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Jari Yli-Kauhaluoma, et al.

Synthesis and Cytotoxicity Evaluation of Spirocyclic Bromotyrosine Clavatadine C Analogs
Reprinted from: Mar. Drugs 2021, 19, 400, doi:10.3390/md19070400 . . . . . . . . . . . . . . . . . 83

Xu-Xiu Lu, Yao-Yao Jiang, Yan-Wei Wu, Guang-Ying Chen, Chang-Lun Shao, Yu-Cheng Gu,

et al.

Semi-Synthesis, Cytotoxic Evaluation, and Structure—Activity Relationships of Brefeldin A
Derivatives with Antileukemia Activity
Reprinted from: Mar. Drugs 2022, 20, 26, doi:10.3390/md20010026 . . . . . . . . . . . . . . . . . . 107

Darinthip Suksamai, Satapat Racha, Nicharat Sriratanasak, Chatchai Chaotham, 
Kanokpol Aphicho, Aye Chan Khine Lin, et al.

5-O-(N-Boc-L-Alanine)-Renieramycin T Induces Cancer Stem Cell Apoptosis via Targeting Akt 
Signaling
Reprinted from: Mar. Drugs 2022, 20, 235, doi:10.3390/md20040235 . . . . . . . . . . . . . . . . . 123

Celso Alves, Joana Silva, Susete Pintéus, Romina A. Guedes, Rita C. Guedes, 
Rebeca Alvari ño, et al.
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Global cancer incidence and death are expected to increase to 28.4 million cases by
2040, despite efforts to understand cancer biology better and to improve its diagnosis
and therapy [1]. Inappropriate therapeutic regimens and tumor recurrence due to the
development of drug resistance are two major clinical challenges impacting poor patient
outcomes [2]. Over the last few decades, the marine environment has become an important
source of molecules with potent anticancer properties, exhibiting unusual chemical features
and mechanisms of action. Twelve of seventeen drugs of marine origin approved by
regulatory entities are used against cancer, and thirty-four of forty compounds in the
marine pharmaceuticals pipeline indicate “cancer therapy” [3].

The Special Issue “Marine Natural Products as Anticancer Agents 2.0” (https://www.
mdpi.com/journal/marinedrugs/special_issues/AnticancerAgents2, accessed on 11 April
2023) gathered eleven publications, including two reviews and nine research articles, about
the anticancer activities of marine natural and/or derived products on in vitro 2D and 3D
cellular models, and/or in vivo models of colorectal, breast, lung, myeloma, liver, leukemia,
and melanoma cancers. Marine natural and/or derived products addressed herein were
obtained from sponges, seaweeds, fungi, and soft corals. Those compounds exhibit great
chemical diversity, such as terpenes, alkaloids, fatty acids, phenolics, polysaccharides,
and peptides. Some compounds are halogenated. It is also relevant to highlight the key
importance of “nature power creativity”, evidenced in this Special Issue as a supplier of
scaffolds for the synthesis and molecular modeling of new anticancer drugs. Forty-seven
analogs were synthesized based on the original structures of natural products of marine
origin. These compounds exhibited high specificity and great affinity to interact with
biomarkers related to specific intracellular signaling pathways involved in carcinogene-
sis, including cell cycle, oxidative stress, mitochondrial dysfunction, apoptosis, necrosis,
stemness, angiogenesis, migration, and invasion.

Li and co-workers [4] provided a critical review of the application of fucoidans as
cancer immunotherapy agents, discussing their action on different immune cells and as
co-adjuvants of immunotherapeutic medicines. The prospects and challenges, as well as
the current human clinical studies and available registered clinical trials using this type of
compound against cancer, were also reported and discussed.

Vasarri and co-workers [5] compiled a critical overview focused on the last five years
concerning the ability of marine natural products to prevent cancer cell migration and
invasion, events related to the high mortality of patients with solid tumors. Forty-two
compounds, including polysaccharides, peptides and proteins, polyphenols, and alkaloids,
were identified as possessing migrastatic properties, limiting the pro-metastatic behavior
of cancer cells in in vitro and in vivo models. This review provides a valuable guide for the
pharmaceutical and scientific community as a starting point to develop new antimetastatic
drugs based on the reported marine natural products.

The research and development of new drugs to reinforce the available therapeutic
options will be crucial to improve the effectiveness of current cancer therapeutic regimens.

Mar. Drugs 2023, 21, 247. https://doi.org/10.3390/md21040247 https://www.mdpi.com/journal/marinedrugs1
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Thus, the efforts to discover new chemical entities from natural origins that can inspire
the development of new anticancer drugs, including synthesis and/or semi-synthesis
approaches, are of the utmost relevance.

Sala and collaborators [6] isolated two novel free porphyrins, isabellin A and B, and the
known compounds corallistin D and deuteroporphyrin IX from the marine sponge Isabella
sp., previously collected in the hard substrate off Zuytdorp, Western Australia. The new free
porphyrin, isabellin A, exhibited a marked cytotoxic effect on the NS-1 malignant myeloma
cell line, similar to the positive control sparsomycin. Mohamed and co-authors [7] isolated
five oxygenated cembrenoids, sarcoconvolutum A–E, from the soft coral Sarcophyton sp.
collected in the Egyptian Red Sea. The cembrene diterpene sarcoconvolutum E exhibited
the highest cytotoxicity on A549 (IC50: 49.70 μg/mL) and HSC-2 (IC50: 53.17 μg/mL)
malignant cells derived from lung adenocarcinoma and squamous cell carcinoma of the
oral cavity, respectively.

On the other hand, Patel and co-workers [8] explored the chemical structure of
clavatadines, previously isolated from the marine sponge Suberea clavate, as a scaffold
for developing new anticancer drugs. The authors synthesized a library of thirty-two
pirocyclic clavatadine analogs, displaying a CC50 range between 0.4 and 12.3 μM on A-375
melanoma cells. The highest selectivity was exhibited by analogs 29 and 37, which activate
caspases 3/7, key biomarkers of apoptosis. Lu and collaborators [9] also designed and semi-
synthesized a series of fifteen derivatives of brefeldin A, a macrolactone biosynthesized
by the marine fungus Penicillium sp. (HS-N-29), previously isolated from the medicinal
mangrove Acanthus ilicifolius. Analog 7 (brefeldin A 7-O-2-chloro-4,5-difluorobenzoate)
exhibited the smallest IC50 value (0.84 μM) on the human chronic myelogenous leukemia
K562 cancer cell line. The mechanism of action underlying its cytotoxicity seems to be
related to the blockage of the cell cycle, induction of apoptosis, inhibition of BCR-ABL
phosphorylation, and downregulation of the expression of signaling molecules of the AKT
pathway, including mTOR and p70S6K. Suksamai and collaborators [10] synthesized 5-O-
(N-Boc-L-alanine)-renieramycin T (OBA-RT) from renieramycin T, an alkaloid commonly
found in sponges and nudibranchs. OBA-RT can suppress cancer stem cell (CSC) activity
and induce apoptosis in malignant lung cells, inhibiting Ak, which plays a key role in
regulating CSC maintenance.

Alves and colleagues [11] studied the cytotoxic properties of three bromoditerpenes iso-
lated from the red seaweed Sphaerococcus coronopifolius, named 12R-hydroxy-bromosphaerol,
12S-hydroxy-bromosphaerol, and bromosphaerol. Bromo groups, in their structure, charac-
terize these terpenes due to bromine substitution, a rare chemical feature among secondary
metabolites. The compounds displayed increased hydrogen peroxide production and
induced apoptosis of MCF-7 cells derived from breast adenocarcinoma.

The anticancer activities of peptides (1–12), extracted and purified from the brown
seaweed Laminaria japonica (LJPs), were evaluated through in vitro and in vivo models of
liver cancer [12]. The LJP-1 peptide exhibited the highest anticancer activity, decreasing
tumor growth in in vivo models. According to the evidence reported by Wu and co-
workers [12], its mechanism of action seems to be related to the induction of cell death by
caspase-dependent apoptosis, partly by inhibiting PI3K and MAPK signaling pathways
and regulating the expression of cell cycle checkpoint proteins.

The development of resistance to anticancer drugs seriously threatens cancer treatment
success. Distinct strategies have been designed to overcome these challenges, including
drug synergism. Su and collaborators [13] explored the potential of a novel resolvin,
7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid (diHEP-DPA), synthesized by
cyanobacterial lipoxygenase from docosa–hexaenoic acid (DHA) to overcome the chemore-
sistance to 5-fluorouracil (5-FU) of colorectal cancer cells (CRCs) using in vitro and in vivo
models. The new resolvin suppressed key events related to chemoresistance to 5-FU
resulting from prolonged exposure, such as the enrichment of CSCs, the infiltration of
tumor-associated macrophages, and the epithelial–mesenchymal transition in colorectal tu-
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mors. This evidence suggests that the therapeutic application of diHEP-DPA in combination
with 5-FU-based chemotherapeutics against colorectal cancer is potentially effective.

Angiogenesis is the biological process responsible for forming new blood vessels,
which play a key role in tumor growth, maintenance, and metastasis, being a valid target
for tumor therapeutics. Dong and collaborators [14] evaluated the anti-angiogenesis ac-
tivity of bis(2,3,6-tribromo-4,5-dihydroxybenzyl) ether (BTDE), a bromophenol previously
isolated from the red seaweed Rhodomela confervoides. BTDE inhibited migration, invasion,
tube formation, and the activity of matrix metalloproteinase 9 of human umbilical vein
endothelial cells. It also prevented the migration, invasion, and vasculogenic mimicry
formation of A549 lung adenocarcinoma cells. In vivo, BTDE blocked intersegmental vessel
formation in zebrafish embryos.

Altogether, the eleven scientific papers published in this Special Issue provide an
exciting overview of marine natural products as potential anticancer agents.
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Abstract: Fucoidans, discovered in 1913, are fucose-rich sulfated polysaccharides extracted mainly from
brown seaweed. These versatile and nontoxic marine-origin heteropolysaccharides have a wide range
of favorable biological activities, including antitumor, immunomodulatory, antiviral, antithrombotic,
anticoagulant, antithrombotic, antioxidant, and lipid-lowering activities. In the early 1980s, fucoidans
were first recognized for their role in supporting the immune response and later, in the 1990s, their effects
on immune potentiation began to emerge. In recent years, the understanding of the immunomodulatory
effects of fucoidan has expanded significantly. The ability of fucoidan(s) to activate CTL-mediated
cytotoxicity against cancer cells, strong antitumor property, and robust safety profile make fucoidans
desirable for effective cancer immunotherapy. This review focusses on current progress and under-
standing of the immunopotentiation activity of various fucoidans, emphasizing their relevance to cancer
immunotherapy. Here, we will discuss the action of fucoidans in different immune cells and review
how fucoidans can be used as adjuvants in conjunction with immunotherapeutic products to improve
cancer treatment and clinical outcome. Some key rationales for the possible combination of fucoidans
with immunotherapy will be discussed. An update is provided on human clinical studies and available
registered cancer clinical trials using fucoidans while highlighting future prospects and challenges.

Keywords: fucoidan; seaweed; immunopotentiation; immunomodulatory; immunotherapy; cancer
treatment; cytokines

1. Introduction

Fucoidans are proving to be promising pharmaceutical agents, widely cited as exhibit-
ing antitumor, immunomodulatory (immunopotentiating), anti-inflammatory, and other
pharmacological properties [1–8]. These extracts contain exceedingly large amounts of
vitamins and minerals, and, therefore, for many years, they have been used as safe dietary
supplements to support and improve human immunity [9]. Fucoidan extracts, as soluble
dietary fibers, play critical roles in providing nourishment with therapeutic benefits in the
prevention of disease and cancer treatment [3,9]. Due to the medicinal benefits of fucoidans,
they have been used successfully as a natural source of iodine to treat thyroid complaints
in several Asian and Western countries [10]. Although registered as a Food and Drug

Mar. Drugs 2023, 21, 128. https://doi.org/10.3390/md21020128 https://www.mdpi.com/journal/marinedrugs5
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Administration (FDA)-approved safe food supplement with multiple beneficial effects,
the FDA has not approved therapeutic fucoidan products for clinical use. The underlying
problems and obstacles associated with the clinical use of fucoidan(s) is discussed in this
review, with particular focus on the immunopotentiating activity of fucoidans and their
relevance to cancer immunotherapy.

Fucoidans were first isolated from the extracellular mucus matrix of brown macroalgae,
class Phaeophycceae, species Fucus vesiculosus, Asophyllum nodosum, Laminaria digiata,
and Laminaria saccharina, in 1913, by the Swedish professor Hareld Kylin at Uppsala
University [11–13]. The name fucoidan was initially used as a general term referring to a
variety of high-molecular weight sulfated polysaccharides derived from fibrillar cell walls
and mucous matrices of diverse species of brown macroalgae [14]. Until relatively recently,
the International Union of Pure and Applied Chemistry (IUPAC) based the fucoidan
nomenclature on the generic sulfated fucan structure—a polysaccharide with a backbone
structure based on sulfated L-fucose residues, with the main structure consisting of a
minimum of 10 monosaccharides [15]. Hence, the names fucoidan, fucoidans, and sulfated
fucans have been used synonymously in the literature, distinct from fucans and fucosans.
Recently, in 2017, the term fucoidan(s) from brown algae was revised, and now is clearly
established to refer to heteropolymers with more diverse backbones [14].

The bioactivities of these versatile marine-origin heteropolysaccharides differ depend-
ing on the seaweed species and environmental growth conditions. There are approximately
250 genera and 1500–2000 species of brown algae, and chemical composition, structure
of fucoidans, and bioactivity differ from species to species [16]. Fucoidan extracts from
various species of brown seaweed consist of different amounts of monosaccharide com-
positions, including fucose, mannose, galactose, glucose, and xylose [17]. The proportion
of these monosaccharides within each fucoidan influences its capability to induce a par-
ticular pharmacological activity. For example, Fucus vesiculosus fucoidan shows a strong
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity [17] and Ascophyllum
nodosum fucoidan promotes T cell proliferation [18]. Hence, it is important to be aware
that the source of a fucoidan plays a critical role in inducing its pharmacological activities,
and, therefore, throughout this review we have identified the source, molecular weight of
the fucoidan, and subsequent fraction isolates when it has been specified in the literature.
Methods of extraction are also major factors affecting the structural composition and bioac-
tive properties of fucoidans both within and between brown algae species (discussed in
Section 2).

All these factors mentioned contribute to the difficulty in determining the type of
fucoidan and the effective dose of a specific fucoidan for use in preclinical and clinical
studies. Fucoidan derivatives or variants, where the molecular weight of fucoidan has
been substantially reduced to as little as two or three monosaccharides, have been shown
to lack the immune ability (activation) of a high molecular weight fucoidan (HMWF) [19].
Highly purified fucoidan fractions, defined as low molecular weight fucoidans (LMWFs),
also fall below the standard IUPAC definition of a fucoidan with reduced or altered bioac-
tivity. Hence, the molecular weight and bioactivity of fucoidans and their variants used in
preclinical studies influence efficacy and are important discussion points in this review.

Cancer immunotherapy, including immune checkpoint inhibitors (ICI) and adoptive T
cell transfer therapy (such as CAR-T cell therapy), has revolutionized cancer treatment and
achieved an unprecedented clinical outcome in the treatment of homological malignancies.
However, significant challenges remain ahead in the treatment of solid tumors using
these approaches. Effective treatment of solid tumor requires preferential activation of
CTL-mediated cytotoxicity against cancer cells. To overcome these seemingly intractable
obstacles, more ‘powerful’ immune cells or CAR-T cells with enhanced antitumor efficacy
are required [20]. To improve ICI efficacy, combinations with additional therapeutics, such
as fucoidans, may be a viable approach [18]. Fucoidans are natural polysaccharides that
have antitumor properties and immunopotentiating effects with low toxicity in both animal
models and humans. These polysaccharides are strong agonists of TLR4, which induces
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the activation of DCs in humans. Therefore, fucoidans could be desirable candidates for
use in enhancing cancer immunotherapy [21].

Although fucoidans are promising antitumor candidates in cancer therapy, their
efficacy will be highly dependent on the species type and the extraction methods of
the fucoidan compounds. Fucoidans as adjuvants have been found to enhance the ef-
ficacy of ICIs in the treatment of melanoma [18,22] and metastatic lung cancer [23]. As
such, fucoidans, used in combination with other cancer immunotherapy drugs, have
made significant progress in the field of cancer. In clinical studies, fucoidan (Undaria
pinnatifida), co-administered with 20 mg of tamoxifen to treat patients with breast can-
cer, demonstrated increased treatment efficacy and adverse effects were not detected
(ACTRN12615000673549) [24], suggesting that fucoidans could be co-administered with
other hormonal therapeutic drugs and act as efficacious adjuvants. However, detailed im-
munomodulatory mechanisms of fucoidans are elusive and have not been fully elucidated.
Hence, this review aims to provide comprehensive information on the immunomodulatory
mechanisms of fucoidans, including the association between fucoidan and inflammatory
cytokines and signaling pathways to emphasize the potential of fucoidans in modern cancer
immunotherapies. Finally, we discuss current clinical studies and the clinical efficacy of
fucoidans in cancer treatments, especially focusing on cancer immunotherapy.

2. Overview of Fucoidans

2.1. Structural Characteristics of Fucoidans

The structure and composition of fucoidans vary depending on the source [25], marine
species [8,14,25–30], harvest season [6,31], and extraction methods (Table 1) [6,29,31]. When
harvested from various sources and species at different times of the year, fucoidans have
been shown to have distinct structural characteristics [14,25–30], and the compositional
properties are often varied when derived using different extraction methods, which have
been extensively reviewed in several species [14,25–30]. In particular, extraction methods
and sources are the two critical factors that influence the proportions of monosaccharides
contained within different fucoidan extracts (Table 1) [32–34], leading to the inducement
of different immune activities. For example, previous studies have shown that fucoidan
extracts from Ecklonia cava, Ascophyllum nodosum, Undaria pinnatifida, Laminaria japonica,
and Fucus vesiculosus induced T cell activation [23], promoted T cell proliferation [18],
dendritic cell (DC) maturation [35], macrophages [36], and activation of natural killer cells
(NK), respectively. Although fucoidans have no universal structure, the fucoidan extracted
from Fucus vesiculosus, known as bladderwrack, has the most straightforward and typical
fucoidan chemical structure among all species of brown seaweed. Patankar et al. (1993)
reported that fucoidan derived from Fucus vesiculosus has a base of repeating α(1→3)-
linked α-L-fucopyranose units with a substituted sulfate group at the C-4 position on the
chain and fucose enabling branching points within the chain [29,37,38]. Subsequently, two
additional structural models of fucoidan have been reported: (1) an alternated (1→4)-linked
α-L-fucopyranose units [29,34,39,40]; (2) an alternated (1→3) and α(1→4)-linked sulfated L-
fucopyranose [4,29,40–42]. As previously mentioned, fucoidans are heteropolysaccharides
that consist primarily of abundant L-fucose residues and sulfate groups, but they also
contain traces of monomers, such as galactose, uronic acid, xylose, mannose, glucose, and
glucuronic acid [12,29,39,41–44]. Previous characterization demonstrated variations in
monosaccharide composition, molecular weight, types of glycosidic linkages, the presence
of branching, and the degree of sulfation [32,43,45,46]. The importance of understanding
these structural and compositional variations is that they can have varying impacts on
therapeutic effects in cancer treatment and other inflammatory-based diseases.

The pharmacological effects of fucoidan vary with their molecular weight. Although
the IUPAC definition of fucoidan is a minimum of 10 monosaccharides, fractional deriva-
tives are commonly used to assess fucoidan bioactivity [47]. Fucoidans are usually classified
as being either a low molecular weight fucoidan (LMWF) or high molecular weight fu-
coidan (HMWF), as the pharmacological effects of fucoidans vary with their molecular
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weight. Generally, LMWF refers to molecular weight < 10 kDa, while HMWF refers
to a fucoidan with a molecular weight > 10,000 kDa, and medium molecular weight is
10–10,000 kDa [33,48]. However, other standards of classification are also used. For exam-
ple, HMWF means a fucoidan with an average molecular weight of 300 kDa or more, while
a fucoidan with an average MW < 300 kDa is considered LMWF [49].
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2.2. Pharmacological Actions of Fucoidans

Fucoidans have been shown to exhibit a variety of beneficial pharmacological effects,
including antitumor [5,54–58], anti-inflammatory [3–5], immunomodulatory [4,5] antioxi-
dant [6–8], anticoagulant [5,59–62], antithrombotic [5,63,64], antiangiogenic [5,56,65–69],
and antiviral [70–75].

The antitumor effects of fucoidans have been extensively investigated in vitro in
various tumor cell lines, especially in lung and breast cancer cell lines [1,76,77], and in vivo
in animal models [78]. The antitumor mechanisms of fucoidans in these tumor cells (e.g.,
A549, MCF-7) include cell cycle arrest at the sub-G1/G1 phase [79–82], caspase-dependent
apoptosis [80,81,83], regulation of specific apoptotic proteins (e.g., poly [ADP-ribose]
polymerase 1 (PARP1) [84–86], protein kinase RNA-like endoplasmic reticulum kinase
(PERK), B-cell lymphoma 2 (Bcl-2) [84], BAX [84,87], and caspases -3, -8, and -9 [80,84,86]).
Increasing evidence has shown that fucoidans are capable of exhibiting direct and indirect
inhibitory effects on tumor cells by regulating several important signaling pathways,
such as extracellular signal-regulated kinase 1/2 (ERK1/2) [56,84,88], phosphoinositide
3-kinase-Akt (PI3K/Akt) [84,88], p38 mitogen-activated protein kinase (p38 MAPK) [84],
and mammalian target of rapamycin (mTOR) pathways [87,88].

In the in vitro study by Miyamoto et al. (2009) [80], they found that fucoidan (Cla-
dosiphon okamuranus) was cytotoxic to MCF-7 cells and resulted in a significant increase
in the number of apoptotic MCF-7 cell bodies, with condensation of chromatin and DNA
fragmentation at the sub-G1 phase of the cell cycle [80]. They then demonstrated that cell
cycle arrest at the sub-G1 phase was accompanied by activation of caspases (caspase 7, -8, -9)
and PARP cleavage in fucoidan-treated MCF-7 cells at a concentration of 1000 μg/mL [80].
These results suggest that fucoidan (Cladosiphon okamuranus) induces apoptosis through
activating specific caspases (e.g., caspase-7, -8, -9) and interacts with apoptotic proteins
(e.g., PARP) to induce apoptosis in MCF-7 cells at a high concentration (e.g., 1000 μg/mL).
In another in vitro study, Zhang et al. showed that fucoidan (Mozuku, Cladosiphon no-
vaecaledoniae) caused an accumulation of apoptotic MCF-7 cells at the G1 phase of the
cell cycle [79], and these apoptotic MCF-7 cells presented with shrunken nuclei and frag-
mented chromatin [79]. They found that fucoidan (Mozuku, Cladosiphon novaecaledoniae)
was cytotoxic to MCF-7 cells and inhibited 60% of MCF-7 cell growth at a concentration
of 820 μg/mL [79]. Banafa et al. showed, in vitro, that fucoidan (Fucus vesiculosus) could
induce apoptosis in MCF-7 cells through inducing cell cycle arrest at the G1 phase by
downregulating the expression levels of cyclin D1 and CDK-4 in MCF-7 cells [83]. They
also revealed that fucoidan (Fucus vesiculosus) could induce apoptosis by downregulating
the anti-apoptotic protein of Bcl-2 and upregulating the pro-apoptotic protein of Bax in
fucoidan-treated MCF-7 cells [83]. In addition, they demonstrated that treatment with
fucoidan (Fucus vesiculosus) could activate caspase-8 and increase cytochrome C release in
MCF-7 cells [83], supporting the theory that a caspase-dependent pathway may lead to
apoptotic protein cleavage, such as Bid cleavage [83]. Furthermore, a more recent in vitro
study by Abudabbus et al. (2017) showed that commercial fucoidan (Fucus vesiculosus)
caused cell cycle arrest at the sub-G1/G1 phase with activation of caspases 3, -7, and -9 [81].
Overall, these results suggest that the fucoidan (e.g., Cladosiphon novaecaledoniae, Fucus
vesiculosus)-induced apoptosis involves the activation of caspases (caspase 3, -7, -8, -9) and
cell cycle arrest at the G0/G1 phase in MCF-7 cells.

The molecular weight of fucoidan also influences its potential to induce apoptosis in
MCF-7 and MDA-MB-231 cell lines. In a recent in vitro study conducted by Lu et al. (2018),
they demonstrated that a LMWF from New Zealand Undaria pinnatifida was cytotoxic and
exhibited maximum anti-proliferative effects in both MCF-7 and MDA-MB-231 cells at
concentrations of 200 μg/mL and 300 μg/mL, respectively [52]. They also demonstrated
that this LMWF (New Zealand Undaria pinnatifida) significantly increased the total caspase
in MDA-MB-231 cells at a concentration of 300 μg/mL [52]. Notably, the concentration of
fucoidan used in the study was much lower than in the previous studies by Zhang et al.
(2013) [89], Miyamoto et al. (2009) [80], and Banafa et al. (2013) [83]. Therefore, these results
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suggest that the effective concentration of fucoidan used to induce apoptosis in breast
cancer cell lines (MCF-7, MDA-MB-231) varies significantly.

Regardless of the species of fucoidan, all fucoidans tested inhibited A549 cell growth
and proliferation by adjusting their concentrations in both in vitro and in vivo studies. An
in vitro study conducted by Boo et al. (2011) showed that fucoidan (Undaria pinnatifida)
significantly inhibited A549 cell growth leading to the accumulation of apoptotic A549
cell bodies at the sub-G1 phase of the cell cycle at a concentration of 200 μg/mL [84].
These apoptotic A549 cell bodies presented with chromatin condensation, membrane
blebbing, and cell shrinkage [84]. Boo et al. (2011) also demonstrated that fucoidan
(Undaria pinnatifida) could induce apoptosis by activating caspase-9, decreasing pro-caspase-
3, and then inducing PARP cleavage in A549 cells at a concentration of 200 μg/mL [84].
Furthermore, they revealed that fucoidan-induced A549 cell apoptosis is also associated
with downregulation of antiapoptotic Bcl-2 proteins and upregulation of pro-apoptotic
BAX proteins at a concentration of 200 μg/mL [84]. In addition, they also demonstrated
that fucoidan (Undaria pinnatifida) activated the ERK1/2 signaling pathway [84], whilst
inhibiting the p38 MAPK and PI3K/Akt signaling pathways [84], suggesting that fucoidan
(Undaria pinnatifida) induces apoptosis in A549 cells through regulating the MAPK-based
signaling pathways (ERK1/2, p38 MAPK, and PI3K/Akt). In particular, this was the
first in vitro study in which researchers confirmed that fucoidan-induced apoptosis is
associated with the regulation of apoptotic proteins (e.g., PARP, Bcl-2, Bax), signaling
pathways (e.g., ERK1/2, p38 MAPK, PI3K/Akt), and specific caspases (e.g., caspase-
9, pro-caspase-3) in A549 cells [84]. Similarly, an in vitro study by Hsu et al. (2017)
demonstrated that commercial fucoidan (Fucus vesiculosus) induced cell cycle arrest at the
sub-G1/G1 phases by upregulating p21 gene expressions in A549 cells at a concentration of
200 μg/mL and induced apoptosis by activating PARP proteins and caspase-3 in A549 cells
at a concentration of 400 μg/mL [86]. They also reported that the commercial fucoidan
(Fucus vesiculosus) could induce apoptosis through inducing an ER stress response by
activating the PERK/ATF4/CHOP pathways [86]. These results suggest that fucoidan
induces A549 cell apoptosis not only through regulating apoptotic proteins (e.g., PARP,
Bcl-2, Bax), genes (e.g., p21) and caspases (e.g., caspase-9 and -3), but also by regulating
extrinsic signaling pathways, such as the PERK/ATF4/CHOP pathways.

Furthermore, similar results were also obtained in in vitro studies by Lee et al. (2012)
and Hsu et al. (2018) [85]. Lee et al. (2012) demonstrated that commercial fucoidan (Fucus
vesiculosus) inhibited cell proliferation of A549 cells at a concentration of 400 μg/mL [88],
and Hsu et al. (2018) demonstrated that fucoidan treatment could significantly inhibit A549
cells at concentrations of 200 and 400 μg/mL (IC50 = 10 μM) [85]. Lee et al. (2012) found
that commercial fucoidan (Fucus vesiculosus) could suppress MMP-2 activity, migration, and
invasion of A549 cells at a concentration of 200 μg/mL, and also revealed that commercial
fucoidan (Fucus vesiculosus) could inhibit MMP-2 expression, metastasis, and invasion by
inhibiting phosphorylation levels of the ERK1/2 and PI3K-Akt-mTOR pathways and its
downstream targets 4E-BP1 and p70S6K at a concentration of 200 μg/mL [88]. Thus, these
results suggest that fucoidan inhibits the MMP-2 activity by regulating the ERK1/2 and/or
PI3K-Akt pathways but may only partially involve the mTOR pathway. These results
also indirectly indicate that commercial fucoidan (Fucus vesiculosus) inhibits A549 cell
growth and proliferation by downregulating the PI3K-Akt-mTOR and ERK1/2 signaling
pathways in a concentration range of 200–400 μg/mL. Furthermore, the in vitro study
by Chen et al. (2021) also demonstrated that fucoidan inhibits A549 cell proliferation by
decreasing the level of protein expression of p-mTOR and downstream proteins p-S6K,
p-P70S6K, and p-4EBP1 in the mTOR pathway [87]. They also demonstrated that fucoidan
induces apoptosis by reducing the expression levels of anti-apoptotic Bcl-2 proteins and
increasing the expression levels of pro-apoptotic BAX proteins in A549 cells [87]. These
results reinforce that fucoidan-induced apoptosis in A549 cells is associated with the balance
of the Bcl-2/Bax ratio, and the regulation of the ERK1/2 and PI3K-Akt-mTOR pathways.
Taken together, these results substantiate the theory that the balance of the apoptotic protein
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ratio and the activation of signaling pathways are essential for fucoidan to induce apoptosis
in A549 tumor cells.

More importantly, the in vivo study by Chen et al. (2021) also demonstrated that
fucoidan (unknown source) significantly inhibits the volumes and weights of A549 cells in
xenograft mice after oral intake of fucoidan (25 mg/kg) for 14 days [87], and the expression
value of Ki67 was also lower in the fucoidan-fed group than in the control group [87].
These results are consistent with a previous in vivo study conducted by Chen et al. (2016).
This study also showed that fucoidan reduced approximately 23.3% and 40.3% of the
mean tumor volume and weight at 0.5 mg/kg and 10 mg/kg, respectively, in the tumor
xenograft model A549 [90], and also confirmed that the expression value of Ki67 was lower
than in the control group [90]. These results support the theory that fucoidan directly
induces A549 cell apoptosis in an in vivo model. The anti-inflammatory and immunomod-
ulatory effects of fucoidan are interlinked with the antitumor effects. An overview of
these effects is presented here, and a more detailed discussion is given in later sections.
Upon exposure to pathogen-associated molecular patterns (PAMP), viruses and bacteria,
innate (e.g., macrophages, dendritic cells (DC), natural killer (NK) cells), and adaptive
immune cells (e.g., CD4+ helper and CD8+ cytotoxic T cells), are activated in response to
inflammation [2,3]. The development of lung and breast carcinomas is associated with the
activation of some vital pro-inflammatory biomarkers, including cytokines (e.g., TNF-α, IL-
1, IL-6, IL-12), chemokines, cyclooxygenase-2 (COX-2), prostaglandins, C-reactive protein
(CRP) [91], inducible nitric oxide synthase (iNOS) and nitric oxide (NO), which facilitate
tumor initiation and progression [3,92]. Many previous studies have reported that fucoidan
regulates these biomarkers and MAPK signaling pathways to induce anti-inflammatory
and immunomodulatory effects in immune cells [18,23,93–97]. Furthermore, the upregu-
lated expression of these biomarkers activates intrinsic and extrinsic signaling pathways,
such as the NF-κB and MAPK pathways [3,98]. Therefore, regulating the expression of
these pro-inflammatory biomarkers is critical to overall disease control and management.

Some studies demonstrating the anti-inflammatory effects of fucoidans are presented
here for discussion. In an in vitro study, Jeong et al. (2017) reported that fucoidan (Fucus
vesiculosus) was non-cytotoxic to RAW264.7 murine macrophages at 100 μg/mL and at-
tenuated the production of pro-inflammatory cytokines of TNF-α and IL-1β in RAW264.7
murine macrophages treated with liposaccharide (LPS) [96]. These results are consistent
with the findings presented in a recent in vitro study where they showed that a particular
fucoidan (Saccharina japonica) fraction (LJSF4) induced a strong inhibitory effect on the pro-
duction of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6 [97]. These results
strengthen the argument that fucoidan, regardless of its species derivation, has the ability to
induce anti-inflammatory effects in RAW264.7 macrophages. Furthermore, Lee et al. (2012)
found that three Ecklonia cava fucoidan fractions (F1, F2, F3) were not toxic to the RAW
264.7 macrophages at a concentration of 12.5–100 μg/mL and could significantly inhibit
NO production, iNOS, COX-2 mRNA expression level, and pro-inflammatory cytokines
(TNF-α, IL-1β, and IL-6) in LPS-treated RAW264.7 macrophages [99], where the F3 fraction
had the highest inhibitory effects on NO production [99]. These results suggest that there
may be an association between the inhibition of the iNOS/NO pathway and attenuation
of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6), but more studies are required to
verify whether there is a connection between these two stimuli. Furthermore, the investiga-
tions by Fernando et al. (2017) also showed similar results; they found that the F2,4 fraction
(Chnoospora minima fucoidan) was non-cytotoxic to LPS-treated RAW264.7 macrophages
and exhibited a maximum inhibition in NO production, while the mRNA expression of
pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) was decreased in LPS-treated RAW264.7
macrophages at a concentration of 50 μg/mL [100]. Sanjeewa et al. (2018) reported that the
Sargassum horneri fucoidan f4 fraction (36.86% fuc and 18.47% sulfate contents) exhibited
the maximum inhibitory effects on NO production and significantly inhibited the mRNA
expression levels of the pro-inflammatory cytokines of TNF-α and the PEG2 enzyme in
LPS-treated RAW264.7 murine macrophages without causing any toxicities [101], but only
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slightly inhibited IL-6 production [101]. They also demonstrated that the f4 fraction could
dose-dependently inhibit the expression of the iNOS and COX-2 proteins [101], as well
as inhibit the phosphorylation of IκB-α and p-I κB-α [101]. These results suggest that the
Sargassum horneri fucoidan f4 fraction induces anti-inflammatory effects in LPS-treated
RAW264.7 macrophages through the NF-κB pathway [101].

Sanjeewa et al. (2017) demonstrated that a crude fucoidan extracted from Sargassum
horneri had no cytotoxicity to RAW264.7 murine macrophages and exhibited a maximum
suppressive effect on NO production in LPS-treated RAW264.7 murine macrophages [102];
it also reduced the secretion of pro-inflammatory cytokines TNF-α and IL-1β and downreg-
ulated the expression levels of iNOS and COX-2 proteins in RAW264.7 murine macrophages
treated with LPS [102]. More importantly, they also showed that CCP fucoidan (Sargassum
horneri) (100 μg/mL) induced anti-inflammatory effects in RAW264.7 murine macrophages
treated with LPS by inhibiting the translocation of NF-κB p50 and p65 to the nucleus and
downregulation of phosphorylation of p38 and ERK1/2 that was shown to increase with
LPS stimulation in RAW264.7 macrophages [102].

Fucoidan has also been shown to act as a pro-inflammatory cytokine modulator in
other types of cells, including mesenchymal stem cells (MSCs) [103], THP-1 monocytes [104],
human peripheral blood mononuclear cells (PBMC) [105], porcine peripheral blood poly-
morphonuclear cells (PMN) [106], and human intestinal epithelial cells (Caco-2 cells) [107],
indicating that fucoidan is capable of inducing anti-inflammatory effects in a broad range
of cells. In an earlier in vitro study, Hwang et al. (2016) reported that LMWF (Sargassum
hemiphyllum) induced anti-inflammatory effects in Caco-2 cells by downregulating LPS-
induced TNF-α and IL-1β [107], which is in line with the findings from another in vitro
study conducted by Ahmad et al. (2021) [105]; they demonstrated that fucoidan (Undaria
pinnatifida) induced significant inhibitory effects on the pro-inflammatory cytokines of
TNF-α and IL-6 in LPS-treated human PBMC cells [105]. However, the expression of IL-1β
was only slightly reduced in this study [105], suggesting that fucoidan (Undaria pinnatifida)
is less effective in reducing the expression of IL-1β in LPS-treated human PBMC cells as
compared to the potency of the other two pro-inflammatory cytokines, namely TNF-α and
IL-6. Furthermore, they also showed that fucoidan (Fucus vesiculosus) significantly inhibited
three pro-inflammatory cytokines, namely TNF-α, IL-1β, and IL-6, in LPS-treated human
PBMC [105]. Taken together, these results support the theory that Fucus vesiculosus fucoidan
has a greater capability than Undaria pinnatifida fucoidan to exhibit inhibitory effects on
pro-inflammatory cytokines, namely TNF-α, IL-1β, and IL-6, in LPS-treated human PBMC
cells. It also indirectly indicates that Fucus vesiculosus fucoidan may have a greater cytotoxic
level than Undaria pinnatifida fucoidan in LPS-treated human PBMC cells. Macrocystis
pyrifera fucoidan and fractionated Macrocystis pyrifera fucoidan (5–30 kDa) also significantly
inhibited pro-inflammatory cytokines TNF-α in LPS-treated THP-1 cells [105]. Furthermore,
Kim et al. (2018) reported that fucoidan has a negative effect on inhibiting the production of
TNF-α in PBMC [106]; this was found in the process of suppressing excessive phagocytosis
of porcine peripheral blood PMN [106]. However, the mRNA expression level of TNF-α
was reduced by adding fucoidan to LPS-stimulated PBMCs [106]. These results are in line
with those reported in MSCs [103], they found that after coculture of MSCs treated with
fucoidan with LPS-stimulated macrophages, the level of pro-inflammatory cytokines of
TNF-α decreased, suggesting that MSCs treated with fucoidan are capable of inhibiting the
production of TNF-α in LPS-stimulated macrophages. Another important in vitro study de-
signed three fucoidan/chitosan nanoparticles for the topical delivery of methotrexate [104].
To assess the anti-inflammatory effect of this compound, Barbosa et al. (2019) characterized
the fucoidan/chitosan (F/C) nanoparticles into three groups based on the weight ratio of
fucoidan and chitosan, named 1F/1C, 3F/1C, and 5F/1C [104]. According to their findings,
the 5F/1C nanoparticle contained a large amount of fucoidan and showed the highest
inhibitory effects on the production of pro-inflammatory cytokines, namely TNF-α, IL-1,
and IL-6, in human THP-1 monocytes [104], suggesting that the fucoidan content in the
5F/1C nanoparticle plays an important role in inducing anti-inflammatory effects in human
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THP-1 monocytes. These outcomes allow us to envisage the possibility of fucoidan being
used as an anti-inflammatory agent in the treatment of inflammatory diseases, especially
when developed as a nanoparticle.

All these results further strengthen the concept that fucoidan may induce its anti-
inflammatory effects by inhibiting pro-inflammatory cytokine secretion and mRNA ex-
pression levels of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in LPS-stimulated
immune cells including RAW264.7 murine macrophages [96,97,99,101,102,108], Caco-2
cells [107], THP-1 cells [105], human PBMC, porcine peripheral blood PMNs, and MSCs.
More importantly, macrophages appear to play an essential role in the initial stages of
the anti-inflammatory effects of fucoidan. However, Obluchinskaya et al. (2022) demon-
strated that Fucus vesiculosus fucoidan extracts (FV1 and FV3) containing a high polyphenol
content (135.9 PhE/g DW) induced a greater radical scavenging activity than four other
seaweeds (Saccharina japonica, Fucus distichus, Fucus serratus, and Ascophyllum nodosum) [17],
suggesting that the chemical composition in fucoidans may also influence its capability to
induce anti-inflammatory effects.

Fucoidan antioxidant effects have been shown to prevent disruptions caused by the
excessive accumulation of amyloid-β and reactive oxygen species (ROS) in the human
body [109]. Several previous in vitro studies have demonstrated that fucoidans can act as
ROS scavengers by removing free hydroxyl radicals and superoxide radicals [110,111]. The
antithrombotic and anticoagulant effects of fucoidans are demonstrated primarily by pro-
longed activated partial thromboplastic time (APTT), prothrombin time (PT), and thrombin
time (TT) [60], indicating that fucoidans can exhibit inhibitory effects on several intrinsic
factors (e.g., II, V, VIII, IX, XI, XII) and extrinsic pathways to induce antithrombotic and
anticoagulant effects in in vitro studies [62,109]. Fucoidans have also been shown to help
relieve symptoms of various viral diseases, including severe acute respiratory syndrome
coronavirus 2 (SRAS-CoV-2) [75], I-type influenza virus [73], human immunodeficiency
virus 1 (HIV-1) [70], and herpes simplex virus (HSV) [72], by inhibiting virus attachment
to host cells or directly inhibiting specific viral-related antigen productions. Fucoidans
have also been shown to inhibit angiogenesis by regulating vascular endothelial growth
factors (VEGF), fibroblast growth factor 2 (FGF-2), matrix metalloproteinases (MMPs), and
chemokines (e.g., CXCL12) [67,109].

2.3. Pharmacokinetics of Fucoidans

The absorption of fucoidans is dependent on their source and structure. Several
studies have investigated fucoidan absorption using the ELISA method and suggested
that the molecular weight of a fucoidan may influence its absorption and excretion [112].
However, this observation is not entirely consistent with those obtained from other relevant
in vivo and human clinical studies [113–120]. They suggested that the dosage, species,
and structure of a fucoidan would also contribute to the variation in absorption and
elimination [113–117]. Zhao et al. reported that oral administered LMWF (Laminaria
japonica) reached the highest concentration in rat plasma at 15 h [113], which was faster
than LMWF (Laminaria japonica, MW = 35 kDa) at the same oral dose [113]. The results
suggest that the molecular weight of fucoidan below 10 kDa with a high oral dose would
help to increase the absorbed amount of fucoidan in a relatively short timeframe (15 h vs.
25 h). It also indicated that the molecular weight of fucoidan ranging from 10–40 kDa has
a long absorption time in rat plasma. Others showed that oral administration of LMWF
(Laminaria japonica) in rat plasma reached the Cmax in under 2 h [114,115], which has a
shorter absorption time after oral administration. When Zhao et al. (2016) used a higher oral
dose of fucoidan (oral dose = 400 mg/kg and 800 mg/kg) in rats, the time to take to reach
Cmax was much longer. Thus, the oral dose of LMWF could also be a critical factor affecting
the pharmacokinetics of fucoidan in rats. Furthermore, Pozharitskaya et al. demonstrated
that the fucoidan concentration (Fucus vesiculosus), in the plasma of rats reached a maximum
level (0.125 μg/g) at 4 h after intragastric administration. These results were not entirely
consistent with those obtained from human clinical studies. A human study showed that
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the plasma concentration of fucoidan (Cladosiphon okamuranus, molecular weight = 66 kDa,
dose = 1 g) reached the maximum level in 7 out of 10 samples (serum: up to 100 ng/mL) at
6 h after 1 g of fucoidan administered to healthy volunteers, and only one sample reached
the highest concentration (approximately 62 ng/mL) at 9 h [116]. These results indicate
that the human intestinal absorption rate of fucoidan varies between individuals. They also
found that the concentration of fucoidan was elevated in urine (up to 1000 ng/mL) after oral
administration [116], but the molecular weight of fucoidan was reduced to 1.8–3.1 kDa in
urine [116]. These results indicate that orally administered LMWF has a higher absorption
and elimination rate than intragastrical administered HMWF, suggesting that the molecular
weight of fucoidan could be a critical factor influencing the pharmacokinetics of fucoidan
in the body. Fucoidan species is less likely to be a factor affecting the pharmacokinetics
of fucoidan, suggesting that LMWF from Fucus vesiculosus or Cladosiphon okamuranus is
capable of being developed and used for therapeutic purposes.

The pharmacokinetics of fucoidan is also influenced by the route of administration.
A LMWF (Laminaria japonica,) reached the Cmax (110.53 μg/mL) in 5 min after I.V. injec-
tion [118], but oral administered LMWF (Laminaria japonica,) was detected at 2 h after
intragastric administration [118]. Similar results were also obtained from a recent study
by Bai et al. (2020); they demonstrated that the fluorescein isothiocyanate labeled (FITC)
fucoidan (Fucus vesiculosus, MW = 107.8 kDa, I.V. injection dose = 50 mg/kg) reached
the Cmax (66.37 μg/g) in mouse plasma at 30 min and was not detectable in the blood
after 4 h [120]. They also showed that FITC fucoidan could circulate to other organs in
mice, such as the lung (Cmax = 110.92 μg/g at 4 h), liver (Cmax = 284.7 μg/g at 0.5 h),
spleen (Cmax = 77.79 μg/g at 6 h), and kidney (Cmax = 1092.31 μg/g at 4 h) [120]. Data on
pharmacokinetics in humans is still limited.

2.4. Biomedical Usages of Fucoidans

Fucoidans are important pharmaceutical candidates in cancer therapy because of
their high nutritional and biomedical value. Fucoidans have been classified as a dietary
supplement that is generally recognized as safe by the FDA and is recognized as a safe
food ingredient [42,121,122]. Prior to becoming an FDA-approved food supplement in 2017
and commercially available on the market, seaweed has been widely used as a functional
food and as an established ingredient in local cuisine in several Asian countries, including
China, Japan, and Korea [55]. During the 16th to 18th centuries, seaweed was discovered
to have medicinal benefits in the treatment of goiter, psoriasis, asthma, several thyroid
deficiencies, and skin diseases in China, France, and the United States [10]. In addition,
fucoidan derived from Fucus vesiculosus has been used in a variety of combination products
in European countries, including (1) homeopathic medical products in Austria; (2) laxatives
in Belgium and Poland; (3) an authorized iodine supplement in Denmark; (4) an adjuvant
in slimming diets in France, Spain, and the United Kingdom, and (5) as a traditional
herbal remedy to treat obesity and rheumatic pain in the United Kingdom [10]. Fucoidan,
as a nutritional supplement, is administered primarily through oral tablets and liquid
administration. On the other hand, fucoidan is currently used as an ingredient in cosmetic
and nutraceutical products.

3. Immunopotentiating Effects of Fucoidans

Fucoidan was first observed to support the immune response in the early 1980s [123].
The effect of fucoidans on immune potentiation emerged in the 1990s [124,125]. Over the
past two decades, research into the immunomodulatory (immunopotentiating) effects of
fucoidans has expanded significantly.
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3.1. Overall Effects of Fucoidans on the Immune System

Fucoidans have now been shown to have immunopotentiating effects on both the
adaptive and innate immune response (Figure 1). The immunopotentiating effects of fu-
coidan have been identified in studies using T cells [2,126,127], macrophages [2,36,128],
DC (DCs) [94,127], and natural killer cells (NK) [72,127,129,130]. Toll-like receptors (TLRs)
and scavenger receptor type A (SR-A) receptors are the two critical controllers in fucoidan-
activated DCs [35,131,132]. Pro-inflammatory cytokines, such as TNF-α, IFN-γ, and in-
terleukin 6 (IL-6), have been proposed as a mechanism to regulate fucoidan-activated
macrophages and NK cells to induce antitumor immunity dependent on dose and molecu-
lar weight [35,95,133].

Figure 1. Effects of fucoidans on different types of immune cells. (a) Effect of fucoidans on innate
immune responses through DC, RAW264.7 murine macrophages, and NK cells; (b) effect of fucoidans
on adaptive immune responses via CD4+ and CD8+ T cells (this figure was created with BioRender.
com, accessed on 5 February 2023).

3.2. Immunological Effect of Fucoidans on T Cells

Fucoidan immunomodulatory effects are preferentially studied using T cells, partic-
ularly when investigating its antitumor immunity. However, studies investigating the
direct effect of fucoidans on T cells are relatively limited. So far, there has been no study
examining the effect of fucoidan on CAR-T cells.
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Fucoidan antitumor immune responses have been studied in both in vivo and in vitro
models [4,94,132,134]. When co-cultured CD8+ T cells and human breast cancer cells (MCF-
7) were used to investigate the immune response of fucoidan, it was discovered that the
number of CD8+ T cells and interferon-γ (IFN-γ) was doubled in the fucoidan-treated
group compared to the control [93]. However, when NY-ESO-1-specific CD8+ T cells
were stimulated by fucoidan (Fucus vesiculosus)-treated DCs, interferon-γ (IFN-γ) secretion
was higher than in the CD8+ T cells group [93], suggesting that fucoidan can activate
NY-ESO-1-specific CD8 + T cells by increasing IFN-γ production. Similar results were also
obtained from a separate study, which demonstrated that fucoidan promotes both CD4+
and CD8+ T cell responses by upregulating the pro-inflammatory cytokines of Th1 and Tc1
cells, namely IFN-γ and TNF-α [94]. However, because this immune response depends
on IL-12 production, fucoidan may be able to enhance Th1 and Tc1 immune responses
if it increases IL-12 production in the presence of Th1 and Tc1 cells. Furthermore, this
study also demonstrated that fucoidan could be used as an adjuvant to enhance T cell
responses by upregulating the production of IFN-γ, as well as increasing CD44+ CD4
cell and memory T cell proliferation [94]. These findings suggest that fucoidan induces
direct immune responses in CD4 and CD8 T cells acting as an adjuvant to boost T cell
immune responses.

Yang et al. demonstrated that fucoidans from Ascophyllum nodosum and Fucus vesiculo-
sus directly promote T cell proliferation and activation through upregulating IFN-γ and
TNF-α secretion in CD8+ T cell populations [18]. Furthermore, gene set enrichment analysis
(GSEA) revealed that some representative genes within the JAK/STAT pathway were
increased in the fucoidan treatment group, including IL-3, IL-6, IL-13, IL-14, IL-24a, CSF2,
and CD70 indicating that fucoidan improves CD8+ T cell activation and proliferation via
the JAK/STAT pathway [18]. More importantly, they found that the T cell receptor (TCR)
complex played a critical role in promoting the activation and proliferation of CD8+ T cells
and that it interacted with the TCR/CD3 complex to enhance T cell activation [18], which
has a significant advantage in the discovery of new molecular mechanisms of fucoidan-
induced immunomodulatory effects. These results are partially consistent with another
study in which the treatment with intranasal fucoidan (Ecklonia cava) treatment increased
the level of IFN-γ and TNF-α in mLN CD8 and CD4 T cells in both C57BL/6 and BALB/c
mice [23]. This study explored a new route of administration of fucoidan in mice whilst also
showing that fucoidan (Ecklonia cava) can activate T cells and enhance T cell proliferation by
increasing the production levels of IFN-γ and TNF-α [23]. Lee et al. showed that Undaria
pinnatifida fucoidan-rich extract significantly increased CD4+ and CD8+ T cells proliferation
in cyclophosphamide (CP)-treated immunosuppressed mice via increasing the expression
levels of cytokines (IFN-γ, TNF-α) and plasma antibodies (TgM, total IgG) [135]. These
results suggest that IFN-γ and TNF-α are the two critical effectors involved in fucoidan-
induced immunological effects in CD4+ and CD8+ T cells, specifically in T cell activation
and proliferation. In particular, this new discovery regarding the different effects of fu-
coidan administration needs to be further investigated, especially its immunomodulatory
effects on T cells using the dominant fucoidan species, Fucus vesiculosus. Combined, these
experimental results demonstrate that fucoidan has potent immunomodulatory effects on
T cells.

Fucoidan can also induce indirect immune responses in T cells. LMWF (Undaria
pinnatifida) has been shown to induce indirect immune responses in CD4+ and CD8+ T cells
through DCs [35], as DCs treated with LMWF activated T cells and significantly increased
CD4+ and CD8+ T cell proliferation, indicating that DCs treated with LMWF play a critical
role in T cell activation and proliferation.

Table 2 summarizes the immune cells and cytokines involved in the mechanism of
immunopotentiation of fucoidans.
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3.3. Immunological Effect of Fucoidan on Dendritic Cells

In early studies, DCs were considered to be a potential target for the immunomod-
ulatory capacity of fucoidan [131]. The DCs are critical mediator cells that interact with
fucoidan to activate pattern recognition receptors (PRR), resulting in T cell priming and
acquired immunity [139]. Toll-like receptors (TLRs) and scavenger receptors (SRs) have
emerged as critical regulators that can interact with DC and fucoidan to influence innate
and adaptive immunity [94,139,140]. Fucoidan can activate DC maturation by increasing
specific surface molecules, such as CD40, CD86, MHC class I and class II, or cytokines,
including IL-12 [94], TNF-α [132] and IFN-γ, in the host [131].

3.3.1. Fucoidan Activates the Maturation of DCs via Toll-like Receptors

The TLRs are essential receptors for initiating DCs and triggering primary immune
responses and are typically involved in the recognition of potential pathogens and the
activation of DCs [139]. Activation of TLRs can alter the ability of DCs to interact with
T cells by regulating three types of signals delivered by DC to promote T cell expansion
and differentiation into effectors: (1) antigen-specific signal 1; (2) co-stimulatory ‘signal 2′
proteins, such as CD40, CD80, and CD 86; (3) cytokines, such as TNF-α and INF-γ [139,141].
As previously reported, LMWF from Undaria pinnatifida stimulated the maturation of
DCs by activating the toll-like receptor 4 (TLR4), and its downstream MAPK and NF-κB
signaling pathways markedly increasing the expression of CD40, CD86, MHC I, and MHC
II molecules [35].

Another LMWF fucoidan (Ecklonia cava) has also been shown to promote similar activa-
tion of DCs by increasing the levels of CD40, CD80, CD86, and MHC class I and II molecules
in fucoidan-treated mice, upregulating the production of several pro-inflammatory cy-
tokines, such as IL-6, IL-12, and TNF-α [130]. In this study, the LMWF-mediated DC
maturation process is activated through the TLR4 signaling pathway. Mechanistically,
fucoidan activated the TLR4 signaling pathway by upregulating the phosphorylation level
of ERK, JNK, p38, and p-iκB while downregulating the level of p-NF-κB p65 [35]. This dis-
covery supports the role of TLR4 as a critical mediator in fucoidan-activated DC maturation
and cytokine production.

Fucoidan (Fucus vesiculosus) also contributed to activation of the maturation of human
monocyte-derived DCs [131], as well as the upregulation of the expression of co-stimulatory
molecules of DCs, promoting the secretion of cytokines, namely TNF-α, IL-12 and IFN-
γ [131].

It is worth noting that different sources of fucoidan used in the above studies could
lead to the activation of DCs, implying that the actual source of fucoidan may not be a
critical factor. One common feature of LMWFs was that in all experiments they were
shown to be endotoxin-free, which differ from HMWFs that potentially were contaminated
with endotoxin.

3.3.2. Fucoidans Activate the Maturation of DCs via Scavenger Receptor Type A (SR-A)

Fucoidans inhibited SR-A in DCs by significantly increasing the binding of NY-ESO-1
to DCs. The DCs treated with fucoidan (species data not shown) exhibited a more mature
phenotype than the DCs without fucoidan treatment [93]. This result indicates that SR-A is
a critical factor that may influence DC maturation. Fucoidan (Fucus evanescens) was shown
to indirectly induce human peripheral blood dendritic cell maturation (PBDC) and increase
TNF-α production [132]. Therefore, fucoidan (Fucus evanescens)-medicated DC maturation
can be blocked if fucoidan is pretreated with a TNF-α-neutralizing antibody [132]. Fur-
thermore, a consistent result was obtained in a later in vivo study, in which they not only
demonstrated that fucoidan (Fucus vesiculosus) could induce maturation in mouse DCs and
induce upregulation of TNF-α, but also showed that fucoidan (Fucus vesiculosus) increased
the production of IL-6 and IL-12 in spleen DCs [94]. These findings imply that fucoidan
is a viable candidate for induced antitumor immune responses by regulating the levels of
IFN-γ, TNF-α, or other specific interleukins, such as IL-6 and IL-12 levels.
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3.4. Immunological Effect of Fucoidan on Macrophages

The immunomodulatory effect of fucoidan via macrophages is strongly associated
with the production of pro- and anti-inflammatory cytokines, such as interleukin 6 (IL-
6) [36,95], TNF-α [36,95,128], nitric oxide (NO) [128,137], and inducible nitric oxide synthase
(iNOS) [95,128,142].

In the innate and adaptive immune systems of mammals, macrophages are the first line
of defense against pathogens and tumors [95]. Macrophages have been shown to interact
with fucoidan to inhibit tumor initiation, progression, and metastasis within the malignant
tumor microenvironment (TME) [133,143]. A recent study demonstrated that LMWF from
Undaria pinnatifida markedly increased the number of macrophages in splenocytes with
elevated levels of IL-6 secretion [35], implying that fucoidan-mediated IL-6 secretion may
play an essential role in macrophage activation.

Fucoidan has been shown to induce immunomodulatory effects after being treated
with M2 macrophages by suppressing cytokines (IL-6 and TNF-α), and downregulating
CCL22 chemokine by inhibiting p65-NF-κB phosphorylation [95,133]. However, differ-
ent results were found in a different study where they demonstrated that LMWF-treated
RAW264.7 macrophages increased the expression of pro-inflammatory mediators of IL-6
and TNF-α [95], as well as enhancing NO and iNOS production [95]. Furthermore, LMWF
also activated the NF-κB signaling pathway by upregulating the phosphorylation of lκB-α
and p65, and upregulated the MAPK signaling pathway by inducing phosphorylation of
p38 [95]. Increased NO production in macrophages could be through the p38 MAPK and
NF-κB signaling pathway [137]. A fractionated fucoidan (Nizamuddinia zanardiinii) named
as F3, could activate RAW264.7 macrophages by increasing the expression of cytokine
mRNA (iNOS, NO, TNF-α, IIL-1β, and IL-6) and proteins that regulate the MAPK and
NF-κB signaling pathway, such as p-NF-κB, p-JNK, p-ERK, and p-p38 proteins [128]. In
summary, these results show that fucoidan activates RAW264.7 macrophages by upregulat-
ing the inflammatory cytokine, MAPK, and NF-κB signaling pathways.

Furthermore, fucoidan (Laminaria japonica) has been used to promote the differentiation
of RAW264.7 macrophages from M0 to M1 phenotype macrophages [36]. Differentiation of
RAW264.7n macrophages to M1 macrophages occurs via increasing the pro-inflammatory
cytokines of IL-6, TNF-α, and NO [36]. Fucoidan compounds KCA (Kjellmaniiella crassifolia,
Astragalus polysaccharide, and Codonopsis pilosula) and UCA (Undaria pinnatifida, Astragalus
polysaccharide, and Codonopsis pilosula) may increase macrophage proliferation by increasing
GM-CSF and TNF-α at concentrations below 200 μm/mL (KCA: 50–100 μm/mL; UCA:
25–200 μm/mL) [144]. However, when the concentrations of fucoidan compounds were
above 200 μm/mL, fucoidan killed the RAW264.7 macrophages. Surprisingly, fucoidan
from a few sources (for example, Kjellmaniiella crassifolia and Undaria pinnatifida fucoidan)
showed different effects, such as inhibiting the growth of macrophages opposed to cell
death [144].

3.5. Immunological Effect of Fucoidan on NK Cells

The NK cells are innate lymphoid cells that are essentially derived from common
lymphoid progenitors [145]. The broad range of cytokines (e.g., IFN-γ, perforin, granzyme
B) [127,130,145], and activating (e.g., NKp30, FasL) and inhibitory receptors (e.g., killer
inhibitory receptor, KIR) located on the cell surface [145,146] allow them to interact with
other immune cells or biomolecules which allow them to recognize tumor cells and then
induce antitumor effects [145,147]. Furthermore, NK cells have also been described as DC
promoters and T cell response regulators [147], suggesting that NK cells can enhance and
maximize the antitumor effects of other immune cells in TME [145]. Ale et al. showed
that intraperitoneally administered fucoidan (Fucus vesiculosus, 50 mg/kg) increased NK
cell proliferation in C57BL/6 mice [129]. Fucoidan from Fucus vesiculosus and Undaria
pinnatifida could significantly increase NK cells (NK1.1+CD3−) proliferation. Fucoidan
from other sources (Fucus vesiculosus, Undaria pinnatifida, Ascophyllum nodosum, Macrocystis
pyrifera) could activate NK cells (CD3−NK1.1+) via increasing killer cell lectin-like receptor
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and IFN-γ [127]. Furthermore, Zhang et al. (2019) further demonstrated that intraperi-
toneal administration of fucoidan (Macrocystis pyrifera, 50 mg/kg) in C57BL/6 mice could
activate and increase NK cell proliferation of NK cells (NK1.1+CD3−) via increasing IFN-γ
production and CD69 expression [148], suggesting that fucoidan activates NK cells through
secreted cytokines (e.g., IFN-γ) and killer activating receptors (e.g., KLRG1). Exception-
ally, CD3−NK1.1+ NK cells activated by all fucoidans from Fucus vesiculosus, Undaria
pinnatifida, Ascophyllum nodosum, and Macrocystis pyrifera induced cytotoxic activity against
YAC-1 cells [127]. Importantly, both Zhang et al. (2015) and Zhang et al. (2019) showed
that fucoidan (Macrocystis pyrifera, 50 mg/kg)-activated CD3−NK1.1+ NK cells induced
the highest cytotoxicity in mouse lymphoma YAC-1 cells [127,148], which suggest that
fucoidan-activated CD3−NK1.1+ NK cells could induce antitumor effects, regardless of
the fucoidan species. Consistent results were demonstrated in a recent study by Zhang
et al. (2021); they showed that intraperitoneal administration of fucoidan (Ecklonia cava) in
C57BL/6 mice induced the strongest CD3−NK1.1+ NK cell proliferation through increased
CD69 expression and IFN-γ levels among the five fucoidans (Fucus vesiculosus, Undaria
pinnatifida, Ascophyllum nodosum, Macrocystis pyrifera, and Ecklonia cava) at a concentration
of 50 mg/kg [130]. Fucoidan (Ecklonia cava)-treated NK cells also induced strong antitumor
effects in YAC-1 cells by significantly upregulating the expression of TRAIL, perforin, and
granzyme B on the surface of fucoidan (Ecklonia cava)-treated NK cells [130]. Furthermore,
an in vivo study by An et al. (2022) demonstrated that fucoidan (Laminaria japonica) could
promote CD3−NK1.1+NK cells proliferation via increasing CD69 at a higher concentration
of 100 mg/kg and killing targeted cells by secreting IFN-γ, perforin, and granzyme B at
a lower concentration of 50 mg/kg [149]. Two other immunological mediators were also
involved in the activation and cytotoxicity of fucoidan-mediated NK cells against other
tumor cells in vitro, the death ligand FasL and the activating receptor NKp30 [146]. These
data suggest that fucoidan would increase NK cells proliferation via increasing CD69 ex-
pression and IFN-γ levels and would induce cytotoxic effects of CD3−NK1.1+ NK cells in
YAC-1 cells by upregulating surface markers, including perforin, granzyme B, NKp30, FasL,
TRAIL, and KLRG1. Thus, cytotoxic mediators of IFN-γ, namely perforin and granzyme B,
play a critical role for fucoidan in the promotion and activation of NK cells in mice.

