2023, 21, 250

the membrane was mounted between the receptor and donor compartments. A magnetic
stirrer was added into the receptor, and the two parts were kept together with a metal
clamp. The assembled system was allowed to equilibrate at 37 ◦C for 15 min. Then, 2 mg of
each patch (containing 0.2 mg of EchA) or 0.2 mg of neat EchA were placed in the donor
compartment and were wetted with 1 mL of the pH 6.8 buffer to resemble the intestinal
conditions. Both the donor and the receptor compartments were covered with Parafilm® to
prevent evaporation. All experiments lasted for 24 h. At specific time intervals (1, 2, 3, 4
and 24 h), 0.5 mL were sampled from the receptor compartment and replaced by an equal
volume of fresh PBS. The absorbance of the samples was measured on an Infinite M200 PRO
TECAN (Männedorf, Zürich, Switzerland) plate reader. At the end of the experiment, the
residual formulation in the donor compartment was quantitatively collected and diluted to
determine the remaining EchA and calculate the mass balance. The amount accumulated
in the tissue was recovered by comminuting the mucosa with a surgical blade and homoge-
nizing it with a small pestle three times, using 300 μL of water for 30 sec each time. Then, it
was further homogenized with 300 μL of methanol for 30 sec. After homogenization, the
extract was diluted and centrifuged before the absorbance was measured. The amounts
of EchA recovered from the mucosa, receptor and donor compartments allowed for the
calculation of the mass balance.

4. Conclusions

In the present study, we investigated the development of new pharmaceutical forms of
EchA through its incorporation into polymeric micro-/nanofibers. EchA was successfully
loaded into electrospun micro-/nanofibrous matrices composed of PCL or/and PVP in
various combinations. The fabricated matrices were characterized using SEM, FT-IR, TGA
and DSC analyses, and the release profile of EchA from the matrices was evaluated in vitro
at three different pH values (1.2, 4.5 and 6.8), simulating the different conditions of the
gastrointestinal tract. The dissolution studies revealed variable release profiles of EchA
from each polymeric matrix in the different pH environments. Subsequently, ex vivo
permeation experiments in the duodenum of the small intestine of young rabitts showed
that the incoproration of EchA into the electrospun fibers enhanced its permeation across
the duodenum barrier.

According to the obtained results, electrospun polymeric micro-/nanofibers represent
a promising carrier for EchA that can control its release either in the stomach or the intestine,
while at the same time increasing the solubility and stability of the bioactive compound.
The selection of the polymers used as carriers of EchA can affect the release profile, thus
allowing for the preparation of micro-/nanofibrous patches tailored according to the desired
specifications/properties for different routes of administration and different therapeutic
targets, offering the potential for targeted delivery. For example, when EchA should be
released in the highly acidic pH environment of the stomach, polymers soluble in acidic pH
could be blended with polymers of variable solubility in order to achieve the desired release
profiles. In contrast, when EchA should be released in the more alkaline environment of
the duodenum and the other parts of the small intestine or in the colon, polymers insoluble
in acidic but soluble in neutral to slightly basic media should be selected and blended with
polymers of variable solubility in order to achieve prolonged release profiles.
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Abstract: The cytotoxicity-bioassay-guided fractionation of the ethanol extract from the marine
sponge Guitarra abbotti, whose 1-O-alkyl-sn-glycerol ethers (AGEs) have not been investigated so far,
led to the isolation of a complex lipid fraction containing, along with previously known compounds,
six new lipids of the AGE type. The composition of the AGE fraction as well as the structures of
6 new and 22 previously known compounds were established using 1H and 13C NMR, GC/MS, and
chemical conversion methods. The new AGEs were identified as: 1-O-(Z-docos-15-enyl)-sn-glycerol
(1), 1-O-(Z-docos-17-enyl)-sn-glycerol (2), 1-O-(Z-tricos-15-enyl)-sn-glycerol (3), 1-O-(Z-tricos-16-
enyl)-sn-glycerol (4), 1-O-(Z-tricos-17-enyl)-sn-glycerol (5), and 1-O-(Z-tetracos-15-enyl)-sn-glycerol
(6). The isolated AGEs show weak cytotoxic activity in THP-1, HL-60, HeLa, DLD-1, SNU C4, SK-
MEL-28, and MDA-MB-231 human cancer cells. A further cytotoxicity analysis in JB6 P+ Cl41 cells
bearing mutated MAP kinase genes revealed that ERK2 and JNK1 play a cytoprotective role in the
cellular response to the AGE-induced cytotoxic effects.

Keywords: marine sponge; 1-O-alkylglycerol ethers; saturated and unsaturated; NMR; GC/MS;
diacetates; bismethylsulfides; trimethylsilyl ethers; cytotoxic activity; MAP kinases

1. Introduction

It is well known that many marine invertebrates, including sponges [1–13], corals [14–19],
mollusks [14,20–25], starfish [26], holothurians [27,28], crabs [21], and ascidians [29] as well
as some marine algae [30] are well-established sources of a variety of natural 1-O-alkyl-sn-
glycerol ethers (AGEs); for a review, see [31,32]. AGE molecules consist of a long-chain
alkyl moiety linked to the glycerol by an ether bond at the sn-1 position. Previously, it was
established that all the natural AGEs are enantiomerically pure, with an S configuration of
the asymmetric carbon in the glycerol moiety [33,34]. The AGEs metabolism is controlled
by the activity of alkylglycerol monooxygenase (AGMO), which is capable of cleavage of
the ether bond of AGEs [35,36]. In marine invertebrates, AGEs mostly present as complex
inseparable mixtures of ethers containing different alkyl radicals of various lengths and
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levels of unsaturation [1–32]. It is highly likely that AGEs are used by invertebrates as a
part of their chemical defense against predators. Some reports showed the toxicity of AGEs
against fish [10] as well as an antifeedant effect against starfish [14,20]. Both natural and
synthetic AGEs possess various biological activities; for a review, see [37]. Among others,
there are such useful properties as anticancer [2,3,17,18,21,29,38–45], anti-influenza [46],
antibacterial [16,30,47,48], antifungal [49], and antifouling [50] activities found in these
metabolites. AGEs have been described to reduce cardiovascular and rheumatoid arthritis
risk factors [51], the side effects of radiotherapy [52–54], obesity [55–58], microglial activa-
tion, and a neuropathic pain [22,59]. Additionally, AGEs are effective adjuvants [60,61],
which modulate endothelial cell permeability [62], the immune response in vitro and
in vivo [63–66], open the blood–brain barrier [67,68], are able to penetrate the skin [69], and
improve sperm motility [70]. The search for new structural variants of these lipids and
the study of their diversity and biological activities represent an interesting aspect of the
marine natural products research field.

In a continuation of the studies on cytotoxic marine natural products and their syn-
thetic analogues [71–74], we have examined the ethanol extract of the cold-water marine
sponge Guitarra abbotti, which exhibited a cytotoxic activity against human leukemia THP-1
cells in a screening assay. The AGEs of this sponge have never been studied before. A
bioassay-guided fractionation of the crude extract led to the isolation of an AGE mixture
containing 6 new (1–6, Figure 1) and 22 known (7–28, Tables 1 and 2) compounds of this
class. The structures of the AGEs and the composition of the mixture as well as its cytotoxic
properties and the partial molecular mechanism of its cytotoxic action are reported.

 
Figure 1. Structures of the new compounds, 1–6: 1-O-(Z-docos-15-enyl)-sn-glycerol (1), 1-O-(Z-docos-
17-enyl)-sn-glycerol (2), 1-O-(Z-tricos-15-enyl)-sn-glycerol (3), 1-O-(Z-tricos-16-enyl)-sn-glycerol (4),
1-O-(Z-tricos-17-enyl)-sn-glycerol (5), and 1-O-(Z-tetracos-15-enyl)-sn-glycerol (6).
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Table 1. GC data and characteristic MS fragmentation of TMS derivatives of AGEs.

# of Compound Retention
Time

Fatty
Alcohol
Residue

Peak Area,
% of Total

Characteristic Ion Fragment

M+–CH3
M+–HOSi(CH3)3–

CH2OSi(CH3)3
M+–HOSi(CH3)3

M+–
HOSi(CH3)3–

C4H9

M+

13.06 N/I * 0.647

13.78 N/I * 0.890

7 16.07 14:0 0.436 417 - - 285 -

8 (iso) 16.58 15:0 0.404 431 - 356 299 -

9 (n) 16.87 15:0 1.113 431 - 356 299 -

10 (iso) 17.35 16:0 2.514 445 - 370 313 -

17 or 18 or 19 or 20 17.51 16n:1 1.973 443 265 - 311 458

17 or 18 or 19 or 20 17.59 16n:1 1.168 - 265 - 311 458

11 (n) 17.64 16:0 21.116 445 370 313 -

12 (iso) 18.10 17:0 13.648 459 384 327 -

13 (anteiso) 18.18 17:0 2.181 459 384 327 -

14 (n) 18.38 17:0 1.414 459 384 327 -

15 (iso) 18.80 18:0 0.700 473 398 341 -

21 or 22 or 23 or 24 18.93 18n:1 1.243 471 293 396 339 486

21 or 22 or 23 or 24 18.99 18n:1 2.118 471 293 396 339 486

16 (n) 19.10 18:0 5.403 473 - 398 341 -

25 or 26 or 27 20.38 20n:1 0.400 - 321 - - 514

1 21.74 22n:1 16.036 527 349 - 395 542

2 21.81 22n:1 2.860 527 349 - 395 542

3 or 4 or 5 22.56 23n:1 0.731 - 363 - - -

23.13 N/I * 1.496

6 23.35 24n:1 1.722 - 377 480 - -

28 23.43 24n:1 18.241 - 377 480 423 -

25.35 N/I * 1.548

*—not identified.

Table 2. GC data and characteristic MS fragmentation of DMDS derivatives of acetylated AGEs.

# of Compound Retention
Time

Fatty Alcohol
Residue

Ion Fragment

Ion A Ion B M+

17 44.69 16:1n-7 173 259 492

18 45.00 16:1n-9 145 287 492

19 45.69 16:1n-11 117 315 492

20 47.69 16:1n-13 89 343 492

21 51.10 18:1n-9 173 287 520

22 51.40 18:1n-11 145 315 520

23 51.62 18:1n-12 131 329 520

24 52.13 18:1n-13 117 343 520

25 58.48 20:1n-11 173 315 548

26 59.39 20:1n-13 145 343 548

27 60.29 20:1n-15 117 371 548
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Table 2. Cont.

# of Compound Retention
Time

Fatty Alcohol
Residue

Ion Fragment

Ion A Ion B M+

1 70.67 22:1n-15 145 371 576

2 72.07 22:1n-17 117 399 576

3 77.50 23:1n-15 159 371 590

4 77.90 23:1n-16 145 385 590

5 78.67 23:1n-17 131 399 590

6 86.27 24:1n-15 173 371 604

28 87.30 24:1n-17 145 399 604

2. Results

2.1. Composition of the Isolated AGE Fraction

The isolated AGE mixture exhibited the characteristic signals in the 1H and 13C NMR
spectra, similar to those previously published [5,6,9,10,12] (see Materials and Methods).

To establish the composition and the structures of the isolated AGEs, including the
percentages of the compounds, the AGEs were converted to their corresponding TMS
ethers and further analyzed with GC/MS. The GC data and characteristic MS fragmen-
tation of the TMS derivatives of AGEs are shown in Table 1. The data analysis revealed
that 22 of the identified AGEs (compounds 7–28) exhibit very similar fragmentations to
compounds isolated earlier from other biological sources [1–32]. This fragmentation, in the
majority of cases, was related to the loss of a methyl group, trimethylsilanol, (trimethyl-
silanoxy)methylene, and tetramethylene groups. Nevertheless, six previously unknown
compounds (Figure 1) required a more detailed analysis of their structures.

Next, to determine the exact double bond position in the unsaturated AGEs, cor-
respondent acetates and then their dimethyldisulfide derivatives were synthesized and
further investigated with GC/MS. The fragmentation scheme is represented in Figure 2,
and the generated GC data and characteristic MS fragmentations are shown in Table 2. The
S configuration of the stereogenic center at C-2 of the glycerol moiety of AGEs is the same
as was determined for the structural analogues previously isolated from marine inverte-
brates [1–32]. Thus, 18 unsaturated substances were identified, 6 of which, with carbon
chain lengths of C22-C24, were identified as new compounds: 1-O-(Z-docos-15’-enyl)-sn-
glycerol (1); 1-O-(Z-docos-17’-enyl)-sn-glycerol (2); 1-O-(Z-tricos-15’-enyl)-sn-glycerol (3);
1-O-(Z-tricos-16’-enyl)-sn-glycerol (4); 1-O-(Z-tricos-17’-enyl)-sn-glycerol (5); and 1-O-(Z-
tetracos-15’-enyl)-sn-glycerol (6) (Figure 1, Table 2).

 

Figure 2. Characteristic MS fragmentation of DMDS derivative of acetylated 1-O-(Z-tetracos-15’-
enyl)-sn-glycerol (6).

Apart from the 6 new compounds, 1–6, the 22 previously known AGEs (10 saturated
and 12 unsaturated) were identified in the isolated mixture: 1-O-(tetradecanyl)-sn-glycerol
(7); 1-O-(pentadecanyl)-sn-glycerol (TR 16.58 of TMS derivarive (TMS-d), Table 1) (8); 1-O-
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(pentadecanyl)-sn-glycerol (TR 16.87 of TMS-d, Table 1) (9); 1-O-(hexadecanyl)-sn-glycerol
(TR 17.35 of TMS-d, Table 1) (10); 1-O-(hexadecanyl)-sn-glycerol (TR 17.64 of TMS-d, Table 1)
(11); 1-O-(heptadecanyl)-sn-glycerol (TR 18.10 of TMS-d, Table 1) (12); 1-O-(heptadecanyl)-
sn-glycerol (TR 18.18 of TMS-d, Table 1) (13); 1-O-(heptadecanyl)-sn-glycerol (TR 18.38
of TMS-d, Table 1) (14); 1-O-(octadecanyl)-sn-glycerol (TR 18.80 of TMS-d, Table 1) (15);
1-O-(octadecanyl)-sn-glycerol (TR 19.10 of TMS-d, Table 1) (16); 1-O-(Z-hexadec-7’-enyl)-
sn-glycerol (TR 44.69 of DMDS-d, Table 2) (17); 1-O-(Z-hexadec-9’-enyl)-sn-glycerol (TR
45.00 of DMDS-d, Table 2) (18); 1-O-(Z-hexadec-11’-enyl)-sn-glycerol (TR 45.69 of DMDS-d,
Table 2) (19); 1-O-(Z-hexadec-13’-enyl)-sn-glycerol (TR 47.69 of DMDS-d, Table 2) (20); 1-O-
(Z-octadec-9-enyl)-sn-glycerol (TR 51.10 of DMDS-d, Table 2) (21); 1-O-(Z-octadec-11-enyl)-
sn-glycerol (TR 51.40 of DMDS-d, Table 2) (22); 1-O-(Z-octadec-12-enyl)-sn-glycerol (TR
51.62 of DMDS-d, Table 2) (23); 1-O-(Z-octadec-13-enyl)-sn-glycerol (TR 52.13 of DMDS-d,
Table 2) (24); 1-O-(Z-cos-11’-enyl)-sn-glycerol (TR 58.48 of DMDS-d, Table 2) (25); 1-O-(Z-cos-
13’-enyl)-sn-glycerol (TR 59.39 of DMDS-d, Table 2) (26); 1-O-(Z-cos-15’-enyl)-sn-glycerol
(TR 60.29 of DMDS-d, Table 2) (27); and 1-O-(Z-tetracos-17’-enyl)-sn-glycerol (TR 87.30 of
DMDS-d, Table 2) (28) [1–32].

2.2. Anticancer Effects of the Isolated AGE Fraction

The cytotoxicity of the isolated AGE mixture was evaluated using the MTS viability
assay in seven human cancer cell lines [75]. The calculated IC50 values are shown in Table 3.

Table 3. Cytotoxic activity of the isolated AGE mixture against human cancer cell lines. Cisplatin
was used as a positive control.

Cell Line Cancer Type
IC50 (AGE),

μg/mL
IC50 (Cisplatin),

μg/mL

HL-60 promyelocytic leukemia 87.4 ± 23.9 0.7 ± 0.09

THP-1 monocytic leukemia 35.9 ± 4.4 3.31 ± 0.74

HeLa cervix carcinoma 85.9 ± 17 1.55 ± 0.21

DLD-1 colon cancer 103.3 ± 21.9 9.24 ± 1.43

SNU C4 colon cancer 117.4 ± 33.1 4.01 ± 1.21

SK-MEL-28 melanoma 85.8 ± 4.7 0.89 ± 0.04

MDA-MB-231 breast cancer 137 ± 23.8 60.6 ± 26.4

We used dominant negative mutant (DNM) JB6 Cl41 cells to elucidate the roles of the
three major MAP kinases (MAPKs) in the cytotoxic effects of the isolated AGE mixture.
The cytotoxic activity of the isolated AGE fraction against the normal mouse epidermal cell
line JB6 Cl41 and its stable transfectants JB6 Cl41 DN-JNK1, JB6 Cl41 DN-p38, and JB6 Cl41
DN-ERK2 cells is shown in Figure 3. The DN cell lines contain a mutation in the kinase
coding gene, which leads to the inactivation of the corresponding kinase in the cells. An
examination of the drug effect in the cells bearing inactivated kinase may help to reveal
a role of the kinase in the therapeutic effect of the drug. Our experiments indicated that
an inactivation of ERK2 and JNK1 results in higher cytotoxicity of the tested AGE fraction.
These data suggest that ERK2 and JNK1 (but not p38) play a cytoprotective role in the
cellular response to the AGE treatment.
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Figure 3. Cytotoxic effect of the isolated AGE mixture in JB6 P+ Cl41 cells and its stable transfectants,
JB6 Cl41 DN-JNK1, JB6 Cl41 DN-p38, and JB6 Cl41 DN-ERK2 cells. * Significant different (p < 0.05,
Student’s t-test) in the viability of the cells bearing the mutant kinase compared to the viability
measured in JB6 P+ Cl41 cells (wild-type) exposed to the same concentration of the AGE mixture.

3. Discussion

The mixture of the native AGEs was isolated from the extracts of the sponge G. abbotti
without any prior derivatization or hydrolysis. A comparison with the literature
data [5,6,9,10,12] for the 1H NMR spectrum of the AGE mixture (see Materials and Meth-
ods) made it possible to correlate the signals at δ 3.55–3.86 ppm with the protons of the
glyceride group, those at δ 3.46 ppm with the protons at C1’ of the alkyl chains, those at
δ 1.57 ppm with the protons at C2’ of the alkyl chains, those at δ 1.22–1.38 ppm with the
protons of other CH2 groups in the alkyl chains, those at δ 5.34 ppm with the protons at
double bonds, those at δ 2.01 ppm with the allylic protons, and those at 0.85–0.88 ppm
with protons of the terminal methyl groups of the alkyl chain. Thus, the analysis of the
NMR spectra showed that the mixture consists of saturated and unsaturated AGEs, the
side chains of which may contain n- and iso- terminal methyl groups (Figures S1–S3, Sup-
plementary Materials). The Z-geometry of the double bonds in the unsaturated lipids
was determined by the small coupling constant, J = 4.6 Hz, of the olefinic proton signal
in the 1H spectrum (according to 4.5–6.3 Hz for the Z-configuration in [6,9]) as well as by
the shielded chemical shifts of the allylic (δ 26.1 ppm) and olefinic (δ 129.9 ppm) carbon
atoms in the 13C NMR spectrum of the AGE mixture [6,76]. The S configuration at the
asymmetric carbon of the glycerol moiety was previously established for all the natural
AGEs [1–32]. Therefore, we assume the same configuration for our isolates. To establish
the chemical structures of the lipids of the isolated AGE fraction, first their TMS ethers
were obtained and analyzed by the GC/MS method (Figures S4 and S5). The GC data and
characteristic MS fragmentation of the TMS derivatives of AGEs (see Table 1) revealed the
structures of the 10 previously known saturated AGEs that are part of the isolated alkylglyc-
erol mixture [1–32]. The GC/MS data not only confirmed the presence of both saturated
and unsaturated AGEs in the mixture but also indicate their approximately equal ratio.
Thus, the two main saturated AGEs, containing side chains with 16 and 17 carbon atoms,
accounted for 21% and 13% of the total mixture, while the two main unsaturated AGEs
with 22 and 24 carbon atoms in the side chains accounted for 16% and 18%, respectively
(Table 1). The positions of the double bonds in the unsaturated AGEs were determined
based on the analysis of the characteristic MS fragmentation of the DMDS derivatives of the
acetylated AGEs (Table 2, Figure 2, Figures S6 and S7). As a result, after analyzing the mass
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spectra of the TMS and DMDS derivatives of the unsaturated lipids that are part of the AGE
mixture, 18 unsaturated substances were structurally identified, 6 of which, with carbon
chain lengths of C22-C24, are new compounds. Their chemical structures were established
as follows: 1-O-(Z-docos-15’-enyl)-sn-glycerol (1), 1-O-(Z-docos-17’-enyl)-sn-glycerol (2),
1-O-(Z-tricos-15’-enyl)-sn-glycerol (3), 1-O-(Z-tricos-16’-enyl)-sn-glycerol (4), 1-O-(Z-tricos-
17’-enyl)-sn-glycerol (5), and 1-O-(Z-tetracos-15’-enyl)-sn-glycerol (6) (Figure 1).

Different studies suggest that in a living organism AGEs serve as precursors and
can be enzymatically converted into various types of biologically active ether lipid com-
pounds [77]. At the same time, enzymatically unmodified AGEs also exhibit biological
activities. Ether lipids execute various biological functions, including the modulation
of several important signaling pathways [78,79]. Thus, AGEs can be used to generate
plasmalogens or platelet-activating factor (PAF) in various biological systems in vitro and
in vivo [80,81]. Plasmalogens are important membrane constituents as well as regulators
of cholesterol biosynthesis and transport; they play a role in intercellular communication,
cell migration, and signal transduction [77,80]. PAF, in turn, is involved in a wide range
of membrane-dependent processes and has potent biological activities towards various
cell types and systems of an organism, including inflammation, circulation, reproduction,
and development; for a review, see [82,83]. A deficiency of plasmalogens can impair some
membrane-associated signaling, such as AKT/PKB, leading to a myelination defect [84],
while supplementation with plasmalogens modulates important signaling pathways asso-
ciated with ERK, AKT, p38, and JNK [85–87]. On the other hand, there are some studies
which highlight the bioactivity of non-modified AGEs. For example, AGEs were found
to accumulate in adipocytes upon differentiation and regulate adipogenesis [58], induce
calcium influx in human lymphocytes [88], and inhibit PKC in vitro and in vivo [89].

MAP kinases play roles in various biological processes [85–87]. Due to the broad
spectrum of biological targets and processes affected by AGEs, we have evaluated the
importance of MAPK-dependent pathways for the cytotoxic effect of the isolated AGE
fraction. In our study, using mouse epidermal JB6 Cl41 cells we demonstrated that ERK2-
and JNK1- (but not p38) related pathways may play a cytoprotective role in the cytotoxic
response to AGE exposure (Figure 3). Thus, the cells bearing knocked-out ERK2 and JNK1
genes are more sensitive to the cytotoxic effect of the isolated AGE fraction compared
to the original JB6 Cl41 cells expressing nonmutant MAPK genes. Further experiments,
including those examining an effect on MAPK activation, would be necessary to validate
this speculation. Within the current study, the further examination of biological activity
could not be performed due to the limited amount of the isolated AGE fraction.

The inhibitory effect of AGEs on protein kinase C [89] suggests their potent action
against proliferative diseases. Indeed, it was shown that the treatment with AGEs prevents
tumor growth in vivo due to the inhibition of angiogenesis [38,39,41,44]. Interestingly,
unsaturated AGEs in some assays are significantly more active when compared to saturated
molecules [38,39].

We demonstrated here that the AGE mixture inhibits the viability of seven human
cancer cell lines representing different cancer entities (Table 3). In all the cell lines, apart
from HL-60 and SK-MEL-28, the cytotoxic effects of AGEs from marine invertebrates were
reported for the very first time. The highest cytotoxic activity, with IC50 = 35.9 μg/mL
(Table 3), was shown for THP-1 cells, highlighting the potential of these and related
compounds for the treatment of human leukemia. However, it should be noted that the
cytotoxic activity of the isolated AGE fraction was overall rather weak.

4. Materials and Methods

4.1. General Procedures

The 1H and 13C NMR spectra were recorded on a Bruker DRX-300 spectrometer
(Bruker GmbH, Bremen, Germany) at 300 and 75 MHz, respectively, in CDCl3 with tetram-
ethylsilane as an internal standard.
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The GC/MS data for the TMS derivatives were obtained using a Hewlett Packard
GC HP6890 instrument (Agilent Technologies Inc., Santa Clara, CA, USA) with an HP5973
mass-selective detector. The injector and transfer line temperatures were 270 ◦C. A Hewlett
Packard HP-5MS capillary column (Agilent Technologies Inc., Santa Clara, CA, USA),
30 m × 0.25 mm, phase layer 0.25 μm, was used at 100 ◦C with a 2 ◦C/min ramp to 270 ◦C,
which was held for 30 min. The column contained 5% phenylmethylsiloxane and it was
used as the mobile phases at a flow rate of 1 mL/min. The sample was dissolved in
chloroform at a concentration of 10 mg/mL. The injection volume was 0.2 μL, and the split
ratio was 15:1. The mass spectra were recorded at 70 eV.

The GC/MS data for the DMDS-derived AGEs were obtained using a Shimadzu
GCMS-QP5050 instrument (Shimadzu, Kyoto, Japan). An MDN-5S capillary column
(Shimadzu, Kyoto, Japan), 30 m × 0.25 mm, phase layer 0.25 μm, was used at 200 ◦C with a
2 ◦C/min ramp to 300 ◦C, which was held for 45 min. The split ratio was 15:1, and the flow
rate was 1 mL/min. The injector temperature was 270 ◦C. The mass spectra were recorded
at 70 eV.

Low-pressure column liquid chromatography was performed using KSK silica gel
(50–100 μm, Sorbpolymer, Krasnodar, Russia). Sorbfil silica gel plates (4.5 × 6.0 cm,
5–17 μm, Sorbpolymer, Krasnodar, Russia) were used for TLC. HPLC was performed using
an Agilent 1100 instrument (Agilent Technologies Inc., Santa Clara, CA, USA) equipped
with a differential refractometer on a Diasorb-60-Silicagel (250 × 4.6 mm) column (BioChem-
Mak, Moscow, Russia). Cells were counted using an Olympus inverted research microscope
(Olympus, Tokyo, Japan). The absorption of MTS/farmazan was measured spectropho-
tometrically using the μQuant microplate reader (Bio-Tek Instruments Inc., Winooski,
VT, USA).

4.2. Reagents

Minimum essential medium (MEM), DMEM, and RPMI medium were purchased from
BioloT (Sankt-Peterburg, Russian Federation); fetal bovine serum (FBS) was purchased from
Thermo Fisher Scientific (Cramlington, Northumberland, UK); penicillin/streptomycin was
purchased from Bio-Whittaker (Walkersville, MD, USA); and L-glutamine was purchased
from Mediatech Inc. (Herndon, VA, USA). The Cell Titer 96 Aqueous One Solution Reagent
(MTS) kit for the cell viability assay was purchased from Promega (Madison, WI, USA).

4.3. Animal Material

The marine sponge Guitarra abbotti (family Guitarridae, order Poecilosclerida) was
collected by dredging at the depth of 109 m at 48◦00′08′ ′ N, 153◦20′07′ ′ E, Kuril Islands,
the Sea of Okhotsk, Pacific Ocean. A voucher specimen is kept in the collection of the
G.B. Elyakov Pacific Institute of Bioorganic Chemistry. The taxonomic identification was
performed by V.B. Krasokhin.

4.4. Extraction and Isolation

Animal materials (1050 g, wet weight) were extracted with EtOH (2 L) immediately
after collection. After evaporation in vacuo, the ethanol extract was re-dissolved in 200 mL
of EtOH/H2O (5:1, v/v) and extracted with 3 × 200 mL of n-hexane. The aqueous-ethanolic
and combined n-hexane fractions after evaporation were subjected to an evaluation of
cytotoxic activity against human leukemia THP-1 cells by the MTS method and showed
IC50 = 0.6 and 0.5 mg/mL, respectively. The n-hexane fraction was selected for the further
isolation of anticancer compounds. This fraction (3.525 g) was evaporated and subjected
to column chromatography on a silica gel column (diameter/length = 6:14 cm) using an
n-hexane/AcOEt gradient as an eluent with n-hexane to AcOEt ratios of 19:1, 9:1, 4:1, 3:2,
1:1, 2:3, 1:4, 1:9, and 1:19 (v/v), then with 100% EtOAc and then with 100% EtOH. A 200 mL
volume of eluent was used for the elution of each fraction. A subsequent evaluation of
the cytotoxic activity revealed that the fraction eluted with n-hexane/AcOEt (2:3, v/v)
possessed the highest cytotoxicity towards THP-1 cells, IC50 = 125 μg/mL. This fraction
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(299 mg) was further subjected to the same silica gel column chromatography using 330 mL
of n-hexane/AcOEt (3:2, v/v) and 400 mL of n-hexane/AcOEt (1:1, v/v) as eluents. The
collected fractions (10 mL each) were examined using TLC (SiO2 and n-hexane/AcOEt
(1:1, v/v)) as a chromatographic system, with the further detection of spots on the TLC
chromatograms using H2SO4/EtOH (1:9, v/v). Following the TLC analysis, three fractions
were obtained, i.e., (i) fraction #1 (one grey spot on the TLC, Rf = 0.5); (ii) fraction #2
(one violet spot on the TLC with Rf = 0.2); and (iii) fraction #3 (two spots on the TLC,
Rf = 0.5 and Rf = 0.2). The examination of the cytotoxic activity against human THP-1 cells
revealed fraction #2 to be the most active, with IC50 = 62.5 μg/mL. Further, fraction #2
(185 mg, dry weight) was additionally purified by HPLC using a Diasorb-60-Silica gel
column and n-hexane/AcOEt (3:2, v/v) as the eluent. As a result, the more active mixture
(IC50 = 35.9 μg/mL in THP-1 cells) of the purified 1-O-alkylglycerol ethers (AGEs) was
obtained (160 mg, dry weight).

4.5. Characterization of the Purified 1-O-Alkylglycerol Ether (AGE) Mixture

The chemical nature of the isolated purified fraction was established using their NMR
spectra. Generally, the next spectroscopic information was obtained.

1H NMR (CDCl3, 300 MHz) δ 0.85 d, J = 6.6 Hz, iso-CH3; 0.88 t, J = 6.7 Hz, n-CH3;
1.22-1.38, m, (CH2)n, aliphatic chain; 1.57, quint, J = 6.9 Hz, 2H-2’; 2.01, q, J = 6.3 Hz, 2H
allylic protons; 3.46, td, J = 6.6 Hz, J = 1.6 Hz, 2H-1’; 3.55, dd, J = 9.2 Hz, J = 3.5 Hz, 2H-1;
3.64 dd, J = 11.4 Hz, J = 5.2 Hz, 1H-3a; 3.72 dd, J = 11.4 Hz, J = 3.8 Hz, 1H-3b; 3.86, m, 1H-2;
5.34, t, J = 4.6 Hz, 2H, olefinic protons.

13C NMR (CDCl3, 75 MHz) δ 14.10 (CH3); 22.64 (CH2); 26.05(2CH2, allylic carbons);
27.19 (CH2); 28.97 (CH2); 29.07 (CH2); 29.30 (CH2); 29.34 (CH2); 29.44 (CH2); 29.54 (CH2);
29.66 (CH2); 31.76 (CH2); 31.90 (CH2); 64.24 (CH2-3); 70.40 (CH-2); 71.84 (CH2-1); 72.48
(CH2-1’); 129.88 (CH=CH).

These data indicate the AGE nature of the compounds in the isolated mixture. These
compounds contain a glycerol moiety linked by an ether bond with a fatty alcohol residue.
In the analyzed compounds, the fatty alcohol residues contain either normal or iso-ends,
and some of them have an additional disubstituted double bond. The majority of the
identified metabolite compounds have previously been isolated from different biological
sources. However, six of them (1–6) were new natural products (see below).

4.6. Preparation of Trimethylsilyl Derivatives (TMS-d) and Their GC/MS Analysis

First, 0.1 mg of dried AGE mixture was treated with 0.1 mL of BSTFA (Supelco,
Bellefonte, PA, USA) at 60 ◦C for 1 h to convert the AGEs to their trimethylsilyl derivatives
(TMS-d). The obtained TMS-d were analyzed by the GC/MS method (Figures S4 and S5,
Supplementary Materials). The mass spectra of TMS-d of the new and previously known
AGEs, although the exact position of the double bond could not be precisely determined in
some cases, provide valuable information about their structures.

The mass spectra data of the TMS-d for the previously known compounds (7–28) are
given below.

