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Pleiotropic Role of Puupehenones in Biomedical Research
doi: 10.3390/md15100325 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Aida Sarmiento-Vizcaı́no, Alfredo F. Braña, Ignacio Pérez-Victoria, Jesús Martı́n,
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By the end of 2017, there were seven marine-derived pharmaceutical substances that have been
approved by the FDA for clinical use as drugs. Four of them are approved for the treatment of cancer,
namely cytarabine (Cytosar-U®, first approved in 1969 for the treatment of leukemia), eribulin mesylate
(Halaven®, first approved in 2010 for the treatment of metastatic breast cancer), brentuximab vedotin
(Adcetris®, first approved in 2011 for the treatment of anaplastic large T-cell malignant lymphoma,
and Hodgkin’s lymphoma), and trabectidine (Yondelis®, first approved in 2015 for the treatment of
soft tissue sarcoma and ovarian cancer) [1]. Additionally, a number of marine-derived substances
with potent anticancer properties are currently undergoing different stages of clinical development
in oncology and hematology. Among them are plinabulin, plitidepsin, glembatumumab vedotin,
and lurbinectedin (all in Phase III clinical trials); depatuxizumab mafodotin, AGS-16C3F, polatuzumab
vedotin, PM184, tisotumab vedotin, and enfortumab vedotin (all in Phase II clinical trials); GSK2857916,
ABBV-085, ABBV-399, ABBV-221, ASG-67E, ASG-15ME, bryostatin, marizomib, and SGN-LIV1A (all in
Phase I clinical trials) [1]. Additionally, there are around 1500 natural molecules that were isolated
from marine organisms, for which potent in vivo biological activity has been described, and more than
10,000 different compounds that have exhibited in vitro activity [2]. Therefore, natural compounds
are a rich reservoir of molecules showing promising bioactivity, which will most certainly lead to the
further development of potent anticancer compounds in the future.

To document this dynamic field of research, the topical collection “Marine Compounds and
Cancer” (http://www.mdpi.com/journal/marinedrugs/special_issues/marine-compounds-cancer)
of the open access journal Marine Drugs (ISSN 1660-3397) was started in 2017, one year after the special
issue under the same name had been closed [3]. In 2017, a total of nine papers in this collection—two
reviews and seven research articles—were published. The collection covers both novel and previously
known anticancer agents from different classes of small and high molecular compounds, exploring
their chemical structures and anticancer activity. Below, a short overview of the articles published in
2017 in the topical collection “Marine Compounds and Cancer” is provided.

A comprehensive review article by Ćetković and colleagues from Croatia reviews the current
knowledge of cancer-related genes/proteins found in marine sponges. Elucidating cancer-associated
genes in such simple and ancient animals as sponges may help to understand the more complex
signaling interactions in higher animals [4]. Another review article by Martínez-Poveda and colleagues
from Spain describes various biological activities of puupehenones (named after the famous rock
Puu Pehe in Hawaii)—a large family of chemical compounds initially isolated from sponges of the
orders Verongida and Dictyoceratida. This review gives an update on the current knowledge and
understanding of the bioactivity and biogenesis of puupehenones, and their possible therapeutic
applications in human diseases, with special emphasis on cancer [5].

Mar. Drugs 2018, 16, 41 1 www.mdpi.com/journal/marinedrugs
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Among the research articles, there is a report by Sarmiento-Vizcaíno and colleagues from Spain on
paulomycin G—a novel molecule of the paulomycin family, isolated from a deep-sea sediment-derived
micromonospora matsumotoense M-412. This compound demonstrates moderate cytotoxic activity
in human cancer cells, but no antibacterial or antifungal activity [6]. Sperlich and colleagues from
Germany and Canada show that the marine diterpene glycosides pseudopterosins have the ability
to block the major inflammatory signaling pathway NF-κB by inhibiting the phosphorylation of
p65 and IκB in leukemia and breast cancer cells, resulting in a reduction of the pro-inflammatory
cytokines IL-6, TNFα, and MCP-1. They hypothesize that pseudopterosins inhibit NF-κB through
activation of the glucocorticoid receptor in triple negative breast cancer [7]. Sun and colleagues
from China report anticancer activity of a selenium-containing polysaccharide-protein complex,
isolated from the selenium-enriched algae Ulva fasciata. Functionally, they describe the ability of
this complex to induce mitochondria-mediated apoptosis in human lung cancer cells [8]. Xin and
colleagues, representing another research group from China investigating marine substances, report
the results of a virtual screening of low cytotoxic and non-cytotoxic natural products for their ability to

inhibit topoisomerase I, which they consecutively confirmed experimentally by biological assays [9].
Another interesting research project performed by Dithmer and colleagues from Germany and
the UK report unexpected cytoprotective activity of fucoidan in uveal melanoma cells as well as
pro-angiogenic properties. Thus, despite the fact that fucoidan has previously been shown to also
exhibit anti-tumorigenic effects, the authors conclude that this polysaccharide has no potential as
a novel therapy for this type of cancer [10]. Hegazy and colleagues from Egypt, Japan and the
USA report the isolation of three new cembrene diterpenoids—sarcoehrenbergilid A–C—along with
four known diterpenoids and one steroid. The compounds were isolated from the Red Sea soft
coral Sarcophyton ehrenbergi. The biological studies revealed moderate cytotoxic activity of these
compounds in human cancer cell lines. Interestingly, additional molecular docking studies predict
a high inhibitory activity of some of the compounds against the kinase domain of the growth receptor
EGFR [11]. Schirmeister and colleagues from Germany and Italy describe the isolation of a new
6-epi-plakortide H acid along with several previously known compounds from the caribbean sponge
Plakortis halichondrioides. The compounds exhibit potent cytotoxic activity in both sensitive and
multidrug-resistant human leukemia cells [12]. Finally, Xu and colleagues from China isolated two
new brevianamides and two new mycophenolic acid derivatives, along with several previously
known compounds, from the deep-sea-derived fungus Penicillium brevicompactum DFFSCS025. Among
others, one compound exhibits moderate cytotoxicity against human colon cancer HCT116 cells [13].

In summary, our updated topical collection of Marine Drugs, “Marine Compounds and Cancer”,
compiles recent results of research activities in the field of anticancer marine compounds from the year
2017. Exerting the honorable task of editing this collection, we express our gratitude to all authors
who contributed. We are all looking forward to new and exciting discoveries!

Dr. Sergey A. Dyshlovoy and Dr. Friedemann Honecker,
Guest Editors of “Marine Compounds and Cancer”, and Editorial Board Members of Marine Drugs

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Marine sponges represent a vast source of metabolites with very interesting potential
biomedical applications. Puupehenones are sesquiterpene quinones isolated from sponges of the
orders Verongida and Dictyoceratida. This family of chemical compounds is composed of a high number
of metabolites, including puupehenone, the most characteristic compound of the family. Chemical
synthesis of puupehenone has been reached by different routes, and the special chemical reactivity of
this molecule has allowed the synthesis of many puupehenone-derived compounds. The biological
activities of puupehenones are very diverse, including antiangiogenic, antitumoral, antioxidant,
antimicrobial, immunomodulatory and antiatherosclerotic effects. Despite the very important roles
described for puupehenones concerning different pathologies, the exact mechanism of action of these
compounds and the putative therapeutic effects in vivo remain to be elucidated. This review offers
an updated and global view about the biology of puupehenones and their therapeutic possibilities in
human diseases such as cancer.

Keywords: puupehenones; sponges; marine drugs; antiangiogenic; antitumoral

1. Origin and Biological Role of Puupehenones in Sponges

The need of new pharmacological approaches for the treatment of certain refractory diseases is the
starting point for a growing research field in recent years. Indeed, discovery and characterization of new
natural products and derivatives with potential therapeutic activity are key issues in pharmacological
research. Natural products under investigation have a wide variety of origins, but some of the most
important sources of candidate compounds for biomedical applications are marine organisms. Among
the great biodiversity present in oceans and seas, sponges represent a real treasure for the isolation
of new compounds with unique structural characteristics, due to the synthesis in these organisms
of a high number of secondary metabolites. Sponges (phylum Porifera) are sessile and filter-feeder
multicellular organisms that lack body symmetry. The soft body of the majority of sponges and
the incapacity of movement make these organisms a perfect target for predators (fish, turtles and
invertebrates); the adaptive strategy of sponges to such threats is the synthesis of chemical compounds
that have a defensive role to deter predators [1]. The chemical nature of these compounds is very
diverse, including sterols, terpenes, cyclic peptides, alkaloids, fatty acids, peroxides, amino acid
derivatives (frequently halogenated) and unusual nucleosides [2].

One group of marine compounds synthesized by sponges that deserves special attention is the
group of the puupehenones. Puupehenones are shikimate-derived sesquiterpene quinones whose
isolation has been reported mainly from the orders Verongida and Dictyoceratida, although some
compounds from this family have been identified as well in orders Dendroceratida and Haplosclerida [3].
Among all the compounds that belong to this family, puupehenone is the most representative member.
It was firstly isolated and described by B. N. Ravi and colleagues in 1979, who named the compound

Mar. Drugs 2017, 15, 325 4 www.mdpi.com/journal/marinedrugs
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in honor of the legendary Hawaiian princess Puupehe [4], but its absolute stereochemistry was not
elucidated until 1996 [5].

Puupehenone and other related compounds exhibit very potent cytotoxic and antimicrobial
activities, pointing to their possible role as defensive weapons in sponges. Apart from these detected
activities that could be important in the chemical ecology of sponges, the exact role of puupehenones
in sponges’ biology is not fully defined, although an interesting mechanism has been proposed for
puupehenone by which this metabolite could participate in the detoxification of excess of hydrogen
cyanide (HCN), probably produced by sponges as chemical weapon with defensive purpose [6]. It has
been reported that harvested sponges from the order Verongida emitted HCN when they were broken
apart, and this observation correlates with the necessity of a mechanism of detoxification of this
toxic compound in the sponge [7]. The easy conversion of puupehenone into its cyano-derivatives
(15α-cyanopuupehenol and its oxidation product 15α-cyanopuupehenone) by the addition of hydrogen
cyanide under aqueous conditions suggests a possible hydrogen–cyanide–puupehenone cycle,
highlighting the putative biological function of puupehenone in the sponge’s biochemical system [6].

Our group has contributed to the knowledge of puupehenones, focusing on their activity as
antiangiogenic and pro-apoptotic compounds [8,9]. Their potential as antitumoral compounds
makes puupehenones a very interesting family of metabolites for biomedical and pharmaceutical
research. The information compiled in this review tries to provide an updated and global view about
puupehenones’ biology and their therapeutic possibilities.

2. Diversity and Chemical Synthesis of Puupehenones

The compounds gathered in the family of puupehenones are very diverse (Figure 1) and
chemically belong to the large group of the sesquiterpene quinones. They have very characteristic
structures, presenting a common tetracyclic core (a sesquiterpene unit joined to a phenolic moiety).
Puupehenone, the most representative compound of this family, structurally differs from other
sesquiterpene quinones because of the presence of a quinone–methide system responsible for its
unique chemical behavior; it exhibits high chemical reactivity, facilitating the formation of many
derived metabolites. The 1,6-Conjugated nucleophilic addition of HCN to puupehenone in the
presence of water and alkaline conditions yields 15α-cyanopuupehenol and its oxidation product
15α-cyanopuupehenone [6]. Addition of oxygen nucleophiles such as acetoxy and methoxy ions to
puupehenone (obtaining 15α-acetoxypuupehenol diacetate and 15α-methoxypuupehenol) has been
also reported [4,10]. A large number of puupehenone-derived/related compounds, either naturally
occurring or of synthetic origin, has been reported in the literature [11]. Some of them are shown in
Figure 1.

Chemical synthesis of several puupehenones has been reported, using different synthesis routes
and several initial compounds (Figure 2). The total synthesis of (±)-puupehenone was firstly described
in 1978, when G. L. Trammel showed a method that applied acid-mediated cyclization of sesamol
derivatives [12]. Twenty years later, Barrero et al. detected a lack of reproducibility in this method,
and they reported the enantiospecific synthesis of (+)-puupehenone from the bicyclic diterpene
(−)-sclareol, a fragrant compound extracted from clary sage flowers (Salvia sclarea) [13]. The same
group proposed an improved method for puupehenone synthesis [14]. However, these are not the
only approaches for the synthesis of puupehenone; in 2002, an alternative and shorter synthetic route
starting from (+)-sclareolide was described, in which the heterocyclization needed for the synthesis of
the molecule was mediated through the presence of an oxygen function at C-8 of (+)-sclareolide [15].

5
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Figure 1. Chemical structure of puupehenone and some derived compounds.

Different strategies targeting the synthesis of the tetracyclic core of puupehenones were further
developed, providing new and improved synthetic routes. Thus, Wallace and collaborators described a
three-step stereoselective reaction to access the tetracyclic core of puupehenone and 15-oxopuupehenol
using methal-free radical cyclisations [16]. In addition, the construction of the tetracyclic core
of puupehenone by using the Diels–Alder reaction of 2-ethenyl-1,3,3-trimethylcyclohexene with
4H-chromen-4-ones has been described [17].

In addition to the use of (−)-sclareol as a starting point for the synthesis of puupehenone [13], this
easily commercially available compound has been used for the synthesis of other puupehenone-related
compounds, as is the case of 15-oxopuupehenol, puupehedione, 15α-cyanopuupehenone [14],
8-epipuupehedione [18] and others [19]. Concerning the synthesis of 8-epipuupehedione, different
approaches have also been described. After the report of Álvarez-Manzaneda et al. [18], the same
group described the synthesis of this molecule using natural drimenol as the initial molecule [20].
Moreover, 8-epipuupehedione and puupehedione syntheses were previously described through

6
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concomitant O-allyl deprotection and electrocyclization of an intermediate dione molecule derived
from (−)-carvone [21]. In a more recent study, Dixon and collaborators developed a scalable, divergent
synthesis of meroterpenoids through the invention of a “borono–sclareolide” precursor that allowed a
high-yield of (+)-chromozonarol. This intermediate was used for the subsequent syntheses of a variety
of meroterpenoids, including (+)-8-epipuupehedione [22].

Figure 2. Chemical strategies for the synthesis of puupehenone. Scheme of the synthetic strategies
reported in [12,13,15] for the synthesis of puupehenone, showing the starting compounds and the
differential steps used to obtain the heterocyclic oxygen in each approach. Adapted with permission
from [15].

The syntheses of (+)-chloropuupehenone, (+)-choloropuupehenol and their stereoisomers were
described for the first time by Hua and collaborators. In that report, the authors investigated two
synthetic routes to get (+)-chloropuupehenone, trying to improve the final yield of the molecule [23].

3. Biological Activities of Puupehenones

Puupehenones have been described as a family of compounds with very diverse and interesting
biological effects. Different activities have been reported for a number of puupehenones, including
antiangiogenic, antitumoral, antioxidant, antimicrobial, immunomodulatory and antiatherosclerotic
effects. Here, we summarize the main information about the biological activities detected
for puupehenones.

3.1. Antiangiogenic Activity

In a blind screening for the search of potential antiangiogenic compounds, puupehenone was
selected due to its efficacy in inhibiting the formation of tubular-like structures on Matrigel in
bovine aortic endothelial cells (BAEC) at a very low dose (3 μM) [8]. In addition to puupehenone,
11 structurally-related compounds (all of which were terpenylquinones with a labdane-type decalin
ring, either natural products from marine origin or their synthetic derivatives) were evaluated, showing
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that some of these compounds exhibited even more potent antiangiogenic activity than puupehenone,
with inhibitory doses as low as 0.37 μM for some of them. Interestingly, the 12 compounds studied
showed a weak effect on BAEC cell growth, with IC50 values ranging from 7–45 μM, which imply that
the observed effect of these compounds on the tube formation assay was not due to the inhibition
of cell growth. In addition, these IC50 values did not differ from those obtained in tumor cell lines
(human lung carcinoma, colon and pancreatic adenocarcinomas, breast carcinoma and glioblastoma
cell lines), demonstrating that the effects of the assayed puupehenones on cell growth were not
specific for endothelial cells. In vivo assays on chick chorioallantoic membrane (CAM) showed that
puupehenone did not exhibit significant antiangiogenic effect at the assayed conditions, but in contrast,
three of the related compounds studied (8-epipuupehedione, 8-epi-9,11-dihydropuupehedione and
isozonarol, which is another terpenylquinone with related structure) demonstrated a very potent
inhibitory effect on the CAM neovascularization, at doses of 30 nmol/CAM or even lower. Furthermore,
zymographic experiments with those three antiangiogenic puupehenone-related compounds showed
their activity in inhibiting the production of urokinase-type plasminogen activator (uPA) by endothelial
cells. uPA is a secreted serine protease that converts plasminogen, an extracellular matrix protein,
into plasmin. Related to this finding, the three selected compounds were able to inhibit the invasive
capacity of endothelial cells in vitro in a modified Boyden chamber assay. Additionally, one of them
(8-epipuupehedione) interfered in vitro with another important step in the angiogenic process, namely,
the migration of endothelial cells. Indeed, 8-epipuupehedione, a synthetic derivative of puupehedione,
was the most active compound assayed [8].

Recently, a study focused on the search for novel antiangiogenic scaffolds, pointed again to
the potential of puupehenone as an inhibitor of angiogenesis [24]. In that work, 71 natural and
semisynthetic compounds were filtered by a bioinformatic system attending to their novelty and
druggable functionalities. Using this tool, 38 compounds were selected, tested in angiogenesis in vitro
assays and screened in an angiogenesis-targeted biochemical kinase profiling. Puupehenone was one
of the resulting hits, showing a high efficacy to inhibit VEGF-mediated endothelial tube-like formation
in vitro. Although this compound did not progress further to the kinase profiling secondary assays,
virtual screening by molecular docking of puupehenone against a panel of selected angiogenesis-related
kinases suggested that glycogen synthase kinase-3 beta (GSK-3β) could be a possible kinase target of the
molecule. GSK-3β is a serine/threonine kinase involved in the regulation of different cellular processes.
In addition to its role in cell proliferation and inflammation, GSK-3β has been reported to play an
important role in angiogenesis by inducing proangiogenic factors. The structural results relating to the
binding mode of puupehenone to GSK-3β revealed that chemical modifications in the molecule could
improve this binding, which offers an excellent starting point to design puupehenone-based GSK-3β
inhibitors [24].

3.2. Antitumoral Effects of Puupehenones

First evidence of the antitumoral effect of puupehenone was reported by Kohmoto et al. in
1986 [25]. In that work, some values of IC50 for puupehenone in tumor cell lines (murine leukemia,
human lung, colon and breast cancer cell lines) were shown [25], although these data were provided
as ranges of values that differed in one order of magnitude (from 0.1–1 μg/mL in human lung
carcinoma; from 1–10 μg/mL in human colon cancer). After these observations, more precise
information about the effect of puupehenones on tumor cell lines has been reported [8,19,26,27].
Indeed, in the above-mentioned work by Castro et al., focused on the potential antiangiogenic activity
of puupehenone and structurally related compounds, the authors showed the capacity of these
compounds to inhibit the growth of several tumor cell lines. Reported values of IC50 ranged from
4 μM to more than 15 μM for the different studied compounds in a panel of cell lines [8].

As shown in Table 1, puupehenones have been tested in different tumor cell lines.
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However, little is known about the exact mechanism of action of these compounds to inhibit
tumor cell growth. In trying to figure out its mode of action, the in vitro antitumoral activity of
8-epipuupehedione on human promyelocytic leukaemia cells (HL-60) was investigated [9]. In these
cells, this compound showed a IC50 value lower than those obtained for other tumor and non-tumor
cell lines, suggesting a certain specificity in the growth inhibition of leukaemia cells. Indeed,
8-epipuupehedione induced apoptosis in HL-60 leukaemia cells and in bovine aortic endothelial
cells (BAEC), producing DNA fragmentation and effector caspase-3 activation, but these effects were
not observed in the human colon adenocarcinoma cell line HCT-116. Interestingly, results in that
work showed that the induction of apoptosis was stronger in the HL-60 leukaemia cell line than in
BAEC. Furthermore, in leukaemia cells, 8-epipuupehedione strongly inhibited the secretion of the
extracellular matrix remodeling enzyme metalloproteinase-2 (MMP2) and uPA production. This study
demonstrated that 8-epipuupehedione is a potent apoptosis inductor in HL60 leukaemia cells, and a
modulator of the extracellular-matrix remodeling capacity of this cell line, suggesting that in addition to
its antiangiogenic activity, this compound could display a potential therapeutic effect in the treatment
of promyelocytic leukaemia [9].

In a recent report, puupehenone was selected in a cell-based screen to identify natural products
that were able to modulate HIF-2α in the context of renal cell carcinoma [28]. Results presented in that
work showed that puupehenone inhibited HIF-2α-induced transcription of target genes. Interestingly,
the data suggested that this modulatory activity might be selective for HIF-2α vs. HIF-1α. HIF-α
transcription factors (HIF-1α, HIF-2α and HIF-3α) are key elements triggering the cellular response to
hypoxia. Target genes of HIF encode for proteins involved in important processes, such as angiogenesis,
metabolism and cell survival, that allow the cell to survive under low oxygen conditions [29].
Upregulation of the HIF pathway has been reported in several cancer types, either due to intratumoral
hypoxia or to genetic mutations, and this feature correlates with a poor prognosis [30]. In renal cancer,
HIF-2α has an important role in tumorigenesis [31]. Therefore, the search for compounds that inhibit
this factor is an interesting antitumoral approach. This study provides a possible mechanism of action
of the antitumoral effect of puupehenone in certain cancer types that rely on HIF-2α to progress, as is
the case of renal cancer.

3.3. Antioxidant Activity of Puupehenones

One interesting property exhibited by some compounds of the puupehenone family is their
antioxidant capacity. Puupehenone showed strong antioxidant activity in both a 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH) solution-based chemical assay and a 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA) cellular-based assay, demonstrating that this compound has not only an
inhibitory effect in a solution-based antioxidant assay but can also be taken up by living cells
and maintain its inhibitory activity [32]. Puupehenol has been described as a potent antioxidant
metabolite [33]. Isolated from a Hawaiian deep-water Dactylospongia sp. sponge, puupehenol and
puupehenone exhibited very similar strong antioxidant activities in the ferric reducing antioxidant
power (FRAP) assay [34,35].

The exact mechanism of these compounds to exert their antioxidant effect is not well-understood,
but interestingly some reports have shown that puupehenone and other related compounds inhibit
human lipoxygenases [36,37]. Lipoxygenases (LOX) are a family of enzymes involved in the synthesis
of leukotrienes from arachidonic acid, a very important step in the inflammatory process [38].
In addition, the implication of these enzymes in the reactive oxygen species (ROS) formation has been
reported [39]. In a screening focused on the search for new lipoxygenase inhibitors, puupehenone
and four related compounds (chloropuupehenone, methoxypuupehenone, dimethoxypuupehenol
and 20-methoxy-9-,15-ene-puupehenol) were tested as potential inhibitors of 15-LOX and 12-LOX,
using an assay that directly measures the product formation of the enzymes by spectrophotometry [36].
In this study, all the five compounds exhibited an inhibitory effect against human 15-LOX, 12-LOX
and 15-soybean lipoxygenase; in contrast, their inhibitory activity against 12-LOX was moderate
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(with IC50 of 8.3 μM for puupehenone). Interestingly, puupehenone was the most potent inhibitor of
15-LOX, with an IC50 value of 0.76 μM. The most active compound in the inhibition of 12-LOX was
chloropuupehenone, with IC50 of 0.7 μM. In addition to 15-LOX and 12-LOX, the inhibitory effect of
puupehenones against 5-LOX (a lipoxygenase isoform typically involved in inflammatory diseases
such as asthma but with an emerging role in cancer [40]) has been studied, showing that puupehenone
exhibited a high inhibitory activity against 5-LOX. The selectivity observed for puupehenones in these
assays was diverse, but in general these compounds did not exhibit a very high selectivity against the
studied lipoxygenases, with the exception of puupehenone, which presented a moderate selectivity for
5-LOX vs. 12-LOX [37].

In an assay using beef heart submitochondrial particles, the potential activity of puupehenone
and five related compounds as inhibitors of the integrated electron transfer chain, in particular NADH
oxidase (NOX) activity, was tested [41]. NOX enzymes are a family of proteins that transfer electrons
across biological membranes. As a consequence of their activity, a superoxide ion is produced,
therefore generating ROS [42]. In the work by Ciavatta et al., all the six puupehenone-related
compounds assayed showed an inhibitory effect against NOX activity, with IC50 values that ranged
from 1.3 μM (for puupehenone, the most potent inhibitor of NOX activity in this study) to 44 μM
(for bispuupehenone) [41].

Altogether, these observations could partially explain the antioxidant activity of puupehenones
in cells by a putative mechanism that involves lipoxygenases and NOX inhibition.

3.4. Antimicrobial Activities of Puupehenones

Since puupehenone was first isolated and described as an active compound against Gram-positive
bacteria and some fungi strains [4], several studies have reported antimicrobial activity for
puupehenones (including antibacterial, antifungal, antiviral and antimalarial activities). Hamann
and collaborators described, in 1993, the antifungal activity of puupehenone, cyanopuupehenol,
puupehedione and chloropuupehenone against Aspergillus oryzae, Penicillium notatum, Trichophyton
mentagrophytes, Saccharomyces cerevisiae and Candida albicans [7]. In [41], puupehenone and five related
compounds were tested for antifungal and antibacterial activities. In that work, puupehenone showed
moderate activity against Candida albicans and Staphylococcus aureus. Similar antimicrobial activities
against S. aureus and the fungus Candida tropicalis have been reported for 15α-methoxypuupehenol [27].
A potent antifungal activity for puupehenone has been reported against Cryptococcus neoformans and
Candida krusei [43]. The growth of the Gram-positive bacteria S. aureus and Bacillus cereus is also
inhibited by puupehenol, showing an inhibitory activity very similar to puupehenone [33].

The antituberculosis activity of puupehenones has been reported [44]. At a concentration of
12.5 μg/mL, puupehenone, 15α-cyanopuupehenol and 15-cyanopuupehenone exhibited 99%, 96% and
90% inhibition against Mycobacterium tuberculosis, respectively [7]. In a recent study, two puupehenone
derivatives, namely, 15α-methoxypuupehenol and puupehedione, showed similar activity against
M. tuberculosis as that previously reported for puupehenone. Interestingly, both compounds had high
selectivity against dormant bacteria, which is a specific non-replicative status of the microorganism
that renders a phenotype tolerant to front-line drugs during infection [45].

Puupehenones exhibit antiviral activity. Cyanopuupehenone and puupehedione showed potent
antiviral activity in different infection models (more than 80% reduction in cell infection) [7].
In addition, bispuupehenone and 15-oxopuupehenol have been reported to produce moderate
reduction of viral infection [46].

Interestingly, puupehenone, 15α-methoxypuupehenol and 15-oxopuupehenol have been reported
to exhibit an antimalarial effect, with low IC50 values against different strains of Plasmodium
falciparum [27,46].
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3.5. Immunomodulatory Activity of Puupehenones

Using the mixed lymphocyte reaction (MLR) test [47], 15-oxopuupehenol, cyanopuupehenol,
cyanopuupehenone, puupehenone, 21-chloropuupehenone, puupehedione and dipuupehetriol have
been shown to modulate the immunological response of T cells in vitro [7,46]. In these experiments,
puupehedione was the most active compound. Little is known about the immunomodulatory role
of puupehenenones, since to our knowledge there has been no further research into this remarkable
activity in the literature. In an interesting study focused on the use of natural products to modify
covalent biomolecules that are involved in the modulation of cellular immune responses, puupehenone
was attached onto [Leu27]MART-126-35, a modified HLA-A2-associated decapeptide identified to
function as an epitope for melanoma-reactive cytotoxic T lymphocytes [48]. In spite of the low affinity
of the generated adduct for the HLA-A2 molecules, it was able to moderately activate interferon-γ
(IFN-γ secretion in peripheral blood and tumor-infiltrating lymphocyte clones.

3.6. Puupehenones and Atherosclerosis

Recently, a potential role of puupehenones targeting atherosclerotic disease has been reported [49].
Atherosclerosis is a cardiovascular disease caused by the formation of atheroma lesions in the
vessel walls of large and medium arteries. The inflammatory response is chronically activated
in atherosclerosis. During the progression of the disease, atheroma lesions accumulate lipids and
cholesterol transported by circulating low-density lipoprotein (LDL), but in contrast, high-density
lipoprotein (HDL) can affect reverse cholesterol transport, transferring cholesterol from the lesions
to the liver for its excretion [50]. In the work of Wahab et al., 19-methoxy-9,15-ene-puupehenol and
20-methoxy-9,15-ene-puupehenol have been reported to up-regulate the activity of the scavenger
receptor class B Type-1 (SR-B1, a plasma membrane receptor for HDL that mediates cholesterol transfer
to and from HDL) in a SR-B1 stably expressing model of a human hepatocarcinoma cell line. Due to
their high efficacy, these two compounds could be considered as full agonists of the receptor, pointing
to their potential effect in the reduction of atherosclerosis progression [49].

4. Final Remarks and Future Challenges

Although the number of reports found in the literature about puupehenones is not very large,
the high diversity of compounds belonging to this family and the versatile and interesting biological
activities reported for them (Figure 3) make puupehenones an excellent target for biomedical research.