Fucoidans could also induce cytotoxicity and the activation of NK cells in cyclophos-
phamide (CP)-treated immunosuppressed mice. It was reported that fucoidan (Undaria
pinnatifida, 50 mg/kg, 100 mg/kg, 150 mg/kg) induced cytotoxicity against YAC-1 cells and
increased NK1.1+NK cells proliferation in CP-treated immunosuppressed mice [135], but it
is unknown whether fucoidan secreted IFN-γ or promoted CD69 expression on the surface
of NK1.1+NK cells [135]. The HMWF (Undaria pinnatifida) markedly increased the prolifer-
ation of NK-92MI cells in the concentration range of 62.5 to 2000 μg/mL and induced a
high cytotoxicity of NK-92MI cells against YAC-1 cells in CP-treated immunosuppressed
mice by releasing granzyme B [49]. These results suggest that fucoidan could promote NK
cell proliferation and activation by releasing granzyme B in CP-treated immunosuppressed
mice. Oral administration of fucoidans (Cladosiphon okamuranus, HMWF: 110–138 kDa,
LMWF: 6.5–40 kDa) has significantly increased the proliferation of NK cells in the spleen
and reduced tumor weight in mice with tumors in the colon 26 [150], suggesting that
fucoidan induces antitumor immunity effects by mediating NK cell activity [150].
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It is noteworthy that it was previously suggested that “fucoidan-mediated NK cell
activation depends on DC maturation” by showing that fucoidan (Ecklonia cava) was unable
to increase CD69, IFN-γ, perforin, and granzyme B levels in NK cells after splenocytes
depleted CD11c+DCs [130,149]. However, uronic acid levels in fucoidans (Fucus vesiculosus,
Undaria pinnatifida, Ascophyllum nodosum, Macrocystis pyrifera, and Ecklonia cava) have also
been suggested to influence the immunological effects of fucoidan in NK cells [130]. Thus,
further investigations are required to determine whether the depletion of DCs or the levels
of uronic acid influence fucoidan to activate NK cells.

3.6. Factors Influencing Fucoidan-Activated Immune Cells

The dosage and molecular weight of fucoidan play a critical role in modulating the
effect on macrophages. Indeed, LMWF fucoidan (Undaria pinnatifida) significantly enhances
macrophage proliferation (CD11b +) and NK cells (CD3-CD19-CD49b+) by upregulating
IL-6 secretion [35]. Furthermore, LMWF can restore cyclophosphamide (CTX)-induced
immunosuppression without causing toxic effects. This natural multifunctional molecule is
capable of alleviating CTX toxicity and acts as an immunomodulator in vivo [35]. These
findings lay the basis for future studies to determine whether this optimal dose is appro-
priate for testing Fucus vesiculosus fucoidan using other immune cells, such as CD4+ and
CD8+ T cells. Importantly, their findings establish the foundation for future researchers to
select appropriate dose ranges that can be used in human clinical studies to examine their
antitumor immunity in cancer patients and a suitable route of administration. However,
it remains controversial whether the molecular weight of fucoidan influences its immune
modulation effects on macrophages [144].

Furthermore, HMWF is also important in inducing immunomodulatory effects on
macrophages. To determine whether molecular weight could be a factor that influences
fucoidan to induce immunomodulatory effects on macrophages, Jiang et al. reported that
HMWF-treated spleen cells, which include macrophages, enhanced the production of IFN-
γ and NO production compared to LMWF treatment [138], suggesting that HMWF is more
capable than LMWF of stimulating IFN-γ and NO production, increasing macrophage
viability. However, increased NO production may be the result of contaminated HMWF
used in the study; concern has been raised about endotoxin contamination in HMWF used
in studies [95]. To overcome this concern, it is suggested that endotoxin-free LMWF is a
better choice for future studies to investigate its immunomodulatory effects of fucoidan [35].

4. Relevance to Cancer Immunotherapy

Immunotherapy, i.e., immune checkpoint inhibitors and adoptive T cell transfer ther-
apy (such as CAR-T cell therapy), has achieved an unprecedented clinical outcome in the
treatment of homological malignancies. However, significant challenges remain ahead
in the treatment of solid tumors. Effective treatment of solid tumor requires preferential
activation of CTL-mediated cytotoxicity against cancer cells. To overcome these seemingly
intractable obstacles, more ‘powerful’ immune cells or CAR-T cells with enhanced anti-
tumor efficacy are required [20]. Fucoidan is a natural polysaccharide that has antitumor
properties and immunopotentiating effects with low toxicity in both animal models and
humans. This polysaccharide is a strong agonist of TLR4, which induces activation of
DCs in humans. Therefore, fucoidan could be a desirable candidate for use in effective
cancer immunotherapy. Figure 2 summarizes the immunopotentiation of fucoidan and its
relevance to cancer immunotherapy.
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Figure 2. Immunopotentiation and antitumor immunity of fucoidan. Fucoidan activates DC mat-
uration via secreting IL-6, IL-12, and TNF-α; matured DCs will then activate NK cells to induce
antitumor immunity effects in tumor cells. Fucoidan can activate macrophages via increasing the
production of iNOS, NO, IL-6, and TNF-α. Fucoidan increases NK cell proliferation by increasing
CD69 expression and IFN-γ levels and activates NK cells by upregulating the cytotoxic mediators of
perforin, granzyme B, activating the receptor NKp30, FasL, and KLRG1. Here, TNF-α and IFN-γ are
the two common cytokines expressed on the surface of CD4+ and CD8+ T cells. Fucoidan activates
these T cells via upregulating cytokines of TNF-α, IFN-γ, CD70, CSf2, IL-2, IL-3, IL-6, IL-13, IL-14,
IL-24a, to induce tumor cell death. Fucoidan is co-administered with immune checkpoint inhibitors
(ICIs) to enhance tumoricidal activity (this figure was created with BioRender.com, accessed on 5
February 2023).
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4.1. Fucoidan Potentiates Cancer Immunotherapy

There is considerable evidence that fucoidan potentiates cancer immunotherapy when
used in combination with immunotherapeutic products. A recent study has shown that
fucoidan supplements significantly enhance the antitumor activities of PD-1 antibodies
in vivo. Fucoidan consistently promotes the activation of tumor infiltrating CD8+ T cells.
Therefore, fucoidan combined with ICB therapy could be a promising strategy to treat
cancer. The underlying mechanism for this enhanced immunotherapy may be related to the
activation of the JAK/STAT pathway to stimulate T cell activation [18]. Fucoidan (Ecklonia
cava) combined with anti-PD-ligand 1 (anti-PD-L1) antibody treatment (administered
intranasally) successfully prolonged survival for mice with metastatic lung cancer, and the
body weight of the treated mice also increased. Furthermore, the combination treatment
inhibits the infiltration of B16 tumor cells into the lung and prevents the growth of metastatic
murine colon carcinoma CT-26 tumors in the lung [23]. When fucoidan was used together
with Nivolumab, it increased the effects of Nivolumab on prostate cancer cells by enhancing
the activity of human immune cells, and an additive effect was observed [136]. In a
murine tumor model, a combination of fucoidan and anti-PD-L1 antibody inhibited CT-26
tumor growth more effectively than the anti-PD-L1 antibody. The study confirmed that
the combination treatment with fucoidan enhanced anti-PD-L1 antibody-mediated anti-
cancer immunity in the CT-26 carcinoma-bearing BALB/c mice, providing direct in vivo
evidence [21].

4.2. Fucoidan Enhances the Efficacy of Immunotherapy via Novel Dosage Forms

Nanotechnology has emerged as a new approach to improve the efficiency of can-
cer immunotherapy by targeting the drug delivery system and the metabolism of im-
munotherapeutic agents [151]. Two preclinical studies have shown that fucoidans (Fucus
vesiculosus and Laminaria japonica) have the potential to be used to improve the efficacy
of immunotherapy in cancer treatments [152,153]. When fucoidan (Fucus vesiculosus) is
packed as a therapeutic nanomedicine, it is capable of augmenting the therapeutic index
of combination checkpoint immunotherapy and reducing toxicity: Chiang et al. reported
the beneficial therapeutic effects of fucoidan–dextran-based magnetic nanomedicine (IO@
FuDex3) conjugated with a checkpoint inhibitor (anti-PD-L1) and T cell activators (anti-CD3
and anti-CD28). The IO@FuDex3 medicine helped the repair of the immunosuppressive
tumor microenvironment and potentiated the effect of the anti-PD-L1 antibody [126].
Fucoidan (Fucus vesiculosus)-based IL-2 delivery microcapsules, FPC2, loaded with IL-2
showed higher biological activity in ex vivo expansion of cytotoxic T cells than from Treg
lymphocytes. A single intratumor administration of the FPC2/IL-2 complex with injectable
gel had a favorable effect on the subpopulation ratio of tumor-infiltrating leukocytes as a
result of the increased expansion of cytotoxic T lymphocytes and the decreased number of
myeloid subpopulations, leading to increased activation of tumor-reactive T cells only at
the tumor site. This represents a novel strategy in TCR-engineered T cell therapies for solid
tumors [154].

More details on studies using fucoidans in novel dosage forms, such as nanoparticles
and microcapsules, to improve immunotherapy efficacy, can be found in the following
table (Table 3).
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4.3. Fucoidan Enhances T Cell Activation via Increasing IL-2, IFN-γ, TNF-α

Several cytokines, including interleukin 2 (IL-2), interleukin 6 (IL-6), interleukin 12
(IL-12), TNF-α, and IFN-γ, have been shown to interact with fucoidan to enhance T cell
activation. Here, IL-2 is a pro-inflammatory cytokine usually secreted by activated CD4+
and CD8+ T cells [155]. It is a known T cell growth factor responsible for T cell (CD4+, CD8+)
expansion, and the production of TNF-α and IFN-γ [155]. Tomori et al. (2019) showed that
the oral administration of fucoidan (Cladosiphon okamuranus) could significantly increase
the secretion of IL-2 and IFN-γ in spleen cells (T and B cells) in mice, whilst reducing
the secretion of IL-4, IL-5, and the serum antibody IgE [138]. They also showed that
addition of concanavalin (Con A) in fucoidan-treated mice promotes T cell proliferation [2].
Increased production of pro-inflammatory cytokines (IL-2, IFN-γ) led to proliferation of T
cells. Fucoidan administered with PD-1 antibodies induced synergistic effects in inhibiting
B16 melanoma tumor cell proliferation, via increasing T cell infiltration to B16 tumor
cells [18]. Fucoidan activated the JAK/STAT signaling pathway and augmented CD8+ T
cell proliferation via interacting with the TCR/CD3 complex and increasing the production
of TNF-α and IFN-γ [18].

These results suggest that fucoidan enhances antitumor immune responses in TME
via regulating T cell activities. Another in vivo study by Lee et al. (2020) also demonstrated
a similar trend; oral administration of fucoidan (Undaria pinnatifida) in cyclophosphamide
(CP)-treated C57BL/6 mice significantly increases the proliferation of CD4+ and CD8+ T
cells via increasing the production of TNF-α and IgM, at concentrations of 100 mg/kg and
150 mg/kg, respectively [135]. The results suggest that the production of TNF-α and IFN-γ
plays a critical role in regulating fucoidan-mediated T cell activations.

More importantly, a very recent in vivo study conducted by Jeon et al. (2022) showed
that a single intratumoral injection of fucoidan-based coacervate named as FPC2– IG-IL-2
releases a higher level of IL-2 expression and increases the proliferation of CD4+ and
CD8+ T cells [154]. They also showed that FPC2– IG-IL-2 could enhance the antitumor
effectiveness of a PD-1 blockade in both CT26-beraing mice and tumor-infiltrating CD8+
T cells [154]. These results confirmed that FPC2– IG-IL-2 could enhance the activation of
transferred tumor-reactive CD8+ T cells and antitumor immune responses. Thus, more
preclinical studies are needed to investigate the effects of fucoidans on the production of
IL-2 in T cells.

4.4. Fucoidan Enhance Immunotherapy through Regulating Cytokines Released by Macrophages
and NK Cells

By producing various cytokines and interacting with other immune cells, such as DCs
or natural killer (NK) cells, macrophages are involved in initiating, promoting, or, alterna-
tively, inhibiting tumor development [156]. It has also been reported that macrophages can
regulate the tumor microenvironment via producing iNOS, NO, or other pro-inflammatory
cytokines (e.g., TNF-α and IL-6) [156]. Expression of iNOS in macrophages accelerates NO
production, but excessive NO production can contribute to promoting tumor progression
and metastasis [157]. Thus, inhibition of aberrant iNOS/NO production may improve the
efficacy of cancer immunotherapy [157].

Anti-tumor immunity induced by fucoidan has been demonstrated in a study by
Takeda et al. where they showed that fucoidan (Cladosiphon okamuranus Tokida)-treated
RAW264.7 murine macrophages inhibited Sarcoma 180 (S-180) tumor cell growth in the S
and G2/M phase of the cell cycle. They also showed that the fucoidan activated RAW264.7
macrophages through increasing the iNOS level and NO production via activating NF-κB
signaling pathway, respectively [158]. They also demonstrated that the inhibition of iNOS
levels could suppress S-180 tumor cell growth [158].

Jiang et al. (2021) also demonstrated that fucoidan (sea cucumber Stichopus chlorono-
tus) activates RAW264.7 macrophages via increasing the production of NO, TNF-α, IL-6,
and IL-10, as well as being involved in the activation of the TLR4/2 and NF-κB signal-
ing pathways [159]. These results suggest that fucoidan at low concentrations helps
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to avoid overexpression of iNOS and NO production in fucoidan-treated RAW264.7
macrophages. Thus, fucoidan is a critical regulator of iNOS expression and NO production
in RAW264.7 macrophages.

Furthermore, Tabarsa et al. (2020) confirmed that crude fucoidan (Nizamuddinia za-
nardinii) could increase the proliferation of RAW264.7 macrophages at concentrations of
10–50 μg/mL without cytotoxicity and activate RAW264.7 macrophages by increasing NO
production at 50 μg/mL [128]. However, they also showed that fucoidan fraction F3 (Niza-
muddinia zanardinii) upregulated the iNOS expression and NO production, accompanied
with releasing several pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6) and IL-10 [128].
The IL-10 produced inhibited the overexpression of TNF-α, IL-1β, and IL-6, exhibiting
immunological responses [159]. These results suggest that fucoidan could restrain the
overactivation of RAW264.7 macrophages by secreting anti-inflammatory cytokines (e.g.,
IL-10), which helps to balance the ratio of pro- and anti-inflammatory cytokines in fucoidan
activated RAW264.7 macrophages. Tabarsa et al. (2020) demonstrated fucoidan fraction
F3 (Nizamuddinia zanardinii) activated RAW264.7 macrophages increasing the amount of
p-NF-κB, p-JNK, p-ERK, and p-p38 proteins [128], which suggests that the fucoidan fraction
F3 (Nizamuddinia zanardinii) activation of RAW264.7 macrophages involves the activation
of the NF-κB and MAPK signaling pathways.

Fucoidan also activates NK cells by releasing cytokines (e.g., TNF-α, INF-γ) and
activating the NF-B and MAPK signaling pathways [128]. For example, Tabarsa et al. (2020)
demonstrated that fucoidan fraction F3 (Nizamuddinia zanardinii) activates NK-92 cells
via increasing the expressions of TNF-α, IFN-γ, granzyme-B, perforin, activating receptor
NKG2D, and apoptosis-inducing ligand (FasL) [128]. They also demonstrated that fucoidan
fraction F3 (Nizamuddinia zanardinii) could increase the quantity of p-NF-κB, p-JNK, p-ERK,
and p-p38 proteins [128]. Taken together, these results suggest that fucoidan fraction F3
(Nizamuddinia zanardinii) in NK-92 cells activates NF-κB and MAPK signaling pathways.

Fucoidan is a natural and multifunctional agent that also has promising inhibitory
effects on pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) in LPS-treated RAW264.7
murine macrophages [96,97]. A previous in vitro study by Lee et al. (2012) found that three
Ecklonia cava fucoidan fractions (F1, F2, F3) were non-cytotoxic and reduced the expression
of iNOS, NO, COX-2, and pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in RAW
264.7 macrophages treated with LPS at a concentration of 12.5–100 μg/mL [99]. Notably,
the F3 fraction induced maximum inhibitory effects on these cytokines at a concentration of
100 μg/mL [99]. The in vitro study by Fernando et al. (2017) also showed that the fucoidan
fraction (Chnoospora minima, MW = 95 kDa) fraction F2,4 was not cytotoxic and could
decrease NO production and pro-inflammatory cytokine expression in pro-inflammatory
cytokines (TNF-α, IL-1β, and IL-6) in RAW264.7 macrophages treated with LPS at a con-
centration of 50 μg/mL [100]. Similar results were also obtained by Ni et al. (2020) in
an in vivo study and demonstrated that the fucoidan fraction LJSF4 (Saccharina japonica,
fucoidan fraction: LJSF4) has no cytotoxicity and significantly inhibited the production of
pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6 in LPS-treated RAW264.7
macrophages at 25 μg/mL [97]. These fucoidan fractions (e.g., F1, F2, F3, F2,4, LJSF4)
contained high level of fucose and sulfate content, suggesting that fucoidan fractions (e.g.,
F1, F2, F3, F2,4, LJSF4) with the highest fucose and sulfate contents would have a greater
ability to regulate and balance cytokine expressions in LPS-treated RAW264.7 macrophages.
Therefore, the fucose and sulfate content in fucoidan could be one of the influential factors
that affects its ability to induce inhibitory effects on pro-inflammatory cytokines in LPS-
treated RAW264.7 macrophages. Jeong et al. also reported that fucoidan (Fucus vesiculosus)
was not cytotoxic and only attenuated the production of pro-inflammatory cytokines of
TNF-α and IL-1β in LPS-treated RAW264.7 murine macrophages at 100 μg/mL [96]. Ni
et al. demonstrated that fucoidan fraction LJSF4 (Saccharina japonica, fucoidan fraction:
LJSF4) has no cytotoxicity and significantly inhibits the production of pro-inflammatory
cytokines, including TNF-α, IL-1β, and IL-6 in LPS-treated RAW264.7 macrophages at
25 μg/mL [97]. These results strongly suggest that fucoidan can inhibit the secretion and
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expression of pro-inflammatory cytokines (TNF-α, IL-1β, and Il-6) in RAW264.7 murine
macrophages treated with LPS at a lower concentration (≤100 μg/mL) [96], regardless of
their species derivation.

Sanjeewa et al. (2018) reported that the fucoidan (Sargassum horneri) fraction f4
inhibited the production of iNOS, NO, and COX-2, and reduced the secretion of pro-
inflammatory cytokines (TNF-α, IL-6) and the PEG2 enzyme in LPS-treated RAW264.7
murine macrophages at concentrations of 25–100 μg/mL (the 50% inhibitory concentration
(IC50) = 87.12 μg/mL) without causing any toxicities [101], but it only slightly inhibited
IL-6 production at the same concentration [101]. The f4 fraction also inhibited the phos-
phorylation of IκB-α and p-I κB-α [101]. In particular, the fucoidan fraction f4 (Sargassum
horneri) contained lower fucose (36.86%) and sulfate (18.47%) contents [101]. Consistently,
crude fucoidan (Sargassum horneri) was shown to be non-cytotoxic and could suppress NO
production, the secretion of pro-inflammatory cytokines (TNF-α, IL-1β), and downregulate
the expression levels of the iNOS and COX-2 proteins in macrophages [102]. They also
demonstrated that crude fucoidan (Sargassum horneri) can inhibit the translocation of NF-κB
p50 and p65 to the nucleus and downregulate the phosphorylation of p38 and ERK1/2
proteins in LPS-treated RAW264.7 macrophages at the same concentration [102]. These
results suggest that fucoidan induced inhibitory effects on pro-inflammatory cytokines in
LPS-treated RAW264.7 macrophages via NF-κB and MAPK signaling pathways.

All these results further strengthen the concept that fucoidan may induce its anti-
inflammatory effects by inhibiting pro-inflammatory cytokine secretion and mRNA expres-
sion levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) in LPS-stimulated RAW264.7
murine macrophages [96,97,99,101,102,108]. More importantly, macrophages appear to play
an essential role in the initial stage of the anti-inflammatory effects of fucoidan. However,
the role and contributions of T cells (CD4+ and CD8+) are unknown. Therefore, further
investigations are required to determine whether fucoidan-treated T cells (CD4+ and CD8+)
are able to attenuate pro-inflammatory cytokines (TNF-α, IL-1β, IL-6).

4.5. Possible Combined Use of Fucoidan with Immunotherapeutic Products

Fucoidan extracts from three types of species (Fucus vesiculosus, Undariia pinnatifidat,
Macrocystis pyrifera) are capable of independently promoting the activation and proliferation
of human peripheral blood mononuclear cells (PBMC) in the presence of a T cell activator
(anti-CD3) by increasing IFN-γ production. In these studies, fucoidan derived from Fucus
vesiculosus was the optimal fucoidan based on the potency of these three different types of
fucoidan [136]. Moreover, fucoidan induced antitumor effects by stimulating DC matura-
tion and/or macrophage differentiation. Jin et al. (2014) found that when fucoidan was
co-administered with ovalbumin antigen, it stimulated DC maturation and then promoted
antigen-specific T cell immune responses [94,160].

Fucoidan (Fucus vesiculosus) has been developed as a therapeutic nanomedicine to
enhance the efficacy of immune check inhibitors (anti-PD-L1) in immunosuppressive
TME [126,161]. It has been shown that the fucoidan-based nanomedicine IO@FuDex3

reduces adverse effects and extends patient survival in cancer treatments [5,126]. Although
the development of fucoidan-based therapeutic nanoparticles is still in an early stage [152],
it is important and promising to develop fucoidan as a nanotechnology-based cancer
immunotherapy drug [162,163].

5. Relevant Clinical Trials-Anticancer and Immunomodulation Related Trials

In this section, we provide an overview of relevant clinical trials using fucoidan to treat
cancer and modulate immune function that are listed on Clinicaltrials.gov and anzctr.org.au.
A list of these trials is presented in Table 4.

Given the promising preclinical findings of experiments using fucoidan as an anti-
cancer agent, some clinical trials have been conducted or are proposed to examine the
therapeutic potential of fucoidan in the treatment of various human cancers, such as ad-
vanced lung cancer [85], breast cancer (ACTRN12615000673549) (Table 4) [24], metastatic
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colorectal cancer (NCT04066660) (Table 4) [164], and recurrent colorectal cancer [165].
These clinical trials demonstrate that fucoidan is a safe anticancer agent that can be com-
bined with chemotherapeutic drugs to improve survival time and reduce the adverse
effects of chemotherapy in cancer treatments. However, three clinical trials have no results
published on the website (clinicaltrials.gov), including NCT04342949, NCT04597476, and
NCT03130829 (as of 10 October 2022, Table 4). It is important to be aware that the focus
of all registered clinical trials on these websites (clinicaltrials.gov, anzctr.org.au) has ex-
panded their investigations from studying anticancer effects to immunomodulatory effects
of fucoidan. For example, four clinical studies focused on investigating how fucoidan regu-
lates biomarkers in the immune system (ACTRN12621000872831, ACTRN12605000021673,
ACTRN12616000417482, and ACTRN12611000220965) (Table 4). Other clinical trials have
not yet started to recruit participants for their study (Table 4). Therefore, a follow-up on the
results of these clinical studies to evaluate the efficacy of fucoidan in cancer would provide
more insight into the therapeutic potential of fucoidan.

A previous human clinical study conducted between April 2008 and June 2009 by
Ikeguchi et al. [165], found that HMWF (Cladosiphon okamuranus) prolonged survival time
in the HMWF treatment group and suppressed side effects (e.g., fatigue) of chemother-
apy drugs in patients with unresectable and recurrent colorectal cancer [165]. They also
demonstrated that HMWF (Cladosiphon okamuranus) did not exhibit side effects (e.g., allergic
dermatitis) in these patients during the 6 months of fucoidan treatment, and no patient suf-
fered severe toxicity [165]. All patients (n = 20) completed fucoidan treatment safely [165].
The results suggested that HMWF (Cladosiphon okamuranus) can protect patients from
fatigue of grades 2 and 3 during chemotherapy [165]. In contrast, an open-label non-
crossover study assessed the efficacy of co-administration of fucoidan with two hormonal
therapies (letrozole and tamoxifen) in patients with breast cancer (ACTRN12615000673549)
(Table 4) [24], they showed that the oral administration of fucoidan (Undaria pinnatifida)
did not influence the plasma levels of the active metabolites of tamoxifen and did not
cause significant changes in steady state plasma concentrations of hormonal therapies
(letrozole, tamoxifen) in female patients with breast cancer (ACTRN12615000673549) [24].
Furthermore, there is no evidence to show that oral administration of fucoidan (Undaria
pinnatifida) can cause liver metastases (ACTRN12615000673549) [24]. Tsai et al. (2017)
conducted a prospective, randomized, double-blind, controlled human clinical trial in the
southern city of Taiwan (NCT04066660) (Table 4) [164]. They found that LMWF (Sargassum
hemiphyllum) significantly increased the disease control rate (DCR) by approximately 23.6%
in the study group compared to the control group (NCT04066660) [164], indicating that
fucoidan can manage the status of cancer progression. These results suggest that LMWF
(Sargassum hemiphyllum) can act as a supplementary agent to induce auxiliary effects and
there appears to be an improved overall survival trend in patients with metastatic colorectal
cancer (NCT04066660) [164]. Furthermore, Hsu et al. (2018) demonstrated that combina-
tion therapy (fucoidan and cisplatin, n = 50) increased the survival rate by approximately
50% in the HiQ-fucoidan treatment group (Laminaria japonica) as compared to the control
group [85]. The results suggest that HiQ-fucoidan (Laminaria japonica) can act as a supple-
mentary agent in combination therapy to increase cisplatin absorption to prolong survival
time in patients with advanced lung cancer [85]. However, the sample size of the control
group was smaller than that of the HiQ-fucoidan group (Laminaria japonica) group [85].
Therefore, the precision of clinical results can be compromised. Furthermore, they did not
monitor whether HiQ-fucoidan (Laminaria japonica) could reduce the side effects of cisplatin
(e.g., fatigue) to improve quality of life [85]. Therefore, further human clinical studies are
required to randomly select equal numbers of patients in each group and also to monitor
whether fucoidan treatment can reduce the side effects of the chemotherapy drug (e.g.,
cisplatin) in patients with advanced lung cancer.
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6. Concluding Remarks

Fucoidans have a range of immunomodulatory/immunopotentiating effects by acting
through DCs, macrophages, NK cells, T cells, and B cells. However, very little is known
about their effect on CAR-T cells and other engineered immune cells. Evidence is emerging
concerning the benefits of combining fucoidans and immunotherapeutic agents, in particu-
lar ICIs and CAR-T cells, for the treatment of cancer. Rationally, fucoidan could play an
important role in the new era of cancer immunotherapy through its immunopotentiating
effects (Figure 2), anti-inflammatory effects, and antitumor properties. Human clinical
studies are limited, and the results of clinical trials are not conclusive and inconsistent with
preclinical data, indicating that more clinical studies on fucoidans are necessary. Further-
more, fucoidans may have great potential to be developed as a nanoparticle and used with
other immunotherapeutic agents together as a novel strategy to treat cancer.

Despite many beneficial effects and promising future prospects for fucoidan, one of
the challenges is the standardization of fucoidan, since not all fucoidans are equal in their
pharmacological effects. The molecular structure, molecular weight, chemical composition,
and bioactivity of fucoidans differ from species to species [16]. The extraction method
is another major factor affecting the structural composition and bioactive properties of
fucoidans. It is hoped that these problems will be gradually overcome as fucoidan moves
forward toward more clinical applications.
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Abstract: Metastasis is responsible for the bad prognosis in cancer patients. Advances in research on
metastasis prevention focus attention on the molecular mechanisms underlying cancer cell motility
and invasion to improve therapies for long-term survival in cancer patients. The so-called “mi-
grastatics” could help block cancer cell invasion and lead to the rapid development of antimetastatic
therapies, improving conventional cancer therapies. In the relentless search for migrastatics, the
marine environment represents an important source of natural compounds due to its enormous
biodiversity. Thus, this review is a selection of scientific research that has pointed out in a broad
spectrum of in vitro and in vivo models the anti-cancer power of marine-derived products against
cancer cell migration and invasion over the past five years. Overall, this review might provide a
useful up-to-date guide about marine-derived compounds with potential interest for pharmaceutical
and scientific research on antimetastatic drug endpoints.

Keywords: marine compounds; migrastatics; cell migration; cell invasion; metastasis; anti-cancer

1. Introduction

Worldwide, cancer ranks among the leading causes of death. An estimated 19.3 million
new cases occurred in 2020, with a mortality rate exceeding 50% [1]. Cancer develops due
to complex biological processes such as uncontrolled cell proliferation, resistance to cell
death, neo-angiogenesis, invasion, and metastasis [2].

The most common cause of cancer-related death is invasion and metastasis, in which
cancer cells spread throughout the body, causing secondary sites of invasion and severe
organ damage [3].

Significant progress has been made in treating malignant tumors thanks to the de-
velopment of new technologies and combination therapies used as multiple approaches
to affect several signaling pathways simultaneously [4]. However, traditional cytotoxic
chemotherapeutic agents are still the most commonly used. Conventionally, the progression
of solid cancers is defined by the increase in tumor size. Therefore, it is understandable that
tumor shrinkage is considered one of the indices of therapeutic efficacy. However, tumor
shrinkage is never absolute and is not predictive of antimetastatic effect and may divert
attention from cancer metastasis, which is responsible for more than 90% of mortality [5].

Therefore, blocking cancer cell migration and the possibility of secondary tumor
formation is crucial to significantly improve cancer treatment by eliminating the risk of
systemic disease and reducing reliance on therapies with harmful side effects. Combining
antimetastatic therapy with standard cytotoxic cancer therapies appears to be a promising
approach for treating metastases [6,7].

In light of these considerations, Gandalovičová et al. (2017) coined the term “migrastat-
ics” to define a new class of drugs capable of interfering with cancer cell migration and
invasion, and thus with the ability to metastasize [5]. Migrastatic agents, which differ from
conventional cytostatic compounds that primarily target cell proliferation, are important
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for treating cancer with a propensity for early metastasis. This new definition shifts the
focus from primary cancer therapy to the treatment of metastasis development and from
tumor shrinkage as a measure of treatment efficacy to metastasis-free survival as the most
representative endpoint for antimetastatic drugs [5].

Despite the large arsenal of anti-cancer drugs available, inadequate selectivity toward
cancer cells and developed resistance account for the serious side effects of therapy. This
has made it more urgent than ever to find new drugs, and for this purpose, it has often
proven useful to consider the pharmacological properties of natural compounds. To date,
the majority (at least 60%) of anti-cancer drugs are derived from natural products of
both terrestrial and marine origin. However, unlike the terrestrial environment, marine
biodiversity represents a vast and largely unexplored source of bioactive compounds
characterized by structural novelty, complexity, and diversity. The unique conditions
of life in the marine environment require special mechanisms for organisms to adapt to
growth in the ocean that are fundamentally different from those of terrestrial organisms.
One important adaptation mechanism is the production of biologically active secondary
metabolites. Secondary metabolites are not produced using biological or regular metabolic
pathways and do not serve any primary function relevant to the development, growth, or
propagation of a species. However, they provide a wealth of chemical diversity potentially
useful for drug development because of their biological activities [8].

In addition, continued improvements in undersea life support systems have provided
new opportunities for harvesting from unexplored regions and depths. The sea’s treasures
have made fundamental contributions to modern medicine, providing important scientific
discoveries for human health [9]. Thus, marine bio-discovery has become a frontier pursuit
for many scientists in academia and industry in recent decades. Continued exploration of
the marine environment and characterization and screening of its inhabitants for unique
bioactive chemicals has already proven fruitful in the search for new anti-cancer thera-
pies [10,11]. Clinical trials are underway for a large number of marine-derived anti-cancer
compounds [12], and the field is currently expanding rapidly.

It is conceivable that many marine species have yet to be discovered, which could
lead to the identification of a myriad of marine natural products that could enhance and
complement existing anti-cancer therapies. The literature is full of reviews on natural anti-
cancer products and their various mechanisms of action, but what are the latest findings
on marine anti-cancer agents with migrastatic potential? Here is a selection of marine
anti-cancer compounds described in the last five years (coining of the term “migrastatics”)
for their ability to inhibit cancer cell migration and invasion. This review represents a useful
tool for pharmaceutical industries and basic biomedical science to improve the knowledge
of marine migrastatics as potential candidates for developing new anti-cancer strategies.

2. Biomechanisms Underlying Cancer Metastasis as Therapeutic Molecular Targets

Metastasis originates from the spread of tumor cells into tissues and organs beyond
their primary site and their establishment at secondary sites with the formation of new
tumors [13]. The first step in the metastatic process is the migration of cancer cells through
the extracellular matrix (ECM) of the surrounding tissue and penetration into the lymphatic
or vascular circulation. After the extravasation process through the basement membrane
of the vessels, the invasive cells will attach to a new site and proliferate to produce the
secondary tumor [3] (Figure 1).

The dynamics of this process depend on multiple biomechanisms and signaling
pathways that promote the metastatic progression of cancer cells. Understanding these
biomechanisms is essential to identifying molecular targets to reverse the pro-metastatic
behavior of cancer cells.

Below we will briefly present the biomechanisms underlying metastasis described as
potential druggable targets of marine migrastatics over the past five years (2017–2022).
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Figure 1. Schematic representation of the migration and invasion process of cancer cells. Cells
penetrate the basement membrane and invade surrounding tissues; cancer cells invade blood vessels
and give rise to metastasis.

2.1. Epithelial-Mesenchymal Transition (EMT) and EMT-Related Signaling Pathways

The invasiveness and metastatic potential of malignant epithelial tumors, which repre-
sent about 90% of all cancer cases, are supported by the so-called epithelial-mesenchymal
transition (EMT). This is a process by which epithelial cells acquire fibroblastoid prop-
erties [14]. During EMT, there is loss of cell-cell adhesion, cytoskeletal remodeling, and
alteration in cell-ECM adhesion. This process is triggered by complex regulatory networks
involving transcriptional control within the affected epithelial cells, such as the suppression
of E-cadherin (a known epithelial marker) expression by key regulators of EMT (such
as Snail, Slug, and Twist) [15,16]. As a result, cells become more motile and adhesive to
endothelial cells. Furthermore, the EMT process is regulated by many molecular events,
including multiple signaling pathways in various cancers [14]. Among them, the Hedge-
hog (Hh) signaling pathway has been described to play a role in regulating EMT [17–20].
Aberrant activation of the Hh signaling pathway has been associated with cancer onset
and metastasis formation [21]. Thus, EMT and related signaling pathways are meaningful
targets for blocking the pro-metastatic behavior of cancer cells.

2.2. ECM Disassembly and the Role of Matrix Metalloproteinases (MMPs)

Cancer cell migration and invasion are also influenced by ECM disassembly. The ECM
is a source of cell-binding proteins and growth factors important to tumor cell survival.
ECM can be modified significantly by proteases generated by tumor cells or stromal cells.
These ECM proteases affect the cell-cell and cell-ECM interactions. Among ECM proteases,
matrix metalloproteinases (MMPs)—a family of zinc-dependent endoproteinases—play an
important role as early markers in cancer progression. They facilitate invasion by degrading
components of the ECM, such as collagen, laminin, and proteoglycans [22]. However, it
has become clear that MMPs play a role in ECM modification and regulate numerous other
biological events, including cell growth, inflammation, and angiogenesis, by cleaving cell
surface proteins and adhesion molecules [23]. Among all members of the MMPs, it has
been reported that MMP-2 and MMP-9 correlate with tumor metastasis [24]. Therefore,
targeting the expression and/or activity of MMPs or other ECM proteases has long been
considered promising targets for cancer therapy.
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2.3. Anoikis Resistance

As part of normal development and tissue homeostasis, a cell death called anoikis
(detachment-induced apoptosis) acts to prevent detached cells from reattaching to the
wrong ECM and growing dysplastically. During the detachment of ECM-anchored cells,
anoikis is triggered [25]. A tumor cell exhibiting pro-metastatic behavior develops al-
tered cell adhesion mechanisms and anoikis resistance. A detached cell from a localized
tumor can escape anoikis, resulting in uncontrolled growth. Cancer cells employ many
mechanisms to abrogate anoikis, promoting invasion and metastasis [26]. By providing
adequate structural support, ECM-based adhesion is crucial for cell survival. Several factors
have been identified for modulating anoikis resistance, such as cell adhesion molecules,
growth proteins, oxidative stress, stemness, autophagy, non-coding RNAs, and signaling
pathways [26].

2.4. Cytoskeletal Remodeling and Cell Adhesion

The formation of membrane protrusions is essential for cancer cell migration in re-
sponse to migratory and chemotactic stimuli. The polymerization of submembrane actin
filaments is the driving force behind membrane protrusions that provide rigidity to can-
cer cells. Filiform structures, generated by the cytoskeletal remodeling of submembrane
actin filaments, are critical factors for metastatic cancer cells to adhere to secondary tis-
sues/organs. Through the filopodia, one of the filiform structures, metastatic tumor cells
play an important role in signal sensing and cancer cell adhesion, as well as migration and
invasion [27,28]. Promoting cell detachment from the ECM by limiting filopodia formation
and thus inhibiting cell adhesion could improve cell anoikis and be a valuable target in
anti-metastatic therapy.

Focal adhesions, i.e., clustering sites of integrins, are vital for cell survival. Connecting
the actin cytoskeleton to the ECM provides a physical attachment of cells to the ECM. Thus,
integrins, important cell adhesion receptors, are implicated in almost all stages of cancer
progression from primary tumor development to metastasis. Numerous pieces of evidence
draw attention to the function of focal adhesion kinase (FAK)—a non-receptor tyrosine
kinase—in mediating inside-out signaling of focal adhesion to regulate cell proliferation,
survival, and migration [29]. Therefore, targeting integrin and its downstream signaling
could help antimetastatic treatment.

The coordination of dynamic reorganization between actin filaments and microtubules
is critical for the transmigration of cancer cells through the vasculature and their metastasis.
Microtubules exist as a component of the cytoskeleton, and they are important for maintain-
ing the physical and plastic properties of migrating cells and random movement. Therefore,
microtubule-interfering agents could serve as potential antimetastatic agents [30].

2.5. Hypoxia and Neo-Angiogenesis

Oxygen plays an important role in regulating developmental processes and tissue
homeostasis. At the cellular level, oxygen is required for oxidative metabolism and cell
survival. Therefore, hypoxia and hypoxic signaling are potent contributing factors to tumor
progression to metastasis [31].

The rapid proliferation of cancer cells results in a high oxygen consumption in the
tumor microenvironment. Oxygen deprivation in the tumor causes apoptosis and necrosis.
Briefly, hypoxia triggers the response of hypoxia-inducible factors (HIFs), transcriptional
factors that coordinate an adaptive cellular response to low oxygen levels. Additionally,
hypoxia triggers the release of angiogenic growth factors to restore a functional vascular
system. In particular, HIF-1α promotes the late phases of metastasis in the distant site by
stimulating neo-angiogenesis through the up-regulation of vascular endothelial growth
factor (VEGF) [31,32]. Thus, neo-angiogenesis-targeted therapy might strike cancer cells in
addition to its effect on vasculature.
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2.6. Apoptosis and Autophagy

Apoptosis and autophagy are physiological cell death processes that can counteract
tumor progression. Apoptosis is programmed cell death that leads to the removal of
damaged cells. Apoptosis can block metastatic dissemination by killing misplaced cells
resulting in an important process for limiting metastasis formation [33,34]. Deregulation
of apoptosis is recognized as a hallmark of cancer as it promotes tumor progression and
resistance to therapy [35].

Autophagy is a process that involves the action of lysosomes to degrade damaged
organelles and macromolecular substances. Although the role of autophagy in cancer
remains controversial, autophagy has been reported to act in an antimetastatic role by
limiting cancer necrosis and inflammatory responses in the early stages of cancer metastasis.
In early metastasis, autophagy also reduces the migration and invasion of cancer cells from
the sites of origin [36]. Therefore, the regulation of apoptosis and autophagy is a potential
approach to cancer advancement.

2.7. Epigenetic Control

Metastatic traits are increasingly thought to derive from the epigenetically modified
transcriptional output of oncogenic signals that initiate and drive tumor development.
Evidence points to a broad role for epigenetic mechanisms in key steps of metastasis,
including DNA methylation, histone modifications, nucleosome changes, and non-coding
RNAs [37]. Unlike genetic abnormalities, epigenetic changes are reversible and thus
potential druggable targets for anti-cancer strategies. Epigenetic therapies thus have great
potential to reprogram cancer cells and thereby halt the advancement of cancer [38].

3. Marine Compounds as Migrastatics

Marine bioactive compounds have attracted a great deal of interest in human health.
Human health research has long been concerned with exploring and identifying natural
products that can be useful in designing and developing novel therapeutic approaches
against cancer [39].

In light of growing evidence that cell migration is crucial to cancer development,
scientific research seeks new molecules that could prevent cancer cells from spreading.

For years, researchers and experts have navigated the molecular treasures of the
sea to search for and identify structurally novel and biologically active metabolites of
natural products. The following sections review the last five years of research on new
or known marine compounds for which a migrastatic role has been described and then
proposed to the scientific community as potential agents for cancer therapy. As reported in
Figure 2, the discussed bioactive marine compounds belong to several categories, namely
polysaccharides, peptides and proteins, phenolic compounds, and alkaloids.

Figure 2. Bioactive compounds from marine entities as migrastatics for anti-cancer application.
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3.1. Marine Polysaccharides

Sulfated polysaccharides such as carrageenan, fucoidan, and laminaran from various
marine organisms and microorganisms have shown potent anti-migratory activity against
several in vitro and vivo cancer models.

Exopolysaccharide 11 [EPS11] from the marine bacterium Bacillus sp. 11. was found to
inhibit the migration of human lung cancer A549 cells by destroying filiform structures [40].
These structures are organelles widely found in cancer cells, which promote the invasion
and migration of cancer cells. By the same mechanism, EPS11 was found to inhibit the
migration of human hepatoma Huh7.5 [41], HepG2 and Bel-7402 cells [42] by acting on
the cell membrane surface, i.e., destroying filiform structures and down-regulating the
expression of CD99, an essential factor for cell adhesion, migration and cancer metastasis.
Moreover, it has been revealed that EPS11 inhibits the metastatic process in vivo in animal
models of metastatic melanoma [41].

Algae are an important source of polysaccharides with diverse biological activities
among marine organisms. In this context, Ou et al. (2017) demonstrated the migrastatic
potential of the water-soluble fucoidan-like polysaccharide STPC2 isolated from the brown
alga Sargassum thunbergii. This polysaccharide was able to significantly inhibit the migration
of lung cancer cells A549 via downregulation of MMP-2 activity—which is associated with
cancer metastasis—and affect cell viability at a high concentration [43].

Laminaran sulfate isolated from the brown alga Fucus evanescens was shown to be a
potent anti-migratory agent by inhibiting MMP-2 and MMP-9 activity in human colorec-
tal adenocarcinoma (HCT116 cells), malignant melanoma (SK-MEL-5 cells), and breast
adenocarcinoma (MDA-MB-231 cells) [44].

Malyarenko and colleagues (2019) also conducted a study that demonstrated for
the first time the ability of sulfated laminaran from the brown alga Dictyota dichotoma to
significantly increase the inhibitory effect of X-rays on SK-MEL-28 melanoma cell migration
by regulating MMP-2 and MMP-9 activity. These results may provide a new combination
strategy for radiation treatment in oncology [45].

Migrastatic properties have also been described for sulfated polysaccharides (SPUP)
from the brown alga Undaria Pinnatifida. In particular, it could inhibit the migration of
MCF7 breast cancer cells [46] and SKOV-3 and A2780 ovarian cancer cells by suppressing
the Hedgehog signaling pathway [47].

Preventive effects against the migratory and invasive behavior of A2780 ovarian cancer
cells were also attributed to a novel water-soluble polysaccharide (BFP-3) [48] isolated from
the red alga Bangia fuscopurpurea by Wu et al. (2021). The migrastatic action of BFP-3 was
likely due to mechanisms that promote apoptotic and autophagic cell death through the
mitochondria-dependent pathway [49].

Fucoidan from the sea cucumber Cucumaria frondosa has been reported to inhibit
in vitro migration of human osteosarcoma U2OS cells by impairing dynamic cytoskeletal
remodeling through the suppression of the phosphorylation of FAK and paxillin and
activation of the Rac1/PAK1/LIMK1/cofilin signaling axis [50].

The sulfated polysaccharide (SIP-SII) from Sepiella maindroni ink was shown to inhibit
EGF-induced migration and invasion of human epidermoid carcinoma KB cells [51] and
human ovarian carcinoma SKOV-3 cells [52] by suppressing the epidermal growth factor
receptor (EGFR)-mediated Akt and p38 MAPK cascades and subsequently inhibiting
MMP-2 expression.

Reduced phosphorylation of EGFR is linked to phosphorylation of ERK1/2, which
is the downstream effector of FAK and E-cadherin. Up-regulation of FAK and down-
regulation of E-cadherin are crucial in promoting cancer cell migration. In this context,
sulfated galactan (SG) [53], from the red alga Gracilaria fisheri, suppresses HuCCA-1 cholan-
giocarcinoma cell migration by downregulating the EGFR-ERK signaling pathway. Specifi-
cally, SG inhibits ligand-induced EGFR dimerization by binding itself to the dimerization
arms of unbound EGFR [54]. The up-regulation of FAK and down-regulation of E-cadherin
are crucial to promoting cancer cell migration. Reduced phosphorylation of EGFR is re-
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lated to the phosphorylation of ERK1/2, which is the downstream effector of FAK and
E-cadherin [55].

Fractions rich in sulfated polysaccharides have also been attributed to migrastatic
activity, such as those extracted from the green alga Caulerpa cupressoides var. flabellata,
which inhibit the migration of B16-F10 melanoma cells [56]. Crude sulfated polysaccharides
isolated and purified from the brown algae Padina tetrastromatica have been shown to block
the migration of human cervical adenocarcinoma HeLa cells. They inhibit cell migration
by lowering the expression of MMP-2 and MMP-9 and hinder angiogenesis through the
downregulation of angiogenic mediators VEGF and HIF-1-α expression [57].

Table 1 summarizes all the above-mentioned marine polysaccharides as migrastatics.

Table 1. Marine polysaccharide as migrastatics.

Polysaccharides Marine Source Composition In Vivo Animal Model Target

Exopolysaccharide 11 Bacillus sp. 11

Mannose, glucosamine,
galacturonic acid, glucose

and xylose, in a ratio of
1:2.58:0.68:0.13:3.09:1.41

Melanoma (mice model)
Filiform structures;

cytoskeleton;
CD99 [41]

Polysaccharides Marine source Composition In vitro cell model Target

Exopolysaccharide 11 Bacillus sp. 11

Mannose, glucosamine,
galacturonic acid, glucose

and xylose, in a ratio of
1:2.58:0.68:0.13:3.09:1.41

Human lung cancer (A549
cells); human hepatoma

(Huh7.5, HepG2,
Bel-7402 cells)

Filiform structures;
cytoskeleton;
CD99 [40–42]

Fucoidan-like STPC2 S. thunbergii
Fucose, xylose, galactose
and glucuronic acid, in a

ratio of 8.1:3.8:2.1:1.0

Human lung cancer
(A549 cells) MMP-2 [43]

Laminaran sulfate F. evanescens

β-(1→3)-linked
D-glucopyranose and single
β-(1→6)-linked D-glucose

residues. Branches at C6 can
be glucose or gentiobiose.

Human colorectal
adenocarcinoma (HCT116
cells); human malignant
melanoma (SK-MEL-5

cells); human breast
adenocarcinoma

(MDA-MB-231 cells)

MMP-2/9 [44]

Laminaran sulfate D. dichotoma

(1→3)-linked
glucopyranose residues

with the branches of single
glucose residues at C6 (ratio

of bonds 1.3:1.6 = 3:1)

Human melanoma
(SK-MEL-28 cells) MMP-2/9 [45]

SPUP U. Pinnatifida
Fucose, glucose, and

galactose, in a ratio of
27.22:19.32:53.46

Human breast cancer
(MCF-7 cells); human

ovarian cancer (SKOV-3
and A2780 cells)

Apoptosis [46];
Hedgehog signaling

pathway [47]

BFP-3 B. fuscopurpurea
Rhamnose, arabinose,
mannose, glucose, and

galactose

Human ovarian cancer
(A2780 cells)

Apoptosis,
autophagy [49]

Fucoidan C. frondosa

L-fucose and a sulfate ester
group. Total carbohydrate

content 72.5%; sulfate
content 26.1%. (98% purity).

Human osteosarcoma
(U2OS cells)

Cytoskeleton;
FAK [50]

SIP-SII S. maindroni

Fucose,
N-acetylgalactosamine and
mannose, in a molar ratio of
2:2:1, with a single branch of

glucuronic acid at the C-3
position of mannose.

Human epidermoid
carcinoma (KB cells);

human ovarian carcinoma
(SKOV-3 cells)

EGF-mediated
signaling pathway;

MMP-2 [51,52]
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Table 1. Cont.

Polysaccharides Marine source Composition In vitro cell model Target

Sulfated galactans G. fisheri

3-linked
β-d-galactopyranose and
4-linked 3,6-anhydro-α-l-

galactopyranose or
α-l-galactose-6-sulfate with
partial methylation at 2-O-
methylated-3,6-andydro-α-

l-galactopyranose,
6-O-methylated-β-d-
galactopyranose and

4-O-methyl-β-l-
galactopyranose attached to

C-6 of 3-linked-β-d-
galactopyranose units,

together with sulfation on
C-4 and C-6 of

d-galactopyranose units.

Human intrahepatic
cholangiocarcinoma

(HuCCA-1 cells)

EGFR-ERK signaling
pathway; FAK;

E-cadherin [54,55]

CCB-F0.5 C. cupressoides var.
flabellata

Galactose and mannose in a
molar ratio of 1.0:0.1 and

traces of xylose. Low
protein content 0.17%

Murine melanoma
(B16-F10 cells) Not described [56]

CCB-F1.0 C. cupressoides var.
flabellata

Galactose, mannose, and
xylose in a molar ratio of
1.0:0.1:0.6 and traces of

glucose and rhamnose. Low
protein content 0.19%

Murine melanoma
(B16-F10 cells) Not described [56]

Crude sulfate
polysaccharide

extract
P. tetrastromatica -

Human cervical
adenocarcinoma

(HeLa cells)

MMP-2/9;
angiogenesis [57]

3.2. Marine Peptides and Proteins

In recent decades, natural marine peptides have attracted much attention because of
their specific characteristics, including a broad spectrum of bioactivity and low toxicity,
making them very promising candidates against a wide spectrum of diseases, including
cancer. Today, several anti-cancer peptides and their derivatives from marine organisms
and microorganisms have been widely applied to clinical research [11,58–60].

Peptides are molecules that participate in all processes of life activities. They can have
anti-tumor roles in diverse aspects in different ways, such as preventing cell migration.

Several depsipeptides (nonribosomal peptides cyclized via an ester bond and often
containing nonprotein amino acids) have been approved to treat various cancers or are
undergoing clinical trials for potential utility as anti-cancer drugs [61].

A recent study isolated a novel cyclic depsipeptide, nobilamide I, from the marine-
derived bacterium Saccharomonospora sp., strain CNQ-490 (Figure 3A). This showed sig-
nificant migrastatic properties in three different cancer cell lines, lung cancer A549 cells,
gastric cancer AGS cells, and colorectal cancer Caco2 cells, by modulating the expression
levels of MMP-2/9 [62].

Molassamide (Figure 3B), isolated from the marine cyanobacterium DRTO-73, showed
a dual action on the migration of highly invasive MDA-MB-231 breast cancer cells by mod-
ulating both elastase-induced intercellular adhesion molecule (ICAM)-1 gene expression
and ICAM-1 proteolytic processing by elastase [63].
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Figure 3. Chemical structure of (A) nobilamide I from the bacterium Saccharomonospora sp., strain
CNQ-490; (B) molassamide from the Cyanobacterium DRTO-73; (C) chromopeptide A from the
bacterium Chromobacterium sp. HS-13-94; (D) actinomycin V from Streptomyces sp.; (E) cyclo(L-leucyl-
L-prolyl from marine microorganisms; (F) kempopeptin C from the cyanobacterium Lyngbya sp.,
(G) grassystatin F from the Cyanobacterium VPG 14-61.

Chromopeptide A (Figure 3C) is a depsipeptide isolated from the marine-derived
bacterium Chromobacterium sp. HS-13-94 [64]. In in vitro and in vivo models of prostate
cancer (PC3 cells), chromopeptide A showed effective anti-migratory and anti-metastatic
properties by acting as an inhibitor of class I histone deacetylases (HDACs). It is well
known that histone deacetylases are involved in posttranslational modification of gene
expression [65]. Therefore, chromopeptide A, by affecting HDACs, can play a role in
epigenetic mechanisms of regulation of several biological events. Notably, the peptide
showed in vivo better body weight tolerance than FK228 (already FDA approved), implying
controllable toxicity. These data capture attention for the potential applications of the
marine-derived peptide in prostate cancer therapy [66]. HDACs play an important role in
EMT regulation in a variety of cancers. It has been reported that treatment of cells with an
HDAC inhibitor represses EMT and metastasis [67].
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Actinomycin V (Figure 3D) is a cyclic chromopeptide produced by the marine actino-
mycete Streptomyces sp. Lin and colleagues reported a suppressive effect of actinomycin V
on the migration and invasion of human breast cancer MDA-MB-231 cells. This effect may
be explained by inhibiting EMT through the down-regulation of Snail and Slug protein
expression [68].

The cyclic dipeptide cyclo(L-leucyl- L-prolyl) (CLP) from various marine microorgan-
isms has a myriad of pharmaceutical significances (Figure 3E). Deepak Kgk and colleagues
have demonstrated that CLP suppresses growth and migration by attenuating the cell cycle
of MDA-MB-231 and MDA-MB-468 triple-negative breast cancer cells via CD151/EGFR
signaling [69].

Kempopeptin C depsipeptide (Figure 3F), a protease inhibitor from the marine cyanobac-
terium Lyngbya sp., was also shown to suppress the migration of invasive MDA-MB-231
breast cancer cells [70].

Grassystatin F (Figure 3G), isolated from the marine cyanobacterium VPG 14-61, also
acts as a protease inhibitor. This potent aspartic protease inhibitor can inhibit the migration
of highly aggressive MDA-MD-231 triple-negative breast cancer cells [71].

Table 2 summarizes the specific information on the migrastatic marine depsipeptides
described above.

Table 2. Marine depsipeptides as migrastatics.

Depsipeptides Marine Source In Vitro Cell Model Target

Nobilamide I Saccharomonospora sp., strain
CNQ-490

Human lung cancer (A549 cells);
human gastric cancer

(AGS cells);
human colorectal cancer

(Caco2 cells)

MMP-2/9 [62]

Molassamide Cyanobacterium DRTO-73,
Leptolyngbya sp.

Human breast adenocarcinoma
(MDA-MB-231 cells) ICAM-1 [63]

Chromopeptide A Chromobacterium sp., strain
HS-13-94

Human prostate cancer
(PC3 cells);

mouse PC3 xenograft model
HDACs [66]

Actinomycin V Streptomyces sp., strain N1510.2 Human breast adenocarcinoma
(MDA-MB-231 cells) EMT [68]

CLP Marine
microorganisms

Human breast adenocarcinoma
(MDA-MB-231 and MDA-MB-468 cells)

CD151/EGFR
signaling [69]

Kempopeptin C Lyngbya sp. Human breast adenocarcinoma
(MDA-MB-231) Not described [70]

Grassystatin F Cyanobacterium VPG 14-61 Human breast adenocarcinoma
(MDA-MB-231)

Protease
inhibitor [71]

The marine abalone gastropod is a marine organism rich in vital elements, including
proteins and peptides, and is known for its many biological properties [72]. Recent literature
also describes a migrastatic role of some bioactive peptides obtained from boiled abalone
(Haliotis discus hannai). In particular, BABP and AATP peptides inhibited the migration and
invasion of human fibrosarcoma cells (HT1080) and human umbilical vein endothelial cells
(HUVEC) by attenuating MMPs and VEGF [73,74].

An analysis of the activity of the αO-conotoxin GeXIVA from Conus generalis [75]
in MDA-MB-157 breast cancer cells performed by Sun and colleagues revealed the in-
hibitory activity on cell migration of this conotoxin, probably downregulating α9-nAChR
(α9 nicotinic acetylcholine receptor), essential for mediating tumor metastasis through
EMT [76].

Enzyme proteins have also been described to have effects on cancer cell migration.
This is the case of the N-V protease or Nereis active protease (NAP), which is a fibrinolytic
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active serine protease purified from the polychaeta Nereis virens [77]. An in vitro study
conducted in 2019 demonstrated that NAP inhibited the migration of lung cancer H1299
cells probably by inducing apoptosis through the inhibition of the PI3K/AKT/mTOR
pathway [78].

Adding to the list is the polypeptide PBN11-8, purified from the fermentation broth
of Bacillus sp. N11-8. This, similar to the M84 peptidase from Bacillus pumilus, belonged
to a type of zinc-dependent metalloprotease family. PBN11-8 was shown to suppress the
invasion and migration of human hepatocellular carcinoma BEL-7402 cells by targeting the
FAK pathways and MMP-2/9 [79].

Table 3 provides specific information about the peptides mentioned above and proteins
with migrastatic action.

Table 3. The amino acid sequence and molecular mass of marine-derived migrastatic peptides
and proteins.

Peptides and
Proteins

Marine
Source

Sequence
Molecular

Mass
In Vitro Cell Model Target

BABP H. discus
hannai EMDEAQDPSEW 1234.41 Da

Human fibrosarcoma
(HT1080 cells);

human umbilical vein
endothelial (HUVEC cells)

MMPs; VEGF [73]

AATP H. discus
hannai KVEPQDPSEW 1214.30 Da

Fibrosarcoma (HT1080 cells);
human umbilical vein

endothelial (HUVEC cells)
MMPs; VEGF [74]

αO-conotoxin
GeXIVA C. generalis TCRSSGRYCRSPYDR

RRRYCRRITDACV 1 3452 Da Human breast cancer
(MDA-MB-157 cells) EMT [76]

N-V protease
(or NAP) N. virens

QAPNYSTASYNVVA
VKINLFLSTNNKLYI
HDTGVRAVYLAGM
KVYLAANPTASSQT
FNSDTLVYILDTGIN

EPNYYINLY 2

8888 Da Human lung cancer
(H1299 cells) apoptosis [78]

PBN11-8 B. pumilus ASTGSQKVTVYAVAD 3 19,000 Da Human hepatocellular
carcinoma (BEL-7402 cells)

FAK;
MMP-2/9 [79]

1 C-terminal COOH sequence of αO-conotoxin GeXIVA. 2 N-V protease (No. P83433) in the Swiss-Prot protein
sequence database. 3 N-terminal partial sequence of PBN11-8. The entire amino acid sequence of PBN11-8 shares
98.5% similarity with peptidase M84 of Bacillus pumilus (GenBank accession WP_025208148).

Not only single peptides or proteins but also crude protein extracts have demonstrated
potent migrastatic bioactivity. This is the case of proteins extracted from sea cucumber
(Holothuria leucospilota) that have shown a potential anti-cancer activity towards human
hepatoma HepG2 cells, human lung carcinoma A549 cells, and human pancreatic cancer
Panc02 cells, with a higher efficacy than a clinical anti-cancer drug [80].

3.3. Marine Phenolic Compounds

Polyphenols possess a variety of biological functions, making them one of the most
important phytochemicals [81]. Several studies have shown natural polyphenols’ protective
effects against chronic diseases and an inverse correlation between polyphenol consumption
and cancer development [82]. Various polyphenols have also been shown to inhibit cancer
growth via pleiotropic mechanisms targeting multiple signaling pathways in charge of key
cellular processes, including cancer cell migration [82].

Among phenolic compounds, phloroglucinol and its derivatives, which exist in brown
algae, have attracted attention because of their good biological activity [83]. In partic-
ular, the phloroglucinol derivative 7-phloroeckol (7PE), derived from the brown alga
Ecklonia cava, has recently shown migrastatic abilities in hepatoma cancer HepG2 cells and
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anti-angiogenic properties on human umbilical vein endothelial HUVEC cells. Furthermore,
7PE has been shown to act through PI3K/AKT/mTOR and Ras/ERK signaling pathways
to inhibit HIF-1α protein expression from blocking VEGF protein production [84].