TMS-d of 1-O-(tetradecanyl)-sn-glycerol (7), TR 16.07, m/z 417, 285, 205, 147, 117,
103, 73; 57; TMS-d of 1-O-(pentadecanyl)-sn-glycerol (8), TR 16.58, m/z 431, 356, 299, 205,
147, 117, 103, 73; 57; TMS-d of 1-O-(pentadecanyl)-sn-glycerol (9), TR 16.87, m/z 431, 356,
299, 205, 147, 117, 103, 73; 57; TMS-d of 1-O-(hexadecanyl)-sn-glycerol (10), TR 17.35, m/z
445, 370, 313, 205, 147, 117, 103, 73, 57; TMS-d of 1-O-(Z-hexadec-7’ or 9’ or 11’ or 13’-
enyl)-sn-glycerol (17 or 18 or 19 or 20), TR 17.51, m/z 458, 443, 355, 311, 265, 205, 147,
117, 103, 73, 55; TMS-d of 1-O-(Z-hexadec-7’ or 9’ or 11’ or 13’-enyl)-sn-glycerol (17 or 18

or 19 or 20), TR 17.59, m/z 458, 355, 311, 265, 205, 147, 117, 103, 73, 55; TMS-d of 1-O-
(hexadecanyl)-sn-glycerol (11), TR 17.64, m/z 445, 370, 313, 205, 147, 117, 103, 73, 57; TMS-d
of 1-O-(heptadecanyl)-sn-glycerol (12), TR 18.10, m/z 459, 384, 327, 205, 147, 117, 103, 73,
57; TMS-d of 1-O-(heptadecanyl)-sn-glycerol (13), TR 18.18, m/z 459, 384, 327, 205, 147,
117, 103, 73, 57; TMS-d of 1-O-(heptadecanyl)-sn-glycerol (14), TR 18.38, m/z 459, 384, 327,
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205, 147, 117, 103, 73, 57; TMS-d of 1-O-(octadecanyl)-sn-glycerol (15), TR 18.80, m/z 473,
398, 341, 205, 147, 117, 103, 73, 57; TMS-d of 1-O-(Z-octadec-9’ or 11’ or 12’ or 13’-enyl)-
sn-glycerol (21 or 22 or 23 or 24), TR 18.93, m/z 486, 471, 293, 205, 147, 117, 103, 73, 55;
TMS-d of 1-O-(Z-octadec-9’ or 11’ or 12’ or 13’-enyl)-sn-glycerol (21 or 22 or 23 or 24), TR
18.99, m/z 486, 471, 293, 205, 147, 117, 103, 73, 55.; TMS-d of 1-O-(octadecanyl)-sn-glycerol
(16), TR 19.10, m/z 473, 398, 341, 205, 147, 117, 103, 73, 57; TMS-d of 1-O-(Z-cos-11’ or 13’
or 15’-enyl)-sn-glycerol (25 or 26 or 27), TR 20.38, m/z 514, 321, 205, 147, 117, 103, 73, 55;
TMS-d of 1-O-(Z-tetracos-17’-enyl)-sn-glycerol (28), TR 23.43, m/z 480, 467, 390, 377, 205,
147, 117, 103, 73, 55.

For the six new identified compounds (1–6) (Figure 1), the mass spectra of their TMS-d
are given below.

TMS-d of 1-O-(Z-docos-15’-enyl)-sn-glycerol (1), retention time (TR) 21.74, m/z 542,
527, 395, 349, 205, 147, 117, 103, 73, 55; TMS-d of 1-O-(Z-docos-17’-enyl)-sn-glycerol (2), TR
21.81, m/z 542, 527, 395, 349, 205, 147, 117, 103, 73, 55; TMS-d of 1-O-(Z-tricos-15’-enyl)-sn-
glycerol (3) or 1-O-(Z-tricos-16’-enyl)-sn-glycerol (4), or 1-O-(Z-tricos-17’-enyl)-sn-glycerol
(5), TR 22.56, m/z 363, 205, 147, 117, 103, 73, 55; TMS-d of 1-O-(Z-tetracos-15’-enyl)-sn-
glycerol (6), TR 23.35, m/z 480, 467, 390, 377, 205, 147, 117, 103, 73, 55.

4.7. Preparation of Acetate Derivatives

First, 1.3 mg of the dried AGE mixture was treated with 0.4 mL of Ac2O/Py (1:1, v/v)
at RT overnight to convert the AGEs to their diacetate derivatives. Then, 2 mL of EtOH
was added, and the sample was dried in vacuo.

4.8. Preparation of Dimethyldisulfide Acetate Derivatives (DMDS-d) of AGEs and Their
GC/MS Analysis

First, 1.2 mg of dried AGE acetate mixture (see above) was mixed with 0.2 mL of
dimethyldisulfide (DMDS) and 0.05 mL of iodine solution in Et2O (60 mg/mL) and incu-
bated at RT overnight. Then, 5 mL of n-hexane was added, and the mixture was washed
with 5 mL of an aqueous 5% solution of Na2S2O3 × 5H2O until the color of iodine disap-
peared. The n-hexane fraction was separated, and the reaction products were extracted
one more time from the polar fraction using n-hexane (1 mL). The combined n-hexane
fractions were dried over sodium sulfate, evaporated in vacuo, and re-dissolved in hexane
for further analysis.

Mass spectra of the DMDS-d of the new AGEs, 1–6:
DMDS-d of 1-O-(Z-docos-15’-enyl)-sn-glycerol (1), TR 70.67, m/z 576, 529, 431, 371,

311, 285, 263, 255, 206, 159, 145, 97, 83, 69, 55; DMDS-d of 1-O-(Z-docos-17’-enyl)-sn-glycerol
(2), TR 72.07, m/z 576, 529, 459, 399, 339, 313, 291, 283, 234, 159, 117, 97, 83, 69, 55; DMDS-d
of 1-O-(Z-tricos-15’-enyl)-sn-glycerol (3), TR 77.50, m/z 590, 436, 371, 341, 311, 173, 159, 145,
117, 97, 83, 69, 55; DMDS-d of 1-O-(Z-tricos-16’-enyl)-sn-glycerol (4), TR 77.90, m/z 590, 436,
385, 341, 297, 159, 145, 117, 97, 83, 69, 55; DMDS-d of 1-O-(Z-tricos-17’-enyl)-sn-glycerol
(5), TR 78.67, m/z 590, 436, 399, 341, 283, 159, 145, 131, 117, 97, 83, 69, 55; DMDS-d of
1-O-(Z-tetracos-15’-enyl)-sn-glycerol (6), TR 86.27, m/z 604, 450, 371, 311, 255, 207, 173, 159,
109, 97, 83, 69, 55.

Mass spectra of the DMDS-d of the previously known AGEs:
DMDS-d of 1-O-(Z-hexadec-7’-enyl)-sn-glycerol (17), TR 44.69, m/z 492, 319, 259, 173,

159, 143, 95, 89, 81, 69, 61, 55; DMDS-d of 1-O-(Z-hexadec-9’-enyl)-sn-glycerol (18), TR
45.00, m/z 492, 347, 287, 171, 159, 145, 95, 89, 81, 69, 61, 55; DMDS-d of 1-O-(Z-hexadec-
11’-enyl)-sn-glycerol (19), TR 45.69, m/z 492, 375, 315, 199, 159, 117, 95, 89, 81, 69, 61, 55;
DMDS-d of 1-O-(Z-hexadec-13’-enyl)-sn-glycerol (20), TR 47.69, m/z 492, 403, 343, 227, 159,
95, 89, 81, 69, 61, 55; DMDS-d of 1-O-(Z-octadec-9’-enyl)-sn-glycerol (21), TR 51.10, m/z
520, 347, 287, 227, 173, 159, 95, 81, 69, 55; DMDS-d of 1-O-(Z-octadec-11’-enyl)-sn-glycerol
(22), TR 51.40, m/z 520, 375, 315, 255, 145, 159, 95, 81, 69, 55; DMDS-d of 1-O-(Z-octadec-
12’-enyl)-sn-glycerol (23), TR 51.62, m/z 520, 389, 329, 269, 131, 159, 95, 81, 69, 55; DMDS-d
of 1-O-(Z-octadec-13’-enyl)-sn-glycerol (24), TR 52.13, m/z 520, 403, 343, 283, 117, 159, 95,
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81, 69, 55; DMDS-d of 1-O-(Z-cos-11’-enyl)-sn-glycerol (25), TR 58.48, m/z 548, 375, 315,
255, 199, 159, 117, 109, 95, 83, 69, 55; DMDS-d of 1-O-(Z-cos-13’-enyl)-sn-glycerol (26), TR
59.39, m/z 548, 403, 343, 227, 159, 117, 109, 95, 83, 69, 55; DMDS-d of 1-O-(Z-cos-15’-enyl)-
sn-glycerol (27), TR 60.29, m/z 548, 431, 371, 255, 199, 159, 117, 109, 95, 83, 69, 55; DMDS-d
of 1-O-(Z-tetracos-17’-enyl)-sn-glycerol (28), TR 87.30, m/z 604, 459, 399, 339, 283, 159, 145,
97, 83, 69, 55.

4.9. Cell Culture

The JB6 P+ Cl41 mouse epidermal cell line and its stable transfectants JB6 Cl 41 DN-
JNK1, JB6 Cl 41 DN-p38, and JB6 Cl 41 DN-ERK2, which have the knockout JNK1 p38
and ERK2 genes, respectively, were cultured as monolayers at 37 ◦C and 5% CO2 in MEM
containing 5% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin, and
100 mg/mL streptomycin. The human cancer cell lines HL-60 (promyelocytic leukemia),
THP-1 (monocytic leukemia), HeLa (cervix carcinoma), SNU C4 (colon cancer), DLD-1
(colon cancer), MDA-MB-231 (breast adenocarcinoma), and SK-MEL-28 (melanoma) were
obtained from the American Type Culture Collection (Rockville, MD, USA). The HL-60,
THP-1, HeLa, DLD-1, SNU C4, and SK-MEL-28 cancer cell lines were cultured at 37 ◦C and
5% CO2 in RPMI medium containing 10% FBS, 2 mM L-glutamine, 100 units/mL penicillin,
and 100 mg/mL streptomycin. The MDA-MB-231 cancer cell line was cultured at 37 ◦C and
5% CO2 in DMEM containing 10% FBS, 2mM L-glutamine, 100 units/mL penicillin, and
100 mg/mL streptomycin. HL-60 and THP-1 cells were cultured as suspensions, and the
other cell lines were cultured as monolayers. Information regarding the genetic background
of these cell lines is available online at the ATCC website.

4.10. Cell Viability Test

The effect of the obtained AGE mixture on the viability of the THP-1, HL-60, HeLa,
DLD-1, SNU C4, SK-MEL-28, MDA-MB-231, JB6 P+ Cl41, JB6 Cl 41 DN-JNK1, JB6 Cl 41
DN-p38, and JB6 Cl 41 DN-ERK2 cell lines was evaluated using the MTS assay [75]. Briefly,
corresponding cells were seeded in 96-well plates (6000 cells per well) and incubated
overnight in 100 μL of medium per well for adherent cells, or 50 μL/well for non-adherent
cells (THP-1, HL-60). For adherent cells, the media were then replaced with fresh media
containing the AGE mixture at various concentrations in a total volume of 0.1 mL per
well, and the cells were incubated for 22 h. For suspension cells, 50 μL /well of fresh
medium containing the AGE mixture was added, and the cells were incubated for 22 h.
Then, 10 mL of the MTS reagent was added into each well, and the MTS reduction was
measured spectrophotometrically 2 h later at 492 nm and 690 nm (background) using the
μQuant microplate reader.

4.11. Statistical Analysis

The statistical analyses were performed using Statistica 6.0 (StatSoft, Inc., Tulsa, OK,
USA) or GraphPad Prism v.9.1.1 software (GraphPad Software, San Diego, CA, USA). The
results of two independent experiments, each performed in triplicate, were used for the
analyses. Significant differences from control were calculated using Student’s t-test. The
method of regressions was used to calculate the IC50 values.

5. Conclusions

In conclusion, 6 new and 22 previously known 1-O-alkylglycerol ethers were identified
in the AGE fraction isolated from the marine sponge Guitarra abbotti. Their structures were
established using 1H and 13C NMR spectroscopy and a GC/MS analysis of their TMS and
DMDS derivatives as well as a comparison with the literature data. The isolated AGE
fraction consisted of both saturated and unsaturated AGEs, which presented at a nearly
equimolar ratio. The isolated AGEs exhibited a rather weak cytotoxic activity towards seven
human cancer cell lines. Moreover, the active MAP kinases ERK2 and JNK1 were shown to
play a cytoprotective role in the cellular response to the AGE-induced cytotoxic effects.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/md20070409/s1, Figure S1: 1H NMR spectrum of AGE
mixture in CDCl3 (300 MHz); Figure S2: 13C NMR spectrum of AGE mixture in CDCl3 (75 MHz);
Figure S3: DEPT spectrum of AGE mixture in CDCl3; Figure S4: GC data for the TMS-derivatives
of AGEs; Figure S5: GC/MS data for the TMS-derivatives of AGEs; Figure S6: GC data for the
DMDS-derivatized AGEs; Figure S7: GC/MS data for the DMDS-derivatized AGEs.
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Abstract: Petrosamine (1)—a colored pyridoacridine alkaloid from the Belizean sponge, Petrosia sp.,
that is also a potent inhibitor of acetylcholine esterase (AChE)—was investigated by spectroscopic and
computational methods. Analysis of the petrosamine-free energy landscapes, pKa and tautomerism,
revealed an accurate electronic depiction of the molecular structure of 1 as the di-keto form, with a
net charge of q = +1, rather than a dication (q = +2) under ambient conditions of isolation-purification.
The pronounced solvatochromism (UV-vis) reported for 1, and related analogs were investigated in
detail and is best explained by charge delocalization and stabilization of the ground state (HOMO) of
1 rather than an equilibrium of competing tautomers. Refinement of the molecular structure 1 by QM
methods complements published computational docking studies to define the contact points in the
enzyme active site that may improve the design of new AChE inhibitors based on the pyridoacridine
alkaloid molecular skeleton.

Keywords: alkaloid; pyridoacridine; acetylcholine esterase; merocyanine; marine natural product;
NMR; UV-vis spectroscopy

1. Introduction

In 1988, Molinski and Faulkner reported the structure of petrosamine (1, Figure 1, a
highly condensed pentacyclic alkaloid of intense color that was isolated from the sponge,
Petrosia sp., collected at Carrie Bow Cay, Belize [1]. However, no bioactivity 1 was reported
then, and a pronounced solvatochromism—the property of color changes (λmax) in solvents
of different polarities—was observed. At the time, 1 represented the most complex structure
in a growing class of pyridoacridine alkaloids from marine invertebrates [2]. Structurally, 1

can be considered a methylated and oxidized analog of the pentacyclic amphimedine—the
first member of this class of alkaloids, described by Schmitz and co-workers in 1983 [3].
Unlike the structures of most pyridoacridines where the 3 nitrogen atoms are sp2 hybridized,
1 contains a quaternary ammonium salt: a sp3 quaternized N. Pyridoacridines manifest a
range of biological activities including cytotoxicity, antineoplastic properties, antibacterial
activity, and enzyme inhibition; a subject that has been extensively reviewed [4].

Since its initial report, alkaloid 1 has been reisolated from a Thai sponge species,
Petrosia n sp. [5], and two new analogues have been described; petrosamine B (2) [6], a
regioisomer of 1 from the Australian sponge Oceanapia sp. with modest inhibitory activ-
ity against aspartate semialdehyde dehydrogenase, and debromopetrosamine (3) from
Xestospongia cf carbonaria collected in Palau [7]. Numerous marine natural products have
been reported with neuroprotective properties in experimental models for neurodegenera-
tive diseases, including acetylcholine esterase (AChE) inhibition [8]. Suwanborirux and
coworkers showed that 1 is a potent inhibitor of AChE from the Pacific electric ray, Torpedo
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californica (IC50 = 91 nM) [5]; approximately six times more potent than galanthamine (4),
an alkaloid used in the past for treatment of patients with Alzheimer’s disease (AD) to
compensate neurotransmitter deficiency.

Figure 1. Structures of petrosamine (1), analogs 2, 3 and galanthamine (4).

Preliminary docking studies of 1 with AChE revealed subtle electronic interactions
with the putative receptor contacts [5]. Given the global rise of AD within aging populations
and the therapeutic importance of AChE inhibitors for treatment, a detailed understanding
of the electronic structure and molecular parameters for enzyme-inhibitor molecular con-
tacts of 1 may advance design principles for new AD therapeutics. In this report, we present
refined measurements of UV-vis, pKa properties and quantum mechanical calculations of
1 that relate the observed solvatochromism through mapping of dipolar resonance forms
to a simple model based on merocyanine dyes and stabilization of the ground state of the
HOMO.

Petrosamine (1) exhibits several unusual physical and spectroscopic properties. The
melting point of 1 is in excess of 300 ◦C suggesting high stabilization within the lattice
energy of the crystalline form. Unlike most other pentacyclic pyridoacridines, the color of 1

is strikingly variable depending upon the physical state. Crystals of 1 are deep blue-purple
but dilute solutions of 1 show highly complex UV-vis spectra due to long-wavelength
absorption bands that manifest pronounced solvatochromism (changes in λmax of 1 when
measured in different solvents). For example, solutions of 1 in MeOH appear deep-blue
(longest λmax = 595 nm), but aqueous solutions of 1 appear purple λmax = 574 nm) [1]. In
dilute THF solutions (sparingly soluble) or DMSO, 1 appears green λmax = 611 nm) [1]. In
short, the range Δλmax of 1 is 36 nm in a range of solvents from H2O to DMSO. Petrosamine
also displays pH indicator properties: addition of excess alkali to purple aqueous or blue
MeOH solutions of 1, changes the color to green, suggestive of a hyposochromic shift
(Δλmax < 0) mediated by the Brønsted acidity of the α-CH2 next to the keto group and
deprotonation to the corresponding enolate.

The report by Quinn and coworkers describing the isolation of 2 by “fractionation on
C18” and elution with a stepped gradient of acidic (CF3COOH) aqueous-MeOH [6] also
reported solvatochromism in 2 very similar to that of 1. Assignment of the structure of 2

was achieved through extensive analysis of 1H, 13C NMR and 2D NMR data (D2O-TFA-1%
DMSO-d6). Compound 2 was depicted as a dication different from 1 in the resonance
form of an O-protonated vinylogous amide embodying a fully aromatic quinolinium ring
E [6]. Additional structural anomalies emerged. The assignment of C-8 in 2 is supported
by an HMBC correlation from H-9 to C-8 (3JCH) based on the low 13C NMR chemical
shift (δ 155.8 ppm), but no inter-ring HMBC correlations were reported for C-5 [6]. In
contrast, the X-ray crystal structure of 1 [1] reveals two keto groups in the solid state (d
(C-8–O) = 1.256 Å; d (C-5–O) = 1.203 Å), d (C-5–C-6) = 1.495(21). The C-O and C-C bond
lengths are only compatible with a di-keto structure [9]. As the structures of 1 and 2 are
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very similar, consequently, the solution properties (pKa, UV-vis) should also be closely
matched. Faulkner and Molinski reported the 13C NMR spectra (DMSO-d6) of 1 but not
the assignments of the signals [1]. Suwanborirux and coworkers, reporting the 13C NMR
spectrum of 1 in the latter solvent, assigned the signal at δ 161.3, s, the higher-field of the
two most deshielded signals (δ 187.2, s; 161.3, s) to C-8 [5])

Comparisons of the NMR assignments of 1 and 2 are complicated further by mea-
surements in different solvents and possible changes in tautomer or enolization states
that accompany changes in pH and NMR solvent polarity, and H-bond donor-acceptor
properties of the alkaloids. The latter factors affect the UV-vis properties of 1 and 2. Sur-
prisingly, neither the Quinn [6] nor Suwanborirux [5] groups claim to have observed the
rapid enolization of 1 in D2O reported by Faulkner and Molinski that resulted in complete
deuteriation of C-9 and ‘loss’ of the C-9 signal [1,10].

To reconcile these apparent paradoxes, it is required that a re-examination of 1 be given
separate considerations of resonance in the native structure and possible tautomerism of 1

at the α-CH2 next to the C-5 C=O group. We undertook the task and completed additional
solution spectroscopic measurements of 1 [NMR and electronic spectroscopy, UV-vis] and
MS time-course studies and augmented by quantum mechanics calculations. The results
presented here clarify several phenomena of 1, including solvent dependence of HOMO-
LUMO energies, kinetic and thermodynamic considerations of pKa, and tautomerism.

2. Results and Discussion

The solvatochromism of 1 and 2 is similar to lower-order merocyanine dyes, the
canonical substructures of which can be discerned within the molecular framework of both
natural products (Figure 2). For example, the same conjugated sub-structure in Brooker’s
merocyanines [11,12] [generalized by Brooker as the vinylogous amide; neutral ia and ib
dipolar (zwitterionic) resonance forms] is embedded in the molecular frameworks of 1

and 2. Brooker merocyanines, for example, 5b and 6b (Figure 2), exhibit strongly positive
solvatochromism (hypsochromism, or a blue shift in λmax in polar solvents). It is not
unreasonable to invoke the same spectroscopic and electronic properties of 5—zwitterionic
form with extended conjugation and stabilization of the ground state by solvation in polar
solvents—as necessary and sufficient conditions to explain the solvatochromism of 1–3.

While a complete description of the electronic properties of petrosamine (1) may
be achieved in rigorous quantum mechanical calculations (see below), it is helpful for
visualization purposes to consider Lewis’s bond formalism and resonance structures [13].
For clarity, only two pairs of resonance forms are depicted for 1 to illustrate the zwitterionic
contributions of merocyanine substructures: the non-charged resonance forms 1a,c, and
‘zwitterionic’ resonance form 1b,d. Forms 1a,b depict the shorter bond path (n = 3, c.f. ia, ib,
Figure 2) and dipolar resonance forms 1c,d show a longer bond path in an ‘aza-vinylogous
amide’ (n = 4). The shortest bond path, n = 1 (not shown), would involve only the atoms
C-8–C8a–C9–N-10), while the longest path, n = 4, evoking ‘particle-in-a-box’ formalism [14],
best explains the long-wavelength UV-vis bands of 1 giving rise to its colors.

Solvatochromism of Brooker merocyanines has been rationalized [11b], using semi-
quantitative valence resonance and frontier orbital theories, as arising from more extensive
stabilization of the dipolar form 4a of the ground state relative to the excited state in
polar solvents. Accordingly, this differential stabilization increases the electronic transition
energy, ΔE, due to a larger gap between the HOMO and LUMO of the longest wavelength
transitions. The HOMO-LUMO gap is predicted to increase (blue-shifted absorption)
in those structures with higher contributions from the zwitterionic resonance form 4b,
leading to more pronounced solvatochromism. More recent semi-empirical calculations
(COSMO, PM3) of a different set of substituted Brooker merocyanines (5) by Morley
and coworkers [15] supported stabilization of the ground state as mostly responsible for
solvatochromism and predicted a larger role for hydrogen bonding in the zwitterionic form
5b over the neutral form 5a.
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Figure 2. Canonical resonance forms—neutral (a) and dipolar (b)—for merocyanines defined by
bond path, n (see [11]). (b) Petrosamine ‘neutral’ and dipolar resonance forms: 1a (n = 3), 1b (n = 2),
1c (n = 4) and 1d (n = 4). (c) Brooker merocyanine resonance forms; neutral (5a, 6a) and dipolar (5b,
6b) forms [11].

The structure of petrosamine (1) appears to fulfil the criteria for merocyanine-type
solvatochromism. Measurements of the UV-vis spectrum of solutions of 1 prepared in
DMSO–H2O solvents of variable composition (Figure 3) exhibit changes in the λmax. Most
prominently, the longest wavelength absorption band with the largest hypsochromic shift
between 100% DMSO and 100% H2O (Δλmax − 78 nm) is assigned to the forbidden n–π*
transition that lends color to 1, analogous to that of merocyanines.
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Figure 3. Solvatochromism in normalized electronic UV-vis spectra of petrosamine (1) in H2O-DMSO
solvents of variable composition (H2O v/v = 0%, 20%, 40%, 60%, 80% and 100%).

A clear trend emerges band-1 (λmax1, defined here for convenience, as the dominant π-
π* transition) shows a dramatic decrease in ε with increasing H2O content of the solvent and
a weak bathochromic shift between 100% H2O to 100% DMSO (Δλmax1 15 nm, Table 1). In
contrast, the corresponding changes in band-2 include a strong blue shift (hypsochromism,
λmax2 − 78 nm). The band λmax2 is affected most by solvents with increasing H2O content
which parallels the reported behavior of Brooker merocyanines.

Table 1. UV-vis properties of λmax1
1 and λmax2

1 in petrosamine (1) in DMSO-H2O 1.

% H2O (v/v) λmax1 (nm) ε1
1 λmax2 (nm) ε2

1

0 296 184,000 648 24,000
20 290 172,000 622 20,600
40 288 161,000 604 19,400
60 287 141,700 589 16,500
80 282 122,252 581 12,900

100 281 68,500 570 4700
1 See text for definitions. ε1,2 values normalized from the literature value of λmax2 (ε 4700) [1].

For comparison, we prepared the known merocyanine 6b from 4-methylpyridine by
the following sequence adapted from Minch and Sadiq Shah [16]: methylation (MeI, iPrOH,
reflux), condensation of the resultant pyridinium methiodide with p-hydroxybenzaldehyde
(piperidine, EtOH, reflux), and neutralization of the product 7 (nBu4N+ HO−) to zwitte-
rionic phenolate 6b. Measurements of the UV-vis spectra of 6b (nBu4N+ salt) in mixed
solvents (acetone-H2O, see Figures S3 and S4 in Supporting Information) showed a hyp-
sochromic trend similar to 1 in DMSO-H2O. The long-wavelength (band-2) varied from
λmax (acetone) 591 nm to λmax (H2O) 444 nm (Δλmax − 69 nm) while ε changed only slightly
across the range of solvent mixtures [17].
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2.1. QM Calculations

The energies of electronic states of 1 were calculated using QM methods (DFT). Starting
with the X-ray coordinates of 1, the structure’s geometry was minimized using MMFF, then
further refined by DFT (B3LYP 6-31G*, polarization continuum model = H2O). The 3D
model of 1, overlaid with frontier MOs, is shown in Figure 4. As expected, the HOMO-
LUMO gap is relatively small (ΔE = 2.4 eV). The orbital coefficients and calculated dipole
moment of the excited state (μ = 19.2 D) are consistent with dominant contributions from
the resonance form 1b rather than 1a and the strong donor properties of N-10. At first, this
may seem anomalous, given the relatively low-field 13C NMR signal measured for C-5 in 1

(δ 187.4 [1] or 187.2 in 2 [5]); however, the additional deshielding effect is likely attributed
to the inductive effect of the quaternized N-7.

Figure 4. Calculated minimized structure and overlaid frontier π-orbitals of petrosamine (1) (DFT
B3LYP 6-31G*, polarization continuum model = H2O) (a) HOMO and (b) LUMO.

The electrostatic potential map of the minimized structure of 1 (Figure 5) clearly shows
two loci of positive charge: one centered on the quaternized N-10, as expected, in ring D,
and a second associated with the N atom in ring E. The latter supports charge-separated
forms 1b,d (Figure 2) in which N-10 participates as a donor group. Consequently, the formal
bonding electron pair of N-10 is highly delocalized and can confer only weak basicity to 1.
Together with the UV-vis properties of 1, the overall electron delocalization consolidates
an electronic structure in which a zwitterionic partial structure strongly lends to charge
separation, mostly in the ground state.

Figure 5. Minimized energy structure of petrosamine (1, DFT, Spartan’20, EDF2 6-31G, dipole moment
μ = 19.2 D). (a) electrostatic potential surface and (b) the corresponding molecular framework of 1

(dipolar 1d and ‘charge-minimal’ 1 resonance forms).
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From an empirical viewpoint, the latter makes sense as the charge-separated forms
1b,d preserve the aromaticity of rings A and E. A result of this delocalization is reduced
basicity of N in ring E and, consequently, an expected lower pKa for the conjugate Brønsted
acid. Formally, adding H+ 1 to give a dication should sooner favor the C-8 or C-5 oxygen
as an acceptor rather than N-10 or N-13. We find no evidence (NMR) for protonation of 1 at
pH ~ 2, which attests to the overall poor basicity of 1; an unsurprising finding given the
permanent formal charge of +1 in this quaternary ammonium salt in all but the most basic
or the most acidic media.

2.2. pKa of Petrosamine (1), Does the Structure of 1 Exhibit Substantial Enol Content?

To estimate the pKa of petrosamine, the UV-vis spectra of 1 were measured in buffered
D2O at different pH. Across the pH 2–10 (Figure S1), the UV-vis spectrum of 1 is unchanged.
From the Henderson-Hasselbach relationship (Equation (1)) [18] for Brønsted acid HA, the
condition pH = pKa is met when concentrations of conjugate species are equal ([HA] = [A−]).
We surmise the pKa of 1 lies outside this pH range (pKa > 10). Indeed, a bathochromic shift
in the UV-vis spectrum of 1 is only observed when a methanolic solution is treated with
strong alkali NaOH (2 M, pH > 13). Conversely, only when a sample of 1 is dissolved in a
very strong Brønsted acid (neat CF3COOH) are conditions met for a reasonable expectation
of diprotonated petrosamine ([1•2H]2+). In the event when 1 was dissolved in neat TFA,
the blue-purple color changed to bright yellow. The latter observation contrasts with
the supposition drawn by Quinn and coworkers of doubly-protonated petrosamine B
([2•2H]2+) from their observation that 2 remains “bright blue. . .when dissolved in methanol”,
under the relatively benign conditions used in C18-reversed phase isolation of the alkaloid
(5% TFA-MeOH) [6]. In other words, N-10 in the monocationic molecules 1–3 is ‘pyridinium-
like’ and non-basic (resembling 1d), and the C-8 C=O is insufficiently Brønsted-basic to be
substantially protonated under ordinary isolation conditions.

pH = pKa + log10 [A−]/[HA] (1)

It is evident from the 1H and 13C NMR (DMSO-d6) that C-5 in petrosamine (1) is in the
C8 keto form, a conclusion also reached by both the Suwanborirux and coworkers [5], and
independently by Quinn and coworkers for petrosamine B (2) [6]. The single crystal X-ray
crystallography of 1 is concordant with the C8 keto form. Solid state 1 is best represented
by the di-keto tautomer, e.g., interatomic distances C8-O2, 1.256(17) Å; C5-O1, 1.203(15),
and C5-C6, 1.495(21) [1].

2.3. Kinetic Measurements of Hydrogen-Deuterium Exchange of 1

None of the resonance forms of 1a–d (Figure 2)—or more precisely, pathways of
electron delocalization—explain the complete exchange of the H-6 protons by deuterium
when 1 was dissolved in deuteric solvents (D2O, CD3OD) [1]. The latter can only be
rationalized by consideration of the possibility of enolization (Figure 6), either through the
positively charged 8a in neutral to weakly acidic pH or the charge-neutral (zwitterionic)
enolate 8b under highly basic pH. The kinetic parameters for successive H replacement
by D in 1, defined by rate constants k1 and k2, are intrinsic properties as opposed to
thermodynamic properties that relate to the equilibrium constants Keq1 and Keq2; the latter
are largely dependent upon the strength and concentration of added base, B− (Figure 6).
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Figure 6. Keto-enol tautomerism of 1. Enol 8a (acid-catalyzed) and enolate 8b (base-promoted).

In hydroxylic solvents, 1 also resides largely in the di-keto form. However, we found
that in both D2O and CD3OD, the C-6 methylene protons undergo rapid exchange to give
the C-6 CD2-isotopomer (1-d2) [1]; a rate so fast that we were unable to detect the C-6
CH2 or the intermediate forms within the time frame between sample preparation and
measurement of the 1H NMR spectra. This observation was supported by 1H NMR, HSQC
and HMBC measurements of 1 in protic solvent (CD3OH) where the C-6-CH2 group is
still observable (HSQC correlation: H-6 to C-6, δH 4.64, s; δC 70.4 ppm). The simplest
explanation for both phenomena is catalytic H-D exchange α-to the C-5 C=O group favored
by an intermediate, the extensively-conjugated enol tautomer 8a (Figure 6).

To examine the kinetics of H-D exchange in 1 and place an upper bound on the
rate of H-D exchange, the time-dependent appearance of the CD2-isotopmer by ESI mass
spectrometry upon rapid dissolution of 1 in CD3OD (Figure 7). Under controlled conditions
(23 ◦C, in situ measurement of the ESIMS of petrosamine with rapid sampling (sampled
every t = 15 s) measurement—see Supplementary Materials (S6–S9 and Experimental (S14)),
1-d0 (C21H17

89BrN3O2, calculated m/z 422.0499 [M+]) quickly disappeared and was replaced
by an ephemeral isotopologue 1-d1 (m/z 423.0561), followed by convergence upon 1-d2 (m/z
424.0624). Complete exchange (>90%) was observed within 90 s of dissolution of 1. From
triplicate measurements and rapid sampling, we could fit the kinetic deuterium exchange
data to a first-order rate law. We estimated the apparent first and second H-D exchange rate
constants to be (Table 2), k1 = 0.131(68) s−1 and k2 = 0.0755(26) s−1, respectively (best R2; see
S6–S10). As expected, rate constant k2 is about half of k1, consistent with the expected rate
law (k1/k2 = 1.74(94)), negating the involvement of a substantial primary kinetic isotope
effect.

Figure 7. Representative ESIMS measurements of the rate of H-D exchange of petrosamine (1 in
CD3OD, 23 ◦C) and fitted curves (non-linear regression). See S6–S10 for rate law and k determinations.
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Table 2. Rate constants k1 and k2 for H-D exchange in 1 in CD3OD (23 ◦C, see Figure 7) 1.

Reaction k1 (s−1) k2 (s−1)
95% Confidence

Interval

1 –> 1-d1 0.1311(68) – {0.1176, 0.1447}
1-d1 –> 1-d2 – 0.0755(26) {0.0702, 0.0807}

1 See S6–S10 for plotted raw ESIMS data and detailed kinetic analysis.

The exchange of 1 to 1-d2, in the absence of added acid, appears to be much faster
than H-D exchange rates of other phenones, e.g., propiophenone (pKa 24.4, DMSO [19]
α-tetralone (pKa 24.7 [20,21]. The rates of acid-promoted keto-enol equilibration of ace-
tophenone (pKa 18.4 ± 0.03) have been measured. For example, the rate of ketonization of
acetophenone enol (1-phenylethen-1-ol) is linearly dependent upon [H3O+] with a catalytic
efficiency determined to be kH+ = (1.25 ± 0.02) × 103 M−1s−1 [22]. We conclude that
tautomerism of 1, too, must be very fast, even in the absence of added acid. Either the enol
8a or enolate 8b, although undetectable as a discrete species in the time frame of 1H NMR,
present a pathway to the acid-base equilibria of 1 and 1-d2, but enolization of the keto form
is likely dominant.

Some amount of discussion has been given on the keto-enol state of 1. The NMR data
for 1 reported by Suwanborirux and coworkers support the C5 keto form in DMSO-d6 [5]
and—in agreement with Molinski and Faulkner, the enol form in D2O or CD3OD [1]—but
Quinn and coworkers find, “no evidence for this keto-enol isomerism” in 2. Likely, the Keq of
keto-enol tautomerism lies on some continuum, dependent upon solvent dielectric and
H-bond donor ability.