Figure 3. A summary of the multiple bio-active effects of puupehenone and derived compounds with
potential therapeutic interest.
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From a chemical point of view, the unique characteristics of puupehenones’ structure provide an
excellent scaffold for the rationale design of therapeutic agents that could improve the treatment of
current resistance-associated human diseases, such as cancer. This feature has been indeed put into
use for the search of new antiangiogenic and kinase inhibitor compounds [24].

Biological activities detected for puupehenones are very diverse, and their antitumoral role
represents one of the most interesting effects in biomedical research. There are, however, no reports
about the systemic effect of these compounds in in vivo cancer animal models, which could improve
the knowledge of the antitumoral potential of puupehenones. Taking into account the antiangiogenic
activity of some puupehenones [8], namely, the reported pro-apoptotic effect of 8-epipuupehedione
in endothelial and leukaemia cells [9], and the inhibitory activity of puupehenone on the HIF-2α
transcriptional response [28], these compounds represent a very promising putative drug against
cancer. However, the exact mechanism of action of puupehenones in tumor cell lines has not been
figured out yet, which opens an opportunity for future research.

Apart from their antitumoral role, the inhibitory activity of puupehenones on lipoxygeneses
deserves the attention of future investigations [36,37]. In addition to ROS generation, lipoxygenases
are implicated in inflammatory diseases since these enzymes catalyze the formation of eicosanoids
(prostaglandins and leucotrienes) from polyunsaturated fatty acids such as linoleic and arachidonic
acids [38]. Once again, the lack of in vivo data in animal models treated with puupehenones is a
point to solve in subsequent studies. The same rationale could be applied to the very recent finding
of the putative inhibitory role of puupehenones in atherosclerosis, a highly prevalent inflammatory
disease [49]. In vivo experiments in atherosclerosis mice models, such as apolipoprotein-E knockout
mice (ApoE−/−) would shed some light on this promising therapeutic application of puupehenones.

Another important finding about puupehenones is their potential in the modulation of immune
responses in T cells in vitro. This activity has been reported [7,46], but further research is needed to
fully understand the molecular basis of this interesting effect.

In summary, the sponge-isolated compounds puupehenones and their synthetic derivatives
represent an open field of investigation for biomedical and pharmaceutical research, and deserve
the close attention of the scientific community. The lack of in vivo data about the different effects of
puupehenones in several diseases could be the principal goal of future research projects on this issue,
since this information could shed some light on the putative use of puupehenones as therapeutic agents.
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Abstract: The present article describes a structurally novel natural product of the paulomycin family,
designated as paulomycin G (1), obtained from the marine strain Micromonospora matsumotoense
M-412, isolated from Cantabrian Sea sediments collected at 2000 m depth during an oceanographic
expedition to the submarine Avilés Canyon. Paulomycin G is structurally unique since—to our
knowledge—it is the first member of the paulomycin family of antibiotics lacking the paulomycose
moiety. It is also the smallest bioactive paulomycin reported. Its structure was determined using
HRMS and 1D and 2D NMR spectroscopy. This novel natural product displays strong cytotoxic
activities against different human tumour cell lines, such as pancreatic adenocarcinoma (MiaPaca_2),
breast adenocarcinoma (MCF-7), and hepatocellular carcinoma (HepG2). The compound did not
show any significant bioactivity when tested against a panel of bacterial and fungal pathogens.

Keywords: paulomycins; Micromonospora; antitumor; Cantabrian Sea-derived actinobacteria

1. Introduction

Paulomycins are glycosylated natural products featuring a pauloate residue with pharmacological
interest due to their antibiotic activities. Paulomycins A and B are antibiotics with very potent activity
against Gram-positive bacteria (Staphylococcus aureus and Bacillus cereus) and are of therapeutic use in
the treatment of gonococcal and Chlamydia infections [1]. Initially described in Streptomyces paulus [2]
and later in Streptomyces albus J1074 [3], a series of paulomycins with various modifications at the
two-carbon branched chain of paulomycose were subsequently isolated from these Streptomyces
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species [3–5]. The biosynthetic pathway of paulomycins is also the subject of active research [6,7],
and no chemical synthesis has been reported.

In oceans, sediments are one of the most-studied marine sources for actinobacterial isolation [8,9].
Previous work in the Cantabrian Sea (Biscay Bay, Northeast Atlantic), have revealed that bioactive
actinobacteria—mainly Streptomyces species—are associated to corals and other invertebrates living up
to 4700 m depth in the submarine Avilés Canyon [10–12]. Actinobacteria displaying a wide repertoire
of chemically diverse secondary metabolites with different antibiotic or antitumor activities have been
isolated from coral reefs ecosystems from the Avilés Canyon [13]. Recently, new natural products with
antibiotic and cytotoxic activities have been reported in this Canyon [14,15]. Paulomycins A and B
have been reported to be produced by a ubiquitous Streptomyces albidoflavus strain widely distributed
among terrestrial, marine, and atmospheric environments in the Cantabrian Cornice [12].

Herein, we report the discovery of a novel natural product, paulomycin G (1), obtained from
Micromonospora matsumotoense M-412, isolated from deep sea sediments collected at 2000 m depth
during an oceanographic expedition to the submarine Avilés Canyon. The presence of a new
paulomycin not previously reported was identified in the extract by LC-UV-MS and LC-HRMS
chemical dereplication [16], and further efforts were focused on the isolation, structural elucidation,
and biological properties of this new molecule. Paulomycin G is also the first member of the family
displaying strong cytotoxic activity against different human tumour cell lines, such as pancreatic
adenocarcinoma (MiaPaca_2), breast adenocarcinoma (MCF-7), and hepatocellular carcinoma (HepG2).

2. Results and Discussion

2.1. Taxonomy and Phylogenetic Analysis of the Strain

The 16S rDNA of producing strain M-412 was amplified by polymerase chain reaction (PCR)
and sequenced. After Basic Logic Alignment Search Tool (BLAST) sequence comparison, strain
M-412 showed 100% identity to Micromonospora matsumotoense (Accession number NR_025015);
thus, this strain was designated as Micromonospora matsumotoense M-412 (EMBL Sequence number
LT627194). The phylogenetic tree generated by a neighbour-joining method based on 16S rDNA
sequence clearly revealed the evolutionary relationship of strain M-412 with a group of known
Micromonospora species (Figure 1). To our knowledge, all known paulomycin compounds have only
been produced by Streptomyces; thus, paulomycin G is the first member of the family produced by a
Micromonospora species.

Figure 1. Neighbour-joining phylogenetic tree obtained by distance matrix analysis of 16S
rDNA sequences, showing Micromonospora matsumotoense M-412 position and most closely related
phylogenetic neighbours. Numbers on branch nodes are bootstrap values (1000 resamplings; only
values >70% are given). Bar indicates 0.2% sequence divergence.
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2.2. Structure Determination

Compound 1 was isolated as a pale yellow solid. LC-UV-HRMS analysis of the isolated sample
revealed a purity of 83.5% (UV at 210 nm), and indicated the presence of a major impurity in the
sample (16.5%), which was identified as the dehydrated paulomycinone 2 based on its UV and
HRMS spectra (see Figures S1, S4 and S5). Dehydration of paulomycins has been described to
occur easily, even when leaving the compounds in solution in aqueous media at neutral pH, and is
therefore difficult to avoid [17]. The major compound of the mixture, paulomycin G, had a molecular
formula of C20H22N2O11S according to ESI-TOF MS measurements (m/z 499.1015 [M + H]+, calcd. for
C20H23N2O11S+, 499.1017) and the presence of 20 signals in its 13C NMR spectrum. Its UV spectrum
displayed maxima at 238, 276, and 320 nm, in agreement with a paulomycin-like structure [2,3].
An intense absorption band at 2041 cm−1 in its IR spectrum confirmed the presence of an isothiocyanate
group in the molecule, present in the pauloate moiety of all paulomycins. NMR spectra (Table 1)
confirmed the presence of this pauloate moiety, with signals for a methyl group (δH 1.89, δC 14.6 ppm)
coupled to an sp2 proton (δH 6.71, δC 136.9 ppm) in the COSY spectrum. HMBC correlations from the
latter proton to carbons at δC 159.8 (α,β-unsaturated carbonyl group C1′ ′), 122.3 ppm (sp2 quaternary
carbon C2′ ′), 141.6 ppm (isothiocyanate carbon C5′ ′, four-bond distance correlation), and 14.6 ppm
(methyl C4′ ′) completed the structural assignment of the pauloate moiety. Additionally, signals for an
aliphatic methylene at δH 3.22 and 3.17 that correlated in the HMBC spectrum with carbon signals
at δC 159.4 (C3), 188.8 (C4), 77.5 (C6 and C8), and 197.5 (C7), and the presence of two additional
signals at δC 169.0 and 99.1 ppm accounted for the presence in the molecule of the 6-substituted
2-amino-5-hydroxy-3,6-dioxocyclohex-1-enecarboxylic acid substructure present in the paulomycin
family of compounds. On the other hand, signals for five oxygenated methines at δH 3.69, 3.61, 5.29,
4.51, and 3.79 ppm, and one aliphatic methyl group at 0.88 ppm conformed a spin system according
to COSY correlations that accounted for ring B in the structure of the molecule. Connection between
carbon C6 of ring A and carbon C8 in ring B was additionally confirmed via HMBC correlations
observed between H8 and C5, C6, and C7. Finally, signals for an acetyl functionality were observed
(δH 2.10 ppm, δC 170.1, and 20.8 ppm). This acetyl group was placed at C10 based on HMBC
correlations of H2′ and H10 to the carbonyl carbon C1′ and the low field chemical shift of H10. The
pauloate moiety was similarly placed at C11 based on an HMBC correlation observed between H11
and C1′ ′. The relative configuration proposed around the chiral centres in ring B was based on the
large coupling constants observed between H8 and H9 (9.8 Hz) and between H11 and H12 (9.9 Hz),
indicating the axial orientation of all these protons. The two small coupling constants measured for
H10 strongly suggested an equatorial orientation for this proton, and finally, correlations observed
in the ROESY spectrum between H10, H9, and H11, and between H8 and H12, proved a relative
configuration for ring B as depicted in Figure 2. Based on biogenetic considerations, the absolute
configuration was assumed to be the same as in other compounds of the paulomycin series.

Figure 2. Chemical structures of paulomycin G (1) and compound 2.
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Paulomycin G is a novel natural product, structurally unique since it constitutes the first member
of the paulomycin family of antibiotics lacking the paulomycose moiety and having a methyl group at
position C-13. It is also the smallest bioactive paulomycin reported to-date.

Table 1. 1H and 13C NMR (500 and 125 MHz in DMSO-d6) data for compound 1.

Position δ 13C δ (1H), (Mult, J in Hz)

1 169.0 -
2 99.1 -
3 159.4 -
4 188.8 -
5 47.7 3.22 (d, 16.0), 3.17 (d, 16.0)
6 77.5 -
7 197.5 -
8 77.5 3.69 (d, 9.9)
9 67.0 3.61 (br dt, 9.7, 3.3)

10 69.8 5.29 (dd, 2.6, 2.6)
11 73.4 4.51 (dd, 9.9, 2.6)
12 69.9 3.79 (dq, 9.9, 6.2)
13 16.3 0.88 (d, 6.2)
1′ 170.1 -
2′ 20.8 2.10 (s)
1′ 159.8 -
2′ ′ 122.3 -
3′ ′ 136.9 6.71 (quart., 7.1)
4′ ′ 14.6 1.89 (d, 7.1)
5′ ′ 141.6 -

NH2 (3) - 9.71 (br s), 9.35 (br s)
OH (1) - 14.21 (br s)
OH (6) - 5.43 (s)
OH (9) - 5.78 (d, 4.4)

2.3. Cytotoxic Activity of Paulomycin G

Cytotoxic activity was observed for the compound against human breast adenocarcinoma (MCF-7),
pancreatic adenocarcinoma (MiaPaca_2), and hepatocellular carcinoma (HepG2) cell lines (Table 2).
Considering the lack of biological activity reported for compounds having the quinone moiety present
in compound 2 [18], it is reasonable to assume that the biological activity reported herein for the
isolated sample is mostly due to paulomycin G. Paulomycin B did not display any cytotoxic activity
against the three cell lines when tested in parallel. Figure 3 represents the dose-response curves of
paulomycins B and G against the different tumour cell lines.

Table 2. Cytotoxic activity of paulomycins B and G against different tumour cell lines.

Cell line Paulomycin G (IC50 μM) Paulomycin B (IC50 μM)

HepG2 4.30 ± 0.42 >36
MCF-7 1.58 ± 0.12 >36

MiaPaca_2 2.70 ± 0.25 >36
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Figure 3. Dose-response curves of compounds against human breast adenocarcinoma (MCF-7),
pancreatic adenocarcinoma (MiaPaca_2), and hepatocellular carcinoma (HepG2) cell lines. Compounds
were tested per triplicate and the obtained results are indicated with triangles, rounds, and squares in
every picture.

2.4. Antimicrobial Activity of Paulomycin G

The antimicrobial activity of Paulomycin G was tested against a panel of pathogenic bacteria
and fungi, including Gram-negative (Pseudomonas aeruginosa, Acinetobacter baumannii, Escherichia coli,
and Klebsiella pneumoniae) and Gram-positive bacteria (methicillin-resistant Staphylococcus aureus,
MRSA) and fungi (Aspergillus fumigatus and Candida albicans). Paulomycin B was tested in parallel
against the same panel of pathogens. One of the E. coli strains tested (MB5746) was the only
pathogen whose growth was inhibited by the action of paulomycin G, with an MIC90 of 38 μg/mL.
Paulomycin B displayed activity against E. coli MB5746 and MRSA, with MIC90 values of 4.5 and
50 μg/mL, respectively.

3. Materials and Methods

3.1. General Experimental Procedures

Semipreparative HPLC was performed with an Alliance chromatographic system (Waters
Corporation, Mildford, MA, USA) and an Atlantis C18 column (10 μm, 10 × 150 mm, Waters). For
UPLC analysis an Acquity UPLC equipment (Waters) with a BEH C18 column (1.7 μm, 2.1 × 100 mm,
Waters) was used. Optical rotations were determined with a JASCO P-2000 polarimeter (JASCO
Corporation, Tokyo, Japan). IR spectrum was measured with a JASCO Fourier transform infrared
(FT/IR)-4100 spectrometer (JASCO Corporation) equipped with a PIKE MIRacleTM single reflection
ATR accessory. NMR spectra were recorded on a Bruker Avance III spectrometer (500 and 125 MHz
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for 1H and 13C NMR, respectively) equipped with a 1.7 mm TCI MicroCryoProbeTM (Bruker Biospin,
Fällanden, Switzerland), using the signal of the residual solvent as internal reference (δH 2.50
and δC 39.5 ppm for DMSO-d6). ESI-TOF MS spectra were acquired with a Bruker maXis QTOF
spectrometer (Bruker Daltonik GmbH, Bremen, Germany).

3.2. Microorganism and Fermentation Conditions

Strain M-412 was isolated from a deep-sea sediment sample collected from the Cantabrian Sea
at a depth of 2000 m, as previously described [13]. GHSA medium (1% glucose, 1% soy bean flour,
0.05% yeast extract, 2.1% MOPS, 0.06% MgSO4·7H2O, 0.2% of a trace elements solution from R5A
medium [19], pH 6.8) was selected for paulomycin G production. After autoclaving, the medium was
supplemented with 0.4% of a 5 M solution CaCl2·2H2O and 3% DMSO. 20 Erlenmeyer flasks (250 mL),
each containing 50 mL of GHSA medium, were inoculated with spores and incubated in an orbital
shaker at 28 ◦C and 250 rpm during 7 days.

3.3. Isolation and Purification of Paulomycin G

The culture broths were centrifuged, and the pellets were extracted with ethyl acetate acidified
with 1% formic acid. The supernatants were filtered and applied to a solid-phase extraction cartridge
(Sep-Pak Vac C18, 10 g, Waters) that was eluted using a gradient of methanol and 0.05% TFA in
water from 0 to 100% methanol in 60 min, at a flow rate of 5 mL/min. Fractions were collected every
5 min and analysed by UPLC using chromatographic conditions previously described [5]. A peak
corresponding to an unknown paulomycin was detected in fractions eluting between 40 and 50 min.
These fractions were pooled, partially dried in vacuo, and applied to a solid-phase extraction cartridge
(Sep-Pak Vac C18, 2 g, Waters). The cartridge was washed with water and the retained compounds
were eluted with methanol and dried in vacuo. The residue was subsequently redissolved in a small
volume of acetonitrile and DMSO (2:1). The same peak of unknown paulomycin was also found in the
organic extract of the culture pellets, which was dried and redissolved as above. Paulomycin G was
eventually purified by semipreparative HPLC using an Atlantis C18 column (10 μm, 10 × 150 mm,
Waters) in two isocratic elution steps, employing a mixture of 50% acetonitrile and water in the first
step and 55% methanol and water in the second step, with a flow of 5 mL/min. In both cases, the
solution containing the collected peak was evaporated and finally lyophilized, resulting in 2.7 mg of
compound 1 (83.5% purity according to LC-UV analysis at 210 nm).

Paulomycin G (1). pale yellow solid; [α]20
D +10.6◦ (c 0.18, MeOH); UV (DAD) λmax 238, 276 y 320 nm;

IR (ATR) νmax 3359, 3229, 2979, 2933, 2041, 1736, 1695, 1626, 1571, 1442, 1381, 1260, 1227, 1129, 1025,
909, 751 cm−1; for 1H and 13C NMR data see Table 1; ESI-TOF MS m/z 521.0828 [M + Na]+ (calcd. for
C20H22N2O11SNa+, 521.0837) 516.1278 [M + NH4]+ (calcd. for C20H26N3O11S+, 516.1283), 499.1015
[M + H]+ (calcd. C20H23N2O11S+, 499.1017).

3.4. Phylogenetic Analysis (Taxonomy) of the Producer Microorganism

Phylogenetic analysis based on 16S rRNA sequences was performed with strain Micromonospora
matsumotoense M-412 using MEGA version 6.0 [20] after multiple alignment of data by Clustal
Omega [21]. Distances (distance options according to the Kimura two-parameter model [22]) and
clustering with the neighbour-joining method [23] were evaluated using bootstrap values based on
1000 replications [24].

3.5. Cytotoxic Activity of Compound 1

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric
assay—which measures mitochondrial metabolic activity—was performed using three tumour
cell lines obtained from the ATCC, namely human breast adenocarcinoma (MCF-7), pancreatic
adenocarcinoma (MiaPaca_2), and hepatocellular carcinoma (HepG2), using previously-described
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methodology [15]. Methyl methanesulphonate at a concentration of 8 mM and 0.5% DMSO in water
were used as positive and negative controls, respectively.

3.6. Antimicrobial Activity of Compound 1

Antibacterial and antifungal activity tests of paulomycins G and B were performed against
the pathogenic strains P. aeruginosa PAO1, Acinetobacter baumannii MB5973, Escherichia coli MB5746
and MB2884, K. pneumoniae ATCC700603, methicillin-resistant Staphylococcus aureus MB5393,
Aspergillus fumigatus ATCC46645, and Candida albicans ATCC64124, as previously described [25].

4. Conclusions

In summary, a new member of the paulomycin family that we have designated as paulomycin
G has been obtained from cultures of Micromonospora matsumotoense M-412, isolated from deep-sea
sediments collected at 2000 m depth in the submarine Avilés Canyon. Paulomycin G is a novel natural
product, structurally unique since—to our knowledge—it is the first member of the paulomycin family
of antibiotics lacking the paulomycose moiety, being the smallest bioactive paulomycin reported.
This new natural product displayed strong cytotoxic activity against human cancer cell lines such
as pancreatic adenocarcinoma (MiaPaca_2), breast adenocarcinoma (MCF-7), and hepatocellular
carcinoma (HepG2). Based on its cytotoxic activities, paulomycin G deserves to be considered
as a candidate to perform further studies assessing its anticancer potential. Besides its unique
structural features, paulomycin G might also be of interest in biosynthetic studies and useful for future
paulomycin biosynthesis research or as a core structure in the generation of novel derivatives through
combinatorial biosynthesis to generate structural diversity in the paulomycin family. Additionally, the
isolation of a compound of the paulomycin family from a non-Streptomyces actinomycete is particularly
noteworthy and suggests horizontal gene transfer between Micromonospora and Streptomyces species.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/9/271/s1.
Figure S1: HPLC trace of the sample isolated; Figure S2: UV spectrum of compound 1; Figure S3: ESI-TOF
spectra of compound 1; Figure S4: UV spectrum of compound 2; Figure S5: ESI-TOF spectra of compound 2;
Figure S6: 1H NMR spectrum (DMSO-d6, 500 MHz) of compound 1; Figure S7: 13C NMR spectrum (DMSO-d6,
125 MHz) of compound 1; Figure S8: COSY spectrum (DMSO-d6) of compound 1; Figure S9: HSQC spectrum
(DMSO-d6) of compound 1; Figure S10: HMBC spectrum (DMSO-d6) of compound 1; Figure S11: ROESY spectrum
(DMSO-d6) of compound 1; Figure S12: Picture of Micromonospora matsumotoense M-412.
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Abstract: Pseudopterosins are a group of marine diterpene glycosides which possess an array
of biological activities including anti-inflammatory effects. However, despite the striking in vivo
anti-inflammatory potential, the underlying in vitro molecular mode of action remains elusive.
To date, few studies have examined pseudopterosin effects on cancer cells. However, to our
knowledge, no studies have explored their ability to block cytokine release in breast cancer cells
and the respective bidirectional communication with associated immune cells. The present work
demonstrates that pseudopterosins have the ability to block the key inflammatory signaling pathway
nuclear factor κB (NF-κB) by inhibiting the phosphorylation of p65 and IκB (nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor) in leukemia and in breast cancer cells, respectively.
Blockade of NF-κB leads to subsequent reduction of the production of the pro-inflammatory cytokines
interleukin-6 (IL-6), tumor necrosis factor alpha (TNFα) and monocyte chemotactic protein 1 (MCP-1).
Furthermore, pseudopterosin treatment reduces cytokine expression induced by conditioned media
in both cell lines investigated. Interestingly, the presence of pseudopterosins induces a nuclear
translocation of the glucocorticoid receptor. When knocking down the glucocorticoid receptor,
the natural product loses the ability to block cytokine expression. Thus, we hypothesize that
pseudopterosins inhibit NF-κB through activation of the glucocorticoid receptor in triple negative
breast cancer.

Keywords: pseudopterosin; NF-κB; p65; inflammation; tumor microenvironment; breast cancer;
cytokine release; IL-6; TNFα; MCP-1; glucocorticoid receptor

1. Introduction

Cancer represents one of the diseases with the highest unmet medical need, causing the second
highest incidence of death after cardiovascular diseases in industrialized countries. Among the
different types of malignant tumors, breast cancer is the leading cause of cancer mortalities in
women worldwide [1]. Classification of breast cancer subtypes is based on the expression of
progesterone receptor (PR), estrogen receptor (ER) and/or human epidermal growth factor receptor
(HER2). Accordingly, the breast cancer subtype expressing none of these three receptors, the so-called
triple-negative breast cancer (TNBC), represents the most aggressive form with currently no targeted
therapy available and a significantly reduced overall survival rate [2,3]. Thus, development of
innovative and more effective therapies is urgently needed.
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Marine organisms represent a vast source of biologically active compounds with a
highly unexploited potential for innovative drug development [4]. For instance, the soft coral
Antillogorgia elisabethae (formerly Pseudopterogorgia elisabethae) has been reported to produce at least
31 different secondary metabolites, most of which have not been pharmacologically unexplored [5].
Amongst others, the pseudopterosin family displays a broad spectrum of biological activities, including
anti-inflammatory [6–8], analgesic [6,9,10], wound-healing [7,8] and neuromodulatory [11] activity.
Moreover, pseudopterosins have shown anti-inflammatory efficacy in phase II clinical trials [12,13] and
represent the first commercially licensed marine natural product for use in cosmetic skin care [7,11].
Intriguingly, in vivo assays revealed a higher efficacy of pseudopterosins against topically induced
inflammation than the marketed drug indomethacin [6]. Despite the striking in vivo pharmacological
effect [6,10,14] and the application in cosmetic products [7,11] the underlying in vitro mechanism
of action of the anti-inflammatory potential of pseudopterosins remains elusive. The potential of
pseudopterosin A (PsA) has been described as spreading across different intracellular mechanisms
ranging from inhibition of phospholipase A2 [10], altering calcium release [15], and inducing
cytotoxicity in cancer cells [16]. To our knowledge, no studies have explored the potential of
pseudopterosins as a novel immune modulatory agent in breast cancer.

A key factor in regulating inflammatory responses is the transcription factor nuclear factor κB
(NF-κB) that acts by controlling expression of cytokines and chemokines. Activation can be triggered
by various factors including pro-inflammatory cytokines, growth factors, hormones, oxidative
stress, viral infections or DNA-damaging agents [17–20]. Pathogen-associated-molecular-patterns
(PAMPs) such as lipopolysaccharides (LPS) and tumor necrosis factor alpha (TNFα) are ligands
of different receptors, both triggering activation of the NF-κB-controlled immune response [21–23].
The NF-κB family consists of five functionally conserved members in mammalian cells, including
RELA (nuclear factor NF-kappa-B subunit p65), RELB (nuclear factor NF-kappa-B subunit p60),
c-REL, NF-κB1 (p105 and p50) and NF-κB2 (p100 and p52) [24]. The specific activation of
NF-κB in the innate and adaptive immune defense is opposed by constitutive NF-κB expression
in various tumor types. Constitutive activation of NF-κB could be confirmed in cancer in
general, and in breast cancer in particular, supporting overall tumor progression, drug resistance,
invasiveness, epithelial-to-mesenchymal-transition (EMT) and the promotion of hormone-independent
growth [17,25–28]. Elevated NF-kB activity has been observed in both primary human breast cancer
tissues and breast cancer cell lines. Furthermore, a recent study assigned a key role of NF-kB in
disrupting important microenvironmental cues necessary for tissue organization [29]. The tumor
microenvironment (TME) encompasses a complex interplay between tumor cells and tumor associated
immune cells. Tumor associated macrophages (TAM) play a crucial role in cancer progression [30].
Tumor associated macrophages produce high amounts of cytokines such as interleukin-6 (IL-6),
interleukin-8 (IL-8), monocyte chemotactic protein 1 (MCP-1) and tumor necrosis factor alpha (TNFα)
to alter the tumor progression in different ways. IL-6 promotes tumor proliferation, IL-8 leads to
neovascularization, growth, angiogenesis and metastasis, and TNFα affects necrosis, invasion and
metastasis [26,27]. Moreover, MCP-1 overexpression correlates with histological grade and low level
differentiation in breast tumors [31].

The glucocorticoid receptor alpha (GR) has been investigated in different clinical studies as
a putative pharmacological target for the treatment of breast cancer [32–34]. Interestingly, there
is evidence that NF-κB and GR can physically interact and heterodimerize in breast cancer [35].
By binding other transcription factors such as NF-κB or AP-1, GR can either transactivate or suppress
its target genes [1]. Agonism of glucocorticoids (GC) can block migration, invasion and angiogenesis
via down-regulation of IL-6 and IL-8 and has been reported to induce drug sensitivity. Furthermore,
GC activation induces apoptosis in lymphoid cancer and MCF-7 breast cancer cells [36–38]. However,
due to high variability in its expression frequency, divergent cellular functions of GR have been
described [2]. Herein, we describe inhibitory capabilities of a mixture of pseudopterosins on the
NF-κB signaling pathway and its target genes, the cytokines, in monocytic leukemia and in triple
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negative breast cancer cells (TNBC) presumably by agonizing the glucocorticoid receptor α. Moreover,
our study ascribes the efficient cytokine blockade in the context of bidirectional tumor-immune-cell
communication to pseudopterosin treatment.

2. Results

2.1. Pseudopterosin Reduces Cytokine Release by Inhibition of NF-κB Signaling

Pseudopterosins have been described as anti-inflammatory agents with an unknown in vitro
mechanism of action. To explore intracellular signaling pathways following pseudopterosin treatment,
we investigated the influence of an extract mixture containing four different pseudopterosin derivatives
(PsA-D) on the key inflammatory signaling pathway NF-κB. For this purpose, we generated a stable
cell line based on the triple negative breast cancer cell line MDA-MB-231 (subsequently named
NF-κB-MDA-MB-231) (see Section 4.2, Stable Cell Line Generation). MDA-MB-231 cells display
a high level of toll-like-receptor 4 (TLR4) [39] which can activate NF-κB signaling via its ligand
LPS [40]. Interestingly, increasing amounts of pseudopterosin inhibited LPS-induced NF-κB activation
in NF-κB-MDA-MB-231 breast cancer cells in a concentration-dependent manner (Figure 1A) with an
IC50 value of 24.4 μM. Additional studies revealed that pseudopterosin also reduced NF-κB activation
initiated by other stimuli including TNFα (Figure S1). Moreover, addition of 30 μM of pseudopterosin
in monocytic THP-1 cells led to a 1.65-fold inhibition of NF-κB-dependent luciferase activity (Figure 1B).