In addition, the phlorotannins dieckol and phlorofucofuroeckol obtained from
Ecklonia cava were shown to be able to block LPS-induced migration and invasion of
human breast cancer cells (MCF-7 and MDA-MB-231 cells) by reducing both MMP-2/9 or
TLR-4 expression and NF-κB transcriptional activity, which was induced by LPS [85].

Many benzaldehyde derivatives produced as secondary metabolites by marine-derived
fungi have also been described for their bioactive properties [86]. In this context, the marine
fungus Eurotium chevalieri—an endophyte of the sponge Grantia compressa—was the source
of the prenylated benzaldehyde derivative dihydroauroglaucin (DAG). DAG was found to
inhibit the migration of human SH-SY5Y neuroblastoma cells by activating autophagy [87].

Cell migration is dependent on microtubule dynamics [30], and viriditoxin from the
marine-derived fungus Paecilomyces variotii [88] was found to reduce the ability of human
ovarian SKOV-3 cells to migrate by disrupting microtube dynamics [89].

Polyphenol-rich fractions have also proved to be valid biological tools against the mi-
gration of cancer cells, probably exploiting the synergistic action of several constituents [90].
This is the case of the polyphenolic fraction obtained from the brown seaweed Padina
boergeseni, of which gallic acid, caffeic acid, rutin, quercetin ferulic acid were the main
components; this was able to significantly inhibit the migration of renal cancer cells (A498
and ACHN cells) by involving cell cycle arrest and inducing apoptosis [91].

Additionally, phenolic phytoconstituents extracted from the red algae Gelidiella acerosa
showed migrastatic properties in lung adenocarcinoma A549 cells by decreasing the ex-
pression level of MMP-2 [92].

In addition, the hydroalcoholic extract obtained from the marine plant Posidonia
oceanica was found to be a rich reservoir of phenolic compounds, including catechin,
epicatechin, gallic acid, ferulic acid, and chlorogenic acid. This has been shown to inhibit
the migration of human fibrosarcoma HT1080 cells [93] and human neuroblastoma SH-
SY5Y cells [94] by acting on MMPs and activating autophagy. Furthermore, the polyphenol-
rich phytocomplex is suitable for use as a vehicle in nanoformulations that can improve
bioavailability and its migrastatic bioactivity [95].

All polyphenols or polyphenol-rich fractions presented here (Table 4) share potential
applicability in anti-cancer therapies.

Table 4. Marine phenolic compounds as migrastatics.

Phenolic
Compound

Marine Source Chemical Structure In Vitro Cell Model Target

7-phloroeckol E. cava

Human hepatoma cancer
(HepG2 cells);

human umbilical vein
endothelial (HUVEC cells)

HIF-1α;
angiogenesis [84]

Dieckol E. cava Human breast cancer
(MCF-7, MDA-MB-231 cells)

MMP-2/9; TLR-4;
NF-κB [85]
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Table 4. Cont.

Phenolic
Compound

Marine Source Chemical Structure In Vitro Cell Model Target

Phlorofucofuroeckol E. cava Human breast cancer
(MCF-7, MDA-MB-231 cells)

MMP-2/9; TLR-4;
NF-κB [85]

Dihydroauroglaucin E. chevalieri Human neuroblastoma
(SH-SY5Y cells) Autophagy [87]

Viriditoxin P. variotii Human ovarian cancer
(SKOV-3 cells) Cytoskeleton [89]

Gallic acid P. boergeseni, P.
oceanica

Human renal cancer (A498,
ACHN cells); human

fibrosarcoma (HT1080 cells);
human neuroblastoma

(SH-SY5Y cells)

Apoptosis [91];
autophagy [93];

autophagy,
MMP-2 [94]

Caffeic acid P. boergeseni Human renal cancer (A498,
ACHN cells) Apoptosis [91]

Rutin P. boergeseni Human renal cancer (A498,
ACHN cells) Apoptosis [91]

Quercetin P. boergeseni Human renal cancer (A498,
ACHN cells) Apoptosis [91]

Ferulic acid P. boergeseni, P.
oceanica

Human renal cancer (A498,
ACHN cells); human

fibrosarcoma (HT1080 cells);
human neuroblastoma

(SH-SY5Y cells)

Apoptosis [91];
autophagy [93];

autophagy,
MMP-2 [94]

Catechin P. oceanica

Human fibrosarcoma
(HT1080 cells); human

neuroblastoma
(SH-SY5Y cells)

Autophagy [93];
autophagy,
MMP-2 [94]

Epicatechin P. oceanica

Human fibrosarcoma
(HT1080 cells); human

neuroblastoma
(SH-SY5Y cells)

Autophagy [93];
autophagy,
MMP-2 [94]

Chlorogenic acid P. oceanica

Human fibrosarcoma
(HT1080 cells); human

neuroblastoma
(SH-SY5Y cells)

Autophagy [93];
autophagy,
MMP-2 [94]
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3.4. Marine Alkaloids

Marine organisms have been developed as a new source of naturally occurring alka-
loids. Various alkaloids of marine origin have been reported to be potentially active against
cancer metastasis [96].

A brominated alkaloid, aeroplysinin-1 (Figure 4A), isolated from the marine sponge
Aplysina aerophoba, showed decreased migration and adhesion of mouse pheochromocy-
toma MTT cells in vitro by downregulating integrin β1 [97].

Figure 4. Chemical structure of (A) aeroplysinin-1 from the marine sponge A. aerophoba; (B) manza-
mine A from the sponge of the genera Haliclona sp., Xestospongia sp. and Pellina sp.; (C) jorunnamycin
A from the sponge Xestospongia sp.; (D) normonanchocidines G (R=CH3) and H (R=H) from the
marine sponge M. pulchra.

In addition, manzamine A (Figure 4B), a pentacyclic β-carboline-fused alkaloid de-
rived from a sponge of the genera Haliclona sp., Xestospongia sp. and Pellina sp., inactivates
the EMT and the migratory capacity of human colorectal carcinoma HCT116 cells. This
alkaloid suppresses several mesenchymal transcription factors (e.g., Snail, Slug and Twist)
and simultaneously induces the epithelial marker E-cadherin leading to epithelial phe-
notype and migration suppression. This study showed that manzamine A is a potential
migratory anti-cancer drug for colorectal cancer patients with tumors that undergo the
EMT process and develop distal metastases [98].

In addition, the alkaloid jorunnamycin A (Figure 4C), a bistetrahydroisoquinolinequinone
isolated from a Thai blue sponge Xestospongia sp. [99], showed the ability to inhibit EMT,
sensitize anoikis, and suppress anchorage-independent survival in H460 human lung
cancer cells. Since the loss of anchorage dependence is an important block to metastasis,
jorunnamycin A could be an effective agent against lung cancer metastasis [100].

Two pentacyclic guanidine alkaloids, normonanchocidines G and H (Figure 4D),
isolated from the marine sponge Monanchora pulchra, manifested a high impact on the
capacity of human cervical epithelioid carcinoma HeLa [101].

Table 5 summarizes the specific information on the migrastatic marine alkaloids
described above.
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Table 5. Marine alkaloids as migrastatics.

Alkaloids Marine Source In Vitro Cell Model Target

Aeroplysinin-1 A. aerophoba Mouse pheocromocytoma
cells (MTT cells) Integrin β1 [97]

Manzamine A Haliclona sp., Xestospongia sp.
and Pellina sp.

Human colorectal carcinoma
(HCT116 cells) EMT [98]

Jorunnamycin A Xestospongia sp. Human lung cancer
(H460 cells) EMT; anoikis [100]

Normonanchocidines G and H M. pulchra Human cervical carcinoma
(HeLa cells) Not described [101]

4. Research Methodology

This review selected literature on marine migrastatics described since 2017, when the
“migrastatics” term was coined.

Extensive searches were performed in PubMed, ScienceDirect, Web of Science, and
Google Scholar databases using one or more of the following terms: “marine anti-cancer
compounds”, “marine anti-migratory compounds”, “marine anti-invasive compounds”,
“marine compounds against metastasis”, “marine migrastatics”, and “migrastatics in cancer”.

A total of 42 articles describing marine migrastatics in 2017–2022 were selected and
included. Pre-2017 literature on marine anti-migratory and anti-invasive compounds were
excluded. Chemical structures were adapted from PubChem, and figures were created
using Microsoft PowerPoint per Microsoft 365 MSO (Version 2202 Build 16.0.14931.20128).

5. Summary and Future Perspectives

Although nearly two decades have passed since the six hallmarks of cancer were
defined, anti-cancer therapeutic strategies have not focused enough on the mechanism
responsible for the highest mortality in patients with solid tumors: metastasis.

Cancer cells undergo complex modifications in cancer progression and achieve an
invasive phenotype to become metastatic.

Research is continually working to find new anti-cancer drugs to limit the pro-
metastatic behavior of cancer cells. Hopes and expectations for more specific and less
toxic therapies are ever-present.

However, not all available anti-cancer drugs can curb metastatic tumor aggressiveness.
In 2017, the term “migrastatic” was coined to distinguish a category of anticancer agents
capable of preventing cancer cell migration and invasion.

In the relentless search for migrastatics, the marine environment represents an un-
tapped source of natural compounds due to its enormous biodiversity.

Data published in the past five years illustrate the migrastatic properties of compounds
(e.g., polysaccharides, peptides and proteins, polyphenols, and alkaloids) obtained from
microorganisms and marine organisms as a valuable tool to hit various molecular targets
against cancer metastasis (Figures 5 and S1).

Considering the ever-growing market for marine biology, the plethora of naturally
occurring migrastatic compounds has immense potential to provide numerous clinically
relevant anti-migratory and anti-invasive compounds for cancer therapy in the near fu-
ture. With this comprehensive 2022 update, we recommend the recent knowledge on
marine migrastatic compounds to redirect pharmaceutical and scientific research efforts on
antimetastatic drugs as endpoints of anti-cancer therapies.
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Figure 5. Schematic representation of potential molecular targets of marine migrastatics (2017–2022):
(A) epithelial-mesenchymal transition; (B) epigenetic control; (C) neo-angiogenesis and hypoxia;
(D) autophagy; (E) ECM degradation by MMPs and other proteases; (F) apoptosis; (G) Hedge-
hog signaling pathway; (H) resistance to anoikis; (I) cytoskeletal reorganization, cell adhesion and
migration. In addition, as shown in Figure S1 of the Supplementary Materials, each of these pic-
torial representations of the molecular target for metastasis was linked to the migrastatic marine
compounds described.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md20050273/s1. Figure S1: Schematic representation of potential
molecular targets of marine migrastatics (2017–2022).
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Abstract: Two novel free porphyrins, isabellins A and B, as well as the known compounds corallistin
D and deuteroporphyrin IX were isolated from a marine sponge Isabela sp. LC-MS analysis of
the crude extract revealed that the natural products were present both as free porphyrins and
iron(III) coordinated hemins, designated isabellihemin A, isabellihemin B, corallistihemin D and
deuterohemin IX, respectively. Structures were determined via high-resolution mass spectrometry,
UV-Vis spectroscopy and extensive NOESY NMR spectroscopic experiments. The type-I alkyl
substitution pattern of isabellin A and isabellihemin A was assigned unambiguously by single crystal
X-ray diffraction. Biological evaluation of the metabolites revealed potent cytotoxicity for isabellin
A against the NS-1 murine myeloma cell line.

Keywords: porphyrin; Isabela; hemin; X-ray diffraction; NOESY NMR; cytotoxic

1. Introduction

Tetractinellid sponges of the Corallistes genus (Order: Tetractinellida; Family: Coral-
listes) have been reported to yield the microtubule stabilising macrolactone dictyostatin [1],
and the poly-nitrogen compound corallistine [2], as well as the free porphyrins corallistins
A-E and deuteroporphirin IX [3,4]. The assigned structures of corallistins A, B, C and E
have been confirmed via total synthesis [5,6]. Recently, taxonomic re-identification of the
sponges reported to produce corallistins A-E has suggested that the sponges are in fact
members of the genus Isabela [7].

Metallated porphyrins and related macrocycles are expressed in most living organ-
isms while synthetic porphyrins have been applied broadly in the area of photodynamic
therapy [8]. They are however rarely encountered as functionalised secondary metabolites
constituting a significant proportion of an organism’s metabolic extract [4]. Given the
biological importance of porphyrins as by-products of heme biosynthesis, their biosyn-
thetic pathway has been well studied [9,10]. Beginning with glycine and succinyl-CoA, the
enzymes ALA-synthase and ALA-dehydratase yield porphobilinogen in animals, fungi and
α-proteobacteria. In plants, Archea and most other Bacteria, porphobilinogen is biosynthe-
sised from two tRNA bound glutamyl starter units [10]. The enzyme PBG-deaminase then
leads to the linear hydroxymethylbilane. From here, cyclisation can either occur chemically
to afford the D4h symmetrical uroporphyrinogen-I, or enzymatically with D-ring inversion
via the UPG-III synthase, PBG-deaminase complex to afford uroporphirinogen-III [9,11]. In
the case of uroporphirinogen-III, stepwise decarboxylation via the UPG-III decarboxylase
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enzyme affords coproporphyrinogen-III [11], which then loses a further two CO2 groups
via the CPG-oxidase enzyme leading to the formation of protoporphyrinogen IX [11]. From
here, PPG-oxidase removes six hydrogens to give protoporphyrin IX, whereby two protons
are substituted for one unit of Fe2+ via a ferrochelatase enzyme to afford heme B [10,11].

Our ongoing investigations [12,13] into the marine sponges of the Western Australian
Marine Bio-resources Library (WAMBL) [14] yielded two novel free porphyrins from an
Isabela marine sponge, herein named isabellins A and B (1a, 2a, Figure 1). LC-MS analysis
of the crude extract revealed that the compounds were present as both free porphyrins and
as ferric hemin compounds (1b, 2b). Further analysis of the mixture revealed the presence
of the known compounds corralistin D (3a) and deuteroporphyrin IX (4a) [4] as well as
their corresponding hemin counterparts (3b, 4b). Nuclear magnetic resonance experiments
of the compounds were complicated by intense signal suppression of the nuclei present on
the aromatic scaffolds, as well as the difficulty in replication of experiments, presumably
due to the effects of aromatic ring current on the rapidly aggregating/de-aggregating
porphyrins in solution, as has been noted in prior literature [3–5]. To this end, the structures
of the compounds were assigned unambiguously via detailed interpretation of 2D-NOESY
experiments and single crystal X-ray crystallography of 1a/b. The paramagnetic iron(III)
hemin complexes 2b, 3b and 4b were provisionally assigned via HR-ESI-MS. Biological
evaluation of the isolated metabolites revealed compound 1a as a potent inhibitor of the NS-
1 murine myeloma cell line with strong selectivity for mammalian cell lines over bacterial
pathogens and other Eukaryotes.

 
Figure 1. Structures 1a/b to 4a/b.

2. Results

HPLC-photo diode array detector analysis of the crude solvent extract of the Isabela
sponge revealed a series of etio-type porphyrins with a characteristic Soret band at ap-
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proximately 390 nm and Q-bands with intensities in the order of IV > III > II > I [15].
Large scale isolation of the compounds was achieved using a combination of normal phase
chromatography and reversed phase HPLC under acidic conditions.

Compound 1a was isolated as a dark red crystalline solid. HR-ESIMS gave a protonated
molecular ion [M + H]+ at m/z 367.1924 consistent with the molecular formula C24H23N4
(requires 367.1923). To our surprise, 1H NMR of the compound in CDCl3 (600 MHz)
revealed the presence of a compound with four-fold rotational symmetry as revealed by
three unique electronic environments (δH 10.12; CH-5, 9.14; CH-3, 3.76; C-2-CH3). We note
that appropriate 1H NMR integration was achieved by applying a 10 second relaxation time
to the pulse sequence. All attempts to obtain reliable 13C NMR data for compound 1a were
hampered by significant signal suppression, presumably caused by the significant aromatic
ring current present in the system. The difficulty in obtaining reliable 13C NMR spectra for
free base porphyrins has been documented elsewhere [5]. The structure of compound 1a

was subsequently assigned unambiguously via single crystal X-ray diffraction (Figure 2)
and assigned the trivial name isabellin A. The extremely reduced state of compound 1a is
a biosynthetically anomaly, and to the best of our knowledge is the first report of a highly
reduced geo-porphyrinoid [16] isolated from a living organism.

Figure 2. Single crystal X-ray structure of 1a.

Compound 1b was isolated as a brown solid which recrystallised in chloroform
to give dark brown needles. HR-ESIMS of the compound gave a molecular ion clus-
ter [M − 2H + Fe(III)]+ with an isotopic distribution characteristic of an iron atom at
m/z 420.1032, consistent with the molecular formula C24H20N4

56Fe+ (requires 420.1037),
as well as a prominent acetonitrile adduct at m/z 461.1302 consistent with the molecular
formula C26H23N5

56Fe+ (requires 461.1303), allowing us to conclude that we had isolated
the ferric hemin counterpart to compound 1a. The 1H and 13C NMR analysis of the param-
agnetic Fe(III) complex proved unproductive. Ultimately, the structure of compound 1b

was assigned via single crystal X-ray diffraction as the trifluoroacetate (TFA) salt (Figure 3).
Compound 2a was isolated as dark brown amorphous solid. HR-ESIMS gave

a protonated molecular ion [M + H]+ at m/z 439.2133 consistent with the molecular for-
mula C27H27N4O2 (requires 439.2134). The 1H NMR analysis of the compound in acidi-
fied DMSO-d6 revealed the presence of four meso-proton environments (δH 10.37–10.34),
three pyrrolic protons (δH 9.39–9.34), four methyl groups (δH 3.77, 3.75, 3.73 and 3.66) and
a single propionate group as evidenced by two broad spin coupled triplets at δH 4.40
and δH 3.21. As with compound 1a, extensive 13C NMR experiments failed to resolve the

63



Mar. Drugs 2023, 21, 41

majority of the 13C nuclei attributable to a compound of this size. A range of NMR solvents
and experimental parameters were trialled.

Figure 3. Single crystal X-ray structure of 1b TFA salt. Hydrogen atoms have been omitted for clarity.

Given the capacity of the organism in question to produce porphyrins with both
type-I (derived from a symmetrical APAPAPAP bearing uroporphirinogen precursor, with
A = Acetyl and P = Propionyl) and type-III (derived from an asymmetrical APAPAPPA
bearing uroporphirinogen precursor, featuring D-ring inversion) topology, configurational
assignment of the alkyl substituents present on compound 2a became a non-trivial exercise,
with one potential type-I isomer and four potential type-III isomers possible. After some
consideration it became clear that a simple experiment would be able to distinguish between
naturally occurring type-I and type-III configurational isomers with four methyl groups
present. The method can be summarised with the conditional statement: If every meso-
proton of the porphyrin macrocycle shows a 2D-NOE correlation to a corresponding methyl
group, then the porphyrin must be a type-I derived porphyrin. Extending the rationale,
if one meso-proton does not show a correlation to a methyl group, then the porphyrin is
either a natural type-III derived porphyrin, or a type-IV porphyrin, of which there are no
naturally occurring derivatives.

Porphyrin 2a showed clear correlations from each meso-proton to each methyl group,
and was therefore assigned the type-I structure depicted (Figure 4). The compound was
given the trivial name isabellin B (The authors here suggest that the new trivial name
Isabellin be used to designate type-I porphyrins within the lithistid family of compounds,
whereas the trivial name Corallistin be retained for porphirins with a type-III alkyl sub-
stitution pattern.). In similar fashion to 2a, the type-III alkyl substitution patterns of the
known metabolites corallistin D (3a) and deuteroporphyrin IX (4a) were confirmed using
the methodology described above.

Reanalysis of the sponge crude extract by LC-HRMS revealed a series of ferric metabo-
lites consistent in accurate mass measurements to be the hemin counterparts of 2a, 3a and
4a, in similar relationship to that between 1a and 1b (Table 1). Given our previous difficulty
in obtaining 1H and 13C NMR data for the paramagnetic 1b, isolation of the compounds
was not pursued. In support of their identity as the ferric counterparts to 2a, 3a and 4a,

treatment of the crude extract with concentrated H2SO4 led to the disappearance of the
ferric metabolites when analysed by LC-MS. No new peaks (aside from those ascribed to
2a, 3a and 4a) were seen in the chromatogram allowing for the provisional assignment of
2b, 3b and 4b as illustrated.
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Figure 4. Isabellin B (2a) with key NOE correlations indicated in red.

Table 1. Porphyrin-hemin mass correlation table for compounds 1a/b–4a/b.

Compound
Pair

[M + 2H + H]+ Molecular
Formula (a)

[M + Fe + ACN]+ [M + Fe]+ Molecular
Formula (b)

1a/b 367.1924 C24H22N4 461.1302 420.1032 C24H20N4
56Fe+

2a/b 439.2133 C27H26N4O2 533.1522 492.1248 C27H24N4O2
56Fe+

3a/b 539.2653 C32H34N4O4 633.2038 592.1772 C32H32N4O4
56Fe+

4a/b 511.2345 C30H30N4O4 605.1718 564.1474 C30H28N4O4
56Fe+

Biosynthetically, compounds 1a/b and 2a/b are presumably derived from uroporphyrinogen-
I, whereas compounds 3a/b and 4a/b are divergent uroporphyrinogen-III derivatives. Given
the degree of elaboration observed on the respective type-I and type-III derived compounds,
it seems that 1a/b, 2a/b act as more efficient substrates for the UPG-decarboxylase, CPG-
oxidase and PPG oxidase enzymes, as well as the subsequent reducing and devinylating
enzymes active on the scaffolds. Whether the iron was chelated in its ferric state as
isolated or in the ferrous state as has been reported for ferrochelatase enzymes [10,11]
remains unknown, however LC-MS analysis of the sponge crude extract failed to detect
any iron(II) metabolites.

Testing of the metabolites against a panel of micro-organisms and cell lines (Tables 2 and 3)
revealed potent cytotoxicity of compound 1a against the NS-1 myeloma cell line, with
an MIC of 0.4 μg/mL at the 72-h time-point and 0.8 μg/mL at the 96-h time-point, compa-
rable to the sparsomycin positive control. Testing against the neonatal foreskin fibroblast
(NFF) cell line revealed marginal selectivity for the tumorigenic cell line with an MIC of
1.6 μg/mL at both time-points tested. In addition to this the compound was found to
be moderately bacteriostatic towards the Gram-positive pathogens Bacillus subtilis and
Staphylococcus aureus with an MIC of 25 μg/mL at the 24-h time-point, and inhibited
the growth of Giardia duodenalis (MIC = 6.3 μg/mL). In stark contrast, metabolites 1b,
2a, 3a and 4a failed to display significant activity against any of the organisms and cell-
lines tested, with the exception of mild activity towards NS-1 displayed by compound
3a (MIC = 50 μg/mL at the 72-h time-point), and mild anti-bacterial activity displayed by
compound 4a towards Staphylococcus aureus (MIC = 50 μg/mL at the 72-h time-point). The
cytotoxicity displayed by compound 1a is in line with other porphyrin macrocycles [8].
We postulate that the discrepancy in activity between metabolite 1a and other metabo-
lites tested may be in part due to an increase in membrane permeability afforded to 1a

by its lipophilic structure, over that of the Fe(III) salt 1b and the carboxylate bearing
2a, 3a and 4a.
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Table 2. Bioactivity profile of isabellins A and B (1a and 2a), isabellihemin A (1b), corallistin D (3a)
and deuteroporphyrin IX (4a) against select Bacteria and Fungi, MIC reported in μg/mL. a.

Compound Bs 24 h Bs 48 h Sa 24 h Sa 48 h Ca 24 h Ca 48 h Sc 24 h Sc 48 h

1a 25 >100 25 >100 >200 >200 >200 >200
1b >100 >100 >100 >100 >200 >200 >200 >200
2a >100 >100 >100 >100 >200 >200 >200 >200
3a >100 >100 >100 >100 >200 >200 >200 >200
4a 100 100 50 100 >200 >200 >200 >200

Control b 1.6 6.3 3.1 12.5 0.8 >200 1.6 3.1
a Bs = Bacillus subtilis (ATCC 6633); Sa = Staphylococcus aureus (ATCC 25923); Ca = Candida albicans (ATCC 10231);
Saccharomyces cerevisiae (ATCC 9763); b Controls: Bs, Sa = tetracycline; Ca, Sc = blasticidin S HCl.

Table 3. Bioactivity profile of isabellins A and B (1a and 2a), isabellihemin A (1b), corallistin D (3a) and
deuteroporphyrin IX (4a) against select cell lines and protozoal parasites, MIC reported in μg/mL a.

Compound NS-1 72 h NS-1 96 h NFF 72 h NFF 96 h Tf 48 h Tf 72 h Gi 96 h

1a 0.4 0.8 1.6 1.6 >100 >100 6.3
1b >100 >100 >100 >100 >100 >100 100
2a >100 >100 >100 >100 >100 >100 >100
3a 50 100 >100 >100 >100 >100 100
4a >100 >100 >100 >100 >100 >100 100

Control b 0.6 0.6 0.6 0.6 0.2 0.2 0.3
a NS-1 = Murine myeloma NS-1 (ATCC TIB-18); NFF = Neonatal foreskin fibroblast (ATCC PCS-201);
Tf = Tritrichomonas foetus KV-1; Gi = Giardia duodenalis WB-1B. b Controls: NS-1, NFF = sparsomycin; Tf,
Gi = metronidazole.

3. Discussion

Two new free porphyrins, isabellins A (1a) and B (2a), an iron (III) coordinated por-
phyrin, isabellihemin A (1b), and the known compounds corallistin D (3a) and deuteropor-
phyrin IX (4a) were isolated from a marine sponge Isabela sp. The type-I alkyl substitution
pattern of 1a, 1b and 2a was assigned unambiguously by NOESY NMR spectroscopic
experiments and single crystal X-ray diffraction (Supplementary Materials). Testing of
the isolated metabolites against a panel of micro-organisms and cell lines revealed potent
cytotoxicity for 1a against the NS-1 and NFF cell lines that was comparable to that of the
sparsomycin positive control.

4. Materials and Methods

4.1. General Experimental

UV/Vis spectra were acquired on an Agilent Cary 60 UV/Vis spectrometer. Nuclear
magnetic resonance (NMR) spectra were recorded on a Bruker Avance IIIHD 500 MHz
spectrometer (500.1 MHz for 1H and 125.8 MHz for 13C) and a Bruker Avance IIIHD
600 MHz spectrometer (600.1 MHz for 1H and 150 MHz for 13C). Chemical shifts were
calibrated against the residual solvent present: in CDCl3 (1H, δ 7.26 and 13C, δ 77.16 ppm),
in CD3OD (1H, δ 3.31 and 13C, δ 49.00 ppm), in (CD3)2SO (1H, δ 3.50 and 13C, δ 39.52 ppm),
in (CD3)2CO (1H, δ 2.05 and 13C, δ 29.84 ppm) and expressed relative to TMS [17]. NMR
spectra measured in neat TFA were measured at 273 K. Deuterium lock was maintained
via insertion of a (CD3)2CO standard capillary tube insert. H2O was suppressed via
selective presaturation at 11.5 ppm. HPLC-mass spectrometry and HRMS were conducted
using a Waters Alliance e2695 HPLC connected to a Waters 2998 diode array detector
and Waters LCT Premier XE time-of-flight mass spectrometer using either an atmospheric
pressure chemical ionization (APCI) source or an electrospray ionisation (ESI) source in
either positive or negative mode. HRMS was conducted with either APCI or ESI in W-
mode, using leucine enkephalin (200 pg/μL) as internal lock mass. For LC-MS separation
an Altima C18 column (150 mm × 2.1 mm, 5 μm, Grace Discovery Sciences, Columbia,
MD, USA) was used with a flow rate of 0.3 mL/min. Rapid silica filtration (RSF) under
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reduced pressure was conducted on a sintered glass column using chromatographic silica
(Davisil LC60A 40-63 micron, Grace Discovery Sciences, Columbia, MD, USA). Flash silica
chromatography was conducted using the Reveleris X2 flash chromatography system
equipped with a cartridge containing silica gel as the stationary phase (120 g, 40 μm,
p/n 145). Semi-preparative and analytical HPLC were performed using either an Agilent
1200 HPLC system with a diode array detector (DAD) and fraction collector or using
a Hewlett Packard 1050 equipped with a DAD and Pharmacia Biotech RediFrac fraction
collector. Analytical work was conducted using an Apollo C18 reversed phase column
(250 mm × 4.6 mm, 5 μm, Grace Discovery Sciences) utilising 20 μL injections, and with
a flow rate of 1.0 mL/min, and semi-preparative HPLC was undertaken with an Apollo C18
reversed-phase column (250 mm × 10 mm, 5 μm, Grace Discovery Sciences) with 300 μL
injections at a flow rate of 4.0 mL/min.

4.2. Characterisation

A specimen of Isabela sp. (WAM Z35787) was collected at 97 m depth on hard substrate
off Zuytdorp, WA (27◦03′06” S, 113◦06′03” E) by Sherman sled on 5 December 2005 aboard
the CSIRO research vessel Southern Surveyor, and was stored frozen at −18 ◦C at the
Western Australian Museum. The ethanol preserved portion of the sponge is a thick, erect
plate 900 mm tall, 500 mm wide and 300 mm thick. It has a stony, incompressible texture
and a smooth surface; it was dark purple alive and black-brown in ethanol, and it stains the
ethanol dark brown. The spicules are desmas, blunt-ended oxeas 115 × 5 μm, blunt-ended
dichotriaenes 1130 μm long, microrhabds 40 μm long and thin spirasters 20 μm long.

4.3. Extraction and Isolation

A portion of the Isabela sp. sponge (14.9 g, frozen weight) was sheared with scissors and
extracted overnight, three times in MeOH:DCM (1:1, v/v) solution (3 × 500 mL) to which
was added TFA (3 × 0.5 mL). The crude dark brown extract was filtered (Whatman No. 1,
18.5 cm) and reduced in vacuo to give a dark brown gum. The sample was reconstituted in
acidified CH2Cl2 (1.0% TFA) and absorbed on celite (1 g) before separating with a Reveleris
automated flash chromatography module. The column was eluted with an isocratic solvent
system consisting of 100% EtOAc for 20 min. The mobile phase was then increased from
EtOAc to 100% MeOH over a further 5 min and held for 10 min. The flow rate was set
at 25 mL/min and fractions were collected in 25 mL aliquots throughout the run. The
fraction eluting at six minutes was separated using semi-preparative reversed phase HPLC,
eluting with an isocratic solvent system of 95% ACN/H2O with 0.1% TFA to yield 1a

(3.5 mg). The fraction eluting at seven minutes was separated using semi-preparative
reversed phase HPLC at a flow rate of 4 mL/min, eluting with an isocratic solvent system
of 75% ACN/H2O with 0.1% TFA over 40 min to yield 1b (2.2 mg) eluting at 5 min and 2a

(3.2 mg) eluting between 15–20 min. The fraction eluting at twelve minutes was separated
using semi-preparative reversed phase HPLC at a flow rate of 4 mL/min, eluting with an
isocratic solvent system of 55% ACN/H2O with 0.1% TFA over 40 min to yield 3a (5.0 mg)
and 4a (4.2 mg).

4.4. Compound Characterization

Isabellin A (1a) dark red plate crystals, green in solution, pink when observed through
a transmitted source of white light, bright red in acidified solution; UV/Vis (MeOH) λmax
(log ε) 390 (2.23), 495 (0.14), 530 (0.10), 565 (0.08), 615 (0.05) nm; 1H NMR (CDCl3, 600 MHz)
δ [ppm] 10.12 (s, 1H), 9.14 (s, 1H), 3.76 (s, 3H); HRMS (ESI): m/z 367.1924 [M + H]+ (calcd
for C24H23N4, 367.1923)

Isabellihemin A (1b) dark brown needles, brown in solution, UV/Vis (MeOH) λmax (log ε)
385 (2.40), 490 (0.15), 605 (0.07) nm; HRMS (ESI): m/z 420.1032 [M − 2H + Fe(III)]+ (calcd for
C24H20N4

56Fe, 420.1037), m/z 461.1302 [M − 2H + ACN + Fe(III)]+ (calcd for C26H23N5
56Fe,

461.1303)
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Isabellin B (2a) Maroon solid, bright red in acidified solution; UV/Vis (MeOH) λmax (log ε)
390 (0.74), 495 (0.06), 527 (0.04), 565 (0.03), 613 (0.02) nm; 1H NMR (DMSO-d6, 600 MHz)
δ [ppm] 10.37 (s, 1H), 10.36 (s, 1H), 10.35 (s, 1H), 10.34 (s, 1H), 9.39 (s, 1H), 9.36 (s, 1H),
9.34 (s, 1H), 4.40 (bt, 2H), 3.77 (s, 3H), 3.76 (s, 3H), 3.73 (s, 3H), 3.66 (s, 3H), 3.20 (bt, 2H);
HRMS (ESI): m/z 439.2133 [M + H]+ (calcd for C27H27N4O2, 439.2134)

Isabellihemin B (2b) HRMS (ESI): m/z 492.1248 [M − 2H + Fe(III)]+ (calcd for C27H24N4O2
56Fe,

492.1249), m/z 533.1522 [M − 2H + ACN + Fe(III)]+ (calcd for C29H27N5O2
56Fe, 533.1514)

Corallistin D (3a) Dark brown solid, bright pink in acidified solution: UV/Vis (MeOH) λmax

(log ε) 385 (3.55), 425 (0.21), 560 (0.26) nm; 1H NMR (CDCl3, 600 MHz) δ [ppm] 11.07 (bs,
1H) 10.69 (s, 1H), 10.66 (s, 1H), 10.65 (s, 1H) 9.40 (s, 1H), 4.46 (bt, 4H), 4.16 (q, 2H), 3.79 (s,
3H), 3.69 (s, 3H), 3.682 (s, 3H), 3.680 (s, 3H), 3.32 (bt, 4H), 2.41 (t, 3H); HRMS (ESI): m/z
539.2653 [M + H]+ (calcd for C32H35N4O4, 539.2658)

Corallistihemin D (3b) HRMS (ESI): m/z 592.1772 [M − 2H + Fe(III)]+ (calcd for C32H32N4O4
56Fe,

592.1773), m/z 633.2034 [M − 2H + ACN + Fe(III)]+ (calcd for C34H35N5O4
56Fe, 633.2038)

Deuteroporphyrin IX (4a) Dark brown solid, bright pink in acidified solution; UV/Vis
(MeOH) λmax (log ε) 390 (2.63), 500 (0.15), 525 (0.15), 560 (0.14), 600 (0.08) nm; 1H NMR
(CDCl3, 600 MHz) δ [ppm] 11.10 (bs, 1H), 10.72 (s, 1H), 10.69 (s, 1H), 10.67 (s, 1H), 9.42 (s,
1H), 9.41 (s, 1H), 4.48 (bt, 4H), 3.80 (s, 3H), 3.79 (s, 3H), 3.71 (s, 3H), 3.68 (s, 3H), 3.22 (bt,
2H), 3.20 (bt, 2H); HRMS (ESI): m/z 511.2345 [M + H]+ (calcd for C30H31N4O4, 511.2345)

Deuterohemin IX (4b) HRMS (ESI): m/z 564.1474 [M − 2H + Fe(III)]+ (calcd for C30H28N4O4
56Fe,

564.1460), m/z 605.1718 [M − 2H + ACN + Fe(III)]+ (calcd for C32H31N5O4
56Fe, 605.1725)

4.5. X-ray Crystallographic Analysis of 1a

From a solution of MeOH:DCM (3:1) blood red plates were obtained, A suitable
crystal with dimensions 0.08 × 0.05 × 0.04 mm3 was selected and mounted on a Xta-
LAB Synergy, Single source at home/near, HyPix diffractometer. The crystal was kept
at a steady T = 150.00(10) K during data collection. The structure was solved with the
ShelXT 2018/2 [18] solution program using dual methods and by using Olex2 1.5 [19] as
the graphical interface. The model was refined with XL [20] using full matrix least squares
minimisation on F2.

C24H22N4, Mr = 366.45, monoclinic, P21/c (No. 14), a = 11.7999(5) Å, b = 10.7615(5) Å,
c = 14.9068(6) Å, b = 96.745(4)◦, a = g = 90◦, V = 1879.83(14) Å3, T = 150.00(10) K, Z = 4, Z′ = 1,
m(Cu Ka) = 0.609, 18158 reflections measured, 3906 unique (Rint = 0.0539) which were used
in all calculations. The final wR2 was 0.2031 (all data) and R1 was 0.0621 (I ≥ 2 s(I)).

4.6. X-ray Crystallographic Analysis of 1b

From a solution of CHCl3 dark brown needles were obtained. A suitable crys-
tal with dimensions 0.10 × 0.05 × 0.03 mm3 was selected and mounted on a XtaLAB
Synergy, Single source at home/near, HyPix diffractometer. The crystal was kept at
a steady T = 120.00(14) K during data collection. The structure was solved with the ShelXT

2018/2 [18] solution program using dual methods and by using Olex2 1.5 [19] as the
graphical interface. The model was refined with XL [20] using full matrix least squares
minimisation on F2.

C25H20F1.5FeN4O1.5, Mr = 484.80, monoclinic, P21/c (No. 14), a = 9.6505(10) Å,
b = 15.664(2) Å, c = 17.1896(19) Å, b = 100.170(10)◦, a = g = 90◦, V = 2557.7(5) Å3,
T = 120.00(14) K, Z = 4, Z′ = 1, m(Cu Ka) = 5.029, 13005 reflections measured, 1627 unique
(Rint = 0.1153) which were used in all calculations. The final wR2 was 0.3316 (all data) and
R1 was 0.1147 (I ≥ 2 s(I)).

4.7. Bioassays

Test compounds were dissolved in DMSO to provide 10 mg/mL stock solutions.
An aliquot of each stock solution was transferred to the first lane of rows B to G in a 96-well
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microtiter plate and 2-fold serially diluted across the 12 lanes of the plate to provide
a 2048-fold concentration gradient. Bioassay medium was added to an aliquot of each test
solution to provide a 100-fold dilution into the final bioassay, thus yielding a test range of
100 to 0.05 μg/mL in 1% DMSO. Row A was used as the negative control (no inhibition),
and Row H was used as the positive control (uninoculated).

CyTOX is an indicative bioassay platform for discovery of antitumor actives. NS-1
(ATCC TIB-18) mouse myeloma cells and NFF (ATCC PCS-201) human neonatal foreskin
fibroblast cells were each inoculated in 96-well microtiter plates (190 μL) at 50,000 cells/mL
in DMEM (Dulbecco’s modified Eagle’s medium + 10% fetal bovine serum (FBS) + 1%
penicillin/streptomycin (10,000 U/mL/10,000 μg/mL, Life Technologies Cat. No. 15140122),
together with resazurin (250 μg/mL; 10 μL) and incubated in a 37 ◦C (5% CO2) incubator.
The plates were incubated for 96 h during which time the positive control wells change
colour from a blue to pink colour. MIC end points were determined visually.

ProTOX is a generic bioassay platform for antibiotic discovery. Bacillus subtilis (ATCC
6633) and Staphylococcus aureus (ATCC 25923) were used as indicative species for antibacte-
rial activity. A bacterial suspension (50 mL in a 250 mL flask) was prepared in nutrient broth
by cultivation for 24 h at 100–250 rpm, 28 ◦C. The suspension was diluted to an absorbance
of 0.01 absorbance unit per mL, and 10 μL aliquots were added to the wells of a 96-well
microtiter plate, which contained the test compounds dispersed in nutrient agar (Amyl)
with resazurin (12.5 μg/mL). The plates were incubated at 28 ◦C for 48 h, during which
time the negative control wells change from a blue to light pink color. MIC end points were
determined visually.

EuTOX is a generic bioassay platform for antifungal discovery. The yeast Candida
albicans (ATCC 10231) and Saccharomyces cerevisiae (ATCC 9763) wereused as indicative
species for antifungal activity. A yeast suspension (50 mL in a 250 mL flask) was prepared in
1% malt extract broth by cultivation for 24 h at 250 rpm, 24 ◦C. The suspension was diluted
to an absorbance of 0.005 and 0.03 absorbance units per mL for C. albicans and S. cerevisiae,
respectively. Aliquots (20 μL and 30 μL) of C. albicans and S. cerevisiae, respectively, were
applied to the wells of a 96-well microtiter plate, which contained the test compounds
dispersed in malt extract agar containing bromocresol green (50 μg/mL). The plates were
incubated at 24 ◦C for 48 h, during which time the negative control wells change from
a blue to yellow color. MIC end points were determined visually.

GiTOX is a bioassay focused on the discovery of inhibitors of the parasite, G. duodenalis.
In the present bioassay G. duodenalis (strain WB-1B) was inoculated in 96-well microtitre
plates (200 μL) at 4 × 105 cells/mL in Giardia medium (0.2% tryptone, Oxoid; 0.1% yeast
extract, Difco; 0.5% glucose; 0.106% L-arginine; 0.1% L-cysteine; 0.2% NaCl; 0.1% K2HPO4;
0.06% KH2PO4; 0.02% ascorbic acid; 0.0023% ferric ammonium citrate; 0.01% Bile (Sigma,
Burlington, MA, USA); 1% penicillin/streptomycin (10,000 U/mL/10,000 μg/mL, Life
Technologies Cat. No. 15140122), 10% newborn calf serum (NBCS), Life Technologies,
Waltham, MA, USA). The plates were incubated in anaerobic jars (Oxoid AG25) containing
an Anaerogen satchel (Oxoid AN25) in a 37 ◦C (5% CO2) incubator. At 96 h, G. duodenalis
proliferation was counted and % inhibition graphed to determine the MIC values.

TriTOX is a bioassay focused on the discovery of inhibitors of the animal protozoan
pathogen Tritrichomonas fetus (strain KV-1). T. fetus were inoculated in 96-well microtiter
plates (200 μL) at 4 × 104 cells/mL in T. fetus medium (0.2% tryptone, Oxoid; 0.1% yeast
extract, Difco; 0.25% glucose; 0.1% l-cysteine; 0.1% K2HPO4; 0.1% KH2PO4; 0.1% ascorbic
acid; 0.01% FeSO4·7H2O; 1% penicillin/streptomycin (10 mL/L), 10% new born calf serum,
Life Technologies, Waltham, MA, USA). The plates were incubated in anaerobic jars (Oxoid
AG25) containing an Anaerogen satchel (Oxoid AN25) in a 37 ◦C (5% CO2) incubator. At
48 h and 72 h, MIC end points were determined visually and absorbance was measured
using Spectromax plate reader (Molecular Devices, Sunnyvale, CA, USA) at 570 nm [21].
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NOESY), Single crystal X-ray diffraction data of 1a (CIF), Single crystal X-ray diffraction data
of 1b (CIF).
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Abstract: The soft coral genus Sarcophyton contains the enzymatic machinery to synthesize a multi-
tude of cembrene-type diterpenes. Herein, highly oxygenated cembrenoids, sarcoconvolutum A–E
(1–5) were purified and characterized from an ethyl acetate extract of the red sea soft coral, Sarcophy-
ton convolutum. Compounds were assemblies according to spectroscopic methods including FTIR,
1D- and 2D-NMR as well as HRMS. Metabolite cytotoxicity was tested against lung adenocarcinoma,
cervical cancer, and oral-cavity carcinoma (A549, HeLa and HSC-2, respectively). The most cytotoxic
compound, (4) was observed to be active against cell lines A549 and HSC-2 with IC50 values of 49.70
and 53.17 μM, respectively.

Keywords: Sarcophyton convolutum; sarcoconvolutum A–E; cembrenoids; cytotoxicity

1. Introduction

Natural products and structural analogues are key for drug discovery, especially
for pharmacotherapies for cancers and infectious diseases [1–5]. Such biologically active
metabolites are characterized by scaffold diversity and structural complexity. For ex-
ample, within Sarcophyton soft coral, isolated metabolites include cembrenoids [2,6–9],
diterpene dimers [10,11], sesquiterpenes [12,13], ceramides [14], steroids [15,16], and
prostaglandins [17,18]. Cembrenoids in particular exhibit a significant number of sp3

carbon centers and oxygen atoms with no nitrogen or halogen atoms. Higher numbers of
H-bond acceptors and donors confer hydrophilicity and ring structures provide significant
molecular rigidity. Cembrenoids also exhibit promising biological activities including anti-
cancer [6–8], anti-inflammatory [8], antifouling [19,20], ichthyotoxic [21], antifeedant [12],
antiviral [22], and neuroprotective [23] properties.

In a pursuit of novel metabolites with biological activity, polyoxygenated cembrene-
type diterpenoids (Figure 1) have been isolated from the Red Sea soft coral S. convolutum.
Metabolite antiproliferative activity was assayed against a non-small-cell lung adenocar-
cinoma, a cervical cancer, and an oral-cavity squamous-cell carcinoma, A549, HeLa, and
HSC-2, respectively.
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Figure 1. Sarcoconvolutum A–E (1–5) isolated from S. convolutum.

2. Results and Discussion

Sarcoconvolutum A (1) was isolated as yellow oil with a positive optical rotation
(+10.6) in a MeOH solvent. The HRCIMS molecular ion peak at m/z 367.2122 [M + H]+

was assigned predicting a molecular formula of C20H30O6 (calcd. 367.2121, [M + H]+)
with six degrees of unsaturation suggesting a bicyclic skeleton. FTIR spectrum exhibited
bands at 3465 cm−1 and 1765 cm−1 corresponding to hydroxyls and carbonyl groups.
From 1H NMR spectrum (Table 1), two oxygenated protons at δH 3.26 br d (J = 10.8 Hz)
and 5.53 d (J = 10.4 Hz), three olefinic protons at δH 4.84 br d (J = 10.4 Hz), 5.48 br d
(J = 16.3 Hz), and 5.50 m, in addition to four methyls were at δH 1.28 s, 1.37 s, 1.83 s,
and 1.87 s were characterized. Twenty carbon resonances were predicted from 13C NMR
(Table 1) and categorized into 6 quaternary (including carbonyl at δC 175.3; three olefinics
at δC 123.1, 143.9 and 162.3; alongside of two oxygenated carbons at δC 74.5 and 84.1),
five methines (comprising two oxygenated carbons at δC 71.6 and 79.4; as well as three
olefinic at δC 121.1, 127.8, and 134.8), five methylenes, four methyls (δC 8.8, 16.5, 20.3, and
24.2) depending upon DEPT and HSQC experiments. The above analyses of 1D NMR
of 1 revealed the cembrene-based diterpenoid [6,7,24]. The 1D NMR of 1 was similar to
12-hydroperoxylsarcoph-10-ene isolated previously from S. glaucum [24]. Observed signal
differences for the newly isolated compound included a down field shift of H-7 and C-7 by
0.73 and 12.1 ppm, respectively; a down field shift of 15.3 ppm for C-8; and a down field
shift of 6 ppm for Me-19 consistent with the substitution of a hydroxyl group at C-7 instead
of an epoxide ring coupling C-7 and C-8. The proposed structure was confirmed by 1H 1H
COSY and HMBC spectral analysis. H-2 [δH 5.53 d (J = 10.4 Hz)]/C-4 (δC 143.9, J3), and 1H
1H COSY of H-2/H-3 [δH 4.84 br d (J = 10.4 Hz)] indicated the location of Δ3(4). The HMBC
correlation of H3-18 (δH 1.87 s) and CH2-5 (δC 35.2, J3) followed by 1H 1H COSY correlations
of H2-5 [δH 2.18 br d (J = 12.7 Hz)]/ H-6 (δH 1.77 br d (J = 13.4 Hz)], H-6/H-7 (δH 3.26 br d
(J = 10.8 Hz) confirmed a hydroxyl group at C-7. HMBC correlation of H3-19 (δH 1.28 s)/C-7
(δC 71.6, J3), H3-19/C-8 (δC 74.5, J3), and H-7/C-8 (J2) established hydroxylation of the C-8
quaternary carbon. Subsequently, HMBC correlation of H3-19/CH2-9 (δC 42.9, J3), H3-20
(δH 1.37 s)/CH2-11 (δC 134.8, J3), in addition to 1H 1H COSY of H2-9 [δH 2.34 m]/H-10
(δH 5.50 m), H-10/H-11 [(δH 5.48 br d (J = 16.3 Hz)] established Δ10(11). The down field
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shift of C-12 by ca. 7 ppm [24] as well as the HMBC correlation of H-11/C-12 (δC 84.1, J3),
H3-20/C-12 (J2), and H3-20/C-13 (δC 34.4 J3) indicated the presence of a hydroperoxide
group at C-12. The C-1/C-2 included lactone ring was established via HMBC of H-2/C-16
(keto group, δC 175.3, J3), H-2/C-15 (δC 123.1, J3), H3-17 (δH 1.83 s)/C-16 (J3), H3-17/C-1
(δC 162.3, J3), and H3-17/C-15 (Figure 2).

The relative configuration of 1 is based on coupling constants and NOESY data
(Figure 3). From the coupling constant of H-2 (10.4 Hz) along with the vicinal coupling
of H-3 (10.4 Hz), the cis orientation and α configuration of H-2 was established [7,24,25].
Starting from this point, the NOESY correlations of H-2α [δH 5.53 d (J = 10.4 Hz)]/ H3-18
[δH 1.87 s], H3-18/ H-5α [δH 2.18 br d (J = 12.7 Hz)], H3-18/ H-6α [δH 1.77 br d (J = 13.4)],
H-5α/ H-6α, and H-6α/ H-7 [δH 3.26 br d (J = 10.8 Hz)] established an α orientation for
H-7. NOESY correlations of H-6β [δH 1.41 ddd (J = 13.7, 12.7, 10.9 Hz)]/ H3-19 (δH 1.28 s),
H-9β (δH 2.34 m)/ H3-19, H-9β/ H-11 [δH 5.48 br d (J = 16.3 Hz)], H-11/ H-13β [δH 1.72 br
t (J = 13.2 Hz)], H-13β/ H3-20 [δH 1.37 s], H-11/ H3-20 indicated β configurations for both
Me-19 and Me-20. Based on the described spectral analysis, 1 was identified as 7β,8α-
dihydroxy-12α-hydroperoxide-16-keto-cembra-1E,3E,10E-triene (sarcoconvolutum A).

Figure 2. Key HMBC and 1H 1H COSY of sarcoconvolutum A–E (1–5).

Sarcoconvolutum B (2) was isolated as yellow oil with a positive optical rotation (+43.1)
in MeOH. From the HRCIMS molecular ion peak at m/z 367.2122 [M + H]+, the molecular
formula of C20H30O6 (calcd. 367.2121, [M + H]+) a bicylic skeleton with six degrees of
unsaturation was predicted. The FTIR broad bands corresponding to hydroxyls and car-
bonyl groups were detected at 3462 cm−1 and 1768 cm−1. The 1H NMR spectrum (Table 1)
displayed two oxygenated protons at δH 3.32 d (J = 10.9 Hz) and 5.45 d (J = 10.2 Hz), three
olefinic protons at δH 4.88 d (J = 10.1 Hz), 5.50 d (J = 16.1 Hz), and 5.57 dt (J = 16.1, 7.2 Hz),
along with four methyls were at δH 1.28 s, 1.42 s, 1.82 s, 1.85 s. From the observed twenty
signals in the 13C NMR spectrum (Table 1), 6 quartenary (including carbonyl at δC 174.8;
three olefinics at δC 123.5, 143.5 and 161.9; alongside of two oxygenated carbons at δC 74.5
and 84.0), 5 methenes (comprising two oxygenated carbons at δC 78.7 and 71.1, as well
as three olefinic signals at δC 121.6, 126.9, 134.6), 5 methylenes, 4 methyls (δC 8.9, 16.1,
23.6, and 24.1) were identified based on DEPT and HSQC signals. A down field shift of δC
84.0 by ca. 7 ppm suggested the presence of a hydroperoxyl unit at C-12 [24] which was
consistent with mass spectral data. A 13C NMR comparison of the two isolated compounds
indicated a down field shift of Me-20 for 2. The 2D NMR comparisons showed otherwise
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similar 1H 1H COSY and HMBC signals (Figure 2). A 13C NMR down field shift of 3.3 ppm
for Me-20 indicated the opposite stereochemistry at C-12.

Relative stereochemistry was determined based on coupling constants and NOESY
data (Figure 3). The coupling constant of H-2 (10.2 Hz) in addition to the vicinal coupling of
H-3 (10.1 Hz) suggested a cis orientation and α configuration of H-2 [7,24,25]. The NOESY
correlations of H-2α [δH 5.45 d (J = 10.2 Hz)]/ H3-18 [δH 1.82 s], H-18/ H-5 [δH 2.37 td
(J = 13.2t, 2.8 Hz)], H-18/ H-6 [δH 1.49 td (J = 13.7t, 3.6 Hz)], H-5α/ H-6, H-6/ H-7 [δH
3.32 br d (J = 10.9 Hz)], H-7/ H-19 [δH 1.28 s] and H-13β [δH 1.95 td (J = 13.1, 4.1 Hz)]/
H3-19 indicated a H-7α Me-19 and Me-20orientation. Based upon these spectral data, 2

was identified as 7β,8α-dihydroxy-12β-hydroperoxide-16-keto-cembra-1E,3E,10E-triene
(sarcoconvolutum B).

Figure 3. Significant NOESY of sarcoconvolutum A–E (1–5).

Sarcoconvolutum C (3) was isolated as yellow oil with a positive optical rotation (+33.1,
c 0.003, CH3OH). The molecular formula was deduced as C21H32O6 (calcd. 364.2250, [M-
OH + H]+) based on a HREIMS molecular ion peak at m/z 364.2258 [M-OH + H]+ indicating
a bicylic skeleton with six degrees of unsaturation. FTIR broad bands corresponded to
hydroxyls and carbonyl groups were detected at 3457 cm−1 and 1761 cm−1. From 1H NMR
spectrum (Table 1), two oxygenated protons at δH 3.27 br d (J = 10.9 Hz) and δH 5.49 d
(J= 9.9 Hz), three olefinic protons at δH 4.86 br d (J = 9.9 Hz), δH 5.44 br d (J = 16.1 Hz)
and δH 5.56 dt (J = 15.6, 8.1t Hz), four methyls as well as one methyl of methoxy group at
δH 3.23 s were assigned. Based on the 13C NMR (Table 1), twenty-one carbon resonances
were observed and were categorized by DEPT and HSQC analysis as 6 quaternary carbons
(including carbonyl at δC 174.8; three olefinics at δC 123.3, 144.2 and 161.4; alongside of
two oxygenated carbons at δC 78.3 and 84.4), 5 methines (comprising two oxygenated
carbons at δC 78.3 and 71.9; as well as three olefinic at δC 121.2, 128.2, 134.0), 5 methylenes,
5 methyls (δC 9.0, 16.2, 18.2, 21.2, and 49.3). As with 1 and 2, down field shift at δC
84.4 ppm of ca. 7 ppm along with a mass shift of [M-H2O], suggested the addition of
a hydroperoxy group [24]. The compound is similar to 1 and 2 except for a down field
shift of δH 78.3 by 3.8 ppm associated with C-8 and a new methoxyl signal at δH 3.23 s
and δC 49.3. HMBC correlations of a methyl proton at δH 3.23 and the C-12 at δH 78.3
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confirm the localization of the methoxylation to C-12 (Figure 2). Thus, 3 was identified as
7-hydroxy-8-methoxy-12-hydroperoxide-16-keto-cembra-1E,3E,10E-triene.

Table 1. 1H and 13C NMR (CDCl3, 500 Hz) of sarcoconvolutum A–E (1–5).

No
Sarcoconvolutum A (1) Sarcoconvolutum B (2) Sarcoconvolutum C (3) Sarcoconvolutum D (4) Sarcoconvolutum E (5)

1H NMR (J Hz) 13C 1H NMR (J Hz) 13C 1H NMR (J Hz) 13C 1H NMR (J Hz) 13C 1H NMR (J Hz) 13C

1 —- 162.3 —- 161.9 —- 161.4 —- 161.7 —- 161.8
2 5.53 d (10.4) 79.4 5.45 d (10.2) 78.7 5.49 d (9.9) 79.0 5.45 d (9.4) * 78.8 5.47 d (10.1) 80.2
3 4.84 br d (10.4) 121.1 4.88 br d (10.1) 121.6 4.86 br d (9.9) 121.2 5.00 d (9.4) 121.1 4.92 br d (10.1) 119.2
4 —- 143.9 —- 143.5 —- 144.2 —- 144.4 —- 145.9

5α 2.18 br d (12.7)
35.2

2.23 dt (13.2, 3.4t)
35.3

2.18 dt (13.4, 3.4t)
35.4

2.26 m *
36.6

2.35 dt (13.0, 7.6t)
37.95β 2.40 t (11.3) 2.37 td (13.2t, 2.8) 2.37 td (13.4, 7.4) 2.34 td (13.1t, 5.7) 2.10 td (13.0t, 5.1)

6α 1.77 br d (13.4)
26.7

1.49 td (13.7t, 3.6)
26.3

1.87 td (13.4t, 3.6)
26.7

1.60 m
24.1

1.75 m *
30.5

6β 1.51 ddd (13.7,
12.7, 10.9) 1.83 m * 1.44 td (15.3t, 4.3) 1.82 m * 1.25 m *

7 3.26 br d (10.8) 71.6 3.32 br d (10.9) 71.1 3.27 br d (10.9) 71.9 2.65 dd (6.8, 3.6) 57.0 3.45 br d (10.5) 75.0
8 —- 74.5 —- 74.5 —- 78.3 —- 60.0 —- 73.9

9α 2.34 m *
42.9

2.44 dd (13.7, 7.8)
43.4

2.34 m *
37.2

2.41 dd (13.1, 5.7)
39.0

1.57 m
35.19β 2.34 m * 2.28 dd (13.4, 6.6) 2.34 m * 2.46 dd (13.3, 7.1) 1.51 m

10α
5.50 m 127.8 5.57 dt (16.1, 7.2) 126.9 5.56 dt (15.6, 8.1t) 128.2 5.42 m * 125.8

1.57 m
25.210β 1.32 m

11 5.48 br d (16.3) 134.8 5.50 br d (16.1) 134.6 5.44 br d (16.1) 134.0 5.47 m * 135.5 4.43 dd (9.0, 5.0) 89.3
12 —- 84.1 —- 84.0 —- 84.4 —- 84.6 —- 146.0

13α 1.72 br t (13.2)
34.4

1.49 td (13.7, 3.6)
36.4

1.80 td (13.4t, 3.5)
35.1

1.58 m *
36.0

2.02 br t (15.1)
27.813β 1.68 td (13.2t, 5.6) 1.95 td (13.1, 4.1) 1.67 td (13.4t, 4.7) 1.89 m * 2.25 m

14α 2.01 br t (13.2)
22.7

2.06 br t (13.7)
21.6

2.05 br t (13.4)
22.7

2.07 br t
22.0

2.13 m
24.5

14β 2.43 br t (13.2) 2.62 td (13.7, 4.0) 2.40 td (13.7, 4.3) 2.27 td * (13.2t,
5.5) 2.65 td (12.9, 4.9)

15 —- 123.1 —- 123.5 —- 123.3 —- 123.6 —- 124.3
16 —- 175.3 —- 174.8 —- 174.8 —- 174.8 —- 174.9
17 1.83 s 8.8 1.85 s 8.9 1.85 s 9.0 1.86 s 9.1 1.86 s 8.9
18 1.87 s 16.5 1.82 s 16.1 1.83 s 16.2 1.87 s 15.8 1.86 s 16.4
19 1.28 s 24.2 1.28 s 24.1 1.19 s 18.2 1.31 s 22.2 1.26 s 24.8
20 1.37 s 20.3 1.42 s 23.6 1.41 s 21.2 1.41 s 18.8 5.07 s, 5.13 s 113.4

OMe 3.23 s 49.3

* overlapped.

The relative configuration of 3 was deduced via the coupling constants and NOESY
analysis (Figure 3). The coupling constant of H-2 (9.9 Hz) and the vicinal coupling of
H-3 (9.9 Hz) identified an α and cis orientation for H-2 [7,24,25]. The NOESY experiments
exhibited the same configuration of 1 that elucidated the α orientation of H-7 and β and
both methyls, Me-19 and Me-20. Based on these spectral observations, 3 was identified as
7β-hydroxy-8α-methoxy-12α-hydroperoxide-16-keto-cembra-1E,3E,10E-triene (sarcocon-
volutum C).

Sarcoconvolutum D (4) was obtained as dark yellow oil with a positive optical rotation
(+37.2, c 0.003, CH3OH). The HREIMS molecular ion peak at m/z 348.1939 [M]+ that
predicted a molecular formula of C20H28O5 (calcd. 348.1937, [M]+) with a bicylic skeleton
and seven degrees of unsaturation. The corresponding FTIR broad bands to hydroxyls
and carbonyl groups at 3456 cm−1 and 1763 cm−1 were assigned. The 1H NMR (Table 1)
revealed two oxygenated protons at δH 2.65 dd (J = 6.8, 3.6 Hz), and 5.45 d (J = 9.4 Hz),
three olefineic protons at δH 5.00 d (J = 9.4 Hz), 5.42 m, and 5.47 m, in addition to four
methyls at δH 1.31 s, 1.41 s, 1.86 s, and 1.87 s. From 13C NMR, twenty carbon resonances
were characterized and categorized to six quartenary (consisting of carbonyl at δC 174.8;
three olefinics at δC 123.6, 144.4, and 161.7; and two oxygenated carbons at δC 60.0 and
84.6, five methenes (comprising two oxygenated carbons at δC 57.0, and 78.8; and two
olefinic carbon (at δC 125.8 and 135.5), five methylenes, four methyls based on DEPT-135
and HSQC analysis. The compound is very similar to 1 except for an up-field shift of δH
2.65 dd (J = 6.8, 3.6 Hz) by 0.67 ppm and an up-field shift of δC 57.0 by 14.6 ppm both
associated with C-7 and an up-field shift of δC 60 by 14.5 ppm associated with C-8. These
chemical shift changes were deduced to be a result of a C-7/C-8 epoxide ring that was
consistent with a molecular ion peak at m/z 348.1939 (C20H28O5). The localization of this
group was derived via the HMBC correlations of Me-19 (δH 1.31 s)/C-7 (J3), Me-19/C-8
(J2), H-6 (δH 1.60 m)/C-7 (J2), and H-6/C-8 (J3) (Figure 2).
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The relative stereochemistry was identified via coupling constants [7,24,25] and
NOESY analysis (Figure 3). Compound 4 exhibited almost same NOESY correlations
as 1 except the correlations of Me-19/H-7, and H-6β/H-7 that elucidated the β orientation
of H-7. These data confirmed 4 as 12α-hydroperoxide-16-keto-cembra-1E,3E,10E-triene-7α,
8α-epoxide (sarcoconvolutum D).