We find it unlikely that the position of the Br in ring A—the only difference be-
tween structures 1 and 2—would exert a profound difference in physicochemical behavior.
Quinn’s argument—“no involvement for this keto-enol isomerism” in 2—is confounded by two
uncertainties: the composition of their NMR solvent (TFA, D2O, DMSO-d6) is not specified
quantitatively, and facile interpretation of the 13C NMR signals for the C8 signal: “in contrast
C-8 resonated at 155.8 ppm, supporting it as a phenolic resonance. It was, therefore, more likely
that petrosamine also exists in the C-8 enol form and C-8 [Molinski and Faulkner [1] was the
carbon at 161 ppm”, contrasts with those of Suwanborirux (δ 174.7 ppm, DMSO-d6) and their
observation of, “the broad methylene carbon at δC 69.2” (DMSO-d6, “100 μmol NaOD” [5]).
For comparative purposes, we synthesized a model quinoline S1 (see Supplementary
Material)—a merocyanine of class (n = 3, see labeling of 1a,b) and found the 13C NMR
chemical shift of C8 in CD3OD to be δC 172.2 ppm. Aside from these points, none of the
three different 13C NMR values for C8 in 1 and 2 are incompatible with the structures, both
of which are not strictly aryl ketones but vinylogous amides, the dominant resonance form
of which will be highly dependent upon solvent dielectric and H-bond donor properties.

The observed 1H and 13C NMR spectra of petrosamine (1), and the C6 exchange to
CD2 in CD3OD/NaOD [5], support the enol form in hydroxylic solvents. It is likely fast
exchange between the hybrid structure of 1 and 8a,b with an equilibrium constant Keq1
largely in favor of 1 in DMSO-d6, but moving to the dominant form 8a in hydroxylic solvents.
The enolate 8b may be favored as the catalytically important intermediate under ‘neutral’
conditions for reasons of charge neutralization, but insufficient data preclude testing this
hypothesis with more certainty. In either case—enol or enolate intermediate—we surmise
the electron-withdrawing quaternized N+Me2 group in 1 and the related petrosamines, 2,

3, plays a significant role in accelerating the rates of H-D exchange and lowering the pKa of
the C-6 CH2 group.

To the best of our knowledge, rapid H-D exchange of a substituted β-quaternary
ammonium ketone within a natural product has been observed only in one other instance,
coulteroberbinone (7, Figure 8 [23]), an N-quaternary ammonium isoquinoline alkaloid
from the leaves of Romneya trichocalyx. The authors note the C-14 C-H in 7, assigned to the
α-proton between the carbonyl and quaternized nitrogen (δH 5.64, s), underwent rapid
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proton-deuterium exchange in D2O or CD3OD to C-D (7-d1) under ambient conditions
(supported by 1H NMR and ESIMS data).

Figure 8. Rapid H-D exchange of coulterberbinone (7) in deuteric solvent under ambient conditions.

Two major factors most likely explain the relatively low pKa of 1 and 7: the electron-
withdrawing (inductive) effect of the -N+Me2 quaternary ammonium group (N-7) and
stabilization of enol 5 (or enolate 6) through extensive conjugation of the heteroaromatic
core, not unlike the stabilization of the enolates of alkyl phenones, e.g., acetophenone,
determined by UV-vis (pKa = 18.4). Indirect determinations of the pKa of the enol of
acetophenone have also been obtained from the kinetics of reactions of acetophenone: e.g.,
α-chlorination [24] and aminolysis of the corresponding enol acetate [25]. In contrast, 1

appears to undergo rapid enolization without added Brønsted acid, suggesting that this
tautomerization may even be autocatalytic.

Is the enol 8a of petrosamine (1) present in substantial concentrations? From the
1H NMR spectrum of 1 (DMSO-d6), we detect no signals attributable to 8a. It can be
ascertained from 1H NMR that Keq1 (Figure 7) is very small (estimated from the limits
of integration, Keq1 < 0.05), and the equilibrium of tautomers lies well towards the keto
form 1. As noted above, in highly-basic aqueous solutions of 1, the charge-minimal enolate
8b appears in substantial concentrations, placing a lower boundary of pKa ~ 15 for 1. In the
absence of base, the mechanism of H-D exchange 1 to 1-d2 in CD3OD most likely engages
substantial equilibrium concentrations 8a to allow rapid exchange of the CH2 to CD2 in
deuteric solvents within less than 2 min at 23 ◦C. An accurate pKA of 1 is not accessible from
measurements in aqueous solvents, and securing an estimate will likely require measures
in a suitable aprotic solvent (e.g., titration in DMSO [20,26]). Bordwell values of pKa are
conventionally obtained by titration of a solution of the weak Brønsted acid in DMSO with
its non-nucleophilic conjugate base, ‘dimsyl sodium’ (CH3(S=O)CH2

− Na+) with Ph3CH
as an indicator [26] where a colored endpoint is presented by the deep-red Ph3C− anion.
In the case of 1, the high color of the substrate and its conjugate base should lend itself to
‘self-indicating’.

3. Materials and Methods

3.1. General Experimental Procedures

Inverse detected 2D NMR spectra were measured on a Jeol ECA (500 MHz) spec-
trometer equipped with a 5 mm 1H{13C} 5 mm probe or a Bruker Avance III (600 MHz)
NMR spectrometer with a 1.7 mm 1H{13C} microcryoprobe. 13C NMR spectra were col-
lected on a Varian NMR spectrometer (125 MHz) with a 5 mm Xsens 13C{1H} cryoprobe.
NMR spectra were referenced to residual solvent signals, (CD3)2CO (δH 2.05, δC 29.8).
High-resolution ESITOF analyses were conducted on an Agilent 1200 HPLC coupled to an
Agilent 6230 TOFMS. Low-resolution MS measurements were made on a Thermoelectron
Surveyor UHPLC coupled to an MSD single-quadrupole detector. HPLC was performed
on an Agilent 1200 HPLC. UV-vis spectra were measured on a Jasco V-630 spectrometer in
quartz cells (1.00 cm path length, Helma). FTIR spectra were collected on thin film samples
using a Jasco FTIR-4100 fitted with an ATR accessory (ZnSe plate). Optical densities (OD,
λ nm) in microplate wells were measured using a Molecular Devices Spectramax 384 Plus.
Measurements of pH were made with a digital pH meter (Denver Instrument, Arvada, CO,
USA, Model 220), calibrated against standard solutions (NaH2PO4-Na2HPO4).

105



Mar. Drugs 2023, 21, 446

3.2. UV-Vis Measurements

Standard solutions of accurately-weighed 1 and 6b were prepared in volumetric flasks
and used for serial dilutions to the final working concentrations in specified media, either
pure HPLC grade solvent (DCM, DMSO, acetone or DMF—see Supporting Information for
6b in acetone) or mixtures of aqueous HPLC solvents of defined H2O composition.

pH Dependence: Britton-Robinson buffer was prepared by dissolving 2.48 g of boric
acid, 2.30 mL acetic acid and 2.72 mL phosphoric acid in 1 L of water and titrating in a
2.0 M solution of NaOH to the desired pH.

40 μL of a 2.37 mM of petrosamine (1) in MeOH was added to 960 μL of the desired
buffer solution, and the UV-vis spectrum was measured from λ 190–700 nm.

Solvent-Dependence: Solutions of 1 in H2O (95.0 μM) and acetone (95.0 μM) were mixed
in the desired ratio, and the UV-vis spectrum was measured from λ 320–700 nm.

3.3. DFT Calculations of 1

The X-ray coordinates of petrosamine (1) were used as a starting point for DFT calcu-
lations of the energy, geometry minimized structure, polar isosurfaces and LUMO-HOMO.
Calculations were performed within the Spartan ’20 package [27]. DFT energy minimized
structure of 1 was obtained using B3LYP with the 6-31G* basis set under a polarization
continuum model (=H2O). Calculated minimized structure with overlaid frontier π-orbitals
and electrostatic potential isosurfaces of petrosamine (1) are shown in Figures 4 and 5.

3.4. Synthesis of Merocyanine Dye (6b) [16]

Iodomethane (3.11 mL, 50 mmol) was slowly added to a cold mixture of 4-methylpyridine
(4.86 mL, 50 mmol) and 2-propanol (5 mL). The stirred mixture was heated at reflux
overnight. Removal of the solvent gave the crude 4-methylpyridinium methiodide (10.23 g)
as an off-white solid. A portion of the latter salt (3.00 g, 12.8 mmol), 4-hydroxybenzaldehyde
and piperidine (1.06 mL, 10.7 mmol) were dissolved in anhydrous EtOH (16 mL) and heated
at reflux overnight, with stirring. Upon cooling, a red precipitate was deposited. The red
solid was filtered (Büchner funnel), dissolved in KOH solution (0.2 M, 17 mL, 15 mmol),
and heated with stirring for 30 min. Blue-red shiny crystals were recovered by filtration,
washed with cold water, and dried to give 6b (2.00 g, 65%). The 1H NMR of the sample
was consistent with the expected product.

3.5. H-D Exchange Measurements of 1 by ESI-TOFMS

H-D exchange measurements were made by ESI-TOFMS using the following con-
ditions: VCap: 3500V; fragmentor voltage: 160 V; nozzle voltage: 500 V; drying gas
temperature: 325 C, sheath gas temperature: 325 C, drying gas flow rate: 7.0 L/Min; sheath
gas flow rate: 10 L/min; nebulizer pressure: 40 psi. A petrosamine (1) sample was rapidly
dissolved in CD3OD (23 ◦C). An aliquot of the solution was immediately introduced into
the inlet of the TOF mass spectrometer, and the ratios of 1-d0, 1-d1 and 1-d2 were measured
‘on the fly’ from the corresponding molecular ion intensities [M]+ normalized to the [M]+ of
a solution of 1 in CH3OH at the same concentration. Subsequent measurements were made
at 15 s intervals over a total reaction time of 90 s. HRMS data were acquired and stored in
centroided mode. See Figure 7 and S6–S9.

4. Conclusions

Evidence supports that the major tautomer of petrosamine is the C5 and C8 di-keto
form 1, both in solution and solid states. While the enol form 8a was not detectable by
1H NMR in DMSO-d6, it is nevertheless likely responsible for the H-D exchange of 1 in
deuteric solvents. The exceptional solvatochromism of 1 is best attributable to charge
delocalized resonance forms 1a and 1d—partial structures within 1 that are analogous to
Brooker merocyanine dyes [11]. As with the latter, the hyposochromic solvent effects mostly
correlate with polar-solvent stabilization of the ground state (HOMO) and attribution to
the color changes of 1. The complete isotopic exchange of the C6 CH2 group in 1 to
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CD2 in a deuterated solvent under ambient conditions is supported by 1H NMR and fast-
sampled ESIMS measurements. The exchange mechanism likely proceeds through rapid
acid-catalyzed keto-enol tautomerism.

Refinement of the molecular structure of 1 by QM methods maps the electron de-
localization and accompanying charge distribution in 1. These and other refinements
complement computational docking studies that can lend a more precise definition of
host-guest interactions of 1 in its cognate enzyme active site. In turn, these observations
may assist in the design and synthesis of new AChE inhibitors based on the pyridoacridine
skeleton: a privileged alkaloid molecular framework produced exclusively by marine
invertebrates.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md21080446/s1, Figure S1: UV-vis spectra of 1. pH dependence in
Britton-Robinson buffer (normalized); Figure S2: FTIR of 6b (film, ATR); Figure S3: UV-vis spectra of
6b in pure acetone; Figure S4: UV-vis spectra of 6b in acetone-H2O mixtures (normalized); Figure S5:
In situ ESIMS measurements of the rate of H-D exchange of 1 in CD3OD; Figure S6: Derivation of
kinetic parameters of H-D exchange of 1 in CD3OD and uncertainty analysis; Figure S7: HRMS. Time
course of 1 in CD3OD (triplicate runs) and Fitted Curves; Figure S8: ESI-TOFMS of 1 collected in
(a) in CH3OH (b) CD3OD at 30 s) (c) CD3OD at 90 s; Figure S9: Time course of ESI-TOF-MS for
petrosamine (1); Figure S10: 1H NMR of 1 in a. CD3OH and b. CD3OD after 5 min; Figure S11: 1H
NMR temperature study of petrosamine (1) (CD3OH, 500 MHz); Table S1: λmax and absorbance
of merocyanine dye 6b in H2O-acetone mixtures. Table S2: 1H and 13C NMR of 1 in CD3OD and
CD3OH; Table S3: 1H NMR data for compounds S1 and S6 (CD3OD, 500 MHz); Scheme S1: Synthesis
of compound S1: Experimental: Synthesis of Model Compound S1. References [28,29] are cited in
the Supplementary Materials.
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Abstract: Two new guanidine alkaloids, batzelladines O (1) and P (2), were isolated from the deep-
water marine sponge Monanchora pulchra. The structures of these metabolites were determined
by NMR spectroscopy, mass spectrometry, and ECD. The isolated compounds exhibited cytotoxic
activity in human prostate cancer cells PC3, PC3-DR, and 22Rv1 at low micromolar concentrations
and inhibited colony formation and survival of the cancer cells. Batzelladines O (1) and P (2) induced
apoptosis, which was detected by Western blotting as caspase-3 and PARP cleavage. Additionally,
induction of pro-survival autophagy indicated as upregulation of LC3B-II and suppression of mTOR
was observed in the treated cells. In line with this, the combination with autophagy inhibitor 3-
methyladenine synergistically increased the cytotoxic activity of batzelladines O (1) and P (2). Both
compounds were equally active in docetaxel-sensitive and docetaxel-resistant prostate cancer cells,
despite exhibiting a slight p-glycoprotein substrate-like activity. In combination with docetaxel, an
additive effect was observed. In conclusion, the isolated new guanidine alkaloids are promising drug
candidates for the treatment of taxane-resistant prostate cancer.

Keywords: batzelladines; sponge; Monanchora pulchra; anticancer activity; prostate cancer; apoptosis;
autophagy; p-glycoprotein

1. Introduction

Guanidine alkaloids are a separate group of marine secondary metabolites with struc-
tural diversity and different biological activities. The largest number of natural guanidines
has been isolated from marine sponges. Initially, they were suggested as chemotaxonomic
markers of the marine sponges of Ptilocaulis, Hemimycale, Crambe, Batzella, Clathria, and Mo-
nanchora genera [1,2]. The guanidine alkaloids isolated from the sponges of the Monanchora
genus of the Crambeidae family were reported to have unique structures and an impressive
range of biological activities (reviewed in [1,3]). These compounds contain penta-, tri-,
bicyclic, as well as acyclic guanidine moieties and were reported to be cytotoxic to various
types of human cancer cells [4–10]. Recently, some aspects of the mechanism of action of the
alkaloids have been reported, in particular, with regard to their anticancer activity. Thus,
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several guanidine-containing marine-derived metabolites could induce p53-independent
cancer cell death [11] and the mechanism of this effect seems to be related to specific or
unspecific induction of MAP kinases [11,12], induction of ROS, as well as induction of
either intrinsic mitochondria-medicated apoptosis [13] or non-apoptotic cell death [12,14].
Moreover, some of these compounds could inhibit an EGF-induced malignant transfor-
mation of the cells in in vitro models [11,12]. However, the mechanism of action seems to
significantly vary depending on the structure and the biological model used.

For example, for pentacyclic alkaloid monanchocidin A, an unusual mechanism of
action cells has been reported in germ cell tumors (GCT) [5,7,14]. In a GCT model, this
compound induced cytotoxic autophagy (type II programmed cell death) and lysoso-
mal membrane permeabilization [14] as well as inhibition of cell migration [15]. Similar
non-apoptotic cytotoxic effects were observed for other pentacyclic alkaloids, e.g., mo-
nanchoxymycalin C in prostate cancer cell models in vitro [12]. For another subgroup
of pentacyclic guanidine alkaloids related to crambescidin, an inhibitory effect on cell
migration was observed [16]. This was mediated by the suppression of tight junctions
formation, cell–matrix and cell–cell adhesion, as well as the alteration of cytoskeleton
dynamics [16]. In addition, ion channels were blocked [17,18]. Furthermore, the compound
induced differentiation of chronic myelogenous leukemia cells [19].

Notably, for different guanidine-containing alkaloids, signs of caspase-dependent
apoptosis were reported in various mammalian cancer cell models [11,13]. Thus, for
cytotoxic bicyclic guanidine alkaloids urupocidin A and C, induction of intrinsic apoptosis
was reported. These metabolites induced mitochondria membrane permeabilization and
ROS upregulation, which consequently led to an activation of caspase-9 and -3, cleavage
of PARP, DNA fragmentation, and apoptotic cell death [13]. However, the mechanism of
action of different guanidine-containing alkaloids may vary.

Batzelladines represent a distinct class of guanidine-derived alkaloids that usually
contain two main guanidinic moieties. The tricyclic guanidine core is connected with
additional guanidine fragments of varying complexity via an ester linkage in a large num-
ber of these molecules. To date, batzelladines have been isolated only from the marine
genera Batzella (family Chondropsidae), Monanchora (family Crambeidae), and Clathria
(family Microcionidae) belonging to the order Poecilosclerida [20]. The unique and fasci-
nating structures of these guanidines are coupled with a wide range of biological activities
(reviewed in [21]), including cytotoxic [22–25], antiviral [10,26–28], and antiparasitic ac-
tivities [29]. In addition, the anti-HIV activity of batzelladines was extensively studied.
In fact, these molecules were found to mediate the inhibition of HIV gp120 binding to
human CD4 cells [27,28]. Moreover, very recently, an anti-SARS-CoV-2 activity exerted
via inhibition of the main virus Mpro protease has been predicted and is currently under
investigation [30]. In addition, strong cytotoxic activity was observed in human cancer
cells [22–25,27]. However, little is known about their mode of action in mammalian cells.

As part of our ongoing program in the search for bioactive compounds from the
Northwestern Pacific marine invertebrates [31,32], we investigated a new collection of the
sponge Monanchora pulchra, collected in the Okhotsk sea. Here, we report the isolation,
structure elucidation, in vitro anticancer activity, and insights into the mode of action of
two new guanidine alkaloids, batzelladines O (1) and P (2).

2. Results and Discussion

2.1. Isolation and Structure Elucidation of Batzelladines O and P

The crude EtOH extract of the marine sponge Monanchora pulchra was concentrated in
vacuo and the obtained residue was fractionated by flash chromatography on a YMC*Gel
ODS-A column. Further separation using reversed-phase HPLC resulted in the isolation of
two new batzelladines O (1) and P (2) (Figure 1). The batzelladine 1 gave [M]+ ion at m/z
487.3750 in the HRESIMS spectrum, appropriate for the molecular formula C27H47N6O2,
and a peak at m/z 244.1921, corresponding to a doubly charged [M + H]2+ ion. An intense
fragment ion peak at m/z 374.2800 [C22H36N3O2]+ in HRESIMS/MS showed a loss from
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the molecular ion of 113 Da, corresponding to the 4-guanidino-1-butyl, also observed in
some batzelladines [26,33]. 13C NMR data (Table 1) implied two C=C bonds (δC 129.2 and
132.2, and 103.7 and 151.3), one ester carbonyl (δC 166.2), and two guanidine carbons (δC
149.9 and 158.8). Detailed analysis of the 1H, 13C, COSY, HSQC, and HMBC NMR spectra
of 1 (Table 1) revealed a close structural similarity between 1 and batzelladine C isolated
from Batzella sp. [26], except that additional olefinic resonances were observed (δH 5.39,
5.45; δC 129.2, 132.2). In the COSY spectrum, there was presented a sequential spin system
from the terminal methyl CH3-27 (δH 0.92) to CH2-25 (δH 2.06) through CH2-26 (δH 1.40),
while in the HMBC spectrum the methylene protons H2-25 showed couplings to C-23 (δC
129.2) and C-24 (δC 132.2) (Figure 2), indicating a Δ23 unsaturation. The H2-22 (δH 2.19)
allylic protons were in turn coupled to signals at δH 1.75 and 1.64 in the COSY experiments
and gave HMBC correlation with C-13 signal at δC 51.9. The 13C chemical shifts of C-22 (δC
23.7) and C-25 (δC 30.4) suggested a Z configuration for this double bond, as in batzelladine
E [26], proved by the synthesis [34]. This was further confirmed by an NOE correlation
between H2-22 and H2-25 methylene protons (Figure 2).

Table 1. NMR Data for compounds 1 and 2 in CD3OD.

1 2

position δH (J in Hz) δC
a type δH (J in Hz) δC

a type
1 158.8 158.8, C
2 3.22, t (6.8) 42.1, CH2 3.23, t (6.8) 42.1, CH2
3 1.67, m 26.6, CH2 1.67, m 26.6, CH2
4 1.76, m 27.1, CH2 1.76, m 27.0, CH2
5 4.23, m 65.2, CH2 4.22, m 65.2, CH2
6 166.2, C 166.2, C
7 103.7, C 103.7, C
8 151.3, C 151.4, C
9 3.43, m

2.92, m
30.8, CH2 3.43, m

2.92, m
30.7, CH2

10 2.46, m
1.75, m

30.3, CH2 2.46, m
1.74, m

30.4, CH2

11 4.10,m 58.7, CH 4.10, m 58.7, CH
12
12

2.46, m
1.40, m

34.2, CH2 2.44, m
1.40, m

34.2, CH2

13 3.64, m 51.9, CH 3.63, m 51.9, CH
14 149.9, C 149.9, C
15 4.42, m 51.7, CH 4.42, m 51.7, CH
16 1.57, m 37.7, CH2 1.57, m 37.7, CH2
17 1.30, m 24.8, CH2 1.30, m 25.1, CH2
18 1.30, m 32.5, CH2 1.30, m 32.7, CH2
19 1.30, m 23.5, CH2 1.30, m 23.5, CH2
20 0.91, t (6.8) 14.3, CH3 1.30, m 30.3, CH2
21 1.75, m

1.64, m
35.7, CH2 1.30, m 30.3, CH2

22 2.19, m 23.7, CH2 0.90, t (6.8) 14.3, CH3
23 5.39, m 129.2, CH 1.75, m

1.64, m
35.8, CH2

24 5.45, m 132.2, CH 2.18, m 23.7, CH2
25 2.06, m 30.4, CH2 5.39, m 129.0, CH
26 1.40, m 23.8, CH2 5.45, m 132.2, CH
27 0.92, t (6.8) 14.0, CH3 2.05, m 30.4, CH2
28 1.40, m 23.8, CH2
29 0.92, t (6.8) 14.0, CH3

a 13C NMR assignments supported by HSQC and HMBC data.
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Figure 1. The structures of batzelladines O (1) and P (2).

Figure 2. Key COSY ( ), HMBC ( ), and ROESY ( ) correlations for 1.

The HMBC correlation of H2-9 (δH 3.43/2.92) and H-15 (δH 4.42) with C-7 (δC 103.7)
and C-8 (δC 151.3) (Figure 2) confirmed the placement of a tetrasubstituted double bond
between the carbons C-7 and C-8.

The ROESY showed that hydrogen atoms at C-11 and C-13 are in a cis relationship.
The absolute configurations of the stereogenic centers of 1 were established by quantum-

chemical calculations of ECD spectra (Figure 3 and Figure S15). The ECD spectra for four
stereoisomers 11R,13S,15R-1a, 11S,13R,15R-1b, 11R,13S,15S-1c, and 11S,13R,15S-1d were
calculated using GAUSSIAN_16 software (Gaussian Inc., Wallingford, USA). The main
features of the experimental ECD spectrum of 1 are well reproduced with the ECD spectrum
calculated for the 11R,13S,15R-1a stereoisomer. The spectrum of 11S,13R,15R-1b does not
reproduce the features of a negative band in the 190 ≤ λ ≤ 235 nm region; the ratio of
intensities for two positive bands η = I(λ = 295 nm)/I(λ = 252 nm) is also overestimated.

Figure 3. The comparison of experimental and theoretical ECD spectra of 1.
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The ECD spectra for 11S,13R,15S-1d and 11R,13S,15S-1c stereoisomers are mirror-
imaged to those calculated for 11R,13S,15R-1a and 11S,13R,15R-1b stereoisomers, respec-
tively, and completely disagree with the experimental spectrum. These results indicate the
absolute configuration of compound 1 to be 11R,13S,15R.

Therefore, compound 1 differs from the known batzelladine C by an additional Δ23

double bond and was named batzelladine O.
Batzelladine P (2) was isolated as a colorless glassy solid and its molecular formula

was determined to be C29H51N6O2 from the [M]+ ion peak at m/z 515.4065 in the positive
HRESIMS. The fragment ion peak at m/z 402.3117 in HRESIMS/MS corresponded to a loss
of 4-guanidino-1-butyl from molecular ion. The 1H and 13C NMR spectra of 2 (Table 1)
matched with those of batzelladine O. However, its molecular formula indicated the
presence of two additional methylene groups. The HMBC correlations H3-29/C-27, H2-
27/C-25, and H2-24/C-13 of 2 together with 1H, and 13C NMR chemical shifts of H3-29 (δH
0.92), H2-27 (δH 2.05), C-25 (δc 129.0), and C-26 (δc 132.0) were consistent with the Δ23 seven-
carbons chain at C-13 of batzelladine O. Therefore, two additional methylenes were located
on the second alkyl side chain at C-15, thus including seven carbons. The configurations of
the asymmetric centers in batzelladine P were the same as in batzelladine O.

2.2. Investigation of Cytotoxic Activity in Human Prostate Cancer Cells

Previously, we have shown that some spongian guanidine alkaloids reveal potent
cytotoxic activity in human prostate cancer cells, including drug-resistant types [11,12].
Therefore, we tested the isolated batzelladines O and P in human prostate cancer 22Rv1,
PC3, and PC3-DR cells. These cell lines represent human prostate cancer models bearing
different levels of drug resistance. Prostate cells, both normal and malignant cells, are
hormone-dependent. They require androgens for their growth and survival [35]. Andro-
gens are the ligands for androgen receptor (AR) and their binding to AR leads to activation
of the AR-mediated transcriptional pathway, which is essential for maintaining cell prolif-
eration. Therefore, drug-mediated hormone deprivation (castration) is successfully applied
as a therapeutic strategy to fight prostate cancer at its early stages [35]. However, practically
all patients ultimately develop resistance to hormone-deprivation therapy and thus lead-
ing to so-called castration resistance. Here, more aggressive and less specific therapeutic
approaches are required [36]. Thus, 22Rv1 cells express both androgen receptor full length
(AR-FL) and androgen receptor splice variant V7 (AR-V7). AR-V7 maintains a constant
autoactivation of the AR pathway even without androgens and makes 22Rv1 cells refrac-
tory to androgen deprivation including novel AR receptor targeting agents [36,37]. PC3
cells express neither AR-FL nor AR-V7 and are therefore completely androgen insensitive.
PC3-DR cells were developed via the long-term treatment of parental PC3 cells with step-
wise increasing concentrations of docetaxel [38]. PC3-DR cells are resistant to docetaxel
and other taxanes via multiple mechanisms, with overexpression of p-glycoprotein (p-gp,
MDR1) being the most relevant. P-gp is a cell membrane protein, which functions as a
molecular pump responsible for the efflux of various small molecules, including different
cytotoxic anticancer agents, out of the cells [39,40].

In our experiments, we applied a treatment time of 72 h, as this regime was previously
shown to be the most suitable to maximize the effect of guanidine-containing alkaloids [14].
Compounds 1 and 2 exhibited strong cytotoxic activity in either cell line at low micromolar
concentrations. Notably, both compounds 1 and 2 exhibited equal cytotoxicity in docetaxel-
sensitive PC3 and docetaxel-resistant PC3-DR cells (Figure 4A), whereas docetaxel was
40-fold less active in the latter cell line [41]. For the further mechanistic studies, we selected
22Rv1 cells as they represent not a complete loss of AR, but rather a decreased sensitivity
to AR-targeting agents, and this represents the most common situation in the patients. The
examination of the long-term effects on cancer cell colony formation and survival did not
reveal any significant changes in activity following an increased exposure time (Figure 4B).
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Figure 4. Cytotoxic activity in prostate cancer cells. (A), Cytotoxicity profiles of compounds 1 and 2

in PC3, PC3-DR, and 22Rv1 cells. The cells were treated with the investigated compounds for 72 h
and the cell viability was measured using MTT assay. (B), Colony formation assay. 22Rv1 cells were
treated with the indicated concentration of the investigated compounds for 48 h, and then the media
was exchanged followed by incubation for additional 14 days. The colonies still alive were fixed,
stained, and counted by naked eye. (C), Analysis of protein expression. 22Rv1 cells were treated with
indicated concentration of the tested compounds for 24 h or 48 h and the protein expression was
analyzed by Western blotting. Significant difference from control is indicated as * (p < 0.05, one-way
ANOVA).

We further showed a time and dose-dependent cleavage of effector caspase-3 as well
as of PARP, which suggests the induction of apoptosis-like or apoptosis-related processes
(Figure 4C). In line with this, a down-regulation of antiapoptotic protein survivin was
observed in the cells exposed to isolated compounds 1 and 2 (Figure 4C). Overall, 1 was
more active against cancer cells and exhibited lower IC50 values in either experiment
(Figure 4A–C).

2.3. Batzelladines O and P Induce Cytoprotective Autophagy in Prostate Cancer Cells

Previously, we have shown that the spongian guanidine-containing alkaloids, de-
pending on the structure and model context, execute their cytotoxic activity via induction
of classical caspase-dependent apoptosis [13] or activation of cytotoxic autophagy [14].
Therefore, we examined the effects of the isolated batzelladines O and P on the expression
of LC3B-I and LC3B-II proteins (Figure 5A). LC3B-I is a soluble cytoplasmic protein; when
autophagy is activated, LC3B-I undergoes conversion (via lipidation) to the LC3B-II protein,
which is an essential component of the autophagosome membrane [42,43]. In addition,
we evaluated the effect on SQSTM1 (sequestosome-1, p62), an important cargo protein,
which binds to other proteins providing their selective delivery to autophagosomes for
autophagic degradation [42]. Upregulation of LC3B-II in most cases indicates activation
of autophagy, which can result either in cytotoxic or cytoprotective effects, whereas the
pattern of SQSTM1 regulation may be significantly different depending on the stimulus
and the model used [42]. In our experiments, we observed a pronounced up-regulation
of LC3B-II proteins, suggesting activation of autophagy as it has been shown for monan-
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chocidine A [14], while no effect on SQSTM1 has been detected (Figure 5A). Moreover,
the downregulation of phospho-mTOR was observed under drug exposure (Figure 5A).
It is well established that active (phosphorylated) mTOR suppresses autophagy, whereas
mTOR inhibition, e.g., by rapamycin or siRNA, leads to autophagy activation [44]. Hence,
the observed down-regulation of phospho-mTOR suggests induction of autophagy by
compounds 1 and 2. To distinguish between cytotoxic and cytoprotective autophagy we
applied a combinational treatment with an established early steps autophagy inhibitor
3-methyladenine (3-MA). 3-MA inhibits PI3K kinase and therefore suppresses autophago-
some formation ultimately inhibiting autophagy [45]. The combination of either compound
1 or 2 with 3-MA resulted in a synergistic effect, i.e., the investigated compounds were more
cytotoxic when autophagy was blocked (Figure 5B,C). These results suggest batzelladines
O and P induce cytoprotective autophagy in human cancer 22Rv1 cells.

Figure 5. Analysis of the effect on autophagy. (A), Analysis of protein expression. 22Rv1 cells were
treated with the indicated concentrations of the tested compounds for 24 h or 48 h and the protein
expression was analyzed by Western blotting. (B,C), Effect of 3-methyladenine on cytotoxic activity of
the compounds 1 (B) and 2 (C). 22Rv1 cells were treated with the indicated concentrations of the single
drugs and their combinations for 72 h and viability was measured using MTT assay. The cytotoxic
heat maps (left panels) and synergy maps (right panels) were generated using SynergyFinder 2.0
software. Red areas indicate synergistic effects of the combinations of specific concentrations of the
drugs, green areas indicate antagonistic effects (right panels).

Cytoprotective autophagy is a well-established survival mechanism that helps the
cells to overcome unfavorable conditions and in the case of cancer cells helps to survive
radio- or chemotherapy [46,47]. Remarkably, another guanidine alkaloid monanchocidine
A induced cytotoxic autophagy in GCT cells, and its activity could be antagonized by
3-MA [14]. Therefore, this effect seems to be depending on the drug structure and the
model used. Based on our findings in prostate cancer, a combination with established
pharmacological autophagy inhibitors should be considered as a strategy for further de-
velopment of batzelladines O and P as well as related compounds as anticancer agents, in
order to prevent resistance mediating, cytoprotecting autophagy.
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2.4. Examination of the Effect on P-Glycoprotein Activity

An interesting observation was the equal cytotoxicity of the isolated compounds in PC3
and docetaxel-resistant PC3-DR cells (Figure 4A). Previously, we and others have shown a
strong overexpression of p-glycoprotein (p-gp) in PC3-DR cells to be responsible for the
resistance to docetaxel. Of note, docetaxel is a well-known substrate of p-gp [32,38–41].
To examine whether either compound is a substrate or inhibitor of p-gp we applied a
calcen-AM excretion assay. Calcein-AM is a fluorescence dye that can passively diffuse into
cells where it is metabolized by esterases into a fluorescent calcein, which can be further
detected. However, in cells overexpressing active p-gp, calcen-AM is rapidly evacuated out
to the extracellular space, which results in a decrease or lack of fluorescence. In the case of
p-gp-overexpressing cells, inhibition of p-gp activity results in an increase in fluorescence.
In our experiments, treatment of the PC3-DR cells with the investigated drugs induced
green fluorescence of the cells (Figure 6A). However, the control of the cell viability per-
formed under the identical treatment regime indicated a viability drop-down at the same
concentrations at which an increase in fluorescence was observed (Figure 6A). These results
indicate that the observed intracellular accumulation of calcian was due to cellular mem-
brane permeabilization, where a disrupted membrane facilitates a passive calcian diffusion
inside of the cell and makes a p-gp-medicated calcein efflux ineffective. Interestingly, a pre-
treatment of PC3-DR cells with a well-established p-gp inhibitor tariquidar (TQD) resulted
in a slight but significant increase in cytotoxicity of both compounds 1 and 2 (Figure 6B),
indicating that batzelladines O and P exhibit slight p-gp substrate-like properties and can
be at least partially excreted from the cells via the p-gp system (Figure 6B). However, no
reduction of cytotoxic activity was found in PC3-DR cells when compared to PC3 cells
(Figure 4A). This may be due to a multitarget mode of action of compounds 1 and 2. The
details of the aforementioned effect are to be further elucidated.