(A) (B) 

Figure 1. Nuclear factor κB (NF-κB) inhibition in lipopolysaccharide (LPS)-stimulated stable
NF-κB-MDA-MB-231 and THP-1 monocytic leukemia cells. (A) Dose–response curve of pseudopterosin
(PsA-D) on LPS stimulated NF-κB-MDA-MB-231 cells expressing a luciferase reporter gene which is
under the control of a NF-κB CMV (cytomegalovirus) promotor. Luminescence intensity correlates
proportionally with NF-κB activation. The solid circle represents NF-κB induction in the presence of
1 μg/mL LPS (positive control). PsA-D treatment was performed for 20 min in a bisecting titration
followed by 1 μg/mL LPS for 1 h. IC50 value of 24.4 μM of pseudopterosin was calculated from
three independent experiments; (B) Inhibition of NF-κB upon pseudopterosin treatment in THP-1
monocytic leukemia cells (ELISA). Cells were incubated with PsA-D for 20 min followed by LPS
treatment. Pseudopterosin decreased NF-κB activation significantly. RLU = relative luminescence
units; RFU = relative fluorescence units. Two stars represent a significance of p < 0.05. Error bars were
calculated using standard error of the mean (+SEM); n = 3.

As multiple pro-inflammatory cytokines such as IL-1, IL-6 and TNFα represent target genes of
NF-κB [41–43], we investigated the effect of PsA-D on pro-inflammatory cytokine release.

Analyzing a subset of six different cytokines simultaneously, in THP-1 cells incubated with
1 μg/mL LPS led to a significant secretion of IL-6, TNFα and MCP-1 compared with unstimulated
control (23-fold induction of IL-6, 33-fold induction of TNFα and 24-fold increase of MCP-1; Table 1),
but not IL-1β, IL-12 or IL-4 (data not shown). Compared to THP-1 cells, MDA-MB-231 breast cancer
cells displayed a higher basic level of IL-6 and MCP-1. Upon LPS stimulation, we confirmed a 3-fold

28



Mar. Drugs 2017, 15, 262

increase of IL-6, a 15-fold induction of TNFα and a 5-fold increase of MCP- 1 in MDA-MB-231 cells
(Table 1). In contrast, no induction of IL-1β or IL-4 could be observed in the triple negative breast
cancer cells (data not shown). In both cell lines investigated, PsA-D incubation was able to induce a
significant blockade of cytokine secretion: In THP-1 monocytic leukemia cells pseudopterosin reduced
TNFα release by at least 47%, blocked IL-6 release by 50% and MCP-1 release by 73%. In MDA-MB-231
breast cancer cells incubated with PsA-D led to a reduction of MCP-1 by 85%, a decrease of TNFα
release by 75%, and a decrease of IL-6 by 38%.

Table 1. Inhibition of cytokine release in THP-1 monocytic leukemia and MDA-MB-231 triple negative
breast cancer. THP-1 cells were treated with 10 ng PMA (phorbol 12-myristate 13-acetate) for 24 h
to induce differentiation. Cytokine amounts were analyzed in supernatants after a 24-h incubation
time. Total amounts of cytokines (pg/mL) were calculated according to a standard concentration curve.
No treatment serves as a control. % inhibition reflects the percentage of cytokines reduced by PsA-D
treatment. Standard deviation was calculated for amounts of cytokines (±SD); n = 3. TNF: tumor
necrosis factor alpha; IL: interleukin; MCP: monocyte chemotactic protein 1.

MDA-MB-231 Control (pg/mL) +LPS 1 μg/mL +PsA-D 30 μM p-Value % Inhibition

IL-6 1626.3 ± 144 4666.7 ± 307 2874.8 ± 610 <0.0002 38.3
TNFα 1.9 ± 0.6 29.1 ± 5.5 7.17 ± 3.4 <0.0005 75.3
MCP-1 325.3 ± 260 1625.6 ± 540.6 241.3 ± 100.9 0.0082 85.2

THP-1 Control (pg/mL) +LPS 1 μg/mL +PsA-D 30 μM p-Value % Inhibition
IL-6 2.8 ± 1 66.7 ± 9.8 33 ± 1.98 0.0089 50.0

TNFα 13.4 ± 4.5 439.4 ± 28 232.0 ± 100 0.1138 47.2
MCP-1 182.9 ± 65.3 4436.7 ± 2098 1208.9 ± 762.3 0.0552 72.8

As the NF-κB signaling pathway can be activated with different stimuli including LPS, TNFα or
pathogen-associated molecular patterns (PAMPs) [18,44,45], we utilized TNFα, the ligand of the TNFα
receptor 1 (TNFR1) [23,46], to induce NF-κB signaling independent of TLR4. As expected, stimulation
with TNFα increased the expression levels of the investigated cytokines in MDA-MB-231 breast
cancer cells significantly compared to unstimulated control (IL-6 4-fold, IL-8 6-fold, MCP-1 5-fold)
(Figure 2A). It is noteworthy that pseudopterosin blocked the expression of all cytokines investigated,
however, statistical significance was only noted for IL-6 and MCP-1 (IL-6 2.7-fold induction, MCP-1
3.7-fold induction).

Secretion of cytokines is stimulated after TNFα treatment (IL-6 4540 ± 329 pg/mL, IL-8
4047 ± 196 pg/mL, MCP-1 4048 ± 18 pg/mL) (Figure 2B). Cytokine amounts declined in the triple
negative breast cancer cells in a concentration-dependent manner upon pseudopterosin treatment
(at a PsA-D concentration of 30 μM: 18-fold decrease of IL-6, 12-fold reduction of IL-8 and a 26-fold
decrease of MCP-1). Significant inhibition at a concentration of 10 μM of PsA-D could be achieved for
MCP-1 (6-fold decrease of MCP-1 release compared to untreated control).

(A) 

Figure 2. Cont.
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(B) 

 
(C) 

Figure 2. Inhibition of cytokine expression (A) and secretion (B) after TNFα stimulation and
inhibition of endogenous cytokine secretion (C) in MDA-MB-231 triple-negative breast cancer (TNBC).
(A) MDA-MB-231 cells were treated with 30 μM of PsA-D for 20 min followed by 6 ng/mL of TNFα for
5 h; (B) Various concentrations of PsA-D were incubated for 20 min followed by TNFα treatment for
24 h; (C) MDA-MB-231 cells were treated with 30 μM of PsA-D and cytokine secretion was measured
24 h thereafter. Error bars were calculated using +SEM; n = 3. p-Values are calculated against TNFα.
Three stars represent a significance of p < 0.001, two stars p < 0.01, one star p < 0.05 and “ns.” means
not significant.

It is noteworthy that irrespective of exogenous cytokine stimulation via LPS or TNFα,
pseudopterosins are able to significantly reduce endogenous release of at least two cytokines in
the MDA-MB-231 triple negative breast cancer cells (IL-6 1.2-fold, IL-8 1.4-fold, MCP-1 1.4-fold)
(Figure 2C). Moreover, additional investigation demonstrates that the reported inhibitory effect of
PsA-D on cytokine release can be assigned to other triple negative cell lines (Table S1).

2.2. Pseudopterosin Blocks Bidirectional Communication

To explore whether pseudopterosins have the ability to inhibit the bidirectional communication
between immune cells and tumor cells, we designed an experimental set-up imitating inter-cell
communication within the tumor microenvironment (Figure 3A). As shown, stimulation by LPS leads
to the production of secondary metabolites including cytokines and the subsequent secretion into the
surrounding “conditioned medium” (CM). Medium containing cytokines released by MDA-MB-231
cells represents the so called “MDA-MB-231 conditioned medium” (M-CM; Figure 3B), whereas
medium encompassing cytokines secreted by THP-1 cells referred to as “THP-1 conditioned medium”
(THP-CM; Figure 3C). Both conditioned media were used in independent experiments to stimulate
the respective opposite cell line. Treatment with unstimulated conditioned medium did not influence
cytokine expression in any of the investigated cell lines. However, incubation of THP-1 leukemia cells
with stimulated M-CM induced a significant cytokine expression in THP-1 cells (8-fold increase of IL-6,
18-fold induction of TNFα and nearly 13-fold in MCP-1 expression). Furthermore, the triple negative
breast cancer cell line MDA-MB-231 induced expression of IL-6, TNFα and MCP-1 in the presence of
stimulated THP-CM (IL-6 induction 177-fold, TNFα induction nearly 10-fold and MCP-1 induction
nearly 19-fold).
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Notably, pseudopterosin treatment was able to block cytokine expression induced by conditioned
media in both leukemia cells and in triple negative breast cancer cells. In THP-1 cells stimulated with
M-CM, a 2-fold reduction of IL-6 expression and a 3-fold reduction of MCP-1 expression was noted
following pseudopterosin treatment. Also, MDA-MB-231 cells stimulated with THP-CM displayed a
4-fold increase in IL-6 and a 2.5-fold increase in MCP-1 expression. In conclusion, our data demonstrate
that PsA-D is able to significantly decrease expression of the cytokines IL-6 and MCP-1 after stimulation
with pre-conditioned medium in monocytes and breast cancer cells, respectively.

 
(A)

(B)

(C)

Figure 3. Blockage of bidirectional communication between THP-1 monocytic leukemia and
MDA-MB-231 TNBC. (A) Process scheme of producing tumor conditioned medium. THP-1 or
MDA-MB-231 cells were cultured in 25 cm2 flasks and treated with 1 μg/mL LPS for 24 h. Medium was
collected and centrifuged. After sterile filtration, tumor conditioned medium was added to seeded cells
in 6-well plates. (B) MDA-MB-231 conditioned medium (M-CM) or (C) THP-1 conditioned medium
(THP-CM) was added to the adversary cells. RNA was isolated for further analysis in real-time PCR.
Error bars were calculated using +SEM. p-Values of three stars represent a significance of p < 0.001, two
stars p < 0.01, one star p < 0.05 and “ns.” means not significant.
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To exclusively ascribe the demonstrated cytokine expression patterns to the pre-treatment with the
respective conditioned medium, we subjected MDA-MB-231 cells to a knock-down of the TLR4 receptor
(siRNA-TLR4 (siTLR4) transfected cells) (Figure 4A). As a control, we transfected non-coding silencing
RNA (nc siRNA). A 50% TLR4 knock down was achieved. Compared to a nc siRNA control, siTLR4
transfection did not influence TNFα expression level upon pseudopterosin treatment. Monitoring the
p65 phosphorylation with TNFα and LPS in parallel experiments we confirmed a 2-fold reduction of
phosphorylation after pseudopterosin treatment independent of the stimulus (Figure 4B). In conclusion,
PsA-D induced cytokine blockade and p65 phosphorylation in triple negative breast cancer cells does
not dependent on TLR4.

(A)

(B)

Figure 4. PsA-D induced NF-κB inhibition is toll-like-receptor-4 (TLR4)-independent.
(A) MDA-MB-231 cells were seeded in 6-well plates and incubated for 24 h. Transfection with 2 μM
siRNA was done with Lipofectamine3000 following the manufacturer’s protocol. After 24 h, cells were
first treated with 30 μM PsA-D before and following treatment with THP-CM for 5 h. After another
24 h of incubation, cells were harvested and lysed for RNA isolation in preparation for realtime PCR.
Knock-down efficiency of TLR4 was about 50%. PsA-D blocked TNFα expression independent of TLR4
expression; (B) MDA-MB-231 cells were stimulated either with 1 μg/mL LPS or with 6 ng/mL TNFα
following 20 min treatment of PsA-D. P65 phosphorylation was measured after 24 h of treatment. Error
bars were calculated using +SEM. p-Values of four stars show a significance of p < 0.0001, three stars
p < 0.001, two stars p < 0.01 and “ns.” means not significant.

2.3. Pseudopterosin Inhibits NF-κB through Activation of the Glucocorticoid Receptor

Our data show for the first time that the underlying in vitro mechanism of the well described
anti-inflammatory response of pseudopterosin might be ascribed to inhibition of the NF-κB pathway.
To further explore putative molecular pharmacological targets of pseudopterosins, we started to
investigate the influence of the natural product on glucocorticoid signaling. NF-κB and glucocorticoid
receptor α (GR) display opposed functions in regulating immune and inflammatory responses.
Moreover, both transcription factors have been described as transcriptional antagonists [36]. Thus,

32



Mar. Drugs 2017, 15, 262

we investigated the interaction of pseudopterosin with GR. To evaluate transactivation of GR in
the presence of PsA-D on the whole cell level, we used immunofluorescent staining of GR in
MDA-MB-231 cells incubating the cells with dexamethasone, serving as a positive control, or PsA-D
(Figure 5A). Untreated cells displayed an even GR distribution within the cytosol, whereas the
nucleus did not show any GR localization. As expected, upon dexamethasone treatment the GR
staining revealed a complete translocation of the receptor to the nucleus in breast cancer cells.
Interestingly, the presence of pseudopterosin induced a comparable nuclear translocation of the
GR. Quantification of the respective fluorescence intensities using the software ImageJ confirmed
a significant GR translocation to the nucleus after dexamethasone treatment (4.5-fold reduction
of cytoplasmic total corrected cell fluorescence (TCCF) compared to control) and pseudopterosin
treatment (2.5-fold reduction of cytoplasmic total corrected cell fluorescence (TCCF) compared to
control, Figure 5B). Accordingly, PsA-D inhibited phosphorylation of p65 and IκBα significantly
compared to LPS stimulation (Figure 5C) or compared to stimulation with TNFα (Figure S2) (2-fold
inhibition, respectively).

Moreover, to confirm GR as a putative pharmacological target of pseudopterosin we performed
a glucocorticoid receptor α knock-down in MDA-MB-231 cells. In this context, we transfected cells
with siRNA of GR (siGR, Figure 6) with non-coding siRNA (nc siRNA) serving as a negative control.
A 60% knock-down of GR was achieved. Treatment with negative control nc siRNA revealed that
unaltered GR expression resulted in cytokine expression level after LPS stimulation comparable to
previous results (Table 1). Furthermore, as demonstrated earlier, pseudopterosin inhibited IL-6 (3-fold)
and MCP-1 (nearly 4-fold) significantly in the presence of GR. However, when knocking down GR,
pseudopterosin lost the ability to block IL-6 or MCP-1 expression, respectively. To finally confirm
glucocorticoid receptor α as a potential pharmaceutical target for pseudopterosin, we used a reporter
gene assay expressing a luciferase under the control of a human GR promotor (Figure 6B). In line
with our previous findings, pseudopterosin induced a significant increase in expression of human GR.
In conclusion, the described inhibitory effect of pseudopterosin on cytokine expression and release in
triple negative breast cancer is putatively ascribed to agonism of glucocorticoid receptor α.

 
(A)

Figure 5. Cont.
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(B) (C) 

Figure 5. Pseudopterosin-induced activation of glucocorticoid receptor alpha (GR) translocation into
the nucleus is accompanied by inhibition of phosphorylation of p65. (A) PsA-D was added at a
concentration of 30 μM and dexamethasone at 1 μM in MDA-MB-231 cells. Cell nuclei were stained
with 3 μM 4′,6-Diamidin-2-phenylindol (DAPI; blue channel). GR is shown in green. The right column
shows merged channels; (B) Quantification of immunofluorescence staining shows cytoplasmic total
corrected cell fluorescence (TCCF). TCCF was calculated as described in methods section. Cytoplasmic
TCCF was calculated after following formula: TCCF GFP–TCCF DAPI. Cytoplasmic staining reduced
significantly after dexamethasone (Dex) or PsA-D treatment; (C) Phosphorylation of p65 and IκBα
induced by LPS was investigated in the absence or presence of PsA-D with an incubation time of
20 min on MDA-MB-231 breast cancer cells. p-Values of three stars show a significance of p < 0.001, two
stars of p < 0.01 and one star of p < 0.05; +SEM; n = 30. MFI = median fluorescence intensity.

(A)

(B)

Figure 6. Pseudopterosin as a low molecular weight agonist of GR. (A) MDA-MB-231 cells were
seeded in 6-well plates and transfected with 2 μM siRNA with the Nucleofector® 2b device using
the manufacturer’s protocol. After 24 h, cells first were treated with 30 μM PsA-D for 20 min and
subsequently with 1 μg/mL LPS for 24 h. After another 24 h of incubation, cells were harvested
and lysed for RNA isolation as preparation for further real-time PCR analysis; (B) Cells were seeded
following manufacturer’s instructions. Reporter cells stably expressing a luciferase under the control
of a human GR promotor were activated upon pseudopterosin treatment. Error bars were calculated
using +SEM; (A) n = 3; (B) n = 2. p-Values of three stars show a significance of p < 0.001, two stars
p < 0.01, one star p < 0.05 and “ns.” means not significant.
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3. Discussion

Though their mechanism of action remains unknown, pseudopterosins have been demonstrated as
anti-inflammatory [6–8], analgesic [6,9,10], wound-healing [7,8], anti-microbial [47,48], and anti-cancer
agents [16]. In our work we were able to illuminate a novel molecular mechanism of the broadly
described anti-inflammatory activity of pseudopterosin by demonstrating a concentration-dependent
inhibition of the NF-κB pathway based on inhibition of p65 and IκB phosphorylation.

NF-κB overexpression maintains cancer stem cell populations in the basal-subtype of breast
cancer and plays a crucial role in overall cancer progression [29,49–51]. NF-κB activity is involved
in epithelial-to-mesenchymal transition (EMT) [52]. Thus, previous studies have approached the
inhibition of NF-κB activity in several ways: Gordon et al. suppressed NF-κB transcription in
MDA-MB-231 breast cancer cells resulting in reduced osteolysis after tumor cell injection in mice
combined with decreased cytokine expression [53]. Furthermore, inhibition of NF-κB activity in
human breast cancer cells (MDA-MB-231 and HCC1954) reduced invasiveness and migration [52].
In conclusion, NF-κB activation blockade demonstrates effective reduction in tumor growth and
progression. Our study revealed pseudopterosin to efficaciously inhibit NF-κB signaling and
subsequent cytokine release in both THP-1 monocytic leukemia cells and MDA-MB-231 breast
cancer cells. Furthermore, pseudopterosin has demonstrated the ability to block the inter-cell
communication between immune cells and MDA-MB-231 breast cancer cells, a complex interplay
presumably important within the tumor microenviromental set-up.

Nuclear receptors like the glucocorticoid receptor α (GR) translocate into the nucleus upon
activation and bind the glucocorticoid response element (GRE) enabling the transcription of target
genes ultimately resulting in immune suppression. Thus, GR and NF-κB are transcription factors with
opposing functions in regulating inflammatory responses. In cancer therapy glucocorticoids are used
as a pre-treatment combined with chemotherapy to prevent vomiting and allergic reactions [32,38,54].
However, due to high variability in its expression frequency, divergent cellular functions of GR have
been described [2]. For instance, high expression levels not only lead to poor prognosis for ER− breast
cancer patients, but are also associated with better outcomes in patients with ER+ breast cancer [55].
Suppression of chemotherapy induced apoptosis for example is correlated with high GR expression
and poor prognosis [37,55,56]. On the other hand, glucocorticoids can suppress migration, invasion
and angiogenesis via down-regulation of IL-6 and IL-8. Furthermore, GR agonism has been shown to
induce drug sensitivity and apoptosis in lymphoid cancer and breast cancer [36–38].

Interestingly, there is evidence that expression of both transcription factors, NF-κB and GR, are
correlated in the context of breast cancer. While NF-κB is up-regulated [25,57], GR over-expression
could be confirmed for breast cancer, however, in contrast to NF-κB, GR levels decreased during
cancer progression [58]. Furthermore, there is evidence that NF-κB and GR can even physically
interact by heterodimerization [35,51]. Glucocorticoids regulate target genes by either positive or
negative regulatory mechanisms. Anti-inflammatory effects are mediated via a transcription repressive
function (so called transrepressive action) of GR, whereas activation of gene transcription (namely
transactivation) results in an undesirable side effect of glucocorticoids including chemoresistance,
impaired wound-healing, and skin and muscle atrophy [59–61]. A previous study revealed that NF-κB
inhibition is likely based on the transrepressive function of GR [1]. Our study confirms GR as putative
pharmacological target of pseudopterosins. In conclusion, we hypothesize that the induction of GR
activation upon pseudopterosin treatment might be based on GR acting as transrepressive on NF-κB.

As triple-negative breast cancer represents one of the diseases with a high unmet medical need
resulting in a low overall survival rate, there is a need for efficacious drug treatment regimens. Our
study contributes by elucidating the molecular mode of action of the striking anti-inflammatory effect
of the marine diterpene glycosides PsA-D in the context of breast cancer. Thus, we demonstrate the
mostly unexplored pharmaceutical potential of pseudopterosins as a promising basis for developing
novel cancer treatment strategies. Future studies may include a medicinal chemistry approach to
design simplified derivatives of pseudopterosin with improved potency.
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4. Materials and Methods

4.1. Cell Culture and Commercially Available Reagents

TNFα was purchased from Peprotech (Rocky Hill, NJ, USA). MDA-MB-231 breast cancer cells
were obtained from European Collection of Authenticated Cell Cultures (Salisbury, UK) and grown in
humidified atmosphere containing no CO2 in Leibovitz’s L15 medium. Medium was supplemented
with 15% FCS (fetal calf serum), 2 mM glutamine, 100 unit’s mL−1 penicillin and 100 μg mL−1 unit’s
streptomycin. THP-1 acute monocytic leukemia cells were purchased from the German Collection
of Microorganisms and Cell Culture (Braunschweig, Germany) and cultured in the presence of 5%
CO2 in RPMI along with 10% FCS, penicillin and streptomycin. This cell line was used as a model
for cells derived from the immune system. Medium and antibiotics were purchased from Gibco (Life
Technologies, Carlsbad, CA, USA).

4.2. Stable Cell Line Generation

MDA-MB-231 breast cancer cells were used to create a stable cell line subsequently named
NF-κB-MDA-MB-231 where the expression of a Luciferase reporter gene is under the control
of a NF-κB CMV promoter. The vector was purchased from Promega (Madison, WI, USA):
pNL3.2.NF-κB-RE[NlucP/NF-κB-RE/Hygro]. Cells were transfected with the nucleofector 2b device
from Lonza Group AG (Basel, Switzerland) and the corresponding RCT Cell Line Kit V according to the
manufacturer’s protocol. Cells were cultured in DMEM supplemented with 10% FCS, 100 units mL−1

penicillin and 100 units mL−1 streptomycin. After transfection cells were diluted serially to obtain
monoclonal cells. After colony formation hygromycin (Sigma, Munich, Germany) clones were
cultivated in the presence of hygromycin.

4.3. NF-κB Reportergene Assay

To determine NF-κB activation, cells were seeded with a density of 5 × 105 cells per mL in 384-well
plates using the CyBio® pipetting roboter (Analytic Jens AG; Jena, Germany). After 24 h of incubation,
cells were treated with different concentrations of PsA-D for 20 min. Afterwards, cells were treated
with 1 μg/mL LPS or 6 ng/mL TNFα for 1 h, respectively. Luciferase activity was detected with the
NanoGlo Luciferase Assay from Promega. NanoGlo Substrate and buffer were pre-mixed in 1:50 ratio
and reagent was added to the wells in a 1:1 ratio and luminescence was determined immediately.

4.4. NF-κB and Human Cytokine Magnetic Bead Kit

MDA-MB-231 breast cancer cells were cultured in 10 cm dishes in 1.8 × 106 cells per mL
and incubated for 24 h at 37 ◦C. Before compound treatment medium was changed to serum-free
medium. Cells were treated with PsA-D for 15 min, followed by incubation with 1 μg/mL LPS.
Afterwards, cells were lysed with the lysis buffer provided in the NF-κB magnetic bead kit from
Merck Millipore (Darmstadt, Germany) to obtain phosphorylated proteins from the nucleus. Protein
concentration was determined with Bradford reagent (Roth, Karlsruhe; Germany). Samples were
diluted to achieve a concentration of 0.8 mg/mL of total proteins. The subsequent protocol was
according to manufacturer’s instructions.

MDA-MB-231 breast cancer cells and were seeded in 96-well plates in 4 × 105 cells per mL and
MDA-MB-453 in 6 × 105 cells per mL and incubated for 24 h at 37 ◦C. THP-1 cells were seeded in
4 × 105 cells per mL and after 1 h of incubation differentiated with 10 ng/mL PMA for 24 h. Cells were
treated with PsA-D for 20 min and afterwards with 1 μg/mL LPS for 24 h. Supernatant was harvested
and stored at −20 ◦C until measurement of cytokines. The subsequent protocol was performed
according to the manufacturer’s instructions with the MAGPIX® Multiplexing System from Merck
Millipore (Darmstadt, Germany).
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4.5. Quantitative Real-Time PCR

To determine cytokine expression levels after PsA-D treatment, the following primers were used
(purchased from Eurofins, Ebersberg): IL-6 forward (GGCACTGGCAGAAAACAACC), IL-6 reverse
(GCAAGTCTCCTCATTGAATCC) IL-8 forward: (ACTGAGAGTGATTGAGAGTGGAC), IL-8 reverse:
(AACCCTCTGCACCCAGTTTTC), TNFα forward: (GCCTGCTGCACTTTGGAGTG), TNFα reverse:
(TCGGGGTTCGAGAAGATGAT), MCP-1 forward: (CCCCAGTCACCTGCTGTTAT), MCP-1 reverse:
(TGGAATCCTGAACCCACTTC), GAPDH forward: (TGCACCACCAACTGCTTAGC), GAPDH
reverse: (GGCATGGACTGTGGTCATGAG), GR forward: (AAAAGAGCAGTGGAAGGACAGCAC)
GR reverse: (GGTAGGGGTGAGTTGTGGTAACG). Total RNA was isolated with QIAGEN (Hilden,
Germany) RNA Isolation Kit according to manufacturer’s instructions and reverse transcriptase PCR
were performed with iScript RT cDNAse Kit from BioRad (Munich, Germany). Real-time PCR was
conducted with Quantitect SYBR Green from QIAGEN (Hilden, Germany) based on the following
protocol: pre-incubation at 95 ◦C for 900 s, amplification was performed over 45 cycles (95 ◦C for 15 s,
55 ◦C for 25 s and 72 ◦C for 10 s). No-template controls served as negative control. CT values were
calculated according to the 2−ΔΔCT method [62]. Sample values were normalized to the house-keeping
gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase).

4.6. Immunofluorecent Staining

MDA-MB-231 breast cancer cells were seeded in 1 × 105 cells per mL and incubated for 24 h.
PsA-D or dexamethasone treatment comprised 30 min. Cells were fixed afterwards with −10 ◦C cold
methanol. Cells were made permeable using 0.1% Triton™ X-100. Antibodies were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA): primary antibody (sc-8992 GR (H-300)) incubated 1:50
for 24 h overnight at 4 ◦C and secondary antibody (sc-2012 IgG-FITC (fluorescein isothiocyanate)) was
incubated 1:100 for 2.5 h at room temperature. Cells were washed three times with PBS following each
incubation step. For staining, cell nuclei 4′,6-Diamidin-2-phenylindol (DAPI, Sigma) was incubated
for 5 min at room temperature at a concentration of 3 μM and washed three times with PBS for 5 min.

Quantification of immunofluorescence intensity was achieved with ImageJ (v1.51k). The shape of
the cells was outlined and the area, mean gray fluorescence value and integrated density measured.
Several background readings were also measured. The “total corrected cellular fluorescence” (=TCCF)
was calculated according to following formula: integrated density—(area of selected cell x mean
fluorescence of background readings) [63]. Values of GFP staining were subtracted by values of DAPI
staining to obtain cytoplasmic TCCF.

4.7. Conditioned Medium (CM) from Tumor Cells

MDA-MB-231 or THP-1 cells were cultured until 70–90% confluency. 1 × 106 cells were counted
and transferred into a 25 cm2 flask. Cells were either stimulated with 1 μg/mL LPS or without LPS as
a negative control. Supernatant was collected after 24 h, centrifuged and sterile filtered. Conditioned
medium was stored at −80 ◦C. MDA-MB-231 or THP-1 cells were seeded at 1 × 106 cells per mL in
6-well plates and incubated for 24 h. PsA-D was added at a concentration of 30 μM for 20 min followed
by 25 volume percentage of tumor-conditioned medium for 5 h. Cells were then harvested and RNA
isolated for further analysis in real-time PCR.

4.8. Knock-Down Studies

TLR4 siRNA s14194 and Silencer® Select Negative Control No. 2 siRNA was purchased from Life
Technologies (Darmstadt, Germany). Glucocorticoid receptor (GR) siRNA was purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). SiRNA transfection (2 μM of siRNA) was performed using
Lipofectamine3000 from Invitrogen (Carlsbad, CA, USA) according to manufacturer’s protocol.
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4.9. GR Reportergene Assay

Reportergene assay based on non-human stable cells containing constitutive high-level expression
of full-length human GR (NR3C1) were purchased from Indigo Biosciences (State College, PA, USA).
Assay was performed according to manufacturer’s instructions. PsA-D was added to cells according
to the agonist assay described in the protocol and incubated for 24 h at 37 ◦C.

4.10. Preparation of PsA-D Mixture

A. elisabethae was collected from South Bimini Island, The Bahamas, was dried and extracted in
EtOAc/MeOH (1:1) for 48 h. The crude extract was subjected to silica gel chromatography eluting with
hexanes and EtOAc to afford a mixture of PsA-D. The ratio was determined to be 85:5:5:5 (PsA:B:C:D)
by LC-MS analysis.

4.11. Statistical Analysis

Obtained data represent at least three independent experiments. Error bars show +SEM of the
means of triplicate values. Statistical analysis was calculated using one-way-ANOVA followed by
Dunnett's multiple comparisons test. When groups were compared with a control and/or comparison
of mean values of only two groups, an unpaired student’s t-Test was applied. p < 0.05 was chosen to
define statistically significant difference. Figures and data analysis were generated with Graphpad
Prism v. 6.07 (Graphpad Software, San Diego, CA, USA).