Sarcoconvolutum E (5) was obtained as yellow oil exhibiting a positive optical rotation
(+61.7, c 0.003, CH3OH). The mass spectroscopy exhibited a HREIMS molecular ion peak
at m/z 367.2130 [M + H]+ that was identified as C20H30O6 (calcd. 367.2042, [M + H]+) with
a bicylic skeleton and six degrees of unsaturation. The FTIR broad bands corresponding
to hydroxyls and carbonyl groups were detected at 3464 cm−1 and 1759 cm−1. 1H NMR
(Table 1) displayed three oxygenated protons at δH 3.45 br d (J = 10.5 Hz), 4.43 dd (J = 9.0,
5.0 Hz), and 5.47 d (J = 10.1 Hz), one olefineic proton at δH 4.92 br d (J = 10.1 Hz), one
exomethylene proton at δH 5.07 s, and 5.13 s, and three methyles at δH 1.26 s, 1.86 s (6H).
The 13C NMR showed twenty carbon resonances. Six quaternary (including carbonyl at
δC 174.9; four olefinics at δC 124.3, 145.9, 146.0 and 161.8; and one oxygenated carbon at
δC 73.9), four methenes (comprising two oxygenated carbons at δC 70.0 and 89.3; and one
olefinic carbon (at δC 119.2), 7 methylenes (comprising exomethylene carbon at δC 113.4),
three methyls (δC 8.9, 16.4, and 24.8) that were characterized via DEPT-135 and HSQC
experiments. NMR spectral data of 5 were similar to 1 and 2 except for the following signals:
(i) a down-field shift of δC 75.0, by ca. 3.5 ppm associated with C-7; (ii) an downfield shift
of δH 3.45 brd (J = 10.5 Hz) by 0.2 ppm associated with H-7; and (iii) an up-field shift
of δH 4.43 dd (J = 9.0, 5.0 Hz) by 1 ppm and a shift of ca. 45 ppm of δC 134.0 to 89.0
associated with C-11 indicating the oxygenation of this carbon; (iv) the appearance of δH
1.32 (m, 1.57) associated with H-10 and C-10 (at δC 25.0) indicating a disappearance of
Δ10(11); and (v) the presence of δC 146.0 associated with C-12 and signals δH 5.07 s, 5.13 s
and δC 113.4 associated with an exomethylene carbon at C-20 indicating the presence of
Δ12(20). These new functional group assignments based on spectral data were consistent
with 2D HMBC spectral signals including H3-19 [δH 1.26 s]/C-7 [δC 75.0, J3], H3-19/C-7 [δC
73.9, J2] confirmed the hydroxylation of both C-7 and C-8. The HMBC correlations of H2-20
[at δH 5.07 s, 5.13 s]/C-12 [at δC 146.0, J2], H2-20/C-11 [at δC 89.0, J3], and H2-20/C-13 [at δC
27.8, J3], H-11 [at δH 4.43 dd (J = 9.0, 5.0 Hz)]/C-12 [J2], H-11/C-13 [J3] confirmed the Δ12(20)

and the oxygenation of C-11 (Figure 2). Consistent with the mass spectral data and the
observed up-field shift of C-11, the oxygenation of C-11 was identified as a hydroperoxide
group.

The relative stereochemistry assignment was based the coupling constant of H-2
(10.1 Hz) and the vicinal coupling of H-3 (10.1 Hz) the indicated a α and cis orientation
of H-2 [7,24,25]. NOESY correlations (Figure 3) of H-2α [δH 5.47 d (J = 10.1 Hz)]/ H3-18
[δH 1.86 s], H-3α [δH 4.92 br d (J = 10.1 Hz)]/ H-5α [δH 2.35 dt (J = 13.0, 7.6t Hz)], and
H-5α/ H-6 [δH 1.75 m], H3-18/ H-6, H-5/ H-7 [δH 3.45 br d (J= 10.5 Hz)], H-6/ H-7, H-7/
H3-19 [δH 1.26 s], H3-19β/ H-9β [δH 1.51 m], H-9β/ H-11 [δH 4.43 dd (J = 9.0, 5.0 Hz)],
H-13β [δH 2.25 m]/ H-identified a β orientation for H-7, H-11 and Me-19. Therefore, 5

was assigned as 7α,8α-dihydroxy-11α-hydroperoxide-16-keto-cembra-1E,3E,12(20)-triene
(sarcoconvolutum E). 1D, 2D-NMR, HRMS and FTIR for all isolated secondary metabolites
(1–5) were deposited in the supplementary files (see Figures S1–S50).

The initial screening of 1–5 (Figure 4) for cytotoxic activity was performed using
three cancer cell lines (A549, HeLa and HSC-2) with concentrations of 100, 10 and 1 μM
(Figure 4A). Compound 4 showed cytotoxic activity against cell lines A549 (Figure 4B) and
HSC-2 (Figure 4C). The dose-dependent toxicity with concentrations range (0.001–100 μg/mL)
was examined against A549 and HSC-2 cell lines (Figure 4). Compound 4 showed IC50 val-
ues of 49.70 and 53.17 μM against A549 and HSC-2 cells, respectively (Table 2, Figure 4A,B).
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Figure 4. Cytotoxic activity: (A) Screening cytotoxic activity against A549, HeLa and HSC2 cell lines;
(B) Dose-dependent toxicity with concentrations in a range from 0.001 to 100 μM for compounds 4

against A549; (C) Dose-dependent toxicity with concentrations in a range from 0.001 to 100 μM for
compound 4 against HSC2.

Table 2. Cytotoxicity of 1-5 against cancer cell lines.

Cell Lines
(IC50, μM)

1 2 3 4 5 Doxorubicin

A549 >100 >100 >100 49.70 ± 0.05 >100 0.42 ± 0.3
HeLa >100 >100 >100 91.98 ± 0.15 >100 1.35 ± 0.16
HSC2 >100 >100 >100 53.17 ± 0.03 91.39 ± 0.17 0.50 ± 2.6

3. Materials and Methods

3.1. General Experimental Procedures

A JASCO P-2300 polarimeter (Tokyo, Japan) and shimazu FTIR-8400S instrument
(Columbia, MD 21046, USA) was operated for optical rotation and IR spectra, respectively.
Then, 1D and 2D NMR spectra were recorded on a Bruker 600 or 500 Hz NMR spectrometer
(MA, USA). HR-MS spectra were obtained on a JEOL JMS-700 instrument (Tokyo, Japan).
For Chromatography: column chromatography (CC) [silica gel 60 (Merck, 230–400 mesh,
Merck, Darmstadt, Germany)]; TLC analysis: [precoated silica gel plates (Merck, Kieselgel
60 F254, 0.25 mm, Merck, Darmstadt, Germany]. High-performance liquid chromatography
(HPLC) equipped with a Jasco PU-980 pump, a Jasco UV-970 intelligent UV/VIS detector at
210 nm and a semi preparative reversed-phase column (Cosmosil C18 column 250 × 10 mm,
5 μm).

3.2. Coral Material

The animal soft coral Sarcophyton convolutum was collected from the Egyptian Red
Sea (the coast of Hurghada) in March 2017 and was recognized by M Al-Hammady with a
voucher specimen (08RS1071). It was deposited in the National Institute of Oceanography
and Fisheries, marine biological station, Hurghada, Egypt.

3.3. Extraction and Separation

The frozen soft coral (2.5 kg, total wet weight) was chopped into small pieces and
extracted with ethyl acetate at room temperature (3 L × 5 times). The collective extracts
were concentrated in vacuo to a brown gum. The dried material (95 g) was subjected to a
silica gel column (6 × 120 cm) eluting with n-hexane (2000 mL), followed by a gradient of
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n-hexane-EtOAc up to 100% EtOAc and EtOAc –MeOH up to 50% MeOH (3000 mL each of
the solvent mixture). Fractions were collected (SC1-SC6) and monitored via TLC. Fraction
(SC3; 1.4 g) was eluted step gradient with n-hexane-EtOAc over silica gel column afforded
three main sub fractions (SC3A-C). Sub-fraction SC3A was re-purified by reversed-phase
HPLC using MeOH/H2O (6.5:3.5), 3.5 mL/min, to afford 1 (6.1 mg, tR = 27 min), and 4

(11.6 mg, tR = 23 min). The sub-fraction SC3B was subjected to reversed-phase HPLC using
MeOH/H2O (3:2), 3.5 mL/min, afforded 2 (10 mg, tR = 28 min). Fraction (SC4; 1.2 g) was
further fractionated over silica gel column chromatography eluted by n-hexane/EtOAc step
gradient afforded two main sub-fractions (SC4A and B). Sub-fraction SC4A was eluted with
MeOH/H2O (1:1) over reversed-phase HPLC, 3 mL/min, to afford 3 (7.3 mg, tR = 31 min),
and 5 (9.6 mg, tR = 32 min).

3.4. Spectral Data of Sarcoconvolutum A–E (1–5)

7,8-Dihydroxy-12-hydroxy-16-keto-cembra-1E,3E,10E-triene (Sarcoconvolutum A, 1):
yellow oil; [α]25

D +43.0 (c 0.03, CH3OH); FT-IR (KBr) νmax: 3465, 2961, 1765, 1435, and
987 cm−1; 1H and 13C NMR data (CDCl3, 500 Hz), see Table 1; HRCIMS m/z 367.2122 (100,
[M+H]+); (calcd. 367.2121, for C20H31O6).

7,8-Dihydroxy-12-hydroxy-16-keto-cembra-1E,3E,10E-triene (Sarcoconvolutum B, 2):
yellow oil; [α]25

D +10.5 (c 0.03, CH3OH); FT-IR (KBr) νmax: 3461, 2957, 1759, 1439, and
991 cm−1; 1H and 13C NMR data (CDCl3, 500 Hz), see Table 1; HRCIMS m/z 367.2122 (100,
[M+H]+); (calcd. 367.2122, for C20H31O6).

7β-Hydroxy-8α-methoxy-12α-hydroperoxide-16-keto-cembra-1E,3E,10E-triene (sar-
coconvolutum C, 3): yellow oil; [α]25

D +37.2 (c 0.03, CH3OH); FT-IR (KBr) νmax: 3456, 2951,
1763, 1446, and 993 cm−1; 1H and 13C NMR data (CDCl3, 500 Hz), see Table 1; HRCIMS
m/z 364.2258, [M-OH+H]+]; (calcd. 364.2250, [M-OH+H]+, for C21H32O6).

12α-Hydroperoxide-16-keto-cembra-1E,3E,10E-triene-7α,8α-epoxide (sarcoconvolu-
tum D, 4): yellow oil; [α]25

D +37.2 (c 0.03, CH3OH); FT-IR (KBr) νmax: 3456, 2958, 1763, 1442,
and 996 cm−1; 1H and 13C NMR data (CDCl3, 500 Hz), see Table 1; HREIMS m/z 348.1939
[M]+; (calcd. 348.1937, for C20H28O5).

7α,8α-Dihydroxy-11α-hydroperoxide-16-keto-cembra-1E,3E,12(20)-triene (sarcocon-
volutum E, 5): yellow oil; [α]25

D +10.5 +61.7 (c 0.03, CH3OH); FT-IR (KBr) νmax: 3464, 2955,
1759, 1433, and 997 cm−1; 1H and 13C NMR data (CDCl3, 500 Hz), see Table 1; HREIMS
m/z 367.2130 (100, [M+H]+); (calcd. 367.2042, for C20H31O6).

3.5. Cell Culture and Treatment Conditions

Human cancer cell lines of non-small cell lung adenocarcinoma (A549), squamous cell
carcinoma of the oral cavity (HSC-2), and human cervical cancer cell (HeLa). All cell lines
were purchased from American Type Culture Collection (ATCC®) and were maintained as
monolayer culture in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS, 4 mM l-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin sulfate.
Monolayers were passaged at 70–90% confluence using a trypsin-EDTA solution. All cell
incubations were maintained in a humidified CO2 incubator with 5% CO2 at 37 ◦C. All
materials and reagents for the cell cultures were purchased from Lonza (Verviers, Belgium).

3.6. Cytotoxicity Assay

A modified MTT (3-[4,5,[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide)
assay was used for cytotoxicity investigation were performed using based on a previously
published method [26]. A549, HeLa and HSC2 cells (5000–10,000 cells/well) were seeded
onto 96-well plates and incubated for 24 h with 5% CO2 at 37 ◦C. The prepared tested
compounds (1–5) were screened and the dose-dependent toxicity with concentrations
range (0.001–100 μg/mL) were investigated according to our protocol [26]. Doxorubicin
(2 mg/mL) was used as positive control.
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3.7. Anti-Proliferation Quantitative Analysis

GraphPad Prism® v6.0 software (GraphPad Software Inc., San Diego, CA, USA) were
used to calculate the concentration-response curve fit to the non-linear regression for IC50
values.

4. Conclusions

Five compounds, sarcoconvolutum A–E were isolated from an organic extract of Sar-
cophyton convolutum tissue. Chemical structures were elucidated based upon spectroscopic
analyses. The cytotoxic activity of the isolated compounds was screened against three
cancer cell lines (A549, HeLa and HSC2) and 4 was found to be the most active compound
against cell lines A549 and HSC-2 with IC50 values of 49.70 and 53.17 μM, respectively.

Supplementary Materials: The following are available online https://www.mdpi.com/article/10.3
390/md19090519/s1, Figures S1–S50: spectra for compounds 1–5.
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Abstract: Marine-originated spirocyclic bromotyrosines are considered as promising scaffolds for
new anticancer drugs. In a continuation of our research to develop potent and more selective
anticancer compounds, we synthesized a library of 32 spirocyclic clavatadine analogs by replacing
the agmatine, i.e., 4-(aminobutyl)guanidine, side chain with different substituents. These compounds
were tested for cytotoxicity against skin cancer using the human melanoma cell line (A-375) and
normal human skin fibroblast cell line (Hs27). The highest cytotoxicity against the A-375 cell line was
observed for dichloro compound 18 (CC50 0.4 ± 0.3 μM, selectivity index (SI) 2). The variation of
selectivity ranged from SI 0.4 to reach 2.4 for the pyridin-2-yl derivative 29 and hydrazide analog of
2-picoline 37. The structure–activity relationships of the compounds in respect to cytotoxicity and
selectivity toward cancer cell lines are discussed.

Keywords: Clavatadine C; spirocyclic bromotyrosines; cytotoxicity; cancer selectivity; marine com-
pounds; melanoma A-375 cell line

1. Introduction

Natural products have a long history of use in the treatment of various diseases,
including cancer [1]. Marine organisms are a rich source of novel compounds with medici-
nally relevant properties. Many marine-derived bioactive terpenes, alkaloids, macrolides,
and other compounds isolated from aquatic fungi, cyanobacteria, algae, sponges, and tuni-
cates have been found to exhibit anticancer activities [2,3]. To date, 15 drugs with marine
origins have been approved by the U.S. Food and Drug Administration and/or European
Medicines Agency. Nine of these drugs are registered for the treatment of different cancer
types [4,5]. At present, 33 marine-based compounds are in clinical trials, out of which 29 are
being evaluated for cancer therapy. Bromotyrosine alkaloids have acquired special impor-
tance in medicinal chemistry since the vast majority of these secondary metabolites possess
potential anticancer [6], antimicrobial, antiviral, and antifungal activities [7,8]. Quinn and
co-workers identified two new spirocyclic bromotyrosine compounds, clavatadine C 1 and
clavatadine D 2 (Figure 1). Both were isolated as trifluoroacetic acid (TFA) salts from the
marine sponge Suberea clavata and their anticoagulative properties were described. [9]. Fur-
thermore, moderate activity against MCF7, MDA-MB-231 (breast), and A549 (lung) cancer
cell lines have been observed for clavatadine C 1-TFA [10]. Marine bromotyrosines with an
isoxazoline moiety attached to the spiro center have exhibited anticancer properties [11,12].
The spirocyclic bromotyrosine is structurally more rigid and better occupies the chemical
space than the open-chain bromotyrosine, making it an interesting scaffold for medicinal
chemistry [13]. We have previously reported a set of simplified open-chain bromotyrosine
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analogs of purpurealidin I 3 (Figure 1) with potential antiproliferative activity [14]. As pur-
purealidin analogs are E-isomers having free rotation around the C-C σ bond, introduction
of conformational restriction in the form of a spiro ring fusion offers a good strategy to
improve selectivity toward the target cell of interest [15].

 
Figure 1. Clavatadine C 1, D 2, and purpurealidin I 3.

Cytotoxicity toward normal cells is a major challenge with anticancer compounds.
Therefore, different approaches are required to develop a target-specific anticancer treat-
ment. The structural simplification of natural products is one of the well-known strategies
to improve pharmacokinetic profiles and to reduce side effects [16]. Initially, anticancer
activity of the first simplified spiroisoxazolines 4 and 5 (Figure 2) was reported in Ehrlich
ascites tumor cells in mice [17,18].

 
Figure 2. Simplified spiroisoxazoline analogs 4 [17] and 5 [18].

In order to understand the structure–activity relationships (SARs) of spirocyclic bro-
motyrosines as cytotoxic agents toward cancer cells, we synthesized a library of simplified
spirocyclic clavatadine analogs 11–42 (Table 1). The agmatine, i.e., 4-(aminobutyl)guanidine,
side chain was replaced with different amino and hydrazide substituents. These analogs
were tested against a melanoma cell line (A-375) and normal human skin fibroblast cell
line (Hs27) for cytotoxicity. The clavatadine scaffold was selected for the library synthesis
to limit the free C-C rotation of purpurealidin analogs, to have a stereochemically simpler
spiro core than the one in other spirocyclic bromotyrosines, and to build on the proven
anticancer activity of simplified clavatadine analogs, such as compound 4.

The compounds were synthesized according to the route presented in Scheme 1. Synthetic
procedures and analytical data of the compounds are given in the Supporting Information.
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Table 1. Structures of the target spirocyclic bromotyrosine analogs 1-TFA and 11–42.

 

No X -R No X -R No X -R No X -R

1-TFA Br
 
19 Br

 

28 H 37 H
 

11 H
 

20 H

 

29 Br 38 Br
 

12 H 21 Br

 

30 Br
 

39 Br
 

13 Br 22 H

 

31 Br 40 H

 

14 Br 23 H
 

32 H 41 Br
 

15 H 24 Br
 

33 Br
 

42 Br

16 H 25 H
 

34 Br
 

17 H 26 H 35 H

18 H

 

27 Br 36 Br
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Scheme 1. General scheme for synthesis of spirocyclic bromotyrosines 1-TFA and 11–42.
Reagents and conditions: a) HClO4, tert-butyl acetate, 20–25 ◦C, 18 h; b) Na2WO4·2H2O, H2O2,
EtOH, 20–25 ◦C, 7 h; c) PIFA, pyridine, TFE, 0 ◦C, 1 h, or NBS, DMF, 0 ◦C, 20 min; d) TFA, DCM,
20–25 ◦C, 6 h; e) amine, EDC·HCl, HOBt, DCM, 20–25 ◦C, 5–15 h. The R substituents are given in
Table 1.

2. Results

2.1. Chemistry

The synthesis of the spirocyclic bromotyrosine scaffold started with esterification of
L-tyrosine 6 using tert-butyl acetate in the presence of perchloric acid to give L-tyrosine
tert-butyl ester 7. The ester 7 was oxidized with sodium tungstate and H2O2 to give the
oxime 8 [10]. This resulting oxime was subjected to oxidative spirocyclization via treatment
with [bis(trifluoro-acetoxy)iodo]benzene (PIFA) in 2,2,2-trifluoroethanol (TFE) in the case
of non-halogenated compounds or N-bromosuccinimide (NBS) in N,N-dimethylformamide
(DMF) in the case of brominated compounds to provide spirocyclic esters 9a/9b. The
tert-butyl esters 9a/9b were deprotected with trifluoroacetic acid in dichloromethane (DCM)
to give the spirocyclic carboxyl core 10a/10b. This spirocyclic core was coupled with various
amines or hydrazides in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC·HCl) and 1-hydroxybenzotriazole hydrate (HOBt·H2O) to give the
target spirocyclic bromotyrosine analogs 1-TFA and 11–42 (Table 1) with yields ranging
10–91%. We observed that the yields were typically higher in the case of dihydro car-
boxyl core 10a compared to the dibromo core 10b, and heterocyclic and aromatic amines
compared to aliphatic amines and hydrazines.

2.2. Biological Activity

The cytotoxicities of the synthetic clavatadine C 1-TFA, dihydroclavatadine C 11, and
compounds 12–42 against cancer cells were primarily evaluated in the human malignant
melanoma A-375 cell line at the single concentration of 50 μM (Table 2). The compounds
demonstrating over 80% cytotoxicity were selected for confirmatory dose-response ex-
periments in the same cell line and CC50 (cytotoxic concentration that caused death of
50% of cells) was calculated (Table 2). The observed cytotoxicity (CC50) against the A-375
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melanoma cell line for the compounds 1-TFA and 11–42 was in the range of 0.4–12.3 μM
(Table 2). Furthermore, we aimed to evaluate the potential of the compounds to selec-
tively perturb the growth of skin cancer cells. Therefore, the compounds were tested for
cytotoxicity in normal human fibroblast cell line Hs27 (Table 2).

Table 2. Cytotoxicity of compounds 1-TFA and 11–42 against human malignant melanoma cell line A-375 and normal
human fibroblast Hs27 cells. Camptothecin, a compound with high selectivity to cancer cells, was used as a positive control.
Purpurealidin I 3 was used as a reference compound [14]. CC50 = cytotoxic concentration that caused death of 50% of cells.
ND = not determined. The primary screening was performed as a single experiment with three technical replicates per
sample. The CC50 values are arithmetic means from 2–3 independent experiments performed in triplicate. The values in
parentheses are standard deviations.

Compound
Primary Test Results

(Cytotoxicity % at 50 μM
in A-375 Cells)

CC50 (μM) in A-375 Cells CC50 (μM) in Hs27 Cells
Selectivity Index

(SI)

1-TFA 0.5 ND ND ND
11 −8.2 ND ND ND
12 95.1 2.1 (1.2) 3.8 (0.7) 1.8 (0.6)
13 99.8 3.7 (1.9) 7.2 (6.2) 1.9 (1.0)
14 99.9 7.2 (3.2) 7.8 (1.8) 1.1 (0.5)
15 96.1 3.8 (0.7) 2.5 (0.3) 0.7 (0.2)
16 97.1 4.9 (1.0) 7.4 (0.5) 1.5 (0.2)
17 20.8 ND ND ND
18 100.0 0.4 (0.3) 0.8 (0.2) 2.0 (0.8)
19 94.9 9.2 (2.9) 6.8 (2.8) 0.7 (0.5)
20 100.0 1.2 (0.1) 1.5 (0.7) 1.3 (0.5)
21 101.1 2.3 (0.4) 5.0 (1.1) 2.2 (0.3)
22 99.8 0.7 (0.1) 0.7 (0.2) 1.0 (0.3)
23 100.0 1.2 (0.2) 1.4 (0.8) 1.2 (0.6)
24 97.8 3.5 (1.1) 3.3 (1.1) 0.9 (0.3)
25 100.0 1.2 (0.1) 2.0 (0.6) 1.7 (0.3)
26 99.2 2.0 (1.2) 1.9 (0.9) 1.0 (0.8)
27 100.7 3.0 (0.3) 6.6 (3.1) 2.2 (0.5)
28 99.6 1.9 (0.2) 1.5 (0.6) 0.8 (0.4)
29 100.6 2.4 (0.3) 5.8 (2.5) 2.4 (0.4)
30 98.1 3.6 (0.1) 2.3 (0.4) 0.6 (0.2)
31 98.6 5.3 (0.7) 2.1 (0.1) 0.4 (0.1)
32 97.5 1.5 (1.0) 2.2 (1.3) 1.5 (0.9)
33 98.9 3.6 (1.9) 6.6 (1.3) 1.9 (0.6)
34 97.0 5.1 (2.8) 8.8 (1.8) 1.7 (0.6)
35 97.5 1.1 (0.1) 2.5 (0.2) 2.3 (0.1)
36 100.7 3.4 (0.2) 6.1 (0.9) 1.8 (0.2)
37 89.3 2.5 (0.6) 6.0 (1.3) 2.4 (0.3)
38 93.5 12.3 (1.3) 6.4 (3.0) 0.5 (0.5)
39 75.2 ND ND ND
40 99.9 0.5 (0.1) 0.5 (0.4) 1.0 (0.8)
41 97.6 1.3 (0.4) 1.4 (1.0) 1.1 (0.8)
42 97.5 3.5 (1.2) 4.4 (1.4) 1.3 (0.5)

Purpurealidin I 3 98.9 3.7 (0.5) 4.7 (0.2) 1.3 (0.1)

Camptothecin 94.7 0.05 (0.02) 3.6 (1.0) 70.9 (0.5)

The degree of selectivity toward cancer cells can be expressed by the selectivity index
(SI). The SI was calculated as a ratio of CC50 values between Hs27 fibroblasts and A-375
melanoma cells. High SI values show selectivity toward cancer cells, while values <2
show low selectivity [19] (Table 2). The highest but still moderate selectivity to cancer
cells (SI 2.4, Table 2) was observed for the pyridin-2-yl compound 29 and hydrazide
analog of 2-picoline 37. To further elucidate mechanisms of cytotoxicity mediated by these
compounds, we tested their ability to induce apoptosis. Apoptosis, or programmed cell
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death, is a mechanism utilized in the body for elimination of unwanted or damaged cells
during development and aging. In cancer cells, apoptosis is typically inhibited and most
selective anticancer agents act via induction of this pathway [20]. To elucidate potential
effects of spirocyclic bromotyrosines on apoptosis, we tested their ability to induce the
activity of caspases 3/7, a key protease involved in the apoptotic pathway. The results
show that spirocyclic bromotyrosines induced the caspase pathway about twofold after
24 h, whereas no induction was observed after 48 h (Figure 3A). Treatment with a positive
control camptothecin resulted in about a 20-fold caspase induction after 24 h of treatment
and a nearly fivefold induction after 48 h of treatment. The data obtained correlated
with microscopic observations. Cell rounding up and shrinkage, typical for apoptosis,
was observed for both camptothecin-treated cells and the cells treated with spirocyclic
bromotyrosines. However, for camptothecin the effect was more profound (Figure 3B–E).

Figure 3. Induction of apoptosis in A-375 melanoma cells by compounds 29 and 37, which demon-
strated the highest selectivity, and positive control camptothecin. Cells were treated with compounds
at 1 × CC50 concentration for 24 and 48 h. (A) Activity of caspase 3/7 apoptotic pathway shown as
a fold change relative to DMSO-treated control, indicated with a horizontal line. Bars show mean
values of two independent experiments (each performed in triplicate wells) ± SD. Representative
microscopic images taken after a 24-h incubation with camptothecin (B), compound 29 (C), and
37 (D) show morphological changes characteristic for apoptosis; (E) shows cell morphology in
DMSO-treated control wells. RLU = relative light units.
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3. Discussion

To understand the preliminary cytotoxicity of clavatadine C 1 analogs comprised of di-
bromo and dihydro spirocyclic cores, we synthesized clavatadine C 1-TFA (overall yield 38%)
along with various amides 11–42 having aliphatic, aromatic, and heterocyclic substitution
with or without a carbon spacer. We then evaluated their effect on cytotoxicity of the
melanoma cell line A-375 and the normal skin fibroblast cell line Hs27. Though the clavata-
dine C 1-TFA and its dihydro analog 11 did not show any primary cytotoxicity, its analogs
showed cytotoxicity, as shown in Table 2. Clavatadine C 1-TFA, dihydroclavatadine C 11

and aliphatic morpholinoacetyl carbohydrazide 17 showed less than 25% primary cyto-
toxicity (at 50 μM in A-375 cells) while the rest of the compounds had over 75% primary
cytotoxicity. This result was somewhat unexpected when compared to the known activity
of clavatadine C 1-TFA against breast and colon cancer cell lines [10]. Binnewerg et al.
recently found spiro-structured isofistularin-3 to display cell line dependent effects, and
the three melanoma cell lines tested (SKMel-147, Mel-Juso, and Malme-3M) showed no
significant decrease (and even increased in the case of SKMel-147) in cell viability, but
on the contrary isofistularin-3 reduced cell viability of breast cancer cell line MCF-7 [21].
The highest cytotoxicity against the A-375 cell line was observed in dihydro 2,4-dichloro
compound 18 (CC50 0.4 ± 0.3 μM, with moderate SI 2). The selectivity indices of the most
simplified dimethyl amides 13 and 14 were 1.8 and 1.9, respectively, and amides 14–16

containing aliphatic substituents showed low SI. While the introduction of aromatic sub-
stituent in 18–30 with or without a spacer exhibited relatively similar cytotoxicity, the
3-chloro-4-methoxyphenyl analog 21 showed a slight improvement in the selectivity index.
As seen in our open chain library [14], the introduction of pyridinyl substituent 26–29 at the
amide showed improvement in SI value to 2.4 in the case of pyridin-2-yl analog 29, whereas
the introduction of the pharmacologically important trifluoromethyl group [22] to pyridine
in 30 and 31 lowered the selectivity. We also introduced ethylene and methylene groups as
spacers in 32–36 along with hydrazide spacers in 37–39 to pyridine to evaluate their effect
on selectivity and cytotoxicity. Cytotoxicity and selectivity were increased in analogs 32–36

having a spacer compared to the analogs 14–17 having aliphatic substituents. In the case
of the dihydro pyridin-2-yl analogs 32 and 37, the change of spacers to hydrazide 37 led
to a modest improvement in selectivity, but in case of the corresponding bromo analogs
33 and 38 the SI was lower in hydrazide 38. The introduction of other heterocycles 40–42

gave similar lower SIs as observed for the aliphatic analogs 14–16. In comparison with our
earlier reported open-chain bromotyrosine analogs [14], we found that most spirocyclic
bromotyrosine analogs have lower CC50 to both cell lines tested.

Overall, the SIs for this set of compounds stayed below 2.5, indicating relatively
low selectivity toward A-375 cell line. The cytotoxic effect of the two most selective
compounds was partially mediated by caspase-dependent apoptosis, although the low
(twofold) level of apoptosis induction at CC50 concentration suggests predominantly an
unspecific cytotoxicity mechanism. Taking into account considerable dissimilarities in the
biology of different cancer types [23], future work may include testing of the compounds
in a panel of cancer cell lines representing various malignancies. In summary, biological
data of synthesized spiro-structured clavatadine C 1 analogs demonstrate low selectivity
toward skin cancer. However, structure–activity relationships indicate further structural
optimization by modification of the side chain for potential development of these analogs
into anticancer agents should be explored.

4. Materials and Methods

4.1. Materials and Methods for Biological Testing

Analysis of selectivity to cancer cells. The cells were seeded to white frame and
clear bottom 96-well plates (Perkin Elmer) at a density of 10,000 cells/well for the human
malignant melanoma A-375 cell line (ATCC CRL-1619) and 7500 cells/well for the human
skin fibroblast Hs27 cell line (ATCC CRL-1634). The cells were grown at 37 ◦C, 5% CO2 until
they reached 70–80% confluence (approximately 24 h). Stock solutions of test compounds
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and a positive control (camptothecin, Sigma-Aldrich, St. Louis, MO, USA) were prepared
in DMSO and diluted into the assay medium (growth medium with 5% FBS) to the final
concentration. Final DMSO concentration was 0.5% in all samples. The culture medium
was removed from the plate and compounds added, 200 μL/well. After a 48-h incubation,
the amount of ATP, which is directly proportional to the number of viable cells present
in culture, was quantified using CellTiter-Glo® Luminescent Cell Viability kit (Promega,
Madison, WI, USA), according to manufacturer’s instructions. Origin Graphing and
Analysis, version 9.55 (OriginLab, Northampton, MA, USA), was used for determination
of CC50 values. The cancer cell selectivity index was calculated as a ratio of CC50 values
between Hs27 fibroblasts and A-375 melanoma cells. Standard deviation of selectivity
indices was calculated using Equation (1)

σ

(
x
y

)
=

√(
σ(x)

x

)2
+

(
σ(y)

y

)2
(1)

In the Equation (1), x and y are average CC50 values in Hs27 and A-375 cells, respec-
tively, and σ(x) and σ(y) are their standard deviations.

Apoptosis induction assay and imaging. A-375 cells were seeded to white 96-well
plates and treated with compounds at 1 × CC50 concentration, 100 μL/well, following the
procedure described above. After 24 and 48 h, caspase-3/7 activity was measured using the
ApoTox-Glo kit (Promega) following the manufacturer’s instructions. The light microscopy
images were taken using 4× phase contrast objective and Cytation5 automated imaging
reader (Biotek).

4.2. Synthesis Experimental
4.2.1. General

All reactions were carried out using commercially available starting materials unless
otherwise stated. The melting points were measured with a Stuart SMP40 automated
melting point apparatus and were uncorrected. 1H NMR and 13C NMR spectra in CDCl3,
d6-DMSO, d6-acetone, or CD3OD at ambient temperature were recorded on a Bruker Ascend
400 spectrometer. Chemical shifts (δ) are given in parts per million (ppm) relative to the
NMR reference solvent signals (CDCl3: 7.26 ppm, 77.16 ppm; CD3OD: 3.31 ppm, 49.00 ppm;
d6-DMSO: 2.50 ppm, 39.52 ppm; d6-acetone: 2.05 ppm, 29.84 ppm). Multiplicities are
indicated by s (singlet), br s (broad singlet), d (doublet), dd (doublet of doublets), ddd
(doublet of doublet of doublets), t (triplet), dt (doublet of triplets), q (quartet), p (pentet),
and m (multiplet). The coupling constants J were quoted in hertz (Hz). LC-MS and HRMS-
spectra were recorded using a Waters Acquity UPLC®-system (with Acquity UPLC® BEH
C18 column, 1.7 μm, 50 mm × 2.1 mm, Waters, Milford, MA, USA) with Waters Synapt G2
HDMS with the ESI (+), high resolution mode, and PDA. The mobile phase consisted of
H2O (A) and acetonitrile (B), both containing 0.1% HCOOH. Microwave syntheses were
performed in sealed tubes using a Biotage Initiator+ instrument equipped with an external
IR sensor. The flash chromatography was performed with a Biotage Isolera One flash
chromatography purification system with a 200–800 nm UV-VIS detector using SNAP KP-
Sil 10 g, 25 g, or 50 g cartridges. The TLC plates were provided by Merck (Silica gel 60-F254)
and visualization of the amine compounds was conducted using ninhydrin (a 0.2% w/v
solution in a 3% solution of acetic acid in 1-butanol) staining.

4.2.2. Experimental Procedures and Characterization Data

tert-Butyl L-tyrosinate (7)
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To a stirred suspension of L-tyrosine 6 (25.0 g, 0.138 mol) in tert-butyl acetate (100 mL)
in an ice bath (0 ◦C), perchloric acid (15.7 mL, 0.276 mol, 2.0 equiv) was added dropwise.
The reaction mixture was allowed to warm to room temperature and was stirred for 17 h.
The mixture was washed with H2O (300 mL) and a 1 M solution of HCl in H2O (250 mL).
The aqueous phase was diluted with H2O (300 mL), followed by the addition of solid
K2CO3 until the pH was 7. The resulting mixture was filtered, the filtrate was made alkaline
(pH 9) by adding solid K2CO3, and then it was extracted with EtOAc (3 × 300 mL). The
combined organic phases were washed with brine (300 mL), dried over anhydrous Na2SO4,
filtered, and concentrated in vacuo to give an off-white solid; crude yield: 29 g (86%).
The crude product was purified with automated flash chromatography (DCM/MeOH,
gradient: 0→10%) to give the product 7 as a white solid (25 g, 76%). 1H NMR (400 MHz,
CDCl3) δ 7.01 (d, J = 8.5 Hz, 2H), 6.65 (d, J = 8.5 Hz, 2H), 3.60 (dd, J = 7.7, 5.3 Hz,
1H), 3.00 (dd, J = 13.8, 5.3 Hz, 1H), 2.77 (dd, J = 13.8, 7.7 Hz, 1H), 1.45 (s, 9H). 13C NMR
(101 MHz, CDCl3) δ 174.2, 155.5, 130.5, 128.2, 115.8, 81.8, 56.2, 40.0, 28.2. 1H NMR is in
accordance with the literature [24].

tert-Butyl (E)-2-(hydroxyimino)-3-(4-hydroxyphenyl)propanoate (8)

 

To a stirred solution of tert-butyl L-tyrosinate 7 (1.20 g, 5.06 mmol) in EtOH (20 mL) in
an ice bath (0 ◦C), Na2WO4·2H2O (1.83 g, 10.4 mmol, 1.1 equiv), a 30% solution of H2O2
in H2O (9 mL), and H2O (14 mL) wereadded. The resulting mixture was stirred for 8 h
and slowly allowed to reach room temperature. The mixture was diluted with EtOAc
(25 mL) and washed with a 10% solution of Na2SO3 in H2O (2 × 15 mL), H2O (2 × 15 mL),
and brine (15 mL). The aqueous phase was extracted with EtOAc (3 × 20 mL), and the
combined organic phases were washed with brine (10 mL), dried over anhydrous Na2SO4,
filtered, and concentrated in vacuo. The crude product was purified with automated
flash chromatography (n-heptane/EtOAc gradient: 5→50%) to give the compound 8

as a white solid (1.00 g, 79%). 1H NMR (400 MHz, CD3OD) δ 7.05 (d, J = 8.7 Hz, 2H),
6.67 (d, J = 8.6 Hz, 2H), 3.79 (s, 2H), 1.43 (s, 9H). 13C NMR (101 MHz, CD3OD) δ 164.6, 156.9,
153.6, 131.0, 128.6, 116.1, 83.3, 30.3, 28.1. 1H NMR is in accordance with the literature [10].

tert-Butyl 8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxylate (9a)

 

tert-Butyl (E)-2-(hydroxyimino)-3-(4-hydroxyphenyl)propanoate 8 (0.40 g, 1.6 mmol)
was dissolved in 2,2,2-trifluoroethanol (7.7 mL), followed by the addition of anhydrous
pyridine (0.39 mL, 4.8 mmol, 2 equiv). The mixture was cooled in an ice bath (0 ◦C)
for 5 min. Phenyliodine bis(trifluoroacetate) (0.76 g, 1.8 mmol, 1.1 equiv) was added to
the cooled mixture, and stirring was continued for 1.5 h. The reaction was quenched
with a 10% solution of Na2S2O3 in H2O (13 mL), and the resulting mixture extracted
with EtOAc (3 × 15 mL). The combined organic phases were washed with brine, dried
over anhydrous Na2SO4, filtered, and concentrated in vacuo. The crude product was
purified with automated flash chromatography (n-heptane/EtOAc gradient: 12→100%)
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to give the compound 9a as a yellow oil (0.33 g, 84%). 1H NMR (400 MHz, d6-acetone)
δ 7.12–7.05 (m, 2H), 6.24–6.18 (m, 2H), 3.48 (s, 2H), 1.52 (s, 9H). 13C NMR (101 MHz,
d6-acetone) δ 184.9, 159.5, 153.7, 145.7, 129.2, 83.6, 83.6, 44.3, 28.1. 1H NMR is in accordance
with the literature [10].

8-Oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxylic acid (10a)

 

To a solution of tert-butyl 8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxylate
9a (0.33 g, 1.3 mmol) in anhydrous DCM (10 mL), trifluoroacetic acid (5.0 mL) was added
dropwise. The resulting mixture was stirred at room temperature for 3 h. The solvent
was removed in vacuo to give the compound 10a as a light brown solid (0.24 g, 93%).
1H NMR (400 MHz, d6-acetone) δ 7.15–7.08 (m, 1H), 6.26–6.19 (m, 1H), 3.51 (s, 1H). 13C
NMR (101 MHz, d6-acetone) δ 184.9, 161.0, 153.0, 145.7, 129.3, 116.5, 83.8.

tert-Butyl 7,9-dibromo-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxylate (9b)

 

To a solution of tert-butyl (E)-2-(hydroxyimino)-3-(4-hydroxyphenyl)propanoate 8

(0.59 g, 2.348 mmol) in anhydrous DMF (10 mL) in an ice bath (0 ◦C), N-bromosuccinimide
(1.35 g, 7.58 mmol, 3.25 equiv) in anhydrous DMF (5 mL) was added dropwise (15 min).
The mixture was diluted with Et2O (25 mL), and washed with H2O (2 × 15 mL) and a 10%
solution of Na2S2O3 in H2O (2 × 15 mL). The aqueous phase was back-extracted with Et2O
(2 × 30 mL). The combined organic phases were washed with brine (20 mL), dried over
anhydrous Na2SO4, filtered, and concentrated in vacuo. The crude product was purified
with automated flash chromatography (isocratic DCM) to give the compound 9b as a white
solid (0.58 g, 62%). 1H NMR (400 MHz, CDCl3) δ 7.32 (s, 2H), 3.42 (s, 2H), 1.57 (s, 9H).
13C NMR (101 MHz, CDCl3) δ 171.5, 158.2, 152.3, 144.1, 123.4, 85.8, 84.9, 43.2, 27.8. 1H NMR
is in accordance with the literature [10].

7,9-Dibromo-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxylic acid (10b)
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To a solution of tert-butyl 7,9-dibromo-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-
carboxylate 9b (0.58 g, 1.4 mmol) in anhydrous DCM (10 mL), trifluoroacetic acid (5.0 mL)
was added dropwise. The resulting mixture was stirred at room temperature for 1 h,
after which the solvent was removed in vacuo. The product was purified via trituration
with Et2O to give the compound 10b as a white solid (0.50 g, 98%). 1H NMR (400 MHz,
d6-DMSO) δ 7.81 (s, 2H), 3.52 (s, 2H). 1H NMR is in accordance with the literature [22].
13C NMR (101 MHz, d6-acetone) δ 172.3, 160.7, 153.6, 146.8, 123.2, 87.3, 43.7. HRMS
(ESI-): calculated 303.8609 (C8H4Br2NO2), found 303.8609. LC-MS: [M-CO2]− m/z 304
(tR = 2.12 min), >99%. Mp: 174–175 ◦C, (Lit. Mp: 167–168 ◦C) [10].

The spiro carboxylate core was mainly constructed using the synthetic method given
below, followed by N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC)-mediated
coupling (General procedures for coupling A and B) to give the corresponding product.
Some compounds were deprotected with trifluoroacetic acid to give the corresponding
trifluoroacetate salts (General procedure C).

General procedure for EDC-mediated coupling (A). To a stirred solution of car-
boxylic acid 10a or 10b (0.36 mmol) in DCM (5 mL), 1-hydroxybenzotriazole (HOBt)
hydrate (0.036 mmol, 0.1 equiv) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
(EDC) hydrochloride (0.39 mmol, 1.1 equiv) at 0–5 ◦C were added and stirred for 15 min.
After this, the amine/hydrazide (0.36 mmol, 1.0 equiv) was added. The reaction mixture
was allowed to reach room temperature and was stirred for a further 8–16 h. The mixture
was diluted with DCM (10 mL) and washed with 1 M hydrochloric acid (5 mL), a saturated
solution of NaHCO3 in H2O (5 mL), and brine (5 mL). The organic layer was dried over
anhydrous Na2SO4, filtered, and concentrated in vacuo. The crude product was purified
by automated flash chromatography (n-heptane/EtOAc gradient: 0→100%) to give the
pure product.

General procedure for EDC-mediated coupling (B). Carboxylic acid 10a or 10b

(0.3 mmol), amine (0.45 mmol, 1.5 equiv), HOBt hydrate (0.45 mmol, 1.5 equiv), and
EDC·HCl (0.45 mmol, 1.5 equiv) were dissolved in anhydrous DCM (3 mL). The mixture
was irradiated under microwave conditions at 60 ◦C for 2 h, after which it was diluted with
DCM (10 mL). The solution was washed with a saturated solution of NH4Cl in H2O, water,
and brine. The organic phase was dried over anhydrous Na2SO4, filtered, and concentrated
in vacuo. The crude product was purified with automated flash column chromatography
(n-heptane/EtOAc-EtOH 3:1 (12→100%) to give the pure product.

General procedure for deprotection of the Boc groups (C). To a solution of clavata-
dine bis-Boc-derivative (0.28 mmol) in DCM (2 mL), TFA (1 mL) at 0–5 ◦C was added
dropwise. The reaction mixture was allowed to reach room temperature. The resulting
mixture was stirred for 3 h at room temperature. The solvent was removed in vacuo to
give the crude product, which was triturated in Et2O to give a solid trifluoroacetate salt.

7,9-Dibromo-N-(4-guanidinobutyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide

TFA salt (1-TFA)

 

General procedures A and C were followed to give the clavatadine C TFA salt 12 as
an off-white solid (0.10 g, 77%). 1H NMR (400 MHz, d6-DMSO) δ 8.65 (t, J = 5.9 Hz, 1H),
7.80 (s, 2H), 7.59 (t, J = 5.7 Hz, 1H), 3.55 (s, 2H), 3.23–3.06 (m, 4H), 1.48 (m, 4H). 13C NMR
(101 MHz, d6-DMSO) δ 171.6, 158.2, 156.7, 155.0, 146.7, 121.6, 85.2, 43.2, 40.4, 38.4, 26.0,
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25.9. Spectra are in accordance with the literature [10]. HRMS (ESI+): Calculated 463.9757
(C14H18Br2N5O3), found 463.9755. LC-MS: [M + H]+ m/z 464 (tR = 2.25 min), >91%.
Mp:115–118 ◦C, decomp. (Lit. Mp: 130–140 ◦C, decomp.) [10].

N-(4-Guanidinobutyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide TFA

salt (11)

 

General procedures A and C were followed to give the compound 11 as an off-white
solid (0.11 g, 34%). 1H NMR (400 MHz, CD3OD) δ 7.04–7.00 (m, 2H), 6.26–6.22 (m, 2H),
3.44 (s, 2H), 3.36–3.34 (m, 2H), 3.23–3.20 (m, 2H), 1.64 (m, 4H). 13C NMR (101 MHz,
CD3OD) δ 186.4, 161.3, 158.6, 153.3, 146.7, 129.4, 83.6, 44.4, 42.0, 39.8, 27.5, 27.1. HRMS
(ESI+): calculated 306.1566 (C14H20N5O3), found 306.1567. LC-MS: [M + H]+ m/z 306
(tR = 0.92 min), >98%. Mp: 170–173 ◦C.

N,N-Dimethyl-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (12)

 

General procedure A was followed to give the compound 12 as an off-white amor-
phous solid (0.011 g, 28%). 1H NMR (400 MHz, CD3OD) δ 7.05 (d, J = 10.1 Hz, 2H), 6.25
(d, J = 10.1 Hz, 2H), 3.50 (s, 2H), 3.28 (s, 3H), 3.06 (s, 3H). 13C NMR (101 MHz, CD3OD)
δ 185.1, 160.7, 153.4, 145.5, 128.7, 80.6, 45.2, 37.6, 34.7. HRMS (ESI+): calculated 221.0926
(C11H13N2O3), found 221.0927. LC-MS: [M + H]+ m/z 221 (tR = 1.85 min), >99%.

7,9-Dibromo-N,N-dimethyl-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (13)

 

General procedure A was followed to give the compound 13 as a white amorphous
solid (0.12 g, 37%). 1H NMR (400 MHz, CDCl3) δ 7.32 (s, 2H), 3.55 (s, 2H), 3.32 (s, 3H),
3.09 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 171.6, 159.3, 153.7, 144.9, 123.8, 84.1, 45.8, 38.8,
36.5. HRMS (ESI+): calculated 378.9117 (C11H11Br2N2O3), found 378.9119.
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7,9-Dibromo-N-isopropyl-N-methyl-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (14)

 

General procedure A was followed to give the compound 14 as an off-white amor-
phous solid (0.061 g, 35%). 1H NMR (400 MHz, CDCl3) (1:1 mixture of rotamers) δ 7.33
(7.32) (s, 2H), 4.84 (4.66) (p, J = 6.8 Hz, 1H), 3.56 (3.55) (s, 2H), 3.10 (2.92) (s, 3H), 1.26 (1.19)
(d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 171.6, 159.0 (158.9), 154.2 (153.5), 144.98
(144.96), 123.71 (123.69), 84.0 (83.9), 49.6 (45.9), 46.03 (45.97), 30.1 (27.0), 20.9 (19.3). HRMS
(ESI+): calculated 406.9430 (C13H15Br2N2O3), found 406.9426. LC-MS: [M + H]+ m/z 407
(tR = 4.31 min), >99%. Mp: 148–153 ◦C.

3-(Morpholine-4-carbonyl)-1-oxa-2-azaspiro[4.5]deca-2,6,9-trien-8-one (15)

 

General procedure A was followed to give the compound 15 as an off-white amorphous
solid (0.012 g, 12%). 1H NMR (400 MHz, CDCl3) δ 6.90–6.81 (m, 2H), 6.33–6.25 (m, 2H),
4.02–3.95 (m, 2H), 3.80–3.70 (m, 6H), 3.48 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 184.5,
158.9, 153.2, 144.1, 129.5, 80.9, 67.1, 66.8, 47.4, 46.2, 43.3. HRMS (ESI+): calculated 263.1032
(C13H15N2O4), found 263.1036. LC-MS: [M + H]+ m/z 442 (tR = 5.39 min), >99%.

3-(4-Hydroxypiperidine-1-carbonyl)-1-oxa-2-azaspiro[4.5]deca-2,6,9-trien-8-one (16)

 

General procedure A was followed to give the compound 16 as an off-white amorphous
solid (0.024 g, 24%). 1H NMR (400 MHz, CDCl3): δ 6.92–6.83 (m, 2H), 6.33–6.24 (m, 2H),
4.23–4.14 (m, 1H), 4.08–4.00 (m, 2H), 3.72–3.60 (m, 1H), 3.53–3.42 (m, 3H), 2.02–1.90 (m, 2H),
1.69–1.59 (m, 2H), 1.57 (br s, 1H). 13C NMR (101 MHz, CDCl3) δ 184.5, 158.4, 153.2, 144.3,
129.4, 80.8, 66.7, 46.3, 39.9, 34.7, 33.8. HRMS (ESI+): calculated 277.1188 (C14H17N2O4),
found 277.1187. LC-MS: [M + H]+ m/z 277 (tR = 1.61 min), >99%.
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N’-(2-Morpholinoacetyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carbohydrazide (17)

 

General procedure A was followed to give the compound 17 as an amorphous off-white
solid (0.030 g, 17%). 1H NMR (400 MHz, CD3OD) δ 7.09–7.00 (m, 2H), 6.29–6.20 (m, 2H),
3.77–3.61 (m, 4H), 3.47 (s, 2H), 3.17 (s, 2H), 2.68–2.55 (m, 4H). 13C NMR (101 MHz, CD3OD)
δ 186.4, 171.6, 160.2, 154.3, 146.6, 129.5, 83.5, 67.7, 61.5, 54.7, 44.4. HRMS (ESI+): calculated
335.1356 (C15H19N4O5), found 335.1354. LC-MS: [M + H]+ m/z 335 (tR = 0.53 min), >96%.

N-(3,5-Dichlorophenyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (18)

 

General procedure A was followed to give the compound 18 as an off-white amor-
phous solid (0.098 g, 51%). 1H NMR (400 MHz, CDCl3) δ 8.36 (br s, 1H), 7.56 (d, J = 1.8 Hz,
2H), 7.17 (t, J = 1.8 Hz, 1H), 6.89–6.84 (m, 2H), 6.35–6.29 (m, 2H), 3.45 (s, 2H). 13C NMR
(101 MHz, CDCl3) δ 183.9, 156.3, 153.4, 143.1, 138.2, 135.4, 129.4, 125.0, 117.9, 83.6, 42.7.
HRMS (ESI+): calculated 337.0147 (C15H11Cl2N2O3), found 337.0148. LC-MS: [M + H]+

m/z 337. (tR = 4.81 min), >91%.

7,9-Dibromo-N-(3,5-dichlorophenyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (19)

 

General procedure B was followed to give the compound 19 as a white amorphous solid
(0.0045 g, 13%). 1H NMR (400 MHz, d6-acetone) δ 9.78 (br s, 1H), 7.93 (d, J = 1.9 Hz, 2H),
7.77 (s, 2H), 7.26 (t, J = 1.8 Hz, 1H), 3.76 (s, 2H). 13C NMR (101 MHz, d6-acetone) δ 172.2,
158.3, 155.8, 146.7, 141.3, 135.7, 124.7, 123.3, 119.1, 119.0, 87.4, 43.4. HRMS (ESI−): calculated
490.8200 (C15H9Br2Cl2N2O3), found 490.8198. LC-MS: [M-H]− m/z 491 (tR = 5.84 min), >99%.
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N-(3-Chloro-4-methoxyphenyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (20)

 

General procedure A was followed to give the compound 20 as an off-white amorphous
solid (0.025 g, 13%). 1H NMR (400 MHz, CDCl3) δ 8.23 (br s, 1H), 7.68 (d, J = 2.6 Hz, 1H),
7.43 (dd, J = 8.9, 2.6 Hz, 1H), 6.92 (d, J = 8.9 Hz, 1H), 6.90–6.85 (m, 2H), 6.34–6.28 (m, 2H),
3.91 (s, 3H), 3.46 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 184.3, 156.4, 154.0, 152.7, 143.7,
130.2, 129.6, 123.0, 122.5, 119.6, 112.4, 83.5, 56.5, 43.3. HRMS (ESI+): calculated 333.0642
(C16H14ClN2O4), found 333.0639. LC-MS: [M + H]+ m/z 333 (tR = 3.68 min), >99%.

7,9-Dibromo-N-(3-chloro-4-methoxyphenyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-

3-carboxamide (21)

 

General procedure B was followed to give the compound 21 as a white amorphous
solid (0.037 g, 18%). 1H NMR (400 MHz, d6-DMSO) δ 10.59 (br s, 1H), 7.88 (d, J = 2.6 Hz, 1H),
7.85 (s, 2H), 7.68 (dd, J = 9.0, 2.6 Hz, 1H), 7.15 (d, J = 9.1 Hz, 1H), 3.83 (s, 3H), 3.65 (s, 2H).
13C NMR (101 MHz, d6-DMSO) δ 171.6, 156.8, 155.4, 151.2, 146.5, 131.6, 121.8, 121.8, 120.5,
120.2, 112.8, 85.6, 56.2, 43.0. HRMS (ESI+): calculated 486.8696 (C16H11Br2ClN2O4), found
486.8696. LC-MS: [M-H]− m/z 487 (tR = 4.95 min), >94%.

N-[2-(1H-Indol-3-yl)ethyl]-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (22)

 

General procedure A was followed to give the compound 22 as a white amorphous
solid (0.058 g, 56%). 1H NMR (400 MHz, CDCl3) δ 8.12 (br s, 1H), 7.65–7.59 (m, 1H),
7.39 (m, 1H), 7.23 (ddd, J = 8.2, 7.2, 1.1 Hz, 1H), 7.15 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 7.08
(d, J = 2.3 Hz, 1H), 6.84–6.78 (m, 2H), 6.67 (br s, 1H), 6.30–6.23 (m, 2H), 3.71 (q, J = 6.8 Hz, 2H),
3.36 (s, 2H), 3.06 (t, J = 6.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 184.4, 158.7, 153.8, 144.0,
136.5, 129.3, 127.2, 122.5, 122.2, 119.7, 118.8, 112.5, 111.4, 82.7, 43.7, 39.8. HRMS (ESI+): calculated
336.1348 (C19H18N3O3), found 336.1349. LC-MS: [M-H]− m/z 336 (tR = 4.95 min), >99%.
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N-(4-Methoxybenzyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (23)

 

General procedure A was followed to give the compound 23 as an off-white amor-
phous solid (0.13 g, 67%). 1H NMR (400 MHz, CDCl3) δ 7.27–7.22 (m, 2H), 6.91–6.87 (m, 3H),
6.86–6.81 (m, 2H), 6.30–6.24 (m, 2H), 4.48 (d, J = 5.9 Hz, 2H), 3.81 (s, 3H), 3.41 (s, 2H).
13C NMR (101 MHz, CDCl3) δ 184.4, 159.5, 158.5, 153.7, 143.9, 129.5, 129.4, 114.5, 114.4, 82.9,
55.4, 43.6, 43.3. HRMS (ESI+): calculated 313.1188 (C17H17N2O4), found 313.1191. LC-MS:
[M + H]+ m/z 313 (tR = 3.06 min), >99%.

7,9-Dibromo-N-(4-methoxybenzyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (24)

 

General procedure A was followed to give the compound 24 as an off-white amor-
phous solid (0.022 g, 20%). 1H NMR (400 MHz, d6-DMSO) δ 9.07 (t, J = 6.2 Hz, 1H),
7.82 (s, 2H), 7.28–7.19 (m, 2H), 6.93–6.84 (m, 2H), 4.29 (d, J = 6.2 Hz, 2H), 3.73 (s, 3H),
3.56 (s, 2H). 13C NMR (101 MHz, d6-DMSO) δ 171.6, 158.3, 158.1, 155.0, 146.7, 130.8, 128.8,
121.5, 113.6, 85.2, 55.0, 43.1, 41.7. HRMS (ESI+Na+): calculated 492.9199 (C17H15Br2N2O4Na),
found 492.9197.

N-(4-Methoxyphenethyl)-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (25)

 

General procedure A was followed to give the compound 25 as an off-white amor-
phous solid (0.042 g, 41%). 1H NMR (400 MHz, CDCl3) δ 7.15–7.11 (m, 2H), 6.89–6.85 (m, 2H),
6.85–6.81 (m, 2H), 6.63 (app. t, 1H), 6.31–6.24 (m, 2H), 3.80 (s, 3H), 3.60 (q, J = 7.0 Hz, 2H),
3.38 (s, 2H), 2.83 (t, J = 7.0 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 184.4, 158.6, 158.6, 153.8,
143.9, 130.2, 129.7, 129.4, 114.3, 82.8, 55.4, 43.6, 41.0, 34.8. HRMS (ESI+): calculated 327.1345
(C18H19N2O4), found 327.1348. LC-MS: [M + H]+ m/z 327 (tR = 3.35 min), >99%.

98



Mar. Drugs 2021, 19, 400

8-Oxo-N-(pyridin-3-yl)-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (26)

 

General procedure A was followed to give the compound 26 as an off-white amor-
phous solid (0.047 g, 68%). 1H NMR (400 MHz, CDCl3) δ 8.72 (d, J = 2.5 Hz, 1H),
8.44 (dd, J = 4.7, 1.4 Hz, 1H), 8.40 (br s, 1H), 8.14 (m, 1H), 7.33 (dd, J = 8.3, 4.7 Hz, 1H),
6.91–6.86 (m, 2H), 6.35–6.30 (m, 2H), 3.47 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 184.2,
157.0, 153.8, 146.4, 143.5, 141.5, 133.7, 129.7, 127.2, 124.0, 83.8, 43.1. HRMS (ESI+): calculated
270.0879 (C14H12N3O3), found 270.0876. LC-MS: [M + H]+ m/z 270 (tR = 1.03 min), >92%.

7,9-Dibromo-8-oxo-N-(pyridin-3-yl)-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (27)

 

General procedure B was followed to give the compound 27 as a white amorphous solid
(0.042 g, 34%). 1H NMR (400 MHz, d6-DMSO) δ 10.81 (br s, 1H), 8.93 (dd, J = 2.6, 0.8 Hz, 1H),
8.33 (dd, J = 4.7, 1.5 Hz, 1H), 8.14 (ddd, J = 8.4, 2.6, 1.5 Hz, 1H), 7.86 (s, 2H), 7.40 (ddd, J = 8.3,
4.7, 0.8 Hz, 1H), 3.66 (s, 2H). 13C NMR (101 MHz, d6-DMSO) δ 171.6, 157.4, 155.2, 146.4,
145.1, 142.0, 134.9, 127.4, 123.6, 121.8, 85.8, 42.9. HRMS (ESI+): calculated 425.9089
(C14H10Br2N3O3), found 425.9090. LC-MS: [M + H]+ m/z 426 (tR = 2.49 min), >99%.

8-Oxo-N-(pyridin-2-yl)-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (28)

 

General procedure A was followed to give the compound 28 as an off-white amor-
phous solid (0.040 g, 53%). 1H NMR (400 MHz, CDCl3) δ 9.01 (br s, 1H), 8.35 (ddd, J = 5.0,
1.9, 1.0 Hz, 1H), 8.18–8.16 (m, 1H), 7.76 (ddd, J = 8.4, 7.4, 1.9 Hz, 1H), 7.12 (ddd, J = 7.4, 5.0,
1.0 Hz, 1H), 6.92–6.85 (m, 2H), 6.35–6.28 (m, 2H), 3.46 (s, 2H). 13C NMR (101 MHz, CDCl3) δ
184.3, 156.9, 153.7, 150.2, 148.4, 143.7, 138.7, 129.5, 120.7, 114.2, 83.6, 43.1. HRMS (ESI+): calculated
270.0879 (C14H12N3O3), found 270.0881. LC-MS: [M + H]+ m/z 270 (tR = 2.11 min), >99%.
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7,9-Dibromo-8-oxo-N-(pyridin-2-yl)-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (29)

 

General procedure B was followed to give the compound 29 as a white amorphous
solid (0.016 g, 13%). 1H NMR (400 MHz, d6-acetone) δ 9.22 (br s, 1H), 8.36 (ddd, J = 4.9, 1.9,
0.9 Hz, 1H), 8.15 (dt, J = 8.3, 1.0 Hz, 1H), 7.85 (ddd, J = 8.3, 7.4, 1.9 Hz, 1H), 7.80 (s, 2H), 7.19
(ddd, J = 7.4, 4.9, 1.0 Hz, 1H), 3.80 (s, 2H). 13C NMR (101 MHz, d6-acetone) δ 172.3, 157.9,
155.9, 151.6, 150.7, 149.4, 146.7, 139.3, 123.3, 121.3, 114.5, 87.5, 43.3. HRMS (ESI+): calculated
427.9245 (C14H12Br2N3O3), found 427.9243. LC-MS: [M + H]+ m/z 426 (tR = 3.92 min), >95%.