Figure 6. P-gp-independent effect of the compounds. (A), Effect on p-glycoprotein activity. PC3-DR
cells were treated with indicated concentration of the drugs for 30 min and then incubated with

116



Mar. Drugs 2022, 20, 738

calcein-AM solution for 15 min. The green fluorescence was measured using Infinite F200PRO
TECAN plate spectrophotometer. Tariquidar (TQD, 50 nM) was used as a positive control. The effect
of the drugs on cell viability was measured using MTT assay in the same experimental settings, the
percentage of viable cells is indicated as a blue curve. (B), Effect of tariquidar (TQD) on cytotoxic
activity of the compounds. PC3-DR cells were pre-treated with 50 nM TQD for 1 h and then co-
treated with indicated concentration of the compounds for additional 72 h. The cellular viability was
measured using MTT assay. (C,D), Effect of the compounds 1 (C) and 2 (D) in combination with
docetaxel. PC3-DR cells were co-treated with indicated concentration of the single drugs and their
combination for 48 h and viability was measured using MTT assay. The cytotoxic heat maps (left
panels) and synergy maps (right panels) were constructed using SynergyFinder 2.0 software. Red
areas indicate synergistic effects of the combination of specific concentrations of the drugs, green
areas indicate antagonistic effects (right panels). Significant difference from control is indicated as
* (p < 0.05, one-way ANOVA).

Finally, we investigated the effects of the isolated metabolites in combination with
docetaxel. In line with the previous results, a combination with docetaxel revealed a slight
synergistic effect at lower concentrations of compounds 1 and 2; however, an overall ZIP
synergy score (δ) indicated a rather additive effect (Figure 6C,D).

3. Materials and Methods

3.1. General Procedures

Optical rotations were measured using a PerkinElmer 343 polarimeter (Waltham, MA,
USA). ECD spectra were recorded with an Chirascan Plus spectropolarimeter (Applied
Photophysics , Leatherhead, UK). The 1H and 13C NMR spectra were obtained using Bruker
Avance III-700 spectrometer (Bruker, Ettlingen, Germany). Chemical shifts were referenced
to the corresponding residual solvent signal (δH 3.31/δC 49.0 for CD3OD). HRESIMS were
measured using Bruker maXis Impact II mass spectrometer (Bruker Daltonics, Bremen,
Germany). Low-pressure column liquid chromatography was performed using YMC*Gel
ODS-A (YMC Co., Ltd., Kyoto, Japan). HPLC was performed using Shimadzu Instrument
equipped with RID-10A refractive index detector (Shimadzu Corporation, Kyoto, Japan)
and YMC-Pack ODS-A (250 × 10 mm) column (YMC Co., Ltd., Kyoto, Japan).

3.2. Animal Material

Specimens of M. pulchra were collected in Okhotsk sea, near Iturup Island (45◦21.4 N;
148◦23.5 E) by dredging at 94 m depth on July 2015, and identified by Grebnev B. B. A
voucher specimen was deposited under registration number O47-002 in the collection
of marine invertebrates of the G.B. Elyakov Pacific Institute of Bioorganic Chemistry
(Vladivostok, Russia).

3.3. Extraction and Isolation

The freshly collected specimens of M. pulchra (dry weight 10 g) were extracted with
EtOH (2 × 0.2 L). The EtOH extract after evaporation in vacuo was fractioned by flash
column chromatography on YMC*Gel ODS-A (75 μm), eluting with a step gradient of H2O,
EtOH:H2O (40:60, v/v), and EtOH:H2O (65:35, v/v + 0.1% TFA) with monitoring by HPLC.
The fractions that eluted with 65% EtOH+ 0.1% TFA were further purified by repeated
reversed-phase HPLC (YMC-Pack ODS-A column (250 × 10 mm), 1.6 mL/min, EtOH:H2O
(65:35, v/v + 0.01% TFA)) to afford batzelladines O (1, 6 mg) and P (2, 8 mg).

3.4. Compound Characterization Data

Batzelladine O (1): colorless glassy solid; [α]20
D +12 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 289 (4.38) nm; ECD (7.9 × 10−4, MeOH) λmax (Δε) 255 (1.49), 299 (0.31) nm; 1H and
13C NMR data, Table; HRESIMS m/z 487.3750 [M]+ (calcd for C27H47N6O2, 487.3755), m/z
244.1921 [M++ H]2+ (calcd for C27H48N6O2, 244.1914).
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Batzelladine P (2): colorless glassy solid; [α]20
D +15 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 290 (4.42) nm; ECD (10.2 × 10−4, MeOH) λmax (Δε) 254 (1.30), 299 (0.29) nm; 1H
and 13C NMR data, Table; HRESIMS m/z 515.4065 [M]+ (calcd for C29H51N6O2, 515.4068),
m/z 258.2075 [M++ H]2+ (calcd for C29H51N6O2, 258.2070).

3.5. Quantum Chemical Modeling

Theoretical modeling of ECD spectra for compound 1 was performed using GAUS-
SIAN_16 software. The conformational analysis was performed at B3LYP/6-31G(d)_PCM
level of theory with CH3OH as a solvent. Conformations, in which electronic energies are in
diapason ΔE ≤ 5 kcal/mol were then chosen for calculation of vertical electronic transitions
at TDDFT_cam-B3LYP/6-311G(d)_PCM//B3LYP/6-31G(d)_PCM level of theory. ECD
spectra for each conformation were simulated as a superposition of bands, generated by
individual transitions, using GAUSS band shapes. The used bandwidth, taken at 1/e of
peak height, is σ = 0.34 eV. The UV shift was taken as Δλ = +18 nm.

3.6. Reagents and Antibodies for Bioactivity Assay

Docetaxel was purchased from Pharmacy of the University Hospital Hamburg-
Eppendorf (Hamburg, Germany); PhosphoSTOP™ EASYpacks phosphotase inhibitors
cocktail and cOmplete™ EASYpacks protease inhibitors cocktail were purchased from
Roche (Mannheim, Germany); MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) was purchased from Sigma (Taufkirchen, Germany); 3-Methyladenine was pur-
chased from Enzo Life Sciences (Farmingdale, NY, USA); Tariquidar was purchased from
MedChemExpress (Monmouth Junction, NJ, USA); Primary and secondary antibodies used
for Western blotting are listed in Table 2.

Table 2. List of antibodies used.

Antibodies Clonality Source Cat.-No. Dilution Manufacturer

anti-SQSTM/p62 pAb rabbit #5114 1:1000 Cell Signaling

anti-phospho-mTOR mAb rabbit #5536 1:1000 Cell Signaling

anti-mTOR mAb rabbit #2983 1:1000 Cell Signaling

anti-LC3B-I/II pAb rabbit #2775 1:1000 Cell Signaling

anti-β-Actin-HRP pAb goat sc-1616 1:10,000 Santa Cruz

anti-α-Tubulin mAb mouse T5168 1:5000 Sigma-Aldrich

anti-LC3B-I/II pAb rabbit #2775 1:1000 Cell Signaling

anti-cleaved Caspase-3 mAb rabbit #9664 1:1000 Cell Signaling

anti-PARP pAb rabbit #9542 1:1000 Cell Signaling

anti-Survivin pAb rabbit NB500-201 1:1000 Novus

anti-mouse IgG-HRP sheep NXA931 1:10,000 GE Healthcare

anti-rabbit IgG-HRP goat #7074 1:5000 Cell Signaling

3.7. Cell Lines and Culture Conditions

The human prostate cancer cell lines PC3 and 22Rv1 cells were purchased from ATCC
(Manassas, VA, USA). Docetaxel-resistant cells PC3-DR were generated from PC3 cells
via long-term treatment with stepwise increasing concentrations of docetaxel and kindly
provided by Dr. S. J. Oh-Hohenhorst and Prof. Z. Culig [38]. The cells were regularly
tested for mycoplasma infection, checked microscopically for stable phenotype, and were
kept in culture for maximum of 2 months. The passage number of either cell line was <30.
Cells were cultured in a humidified 5% (v/v) CO2 atmosphere at 37◦C as a monolayer. For
PC3 and 22Rv1 cells 10% FBS/RPMI medium was used (RPMI medium supplemented
with GlutamaxTM-I (gibco® Life technologiesTM, Paisley, UK), 10% fetal bovine serum
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(gibco® Life technologiesTM), and 1% penicillin/streptomycin (gibco® Life technologiesTM).
PC3-DR cells were cultured in 10% FBS/RPMI medium containing 12.5 nM of docetaxel.
All the experiments with PC3-DR cells were performed in docetaxel-free 10% FBS/RPMI
culture media unless docetaxel was applied as drug for combinational treatment.

3.8. MTT Assay

The MTT assay was used to estimate cell viability. The cells were seeded in 96-well
plates, 6 × 103 cells/well in 100 μL/well. Cells were incubated overnight and the medium
was exchanged with 100 μL/well of fresh culture medium containing drugs or vehicle at
the indicated concentrations. Cells treated with vehicle were used as a negative control. The
plates were further incubated for indicated time and 10 μL/well of 5 mg/mL MTT solution
in PBS (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added. After 2–
4 h of additional incubation, the media was aspirated, and the plates were dried overnight.
The 50 μL/well of DMSO was added to dissolve the formazan crystals and absorbance
was measured using Infinite F200PRO reader (TECAN, Männedorf, Switzerland). The
results were proceeded with, and IC50s calculated, using GraphPad Prism software v.9.1.1
(GraphPad Software, San Diego, CA, USA).

3.9. Western Blotting

The Western blot was used to evaluate the protein expression and was executed as
previously described [48]. Cells were seeded in ø 6 cm Petri dishes (1 × 106 cells/dish in
5 mL/dish) and incubated overnight. Then, the cells were treated with the compounds
in fresh culture media (5 mL/dish) for 48 h, unless otherwise stated. The cells were
harvested and lysed in the RIPA buffer containing a cocktail of protease and phosphatase
inhibitors (Roche, Mannheim, Germany). Nonelysed cell particles were separated by
centrifugation. Afterward, the total protein lysates were separated using a ready-made
gradient Mini-PROTEAN® TGX Stain-FreeTM gels (Bio-Rad, Hercules, CA, USA) by SDS-
PAGE. The proteins were transferred onto ø 0.2 μm pore PVDF membrane, which was
further blocked and incubated with primary and secondary antibodies, listed in Table 2.
The protein signals were developed using the ECL chemiluminescence system (Thermo
Scientific, Rockford, IL, USA). The original Western blotting pictures are presented in the
Supplementary information.

3.10. Drug Combination Studies

To evaluate a possible synergistic effect of combinations with docetaxel we used a Zero
interaction potency (ZIP) reference model [49] and the SynergyFinder 2.0 software (https:
//synergyfinder.fimm.fi [50], accessed on 2 October 2022) as previously described [11]. The
22Rv1 or PC3-DR cells were seeded in 96-well plates and treated with individual drugs or
their combinations in 100 μL/well of culture media, as described for MTT assay. Following
48 h of incubation (unless otherwise stated) the cellular viability was estimated using MTT
assay, as described above. The difference between expected and detected effects of the
drug combinations was analyzed and visualized using SynergyFinder 2.0 tool. positive
δ-values (red areas) indicate synergistic effects and negative δ-values (green areas) indicate
antagonistic effects. The effects having −10 ≤ δ ≤ 10 are considered additive.

3.11. P-Glycoprotein Activity Analysis

The evolution of p-glycoprotein activity was performed in p-gp overexpressing PC3-
DR cells, as previously reported [32]. PC3-DR cells (6 × 103 cells/well) were seeded
in 96-well plates (black, clear bottom) in 100 μL/well of the culture medium and the
plates were incubated overnight. The culture media was substituted with 50 μL/well of
DPBS, containing investigated compounds at the indicated concentrations. The plates were
incubated for 30 min, followed by addition of 50 μL of calcein-AM solution (1 μM in DPBS)
and incubation for additional 15 min. The green fluorescence of free calcein produced
by cellular esterases via removal of the acetoxymethyl (AM) was measured with Infinite
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F200PRO reader (TECAN, Männedorf, Switzerland). The values were normalized to the
possible background autofluorescence of the drugs’ solutions. The viability of the cells was
simultaneously measured by MTT assay using the same treatment regime.

3.12. Data and Statistical Analysis

The experiments were performed in biological triplicates (n = 3). Cells treated with
vehicle were used as a negative control in all the experiments. IC50s values and statistical
analysis were performed using GraphPad Prism v.9.1.1 software (GraphPad Software,
San Diego, CA, USA). Data are shown as mean ± standard deviation (SD). The one-
way ANOVA in combination with Dunnett’s post-hoc tests were used for multiple group
comparisons. The Student’s t-test was used for comparison of the two groups. Statistically
significant difference is indicated as: * if p < 0.05 (ANOVA or Student’s t-test).

4. Conclusions

In conclusion, two new batzelladines O and P were isolated from the deep-water
marine sponge Monanchora pulchra. Both compounds exhibited a pronounced cytotoxic
activity in human prostate cancer cells executed via induction of apoptosis and could
inhibit colony formation and survival of the cancer cells. The compounds induced pro-
survival autophagy. Batzelladines O and P were equally active in docetaxel-sensitive and
-resistant prostate cancer cells, despite the slight p-glycoprotein substrate-like activity, and
exhibited an additive effect in combination with docetaxel. To the best of our knowledge,
this is the very first study reporting insights into the mechanisms of the cytotoxic action of
batzelladines in human cancer cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20120738/s1, Copies of CD, HRESIMS, 1D-, and 2D-NMR spectra of compounds 1, 2.
Theoretical modeling of ECD spectra for compound 1 was done using GAUSSIAN_16 software [51].
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Abstract: Hypaphorines, tryptophan derivatives, have anti-inflammatory activity, but their mecha-
nism of action was largely unknown. Marine alkaloid L-6-bromohypaphorine with EC50 of 80 μM acts
as an agonist of α7 nicotinic acetylcholine receptor (nAChR) involved in anti-inflammatory regulation.
We designed the 6-substituted hypaphorine analogs with increased potency using virtual screening
of their binding to the α7 nAChR molecular model. Fourteen designed analogs were synthesized and
tested in vitro by calcium fluorescence assay on the α7 nAChR expressed in neuro 2a cells, methoxy
ester of D-6-iodohypaphorine (6ID) showing the highest potency (EC50 610 nM), being almost inactive
toward α9α10 nAChR. The macrophages cytometry revealed an anti-inflammatory activity, decreas-
ing the expression of TLR4 and increasing CD86, similarly to the action of PNU282987, a selective
α7 nAChR agonist. 6ID administration in doses 0.1 and 0.5 mg/kg decreased carrageenan-induced
allodynia and hyperalgesia in rodents, in accord with its anti-inflammatory action. Methoxy ester
of D-6-nitrohypaphorine demonstrated anti-oedemic and analgesic effects in arthritis rat model at
i.p. doses 0.05–0.26 mg/kg. Tested compounds showed excellent tolerability with no acute in vivo
toxicity in dosages up to 100 mg/kg i.p. Thus, combining molecular modelling and natural product-
inspired drug design improved the desired activity of the chosen nAChR ligand.

Keywords: α7 nicotinic acetylcholine receptor; nAChR; agonist; ligand; inflammation; potency; hypaphorines

1. Introduction

Homopentameric α7 nicotinic acetylcholine receptors (nAChRs) are ligand-gated
cationic ion channels with high permeability for calcium ions and a fast desensitization
(see reviews [1,2]). They are widespread in the nervous system, mainly in areas responsible
for cognitive function and memory—such as the hippocampus, cerebral cortex, and several
subcortical structures of the limbic system [3]. Dysfunction of α7 nAChR is associated
with neuropsychiatric and neurological disorders such as schizophrenia and Alzheimer’s
disease [4,5]. α7 nAChRs are also expressed in non-neuronal cells, in particular, in immune
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and endothelial cells where they play a decisive role in at least some types of inflamma-
tion [6]. These receptors are also involved in neuroprotection in astrocytes, oligodendrocyte
precursor cells, and microglia [7–9].

In non-neuronal cells, including lymphocytes, dendritic cells, and macrophages,
α7 nAChR is an essential participant in the cholinergic anti-inflammatory pathway, which
is the link between the innate immune system and efferent nerves [10]. As well, α7 nAChR
mediates the cholinergic pathway in brain, which is crucial in neuroprotection and, proba-
bly, in Parkinson’s disease, oxygen deprivation, and global ischemia [9,11].

Intracellular signaling, mediated by the activation of α7 nAChR, is based on conduct-
ing short-term currents of Na+, K+, and Ca2+ ions, the mechanism of calcium-induced
calcium release through the IP3 receptors being one of the essential ones. In certain
cases, α7 nAChRs function as metabotropic receptors, mediating intracellular signals by
binding to G proteins (Gα and Gβγ) [12,13]. In immune cells, α7 nAChR is involved
in several intracellular pathways resulting in the anti-inflammatory effects [14]. For ex-
ample, α7 nAChR has been shown to activate JAK2/STAT3 cascade, which leads to in-
hibition of the transcription factor NF-κB and to the production of anti-inflammatory
cytokines [15,16]. It has also been shown that α7 nAChR activates the PI3K/Akt pathway,
which promotes Nrf-2 translocation into the nucleus and an increase in heme oxygenase
(HO-1) expression, which leads to potent anti-inflammatory effects [11,17–19].

Thus, the activation of α7 nAChR is considered a potential therapeutic strategy against
neurological and inflammatory disorders [14,20]. The search for new agonists, especially
selective ones, is especially perspective. The α7 nAChR agonist EVP-6124 has shown
positive results in clinical trials for the treatment of conditions such as schizophrenia [21],
but trials were discontinued due to side effects from the digestive system; ABT-594 is a
less toxic analog of nicotine and has analgesic properties [22]. Anabasein analog GTS-21 is
another example of analgesic and anti-inflammatory activity of α7 nAChR agonists (see
Section 2.4 in review [23]). Unfortunately, no α7 nAChR agonists have passed phase III of
clinical trials as analgesic, anti-inflammatory, or anti-psychotic means.

Several years ago, we found that 6-bromohypaphorine (6BHP) from the nudibranch
Hermissenda carassicornis acts as an agonist of human α7 nAChRs [24]. Currently, anti-
inflammatory activity of its parent compound hypaphorine is described in detail [25–28].
Interestingly, acetylcholine esterase-blocking activity has been demonstrated recently for
L- and D-hypaphorines [29]. Moreover, intracranial hypaphorine induces sleep in mice [30],
and cholinergic system is known to be involved in the sleep–wake cycle regulation [31].
Thus, we decided to check the anti-inflammatory and analgesic activities of 6BHP and to
try to increase its affinity for the α7 nAChRs by designing its new analogs.

In the present communication, we explored diverse 6BHP synthetic analogs described
by the general formula depicted on Scheme 1, where X = NO2, NH2, OH, OCH3, Cl, Br, I;
Q = OH, OCH3, OC2H5, NH2, NHCH3; R = H, CH3.

 

Scheme 1. Markush representation of hypaphorine analogs structures.
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2. Results

2.1. Rational Design and Virtual Screening

The potency of naturally occurring 6-bromohypaphorine (~90 μM) is considerably
lower than that of the traditional α7 nAChR agonists acetylcholine (8 μM) and epibatidine
(15 μM). However, it is selective for α7 nAChR [24], which makes it a promising candi-
date for the design of structurally similar ligands with a higher affinity for α7 nAChRs.
The original compound has a relatively simple structure, a small number of rotatable
bonds and, in general, similar features with other agonists of nicotinic receptors: quater-
nary amine and aromatic moiety. Thus, it was possible to develop trustworthy models
of complexes of 6-bromohypaphorine and analogs thereof with α7 nAChR using Open-
Babel script to generate SMILES [32,33]. Indeed, docking of 6-bromohypaphorine to
AChBP/α7 nAChR chimera (PDB 3SQ6) and the recently published cryo-EM structure
of α7 nAChR in complex with epibatidine (PDB 7KOX) show binding at the orthosteric
site under the loop C (Figure 1a–c). Moreover, 6BHP analogs and epibatidine appear to
occupy similar positions in the orthosteric site showing remarkable similarity in the binding
modes (Figure 1d,e).

 

Figure 1. Molecular docking of synthetic hypaphorines. The receptor has five identical binding
sites, but docking of ligand is shown to only one of them for clarity (a): Binding positions of
several synthetic hypaphorines identified under the loop C of the receptor (arrow); (b): Top view
from the extracellular space of the α7 nAChR cross-section showing binding positions of the major
synthetic hypaphorines studied in this paper. The black line and an eye symbol designate the
section plane used in panel “c”; (c): Space-filling model of two adjacent extracellular domains of α7
nAChR demonstrating inclusion of synthetic hypaphorines into the binding pocket under the loop C;
(d): Example of (D)-6-iodohypaphorine methyl ester (6ID) docking pose showing the close proximity
of quaternary ammonium nitrogen to W148 in the orthosteric binding site that is known to form
pi–cation interaction with amine groups of various nAChR agonists. Note, that water molecule
observed in many X-ray and cryo-EM structures is conserved in the binding site to accurately mimic
binding conditions; (e): Structure of the epibatidine complex with α7 nAChR from recently published
PDB 7KOX structure [34] by Noviello et al. Note, that putative structure of synthetic hypaphorine
(6ID) complex shows remarkable similarity to the structure of complex with epibatidine.
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It was previously found that hydrophilic amino acid residues in orthosteric binding site
influence agonist binding by interaction with aromatic moiety of the later [35]. Interestingly,
carboxylic group of hypaphorine analogs might fit in this interaction and add some subtype
selectivity.

2.2. Synthesis of a Hypaphorine Analog Series

Modification of indole core was performed by Sandmeyer reaction in Filimonov modifi-
cation [36]. See Scheme 2 for the illustration. The key intermediate protected 6-aminoindoline
derivate was easily synthesized by tryptophan’s selective nitration [37], followed by total
protection and reduction. After introducing an appropriate substitution at the 6th position,
the indolyl ring was quantitatively reoxidized by 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ). The obtained protected tryptophan derivate was easily converted to the correspond-
ing hypaphorine derivate.

Scheme 2. Synthesis of hypaphorine analogs at a glance.

6-Nitro-L-tryptophan. To a stirred solution of 10.2 g (50 mmol) L-tryptophan in
100 mL of glacial acetic acid, 1.9 mL of nitric acid was added. The reaction mixture was
cooled to 5 ◦C, followed by dropwise addition of 4.4 mL nitric acid solution in the 20 mL
of glacial acetic acid. After 48 h stirring at room temperature (RT), the precipitate was
filtered and washed by cold acetic acid, followed by thorough washings with acetone
and drying. The resultant solid was dissolved in 15 mL of saturated sodium acetate so-
lution, and the precipitate was washed and dried under P2O5. As a result, 2.6 g (21%) of
6-nitro-L-tryptophan was obtained as a yellow fluffy powder. 1H NMR (500 MHz, Deu-
terium Oxide, pH 12) δ 7.69 (d, J = 7.9 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.27 (s, 1H),
7.05 (t, J = 8.0 Hz, 1H), 3.16 (t, J = 7.0 Hz, 1H), 3.03 dd, J = 14.3, 6.6 Hz, 1H), 2.86 (dd, J = 14.3,
7.4 Hz, 1H).
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6-Nitro-L-tryptophan methyl ester hydrochloride. To a cooled to −15 ◦C methanol,
2.5 mL of thionyl chloride was slowly added, and after that, a 1 g of 6-nitro-L-tryptophan
was added, mixed to a complete dissolution of solids and warmed to RT. After that, the
mixture was heated to the reflux for 1 h and subsequently evaporated under vacuum. The
residue was suspended in diethyl ether and filtered. The solid was dried under vacuum to
receive 1.1 g (yield 91%) 6-nitro-L-tryptophan methyl ester hydrochloride.

Nα,Nin-di-Boc-6-nitro-L-tryptophan methyl ester. To a suspension of 8.0 g 6-nitro-
L-tryptophan methyl ester hydrochloride in 200 mL acetonitrile, 6.2 g of Boc anhydride
was added under stirring, followed by portion-wise N,N-Diisopropylethylamine (DIPEA)
(5 mL) addition. After 15 min stirring, the second equivalent of Boc anhydride, followed by
350 mg 4-Dimethylaminopyridine (DMAP) was added, and the reaction mixture was stirred
overnight and then evaporated. The residue was dissolved in ethyl acetate, washed triple
with the citric acid solution, then twice with brine, dried over anhydrous sodium sulphate
and evaporated to afford 11 g (89%) of Nα,Nin-di-Boc-6-nitro-L-tryptophan methyl ester.
1H NMR (700 MHz, Chloroform-d) δ 9.11 (s, 1H), 8.19 (dd, J = 8.7, 2.1 Hz, 1H), 7.72 (s, 1H),
7.65 (d, J = 8.7 Hz, 1H), 5.22 (d, J = 7.8 Hz, 1H), 4.71 (d, J = 7.8 Hz, 1H), 3.78 (s, 3H),
3.42–3.34 (m, 1H), 3.24 (d, J = 13.5 Hz, 1H), 1.77 (s, 9H), 1.56–1.42 (m, 9H).

The solution of 6.0 g Nα,Nin-di-Boc-6-nitro-L-tryptophan methyl ester in 150 mL of
methanol was hydrogenated for 12 h over 800 mg of 10% Pd/C under the pressure of hy-
drogen 1 MPa, after that the catalyst was filtered with celite, and the filtrate was evaporated
under vacuum to afford the 5.9 g of Nα,Nin-di-Boc-6-nitro-L-dihydrotryptophan methyl
ester as a cream foam. 1H NMR (700 MHz, Chloroform-d) δ 7.13 (dd, J = 7.9, 1.7 Hz, 0H),
7.02 (d, J = 7.9 Hz, 0H), 5.16 (s, 1H), 4.25–4.14 (m, 1H), 3.82 (d, J = 2.3 Hz, 3H), 3.78 (s, 1H),
3.73 (ddd, J = 14.4, 9.7, 5.6 Hz, 1H), 3.41 (tt, J = 9.8, 5.4 Hz, 1H), 2.28 (dt, J = 13.1, 5.6 Hz,
1H), 2.12–2.00 (m, 1H), 1.91 (dt, J = 14.0, 8.4 Hz, 1H), 1.73 (s, 2H), 1.64 (d, J = 5.1 Hz, 9H),
1.53 (d, J = 4.4 Hz, 9H).

2.3. Functional Assay on α7 nAChR

A panel of the synthesized compounds was tested to determine their activity on
α7 nAChR by fluorescence detection of cytoplasmic calcium rise (Figure 2a). All modi-
fied hypaphorines (i.e., N,N,N-trimethyl tryptophan derivatives) have shown agonistic
activity in the presence of the positive allosteric modulator PNU 120,596 in the range from
sub-micromolar to high micromolar concentrations. L-hypaphorine without additional
modifications in the indole ring failed to activate α7 nAChR in these conditions at concen-
trations up to 1 mM, whereas methyl ester of L-hypaphorine showed agonistic activity with
EC50 between 18 and 37 μM. 6-bromohypaphorine as previously reported shows agonistic
activity in high micromolar concentrations [24]. 6-nitrohypaphorine does not show any ag-
onistic activity at concentrations up to 1 mM, however methyl ester of 6-nitrohypaphorine
activates α7 nAChR with EC50 of 14 μM. These observations suggest that the presence
of indole ring substitutions as well as esterification of the carboxy group are crucial to
develop α7 nAChR agonist on the basis of hypaphorine structure (Figure 2b). None of
N,N-dimethyltryptophan derivatives have shown α7 nAChR agonistic activity (Table 1).

To explore the space of possible substitutions in the hypaphorine molecule (Figure 2b),
a systematic approach has been used. Table 1 summarizes the findings of in vitro screening
based on fluorescent calcium detection. The most striking effect on the activity showed
a variation of carboxylic group modification. Substitutions in the indole ring (denoted
as “X” on Figure 2b) consisted of halogens, hydrogen bond acceptors, or hydrogen bond
donors. Halogens showed the most positive impact on the tested compound potency, the
iodine-substituted one being the most potent (EC50 611 nM). Contrary to that, hydrogen
bond donor groups (NH2 and OH), when placed in the sixth position of the hypaphorine
indole ring, resulted in very low potency with EC50 from 52 to 599 μM, respectively.
Hydrogen bond acceptors in the indole ring sixth position showed intermediate results.
Thus, using rational design methods to get new ligands for α7 nAChR, it was possible to
significantly improve their potency for this receptor.
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Figure 2. In vitro activity determination of the synthesized compounds. (a): Synthetic hypaphorines
activate human α7 nAChRs expressed on transiently transfected neuro 2a cell. The receptor activation
was detected as an increase in fluorescent signal in cell cytoplasm by fluorescence microscopy or
as total fluorescence of the well in 96-well plate reader setup. Normalized fluorescence amplitude
was plotted against base 10 logarithm of mole per liter concentration of the tested agonist and EC50

values were than calculated using dose-response equation. Numbering corresponds to the Table 1;
(b): Structure–activity landscape explored in calcium fluorescence assay identifies modifications
of the hypaphorine structure most strongly influencing the activity of the α7 nAChR. Since N,N-
dimethyl variants (R = H) did not show the agonistic activity (see Table 1), only quaternary amines
(R = CH3) are shown on the figure. Substitutions in the 6th position of the indole ring (designated
as X) were halogens (green shadow), hydrogen bond acceptors (yellow shadow) or hydrogen bond
donors (blue shadow). Carboxy group modifications were comprised by free acid (Q = OH), ethers
(Q = OCH3, OC2H5), and amides (Q = NH2, NHCH3). The most active compound identified is
(D)-6-iodohypaphorine methyl ester.

Table 1. The α7 nAChR potency of the synthetic hypaphorines. All compounds were in L form,
unless stated otherwise.

95% CI EC50, μM Code No.

(0.13, 2.93) 0.61 D-isomer of X = I, Q = OCH3, R = CH3 (6ID) 1
(2.47, 9.02) 4.72 L-isomer of X = I, Q = OCH3, R = CH3 2

(0.08, 6139.56) 22.0 X = CN, Q = OCH3, R = CH3 3
(18.63, 37.87) 27.0 X = H, Q = OCH3, R = CH3 4
(10.32, 18.75) 14.0 X = NO2, Q = OCH3, R = CH3 (6ND) 5
(43.38, 61.98) 52.0 X = NH2, Q = OC2H5, R = CH3 6
(48.35, 52.47) 50.0 X = NO2, Q = OC2H5, R = CH3 7
(1.16, 12.42) 4.0 X = Br, Q = OCH3, R = CH3 8

(21.82, 24.17) 23.0 X = NO2, Q = NH2, R = CH3 9
(105.81, 154.79) 128 X = NO2, Q = NHCH3, R = CH3 (6NAM) 10
(536.64, 667.88) 599 X = OH, Q = OCH3, R = CH3 11

no agonistic activity X = Br, Q = OCH3, R = H 12
no agonistic activity X = NO2, Q = OC2H5, R = H 13
no agonistic activity X = NO2, Q = OH, R = CH3 14

(4.40, 6.00) 5.14 X = CF3, Q = OCH3, R = CH3 (6CF) 15
no agonistic activity X = H, Q = OH, R = CH3 (hypaphorine) 16
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2.4. Inhibition of α3-Containing (α3*) nAChRs by Hypaphorine Derivatives

Two of the studied compounds with high and medium agonist potency for α7 nAChR
(6CF and 6ID, Table 1) were tested for activity toward α3* nAChR by calcium imaging.
Neither 6ID, which was most active agonist of α7 nAChR, nor 6CF showed detectable
agonism on α3* nAChR at concentrations up to 30 μM. Test results showed their an-
tagonistic effect on human α3-containing nAChRs (Figure 3). The most effective was
(D)-6-trifluoromethylhypaphorine methyl ester (6CF, IC50 = 2.4 ± 1.2 μM), least active was
(D)-6-iodohypaphorine methyl ester (6ID, IC50 = 4.4 ± 1.0 μM).

 

Figure 3. Inhibitory action of methylamide (D)-6-trifluoromethylhypaphorine methyl ester (6CF3,
IC50 = 2.4 ± 1.2 μM, orange line and squares) and (D)-6-iodohypaphorine methyl ester (6ID,
IC50 = 4.4 ± 1.0 μM, blue line and circles) on nicotine (100 μM)-induced increase in intracellu-
lar calcium ion concentration mediated by activation of α3-containing nAChRs in human neu-
roblastoma SH-SY5Y cells. (D)-6-iodohypaphorine methyl ester (6ID, dark blue line and cir-
cles) does not evoke noticeable calcium response in range of 3–30 μM (black line and circles).
(D)-6-trifluoromethylhypaphorine methyl ester (6CF3, brown line and squares)) does not evoke
noticeable calcium response in concentrations 10, 1, and 0.1 μM. Normalized data are presented as
mean ± standard error. n = 6–7.

It should be noted that fluorescent calcium assay results cannot exclude the possibility
of partial agonism of the tested compounds. One can imagine such weak activation of
the α3* nAChR that does not produce calcium response strong enough to be detected by
the plate reader, but will desensitize the receptor (thus, diminishing cellular response to
nicotine). Moreover, partial agonists can occupy orthosteric sites and prevent nicotine
binding, which would appear as antagonism under these conditions. Further investigation
using electrophysiology might resolve this question.

2.5. Effects of PNU 282987, Hypaphorine Methyl Ester, and D-6-Iodohypaphorine Methyl Ester
(6ID) on the Expression of Macrophage Markers

Basing on our recent work [14], where for the first time activation of α7 nAChR on
macrophages by selective agonist PNU 282,987 was shown to affect the expression of
various membrane proteins, here, the action of the α7 nAChR agonists was compared with
that of parental hypaphorine (not interacting with nAChRs) and with 6ID (our analog with
the highest affinity for α7 nAChR) on the expression of macrophage membrane markers
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CD11b and CD11c. The selective agonist PNU 282,987 increased CD11b and CD11c protein
expression by an average of 10% and 26%, respectively (Figure 4a,b). There was some
tendency towards an increase in CD11c membrane protein expression under the action of
6ID, however, not statistically significant at p < 0.05 (one-way ANOVA, Tukey post hoc test).

. 

Figure 4. The effects of PNU 282987, hypaphorine, and D-6-iodohypaphorine methyl ester (6ID) on
macrophage membrane proteins expression. Cells were treated with these compounds for 48 h and
then analyzed by flow cytometry. PNU 282,987 led to an increase in the (a) CD11b and (b) CD11c
expression. (c): All tested compounds led to a decrease in TLR4 expression. (d): Macrophages
stimulation with hypaphorine and 6ID promoted an increase in CD86 expression. Results obtained in
three independent experiments on macrophages from different donors and presented as mean ± SD.
One-way ANOVA tests with Tukey post hoc test: * p <0.05, ** p < 0.01, **** p < 0.0001 in comparison
with untreated cells.