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/9/262/s1,
Figure S1: Pseudopterosin inhibits activation of NF-κB after two different stimuli, Figure S2: Pseudopterosin
blocked phosphorylation of p65 and IkBα after TNFα stimulation; Table S1: Inhibition of cytokine release in
MDA-MB-453 triple negative breast cancer cells.
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Abstract: The role of selenium (Se) and Ulva fasciata as potent cancer chemopreventive and
chemotherapeutic agents has been supported by epidemiological, preclinical, and clinical studies.
In this study, Se-containing polysaccharide-protein complex (Se-PPC), a novel organoselenium
compound, a Se-containing polysaccharide-protein complex in Se-enriched Ulva fasciata, is a potent
anti-proliferative agent against human lung cancer A549 cells. Se-PPC markedly inhibited the growth
of cancer cells via induction of apoptosis which was accompanied by the formation of apoptotic bodies,
an increase in the population of apoptotic sub-G1 phase cells, upregulation of p53, and activation
of caspase-3 in A549 cells. Further investigation on intracellular mechanisms indicated that
cytochrome C was released from mitochondria into cytosol in A549 cells after Se-PPC treatment.
Se-PPC induced depletion of mitochondrial membrane potential (ΔΨm) in A549 cells through
regulating the expression of anti-apoptotic (Bcl-2, Bcl-XL) and pro-apoptotic (Bax, Bid) proteins,
resulting in disruption of the activation of caspase-9. This is the first report to demonstrate
the cytotoxic effect of Se-PPC on human cancer cells and to provide a possible mechanism for
this activity. Thus, Se-PPC is a promising novel organoselenium compound with potential to treat
human cancers.

Keywords: Ulva fasciata; selenium-containing polysaccharide-protein complex; apoptosis;
mitochondria; reactive oxygen species

1. Introduction

Due to the increasing incidence of cancer in both developing and developed countries,
new chemotherapy compounds are needed [1]. Employing natural or synthetic agents to prevent
or suppress the progression of invasive cancers has recently been recognized as an approach with
enormous potential [2]. Seaweeds (marine algae) are rich in dietary fiber, minerals, lipids, proteins,
omega-3 fatty acids, essential amino acids, polysaccharides, and vitamins A, B, C, and E [3–6] Studies
on the bioactivities of seaweeds reveal numerous health-promoting effects, including anti-oxidative,
anti-inflammatory, antimicrobial, and anti-cancer effects. These studies have indicated that marine
algae constitute a promising source of novel compounds with potential as human therapeutic agents.

Recently, polysaccharides (PS) from marine organisms have garnered attention because
of their potential to be used as ingredients in new medicines and food [7]. PS, including
the polysaccharide-protein complex (PPC), are major bioactive constituents of seaweeds with
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a range of anti-tumor, immune-modulatory, and antioxidant effects [8,9]. However, among marine
macrophytes, marine green algae have been less studied than brown and red algae as sources of PPC
with such effects. Their antitumor properties have, however, been reported, mainly for those of ulvans.
Tabarsa et al. [6] reported that ulvans from Ulva pertusa showed little cytotoxicity against tumor cells,
but significantly stimulated immunity by inducing nitric oxide and cytokine production.

Selenium (Se) plays an important role in many physiological processes and is therefore an essential
trace element for human beings and animals [10] However, organic Se is absorbed more readily
and is less toxic than inorganic Se. Se-polysaccharide is reported to be more potent than either
Se or polysaccharide. For example, selenylated polysaccharides show greater antioxidant activity
than native polysaccharides [11]. Natural plant polysaccharides generally have a low content of Se
even in plants grown in high-selenium soil and do not provide adequate dietary Se [12]. Therefore,
the use of bioenrichment to prepare high Se polysaccharide is well established and applied by many
researchers [13,14]. In our previous study, we found that if Ulva fasciata is grown in 500 mg Se/L it
can be a source of Se-enriched food because more than 80% of inorganic Se was transformed into the
organic form [14].

There is accumulating evidence that bioactive compounds from algae have anticancer effects by
inhibition of cancer cell growth, as well as invasion and metastasis. They also induce apoptosis in
cancer cells [8]. Apoptosis, programmed cell death, can be induced by both the death receptor and
mitochondrial pathways [15]. Apoptotic signals are mediated by Bcl-2 family members, including
the anti-apoptotic proteins Bcl-2 and Bcl-xL, and the pro-apoptotic proteins—Bax, Bak, and Bad—in
the mitochondrial pathway [16]. The key process of mitochondria-mediated apoptosis is the collapse
of mitochondrial membrane potential, which is followed by the translocation of cytochrome c from
the mitochondria into the cytosol [17]. Then the subsequent activation of caspases was allowed [18].
The caspase-9 and caspase-3 activated forms are among the main mediators of apoptosis. The two
enzymes cleave a wide range of important proteins, including other caspases and the anti-apoptotic
protein (such as Bcl-2) [19].

Ulva fasciata, also known as sea lettuce, species of the green algal genus Ulva, grows abundantly
along coastal seashores. Despite the evidence for some biological effect of Ulva fasciata against
colon cancer cells, there are no available reports of an antitumor effect of Se-PPC from Se-enriched
Ulva fasciata. Thus, in the present in vitro study, the cytotoxic effect of this Se-PPC on A549 human
lung cancer cells was investigated. We aimed to uncover the cytotoxic mechanism of reactive oxygen
species (ROS) and mitochondrial apoptosis using various molecular and cellular techniques.

2. Materials and Methods

2.1. Materials

Sodium selenite (Na2SeO3), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), propidium iodide (PI), bicinchoninic acid (BCA) for the protein determination kit,
and 2′,7′-dichlorofluorescein diacetate (DCF-DA) were purchased from Sigma (St. Louis, MO, USA).
Caspase-3 substrate (Ac-DEVDAMC) was purchased from Biomol (Hamburg, Germany). Caspase-9
substrate (Ac-LEHD-AFC) and caspase-8 substrate (IETD-AFC) were purchased from Calbiochem
(San Diego, CA, USA). The primary antibodies used against Cyclin D1, CDK4 p53, Fas, Bax, Bid,
Bcl-2, Bcl-XL, and β-actin, were purchased from Santa Cruz Biotechnology (Santa Cruz, TX, USA).
The ultrapure water used in all experiments, supplied by a Milli-Q water purification system from
Millipore (Billerica, MA, USA).

For the other assays, cells were seeded in 12-well plates at a density of 6 × 105 cells/well.

2.2. Preparation, Extraction, and Isolation of Se-PPC

Ulva fasciata was collected from the Nanao Island Cultivation Zone (116.6◦ E, 23.3◦ N), Shantou,
Guangdong, China. Before Se-enriched treatments, the seaweed was acclimated in sterilized seawater
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for four weeks. Throughout the study, the Ulva fasciata was maintained in sterilized seawater enriched
by 100 μM of NaNO3-N and 10 μM of NaH2PO4-P at 20 ± 0.5 ◦C under cool-white fluorescent lamps
at 80 μmol photons m2 s−1. All solutions and glassware were autoclaved at 121 ◦C for 15 min prior
to use.

The seaweed was cultured in 2 L Erlenmeyer flasks containing 1.5 L medium supplemented
with Na2CO3 and sterile air containing 2% CO2 as the carbon sources. Se was added in the form
of sodium selenite (Na2SeO3) at concentrations of 500 mg/L. 5 g Ulva fasciata FW samples of were
placed in each flask which was covered by gauze and placed in indoor tanks at 20 ◦C, under a light
intensity of 275 μmol photons m2 s−1, at pH 8.0, 30 PSU salinity, and with 12 h:12 h light-dark cycle.
Before Se-PPC extraction and isolation, the Ulva fasciata thalli were washed three times carefully with
ultrapure water to remove the surface Se.

Ultrasound-assisted extraction (UAE) was performed with a Model VCX-130 ultrasonic processor
with a probe horn of 20 kHz frequency and 130 W power (Sonics & Materials Inc., Newton, MA, USA).
A 12 mm diameter horn tip was used in the UAE experiments with the power fixed at 70% amplitude
(corresponding to an intensity of 26.5 W/cm2 tip surface) and the total irradiation period at 60 min
(to achieve the maximum Se-PPC yield according to preliminary tests). Each 3 g Ulva fasciata sample
was mixed with 90 mL of distilled water in a 250 mL plastic centrifuge bottle; the ultrasonic probe
was inserted into the sample liquid at ca. 2 cm depth. The sample bottle was immersed in ice with
the maximum temperature below 50 ◦C throughout the UAE period.

The liquid extract was separated from the solid residues by centrifugation (6000 rpm, 10 min) and
subjected to ethanol precipitation (80%, v/v ethanol) as reported previously [20]. The precipitates were
collected after 16,000 rpm, 15 min centrifugation and lyophilized, giving the (crude) Se-PPC fraction.
The Se content in Se-PPC was determined by ICP-AES following Sun et al. (2014).

2.3. Cell Lines and Cell Culture

In this study, A549 human lung cancer cells and HK-2 human renal tubular epithelial cells
were obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). All cells were
cultured in 75 cm2 culture flasks in RPMI 1640 (Roswell Park Memorial Institute 1640, Invitrogen,
Carlsbad, CA, USA) (for A549 and HK-2) culture medium supplemented with 10% fetal bovine serum
(Hyclone, Waltham, MA, USA), 100 units/mL penicillin and 50 units/mL streptomycin in a humidified
incubator with an atmosphere of 95% air and 5% CO2 at 37 ◦C. After growth to confluence, the cells
were detached with a 0.25% trypsin for passage, and the cells were ready for study until the cell growth
was in a stable state and in the logarithmic growth phase unless otherwise specified.

2.4. Cell Viability Examination

The effect of Se-PPC on cell proliferation was determined by the MTT assay. Cells were seeded in
96-well tissue culture plates at 3.0 × 103 cells/well for 24 h. The cells were then incubated with Se-PPC
at different concentrations for 72 h. After incubation, 20 μL of MTT solution (5 mg/mL phosphate
buffered saline) was added to each well and incubated for 5 h. The medium was aspirated and
replaced with 150 mL/well of acidic isopropanol (0.04 N HCl in isopropanol) to dissolve the formazan
salt formed. The color intensity of the formazan solution, which reflects the cell growth condition,
was measured at 570 nm using a microplate spectrophotometer (SpectroAmaxTM 250, VARIAN,
Palo Alto, CA, USA).

2.5. Flow Cytometric Analysis

Cell cycle distribution was monitored by flow cytometry. Briefly, cells treated with or without
Se-PPC were harvested by centrifugation and washed with PBS. Cells were stained with PI after fixation
with 70% ethanol at −20 ◦C overnight. Labelled cells were washed with PBS and then analyzed by
the flow cytometer. The cell cycle distribution was analyzed using MultiCycle software (Phoenix
Flow Systems, San Diego, CA, USA). The proportions of cells in G0/G1, S, and G2/M phases were
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represented in DNA histograms. Apoptotic cells with hypodiploid DNA content were measured by
quantifying the sub-G1 peak. For each experiment, 10,000 events per sample were recorded.

2.6. Caspase Activity Assay

Harvested cell pellets were suspended in cell lysis buffer and incubated on ice for 1 h.
After centrifugation at 11,000 × g for 30 min, supernatants were collected and immediately measured
for protein concentration and caspase activity. Briefly, cell lysates were placed in 96-well plates
and then specific caspase substrates (Ac-DEVD-AMC for caspase-3, Ac-IETD-AMC for caspase-8,
and Ac-LEHD-AMC for caspase-9) were added. Plates were incubated at 37 ◦C for 1 h. Caspase
activity was determined by fluorescence intensity under the excitation and emission wavelengths set
at 380 and 440 nm, respectively.

2.7. Evaluation of Mitochondrial Membrane Potential (ΔΨm)

Cells in 6-well plates were trypsinized and resuspended in 0.5 mL of PBS buffer containing
10 μg/mL of JC-1. After incubation for 10 min at 37 ◦C in the incubator, cells were immediately
centrifuged to remove the supernatant. Cell pellets were suspended in PBS and then analyzed by
flow cytometry. The percentage of the green fluorescence from JC-1 monomers was used to represent
the cells that lost ΔΨm.

2.8. Western Blot Analysis

First RIPA lysis buffer (50 mM TriseHCl, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.5% sodium
deoxycholate, 1 mM PMSF, 100 mM leupeptin, and 2 mg/mL aprotinin, pH 8.0) was used to extract
total cellular proteins and then the protein extracts were resolved by loading equal amounts of protein,
in 10% SDS-PAGEE gel, per lane. They were then put onto Immobilon-P PVDF transfer membranes
(Millipore, Bedford, MA, USA) by electroblotting. As a final step, they were blocked with 5% non-fat
milk in TBST on a shaker at RT for 1 h.

After that, the membranes were probed by primary antibodies (Cell signaling, Danvers, MA, USA)
diluted 1:1000 in 5% nonfat milk at 4 ◦C overnight, and by secondary antibodies, conjugated with
horseradish peroxidase at 1:2000 dilution, at RT for 1 h. To assess the presence of comparable
amounts of protein in each lane, the membranes were stripped to detect b-actin (Proteintech
group, Chicago, IL, USA). All the protein bands were developed by the SuperSignal West Pico kit
(Pierce Biotechnology, Rockford, IL, USA).

2.9. Assay for Mitochondrial Cytochrome C Release

This assay was performed according to cytochrome C releasing apoptosis assay kit’s (Biovision,
San Francisco, CA, USA) instructions. In brief, after treatment, 1 × 106 cells were pelleted by
centrifugation and washed twice with ice-cold PBS. Cell pellets were resuspended with 1 mL cytosol
extraction buffer mix containing DTT and protease inhibitor, and incubated for 10 min on ice. After
homogenization, unbroken cells and large debris were removed by centrifugation. The resulting
supernatants were saved as cytosolic extracts at −70 ◦C. The pellets were resuspended with 100 mL
extraction buffer mix containing DTT and protease inhibitor, and saved as mitochondrial fractions.
We loaded 30 mg cytosolic and mitochondrial fractions isolated from A549 cells on 12% SDS-PAGE.
Then western blot proceeded with cytochrome C antibody (Biovision, San Francisco, CA, USA).

2.10. Measurement of ROS Generation

The effects of Se-PPC on ROS-initiated intracellular oxidation were evaluated by the DCF
fluorescence assay. Briefly, cells were harvested, washed with PBS, and suspended in PBS
(1 × 106 cells/mL) containing 10 mM of DCFH-DA. After incubation at 37 ◦C for 30 min, cells were
collected and resuspended in PBS. Then, the ROS level was determined by measuring the fluorescence
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intensity on a Tecan SAFIRE multifunctional monochromator-based microplate reader, with excitation
and emission wavelengths of 500 and 529 nm, respectively. Experiments were performed in triplicate.

2.11. Statistical Analysis

Experiments were carried out at least in triplicate and results were expressed as mean ± SD.
Statistical analysis was performed using the SPSS statistical package (SPSS 13.0 for Windows; SPSS,
Inc., Chicago, IL, USA). The difference between two groups was analyzed by the two-tailed Student’s
t-test, and between three or more groups by one-way ANOVA multiple comparisons. A difference
with p < 0.05 (*) or p < 0.01 (**) was considered statistically significant.

3. Results and Discussion

3.1. Cytotoxic Effects of Se-PPC on Various Human Cancer and Normal Cell Lines

Many organic selenocompounds have been reported to have potent chemopreventive
activities [21]. However, the balance between the therapeutic potential and the toxic effect
of a compound is very important when evaluating its pharmacological usefulness. In this study,
in vitro cytotoxicities of Se-PPC to A549 cells and normal cells were compared. Se-PPC, from the
Se-enriched green seaweed, Ulva fasciata, contained 44.4 μg/g Se. The anti-proliferative activities
of Se-PPC were first screened against human lung cancer A549 cells in a dose-dependent manner
by MTT assay (Figure 1). After the 72 h treatment with Se-PPC at doses of 3, 4, 5 and 6 μg/mL,
the percentage of surviving A549 cells were significantly reduced to 37.99, 25.09, 15.26, and 13.05%
of the control, respectively (Figure 1A). Exposure for 72 h to 3 μg Se-PPC /mL induced 62.01% A549
(Figure 1A). Se-PPC exhibited broad inhibition on A549 cancer cells with the IC50 values of 2.8 μg/mL
(Figure 1B). Despite this potency, Se-PPC showed low cytotoxicity toward normal cells (HK-2 renal
tubular epithelial cells) with an IC50 value of 27.7 μg/mL. These results suggest that Se-PPC selects
between cancer and normal cells and has, therefore, potential application in cancer chemoprevention
and chemotherapy.

Figure 1. (A) Cytotoxic effects of Selenium-containing polysaccharide-protein complex (Se-PPC) on
A549 human lung cancer cells and normal cells (HK-2 human renal tubular epithelial cells). Data are
expressed as the decrease in cell viability (for MTT assay); (B) Growth inhibition of Se-PPC was
expressed as the IC50 (for MTT assay). Each IC50 value represents the mean ± SD of three independent
experiments. Cells were treated with Se-PPC for 72 h. All values were obtained at least from three
independent experiments. Difference between normal cells and cancer cells with p < 0.01 (**) was
considered statistically significant.

3.2. Apoptosis-Inducing Activities of Se-PPC and the Underlying Mechanisms

The inhibition of proliferation of cells treated by Se-PPC could be either the induction of apoptosis
or cell cycle arrest, or a combination of the two. The role of apoptosis in the action of anticancer drugs
has become clearer [22]. Though, we investigated the underlying mechanism of Se-PPC-induced cell
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death. El-Bayoumy & Sinha. [21] reported that apoptosis could be critical for cancer chemoprevention
by selenocompounds. Our flow cytometry revealed that exposure of the A549 cells to different
concentrations of Se-PPC results in a dose-dependent increase in the proportion of apoptotic cells as
reflected by the Sub-G1 populations (7.3–61.3%) with a treatment of 2–16 μg/mL Se-PPC (Figure 2A).
Moreover, no significant changes in G0/G1, S, and G2/M phases were observed in treated cells.
To investigate the potential mechanisms of Se-PPC-mediated induction of cell cycle arrest, the effects
of Se-PPC on the expression of CDK4 and Cyclin D1, which are necessary for cell cycle progression,
were evaluated. A549 cells were treated with various concentrations of Se-PPC (2–16 μg/mL),
and the expression levels of Cyclin D1 and CDK4 proteins were analyzed by Western blot analysis.
Se-PPC significantly decreases the protein levels of CDK4 and Cyclin D1 in A549 cells (Figure 3B).
In addition, relative to untreated control, Se-PPC suppressed the levels of Cyclin D1 and CDK4 in
ovarian cancer cells in a dose-dependent manner (p < 0.05). In mammalian cells, cell cycle progression is
tightly regulated through the activation of CDKs whose association with the corresponding regulatory
cyclins is required for their activation [23]. It is well known that G1 to S phase transition is regulated
by complexes formed by Cyclin D and CDK4 [24]. These results indicate that cell death induced by
the Se-PPC is mainly due to the induction of apoptosis caused by cell cycle arrest.

Figure 2. (A) Effects of Se-PPC on cell apoptosis and cell cycle distribution in A549 cells (scale bar:
50 μm). The cells treated with different concentrations of Se-PPC for 72 h were collected and stained
with PI after fixation, and then analyzed by flow cytometry. Cellular DNA histograms were analyzed
by the MultiCycle software. Each value represents the mean of three independent experiments;
(B) Morphological changes of A549 cells treated with Se-PPC for 72 h observed by phase-contrast
microscopy (magnification, 100×). The images shown here are representative of three independent
experiments with similar results.

Phase-contrast observations showed that A549 cells treated with Se-PPC exhibited
a dose-dependent reduction in cell numbers, a loss of cell-to-cell contact, cell shrinkage, and formation
of apoptotic bodies (Figure 2B). Also, the density of cells decreased with the 2–16 μg/mL Se-PPC
treatment. Furthermore, when the cancer cells were treated with high concentrations of Se-PPC
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(16 μg/mL), most of the cells coalesced and were suspended in the culture medium. Se-PPC induced
a change in cell morphology and inhibited cancer cell growth in a dose-dependent manner.

The release of cytochrome c from the mitochondria to the cytosol is one of the early events
that subsequently lead to apoptosis by activation of caspases, including caspase-3 [25]. The release
of cytochrome c into cytosol leads to activation of procaspase-9 in the apoptosome and then causes
the cleavage of caspase-3 [26]. Caspase-3, believed to be an important effector protease, is cleaved
and activated during apoptosis [25]. For these reasons, we examined the effector caspase (caspase-3)
by spectrophotometry; western blot analysis was performed to detect the effect of Se-PPC on the p53
in A549 cells. Our results showed that caspase-3 activities (2.42–3.48 folds) increased significantly
(p < 0.05) compared to the control, and Se-PPC upregulated the expression of p53 (Figure 3). In cell
models, DNA damage activates ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia
and Rad3 related) proteins, which signal downstream to checkpoint kinases, such as CHK1 and CHK2.
Also, the tumor suppressor gene, p53, which is a major player in the apoptosis because it induces
transcription of pro-apoptotic factors and inhibition of pro-survival factors [27]. These results suggest
that caspase-3 and p53 contribute to cell apoptosis induced by Se-PPC.

Figure 3. (A) Effect of Se-PPC on caspase-3 activity of A549 cells; (B) Effect of Se-PPC on
cyclin-dependent kinase 4, Cyclin D1, and p53 protein expression of A549 cells. The values represent
means ± SD of triplicate determinations. Difference between treatment and control cells with p < 0.01
(**) was considered statistically significant.

3.3. Mitochondria Plays an Important Role in Se-PPC-Induced Apoptosis

Generally, apoptosis occurs via death receptor-dependent (extrinsic) or mitochondrial (intrinsic)
pathways. The mitochondrial pathway of cell death is mediated by Bcl-2 family proteins which
disrupt the mitochondria membrane potential and result in release of apoptogenic factors such as
cytochrome c, Smac/Diablo, and AIF, into the cytosol [28]. Cytochrome c then forms an apoptosome
containing apoptosis activating factor 1 and caspase-9, which then activates the downstream apoptotic
signals [22]. In this content, we examined the cytochrome c levels in cytosol fractions of cells treated
with Se-PPC at doses of 4, 8, and 16 μg/mL. The result of western blot showed that the cytosolic
cytochrome c protein expression increased markedly in a dose-dependent manner in Se-PPC-treated
cells (Figure 4B). Since release of cytochrome c into the cytosol is usually preceded or accompanied
by a loss or disruption of mitochondrial membrane potential and this collapse is an essential step
occurring in cells undergoing apoptosis [29]. Loss of ΔΨm is associated with the activation of caspases
and the initiation of apoptotic cascades. Thus, the status of mitochondria in A549 cells exposed
to Se-PPC was investigated by JC-1 flow cytometric analysis. It was found that Se-PPC induced
significant depletion of ΔΨm in A549 cells (Figure 4C). The percentage of cells with depolarized
mitochondria increased from 6.80% (control) to 16.55% (4 μg/mL), 30.40% (8 μg/mL), and 46.09%
(16 μg/mL), respectively.
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Caspases are a family of cysteine proteases that play central roles in the initiation and execution
of apoptosis [21] The extrinsic pathway is triggered by activation of death receptors. The formation
of a death-inducing signaling complex subsequently activates initiator caspase-8 [30]. Because caspases
have been identified as targets for therapeutic intervention using fluorimetry, we measured the activity
of two initiator caspases, caspase-8 (Fas/TNF-mediated) and caspase-9 (mitochondrial-mediated).
Our results showed that Se-PPC-evoked apoptosis resulted in dose-dependent activation of caspase-8
and caspase-9 in A549 cells, suggesting that both caspase-8 and caspase-9 were involved in
Se-PPC-induced apoptosis (Figure 4A). Activity of initiator caspase-9 increased 1.75–2.74-fold in
cells exposed to 4–16 mM of Se-PPC compared with controls. In contrast, little increase in activities
of caspases-8 (1.08–1.66-fold) in response to Se-PPC treatment was observed. Meanwhile, under
Se-PPC treatments, the expression of Fas in A549 cells were upregulated insignificantly (Figure 4B),
suggesting that the contribution of caspase-8 to the induction of cell apoptosis was likely to be
insignificant, and that the mitochondrial-mediated apoptotic pathway played the major role in
Se-PPC-induced apoptosis in A549 cells. Because it was well-known that caspase-8 is activated
via the death receptor-mediated pathways.

Figure 4. (A) Effect of Se-PPC on caspase-8 and caspase-9 activities of A549 cells; (B) Effect of Se-PPC
on cytochrome C, Fas, Bcl-2, Bcl-XL, Bid, and Bax protein expression of A549 cells; (C) Cells treated with
Se-PPC were harvested and stained with the mitochondria-selective dye JC-1 and then analyzed by
flow cytometry. The number in the right region of each dot plot represents the percentage of cells that
emit green fluorescence due to the depletion of ΔΨm. The values represent means ± SD of triplicate
determinations. Difference between treatment and control cells with p < 0.05 (*) was considered
statistically significant.

The Bcl-2 family was divided into two major categories, namely anti-apoptotic proteins (Bcl-2
and Bcl-XL) and pro-apoptotic proteins (Bax and Bid) [31]. Pro-survival family members associate
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with the mitochondrial outer membrane and maintain their integrity. In contrast, pro-apoptotic
members such as Bax and Bid oligomerize in the outer membranes of the mitochondria and disrupt
their integrity, causing the release of apoptogenic factors [28]. In this study, under Se-PPC treatments,
the expression of Bax and Bid in A549 cells were upregulated, but the expression of Bcl-2 and Bcl-XL
were downregulated (Figure 4B). These results indicated that Se-PPC induces mitochondria-mediated
apoptosis by regulating the expression of Bcl-2 family proteins.

3.4. Oxidative Stress Is Involved in Se-PPC-Induced Apoptosis

Many chemopreventive and chemotherapeutic agents have been found to induce cancer cell
apoptosis through upregulation of intracellular reactive oxygen species (ROS) generation [32].
Letavayova, Vlckova & Brozmanova [33] suggested that the toxicity of Se is due to the induction
of oxidative stress and disruption of redox homeostasis. The mitochondrial respiratory chain is
a potential source of ROS [34]. ROS—including the superoxide anion, hydrogen peroxide, and hydroxyl
radical—are produced under normal aerobic growth conditions within cells, but they are elevated
under the influence of external stimuli. Intracellular ROS may attack cellular membrane lipids,
proteins, and DNA and also cause oxidative injury [35]. Considerable evidence has suggested that
DNA damage can cause cell death by induction of apoptosis via various signaling pathways [27].
Some selenocompounds have been reported to have the potential to induce DNA damage [33].
Nilsonne et al. [36] have provided evidence that ROS generation acts as an important cellular event
induced by Se compounds and results in cell apoptosis and/or cell cycle arrest. The involvement
of oxidative stress in Se-PPC-induced apoptotic cancer cells was investigated to gain insight
into the mechanism of the cytotoxic action of Se-PPC. Our results showed that treatments with
Se-PPC generated a dose-dependent increase in DCF fluorescence intensity, indicating upregulation
of intracellular ROS levels, suggesting that ROS is a critical mediator in Se-PPC-induced cell apoptosis
in A549 cells (Figure 5).

Figure 5. ROS overproduction in A549 cells induced by Se-PPC as determined by DCF fluorescence
assay. Cells were treated with indicated concentrations of Se-PPC for 24 h. All experiments were carried
out at least in triplicate. Difference between treatments and control with p < 0.05 (*) was considered
statistically significant.

4. Conclusions

In conclusion, it is shown for the first time that Se-PPC is a novel anti-proliferative agent
with a broad spectrum of inhibitions against A549 cancer cells via the induction of apoptosis.
However, Se-PPC was found to show a low cytotoxicity toward HK-2 renal tubular epithelial
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cells. Overproduction of ROS contributes to Se-PPC-induced apoptosis, which in turn leads to
apoptotic signals including mitochondria- and caspase-dependent processes in human lung cancer
A549 cells. These findings indicate that Se-PPC is a promising organoselenium agent for the treatment
of human cancers.
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Abstract: Currently, DNA topoisomerase I (Topo I) inhibitors constitute a family of antitumor agents
with demonstrated clinical effects on human malignancies. However, the clinical uses of these agents
have been greatly limited due to their severe toxic effects. Therefore, it is urgent to find and develop
novel low toxic Topo I inhibitors. In recent years, during our ongoing research on natural antitumor
products, a collection of low cytotoxic or non-cytotoxic compounds with various structures were
identified from marine invertebrates, plants, and their symbiotic microorganisms. In the present
study, new Topo I inhibitors were discovered from low cytotoxic and non-cytotoxic natural products
by virtual screening with docking simulations in combination with bioassay test. In total, eight potent
Topo I inhibitors were found from 138 low cytotoxic or non-cytotoxic compounds from coral-derived
fungi and plants. All of these Topo I inhibitors demonstrated activities against Topo I-mediated
relaxation of supercoiled DNA at the concentrations of 5–100 μM. Notably, the flavonoids showed
higher Topo I inhibitory activities than other compounds. These newly discovered Topo I inhibitors
exhibited structurally diverse and could be considered as a good starting point for the development
of new antitumor lead compounds.