7,9-Dibromo-8-oxo-N-[5-(trifluoromethyl)pyridin-2-yl]-1-oxa-2-azaspiro[4.5]-deca-2,6,9-

triene-3-carboxamide (30)

 

General procedure A was followed to give the compound 30 as an off-white amorphous
solid (0.012 g, 10%). 1H NMR (400 MHz, CDCl3) δ 9.14 (br s, 1H), 8.62 (d, J = 2.3 Hz, 1H),
8.32 (d, J = 8.7 Hz, 1H), 7.99 (dd, J = 8.7, 2.4 Hz, 1H), 7.34 (s, 2H), 3.56 (s, 2H). 13C NMR
(101 MHz, CDCl3) δ 171.3, 156.7, 153.6, 152.6, 146.0, 144.5 (q, JC,F = 40.4 Hz), 143.9, 136.2
(q, JC,F = 33.3 Hz), 124.3, 123.9, 113.6, 87.0, 42.4. HRMS (ESI+): calculated 495.8643
(C15H9Br2F3N3O3), found 495.8941. LC-MS: [M + H]+ m/z 496 and 498 (tR = 5.30 and
5.15 min), >97%.

7,9-Dibromo-8-oxo-N-[6-(trifluoromethyl)pyridin-3-yl]-1-oxa-2-azaspiro[4.5] deca-2,6,9-

triene-3-carboxamide (31)

 

General procedure A was followed to give the compound 31 as an off-white amorphous
solid (0.015 g, 13%). 1H NMR (400 MHz, d6-acetone) δ 10.09 (br s, 1H), 9.14 (d, J = 2.4 Hz, 1H),
8.55 (dd, J = 8.7, 2.5 Hz, 1H), 7.87 (d, J = 8.6 Hz, 1H), 7.78 (s, 2H), 3.80 (s, 2H). 13C NMR
(101 MHz, d6-acetone) δ 172.3, 158.7 (m), 155.8 (m), 146.7, 143.4 (q, JC,F = 34.7 Hz), 142.6 (m),
138.5 (m), 128.4 (m), 123.4, 122.8 (q, JC,F = 272.6 Hz), 121.9 (q, JC,F = 2.9 Hz), 87.5, 43.4.
HRMS (ESI+): calculated 495.8943 (C15H9Br2F3N3O3), found 495.8948. LC-MS: [M + H]+

m/z 496 and 498 (tR = 4.80 and 4.72 min), >91%.
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8-Oxo-N-[2-(pyridin-2-yl)ethyl]-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (32)

 

General procedure A was followed to give the compound 32 as an off-white amor-
phous solid (0.076 g, 91%). 1H NMR (400 MHz, CDCl3) δ 8.59–8.54 (m, 1H), 7.71 (app. t, 1H),
7.65 (td, J = 7.7, 1.8 Hz, 1H), 7.21–7.19 (m, 1H), 7.19–7.16 (m, 1H), 6.87–6.81 (m, 2H),
6.29–6.23 (m, 2H), 3.81 (dt, J = 6.8, 5.9 Hz, 2H), 3.39 (s, 2H), 3.07 (t, J = 6.3 Hz, 2H). 13C NMR
(101 MHz, CDCl3) δ 184.5, 159.0, 158.6, 153.9, 149.4, 144.1, 137.0, 129.3, 123.6, 121.9, 82.7,
43.8, 38.6, 36.5. HRMS (ESI+): calculated 298.1192 (C16H16N3O3), found 298.1191. LC-MS:
[M + H]+ m/z 298 (tR = 0.74, salt and 1.15 min), >99%.

7,9-Dibromo-8-oxo-N-[2-(pyridin-2-yl)ethyl]-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-

carboxamide (33)

 

General procedure B was followed to give the compound 33 as a white amorphous
solid (0.062 g, 24%). 1H NMR (400 MHz, CDCl3) δ 8.59–8.54 (m, 1H), 7.79 (app. t, 1H),
7.64 (td, J = 7.7, 1.8 Hz, 1H), 7.30 (s, 2H), 7.21–7.15 (m, 2H), 3.81 (q, J = 6.0 Hz, 2H), 3.47 (s, 2H),
3.06 (t, J = 6.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 171.5, 159.1, 158.0, 154.1, 149.5,
144.6, 136.9, 123.8, 123.5, 122.0, 85.8, 43.4, 38.7, 36.4. HRMS (ESI+): calculated 453.9402
(C16H14Br2N3O3), found 453.9403. LC-MS: [M + H]+ m/z 454 (tR = 2.27 min), >90%.

7,9-Dibromo-8-oxo-N-[2-(pyridin-3-yl)ethyl]-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-

carboxamide (34)

 

General procedure A was followed to give the compound 34 as an off-white solid
(0.075 g, 39%). 1H NMR (400 MHz, d6-DMSO) δ 8.72 (t, J = 5.8 Hz, 1H), 8.44 (dq, J = 6.5, 2.6,
1.7 Hz, 2H), 7.80 (s, 2H), 7.66 (dt, J = 7.8, 2.0 Hz, 1H), 7.33 (ddd, J = 7.8, 4.8, 0.9 Hz, 1H),
3.54 (s, 2H), 3.48–3.38 (m, 2H), 2.83 (t, J = 7.2 Hz, 2H). 13C NMR (101 MHz, d6-DMSO) δ
171.6, 158.2, 154.9, 149.8, 147.5, 146.7, 146.7, 136.1, 134.6, 123.4, 121.6, 85.2, 43.1, 31.7. HRMS
(ESI+): calculated 492.9199 (C16H14Br2N3O3), found 492.9197. Mp: 202–205 ◦C.
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8-Oxo-N-(pyridin-3-ylmethyl)-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carboxamide (35)

 

General procedure B was followed to give the compound 35 as a white amorphous
solid (0.13 g, 61%). 1H NMR (400 MHz, d6-acetone) δ 8.59 (dd, J = 2.3, 0.9 Hz, 1H),
8.48 (dd, J = 4.8, 1.7 Hz, 1H), 8.36 (br s, 1H), 7.80–7.75 (m, 1H), 7.32 (ddd, J = 7.9, 4.8, 0.9 Hz,
1H), 7.14–7.05 (m, 2H), 6.25–6.15 (m, 2H), 4.55 (d, J = 6.3 Hz, 2H), 3.50 (s, 2H). 13C NMR
(101 MHz, d6-acetone) δ 184.9, 159.9, 155.1, 150.3, 149.4, 145.9, 136.1, 135.4, 129.2, 124.2,
83.2, 44.2, 41.2. HRMS (ESI+): calculated 284.1035 (C15H14N3O3), found 284.1032. LC-MS:
[M + H]+ m/z 284 (tR = 0.68 min), >99%.

7,9-Dibromo-8-oxo-N-(pyridin-3-ylmethyl)-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-

carboxamide (36)

 

General procedure B was followed to give 36 as a white amorphous solid (0.068 g,
55%). 1H NMR (400 MHz, d6-DMSO) δ 8.53 (dd, J = 2.3, 0.9 Hz, 1H), 8.47 (dd, J = 4.8,
1.7 Hz, 1H), 7.83 (s, 2H), 7.74–7.68 (m, 1H), 7.36 (ddd, J = 7.8, 4.8, 0.9 Hz, 1H), 4.39 (s, 2H),
3.57 (s, 2H). 13C NMR (101 MHz, d6-DMSO) δ 171.6, 158.4, 158.4, 154.9, 154.8, 148.9, 148.2,
146.7, 135.3, 134.3, 134.3, 123.4, 121.6, 85.4, 43.0, 40.0. HRMS (ESI+): calculated 439.9245
(C15H12Br2N3O3), found 439.9244. LC-MS: [M + H]+ m/z 440 (tR = 2.08 min), >94%.

8-Oxo-N’-picolinoyl-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carbohydrazide (37)

 

General procedure A was followed to give the compound 37 as an off-white solid (0.025 g,
16%). 1H NMR (400 MHz, d6-DMSO) δ 10.71 (br s, 1H), 10.65 (br s, 1H), 8.75–8.67 (m, 1H),
8.10–8.00 (m, 2H), 7.69–7.63 (m, 1H), 7.22–7.13 (m, 2H), 6.31–6.22 (m, 2H), 3.54 (s, 2H).
13C NMR (101 MHz, d6-DMSO) δ 184.5, 163.0, 157.8, 153.2, 149.1, 148.7, 145.6, 137.9, 128.2,
127.1, 122.5, 81.6, 43.3. HRMS (ESI+): calculated 313.0937 (C15H13N4O4), found 313.0937.
LC-MS: [M + H]+ m/z 313 (tR = 1.51 min), >93%. Mp: 191–193 ◦C.
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7,9-Dibromo-8-oxo-N’-picolinoyl-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carbohydrazide (38)

 

General procedure A was followed to give the compound 38 as an off-white solid (0.1 g,
50%). 1H NMR (400 MHz, d6-DMSO) δ 10.74 (s, 1H), 10.65 (s, 1H), 8.70 (dt, J = 4.7, 1.4 Hz, 1H),
8.08–7.99 (m, 2H), 7.88 (s, 2H), 7.71–7.63 (m, 1H), 3.63 (s, 2H). 13C NMR (101 MHz, d6-
DMSO) δ 171.7, 163.0, 157.5, 153.6, 149.0, 148.6, 146.7, 137.9, 127.1, 122.5, 121.7, 85.2, 43.5.
HRMS (ESI+): calculated 470.9128 (C15H11Br2N4O4), found 470.9129. LC-MS: [M + H]+

m/z 471 and 473 (tR = 3.14 and 3.11 min), >98%. Mp: 199–202 ◦C.

7,9-Dibromo-8-oxo-N’-picolinoyl-1-oxa-2-azaspiro[4.5]deca-2,6,9-triene-3-carbohydrazide (39)

 

General procedure A was followed to give the compound 39 as an off-white solid
(0.025 g, 14%). 1H NMR (400 MHz, d6-DMSO) δ 10.73 (br s, 2H), 9.06–9.01 (m, 1H),
8.78 (dd, J = 4.9, 1.7 Hz, 1H), 8.23 (ddd, J = 8.0, 2.3, 1.7 Hz, 1H), 7.88 (s, 2H), 7.62–7.53 (m, 1H),
3.64 (s, 2H). 13C NMR (101 MHz, d6-DMSO) δ 171.6, 164.1, 157.7, 153.5, 152.6, 148.4, 146.6,
135.2, 128.0, 123.7, 121.77, 85.2, 43.0. HRMS (ESI+): calculated 470.9128 (C15H11Br2N4O4),
found 470.9127. LC-MS: [M + H]+ m/z 471 and 473 (tR = 2.48 and 2.37 min), >99%.
Mp: 163–166 ◦C.

N-[3-(4-Chlorophenyl)-1-methyl-1H-pyrazol-5-yl]-8-oxo-1-oxa-2-azaspiro[4.5]deca-2,6,9-

triene-3-carboxamide (40)

 

General procedure A was followed to give the compound 40 as an off-white solid (0.021 g,
18%). 1H NMR (400 MHz, CDCl3) δ 8.25 (br s, 1H), 7.74–7.68 (m, 2H), 7.40–7.33 (m, 2H),
6.91–6.87 (m, 2H), 6.67 (s, 1H), 6.36–6.31 (m, 2H), 3.86 (s, 3H), 3.48 (s, 2H). 13C NMR
(101 MHz, CDCl3) δ 184.0, 156.2, 152.9, 149.2, 143.1, 134.9, 133.7, 131.5, 129.6, 128.8, 126.6,
96.9, 83.8, 42.8, 35.8. HRMS (ESI+): calculated 383.0911 (C19H16ClN4O3), found 383.0911.
LC-MS: [M + H]+ m/z 383 and 385 (tR = 4.21 and 4.14min), >99%.
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7,9-Dibromo-N-[3-(4-chlorophenyl)-1-methyl-1H-pyrazol-5-yl]-8-oxo-1-oxa-2-azaspiro[4.5]

deca-2,6,9-triene-3-carboxamide (41)

 

General procedure A was followed to give the compound 41 as an off-white solid
(0.075 g, 35%). 1H NMR (400 MHz, d6-DMSO) δ 10.74 (br s, 1H), 7.88 (s, 2H), 7.85–7.76 (m, 2H),
7.50–7.42 (m, 2H), 3.74 (s, 3H), 3.65 (s, 2H). 13C NMR (101 MHz, d6-DMSO) δ 171.6,
157.6, 154.6, 147.1, 146.4, 136.4, 132.0, 132.0, 128.7, 126.5, 121.9, 98.3, 85.9, 42.8, 36.0.
Mp: 251–254 ◦C. HRMS (ESI+): calculated 538.9121 (C19H14Br2ClN4O3), found 538.9120.
LC-MS: [M + H]+ m/z 541 (tR = 5.29 min), >99%.

7,9-Dibromo-8-oxo-N-(4,5,6,7-tetrahydrobenzo[d]thiazol-2-yl)-1-oxa-2-azaspiro[4.5]deca-

2,6,9-triene-3-carboxamide (42)

 

General procedure A was followed to give the compound 42 as a pale yellow solid
(0.085 g, 40%). 1H NMR (400 MHz, d6-acetone) δ 10.92 (br s, 1H), 7.78 (s, 2H), 3.79 (s, 2H),
2.72–2.69 (m, 2H), 2.62–2.59 (m, 2H), 1.84 (p, J = 3.2 Hz, 4H). 13C NMR (101 MHz, d6-acetone)
δ 172.29, 157.75, 155.14, 155.10, 146.75, 145.21, 123.69, 123.34, 87.35, 43.40, 29.84, 26.92, 24.02,
23.67, 23.33. HRMS (ESI+): calculated 487.9102 (C16H14Br2N3O3S), found 487.9109. LC-MS:
[M + H]+ m/z 488 and 490 (tR = 4.92 and 5.03 min), >99%. Mp: 185–190 ◦C.

5. Conclusions

In summary, the highest cytotoxicity against the A-375 cell line was observed in
2,4-dichloro compound 18 (CC50 0.4 ± 0.3 μM, SI 2) and the highest SI (2.4) was observed
for the pyridin-2-yl derivative 29 and hydrazide analog of 2-picoline 37. The results
of these spirocyclic clavatadine analogs provide a path for further mechanistic studies
and optimization of simplified spirocyclic bromotyrosine derivatives to understand the
elements of their SARs and improve the selectivity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19070400/s1. Experimental data: 1H and 13C spectra of all compounds.
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Abstract: Brefeldin A (1), a potent cytotoxic natural macrolactone, was produced by the marine
fungus Penicillium sp. (HS-N-29) from the medicinal mangrove Acanthus ilicifolius. Series of its ester
derivatives 2–16 were designed and semi-synthesized, and their structures were characterized by
spectroscopic methods. Their cytotoxic activities were evaluated against human chronic myeloge-
nous leukemia K562 cell line in vitro, and the preliminary structure–activity relationships revealed
that the hydroxy group played an important role. Moreover, the monoester derivatives exhibited
stronger cytotoxic activity than the diester derivatives. Among them, brefeldin A 7-O-2-chloro-4,5-
difluorobenzoate (7) exhibited the strongest inhibitory effect on the proliferation of K562 cells with an
IC50 value of 0.84 μM. Further evaluations indicated that 7 induced cell cycle arrest, stimulated cell
apoptosis, inhibited phosphorylation of BCR-ABL, and thereby inactivated its downstream AKT sig-
naling pathway. The expression of downstream signaling molecules in the AKT pathway, including
mTOR and p70S6K, was also attenuated after 7-treatment in a dose-dependent manner. Furthermore,
molecular modeling of 7 docked into 1 binding site of an ARF1–GDP-GEF complex represented
well-tolerance. Taken together, 7 had the potential to be served as an effective antileukemia agent or
lead compound for further exploration.

Keywords: brefeldin A; ester derivative; chronic myelogenous leukemia; BCR-ABL; proliferation
inhibition; molecular modeling

1. Introduction

Chronic myelogenous leukemia (CML) is characterized by the translocation of chromo-
somes 9 and 22, which generates the BCR-ABL fusion oncogene with constitutively active
tyrosine kinase [1]. This aberrant tyrosine kinase exerts its oncogenic function for malignant
transformation mainly by activating multiple cellular signaling pathways, including the
PI3K/AKT, MAPK/ERK, and JAK-STAT, which also contributes to the insensitivity of
chemotherapy drugs [2,3]. Imatinib mesylate (Gleevec) was selected as the first tyrosine
kinase inhibitor (TKI) that has been proven to be an effective agent in CML treatment.
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However, the emergence of drug resistance is becoming a common problem for the failure
of imatinib treatment [4]. The second-generation TKIs, such as nilotinib, dasatinib, and
bosutinib, were then employed to overcome acquired resistance to imatinib [5–7]. Though
they show a significant effect on imatinib-resistant patients, the effect on those patients
carrying T315I mutation is limited [8]. Therefore, novel agents to improve therapeutic
outcomes of CML are needed urgently.

Marine secondary metabolites with novel structures and wide-ranging biological ac-
tivities have been proven to be rich sources of chemical entities for drug discovery [9,10].
Brefeldin A (BFA, 1, Figure 1), a 13-membered macrolactone with a cyclopentane sub-
stituent, was first isolated from Penicillium decumbens in 1958 [11] and subsequently
identified as a metabolite from the marine-derived fungus Penicillium sp. PSU-F44 [12],
Penicillium janthinellum DT-F29 [13,14], as well as Penicillium sp. (CGMCC No.17193) re-
cently published by our group [15], which is the same as marine fungus Penicillium sp.
(HS-N-29) described here. BFA (1) impairs the small G-protein ARF1 (ADP ribosylation
factor 1) activation by hindering its association with its large guanine nucleotide exchange
factor (GEF) enzyme [16,17], which induces the breakdown of vesicle-mediated protein
transport, thus, causes the Golgi complex redistributing into the endoplasmic reticulum
(ER) [18–20]. Structural insights into the uncompetitive inhibitory mechanism of 1 conduct
to an abortive pentameric ARF1–Mg2+–GDP–BFA–Sec7 complex, and 1 was described as
an interfacial inhibitor [21]. Previous studies reported that 1 showed obvious anticancer ac-
tivity in a variety of cancers, including colorectal, prostate, lung, and breast cancers [22,23],
which has been touted as a promising lead molecule for anticancer drug development.
However, 1 showed some undesirable limitations due to its low bioavailability, high toxicity,
and poor pharmacokinetics [24,25]. Therefore, it is of great necessity to synthesize the
derivatives of 1 with kept or enhanced potency and decreased toxicity simultaneously.
In fact, a number of derivatives of 1 have been reported in conjunction with anticancer
investigations [25–31]. The existing information on structure–activity relationships (SARs)
of 1 indicated the significant influences of α, β-unsaturated lactone, alkenes, and conforma-
tional rigidity of the molecule on its cytotoxicity [26,30]. Most of the derivatives generated
in the way that alters the above moiety of the structure showed no or reduced biological
activity compared with 1 [27,28]. However, sulfide and sulfoxide prodrugs of 1 showed
promising antitumor effects both in vitro and in vivo due to its yield of an intact pharma-
cophore of 1 after drug metabolism [29]. Moreover, C15-substituted analogs were also
reported to exhibit significant activities tested at the NCI [31]. Previous studies outlined
the ester derivatives at 4-OH or 7-OH group of 1 generally displayed excellent cytotoxicity
against different cancer cell lines [23,25]. However, the lack of a clear understanding of
1 and its derivatives in CML cells inhibition limits its usefulness as a lead compound for
antileukemia agents. The detailed mechanism supporting the antileukemia effect of 1 and
its derivatives needs to be further elucidated. That provides a rational and effective strategy
for structure modification and mechanism study.

Figure 1. Synthesis of the derivatives 2–16 of brefeldin A (1).

In the present study, the crude extracts of 55 marine fungal strains from the medicinal
mangrove Acanthus ilicifolius were evaluated, and the potent natural compound 1 was
discovered in the extract of the Penicillium sp. (HS-N-29) strain under the guidance of
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cytotoxic activity. Our focus was to design and synthesize a series of new derivatives
(2–16) of 1, and evaluate their cytotoxicities against K562 cells. Of them, compound 7, the
most active one, arrested cell cycle at G0/G1 phase, stimulated caspase-dependent cell
apoptosis, inhibited phosphorylation of BCR-ABL, and thereby inactivated its downstream
AKT signaling pathway. The present results provided evidence that 7 exhibited the great
potential to be developed as an antileukemia agent.

2. Results and Discussion

2.1. Chemistry

The excellent cytotoxic activity, along with poor pharmacokinetic properties of 1,
prompted us to semi-synthesize a series of derivatives to explore the potency of this class of
molecules. Natural 1 was obtained by fermentation of the Penicillium sp. (HS-N-29) strain.
Detailly, the fungal strain HS-N-29 was cultivated in a PDB medium (200.0 g of potato,
20.0 g of glucose in 1 L of seawater) at 28 ◦C with shaking for 2 weeks, and subsequently
extracted with EtOAc. The EtOAc extract was subjected to silica gel and then recrystallized
to produce compound 1. The structure of 1 was confirmed by NMR data analysis compared
with the literature [30] and single-crystal X-ray diffraction analysis.

Given that both the aryl esters and C15-aryl-substituted analogs of 1 displayed ef-
ficient cytotoxicities [25,31], as well as halogen substitution played an important role in
the regulation of diverse bioactivities of compounds [32,33], the semi-synthesis of var-
ious halogenated benzoic acids of 1 was carried out and outlined in Figure 1. Simply,
compound 1 reacted with different halogen-substituted benzoic acids in the presence of
4-dimethylaminopyridine (DMAP, catalyst) and 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDCl, dehydrating agent) afforded thirteen new ester deriva-
tives 4–16 and two known derivatives 2–3. All of them were separated by using repeated
reversed-phase silica column chromatography combined with semi-preparative HPLC. The
structures of new compounds were characterized by 1H NMR, 13C NMR, and HRESIMS.
It is worth noting that the position of esterification at 4-OH or 7-OH was the key point to
structural identification, which was distinguished by the changes of their corresponding
chemical shift (δ) values of H-4 or H-7. It followed such a regular pattern that the δ value of
H-4 or H-7 shifted by nearly 1–1.5 ppm downfield after esterification. Three corresponding
derivatives 7, 8, and 9 of 2-chloro-4,5-difluorobenzoic acid were used to illustrate the de-
tailed structural determination (Figure 2). In detail, comparisons of their partial 1H NMR
spectra with that of 1 in the interval of δH 4.0–8.0 ppm, where the key proton signals ap-
peared, the chemical shift of H-7 in 7-monoester derivative 7 shifted from 4.34 to 5.38 ppm
with a slight deviation on the chemical shift of H-4 (δH 4.16 in 7, δH 4.11 in 1). Meanwhile,
the chemical shift of H-4 in 4-monoester derivative 8 shifted from 4.11 to 5.48 ppm with
no difference in the chemical shift of H-7 (δH 4.33 in 8, δH 4.33 in 1). The chemical shifts of
H-4 and H-7 in 4,7-diester derivative 9 shifted from 4.11 to 5.56 ppm and 4.34 to 5.41 ppm,
respectively. On this basis, the structures of all the derivatives were confirmed.

2.2. Biological Evaluation
2.2.1. Cytotoxic Activity

The cytotoxicity of the natural product 1 together with its derivatives 2–16 were
evaluated against human chronic myelogenous leukemia cell line K562 with doxorubicin
as a positive control. The results showed that the mono-substituted derivatives displayed
moderate to strong cytotoxicity against K562 cells with IC50 values ranging from 0.84 to
2.49 μM (Table 1). Strikingly, the inhibitory effects of 4, 5, and 7 were superior to that of
other compounds (2, 6, 8, 10, 11, 13, and 14) with the IC50 values of 0.91, 0.91, and 0.84 μM,
respectively. Generally, the activity of 4-mono- or 7-monoester derivatives evidenced no
obvious distinction. Decreased cytotoxicity was observed on derivatives 3, 9, 12, and 15

with di-substitution of both -OH groups at positions C4 and C7, indicating that the -OH
groups played an important role in cytotoxic property. Moreover, in comparison to 2, a
stronger activity was observed on 5, 7, 10, and 13, which indicated that the introduction
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of fluorine or chlorine atoms contributed to the cytotoxicity to some extent, but it was not
affected by the number and position of halogen atoms. Significantly, derivative 7 with the
structure featuring a 2-chloro-4,5-difluoro-substituted benzene ring greatly suppressed
K562 cells growth with an IC50 value of 0.84 μM, which was better than that of other
compounds and slightly lower than that of 1 (IC50 ratio 7/1 = 3.5, in the same order of
magnitude). Given that the aqueous solubility of the compound may be more important
to be considered in terms of drug testing, as well as drug administration, the solubility
measurement of 7 was also indicated. Strikingly, 7 possessed improved water solubility
(220 μg/mL), which was more than 3-fold higher than that of 1 (72 μg/mL). Therefore, it
represented a potential promising lead compound and encouraged us to further investigate
the possible cellular mechanisms of 7.

Figure 2. The partial stacking 1H NMR spectra of 1 and its derivatives 7–9.

2.2.2. Compound 7 Inhibited the Proliferation of K562 Cells

To elucidate the inhibitory efficacy of 7, the cell viability was detected using an MTT
assay. Cultured K562 cells were treated with 7 for 24, 48, and 72 h, and the data showed
that the 7-treated group markedly decreased the cell viability in a concentration- and
time-dependent manner, with IC50 values of 6.69 and 0.84 μM at 48 and 72 h, respectively
(Figure 3A). Meanwhile, the long-term effects of 7 on K562 cells proliferation were deter-
mined with a colony formation assay in soft agar, an in vitro indicator of malignancy. As
shown in Figure 3B,C, treatment of K562 cells with 7 (0–2 μM) for 12 days dose-dependently
reduced the formation of colonies, indicating the antileukemia activity of 7. Collectively,
these results indicated that 7 inhibited the proliferation of K562 cells in vitro.

2.2.3. Compound 7 Induced G0/G1 Phase Cell Cycle Arrest in K562 Cells

To explore the underlying mechanisms leading to growth inhibition further, we ana-
lyzed the effect of 7 on the cell cycle distribution of K562 cells. The results showed that 7

induced moderate G0/G1 phase arrest in K562 cells at the concentration of 4 μM. In the
control group, the cells in G0/G1 phase represented 41.5%, and it increased to 54.3% in
the 7-treated group. Correspondingly, the cells in the S phase were decreased after being
treated by 7 (Figure 4A,B). It is worth mentioning that was totally different from BFA induc-
ing G2/M phase cell cycle arrest in K562 cells [34]. Collectively, cell cycle arrest in G0/G1
phase may at least in part account for 7-induced proliferation inhibition in K562 cells.
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Table 1. Cytotoxic activity of 1 and its derivatives 2–16.

Compounds IC50 (μM) a Compounds IC50 (μM) a

Structure Substituents K562 Structure Substituents K562

brefeldin A 1 R1 = R2 = H 0.24 10 R1 = H, R2 = R 1.07

2 R1 = H, R2 = R 2.49 11 R1 = R, R2 = H 1.33

3 R1 = R2 = R 4.71 12 R1 = R2 = R >10

4 R1 = R, R2 = H 0.91 13 R1 = H, R2 = R 1.11

5 R1 = H, R2 = R 0.91 14 R1 = R, R2 = H 1.76

6 R1 = R, R2 = H 1.22 15 R1 = R2 = R
>10

7 R1 = H, R2 = R 0.84 16 R1 = H, R2 = R >10

8 R1 = R, R2 = H 2.06 Doxorubicin 0.06

9 R1 = R2 = R >10

Note: a Results were the average of three independent experiments, each performed in duplicate. Standard
deviations were less than ± 10%.

Figure 3. Compound 7 inhibited the proliferation of K562 cells. (A) Proliferation inhibition rates
(%) of 7 against K562 cells. K562 cells were treated with 7 (0–10 μM) for 24–72 h. Cell viability
was subjected to MTT assay. (B) Effect of 7 on soft agar colony formation of K562 cells. K562 cells
were treated with 0–2 μM of 7 for indicated time. Cell proliferation was determined by colony
formation. (C) Quantification of the colonies in soft agar. Values are expressed as mean ± SD of three
independent experiments. ** p < 0.01, versus control.
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Figure 4. Compound 7 arrested cell cycle at G0/G1 phase. (A) Effect of compound 7 on cell cycle
distribution. K562 cells after 36 h treatment with 0–4 μM of 7 were collected, washed, fixed, strained,
and measured using Muse Cells Analyzer. (B) The histogram represented the cell cycle distributions
in samples treated with or without 7. Data are presented as mean ± SD of three independent
experiments, ** p < 0.01, compared to the control.

2.2.4. Compound 7 Induced Caspase-Dependent Apoptosis in K562 Cells

To determine whether the proliferative inhibition induced by 7 was attributed to
apoptosis, K562 cells were treated with 7 at different concentrations for 24 h, followed
by Annexin V-PE/7-AAD staining measured with flow cytometry. Compound 7 induced
dose-dependent apoptosis with the apoptotic cells increased from 4.14% (in the control
group) to 24.31% at the concentration of 4 μM (Figure 5A,B). The proapoptotic effect of
7 was also evidenced by the elevated apoptosis markers C-Cas 3, C-Cas 9, and C-PARP
(Figure 5C,D). To further confirm whether caspases activation was involved in 7-induced
cell apoptosis, pan-caspase inhibitor Z-VAD-fmk was used to observe the attenuation
of apoptotic cells. Consist with our hypothesis, 7-stimulated apoptosis was attenuated
significantly in the presence of Z-VAD-fmk (Figure 5E). These results demonstrated that
compound 7 induced caspase-dependent apoptosis in K562 cells.

2.2.5. Compound 7 Inactivated BCR-ABL and Affected Its Downstream Signaling
Pathways in K562 Cells

With the aim of obtaining insights into the potential mechanisms underlying 7-induced
inhibition of cell proliferation in K562 cells, the activation of BCR-ABL was first examined
since CML cells were highly dependent on the presence of BCR-ABL [35]. The results sug-
gested that 7 downregulated the total and phosphorylation levels of BCR-ABL (Figure 6A),
which consisted of BFA reported as a functional inhibitor and degrader of BCR-ABL in
our previous work [34]. The alternation of the key downstream signaling pathways of
BCR-ABL was further explored, including AKT/mTOR/S6K1 and MAPK/ERK pathways,
which were also important intracellular signaling pathways in tumorigenesis [36]. BFA
(1) was also found to decrease the downstream signaling pathways of BCR-ABL, such as
p-Akt and p-STAT5, while increased p-ERK in K562 cells [34]. AKT/mTOR/S6K1 pathway
is a critical way for enhanced survival of BCR-ABL in leukemia cells, and many anticancer
agents exert their anticancer effect by blocking this signal pathway and consequently en-
hancing apoptosis [37–39]. Therefore, the inactivation of key molecules in this pathway
could be effective in CML treatment. For example, PI3K inhibitor LY294002 sensitized CML
cells to nilotinib and increased apoptosis [40]. PI3K and mTOR inhibitor NVP-BEZ235
in combination with imatinib or nilotinib induced significant proliferation inhibition and
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apoptosis in BCR-ABL-positive cell lines [41]. The Western blot analysis indicated that
7 significantly inhibited the phosphorylation of AKT, thus leading to the downstream
inhibition of the signaling molecules mTOR and p70S6K (Figure 6B). However, 7 showed
no significant effect against the ERK1/2 signaling pathway (Figure 6C). Combined with
the differences with 1 in cell cycle arrest and signal regulation, this implied that 7 was not
a simple derivative of 1 and may have its own unique mode of action. These results sug-
gested that 7 exhibited its antileukemia effect via at least partially inhibiting the activation
of BCR-ABL and subsequently inactivating the downstream AKT/mTOR/S6K1 signaling
pathway in K562 cells.

Figure 5. Compound 7 induced apoptosis in K562 cells. (A) Annexin V-PE/7-AAD staining in K562
cells incubated with 0–4 μM of 7 for 24 h was measured by Muse Cell Analyzer. (B) The bar graph
depicted the percentage of apoptotic cells induced by 7. Data are presented as mean ± SD for three
independent experiments. * p < 0.05, ** p < 0.01, versus control. (C) Effect of 7 on apoptosis-related
proteins. K562 cells were treated with vehicle or 7 at 0–4 μM for 36 h. Western blotting was performed
to analyze the expression of C-Cas 3, C-Cas 9, and C-PARP. GAPDH was immunoblotted as a loading
control. (D) Histograms show the relative abundance of the aimed bands to the control group. Data
are presented as mean ± SD for three independent experiments. * p < 0.05, ** p < 0.01, versus control.
(E) Pan caspase inhibitor Z-VAD-fmk significantly attenuated 7-induced cell death. K562 cells were
pretreated with or without Z-VAD-fmk for 1 h followed by incubation with various concentrations
of 7 for 48 h, and then cells were subjected to MTT assay. Data are expressed as mean ± SD (n = 3).
** p < 0.01, versus 7 alone.

2.3. Molecular Modeling and Ligand Docking of Compound 7 into the Binding Site of 1

Given insights into the observation published by Renault et al. (PDB ID: 1R8Q) that
the exquisite structural and chemical fit of 1 to the ARF–GDP-GEF interface accounted for
its biological specificity [17], the structure of 7 was also investigated by molecular modeling
to determine how well it would be tolerated in this pocket and whether it would fulfill the
binding interactions necessary for inhibiting the GDP/GTP nucleotide exchange. Docking
experiments were carried out with the X-ray crystal structure of the ARF1–GDP–Mg2+–
BFA–ARNO complex [17] using the software Molecular Operating Environment (MOE).
Thus, 7 was modeled into the binding site between ARF1 and ARNO, overlapping with the
structure of 1, which was then deleted (Figure 7A). The result showed that compound 7

was well tolerated in the active site of 1 (Figure 7B,C) and achieved a little higher docking
score than 1, indicating a good geometric fit in the binding pocket.
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Figure 6. Compound 7 inhibited the activation of AKT/mTOR signaling pathway. (A) 7 induced the
total and phosphorylated BCR-ABL inhibition. K562 cells were treated with indicated concentrations
of 7 for 36 h, and the protein levels of BCR-ABL and p-BCR-ABL were subjected to Western blotting.
(B) AKT/mTOR/S6K1 pathways were inactivated by 7. Cells were treated as described before; then,
the total and phosphorylated expression of AKT, mTOR, and p70S6K were evaluated by Western
blotting. (C) Effect of 7 on ERK activation. K562 cells were treated as described above, and the protein
levels of ERK and p-ERK were detected by Western blotting.

Figure 7. (A) Overlay of the docked pose of BFA (1, green) and BFA 7-O-2-chloro-4,5-difluorobenzoate
(7, yellow) in the ARF1–GDP–GEF interface. (B) Crystal structure of 1 in the ARF1–GDP–GEF inter-
face. (C) Model of 7 in the ARF1–GDP–GEF interface. Guanosine-3′-monophosphate-5′-diphosphate
(GDP), purple; Mg2+ ion, pink; ARF1, gray; GEF, blue.

3. Materials and Methods

3.1. General Experimental Procedures

NMR spectra were recorded on a JEOL JEM-ECP NMR spectrometer. Chemical shifts
δ are reported in ppm, using TMS as internal standard, and coupling constants (J) are in
Hz. HRESIMS and ESIMS spectra were obtained from a Micromass Q-TOF spectrometer.
Single-crystal data were measured on an Agilent Gemini Ultra diffractometer (Cu Kα
radiation). UPLC-MS was performed on Waters UPLC® system (Waters Ltd., Milford,
MA, USA) using a C18 column [(Waters Ltd.) ACQUITY UPLC® BEH C18, 2.1 × 50 mm,
1.7 μm; 0.5 mL/min] and ACQUITY QDa ESIMS scan from 150 to 1000 Da. Silica gel (Qing
Dao Hai Yang Chemical Group Co., Qingdao, China; 200–300 mesh) and Sephadex LH-20
(Amersham Biosciences, Amersham, UK) were used for column chromatography (CC).
TLC silica gel plates (Yan Tai Zi Fu Chemical Group Co., Yantai, China; G60, F-254) were
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used for thin-layer chromatography. Semi-preparative HPLC was operated on a Waters
1525 system using a semi-preparative C18 (Kromasil, 5 μm, 10 × 250 mm) column equipped
with a Waters 2996 photodiode array detector, at a flow rate of 2.0 mL/min.

3.2. Fungal Material

The fungal strain Penicillium sp. (HS-N-29) was isolated from a piece of fresh tissue
from the inner part of the medicinal mangrove Acanthus ilicifolius collected from the South
China Sea. The strain was identified according to a molecular biological protocol by DNA
amplification and sequencing of the ITS region as described in the literature [42]. The
fungal strain was identified as Penicillium sp. with the accession number MW178203.

3.3. Fermentation, Extraction, and Isolation

The fungal strain was cultivated in 50 L of PDB medium (200.0 g of potato, 20.0 g of
glucose in 1 L of seawater, in 500 mL Erlenmeyer flasks, each containing 250 mL of culture
broth) at 28 ◦C with shaking for 2 weeks. The fungal culture was filtered and extracted three
times with EtOAc. The EtOAc extract was combined and concentrated under vacuum to
afford a dry crude extract (55.0 g). This extract was fractionated into five fractions (Fr.1–Fr.5)
by silica gel VLC with a stepwise gradient of petroleum ether-EtOAc. Subsequently, Fr.3
(25.0 g) was separated into four subfractions (Fr.3-1–Fr.3-4) by silica gel CC (200–300 mesh)
with a step gradient of petroleum ether-EtOAc from 3:1 to 0:1 (v/v). Fr.3-2 was further
purified by semipreparative HPLC (70% MeCN–H2O) and then recrystallized to produce 1

(2.3 g, Figures S1–S3).

3.4. General Synthetic Methods for Compounds 2–16

Benzoic acid-derived reagent (1–2 equivalent) was added to a solution of 1 (50.0 mg,
0.18 mmol), DMAP (21.8 mg, 0.18 mmol), and EDCl (110.7 mg, 0.71 mmol) in 15 mL dry
dichloromethane (DCM). The reaction mixture was stirred at 45 ◦C, and the progress of
the reaction was monitored by silica gel TLC and UPLC-MS. After 1–3 h, the reaction
mixture was quenched with water and diluted with DCM. The organic layer was separated,
and the solvent was removed under reduced pressure. The residue was purified by silica
gel CC followed by semi-preparative HPLC to yield unreacted 1 and derivatives 2–16

(Figures S4–S48).
Brefeldin A 7-O-benzoate (2): Known compound. Colorless oil; yield 11%; 1H NMR

(400 MHz, CDCl3) δ 8.03–7.98 (2H, overlapped), 7.56 (1H, m), 7.47–7.43 (2H, overlapped),
7.37 (1H, dd, J = 15.7, 3.1 Hz), 5.94 (1H, dd, J = 15.7, 1.9 Hz), 5.73 (1H, m), 5.40 (1H, m), 5.26
(1H, dd, J = 15.2, 9.0 Hz), 4.86 (1H, m), 4.17 (1H, m), 2.53–2.33 (3H, overlapped), 2.06–1.96
(2H, overlapped), 1.92 (1H, m), 1.88–1.80 (2H, overlapped), 1.77–1.70 (2H, overlapped), 1.53
(1H, m), 1.26 (3H, d, J = 6.2 Hz), 0.96 (1H, m); 13C NMR (100 MHz, CDCl3) δ 166.3 (C = O),
166.3 (C = O), 151.6 (CH), 136.1 (CH), 133.1 (CH), 131.1 (CH), 130.6 (C), 129.7 (CH × 2),
128.5 (CH × 2), 117.9 (CH), 76.1 (CH), 76.0 (CH), 71.9 (CH), 52.6 (CH), 44.1 (CH), 40.3 (CH2),
38.9 (CH2), 34.2 (CH2), 32.0 (CH2), 26.8 (CH2), 21.0 (CH3). ESIMS m/z 407.4 [M + Na]+.

Brefeldin A 4,7-O-dibenzoate (3): Known compound. Colorless oil; yield 43%; 1H
NMR (500 MHz, CDCl3) δ 8.09–8.00 (4H, overlapped), 7.61–7.54 (2H, overlapped), 7.48–7.42
(4H, overlapped), 7.38 (1H, dd, J = 15.6, 3.4 Hz), 5.85–5.75 (2H, overlapped), 5.58 (1H, ddd,
J = 10.4, 3.4, 1.9 Hz), 5.42 (1H, m), 5.34 (1H, dd, J = 15.2, 9.5 Hz), 4.87 (1H, m), 2.64 (1H, m),
2.48 (1H, m), 2.38 (1H, m), 2.28 (1H, m), 2.03 (1H, m), 1.92–1.84 (3H, overlapped), 1.81 (1H,
m), 1.75 (1H, m), 1.55 (1H, m), 1.25 (3H, d, J = 6.1 Hz), 0.97 (1H, m); 13C NMR (100 MHz,
CDCl3) δ 166.1 (C = O), 165.8 (C = O), 165.5 (C = O), 147.3 (CH), 135.9 (CH), 133.6 (CH),
133.1 (CH), 131.4 (CH), 130.6 (C), 129.9 (CH × 2), 129.7 (CH × 2), 129.6 (C), 128.7 (CH × 2),
128.6 (CH × 2), 118.7 (CH), 77.0 (CH), 76.2 (CH), 72.0 (CH), 50.5 (CH), 44.4 (CH), 40.3
(CH2), 38.8 (CH2), 34.2 (CH2), 32.0 (CH2), 26.7 (CH2), 20.9 (CH3). HRESIMS m/z 489.2263
[M + H]+ (calcd. for C30H33O6

+, 489.2272).
Brefeldin A 4-O-benzoate (4): Colorless oil; yield 33%; 1H NMR (400 MHz, CDCl3) δ

8.09–8.04 (2H, overlapped), 7.59 (1H, m), 7.49–7.42 (2H, overlapped), 7.35 (1H, dd, J = 15.7,
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3.2 Hz), 5.82–5.68 (2H, overlapped), 5.50 (1H, ddd, J = 10.5, 3.3, 1.8 Hz), 5.34 (1H, dd,
J = 15.2, 9.5 Hz), 4.84 (1H, m), 4.33 (1H, m), 2.50 (1H, m), 2.30 (1H, m), 2.24 (1H, m), 2.09–1.94
(2H, overlapped), 1.88–1.79 (2H, overlapped), 1.76–1.65 (2H, overlapped), 1.61–1.47 (2H,
overlapped), 1.23 (3H, d, J = 6.2 Hz), 0.94 (1H, m); 13C NMR (100 MHz, CDCl3) δ 165.8
(C = O), 165.6 (C = O), 147.4 (CH), 136.6 (CH), 133.5 (CH), 130.8 (CH), 129.8 (CH × 2),
129.7(C), 128.7 (CH × 2), 118.4 (CH), 77.0 (CH), 72.6 (CH), 72.0 (CH), 49.9 (CH), 44.5 (CH),
43.3 (CH2), 41.2 (CH2), 34.2 (CH2), 31.9 (CH2), 26.8 (CH2), 20.9 (CH3). HRESIMS m/z
385.2004 [M + H]+ (calcd. for C23H29O5

+, 385.2010).
Brefeldin A 7-O-(2,3,4)-trifluorobenzoate (5): Colorless oil; yield 10%; 1H NMR

(500 MHz, CDCl3) δ 7.70 (1H, m), 7.36 (1H, dd, J = 15.7, 3.2 Hz), 7.04 (1H, m), 5.92 (1H, dd,
J = 15.8, 2.0 Hz), 5.73 (1H, m), 5.43 (1H, m), 5.27 (1H, dd, J = 15.2, 9.2 Hz), 4.87 (1H, m), 4.17
(1H, m), 2.51–2.35 (3H, overlapped), 2.06–1.95 (2H, overlapped), 1.94–1.80 (3H, overlapped),
1.79–1.72 (2H, overlapped), 1.53 (1H, m), 1.26 (3H, d, J = 6.3 Hz), 0.95 (1H, m); 13C NMR
(125 MHz, CDCl3) δ 166.2 (C = O), 162.6 (C = O), 151.4 (CH), 135.9 (CH), 131.3 (CH), 126.4
(C), 126.4 (C), 126.3 (C), 126.3 (C), 118.0 (CH), 112.3 (CH), 112.2 (CH), 77.2 (CH), 76.0 (CH),
71.9 (CH), 52.5 (CH), 44.1 (CH), 40.2 (CH), 39.0 (CH2), 34.3 (CH2), 32.0 (CH2), 26.8 (CH2),
21.0 (CH3). HRESIMS m/z 439.1726 [M + H]+ (calcd. for C23H26F3O5

+, 439.1727).
Brefeldin A 4-O-(2,3,4)-trifluorobenzoate (6): Colorless oil; yield 28%; 1H NMR

(500 MHz, CDCl3) δ 7.75 (1H, m), 7.31 (1H, dd, J = 15.7, 3.4 Hz), 7.07 (1H, m), 5.80–5.69
(2H, overlapped), 5.51 (1H, ddd, J = 10.6, 3.5, 1.9 Hz), 5.34 (1H, dd, J = 15.2, 9.6 Hz), 4.86
(1H, m), 4.35 (1H, m), 2.49 (1H, m), 2.38–2.22 (2H, overlapped), 2.08–1.96 (2H, overlapped),
1.89–1.82 (2H, overlapped), 1.77–1.67 (2H, overlapped), 1.58–1.50 (2H, overlapped), 1.25
(3H, d, J = 6.2 Hz), 0.95 (1H, m); 13C NMR (125 MHz, CDCl3) δ 165.7 (C = O), 162.0 (C = O),
146.6 (CH), 136.4 (CH), 130.9 (CH), 126.5 (C), 126.5 (C), 126.5 (C), 126.4 (C), 118.9 (CH), 112.5
(CH), 112.4 (CH), 78.0 (CH), 72.6 (CH), 72.1 (CH), 49.8 (CH), 44.5 (CH), 43.3 (CH2), 41.3
(CH2), 34.2 (CH2), 32.0 (CH2), 26.7 (CH2), 20.9 (CH3). HRESIMS m/z 439.1723 [M + H]+

(calcd. for C23H26F3O5
+, 439.1727).

Brefeldin A 7-O-2-chloro-4,5-difluorobenzoate (7): Colorless oil; yield 15%; 1H NMR
(400 MHz, CDCl3) δ 7.69 (1H, dd, J = 10.4, 8.4 Hz), 7.34 (1H, dd, J = 15.7, 3.2 Hz), 7.29 (1H,
dd, J = 9.8, 6.9 Hz), 5.92 (1H, dd, J = 15.7, 1.9 Hz), 5.73 (1H, m), 5.38 (1H, m), 5.24 (1H, dd,
J = 15.2, 8.8 Hz), 4.85 (1H, m), 4.15 (1H, ddd, J = 9.2, 3.1, 1.9 Hz), 2.53–2.31 (3H, overlapped),
2.03–1.91 (3H, overlapped), 1.90–1.80 (2H, overlapped), 1.78–1.67 (2H, overlapped), 1.53
(1H, m), 1.25 (3H, d, J = 6.3 Hz), 0.86 (1H, m); 13C NMR (100 MHz, CDCl3) δ 166.3 (C = O),
163.5 (C = O), 151.5 (CH), 135.8 (CH), 131.4 (CH), 120.7 (C), 120.7 (C), 120.6 (CH), 120.5 (C),
120.5 (C), 120.4 (CH), 118.0 (CH), 77.4 (CH), 75.9 (CH), 71.9 (CH), 52.3 (CH), 44.1 (CH), 40.2
(CH2), 38.9 (CH2), 34.2 (CH2), 31.9 (CH2), 26.7 (CH2), 20.9 (CH3). HRESIMS m/z 455.1429
[M + H]+ (calcd. for C23H26ClF2O5

+, 455.1431).
Brefeldin A 4-O-2-chloro-4,5-difluorobenzoate (8): Colorless oil; yield 30%; 1H NMR

(400 MHz, CDCl3) δ 7.77 (1H, dd, J = 10.3, 8.3 Hz), 7.33 (1H, m), 7.28 (1H, d, J = 12.4 Hz),
5.82–5.63 (2H, overlapped), 5.48 (1H, ddd, J = 10.5, 3.5, 1.8 Hz), 5.31 (1H, dd, J = 15.2,
9.5 Hz), 4.85 (1H, m), 4.32 (1H, m), 2.47 (1H, m), 2.33 (1H, m), 2.22 (1H, m), 2.06–1.94
(2H, overlapped), 1.91–1.80 (2H, overlapped), 1.75–1.65 (2H, overlapped), 1.57–1.47 (2H,
overlapped), 1.23 (3H, d, J = 6.3 Hz), 0.93 (1H, m); 13C NMR (100 MHz, CDCl3) δ 165.6
(C = O), 162.6 (C = O), 146.5 (CH), 136.3 (CH), 130.9 (CH), 120.9 (C), 120.8 (C), 120.8 (CH),
120.7 (C), 120.6 (C), 120.6 (CH), 118.8 (CH), 78.3 (CH), 72.4 (CH), 72.1 (CH), 49.6 (CH), 44.5
(CH), 43.3 (CH2), 41.2 (CH2), 34.1 (CH2), 31.9 (CH2), 26.7 (CH2), 20.9 (CH3). HRESIMS m/z
455.1426 [M + H]+ (calcd. for C23H26ClF2O5

+, 455.1431).
Brefeldin A 4,7-O-di-2-chloro-4,5-difluorobenzoate (9): Colorless oil; yield 35%;

1H NMR (400 MHz, CDCl3) δ 7.78 (1H, dd, J = 10.3, 8.3 Hz), 7.69 (1H, dd, J = 10.3, 8.3 Hz),
7.37–7.26 (3H, overlapped), 5.86–5.70 (2H, overlapped), 5.55 (1H, ddd, J = 10.1, 3.6, 1.8 Hz),
5.40 (1H, m), 5.29 (1H, dd, J = 15.4, 9.2 Hz), 4.88 (1H, m), 2.60 (1H, m), 2.50 (1H, m),
2.41–2.24 (2H, overlapped), 2.03 (1H, m), 1.96–1.70 (5H, overlapped), 1.54 (1H, m), 1.25
(3H, d, J = 6.2 Hz), 0.96 (1H, m); 13C NMR (100 MHz, CDCl3) δ 165.5 (C = O), 163.4 (C = O),
162.6 (C = O), 146.0 (CH), 135.3 (CH), 131.9 (CH), 121.0 (C), 121.0 (C), 120.9 (CH), 120.8 (C),
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120.8 (C), 120.7 (C), 120.7 (C), 120.7 (CH), 120.6 (CH), 120.5 (C), 120.5 (C), 120.4 (CH), 119.3
(CH), 78.1 (CH), 77.3 (CH), 72.1 (CH), 50.0 (CH), 44.3 (CH), 40.2 (CH2), 38.8 (CH2), 34.2
(CH2), 31.9 (CH2), 26.6 (CH2), 20.9 (CH3). HRESIMS m/z 629.1117 [M + H]+ (calcd. for
C30H27Cl2F4O6

+, 629.1115).
Brefeldin A 7-O-(4)-chlorobenzoate (10): Colorless oil; yield 10%; 1H NMR (600 MHz,

CDCl3) δ 7.96–7.92 (2H, overlapped), 7.43–7.40 (2H, overlapped), 7.37 (1H, dd, J = 15.6,
3.0 Hz), 5.93 (1H, d, J = 15.5 Hz), 5.74 (1H, m), 5.39 (1H, m), 5.24 (1H, dd, J = 15.2, 9.2 Hz),
4.87 (1H, m), 4.18 (1H, d, J = 9.6 Hz), 2.51–2.33 (3H, overlapped), 2.05–1.96 (2H, overlapped),
1.91 (1H, m), 1.88–1.81 (2H, overlapped), 1.78–1.70 (2H, overlapped), 1.53 (1H, m), 1.27 (3H,
d, J = 6.4 Hz), 0.96 (1H, m); 13C NMR (150 MHz, CDCl3) δ 166.2 (C = O), 165.4 (C = O), 151.4
(CH), 139.6 (C), 136.0 (CH), 131.3 (CH), 131.1 (CH × 2), 129.0 (C), 128.9 (CH × 2), 118.0
(CH), 76.4 (CH), 76.0 (CH), 71.9 (CH), 52.5 (CH), 44.1 (CH), 40.3 (CH2), 38.9 (CH2), 34.3
(CH2), 32.0 (CH2), 26.8 (CH2), 21.0 (CH3). HRESIMS m/z 419.1620 [M + H]+ (calcd. for
C23H28ClO5

+, 419.1620).
Brefeldin A 4-O-(4)-chlorobenzoate (11): Colorless oil; yield 30%; 1H NMR (600 MHz,

CDCl3) δ 8.02–7.95 (2H, overlapped), 7.45–7.40 (2H, overlapped), 7.32 (1H, dd, J = 15.7,
3.3 Hz), 5.77–5.67 (2H, overlapped), 5.48 (1H, ddd, J = 10.5, 3.3, 1.8 Hz), 5.32 (1H, dd,
J = 15.2, 9.6 Hz), 4.84 (1H, m), 4.30 (1H, m), 2.47 (1H, m), 2.31 (1H, m), 2.23 (1H, m), 2.05–1.92
(2H, overlapped), 1.88–1.81 (2H, overlapped), 1.71 (1H, m), 1.66 (1H, m), 1.56–1.47 (2H,
overlapped), 1.22 (3H, d, J = 6.2 Hz), 0.92 (1H, m); 13C NMR (150 MHz, CDCl3) δ 165.8
(C = O), 164.7 (C = O), 147.2 (CH), 140.0 (C), 136.5 (CH), 131.2 (CH × 2), 130.8 (CH), 129.0
(CH × 2), 128.1 (C), 118.4 (CH), 77.3 (CH), 72.4 (CH), 72.1 (CH), 49.8 (CH), 44.4 (CH), 43.3
(CH2), 41.1 (CH2), 34.1 (CH2), 31.9 (CH2), 26.7 (CH2), 20.9 (CH3). HRESIMS m/z 419.1626
[M + H]+ (calcd. for C23H28ClO5

+, 419.1620).
Brefeldin A 4,7-O-di-(4)-chlorobenzoate (12): Colorless oil; yield 36%; 1H NMR

(600 MHz, CDCl3) δ 8.03–7.88 (4H, overlapped), 7.46–7.36 (4H, overlapped), 7.34 (1H,
dd, J = 15.7, 3.3 Hz), 5.84–5.72 (2H, overlapped), 5.55 (1H, ddd, J = 10.4, 3.4, 1.8 Hz), 5.37
(1H, m), 5.28 (1H, dd, J = 15.2, 9.6 Hz), 4.84 (1H, m), 2.60 (1H, m), 2.44 (1H, m), 2.32 (1H,
m), 2.22 (1H, m), 2.01 (1H, m), 1.92–1.80 (3H, overlapped), 1.81–1.68 (2H, overlapped),
1.52 (1H, m), 1.22 (3H, d, J = 6.1 Hz), 0.88 (1H, m); 13C NMR (125 MHz, CDCl3) δ 165.5
(C = O), 165.1 (C = O), 164.5 (C = O), 146.8 (CH), 139.9 (C), 139.4 (C), 135.5 (CH), 131.5 (CH),
131.1 (CH × 2), 130.9 (CH × 2), 128.9 (CH × 2), 128.8 (C), 128.7 (CH × 2), 127.9 (C), 118.6
(CH), 77.0 (CH), 76.3 (CH), 72.0 (CH), 50.1 (CH), 44.1 (CH), 40.1 (CH2), 38.5 (CH2), 34.1
(CH2), 31.8 (CH2), 26.5 (CH2), 20.8 (CH3). HRESIMS m/z 557.1486 [M + H]+ (calcd. for
C30H31Cl2O6

+, 557.1492).
Brefeldin A 7-O-2-chloro-4-fluorobenzoate (13): Colorless oil; yield 12%; 1H NMR

(400 MHz, CDCl3) δ 7.85 (1H, dd, J = 8.8, 6.1Hz), 7.35 (1H, dd, J = 15.7, 3.2 Hz), 7.19 (1H,
dd, J = 8.5, 2.5 Hz), 7.03 (1H, ddd, J = 8.8, 7.6, 2.5 Hz), 5.92 (1H, dd, J = 15.7, 2.0 Hz), 5.73
(1H, m), 5.41 (1H, m), 5.26 (1H, dd, J = 15.2, 8.9 Hz), 4.87 (1H, m), 4.17 (1H, ddd, J = 9.4, 3.2,
2.0 Hz), 2.52–2.33 (3H, overlapped), 2.04–1.80 (5H, overlapped), 1.78–1.71 (2H, overlapped),
1.52 (1H, m), 1.28–1.24 (3H, d, J = 6.3 Hz), 0.95 (1H, m); 13C NMR (100 MHz, CDCl3) δ 166.3
(C = O), 164.5 (C = O), 151.4 (CH), 135.9 (CH), 133.7 (C), 133.6 (C), 131.3 (CH), 118.9 (C),
118.6 (CH), 118.0 (CH), 114.4 (CH), 114.2 (CH), 76.9 (CH), 76.0 (CH), 71.9 (CH), 52.5 (CH),
44.2 (CH), 40.2 (CH2), 38.9 (CH2), 34.3 (CH2), 32.0 (CH2), 26.8 (CH2), 21.0 (CH3); HRESIMS
m/z 437.1522 [M + H]+ (calcd. for C23H27ClFO5

+, 437.1526).
Brefeldin A 4-O-2-chloro-4-fluorobenzoate (14): Colorless oil; yield 30%; 1H NMR

(600 MHz, CDCl3) δ 7.95 (1H, dd, J = 8.8, 6.1 Hz), 7.31 (1H, dd, J = 15.7, 3.4 Hz), 7.22 (1H,
dd, J = 8.5, 2.5 Hz), 7.07 (1H, m), 5.81–5.70 (2H, overlapped), 5.51 (1H, ddd, J = 10.5, 3.4,
1.8 Hz), 5.32 (1H, dd, J = 15.2, 9.6 Hz), 4.87 (1H, m), 4.35 (1H, m), 2.49 (1H, m), 2.32 (1H,
m), 2.24 (1H, m), 2.08–1.96 (2H, overlapped), 1.89–1.82 (2H, overlapped), 1.80–1.68 (2H,
overlapped), 1.57–1.52 (2H, overlapped), 1.25 (3H, d, J = 6.3 Hz), 0.94 (1H, m); 13C NMR
(150 MHz, CDCl3) δ 165.8 (C = O), 163.7 (C = O), 146.9 (CH), 136.4 (CH), 133.9 (C), 133.8
(C), 130.9 (CH), 119.1 (CH), 118.9 (C), 118.8 (CH), 114.5 (CH), 114.3 (CH), 77.8 (CH), 72.6
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(CH), 72.1 (CH), 49.8 (CH), 44.5 (CH), 43.4 (CH2), 41.3 (CH2), 34.2 (CH2), 31.9 (CH2), 26.7
(CH2), 20.9 (CH3). HRESIMS m/z 437.1530 [M + H]+ (calcd. for C23H27ClFO5

+, 437.1526).
Brefeldin A 4,7-O-di-2-chloro-4-fluorobenzoate (15): Colorless oil; yield 36%; 1H

NMR (600 MHz, CDCl3) δ 7.94 (1H, dd, J = 8.8, 6.1 Hz), 7.85 (1H, dd, J = 8.8, 6.1 Hz), 7.32
(1H, dd, J = 15.7, 3.5 Hz), 7.26–7.17 (2H, overlapped), 7.08–7.01 (2H, overlapped), 5.84–5.73
(2H, overlapped), 5.56 (1H, ddd, J = 10.1, 3.5, 1.8 Hz), 5.42 (1H, m), 5.30 (1H, m), 4.88 (1H,
m), 2.60 (1H, m), 2.49 (1H, m), 2.40–2.28 (2H, overlapped), 2.02 (1H, m), 1.95–1.83 (3H,
overlapped), 1.80 (1H, m), 1.74 (1H, m), 1.55 (1H, m), 1.25 (3H, d, J = 6.2 Hz), 0.97 (1H, m);
13C NMR (150 MHz, CDCl3) δ 165.6 (C = O), 164.5 (C = O), 163.7 (C = O), 146.5 (CH), 135.6
(CH), 133.9 (C), 133.9 (C), 133.7 (C), 133.6 (C), 131.7 (CH), 119.1 (CH × 2), 118.9 (CH), 118.9
(C), 118.7 (C), 114.5 (CH), 114.4 (CH), 114.4 (CH), 114.2 (CH), 77.7 (CH), 76.9 (CH), 72.1
(CH), 50.2 (CH), 44.4 (CH), 40.2 (CH2), 38.9 (CH2), 34.2 (CH2), 31.9 (CH2), 26.6 (CH2), 20.9
(CH3). HRESIMS m/z 593.1309 [M + H]+ (calcd. for C30H29Cl2F2O6

+, 593.1304).
Brefeldin A 7-O-(2,4,6)-trichlorobenzoate (16): Colorless oil; yield 15%; 1H NMR

(500 MHz, CDCl3) δ 7.37–7.29 (3H, overlapped), 5.90 (1H, dd, J = 15.7, 1.9 Hz), 5.71 (1H,
m), 5.46 (1H, m), 5.23 (1H, dd, J = 15.3, 8.5Hz), 4.84 (1H, m), 4.14 (1H, m), 2.46–2.37 (3H,
overlapped), 2.05 (1H, d, J = 5.0 Hz), 2.01–1.90 (3H, overlapped), 1.87–1.78 (3H, overlapped),
1.73 (1H, m), 1.52 (1H, m), 1.25 (3H, d, J = 6.3 Hz), 0.92 (1H, m); 13C NMR (100 MHz, CDCl3)
δ 166.3 (C = O), 163.8 (C = O), 151.4 (CH), 136.2 (C), 135.9 (CH), 132.6 (CH), 132.3 (C), 131.2
(CH), 128.2 (CH), 128.2 (C × 2),117.9 (CH), 78.0 (CH), 75.9 (CH), 71.9 (CH), 52.3 (CH), 44.1
(CH), 40.0 (CH2), 38.6 (CH2), 34.2 (CH2), 31.9 (CH2), 26.8 (CH2), 21.0 (CH3). HRESIMS m/z
487.0837 [M + H]+ (calcd. for C23H26Cl3O5

+, 487.0840).