The effect of the above-listed compounds on the expression of the TLR4 receptor and
the CD86 protein was studied by flow cytometry after 48 h incubation with macrophages.
The interaction of bacterial endotoxins with the TLR4 receptor is known to activate the
expression of several pro-inflammatory cytokine genes [38], while the co-stimulatory
molecule CD86 plays an important role in suppressing inflammatory responses [39]. A
decrease in the expression of the TLR4 receptor was observed under the action of all tested
compounds (Figure 4c,e), the rank order of these TLR4-suppressing effects was as follows:
hypaphorine (14%) < PNU 282,987 (21%) < 6ID (31%).

In addition, we observed an increase in the expression of CD86 under the action of
hypaphorine methyl ester (26%) and 6ID (21%), but not PNU 282,987 (Figure 4d,f).

2.6. Involvement of ERK and STAT3 in the Protective Role of PNU 282987, Hypaphorine,
and 6ID in LPS-Mediated Inflammation in Macrophages

To gain an insight into the signaling induced by the tested compounds, ERK1/2 and STAT3
phosphorylation was checked. Macrophages were treated with tested compounds for 1 h,
after which they were stimulated with LPS for 3 h.
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Using flow cytometry, it was determined that application of all compounds resulted in
a marked increase in the ERK 1/2 phosphorylation (Figure 5a). ERK 1/2 phosphorylation
peaked upon 6ID stimulation (MFI cntr vs. 6ID: 194 vs. 274; p < 0.001, see Figure 5c).
Activation of the STAT3 pathway was less pronounced. However, stimulation with all
tested compounds led to a statistically significant increase in the phosphorylation of STAT3
(Figure 5b). 6ID led to the maximum level of STAT3 phosphorylation in macrophages
(MFI cntr vs. 6ID: 49 vs. 58; p < 0.01).

 

Figure 5. Effects of the analyzed compounds on signaling pathways in LPS-stimulated macrophages.
Cells were treated with PNU 282987, hypaphorine, or 6-iodohypaphorine methyl ester (6ID) for
1 h and then stimulated with LPS for 3 h. Phosphorylated ERK1/2 and STAT3 were quantified
by flow cytometry with specific antibodies. (a): All studied compounds led to an increase in the
phosphorylation of ERK 1/2; (b): All studied compounds led to an increase in the phosphorylation
of STAT3. (c): Representative histogram showing the increase in ERK 1/2 phosphorylation in
comparison to control. The numbers in the histograms show the MFI ± SD (n = 3). MFI—geometrical
mean fluorescence intensity. One-way ANOVA tests with Tukey post hoc test: * p < 0.05, ** p < 0.01,
*** p < 0.001 in comparison with untreated cells.

2.7. CFA-Induced Inflammation Test

Anti-inflammatory effect of two analogs of 6-substituted hypaphorine (6ND and 6ID)
was tested in a model with subplantar administration of complete Freund’s adjuvant (CFA)
in mice. CFA was injected once into the footpad to induce oedema in 24 h. Oedema was
measured with an electronic calliper. Immediately after paw measurement, 6ND or 6ID
was injected intramuscularly in doses 1, 0.5, and 0.1 mg/kg. Paws were measured at 6,
12, 24, and 48 h after administration of 6ND or 6ID. Only the dose 0.5 mg/kg of 6ND
significantly reduced oedema (Figure 6a), whereas 6ID was effective against oedema at
doses 0.5 and 1 mg/kg (Figure 6b). Hypaphorine, which did not show α7 nAChR ago-
nistic activity in concentrations up to 1 mM in fluorescent Ca2+ detection (Table 1), has
nonetheless demonstrated anti-oedemic properties (Figure 6c). End points at 48 h of drug
treatments at dose 0.5 mg/mL have been analyzed in terms of paw diameter normalized to
the maximal oedemic levels in each group (Figure 6d). Hypaphorine showed markedly
less effective reduction of oedema than 6ND and 6ID.

Additionally, after 2 h following the drug injection, the analgesia test was conducted
on the “hot plate” preheated to 53 ◦C. The time of withdrawal or licking of the affected
paw was assessed for each animal. According to the hot plate test results, it was found that
6ND at a dose of 0.1 mg/kg has a pronounced analgesic effect, but higher doses did not
show a difference from the control group (Figure 6c). 6ID at doses 0.5 and 1 mg/kg showed
significant analgesia (Figure 6d).
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Figure 6. The effect of synthetic 6ND, 6ID, and hypaphorine on CFA-induced inflammation oedema
and hyperalgesia. One-way ANOVA with Tukey HSD test were utilized to calculate the p-values.
(a): Joint oedema, measured as paw diameter, was significantly reduced by 6ID at 0.5 mg/kg starting
from 12 h of treatment; (b): 6ND significantly reduced joint edema at 0.5 mg/kg starting from 12 h
of treatment and at 1 mg/kg 48 h after the initial treatment; (c): Unmodified hypaphorine also
significantly reduced edema in a concentration-dependent manner at doses 0.1–1 mg/kg. Unlike
α7 nAChR agonists 6ID and 6ND, higher doses of unmodified hypaphorine did not show a decrease
in anti-oedemic effect; (d): Analysis of 48 h end points of CFA-induced inflammation treatment
(0.5 mg/kg) in terms of oedema reduction expressed as percents of the maximal measured paw
diameter; (e): 6ND showed significant analgesia in hot plate test only at 0.1 mg/kg, whereas higher
doses were not efficient; (f): 6ID was effective in the hot plate test at 0.5 as well as at 1 mg/kg;
(g): Hypaphorine showed analgesia in hot plate test at all tested doses from 0.1 to 1 mg/kg.

2.8. Carrageenan-Induced Inflammation Test

Subplantar 1% carrageenan injections in a volume of 30 μL into the right hind paw
were carried out to generate an inflammation model in mice. The paw volume was
measured beforehand using an electronic calliper. The maximum effect of the introduction
of carrageenan was observed after 3 h. One hour after carrageenan injection, the drugs
(hypaphorine, 6ND, or 6ID) were administered at a dose of 0.5 mg/kg. Hypaphorine
and 6ID were also administered at 1 mg/kg. The control group was treated with saline
(0.9% NaCl). Two hours after the drug administration (total 3 h from carrageenan injection),
the size of the pad of the right hind paw was measured, the von Frey test and paw pressure
analgesimeter pain sensitivity assessment were performed.

Carrageenan injections provoked marked oedema in the absence of any treatment
(Figure 7a–c, “control” box plots). In all treatment groups, oedema was reduced, although
not to a baseline (Figure 7a–c). However, data normalization to the average paw diameter
in each treatment group revealed that effects of 6ND (Figure 7d) and 6ID (Figure 7e) were
statistically significant, whereas hypaphorine showed only a tendency to decrease oedema,
not statistically significant (Figure 7f, p = 0.131, one-way ANOVA, n = 8).
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All three compounds showed statistically significant analgesia in paw pressure tests
(Figure 7g), but no statistically significant difference between tested compounds were
detected. Similarly, von Frey test revealed significant analgesia in the case of 6ND, 6ID,
and hypaphorine, compared to vehicle, but differences between the compounds were not
significant (Figure 7h). Thus, anti-oedemic effect seems to depend on α7 nAChR activity to
a greater extent than the analgesic activity of the compounds.

2.9. Monosodium Iodoacetate-Induced Arthritis Model

Osteoarthritis is a condition characterized by articular cartilage degradation and
activation of inflammation molecular signaling pathways [40]. One of the well-established
osteoarthritis animal models is monosodium iodoacetate (MIA) intra-articular injection [41],
which was used in the present study to evaluate the perspectives of hypaphorine analogs
in anti-inflammatory osteoarthritis treatment.

We previously have published the results of 6ID and 6ND tests in myocardial infarction
model, showing significant positive effect of 6ND [42]. In the current communication, we
chose 6ND for the test on osteoarthritis rat model.

By the 8th day of the experiment, the maximum inflammation of the knee joint was
noted. The intramuscular administration of compound 6ND in the studied doses was car-
ried out from the 8th day of the study to the 16th day. On the 8th and 16th days, the effect of
the compound was assessed using a set of functional tests: weight distribution between the
healthy and inflamed limbs immediately after the first 6ND injection (Figure 8a) and after
eight days of 6ND administration (Figure 8b), muscle strength grasping the hind limbs after
the first 6ND injection (Figure 8c) and after eight days of 6ND administration (Figure 8d),
mechanical allodynia after the start of 6ND administration and after eight days of 6ND
administration (Figure 8e,f, respectively), thermal hypersensitivity 2 h after administration
of 6ND (Figure 7g), and measuring the diameter of the knee joint (Figure 8h).

According to the tests, 6ND did not influence body weight distribution between
healthy and affected limbs, but significantly improved grip strength of affected limb after
eight days of i.p. administration (Figure 8d). 6ND exhibited analgesic (anti-allodynic)
effect (Figure 8f) and anti-oedemic effect on the MIA-injected joint (Figure 8g), but did not
influence thermal hyperalgesia in hot plate test in this model.

2.10. Histological Study

After the experiment termination and euthanasia of the experimental animals, bioma-
terials were taken for histological examination. Soft tissues around the right knee joint were
excised as much as possible. Femur, tibia, and fibula were cut across in the middle of the di-
aphysis closer to the corresponding articular surfaces. The joint was fixed in a 10% solution
of neutral formalin for seven days, washed in running water and then decalcified in Trilon
B for 7–14 days. After satisfactory decalcification of the bone and cartilage tissue, the joint
was cut in the sagittal plane. The diaphysis of the tubular bones was shortened to the
border of 2–3 mm from the metaepiphyseal cartilage. In this form, the biomaterial was
repeatedly washed in running water, dehydrated in alcohols of ascending concentration,
and embedded in paraffin. Paraffin sections 5–7 μm thick were stained with hematoxylin
and eosin and examined using conventional light microscopy. During histological analysis,
the following morphological signs were assessed: inflammatory infiltration of the synovial
membrane (synovitis), synovial hyperplasia, destructive changes in the articular cartilage,
and destructive changes in bone tissue (if any). The following scale was used to assess the
severity of a particular morphological trait: 0 points—within normal limits, 1—minimal
severity, 2—weak, 3—medium (moderate), 4—strong, 5—very strong [43].

After intra-articular administration of MIA, all animals on the 15th day showed charac-
teristic signs of arthritis—inflammatory infiltration of the synovial membrane (synovitis) with
signs of its hyperplasia, destructive changes in the articular cartilage of the femur and tibia, as
well as destructive and necrotic changes in the menisci. Thus, to the described picture on the
15th day of the experiment, the term “MIA-induced arthritis” can be fully used.
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Figure 7. The effect of 6ND, 6ID, and synthetic hypaphorine on carrageenan-induced inflammation
edema and allodynia. (a): 6ND demonstrated moderate anti-oedemic effect at a dose of 0.5 mg/kg.
Red boxes represent distribution of paw diameters before the carrageenan injection, blue boxes reflect
the increase in paw diameter after carrageenan injection; (b): 6ID showed marked decrease in paw
diameter at doses 0.5 and 1 mg/kg. Red boxes represent distribution of paw diameters before the
carrageenan injection, blue boxes reflect the increase in paw diameter after carrageenan injection;
(c): A tendency to oedema reduction was observed under 0.5 and 1 mg/kg administration of synthetic
hypaphorine. Red boxes represent distribution of paw diameters before the carrageenan injection,
blue boxes reflect the increase in paw diameter after carrageenan injection; (d): Paw diameters
normalized to pre-injection values reveal anti-oedemic effect of 6ND significant at p < 0.05 level in
comparison to vehicle-treated animals (students t-test); €: Analysis of normalized paw diameters
show significant reduction of oedema under administration of 0.5 and 1 mg/kg 6ID (one-way ANOVA
and Tukey HSD test); (f): No significant effect of synthetic hypaphorine was detected in terms of
normalized paw diameter at doses up to 1 mg/kg (one-way ANOVA and Tukey HSD test); (g): All
tested compounds were significantly (p < 0.05, one-way ANOVA and Tukey HSD test) effective
analgesics in mechanical hyperalgesia test performed with filament algesimeter at all doses tested.
However, no significant difference between different drugs was discovered; (h): Von Frey type of
mechanical hyperalgesia test revealed significant efficacy of all three tested compounds but did
not detect significant differences between drugs at all doses (p < 0.05, one-way ANOVA and Tukey
HSD test).
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Figure 8. Investigation of 6ND effects in MIA-induced arthritis model rats. (a): MIA significantly
shifts the body weight distribution between affected and healthy limbs after the intra-synovial
injection. 6ND did not immediately show significant improvement in terms of body weight distri-
bution between affected and healthy limbs (two-way ANOVA and Tukey HSD test); (b): On the
16th day, there remained no statistically significant differences between control and MIA-injected
rats in terms of invalidation. No significant influence of 6ND on recovery was detected (two-way
ANOVA and Tukey HSD test); (c): On 8th day after MIA injection, a significant decrease in grip
strength was observed in comparison to control group. No significant immediate effects of 6ND at
doses 0.05 and 0.26 mg/kg were observed (two-way ANOVA and Tukey HSD test); (d): 6ND signifi-
cantly improved grip strength in MIA-induced arthritis in rats at a dose of 0.05 but not 0.26 mg/kg
(two-way ANOVA and Tukey HSD test); (e): No signs of mechanical allodynia were detected in rats
on day 8 after the MIA injection and 6ND showed no influence, irrespective of the dose (two-way
ANOVA and Tukey HSD test); (f): 6ND shows significant (two-way ANOVA and Tukey HSD test)
dose-dependent improvement in allodynia test 16 days after MIA injection (eight days of 6ND
administration); (g): No significant effects of 6ND in hot plate test on MIA-induced arthritis rats
were detected (two-way ANOVA and Tukey HSD test); (h): Significant effect in dynamics of oedema
was detected in rats treated with 0.05 mg/kg 6ND comparing to vehicle-treated rats (repeated
measures ANOVA).

In the group of animals that received saline after intra-articular administration of
MIA, a pronounced inflammatory infiltration of the synovial membrane was observed
on the 15th day (mean score 3.67), accompanied by synovial hyperplasia (2.33). Destruc-
tive changes in the epiphyseal articular cartilage of the femur (3.0) and tibia (3.33) were
observed (Figure 9a,b).

The administration of 6ND at a dose of 0.05 mg/kg did not change the inflammatory
infiltration of the synovial membrane of the right knee joint of female rats (Figure 9c,d)
compared to the control group on the 15th day of observation (average score 3.75, versus
3.67 in control). The mean score for synovial hyperplasia among the animals of this group
was estimated as 2.25. Destructive changes in the epiphyseal articular cartilage of the femur
and tibia (3.0 and 3.5, respectively) were comparable to those in the group of animals with
MIA-induced arthritis treated with saline in a volume of 2 mL/kg.
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Figure 9. Fragments of the synovial membrane of the right knee joint of female rats with MIA-
induced arthritis during the administration of saline (a,b); 6ND at dose 0.05 mg/kg (c,d); 6ND at
dose 0.26 mg/kg (e,f). Staining with hematoxylin and eosin. Magnification: 50× (left, ruler size
corresponds to 200 μm) and 200 × (right, ruler size corresponds to 50 μm).

The administration of 6ND in the model of MIA-induced arthritis at a dose of 0.26 mg/kg
contributed to a significant reduction in the morphological manifestations of synovitis and
synovial hyperplasia of the right knee joint of female rats: the average score of inflamma-
tory infiltration of the synovial membrane corresponded to 2.5, synovial hyperplasia–1.5
(see Figure 9e,f).

The minimum, average, and maximum estimated scores of synovitis, synovial hyper-
plasia, and destructive changes in the epiphyseal articular cartilage of the femur and tibia
for each experimental group of animals are presented in Tables 2 and 3.

Table 2. Estimated on the 15th day of observation points of synovitis and synovial hyperplasia of
the right knee joint in female rats with MIA-induced arthritis on the background of intramuscular
injection of saline and 6ND at doses of 0.05 and 0.26 mg/kg.

Synovial Hyperplasia Inflammatory Infiltration of the Synovium

Min Me Max Min Me Max Evaluation Score

1.0 2.33 3.0 3.0 3.67 4.0 MIA + saline
(n = 3)

2.0 2.75 3.0 3.0 3.75 4.0
MIA + 6ND
(0.05 mg/kg)

(n = 4)

1.0 1.5 2.0 2.0 2.5 3.0
MIA + 6ND
(0.26 mg/kg)

(n = 4)
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Table 3. Estimated on the 15th day of observation scores of destructive changes in the distal epiphyseal
cartilage of the femur and tibia of the right knee joint in female rats with MIA-induced arthritis on
the background of intramuscular injection of saline and 6ND at doses of 0.05 and 0.26 mg/kg.

Destructive Changes in the Distal
Epiphyseal Cartilage of the Femur

Destructive Changes in the Proximal
Epiphyseal Cartilage of the Tibia

Min Me Max Min Me Max Evaluation Score

3.0 3.0 3.0 3.0 3.33 4.0 MIA + saline
(n = 3)

3.0 3.0 3.0 3.0 3.5 4.0
MIA + 6ND
(0.05 mg/kg)

(n = 4)

3.0 3.0 3.0 3.0 3.5 4.0
MIA + 6ND
(0.26 mg/kg)

(n = 4)

3. Discussion

6-Bromohypaphorine (6BHP) isolated from the marine mollusk Hermissenda sp. acts
as a silent or partial agonist of α7 nAChR [24]. It was previously shown that activation
of α7 nAChR by its selective agonist PNU 282,987 leads to an increase in the expression
of macrophage membrane proteins, including HLA-DR, CD11b, and CD54, but reduces
the expression of the CD14 receptor [14]. These macrophage markers play a major role
in the complex pathogenesis of sepsis, inflammation, and immunosuppression. In cur-
rent study, using computer-aided design, molecular modelling, and synthesis of fourteen
6-bromohypaphorine analogs, we approached the new class of α7 nAChR agonists and
explored their anti-inflammatory and analgesic properties. Unmodified hypaphorine did
not show agonistic properties at α7 nAChR (Table 1) but was described previously as
anti-inflammatory agent [26] possessing anticholinesterase activity [29]. In the present
paper, it was used as a source of complementary information regarding different aspects of
6ID and 6ND activity, which might not be related directly to α7 nAChR activity.

Synthetic hypaphorines inhibit heteromericα3* nAChRs at micromolar andα9/α10 nAChRs
at sub-millimolar concentrations, which might explain some of the effects outside the scope
of the α7 nAChR-attributed anti-inflammatory activity (Figure 3 and Figure S1). It should
be stressed, that calcium response detected in the assay described in this paper is an indirect
measure of the receptor activity. Thus, the real affinity toward α7 nAChR of the synthesized
compounds might deviate from the measured efficiency (potency). However, the activity of
the synthesized compounds was also determined in competition with radioiodinated α-Bgt
for α7 nAChR binding site (Figure S2) and it can be ranked in a good agreement with the
calcium imaging results: compound 1 > 4 > 5, 9 > 6, 7, 10, 12 vs. 1 > 4, 5 > 9 > 6, 7 > 10 > 12,
respectively (numbering corresponds to the Table 1).

The analysis of biological activity of 6ID, a new α7 nAChR agonist, in compari-
son with PNU 282987, a well-established selective agonist of this receptor subtype, was
performed in vitro on human primary macrophages. It was found that PNU 282987,
but not 6ID or hypaphorine, leads to a significant increase in the surface expression of
CD11b and CD11c proteins (Figure 4a,b). Complement receptors CR3 (CD11b/CD18) and
CR4 (CD11c/CD18) belong to the β2-integrin family and play an important role in cell
adhesion and migration, as well as in phagocytosis [44].

On the other hand, PNU 282987, 6ID, and hypaphorine significantly decreased the toll-
like receptor 4 (TLR4) surface expression (Figure 4c,e). TLR4 is a member of the TLR family
that is recognized and activated by bacterial lipopolysaccharide (LPS), a major component of
the cell wall of gram-negative bacteria. Molecular recognition of LPS by the TLR4 receptor
system triggers a cascade leading to the production of pro-inflammatory cytokines initiating
the inflammatory responses [45]. Reduction of cell surface TLR4 expression under the
influence of PNU 282987, 6ID, and hypaphorine may alleviate inflammatory response.
The most pronounced inhibition of TLR4 receptor was observed when macrophages were
treated with 6ID. Similar data were published earlier, showing that treatment of HMEC-1
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endothelial cells by hypaphorine from Erythrina velutina resulted in the inhibition of TLR4
expression [27]. Thus, the hyperinflammatory response can be partially blocked by these
compounds due to suppressing the expression of TLR4 receptors.

Complementary to that, 6ID and hypaphorine significantly raised the surface expres-
sion of CD86, a known regulator of IL-10 anti-inflammatory response [46]. CD86 is a
co-stimulatory molecule for the priming and activation of T cells. At an early stage of the
immune response, CD86 is expressed in cells of primary lymphoid tissue and is constitu-
tively expressed in the antigen-presenting cells [46]. CD86 promotes antigen presentation
to T cells and regulates the anti-inflammatory response. In addition, CD86 is essential for
Th2 response [47]. There are reports that acute inflammation during sepsis is associated
with suppression of constitutive expression of CD86 [46,48]. In addition, some studies
show that CD86 plays a role in the regulation of the inflammatory response in vivo in
diseases regulated by the adaptive immune response [49]. We found that treatment of
macrophages with hypaphorine and 6ID resulted in the increased expression of CD86 while
PNU 282,987 had no effect, suggesting different molecular mechanisms.

Signaling pathways upon activation of macrophages by LPS were also explored in
the presence of the compounds described in this communication. Previous studies have
shown that PNU 282,987 [50] and nicotine [51,52] increase phosphorylation of ERK 1/2 in
different types of cells. In addition, activation of the STAT3 pathway through α7 nAChR
has been shown to play a critical role in the prevention of inflammation [16,53]. In our
study, it is shown that the treatment of LPS-stimulated macrophages with PNU282987,
hypaphorine, or 6ID leads to an increase in the phosphorylation of ERK 1/2 and STAT3
(Figure 5). Interestingly, treatment of murine macrophages with hypaphorine was reported
to decrease EPK 1/2 phosphorylation [26]. These results suggest that modulation of
EPK 1/2 by hypaphorines obtained from different sources may proceed differently in
different types of cells, thereby regulating various kinds of biological functions.

Anti-inflammatory properties of new hypaphorine analogs were confirmed in several
in vivo models. In a mice model with subplantar administration of complete Freund’s
adjuvant (CFA), the compounds 6ID, 6ND, and hypaphorine demonstrated anti-oedemic
properties and an analgesia in a hot plate test (Figure 6). Hypaphorine, lacking α7 nAChR-
agonistic properties, had significantly lower anti-oedemic activity (Figure 6d). The latter
conclusion has been confirmed in test on mice inflammation model with subplantar 1% car-
rageenan injections: 6ND and 6ID demonstrated significant (at p < 0.05 level) anti-oedemic
effect in comparison to vehicle-treated animals, whereas hypaphorine was ineffective
(p = 0.131, one-way ANOVA). Despite being ineffective against oedema, hypaphorine
showed strong evidence of analgesia in algesimeter and von Frey tests (Figures 7g and 7h,
respectively). These results suggest that analgesic effects of hypaphorine and its analogs
6ND and 6ID depend on different molecular mechanisms, some of them not involving
α7 nAChR.

Modelling of arthritis-like inflammation by introducing monoiodoacetate (MIA) through
the patellar ligament into the intra-articular space of the right knee revealed anti-invalidation
effects of the 6ND hypaphorine analog (improved grip strength, Figure 8d). 6ND also
showed analgesic (in mechanical allodynia test, Figure 8f) and anti-oedemic (Figure 8h)
effects in MIA-induced arthritis rat model.

The administration of 6ND in the model of MIA-induced arthritis at a dose of 0.26 mg/kg
demonstrated a significant reduction in the morphological manifestations of synovitis and
synovial hyperplasia of the right knee joint of female rats.

Thus, 6-substituted esterified hypaphorine analogs show promising results as a poten-
tial new class of anti-inflammatory agents, having an increased affinity for α7 nAChR.

4. Materials and Methods

4.1. Rational Design and Virtual Screening

A virtual library of fifty-six hypaphorine analogs was constructed using the GNU/Bash
script to automatically generate simplified molecular-input line-entry system (SMILES)
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format [32] of all possible combinations of hypaphorine modifications from the following
set: X = NO2, NH2, OH, OCH3, Cl, Br, I; Q = OH, OCH3, OC2H5, NH2, NHCH3; R = H,
CH3, where X denotes indole ring substitution in 6th position, Q is either carboxy, amide, or
ester group, and R encodes the methylation state of the ammonium nitrogen (see Figure 2b).
Open Babel [33] was used to convert generated SMILES to MOL2 files and UCSF Chimera
was utilized to minimize internal energy of the generated structures. Autodock Tools were
used to generate PDBQT files for the designed panel of molecular structures and prepare
the receptor structure (PDB 7KOX [34]) for virtual screening. In brief, water molecules
except the conservative water in the orthosteric binding site have been removed, Gasteiger
charges were added, and all hydrogens, with the exception of polar ones, were removed.
Grid box was centered at Trp 148 located in the orthosteric binding site and playing the cru-
cial role in the receptor activation. Grid box dimensions were set to 22 × 22 × 22 points (at
spacing 0.375Å) to accommodate all possible conformations of hypaphorine analogs. Final
docking results were visually inspected in UCSF Chimera (Figure 2) and the ligands which
produced meaningful conformations of the complexes were selected for chemical synthesis.

4.2. Calcium Imaging

Mouse neuroblastoma Neuro2a cells were purchased from the Russian collection of
cell cultures (Institute of Cytology, Russian Academy of Sciences, Saint Petersburg, Russia).
Cells were cultured in Dulbecco’s modified Eagle’s essential medium (Paneco, Moscow,
Russia) supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO, USA). The
cells one day before transfection were subcultured and plated at a density of 10,000 cells
per well on a 96-well plate. The next day, Neuro2a cells were transiently transfected with
plasmids coding α7 nAChR (human α7 nAChR-pCEP4) or its mutants, the chaperone Ric-3
(Ric3-pCMV6-XL5, OriGene, USA) and a fluorescent calcium sensor Case12 (pCase12-
cyto vector, Evrogen, Russia) in molar ratio 4:1:1. Lipofectamine transfection protocol
(Invitrogen, Waltham, MA, USA) was performed as recommended by the manufacturer.
Transfected cells were grown at 37 ◦C in a CO2 incubator for 48 h.

Calcium immobilization assay was performed as described previously [35]. Briefly,
Transfected Neuro2a cells were grown on black 96-well plates (Corning, Somerville, MA,
USA) at 37 ◦C in a CO2 incubator for 72 h, then growth medium was substituted with
buffer containing 140 mM NaCl, 2 mM CaCl2, 2.8 mM KCl, 4 mM MgCl2, 20 mM HEPES,
10 mM glucose; pH 7.4.

Cells were incubated with the α7 nAChR positive allosteric modulator PNU120596
(10 μM, Tocris, Bristol, UK) for 20 min at room temperature before the addition of tested
compounds. Plates were measured in microplate reader Hidex Sence (Hidex, Turku,
Finland) using excitation at 485 nm and emission at 535 ± 10 nm. Fluorescence peak
intensity in each well was expressed as a percentage of the maximal obtained response.
Data files were analysed using Hidex Sence software (Hidex, Turku, Finland). Controls
were run in the presence of 4 μM α-cobratoxin.

4.3. Flow Cytometry

Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll-Paque PLUS
density gradient centrifugation. PBMCs were placed in a sterile Petri dish and incubated at
37 ◦C for 2 h. Unattached cells were then removed by washing with PBS and substituted
with fresh complete RPMI 1640 medium. To generate monocyte-derived macrophages
(MDMs), 50 ng/mL GM-CSF was added to the isolated monocytes and cultured for 6 days
to differentiate them into non-polarized MDMs.

4.4. In Vivo Anti-Inflammatory Activity
4.4.1. Animals

Specific pathogen-free outbred ICR male mice (6 to 8 weeks old, weighing 29 to 33 g)
and Wistar female rats (8–9 weeks old 250 ± 25 g) were obtained from the Animal Breeding
Facility of the Branch of the Shemyakin–Ovchinnikov Institute of Bioorganic Chemistry of
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the Russian Academy of Sciences (Pushchino). The animals were acclimatized for 2 weeks
before the experimental procedures and were kept in two corridor barrier rooms under a
controlled environment: a temperature of 20 to 24 ◦C, a relative humidity of 30% to 60%,
and a 12 h light cycle. The animals were housed in Type 3 standard polycarbonate cages
(820 cm2) on bedding (LIGNOCEL BK 8/15, JRS, Rosenberg, Germany), with ad libitum
access to feed (SSNIFF V1534-300, Spezialdiaeten, GmbH, Soest, Germany) and filtered tap
water. The mouse cages were also supplied with material for environmental enrichment,
i.e., Mouse House (Techniplast, Buguggiate, Italy).

The study was conducted in AAALAC (Association for Assessment and Accreditation
of Laboratory Animal Care International) accredited facility in compliance with the stan-
dards of the Guide for Care and Use of Laboratory Animals (8th edition, Institute for Labo-
ratory Animal Research). Animal treatment procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Branch of the Shemyakin–Ovchinnikov
Institute of Bioorganic Chemistry, Russian Academy of Sciences, the experimental protocol
code is no. 688/19 (date of approval: 10 January 2019).

4.4.2. CFA-Induced Inflammation Test

The development of the inflammation and thermal hyperalgesia of the paw was in-
duced by the injection of the oil/saline (1:1) CFA emulsion (Sigma-Aldrich, St. Louis, MO,
lot # WH327536) into the subplantar surface of the hind paw of the ICR mice (20 μL/paw)
24 h before the measurement. Oedema was measured with an electronic calliper. Im-
mediately after paw measurement, 6ND or 6ID were injected intramuscularly in doses:
1, 0.5, and 0.1 mg/kg. Paws were measured at 6, 12, 24, and 48 h after administration of
6ND or 6ID. After 2 h following the drug injection, the inflamed paw withdrawal or licking
latencies to thermal stimulation were measured on a hot plate device (Hot Plate Analgesia
Meter, Columbus Instruments) with a set temperature of 53 ± 0.1 ◦C and a cut-off time
of 60 s.

4.4.3. Carrageenan-Induced Inflammation Test

Carrageenan inflammation was induced by injecting 30 μL of a 1% carrageenan
suspension (Sigma-Aldrich, lot #SLBK3896V) into the subplantar surface of the ICR mice
hind paw. The oedema degree of the carrageenan-induced paw was evaluated using an
electronic calliper by the volume difference of the animal’s right hind paw after (3 h from
carrageenan injection) and before being hurt by carrageenan.

One hour after carrageenan injection, the drugs (hypaphorine, 6ND, or 6ID) were
administered at a dose of 0.5 mg/kg. Hypaphorine and 6ID were also administered at
1 mg/kg. The control group was treated with saline (0.9% NaCl).

Antinociceptive testing was performed 2 h after the drug administration (3 h after
carrageenan injection).

Nociceptive testing was performed by utilizing the von Frey test and Paw pressure test.

4.4.4. Von Frey Test

The animals were placed in 20 cm × 20 cm Plexiglas boxes equipped with a metallic
mesh floor. Animals were allowed to habituate themselves to their environment for 15 min
before the test. The electronic von Frey instrument (model BIO-EVF4; Bioseb, Vitrolles,
France) was used to vertically stimulate the center of the rat hind paw with increasing inten-
sity until the hind paw was lifted, the withdrawal threshold was automatically displayed
on the screen. The paw sensitivity threshold was defined as the minimum force required
to elicit a robust and immediate withdrawal reflex of the paw. Spontaneous movements
associated with locomotion were not considered as a withdrawal response. Measurements
were repeated 3 times and the final value was obtained by averaging the 3 measurements.
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4.4.5. Paw Pressure Test

Mechanical hyperalgesia was measured as a paw withdrawal response to a gradual
increase of mechanical pressure applied by the Rodent pinchers—analgesia meter (model
BIO-RP-M; BioSeb, Vitrolles, France). The influence of stimulation on each hind paw was
recorded three times. The maximum force applied to the paw was recorded as the grams (g)
of force on the dynamometer.

4.4.6. Monoiodoacetate-Induced Arthritis Model

Before the study, 26 female Wistar rats (250 ± 25 g), 8–9 weeks old, were divided
into cages of four so that the average body weight did not differ between groups. Four
groups of animals were formed: control and three groups with modelling of inflammation
by introducing monoiodoacetate (MIA). Three groups of animals were injected with 3 mg
MIA in 50 μL of 0.9% sodium chloride through the patellar ligament into the intra-articular
space of the right knee using a 29-G needle. Control rats received an equivalent volume of
0.9% sodium chloride.

Assessments of inflammation in vivo and functional tests were conducted on days
8 and 16 after arthritis model induction. Thermal and mechanical hypersensitivity and
pain-induced articular disability were tested in this model. Body weight gain and paw
oedema were also monitored during the experiment.

The inflamed paw withdrawal or licking latencies to thermal stimulation were mea-
sured on a hot plate device (Hot Plate Analgesia Meter, Columbus Instruments) with a set
temperature of 53 ± 0.1 ◦C and a cut-off time of 60 s.

Mechanical hypersensitivity was measured by the electronic von Frey instrument
(model BIO-EVF4; Bioseb, Vitrolles, France) used to vertically stimulate the center of the
rat hind paw with increasing intensity. Measurements were repeated 3 times and the final
value was obtained by averaging the 3 measurements.

Behavioral assessment of movement-caused pain was carried out in a hind limb grip
strength test using a Grip Strength Meter (Columbus Instruments, Columbus, OH, USA)
consisting of a wire mesh frame connected to the gauge. Rats were restrained and allowed
to grasp the wire mesh frame with their hind paws and then were pulled backwards until
the grip released. Three measurements were conducted with an interval of 30 s for the
averaged grip strength calculation.