Keywords: virtual screening; molecular docking; Topo I inhibitor; low toxic; natural product

1. Introduction

DNA topoisomerase I (Topo I) is a crucial enzyme that works to relax supercoiled DNA during
replication, transcription, and mitosis [1,2]. In a number of human solid tumors, the intracellular level
of Topo I is higher than that in normal tissues, signifying that controlling the Topo I level is essential
in treating cancers [3]. Topo I inhibitors exert their antitumor activities by stabilizing the cleavable
Topo I–DNA ternary complex, blocking rejoining of the DNA breaks, and inhibiting enzyme binding to
DNA [4,5]. Therefore, Topo I has been considered as a promising target for the development of novel
cancer chemotherapeutics [6–8]. Based on the mechanisms of interference with Topo I activity, these
Topo I inhibitors can be grouped in two categories: Topo I poisons and Topo I catalytic inhibitors [9].
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To date, a large number of Topo-directed agents (e.g., camptothecin (CPT), topotecan, and
irinotecan—Figure 1) are known which are currently in clinical use [10,11]. However, their utilities are
limited due to the fact that they induce severe toxic side effects such as myelosuppression, nausea, hair
loss, congestive heart failure, and in some cases, increase the risk of secondary malignancies [12,13].
Recently, epigallocatechin-3-gallate (EGCG)—a major polyphenolic constituent in green tea—has
received much attention as a potential cancer chemopreventive agent with Topo I inhibitory activity
(Figure 1) [14–16]. At physiologically attainable concentrations, EGCG exerts growth inhibitory effects
on several human tumor cell lines, without affecting normal cell lines, resulting in a dose-dependent
inhibition of cell growth [17]. Notably, EGCG possessed low cytotoxicity with much higher half
maximal inhibitory concentration (IC50) to human tumor cell lines than the traditional Topo-directed
agents [16]. Therefore, low cytotoxic compounds may have the potential with Topo I inhibitory activity
and provide the possibility for searching for novel, nontoxic Topo I inhibitors.

Figure 1. Chemical structures of representative DNA topoisomerase I (Topo I) inhibitors.

So far, the discovery of novel Topo I inhibitors has been facilitated by the improvement of
a variety of biochemical and cellular assays, as well as molecular docking based on X-ray crystal
structures [18–20]. Molecular docking is an application to predict how a protein interacts with small
molecules. Based on the docking simulations, virtual screening has become a powerful tool for the
discovery of Topo I inhibitors.

In our previous studies, hundreds of antitumor natural products have been isolated from marine
invertebrates, plants, and their symbiotic microorganisms [21–24]. During the course of discovering
antitumor compounds, a collection of natural products with low cytotoxic or non-cytotoxic activity
were also identified. In the present study, from these low cytotoxic and non-cytotoxic natural products,
Topo I inhibitors were discovered based on virtual screening with docking simulations in combination
with bioassay test. By this approach, eight potent Topo I inhibitors with low cytotoxic or non-cytotoxic
activity were found from the natural products isolated from coral-derived fungi and plants.

2. Results and Discussion

In our previous studies, hundreds secondary metabolites were isolated from marine invertebrates,
plants, and their symbiotic microorganisms. Among them, there are a number of compounds exhibiting
low cytotoxicity or non-cytotoxicity. In this study, 138 compounds (Table S1) from coral-derived fungi
and plants with low cytotoxic and non-cytotoxic activity were selected for the screening of Topo I
inhibitors by virtual screening combined with bioassay test.
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2.1. Virtual Screening

To determine whether the low toxic compounds have potential as Topo I inhibitors, a total of
138 selected compounds were docked into the central catalytic domain of the Topo I–DNA complex
(PDB ID: 1K4T) by using molecular operating environment (MOE) program. The docking score
at −9.0 kcal/mol was used as a cutoff value for the selection of initial compounds. Thus, the 61
top-ranked complexes were first selected. Then, the selected molecules were further screened based
on the following criteria: (1) Complementarity exists between the ligand and the active site of Topo I;
(2) Reasonable chemical structures and conformations are in the active site of Topo I. Some unusually
highly scored molecules, such as those containing a long aliphatic moiety with many rotatable bonds,
were excluded for further evaluation; (3) There is a formation of hydrogen bonds between the ligand
and the important residues of Topo I, such as Arg364, Asp533, and Asn722 [25]; (4) The binding
mode of the compounds can be reproduced by the LeDock program (cutoff value at −5.0 kcal/mol).
As a result, only 27 compounds met the above criteria (Figure 2).

Figure 2. Structures of the potential active compounds from virtual screening.
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2.2. DNA Topo I Inhibitory Activity Assay

The above virtual screening results were confirmed by Topo I inhibitory activity assay. Inhibition
of the catalytic activity of Topo I has been a useful strategy for the discovery of potential antitumor
agents. Topo I creates transient breaks in supercoiled DNA, resulting in DNA relaxation. The relaxed
DNA can be distinguished from supercoiled DNA by gel electrophoresis analysis. In the present study,
the Topo I inhibitor activities of the selected compounds were detected by monitoring the relaxation
of supercoiled DNA by Topo I. Eight of the 27 compounds by virtual screening were discovered to
be active against Topo I-mediated relaxation of supercoiled DNA at the concentration of 100 μM
(Figure 3). The Topo I inhibition activity of eight hits were further tested at lower concentrations.
Among them, four compounds—(−)-epigallocatechin 3-O-(E)-p-coumaroate (1), (−)-epigallocatechin
3-O-(Z)-p-coumaroate (2), (−)-epigallocatechin (3), and quercetin (4)—showed activity at 25 μM, and
two compounds (1 and 2) exhibited activity at 5 μM (Figures 4 and 5). It should be pointed out that
compounds 1 and 2 displayed higher inhibitiory activity than EGCG (10 μM) (Figure 6).

In addition, it should be noted that flavonoids showed higher Topo I inhibitory activities than
other compounds. The structure–activity relationship (SAR) analysis of these flavonoids revealed that:
(1) (−)-epigallocatechin 3-O-(E)-p-coumaroate (1) and (−)-epigallocatechin 3-O-(Z)-p-coumaroate (2)
with a p-hydroxy-cinnamic acid group at the position of C-3 could increase the inhibitory activity,
while other substitution patterns might not have favorable effects on the activity; (2) the presence of
double bonds between C-2 and C-3 as in quercetin (4) could enhance the inhibitory activity; (3) the
exist of a trihydroxy moiety at the B ring might also improve the activity.

Figure 3. DNA Topo I inhibitory activities of (−)-epigallocatechin 3-O-(E)-p-coumaroate
(1), (x)-epigallocatechin 3-O-(Z)-p-coumaroate (2), (−)-epigallocatechin (3), quercetin (4),
(−)-gallocatechin (5), altertoxin I (9), 6-epi-stemphytriol (10), and bacillosporin C (22) at 100 μM.
Lanes 1–8: DNA + Topo I + tested compounds; lane 9: DNA + Topo I + CPT; lane 10: DNA + Topo I;
lane 11: DNA.

Figure 4. DNA Topo I inhibitory activity of (−)-epigallocatechin 3-O-(E)-p-coumaroate (1) at various
concentrations (1, 5, 10, 25, 50, and 100 μM). Lanes 1–6: DNA + Topo I + compound 1 at various
concentrations; lane 7: DNA + Topo I + camptothecin (CPT); lane 8: DNA + Topo I; lane 9: DNA.
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Figure 5. DNA Topo I inhibitory activity of (−)-epigallocatechin 3-O-(Z)-p-coumaroate (2) at various
concentrations (1, 5, 10, 25, 50 and 100 μM). Lanes 1–6: DNA + Topo I + compound 2 at various
concentrations; lane 7: DNA + Topo I + CPT; lane 8: DNA + Topo I; lane 9: DNA.

Figure 6. DNA Topo I inhibitory activity of epigallocatechin-3-gallate (EGCG) at various concentrations
(1, 5, 10, 25, 50, and 100 μM). Lanes 1–6: DNA + Topo I + EGCG at various concentrations;
lane 7: DNA + Topo I + CPT; lane 8: DNA + Topo I; lane 9: DNA.

2.3. Binding Mode of the Representative New Topo I Inhibitors

Among the identified hits, (−)-epigallocatechin 3-O-(E)-p-coumaroate (1) and (−)-epigallocatechin
3-O-(Z)-p-coumaroate (2)—a pair of isomers—showed the most potent activities in the Topo I inhibition
assay. These two compounds have structures similar to that of EGCG, and all of them belong to
epigallocatechin. The bonding mode of these representative Topo I inhibitors were observed on the
PyMol. In the active site cavity, the orientations of these three compounds were perpendicular to the
main axis of the DNA, similar to the known Topo I inhibitors, topotecan, and paralleled to the bases
(Figure 7), forming base stacking interactions with the surrounding base pairs (Figure 8). In addition,
they could form hydrogen-bonding interactions with the surrounding residues. For example, at the
structures of these three flavonoids, the hydroxyl oxygen atoms at the B ring could form hydrogen
bonds with the residues of Arg364, Asp533, and Thr718 (Figure 8), resulting in the improvement of
binding affinity.

Although the three flavonoids—(−)-epigallocatechin 3-O-(E)-p-coumaroate (1), (−)-epigallocatechin
3-O-(Z)-p-coumaroate (2), and EGCG—could bind with the Topo I active sites, EGCG shared a different
conformation in the active site of Topo I (Figure 8). The benzopyrone moiety of EGCG could deeply
intercalate at the DNA cleavage site and stack with the base pairs. Different from EGCG (Figure 8A),
in compound 1, the 5-hydroxyloxygen atom and 7-hydroxyloxygen atom at benzopyrone moiety could
form hydrophobic interactions with the surrounding hydrophobic residues, Asn 722 and Arg 488,
respectively (Figure 8B). Additionally, the hydrogen bonding interaction was also observed between
the 5-hydroxyloxygen atom of compound 2 and Arg364 (Figure 8C). In summary, compounds 1, 2, and
EGCG have three common features binding to Topo I–DNA complex: (1) a planar aromatic ring could
intercalate at the DNA cleavage site; (2) base stacking interactions could form between the ligands
and the base pairs; (3) at least three hydrogen bonds could be formed between the ligand and the
important residues of Topo I, such as Arg364, Asp533, and Thr718.
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Figure 7. Intercalation of topotecan (yellow), EGCG (pink), (−)-epigallocatechin 3-O-(E)-p-coumaroate
(blue), and (−)-epigallocatechin 3-O-(Z)-p-coumaroate (purple) in the Topo I active site.

Figure 8. Detailed docked views of different compounds: EGCG (A), (−)-epigallocatechin
3-O-(E)-p-coumaroate (B), and (−)-epigallocatechin 3-O-(Z)-p-coumaroate (C).

3. Materials and Methods

3.1. General Experimental Procedures

Electrophoresis apparatus DYY-8C (Beijing Liuyi Biotechnology Co., Ltd., Beijing, China) was used
for electrophoresis analysis. Gel imaging system JS-680B (Shanghai Peiqing Science and Technology
Co., Ltd., Shanghai, China) was used for observation of DNA strips. Cooling and heating block
CHB-100 (Hangzhou Bioer Technology Co., Ltd., Hangzhou, China) was used for the reaction of DNA
and Topo I. Calf thymus Topo I and supercoiled pBR322 plasmid DNA were purchased from Takara
Biotechnology Company (Dalian, China). Camptothecin (CPT, 98%) and epigallocatechin-3-gallate
(EGCG, 98%) were purchased from Shanghai Aladdin Industrial Corporation (Shanghai, China)
and used as positive controls. Dimethyl sulfoxide (DMSO) was purchased from Tianjin Guancheng
Chemical Reagent Co., Ltd. (Tianjin, China) and used as solvent.

3.2. Molecular Docking

Molecular docking was used for virtual screening of the selected compounds. The MOE Dock
(version 2014. 0901, Chemical Computing Group Inc., Tokyo, Japan) and the LeDock (version 1.0,
http://lephar.com/) were operated to dock the compounds into the active sites of the known antitumor
target protein. The molecular mechanic force field of MOE Dock used in molecular docking was set as
AMBER10: EHT. Two rescoring functions, including London dG and GBVI/WSA dG, were used for
pose scoring [26].

The X-ray crystallographic of Topo I–DNA in complex with topotecan (PDB ID: 1K4T) was
downloaded from the Protein Data Bank (PDB, http://www.rcsb.org/) and used as a reference model
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for molecular docking [19]. Suitable protonation of the protein was executed at physiological pH.
By using MOE software (version 2014. 0901, Chemical Computing Group Inc, Tokyo, Japan) at the
AMBER10: EHT force field, water molecules were removed, hydrogen atoms were added, and energy
was minimized [27].

The structures of the ligands were generated in the cdx format using the ChemBio Draw Ultra
(version 14.0, PerkinElmer Inc., Fremont, CA, USA). These ligands were converted to the mol2 format
and the structures were optimized by the function of minimize energy in ChemBio 3D Ultra (version
14.0, PerkinElmer Inc., Fremont, CA, USA). Further optimizations of the structures of these molecules
were made by the energy minimization module in MOE software. During energy minimization by
MOE software, the AMBER10 force field was used. Energy minimization was converged when the
energy gradient reached 0.01 kcal/mol/Å3. All of the ligands used for the docking studies were
assigned to suitable protonation status corresponding to physiological pH [27].

3.3. Preparation of the Tested Compounds

From the secondary metabolites isolated from marine invertebrates, plants, and their symbiotic
microorganisms in our lab, 138 compounds (Table S1) with low cytotoxic or non-cytotoxic activity
isolated from coral-derived fungi and plants were selected for virtual screening and DNA Topo I
inhibition assay. For the bioassay, the tested compounds were firstly dissolved in DMSO, and then
diluted with DMSO to obtain a serial solution with the concentrations of 100, 50, 25, 10, 5, and 1 μM.
EGCG was also dissolved with the concentrations of 100, 50, 25, 10, 5, and 1 μM. The positive control
CPT was prepared at the concentration of 10 μM.

3.4. DNA Topoisomerase I Inhibitory Activity Assay

The Topo I inhibitory activity was measured by assessing the relaxation of supercoiled pBR322
plasmid DNA. The reaction mixture (20 μL each), containing 35 mM Tris-HCI (pH 8.0), 72 mM KCI,
5 mM MgCl2, 5 mM dithiothreitol (DTT), 5 mM spermidine, 0.01% bovine serum albumin (BSA),
0.5 μg pBR322 plasmid DNA, 1.0 U calf thymus DNA Topo I, and 0.2 μL various concentrations of
tested compounds, were incubated at 37 ◦C for 30 min. The reactions were terminated by adding dye
solution containing 1% SDS, 0.02% bromophenol blue, and 50% glycerol. The mixtures were applied to
1% agarose gel and subjected to electrophoresis for 1 h in Tris-borate-EDTA buffer (0.089 mM). The gel
was stained with Gelred and visualized under UV illumination and then photographed with a Gel
imaging system.

4. Conclusions

In the present study, Topo I inhibitors were discovered from natural products with low cytotoxic
and non-cytotoxic activity by virtual screening with docking simulations in combination with bioassay
test. The 27 compounds with potential Topo I inhibition activity were screened from 138 marine
and plant-derived natural products by means of virtual screening. On the basis of virtual screening,
eight active compounds were discovered through the verification approach by bioassay. All of these
Topo I inhibitors were found to be active against Topo I-mediated relaxation of supercoiled DNA at the
concentrations of 5–100 μM. Notably, the flavonoids showed higher Topo I inhibitory activities than
other compounds. The above results suggested that the low cytotoxic or non-cytotoxic compounds
might possess Topo I inhibitory activities, and have value to be further studied for the rational drug
design of antitumor agents.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/15/7/
217/s1. Table S1: 138 compounds derived from coral-derived fungi and plants; Table S2: The binding
energy of 138 compounds bound with the crystal structure of the ternary complex of topotecan-DNA-Topo I
(PDB ID: 1K4T); Figure S1: DNA Topo I inhibitory activities of (−)-epigallocatechin 3-O-(E)-p-coumaroate (1),
(−)-epigallocatechin 3-O-(Z)-p-coumaroate (2), (−)-epigallocatechin (3), quercetin (4) and altertoxin I (9)
at 50 μM; Figure S2: DNA Topo I inhibitory activities of (−)-epigallocatechin 3-O-(E)-p-coumaroate (1),
(−)-epigallocatechin 3-O-(Z)-p-coumaroate (2), (−)-epigallocatechin (3), quercetin (4) and altertoxin I (9) at
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25 μM; Figure S3: DNA Topo I inhibitory activities of (−)-epigallocatechin 3-O-(E)-p-coumaroate (1) and
(−)-epigallocatechin 3-O-(Z)-p-coumaroate (2) at 10, 5 and 1 μM; Figure S4: DNA Topo I inhibitory activities of
(−)-epigallocatechin (3) and quercetin (4) at 10, 5 and 1 μM.
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Abstract: Background. The polysaccharide fucoidan is widely investigated as an anti-cancer agent.
Here, we tested the effect of fucoidan on uveal melanoma cell lines. Methods. The effect of
100 μM fucoidan was investigated on five cell lines (92.1, Mel270 OMM1, OMM2.3, OMM2.5) and of
1 μg/mL–1 mg/mL fucoidan in two cell lines (OMM1, OMM2.3). Cell proliferation and viability were
investigated with a WST-1 assay, migration in a wound healing (scratch) assay. Vascular Endothelial
Growth Factor (VEGF) was measured in ELISA. Angiogenesis was evaluated in co-cultures with
endothelial cells. Cell toxicity was induced by hydrogen-peroxide. Protein expression (Akt, ERK1/2,
Bcl-2, Bax) was investigated in Western blot. Results. Fucoidan increased proliferation in two and
reduced it in one cell line. Migration was reduced in three cell lines. The effect of fucoidan on VEGF
was cell type and concentration dependent. In endothelial co-culture with 92.1, fucoidan significantly
increased tubular structures. Moreover, fucoidan significantly protected all tested uveal melanoma
cell lines from hydrogen-peroxide induced cell death. Under oxidative stress, fucoidan did not
alter the expression of Bcl-2, Bax or ERK1/2, while inducing Akt expression in 92.1 cells but not
in any other cell line. Conclusion. Fucoidan did not show anti-tumorigenic effects but displayed
protective and pro-angiogenic properties, rendering fucoidan unsuitable as a potential new drug for
the treatment of uveal melanoma.

Keywords: fucoidan; uveal melanoma; VEGF; angiogenesis; oxidative stress

1. Introduction

Uveal melanoma (UM) is the most common primary tumor of the adult eye with an incidence of
4–8 per million in Western countries [1]. It arises from melanocytes of the uvea, the tissue between the
inner retina and the outer scleral layer of the posterior eye, including the iris, ciliary body and choroid.
Most UM arise from the choroid, which provides blood supply and maintenance for the photoreceptors
of the retina. The disease generally occurs in the 6th decade of life and primarily affects fair-skinned
people of Caucasian descent [2]. Treatment options for UM depend on the tumor size and patient
choice, but include transpupillary thermotherapy, radiation therapy (including plaque brachytherapy,
proton beam- and gamma-knife radiotherapy), local tumor resection and enucleation [2]. Radiation
therapy is conducted with good success for medium sized tumors, however, it may result in profound
vision loss due to side effects [3]. Metastases develop in up to 50% of UM patients, primarily affecting
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the liver. The prognosis of these patients is poor, as the current treatment options for metastatic UM
are very limited [1,4]. New treatment options for this disease are currently of great interest and are an
important activity of numerous basic and clinical research teams.

A promising new approach in the treatment of cancer is the use of fucoidan, a sulfated
polysaccharide, obtained from the cell-wall matrix of brown algae. Fucoidan contains high amounts
of L-fucose, but has a highly complex structure and may differ substantially depending on different
species, regional origin and even mode of extraction [5]. Fucoidan has been reported in several
studies to have anti-tumorigenic properties, e.g., it has been shown to be anti-proliferative and/or
pro-apoptotic on several kind of tumors cells, such as colon cancer [6], hepatoma [7], urinary bladder
cancer cells [8], breast cancer [9], melanoma cells [10] or prostate cancer cells [11]. Fucoidan has also
shown anti-angiogenic properties [6,12,13] and is discussed as a promising anti-cancer agent [14].
Therefore, fucoidan might be an interesting new therapeutic compound for the treatment of UM.

Important parameters in tumor progression are proliferation, migration and angiogenic
potential [5]. We tested the effect of fucoidan on these parameters in five different UM cell lines.
One of the factors that have been discussed to be involved in the pathogenesis of UM is Vascular
Endothelial Growth Factor (VEGF). VEGF has been reported in UM, ocular fluid of UM patients
and UM cell lines [15–17]. A meta-analysis showed that VEGF expression in patients with UM was
significantly higher compared to controls [18]. Moreover, VEGF has been elevated in patients with
metastatic UM [17], and has been proposed to be a marker for high risk patients [18]. Fucoidan
has been reported to reduce VEGF expression in breast cancer cells [9] and in Lewis tumor bearing
mice [19]. Therefore, we investigated the effect of fucoidan on VEGF secretion by UM cells.

Oxidative stress is an important factor in tumor pathology and metastasis [20,21] and is utilized
by therapeutic compounds to destroy the tumor tissue [22]. In primary UM, the tumor is treated
with ionizing radiation, which induces cell death via oxidative stress-mediated killing of tumor
cells [3,23]. Therefore, we also tested the effect of fucoidan on UM cells stressed with Hydrogen
peroxide (H2O2). Fucoidan has been shown to exert its anti-tumor functions via ERK1/2, Akt [6,11,12],
Bcl-2 and Bax [8,9,24,25]; all these proteins have also been implicated in the pathogenesis of UM [26–31].
Therefore, we also assessed how fucoidan affects the expression of these proteins under oxidative stress.

2. Results

2.1. Proliferation

Fucoidan had a cell specific effect on cell proliferation. In 92.1 cells, fucoidan induced a significant
increase in cell number one day (p < 0.05), two days (p < 0.01) and three days (p < 0.05) after incubation,
while in Mel270 cells, fucoidan reduced proliferation after two and three days (both p < 0.05). OMM1
and OMM2.3 were not affected by fucoidan, while in OMM2.5 cells, fucoidan increased cell number
significantly after one day of incubation (p < 0.001) (Figure 1). In addition, for OMM1 and OMM2.3,
different concentrations (1 μg/mL, 10 μg/mL, 100 μg/mL, 1 mg/mL) after one day of incubation
were tested. Fucoidan did not show any significant effect in either cell line or in either concentration
(Figure 2).

2.2. Wound Healing/Migration

Fucoidan induced a significant decrease in wound healing ability in 92.1 cells, OMM2.3, and
OMM2.5 cells (all p < 0.05). No significant effect was seen on Mel270 and OMM1 cells (Figure 3).

2.3. VEGF Secretion

We have previously shown that all tested UM cell lines secrete VEGF [32] and that this batch of
fucoidan reduces VEGF in retinal pigment epithelial cells in the tested concentration [33]. Fucoidan
(100 μg/mL) did not inhibit VEGF secretion in any of the UM cell lines when incubated for up to
three days (Figure 4). However, these results are dose and cell-line dependent. In a separate set of
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experiments, we investigated different concentrations of fucoidan (1 μg/mL, 10 μg/mL, 100 μg/mL,
1 mg/mL) in OMM1 and OMM2.3 cells after treatment for one day. While for OMM2.3 cells, a slight but
significant induction of VEGF could be found at 10 and 100 μg/mL, fucoidan at 1 mg/mL significantly
reduced VEGF in OMM1 cells (Figure 5).

Figure 1. Proliferation (time line). Proliferation of uveal melanoma cells was tested after incubation with
fucoidan (100 μg/mL) for one, two, and three days in (A) 92.1; (B) Mel 270; (C) OMM1; (D) OMM2.3
and (E) OMM2.5 cells. Fucoidan exhibited a cell specific effect with an acceleration of proliferation
in 92.1 and OMM2.5 cells, but a decrease in Mel270 cells. Statistical significance was evaluated with
student’s t-test. + p < 0.05 compared to control, ++ p < 0.01 compared to control, +++ p < 0.001 compared
to control. Co: control.

Figure 2. Proliferation (concentration). Proliferation of uveal melanoma cell lines (A) OMM1 and
(B) OMM2.3 was tested after one day of treatment with 1 μg/mL, 10 μg/mL, 100 μg/mL or 1000 μg/mL
fucoidan. No significant effect on proliferation was found. Statistical significance was evaluated with
student’s t-test.
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Figure 3. Wound healing. Wound healing ability of uveal melanoma cells was tested after incubation
with fucoidan (100 μg/mL) for one day in 92.1, Mel 270, OMM1, OMM2.3 and OMM2.5 cells. Fucoidan
significantly decreased wound healing in 92.1, OMM2.3 and OMM2.5 cells. Statistical significance was
evaluated with student’s t-test. + p < 0.05 compared to control. Co = control.

Figure 4. Vascular Endothelial Growth Factor (VEGF) secretion (time line). Influence of fucoidan
(100 μg/mL) on VEGF secretion by uveal melanoma cell lines. Treatment with fucoidan for up to three
days did not show any significant influence on the secretion of VEGF in any of the cell lines tested
(A) 92.1; (B) Mel270; (C) OMM1; (D) OMM2.3; (E) OMM2.5. The secretion of VEGF was determined in
VEGF-ELISA. Statistical significance was evaluated with student’s t-test. Co: control.
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Figure 5. VEGF secretion (concentration). Influence of different concentrations of fucoidan (1 μg/mL–
1 mg/mL) on VEGF secretion in (A) OMM1 and (B) OMM2.3 uveal melanoma cell lines. Treatment
with fucoidan displayed a dose- and cell-dependent effect with significant reduction of VEGF in OMM1
(100 μg/mL, 1 mg/mL) and a slight but significant induction in OMM2.3 cells (10 μg/mL, 100 μg/mL).
The secretion of VEGF was determined in VEGF-ELISA. Statistical significance was evaluated with
student’s t-test. + p < 0.05, ++ p < 0.01, +++ p < 0.001. Co: control.

2.4. Angiogenesis

Fucoidan induced an elevation of the tubular area in a co-culture of endothelial cells with 92.1 cells
(p < 0.01). Similarly, fucoidan increased tubular length (p < 0.01). Fucoidan did not, however, influence
the total area of endothelial coverage in these co-cultures. No effect was seen in co-cultures of
endothelial cells with the metastatic UM cell line OMM2.3 (Figure 6).

Figure 6. Tubular structures in endothelial–uveal melanoma cell line co-culture. Uveal melanoma cell
line 92.1 and OMM2.3 were co-cultured with outgrowth endothelial cells and subjected to 100 μg/mL
fucoidan. In co-cultures with endothelial cells and 92.1 cell line (A), tubular area and tubular length
were increased by fucoidan. Total coverage with endothelial cells, however, was not influenced.
In co-cultures with endothelial cells and OMM2.3 cell line, fucoidan displayed no effect (B). Statistical
significance was evaluated with student’s t-test. ++ p < 0.01 compared to control. Co = control.

2.5. Protection

We have previously shown that the UM cell lines have a different susceptibility towards
H2O2-induced cell toxicity [32]. In all cell lines tested, fucoidan exerted a significant protection
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on UM cell lines under oxidative stress. (92.1, 250 μM H2O2, p < 0.01; Mel270, 500 μM H2O2, p < 0.01;
OMM1, 500 μM H2O2, p < 0.05; OMM2.3, 1000 μM H2O2, p < 0.001; OMM2.5, 1000 μM H2O2, p < 0.001)
(Figure 7).

Figure 7. Cell viability of uveal melanoma cell lines under oxidative stress. Uveal melanoma cell lines
92.1, Mel270, OMM1, OMM2.3, and OMM2.5 were subjected to 250 μM (92.1), 500 μM, (Mel270 and
OMM1) or 1000 μM (OMM2.3 and OMM2.5) H2O2. The toxicity of these concentrations of H2O2 in the
respective cell line has been shown previously [32]. The ability of 100 μg/mL fucoidan to protect cell
viability after H2O2 treatment was detected in WST assay. All tested substances exhibited statistically
significant protection in all cell lines tested. Statistical significance was evaluated with student’s t-test.
+ p < 0.05, ++ p < 0.01, +++ p < 0.001.

2.6. Protein Expression

Under oxidative stress conditions fucoidan did not show any influence on Bcl-2 or Bax expression
in any of the cell lines (Figure 8). In 92.1 cell lines, fucoidan induced a significant induction of Akt
expression compared to cells treated with H2O2 alone, while it showed no significant effect on the other
cell lines (Figure 9). Considering ERK1/2, no statistically significant change in ERK1/2 expression or
phosphorylation compared to H2O2-treated cells can be found (Figure 10).

Figure 8. Expression of Bcl-2 and Bax. Uveal melanoma cell lines (A) 92.1; (B) Mel270; (C) OMM1;
(D) OMM2.3; (E) OMM2.5 were subjected to (A) 250 μM; (B,C) 500 μM or (D,E) 1000 μM H2O2.
The effect of 100 μg/mL fucoidan on the expression of Bcl-2 and Bax was investigated in Western
blot. Example blots (compound) and densitometric evaluations are shown. Statistical significance was
evaluated with student’s t-test.
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Figure 9. Expression of Akt. Uveal melanoma cell lines 92.1, Mel270, OMM1, OMM2.3 and OMM2.5
were subjected to 250 μM (92.1), 500 μM (Mel270 and OMM1) or 1000 μM (OMM2.3 and OMM2.5)
H2O2. The effect 100 μg/mL fucoidan on the expression of Akt was investigated in Western blot.
Densitometric evaluations (A) and example blots (compound) (B) are shown. Statistical significance
was evaluated with student’s t-test. + p < 0.05.