3.5. Biological Assays
3.5.1. Reagents

Antibodies against AKT, phosphorylated AKT at S473, ERK1/2, phosphorylated
ERK1/2 (T202/Y204), mTOR, phosphorylated mTOR (S2481), p70S6K, phosphorylated
p70S6K (T421/S424), cleaved caspase-3 (C-Cas3), cleaved caspase-9 (C-Cas9), and cleaved
PARP (C-PARP) were purchased from Cell Signaling Technology (Boston, MA, USA). Anti-
bodies against GAPDH and Tubulin were obtained from Huaan Biotechnology Co., Ltd.
(Hangzhou, China). Z-VAD-fmk was obtained from Selleck Chemicals (Houston, TX, USA).
Muse™ Cell Cycle Kit and Muse® Annexin V & Dead Cell Kit were purchased from Milli-
pore (Billerica, MA, USA). Other reagents were purchased from Beyotime Biotechnology,
Shanghai, China.

3.5.2. Cell Lines and Cell Culture

Human chronic myelogenous leukemia cell line K562 was purchased from Shanghai
Cell Bank, Chinese Academy of Sciences, and cells were maintained in Iscove’s Modified
Dulbecco’s Medium (GIBCO, Grand Island, NY, USA) with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin in a humidified incubator at 37 ◦C under 5% CO2.

3.5.3. Cell Proliferation Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
performed to determine cell viability. Briefly, K562 cells were seeded in 96-well plates and
treated for the indicated time with various concentrations of compound 7. Then, 20 μL of
MTT reagent was added to each well and further incubated for 4 h. Next, the formazan
product was dissolved with acidic isopropanol (100 μL) incubated overnight. Finally, the
absorbance was measured at 570 nm using a SpectraMax® i3x multi-mode microplate
reader (Molecular Devices, San Jose, CA, USA). Then, cells viability was calculated.

3.5.4. Soft Agar Colony Formation Assay

Soft agar colony formation assay was performed as described previously [43]. In brief,
6-well plate was first coated with 1.2% agarose with an equal volume of 2× Dulbecco’s
Modified Eagle’s Medium containing 20% fetal bovine serum, then K562 cells (2000/well)
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were mixed with the culture medium containing 0.4% agarose and indicated concentration
of compound 7, and then the mixture immediately overlaid on the pre-coated plates. The
culture medium was changed every 3 days. After incubation for 12 d at 37 ◦C, cells were
stained with 0.005% crystal violet, and colonies consisting of 50 or more cells were counted.

3.5.5. Cell Cycle Analysis

K562 cells were seeded in 6-well plates (3 × 105 cells/well) and treated with different
concentrations of compound 7 for 36 h; the control group was treated with the same diluted
DMSO. Then, cells were harvested, washed with ice-cold phosphate-buffered saline (PBS),
and fixed in 70% cold ethanol overnight at −20 ◦C. Fixed cells were then collected, washed,
and stained with 200 μL of Muse™ cell cycle reagent for 30 min in the dark at room
temperature. The cell cycle distribution was immediately analyzed by Muse Cell Analyzer
(Millipore, Billerica, MA, USA).

3.5.6. Cell Apoptosis Analysis

Apoptosis was determined by Annexin V-PE/7-AAD staining [44]. After treatment
with compound 7 for 36 h, cells were collected, centrifuged, and washed with ice-cold PBS.
Then cells were resuspended in 100 μL Iscove’s Modified Dulbecco’s Medium with 1%
FBS and stained with Muse® Annexin V & Dead Cell Kit (Millipore, Billerica, MA, USA)
for 20 min in the dark at room temperature and finally analyzed by Muse Cell Analyzer
(Millipore, Billerica, MA, USA).

3.5.7. Western Blotting Assay

Cells were seeded in 6-well plates (3 × 105 cells/well) and incubated with compound 7

for the indicated time. Then, cells were collected, washed, suspended, and lysed in loading
buffer (0.125 M Tris-HCl, 5% 2-mMercaptoethanol, 30 mg/mL sodium dodecyl sulfate
(SDS), 10% glycerol, 0.5 mg/mL bromophenol blue) for 40 min at 4 ◦C. Proteins were
separated by electrophoresis on 6–12% SDS-polyacrylamide gels and transferred to NC
membranes (Millipore, Billerica, MA, USA). The membrane was blocked in 5% skim milk
for 1 h and incubated with corresponding primary antibodies overnight at 4 ◦C, and
subsequently, the membranes were incubated with HRP-secondary antibody at room
temperature for 1 h and finally detected by Tanon 5200 (Tanon, Beijing, China).

3.5.8. Statistical Analysis

The results shown in this study are represented as the mean values ± SD. Compar-
isons between the groups were assessed by Student’s t-test, and p < 0.05 was defined as
statistically significant.

3.6. Solubility Measurement

Ten milligrams of 1 and 7 was added into the 15 mL centrifuge tubes, then 10 mL
of water was added, and the tubes were shaken on a vortexes (Shanghai Qite Analytical
Instrument Co., Shanghai, China; QT-2) at 1000 rpm for 30 min at room temperature.
Subsequently, the tubes were ultrasonic dissolved for a further 3 h in an ultrasonic cleaner
(Kunshan Ultrasonic Instrument Co., Kunshan, China; KQ-300DE). After completion of
dissolution, the suspension was centrifuged at 15 000 rpm (Thermo Fisher, Waltham, MA,
USA, Sorvall Legend Micro 17) for 10 min to precipitate undissolved particles. Then, the
solid and liquid phases were separated, and the undissolved solid was dried and weighed.

3.7. Molecular Modeling and Protein–Ligand Docking

The crystal structure of 1 in the interface between ARF1-GDP and its GEF protein
ARNO was downloaded from the Protein Data Bank (PDB ID: 1R8Q) [13]. The structure
of 7 was selected for docking, followed by structure optimization with the software MOE
(Chemical Computing Group ULC, Montreal, QC, Canada). The target proteins were
performed for protonation with the Protonate 3D function in MOE and expulsion of water.
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The 3D structure of 7 was constructed with drawing software ChemDraw & Chem3D,
and MM2 minimized in Chem3D prior to molecular docking. Then, 7 was docked in the
binding pocket overlapped with 1. Molecular docking with the Rigid Receptor parameter
was conducted within MOE.

4. Conclusions

In this study, a series of derivatives of 1 were designed and synthesized, and their
inhibitory effects against K562 cells were evaluated. The SARs studies revealed that the
monoester derivatives exhibited stronger cytotoxic activity than those of diester derivatives.
Moreover, the introduction of halogen atoms on the benzene rings showed a certain
improvement in potency. The results exhibited that compound 7 showed great potential
cytotoxic activity on K562 cells compared to other tested compounds, while the effect
was slightly weaker than 1. Further investigations indicated that 7 inhibited the growth
of K562 cells, arrested cell cycle, and induced apoptosis. Additionally, the mechanism
underlying 7-induced cell proliferation inhibition was partially related to the inactivation of
the BCR-ABL signaling pathway. The molecular models indicated that 7 was well tolerated
in the interface between the ARF and ARNO proteins. In summary, the current results
demonstrated that 7 has great promise against BCR-ABL positive cells and may serve as an
efficacious antileukemia agent.
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Abstract: Cancer stem cells (CSCs) drive aggressiveness and metastasis by utilizing stem cell-related
signals. In this study, 5-O-(N-Boc-L-alanine)-renieramycin T (OBA-RT) was demonstrated to suppress
CSC signals and induce apoptosis. OBA-RT exerted cytotoxic effects with a half-maximal inhibitory
concentration of approximately 7 μM and mediated apoptosis as detected by annexin V/propidium
iodide using flow cytometry and nuclear staining assays. Mechanistically, OBA-RT exerted dual roles,
activating p53-dependent apoptosis and concomitantly suppressing CSC signals. A p53-dependent
pathway was indicated by the induction of p53 and the depletion of anti-apoptotic Myeloid leukemia
1 (Mcl-1) and B-cell lymphoma 2 (Bcl-2) proteins. Cleaved poly (ADP-ribose) polymerase (Cleaved-
PARP) was detected in OBA-RT-treated cells. Interestingly, OBA-RT exerted strong CSC-suppressing
activity, reducing the ability to form tumor spheroids. In addition, OBA-RT could induce apoptosis
in CSC-rich populations and tumor spheroid collapse. CSC markers, including prominin-1 (CD133),
Octamer-binding transcription factor 4 (Oct4), and Nanog Homeobox (Nanog), were notably de-
creased after OBA-RT treatment. Upstream CSCs regulating active Akt and c-Myc were significantly
decreased; indicating that Akt may be a potential target of action. Computational molecular modeling
revealed a high-affinity interaction between OBA-RT and an Akt molecule. This study has revealed a
novel CSC inhibitory effect of OBA-RT via Akt inhibition, which may improve cancer therapy.

Keywords: 5-O-(N-Boc-L-alanine)-renieramycin T; Xestospongia sp.; marine sponge; lung cancer;
anti-cancer; cancer stem cells; apoptosis; Akt; c-Myc

1. Introduction

Lung cancer is an important human cancer. At present, several strategies are used
for lung cancer treatment, including surgery, chemotherapy, radiotherapy, and targeted
therapy; however, drug resistance and the spread of the cells to form metastases frequently
result in poor prognosis and treatment failure. Advances in molecular and clinical research
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have highlighted the role of a cancer cell population, namely cancer stem cells (CSCs), and
the concept of CSCs has dramatically altered the understanding view of cancer cell biology,
pathogenesis, and the clinical response [1]. Therefore, the current drug discovery theme has
focused on the undifferentiated cancer cell population, as the available therapy primarily
eradicates the non-CSC population in the tumor, thereby sparing drug-resistant CSCs [2].
High tumorigenic potentials augment cellular survival and drug-resistant mechanisms,
and the metastatic abilities of lung CSCs depend on the specific stem cell-related signaling
pathways [3].

Myc is a family of proto-oncoproteins that regulate cell growth, survival, and prolifer-
ation [4]. In lung cancer, c-Myc is recognized as a key factor facilitating cell growth, drug
resistance, and dissemination. In addition, its dominant role in controlling CSC properties
supports the concept that targeting c-Myc could be a potential method for lung cancer
therapy [5]. A number of studies and observations show the co-incidence of c-Myc and
activated PI3K/Akt in transformed cells. Moreover, the PI3K/Akt/c-Myc signaling axis
could promote CSC properties in cancers [6].

The deregulation of Akt is associated with several features of cancers, and Akt-
targeting compounds can improve cancer therapies. In addition, a number of Akt inhibitors
have been investigated for lung cancer treatment [7]. Natural tetrahydroisoquinoline of
marine origin and their analogs, such as ecteinascidins from tunicates, exhibit potent cyto-
toxicity against several types of cancer cells, and they have been approved for clinical use
in the treatment of cancers, including advanced soft-tissue sarcoma and ovarian cancer in
the case of ecteinascidin 743 (trabectedin) [8] and metastatic small cell lung cancer in the
case of the semisynthetic analog, namely lurbinectedin [9].

However, the mechanism of action of ecteinascidins is not fully understood. Ecteinascidins
can exert anticancer activities via binding with DNA and DNA-binding proteins and
mediating cell apoptosis [10]. Ecteinascidins target Akt as it can dramatically decrease
phosphorylated Akt (s473-AKT or p-Akt) [11] and reduce the expression level of several
anti-apoptotic proteins, such as Bcl-2 and Mcl-1 [12]. A recent pre-clinical study in the
xenograft mice model of uterine cervical cancer revealed that lurbinectedin effectively
eliminates CSCs [9]. Renieramycins, which are bis(tetrahydroisoquinoline)quinone al-
kaloids found in sea sponges and nudibranchs, are members of the same soframycin
family as tris(tetrahydroisoquinoline) ecteinascidins [13] and have also demonstrated
potent anticancer activities [14], particularly renieramycin M (RM), which is the major
bis(tetrahydroisoquinolinequinone) constituent isolated from potassium cyanide-pretreated
Xestospongia sp. collected in Thailand [15] and the Philippines [16]. RM can sensitize resis-
tance to anoikis via decreasing cellular levels of survival and apoptotic proteins (including
p-Akt, p-ERK, Bcl-2, and Mcl-1) [15] and attenuate CSC-like phenotypes [17] in H460
cells. Similar to derivatizations of ecteinascidins [18], late-stage modifications on either
the A- or E-ring quinone of RM have been found to alter the mode of action and cellular
targeting pattern, which can lead to enhanced selectivity and activity. A series of 5-O-
Boc-amino ester derivatives of RM is synthesized and successfully used in a structural
cytotoxicity relationship study [19], indicating that Boc-protected amino acid moieties serve
as empirical groups in the introduction of additional compound–target intermolecular
interaction networks and modifying their physicochemical properties. The cinnamoyl ester
derivative of RM has superior cytotoxicity compared with the parent compound [20], and
it can suppress CSCs potentially by inhibiting Akt [21]. Renieramycin T (RT), a hybrid
renieramycin–ecteinascidin analog derived from RM with a methylhydroxybenzodioxole
unit resembling ecteinascidin [22], could promote p53-dependent apoptosis via near-to-
complete depletion of Mcl-1 and partly decrease the cellular level of Bcl-2, whereas RT did
not affect Akt [23]. A trabectedin-mimic derivative of RT, 5-O-acetyl-renieramycin T (O-
acetyl RT), could significantly deplete Akt and reverse CSC-associated cisplatin resistance
in non-small-cell lung carcinoma (NSCLC) [24]. Protections at the phenolic alcohol at C-5
can enhance the cytotoxicity of RT derivatives [25]. Based on previous developments, we
synthesized the 5-O-(N-Boc-L-alanine)-renieramycin T (OBA-RT) from RM and investigated
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the induction of cancer cell apoptosis and the CSC-suppressing effect. Using molecular
pharmacological and computational modeling approaches, we reported the potential CSC-
targeting activities of this new compound, which could improve anticancer therapy.

2. Results

2.1. Semi-Synthesis of 5-O-(N-Boc-L-Alanine)-Renieramycin T (OBA-RT)

OBA-RT was semi-synthesized from RM through a two-step reaction comprising the
facile light-mediated conversion of RM into RT [26] and the N-Boc-L-alanine conjugation to
RT by esterification (Figure 1). RM was irradiated with LED blue light and was subjected
to photoredox transformation of methoxybenzoquinone into hydroxybenzo [1,3] dioxole,
yielding RT with a 1,3-dioxole ring at C-7 and C-8, and a hydroxy group at C-5, which
enabled the subsequent conjugation with N-Boc-L-alanine. The Steglich esterification of RT
with N-Boc-L-alanine was performed using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDCI)/4-dimethylaminopyridine (DMAP) as coupling reagents. In addition to high-
resolution mass spectrometry and IR spectroscopy, the chromatographically purified
OBA-RT was subjected to 1H and 13C NMR spectroscopy, which indicated the identity
of the compound (see Supplementary Information for NMR spectra Figures S1–S5). The
characteristic proton chemical shifts of the N-Boc-L-alanine motif included a broad dou-
blet of a carbamate hydrogen (3′-NH) at 5.01 ppm, a triplet of the α-proton of alanine
(2′-H) at 4.58 ppm, a doublet of methyl protons of alanine (7′-CH3) at 1.70 ppm, and the
9H-equivalent singlet of the tert-butyl group (6′-CH3) at 1.46 ppm. The characteristic pair
of doublets of methylenedioxy protons at 5.97 ppm corresponded to the tetrahydroisoquino-
line benzodioxole of renieramycin T. Regarding 13C-NMR spectrum, the N-Boc-L-alanine
carbonyl of carbamate at C4′, ester carbonyl at C1′, α-carbon of alanine (C2′), methyl carbon
of alanine (C7′) and methylenedioxy carbon peaks appeared at 158.3, 171.2, 49.3, 18.6, and
101.8 ppm, respectively.

Figure 1. Semi-synthesis of 5-O-(N-Boc-L-alanine)-renieramycin T (OBA-RT). Photoconversion of
renieramycin M to renieramycin T generated a phenolic alcohol at C-5 as a conjugation handle for
Steglich esterification with N-Boc-L-alanine via EDCI/DMAP coupling, yielding OBA-RT.

2.2. Cytotoxicity and Apoptosis-Inducing Effect of OBA-RT

We determined the cytotoxic profile of OBA-RT in NSCLC A549 cells to elucidate the
anticancer potential of OBA-RT. After treating the cells with various concentrations of OBA-
RT (0–25 μM) for 24 h, cell viability was evaluated by using the 3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide assay. The results showed that OBA-RT significantly
reduced the viability of A549 cells (Figure 2a) with a half-maximal inhibitory concentration
(IC50) value of 7.30 ± 0.07 μM (Figure 2b). The cytotoxic effects of OBA-RT were considered
non-toxic at concentrations of ≤0.05 μM in A549 cells.

We confirmed the effect of OBA-RT in causing decreased cell survival by investigating
the surviving cells after treatment by colony formation assay. Surviving A549 cells after
treatment with OBA-RT (5, 10, and 25 μM) for 24 h were counted and seeded for the colony
formation assay without further treatment. Crystal violet-stained colonies, showing the
reproduction of a new cancer colony from a single cell, are shown in Figure 2c,d. The results
showed that the resistant cells receiving OBA-RT at 5 to 25 μM could not form colonies
(Figure 2c,d).
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Figure 2. OBA-RT reduces the viability of non-small-cell lung cancer (NSCLC) cells. (a) A549 cells
were treated with various concentrations of OBA-RT (0–25 μM) for 24 h. Cell viability was determined
by MTT assay. (b) The half-maximal inhibitory concentration (IC50) at 24 h was calculated. (c,d) The
effect of OBA-RT on colony formation of A549 cells was observed using a colony formation assay.
Colonies were stained by crystal violet. Data are represented as the mean ± SEM (n = 3). *** p < 0.0001
compared with untreated control cells.

2.3. OBA-RT Induced Apoptosis through p53 Activation

In determining the mode of cell death induced by OBA-RT, A549 cells were treated
with OBA-RT (0–25 μM) for 24 h, and the apoptosis and necrosis cells were quantified using
the Hoechst 33342/propidium iodide (PI) double staining assay. Hoechst 33342 staining
was used to evaluate the nuclear morphology of apoptotic cells, showing condensed or
fragmented nuclei, whereas PI stains the nucleus of necrotic cells. The results indicate
that OBA-RT could increase apoptosis in a dose-dependent manner, whereas necrotic
cells were minimally detected in response to all treatments. Therefore, OBA-RT primarily
induced apoptotic cell death in our experimental setting (Figure 3a,b). Other apoptotic
cell features, including the presence of extracellular phosphatidylserine, were determined
to confirm the apoptosis-inducing effect of OBA-RT. Flow cytometric analysis of annexin
V/PI staining of the OBA-RT-treated cells showed that OBA-RT could increase the number
of annexin V-positive apoptotic cells (Figure 3c). As shown in Figure 3d, the percentage of
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early apoptotic cells was 27.28%, 43.72%, and 59.66% in A549 cells treated with OBA-RT at
concentrations of 5, 10, and 25 μM, respectively.

Figure 3. OBA-RT induces apoptosis in a p53-dependent manner. (a,b) The nuclei of A549 cells
treated with OBA-RT were stained with Hoechst 33342/propidium iodide (PI) and calculated as a
percentage compared with untreated control cells. The fragmented nuclei in apoptotic cells were
indicted by arrowheads. (c) Apoptotic and necrotic cell death was determined using the annexin V/PI
staining assay. (d) Percentages of cells at each stage were calculated. (e) OBA-RT at a concentration of
0-25 μM for 24 h induces cleavage of PARP, as examined by Western blot analysis. (f) Relative protein
levels were quantified by densitometry. (g) The expression levels of apoptosis-associated proteins
Bcl-2, Mcl-1, Bax, and p53 in A549 cells treated with OBA-RT (0–25 μM) for 24 h were examined
by Western blot analysis. To confirm equal loading of the protein samples, the blots were reprobed
with the GAPDH antibody. (h) Relative protein levels were quantified by densitometry. Data are
presented as mean ± SEM (n = 3). *** p < 0.0001 compared with untreated control cells.
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In addition, the specific apoptotic marker protein, namely poly (ADP-ribose) poly-
merase (PARP), and its cleaved form were detected in the treated cells. For mechanistic
analysis, we monitored the alteration of apoptosis regulatory proteins, which belong to
the Bcl-2 family and its upstream regulator p53 proteins. Protein determination was per-
formed by Western blotting. Lung cancer cells were treated with OBA-RT (0–25 μM) for
24 h. Western blotting revealed that in response to OBA-RT treatment, the cleaved form
of PARP was significantly increased compared with the untreated control cells, as shown
in Figure 3e,f. For apoptosis induction, the major regulators of p53-dependent apoptosis,
such as p53, anti-apoptotic proteins (Mcl-1 and Bcl-2), and pro-apoptotic proteins (Bax),
were investigated in OBA-RT-treated cells. The results revealed that p53 was dramatically
increased in response to compound treatment. Moreover, anti-apoptotic Bcl-2 and Mcl-1
were decreased, whereas pro-apoptotic Bax was found to be slightly altered (Figure 3g,h).

2.4. OBA-RT Suppresses CSC Spheroid Formation

CSCs have become an important target for the determination of novel anticancer drugs.
The ability of cancer cells to form tumor spheroids has been referred to as augmented CSC
potential. Next, we tested whether OBA-RT possessed CSC-suppressing activity. A549
cells were treated with OBA-RT at concentrations of 0-25 μM for 24 h, and the cells were
subjected to a spheroid formation assay. The results showed that the cells treated with
OBA-RT (5–25 μM) exhibited a reduced ability to form tumor spheroids in a concentration-
dependent manner (Figure 4a–c). To further confirm the CSC-killing population, the
apoptotic induction of OBA-RT in the CSC population of A549 cells was elucidated. A
CSC-rich population was established in the lung cancer cells. The CSC spheroids were
seeded in 96-well plates by ultralow attachment at a density of one spheroid per well.
The spheroids were treated with OBA-RT (0–25 μM) for 24 h. In addition, the untreated
spheroids exhibited normal survival features, and the OBA-RT-treated spheroids detached
and dissociated (Figure 4d). Hoechst 33342 staining of the treated spheroids further
revealed the apoptotic character of DNA fragmentation and/or DNA condensation in
the OBA-RT-treated spheroids (Figure 4d–f). Collectively, OBA-RT possessed anti-CSC
phenotypes that could induce CSC apoptosis.

2.5. OBA-RT Suppresses CSC Signals in A549 Cells

We determined CD133, a well-known CSC marker in response to compound treatment,
to confirm the CSC-suppressing effect of OBA-RT. The cells were similarly treated with
0–25 μM OBA-RT for 24 h. The level of CD133 was then analyzed by immunofluores-
cence detected by a specific CD133 antibody. Figure 5a,b show that CD133 fluorescence
intensity at concentrations of 5–25 μM significantly decreased when compared with the
non-treatment control.

Inhibiting CSC-maintaining cellular signals is a potential way to reduce and improve
clinical outcome in CSC-driven cancers, including lung cancer. The stemness properties of
cancer are regulated by several pathways, and the Akt pathway can regulate pluripotent
transcription factors, namely Nanog and Oct4. Considering that OBA-RT could suppress
the CSC phenotypes in lung cancer cells, we further tested whether this compound could
effectively inhibit the CSC upstream signals via Akt inhibition and deplete the transcription
factors of stem cells. The A549 cells were treated with various concentrations of OBA-RT
(0–25 μM) for 24 h. In addition, CSC transcription factors, namely Oct4 and Nanog, and
CSC regulatory proteins, namely Akt, p-Akt, and c-Myc proteins, were analyzed by Western
blotting analysis. The results revealed that Nanog, Oct4, and c-Myc were significantly
decreased after OBA-RT treatment at concentrations of 5 and 25 μM. Akt signaling was
highlighted as a therapeutic target for CSC-driven and malignant cancers; thus, the protein
expression ratio of phosphorylated Akt/Akt was evaluated. After treatment of OBA-RT
(5–25 μM) for 24 h, the p-Akt/Akt ratio was dramatically diminished when compared with
the non-treatment control (Figure 5c,d).
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Figure 4. OBA-RT suppresses cancer stem cell (CSC) phenotypes in A549 human non-small-cell lung
cancer cells. To assess the spheroid formation activity, (a) Cells were pre-treated with OBA-RT for 24 h
and allowed to form primary spheroids for 7 days. The numbers (b) and sizes (c) of primary spheroids
were calculated. (d) To further confirm the CSC-killing activity of OBA-RT, the CSC-rich populations
in 3D culture were established by forming primary spheroids for 7 days. The primary spheroids were
suspended into single cells to form CSC-rich spheroids for 14 days in ultralow-attachment 96-well
plates. The CSC-rich spheroids were then treated with OBA-RT at concentrations of 0–25 μM for 24 h.
(e) The apoptotic cells were determined by Hoechst 33342 staining. (f) Relative size of CSC spheroids
was quantified. Data are presented as mean ± SEM (n = 3). *** p < 0.0001 compared with untreated
control cells.

2.6. Molecular Docking Simulations Indicated the OBA-RT Interactions with the Allosteric Pocket
of Akt-1 Protein

We performed a molecular docking simulation of OBA-RT with Akt (PDB code: 5KCV)
to evaluate the possibility of a direct interaction between OBA-RT and Akt. In verifying
the docking protocol, we redocked miransertib into its original binding site on Akt using
Autodock Vina. The root mean square deviation (RMSD) of the redocked ligand was a
small RMSD value (0.484 Å). The results (Figure 6d) indicated that the docking protocol
was correct (RMSD < 2 Å) [27]. The binding energies of OBA-RT and co-crystal ligand
miransertib have been reported in Table 1. OBA-RT could bind with Akt-1 with binding
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energy of −8.1 kcal/mol. As shown in Figure 6, OBA-RT forms two hydrogen bonds with
Thr82 and Glu203 and forms hydrophobic interactions with Asn53, Asn54, Ser56, Ala58,
Gln79, Trp80, Leu202, Ser205, Leu264, Lys268, Val270, and Asp292.

Figure 5. (a) OBA-RT inhibits Akt and suppresses CSCs. A549 cells were treated with OBA-RT
for 24 h. The cells were co-stained with CD133 antibodies and Hoechst 33342. The expression of
CD133 was examined by immunofluorescence (IF). (b) The fluorescence intensity was analyzed by
ImageJ software. (c) The expression of activated Akt (p-Akt), total Akt, and the expression levels
of stemness-related proteins Oct4, Nanog, and c-Myc in A549 cells treated with OBA-RT (0–25 uM)
for 24 h were examined by Western blot analysis. To confirm equal loading of the protein samples,
the blots were reprobed with the GAPDH antibody. (d) Relative protein levels were quantified by
densitometry. Data are presented as mean ± SEM (n = 3). * 0.01 ≤ p < 0.05, ** p < 0.01, *** p < 0.0001
compared with untreated control cells.
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Figure 6. (a) Co-crystal structure of Akt-1 in complex with OBA-RT and miransertib (PDB code:
5KCV). The kinase domain is shown in pink, PH domain in blue, OBA-RT in yellow, and miransertib
in green. (b) 3D chemical structure of OBA-RT. (c) The binding mode of OBA-RT to the allosteric
pocket of Akt-1. One of two major hydrogen bonds was formed between the carbamate ether oxygen
of Boc-L-alanine moiety and Thr82 while the butyl group was contributed to hydrophobic interactions
with Leu264, Leu268, and Val270. (d) Redocking of miransertib in Akt-1 (PDB code: 5KCV); overlap
of the co-crystal ligand miransertib (red) and redocking (green). (e) The binding mode of miransertib
to the allosteric pocket of Akt-1. Hydrogen bonds are displayed as green dashed lines.

Table 1. Binding energy in kcal/mol of OBA-RT compared to co-crystal ligand miransertib.

Compounds
Binding Energy

(kcal/mol)
Hydrogen Bond

Interactions
Hydrophobic
Interactions

Miransertib
(Co-crystal ligand) −12.8 Thr211, Tyr272 Asn53, Gln79, Trp80, Thr82, Leu210, Leu264,

Val270, Tyr272, Asp274, Ile290

OBA-RT −8.1 Thr82, Glu203 Asn53, Asn54, Ser56, Ala58, Gln79, Trp80,
Leu202, Ser205, Leu264, Lys268, Val270, Asp292

131



Mar. Drugs 2022, 20, 235

3. Discussion

We reported a facile and concise semi-synthesis of OBA-RT (Figure 1) from RM isolated
from the blue sponge Xestospongia sp. using benzoquinone/naphthoquinone-type pho-
toredox chemistry [28] and Steglich esterification. In addition, phototransformation might
account for the abiotic formation of hydroxybenzodioxole in naturally occurring saframycin-
type tetrahydroisoquinolinequinones as an alternative enzymatic oxidative cyclization for
the biosynthesis [28]. This photosynthetic approach for C–H activation at C-5 would be
useful for other tetrahydroisoquinolinequinones, such as jorunnamycins, although the
extent of utility and compatibility with other substitutions require further investigation.
Compared with the three-step hydrogenation/esterification/oxidation scheme [19], this
synthesis strategy should be amenable for any 5-O-conjugation of RT and related com-
pounds. For example, the synthesis of a series of amino acid RT conjugates to allow the
study of the structure–activity relationship could be performed using this two-step scheme.
Moreover, it could enable creative functionalization, such as antibody–drug conjugations,
fluorescence dye ligation for microscopy, and activity-based or photoaffinity probes for a
target engagement study based on proteomics.

In this study, our data indicated that OBA-RT has a cytotoxic effect on human A549
cells with an IC50 value of 7.30 ± 0.07 μM and displays molecular pharmacological prop-
erties in cancer cells similar to previously reported structurally related compounds (Fig-
ure 2a,b). Our study revealed that OBA-RT treatment could significantly inhibit cell viability
(Figure 2c–d) by inducing apoptotic cell death (Figure 3a–d).

One important apoptotic pathway is the p53-dependent pathway. The tumor sup-
pressor p53 protein plays an important role in regulating DNA repair, cell cycle arrest,
and apoptotic cell death. In response to DNA damage, p53 was activated via Ataxia
telangiectasia-mutated kinases [29]. The activation of p53 resulted in the alteration of the
cellular balance of Bcl-2 family proteins, thereby increasing the pro-apoptotic members
and decreasing the anti-apoptotic proteins. This alteration causes the release of the mito-
chondrial contents to the cytoplasm, and such contents motivate the function of caspases
leading to apoptotic cell death. However, inducing apoptosis is not sufficient to eliminate
cancer. In this research, the results show that OBA-RT has a mechanism of action similar
to that of RT by inducing the p53-dependent signaling pathway and suppressing Mcl-1,
which is an anti-apoptotic marker (Figure 3g,h). Interestingly, the protein analysis shows a
predominant effect of the cellular protein levels of Mcl-1. Mcl-1 is an anti-apoptotic protein
that has gained increasing interest in lung cancer cell biology because it is highly expressed
in lung cancer [30]. Furthermore, Mcl-1 is important for the survival of lung cancer cells.

Particular populations of cancer cells, namely CSCs, have been reported as key driving
factors for malignancy in several cancers. The conventional cancer therapy can only
eliminate cancer cells and not CSCs. The CSCs can escape, resulting in the relapse of
the disease in the future [2]. Indeed, different anti-CSC strategies have been assessed by
inhibiting many intracellular signaling pathways, such as Wnt/TCF, signal transducer and
activator of transcription 3, namely NF-κB and Akt. Akt signaling can be considered as a
key regulator for cancers and CSC phenotypes. Notably, Akt signaling plays a critical role
in regulating CSC maintenance and properties [31]. Previous studies have revealed that Akt
is directly linked to the master pluripotency factor Oct4 [32] and regulating transcription
factors Nanog and Sox2, and reversed therapy resistance [33]. A series of reports has
shown that Akt inhibition may lead to CSC suppression. For example, Rhodes revealed
that GSK690693 is a novel Akt kinase inhibitor that has recently entered phase I clinical
trials. GSK690693 inhibited proliferation and induced apoptosis in a subset of tumor cells
with potency consistent with the intracellular inhibition of Akt kinase activity that showed
reductions in phosphorylated Akt substrates in vivo [34]. In 2019, Chantarawong reported
that O-acetyl RT can suppress CSCs in lung cancer by depleting the AKT signal [24].
Interestingly, O-acetyl RT has a chemical structure similar to OBA-RT. Hongwiangchan
also reported that CIN-RM suppressed CSCs by inhibiting the AKT signaling pathway,
resulting in the downregulation of stem cell transcription factors, including Nanog, Oct4,
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and Sox2 [21]. Nanog and Oct4 are the key transcription factors that control self-renewal
and the pluripotency of CSCs, and are prognostic biomarkers in lung CSCs under regulation
of the Akt signaling pathway [35].

The inhibition of Akt at an essential binding site for protein activity is a powerful
strategy. At present, several critical binding sites have been focused on. Consequently,
allosteric Akt inhibitors have been highly emphasized because of their role in blocking the
kinase activity of Akt and interfering a pleckstrin homology (PH)-domain membrane- medi-
ated recruitment [36]. This inhibition prevents Akt kinase activation and phosphorylation.
In this study, considering the allosteric mechanism of OBA-RT, we performed molecular
docking simulations using the binding interaction pattern of OBA-RT with the allosteric
pocket of Akt-1. The molecular docking result revealed that OBA-RT could bind with
Akt-1 with a binding energy of −8.1 kcal/mol, which is suitable for a potential interaction
with Akt. The binding interaction pattern of OBA-RT with the allosteric pocket of Akt-1
is illustrated in Figure 6. The allosteric pocket of Akt-1 was located between the kinase
domain and N-terminal PH domain [37]. OBA-RT forms a hydrogen bond with Gln203
and hydrophobic interactions with Leu202, Ser205, Leu264, Lys268, Val270, and Asp292
in the kinase domain. Moreover, it forms a hydrogen bond with Thr82 and hydrophobic
interactions with Asn53, Asn54, Ser56, Ala58, Gln79, and Trp80 in the PH domain. Trp80
has been reported as an important residue for the allosteric Akt-1 inhibitor [38]. The Boc-
L-alanine extension contributed significantly to the overall affinity of OBA-RT to Akt; that
is, the hydrogen bond formed between the carbamate ether oxygen and the hydroxyl group
of Thr82 and the hydrophobic interaction formed between the terminal tert-butyl group
and Leu264, Lys268, and Val270. In addition, OBA-RT showed a similar binding pattern
compared with miransertib, an oral allosteric Akt-1 inhibitor, by hydrophobic interaction
with Trp80. Thus, the analyses suggest that OBA-RT could interact with Akt-1 via an
allosteric mechanism, which demonstrates the ability of OBA-RT to inhibit Akt-1, following
the previous experimental results. This result could support the conclusion that OBA-RT
could be a potential anticancer agent by targeting Akt activation through an allosteric
mechanism. Based on our computational analysis, OBA-RT-resistant cell lines with Akt
variants harboring mutations in a key residue predicted to directly bind to OBA-RT can be
generated for experimental validation. In vitro biophysical analyses for the determination
of binding parameters between Akt and OBA-RT, such as isothermal titration calorimetry
and thermal shift assay, might be conducted to verify the target engagement. By function-
alizing OBA-RT with biotin or a bio-orthogonal group to be used in pull-down assays,
chemoproteomics could be used to identify the complete set of cellular targets beyond Akt.

The cellular target profiling provided in this work contributes to a new perspective on
tetrahydroisoquinoline antitumor antibiotics and may inform further systematic medicinal
chemistry development of compounds in this class with defined molecular pharmacology
details for next-generation therapy for intractable cancers.

4. Materials and Methods

4.1. Reagents and Antibodies

Dulbecco’s Modified Eagle’s Medium (DMEM) medium, fetal bovine serum (FBS),
penicillin/streptomycin, L-glutamine, phosphate-buffered saline (PBS), and trypsin-EDTA
were obtained from Gibco (Grand Island, NY, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-
Diphenyltetrazoliumbromide (MTT), dimethyl sulfoxide (DMSO), Hoechst 33342, pro-
pidium iodide (PI), and bovine serum albumin (BSA) were obtained from Sigma-Aldrich,
Co. (St. Louis, MO, USA). The following primary antibodies, PARP (#9532), p53 (#9282),
Mcl-1 (#94296), Bcl-2 (#4223), BAX (#5023), Akt (#9272), phosphorylated Akt (#4060), Nanog
(#4903), Oct4 (#2840), c-Myc (#5605), and GADPH (#5174) were obtained from Cell Signaling
Technology (Danvers, MA, USA). CD133 (#CA1217) was obtained from Cell Applications
(San Diego, CA, USA). The respective secondary antibodies, anti-rabbit IgG (#7074) and
anti-mouse (#7076), were obtained from Cell Signaling Technology (Danvers, MA, USA).
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4.2. Semi-Synthesis of 5-O-(N-Boc-L-Alanine)-Renieramycin T (OBA-RT)

Renieramycin M was isolated from the Thai blue sponge Xestospongia sp. collected
at Si-chang Island, in the Gulf of Thailand, with assistance from the Aquatic Recourses
Research Institute, Chulalongkorn University, and permission from the Department of Fish-
eries, Ministry of Agriculture and Cooperatives, Thailand (0510.2/8234, Date 28 October
2019). The fresh blue sponge was mashed, pre-treated with potassium cyanide (10 mM)
in phosphate buffer at pH 7, macerated in methanol, concentrated, extracted with ethyl
acetate, and purified through silica gel column chromatography to obtain renieramycin M
as an orange solid with an isolation yield of 0.02% w/w relative to the dry sponge [19].

Chemical reactions were carried out at room temperature (25 ◦C) using oven-dried
glassware and magnetically stirred under an argon atmosphere using a balloon. The
chemical reagents were purchased from Aldrich (Missouri, USA) and TCI (Tokyo, Japan).
Anhydrous solvents were dried over 4Å molecular sieves. All reactions were monitored
by thin-layer chromatography (TLC) performed using aluminum silica gel 60F254 (Merck,
Darmstadt, Germany). Bands were identified by UV activity. Flash column chromatography
was performed using 60 Å silica gel (230–400 mesh) as a stationary phase along with ethyl
acetate and hexanes as a mobile phase. Regarding structure elucidations, infrared (IR)
spectra were measured on a Perkin Frontier Fourier Transform Infrared Spectrometer. 1H
and 13C nuclear magnetic resonance (NMR) spectra were obtained on a Bruker ADVANCE
NEO 400 MHz NMR spectrometer, and deuterated chloroform (CDCl3) served as the
internal standard for both 1H (7.27 ppm) and 13C (77.0 ppm) spectra. Accurate mass spectra
were obtained using an Agilent 6540 UHD Q-TOF LC/MS spectrometer.

Renieramycin M (20 mg, 0.0347 mmol) was weighed into a round-bottom flask and
dissolved in dry dichloromethane (30 mL). The orange reaction mixture was irradiated with
18 W fluorescent lamp [39]. The mixture was stirred vigorously at room temperature for 24 h
under argon atmosphere. The reaction was monitored by TLC. Once all the starting material
was consumed, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI.HCl, 6.65 mg,
0.0347 mmol) and N, N-4-dimethylaminopyridine (DMAP, 4.24 mg, 0.0347 mmol) were
added to the reaction. After stirring for 5 min, N-Boc-L-alanine was added (32.83 mg,
0.1735 mmol). The yellow reaction mixture was stirred at room temperature for 3 h under
argon atmosphere. Next, the reaction was quenched by addition of water (5 mL). The
organic layer was separated by separatory funnel and the aqueous layer was extracted
with CH2Cl2 (10 mL, 3 times). The organic layers were combined, dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure. Purification by the silica
gel flash chromatography eluting with hexanes:EtOAc (1:1) gave 6.1 mg (24%) of 5-O-
(N-Boc-L-alanine)-renieramycin T as a brown amorphous solid. Chemical structure of
5-O-(N-Boc-L-alanine)-renieramycin T was elucidated by spectroscopic analysis as follows:
IR (ATR) λmax in cm−1: 3401.4, 2923.9, 2851.3, 1714.6,1654.0, 1456.7, 1410.0, 1376.8, 1305.7,
1233.5, 1150.6, 1093.7, 1043.8, 955.7, 769.9, 732.8, 557.1. 1H-NMR (CDCl3, 400 MHz) δH in
ppm: 5.98 (1H, overlapped, 26-H), 5.97 (2H, dd, J = 22.4, 1.2, Hz, OCH2O), 5.01 (1H, br
d, J = 7.2 Hz, 3′-NH), 4.58 (1H, t, J = 6.8 Hz, 2′-H), 4.53 (1H, dd, J = 11.6, 3.6 Hz, 22-Ha),
4.02 (1H, dd, J = 11.6, 4.4, 22-Hb), 4.16 (1H, overlapped, 1-H), 4.11 (1H, overlapped, 21-H).
3.97 (1H, overlapped, 11-H), 3.96 (3H, s, 17-OCH3), 3.36 (1H, d, J = 7.6, 13-H), 3.23 (1H, dt,
J = 12.4, 2.8 Hz, 3-H), 2.73 (1H, dd, J = 20.8, 7.6 Hz, 14-Hα), 2.55 (1H, m, 4-Hα), 2.32 (1H, dd,
J = 15.6, 7.6 Hz, 14-Hβ), 2.28 (3H, s, NCH3), 2.04 (3H, s, 6-CH3), 1.90 (3H, s, 16-CH3), 1.85
(3H, dq, J = 7.6, 1.2 Hz, 27-H3), 1.70 (3H, d, J = 7.2, 7′-H3), 1.61 (1H, overlapped, 4-Hβ), 1.66
(3H, s, 28-H3), 1.46 (9H, br s, 3 × 6′-CH3); 13C-NMR (CDCl3, 100 MHz) δC in ppm: 186.0 (C-
15), 182.7 (C-18), 171.2 (C-1′), 167.0 (C-24), 158.3 (C-4′), 155.2 (C-17), 144.9 (C-7), 141.9 (C-20),
140.9 (C-8), 139.9 (C-5), 140.2 (C-26), 135.3 (C-19), 129.0 (C-16), 126.7 (C-25), 119.9 (C-6), 117.3
(21-CN), 112.3 (C-10), 112.1 (C-9), 101.8 (OCH2O), 80.1 (C-5′), 63.6 (C-22), 60.9 (17-OCH3),
59.2 (C-21), 56.3 (C-1), 55.5 (C-3), 54.8 (C-11), 54.7 (C-13), 49.3 (C-2′), 41.4 (NCH3), 28.3
(3 × 6′-CH3), 27.6 (C-14), 21.0 (C-4), 20.5 (28-CH3), 18.6 (7′-CH3), 15.9 (27-CH3), 9.5 (6-CH3),
8.6 (16-CH3). HR-ESI-MS m/z 747.3231 ([M+H]+, calculated for C39H47N4O11, 747.3236).
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4.3. Preparation of the OBA-RT Stock Solution

OBA-RT was prepared by dissolving it in dimethyl sulfoxide (DMSO) solution and
then stored at −20 ◦C. It was freshly diluted with medium to the desired concentrations
before use. The final concentration of DMSO in solution was less than 0.5%, which caused
no signs of cytotoxicity.

4.4. Cell Lines and Culture

Human non-small cell lung cancer (NSCLC) cell lines, A549 (ATCC® CCL-185™, RRID:
CVCL_0023) cells were obtained from the American Type Culture Collection (Manassas,
VA, USA). A549 cells were cultured in DMEM. The medium was supplemented with 10%
FBS, 2 mM L-glutamine, and 100 units/mL of each penicillin and streptomycin at 37 ◦C
with 5% CO2 in a humidified incubator.

4.5. Cell Viability

A549 cells were cultured in 96-well plates at a density of 1 × 104 cells/well and incu-
bated overnight at environment 5% CO2. Cells were treated with OBA-RT at concentrations
0 to 25 μM for 24 h. After treatment, 100 μL of MTT reagent (0.4 mg/mL) was added to each
well and incubated for 3 h. The formazan crystals were dissolved in DMSO and measured
using a microplate reader (Anthros, Durham, NC, USA) at a wavelength of 570 nm.

4.6. Colony Formation Assay

The survival ability to colonize single cancer cells was investigated by colony formation
assay. After treatment, cells were cultured into 6-well plates at density of 300 cells/well and
incubated for 7 days. The cells were washed with 1X PBS, fixed with 4% paraformaldehyde
(Sigma Chemical, St. Louis, MO, USA) for 30 min, and stained with 0.5% crystal violet
solution. Cells were washed with 1 × PBS three times, and the number and sizes of colonies
were counted.

4.7. Apoptotic Assay

A549 cells were seeded in 96-well plates at a density of 1 × 104 cells/well and allowed
to attach overnight. Cells were incubated with various concentrations of OBA-RT at 0 to
25 μM for 24 h, and then the cells were co-stained with 10 μM of Hoechst 33342 (Sigma, St.
Louis, MO, USA) and propidium iodide (PI) (Sigma, St. Louis, MO, USA) for 30 min in
darkness. Fluorescence microscopy (Olympus DP70, Melville, NY, USA) was performed to
image the apoptotic cells.

In addition, Annexin V-FITC Apoptosis Kit (Thermo Fisher Scientific, Waltham, MA,
USA) was assessed to investigate apoptotic and necrotics cells. A549 cells were seeded
into 24-well plates at a density of 1.5 × 104 cells/well and incubated overnight. Cells
were treated with indicated concentrations of OBA-RT (0–25 μM) for 24 h, then harvested
and suspended in the binding buffer followed by incubation with Annexin V and PI for
15 min in darkness. Apoptotic and necrotic cells were assessed by Guava easyCyteTM flow
cytometry (EMD Millipore, Hayward, CA, USA).

4.8. Spheroid Formation Assay

A549 cells were pre-treated with concentrations of OBA-RT (0–25 μM) for 24 h. The
treated cells were seeded onto ultralow attachment plates at a density 2.5 × 103 cells/well
in DMEM containing 1% FBS (v/v) (Merck, DA, Germany) for 7 days to form spheroids. On
days 3 and 7, the numbers and sizes of spheroids were determined using a phase-contrast
microscopy (Nikon ECLIPSE Ts2, Tokyo, Japan).

4.9. CSC-Rich Population

The enrichment of the CSC subpopulation in cancer cells was successfully performed
through the three-dimensional (3D) spheroid-formation assay. A549 cells were seeded
onto 24-well ultralow attachment plates at approximately 2.5 × 103 cells/well with serum-

135



Mar. Drugs 2022, 20, 235

free medium to form primary spheroids for 7 days. After that, primary spheroids were
resuspended into single cells and seeded onto 96-well ultralow attachment plates for
14 days to form CSC-rich spheroids. After 14 days, CSC-rich spheroids were treated with
concentrations of OBA-RT (0–25 μM) for 24 h. After treatment, apoptotic cell death was
analyzed with Hoechst 33342 and size of single spheroid was captured using phase-contrast
microscopy (Nikon ECLIPSE Ts2, Tokyo, Japan).

4.10. Western Blot Analysis

A549 cells were seeded at a density of 4 × 105 cells/well in 6-well plates overnight.
Cells were treated with OBA-RT (0–25 μM) for 24 h. Then, cells were washed with cold 1X
PBS and incubated in RIPA buffer, 1% Triton X-100, 100 mM PMSF, and a protease inhibitor
for 30 min on ice. Protein concentrations were quantified using BCA protein assay kit from
Pierce Biotechnology (Rockford, IL, USA). Cell lysates were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride (PVDF) (Bio-Rad Laboratories Inc., Hercules, CA, USA). The membrane was
blocked with 5% (w/v) non-fat dry milk power (Merck, Darmstadt, Germany) at room
temperature for 2 h and each membrane was incubated with the specific primary antibodies
for overnight at 4 ◦C, as well as incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Cell Signaling, Danvers, MA, USA) for 2 h at room temperature. The
protein expression was observed using chemiluminescence (Supersignal West Pico; Pierce,
Rockford, IL, USA) and quantified using ImageJ software (NIH, Bethesda, MD, USA).

4.11. Immunofluorescence Assay

A549 cells were seeded into 96-well plates at a density 1 × 104 cells/well and in-
cubated overnight. After treatment with OBA-RT for 24 h, the cells were fixed with 4%
paraformaldehyde for 30 min, permeabilized with 0.5% Triton-X for 5 min, and blocked
with 4% BSA for 1 h at room temperature. The cells were incubated with an anti-CD133 an-
tibody overnight at 4 ◦C and then incubated with secondary antibody for 1 h, stained with
Hoechst 33342 (Sigma, St. Louis, MO, USA) for 30 min at room temperature in darkness,
and mounted using 50% glycerol (Merck, Darmstadt, Germany). Confocal images were
assessed under fluorescence microscope (Nikon ECLIPSE Ts2, Tokyo, Japan) and analyzed
by ImageJ software.

4.12. Molecular Docking

The crystal structure of miransertib (ARQ092) in complex with the Akt-1 [40] was
retrieved from the Research Collaboratory for Structural Bioinformatics Protein Data Bank
(PDB code: 5KCV) [41]. All water molecules and co-crystal ligand were deleted with
the UCSF ChimeraX [42]. AutoDockTools version 1.5.7 [43] was used to repair missing
atoms and add polar hydrogen atoms. The structure of OBA-RT was constructed utilizing
MarvinSketch and optimized with the Gaussian 09 program [44] using density functional
theory (DFT) with a B3LYP/6-31G (d,p) basis set. Autodock Vina [45] was performed to
investigate an interaction between OBA-RT and the allosteric pocket of Akt-1 using default
parameters. A grid box was set with the center of the co-crystal ligand (PDB code: 5KCV).
The grid size was set to 20 × 20 × 20 Å with a spacing of 1 Å. Furthermore, visualization of
binding interaction patterns was carried out by UCSF ChimeraX.

4.13. Statistical Analysis

All results were compared and expressed as mean ± standard error of the mean (SEM)
from at least triplicate independent experiments. Statistical analyses were evaluated using
analysis of variance (ANOVA) followed by Tukey’s HSD post hoc test. The statistic was
calculated by using SPSS version 28 (IBM Corp., Armonk, NY, USA). Statistically significant
differences were indicated by * p-values less than 0.05. GraphPad Prism 9 was used for
creating graphs in all experiments (GraphPad Software, San Diego, CA, USA).
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5. Conclusions

These results provide novel and significant data on the new derivative of RT (OBA-RT)
suggesting it can be considered as a potential therapy for lung CSCs. The compound
has a potent apoptotic and CSC-suppressing activity in lung cancer cells (Figure 7a,b). In
addition, the OBA-RT molecule could exert allosteric inhibition of the Akt protein. As Akt
is critical for cancer cell survival and stemness phenotypes, our results might be used in
demonstrating OBA-RT as a potential therapy for CSC and Akt-driven cancers.

Figure 7. The proposed regulatory pathway of OBA-RT in inhibition of CSC and induction of
apoptosis. (a) CSCs drive cancer initiation, progression, and therapeutic failure due to their abilities
to initiate cancer, induce self-renewal and tumorigenicity, and augment pluripotent signals. CSCs are
known to be highly resistant to chemotherapy and cause cancer relapse. Specific treatment to CSCs
may induce cancer collapse and prevent the relapse of the disease. (b) Akt signaling pathways are
critical for CSC properties and apoptotic cell death leading to cancer aggressiveness. OBA-RT could
inhibit Akt function, resulting in the induction of apoptosis and cancer stem cell suppression activity
in lung cancer cells.
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Abstract: Seaweeds are a great source of compounds with cytotoxic properties with the potential
to be used as anticancer agents. This study evaluated the cytotoxic and proteasome inhibitory ac-
tivities of 12R-hydroxy-bromosphaerol, 12S-hydroxy-bromosphaerol, and bromosphaerol isolated
from Sphaerococcus coronopifolius. The cytotoxicity was evaluated on malignant cell lines (A549,
CACO-2, HCT-15, MCF-7, NCI-H226, PC-3, SH-SY5Y, and SK-MEL-28) using the MTT and LDH
assays. The ability of compounds to stimulate the production of hydrogen peroxide (H2O2) and
to induce mitochondrial dysfunction, the externalization of phosphatidylserine, Caspase-9 activity,
and changes in nuclear morphology was also studied on MCF-7 cells. The ability to induce DNA
damage was also studied on L929 fibroblasts. The proteasome inhibitory activity was estimated
through molecular docking studies. The compounds exhibited IC50 values between 15.35 and 53.34
μM. 12R-hydroxy-bromosphaerol and 12S-hydroxy-bromosphaerol increased the H2O2 levels on
MCF-7 cells, and bromosphaerol induced DNA damage on fibroblasts. All compounds promoted a
depolarization of mitochondrial membrane potential, Caspase-9 activity, and nuclear condensation
and fragmentation. The compounds have been shown to interact with the chymotrypsin-like catalytic
site through molecular docking studies; however, only 12S-hydroxy-bromosphaerol evidenced inter-
action with ALA20 and SER169, key residues of the proteasome catalytic mechanism. Further studies
should be outlined to deeply characterize and understand the potential of those bromoditerpenes for
anticancer therapeutics.

Keywords: terpenes; algae; marine natural products; apoptosis; mitochondrial dysfunction; oxidative
stress; anticancer; Sphaerococcus coronopifolius

1. Introduction

Marine natural products (MNP) have been revealed to possess uncommon and diverse
chemical structures with a great ability to interact with different biological targets, making
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them excellent candidates to inspire the development of breakthrough pharmacological
agents [1,2]. The efforts in discovering new therapeutic entities from marine origin have
driven a growing number of marine natural products and derivatives that entered clinical
trials, reinforcing their relevance and impact on the pharmaceutical industry [3]. The high
success ratio of the approved drugs/MNPs reported (1 in 3500 MNPs) compared with the
hit rate (1/5000 to 1/10,000) of non-marine-derived NPs indicates their pharmacological
relevance [4,5].

Most of the approved MNP-based drugs and compounds currently in clinical trials,
due to distinct factors, have an indication for the treatment of malignant tumors, one of the
biggest scourges of human health nowadays, potentiated by the COVID-19 pandemic [5,6].
To date, ten MNP-based drugs (out of fourteen) were clinically approved by different health
regulatory agencies to treat cancer—nine of them in the last seventeen years [7]. Despite
the advances achieved in the last decades, cancer treatments remain a huge challenge
due to the multifactorial complexity of malignant diseases [8]. Cancer diseases possess a
diverse and complex cellular machinery supported by a microenvironment that sustains
proliferative signalling, deregulates cellular metabolism, activates invasion and metastasis,
and resists cell death, among other biological events, ensuring the adaptation of malignant
cells to therapeutic regimes, developing chemo-resistance [8]. Consequently, the discovery
and development of new anticancer therapeutics is of utmost relevance.

In this field, marine natural products have revealed a capacity to modulate distinct
cancer intracellular signalling pathways such as cell proliferation, cell viability, endoplas-
mic reticulum (ER) stress, the induction of reactive oxygen species (ROS) production,
apoptosis, etc [9]. Among MNPs, polyphenols, polysaccharides, alkaloids, peptides, and
terpenoids have demonstrated great anticancer activities in in vitro, preclinical, and clinical
studies [7,10]. Seaweeds represent the third group from which the highest number of new
compounds was obtained in recent decades. These belong to distinct chemical classes such
as polysaccharides, sterols, phycocyanins, carotenoids, alkaloids, and terpenoids, among
others [11]. Those compounds have exhibited a wide range of biological activities including
antimicrobial [12], antioxidant [13], anti-inflammatory [14], antiviral [15], and anticancer
activities [16]. Regarding anticancer properties, seaweed metabolites have been shown to
prevent tumor growth by inducing apoptosis, blocking cell cycle pathways, and affecting
the viability of cancer stem cells, which are major players in angiogenesis, invasion, and
metastasis [11]. However, the relevance of seaweeds’ bioactive compounds in the treatment
of cancer remains underexplored, and their translation to clinical use is not yet a reality.

The chemical profile of the red seaweed Sphaerococcus coronopifolius Stackhouse 1797
has revealed the presence of structurally diverse diterpenes, many of them brominated,
such as 12R-hydroxy-bromosphaerol, 12S-hydroxy-bromosphaerol, and bromosphaerol
(Figure 1), as a consequence of the abundance of halogen ions in the seawater [11,17]. This
chemical feature is rare among secondary metabolites and results predominantly from
bromine substitution, which seems to enhance their effects on biological systems [18]. Those
compounds have displayed different biological activities, including antimicrobial [19],
antifouling [20], and cytotoxicity activities [21–23]. Regarding the antitumor potential, only
preliminary screenings were accomplished, and the mechanism of action underlying their
cytotoxic effects remains unclear, as well as their ability to interact with the proteasome.
Accordingly, the main goal of this work was to evaluate the cytotoxic activities of those
bromoditerpenes on several malignant cell lines and related mechanisms of action, also
predicting their ability to act as proteasome inhibitors, as evaluated through molecular
docking analysis. The proteasome is essential for the maintenance of the intracellular
protein homeostasis, and its dysfunction has been associated with the development of
several diseases, such as cancer [24].
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Figure 1. Chemical structures of Sphaerococcus coronopifolius bromoditerpenes.

The bromoditerpenes displayed moderate cytotoxicity on the studied malignant cell
lines, which seems to be mediated by an increase in H2O2 levels or DNA damage and
apoptosis induction.

2. Results

2.1. Interaction with Proteasome—Molecular Docking Studies

The ability of the three bromoditerpenes (bromosphaerol, 12S-hydroxy-bromosphaerol,
and 12R-hydroxy-bromosphaerol) to inhibit the 20S proteasome was assessed through
molecular docking calculations. The crystal structure with the PDB code 4R67 (human
constitutive 20S proteasome in complex with carfilzomib) and the chymotrypsin-like (CT-L)
catalytic site composed of the β5 catalytic subunit (and the β6 complementary subunit)
were prepared for the docking calculations. The interaction profile showed that the three
bromoditerpenes are positioned distantly from the Thr1 N-terminal γ hydroxyl group
(Thr1Oγ), which acts as a nucleophile in the catalytic mechanism [25–28]: bromosphaerol
and 12R-hydroxy-bromosphaerol are both at a distance of 10.87 Å from the Thr1Oγ, the
12S-hydroxy-bromosphaerol being at 9.26 Å.

The best docking pose for each compound is shown in Figure 2. Bromosphaerol
(Figure 2A) interacts with LYS32, TYR130, ARG132, and GLY128 but not with key residues
such as THR1, ASP17, ALA20, LYS33, MET45, ALA49, CYS52, SER129, ASP166, and
SER169 [29–32]. The bromoditerpene 12S-hydroxy-bromosphaerol (Figure 2B) interacts
with ALA20 and SER129, but the remaining interactions are established with non-key
residues (ALA22, ALA27, TYR107, ILE109, LYS136, and ASP125). At last, the compound
12R-hydroxy-bromosphaerol (Figure 2C) interacts with amino acids that are closer to the
key residues of the CT-L activity: LYS32, TYR130, GLN131, and ARG132.

  

Figure 2. Cont.
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Figure 2. Docking poses of the Sphaerococcus coronopifolius bromoditerpenes in the proteasome
chymotrypsin-like (CT-L) active site (β5 subunit: cyan; β6 subunit: green; catalytic THR1: yellow).
(A) Bromosphaerol, (B) 12S-hydroxy-bromosphaerol, (C) 12R-hydroxy-bromosphaerol.

2.2. Isolation and Identification of Bromoditerpenes

Sphaerococcus coronopifolius freeze-dried samples were subjected to a sequential ex-
traction and fractionation process by vacuum liquid chromatography, resulting in five
fractions (F1–F5). The F3 fraction was purified through successive chromatographic tech-
niques, affording three pure compounds. The analysis of their NMR 1D/2D spectra and
the comparison of the chemical shifts and structural assignments (Supplementary Ma-
terial, Tables S1–S3) with the literature data allowed for the unequivocal identification
of the purified compounds known as the bromoterpenes 12R-hydroxy-bromosphaerol,
12S-hydroxy-bromosphaerol, and bromosphaerol (Figure 1).

2.3. Cytotoxic Activities on Malignant Cells

The cytotoxicity of the compounds was tested on malignant cell lines derived from
distinct tissues (A549, CACO-2, HCT-15, MCF-7, NCI-H226, PC-3, SH-SY5Y, and SK-MEL-
28), and the results are displayed in Figure 3.
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Figure 3. Dose-response analysis (0.1–100 μM) of Sphaerococcus coronopifolius bromoditerpenes on
malignant cell lines derived from distinct tissues following 24 h of treatment. The effects on cell
viability were estimated by the MTT assay. The values in parentheses represent the confidence
intervals for 95%.
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The 12R-hydroxy-bromosphaerol and bromosphaerol displayed a range of IC50 values
between 18.28/27.76 μM and 33.78/50.37 μM, the lowest value observed on MCF-7 cells and
the highest one observed on CACO-2 cells, respectively (Figure 3). 12S-hydroxybromosphaerol
exhibited IC50 values between 15.35 μM and 53.34 μM, the smallest value on cells derived
from prostate adenocarcinoma (PC-3), and the highest on CACO-2 cells. Overall, the higher
IC50 values were observed on malignant cells derived from colorectal adenocarcinoma
(CACO-2), these being the most resistant to the bromoditerpenes treatment. In some cases,
the compounds exhibited effects more marked than those of the anticancer drugs, especially
in colorectal cancer cells, when tested in these experimental conditions (Supplementary
Material, Figures S1–S3). Since the compounds presented broad anti-cancer activity in
several cell lines, further insights into the mechanisms underlying the observed effects were
sought. The MCF-7 cell line was used because breast cancer leads the number of diagnoses
in women and is the second most deadly cancer after lung cancer [6].