4.5. Statistical Analysis

The R statistical programming environment “https://www.r-project.org/” (accessed on
16 June 2023) was used to analyze the results. Base R graphics and ggplot2 [54] graphical
library were used for the data visualisation. Dose-response curves were fitted using “nlm”
function and the following equation: response ~ (100/1 + (EC50/x)ˆn), where x denotes
base 10 logarithm of ligand concentration in moles per liter (normalized to 1M) and n is the
Hill coefficient. Libraries “rgl” “https://CRAN.R-project.org/package=rgl” (accessed on
16 May 2023) and “barplot3d” “https://cran.r-project.org/src/contrib/Archive/barplot3
d/” (accessed on 16 May 2023) were used to generate the 3D bar chart shown on Figure 2b.

One- and two-way ANOVA with Tukey post hoc test were used to examine the
significance of the differences between groups. Repeated measures ANOVA was utilized
to explain longitudinal data. In all cases p < 0.05 was interpreted as significant.

4.6. Two-Electrode Voltage-Clamp

Recordings were performed using Axopatch 200 amplifier in two-electrode voltage-
clamp setup (Molecular Devices, LLC, San Jose, CA, USA) on oocytes removed from
mature Xenopus frogs. Two to three days before taking recordings, oocytes were in-
jected with in vitro transcribed RNA, coding α9 and α10 nAChR and kept at 18 ◦C in
ND96 electrophysiology buffer solution (5 mM HEPES/NaOH at pH 7.6 and 18 ◦C, 96 mM
NaCl, 2 mM KCl, 1.8 mM CaCl2, 2 mM MgCl2).
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4.7. Radioligand Competition

Tested compounds were incubated with GH4C1 cells expressing α7 nAChR in 50μL of
20 mM Tris-HCl buffer pH 8.0, containing 1 mg/mL BSA (binding buffer) for 30 min. Then,
0.5–0.9 nM of mono-iodinated 125I-αBgt was added for 5 min and cells suspensions were
applied to GF/C glass filters (Whatman, Maidstone, UK) presoaked in 0.1 mg/mL BSA,
and unbound radioactivity was removed from the filter by washing (3 × 3 mL) with 20 mM
Tris-HCl buffer, pH 8.0 containing 0.1 mg/mL BSA (washing buffer). Nonspecific binding
was determined by preliminary incubation of GH4C1 cells with 30μM α-cobratoxin. The
bound radioactivity was determined using a Wizard 1470 Automatic Gamma Counter.

5. Conclusions

In this paper, we describe a panel of synthetic analogs of natural marine product
6-bromohypaphorine with elevated potency toward α7 nAChR (as can be deduced from
intracellular calcium rise and competition with radioactive α-bungarotoxin), demonstrating
the pronounced anti-inflammatory and analgesic activities. Introduction of iodine instead
of bromine, esterification of carboxy group, and changing chirality from L isomers to D was
found to be the most productive strategy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md21060368/s1, Figure S1: Two-electrode voltage-clamp recording
of alpha9/alpha10 nAChR inhibition by 6ND; Figure S2: Inhibition of radioiodinated α-butgarotoxin
binding by 10 μM synthetic hypaphorine analogs (numbering corresponds to the Table 1).
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Abstract: Preparations of sulfated polysaccharides obtained from brown algae are known as fu-
coidans. These biopolymers have attracted considerable attention due to many biological activities
which may find practical applications. Two Atlantic representatives of Phaeophyceae, namely, Fucus
vesiculosus and Ascophyllum nodosum, belonging to the same order Fucales, are popular sources of
commercial fucoidans, which often regarded as very similar in chemical composition and biological
actions. Nevertheless, these two fucoidan preparations are polysaccharide mixtures which differ
considerably in amount and chemical nature of components, and hence, this circumstance should be
taken into account in the investigation of their biological properties and structure–activity relation-
ships. In spite of these differences, fractions with carefully characterized structures prepared from
both fucoidans may have valuable applications in drug development.

Keywords: brown algae; Fucus vesiculosus; Ascophyllum nodosum; fucoidans

1. Introduction

Sulfated polysaccharides containing L-fucose as the main monosaccharide component
were discovered in several brown algae, including Fucus vesiculosus and Ascophyllum
nodosum, more than a century ago [1]. Now, it is well known that preparations obtained by
extraction of algae and designated by trivial name “fucoidans” usually represent complex
mixtures of several chemically different polysaccharides [2–4], where fucan sulfate (FS, a
polysaccharide built up of fucose and sulfate only) may (but not necessarily) be one of the
main components. The procedure suitable for commercial production of fucoidans from
brown algal biomass was suggested in 1952 [5], but a highly purified sample of more or less
individual FS was obtained much later by numerous manipulations with crude fucoidan
from F. vesiculosus, probably accompanied by considerable loss of the starting material [6].
The first data on the chemical structure of SF published in 1950 [7,8] were then revised
several times. In this period, evidence appeared on the prospective biological activity of
fucoidans, especially as anticoagulants [9,10].

The availability of commercial fucoidans resulted in the rapid appearance of a large
amount of publications devoted mainly to the investigation of their biological proper-
ties [11]. At present, there are hundreds of such papers; for example, more than 400 refer-
ences dedicated mainly to therapeutic applications of fucoidans were cited in three reviews
by Fitton et al. [12–14]. Multiple biological actions of fucoidans depend primarily on their
interaction with different proteins due to the presence of sulfate groups [15–19], but branch-
ing of molecules [20] and molecular weights [21,22] may also be very important factors.
Fucoidans are traditionally regarded as promising anticoagulant [23–26], antitumor [27,28]
and anti-inflammatory agents [29–33], but recently they acquired special importance as
potential components of antiviral drugs [34–36], activators of hematopoiesis [37,38], and
reagents for use in nanomedicine [39].
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The elucidation of correlations between the biological properties of concrete samples
of fucoidans and their chemical structures remains a very important task [23,40], but
there are substantial difficulties connected with the conception of “fucoidan”, which is
not the term of strict carbohydrate nomenclature. It designates a preparation of water-
soluble sulfated polysaccharides, obtained by extraction of brown algal biomass and
separated (partially or completely) from other polysaccharide components of this biomass
devoid of sulfate groups—alginates and laminarans. The class Phaeophyceae (brown algae)
numbers more than 1000 species, which may differ considerably in their polysaccharide
composition [41,42]. Thus, fucoidans isolated from different species may contain not only
fucopyranose, but also fucofuranose units [43] together with other monosaccharides, such
as galactose, xylose, mannose, and glucuronic acid, etc. [2–4,41].

Therefore, the algal species is the first factor determining the composition of extracted
sulfated polysaccharides. Then it is necessary to bear in mind that representatives of the
same species growing in different conditions should inevitably differ in chemical compo-
sition. Ecological factors influencing the chemical composition of biomass include age
and physiological status of the alga [44], climate and season [45], water temperature and
salinity, solar radiation, and the accessibility of biogenic elements. Additional influences on
the quality of polysaccharide preparations should have the procedures of harvesting and
storage of raw material, as well as conditions of biomass treatment, which should secure
the completeness of polysaccharide extraction without their degradation and minimal
dissolution of extraneous non-carbohydrate materials, such as proteins and polyphenols.
Since crude preparations of sulfated polysaccharides, obtained by water extraction, are
usually mixtures of biopolymers of different structures [46], the nature of products destined
for structural analysis or the investigation of biological properties will be determined by
the used methods of fractionation [47]. Taking into account all the factors listed above,
it is not surprising that different groups of researchers, dealing with samples being com-
monly named by the same term “fucoidan”, in fact are often working with very different
polysaccharides [48].

Below we overview the published results of structural studies of polysaccharides
obtained from two widely distributed brown algal species, namely, F. vesiculosus and A.
nodosum. Both these species have been investigated for a long time and may be regarded
as prospective sources for the large-scale preparation of sulfated polysaccharides suitable
for diverse medical applications [49]. For example, based on such polysaccharides, biolog-
ical vectors are being developed, which may be used for delivering drugs or diagnostic
contrasting agents to tissues with increased P-selectin expression [50–54]. It should be em-
phasized that GMP-graded production of low-molecular-weight fucoidan from A. nodosum
was recently reported [54], and it was suggested to apply this product as the biovector or
contraster for the detection of P-selectin expression during cardiovascular diseases.

2. Sulfated Polysaccharides of Fucus vesiculosus

Representatives of the genus Fucus are widely distributed in the North Atlantic, as
well in the Barents and the Whyte Seas. Being typical littoral species, they occupy spacious
coastal plots uncovering at the low tide. Harvesting of this natural raw material is not a
very difficult task.

F. vesiculosus was one of those several brown algal species wherein the presence of
fucoidans was discovered [1]. Polysaccharide preparation from this species was used in
the first attempt to elucidate its chemical structure [7,8]. The alga was heated with water
in the boiling water bath, the extract obtained was treated with lead acetate to remove
alginic acid and proteins, and the remaining soluble polysaccharides were reprecipitated
several times and yielded a preparation, which was regarded as a fucan sulfate. According
to the analytical data, an essentially linear structure was suggested for the backbone of this
polysaccharide, built up of 1→2-linked α-L-fucopyranose residues, together with some
unsubstituted or monosulfated fucose residues attached to position 3 of the backbone as
single branches.
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About 40 years later, a commercial fucoidan from F. vesiculosus was reinvestigated
and the structure of hypothesized fucan sulfate was corrected [55]. It was shown that
1→3-linkage is the main type of linkage between the backbone residues. Possible positions
of sulfate and branches are depicted in Figure 1. Similar figures are often used to illustrate
structures of FS isolated from other brown algal species [56]. It should be noted that this
formula does not belong to any concrete sample of FS, but shows only the set of different
units, which may be found in different proportions in different samples of polysaccharides.

Figure 1. The current idealized formula of brown algal fucan sulfate (structural elements, which are
possibly important for biological activity, are indicated).

The structure of the backbone was revised once more after the introduction of NMR
spectroscopy in the practice of structural analysis of FS. Spectral data gave reliable con-
firmation on the presence of 1→3-linked backbone in FS isolated from Chorda filum [57]
and several other algae belonging to the order Laminariales, but showed that fucoidans
from F. vesiculosus and A. nodosum contain fractions with backbones built up of alternating
(1→3)- and (1→4)-linked fucose residues [58,59]. Polysaccharides containing two alter-
nating linkages in the backbones were also found in several other representatives of the
order Fucales [60–62]. A hypothesis once appeared that (1→3)-linked FS backbones are
characteristic for algae from Laminariales only, whereas backbones with alternating (1→3)-
and (1→4)-linkages are typical for algae from Fucales, but the existence of such a firm
correlation between the taxonomic position of the algae and the structure of their FS was
not confirmed in recent investigations [48].

The formula of FS depicted in Figure 1 does not take into account the presence of
several other monosaccharides, primarily galactose, xylose, mannose, and glucuronic acid,
which usually may be found in fucoidan preparations. These monosaccharides may be com-
ponents of other types of polysaccharides. According to contemporary evidence, several
polysaccharides forming brown algal cell walls are linked with proteins and polyphenols in
a complex [4], where the nature of linkages between components remains mostly unknown.
To isolate polysaccharides, this complex should be destroyed by, for example, the action of
dilute acids [5], although FS itself may be partially degraded under acid conditions. Crude
fucoidans usually contain a wide set of molecules differing in composition and molecular
weights and evidently need additional purification. Anion-exchange chromatography
demonstrates the presence of continuous spectrum of molecules differing in charge and
monosaccharide composition, from fractions with low sulfate and low fucose, containing
other neutral monosaccharides and glucuronic acid, to highly sulfated fucans [63]. Si-
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multaneous presence of several different sulfated polysaccharides was demonstrated for
many brown algae [46,64]. The isolation of the components of these mixtures depends
on their relative content and specific extraction and fractionation procedures. More de-
tailed discussion on the problem is given below in the description of polysaccharides from
A. nodosum.

One of the laboratory procedures of fucoidan isolation [60] recommends extraction
of algal biomass with 2% aqueous calcium chloride at 85 ◦C. It results in dissolution of
neutral laminaran and sulfated polysaccharides, whereas insoluble Ca-salts of alginic acids
remain in the precipitate. Acid polysaccharides may be precipitated from extract by the
addition of a cationic detergent, such as cetyltrimethylammonium bromide, transformed
into the soluble sodium salts and then chromatographed on an anion-exchanger, such as
DEAE-Sephacel, using stepwise elution with NaCl solutions of increasing concentrations.
Neutral components are not absorbed on the column, while alginic acids are eluted with
0.5 M NaCl, and sulfated fractions are then eluted according to the increase of sulfate
content, the most sulfated fractions appearing in the region of 2.0 M NaCl.

There are numerous modifications of isolation procedure aimed at acceleration of the
process or increase of the yield of target polysaccharides. For these purposes it was sug-
gested to isolate cell walls [64,65], to carry out extraction with solutions of acids, alkali, or
detergents [64,66,67], to use autohydrolysis [68], microwave radiation [69], ultrasound [70],
or treatment with enzymes capable of destroying the accompanying polysaccharides [71,72].
Fucoidans prepared by different procedures may differ considerably in composition and
properties. Thus, seventeen fucoidans isolated by different authors from F. vesiculosus
contain from 4% to 39% of sulfate and from 50% to 94% of fucose in carbohydrate moiety.
These analytical characteristics were given in a recent review [48].

3. Sulfated Polysaccharides of Ascophyllum nodosum

This brown algal species belonging to the same family Fucaceae, as described above
F. vesiculosus, practically coincides with it in geographical distribution, but is growing in
sublittoral conditions. A. nodosum is used for industrial production of alginates and is
available as feedstock in large amounts.

A peculiar sulfated heteropolysaccharide named “ascophyllan” was isolated from
the mixture of water-soluble polysaccharides obtained by extraction of A. nodosum [73]. It
contained approximately equimolar amounts of fucose, xylose, glucuronic acid, and sulfate,
as well as a tightly bound polypeptide fragment. Partial acid hydrolysis of ascophyllan gave
rise to 3-O-β-D-xylopyranosyl-L-fucose [74] and a non-dialysable polyuronide, indicating
the presence of a backbone built up of glucuronic acid residues and side chains containing
fucose and xylose. Using extractions under very mild conditions, it was possible to isolate a
high-molecular complex, which was split under subsequent acid treatment into ascophyllan,
alginate, and a fraction close to fucan sulfate in composition. Based on these data, it was
supposed that a similar situation should also be found for polysaccharides of F. vesiculosus,
but in this case the content of fucan sulfate predominates considerably over the content
of hypothetical ascophyllan analogue [75]. Structural analysis of ascophyllan was the
subject of a series of more recent publications [76–81]. Based on these data, a procedure was
developed for isolation of a fraction of fucan sulfate from A. nodosum, having backbones of
1,3-linked fucose residues [82]. At the same time another fraction, containing backbones
of alternating 1,3-1,4-linked fucose residues, was obtained from the same alga by another
group of authors. The structure of the latter polysaccharide was carefully investigated using
chemical methods together with NMR spectroscopy [58,59] and mass spectrometry [83].
Hence, fucan sulfate itself is heterogeneous and contains fractions having fundamental
structural differences in their carbohydrate moieties.

Later on, a simplified procedure of biomass treatment was published, which gives
the possibility to prepare ascophyllan and fucan sulfate separately [84] (Table 1). Polysac-
charides isolated by this procedure were studied in biological tests, and it was found for
the first time that ascophyllan can stimulate the growth of a culture of mammalian cells
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(under the same conditions fucan sulfate showed opposite action) [85]. Comparison of
polysaccharide preparations, isolated from A. nodosum by usual extraction with dilute acid,
and by several new procedures using microwave radiation [86], ultrasound, or enzymatic
degradation of cell walls was described in a recent paper [87]. As expected, these prepara-
tions differ in yields, composition, and molecular weights, but have comparable prebiotic
activity by stimulating, in vitro, the growth of lactic acid bacteria. Two polysaccharide sam-
ples differing in molecular weights and capable of inhibiting inflammation were isolated by
treatment of A. nodosum with enzymes followed by anion-exchange chromatography [88].
Both preparations contained not only fucose, but also galactose and hence were fragments
of a sulfated galactofucan. They exhibited different anti-inflammatory activities, indicating
that molecular weight is an important factor for this type of biological action.

Table 1. Yields and composition (in %) of several polysaccharide preparations isolated from
A. nodosum and F. vesiculosus *.

Preparation Yield Fuc Xyl Glc Man Gal UA SO3Na

Ascophyllan [71] 1.9 15.5 (1.00) 13.4 (0.95) 0.3 (0.02) 3.4 (0.2) 0.6 (0.04) 21.4 (1.17) 9.6 (1.06)

Fucan sulfate from
A. nodosum [71] 1.25 28.4 (1.00) 4.3 (0.16) 2.0 (0.06) 0.8 (0.03) 5.3 (0.17) 5.8 (0.17) 19.4 (1.17)

Fucan sulfate from
A. nodosum [69] (1.00) (0.05) - - - - (0.47)

Fucan sulfate from
F. vesiculosus [5] (1.00) tr. - - tr. - (0.47)

Commercial fucoidan
from F. vesiculosus [71] 24.8 (1.00) 1.9 (0.09) 0.8 (0.03) 1.0 (0.04) 3.1 (0.11) 9.6 (0.33) 22.6 (1.56)

* Molar proportions relative to fucose content (Fuc = 1.00) are given in brackets.

4. Conclusions

Both brown algal species described in this review are convenient sources of so-called
“fucoidans”, which are crude mixtures of sulfated polysaccharides. Both “fucoidans” con-
tain fucan sulfates as the main components, which are especially interesting as biologically
active polysaccharides. Differences between “fucoidans” of these two algal species are con-
nected mainly with the higher content of another main component, termed “ascophyllan”,
in A. nodosum. In fact, ascophyllan itself is a mixture of several heteropolysaccharides of
moderate sulfation degree, containing, in addition to fucose, also xylose, glucuronic acid,
and some other monosaccharides [73,77,81]. Ascophyllan has its own practically useful
properties and may find application as a preparation with peculiar (distinct from fucan
sulfates) biological activities [89]. The paper by W. Jin et al. [90] may be mentioned as a
very impressive example of investigation devoted to correlating the biological activity and
chemical structures of fucoidan components: the authors carefully analyzed the structural
information of about sixty fucoidan samples isolated from different algae, used them in a
cell surface tau-binding assay, and found that two different branched sulfated polysaccha-
ride components of fucoidans, namely, a galactofucan and a fucoglucuronomannan, acted
as effective inhibitors of tau spreading. Hence, these data may provide a basis for creation
of drugs applicable for therapy in the earliest phase of Alzheimer’s disease.

Resolution of “fucoidans” into individual polysaccharide components remains the
most difficult problem. Since these polysaccharides are polyanions, anion-exchange chro-
matography is traditionally used for their separation, giving excellent results in some
cases [61]. At the same time this procedure cannot resolve compounds differing in struc-
ture, but having similar charge densities. Similar limitations are typical for gel-permeation
chromatography, where even structurally different polysaccharides cannot be resolved,
if they have close molecular weights. Evidently, the resolution of fucoidans needs addi-
tional improvement. Specific enzymatic degradation of unnecessary components of the
mixture [91] or affinity chromatography based on the property of sulfated polysaccha-
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rides to bind several proteins [92,93] may be mentioned as the possible approaches to new
fractionation procedures.

Fucoidan preparations devoted to medical applications should satisfy the very strong
demands concerning their reproducible composition and compatibility with manufacturing
requirements under GMP-standards. A similar problem has been solved in the prepara-
tion of low-molecular-weight heparins [94]. The process of fucoidan isolation should be
carefully controlled at several steps. One of the most important parameters is the standard
quality of the raw material, which is highly varying and depending on the place and season
of harvesting, as well on the procedure of its conservation and storage. Extraction may be
carried out with dilute acids under moderate heating at the conditions, which are sufficient
for the destruction of polysaccharide complexes of the cell walls without marked degrada-
tion of the target fucoidan. Mild oxidants may be used for bleaching, and high molecular
mass may be diminished (if necessary) by careful partial depolymerization. The wanted
fraction may be prepared using membrane filtration. Finally (this is especially important
for algae similar in polysaccharide composition to A. nodosum) the most interesting bio-
logically active highly sulfated fraction should be separated from lower-sulfated material
(such as so-called ascophyllan) using chromatography on anion-exchange resins. The
preparations obtained should be characterized by quantitative determination of monosac-
charides (e.g., gas–liquid chromatography, spectrophotometry) sulfate (e.g., turbidimetry)
and molecular-mass distribution (e.g., analytical gel-permeation chromatography). Similar
standardization procedures are suggested for sulfated glycosaminoglycans, such as, for
example, for chondroitin sulfates [95].

Regulatory requirements mentioned above shorten the fields of medical use of fu-
coidans by the case of superficial applications (ointments, gels, inhalable compositions,
etc.), but injectable forms may be based on synthetic oligosaccharides related to fucoidan
fragments. It should be emphasized that the preparation of such compounds is well elabo-
rated to date [96–98]. In addition, one promising option for fucoidan standardization can
be connected with enzymatic treatments. Recent studies discovered a series of fucoidan
degrading and modifying enzymes [99–101], but up to now only a few agents of this type
were obtained, while their applicability for industrial application was not studied yet and
needs to be investigated.
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Abstract: Nanoparticles formation is one of the ways to modulate the physicochemical properties and
enhance the activity of original polysaccharides. For this purpose, based on the polysaccharide of red
algae, κ-carrageenan (κ-CRG), it polyelectrolyte complex (PEC), with chitosan, were obtained. The
complex formation was confirmed by ultracentrifugation in a Percoll gradient, with dynamic light
scattering. According to electron microscopy and DLS, PEC is dense spherical particles with sizes in
the range of 150–250 nm. A decrease in the polydispersity of the initial CRG was detected after the
PEC formation. Simultaneous exposure of Vero cells with the studied compounds and herpes simplex
virus type 1 (HSV-1) showed that the PEC exhibited significant antiviral activity, effectively inhibiting
the early stages of virus–cell interaction. A two-fold increase in the antiherpetic activity (selective
index) of PEC compared to κ-CRG was shown, which may be due to a change in the physicochemical
characteristics of κ-CRG in PEC.

Keywords: carrageenan; chitosan; polyelectrolyte complex; antiherpetic activity; selective index

1. Introduction

Polysaccharides of marine origin are macromolecules that have engaged researchers
for many decades. Such attractiveness of these compounds is not accidental, since they
combine biocompatibility and low toxicity with unique biological properties and low
cost. In recent years, studies related to the development drugs for pharmaceuticals and
biomedicine based on marine biopolymers have been carried out most intensively [1–3].
This is due to the activities found for them: antitumor [4], antibacterial [5], antiviral [6],
anticoagulant [7] and a number of others [8].

Some of the well known polysaccharides of marine origin are the polysaccharides of
red algae—carrageenans (CRGs). They are a family of sulfated copolymers of 3-linked
β-D-galactopyranose and 4-linked α-D-galactopyranose (D-units) or 4-linked 3,6-anhydro-
α-D-galactopyranose [9]. Depending on the number and position of sulfate groups, as well
as the presence or absence of 3,6-anhydrogalactose in the molecule, CRGs are classified
into various structural types, denoted by Greek letters. The most famous of which are
κ-, λ- and ι-CRGs [10]. Carrageenans are the most studied among algae polysaccharides
in terms of toxicity, pyrogenicity, and allergenicity [11]. Their safety of use for food and
medical purposes has been confirmed by various studies of different scientific groups in
experiments in vivo [12–14].

It is known that CRGs, mimicking heparan sulfate, are potential antivirals that can
interfere with the early stages of viral replication, including virus entry, by masking the
positive charge of the virus surface receptors to prevent them from binding to the heparan
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sulfate proteoglycans in the host cell surface [15]. CRGs can be included in pharmaceutical
compositions for the prevention or treatment of viral infections with no side effects [16].
Earlier, we tested the effect of CRGs, isolated from a different family of red algae of the
Pacific coast, at the stage of viral infection, and we showed the dependence of antiviral
activity on the structural features of these polysaccharides [17]. The results of pre-treatment
of herpes simplex virus type 1 (HSV-1) with CRGs and pre-treatment of cells with CRGs
revealed that these polysaccharides affect the earliest stages of the viral life cycle, which
are the attachment and the penetration ones. CRGs, containing 3,6-anhydrogalactose units,
such as κ- and κ/β-CRGs, significantly reduced the attachment of HSV-1 to cells. However,
they showed lower virucidal activity compared to other CRGs.

One of the ways to increase the bioavailability of polymers can be the production of
nanoparticles (NPs). They have a unique property of combining a high charge density
per unit surface and small sizes [18]. The most promising approach to obtain NPs is the
utilization of green chemistry methods—to use aqua solution and biomolecules without
the application of toxic solvents and synthetic cross-linking agents.

CRGs find use in the production of nanoparticles and microparticles. The presence of
sulfate groups allows the formation of polyelectrolyte complexes (PECs) with oppositely
charged polymers, which has proven to be very useful in the development of new drugs
of various forms [19]. The advantage of PEC-based NPs is not only their high stability
at different pH values, but also their increased mechanical strength compared to that of
NPs obtained by other methods, such as the ionic gelation method [20]. Chitosan (CH)
is most often used to form such complexes. CH is a copolymer of D-glucosamine and
N-acetylglucosamine linked by β-(1→4) bonds obtained from the alkaline deacetylation of
chitin, the main component of crustacean shells [21]. It exhibits low toxicity, biodegradabil-
ity, good cost performance, and strong mucoadhesive properties, and it is a useful material
for PEC preparation. Rodrigues et al. [22] produced complexes by mixing CH and κ-CRG,
at room temperature, and they showed that the physical state of PEC formed depended on
experimental conditions. Depending on the ratios, the PEC was presented as a solution or
precipitate. If the CH charges are neutralized, the electrostatic repulsions are reduced or
eliminated, and, in this case, the precipitation can take place. Another possibility is to use
polyelectrolytes at nonstoichiometric charge ratios, as a result of which the PECs formed
will remain in solution in the form of NPs [19,22].

Previously, we showed that the interaction of CRGs with the CH leads to the formation
of soluble polyelectrolyte complexes (PECs) of the nanometer range [23,24]. It is known
that obtaining NPs can be a way to increase the activity of the initial components. In this
regard, as well as the high antiherpetic activity of κ-CRG, it was of interest to evaluate the
antiviral effect of the nanosized form of PEC κ-CRG in comparison with the effect of the
initial polysaccharide.

2. Results and Discussion

2.1. Characterization of the Original Polysaccharides

Chitosan was isolated from chitin of king crab shell by alkaline deacetylation. The
structure of the obtained polysaccharide was confirmed by H1 NMR spectroscopy (Figure S1).
The degree of N-deacetylation (DD) of polysaccharide was calculated based on the values
of the integral intensity, which was calculated by using integrals of the peak of proton H1 of
deacetylated monomer (H1) at 5.0 md and of the peak of the three protons of acetyl group
(H-Ac) at 2.19 md, and it was equal to 93% [25].

Carrageenan was isolated from the red alga Chondrus armatus by water extraction
followed by fractionation with 4% KCl solution. The structure of KCl-insoluble fraction
was studied by 13C-NMR and IR-Fourier spectroscopy, and the obtained spectra have been
compared with the spectra of polysaccharides isolated by us earlier from this specie of
algae [26].

In the FTIR spectra (Figure S2), the KCl-insoluble fraction of polysaccharides from C.
armatus showed a poorly resolved absorption band with a maximum at about 1263 and
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1212 cm−1, indicating the presence of sulfate groups (asymmetric stretching vibrations,
including two and three S=O bonds of the SO3 group). This spectrum showed absorption
bands at 934 cm−1 for 3,6-anhydrogalactose (C(3′)–O–C(6′) stretching vibration) and the
stretching vibration S–O bonds of 847 cm−1 of the axial sulfate group at C-4 of the 3-
linked β-D-galactose. The two signals at 103.1 ppm and 95.9 ppm in the anomeric carbon
resonance area of the 13C-NMR spectra (Figure S3) of KCl-insoluble polysaccharide from C.
armatus were assigned to C-1 of the 3-linked β-D-galactose residue (G4S) and C-1 of the
4-linked 3,6-anhydro-α-D-galactose (DA) of κ-CRG. Therefore, spectroscopy data suggest
that gelling polysaccharide from C. armatus was represented by κ-CRG. The sulfate content
was 22%.

As shown earlier [12,27,28], the biological activity of polysaccharides may change
significantly due to the presence of low molecular weight fractions in the sample. In this
regard, the CH and κ-CRG were passed through ultrafiltration membranes to remove
low molecular weight polysaccharides. Molecular weights of the polysaccharides were
obtained by the viscosimetric method and were 520 ± 30 and 560 ± 45 kDa, respectively,
for CH and κ-CRG.

2.2. Preparation and Characterization of κ-CRG-CH PEC

A number of methods are used to obtain NPs. These are ionotropic gelation, mi-
croemulsion, diffusion of emulsifying solvent, formation of PEC, and the reverse micellar
method [29,30]. Of these, the method of PEC formation seems to be the most attractive. It
is quite simple, not expensive, and does not require the use of organic solvents.

Soluble PECs in NPs form can be obtained in non-stoichiometric charge ratios [31].
This can be achieved, either with a significant difference in the molecular weights of the
polymers, or with an excess amount of one of the components. Based on previous studies
of the process of PEC formation [24], a 1:10 weight ratio (1:5 charge ratio) of CH-CRG was
chosen to obtain the soluble form of PEC. The resulting complexes did not precipitate after
centrifugation at 13,000 g/10 min.

2.2.1. Ultracentrifugation in a Percoll Gradient

Earlier, we applied FTIR spectroscopy to prove the fact the formation of a complex
between κ-CRGand CH, based on the decomposition of the spectrum into its individual
components. A detailed analysis of the IR spectra is described in our previous work [32].

The use of gradient centrifugation makes it possible to separate macromolecules that
differ little in size or density. This method is one of the few applications for direct registra-
tion of complex formation and has been successfully used by a number of researchers [33,34].
Here, the ultracentrifugation in a Percoll gradient was used to confirm a complex formation.
The distribution curves of the initial CH and κ-CRG, as well as their mixture, are shown
in Figure 1. According to the presented results, the profiles of the initial polysaccharides
(Figure 1a) differ from their profiles in the mixture (Figure 1b). The coincidence of the
maxima of the distribution profiles of CH and κ-CRG in the mixture proves the formation
of PEC.

2.2.2. Dynamic Light Scattering (DLS)

DLS is a very powerful tool for studying the diffusion behavior of macromolecules
in solution. The diffusion coefficient, and the hydrodynamic radii calculated from it,
depend on the size and shape of the macromolecules. Modern data analysis, using various
approaches, makes it possible to estimate the size and homogeneity of macromolecules. DLS
is employed to study different types of interaction in solutions [35]. DLS data confirmed the
existence of PEC of CH-CRG in these weight ratios. In the case of the mixtures of κ-CRG
and CH (10:1 w/w), a significant decrease in polydispersity in comparison with initial
polysaccharides and monomodal distribution of the particles were registered (Figure 2).
The complex represents particles with an average hydrodynamic radius of 138 nm. A partial
neutralization of κ-CRG surface charge from −61.9 mV to −38.4 mV also indicates the PEC
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formation. A sufficiently high negative charge of PEC indicates the electrostatic stability of
the obtained particles, and this also suggests the surface localization of sulfate groups.

  
(a) (b) 

Figure 1. Ultracentrifugation in a Percoll gradient: (a) initial CH and κ-CRG and (b) their mixture
in a ratio CH:CRG of 1:10 w/w. Contents of NH2-groups in CH—gray solid line; contents of
SO4

2−—groups in CRG—black dash line.

Figure 2. Distribution by intensity of CH-CRG 1:10 w/w particles: solid black line—freshly prepared
particles; dot black line—re-dissolved particles; solid grey line—κ-CRG; dot grey line—CH.
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According to European standards, NPs are materials with a specific surface area
above 60 m2/cm3 [36]. With a material density of 1, these are particles with a diameter of
100 nm. However, world practice does not adhere to such strict standards, and diameters
up to 500 nm are allowed in the pharmaceutical literature [37]. Thus, the obtained PEC of
κ-CRG-CH can be considered as an NP.

One of the widely used ways to store and transport NPs is lyophilization. However,
they do not always retain their properties after dissolution. To control the parameters
of the re-dissolved particles, freshly obtained PECs were lyophilized and, after storage
for six months, they were re-dissolved, and their characteristics were determined by the
DLS. As can be seen from Figure 2, the re-dissolved PEC particles have parameters quite
close to those of a freshly prepared sample. Although, their polydispersity and Z-average
increase slightly.

2.2.3. Electron Microscopy

Scanning electron microscopy (SEM). Imaging techniques using microscopy make it
possible to observe various surface characteristics of polymers, such as surface texture,
shape, and thickness. Among other things, researchers prefer scanning electron microscopy
(SEM) and transmission electron microscopy as reliable methods for studying the surface
morphology of polymers. A comparative study of the morphology of the initial polysac-
charides and their complexes can explain the difference in the macromolecular structure of
the studied compounds and, as a result, their biological activity.

Microstructure and surface morphology of κ-CRG and PEC were characterized by
SEM. κ-CRG (Figure 3a,b) is represented by extended, curved worm-like structures of more
than 1 μm, the surface of which is rough and folded. PEC (Figure 3c,d), in contrast to
κ-CRG, represents compact corpuscular structures of spherical or oblong shapes of about
200–300 nm. At higher magnification (100 K), surface roughness, and wrinkling, as in the
case of κ-CRG, can be seen.

 

Figure 3. Scanning electron microscopy images of κ-CRG (a,b), C = 0.1 mg × mL−1, and PEC
κ-CRG-CH 10:1 w/w (c,d).
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Figure 3 clearly shows the changes in κ-CRG morphology after the PEC formation:
polydisperse aggregated structures are transformed into more compact formations with
smaller sizes. The SEM data are in good agreement with the DLS results. The size of the
structures, on SEM images, is close to the particles size determined by DLS.

Transmission electron microscopy (TEM). TEM can provide more details at the atomic
scale, such as crystal structure, which is more powerful and competitive than SEM.

The TEM images of κ-CRG presented in Figure 4a show the fibrous entangled struc-
tures typical of this type of polysaccharides [38,39].

 
Figure 4. Transmission electron microscopy images of κ-CRG (a), C = 0.5 mg × mL−1, and PEC
κ-CRG-CH 10:1 w/w (b).