Figure 10. Cont.
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Figure 10. Expression and phosphorylation of ERK1/2. Uveal melanoma cell lines 92.1, Mel270,
OMM1, OMM2.3 and OMM2.5 were subjected to 250 μM (92.1), 500 μM (Mel270 and OMM1) or
1000 μM (OMM2.3 and OMM2.5) H2O2. The effect of 100 μg/mL fucoidan on the expression and
phosphorylation of ERK1/2 was investigated in Western blot. Densitometric evaluation of (A) ERK
and (B) pERK blots are shown for the 42 kDa isoform. (C) Example blots (compound). Statistical
significance was evaluated with student’s t-test.

3. Discussion

Fucoidan has been shown to display a variety of anti-tumor effects on several types of tumors or
cancer cell lines. Here, we investigated its effect on UM, a primary malignant neoplasm of the eye. We
investigated classical parameters, such as proliferation, migration, VEGF secretion and angiogenesis
and additionally investigated the effect of fucoidan on H2O2-induced cell death and protein expression.

Anti-proliferative activity of fucoidan has been shown for several cancer cell types, such as
bronchopulmonary carcinoma [34], cutaneous melanoma cells [10,35], bladder cancer cells [8], breast
cancer cells [9], or B-cell lymphoma [36]. In our study, fucoidan reduced proliferation in one cell line
(Mel 270), but, surprisingly, it induced proliferation in two cell lines (92.1 and OMM2.5). In OMM1
and OMM2.3 cells, both time line (100 μg/mL) and concentration (1 μg/mL–1 mg/mL) was tested
and no effect on proliferation was seen at either time point or contranction. The effect, therefore, is
clearly cell type specific. Moreover, the pro-proliferative effect on two cell lines would be a worrisome
result if fucoidan were to be used in UM patients.

Fucoidan decreased its wound healing ability in three (92.1; OMM2.3; OMM2.5) out of five UM
cell lines. This indicates that fucoidan interferes with migration in these cell lines, especially as wound
healing assay measure both proliferation and migration, and we found fucoidan to induce proliferation
in 92.1 and OMM2.5 cells. Fucoidan has been shown to inhibit migration e.g., in colon, lung or bladder
cancer cells [6,37,38]. Again, the effect is cell-type dependent, and no general anti-migratory effect of
fucoidan could be shown here.

When we tested the ability of fucoidan to reduce the availability of VEGF, no reduction of VEGF
could be seen at a concentration of 100 μg/mL. This is in contrast to our findings in retinal pigment
epithelial (RPE) cells [33], where we could find a significant reduction of detectable VEGF at this
concentration using the same batch of fucoidan A similar reductive effect of VEGF expression by
fucoidan has been shown for breast cancer cells [9]. Therefore, the effect of fucoidan is not only
determined by the molecular structure of the fucoidan [5], but also by the target cells. As higher
concentrations of fucoidan did reduce VEGF in OMM1 cells, it is possible that the concentrations
chosen in this experiment were too low to exert an effect. However, even in higher concentrations, the
effect was cell type dependent, as OMM2.3 did not show any reduction of VEGF in any of the fucoidan
concentrations tested. The pathways of fucoidan-mediated VEGF reduction have not been elucidated
to date, but it has been shown that fucoidan can inhibit the activation of VEGFR-2 by preventing the
binding of VEGF165 to its receptor [39]. We have previously shown that VEGF is autoregulated via the
VEGFR-2 in RPE cells [40], and so we hypothesized that the downregulation of VEGF was mediated
by interfering with the autoregulatory pathway. The cell dependent effect of fucoidan concerning
VEGF in the UM cells may therefore be related to the presence of an autoregulatory pathway of VEGF
expression in the tested melanoma cells.

In addition, in our angiogenesis assay, fucoidan induced the outgrowth of tubular structures, both
in length and area, in 92.1 cells. Even though the general interaction between 92.1 and endothelial cells
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were low, this result may indicate that fucoidan may facilitate angiogenesis primary UM, which would
not be desirable in patient treatment. Again, this cannot simply be explained by the molecular structure
of this particular fucoidan, as we have shown before that this exact fucoidan reduced angiogenic
structures in RPE-endothelial cells co-cultures [33].

Fucoidan displayed a significant protective effect against H2O2-induced cell death in all tested
cell lines. Fucoidan has been reported to protect cells against oxidative stress [41,42]; however, to
the best of our knowledge, this has not been shown in cancer cells before. Indeed, fucoidan, when
given in addition with a chemotherapeutic, has been shown to increase oxidative stress in breast
cancer cell [43]. Antioxidants may enhance tumor progression [20] and oxidative stress may protect
from metastasis [21], so the protection of cancer cells against oxidative stress by fucoidan has to be
taken into consideration when discussing fucoidan-derived drugs as possible new cancer agents [14].
Our data showed that the protective effects of fucoidan are not mediated via a change in the Bcl-2/Bax
expression, or via the ERK1/2 or Akt pathway. Further research needs to be conducted in order to
decipher the protective pathways of these compounds.

Fucoidan is also under investigation to be used in combination with other chemotherapeutic
drugs in order to enhance their efficacy, as seen in e.g., melanoma [44] or breast cancer cells [43],
where pro-apoptotic or anti-proliferative effects of the chemotherapeutics are enhanced by fucoidan.
The results found in our study cannot be extrapolated towards combination treatments, however, the
effect of fucoidan in combination treatments is also cell type dependent and may reduce the efficacy of
the chemotherapeutic compound [45]. Moreover, it has been suggested that the apoptosis-enhancing
effects of combination therapies combining fucoidan and chemotherapy is mediated by oxidative
stress-enhancement by fucoidan [43], while our data show that fucoidan protects against oxidative
stress. Therefore, our data cannot give a prediction about potential combination therapies in UM, and
would strongly advise for caution in this area.

4. Conclusions

The data obtained in this study indicate that fucoidan is not suitable as a potential treatment
for UM.

5. Material and Methods

5.1. Cell Culture of Melanoma Cells

Five established human UM cell lines were used. The cell lines 92.1 [46] and Mel270 [47] originated
from primary UM, while all OMM cell lines are of metastatic origin; OMM2.5 and OMM2.3 from liver
metastases [47] and OMM1 from a sub-cutaneous metastasis [48]. Cell cultures were maintained in
RPMI (PAA Laboratories, Cölbe, Germany), supplemented with 10% fetal calf serum (FCS) (Linaris,
Dossenheim, Germany) and 1% penicillin/streptomycin (PAA). Medium was exchanged three times a
week and cells were passaged after reaching confluence.

5.2. Fucoidan

For the experiments, fucoidan from Sigma Aldrich (from Fucus vesiculosus, Sigma Aldrich,
Steinheim, Germany; #F5631, [O28K3779; CAS 9072-19-9]) was used.

5.3. Proliferation

To determine the influence of fucoidan on proliferation, a defined number (200,000 cells) of the
respective cell line was seeded on 12 well plates. Cells were stimulated with 100 μg/mL fucoidan for
up to three days. In addition, for the cell lines OMM1 and OMM2.3, a dose-response curve after 24 h
of incubation was determined, investigating 1 μg/mL, 10 μg/mL, 100 μg/mL and 1 mg/mL fucoidan.
After the indicated period of time, a WST-assay was conducted.
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5.4. WST-Assay

Treated cells as described above were treated with WST-1 reagent (Hoffmann-La Roche, Basel,
Switzerland) for 4 h at 37◦. The cells were rocked on a shaker for 2 min, the supernatant was collected,
and measured at 450 nm.

5.5. Scratch Assay

The scratch assay was conducted as previously described with modifications [33]. In brief, the
respective cell line was seeded in a 12-well-plate. Two wounds were scratched in the confluent cell
layer with a pipette tip and the cells were washed with PBS to remove detached cells. Microscopic
bright field pictures of three spots were taken (AxioCam, Zeiss, Jena, Germany). Fucoidan (100 μg/mL)
was added to the wells. After 90% wound closure of the control, another picture was taken. To analyse
the wound healing capability of the cells, application was conducted in duplicates and three pictures
per well were taken. The gap size of the wound was measured with AxioVision Rel.4.8. (Zeiss, Jena,
Germany), and the percentage of coverage of the wound was evaluated. Complete coverage was
defined as 100%.

5.6. VEGF-ELISA

The supernatant of cell cultures was collected after 100 μM fucoidan incubation for up to three
days. In addition, for the cell lines OMM1 and OMM2.3, a dose-response curve after 24 h of incubation
was determined, investigating 1 μg/mL, 10 μg/mL, 100 μg/mL and 1 mg/mL fucoidan. VEGF-content
was measured by VEGF-ELISA (R&D Systems, Wiesbaden, Germany), following the manufacturer’s
instructions. The range of detection of the ELISA was between 15 pg/mL and 1046 pg/mL. The amount
of VEGF secreted was normalized to cell number. Cell number was assessed with a trypan blue
exclusion assay.

5.7. Angiogenesis Assay

Angiogenesis was evaluated in a direct co-culture system of UM cells and outgrowth
endothelial cells.

The isolation of outgrowth endothelial cells from peripheral blood was conducted as described
previously [49,50]. In brief, these cells were isolated from buffy coats by isolation of blood
mononuclear cells. Mononuclear cells were seeded onto collagen coated 24-well plates in a density of
5 × 106 cells/well in EGM-2 (Lonza, Basel, Switzerland) with full supplements from the kit, 5% FCS,
and 1% penicillin/streptomycin. After one week, adherent cells were collected by trypsin and reseeded
on collagen coated 24-well plates in a density of 0.6 × 106 cells/well. After 2–3 weeks, colonies of
endothelial cells (OEC) were harvested and further expanded over several passages using EGM-2 in a
splitting ratio of 1:2.

Co-culture assays were performed for one primary (92.1) and one metastatic (OMM2.3) melanoma
cell line. For co-cultures 100,000 cells/cm2 were seeded into fibronectin coated thermanox coverslips
in 24 well plates in their respective cell culture medium. On the next day outgrowth endothelial
cells (OEC) were added to the cultures in a density of 100,000 cells/cm2 to the respective uveal
melanoma cell line and co-cultures were further maintained for seven days in EGM-2 treated with
100 μg/mL fucoidan, respectively, or left untreated in control groups. After seven days, co-cultures
were fixed with 4% paraformaldehyde and outgrowth endothelial cells were immunostained for the
endothelial marker CD31. All cells are counterstained by Hoechst and pictures were taken with a
confocal laser scanning microscope (Zeiss LSM 510 Meta, Jena, Germany). Angiogenesis was evaluated
in comparison to untreated controls. For each group, at least three pictures were taken from two
technical replicates. These experiments and the picture analysis were performed with endothelial cells
from three different donors.
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5.8. Image Analysis

The microscopic images were analyzed using the image processing program ImageJ Vers. 1.47
and GIMP 2.8. The analysis of angiogenic structures was conducted as previously described [51].
In brief, tube-like structures were extracted from the background by automatic segmentation after
background correction. The binaries of the tube-like structures were further processed, including a
final manual correction. The resulting binaries were analyzed for the area and the length of tubular
structures. Additionally, the total area of fluorescence was assessed after automatic segmentation.

5.9. Cytotoxicity

Cells were plated on 24-well plates. H2O2 (Sigma-Aldrich, Munich, Germany) was applied in
order to induce oxidative stress mediated cytotoxicity. We have previously shown that uveal melanoma
cell lines show a cell-line specific susceptibility to oxidative stress [32]. Cytotoxicity was induced by
applying H2O2 in the respective concentration (92.1:250 μM, Mel270 and OMM1: 500 μM, OMM2.3
and OMM2.5:1000 μM). In order to evaluate a potential protective effect of fucoidan, confluent cells
were treated 30 min prior to oxidative insult with 100 μg/mL fucoidan. Cell viability was assessed
after 24 h of stimulation with a WST assay.

5.10. Whole Cell Lysate

After treatment of cells as indicated, whole cell lysates were prepared in an NP-40 buffer as
described previously [33]. In brief, cells were washed with PBS and NP-40 buffer (1% Nonidet®

P40 Substitute, 150 mM NaCl, 50 mM Tris, pH 8.0) was added. The lysates were kept on ice for
at least 30 min. Lysates were centrifuged at 13,000 rpm for 15 min and the supernatant harvested.
The protein concentration of the supernatant was determined by a BioRad protein assay (BioRad,
München, Germany) with bovine serum albumin (Fluka, Buchs, Switzerland) used as standard.

5.11. Western Blot

Western blot was conducted as described previously with modifications [52]. In brief, proteins
were separated in an SDS-PAGE, using 12% acrylamide gels. Gels were blotted on PVDF-membranes
(Carl Roth GmbH, Karlsruhe, Germany) and then blocked in 4% skim milk in Tris buffered saline with
0.1% Tween for 1 h at room temperature. The blot was treated with the first antibodies, beta-actin (#4967,
1:1000), Akt (#9272, 1:1000), ERK1/2 (#9102, 1:1000), p-ERK1/2 (#9101, 1:1000) (all Cell-Signaling
Technologies, CST, Denver, CO, USA; all rabbit), Bax (sc-20067, 1:1000) or Bcl-2 (sc-509, 1:1000) (all
Santa Cruz, Heidelberg, Germany, all mouse), respectively, in 2% skim milk in Tris buffered saline with
0.1% Tween overnight at 4 ◦C. After washing the blot, it was incubated with appropriate secondary
antibody (anti-rabbit (#7074) or anti-mouse (#7076) IgG, HRP-linked antibody (all Cell-Signaling)) in
2% skim milk in Tris-buffered saline with 0.1% Tween (Merck, Darmstadt, Germany). Following the
final wash, the blot was incubated with Immobilon chemiluminscence reagent (Merck), and the signal
was detected with MF-ChemiBis 1.6 (Biostep, Jahnsdorf, Germany). The density of the bands was
evaluated using Total lab software (Biostep) and the signal was normalized for ß-actin.

5.12. Statistics

Statistical analysis was performed with MS-Excel. Means ± standard deviation (sd) was calculated
for at least three independent sets of experiments. Significant differences between means were
calculated by t-test. A p-value of 0.05 or less was considered significant.
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Abstract: Three new cembrene diterpenoids, sarcoehrenbergilid A–C (1–3), along with four
known diterpenoids, sarcophine (4), (+)-7α,8β-dihydroxydeepoxysarcophine (5), sinulolide A (6),
and sinulolide B (7), and one steroid, sardisterol (8), were isolated and characterized from a solvent
extract of the Red Sea soft coral Sarcophyton ehrenbergi. Chemical structures were elucidated by NMR
and MS analyses with absolute stereochemistry determined by X-ray analysis. Since these isolated
cembrene diterpenes contained 10 or more carbons in a large flexible ring, conformer stabilities
were examined based on density functional theory calculations. Anti-proliferative activities for 1–8

were evaluated against three human tumor cell lines of different origins including the: lung (A549),
colon (Caco-2), and liver (HepG2). Sardisterol (8) was the most potent of the metabolites isolated
with an IC50 of 27.3 μM against the A549 cell line. Since an elevated human-cancer occurrence
is associated with an aberrant receptor function for the epidermal growth factor receptor (EGFR),
molecular docking studies were used to examine preferential metabolite interactions/binding and
probe the mode-of-action for metabolite-anti tumor activity.

Keywords: Sarcophyton ehrenbergi; soft coral; terpenes; cembranoids; cytotoxic activity; molecular docking

1. Introduction

Cembrane diterpenoids are a large and structurally diverse group of natural products isolated
from both terrestrial and marine organisms [1]. The 14-membered ring structure is biosynthetically
formed from the cyclization of the geranylgeraniol precursor between carbons 1 and 14. The cembranoid
diterpene, sarcophytol A, first isolated from the Okinawan soft coral Sarcophyton glaucum and found
to exhibit strong inhibitory activity against tumor promoters [2], led to the subsequent isolation of
hundreds of cytotoxic cembranoids from plant and marine sources [3]. Sarcophyton soft coral species
are characterized by the production of cembrene-type diterpenoids [4–10] and these cyclic diterpenes
usually exhibit cyclic ether, lactone, or furane moieties around the cembrane framework [11,12].
From a biomedical perspective, cembranoid diterpenes exhibit a diverse range of biological protection
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against tumors, inflammation, and fish toxins (ichthyotoxic), as well as microbial and/or viral
infections [4,5,13]. With cancer occurrence and mortality associated with cancer increasing in the
U.S. and around the world, the exploration of cytotoxic agents for improved cancer treatment via
chemotherapy is a global priority. In fact, the World Health Organization (WHO) estimates that
malignant neoplasms are ranked as the second leading cause of death globally. In 2012, 14.1 million
newly-diagnosed cancer cases were reported, with 8.2 million deaths directly associated with cancer;
these incidence and mortality numbers are estimated to increase by ca. 150% by 2030 [14,15].

In a continuing effort to characterize soft coral metabolites from the Red Sea with biological
activity [6–8], herein is reported three new cembrene diterpenoids, as well as known diterpenoids
and a polyoxygenated steroid isolated from Sarcophyton ehrenbergi. In this study, the anti-proliferative
potential of the isolated compounds against three human tumor cell lines were evaluated. To probe the
mode-of-action, molecular docking studies were performed with the epidermal growth factor receptor
(EGFR), a large family of transmembrane receptors that normally regulate key events associated with
cell growth, differentiation, and migration. An aberrant receptor function has been linked to elevated
cancer occurrence.

2. Results and Discussion

2.1. Identification and Structure Elucidation

As part of the continuing investigation for biologically active constituents from Egyptian Red
Sea costal soft corals [6–8,16], reported here is the chromatographic fractionation and purification of
a methylene chloride:methanol (1:1) extract from S. ehrenbergi (Figure 1).

Figure 1. Soft coral Sarcophyton ehrenbergi photographed in its native Red Sea habitat; the width of the
species shown is ca. 20 cm.

Compound 1 was obtained as white crystals with an optical rotation of [α]D25 −6.9 in CHCl3.
HRESIFTMS analysis showed a molecular ion peak at m/z 387.2142 [M + Na]+ (calcd. 364.2250),
corresponding to the molecular formula of C21H32O5. The IR spectrum showed characteristic bands at
3450 cm−1 (OH) and 1754 cm−1 (CO). The 1H NMR spectrum (Table 1) exhibited three oxygenated
protons at δH 5.50 (d; J = 10.10 Hz); δH 3.24 (d; J = 6.90 Hz); and δH 3.37 (m). Only one olefinic proton
at δH 4.94 d; J = 10.10 Hz was attributed to a tri-substituted double bond; four signals at δH 1.76 s,
1.86 s, 1.05 s, and 0.98 s were identified as methyls, in addition to one methyl of a methoxy group
at δH 3.13 s. Twenty one carbon signals were observed in the 13C NMR spectrum and classified by
DEPT analysis as five methyls (including one methyl of the methoxy group at δC 49.0), six methylenes,
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four methines, and six quaternary carbons (including the carbonyl group of the lactone ring δC 175.9
(Table 1)). The spectrum also revealed the presence of four olefinic carbon signals at δC 122.3, 164.3,
119.4, and 141.6; three oxymethine carbons at δC 81.0, 78.5, and 79.0; and one oxygenated quaternary
carbon of an epoxy at δC 78.3. The most oxygenated down-field carbon signal indicated the presence
of an ether linkage that was functionality confirmed by HRESIFTMS. These spectroscopic data were
consistent with a cembrene diterpenoid based on spectroscopic data reported for other Sarcophyton
species [4,13] (Figure 2). Six degrees of unsaturation were deduced, suggesting a tricyclic skeleton.
The correlation of the oxygenated proton at δH 5.50 (d; J = 10.10 Hz) with the olefinic signal at δH 4.94
(d, J = 10.10 Hz) in DQF-COSY, as well as with quaternary olefinic carbons at δC 141.6 and δC 164.3,
allowed the assignments of H-2, H-3, C-4, and C-1 of a cembrene diterpenoid, respectively [9,10].

Figure 2. Structures of metabolites 1–8.

The HMBC correlation of a methyl signal at δH 1.76 (s) with C-1 and a keto group at δC 175.9
allowed for the assignment of H-17 and C-16, respectively, and indicated the location of a lactone ring,
including C-1/C-2. The observed HMBC correlation between H-3 and an olefinic methyl signal at δC

17.0 and a methylene signal at δC 40.9 allowed for the assignment of H-18 (δH 1.86, s) and H-5 [δH 2.07,
t (J = 13.08)], respectively, which was confirmed by HMQC analysis. A doublet oxygenated methine
signal at δH 3.24 (J = 6.90) correlated with a methyelene multiplet at δH 2.44/2.14 in DQF-COSY
and C-5 in HMBC allowed for the assignment of H-7 and H2-6, respectively. Additionally, HMBC
correlations of the methyl singlet at δH 1.05 with H-7 and an oxygenated quaternary carbon atom at
δC 80.0, as well as the methyelene signal at δC 36.4, allowed for the assignment of H3-19 (δC 17.1),
C-8, and C-9, respectively. The oxygenated signal at δH 3.37 (m) was assigned to H-11 (δC 79.0) based
on an HMBC correlation with C-9 and a methyl signal at δC 17.6 (C-20). Correlations were observed
between δH 1.45 (m, H-13)/δH 1.95 (m, H-14) and C-20 in DQF-COSY and HMBC analyses, respectively
(Figure 3). The location of a characteristic methoxy group signal at δH 3.13 (δC 49.0) was confirmed to
be at C-8 via an HMBC correlation. The complete assignment of 1, as well as the ether linkage between
C-7/C-12 and the presence of the hydroxyl group at C-11, were established by NMR and HRESIFTMS
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data; structural confirmation including absolute configuration was established unambiguously using
the anomalous scattering of Cu Kα radiation with the Flack parameter [17,18] being refined to 0.09 (3)
(Figure 4).
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Figure 3. Selected 1H-1H COSY ( ) and HMBC ( ) correlations of 1–3.

The γ-lactone- (H-2) and olefinic-proton (H-3) vicinal coupling (10.10 Hz) established a cis
configuration [8]. The four methyl groups exhibited NOSEY correlations with alpha protons consistent
with the X-ray assignment of all methyl groups below the ring (e.g., CH3-17 with H-14a, CH3-18
with H-2, CH3-19 with H-6a/H-10a, and CH3-20 with H-10a) and absolute stereochemistry of 8R and
12S (Figure 5). NOSEY correlations between H-7 and H-5b, as well as H-11 and H-14b, were also
consistent with 7R and 11R configurations. From this consistent x-ray and NMR data, 1 was assigned as
2S,16:7R,12S-diepoxy-11α-hydroxy-8β-methoxy-16-keto-cembra-1E,3E-diene (sarcoehrenbergilid A).

Figure 4. ORTEP depictions of cembrenoid 1 with oxygens (O1–O5) labeled in red.
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Figure 5. NOESY correlations for 1–3.

Table 1. 1H and 13C NMR spectral data of 1–3 a.

No.
1 2 3

δH δC δH δC δH δC

1 —— 164.3 —— 164.6 —— 164.4
2 5.50 d (10.1) 81.0 5.49 dd (10.1; 1.8) 81.7 5.51 br d (10.3) 79.6
3 4.94 d (10.1) 119.4 4.99 d (10.1) 120.0 4.87 br d (10.3) 117.8
4 —— 141.6 —— 142.6 —— 146.0

5 2.07 t (13.1) 2.30 m 40.9 2.17 br t (13.1)
2.47 dd (10.1; 13.1) 38.8 2.09 br t (13.0)

2.41 br d (13.0) 40.3

6 2.14 dd (6.8), 1.44 m 27.6 1.66 m; 2.20 m 22.9 1.88 m; 1.58 m 24.9
7 3.24 d (6.9) 78.5 3.44 dd (11.6; 3.6) 69.7 3.01 br d (10.0) 86.8
8 —— 80.0 —— 73.6 —— 69.4
9 1.53 m; 1.91 m 36.4 1.60 m; 2.40 m 36.6 1.88 m; 2.41 br d (13.0) 39.9

10 1.79 m; 2.15 m 28.5 1.61 m; 1.90 m 19.9 1.71 br d (10.9)
1.51 br t (10.9) 23.1

11 3.37 m 79.0 3.37 br d (11.9) 85.1 3.30 br d (10.9) 78.5
12 —— 78.3 —— 70.1 —— 72.8

13 1.45 m; 2.37 m 34.6 1.59 m 1.78 dd
(12.5; 3.7) 31.2 1.41 td (13.0; 5.8)

1.78 br t (13.0; 2.0) 35.0

14 1.95 br t (12.2)
2.31 td (12.2, 7.0) 20.8 2.00 br t (12.8)

2.58 td (12.8; 7.0) 21.1 2.17 br t (13.0); 2.67 m 21.1

15 —— 122.3 —— 122.3 —— 122.5
16 —— 175.9 —— 176.0 —— 175.6
17 1.76 s 8.8 1.83 s 8.7 1.82 s 8.7
18 1.86 s 17.0 1.92 br s 16.7 1.85 br s 16.1
19 1.05 s 17.1 1.22 s 22.1 1.15 s 20.0
20 0.98 s 17.6 1.13 s 25.3 1.16 s 23.8
21 3.13 s 49.0

J values (Hz) are in parentheses; a Recorded in CDCl3 and obtained at 600 and 150 MHz for 1H and 13C
NMR, respectively.

Compound 2 was obtained as a white powder with an optical rotation of [α]D25 −3.7 (c 0.0027,
CHCl3). HRESIFTMS analysis showed a molecular ion peak at m/z 373.1986 [(M + Na)+] (calcd.
350.2093), implying six degrees of unsaturation. The IR spectrum exhibited characteristic bands
at 3447 cm−1 (OH) and 1747 cm−1 (CO). 13C NMR and DEPT spectral data (Table 1) showed 20
carbon resonances that distributed in the configuration of four methyls, six methylenes, four methines,
and six quaternary carbons. Chemical shift data indicated the same cembrenoid backbone, containing
diagnostic carbon signals associated with the lactone ring including a carbonyl signal C-16 (δC 175.6),
three olefinic carbons at C-15, C-1, C-3, and C-4 (δC 122.5, 164.4, 117.8, and 146.0, respectively),
and C-2 (δC 79.6). The spectra data closely matched a cemberene compound reported by Sawant et al.
in 2004 [19], except for a large down field carbon signal difference at C-12 compared with the previously
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published structure tertiary carbon, which had a methyl substitution (δC 38.0). Compound 2 was
proposed to contain a hydroxylated quaternary carbon at C-12 which would explain the downfield shift
to δC72.8 and a 16 AMU addition compared to the previously published compound [20]. The addition
of a hydroxyl group at C-12 was consistent with a H3-20 downfield shift from δH 0.88 to δH 1.16 and
a C-20 downfield shift from δC 17.2 to δC 23.8 without versus with a C-12 hydroxyl group. HMBC
correlations of H3-20 (δH 1.16 s) with C-12 (δC 72.8), C-11 (δC 78.5), and C-13 (δC 35.0) were also
consistent with the hydroxylation of C-12 (Figure 3).

Similar to 1, the γ-lactone- (H-2) and olefinic-proton (H-3) vicinal coupling (10 Hz) established
a cis configuration [8]. Also similar to 1, the NOSEY data for 2 showed a correlation between H-6b
and H-7, indicating that the epoxy ring at C-7 is below the ring while H-6a correlates with CH3-19,
establishing that the relative stereochemistry for the methyl is above the ring (Figure 5). H-7, which is
assumed to be in the beta position from the previous NOSEY correlation, also correlates with H-11,
indicating that the other epoxide ring attachment is in an alpha configuration. Finally, a NOSEY
correlation between H-10a and CH3-20 indicates that the methyl group is in an alpha orientation.
Thus, 2 was confirmed to be 2S,16: 7R,11R-diepoxy-8β,12β-dihydroxy-16-keto-cembra-1E,3E-diene
(sarcoehrenbergilid B).

Compound 3 was obtained as a white powder with a negative optical rotation of [α]D25 −6.6.
HRESIFTMS analysis exhibited a molecular ion peak at m/z 373.1985 [(M + Na)+] (calcd. 350.2093),
corresponding to the molecular formula C20H30O5 with six degrees of unsaturation. The IR spectrum
showed characteristic bands at 3445 cm−1 (OH) and 1747 cm−1 (CO). Twenty carbon resonances
were exhibited in the 13C NMR and DEPT spectrum (Table 1); four methyls, six methylenes, five
methines, and five quaternary carbons. The spectroscopic data of 3 are similar to a previously isolated
diterpenoid from S. trocheliophorum, trocheliophorol [21], except for the presence of a hydroxyl unit at
C-12 (δC 70.1) instead of an exomethylene. The location of the C-12 hydroxyl group was confirmed by
HMBC correlations with a methyl singlet H3-20 (δH 1.13 s); correlations were also observed between
H3-20 and δC 85.1 (C-11) and δC 31.2 (C-13) (Figure 3).

Similar to compounds 1 and 2, a γ-lactone- (H-2) and olefinic-proton (H-3) vicinal coupling
(10 Hz) established a cis configuration [8]. A NOESY correlation between H-6a with H-7 indicated
that the C-7 hydroxyl group is in a beta orientation and a H-6a correlation with CH3-19 indicated that
the methyl at C-8 is in an alpha configuration (Figure 5). A NOSEY correlation was also observed
between H-6a and CH3-20, indicating that the hydroxyl at C-12 is in the beta orientation. Finally,
a NOSEY correlation between CH3-20 and H-11 indicated that the epoxide connection at C-11 is the
same as C-8, both in alpha configurations. From the above spectral data, 3 was established as 2S,16:
8S,11S-diepoxy-7β,12α-dihydroxy-16-keto-cembra-1E,3E-diene (sarcoehrenbergilid C).