2.4. Cytotoxicity and Mitochondrial Function

To understand if the effects mediated by the compounds were linked to mitochondrial
activity, the lactate dehydrogenase (LDH) release was used as an indicator of cell survival,
while the mitochondrial function was assessed by the MTT assay. MCF-7 cells were exposed
to compounds (0.1–100 μM) for 24 h, and the results are presented in Figure 4.
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Figure 4. Effects of Sphaerococcus coronopifolius bromoditerpenes (0.1–100 μM) on MCF-7 cells’ viability,
as estimated by the MTT and LDH assays following exposure for 24 h. Symbols represent significant
differences (p < 0.05) when compared to the * vehicle and # LDH assay.
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Overall, the MCF-7 cells treated with the compounds revealed a similar profile on
both assays; it was more marked on the MTT assay (Figure 4). Through the MTT assay,
all compounds at 25 μM showed significant differences when compared to the vehicle
treatment. However, this was not observed on the LDH assay. Furthermore, when tested at
10 and 25 μM of 12S-hydroxy-bromosphaerol and bromosphaerol, respectively, the results
revealed by the MTT assay displayed significant differences when compared with the
effects observed on the LDH assay.

2.5. Hydrogen Peroxide Levels

Hydrogen peroxide (H2O2) levels were estimated on MCF-7 cells in real-time following
the treatment with the aforementioned compounds (IC50) for 1, 3, and 6 h. The results are
presented in Figure 5.

 
Figure 5. Hydrogen peroxide (H2O2) levels generated by MCF-7 cells following treatment with
Sphaerococcus coronopifolius bromoditerpenes (IC50) for 1, 3, and 6 h. The symbol represents significant
differences (p < 0.05) compared to the * vehicle.

The treatment with 12R-hydroxy-bromosphaerol and 12S-hydroxy-bromosphaerol
significantly stimulated the production of hydrogen peroxide (H2O2) on MCF-7 cells
after 1 h of treatment. However, the highest increase was mediated by 12S-hydroxy-
bromosphaerol on MCF-7 cells after exposure for 3 h. Conversely, bromosphaerol was not
able to induce H2O2 generation.

2.6. Depolarization of Mitochondrial Membrane Potential

Alterations in the mitochondrial membrane potential were studied following MCF-7
cells’ exposure to the aforementioned compounds (IC50) for 15, 30, and 60 min (Figure 6).
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Figure 6. Alterations on the mitochondrial membrane potential of MCF-7 cells following exposure to
Sphaerococcus coronopifolius bromoditerpenes (IC50) for 15, 30, and 60 min. The symbol (*) represents
significant differences (p < 0.05) compared to the vehicle.

The treatment of MCF-7 cells with the isolated bromoditerpenes promoted changes in
MMP after 15, 30, and 60 min (Figure 6). 12R-hydroxy-bromosphaerol and bromosphaerol
induced a significant depolarization after 15 and 30 min, while 12S-hydroxy-bromosphaerol
induced the same effect after 30 and 60 min as compared to the vehicle situation. However,
the highest effect was mediated by 12R-hydroxy-bromosphaerol and bromosphaerol after
15 min (294.6 ± 34.7%) and 30 min (306.9 ± 23.5%) of treatment, respectively.

2.7. Externalization of Phosphatidylserine, Caspase-9 Activity, and Nuclear Condensation
and/or Fragmentation

Apoptosis is characterized by key biological events, including the externalization
of phosphatidylserine, caspases activation, and nuclear condensation and fragmentation.
Those events were studied on MCF-7 cells following treatment with the compounds (IC50)
at different exposition times (Figure 7).

Under controlled conditions, MCF-7 cells were mostly viable, with a small percentage
in late apoptosis (Figure 7A). All of the bromoditerpenes promoted a significant decrease
in viable cells and cells in the late apoptosis stage compared to the vehicle treatment.
As for the apoptosis and necrosis levels, there were no differences between the treated
cells and the vehicle. The compounds induced Caspase-9 activity following 6 h exposure,
bromosphaerol being the most efficient one (Figure 7B). By analyzing Figure 7C, it is
possible to observe changes in MCF-7 cells’ nuclear morphology. After 24 h and 48 h of
exposition to 12R-hydroxy-bromosphaerol, nuclear condensation seemed to be induced;
however, the effects were much more expressive with 72 h of exposition. 12S-hydroxy-
bromosphaerol treatment induced nuclear condensation following 24 h of exposure and
extensive nuclear fragmentation for prolonged exposures, i.e., 48 h and 72 h. Similarly,
bromosphaerol induced nuclear condensation after 24 h and nuclear fragmentation after 48
and 72 h.
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Figure 7. Effects of Sphaerococcus coronopifolius bromoditerpenes (IC50) on apoptosis biomarkers:
(A) externalization of phosphatidylserine (24 h), (B) Caspase-9 activity (6 h), and (C) nuclear mor-
phology (24, 48, and 72 h). The symbol (*) represents significant differences (p < 0.05) compared to
the vehicle. Images of DAPI-stained cells were acquired using an inverted fluorescence microscope at
×400. Arrows indicate alterations in DNA compared to the vehicle. The images are representative of
one well of each tested condition.
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2.8. DNA Damage on L929 Fibroblasts

The ability of bromoditerpenes (25 and/or 50 μM) to affect the DNA integrity was
studied on L929 fibroblasts following 3 h of exposure (Figure 8).

 

Figure 8. Effects of Sphaerococcus coronopifolius bromoditerpenes (25 and/or 50 μM) on the DNA
integrity of L929 fibroblasts following 3 h of exposure. Symbols represent significant differences (p <
0.05) compared to the * vehicle and # ethyl methanesulfonate (EMS) of the respective DNA damage
levels. Damage index: Σ (comet class: 1, 2, 3, 4), 0—nuclei without DNA damage, and 4—nuclei with
maximum DNA damage.

Bromosphaerol and ethyl methanesulfonate (EMS)—the positive control for DNA
damage—significantly decrease the number of cells at level 0 of the DNA damage index
when compared to the vehicle (Figure 8). At levels 1, 2, and 3, only EMS displayed signif-
icant differences compared to the vehicle. Particularly, bromosphaerol (50 μM) was the
only compound that induced level 4 DNA damage on fibroblasts. However, when tested at
25 μM, this compound exhibited a similar behavior to that of the other tested compounds.

3. Discussion

In the last decades, marine natural products have been shown to be key players in
the development of innovative anticancer therapeutic strategies, which is easily proved
by the currently approved MNP-derived drugs. The ongoing clinical pipeline presents
thirty-three marine-derived molecules, from which twenty-seven are being tested for the
treatment of different oncologic diseases [7]. Marine natural products display a great
ability to act as biological modulators, exhibiting dissimilar modes of action within typical
classes of drugs and establishing new avenues for cancer therapy [33,34]. Despite the
efforts, the anticancer potential of several MNPs remains poorly explored, evidencing
the relevance of performing studies with molecules that are already described but whose
mechanisms affecting malignant cell lines are not fully understood. Thus, the present study
aimed to evaluate the potential of three bromoditerpenes isolated from the red seaweed
Sphaerococcus coronopifolius to interact with the proteasome core and induce cytotoxicity on
different cancer cell lines, as well as study their possible mechanisms of action.

Proteasome plays a critical role in the regulation of intracellular protein levels, it
being responsible for the degradation of most cellular proteins (80%) in the cytoplasm and
nucleus after being tagged with ubiquitin. The malfunction of this system can lead to the
degradation of normal proteins while the abnormal ones cannot be degraded, resulting in
proteasome-related diseases such as cancer [35]. Furthermore, plasma-increased levels of
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the 20S proteasome catalytic core have been observed in cancer patients, particularly in the
case of solid tumors, which can present values that are 1000-fold higher compared with
those of healthy individuals [36,37]. These clinical findings suggest that the 20S proteasome
is a hot and challenging target in cancer research. Proteasome inhibitors are able to induce
apoptosis in several cancer cells, showing low cytotoxicity in normal cells [38]. Regarding
the interaction pattern of the three bromoditerpenes with the proteasome CT-L catalytic
site, molecular docking calculations showed that the compounds do not interact with the
catalytic THR1. However, 12S-hydroxy-bromosphaerol interacts with ALA20 and SER169,
which are key residues of proteasome catalytic activity. These interactions may be explained
by the distinct conformation adopted by the three compounds, suggesting that the presence
of an additional hydroxyl group in derivatives of bromosphaerol, as well as the spatial
configuration of 12S and 12R, can be relevant in the interaction. However, considering
these results, the interaction pattern of the three compounds, observed through molecular
docking studies, is not very likely to lead to effective proteasome inhibition. Similarly, the
marine bromoditerpene sphaerococcenol A also did not establish interactions with key
amino acids that are essential for recognition and proteasome inhibition [39]. Nevertheless,
several other reports attest to the ability of terpenes obtained from plants and marine
organisms (e.g., triptolide, celastrol, pristimerin, withaferin A, petrosapongiolide M, and
heteronemin) to interact with key residues of proteasome by molecular modelling, which
was confirmed by in vitro and in vivo assays [40–43].

Regarding the cytotoxic effects, the data gathered revealed that those three bromoditer-
penes induced a moderate loss of viability in several malignant cell lines with IC50 values
ranging from 15.35 to 53.34 μM. Regarding A549, PC-3 and SK-MEL-28 tumor cells, the
observed IC50 range is similar to the IC50 values previously reported for those cells (9–35
μM) [23]. By looking to the results attained by the MTT and LDH assays, it is possible to
conclude that the effects mediated by 12S-hydroxy-bromosphaerol and bromosphaerol
were more marked in the MTT assay. Furthermore, despite the treatment with 12R-hydroxy-
bromosphaerol not promoting significant differences between the assays, the effects on
MCF-7 cells’ viability were also more noticeable when estimated by the MTT assay com-
pared to the LDH assay at a concentration near their IC50 value (25 μM). Those data are
particularly interesting since, although the MTT and LDH assays evaluate the effects on
cells’ viability, the cellular target of each method is distinct. In fact, while the MTT as-
say evaluates the cells’ dehydrogenases activity (both mitochondrial and cytoplasmatic),
LDH evaluates the membrane integrity [44]. The results suggest that the compounds may
target mitochondrial activity and that their similar effects can be related to the presence
of a bromine group in their structures, which is rare in nature and has been associated
with their biological activities [18]. Furthermore, 12R-hydroxy-bromosphaerol and 12S-
hydroxy-bromosphaerol are diastereoisomers—specifically, epimers on position 12—which
means that the compounds have the same molecular formula and constitutions around the
carbon atoms, and the spatial arrangement of the groups around those atoms differ only in
terms of the configuration of the stereocenter C12. These spatial differences are enough to
mediate distinct pharmacological activities—as observed with thalidomide, a teratogenic
drug used in pregnant women in the late 1950s—due to the simultaneous presence of both
enantiomers, R and S, in its composition, a fact that was unknown at the time. The (R)-
enantiomer was responsible for the sedative effects, the therapeutic properties of interest,
while the (S)-isomer induced teratogenic activities, provoking a range of severe birth de-
fects [45]. However, despite 12R-hydroxy-bromosphaerol and 12S-hydroxy-bromosphaerol
displaying different spatial arrangements around C12, this seemed to not influence the
cytotoxic activities, since those compounds exhibited similar activities on all cell lines.

Apoptosis has been a mainstay and a goal of innovative oncology therapeutics to
ensure an effective elimination of cancer cells. Apoptotic signaling pathways are triggered
by multiple factors, including cellular stress and DNA damage [46]. Several chemothera-
peutics, such as cisplatin and doxorubicin, can stimulate the formation of reactive oxygen
species (ROS), leading to cancer cells’ death by apoptosis [47] and demonstrating that the
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induction of ROS production could be an appropriate therapeutic strategy. On the other
hand, the mechanism of action of other anticancer drugs is associated with the induction
of high levels of DNA damage that trigger cell cycle checkpoints, leading to cell cycle
arrest and/or cell death [48]. This strategy is based on two fundamental assumptions. The
first relies on the fact that cancer cells multiply more often than normal cells; secondly,
normal cells have a highly efficient DNA damage response and DNA repair mechanisms,
giving normal cells the ability to stop the cell cycle to repair the DNA. Therefore, they
have the ability to arrest proliferation for more efficient DNA repair and to avoid the
damage mediated by the drug [48,49]. Herein, the ability of compounds to stimulate
the production of hydrogen peroxide (H2O2) and DNA damage was studied, as well
as the capacity to modulate different biomarkers related to apoptosis. The compounds
12R-hydroxy-bromosphaerol and 12S-hydroxy-bromosphaerol stimulated the production
of H2O2, and bromosphaerol induced DNA damage, suggesting that the presence of an
additional hydroxyl group in the derivatives 12S and 12R induces a distinct effect between
the derivatives and bromosphaerol. These effects were accompanied by changes in mito-
chondrial membrane potential, more cells in late apoptosis, increased Caspase-9 activity,
and nuclear fragmentation/condensation. The ability of marine terpenes to modulate
these intracellular signaling pathways has already been reported. The marine sesterter-
penoid heteronemin isolated from the sponge Kyrgios sp. induced apoptosis and ferroptosis
triggered by the production of ROS on several in vitro cancer cellular models [50,51]. Fur-
thermore, previous studies conducted with the bromoditerpenes sphaerococcenol A and
sphaerodactylomelol also displayed increased H2O2 levels, modulating different apoptotic
hallmarks [39,52]. However, further studies need to be accomplished to fully understand
the involvement of oxidative stress in MCF-7 cells’ death and loss of cell viability. For
instance, a pre-treatment with N-acetylcysteine (NAC), known as an ROS scavenging
molecule, can be used to understand if the cytotoxic effects mediated by 12R-hydroxy-
bromosphaerol and 12S-hydroxy-bromosphaerol are related to the increase in H2O2 levels.
Despite the mechanisms of action underlying the activities of these compounds being unex-
plored, a potential cytostatic effect of 12S-hydroxy-bromosphaerol was suggested on U373
GBM cells. Smyrniotopoulos and co-workers [23] observed a marked increase in mitosis
length through the computer-assisted phase-contrast microscopy approach. Accordingly,
this evidence and our data suggest that 12S-hydroxy-bromosphaerol may have the capacity
to arrest the cell cycle and trigger apoptosis, two independent physiological processes
regulated by a complex network of pathways, including cell cycle regulators, such as P53,
that are essential for tissue homeostasis [53].

On the other hand, according to the findings observed following bromosphaerol
treatment, it is possible to suppose that its effects may be associated with the induction
of DNA damage, leading to the activation of cell death by apoptosis. Among the tested
compounds, bromosphaerol was the only one that induced significant DNA damage on
L929 cells. However, when tested at a similar concentration (25 μM, the IC50 value for
MCF-7 cells, 3 h), L929 cells were not affected. However, it is possible that the longer
treatment of MCF-7 cells triggered DNA damage repair mechanisms, leading to cells’
survival by recovering the effects mediated by bromosphaerol observed on L929 cells after
3 h. Nevertheless, more studies are needed to validate the different hypotheses, including
the evaluation of the genotoxic effects over time on L929 cells, carrying out those assays
on MCF-7 cells, as well as studying the cell cycle. Although several NPs induce DNA
damage, leading to cell cycle arrest and apoptosis [54–56], the present study discloses, for
the first time, the potential mechanisms of action underlying the cytotoxic effects of the
marine bromoditerpenes 12R-hydroxy-bromosphaerol, 12S-hydroxy-bromosphaerol, and
bromosphaerol, which may be related to increased H2O2 levels and DNA damage, leading
to cell death by apoptosis. Further experiments are required to understand the involvement
of oxidative stress and DNA damage in the cytotoxic activity of these compounds, as well
as studies on their effects on normal cells (proliferating or quiescent) in order to define their
therapeutic index and understand their antitumor potential.
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4. Materials and Methods

4.1. Collection, Extraction, and Purification

Red seaweed specimens of Sphaerococcus coronopifolius were collected in the Berlen-
gas Nature Reserve (39◦24′44.8′ ′ N 9◦30′29.5′ ′ W), Peniche, Portugal by scuba diving
and immediately transported to MARE-Polytechnic of the Leiria laboratory, where they
were identified by Prof. Teresa Mouga, a biologist with vast experience in the taxonomic
identification and ecology of marine seaweeds. The samples were cleaned to remove
detritus, sand, and epibionts and freeze-dried. The dry algal material was powdered
and then sequentially extracted with methanol and dichloromethane (1:4) for 12 h. The
dichloromethane extract was concentrated to dryness in a rotary evaporator and subjected
to normal phase vacuum liquid chromatography on silica gel 60 (0.06–0.2 mm), using cyclo-
hexane (VWR, Fontenay-sous-bois, France) with increasing amounts (25%) of ethyl acetate
(EtOAc) (VWR, Fontenay-sous-bois, France) as the mobile phase (five fractions). Fraction
F3 was purified by the semi-preparative reversed-phase HPLC column (Synergi Fusion-RP
80 Å, Phenomenex, 10 × 250 mm, 4 μm) at a flow rate of 5.19 mL/min (25 ◦C), using a
mixture of H2O: CH3CN (VWR, Fontenay-sous-bois, France) as a mobile phase in isocratic
conditions from 0 to 5 min (25:75), a linear gradient from 5 to 25 min (from 25:75 to 15:85),
and isocratic after 25 min (15: 85). This first purification step afforded 12 sub-fractions
(P1–P12), from which only bromosphaerol (P7; tR 23.4 min) was isolated. The sub-fraction
P1 was purified on a silica gel 60 column (Sharlau, 0.04–0.06 mm; column height: 19.5 cm;
diameter: 2 cm; collection volume: 10 mL) using a mixture of EtOAc/n-Hex (1:9) as a
mobile phase, affording 12S-hydroxy-bromosphaerol (P1.1, f12 to f15). The sub-fraction
P2 was purified by repeating the chromatographic steps: first, by the semi-preparative
reversed-phase HPLC column (Synergi Fusion-RP 80 Å, Phenomenex, 10 x 250 mm, 4 μm)
using isocratic conditions (60% CH3CN: 40% H2O) at a flow rate of 5.0 mL/min (25 ◦C),
affording seven sub-fractions (P2.1–P2.7). Fraction P2.5 was then subjected to preparative
column chromatography with silica gel 60 (Sharlau, 0.04–0.06 mm; column height: 19.0
cm; diameter: 2 cm; collection volume: 10 mL) eluted with a mixture of n-Hex/EtOAc (8:2)
along the first 20 fractions, followed by elution with n-Hex/EtOAc (3:7). This step afforded
12R-hydroxy-bromosphaerol (f5 to f9 fraction). The structural elucidation of compounds
was attained by NMR spectroscopy analysis, 1D (1H and 13C Attached Proton Test (APT))
and 2D (COSY, HMBC, HSQC-ed) techniques, and by comparison with previously reported
data. For biological evaluation, the compounds were dissolved in DMSO (concentration
below 0.2%) and evaluated through a set of in vitro assays. The control situation was
always treated with the highest concentration of DMSO as the vehicle.

4.2. In Silico Docking Studies

The receptor structure was retrieved from the Protein Data Bank (www.rcsb.org)
through the PDB code 4R67 (Human constitutive 20S proteasome in complex with carfil-
zomib, 2.89 Å) [32]. To prepare the protein structure for docking calculations, all atoms
(i.e., ligand, salts, water, other chains) other than the receptor β5 and β6 subunits (chains
L and M, respectively—CT-L active site) were deleted from the X-ray structure using the
MOE software package (v.2019.0102) (Molecular Operating Environment; Chemical Com-
puting Group ULC, 1010 Sherbrooke St. West, Suite #910, Montreal, QC, Canada, H3A
2R7, 2021). The AMBER99 forcefield was used to assign atom types and charges to each
atom in the receptor. Hydrogen atoms were added, and the appropriate protonation states
were assigned using the Protonate-3D tool within the MOE software package (pH 7.4 and
T = 310 K). Structures of bromoditerpenes were built and energy-minimized using MOE.
Molecular docking simulations were performed using GOLD 5.4 software [43]. The binding
site was defined to be centered in the catalytic Thr1Oγ (β5 catalytic subunit) with a 15 Å
search radius. Noncovalent docking calculations were performed, with the number of
genetic algorithm (GA) runs set to 1000 and the search efficiency set to 100%, and the ten
top-ranked solutions were selected. For the other settings, the default parameters were
used. First, an initial docking validation step was carried out by performing self-docking
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calculations using GOLD (scoring functions: GoldScore, Chemscore, ChemPLP, and ASP)
and 1000 exhaustive search runs. All protein amino acid residues were kept rigid, whereas
all single bonds of the ligands were treated as fully flexible. The docking parameters
(scoring function—ChemPLP—and protein 3D structure) selected were able to successfully
reproduce the experimental pose (RMSD < 2 Å between the experimental and predicted
pose). The docking procedure was subsequently used for the docking calculations. For
the analysis of protein–ligand interactions, the top docking poses were submitted to the
detection of residue contacts using the docker implementation of PLIP [57]. Images of the
compound and the PDB structures were produced using PyMOL v.1.8.4.0.

4.3. Cell Culture Conditions

The cell lines were obtained from the DSMZ and ATCC biobanks. A549 (ATCC: CCL-
185) and SH-SY5Y (ATCC: CRL-2266) cells were cultivated in DMEM/F-12 medium (Merck,
Germany) supplemented with 10% serum bovine fetal (FBS) (Gibco, USA), GlutaMAX™
(Gibco, USA), 100 IU/mL penicillin, and 100 μg/mL streptomycin (Sigma, USA). CACO-2
(DSMZ: ACC 169), HCT-15 (DSMZ: ACC 357), L929 (DSMZ: ACC 2), MCF-7 (DSMZ: ACC
115), NCI-H226 (Lung squamous cell carcinoma; ATCC: CRL-5826), and PC-3 (Prostate
adenocarcinoma; ATCC: CRL-1435) were cultured in RPMI medium supplemented with
10% FBS, 100 IU/mL penicillin, and 100 μg/mL streptomycin. SK-MEL-28 cells (ATCC:
HTB-72) were grown in EMEM medium (Sigma, USA) supplemented with 10% FBS,
100 IU/mL penicillin, and 100 μg/mL streptomycin. The cells were dissociated with
trypsin (Sigma-Aldrich, USA) and then neutralized with the respective fresh medium and
centrifuged at 290 g for 5 min at room temperature. After that, the cells were resuspended
in a fresh medium (1:10), seeded in 25 cm2 T-Flasks, and cultivated in 5% CO2 and a
humidified atmosphere at 37 ◦C.

4.4. Cytotoxicity Assays

The cells were seeded in 96-well plates (A549: 2.5×105 cells/mL; CACO-2: 2.5×105

cells/mL; HCT-15: 2.5×105 cells/mL; MCF-7: 2.5×105 cells/mL; NCI-H226: 7.5×104

cells/mL; PC-3: 1.25×105 cells/mL; SH-SY5Y: 2.5×105 cells/mL; SK-ML-28: 2.5×105

cells/mL; AML-12: 5.0×104 cell/mL). After 24 h of seeding, the cancer cell lines were
exposed to 12S-hydroxy-bromosphaerol, 12R-hydroxy-bromospherol, and bromosphaerol
(0.1–100 μM) for 24 h, and the effects were assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay [22]. Cisplatin, tamoxifen, and 5-fluorouracil (all
from Sigma, Shanghai, China) were used as anticancer standard controls (0.1–500 μM; 24 h).
The cell death was measured by the LDH cytotoxicity assay kit (Pierce™ LDH Cytotoxicity
Assay Kit; ThermoScientifc, Rockford, USA) according to the manufacturer’s instructions.
Saponin (Sigma, Darmstadt, Germany) (0.4 mg/mL) was used as the positive control for
cell death, reducing the cell viability in 100%.

4.5. Hydrogen Peroxide Levels

The levels of hydrogen peroxide (H2O2) were estimated in MCF-7 cells (2.5×105

cells/mL) using the Amplex™ Red hydrogen peroxide assay kit (Molecular probes, Eu-
gene, OR, USA), following treatment with the compounds IC50 concentration and H2O2
(200.0 μM) for 1, 3, and 6 h.

4.6. Mitochondrial Membrane Depolarization

MCF-7 cells (2.5×105 cells/mL) were seeded in 96-well plates and treated with the
compounds at the IC50 concentration and FCCP (2.5 μM) (Sigma, Rehovot, Israel) plus
oligomycin A (1.26 μM) (Sigma, St. Louis, MO, USA) conjugate solution for 15, 30, and
60 min. The effects were estimated using the JC-1 (Molecular Probes, Eugene, OR, USA)
fluorescent probe [58] through the measurement of JC-1 aggregates (λ excitation: 490 nm; λ
emission: 590 nm) and monomers (λ excitation: 490 nm; λ emission: 530 nm) using a plate
reader (Bio-Tek Synergy plate reader, Bedfordshire, UK).
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4.7. Translocation of Phosphatidylserine and Membrane Integrity

MCF-7 cells (1.0×106 cells/mL) were seeded in 6-well plates and treated with the
compounds at the IC50 concentration and staurosporine (1 μg/mL) (Sigma, Rehovot, Israel)
for 24 h, and the effects were analyzed by flow cytometry using the Apoptosis Detection
Kit (Immunostep, Salamanca, Spain). Ten thousand events were recorded with the AMNIS
imaging flow cytometer using the AMNIS INSPIRE™ software. The data were analyzed
using the AMNIS IDEAS™ software (Amnis Corporation v6.0, Luminex Corp, Austin,
TX, USA).

4.8. Caspase-9 Activity

Enzyme activity was estimated in MCF-7 cells (1.0×106 cells/mL) previously seeded
in 6-well plates following a 6 h treatment with the compounds at the IC50 concentration
and staurosporine (1 μg/mL). The Caspase 9 Fluorimetric Assay Kit (Biovision, Milpitas,
CA, USA) was used.

4.9. DAPI Staining

DNA nuclear morphology was evaluated using the DAPI fluorescent probe [58]. MCF-
7 cells (1.0×106 cells/mL) were seeded in 6-well plates and treated with compounds at
the IC50 concentration for 24, 48, and 72 h. DNA morphology was analyzed using a
fluorescence inverted microscope (ZEISS Axio, VERT. A1, equipped with an AxioCam
MRC-ZEISS camera, München, Germany), and a representative image of each treatment
was presented.

4.10. DNA Damage

L929 mouse fibroblasts (2.0×104 cells/mL) were seeded in 12-well plates and cultured
overnight. The fibroblasts were then treated with compounds (25 and/or 50 μM) and
ethyl methanesulfonate (200 μg/mL) as a positive control for 3 h. The DNA damage
was determined according to the protocol established by Singh et al. [59], with slight
modifications [52]. One-hundred cells were randomly chosen, analyzed, visually scored,
and classified into five levels according to the tail size formed by breaks in the DNA.
Non-overlapping was performed.

4.11. Data and Statistical Analysis

At least three independent experiments were carried out in triplicate, and the results
were presented as the mean ± standard error of the mean (SEM) and the half-maximal
inhibitory concentration (IC50). ANOVA with Dunnett’s multiple comparison of group
means analysis was accomplished, and the Tukey’s test was applied for multiple compar-
isons. When applicable, Student’s t-test was used. Differences were considered significant
at the level of 0.05 (p < 0.05). The IBM SPSS Statistics 24 (IBM Corporation, Armonk, NY,
USA) and GraphPad v5.1 (GraphPad Software, La Jolla, CA, USA) software were used to
accomplish the analysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20100652/s1, Figure S1: Dose-response curves of cisplatin
(0.1–250 μM; 24 h) on malignant cells’ viability (% of control) for IC50 determination; Figure S2:
Dose-response curve of tamoxifen (0.1–100 μM; 24 h) on MCF-7 cells’ viability (% of control) for IC50
determination; Figure S3: Dose-response curve of 5-fluorouracil (0.1–500 μM; 24 h) on colorectal
cancer cells’ viability (% of control) for IC50 determination; Table S1: 1H (400 MHz) and 13C (125 MHz)
NMR data (CDCl3) of bromosphaerol; Table S2: 1H (400 MHz) and 13C (125 MHz) NMR data (CDCl3)
of 12S-hydroxy-bromosphaerol; Table S3: 1H (400 MHz) and 13C (125 MHz) NMR data (CDCl3) of
12R-hydroxy-bromosphaerol. References [21,60] are cited in the Supplementary Materials.
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Abstract: The anticancer properties of Laminaria japonica peptides (LJPs) have never been studied.
Here, we extracted LJPs from fresh seaweed and explored their anti-liver cancer activity (in vivo
and in vitro). LJPs were isolated/purified by HPLC-ESI-MS. HepG2 cell apoptosis and cell cycle
were evaluated. MTT assays were used to examine the cytotoxicity of LJPs. Caspase activation of
caspases 3 and 9, cleaved caspases 3 and 9, and cleaved PARP was examined by Western blotting.
The PI3K/AKT pathway and the phosphorylation states of MAPKs (p38 and JNK) were examined.
We found that the LJP-1 peptide had the most antiproliferative activity in H22 cells in vitro. LJP-1
blocked H22 cells in the G0/G1 phase, accompanied by inhibition of cyclin expression. LJP-1 induced
apoptosis through caspase activation and regulation of the ASK1/MAPK pathway. Concurrent
in vivo studies demonstrated that LJP-1 significantly inhibited tumor growth and induced tumor cell
apoptosis/necrosis. In conclusion, LJPs, particularly LJP-1, exert strong inhibitory effects on liver
cancer growth in vivo and in vitro. LJP-1 induces HCC cell apoptosis through the caspase-dependent
pathway and G0/G1 arrest. LJP-1 induces caspase-dependent apoptosis, in part by inhibiting PI3K,
MAPK signaling pathways, and cell cycle proteins. LJP-1 has the potential to be a novel candidate for
human liver cancer therapeutics.

Keywords: seaweed; Laminaria japonica; Laminaria japonica peptides; cancer; liver; cell cycle; apoptosis

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common forms of primary hepatic
carcinoma and represents between 85% and 90% of primary liver cancers worldwide [1–3].
The incidence of HCC has almost tripled in recent decades. HCC poses a particularly
serious sociomedical problem in Asia and sub-Saharan Africa, where the number of deaths
is almost equal to the number of cases diagnosed annually (approximately 600,000), and the
5-year survival rate is below 9% [2,4]. Basic treatments for HCC include surgical resection,
liver transplantation, percutaneous ablation, chemotherapy, and targeted therapy. However,
the cure rate for patients who undergo resection is relatively low, and among patients
who are not eligible for surgical or percutaneous procedures, only chemoembolization
improves survival. Locally applied external radiation therapy, alone or in combination with
chemotherapy, frequently leads to a significant improvement in primary and metastatic
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HCC [5,6], with a palliative effect in metastatic disease and possibly playing an equally
palliative role in unresectable primary liver tumors [5]. Therefore, the development of new
effective and more therapeutic agents remains urgently needed for the treatment of HCC.

Natural products have been and are currently a valuable source of anticancer drugs
in drug discovery [6,7]. It is widely accepted that intricate architectures generally com-
posed of natural products offer numerous opportunities and clues for the exploration of
novel drugs. Recent studies have demonstrated that seaweed contains various bioactive
components that have strong anticancer properties [8–15]. Various edible seaweed extracts
have been shown to have protective effects against some types of cancer, demonstrating
suppressive effects against chemically induced tumorigenesis through suppression in the
initiation and promotion phases [16]. Laminaria japonica (L. japonica), a brown seaweed,
is one of the most important seaweeds and has been widely used as a health food and a
traditional oriental herbal medicine for more than a thousand years [17–19]. Many studies
have shown that fucoidan, a complex polysaccharide extracted from brown seaweed, has
promising anticancer effects against multiple types of cancer through various anticancer
mechanisms, such as cell cycle arrest, apoptosis evocation, and stimulation of cytotoxic
natural killer cells and macrophages [12,13,15]. In addition to its anticancer properties,
fucoidan possess other pharmacological properties, including antioxidant, anticoagulant,
anti-inflammatory, and immunomodulatory activities [20–22]. Fucoxanthin, another major
active component extracted from L. japonica, has recently been reported to have an anti-lung
cancer effect [19] and anti-liver cancer activities [9]. Importantly, a novel glycoprotein
isolated from L. japonica has been shown to stimulate normal gastrointestinal cell growth
by activating the epidermal growth factor receptor (EGFR) signaling pathway [23]. On the
contrary, the isolated glycoprotein inhibits colon cancer cell proliferation, demonstrated in
HT-29 cells, by inducing cell cycle arrest and apoptosis [4].

Research is currently being conducted on polysaccharides (such as fucoidan) and
the main carotenoids (fucoxanthin) derived from L. japonica, as stated above. However,
studies on the protein and peptide moieties present in L. japonica are limited, despite
the fact that L. japonica is composed of more than 10% proteins and peptides [24]. No
studies investigating the anticancer properties of L. japonica peptides have been reported
to date. Therefore, in the present study, we first isolated the peptides from L. japonica and
then screened and investigated the anticancer effects and possible underlying anticancer
mechanisms of the L. japonica peptides through in vivo and in vitro experiments using
various human liver cancer cell lines and a liver cancer animal model.

2. Results

2.1. Isolation and Analysis of LJPs

In the current study, 158 g of total protein was isolated from L. japonica. Then, ultra-
filtration, hydrophobic chromatography, anion exchange chromatography, gel filtration
chromatography, and RP-HPLC were performed in conjunction with anticancer activity
tracking detection. Finally, four pentapeptides, seven hexapeptides, and a heptapeptide
were isolated, and the amino acid sequence was identified (Table 1). After the LJPs were
obtained, HPLC-ESI-MS and Edman degradation experiments were carried out to analyze
the amino acid sequence of the LJPs.

LJP-1 was analyzed using HPLC-ESI-MS for molecular mass determination and pep-
tide characterization. As shown in Figure 1, the fragment of ion m/z 602.2921 was consid-
ered a fragment [M+H]+. The fragment of ion m/z 471.1991 was considered the y4 ion,
whereas m/z 425.1929 was considered the [b4-COOH+H]+ fragment, m/z 416.2296 was
considered the b3 ion, m/z 285.1349 was considered the b3-b1 ion, and m/z 269.1602 was
considered b2. The ion (m/z 251.1500) was considered the [b2-H2O+H]+ fragment, the ion
(m/z 223.1553) was the [b2-COOH+H]+ fragment, m/z 156.0767 was the [His-H2O+H]+

fragment, and m/z 110.0705 was the [His-COOH+H]+ fragment. Based on HPLC-ESI-MS
data and corresponding by Edman degradation results, we concluded that the LJP-1 se-
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quence was EGFHL. The rest of the LJPs were identified using the same method as LJP-1;
their amino acid sequences are listed in Table 1.

Table 1. In vitro antiproliferative activity of 12 LJPs.

Comp.
Amino Acid

Sequence

IC50 (mM)

HuH7 HepG2 H22

LJP-1 EGFHL 0.48 ± 0.05 0.45 ± 0.05 0.36 ± 0.03
LJP-2 LWEHSH 2.25 ± 0.22 1.71 ± 0.13 0.62 ± 0.05
LJP-3 FSHRGH 1.42 ± 0.12 >4.0 1.70 ± 0.15
LJP-4 EGHGF 0.62 ± 0.07 0.65 ± 0.07 0.68 ± 0.07
LJP-5 FSTHGG 2.44 ± 0.22 2.78 ± 0.26 1.49 ± 0.13
LJP-6 FKEHGY >4.0 3.06 ± 0.31 >4.0
LJP-7 HAGYSWA 2.53 ± 0.24 1.66 ± 0.11 1.44 ± 0.12
LJP-8 FSHTYV 0.44 ± 0.04 0.63 ± 0.05 0.76 ± 0.08
LJP-9 FEHSG 0.53 ± 0.05 0.69 ± 0.08 0.51 ± 0.07
LJP-10 HASWEH 3.52 ± 0.35 2.69 ± 0.22 3.53 ± 0.34
LJP-11 YEHSHG 0.49 ± 0.05 0.61 ± 0.07 0.70 ± 0.07
LJP-12 TFKHG 0.41 ± 0.04 0.60 ± 0.08 0.72 ± 0.05

IC50 values are shown as mean ± standard error of the mean (SD) from at least three independent experiments.
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Figure 1. ESI-MS spectrum and structure of LJP-1. Electrospray ionization mass spectrometry (ESI-
MS) was performed using a SCIEX X500R Q-TOF mass spectrometer equipped with an ESI source.
The amino acid sequences of the LJPs were identified on the basis of ESI-MS data and accompanied
by Edman degradation results.

2.2. LJPs Inhibited HCC Cell Growth In Vitro

Three representative liver cancer cell lines, HuH7, HepG2, and H22, were specifically
chosen to explore the effects of LJPs in in vitro liver cancer studies. As shown in Table 1, six
LJPs (LJP-1, LJP-4, LJP-8, LJP-9, LJP-11, and LJP-12) exhibited significant antiproliferative
activity against the three liver cancer cell lines. LJP-1 showed significant antiprolifera-
tive activity in HuH7, HepG2, and H22 cell lines, with IC50 values of 0.48 ± 0.05 mM,
0.45 ± 0.05 mM, and 0.36 ± 0.03 mM, respectively. Among the cell lines tested, the H22
cell line had the lowest IC50 value and was therefore chosen for further experiments. The
results indicated that LJP-1 showed a wide range of growth-inhibitory activity against liver
cancer cells.

With promising results showing antiproliferative activity of LJP-1 in the three liver
cancer cell lines tested, we then investigated cytotoxicity in normal cells using the same
technique. We found that the cytotoxicity of LJP-1 in normal cells was significantly less
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than in cancer cells. Cytotoxicity, or killing effect, in the human liver cell line HL-7702
required much higher doses of LJP-1 (IC50 value of 7.76 ± 0.71 mM for HL-7702) compared
to tumor cells, suggesting that LJP-1 was a suitable candidate as an anticancer drug for
further study.

2.3. LJP-1 Induced Cell Cycle Arrest by Regulating Cyclin Expression

To investigate the anticancer activity of LJP-1 in cell cycle arrest, we measured the
cell cycle phases of H22 cells by flow cytometry using propidium iodide (PI) staining after
LJP-1 treatments. As shown in Figure 2A, H22 cells in phase G0/G1 were significantly
blocked by 38.8% (control), 44.3% (0.36 mM, vs. control, * p < 0.05), and 56.1% (1.80 mM, vs.
control, * p < 0.05).

 

Figure 2. LJP-1 induces G0/G1 cell cycle arrest in H22 cells. Following LJP-1 treatments, H22 cells
were harvested. (A) Cell cycle profiles were measured by flow cytometry. (B) Western blotting was
performed to detect p27, p21, cyclin D, cyclin E, CDK2, and CDK6. β-actin was used as a loading
control. The blots were quantified using ImageJ software. Data are expressed as the mean ± SD of
three independent experiments. * p < 0.05, ** p < 0.01 compared to the control group.

We analyzed the expression of proteins involved in cell cycle regulation to examine
the molecular events of LJP-1 inhibition of the G0/G1 transition; the results are shown in
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Figure 2B. LJP-1 suppressed the expression of cyclin D and cyclin E and attenuated the
expression of both CDK2 and CDK6. Furthermore, the expression of both p21 and p27 was
upregulated by LJP-1 treatments, indicating that LJP-1 is related to cell cycle arrest and
dependent on p21 and p27. In particular, these results indicate that LJP-1 modulates the
G0/G1 phase proteins, resulting in cycle arrest.

2.4. LJP-1 Induced Caspase-Dependent Apoptosis in H22 Cells

To investigate whether LJP-1 induced arrest in the G0/G1 phase in H22 cells through
the apoptotic pathway, we first performed an annexin V-FITC/PI double-staining assay.
As shown in Figure 3A, LJP-1 induced significant apoptosis in H22 cells. After LJP-1
treatments, the percentage of apoptotic cells increased from 3.42% (Control) to 21.0%
(0.36 mM, * p < 0.05) and 34.0% (1.80 mM, * p < 0.05).

 
Figure 3. LJP-1 induced caspase-dependent apoptosis in H22 cells. (A) Representative scatter
diagrams. After the LJP-1 treatments, H22 cells were harvested and stained with annexin V and PI
and evaluated by flow cytometry. In each scatter diagram, the abscissa represents the fluorescence
intensity of the cells dyed by annexin V, and the ordinate represents the fluorescence intensity of the
cells dyed by PI. The lower left quadrant shows the viable cells, the upper left shows the necrotic
cells, the lower right shows the early apoptotic cells, and the upper right shows the late apoptotic
cells. (B) LJP-1 activates caspase cleavage. After the LJP-1 treatments, H22 cells were collected and
prepared for Western blot analysis. Equal amounts of whole-cell extracts were separated by 10%
SDS-PAGE, electro-transferred onto PVDF membranes, and analyzed by Western blotting using the
indicated antibodies against proteins related to caspase-dependent apoptosis. β-actin was used as a
loading control. Data are expressed as the mean ± SD of three independent experiments. * p < 0.05,
** p < 0.01 compared to the control group.

In the experiment examining whether caspase activation is involved in LJP-1-induced
cell apoptosis, we found that, as shown in Figure 3B, LJP-1 increased the expression of
cleaved caspase-9 and cleaved caspase-3. The cleaved poly-ADP ribose polymerase (PARP)
was also strongly activated. The above results suggest that LJP-1 induces programmed
apoptosis by activating the caspase cell death pathway.
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2.5. LJP-1 Induced Apoptosis of H22 Cells by Regulating p38-MAPK and PI3K/AKT Pathways

The PI3K/AKT pathway acts as a key regulator of cellular survival and apoptosis in
most cancers. We therefore evaluated whether PI3K/AKT played a central role in LJP-1-
mediated apoptotic cell death. LJP-1 treatments (both LJP-1-L and LJP-1-H) significantly
downregulated PI3K expression and increased p-AKT expression (Figure 4A), indicating
that the PI3K/AKT pathway also played a key role in LJP-1-mediated apoptosis. LJP-1
also decreased apoptosis signal-regulating kinase 1 (ASK1). Furthermore, we investigated
whether LJP-1 treatments regulated MAPK phosphorylation states (p38 and JNK). As
shown in Figure 4B, both p38 and JNK phosphorylation were activated in H22 cells after
LJP-1 treatments.

 
Figure 4. Effects of LJP-1 on the expression of proteins involved in the MAPK and PI3K/AKT
signaling pathways in tumor cells (H22 cells). After LJP-1 treatments, H22 cells were lysed and
quantitated, and equal protein concentrations were subjected to SDS-PAGE, followed by Western
blot analysis. β-actin was used as a protein loading control. (A) Western blot of H22 cells treated
with LJP-1 expressing proteins in the PI3K/AKT pathway: p-Akt, PI3K, and ASK1 and β-actin.
(B) Western blot of the expression of p-p38, p38, p-JNK, JNK, and β-actin. The blots were quantified
using ImageJ software. Data are expressed as the mean ± SD of three independent experiments.
* p < 0.05, ** p < 0.01 compared to the control group.

2.6. LJP-1 Inhibited Tumor Growth In Vivo

Because LJP-1 exhibited significant in vitro anticancer activity in H22 cells, further
experiments were carried out to investigate the in vivo antitumor effect of LJP-1. Tumors
were induced in mice by injecting H22 cells. When tumor volume reached 300 mm3, mice
were randomly divided into three groups as described in Section 2.5. The animals were
treated with saline or LJP-1 for 3 weeks. To evaluate tumor growth in mice, tumor volume
was calculated, and tumor weight was recorded (Figure 5).
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Figure 5. Effect of LJP-1 injection on tumor growth. Liver-cancer-bearing mice were injected with
either 200 μL saline (control), 2 mg/kg LJP-1 (LJP-1-L), or 10 mg/kg LJP-1 (LJP-1-H) every 4 days
around tumor tissue. Tumor volume was measured on days 7, 11, 15, 19, and 23. Data are expressed
as mean ± SD. * p < 0.05, ** p < 0.01 compared to the control group.

As shown in Figure 5, tumor growth inhibition was observed in the LJP-1 treatment
groups (both treated with 2 mg/kg and 10 mg/kg) compared to the control group. Tumor
volume was significantly decreased in LJP-1-H treatment groups from day 15 after LJP-1
treatment. The magnitude of inhibition, measured as tumor volume, was very significant
and up to 50% on day 19 and day 23 at a dose of 10 mg/kg.

2.7. LJP-1 Induced Cell Apoptosis and Tumore Necrosis

In the current experiment, cancer tissue was stained with ordinary TUNEL staining
to detect whether LJP-1 treatment inhibited tumor growth through cell apoptosis. The
results are shown in Figure 6A; the apoptotic cells are stained brown. Apoptotic cells in
the LJP-1-H group were significantly higher than in the control group. The results showed
that approximately 34% more apoptotic cells were observed in the LJP-1-H-treated group
than in the control group. Tumor tissue was fixed with formalin, and paraffin sections
were stained with H&E. As shown in Figure 6B, there were large necrotic cells in the tumor
tissue, as well as pyknosis fragmentation and nuclei dissolution. The necrotic area of tumor
tissue in the LJP-1-H-treated group was significantly greater than in the control group.
Furthermore, the intercellular space between tissues was significantly widened. In the
current experiment, the number of apoptotic cells was counted in six visual fields for each
group. After TUNEL fluorescent staining, apoptotic cells were stained green and observed
under a fluorescence microscope (Figure 6C). Compared to the control group, the results
showed that LJP-1-H treatments induced significant cell apoptosis (p < 0.05).
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Figure 6. LJP-1 induced cell apoptosis and necrosis in experimental mice. Tumor tissues were fixed in
formalin. Paraffin sections were prepared and stained with the appropriate procedures as described
in the Materials and Methods. (A) TUNEL ordinary staining; TUNEL-positive cells are stained in
brown, indicating apoptosis of the central cells. (B) H&E staining; the paraffin sections were prepared
and stained with H&E, indicating the edema around the necrotic focus of tumor tissue. (C) TUNEL
fluorescence staining; TUNEL-positive cells are stained green.

3. Discussion

Previous studies have shown that isolated L. japonica glycoprotein inhibits cancer cell
proliferation by inducing cell cycle arrest and apoptosis [25,26]. However, studies on
the anticancer effect of L. japonica peptides have not been carried out. In the present
study, we isolated L. japonica peptides (LJP-1 to LJP-12) using an activity-tracking method;
subsequently, we screened the anticancer (HCC) properties of these peptides. We found that
six LJPs (LJP-1, LJP-4, LJP-8, LJP-9, LJP-11, and LJP-12) exhibited significant antiproliferative
activity against the three cancer cells tested. We then further investigated the anticancer
properties of LJP-1 and the underlying mechanism using the H22 liver cancer cell line
and an in vivo animal model. For the first time, we demonstrated that LJP-1 has strong
inhibitory effects on liver cancer growth, significantly suppressing tumor growth and
decreasing tumor volume by more than 50% at a dose of 10 mg/kg on day 23 compared to
the control (Figure 5). Furthermore, we found that the underlying mechanism is associated
with apoptosis of HCC cells through the caspase-dependent pathway and through phase
arrest G0/G1 by regulating cell cycle checkpoint proteins. Furthermore, LJP-1 inhibited the
PI3K/AKT and MAPK signaling pathways.

Deregulation of cell cycle progression is a common feature of liver cancer cells. There-
fore, targeting regulatory cyclins has been proposed as an important strategy for the
treatment of human liver cancer [27,28]. In our in vitro experiments, H22 cells were shown
to accumulate significantly in the G0/G1 phase. The cell cycle is regulated by multifaceted
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proteins, including two classes of molecules: cyclin-dependent kinases (CDK) and cyclin-
binding partners. Cyclin D and cyclin E (along with CDK2 and CDK6) play a central role
in the G0/G1 phase of the cell cycle [29]. Our studies demonstrated suppression of cyclin
D and E expression and attenuation of CDK 2 and 6 expression in cells treated with LJP-1,
suggesting that these proteins are involved in the LJP-1-induced cell inhibitory pathway in
cancer. P21 and p27 are potent cyclin-dependent kinase inhibitors that bind to and inhibit
the activities of CDKs; thus, increased expressions of these proteins indicate the induction
of G0/G1 cell cycle arrest [30]. In the current study, we also demonstrated up-regulation
of p21 and p27 expression after LJP-1 treatments, supporting that hypothesis that LJP-1 is
related to p21- and p27-dependent cell cycle arrest. It should be noted that LJP-1 modulated
the expression of the G0/G1 phase protein, resulting in cycle arrest.

The results of the cell cycle analysis revealed that LJP-1 arrested H22 cells in the
G0/G1 phase, indicating the occurrence of apoptosis. The results of cell apoptosis were
further confirmed by flow cytometry detection. Caspase activation is usually accompanied
by PARP activation, which indicates activation of the DNA repair mechanism. Caspase
activation is considered a hallmark of apoptosis [31,32]. In the current study, LJP-1 signifi-
cantly increased the expressions of cleaved caspase-9, -3, and PARP was strongly activated
(Figure 3B), suggesting that LJP-1 induced cell apoptosis through caspase activation, a
mitochondrial apoptosis pathway.

The ASK1/MAPK pathway is involved in cell cycle regulation and apoptosis. A
variety of stresses, such as ROS accumulation, can activate ASK1. ASK1 phosphorylation
can lead to downstream activation of the p38 MAPK pathway [33]. Furthermore, the
phosphatidylinositol-3-kinase (PI3K)/AKT pathways are common in human cancer, and
there is increasing evidence that PI3K/AKT is involved in the development of many types
of cancers. Previous studies suggested that PI3K/AKT and its downstream pathways are
promising targets for therapeutic intervention [3,27,34].

An interesting finding of the current study is that we found that LJP-1 negatively
regulated PI3K expression and simultaneously increased (not decreased) the expression of
p-AKT (Figure 4A). How is AKT activation related to apoptosis activation and inhibition
of tumor growth? One possible explanation is that activated AKT promotes autophagy,
leading to autophagic cell death, resulting in tumor suppression and inhibition of tumor
cell proliferation due to the dual effects (suppression and promotion) of autophagy in liver
cancer [35]. The AKT/mTOR pathway is known to be a key regulator of autophagy, and
AKT activation can stimulate downstream targets through the AKT/mTOR pathway; subse-
quent dephosphorylation of human homologues Unc-51-like autophagy-activating kinase-1
(ULK1) and Unc-51-like autophagy-activating kinase-2 (ULK2) leads to the promotion of
autophagy [36]. Suppression of the mTOR pathway can also initiate autophagy [36]. Many
studies have shown that autophagy functions as a tumor suppressor in liver cancer, and
compromised autophagy could promote liver tumorigenesis [37]. Therefore, it is possible
that the activation of AKT as a result of LJP-1 treatment can promote autophagy, leading
to apoptosis/tumor suppression. We cannot confirm the molecular events that link AKT
activation with the proposed autophagic cell death, as they are beyond the scope of this
study. It would be interesting to conduct further studies investigating the molecular role of
autophagy in controlling apoptosis in HCC.

Furthermore, LJP-1 activated p38 and JNK (MAPK phosphorylation states) of H22
cells, as shown in Figure 4B. These results indicate that LJP-1-induced H22 cell apoptosis
may occur through the regulation of the MAPK pathway and possibly the PI3K/AKT
pathway. Multiple apoptotic pathways work together through cross talk, leading to tumor
suppression, since cross-talk of pathways is common in cancer signaling [35,37–41].

An important finding of our study was that LJP-1 exhibited very strong in vivo antitu-
mor activity against HCC in tumor-bearing mice. Tumor volume was decreased signifi-
cantly in animals treated with either a low dose of 2 mg/kg or a high dose of 10 mg/kg
of LJP-1, as shown in Figure 5. The inhibitory effect was more prominent in the group
treated with high doses, and a significant decrease was observed from day 15 after LJP-1
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treatments, with a further decrease on days 19 and 23, indicating its potential therapeutic
application for the treatment of human liver cancer. Mechanistically, we found that in our
experiments, LJP-1 treatment significantly induced cancer cell apoptosis in liver cancer
tissue (Figure 6), reaffirming that the underlying mechanism of the anticancer property of
LJP is apoptosis-related.

Because no previous studies have been conducted on the anticancer effect of L. japonica
peptides, the most relevant supporting data could be those from studies using the L. japonica
glycoprotein (LJGP) and the L japonica-derived polysaccharide, fucoidan. Go et al. found
that an LJGP from brown seaweed inhibited the proliferation of several cancer cell lines,
including AGS, HepG2, and HT-29, in a dose-dependent manner by inducing apoptosis [26].
Furthermore, it increased cell growth in normal intestinal cells through the EGFR signaling
pathway [23]. Mechanistically, they found that LJGP induced Akt/ERK activation and
downregulated JNK/p38, which is similar to the findings of the current study using LJP-
1. Increasing evidence supports the notion that fucoidan has strong antitumor actions,
inhibiting the growth of various cancer cells by inducing cell cycle arrest and apoptosis
and regulating growth-signaling molecules [12,13,15]. Duan et al. recently reported that
fucoidan effectively suppressed HCC by inducing apoptosis through the p38 MAPK/ERK
and PI3K/AKT signal pathways [10]. We demonstrated here that the PI3K/AKT and
MARK pathways play a key role in LJP-1-mediated apoptosis. Our findings, together with
previous work on LJGP and fucoidan, suggest that these bioactive components derived
from L japonica, i.e., fucoidan, LJGP, and LJPs, share a similar mechanism of action in their
anticancer activities, although they are structurally very different.

Our work provides original evidence to support the potential of LJP as a natural
derivative of seaweed with significant anti-liver cancer activities, highlighting it potential
for novel treatment of liver cancer. Our findings add another component derived from
L. japonica to the list of anticancer bioactive substances derived seaweed. LJP shares a
mechanism of action similar to that of fucoidan and LJGP in their anticancer actions.
However, the link between LJPs, LJGP, and fucoidan is unknown. Current understanding
the anticancer effect of LJPs is very limited. Furthermore, it would be interesting to explore
the basic pharmacokinetics of LJP as an anticancer agent. Therefore, further work is needed
to elucidate the potential of LJP as a new and effective natural therapy for liver cancer.

4. Materials and Methods

4.1. Materials and Cell Culture

Liver cancer cells (HuH7, HepG2, and H22) and human liver cells (HL-7702) were
obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Fresh
L. japonica was acquired from the South China Agricultural University (Guangzhou, China)
and identified by Professor C. Wang (South China Agricultural University, Guangzhou,
China). The annexin V-FITC/PI staining assay kit and propidium iodide (PI) reagents were
supplied by Beyotime (Shanghai, China). Dulbecco’s modified Eagle medium (DMEM),
fetal bovine serum (FBS), and penicillin-streptomycin (PS) were purchased from Gibco
BRL (Life Technologies, Grand Island, NY, USA). The antibodies used in the current study
were acquired from Cell Signaling Technology, Inc. (Manchester, NH, USA). Cell lines were
grown in specific medium supplemented with 10% FBS. Cells were grown in a humidified
atmosphere with 5% CO2 in incubators maintained at 37 ◦C. Balb/c mice (6–8 weeks old,
20 ± 2 g) were acquired from the Guangdong Experimental Animal Center.

4.2. Isolation and Amino Acid Sequence Analysis of LJPs

All isolation procedures were conducted at 4 ◦C. Fresh L. japonica (8 kg) was minced
in a homogenate mixed with isopropanol in a ratio of 1:6 (w/v) and stirred uninterrupted
for 4 h. Subsequently, the sediment was collected and lyophilized. The defatted precipitate
(732 g) was dissolved (5%, w/v) in 0.50 M phosphate buffer solution (PBS, pH 7.5). After
centrifugation (8000× g, 10 min), the supernatant was collected and freeze-dried as the
total protein.

168



Mar. Drugs 2022, 20, 704

Total protein was fractionated using ultrafiltration with a membrane cutoff of 1 kDa molec-
ular weight (MW) (Millipore, Wanchai, China). Two peptide fractions, LJP-A (MW < 1 kDa)
and LJP-B (MW > 1 kDa), were collected and freeze-dried.

4.2.1. Hydrophobic Chromatography

LJP-A was dissolved in 1.20 M (NH4)2SO4 prepared with 30 mM phosphate buffer
(pH 7.5) and loaded onto a hydrophobic column of phenyl sepharose CL-4B (3.0 cm × 120 cm).
A stepwise elution with decreasing concentrations of (NH4)2SO4 (1.20, 0.60, and 0 M) was
dissolved in 30 mM phosphate buffer (pH 7.5) at a flow rate of 3.0 mL / min. Each 100 mL
fraction was collected and monitored at 280 nm. Five fractions (LJP-A-1~LJP-A-5) were
collected, and antiproliferative activity was detected against the three cancer cells. The
fraction with significant anticancer activity was collected and prepared for anion-exchange
chromatography.

4.2.2. Anion-Exchange Chromatography

The LJP-A-3 fraction was collected (LJP-A-3, 6 mL, 4.42 g/mL) and injected into a
DEAE-52 cellulose (Sigma-Aldrich, Shanghai, China) anion-exchange column (2.0 × 100 cm)
equilibrated with deionized water and stepwise eluted with distilled water solutions of
0.30, 0.60, and 1.20 M (NH4) 2SO4 at a flow rate of 2.0 mL/min. Each eluted fraction
(50 mL) was collected and monitored at 280 nm. Seven fractions (LJP-A-3-1~LJP-A-3-7)
were collected, and antiproliferative activity was detected against the three cancer cells.
The fraction with the highest antiproliferative activity was collected and prepared for gel
filtration chromatography.

4.2.3. Gel Filtration Chromatography

The LJP-A-3-5 fraction was collected and fractionated in a Sephadex G-25 column
(Sigma-Aldrich, Shanghai, China) (2.0 × 100 cm) with a flow rate of 2.0 mL/min. Each
eluate (50 mL) was collected and monitored at 280 nm. Five fractions (LJP-A-3-5-1~LJP-
A-3-5-5) were collected, and antiproliferative activity against the three cancer cells was
detected. The fraction with significant antiproliferative activity was collected and prepared
for reversed-phase high-performance liquid chromatography (RP-HPLC).

4.2.4. RP-HPLC and HPLC-ESI-MS Analysis

The LJP-A-3-5-3 fraction was collected. Subsequently, LJP-A-3-5-3 was separated by
RP-HPLC (Agilent 1200) on a Zorbax SB C-18 column (4.6 × 250 mm, 5 μm). The elution
solvent system was composed of water-trifluoroacetic acid (solvent A; 100:0.1, v/v) and
acetonitrile-trifluoroacetic acid (solvent B; 100:0.1, v/v). The peptides were separated using
a 30% to 70% gradient elution of solvent B for 45 min at a flow rate of 1.0 mL/min, with the
detection wavelength set at 280 nm.

HPLC-ESI-MS was performed on a SCIEX X500R Q-TOF mass spectrometer (Framing-
ham, MA, USA). The MS conditions were as follows: ESI-MS analysis was performed using
a SCIEX X500R Q-TOF mass spectrometer equipped with an ESI source. The mass range
was set to m/z 100–1200. The Q-TOF MS data were acquired in positive mode, and the MS
analysis conditions were as follows: CAD gas flow rate, 7 L/min; drying gas temperature,
550 ◦C; ion spray voltage, 5500 V; declustering potential, 80 V; software-generated data
file: SCIEX OS 1.0. The peptide is usually protonated under ESI-MS/MS conditions, and
fragmentations occur mostly at the amide bonds because it is difficult to break the chemical
bonds of the side chains at such low energy. Hence, on the basis of the HPLC-ESI-MS data
and accompanied by the Edman degradation results, the amino acid sequences of the LJPs
were identified.

4.2.5. Summary of Key Steps

The key steps involved in the isolation of LJPs and the identification of amino acid
sequences of LJPs are summarized in Scheme 1.
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Scheme 1. Key Steps in the isolation of LJPs (LJP-1~12).

4.3. Cell Apoptosis and Cell Cycle Assays

Ab MTT assay was used to detect the cytotoxicity activity of LJPs in vitro [42]. Briefly,
5 × 103 cells/well were seeded in 96-well plates, and varying concentrations of LJP were
added. After 48 h, the MTT solution (5 mg/mL) was added for an additional 4 h. The
absorbance was measured at 570 nm using a microplate reader (Bio-Rad; Hercules, CA,
USA) after 100 μL of DMSO was added. The IC50 values were determined by the non-linear
multipurpose curve-fitting program.

After treatment with LJP-1 (0, 0.36, and 1.80 mM representing control, low dose of
LJP-1 and LJP-1-L, and high dose of LJP-1 and LJP-1-H, respectively) for 48 h, the apoptosis
of H22 cells was evaluated by flow cytometry. Briefly, after LJP-1 treatment, H22 cells were
collected, washed with cold PBS, suspended in binding buffer (100 μL) (BD Biosciences,
San Jose, CA, USA), treated with annexin V and propidium iodide (PI) (BD Biosciences),
and incubated in the dark for 15 min. Then, another 300 μL binding buffer was added,
and flow cytometry analysis was performed for 1 h to measure the rate of apoptosis. The
percentages of cells in the G0/G1, S, and G2/M phases were determined using a cell cycle
detection kit (BD Biosciences, Haryana, India) using a Beckman Coulter EPICS ALTRA II
cytometer (Beckman Coulter, Brea, CA, USA).

4.4. Western Blot Analysis

After treatment with LJP-1 (0, 0.36, and 1.80 mM representing control, low dose of
LJP-1 and LJP-1-L, and high dose of LJP-1 and LJP-1-H, respectively) for 48 h, H22 cells were
collected, and protein was collected and measured with a Bradford protein assay to calculate
the amount of protein. Equal amounts of protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto a polyvinylidene
difluoride (PVDF) membrane. Immunoblots were blocked with 5% non-fat milk and
incubated with primary antibody (1:1000) at 4 ◦C overnight, followed by incubation with
the second conjugated peroxidase antibody (1:5000) at room temperature for 2 h [43].
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Protein bands were measured, and β-actin was used as an internal standard of process
control. The blot band densitometry was analyzed with ImageJ software, version 1.53t.