TEM of the PEC (Figure 4b) revealed the presence of a large number of spherical
particles of different sizes. The features of the preparation of preparations for TEM suggest
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the aggregation of the PEC particles during its drying on a substrate. More detailed analysis
at higher magnification of single particles evidences a solid and compact structure, with an
average diameter of about 150–200 nm. The PEC particle size, according to TEM data, is
slightly smaller than that determined by DLS. The results were in agreement with other
reports [40,41], showing that the mean size of NPs, measured by TEM, is subtle and less
than that determined by DLS. This slight difference is widely considered to be influenced
by the difference methods between TEM and DLS.

The centrifugation in a Percoll gradient (Figure 1) and DLS (Figure 2) indicate that
κ-CRG forms stable complex with CH. The complex formation significantly reduces the
polydispersity of the initial polysaccharides. According to the data of DLS and electron
microscopy, the formed complex has nanometer sizes. The complex remains stable after
lyophilization, followed by re-dissolution. The retention of the negative surface charge
of the particles and the excess of κ-CRG in the PEC composition allows us to assume the
surface localization of sulfate groups in the obtained NPs, which are known to provide
antiviral activity of natural polysaccharides. Therefore, it can be supposed that the antiviral
properties of CRG, which we previously established in relation to the herpes simplex
virus [17], will also be characteristic of its PEC with CH.

2.3. Antiherpetic Activity of CH, CRG and Their PEC

Chitosan-based NPs and their biological properties are widely described [18,20,31,41,42].
NPs are used as a way to increase the antibacterial activity of the initial polysaccharide.
This may be due to the small size and positive surface charge of NPs, which may improve
their stability in the presence of biological cations and increase their antibacterial activ-
ity through interaction with negatively charged biological membranes and site-specific
targeting in vivo [43].

CRG-based NPs are less studied. More often, this polysaccharide is used in the
gel form as a matrix for incorporating different types of NPs for drug delivery or tissue
engineering [44], as well as for coating for stabilization of already formed protein [45] and
metal-containing NPs [46]. In this regard, it seemed interesting to us to study the antiviral
properties of κ-CRG-based NPs.

The study of antiviral activity was carried out on the Vero cell line against the herpes
simplex virus type 1 (HSV-1), strain L2.

The evaluation of the cytotoxicity of the polysaccharides and their PEC showed that
the studied compounds had low cytotoxic activity against Vero cells. Their 50% cytotoxic
concentrations (CC50) exceeded 2000 μg/mL (Table 1). For further study of antiviral activity,
concentrations of compounds below 500 μg/mL were used.

Table 1. Antiherpetic activity of CH, CRG and their PEC 1:10 w/w.

Sample CC50, μg/mL IC50, μg/mL SI

κ-CRG >2000 56 ± 8 * 36 ± 5 *
CH >2000 374 ± 41 * 5.3 ± 0.6 *
PEC >2000 28 ± 4 70 ± 9

* Significance of the differences between the parameters of PEC compared to other compounds (CH, κ-CRG)
(p ≤ 0.05).

The antiviral effect of the studied compounds was assessed by the inhibition rate (IR,
%) of the cytopathogenic effect (CPE) of the HSV-1 in Vero cells using the MTT test (Figure 5).
Simultaneous treatment of Vero cells with the studied compounds and HSV-1 virus showed
that CH at a concentration of 250 μg/mL inhibits the cytopathogenic effect of the virus
by 35 ± 4%. At the same time, κ-CRG and PEC at this concentration almost completely
suppressed the CPE of the virus: their inhibition rates did not differ significantly (p > 0.05)
and amounted to 86 ± 9% and 96 ± 10%, respectively. However, when significantly lower
concentrations of compounds (50 μg/mL) were used, PEC suppressed the CPE of the virus
more effectively than κ-CRG: 89 ± 9% and 66 ± 7%, respectively (p ≤ 0.05) (Figure 5). At
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low concentrations of the tested compounds (10 μg/mL), the inhibition of viral replication
using PEC was higher than that of κ-CRG—43 ± 5% and 30 ± 3%, respectively (p ≤ 0.05).
The CH at the indicated concentrations was ineffective (Figure 5).

 μ

Figure 5. Inhibitory activity of CH, κ-CRG, and their PEC during simultaneous treatment of Vero
cells with HSV-1 virus and compounds.

The low activity of CH is probably associated with a somewhat different mechanism of
its antiviral activity. Although, despite these extensive published reports, the exact antiviral
mechanism of chitosan and its derivatives is not fully understood [47], it is known that the
CH ability to inactivate the virus by binding to its membrane was observed only at pH
above 6.0 and only for certain viruses [48]. Inhibiting viral adsorption and subsequent host
cell invasion was noted only for sulfated chitosan derivatives [49]. Most researchers tend
to believe that the antiviral activity of CH is associated with its ability to activate immune
responses. Thus, intranasal administration of CH caused activation of mucosal immune
responses due to a significant increase in leukocyte infiltration and an increase in the level
of pro-inflammatory cytokines in tissues [50], and it also contributed to the protection of
mice from lethal doses of the influenza virus [51].

The 50% inhibitory concentrations (IC50) and selective indexes (SI) of the test com-
pounds calculated by regression analysis are presented in Table 1. According to the
presented data, the IC50 of the PEC was two times lower, and SI were two times higher
than those of κ-CRG. At the same time, PEC was 13 times more effective than CH.

So, simultaneous treatment of Vero cells with the studied compounds and HSV-1
showed that the κ-CRG/CH PEC exhibits significant antiviral activity, effectively inhibiting
the early stages of virus–cell interaction. Since the ratio of the initial components of κ-
CRG and CH in the complex is 10:1 w/w, it is likely that the inhibitory activity of the
complex is largely due to the action of κ-CRG. In turn, an increase in the selective index
of PEC by two times was observed, compared to κ-CRG, and it was 13 times greated
compared to CH, which indicates a greater safety and efficacy of PEC compared to its
constituent components.

3. Materials and Methods

3.1. Polysacharides

A CH was obtained by alkaline treatment of crab chitin according to the published
protocol [52], followed by deacetylation with the mixture of 40% aqueous solution of NaOH
with isopropyl alcohol (1:16 v:v) under heating for 7 h at 100 ◦C. The pellet was filtered and
dissolved in water acidified with hydrochloric acid (pH 3.5), dialyzed against water, and

164



Mar. Drugs 2023, 21, 238

lyophilized. The DD of the CH sample was calculated according to 1H NMR spectroscopic
data, according to the formula [25].

DD =
I(H1)(

I(H1) + I(HAc)
3

) × 100% (1)

where I(H1) and I(HAc) represent integral intensity of the signal of H1 at 5.0 md and signal
of protons of the acetate group at 2.19 md, respectively. The κ-CRG was isolated with
hot water extraction from the red algae Chondrus armatus (Gigartinaceae), according to
an earlier published protocol [26]. Briefly, the algae were collected at Peter the Great Bay
(Sea of Japan), and they were washed with tap water in order to remove an excess of salt.
Bleaching of the seaweed was achieved by maintaining the specimen in pure acetone for
three days prior to being dried in the air. Dried and milled algae (50 g) were suspended
in hot water (1.5 L), and the polysaccharides were extracted at 90 ◦C for 2 h in a water
bath. The polysaccharides were fractionated into gelling KCl-insoluble and non-gelling
KCl-soluble fractions. The structure of polysaccharides was established on the basis of
NMR and FTIR spectroscopy data according to a previously published protocol [53]. The
sulfate content was determined, as described previously [54].

3.2. Molecular Weight Determination

The molecular masses of polysaccharides were calculated by the Mark-Houwink-
Kuhn-Sakurada equation: [η] = K × Mα, where [η] is the intrinsic viscosity, and K and α

are empirical constants for κ-CRG [55] and CH [56]. For this, the viscosity of κ-CRG and
CH solutions was measured (0.1–1.0 mg/mL in 0.1 M NaCl and 2.0–10.0 mg/mL in 0.2 M
NaCl/0.2 M AcOH, respectively) on a modified Ubbelohde viscometer (OKB Pushchino,
Pushchino, Russia) with a capillary diameter of 0.3 mm at 25 ◦C, and the timing accuracy is
±0.1 s. For each concentration, five measurements were made. The intrinsic viscosity of the
samples was calculated by extrapolating the ln (η) × C−1 dependence to infinite dilution
using the least squares method, and viscosimetric molecular weights were calculated.

3.3. Complexes CRG:CH

The initial polysaccharides were dissolved in deionized water with stirring for 3 h
and filtered through 0.45 μm. The CH-chloride solution (0.1 mg/mL) was added to equal
volume of the κ-CRG solution (1 mg/mL) and stirred for 30 min at 25 ◦C and lyophilized.

3.4. Centrifugation in a Percoll Gradient

Percoll (Sigma, St. Louis, MO, USA, 26 mL, 30%) in NaCl solution (0.15 M) was
placed into a 28 mL centrifuge tube. A sample of κ-CRG, CH, or their mixture (2 mL)
was layered on the Percoll and centrifuged in an angled rotor Heraeus Biofuge Stratos
(Hanau, Germany, Germany) at 20,000× g for 60 min. After centrifuging, the tube contents
were removed through the top using a peristaltic pump. Fractions (1.5 mL) were collected.
The density of the Percoll solution in each fraction was calculated using the refractive
index determined on a RF-4 refractometer (LOMO, St. Peterburg, Russia). The presence of
CH and κ-CRG in the fractions was determined by the reaction of polysaccharide amino
group with 2,4,6-trinitrobenzenesulfonic acid [57] and by the reaction of sulfate group with
Taylor’s blue (1,9-dimethylmethylene blue) [58], respectively. The optical density at 410 nm
535 nm, respectively, for CH and κ-CRG, was measured with a μ-Quant spectrophotometer
(Bio-Tek Instruments Inc., Winuskey, VT, USA).

3.5. Dynamic Light Scattering (DLS) and Electrophoretic Properties of the CRG:CH Complexes

The hydrodynamic radius and ζ-potentials of the initial polysaccharides and their PEC
in solution were determined using a ZetaSizer NanoZS system (Malvern, UK) operating at
633 nm. The measurements were performed at 25 ◦C. The parameters were automatically
calculated with the instrument’s software, based on analysis of the autocorrelation function.
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3.6. Microscopy Study
3.6.1. Transmission Electron Microscopy

TEM images of samples were examined using a LIBRA-120 electron microscope (Karl
Zeiss Group, Jena, Germany). The solutions of κ-CRG (0.5 mg/mL) and PEC (0.5 mg/mL
κ-CRG and 0.05 mg/mL CH) in deionized water were obtained. The drops of the solutions
were placed on grids coated with formvar film stabilized with carbon, desiccated using a
piece of filter paper, and negatively stained for 3 min with 2% uranyl acetate. Then, the
samples were carefully desiccated and examined.

3.6.2. Scanning Electron Microscopy

For the scanning electron microscopy studies, solution samples in deionized water
were placed onto the surface of Thermanox® plastic coverslips (“ThermoFisher Scientific”,
Waltham, MA, USA), fixed with 2.5% glutaraldehyde, incubated for 1 h for sedimentation,
and dehydrated in alcohols of increasing concentrations and acetone. Thereafter, the
samples were completely dried in carbon dioxide, according to the critical-point drying
method, using a BALTEC 030 (Amstetten, Germany). The samples were then placed on the
surfaces of aluminium substrates and coated with chromium. The samples were analysed
using a Zeiss Sigma 300 VP scanning electron microscope (Carl Zeiss Ltd., Cambridge, UK).

3.7. Antiherpetic Activity
3.7.1. Virus and Cell Culture

In this study, HSV-1 strain L2 was obtained from N.F. Gamaleya Federal Research
Centre for Epidemiology and Microbiology, Moscow, Russia. Determination of the cytotox-
icity and antiviral activity of the compounds was carried out on a Vero cell culture (kidney
epithelial cells of the African green monkey Chlorocebus sp.), obtained from N.F. Gamaleya
Federal Research Centre for Epidemiology and Microbiology, Moscow, Russia. HSV-1
was grown in Vero cells using Dulbecco’s Modified Eagle’s Medium (DMEM, Biolot, St.
Petersburg, Russia), which was supplemented with 10% fetal bovine serum (FBS) (Biolot,
St. Petersburg, Russia) and 100 U/mL of gentamycin (Dalkhimpharm, Khabarovsk, Russia)
at 37 ◦C in a CO2 incubator. In the maintenance medium, the FBS concentration decreased
to 1%. The cell concentration in all experiments was 104 cells/mL.

3.7.2. Cytotoxicity of the Tested Compounds

The cytotoxicity evaluation of the studied samples was performed using the MTT
assay, as previously described [17]. In brief, confluent Vero cells (1 × 104 cells/well) in
96-well microplates were incubated with various concentrations of the tested compounds
(1–2000 μg/mL) at 37 ◦C for 72 h (5% CO2); untreated cells were used as controls. MTT
solution (methylthiazolyltetrazolium bromide, Sigma, St. Louis, MO, USA) was added to
cells at a concentration of 5 mg/mL, following incubation for 2 h at 37 ◦C. Then, the MTT
solution was removed, and isopropanol was added to dissolve the insoluble formazan
crystals. The optical density was read at 540 nm (Labsystems Multiskan RC, Vantaa,
Finland). Cytotoxicity was expressed as 50% cytotoxic concentration (CC50) of the tested
compound, which reduced the viability of treated cells by 50%, which was compared to
control cells [59]. Experiments were performed in triplicate and repeated three times.

3.7.3. Anti-HSV-1 Activity of the CH, κ-CRG and Their PEC

The inhibitory effects of the CH, κ-CRG, and their PEC on HSV-1-infection in Vero
cells were evaluated by the cytopathic effect (CPE) inhibition assay. Test compound con-
centrations ranged from 1 to 250 μg/mL; the infectious dose of the HSV-1 virus was 100
TCID50/mL (50% tissue cytopathic infectious dose). Simultaneous treatment of the cells
with the tested compounds and the virus was used. The virus and samples (1:1 v/v) were
applied to Vero cell monolayers, which were grown in 96-well plates, simultaneously, and
incubated for one hour at 37 ◦C. After virus absorption, the virus–compound mixture
was removed; the cells were washed, and maintenance medium was added. The plates
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were incubated at 37 ◦C for 72 h (5% CO2) until 90% CPE was observed in virus control
compared to cell control. Antiviral activity of compounds was assessed by MTT assay, and
the viral inhibition rate (IR, %) was calculated according to the formula [60]:

IR = (ODtv − ODcv)/(ODcd − ODcv) × 100, (2)

where ODtv represents the OD of cells infected with virus and treated with the tested
compounds; ODcv corresponds to the OD of the untreated virus-infected cells; and, ODcd is
the OD of the control (untreated and noninfected) cells. The 50% inhibitory concentration
(IC50) of each compound was determined as the compound concentration that reduced
virus-mediated CPE by 50%, and it was calculated using a regression analysis of the dose–
response curve [61]. The selectivity index (SI) was calculated as the ratio of CC50 to IC50 for
each compound.

4. Conclusions

The problem of searching for compounds that can effectively act on a wide range
of viral infections without harming the host organism still remains relevant. Natural
sulfated polysaccharides, in this regard, seem to be very attractive. The study showed
that the preparation of κ-CRG-based NPs, in the form of PEC with CH, makes it possible
to increase the antiviral activity of the initial κ-CRG. This may be due to a change in the
physicochemical characteristics of κ-CRG in PEC. The polysaccharide in the form of NPs
has a low polydispersity, a significantly smaller size, a compact molecular shape, and, at
the same time, retains a negative charge. This, in turn, can facilitate its interaction with
both viral particles and the cell surface, and this thereby contributes to the manifestation of
a higher antiherpetic activity.
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Abstract: Sepsis is a life-threatening complication of an infectious process that results from the
excessive and uncontrolled activation of the host’s pro-inflammatory immune response to a pathogen.
Lipopolysaccharide (LPS), also known as endotoxin, which is a major component of Gram-negative
bacteria’s outer membrane, plays a key role in the development of Gram-negative sepsis and septic
shock in humans. To date, no specific and effective drug against sepsis has been developed. This
review summarizes data on LPS-binding proteins from marine invertebrates (ILBPs) that inhibit LPS
toxic effects and are of interest as potential drugs for sepsis treatment. The structure, physicochemical
properties, antimicrobial, and LPS-binding/neutralizing activity of these proteins and their synthetic
analogs are considered in detail. Problems that arise during clinical trials of potential anti-endotoxic
drugs are discussed.

Keywords: lipopolysaccharide (LPS, endotoxin); LPS-binding proteins/peptides; host defense
proteins/peptids; innate immune system; marine invertebrates; Gram-negative sepsis; endotoxic shock

1. Introduction

Lipopolysaccharide (LPS, endotoxin), the major structural component of the Gram-
negative bacteria’s outer membrane, serves as a physical barrier that protects bacteria from
the external environment and can be released into the surrounding medium during cell
division or death [1]. These molecules are the potent stimulators of the innate immune
system, playing an important role in the pathogenesis of Gram-negative infections in ani-
mals. When it enters the body of a warm-blooded host, LPS binds and activates the cellular
Toll-like receptor 4 (TLR4), which leads to the development of an inflammatory reaction
and, ultimately, as a result, to the death and elimination of the pathogen. However, the
accumulation of endotoxin in the bloodstream in large quantities (with Gram-negative
infection, invasive procedures, etc.) can cause the excessive activation of immunocom-
petent cells, inducing the overproduction of pro-inflammatory cytokines and a systemic
inflammatory response, which leads to sepsis and septic shock within a few days (Figure 1).
Lipid A, the predominantly lipophilic and most conserved fragment of the LPS molecule,
directly interacts with TLR4 and is responsible for most of the immunobiological and toxic
properties of endotoxin [1].

Gram-negative sepsis remains a serious unresolved problem in clinical medicine.
This type (according to the etiology of pathogens) of sepsis is clinically the most severe,
often accompanied by septic shock, and has a significantly higher mortality rate than
other types. The increasing use of new technologies in medical practice—cytostatic and
immunosuppressive therapy and transplantation and prosthetics—as well as the HIV and
COVID-19 pandemics and the increasing resistance of pathogens to antibiotics contribute
to the growth of septic complications in patients. The aging population, accompanied by an
increase in chronic diseases, also leads to an increase in the incidence of sepsis and septic
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shock. As a result, despite the great advances in antimicrobial chemotherapy, mortality rates
from septic shock remain the highest and do not decrease worldwide. The development
and introduction of new antibiotics into medical practice does not fundamentally solve the
problem; moreover, their use in some cases can lead to a deterioration in the condition of a
septic patient.

Figure 1. LPS-induced inflammatory response of the innate immune system and the anti-
inflammatory effect of LPS-binding peptides/proteins from marine invertebrates. Serum protein LBP
(LPS-binding protein) binds the monomer of LPS and delivers it to a CD14 molecule. CD14 transfers
LPS to the ectodomain of the TLR4/MD-2 receptor complex, which leads to homodimerization of
TLR4. This change in TLR4 conformation provides a binding site for adaptor molecule MyD88
(myeloid differentiation primary-response protein 88). The MyD88-dependent signaling pathway
leads to the activation of nuclear factor-κβ (NF-κβ), which regulates the expression of target genes
encoding pro-inflammatory mediators. The overproduction of pro-inflammatory cytokines may lead
to an uncontrolled inflammatory reaction and eventually to sepsis. The binding of ILBP to LPS blocks
CD14–LPS interaction and prevents the transfer of LPS to the TLR4/MD-2 complex, thus interfering
with TLR4 dimerization and downstream inflammatory responses.

Modern medicine does not have specific and effective anti-sepsis drugs whose molec-
ular target is LPS. Molecules that can selectively block TLR4, preventing endotoxin from
binding to receptor and the development of a systemic inflammatory response, may have
therapeutic potential for the treatment of sepsis. In particular, TLR-4 receptor antago-
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nists are structural analogs of lipid A with low toxicity, including native lipid A from a
number of marine proteobacteria (Proteobacteria) [2,3]. Another approach to the endotoxin-
neutralizing drug design is based on the use of synthetic or natural substances that can
suppress the biological activity of LPS due to the formation of strong complexes with it
(Figure 1) [4]. Searching for such compounds among the host defense proteins of marine
invertebrates—which represent one of the most extensive and diverse groups of animals,
numbering 153,434 species—seems very promising (UN data for 2019).

Marine invertebrates only have an innate immune system, including a huge set of
defense proteins, which was formed during a long evolution and allowed them to survive
in the environment enriched with pathogenic microorganisms [5]. Host defense proteins
are traditionally referred to as antimicrobial peptides, although they have been shown to
be polyfunctional compounds. These proteins are constitutively expressed and rapidly
induced in various cells and tissues, interact directly with infectious agents, and/or activate
immune responses to eliminate pathogens. Defense proteins usually recognize and bind to
the surface of the pathogen the most conservative biopolymers that are common and vital
for a large group of microorganisms but not present in the host. These molecules, known
as pathogen-associated molecular patterns (PAMPs), trigger innate immune responses in
the host [6]. In Gram-negative bacteria, this PAMP is LPS.

Host defense proteins and peptides with lipopolysaccharide-binding capacity from
marine invertebrates (ILBPs, invertebrate lipopolysaccharide-binding proteins) may pos-
sess different biological properties depending on the structure and nature of the interaction
with endotoxins. With a high affinity for LPS, these proteins may have antimicrobial or
endotoxin-neutralizing activity, or both [4]. ILBPs that combine both of these properties are
considered today as the most effective potential drugs for the treatment of human sepsis.

This review summarizes data on host defense proteins (antimicrobial peptides) of
marine invertebrates that can recognize and bind LPS. Particular attention is focused on
the group of ILBPs and their synthetic analogs, which neutralizes endotoxin. The structure,
physicochemical properties, LPS-binding/neutralizing activities, and antimicrobial activi-
ties of these proteins are considered in detail as far as the sources for their isolation among
marine invertebrates. The structural basis of the endotoxin-neutralizing action of ILBPs
is discussed.

2. Anti-Lipopolysaccharide Factor (ALF)

A cationic protein that inhibited the LPS-induced activation of the crab hemolymph
coagulation system has been found in hemocyte lysates of Japanese (Tachypleus tridentatus)
and American (Limulus polyphemus) horseshoe crabs [7–9]. This protein, called the anti-
lipopolysaccharide factor (ALF), was able to bind LPS, neutralize its biological activity
(in vitro and in vivo), and inhibit the growth of R-type Gram-negative bacteria. The natural
and recombinant anti-LPS factor Limulus (ALF-L) also suppressed endotoxin-mediated
activation of cultured endothelial and B cells, reduced the concentration of endotoxin and
TNF-α in the blood serum of experimental animals, and protected them from death in the
late stages of endotoxemia and sepsis [10–14].

Numerous ALF homologues have been identified and characterized in different types
of crustaceans: shrimp, lobster, crabs, and crayfish [15–22]. The most extensively studied
ALFs are isolated from shrimp of the Penaeidae family, which includes many economically
important species that are of interest as objects of industrial fishing and breeding [23].

ALFs show a broad spectrum of antimicrobial activity against Gram-negative and
Gram-positive bacteria, fungi, human enveloped viruses (herpesvirus type 1, adenovirus),
and white spot syndrome virus (WSSV), which is widely distributed throughout the
world and considered as one of the most destructive and pathogenic viruses in shrimp
farms [24–26].

In crustaceans, one organism usually contains several isoforms of ALF, which are
either encoded by different genes or formed as a result of alternative mRNA splicing [27].
Thus, six isoforms were identified in the tiger shrimp Penaeus monodon, and seven isoforms
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were found in the Chinese shrimp Fenneropenaeus chinensis and the South Korean blue
crab Portunus trituberculatus [15,28–32]. The isoforms differed in tissue distribution and
antimicrobial properties. The wide diversity of ALF sequences within a species may provide
a synergistic enhancement of their protective action against bacterial infection.

ALFs are a group of small single-domain antimicrobial proteins consisting of 97–124
amino acid residues with a relatively short 16–28 residue signal sequence. The molecular
weight of the mature protein is about 11 kDa: ALFs from L. polyphemus and shrimp of
various species have masses of 11.8 and 10.74 to 12.23 kDa, respectively [9,33]. According
to the values of the isoelectric points (pI), ALFs were classified as cationic peptides, but
more and more data are emerging on the existence of anionic proteins among them [33–35].
The theoretical pI values of mature shrimp ALFs range from 5.02 to 10.29 [33]. Typically,
ALF molecules have a highly hydrophobic N-terminal region and conserved cluster of
positively charged and hydrophobic amino acid residues within a loop fixed by a disulfide
bond between two conserved cysteine residues, which is commonly referred to as the
LPS-binding domain [36]. This amphipathic loop is an important functional molecule
moiety, which is responsible for the biological activity of ALFs. Indeed, synthetic peptides
corresponding to this fragment from various ALFs have shown antimicrobial activity, the
ability to inhibit WSSV virus replication, and a protective effect in sepsis [20,37–39].

Despite the large number of registered ALFs (more than 300 proteins of this class
from crustaceans were isolated and characterized until 2021), only one crystal structure of
them has been established to date. The X-ray structure of recombinant ALF-L consists of
three α-helices (one at the N-terminus and two at the C-terminus) packed against a four-
stranded β-sheet, giving rise to a wedge-shaped molecule [36]. The potential LPS-binding
domain includes an amphipathic β-hairpin formed by the longest β-strands S2 and S3 of the
β-sheet and stabilized by the single disulfide bond (Cys31–Cys52). The positively charged
residues within the β-hairpin of ALF-L are supposed to interact with the negatively charged
phosphate groups of lipid A. However, the lipid A binding site on ALF remains poorly
understood to date. Later, the spatial ALF structure from the shrimp P. monodon, expressed
in yeast cells, rALFPm3, was determined using NMR (Figure 2) [40]. The structure of rALF-
Pm3, like ALF-L, is composed of three α-helices, a four-stranded β-sheet, and contains a
β-hairpin formed by S2 and S3 β-strands closely linked via a Cys34-Cys55 disulfide bond.
A Comparison of the 3D structures of these proteins revealed highly similar clusters of
positively charged and hydrophobic residues on the β-sheet surface. This suggests that
ALF-L and ALFPm3 have a similar LPS binding site, which is located on the β-sheet and
mainly consists of 5–6 positively charged and several hydrophobic residues capable of
binding lipid A through electrostatic and hydrophobic interactions.

Figure 2. Structure of the anti-lipopolysaccharide factor from Penaeus monodon (pdb, 2job).

A series of peptides of various lengths, including cyclic ones, derived from the ALF-L
sequence, were synthesized [41]. These peptides demonstrated high endotoxin-binding
and neutralizing activities, comparable with those of the parent recombinant protein, and
were non-toxic for erythrocytes or cultured human monocytes. A new class of peptides
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based on the LPS-binding domain of ALF-L or part of it with significant changes in length
and primary sequence calculated for optimal lipid A binding was also designed [42]. A
preclinical study revealed that these peptides have high selectivity for LPS, as well as
high LPS-neutralizing activity in vitro and the ability to protect against sepsis in vivo.
An analysis of the obtained data showed that the endotoxin-neutralizing activity of the
peptides is closely related to their affinity for LPS and the ability to incorporate into LPS
aggregates with changes in their structure. The authors highly appreciate the potential of
synthetic peptides as drugs for the treatment of endotoxemia and sepsis.

3. β-Hairpin Peptides

3.1. Arenicins

Several antimicrobial peptides were isolated from the coelomocytes of marine poly-
chaeta lugworm Arenicola marina called arenicins-1, -2, and -3 [43,44]. Arenicin molecules
consist of 21 amino acid residues and have the amphipathic β-hairpin structure, formed
by the two-stranded antiparallel β-sheet stabilized by one (arenicin-1,-2) or two disulfide
(arenicin-3) bridges (Figure 3a).

Figure 3. Structure of β-hairpin peptides. (a) Arenicin-3 (pdb, 5v0y), (b) tachyplesin-1 (pdb,1wo0),
and (c) polyphemusin-1 (pdb, 1rkk).

Conformational analysis via NMR spectroscopy revealed that the β-sheet in arenicins
had a marked right-handed twist in an aqueous solution. This distortion effectively shields
the hydrophobic side of the β-sheet from contacts with polar solvent, thus reducing the
peptide surface amphipathicity [45,46]. When interacting with membranes or in membrane-
mimetic environments, arenicins, form dimers stabilized by hydrogen bonds between paral-
lel N-terminal β-strands in two neighboring molecules. Dimerization induces a substantial
conformational change so that the molecules adopt almost planar amphipathic β-sheet
structures [47,48]. A significant decrease in the twist of the β-hairpin as a result of arenicin
dimerization leads to an increase in its amphiphilicity and stability. Natural arenicins
exhibit pronounced antimicrobial activity against a broad spectrum of Gram-positive and
Gram-negative bacteria, pathogenic fungi, and yeasts even under high-ionic-strength con-
ditions [43,49]. Mode-of-action studies strongly suggest that the antibacterial activity of
arenicins is consistent with their ability to disrupt the integrity of bacterial membranes.

More recently, arenicin-3, a member of the arenicin family, was discovered by the
pharmaceutical company Adenium Biotech ApS, which develops novel antibiotics for
the treatment of Gram-negative bacterial infections [44]. This peptide is very attractive
due to its potent broad-spectrum antibacterial activity, even against multidrug-resistant
clinical isolates, and its ability to bind LPS. However, arenicin-3 is toxic to mammalian
cells and causes hemolysis of human erythrocytes. To solve the problem of toxicity, the
structural analogs of arenicin-3 were designed by changing the number of disulfide bonds,
hydrophobicity, or charge of the molecule [50,51]. As a result, peptides were synthesized
with low cytotoxicity while maintaining antibacterial properties. The optimized synthetic
arenicin-3 derivatives, which retained the β-hairpin structure stabilized by one or two
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disulfide bonds, were found to be the most active against Gram-negative bacteria. These
peptides have demonstrated the ability to bind LPS with higher affinity than polymyxin
B and neutralize its toxic effects. Also, these synthetic analogs increased the survival
of mice during LPS-induced peritonitis and sepsis, protected from lethal LPS challenge
in vivo, endotoxin-induced lung injury, and death caused by bacterial infection (E. coli
and S. enteritidis) and also inhibited the production of proinflammatory cytokines. At the
same time, they had low hemolytic activity and cytotoxicity, as well as higher antimicrobial
activity than the natural peptide. According to the researchers, these optimized arenicin-3
analogs may be potential candidates for the creation of dual-acting drugs with antibacte-
rial and anti-endotoxin activities. Currently, one of the obtained variants is undergoing
preclinical trials [52].

3.2. Tachyplesins and Polyphemusins

In horseshoe crab hemocytes, in addition to ALF, another group of antimicrobial LPS-
binding peptides was found. These relatively short and structurally closely related peptides,
known as polyphemusins I and II and tachyplesins I–III, were isolated from L. polyphemus
and T. tridentatus, Tachypleus gigas, and Carcinoscorpius rotundicauda, respectively [53–55].

Their concentration in hemocytes is extremely high, up to 10 mg in the total hemolymph
of an individual horseshoe crab [56]. These peptides are 17–18 amino acid residues in length
and have an amidated C-terminal arginine residue and a net positive charge. The spatial
structure of the peptides in aqueous solutions is an amphiphilic, antiparallel β-hairpin
connected by a β-turn and stabilized by two disulfide bonds (Figure 3b,c) [57–60]. The
peptide structure is highly stable and is preserved when samples are heated to 100 ◦C in
neutral pH buffers and kept at low pH [55]. This stability seems to be due to the rigid
structure imposed by the two disulfide linkages. In the presence of dodecylphosphocholine
micelles, conformational changes in tachyplesin structure occur, which are accompanied by
an increase in the amphiphilicity of the molecule and the formation of a contiguous well-
defined hydrophobic surface [58]. The ability of peptides to adopt distinct conformations
in solution and upon membrane association appears to be partly responsible for their wide
range of biological activities, including antimicrobial, antitumor, and anti-inflammatory.
So far, for these peptides, the relationships between their structures and functions are not
well understood.

These peptides recognize and bind LPS and quickly integrate into LPS monolayers.
They are able to displace divalent cations from their binding sites with LPS and penetrate
into the outer membrane of bacteria and also demonstrate resistance to inhibition from
these cations of incorporation into LPS monolayers [61–63]. The recognition site for the
peptide on the LPS molecule is the lipid A moiety. The peptides were found to show higher
(280-fold for tachyplesin I) affinity for LPS compared with acidic phospholipids. When
tachyplesin interacts with LPS, slight changes in its secondary structure are observed: the
β-sheet is elongated and twisted, and the whole structure is stabilized. A twisting β-sheet
structure may be important for tachyplesin to recognize LPS. According to the proposed
model of the complex of tachyplesin I with LPS, the peptide lies across two D-glucosamine
residues of lipid A, and its cationic and aromatic residues interact with phosphate groups
and acyl chains of lipid A moiety, respectively [62].

The binding of peptides to LPS is accompanied by the neutralization of its toxic ef-
fect on the macroorganism. Polyphemusins inhibit the production of pro-inflammatory
cytokines TNF-α and IL-6 through LPS-stimulated macrophages, protect mice from endo-
toxemia, and block the development of endotoxin shock in an animal model. The structural
analog study of polyphemusins and tachyplesins made it possible to establish that the
antiendotoxin activity of peptides increases with an increase in their binding affinity to LPS
and the amphiphilicity of the molecule [63].

Tachyplesins and polyphemusins show pronounced activity against a wide range of
microorganisms and, along with arenicins, are considered the most active antimicrobial
peptides of animal origin. They inhibit the growth of both Gram-positive and Gram-
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negative bacteria, as well as some fungi at sub-micromolar and micromolar
concentrations [53,63–65].

Despite the commonality of the beta-hairpin fold stabilized by disulfide bonds and a
wide spectrum of activity against both Gram-negative and Gram-positive bacteria, tachy-
plesins/polyphemusins and arenicins have a rather low degree of amino acid sequence
similarity (up to 35%) [66] and differ in the mechanism of antimicrobial action. Tachyplesins
and polyphemusins have been shown to translocate across membranes without significant
disruption of lipid bilayers [67], while arenicins disrupt the cell membrane through the
formation of higher oligomeric states [46].