With the large flexible ring systems for compounds 1–3, many conformers are possible. To predict
the most stable form, molecular modeling calculations were performed to estimate the lowest energy
state. Conformation ensembles were generated using a MMFF94 molecular mechanics force field within
a 10 kJ/mol window, providing 101, 98, and 106 conforms for 1, 2, and 3, respectively. Each generated
conformer was subjected to energy-minimization at a B3LYP/6-31G* level of theory and thereafter,
the corresponding free energy was calculated on the optimized structure. The Boltzmann population
was estimated based on the calculated relative free energies for each conformer with respect to the
lowest free energy conformer at 298 K (Table S1). The lowest and next three higher free energy
conformers for 1–3 are shown (Figure 6). All conformations with populations higher than 1% are
shown in Figures S22–S24. The optical rotation of all conformations was theoretically calculated and
the results are summarized in Table S1. According to the calculated free energies and optical rotation,
the lowest compound conform free energy is in strong agreement with the elucidated structures
(Figure 6). For 2, the structure is more stable than a previously reported conformer (Figure S23, 2f) by
−7.4 kJ/mol.

81



Mar. Drugs 2017, 15, 192

In addition to the three new metabolites (1–3), four known compounds, sarcophine (4),
(+)-7α,8β-dihydroxydeepoxysarcophine (5) [6], sinulolide A (6), and B (7) [22], and one steroid,
sardisterol (8) [23], were identified from the coral extract (Figure 2).

Figure 6. Optimized confirmers for 1–3, as well as the next three higher free-energy conformers.

2.2. Anti-Proliferative Activity against Cancer Lines

Isolated compounds 1–8 were evaluated for their anti-proliferative activity against three human
tumor cell lines originating from the lung (A549), colon (Caco-2), and liver (HepG2) tissue based
on an MTT reduction assay. The treatment of a human lung tumor cell line revealed differential
anti-proliferative effects (Table 2). Among all tested compounds, sardisterol (8) had the most potent
effect on A549 cells with a concentration-dependent loss of cell proliferation compared to a DMSO
solvent control. Sardisterol was isolated for the first time from the marine soft coral S. digitatum [23].
To the best of our knowledge, this is the first report of anti-proliferative activity for 8 against tumor
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cells (Table 2 and Figure S25). The treatment of HepG2 cells with increasing concentrations of 1–8

revealed differential anti-proliferative potential (Table 2 and Figure S27). Compounds 3 and 8 showed
a moderate inhibition (IC50 = 53.8 and 56.8 μM, respectively). Compounds 1, 3, 5, 6, and 7 exhibited
IC50 values between 63.1 and 98.6 μM.

Table 2. IC50 values * of tested compounds against A549, Caco-2, and HepG2 cells.

Compound A549 IC50(μM) Caco-2 IC50(μM) HepG2 IC50(μM)

1 50.1 >100 98.6
2 76.4 >100 >100
3 50.8 >100 53.8
4 91.5 >100 >100
5 62.2 >100 79.3
6 37.0 79.2 70.2
7 43.6 99.2 63.1
8 27.3 >100 56.8

Doxorubicin HCl 0.62 1.40 2.10

* IC50 values were obtained by fitting the concentration-response curve to non-linear regression. model on GraphPad
®Prism software v 6.0.

2.3. Molecular Docking Studies

The epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor that is overexpressed
in many tumor cell types and reported as a cause for some non-small-cell lung carcinomas [24].
Based on the hypothesis that anti-proliferation activity with the A549 cell line is associated with EGFR
inhibition [25], receptor binding to an ATP binding site domain of EGFR kinase by isolated metabolites
was examined. Doxorubicin, a known effector molecule that binds to the ATP binding domain of
EGFR, was initially used as a positive control. The ability of 8 (the most active metabolite) and 4 (the
least active) were examined using molecular docking simulations. Simulations were conducted with
AutoDock 4.2 software with an initial assessment of docking done by comparing the docked pose of
the co-crystallized inhibitor ligand erlotinib with the experimental pose (PDB code: 1M17). To further
provide a predictive picture as to where the compounds are positioned in terms of direct interactions
with EGFR, docking scores for the newly isolated natural products are provided and two other
EGFR inhibitors, afatinib and gefitinib, as well as the positive control doxorubicin (Table S2). Per the
predicted binding poses, AutoDock accurately reproduced the crystal structure observed binding
modes of erlotinib, afatinib, and gefitinib (Figure 7a–c). To reveal the binding features and possible
interactions, compounds were subjected to molecular docking simulation followed by AMBER-based
molecular mechanical minimization and MM/GBSA binding energy calculations. The calculated
binding energies are in good agreement with experimental data, with a correlation coefficient R2 of
0.96 (Table S2, Figure S28). Per the minimized doxorubicin complex (Figure 7d), the highest potency of
doxorubicin (ΔGMM/GBSA = −54.72 kcal/mol) may be attributed to its ability to form five hydrogen
bonds with Lys721, Thr766, Met769, Thr830, and Asp831, with bond lengths of 1.92, 1.76, 1.82, 1.92,
and 1.94 Å, respectively. For 6–8, ligand-receptor interactions are stabilized by two hydrogen bonds
with the active site (Figure 7e–g), resulting in a stronger binding energy value of −41.18 kcal/mol
in the case of 8. For 4, the lower binding energy may be due to the formation of only one hydrogen
bond with the active site Lys721 (Figure 7h). Several van der Waals and hydrophobic interactions were
observed between the added marine ligand and amino acids in the active site including Leu865, Leu694,
and Val702. To assess the stability of the predicted ligand-receptor complex, a short molecular dynamics
simulation of 2.5 ns was performed for 8 in the complex with the EGFR receptor. The corresponding
hydrogen bond distance between 8 and a carboxylate oxygen atom of Asp776 was then measured and
averaged over the simulation time (Figure S29). According to the calculation, 8 can be considered
stable, with an average hydrogen bond length of 2.16 Å with Asp776.
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Figure 7. Crystal structure (in cyan) and predicted docking pose (in pink) of (a) erlotinib; (b) afatinib;
and (c) gefitinib; and AMBER-based minimized docked structures of (d) doxorubicin; (e) 8; (f) 7; (g) 6;
and (h) 4 with EGFR kinase domain (PDB code: 1M17).

3. Experimental Section

3.1. General Experimental Procedures

Specific rotation was measured with a JASCO P-2200 polarimeter (JASCO Corporation, Tokyo,
Japan) and the IR spectra were collected on a JASCO FT/IR-6300 spectrometer (JASCO Corporation,
Tokyo, Japan). HR-ESI-FT-MS was carried out using a Thermo Fisher Scientific LTQ Orbitrap XL mass
spectrometer (Waltham, MA, USA) at the Natural Science Center for Basic Research and Development
(N-BARD), Hiroshima University. The 1H (600 MHz) and 13C (150 MHz) NMR spectra were recorded
on a JEOL JNM-ECA 600 spectrometer (JEOL Ltd, Tokyo, Japan) with tetramethylsilane as an internal
standard. Purification was run on a Shimadzu HPLC system equipped with a RID-10A refractive
index detector and compound separation was performed on YMC-Pack ODS-A (YMC CO., LTD.,
Tokyo, Japan, 250 × 4.6 mm i.d., 5 μm) and (250 × 10 mm i.d., 5 μm) columns for analytical and
preparative separation, respectively. Chromatography separation included normal-phase Silica gel 60
(230–400 mesh, Merck, Darmstadt, Germany), which was used for column chromatography. Pre-coated
silica gel plates (Kieselgel 60 F254, 0.25 mm, Merck, Darmstadt, Germany) were used for TLC analyses.
Spots were visualized by heating after spraying with 10% H2SO4.

3.2. Animal Material

Soft coral Sarcophyton ehrenbergi was collected from the Egyptian Red Sea off the coast of
Hurghada in March 2015. The soft coral was identified by M Al-Hammady with a voucher specimen
(03RS27) deposited in the National Institute of Oceanography and Fisheries, marine biological station,
Hurghada, Egypt.

3.3. Extraction and Separation

Frozen soft coral (5.2 kg, total wet weight) was chopped into small pieces and extracted with
methylene chloride/methanol (1:1) at room temperature (5 L × 5 times). The combined extracts
were concentrated in vacuo to a brown gum. The dried material (218 g) was subjected to gravity
chromatography in a silica gel column (6 × 120 cm) eluting with n-hexane (3000 mL), followed by
a gradient of n-hexane-CH2Cl2 up to 100% CH2Cl2 and CH2Cl2–MeOH up to 50% MeOH (3000 mL each
of the solvent mixture). The n-hexane/CH2Cl2 (1:1) fraction (2.2 g) eluted with n-hexane/EtOAc (6:1)
was subjected to silica gel column separation. Fractions were obtained and combined into two main
sub-fractions, A and B, according to a TLC profile. Sub-fraction A 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), 4 (11.6 mg,
tR = 23 min), and 5 (11.6 mg, tR = 21 min). Sub-fraction B was re-purified by reversed-phase HPLC
using MeOH/H2O (3:2), 3.5 mL/min, to afford 2 (10 mg, tR = 28 min) and 3 (7.5 mg, tR = 29.5 min).
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The n-hexane/CH2Cl2 (1:2) fraction (1.4 g) was subjected to silica gel column chromatography eluted
by n-hexane/EtOAc (5:1) that afforded the main sub-fraction C. Sub-fraction C was re-purified by
reversed-phase HPLC using MeOH/H2O (1:1), 3 mL/min, to afford 6 (9.0 mg, tR = 31 min), 7 (11.2 mg,
tR = 32 min), and 8 (14.1 mg, tR = 37 min).

2S,16:7R,12S-Diepoxy-11α-hydroxy-8β-methoxy-16-keto-cembra-1E,3E-diene (Sarcoehrenbergilid A, 1): white
crystals; [α]D25 −6.9 (c 0.0023, CHCl3); FT-IR (KBr) νmax: 3450, 2933, 1745, 1455, and 1220 cm−1; 1H and
13C NMR data, see Table 1; HRESI-FTMS m/z 387.2142 [100, (M + Na)+]; (calcd. 364.2250, for C21H32O5).

2S,16:8S,11S-Diepoxy-7β,12α-dihydroxy-16-keto-cembra-1E,3E-diene (Sarcoehrenbergilid B, 2): white
powder; [α]D25 −6.6 (c 0.003, CHCl3); FT-IR (KBr) νmax: 3447, 2933, 1747, 1457, and 1219 cm−1;
1H and 13C NMR data, see Table 1; HRESI-FTMS m/z 373.1986 [100, (M + Na)+]; (calcd. 350.2093,
for C20H30O5).

2S,16:7R,11R-Diepoxy-8β,12β-dihydroxy-16-keto-cembra-1E,3E-diene (Sarcoehrenbergilid C,3): white
amorphous powder; [α]D25 −3.7 (c 0.0027, CHCl3); FT-IR (KBr) νmax: 3447, 2933, 1747, 1451,
and 1231 cm−1;1H and 13C NMR data, see Table 1; HRESI-FTMS m/z 373.1985 [100, (M + Na)+];
(calcd. 350.2093 for C20H30O5).

X-ray Crystallography Data

Data collection was performed with a Bruker SMART-APEX II ULTRA CCD area detector
with graphite monochromated Cu Kα radiation (λ = 1.54178 Å) at the Center for Analytical
Instrumentation, Chiba University, Japan. The structure was solved by direct methods using
SHELXS-97 [26]. Refinements were performed with SHELXL-2013 [27] using full-matrix least squares
on F2. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were placed in
idealized positions and refined as riding atoms isotropically. Crystal data: C21H32O5, M = 364.46,
monoclinic, crystal size, 0.30 × 0.30 × 0.10 mm3, Space group P21, Z = 2, crystal cell parameters
a = 5.74330 (10) Å, b = 16.8653 (3) Å, c = 10.2383 (2) Å, α = 90 ◦, β = 95.7012 (7) ◦, γ = 90 ◦, V = 986.80
(3) Å3, F(000) = 396, Dc = 1.227 Mg/m3, T = 173 K, 12540 reflections measured, 3480 independent
reflections [R(int) = 0.0216], final R indices [I > 2.0σ(I)], R1 = 0.0307, wR2 = 0.0844; final R indices (all
data), R1 value = 0.0308, wR2 = 0.0845, Flack parameter [24]: 0.09 (3). CCDC-1532555 contains the
supplementary crystallographic data for this paper. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk).

3.4. Cell Culture

All materials and reagents for the cell cultures were purchased from Lonza (Verviers, Belgium).
Human cancer cell lines of non-small cell lung adenocarcinoma (A549), colon adenocarcinoma (Caco-2),
and hepatocellular carcinoma (HepG2) (ATCC®) 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.

3.5. Cell Proliferation Assay

Anti-proloiferative studies were performed using a modified MTT (3-[4,5]-2,5-diphenyltetrazolium
bromide) assay based on a previously published method [28,29]. Appropriate cell densities of
exponentially growing A549, Caco-2, or HepG2 cells (5000–10000 cells/well) were seeded onto 96-well
plates. After a 24 h incubation period with 5% CO2 at 37 ◦C, stock test compounds (1–8) dissolved
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in dimethyl sulfoxide (DMSO) were added at concentrations of 100, 50, 25, 12.5, and 6.25 μM in
culture medium (final DMSO concentration in medium = 0.1%, by volume). After 48 h of incubation,
MTT solution in PBS (5 mg/mL) was added to each well, after which the incubation was resumed for
a further 90 min. The formation of intracellular formazan crystals (mitochondrial reduction product
of MTT) was confirmed by a phase contrast microscopic examination. At the end of the incubation
period, the medium was removed, and 100 μL of DMSO was added to each well to dissolve formed
formazan crystals with shacking for 10 min (200 rpm). Dissolved crystals were quantified by reading
the absorbance at 492 nm (OD) on a microplate reader (Sunrise™ microplate reader, Tecan Austria
Gmbh, Grödig, Austria) and were used as a measure of cell proliferation.

3.6. Anti-Proliferation Quantitative Analysis

Cell proliferation was determined by comparing the average OD values of the control wells with
those of the samples (quadrate to octuplet treatments), both represented as % proliferation [control
proliferation (0.1% DMSO only) = 100%]. The IC50 values (concentration of sample causing 50% loss
of cell proliferation of the vehicle control) were calculated using the concentration-response curve fit
to the non-linear regression model using GraphPad Prism® v6.0 software (GraphPad Software Inc.,
San Diego, CA, USA).

3.7. Computational Methodology

3.7.1. Density Functional Theory Calculations

The conformational structures for 1–3 were generated using Omega2 software (version 2.5.1.4,
OpenEye Scientific Software, Santa Fe, NM, USA) [30]. In the conformational search, the energy
window value was set to 10 kcal/mol and all stereogenic centers were considered; other parameters
were set to default. The geometry of each generated conform was then energetically optimized at the
B3LYP/6-31G* level of theory using Gaussian09 software (Revision E.01, Gaussian, Inc., Wallingford,
CT, USA) [31]. All optimized conformers were subjected to a vibrational frequency calculation to
confirm the minimum energy states and the corresponding free energies were obtained. The relative
Boltzmann population of each conformer was then valued at 298 K. Optical rotations were predicted
at the same level of theory.

3.7.2. Molecular Docking Studies

Molecular docking in the ATP binding site of EGFR kinase domain was performed using
AutoDock 4.2 software (version 4.2, The Scripps Research Institute, La Jolla, CA, USA) [32]. The crystal
structure of the EGFR kinase domain complexed with erlotinib (PDB code: 1M17 [33]) was taken as the
template for all docking calculations. Water molecules were deleted and all missing hydrogen atoms
were added based on the protonation state of the protein. The receptor pdbqt file was then prepared
according to AutoDock protocol [34]. The grid center was centered on an erlotinib inhibitor, and the
grid box size was set to 60 × 60 × 60 points with a grid spacing of 0.375 Å.

The number of Autodock GA runs was set to 50 and maximum number of energy evaluations
was set to 2,500,000. Other AutoDock parameters were set to their default values. 3D structures were
constructed and minimized using an MMFF94S force field with the help of SZYBKI software (version
1.9.0.3, OpenEye Scientific Software, Santa Fe, NM, USA) [35]; atomic charges were assigned using
a gasteiger method. Prior to the binding energy calculation, all docked complexes were minimized
using AMBER14 software (version 14, University of California, San Francisco, CA, USA) [36].
The studied compounds and receptor were described by the general AMBER force field (GAFF) [37]
and AMBER force field 14SB [38], respectively. The atomic partial charges of the studied inhibitors
were evaluated using the restrained electrostatic potential (RESP) approach at the HF/6-31G* level.
For minimization, the truncated Newton linear conjugate gradient method with LBFGS preconditioning
was used. The convergence criterion for the energy gradient was 10−9 kcal/mol·Å. A cutoff value
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of 999 Å and a generalized Born solvent model were used. On the basis of the minimized complex
structures, the binding energies were calculated using the molecular mechanical–generalized Born
surface area (MM-GBSA) approach.

The estimated MM-GBSA binding energies were correlated to experimental binding energies,
which were calculated based on A549 inhibitory constants using the following equation: ΔGexp = RT
ln(IC50), where IC50 in μM and T = 298.15 K. To assess the compound 8 stability inside the EGFR active
site, a short molecular mechanical simulation of an 8-EGFR complex was first performed using the
AMBER software. For the MD simulation, the complex was neutralized and solvated with TIP3P water
molecules. The complex was then energetically minimized, heated gradually over a period of 50 ps to
300 K, and equilibrated for 500 ps. The data were then collected over a 2.5 ns simulation with a time
step of 2 fs and the SHAKE option to constrain all bonds involving hydrogen atoms was used.

4. Conclusions

Three new (1–3) and five previously reported (4–8) terpenoids were isolated and chemically
characterized from the Red Sea soft coral S. ehrenbergi. The eight identified compounds exhibited
differential antiproliferative potential against three human cancer cell lines, with lung A549 cell being
the most sensitive to compound treatment. The present study establishes S. ehrenbergias as a new
source of sardistrol and a possible antiproliferative candidate against lung cancer. Molecular docking
studies are consistent with the binding of 8 to the EGFR kinase domain and the inhibition of cell
growth. Molecular docking studies supported high inhibitory activity for 8 versus 6 or 7 with the
EGFR kinase domain.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/6/192/s1,
Figures S1–S29: HR-ESI-MS, 1D, and 2D NMR spectra of compounds 1–3, Table S1: Conformer relative free
energies with respect to the most stable form, Table S2: Calculated auto-dock and MM/GBSA binding energies
(ΔG) for the most and least active compounds complexed with the EGFR kinase domain.
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Abstract: The 6-epimer of the plakortide H acid (1), along with the endoperoxides plakortide E (2),
plakortin (3), and dihydroplakortin (4) have been isolated from a sample of the Caribbean
sponge Plakortis halichondrioides. To perform a comparative study on the cytotoxicity towards the
drug-sensitive leukemia CCRF-CEM cell line and its multi-drug resistant subline CEM/ADR5000,
the acid of plakortin, namely plakortic acid (5), as well as the esters plakortide E methyl ester (6)
and 6-epi-plakortide H (7) were synthesized by hydrolysis and Steglich esterification, respectively.
The data obtained showed that the acids (1, 2, 5) exhibited potent cytotoxicity towards both cell lines,
whereas the esters showed no activity (6, 7) or weaker activity (3, 4) compared to their corresponding
acids. Plakortic acid (5) was the most promising derivative with half maximal inhibitory concentration
(IC50) values of ca. 0.20 μM for both cell lines.

Keywords: Caribbean sponge; plakortide; endoperoxide; leukemia; multi-drug resistant
leukemia; cytotoxicity

1. Introduction

Marine organisms are excellent sources of novel skeletons ranging from small terpene
molecules [1,2], mixed polyketide-peptide biogenesis [3,4], to more complex carbohydrate-based
scaffolds [5,6]. Many of these novel skeletons [7] have been tested for their possible role as
lead compounds in the search for new drugs for various diseases. Among the different classes,
endoperoxides such as the famous artemisinin from Artemisia annua L. are well-known for their
bioactivity. The Chinese scientist Youyou Tu isolated artemisinin and described its antimalarial
activity in the 1970s. She was honoured with the Nobel Prize for Physiology or Medicine in 2015 [8].
Artemisinin and its derivatives are also active against various cancer cell lines, especially against
leukemia and colon cancer [9,10]. The first long-term treatment of cancer patients with artesunate in
combination with standard chemotherapy has been described [11]. In 2009, the combined effects of
artesunate and rituximab on malignant B-cells were reported [12]. Clinical pilot phase I/II trials in
veterinary tumors and human cancer patients demonstrated that the artemisinin derivative artesunate
possesses clinical anticancer activity at tolerable side effects [13–15]. It can be speculated that not only
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artemisinin-type drugs, but also other endoperoxides may reveal anticancer activity. This hypothesis
is substantiated by reports on the cytotoxicity of natural and synthetic endoperoxides towards tumor
cell lines [16–25]. Endoperoxides are, therefore, worth investigating to unravel their full potential
as anticancer drug leads. The Caribbean sponge Plakortis halichondrioides produces endoperoxides
which were assumed to be synthesized by the polyketide pathway [26,27]. Similar to artesunate, these
metabolites did not only display antimalarial activity, but also cytotoxic activity against several tumor
cell lines [28–30]. From a sample of this sponge, we isolated plakortide E (2, Figure 1) and found that it
was also active against trypanosomes [31]. Here, we report the cytotoxicity towards the drug-sensitive
leukemia CCRF-CEM cell line (human Caucasian acute lymphoblastic leukemia, childhood T acute
lymphoblastic leukemia) and its multi-drug resistant subline CEM/ADR5000 (multi-drug resistant
CCRF cell line) (Table 2), of seven derivatives (Figure 1): the 6-epimer of the plakortide H acid (1) [32,33]
along with the endoperoxides plakortide E (2), plakortin (3) [34–36], and dihydroplakortin (4) [36,37]
that have been isolated from a sample of the Caribbean sponge Plakortis halichondrioides. In addition,
the acid of plakortin, namely plakortic acid (5) [38,39], as well as the esters plakortide E methyl ester
(6) [40,41] and the ester 6-epi-plakortide H (7) were synthesized by hydrolysis (plakortic acid) and
Steglich esterification (plakortide E methyl ester and 6-epi-plakortide H), respectively, to perform a
comparative study. There are some discrepancies within the literature concerning the nomenclature
of plakortides and their esters: According to reference [22] plakortide I is the acid of the methyl ester
plakortide H. Also reference [27] and the reference [32] term the methyl ester plakortide H. In contrast,
the reference [38] describes plakortide H as the respective acid and plakortide I as its 11,12-dihydro
derivative. In the present manuscript, we refer to plakortide H as the methyl ester, and accordingly
compound 1 is the 6-epimer of plakortide H acid, and compound 7 the 6-epimer of plakortide H.
There are also discrepancies concerning the structure of plakortic acid: According to reference [20] the
natural compound named plakortic acid is rather an epoxide than an endoperoxide. Reference [38] in
contrast assigns the structure of the acid of plakortin to plakortic acid. In the present manuscript, we
refer to plakortic acid 5 as the acid of plakortin 3.

Figure 1. Structures of natural (1, 2, 3, 4) and semi-synthetic (5, 6, 7) endoperoxides from a sample
of the sponge Plakortis halichondrioides: 6-epi-plakortide H acid (1), plakortide E (2), plakortin (3),
dihydroplakortin (4), plakortic acid (5), plakortide E methyl ester (6), and 6-epi-plakortide H (7).

2. Results

2.1. Isolation, Semi-Syntheses, and Identification of 6-Epi-Plakortide H Acid (1) and Its Methyl Ester
6-Epi-Plakortide H (7)

A sample of the sponge Plakortis halichondrioides, order Homosclerophorida, family Plakinidae,
(640 g freeze-dried) was collected via scuba diving along the coast of Inagua Island (GPS coordinates
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21◦10.7684’ N 73◦9.1608’ W) on 7 July 2013 at a depth of 30 m. After collection, the sample
was unambiguously identified on board using a web-based photographic and taxonomic key [42].
The sample was immediately frozen and stored. A voucher sample with the reference no. 13/7/13
has been deposited at the Dipartimento di Farmacia, Università degli Studi Napoli “Federico II”.
For this study, the sponge tissue was cut into small pieces, lyophilized, and then sequentially extracted
with cyclohexane, methylene chloride, and methanol solvents. The crude methylene chloride extract
was subjected to column chromatography using a gradient solvent system starting with cyclohexane
and changing gradually to methylene chloride, chloroform, and finally to methanol. Based upon
thin layer chromatography (TLC) analysis the fractions were combined to yield six fractions I–VI
(I-3.2 g, II-5.1 g, III-2.8 g, IV-4.3 g, V-6.9 g, VI-7.5 g). The fraction IV was subjected to preparative
reversed-phase high performance liquid chromatography (RP-HPLC) chromatography to yield a
fraction (termed 1mix, 0.5005 g), which was identified as a mixture of several acidic compounds.
The fraction was converted into an ester mixture (termed 7mix) using the Steglich esterification
procedure with methanol, dicyclohexylcarbodiimide (DCC), and 4-dimethylamino pyridine (DMAP).
Then, the mixture of esters was purified using preparative RP-HPLC to yield a pure methyl ester (7),
which eluted at 14 min as a pale yellow viscous oil. The ester which was later on identified as the
methyl ester derivative of the 6-epi-plakortide H acid was hydrolyzed in THF/water (4:1; 10 mL) with
LiOH (3 eq.). The residue obtained after acidic workup was further purified via preparative RP-HPLC
to yield the pure acid (1). The structure of the compound was analyzed by 1H, 13C, correlation
spectroscopy (COSY), and nuclear Overhauser exchange spectroscopy (NOESY) nuclear magnetic
resonance (NMR) spectroscopy and mass spectrometry and, according to the literature [29,33] and
NOESY data, the pure acid was identified as a diastereomer of plakortide H acid, namely the 6-epimer.
In fact, the NOESY data and coupling constants are in agreement with those found for plakortides
M and N [29] and are in agreement with the literature [33] and thus, the same configuration was
also assumed for the isolated compound, namely the (R)-configuration at the 6-position and the
(R)-configuration at the carbon atom 10 [33]. For coupling of H-3 (equatorial, eq.) and H-4(axial, ax.)
a constant of J = 5.2 Hz was found. NOESY correlations (Figure 2) were observed between H-2 and
H-5b(ax.), H-3(eq.) and H-4(ax.), H-4(ax.) and H-5a(eq.), H-4(ax.) and H-7, H5a(eq.) and H-7, and
H-5b(ax.) and H-15 (Figure 2). This is only possible with an equatorial position of the ethyl moiety
(i.e., (R)-configuration) at C-6. Thus, the absolute configuration was assigned as (6R,10R). NMR data
for compound (1) are reported in Table 1, and the NMR data of methyl ester (7) are reported in the
Supplementary Materials.

Figure 2. Selected nuclear Overhauser effect (NOE) correlations observed for 6-epi-plakortide H acid
(1, R = H) and the methyl ester 6-epi-plakortide H (7, R = CH3).
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Table 1. 1H Nuclear magnetic resonance NMR (600 MHz), 13C NMR (150 MHz), and nuclear
Overhauser exchange spectroscopy (NOESY) spectral data for 6-epi-plakortide H acid (1) in CDCl3.

Position δC Mult δH Mult J in Hz NOESY

1 177.06 C

2 31.31 CH2
3.07 (2a) dd 15.9, 9.6 2b, 5b
2.41 (2b) dd 15.9, 3.4 2a, 2b, 17

3 78.64 CH 4.44 ddd 3.3, 5.2, 9.5 2a, 2b, 4
4 35.37 CH 2.09 a 3, 5a, 7

5 35.52 CH2
1.61 a (5a) m 4, 7, 5b
1.26 a (5b) 2a, 2b, 5a, 15

6 84.49 C
7 127.13 CH 5.12 s 4, 5a, 9b
8 137.58 C
9 47.60 CH2 2.06 a–1.94 a 7

10 42.60 CH 2.02 a

11 133.14 CH 5.09 dd 15.1
12 131.89 CH 5.35 dt 15.1, 6.2, 6.2
13 25.77 CH2 1.97 a

14 14.15 CH3 0.98 t 7.4
15 32.58 CH2 1.55 m 5b
16 7.78 CH3 0.86 t 7.4
17 25.12 CH2 1.16 a 2b
18 11.12 CH3 0.92 t 7.6

19 28.05 CH2
1.39

1.17 a m
20 11.78 CH3 0.84 t 7.4
21 17.04 CH3 1.70 s

Chemical shift values are in ppm relative to the residual peaks of CDCl3 at 7.26 ppm (1H), and 77.16 ppm (13C).
Spectra were recorded at 25 ◦C. a Overlap with other signals. For the methyl ester 7, the same NOE correlations
were found.