4.5. Immunization of Liver-Cancer-bearing Mice

The procedures for the animal study were approved by the Animal Ethics Committee
of Shenzhen University. Mice were kept in a specific pathogen-free facility with free access
to food and water. H22 cells were cultured and suspended in PBS, and 18 Balb/c mice
were subcutaneously injected with H22 cells (1 × 106) in the right back near the skin of
the underarm. Tumor growth was measured every 2 days. When tumor volume reached
300 mm3, mice were randomly divided into three groups and treated with the following
procedures: Group 1 (Control): mice were injected with 200 μL saline every 4 days around
tumor tissue; Group 2 (LJP-1-L): mice were injected with LJP-1 (in 200 μL saline) 2 mg/kg
every 4 days (4 days in a cycle, four times) around tumor tissue; Group 3 (LJP-1-H): mice
were injected with LJP-1 (in 200 μL saline) 10 mg/kg every 4 days (4 days in a cycle, four
times) around tumor tissue. All mice were sacrificed on day 23. The subcutaneous tumors
were excised, and the tumor index was calculated. Furthermore, tumor tissues were cut
into small woven pieces and fixed with polyformaldehyde, and paraffin sections were
made later.

4.6. Evaluation of Tumor Apoptosis and Hematoxylin and Eosin (H&E) Staining

Apoptotic cells in cancer tissue sections were stained with a TUNEL reagent kit
following the manufacturer’s instructions. Hematoxylin and eosin (H&E) staining was
performed according to the routine procedure. The paraffin section was dewaxed and
dehydrated with xylene and gradient alcohol, then stained with hematoxylin solution for
5 min, soaked in 1% acid ethanol (1% HCL in 70% ethanol) for 2 min, and rinsed in distilled
water. Slices were stained with eosin solution for 3 min, dehydrated with graded alcohol,
and cleaned with xylene.

4.7. Statistical Analysis

Data are presented as mean ± standard deviation (SD). GraphPad Prism 5.0 (Graph
Pad Software, La Jolla, CA, USA) was used for statistical analysis. Statistical analysis
was performed with one-way analysis of variance (ANOVA). p < 0.05 was considered
statistically significant.

5. Conclusions

In conclusion, our study demonstrates that LJP-1 isolated from L. japonica possesses
strong antitumor effects against HCC-based on evidence from both in vitro and in vivo
studies. In vivo experiments show that LJP-1 strongly suppressed tumor growth on day
14 after treatment at doses of 2 and10 mg/kg. Our data supports that LJP-1 controls
liver cancer proliferation by inducing HCC cell apoptosis through the caspase-dependent
pathway and by arresting cells in the G0/G1 phase by regulating cell cycle checkpoint
proteins. Furthermore, LJP-1 induces caspase-dependent apoptosis, in part, by inhibiting
MAPK signaling pathways. The PI3K/AKT pathway and possibly other pathways may
be involved. In addition, our screening study shows that other LJPs, namely LJP-4, LJP-8,
LJP-9, LJP-11, and LJP-12, also exhibit antitumor activities. Therefore, L. japonica peptides
(not just LJP-1) could be potential drug candidates for the novel treatment of human liver
cancer and warrant further investigation.
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Abstract: Although the tumor bulk is initially reduced by 5-fluorouracil (5-FU), chemoresistance
developed due to prolonged chemotherapy in colorectal cancer (CRC). The enrichment of cancer stem
cells (CSCs) and the infiltration of tumor-associated macrophages (TAMs) contribute to chemore-
sistance and poor outcomes. A docosahexaenoic acid derivative developed by our group, 7S,15R-
dihydroxy-16S,17S-epoxy-docosapentaenoic acid (diHEP-DPA), exerts antitumor effects against
TAMs infiltration and CSCs enrichment in our previous study. The current study aimed to investigate
whether diHEP-DPA was able to overcome chemoresistance to 5-FU in CRCs, together with the
potential synergistic mechanisms in a CT26-BALB/c mouse model. Our results suggested that al-
though 5-FU inhibited tumor growth, 5-FU enriched CSCs via the WNT/β-catenin signaling pathway,
resulting in chemoresistance in CRCs. However, we revealed that 5-FU promoted the infiltration
of TAMs via the NF-kB signaling pathway and improved epithelial–mesenchymal transition (EMT)
via the signal transducer and activator of the transcription 3 (STAT3) signaling pathway; these traits
were believed to contribute to CSC activation. Furthermore, supplementation with diHEP-DPA
could overcome drug resistance by decreasing the CSCs, suppressing the infiltration of TAMs, and
inhibiting EMT progression. Additionally, the combinatorial treatment of diHEP-DPA and 5-FU
effectively enhanced phagocytosis by blocking the CD47/signal regulatory protein alpha (SIRPα)
axis. These findings present that diHEP-DPA is a potential therapeutic supplement to improve
drug outcomes and suppress chemoresistance associated with the current 5-FU-based therapies for
colorectal cancer.

Keywords: colorectal cancer; 5-fluorouracil; 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid;
tumor-associated macrophages; chemoresistance

1. Introduction

Colorectal cancer (CRC) is a highly malignant cancer that, with the aging of the
population and changes in lifestyle, accounts for a third of the cancer-related deaths
worldwide [1]. One of the most important first-line medicines in clinical CRC therapy is
5- fluorouracil (5-FU). However, chemoresistance and the associated adverse effects have
limited the clinical benefits; thus, it is imperative to find alternative therapies to overcome
chemoresistance and improve outcomes with less toxicity for patients with CRC [2].
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Several studies have reported that long-term treatment with 5-FU may cause a cytokine
storm in the tumor microenvironment (TME), induce macrophages to produce proinflam-
matory mediators, and enrich cancer stem cells (CSCs), resulting in poor outcomes and
chemoresistance [3–5]. Therefore, the biological factors involved in mediating resistance to
5-FU-based therapy must be extensively examined.

The TME, which comprises tumor cells and stromal cells, including fibroblasts, en-
dothelial cells, and immune cells, plays a crucial role in tumor progression, including
metastasis, invasion, stemness, and acquired chemoresistance [6,7]. Tumor-associated
macrophages (TAMs) are major components of the TME. Macrophages are classified as M1
and M2 subtypes, depending on their immune responses [8]. M2-like macrophages are the
main subsets of TAMs, and they produce various growth factors and cytokines, such as
vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), and tumor necrosis factor-α
(TNF-α). These not only promote tumor growth but also confer chemoresistance [9,10].

During the epithelial–mesenchymal transition (EMT) procession, epithelial cancer
cells acquire the features of mesenchymal cells by downregulating epithelial markers
(E-cadherin) and upregulating mesenchymal markers (vimentin and N-cadherin) [11].
Cancer cells undergoing EMT reportedly possess enhanced metastatic and invasive abilities,
express high levels of stem surface markers, and strongly resist radio- or chemotherapy [12].
Several cytokines, chemokines, and growth factors secreted by TAMs likely contribute
to EMT and chemoresistance by activating the signal transducer and activator of the
transcription 3 (STAT3) pathway in many tumors [13,14].

CD47 is a common mechanism through which cells protect themselves from phago-
cytosis. CD47 functions as a ligand for signal regulatory protein-α (SIRPα), a protein
expressed on macrophages and dendritic cells. SIRPα binds with CD47 to initiate a signal-
ing cascade which results in the inhibition of phagocytosis, a critical “do not eat me” signal
for the innate immune system which is overexpressed on many kinds of tumor cells [15,16].

CSCs, a subpopulation of cells, are characterized by some key markers, such as CD133,
CD166, CD44, CD24, SOX2, OCT4, and ALDH, which are associated with tumor initiation,
growth, and therapy resistance [17]. Some studies also showed that massive populations of
CSCs correlate with poor overall survival rates after chemotherapy in advanced patients
with CRC [18]. One of the mechanisms of activation of CSCs involves the WNT/β-catenin
pathway [17]. Treatment using 5-FU activated CSCs via p53-induced WNT3 transcription,
followed by the activation of the WNT/β-catenin pathway in CRC cell lines and xenograft
tumors as well as patient avatar models [19].

The novel resolvin, 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid (diHEP-
DPA) (Figure 1), is synthesized by cyanobacterial lipoxygenase from DHA (purity > 98%).
In our previous study, we showed the generation and structure of diHEP-DPA and demon-
strated that diHEP-DPA regulated the polarization of TAMs, EMT, and CSCs activation
in HCT116 and HT26 cells [20]. In the current study, we further investigated the effects of
diHEP-DPA on 5-FU-induced chemoresistance in colorectal xenograft tumors via TAMs,
CSCs, and EMT. Our results collectively indicated that diHEP-DPA reversed the challenges
caused by prolonged chemotherapy, such as the infiltration of M2-like TAMs, the enrich-
ment of CSCs, and the progression of EMT in colorectal tumors, suggesting that diHEP-DPA
is a promising therapy to overcome 5-FU resistance and improve 5-FU treatment outcomes
in colon cancer.

Figure 1. The structure of 7S,15R-dihydroxy-16S,17S-epoxy-docosapentaenoic acid (diHEP-DPA).
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2. Results

2.1. diHEP-DPA and 5-FU Inhibited Tumor Growth in the CRC Xenograft Model

The combined treatment of diHEP-DPA and 5-FU synergistically inhibited tumor
growth and size (Figure 2). Briefly, the tumor volume in control mice was ~1791 mm3

(2.80 ± 0.30 g), as measured on day 30 post-cell injection. The corresponding volumes in
the diHEP-DPA, 5-FU, and combined treatment groups were ~1221 mm3 (2.07 ± 0.34 g),
~887 mm3 (1.48 ± 0.23 g), and ~636 mm3 (0.96 ± 0.13 g). These findings indicated that,
compared with diHEP-DPA or 5-FU alone, the combination of the two inhibited colorectal
tumor growth and size more effectively.

Figure 2. Effects of diHEP-DPA and 5-FU on tumor growth and tumor weight. (A) Tumor mass
volumes in BALB/c mice intraperitoneally injected with saline (control), diHEP-DPA (10 μg/kg/day),
5-FU (20 mg/kg/five times a week), or both diHEP-DPA (10 μg/kg/day) and 5-FU (20 mg/kg/five
times a week). (B) Tumor weight after sacrifice on day 30. (C) Tumors excised after sacrifice on day
30. Data are expressed as mean ± SD; n = 6 per group. * p < 0.05 compared with the control group;
# p < 0.05 compared with the 5-FU group.

2.2. diHEP-DPA Suppressed 5-FU-Induced CSCs Activation via the WNT/β-Catenin Pathway

As shown in Figure 3A–C, diHEP-DPA significantly decreased the expression of
CSC markers, including CD133, CD44, and SOX2. However, the expression of CD133
was significantly inhibited, whereas the expressions of CD44 and SOX2 were markedly
increased in the 5-FU group. Combination treatment with diHEP-DPA and 5-FU reversed
the 5-FU-induced activation of CSC markers. To confirm the above results, these protein
levels were evaluated via western blotting. Similarly, diHEP-DPA significantly decreased
the protein levels of all CSC markers. Although the 5-FU treatment decreased the expression
of CD133, it significantly increased the protein expressions of CD44 and SOX2. Moreover,
the combined treatment decreased the levels of these CSC markers more effectively than
the 5-FU treatment (Figure 3D). We assumed that 5-FU enriched CSCs by the activation of
the WNT/β-catenin pathway. diHEP-DPA caused a significant decrease in the β-catenin
level. However, the 5-FU treatment significantly increased the β-catenin level, which was
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reversed via the additional diHEP-DPA treatment (Figure 3D). It predominantly suggested
that diHEP-DPA overcame 5-FU-induced CRC activation via the WNT/β-catenin signaling
pathway.

Figure 3. Effects of diHEP-DPA and 5-FU on cancer stem cells via the WNT/β-catenin signaling
pathway. Relative mRNA levels of (A) CD133, (B) CD44, and (C) SOX2 were determined by qRT-PCR
in isolated tumors. (D) The protein levels of CD133, CD44, SOX2, and β-catenin were detected by
western blotting in isolated tumors. (E) The relative levels of CD133, CD44, SOX2, and β-catenin
were calculated by ImageJ. Data are expressed as mean ± SD; n = 3 per group. * p < 0.05 compared
with the control group; # p < 0.05 compared with the 5-FU group.

2.3. diHEP-DPA Inhibited 5-FU-Induced Infiltration of M2-likeTAMs

The crucial proteolytic enzymes, growth factors, and inflammatory cytokines secreted
by TAMs, including MMP2, MMP9, VEGF, IL-6, and TNF-α, were significantly downregu-
lated by diHEPA-DPA but upregulated by the 5-FU treatment. The combination treatment,
again, significantly lowered the expression of these factors compared to the 5-FU treatment
(Figure 4A–E). Furthermore, the treatment with diHEP-DPA significantly downregulated
the expression of CD206, a specific marker of M2-likeTAMs, indicating that it could sup-
press the infiltration of M2-like TAMs into tumor tissue. In contrast, the 5-FU treatment
significantly increased CD206 levels, which were decreased by the combination treatment
(Figure 4F,G,H). The NF-κB signaling pathway, which includes NF-kB1 (p50), NF-kB2 (p52),
RelA (p65), RelB, and c-Rel, plays a crucial role in immune responses, cellular growth,
apoptosis, and inflammation [20]. The phosphorylation of NF-kB (pp65) was significantly
reduced in diHEP-DPA, but elevated in 5-FU-treated tumors, and subsequently reduced
after the additional diHEP-DPA treatment (Figure 4G,I). All these findings suggested
that diHEP-DPA inhibited the 5-FU-induced infiltration of M2-like TAMs and the NF-κB
signaling pathway.
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Figure 4. Effects of diHEP-DPA and 5-FU on the infiltration of M2-like TAMs and the NF-κB signaling
pathway. Relative mRNA levels of TAMs secretions including (A) MMP2, (B) MMP9, (C) VEGF,
(D) IL-6, and (E) TNF-α in isolated tumors. Relative mRNA levels of (F) CD206 were determined
via qRT-PCR. (G) The protein levels of CD206, p65, and pp65 were detected by western blotting in
isolated tumors. The relative levels of (H) CD206 and (I) pp65/p65 were calculated using ImageJ.
Data are expressed as mean ± SD; n = 3 per group. * p < 0.05 compared with the control group;
# p < 0.05 compared with the 5-FU group.

2.4. diHEP-DPA Impeded EMT via the STAT3 Signaling Pathway

EMT is closely related to increased chemoresistance and tumor metastasis [21]. As
shown in Figure 5A–D, diHEP-DPA upregulated the expression of the epithelial marker
E-cadherin, and downregulated mesenchymal markers N-cadherin and vimentin, while
5-FU treatment enhanced the expression of N-cadherin and vimentin and declined the
expressions of E-cadherin. Furthermore, we observed a significantly decreased expression
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of N-cadherin and vimentin and an increased expression of E-cadherin in the combination
treatment group compared with the 5-FU group.

Figure 5. Effects of diHEP-DPA and 5-FU on EMT via the STAT3 signaling pathway. (A) The level of
E-cadherin, N-cadherin, and vimentin were detected by western blotting. The relative expression of
(B) E-cadherin (C) N-cadherin, and (D) vimentin were calculated by ImageJ. (E) The level of STAT3
and pSTAT3 were detected by western blotting in isolated tumors and (F) were calculated by ImageJ.
Data are expressed as mean ± SD; n = 3 per group. * p < 0.05 compared with the control group;
# p < 0.05 compared with the 5-FU group.

The STAT3 signaling pathway has been shown to stimulate EMT progression [22,23].
To assess the mechanism by which this stimulation occurs, we examined the expression
of pSTAT3 via western blotting. We observed that diHEP-DPA alone could significantly
downregulate the expression of pSTAT3, while the 5-FU treatment significantly enhanced
it. The combination treatment decreased pSTAT3 levels compared with the 5-FU treatment
(Figure 5E,F), showing that diHEP-DPA suppressed 5-FU-induced EMT progression by
inhibiting the STAT3 signaling pathway.

2.5. diHEP-DPA and 5-FU Enhanced Macrophage Phagocytic Activity via CD47/SIRPα

The disruption of the CD47/SIRPα axis reduces the ability of the tumor to escape
phagocytosis [24]. Hence, we evaluated the effects of diHEP-DPA and 5-FU on SIRPα
and CD47 expression in tumor tissues. diHEP-DPA alone significantly reduced the gene
levels of CD47 and SIRPα compared with the control; 5-FU downregulated the expression
of CD47 but upregulated the expression of SIRPα; the combination of diHEP-DPA and
5-FU was proven to downregulate the expression of CD47 and SIRPα compared with the
5-FU group (Figure 6A,B). Accordingly, the western blotting results showed similar trends
(Figure 6C). These findings demonstrated the powerful effect of diHEP-DPA combined
with the 5-FU on phagocytic activity via the CD47/SIRPα axis.
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Figure 6. Effects of diHEP-DPA and 5-FU on phagocytic activity via the CD47/SIRPα axis. Relative
mRNA levels of (A) CD47 and (B) SIRPα were determined by qRT-PCR in isolated tumors. (C) The
protein levels of CD47 and SIRPα were detected by western blotting and calculated by ImageJ in
isolated tumors. Data are expressed as mean ± SD; n = 3 per group. * p < 0.05 compared with the
control group; # p < 0.05 compared with the 5-FU group.

3. Discussion

Since the 1950s, 5-FU has been an antitumor drug widely used to treat different
types of cancer, including colorectal cancer and breast cancer [2]. However, because post-
chemotherapy recurrence reduces clinical outcomes even for those who initially react to
chemotherapy, there is an urgent need to develop new medications [19].

Cancer progression depends on many different molecular pathways, which hints
at the complexity of the complex mechanisms of treatment resistance [25]. Additionally,
most drug resistance studies have focused on the genetics and epigenetics of cancer cells,
while ignoring the cellular components of the TME, among which macrophages are the
most prominent innate immune cells [26]. Our present study uncovered important mech-
anisms of resistance to 5-FU therapy related to CSCs and TAMs. Firstly, we found that
the resistance of 5-FU therapy involves the enrichment of CSCs related to the activation of
WNT/β-catenin signaling in the CT-26-BALB/c model. Moreover, we identified that 5-FU
induced the infiltration of M2-like macrophages and promoted the EMT progression, which
contribute to the resistance of 5-FU in CRC. Importantly, diHEP-DPA could overcome the
chemoresistance caused by 5-FU via depleting CSCs, inhibiting the infiltration of M2-like
TAMs, and suppressing the EMT progression. Moreover, combinatorial treatment with
diHEP-DPA and 5-FU enhanced macrophage phagocytosis and effectively repressed tumor
regrowth.

Although the 5-FU treatment could effectively inhibit colorectal tumor growth, we
observed an enrichment of CSCs in 5-FU-treated tumors supported by the upregulation of
CSC markers (CD44, SOX2), which could be responsible for the observed chemoresistance.
Interestingly, although the 5-FU treatment downregulated the expression of CD133, it is
reported that CD133 expression is not restricted to cancer-initiating cells; further, dur-
ing the metastatic transition, CD133+ tumor cells may give rise to the more aggressive
CD133– subset (such as CD44+/CD24−/CD133−), taking away the necessity for CD133
in tumor initiation [27]. The level of SOX2 expression in CRC is believed to confer to
tumor metastasis and lymph node infiltration [28]. The WNT/β-catenin signaling pathway
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activates CSCs, contributing to tumor initiation and tumor recurrence [19,28]. Indeed, we
found that the 5-FU treatment upregulated the expression of β-catenin, the center of the
WNT/β-catenin signaling pathway, further activating CSCs. Similarly, another previous
study demonstrated that 5-FU activated CSCs via the p53-mediated WNT/β-catenin path-
way in CRC cell lines, xenograft tumors, and patient avatar models [19]. Interestingly,
diHEP-DPA could reverse the upregulation of β-catenin expression caused by 5-FU and
then reduce the enrichment of CSCs, minimizing recurrence as an expansion of CSCs.
The tankyrase inhibitor XAV939 reversed 5-fluorouracil chemoresistance by targeting the
WNT/β-catenin signaling pathway in colorectal cancer cells [29]. Our results have pro-
vided an experimental basis for the clinical application of diHEP-DPA in combination
with 5-Fu-based chemotherapeutics for CRC patients, especially for those with a poor
chemotherapy tolerance.

TAMs are another key factor for chemoresistance, which has been previously recog-
nized by many researchers; TAMs release several enzymes, cytokines, chemokines, and
growth factors which contribute to tumor growth and chemoresistance, making them
potential targets to inhibit tumor recurrence [8,30,31]. Recently, it has been proposed
that CSCs can directly or indirectly interact with several immune cell populations within
the tumor microenvironment, which are thought to markedly influence tumor progres-
sion [32,33]. Therefore, strategies aimed at depleting TAMs carry the promise of increasing
chemotherapy efficiency and decreasing anti-cancer drug resistance [3,9,34]. In this study,
we found that diHEP-DPA significantly inhibited the infiltration of TAMs and decreased
the secretion of MMP2, MMP9, VEGF, IL-6, and TNF-α in tumor tissue. Nevertheless, the
5-FU treatment increased the infiltration of TAMs and secreted higher levels of these factors,
which contributed to the upregulation of CSCs. Similarly, the 5-FU treatment significantly
increased the infiltration of TAMs, and produced ornithine decarboxylase-dependent pu-
trescine to confer resistance to further chemotherapy with 5-FU in CRC [7]. The 5-FU
treatment induced the activation of NF-κB and upregulated CSCs in HCT116 high-density
tumor microenvironment co-cultures, which were abolished by curcumin [34]. NF-κB is
overactivated in tumors and controls tumor survival, metastasis, and chemoresistance. It
has been proven that blocking the NF-κB signaling pathway could restore the sensitivity
towards 5-FU in CRC [35,36]. We observed that 5-FU promoted the phosphorylation of p65,
which may be activated by proinflammatory cytokines secreted by TAMs, such as IL-6 and
TNFα, which were then abolished by diHEP-DPA. Based on these results, we hypothesized
that the aberrant activation of NF-κB induced by 5-FU was one of the major causes lead-
ing to CRC chemoresistance and that diHEPA-DPA possibly abolished the 5-FU-induced
abnormal activation of NF-κB. Similarly, aspirin enhanced the sensitivity to 5-FU in CRC
by suppressing the NF-κB pathway both in vivo and in vitro [37]. The combination of
curcumin and 5-FU has synergistic anti-tumor or modulatory effects on HCT116 and their
5-FU-chemoresistant counterparts via blocking the activity of NF-κB [38]. These results
indicate that the interaction between the tumor and TAMs is crucial in promoting CSCs
and that there is a strong chemotherapy sensitivity of diHEP-DPA by blocking NF-κB and
suppressing TAMs infiltration.

Cytokines secreted by TAMs also stimulate EMT progression, which contributes to
tumor invasion, metastasis, and chemoresistance [3,21,39]. We evaluated the effect of
diHEP-DPA, 5-FU, and the combined use of both on the EMT process. Interestingly, we
found that diHEP-DPA suppressed EMT by upregulating the epithelial cell marker E-
cadherin and downregulating the mesenchymal cell markers (vimentin and N-cadherin),
which is consistent with the findings of our previous in vitro study [20]. Moreover, it is
reported that M2-like macrophages regulated 5-FU resistance in CRC cells through the
epithelial–mesenchymal transition (EMT) program [40]. In current study, we observed that
5-FU increased the infiltration of M2-like TAMs in tumor tissue; thus, we assumed that 5-FU
treatment might promote the EMT process. We revealed that 5-FU strongly decreased the
expression of E-cadherin and increased the expression of vimentin and N-cadherin in the
colorectal tumor tissue, indicating a promotion of the EMT status. Importantly, diHEP-DPA
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could significantly inhibit 5-FU-induced EMT progression. Curcumin enhanced the in-
hibitory effects of 5-FU against the cell growth on 5-FU resistant HCT-116 cells by regulating
the TET1-NKD-Wnt signal pathway to inhibit the EMT progress [41]. Enalapril has been
shown to enhance the antitumor efficacy of 5-FU and counter chemoresistance in CRC by
suppressing cell proliferation, EMT, and chemoresistance via the NF-κB/STAT3 pathway in
cells and nude mice [22]. As expected, we observed the overexpression of pp65 and pSTAT3
in 5-FU-treated tumors. Combined treatment with diHEP-DPA effectively inhibited the
activation of NF-κB and STAT3, subsequently enhancing the effects of chemotherapy and
preventing chemoresistance in CRC. These results strongly support that diHEP-DPA blocks
the STAT3 signaling pathway, thus inhibiting the EMT progression indued by 5-FU.

The CD47/SIRPα interaction is another therapeutic target for human solid tumors:
CD47 is a unique cell-surface marker expressed by human cancers; SIRPα is a protein
expressed on macrophages and dendritic cells [15,16,24]. In this study, we demonstrated
that diHEP-DPA inhibited the expression of CD47 and SIRPα. The expression of CD47 was
only decreased by 5-FU; however, it increased the expression of SIRPα. The upregulation
of SIRPα might be correlated with the infiltration of TAMs; in turn, high levels of SIRPα
promote TAMs polarization [42]. However, the combined treatment of diHEP-DPA and 5-
FU resulted in a synergistic suppression of the CD47/SIRPα axis. Our data clearly suggests
the synergistic increase of phagocytosis between diHEP-DPA and 5-FU by blocking the
CD47/ SIRPα axis.

4. Materials and Methods

4.1. Materials

The mouse colon cancer cell line CT26 was purchased from the Korean Cell Line Bank
(Seoul, Korea). The bicinchoninic acid assay kit was purchased from Sango Company (San
Diego, CA, USA). Antibodies were purchased from Abcam (Cambridge, MA, USA). The
enhanced chemiluminescence (ECL) substrate kit was purchased from Bio-Rad Laboratories
Inc. (Tewksbury, MA, USA).

4.2. Animals and Cell Culture

Five-week-old female mice obtained from Orient bio (Gyeonggi, Korea) were housed at
a constant temperature (21–23 ◦C) and a relative humidity (60–70%) under a 12 h light/dark
cycle. The study was reviewed by the Institutional Animal Care and the Use Committee of
the Korea Research Institute of Bioscience and Biotechnology (Daejeon, Korea), and was
approved by the Institutional Animal Ethics Committee (KRIBB-AEC-22140).

CT26 cells were maintained in Roswell Park Memorial Institute 1640 medium, sup-
plemented with 10% fetal bovine serum (HyClone, Thermofisher Scientific, Waltham, MA,
USA), 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco, Thermofisher Scientific),
at 37 ◦C in 5% CO2.

4.3. CRC Xenograft Model in BALB/c Mice

Female mice were injected subcutaneously in the right flank with CT26 cells
(3 × 104 cells/mouse), suspended in 100 μL of phosphate-buffered saline. When the mean
tumor size reached between 100–150 mm3, the mice were randomly divided into four
groups: (1) control, intraperitoneally administered with sterile saline; (2) diHEP-DPA,
intraperitoneally administered 10 μg/kg of diHEP-DPA dissolved in saline daily; (3) 5-FU,
intraperitoneally administered 20 mg/kg of 5-FU dissolved in saline, five times a week;
(4) diHEP-DPA + 5-FU, intraperitoneally administered 10 μg/kg of diHEP-DPA daily and
20 mg/kg of 5-FU five times a week. The tumor size was calculated twice a week and the
mice were sacrificed when the tumor volume without treatment grew to approximately
2000 mm3.
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4.4. Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA was isolated using a TaKaRa MiniBEST kit (TaKaRa, Tokyo, Japan), ac-
cording to the manufacturer’s protocol. The levels of transcripts were measured with a
One-Step AccuPower GreenStar RT-qPCR PreMix kit (Bioneer Corporation, Daejeon, Korea)
using SYBR Green, according to the manufacturer’s instructions. RT-PCR was performed in
a reaction volume of 50 μL. qRT-PCR was performed in the CFX Connect system (Bio-Rad,
CA, USA). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as a
housekeeping control. The relative mRNA expression of target genes was calculated by the
2−ΔΔCT method. All specific primers are listed in Table 1.

Table 1. Primer sequences.

Gene (Mouse) Sequence (5′ → 3′)

CD133
Forward: CTGCGATAGCATCAGACCAAGC
Reverse: CTTTTGACGAGGCTCTCCAGATC

CD44
Forward: CGGAACCACAGCCTCCTTTCAA
Reverse: TGCCATCCGTTCTGAAACCACG

SOX2
Forward: AACGGCAGCTACAGCATGATGC
Reverse: CGAGCTGGTCATGGAGTTGTAC

CD206
Forward: GTTCACCTGGAGTGATGGTTCTC
Reverse: AGGACATGCCAGGGTCACCTTT

VEGF
Forward: CTGCTGTAACGATGAAGCCCTG
Reverse: GCTGTAGGAAGCTCATCTCTCC

MMP2
Forward: CAAGGATGGACTCCTGGCACAT
Reverse: TACTCGCCATCAGCGTTCCCAT

MMP9
Forward: GCTGACTACGATAAGGACGGCA
Reverse: TAGTGGTGCAGGCAGAGTAGGA

IL-6
Forward: TACCACTTCACAAGTCGGAGGC
Reverse: CTGCAAGTGCATCATCGTTGTTC

TNF-α
Forward: GGTGCCTATGTCTCAGCCTCTT

Reverse: GCCATAGAACTGATGAGAGGGAG

CD47
Forward: GGTGGGAAACTACACTTGCGAAG
Reverse: CTCCTCGTAAGAACAGGCTGATC

SIRPα
Forward: TCATCTGCGAGGTAGCCCACAT
Reverse: ACTGTTGGGTGACCTTCACGGT

GAPDH
Forward: CATCACTGCCACCCAGAAGACTG
Reverse: ATGCCAGTGAGCTTCCCGTTCAG

CD, cluster of differentiation; SOX2, SRY-Box transcription factor 2; VEGF, vascular endothelial growth factor;
MMP, matrix metalloproteinase; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; SIRPα, signal regulatory
protein alpha; GAPDH, glyceraldehyde-3-phosphate hydrogenase.

4.5. PROTEIN Preparation and Western Blotting

The protein was obtained from tumor tissue homogenates using a RIPA lysis buffer
(Biosolution, Seoul, Korea) supplemented with 1:100 each of protease inhibitor cocktail,
phenylmethyl sulfonyl fluoride, and phosphatase inhibitor. The tissue homogenates were
incubated on ice for 30 min and the concentration of the protein was estimated using a
bicinchoninic acid assay kit (Abcam, Cambridge, MA, USA). The samples were heated
with a loading buffer (Solarbio, Beijing, China) for 10 min at 100 ◦C. Equal amounts of
proteins (~80 μg) were separated on 7.5% or 10% sodium dodecyl sulfate–polyacrylamide
gels and transferred onto 0.45 μm polyvinylidene fluoride membranes (Millipore, Bed-
ford, MA, USA) at 20 V for 120 min. The membranes were blocked for 45 min with
Tris-buffered saline/Tween 20 (TBST) containing 5% skim milk and incubated overnight
at 4 ◦C with primary antibodies against the following proteins: β-catenin (ab223075,
1:10,000), CD133 (ab284389, 1:5000), CD44 (ab189524, 1:1000), SOX2 (ab92494, 1:1000),
CD206 (ab64693, 1:5000), p65 (ab16502, 1:10,000), pp65 (ab76302, 1:1000), STAT3 (ab68153,
1:1000), pSTAT3 (ab76315, 1:2000), E-cadherin (ab231303, 1:1000), N-cadherin (ab76011,
1:5000), vimentin (ab92547, 1:1000), CD47 (ab214453, 1:1000), SIRPα (ab191419, 1:1000),
and GAPDH (ab181602, 1:20,000). The membranes were washed thrice with TBST before
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being incubated at room temperature for 2 h with the appropriate secondary antibodies
(ab205718, 1:50,000). After being rinsed with TBST, the membranes were incubated with
the Clarity Western ECL Substrate (Bio-Rad, Hercules, CA, USA). The CL-XPosure film
was then exposed to the polyvinylidene fluoride membranes (Thermo Scientific, Rockford,
IL, USA).

4.6. Statistical Analysis

The data were expressed as means ± standard deviation. Statistical analysis was per-
formed by one-way ANOVA analysis of variance using GraphPad Prism 7.0 (GraphPad, San
Diego, CA, USA). The results were considered statistically significant for p-values < 0.05.

5. Conclusions

This study aimed to evaluate the effects of diHEP-DPA on 5-FU-induced chemore-
sistance in CRC. Per our findings, diHEP-DPA could be an ideal CRC therapy to strongly
restore chemosensitivity and significantly boost the antitumor effect of 5-FU. Our results
have provided an experimental basis for the clinical application of diHEP-DPA in combina-
tion with 5-FU-based chemotherapeutics for patients with CRC, especially for those with
poor chemotherapeutic tolerance. Considering the low toxicity and the better economic
effectiveness of the combination therapy, this study is of high clinical value. Further clinical
studies are necessary to confirm our findings in patients with CRC to precede a translation
of our treatment strategy to clinical oncology.
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Abstract: Angiogenesis, including the growth of new capillary blood vessels from existing ones
and the malignant tumors cells formed vasculogenic mimicry, is quite important for the tumor
metastasis. Anti-angiogenesis is one of the significant therapies in tumor treatment, while the clinical
angiogenesis inhibitors usually exhibit endothelial cells dysfunction and drug resistance. Bis(2,3,6-
tribromo-4,5-dihydroxybenzyl)ether (BTDE), a marine algae-derived bromophenol compound, has
shown various biological activities, however, its anti-angiogenesis function remains unknown. The
present study illustrated that BTDE had anti-angiogenesis effect in vitro through inhibiting human
umbilical vein endothelial cells migration, invasion, tube formation, and the activity of matrix
metalloproteinases 9 (MMP9), and in vivo BTDE also blocked intersegmental vessel formation in
zebrafish embryos. Moreover, BTDE inhibited the migration, invasion, and vasculogenic mimicry
formation of lung cancer cell A549. All these results indicated that BTDE could be used as a potential
candidate in anti-angiogenesis for the treatment of cancer.

Keywords: anti-angiogenesis; bromophenols; tube formation; vasculogenic mimicry

1. Introduction

Angiogenesis, the growth of new capillary blood vessels from existing ones and capil-
lary venules, involves vascular endothelial cell proliferation, migration, matrix degradation,
and branching to form new tubes [1]. It has been recognized as a proven sign in tumor
growth and metastasis on account of the functional blood supply [2]. Therefore, targeting
angiogenesis is a valid strategy for tumor treatment [3]. In recent years, anti-angiogenic
agents have been used clinically [4,5]. For example, bevacizumab, the recombinant hu-
manized monoclonal antibody, playing obvious anti-angiogenesis effect, has been used
clinically to treat various malignant tumors through binding with VEGF [6]. Another
anti-tumor drug ENDOSTAR, inhibits cancer angiogenesis through targeting vascular
EGFR, has been used in clinical tumor treatment [7]. However, these anti-angiogenesis
agents usually bring about endothelial cells dysfunction and exhibit drug resistance [8].
Safer and more valid approaches and agents in anti-tumor angiogenesis are required.

Besides the classical angiogenesis, Maniotis et al. firstly propose the concept of
vasculogenic mimicry, which is a spontaneous and endothelial cell-independent tube-
forming procedure [9]. Vasculogenic mimicry is regarded as an important blood supply
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system in tumor development for providing nutrients and oxygen [10]. Vasculogenic
mimicry is an alternative angiogenesis happened to metastatic and aggressive tumors such
as pancreatic cancer [11], melanoma [12], breast cancer [13], and non-small cell lung cancer
(NSCLC) [14]. When vasculogenic mimicry occurs, tumor cells have significant extent
of plasticity [15] and epithelial-mesenchymal transition (EMT) process [16]. Moreover,
various extracellular matrix remodeling factors such as hypoxia inducible factor 1 alpha
(HIF-1α) and vascular endothelial cadherin (VE-cadherin) are involved in these processes.
The powerful metastasis ability of lung cancer accounts for high incidence and mortality,
and vasculogenic mimicry not only leads to lung cancer metastasis but also increases
the difficulty of anti-angiogenesis treatment [17]. Therefore, inhibitors targeting both
endothelial angiogenesis and vasculogenic mimicry will be a new strategy in the treatment
of NSCLC.

Marine compounds are reported to have anticancer therapeutic and prophylactic
activities [18–21], among them, marine bromophenols mainly distributing in the algae have
attracted much attention in function[nal food and pharmaceutical drugs area. Previous
studies have shown that bromophenols have a variety of biological activities, such as anti-
tumor, anti-oxidation, anti-diabetic, and anti-viral activities [22,23]. Interestingly, the ability
of bromophenols in anti-angiogenesis has also been widely reported. For example, BD-
DPM, a bromophenol from marine red alga Rhodomela confervoides, shows anti-angiogenesis
properties by targeting multiple receptor tyrosine kinases [24]. Another bromophenol com-
pound BDDE, obtained from L. nana and Rhodomela confervoides, exhibits anti-angiogenesis
effect both in vivo and in vitro through acting on VEGF signaling pathway [25]. Bis(2,3,6-
tribromo-4,5-dihydroxybenzyl)ether (BTDE, Figure 1a), a typical bromophenol compound
first derived from marine red alga Symphyocladia latiuscula [26], has a variety of biological ac-
tivities, such as antioxidant [27,28], antidiabetic [29], anti-neurodegenerative diseases [30],
and multiple enzyme inhibitory activity [31,32]. However, its effects in tumor angiogenesis
have yet to be illustrated. In the present study, in order to investigate the anti-angiogenesis
activity of BTDE both in vitro and in vivo, we evaluated the effects of BTDE on the mi-
gration, invasion, tube formation, and matrix metalloproteinases 9 (MMP9) activity on
HUVECs model, and also on the growth of intersegmental blood vessel (ISV) in vivo using
zebrafish embryos model. Furthermore, the effect of BTDE on the vasculogenic mimicry
formation ability of A549 cells was also estimated.

190



Mar. Drugs 2021, 19, 641

Figure 1. Bis(2,3,6-tribromo-4,5-dihydroxybenzyl)ether (BTDE) inhibits the migration and invasion of HUVECs. (a) Chemi-
cal structure of BTDE. (b) HUVECs was incubated in absence or presence of certain concentrations of BTDE at 37 ◦C for
36 h, cell viability was determined by MTT assay. (c) Wound healing of HUVECs after 36 h treatment with BTDE was
reported by inverted microscope (original magnification, 4×; scale bar: 600 μm) and the wound-healing area was measured
by Image J software. Migration (d) and invasion (e) abilities of HUVECs were examined by transwell assay. Photos of
HUVECs traveled through membrane after incubation with BTDE for 24 h were recorded by inverted microscope (original
magnification, 10×; scale bar: 300 μm) and OD values at 570 nm were measured. Data are represented as mean ± SD of
three independent experiments. * p < 0.05, ** p < 0.01 versus control.

2. Results

2.1. BTDE Inhibits the Migration and Invasion of HUVECs

HUVECs is widely used in vitro to detect the ability of angiogenesis. MTT assay
was applied first to measure the effect of BTDE on HUVECs proliferation. As shown
in Figure 1b, BTDE had no cytotoxicity effect on HUVECs at 2.5−20 μM concentrations,
indicating BTDE could not affect the proliferation of HUVECs under these experimental
conditions. Endothelial cells migration is one of the crucial steps in blood vessels formation.
To investigate the influence of BTDE on HUVECs migration, scratch-wound cell migration
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assay and transwell migration assay were used. As shown in Figure 1c, the migration
area of HUVECs was inhibited after 36 h treatment by 2.5−10 μM BTDE with the wound
healing percentage of 57.6, 49.1, and 46.8%. Moreover, in the transwell migration assay,
the number of HUVECs traveling through the membrane was significantly reduced with
the increased concentrations of BTDE (Figure 1d). Similarly, endothelial cells invasion is
a pivotal step promoting HUVECs migration and neovascularization through degrading
extracellular matrix [33]. Transwell invasion assay was used to investigate the invasion
ability of HUVECs, and as shown in Figure 1e, the number of HUVECs degrading matrigel
and traveling through the membrane was decreased with the treatment of BTDE. The
above results proved that BTDE could inhibit the migration and invasion of HUVECs.

2.2. BTDE Reduces HUVECs Tube Formation and MMP9 Activity

Tube formation assay is a valid method to examine the effect of angiogenesis using
matrigel to simulate endothelial cell growth and tube formation in vitro [34]. To further
evaluate the effect of BTDE on vessel formation, tube formation assay was used with
or without BTDE treatment on matrigel. As shown in Figure 2a, the endothelial tubes
were significantly decreased and the total length of tubes dropped to 58.1, 36.3, and 4.9%
when treated with 2.5−10 μM BTDE. These results illustrated that BTDE could restrain
the tube formation of HUVECs. To further investigate whether BTDE has an impact on
preformed vascular tubes, different concentrations of BTDE were added after tubes had
already formed for 8 h, and incubated for another 6 h. The result showed that BTDE had no
effect on the preformed tubes (Figure 2b). The above results exhibited that BTDE inhibited
the tube formation but not the preformed vascular tubes of HUVECs.

MMPs are the important enzymes secreted by cells to degrade the extracellular matrix,
and they play a significant role in endothelial cells migration, invasion, and angiogene-
sis [35,36]. Our results have confirmed that BTDE inhibited HUVECs migration, invasion,
and tube formation, to further explore whether BTDE affects the activity of MMPs in
HUVECs, gelatin zymography assay was used. HUVECs culture medium treated with
different concentrations of BTDE were separated by SDS-PAGE containing gelatin, and in-
cubated for 48 h. As shown in Figure 2c, BTDE inhibited the activity of MMP9 in HUVECs
compared with control group which had obvious negative staining bands.

VEGF is a crucial pro-angiogenic factor which plays an important role in promoting
tumor angiogenesis, moreover, AKT and ERK as its downstream signaling molecules
participate in the regulation of angiogenesis [37–39]. HIF-1α as a significant transcriptional
factor acts on Wnt/β-catenin pathway and regulates expression of genes that promote
angiogenesis such as VEGF [40]. Therefore, we examined whether BTDE influences these
molecules. As shown in Figure 2d, BTDE did not affect expression level of VEGF, HIF-1α,
β-catenin, AKT, ERK, as well as the phosphorylation levels of AKT and ERK in HUVECs.
The above experiments indicated that BTDE inhibits HUVECs tube formation and MMP9
activity, while did not affect the VEGF, HIF-1α, β-catenin expression.
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Figure 2. BTDE reduces HUVECs tube formation and MMP9 activity. (a) HUVECs was pretreated with BTDE for
24 h, then seeded on matrigel for 20 h, capillary-like structures of HUVECs were recorded by inverted microscope
(original magnification, 4×; scale bar: 600 μm) and total length of tubes was measured by Image J software. (b) Different
concentrations of BTDE were added after tubes have established on matrigel for 8 h, and incubated for another 6 h. Tubular
structures were observed by inverted microscope (original magnification, 4×; scale bar: 600 μm) and total length of tubes
compared with 0 μM was measured by Image J software. (c) Gelatin zymography experiment was used to detect the MMP9
activity of HUVECs after 24 h treatment of BTDE, GAPDH was used as an internal control. (d) Western blot was used to
measure the VEGF, HIF-1α, β-catenin, AKT, and ERK as well as their phosphorylation levels in HUVECs treated with BTDE
for 24 h. Data represent mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01 versus control.

2.3. BTDE Blocks Intersegmental Vessel Formation in Zebrafish Embryos

Zebrafish is an ideal model for evaluating the effects of compounds on angiogenesis.
It can sprout from dorsal arteries to form interstitial neovascularization during embryonic
development [41,42]. To further confirm the anti-angiogenesis effect of BTDE in vivo, the
formation of ISV in zebrafish embryos was detected. As shown in Figure 3a and b, ISV
formation in zebrafish embryos was significantly suppressed by 2.5−10 μM BTDE with
the vessel growth of 90.1, 40.3, and 31.2%, respectively, illustrating that BTDE exerted well
anti-angiogenesis effect in vivo. Besides, zebrafish toxicity assay showed that 2.5−20 μM
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BTDE had no specific deformity and mortality effects on zebrafish embryos (Table 1), which
indicated that BTDE was nontoxic at these concentrations.

 

Figure 3. BTDE blocks intersegmental vessel formation in zebrafish embryos. (a) Lateral view of Tg (flk1: EGFP) zebrafish
embryos at 16 hpf. Embryos were treated with different concentrations of BTDE. Vessels of zebrafish embryos were
observed using a fluorescence microscope, photos were recorded by inverted fluorescence microscope (scale bar: 1.2 mm).
(b) Quantification of intersegmental vessel growth induced by BTDE. Values represent the means ± SD of three independent
experiments. * p < 0.05, ** p < 0.01 versus medium control.

Table 1. The effect of BTDE on zebrafish embryo deformity and mortality.

BTDE (μM)
Number of
Embryos

Number of
Deformities

Deformity
Rate (%)

Number of
Mortalities

Mortality
Rate (%)

0 71 2 2.8 0 0
2.5 70 1 1.4 0 0
5 71 1 1.4 1 1.4
10 70 0 0 2 2.8
20 73 1 1.4 0 0

2.4. BTDE Decreases the Migration and Invasion of A549

In addition to study whether BTDE inhibited the endothelial angiogenesis, we next
investigated the impact of BTDE on NSCLC vasculogenic mimicry. First, MTT assay related
that 2.5−10 μM BTDE had no cytotoxicity effect on A549 and H1975 cells (Figure 4a,b).
Considering migration of cancer cells are important for the formation of vasculogenic
mimicry, we then detected the effects of BTDE on migration abilities of A549 and H1975
by using scratch-wound cell migration assay. Results showed that BTDE inhibited A549
migration with wound-healing area of 34.2, 26.5, and 17.5% under 36 h treatment of
2.5−10 μM BTDE (Figure 4c), and also restrained H1975 migration with wound-healing
area of 12.6, 9.7, 5.9% with 72 h treatment of 2.5−10 μM BTDE (Figure 4d). Moreover,
the number of A549 and H1975 migrated to the lower membrane was decreased with the
increasing concentration of BTDE (Figure 4e,f). Transwell invasion assay illustrated that
BTDE suppressed A549 to split matrigel and migrate to the lower surface of membrane
(Figure 4g). The above results exhibited that BTDE inhibited A549, H1975 migration and
invasion of A549.
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Figure 4. BTDE decreases the migration of A549, H1975 and the invasion of A549. The effect of BTDE
on A549 (a) or H1975 (b) proliferation. A549 or H1975 was incubated with different concentrations of
BTDE at 37 ◦C for 48 h, cell viability was determined by MTT assay. Wound healing of A549 after 36
h (c) or H1975 after 72 h (d) treatment with 0−10 μM BTDE was recorded with inverted microscope
(original magnification, 4×; scale bar: 600 μm) and the wound healing area was measured by Image J
software. Migration ability of A549 (e) or H1975 (f), invasion ability of A549 (g) treated with 0−10 μM
BTDE for 24 h, photos were obtained by inverted microscope (original magnification, 10×; scale
bar: 300 μm) and OD values of 570 nm were measured. Data are represented as mean ± SD of three
independent experiments. * p < 0.05, ** p < 0.01 versus control.
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2.5. BTDE Decreases the Vasculogenic Mimicry of A549 Cells

Vasculogenic mimicry is the endothelial cell independent vascularization pretend
the plasticity of tumor cells. In the above study, we have already proved that BTDE
inhibited the migration of NSCLC cells, considering the stronger migration ability of A549
cells, we next explored if BTDE affects A549 vasculogenic mimicry formation ability using
vasculogenic mimicry assay. A549 was pretreated with different concentrations of BTDE for
24 h and then seeded on matrigel for 30 h. As shown in Figure 5a, the control group formed
reticular vessel-like structures while 5 and 10 μM BTDE treated group formed a loose
network structure with total length of tubes dropped to 73.3 and 63.1%. To further evaluate
whether BTDE had an impact on the preformed vascular tubes, different concentrations
of BTDE were added after tubes had already formed for 6 h, and incubated for another
20 h. The result showed that BTDE had no effect on the preformed tubes compared with
control group (Figure 5b). These results illustrated that BTDE could inhibit the vasculogenic
mimicry formation ability of A549 while did not affect the preformed vessels. To further
explore the specific mechanism of BTDE inhibiting vasculogenic mimicry formation of
A549, Western blot assay was used to detect the influence of BTDE on HIF-1α, β-catenin,
VEGF, and its downstream AKT, ERK signaling pathways. We found that BTDE did not
affect the expression of these molecules in A549 (Figure 5c). This was different from the
previous study that bromophenol BOS-102 exhibited valid cytotoxic effects on A549 through
ROS-mediated inhibition of PI3K/Akt and activation of p38/ERK signaling pathways [43],
which may be caused by the difference of molecular structure and suggesting a novel
mechanism. These results indicated that BTDE inhibited the vascular mimicry formation
of A549 but had no effect on the preformed blood vessels of A549.

 

Figure 5. BTDE decreases the vasculogenic mimicry of A549 cells. (a) A549 was pretreated with BTDE
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BTDE for 24 h, then seeded on matrigel for 30 h, capillary-like structures of A549 were recorded by
inverted microscope (original magnification, 4×; scale bar: 600 μm) and total length of tubes was
measured by Image J software. ** p < 0.01 versus control. (b) Different concentrations of BTDE were
added after tubes were established on matrigel for 6 h, and incubated for another 20 h. Tubular
structures were observed by inverted microscope (original magnification, 4×; scale bar: 600 μm)
and total length of tubes compared with 0 μM was measured by Image J software. (c) Western blot
was used to measure the VEGF, HIF-1α, β-catenin, AKT, and ERK as well as their phosphorylation
levels in A549 treated with BTDE for 24 h. Data are represented as mean ± SD of three independent
experiments. ** p < 0.01 versus control.

3. Discussion

Endothelial cells-mediated angiogenesis has been considered as a crucial process in
angiogenesis because of the powerful abilities to migrate, invade, and degrade extracellular
matrix to form new blood vessels [1]. Blood vessels play an important role in material ex-
change and pathological angiogenesis becomes a significant factor of cancer, therefore anti-
angiogenesis is a common adjuvant strategy in tumor treatment [2]. Seeking novel drug
candidates from natural products especially from marine resources has been implemented
for many years, a number of marine bromophenols with significant anti-angiogenesis
activity were found such as BDDPM [24] and BDDE [25]. Marine bromophenol BTDE
illustrated various bioactivities including antioxidant [27] and antidiabetic [29], however,
its anti-angiogenesis effect has not been explored. In the present study, we demonstrated
first that BTDE potentially inhibited angiogenesis both in vitro and in vivo, and could be
used as a promising candidate in cancer therapy. BTDE suppressed multiple angiogen-
esis process in endothelial cells, including the migration, invasion, and tube formation,
which were consistent with some anti-angiogenesis drugs used clinically such as Beva-
cizumab [44]. BTDE showed no cytotoxicity on HUVECs proliferation in a short period,
suggesting that the ability of BTDE to reduce HUVECs movement and angiogenesis did
not include the influence on its proliferation. The in vivo zebrafish embryos assay also
proved the anti-angiogenic effect of BTDE. MMPs are important enzymes secreted by
endothelial cells, which promotes the cells migration and sprout to form new blood vessels
by degrading extracellular matrix [36]. We found that BTDE indeed inhibited the activity of
MMP9 in HUVECs thereby exerting a migration, invasion, and tube formation inhibitory
effect. The stimulation of HIF-1α regulates the expression of angiogenic genes such as
VEGF. As the crucial molecule in Wnt/β-catenin pathway, β-catenin, has a pivotal effect
on cell migration and angiogenesis when receiving upstream gene regulation including
HIF-1α [40,45]. However, our results suggested that BTDE had no effect on the expression
of these molecules on HUVECs, which was different from BDDE, a bromophenol through
inhibiting VEGF signaling plays an anti-angiogenesis effect [25]. Nevertheless, both of
them were found to reduce HUVECs migration and tube formation, indicating that BTDE
exerts the anti-angiogenesis effect through other signaling and the mechanisms still needs
to be further explored.

In addition to the endothelial cell-dependent angiogenesis, another important factor
for tumor blood supply is the diverse tumor vessels composition [46]. Vasculogenic
mimicry is the microcirculation channel consisting of the aggressive tumor cells connection
and extracellular matrix [9]. Many studies have confirmed the existence of vasculogenic
mimicry in solid tumors such as melanoma, ovarian cancer, and lung cancer, and the
poor prognosis of advanced cancer patients is significantly related with tumor vascular
mimicry [47]. All these indicate that targeting vasculogenic mimicry therapy is a crucial
strategy in tumor treatment. In our study, it is noteworthy that BTDE had a significant
migration inhibitory effect on A549, H1975 cells. Moreover, BTDE also restrained the
vasculogenic mimicry formation ability of A549 while had no impact on HIF-1α, β-catenin,
VEGF, and the downstream signaling molecules. BTDE may target on other possible
mechanisms such as EMT process [16], VE-cadherin [48], and wnt5a which are involved in
the activation of Wnt signaling, and participated in cells proliferation, migration, adhesion,
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and vascularization [49,50]. The clear mechanism by which BTDE works remains to be
further explored.

The anti-angiogenic activity of cancer chemopreventive agents is usually through
inhibiting or retarding the development of tumor blood vessels [51]. For example, clini-
cal antioxidant compound Nacetyl-L-cysteine is able to restrain the migration ability of
melanoma cells, and to suppress endothelial cell invasion through inhibiting MMPs activ-
ity [52,53]. Similarly, our previous study has also showed the antioxidant effect of BTDE
on HaCaT cells [28]. In the present studies, we revealed that BTDE inhibited the migra-
tion, invasion, and vasculogenic mimicry of A549 cells, as well as reducing HUVECs tube
formation, MMP9 activity, and zebrafish embryo angiogenesis. All these investigations
showed BTDE had valid anti-angiogenesis function and could be developed as potential
angioprevention agent.

4. Materials and Methods

4.1. Drugs and Reagents

BTDE (purity > 98%) was provided by School of Medicine and Pharmacy. Antibodies
against HIF-1α were purchased from Affinity (Canal Fulton, OH, USA), against β-catenin
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA), against VEGF, GAPDH,
Tubulin were purchased from HuaAn Biotechnology (Hangzhou, China). Antibodies
against AKT, p-AKT, ERK, p-ERK were purchased from Cell Signaling Technology (Boston,
MA, USA). Transwell inserts (8 μm) were purchased from Corning company (Corning
Costar, Cambridge, MA, USA). Matrigel was the product of BD company (Becton Dickinson,
Bedford, MA, USA).

4.2. Cell Lines and Cell Culture

Human umbilical vein endothelial cells line HUVECs was from American Type Cul-
ture Collection (Gaithersburg, Maryland), human lung cancer cell lines A549 and H1975
were from Shanghai Cell Bank (Shanghai, China), Chinese Academy of Science. HUVECs
was cultured in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO, Grand Island, NY,
USA). Human lung cancer cell lines A549 and H1975 were kept in RPMI-1640 medium
(Gibco-BRL). All mediums were supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Cells were cultivated in a humidified incubator containing 5%
CO2 at 37 ◦C.

4.3. Cell Viability Assay

The proliferation effects of BTDE on differentiated HUVECs, A549, and H1975 cells
were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay. In brief, cells were plated in 96-well plate overnight to adhere, then 0−20 μM
BTDE were administrated and incubated for 36 or 48 h. Total of 5 mg/mL MTT solution
(20 μL per well) was added and incubated for another 4 h at 37 ◦C, discarding the super-
natant and using dimethyl sulfoxide (DMSO) to dissolve products for 10 min at 37 ◦C.
Microplate reader (BioTek, Winooski, VT, USA) was used to measure the 96-well plate at
570 nm, and the cell viability (%) was calculated by OD values.

4.4. Scratch-Wound Cell Migration Assay

HUVECs, A549, and H1975 were plated in 96-well plate and cultivated to reach 90%
confluence. Then scratch-wounds were made by 10 μL pipette tip. After washing twice
with PBS, the cells were treated with fresh DMEM or RPMI-1640 (1% FBS) with 0−10 μM
BTDE. After incubation for 36 or 72 h, images of wound in each well were recorded by
inverted microscope (NIB-100, Novel Optics, Ningbo, China, original magnification, 4×).
Image J was used to measure the area of each wound, and the migration rate was calculated
as follows:

Wound healing area (%) = (Area 0 h − Area t h)/Area 0 h × 100%
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4.5. Transwell Migration and Invasion Assay

Transwell chamber with 8 μm pore size was used to evaluate the migration of cells.
Briefly, differentiated HUVECs, A549, and H1975 cells suspended in 1% FBS medium with
0−10 μM BTDE were seeded into the upper chamber of transwell 24-well plates. Then the
lower chamber was added with complete medium and different 0−10 μM BTDE. After
treatment for 24 h, the chambers were fixed with methanol, stained with 0.1% crystal violet,
and the upper surface of the membrane containing non-migrating cells was gently wiped
off with cotton swab. Random visual fields were calculated using inverted microscope
(NIB-100, CHN, original magnification, 10×), chambers were decolorized with 33% acetic
acid, then each group of decolorizing solutions was transferred to a new 96-well plate. A
microplate reader (BioTek, Winooski, VT, USA) was used to measure OD values of the
plate at 570 nm.

To investigate the invasion ability of HUVECs and A549, transwell invasion assay
was conducted similarly with transwell migration assay except that the upper side of the
chambers was spread with diluted matrigel (200 μg/mL).

4.6. HUVECs Tube Formation and A549 Vasculogenic Mimicry Assay

The ability of HUVECs or A549 to form capillary-like structures when treated with
0−10 μM BTDE was measured on matrigel. Briefly, pre-cooled matrigel was layered in
96-well plate and allowed to solidify at 37 ◦C for 45 min. HUVECs or A549 that has been
treated with BTDE for 24 h was seeded on matrigel, after 20 h incubation for HUVECs or
30 h for A549, tube structure was recorded by inverted microscope (NIB-100, Novel Optics,
Ningbo, China, original magnification, 4×) from randomly chosen fields. For investigating
the effect of BTDE on performed vascular tubes, same concentrations of BTDE were added
with HUVECs or A549 after tubes had already formed for 8 or 6 h, and incubated for
another 6 h for HUVECs and 20 h for A549. Total length of tubes was measured by Image J
software (version 1.48, National Institutes of Health, Rockville Pike, Maryland).

4.7. Zebrafish Embryo Assay

For intersegmental vessel formation assay, Tg (flk1: EGFP) zebrafish embryos were
generated by natural pairwise mating. Healthy, hatched zebrafish were picked out at 16 h
post-fertilization and distributed into a 24-well plate (10 embryos per well). Embryos were
treated with 0−10 μM BTDE for 24 h at 28.5 ◦C and then observed for intersegmental blood
vessel (ISV) under inverted fluorescence microscope (DM6000, Leica, Wetzlar, Germany).
Vessel growth was measured by Image J software.

For toxicity assay, zebrafish embryos were picked out at 4 h post-fertilization and
distributed into a 24-well plate (about 17 embryos per well). Embryos were treated with
0−20 μM BTDE for 24 h at 28.5 ◦C and then observed for morphologic changes under
stereo microscope (SMZ645, Nikon, Tokyo, Japan). The deformity and mortality rates
were recorded.

4.8. Gelatin Zymography Assay

Gelatin zymography assay was used to determine the activity of MMP9. HUVECs was
treated with different concentrations of BTDE in serum free DMEM for 24 h, then culture
supernatants were collected and centrifuged at 1200 rpm for 5 min, and then 12,000 rpm for
5 min to remove cellular components. Proteins existed in supernatants and were separated
by 8% SDS-PAGE containing 1 mg/mL gelatin under non-reducing condition and then
subjected to electrophoresis. Gels were washed twice for 40 min each time in washing
buffer (2.5% Triton X-100/50 mM Tris/5 mM CaCl2/1 μM ZnCl2, pH 7.6), and washed
twice for 40 min each time in rinse buffer (50 mM Tris/5 mM CaCl2/1 μM ZnCl2, pH
7.6), then incubated 48 h at 37 ◦C in renaturation solution containing 50 mM Tris/0.15 M
NaCl/5 mM CaCl2/1 μM ZnCl2 and 0.02% Brij-35, pH 7.6). Gels were finally stained with
0.05% Coomassie Blue R250 for 30 min and decolorized with decolorizing liquid (10%

199



Mar. Drugs 2021, 19, 641

acetic acid and 30% methanol) until negative staining bands appear. Gels were recorded by
Bio-Red Gel Imaging Analysis System (bio-rad GelDoc XR, Hercules, CA, USA).

4.9. Western Blotting

HUVECs and A549 were treated with different concentrations of BTDE (0−10 μM) for
24 h. Cells were centrifuged, then washed twice with PBS and lysed with loading buffer
for 45 min in 4 ◦C. Then, the cell lysate was boiled for 10 min and stored at −80 ◦C. Protein
samples were resolved by 8–10% SDS-PAGE, transferred to nitrocellulose filter membranes
(Millipore, Billerica, MA, USA). The nitrocellulose filter membranes were blocked with
5% skimmed milk and then incubated with the primary antibodies overnight at 4 ◦C.
Subsequently, the membranes were incubated with HRP-secondary antibody at 25 ◦C for
1 h. Finally, the image was detected by Tanon 5200 (Tanon, Beijing, China).

4.10. Statistical Analysis

Statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc
test, and values were expressed as mean ± SD. Differences of p < 0.05 were considered
statistically significant.

5. Conclusions

The present study illustrated for the first time that BTDE inhibited HUVECs migration,
invasion, tube formation, and the activity of MMP9 in vitro. In zebrafish embryo, BTDE also
restrained the growth of zebrafish embryo intersegmental blood vessel. In addition, BTDE
suppressed A549, H1975 migration and A549 invasion, as well as the vasculogenic mimicry
of A549 cells. These results definitely revealed that marine bromophenol compound BTDE
was a potential agent for future cancer therapy due to its valid anti-angiogenesis effect.
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