4. Big Defensins

Big defensins were first discovered in horseshoe crabs. A novel defensin-like protein
was isolated from T. tridentatus hemocytes, which contained 79 amino acid residues and
was named “big defensin” (BigDef). This protein had a pronounced ability to bind LPS, as
well as to inhibit the growth of Gram-positive and Gram-negative bacteria and fungi [68].
The BigDef molecule consists of a highly hydrophobic N-terminal domain and a cationic
C-terminal domain containing six cysteine residues involved in three internal disulfide
bridges. These two different domains are connected via a flexible linker. The spatial struc-
ture of the C-terminal domain is a twisted three-stranded antiparallel β-sheet, stabilized
by three disulfide bonds, and the N-terminal domain adopts a conformation formed by
parallel β-sheet and two α-helices, which in the lipid environment are transformed into an
elongated single α-helix (Figure 4a) [69,70].

The C-terminal domain is structurally similar to human β-defensins, HβD-2 and
HβD-3 [71] and differs from invertebrate defensins. Trypsin cleaves BigDef at the Arg-37
residue to form two peptide fragments that have diverse activities. The N-terminal hy-
drophobic peptide acts predominantly against Gram-positive bacteria, while the
C-terminal cationic peptide is more active against Gram-negative bacteria. Both gener-
ated peptides showed weak LPS-binding activity, whereas the activity of intact full-length
BigDef was significant compared with that of anti-LPS factor ALF peptide from T. tridentatus
hemocytes. Thus, binding to LPS requires the native conformation of the entire molecule.

Figure 4. Structures of big defensins isolated from (a) horseshoe crab Tachypleus tridentatus (pdb,
2rng) and (b) oyster Crassostrea gigas (pdb, 6qbl).

Phylogenetic analysis of all currently known sequences of the BigDef genes showed
that these proteins form a group predominantly represented in marine invertebrates, mainly
in mollusks [72–74] and, to a much lesser extent, in horseshoe crabs and lancelets [75]. The
spatial structure of the big defensin from the Pacific oyster Crassostrea gigas (Cg-BigDef1)
was recently determined (Figure 4b) [76]. This is the second currently known structure
for a protein from the BigDef family. NMR spectroscopy revealed that oyster Cg-BigDef1,
like horseshoe crab Tt-BigDef, possesses two structural domains. Cg-BigDef differs from
Tt-BigDef in the orientation of the N- and C-terminal domains, the length of the linker
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sequence, and, as a result, surface properties. The big defensin overall structure from the
oyster is mainly hydrophobic, while that from the horseshoe crab is amphiphilic. This sug-
gests that Cg-BigDef1 binding to bacterial membranes occurs through hydrophobic rather
than electrostatic interactions and is not impaired at high salt concentrations. Cg-BigDef1
exhibited salt-stable activity against both Gram-positive and Gram-negative bacteria and
fungi. Genes encoding homologous proteins from two other mollusk species, Venerupis
philippinarum and Argopecten irradians, have been cloned and expressed, and the obtained
recombinant proteins have been characterized [77,78]. These molecules are cationic pep-
tides with a molecular weight of 8–11 kDa and an isoelectric point of 8.6–9.2. They exhibit
antibacterial and antifungal activities. The ability of these proteins to bind LPS has not
been studied.

5. Factor C

Factor C is a unique LPS-binding protein found in horseshoe crabs. It is a trypsin-like
serine protease zymogen. The zymogen is activated by picogram amounts of LPS and
is the initiator of the coagulation cascade, which the horseshoe crab uses as one of the
defense mechanisms against pathogens [79]. It can specifically bind LPS on the surface of
hemocytes and directly recognize Gram-negative bacteria in an LPS-dependent manner,
acting as a pattern-recognizing receptor [80]. Recombinant Factor C (rFC) interacts at
extremely high affinity with LPS and lipid A: the dissociation constant (KD) of its complex
with lipid A is 7.6 × 10−10 M [81]. Due to high specificity and sensitivity to LPS, it is widely
used by pharmaceutical companies to detect endotoxin contamination of parenteral drug
products and medical devices (Limulus Amoebocyte Lysate (LAL) test and rFC test) [82].
Recombinant factor C has been shown to effectively inhibit LPS-induced production of
TNF-α and IL-8 via human macrophages and is therefore a potential LPS-neutralizing
agent [83]. Furthermore, rFC is non-toxic to human monocytes and HeLa cells. In horseshoe
crab amoebocyte lysate, Factor C was found in two molecular species: in a single-chain
form and a two-chain form, which consists of heavy and light chains linked by (a) disulfide
bond(s) [84]. Both molecules have the same molecular mass. A single-chain form is
transformed into a two-chain form as a result of the LPS-mediated activation of Factor
C [85,86]. It is believed that molecular reorganization may occur during the isolation and
purification of Factor C due to the presence of LPS trace impurities.

Factor C is a glycoprotein and, depending on the source of isolation, L. polyphemus
and T. tridentatus hemocytes or Carcinoscorpius rotundicauda hemocytes, has a molecular
weight of 120 or 132 kDa with heavy and light chain sizes of 80 and 43 or 80 and 52 kDa,
respectively [86,87]. The Factor C molecule consists of domains that are structurally related
to proteins of the mammalian complement system [88]. Along with the typical serine
protease domain at the C-terminus, Factor C also includes a cysteine-rich (Cys) region; a
domain homologous to epidermal growth factor (EGF); five complement control protein
(CCP) modules, also known as Sushi domains; an LCCL segment (a fragment common to
a number of proteins such as Coch-5b2 and Lg11 [89]); and a domain similar to a C-type
lectin (Figure 5).

 
Figure 5. The modular structure of mature Factor C. C—cysteine-rich region (Cys); E—epidermal
growth factor (EGF)-like domain; S—complement control protein (CCP) module, also known as Sushi
domain; LCCL—domain-type identified in cochlear protein Coch-5b2 and late gestation lung protein
Lgl1; CL—C-type lectin-like domain; SERPRO—serine protease domain. The positions of the heavy
and light chains are indicated.
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The CCP module consists of approximately 60 amino acid residues, including four
cysteine residues, forming two internal conserved disulfide bonds, and has a β-sandwich
spatial structure with a compact hydrophobic core. One face of the β-sandwich is made up
of three β-strands linked by hydrogen bonds, and the other face formed by two separate
β-strands [90]. The regions of the polypeptide chain between the β-strands are composed
of both well-defined turns and less well-defined loops. An analysis of CCP sequence
alignments reveals a high degree of conservation among residues of obvious structural
importance, while almost all insertions, deletions, or substitutions are found in the region of
the loops. This suggests that the structure of the 16th CCP module from human complement
factor H (Figure 6a) gives sufficient understanding of the structure of these modules in the
Factor C molecule.

Figure 6. Structures of (a) complement control protein module 16 from human complement factor H
(pdb, 1hcc) and (b) the human epidermal growth factor (pdb, 1jl9).

The EGF-like domains are about 50 amino acid residues in length and contain six
cysteine residues that form disulfide bonds, resulting in a very compact configuration [91,92].
The secondary structure of these polypeptides in water contains two antiparallel β-sheets
and several β-turns. Figure 6b shows the crystal structure of human EGF (hEGF), which
consists of an N region and a C region [93]. The N region has an irregular N-terminal
peptide segment and an anti-parallel β-sheet. The C region contains a short anti-parallel
β-sheet and a C-terminal segment, which are probably disordered in isolation. There are
two hEGF molecules in the asymmetric unit of the crystals, which form a potential dimer.

The N-terminal fragment of Factor C is completely responsible for binding to LPS [94,95].
This fragment, which includes a Cys-rich region, an EGF-like domain, and three CCP (Sushi)
modules, has several LPS (lipid A) binding sites and demonstrates strong positive cooper-
ativity of binding to the ligand [96]. This, apparently, determines its significantly higher
ability to neutralize endotoxin, in comparison with polymyxin B, as well as the high sensi-
tivity of Factor C to LPS. At low concentrations, the Factor C fragment completely inhibits
LPS-induced production of TNF-α and IL-8 by human monocyte cells THP-1 and peripheral
blood mononuclear cells. N-terminal fragment, which has low cytotoxicity, protects mice
from LPS-induced lethality.

Structural and functional analysis of the N-terminal region of factor C from the horse-
shoe crab C. rotundicauda showed that LPS-recognizing regions are localized in the CCP 1
(Sushi 1) and CCP 3 (Sushi 3) modules [97]. These modules have high-affinity LPS binding
sites with KD from 10−9 to 10−10 M, which are located in two 34-mer peptides, S1 and
S3. Both S1 and S3 can inhibit the LAL reaction with endotoxin and the LPS-induced
production of TNF-α by human macrophages with different efficiencies. The analysis of the
obtained data showed that at least two S1 peptides cooperatively bind to one LPS molecule
with a Hill coefficient of 2.42. In contrast, the binding of LPS to S3 is non-cooperative.
Synthetic peptides developed on the basis of CCP modules inhibited the LPS-induced
secretion of TNF-α by human THP-1 cells and protected D-galactosamine-sensitized mice
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from a lethal dose of E. coli LPS [96,97], demonstrating the promise of their use for the
immunotherapy of Gram-negative sepsis.

In the case of the Factor C orthologue from T. tridentatus, the LPS-binding region of
the molecule was found not inside the tandem CCP (Sushi) modules but in the N-terminal
cysteine-rich Cys region and the EGF-like domain [80]. The Cys-rich region specifically
binds LPS not only in free form but also on the bacterial surface. The LPS binding site in
the Cys region contains a conserved tripeptide sequence (Arg36-Trp37-Arg38) consisting
of an aromatic residue flanked by two basic residues, which is also found in other LPS-
recognizing proteins [98]. Mutations in this tripeptide prevent its binding to both LPS
and Gram-negative bacteria, which determines the key role of this conserved motif in
interaction with LPS. It is assumed that the binding of this peptide to LPS occurs according
to the mechanism previously proposed for the ALF peptide: the basic residues interact
with D-glucosamine-1-phosphate of lipid A, and the aromatic residue associates with its
hydrophobic part.

Full-length Factor C binds and neutralizes LPS more effectively than individual LPS-
binding peptides derived from it [83,97]. This fact indicates that interdomain interactions
in the molecule enhance the overall interaction between factor C and LPS. The tandem ar-
rangement of Sushi’s LPS-binding domains in Factor C has been reported to be responsible
for its high affinity for LPS. In addition, the lectin-like and CCP 4 domains have been shown
to contribute to the binding of factor C to LPS [99]. These modules can either influence the
conformation of LPS-binding domains or directly participate in LPS binding.

6. Bactericidal/Permeability-Increasing Proteins

The bactericidal/permeability-increasing protein (BPI) is a member of the LBP/BPI
family of LPS-binding proteins and a component of the innate immune system that acts
selectively against Gram-negative bacteria [100]. These proteins have a direct cytotoxic
and opsonizing effect on bacteria and also bind LPS in the lipid A region and neutralize
its biological activities [101–103]. These properties of BPI have been used therapeutically
for endotoxin-related complications of various diseases [104]. In animal models of sepsis,
pneumonia, and endotoxemia, as well as in preclinical and clinical trials, recombinant BPI
peptides have been shown to neutralize many of the biological effects of LPS.

The first BPIs were isolated from rabbit and human polymorphonuclear leukocytes
[105,106]. Human BPI (hBPI), one of the most well-studied representatives of the LBP/BPI
family, is a cationic protein with a molecular weight of 55 kDa, whose three-dimensional
structure was determined by X-ray diffraction (Figure 7) [107,108]. At the same time,
orthologues of this protein have been found in several non-mammalian vertebrate species
and various invertebrates [109].

Figure 7. Crystal structure of human bactericidal/permeability-increasing protein (pdb, 1bp1).
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The hBPI homologue was revealed in the oyster C. gigas [110]. This was the first time
that BPI was identified in an invertebrate. The protein, named Cg-BPI, was obtained in
recombinant form and characterized. Mature Cg-BPI is a cationic protein (50.1 kDa) with a
calculated pI of 9.3, close to that of hBPI, pI 9.4. Amino acid sequence analysis, as well as
structure modeling and electrostatic surface potential prediction, showed that Cg-BPI has a
high degree of structural similarity to hBPI. It contains two conserved domains, N-terminal
and C-terminal, which are separated by a proline-rich region. Although these domains have
a low degree of amino acid sequence similarity, they exhibit the same spatial structure. The
Cg-BPI, like the hBPI, has a boomerang shape and consists of two identical barrels formed
by a beta-sheet and two alpha-helices, which are connected via a central β-sheet (Figure 7).
The N-terminal domain of Cg-BPI contains functional regions previously characterized in
hBPI as responsible for LPS binding and neutralization, as is bactericidal activity [111,112].
This domain has three conserved lysine residues that can bind to negatively charged LPS
groups through electrostatic interactions [113], as well as two cysteines characteristic of
mammalian BPI and forming a disulfide bond, which has been shown to be important for
the rhBPI function [114]. Both domains contain an apolar pocket that serves as a binding
site for lipids and probably lipid A.

Recombinant Cg-BPI bound LPS and lipid A with high affinity (KD 3.1 × 10−8 M
for E. coli LPS) [110]. It had a strong bactericidal effect on Gram-negative bacteria and
disrupted their cytoplasmic membranes. Thus, the BPI protein from C. gigas combines
LPS-binding activity with antibacterial and membrane-permeabilizing properties. It is
noteworthy that Cg-BPI was highly active against E. coli SBS363, which contains LPS
with short O-polysaccharide chains but was 30 times less active against E. coli ML35 with
long-chain LPS. A similar result was obtained for hBPI and was explained by the greater
accessibility of anionic and hydrophobic sites in and near the lipid A region of the LPS
molecule in E. coli SBS363 due to a decrease in the shielding effect of O-polysaccharide
chains [115,116].

In further research, a second BPI, Cg-BPI2, was found in C. gigas, which showed the
highest sequence identity with the already-known Cg-BPI [117]. According to the results
of molecular modeling, Cg-BPI2, like hBPI and Cg-BPI, has a structure consisting of an
N- and C-terminal barrels and a central β-sheet. At the same time, a comparison of the
electrostatic surface potentials revealed that Cg-BPI2 has a higher surface charge than hBPI
and Cg-BPI. The recombinant N-terminal domain of Cg-BPI2 exhibited a high affinity for
LPS and was effective against Gram-negative bacteria. Thus, the antibacterial activity of
C. gigas BPIs, as well as human BPI, is determined by their N-terminal domain.

Recently, BPIs EsBPI2 and EsBPI4 from the squid Euprymna scolopes have been char-
acterized [118]. Based on amino acid sequence analysis and comparative modeling data,
EsBPI2/4 were predicted to have molecular characteristics typical of hBPI. These two
proteins have a two-domain “boomerang-like” structure. They share with other BPIs the
predicted LPS-binding regions in their N-terminal domains and conserved cysteines, which
are involved in the formation of disulfide bonds crucial for the functional activity of this
family of proteins. Both proteins isolated from squid tissue extract showed potent bacterici-
dal activity against Gram-negative bacteria Vibrio fischeri. Host exposure to LPS derivatives
(lipid A) led to increased EsBPI2 gene expression.

Using genomic technologies, proteins of the LBP/BPI family have been identified in
a number of marine invertebrates, such as marine annelids [119], sea urchins [120], and
mollusks [121]. The LBP/BPI gene expression in the invertebrates has been shown to occur
after challenge with LPS. These results suggest that BPIs contribute to the elimination of
Gram-negative bacteria through interaction with LPS.

7. Lipopolysaccharide-Binding Lectins

Lectins are non-immunoglobulin-type proteins or glycoproteins that selectively rec-
ognize and reversibly bind to specific carbohydrates and carbohydrate moieties without
changing the structure of glycan. Marine animals, including invertebrates, have a large

181



Mar. Drugs 2023, 21, 581

and complex set of lectins that vary considerably in their structure and carbohydrate speci-
ficity. Invertebrate lectins are potential molecules involved in the immune recognition and
phagocytosis of microorganisms through opsonization. They are able to interact with LPS
on the surface of bacterial cells. However, this fact only applies to those LPS that have
carbohydrate motifs recognized by the lectins. Carbohydrate ligands in the LPS molecule
are localized mainly in O-specific polysaccharide chains (hypervariable structural element)
and rather less frequently in the core oligosaccharide (relatively conserved structure) and
in lipid A (very conserved part of the molecule) [122].

In marine invertebrates, horseshoe crab LPS-binding lectins are the best studied. Five
types of such lectins have been isolated from the hemolymph of T. tridentatus, of which four,
called tachylectins (TL-1 to TL-4), are from hemocytes and one, TPL2 (Tachypleus plasma
lectin 2), is from plasma. Unlike tachylectin proteins-1-3, TPL-2 is a glycoprotein. A study
of recombinant TPL2 with a mutation in the glycosylation site shows that glycosylation
does not appear to be important for LPS binding [123].The hemolymph lectins differ in
their carbohydrate specificity. Indeed, TL-1 (L6) interacts with the core oligosaccharide of
the LPS molecule, probably through the 2-keto-3-deoxyoctonic acid (KDO) residue [124];
TL-2 (L10) exhibits specific activity for D-GlcNAc (KD = 5.13 × 10−5 M and 1.54 × 10−8

M for free and immobilized (GlcNAc–BSA) monosaccharide, respectively) and D-GalNAc
[125,126]; TL-3 specifically binds to S-type LPS from several Gram-negative bacteria through
a specific structural fragment of O-polysaccharide, similar to that of the blood group
A antigen [127]; and TL-4, like TL-3, specifically recognizes S-type LPS, but not R-LPS
lacking O-polysaccharide. The most likely specific ligand for TL-4 is colitose (3-deoxy-L-
fucose), a monosaccharide that is structurally similar to L-fucose, to which the lectin is also
able to bind, but with lower affinity [128]. The D-isomer of colitose, abequose, is also a
candidate for another ligand. TPL2 shows an 80% sequence identity with TL-3 and, like
TL-3, specifically interacts with the O-polysaccharide fragment of LPS [123,129,130]. This
lectin binds to E. coli LPS with a KD of 1.03 × 10−6 M [131]. The specific ligand for TPL2
is L-rhamnose.

A structural feature of tachylectins is the presence of tandem repeats in their amino
acid sequence, which are at least 30 residues long and encode the secondary and tertiary
structure of the protein. The TL-1 (27 kDa), TL-2 (27 kDa), and TL-3 (14 kDa) sequences
include six, five, and two repeats, respectively [124,125]. TL-3 (14 kDa) is present as a
dimer (29 kDa) in solution, while TL-4 (30 kDa) exists under physiological conditions
as a high molecular weight oligomer (470 kDa) consisting of 30 kDa subunits [127,128].
Wild-type TPL-2 (18 kDa) exists in solution as a covalent dimer (36 kDa), and the cleavage
of the intermolecular disulfide bond results in monomer formation and loss of LPS-binding
activity. LPS induces TPL2 oligomerization, in which tetramers and hexamers are formed.
In hemolymph plasma, TPL-2 is predominantly present as oligomers with a molecular
weight above 60 kDa. Carbohydrate chains of TPL-2 glycoprotein have been suggested to be
responsible for the formation of the oligomers’ stable cluster through protein–carbohydrate
interactions. Unlike most other LPS-binding proteins, TPL-2 has a near-neutral pI of 7.65.
However, there are three clusters of basic amino acids in the TPL-2 sequence that may be
critical for its binding to LPS. TPL2 inhibited the growth of Gram-negative E. coli but was
almost unable to detect Gram-positive bacteria.

The X-ray structures of tachylectin-2 and its complex with N-acetyl-D-glucosamine
were solved with a resolution of 2.0 Å [132]. The lectin has a five-bladed β-propeller
structure: five four-stranded antiparallel interconnected beta-sheets of W-shaped topology
are located around a central water-filled tunnel, with the water molecules arranged as a
pentagonal dodecahedron (Figure 8a).
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Figure 8. Crystal structures of (a) tachylectin-2 (pdb, 1tl2) and (b) complex of tachylectin-2 with
N-acetyl-D-glucosamine (pdbe, 1tl2). Bound GlcNAc is shown as a ball-and-stick model.

The TL-2 molecule has five equivalent carbohydrate-binding sites located between ad-
jacent β-sheets. The binding sites are formed by a large loop between the outermost strands
of β-sheets and the connecting segment of the previous β-sheet (Figure 8b). According to
crystal structure analysis, TL-1 is the protein of the six-bladed β-propeller structure [133].
The non-covalently bound TL-3 dimer is expected to have a four-blade β-propeller struc-
ture. A large number of binding sites in one polypeptide chain convincingly indicates
the ability of the lectin to recognize carbohydrate surface structures of pathogens with a
sufficiently high density of ligands.

The high affinity and specificity of horseshoe crab lectins binding with a propeller-like
fold or oligomeric organization to a ligand is achieved due to their multivalence, short
distances between individual binding sites (for example, 25 Å and 40 Å for TL-2), and low
structural flexibility: upon ligand binding, the conformation of the main or side chains
of tachylectins does not change at all. These observations suggest that these lectins can
recognize parameters characterizing the distribution of glycan ligands on the cell surface,
such as density, mobility and spatial arrangement, and this enables them to distinguish
between simple ligands (monosaccharides and oligosaccharides) expressed on both the
pathogen and the host and thus to discriminate between self and nonself.

The LPS-binding lectin, which is structurally related to tachylectins, has been found
in the marine sponge Suberites domuncula [134]. This lectin (27 kDa), like TL-1, has six
tandem repeats of 30–38 amino acid residues in sequence and exhibits high activity against
Gram-negative bacteria, which is inhibited by D-GlcNAc, but not by D-GlcN. A number
of proteins of the LPS- and β-1,3-glucan-binding proteins (LGBP) family can be assigned
to lectins interacting with LPS. Many of them show a high degree of homology with
invertebrate 1,3-β-glucanases. Probably, during the evolution, one of the gene copies of
this enzyme evolved towards the specialization of the encoded protein exclusively for the
function of binding to LPS and 1,3-β-glucans as a trigger mechanism for the body’s defense
response to the introduction of pathogenic microorganisms. At the same time, the protein
lost its enzymatic activity, but its catalytic domain became a binding site not only for β-1,3-
glucan but also for LPS [135]. Proteins of this family have been most extensively studied in
crustaceans [136–138]. Recombinant LGBP (PmLGBP) from the P. monodon shrimp with a
calculated molecular weight and pI of 39.8 kDa and 4.28, respectively, binds LPS with the
apparent dissociation constant of 3.55 × 10−7 M [139]. Strong binding to LPS, as well as
agglutinating activity against Gram-negative and Gram-positive bacteria, was shown by
rLGBP from the scallop Chlamys farreri [140].

8. Conclusions

The present literature review showed that the LPS-binding proteins from marine
invertebrates are understudied, which is confirmed by the data summarized in Table 1.
These proteins have been characterized in a small number of invertebrate species that
mainly inhabit the tropical seas of Southeast Asia and are objects of mariculture in the
countries of the region. In addition, the study of ILBPs from new species is often limited by
the search for homologues of already-known proteins. Basically, the field of researchers’
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interest is focused on the antimicrobial properties of these proteins, while their potential
LPS-binding and LPS-neutralizing activities remain unidentified. Currently, it is impossible
to exclude the discovery of new ILBP structural types under their targeted search involving
new species of marine invertebrates. So a recent screening of marine invertebrates from the
Sea of Okhotsk belonging to different taxonomic groups revealed a large number of species
with LPS-binding activity that are of interest as new sources of ILBPs [141].

It is noteworthy that most of the well-studied ILBPs were originally isolated from
the hemolymph of horseshoe crabs (lat. Xiphosura). This is for several reasons. The
horseshoe crabs have the best-characterized immune system of any long-lived invertebrate.
The study of immunity in the horseshoe crab has been facilitated by the availability and
ease of collecting large volumes of blood. In addition, these marine animals have existed
on Earth for about half a billion years and are often referred to as living fossils. The
horseshoe crab habitat is rich in pathogenic microorganisms and contains a vast amount
of endotoxin, since most aquatic bacteria are of the Gram-negative variety. During their
long evolution, horseshoe crabs have formed a unique and very efficient host defense
system, which includes a large set of proteins and peptides with high antimicrobial and
endotoxin neutralizing activity. These defense molecules are attracting much attention
from researchers as potential therapeutic agents.

Endotoxin-neutralizing ILBPs exhibit some structural features that provide optimal
parameters for their interaction with LPS and inhibition of LPS toxicity. These pro-
teins/peptides are mostly cationic amphiphilic molecules that have clusters of hydrophobic
and hydrophilic amino acid residues on their surface [41,142]. Positively charged residues
play a key role in binding ILBP to LPS and neutralizing endotoxin. Anionic ALF peptides
that have lost most of these residues in the LPS-binding domains are unable to interact with
LPS and exhibit low antimicrobial activity [143]. A high positive charge allows ILBPs to
replace divalent cations, approach LPS molecules through strong electrostatic interactions,
and neutralize and even overcompensate their negative charge. It could be argued, how-
ever, that the proper positioning of the basic amino acids in the three-dimensional structure
of the protein is more important than the overall basic (cationic) nature of the protein for
binding to the negatively charged LPS. An important factor is the distance between the
positively charged residues in the ILBPs. The charged amino groups of Arg and Lys in
ILBPs bound to LPS micelles show a typical distance range of 12–15 Å, which is in good
accordance with an average distance between phosphate groups in lipid A [144,145]. This
fact may mean that the positively charged amino acids residues in ILBPs mainly interact
with the lipid A phosphate groups.

The presence of hydrophobic residues in the molecule, along with cationic ones, allows
ILBPs to penetrate deeply into LPS micelles and bilayers and interact with lipid A acyl
chains. A strong positive correlation is observed between hydrophobicity and LPS-binding
activity of ILBPs [146]. An increase in the ratio between hydrophobicity (after reaching a
certain threshold) and the net molecule positive charge increases the ability of ILBPs to
neutralize LPS. At high hydrophobicity (outside the range), the activity drops, probably
due to the strong self-association of ILBPs.
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Table 1. LPS-binding peptides and proteins from marine invertebrates and their characteristics.

Peptides/Protein Size, kDa
Structural

Characteristics
Biological Activity Source (Phylum, Species) Reference

Anti-LPS factor
(ALF) 11–12

α-helices,
four-stranded

β-sheet, disulfide
bond

LPS-binding and
-neutralization,

antibacterial (G−,
G+), antiviral,

antifungal

Arthropoda—horseshoe crabs
Limulus polyphemus, Tachypleus

tridentatus, shrimps Penaeus
monodon, Fenneropenaeus

chinensis, Litopenaeus vannamei,
crabs Portunus trituberculatus,
Scylla serrata, Eriocheir sinensis,

Scylla paramamosai, lobster
Homarus americanus

[7–9,15–22,35]

Arenicins 2.62
antiparallel

β-hairpin, disulfide
bonds

anti-endotoxin
(optimized arenicin

derivatives),
antibacterial (G−,

G+), antifungal

Annelida—lugworm Arenicola
marina [43,47,48]

Tachyplesins,
polyphemusins 2.27–2.46

antiparallel
β-hairpin, amidated
C-terminal arginine

residue, disulfide
bonds

LPS-binding and
-neutralization,

antibacterial (G−,
G+), antifungal

Arthropoda—horseshoe crabs L.
polyphemus, T. tridentatus,

Tachypleus gigas, Carcinoscorpius
rotundicauda

[53–63]

Big defensins 8–11

α-helices, β-sheets
(antiparallel and

parallel); two
domains, disulfide

bonds

LPS- binding;
antibacterial (G−,

G+), antifungal

Arthropoda—horseshoe crab T.
tridentatus; Mollusca—oyster

Crassostrea gigas, clam Venerupis
philippinarum, scallops

Argopecten irradiant, Chlamys
nobilis;

Chordata—amphioxus
Branchiostoma japonicum

[69–78]

Factor C 120 and 132

β-sheets, disordered
segments (loops),

multidomain
structure, disulfide

bonds, tandem
modules

LPS-binding (binding
sites with KD from

10−9 to 10−10 M) and
-neutralization

Arthropoda—horseshoe crabs L.
polyphemus, T. tridentatus,

Carcinoscorpius rotundicauda
[80,81,86–88,96,97]

Bactericidal/
permeability-

increasing
proteins (BPI)

50.1

α-helix, β-sheet;
two-domain

“boomerang-like”
structure, disulfide

bonds

LPS-binding and
-neutralization;

antibacterial (G−)

Mollusca—oyster Crassostrea
gigas, squid Euprymna scolopes;
Annelida—worm Platynereis

dumerilii;
Echinodermata—urchin

Sterechinus neumayeri

[110,118–121]

Tachylectins
(TL-1 to TL-4 and

TPL2)

27, 27, 14, 30
(TL-1,-2,-3,-

4); 18
(TPL-2)

β-sheets
(four-stranded

antiparallel
interconnected),

propeller-like fold or
oligomeric

organization, tandem
repeats in sequence

LPS-binding (KD 1.03
× 10–6 M for E. coli
LPS); antibacterial

activity (G-)

Arthropoda—horseshoe crab
T. tridentatus; Porifera—sponge

Suberites domuncula
[125,126,134]

LPS- and β-1,3-
glucan-binding
proteins (LGBP)

40-60

LPS-binding (KD 3.55
× 10−7 M for E. coli
LPS); antibacterial

(G−, G+)

Arthropoda—shrimps Penaeus
monodon, Fenneropenaeus
merguiensis, crab Eriocheir

sinensis; Mollusca—scallop
Chlamys farreri

[136,137,139,140]

G−, Gram-negative bacteria, G+, Gram-positive bacteria.

ILBP incorporation into LPS aggregates leads to a change in the endotoxin supramolec-
ular structure [42,147]. The protein-induced conversion of the unilamellar, cubic, or mixed
unilamellar/cubic aggregate structures of LPS and lipid A into a multilamellar form is
considered as a necessary condition for LPS inactivation. The degree of LPS multilamellar-
ization can directly correlate with the endotoxin-neutralizing activity of ILBPs.

The specific arrangement of amino acid residues in the ILBP molecules is important for
the expression of their anti-LPS activity. As illustrated by synthetic peptides (based on the
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Limulus anti-LPS factor), it was shown that, while they have the same number of cationic
and hydrophobic residues at similar sequence positions, they differ from each other through
their LPS-neutralizing activity [42]. Moreover, these peptides differ in their ability to
neutralize LPS in isolated forms and as constituents of Gram-negative bacteria. Apparently,
this fact is explained by the fact that LPS molecules in the aggregate with a cubic structure
and in the outer leaflet of the outer membrane of bacteria have different conformations,
and peptides with different spatial structures are required for their neutralization. Thus,
the geometric correspondence between the ILBP and LPS conformations, which allows
positively charged protein residues to bind with high efficiency to the phosphate groups of
lipid A, and hydrophobic residues to incorporate into its lipophilic part, can determine the
endotoxin-neutralizing activity of the protein. In this regard, a well-organized, stable spatial
structure of ILBPs, providing this structural compatibility, may be an important condition
for binding lipid A with high affinity, which leads to LPS neutralization. The packaging of
aromatic amino acid side chains, perhaps in part because they play an important role in
stabilizing the compact structure of ILBPs, has a remarkable impact on the LPS-binding
affinity [148]. A significant contribution to the stability of the ILBP structure is made by
disulfide bonds. The substitution of cysteine residues in ALF, accompanied by the removal
of a disulfide bond, can lead to a loss of endotoxin-neutralizing activity [40]. At the same
time, the fully unfolded analog of tachyplesin-1, which has lost disulfide bonds, acquires a
well-ordered structure upon binding to the LPS bilayer [144]. Moreover, ILBPs, which are
mainly unstructured in solution, can gain an ordered conformation upon interaction with
LPS micelles.

The enhancement of LPS-binding and -neutralizing activities of ILBP can be achieved
by creating tandem repeats of the LPS-binding units in its molecule or by forming oligomeric
forms of the protein. The effectiveness of this multivalent strategy for an improvement in
the activity is demonstrated by ILBPs such as Factor C and tachyplesins [97,123].

Although ILBPs remain one of the most promising molecules for the development
of endotoxin-neutralizing drugs, there are serious limitations to their introduction into
medical practice. They can be unstable under physiological conditions (in particular, they
are attacked by proteolytic enzymes) and toxic to mammalian cells and are quickly elimi-
nated from the body [149]. The effective neutralization of LPS requires high therapeutic
concentrations of ILBP, which causes serious side effects. To address these shortcomings,
the structure of ILBPs is modified, or their synthetic derivatives are obtained. Thus, the
stability of LBPs and their resistance to enzymatic degradation can be increased by the
cyclization of the peptide (linking the C- and N-terminus), the introduction of D-isomers
or unnatural amino acids into the peptide sequence, and their association with nanoparti-
cles [150]. Covalent binding to polyethylene glycol increases the bioavailability of LBPs
due to a decrease in the rate of renal clearance [151]. High manufacturing costs represent
another major challenge for therapeutic applications of ILBPs. The development of re-
combinant DNA technologies and the solid-phase peptide synthesis method (SPPS) will
contribute to solving this problem.

Synthetic peptides based on the structure of LPS-binding domains of known natural
endotoxin-neutralizing ILBPs are of great interest as potential drugs for the treatment
of sepsis [42]. Such peptides differ from their natural counterparts in size, amino acid
substitutions, and other structural modifications introduced to increase their potential
pharmacological efficacy and safety and considering the relationship between structure
and biological activity established in the study of native ILBPs. The designed peptides
demonstrate significant protective effect against septic shock in animal sepsis models even
at a low peptide dose, a rather long half-life, low cytotoxic, and hemolytic activity.

However, ILBP molecules that show high efficacy in the treatment of sepsis in lab-
oratory animals have been unsuccessful in human trials. This can partly be explained
by the incomplete adequacy of mouse models of sepsis and septic shock [152]. Another
reason may be the variability in the pathogenesis of various septic complications and the
heterogeneity of patients, which must be taken into account when developing a strategy for
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clinical trials. For a correct assessment of the effectiveness of potential anti-endotoxic drugs,
certain conditions must be met during trials: clinically proven selection of a suitable type of
patients; the early recognition of sepsis and well-timed initiation of goal-directed therapy,
which can interrupt the inflammatory cascade, preventing the progression to septic shock
with multiple organ dysfunction; and the optimal duration of therapy.

Despite all the difficulties and disappointments, ILBPs remain one of the most promis-
ing molecules that can effectively neutralize bacterial endotoxins and inhibit the devel-
opment of a systemic inflammatory response with cytokine overproduction (a cytokine
storm). These molecules are often multifunctional [153]. In addition to the antiendotoxic
activity, many peptides may exhibit antimicrobial and multifaceted immunomodulatory
properties, possibly resulting in their wider therapeutic possibility. However, further re-
search is required to evaluate the potential of LPS-neutralizing molecules with additional
beneficial properties in the treatment of sepsis.
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