2.2. Isolation and Identification of Plakortide E (2), Plakortin (3), and Dihydroplakortin (4)

The crude cyclohexane extract was subjected to chromatography on silica gel using the isocratic
solvent cyclohexane/methylene chloride/methanol/formic acid (2:1:1:0.5). Based on TLC analysis,
the eluted fractions were combined to yield five fractions, named I–V (I-1.405 g, II-1.77 g, III-7.18 g,
IV-3.45 g, V-1.07 g). Fraction III was subjected to column chromatography on silica gel using a gradient
solvent system starting with cyclohexane/methylene dichloride 90:10 and successively changing
to chloroform/methanol 10:90 providing seven sub-fractions, named A–G (A-0.532 g, B-0.6912 g,
C-0.8149 g, D-1.063 g, E-0.1401 g, F-2.8811 g, G-0.2108 g). Sub-fraction E was purified by preparative
RP-HPLC (Phenomenex Hyperclone 5 μ) using the mobile phase methanol/water 70:30 containing
0.1% formic acid (flow 8 mL/min). Plakortide E (2) (Figure 1) eluted at a retention time of 40 min.
The NMR (1H, 13C, 2D NMR) and mass spectrometry (MS) data and the optical rotation were in
agreement with those reported previously [31]. Subfraction D was purified by preparative RP-HPLC
(Phenomenex Hyperclone 5 μ) using methanol/acetonitrile/water 73:6:21 containing 0.1% formic acid
as the mobile phase (flow 9 mL/min). Plakortin (3) eluted at a retention time of 18 min. The structure
of the compound was analyzed by NMR spectroscopy and mass spectrometry, and according to
literature data [28,34,36], the compound was identified as plakortin. Sub-fraction C was purified by
semi-preparative RP-HPLC (Phenomenex Hyperclone 5 μ) using acetonitrile/water 60:30 containing
0.1% formic acid as the mobile phase (flow 2 mL/min). Dihydroplakortin (4) eluted at a retention time
of 41 min. The structure of the compound was elucidated by NMR spectroscopy, mass spectrometry,
and optical rotation, and was assigned according to the literature data [37] as dihydroplakortin.
The NMR data of the compounds are presented in the Supplementary Materials.
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2.3. Semi-Synthesis of Plakortic Acid (5) and Plakortide E Methyl Ester (6)

Plakortin (3) was converted into its acid, plakortic acid (5), by hydrolysis with LiOH (3 eq.) in
THF/water (4:1). After acidic work-up, the residue was further purified via preparative RP-HPLC.
The structure of the compound was analyzed by NMR spectroscopy, mass spectrometry, and optical
rotation, and, according to the literature data [39], the compound was identified as plakortic acid.
Plakortide E (2) was converted into its ester (6) via Steglich esterification with methanol, DCC, and
DMAP. The raw product was further purified via preparative RP-HPLC. The NMR data were in
agreement with the literature data [40,41]. The NMR data of the compounds are reported in the
Supplementary Materials.

2.4. Cytotoxicity Assay

Drug-sensitive leukemia CCRF-CEM cells and its multi-drug resistant (MDR) subline
CEM/ADR5000 were used to test the cytotoxicity of endoperoxides 1–7. The resazurin reduction
assay [43] was performed to determine the cytotoxicity of the seven compounds in a concentration
range of 0.001 to 10 μg/mL as previously described [44–48]. Cytotoxicity of established cytostatic
drugs against sensitive and multi-drug resistant leukemia cell lines was previously reported by our
group (Table 2) [49]. The IC50 values were determined from dose response curves and resistance ratios
were calculated by dividing the IC50 of resistant cells by the IC50 of the corresponding parental cells.
A degree of resistance >1 indicated that the compound kills the parental cells more effectively than the
MDR cells, indicating cross-resistance, while a degree of resistance <1 indicates that the drug kills the
MDR cells more effectively, indicating hypersensitivity (collateral sensitivity). The results are shown
in Table 2.

Table 2. Cytotoxicity of endoperoxides 1–7 and reference drugs against sensitive and multi-drug
resistant leukemia cell lines.

Compound CCRF-CEM IC50 [μM] CEM/ADR5000 IC50 [μM] Resistance Ratio

6-epi-Plakortide H acid (1) 0.18 ± 0.003 0.36 ± 0.01 2.00
Plakortide E (2) 1.90 ± 0.09 4.30 ± 0.1 2.26

Plakortin (3) 1.97 ± 0.06 2.26 ± 0.08 1.15
Dihydroplakortin (4) 1.13 ± 0.11 1.85 ± 0.13 1.64

Plakortic acid (5) 0.19 ± 0.004 0.24 ± 0.009 1.26
Plakortide E methyl ester (6) NI 1 NI 1 N/A

6-epi-Plakortide H (7) NI 1 NI 1 N/A
Doxorubicin * 0.012 ± 0.002 12.2 ± 54.2 1,036
Epirubicin * 0.022 ± 0.003 10.50 ± 3.90 484
Vincristine * 0.002 ± 0.0001 1.04 ± 0.15 613
Docetaxel * 0.0004 ± 0.0001 0.18 ± 0.02 438
Paclitaxel * 0.004 ± 0.0004 0.741 ± 0.137 200

1 NI, no inhibition at 27 μM; * data taken from reference [49].

3. Discussion

The most obvious structure-activity relationship (SAR) concerns the esters 6, 7, and their acid
counterparts 2 and 1: the free acids possessed cytotoxic activity at micromolar concentrations, while
the relevant esters were inactive. Similarly, plakortic acid (5) was more potent (about 10-fold) than
its natural ester plakortin (3). Moreover, the side chain did not have any influence on the cytotoxicity
(compare 1 and 5). In contrast, the size of the endoperoxide ring (five-membered vs. six-membered)
was important, with the six-membered 6-epi-plakortide H acid (1) being 10-fold more active than the
five-membered endoperoxide plakortide E (2) with the same side chain. Plakortide E (2) and its methyl
ester (6) also possess a double bond activated by an electron-withdrawing substituent (acid or ester)
for nucleophilic attack [50], which might also contribute to cytotoxicity. However, the data did not
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support this assumption, since the methyl ester of plakortide E (6) which also contains the activated
double bond was inactive.

The inactivity or lower activity of the ester derivatives compared to their acid counterparts was
in line with previous findings. For the plakortide H acid and its methyl ester, high cytotoxic effects
(IC50 <0.7 μg/mL) and inactivity (>100 μg/mL), respectively, were found against the cell lines NIH3T3
(mouse embryo fibroblast), SSVNIH3T3 (Simian sarcoma virus-transformed NIH3T3), and KA3IT
(virally transformed NIH3T3) [28]. Cytotoxic activity against tumor cells (including CCRF-CEM) was
also reported for the acids plakortide M and N [29]. On the other hand, plakortide F as the methyl
ester with a six-membered endoperoxide structure showed some activity against cancer cell lines [51].
Taking into account the facile hydrolysis of methyl esters in vivo but also within cells, the question
arises whether the cytotoxic activity of these esters could be attributed at least in part to their acid
forms. For the activity in vivo, the methyl esters might be more favourable due to better membrane
permeability properties and oral availability compared to the acids. Furthermore, they may act as
typical ester pro-drugs.

The degree of resistance of the seven compounds was >1 in all cases, i.e., compounds were
more effective against the sensitive cells than against the resistant cells. Plakortic acid (5), with
comparable IC50 values for both cell lines (0.19 μM and 0.24 μM for the sensitive and resistant cells,
respectively) seems to be the most promising derivative, since it was highly potent and the resistance
ratio was still around 1. However, owing to the fact that CEM/ADR5000 reveal high degrees of
cross-resistance (in the range of hundreds to thousands) to standard drugs such as doxorubicin,
daunorubicin, vincristine, vinblastine, paclitaxel, docetaxel, and others (Table 2) [49], it is well justified
that compounds with degrees of resistance below or around two can be considered as being active
against multidrug-resistant cells. In light of better pharmacokinetic properties, the ester derivative
plakortin (3), which is not as active but displays a similar resistance ratio, may even be the better
candidate for further evaluation.

In summary, we present the cytotoxic properties of several plakortide acids and esters. The SAR
studies confirmed that the cytotoxic activity is related to the peroxide function as previously shown [52].
In addition, we found that it is also related to the chemical properties of the acid group, versus the
ester. Further evaluations will therefore address this question in more detail.

4. Materials and Methods

General Experimental Procedures. Optical rotations were measured with a Krüss Optronic
GmbH polarimeter (Hamburg, Germany). 1H spectral data were generated with a Bruker Fourier
300 (300 MHz) and Bruker Avance III 600 (600 MHz, 5 mm TCI-CryoProbe with z-gradient and
ATM, SampleXPress Lite 16 sample changer) FT-NMR spectrometer (Karlsruhe, Germany), and
the 13C spectral data, COSY, NOESY, DEPT (distortionless enhancement by polarization transfer,
HMQC (heteronuclear multiple-quantum correlation), and HMBC (heteronuclear multiple bond
correlation) experiments were measured with the 600 MHz Bruker Avance III 600 FT-NMR spectrometer
(Karlsruhe, Germany). MS were carried out with a Bruker micrOTOF 88 mass spectrometer
(Bremen, Germany) and a LC/MSD-Trap-Mass spectrometer (Agilent Technologies, LC/MSD Ion
Trap, Waldbronn, Germany). Column chromatography was performed on silica gel (0.063–0.200 mm
mesh, Merck, Darmstadt, Germany). TLC analyses were carried out using pre-coated silica gel 60
F254 plates (0.20 mm, Merck), and spots were visualized using vanillin spray reagent. DCC, DMAP,
and reagents were purchased from Sigma-Aldrich (Munich, Germany) or Fluka (Munich, Germany).
Solvents were purchased from Roth (Karlsruhe, Germany) or Merck. High performance liquid
chromatography was performed on a Varian ProStar analytical/preparative HPLC Linear Upscale
system (0.05–50 mL/min at 275 bar pressure with scale-mast), a preparative autosampler and a
2-channel UV detector (Waldbronn, Germany). The detection wavelengths were 254 nm and 230 nm.
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4.1. 6-Epi-plakortide H acid (1), [[(3S,4S,6R)-4,6-Diethyl-6-((1E,5E)-4-(R)-ethyl-2-methyl-octa-1,5-
dienyl)-[1,2]dioxan-3-yl]-acetic acid]

The methyl ester (7) was hydrolysed using the method described below for plakortic acid (5).
The residue was purified using preparative RP-HPLC. Yellow viscous oil (4.1 mg); [α]23

D = −157.84
(c 0.0037, CHCl3) (reference [33] reports [α]20

D = −145 (c 1.1, CHCl3)); ESI-MS: m/z 375.25 [M + Na]+,
calcd. for C21H36O4, 352.51. NMR data are reported in Table 1; since they were found to be identical to
those described in reference [33], the compound was identified as the 6-epimer of plakortide H acid.

Plakortide E (2): 18 mg; the [α]23
D , 1H and 13C NMR, and MS data were identical in all respects to those

previously reported in the literature [31].

Plakortin (3): pale yellow coloured oil (49.8 mg); [α]23
D = +154.93 (c 0.0075, CHCl3); [53] (see in the

reference [α]20
D = +189 (c 2.9, CHCl3)) LC-MS: m/z 334.6 [M + Na]+, calcd. for C18H32O4 m/z 312.44; 1H

and 13C NMR data were identical in all respects to those previously reported in the literature [28,34,35].

Dihydroplakortin (4): colourless oil (1.8 mg); ESI-MS: m/z 337.20 [M + Na]+, calcd. for C18H34O4 m/z
314.46; the optical rotation [53] (see in the reference [α]20

D = +49 (c 0.002, CHCl3)) was not determined
due to insufficient quantity of the substance. 1H and 13C NMR data were identical in all respects to
those previously reported in the literature [37].

Plakortic acid (5): Plakortin (3) was converted into its acid, plakortic acid, by hydrolysis. To a solution
of plakortin (43.2 mg, 0.138 mmol) in THF/H2O (4:1; 10 mL), LiOH (17.4 mg, 3 eq.) was added at
0 ◦C. The reaction mixture was allowed to warm to room temperature and allowed to stir for 24 h.
The reaction was monitored using TLC until the starting material disappeared. Then the reaction
mixture was acidified to pH 2 with 10% aqueous HCl and extracted with ether (3 × 10 mL). The
combined extracts were washed with NaCl solution (15 mL) and dried over anhydrous Na2SO4. The
residue was further purified via preparative RP-HPLC. Colourless oil (4.1 mg), [α]23

D = +109 (c 0.002,
CHCl3); LC-MS: m/z 321.2 [M + Na]+, calcd. for C17H30O4 m/z 298.42. 1H and 13C NMR data were
identical in all respects to those previously reported in the literature [39].

Plakortide E methyl ester (6): Plakortide E (2) was converted into its ester form via Steglich esterification.
To a solution of plakortide E (9.6 mg, 0.0274 mmol in dichloromethane at 0 ◦C), methanol (0.88 mL,
0.4314 mmol, 1.0 eq.) was first added; then, 1.05 eq. DCC (6.01 mg, 0.0291 mmol) and 0.1 eq. DMAP
(0.5 mg, 0.0041 mmol) were added. The reaction mixture was stirred for 1 h at 0 ◦C and then at
room temperature for 24 h. The colourless solid by-product N,N′-dicyclohexylurea was filtered off
and the organic phase was washed with half-saturated solutions of ammonium chloride, sodium
bicarbonate, and sodium chloride. It was then dried over sodium sulphate, filtered off, and the
organic phase was removed in vacuo. The raw product was further purified via preparative RP-HPLC
(Phenomenex Hyperclone 5 μ) using methanol/acetonitrile/water 85:6:9 containing 0.1% formic acid
(flow 9 mL/min). Plakortide E methyl ester eluted at 14 min. Colourless viscous oil (3.2 mg, 33%);
[α]23

D = +74.1 (c 0.00305, CHCl3); LC-MS: m/z 403.9 [M + K]+, calcd. for C22H36O4 m/z 364.52. 1H and
13C NMR data were identical in all respects to those previously reported in the literature [40,41].

6-Epi-Plakortide H (7): The fraction containing several acids (1mix) was converted into an ester mixture
(7mix) using the Steglich esterification procedure as described above for plakortide E methyl ester
(6). Then, the mixture was purified using preparative RP-HPLC to yield the pure ester (7) which
eluted at 14 min. Pale yellow viscous oil (6.6 mg), [α]23

D = −107.14 (c 0.0028, CHCl3) [53] (see in
the reference plakortide H methyl ester, [α]20

D = +5.5 (c 2.9, CHCl3), 4-epi-plakortide H methyl ester
[α]20

D = +19 (c 0.13, CHCl3)). LC-MS: m/z 389.1 [M + Na]+, calcd. for C22H38O4 m/z 366.53. The absolute
configuration was assigned as 6R, 10R in analogy with that of the 6-epi-plakortide H acid (1).
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4.2. Cytotoxicity Assays

The origin and the maintenance of the cell lines were reported previously [45–47]. The resazurin
reduction assay [43] was performed to determine the cytotoxicity of the seven compounds in a
concentration range of 0.001 to 10 μg/mL as previously described [47,48].

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/3/63/s1,
Table S1: NMR data of plakortin (3); Table S2: Dihydroplakortin (4); Table S3: Plakortic acid (5); Table S4:
Plakortide E methyl ester (6); Table S5: 6-epi-Plakortide H (methyl ester) (7); Figure S1: Structures of natural
(1, 2, 3, 4) and semi-synthetic (5, 6, 7) endoperoxides from a sample of the sponge Plakortis halichondrioides:
6-epi-plakortide H acid (1), plakortide E (2), plakortin (3), dihydroplakortin (4), plakortic acid (5), plakortide E
methyl ester (6), and 6-epi-plakortide H (7).
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Abstract: Four new compounds (1–4), including two brevianamides and two mycochromenic acid
derivatives along with six known compounds were isolated from the deep-sea-derived fungus
Penicillium brevicompactum DFFSCS025. Their structures were elucidated by spectroscopic analysis.
Moreover, the absolute configurations of 1 and 2 were determined by quantum chemical calculations
of the electronic circular dichroism (ECD) spectra. Compound 9 showed moderate cytotoxicity
against human colon cancer HCT116 cell line with IC50 value of 15.6 μM. In addition, 3 and 5 had
significant antifouling activity against Bugula neritina larval settlement with EC50 values of 13.7 and
22.6 μM, respectively. The NMR data of 6, 8, and 9 were assigned for the first time.

Keywords: Penicillium brevicompactum; Brevianamide; Mycochromenic acid derivative;
cytotoxicity; antifouling

1. Introduction

Deep-sea-derived microorganisms are new potential resources for discovery of bioactive
secondary metabolites [1–3]. In our ongoing search for active compounds from marine fungi, four
brevianamides and five mycochromenic acid derivatives were obtained from the deep-sea-derived
fungus Penicillium brevicompactum DFFSCS025. Brevianamides, a class of indole alkaloids, were isolated
from P. brevicompactum in 1969 for the first time [4]. Their unique bicyclo[2.2.2]diazaoctane skeleton and
multiple bio-activities were attractive to scientists. Most of them exhibited anti-bacterial, anti-insect
pests and antitubercular potentials [5,6]. Several brevianamides have been totally synthesized [7–9].
Mycophenolic acid, a phenyl derivative, was found from Penicillium sp. in 1893 for the first time [10].
It was an inhibitor of human inosine 5′-monophosphate dehydrogenase (IMPDH), a target for
immunosuppressive chemotherapy [11]. Mycophenolic acid and its derivative mycophenolate mofetil
have been used as immunosuppressant drugs in the management of auto-immune disorders since the
1990s [12]. Because of instrument limitations, some brevianamides and mycophenolate acid derivatives
are short of reliable spectral data including NMR data [4,10,13]. Herein, we describe the separation,
structure elucidation, and bioactivities of Compounds 1–10 (Figure 1). The NMR data of 6, 8, and 9

were assigned for the first time.
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Figure 1. Structures of Compounds 1–10.

2. Results and Discussion

The deep-sea-derived fungal stain DFFSCS025 was inoculated in liquid medium and fermented
in standing situation for 32 days at 28 ◦C. The culture broths were absorbed with XAD-16 resin;
meanwhile, mycelium portions were extracted with 80% acetone. The combined extract (24 g from 30 L)
was subjected to silica gel column, ODS column, Sephadex LH-20, and purified with semi-preparation
HPLC to yield Compounds 1–10.

Brevianamide X (1) was obtained as yellowish powder. Its molecular formula of C21H23N3O3

was established by HRESIMS (m/z 366.1810 [M + H]+). The 1H NMR spectrum (Table 1) revealed
the presence of two methyls at δH 0.72 (3H, s) and 0.74 (3H, s), four aromatic protons at δH 6.83
(1H, d, J = 7.6 Hz), 6.98 (1H, td, J = 0.8, 7.6, 7.6 Hz), 7.20 (1H, td, J = 0.9, 7.6, 7.6 Hz), 7.23 (1H, d,
J = 7.5 Hz), and two exchangeable protons at δH 9.13 (1H, br s) and 10.36 (1H, br s). The 13C NMR
spectrum (Table 1) exhibited 21 carbons including two methyls (δC 20.2, 23.7), five methylenes (δC

24.8, 29.5, 29.9, 33.6, 43.8), five methines (δC 55.9, 109.6, 121.5, 126.4, 128.3), and nine quaternary
carbons (δC 45.6, 61.9, 66.1, 68.5, 131.0, 142.8, 169.8, 173.5, 182.8). These NMR data were similar to
those of (−)-depyranoversicolamide B (11) [7] except the little differences of the chemical shifts of
C-3/11/19/20/22. Detailed analysis of 2D NMR spectra revealed that 1 had the same planar structure
as (−)-depyranoversicolamide B (11) (Figure 2). The relative configuration of 1 was further determined
by NOESY spectrum. The NOE correlations between H-10β, H-19, and H-21 established that they were
on the same side, while NOE correlation between H-4 and H-10α indicated that they were on the other
side (Figure 3). The relative configuration of 1 was therefore proposed to be 3S*, 11R*, 17R*, and 19R*.
In order to assign the absolute configuration of 1, we carried out molecular mechanics calculation
using DFT method at B3LYP/6-31G (d) level [14,15]. Furthermore, ECD/TDDFT calculations of all
low-energy conformer afforded ECD spectra consistent with the experimental spectrum (Figure 4).
The results indicated the 3S, 11R, 17R, 19R configuration for 1 on the basis of the relative configuration.
Therefore, Compound 1 was inferred to be a diastereomer of (−)-depyranoversicolamide B.
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Table 1. 1H NMR data (500 MHz) and 13C NMR data (125 MHz) of 1 and 2 in DMSO-d6.

No.
1 2

δC δH δC δH

1-NH - 10.36 s - 10.31 s
2 182.8 C 182.3 C
3 61.9 C 62.6 C
4 126.4 CH 7.23, d (7.5) 126.8 CH 7.43, d (7.5)
5 121.5 CH 6.98, dd (7.5, 7.6) 121.3 CH 6.99, dd (7.5, 7.6)
6 128.3 CH 7.20, dd (7.6, 7.6) 128.6 CH 7.20, dd (7.6, 7.6)
7 109.6 CH 6.83, d (7.6) 109.5 CH 6.81, d (7.6)
8 142.8 C 142.9 C
9 131.0 C 130.2 C
10 33.6 CH2 2.20, d (14.2) 34.1 CH2 2.14, d (15.2)

2.86, d (14.2) 2.83, d (15.2)
11 66.1 C 67.6 C
12 169.8 C 169.5 C
14 43.8 CH2 3.41, m 43.7 CH2 3.30, m
15 24.8 CH2 1.80, m 24.9 CH2 1.83, m

1.99, m 2.00, dd (5.9, 12.1)
16 29.5 CH2 2.50, overlapped 28.9 CH2 1.79, m

2.47, dd (6.4, 12.1)
17 68.5 C 69.1 C
18 29.9 CH2 1.78, dd (8.2, 12.8) 28.4 CH2 1.79, m

1.93, dd (10.4, 12.9) 2.47, dd (6.4, 12.1)
19 55.9 CH 3.23, dd (8.3, 10.1) 50.5 CH 3.18, dd (5.0, 10.0)
20 173.5 C 173.0 C

21-NH - 9.13, s - 8.81, s
22 45.6 C 47.3 C
23 20.2 CH3 0.74, s 20.9 CH3 1.00, s
24 23.7 CH3 0.72, s 23.5 CH3 0.69, s

Figure 2. Key HMBC and COSY correlations of 1–4.

Figure 3. Key NOESY correlations (dashed arrows) of 1 (left) and 2 (right).
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Figure 4. Comparison of the measured and calculated ECD spectra of 1 (a) and 2 (b). (a) ECD spectra
of (3S, 11R, 17R, 19R)-1 in MeOH (σ = 0.3 eV, shift = −3 nm); (b) ECD spectra of (3S, 11S, 17S, 19R)-2 in
MeOH (σ = 0.27 eV, shift = −2 nm).

Brevianamide Y (2) had same molecular formula of C21H23N3O3 as 1 according to HRESIMS
(m/z 366.1813 [M + H]+). The NMR data of 2 showed great similarity to those of 1 with the only
obvious difference of the high-field shift of C-19 (from δC 55.9 in 1 to δC 50.5 in 2) (Table 1). Detailed
analysis of 2D NMR spectra revealed that 2 had the same planar structure as 1 (Figure 2). In the
NOESY spectrum, NOE correlations between H-4, H-10α, H-21, and H-23 suggested they were
on the same side, while NOE correlation between H-19 and H-24 disclosed that they were on the
other side (Figure 3). The relative configuration of 2 was suggested as 3S*, 11S*, 17S*, and 19R*.
The absolute configuration of 2 was also determined by molecular mechanics calculation and quantum
chemical computations [14,15]. The calculated ECD curve of 3S, 11S, 17S, and 19R was consistent with
experimental one (Figure 4). The structure of 2 was confirmed as (3S, 11S, 17S, 19R)-brevianamide Y.

The molecular formula of 3 was determined as C16H20O6 by the HRESIMS (m/z 331.1164
[M + Na]+). The NMR data (Table 2) of 3 was closely resembled with known compound
6-(3-carboxybutyl)-7-hydroxy-5-methoxy-4-methylphthalan-1-one (5) [10] except for the presence
of an extra methoxy group (δH 3.68 and δC 51.6). The HMBC correlations from H3-5′ to C-4′ suggested
that the methoxy group was linked to the C-4’ of mycophenolic acid skeleton (Figure 2). No specific
optical rotation ([α]25

D 0 (c 0.1, MeOH)) or circular dichroism spectral data (±0) indicated 3 was
isolated as a racemic mixture. We failed to separate the racemic mixture using chiral column by
HPLC (CHIRALPAK® IC, Daicel Corporation, Osaka, Japan). Compound 3 was named as 6-(methyl
3-methylbutanoate)-7-hydroxy-5 -methoxy-4-methylphthalan-1-one.

The molecular formula of 4 was determined as C17H18O6 by HRESIMS (m/z 341.1005 [M + Na]+).
The similar NMR data (Table 2) of 4 and 3 indicated they had the same benzofuranone skeleton.
The down-field shift of C-6 (from δC 122.5 in 3 to δC 117.9 in 4) was induced by the hyperconjugation
of a double bond (C-1′, δC 118.23; C-2′, δC 137.38) with benzofuranone skeleton, which was confirmed
by the HMBC correlations between H-1′/H-2′ and C-6 (Figure 3). The E-configured double bond
Δ1′2′ was determined by the coupling constant value of approximately 16 Hz between H-1′ and H-2′.
The NMR data (δH 2.19, 2.24, 2.56, 2.64; δC 26.4, 28.8, 34.0, 85.8, 177.0) and HMBC correlations from
H-7′ to C-3′, C-4′, from H-4 to C-3′, C-5′, C-6′, C-7′, and H-5′ to C-4′, C-6′ elucidated the presence
of a methyl-furanone residue [16,17] attached at C-2′ according to the HMBC correlations from H-1′

to C-3′, and from H-2′ to C-3′. Compound 4 had one chiral center at C-3′. The configuration of 4

was determined by molecular mechanics calculation and quantum chemical computations [14,15].
The (3′S)-4 of calculated ECD curve was consistent with experimental one (Figure 5). Compound 4 was
named as (3′S)-(E)-7-hydroxy-5-methoxy-4-methyl-6-(2-(2-methyl-5-oxotetrahydrofuran-2-yl)vinyl)
isobenzofuran-1(3H)-one.
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Table 2. 1H NMR data (500 MHz) and 13C NMR data (125 MHz) of 3 and 4.

No.
3 a 4 b

δC δH δC δH

1 172.9 C 170.6 C
3 70.0 CH2 5.18, s 69.2 CH2 5.30, s
3a 144.1 C 147.5 C
4 116.7 C 117.0 C
5 163.8 C 162.8 C
6 122.5 C 117.9 C
7 153.7 C 153.5 C
7a 106.3 C 107.8 C
8 11.6 CH3 2.13, s 11.3 CH3 2.09, s
9 61.1 CH3 3.77, s 60.6 CH3 3.67, s
1′ 21.3 CH2 2.66, m 118.2 CH 6.63, d (16.5)
2′ 33.1 CH2 1.90, m 137.4 CH 6.76, d (16.1)

1.67, m
3′ 39.4 CH 2.50, dq (6.9, 6.9) 85.8 C
4′ 177.0 C 34.0 CH2 2.24, m

2.19, m
5′ 51.6 CH3 3.68, s 28.8 CH2 2.64, m

2.56, m
6′ 17.1 CH3 1.21 d (1.2) 177.0 C
7′ 26.4 CH3 1.55, s

a CDCl3 used as solvent. b DMSO-d6 used as solvent.

Figure 5. Comparison of the measured ECD spectrum of 4 with B3LYP/TZVP calculated spectra of
(S)- and (R)-4 in MeOH (σ = 0.20 eV, shift = −18 nm).

Compounds 5–10 were identified as 6-(3-carboxybutyl)-7-hydroxy-5-methoxy -4-methylphthala
n-1-one [18], 7-hydroxy-6-[2-hydroxy-2-(2-methyl-5-oxotetrahydro-2-furyl) ethyl]-5-methoxy-4-meth
yl-1-phthalanone [10], 5-hydroxy-7-methoxy-4 –methylphtalide [19], mycochromenic acid [10,20],
(−)-brevianamide C [21], and (+)-brevianamide A [22], respectively.

Compounds 1–10 were tested for cytotoxicity against human colon cancer HCT116 cell line using
sulforhodamine B (SRB) assay. Only Compound 9 exhibited moderate activity with an IC50 value of
15.6 μM. In addition, antifouling activities of 1, 3, 5, and 8 were also evaluated in settlement inhibition
assays with Bugula neritina larvae. The larval settlement bioassay showed that 3 and 5 could strongly
inhibit the larvae settlement of B. neritina larvae with EC50 values of 13.7 and 22.6 μM, respectively,
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and LC50/EC50 > 100, while 1 and 8 showed no antilarval activity. Moreover, 1–10 were evaluated for
their anti-bacterial activities against Streptococcus mutans (ATCC35668) and S. sobrinus (ATCC33478),
anti-fungal activities against Fusarium oxysporum f. sp. cubense Race 1 and Race 4; however, they did
not show any obvious activity at the concentration of 20 μg/mL.

3. Experimental Section

3.1. General Experimental Procedure

Optical rotations were measured with an Anton Paar MCP 500 polarimeter (Anton Paar GmbH,
Graz, Austria). UV spectra were measured with a Shimadzu UV-2600 UV–vis spectrophotometer
(Shimadzu, Kyoto, Japan) in a MeOH solution. Infrared spectra (IR) were recorded on a Shimadzu
IRAffinity-1 Fourier transform infrared spectrophotometer (Shimadzu, Kyoto, Japan). 1H/13C NMR
and 2D NMR spectra were recorded on a Bruker AV-500 spectrometer (Bruker, Billerica, MA, USA)
with TMS as reference. High-resolution electrospray-ionization (HRESIMS) was performed on a
Bruker microTOF-QII mass spectrometer (Bruker, Bremen, Germany). Analysis HPLC was performed
on an Angilent 1100 liquid chromatography system (Agilent Technologies, Santa Clara, CA, USA).
Semi-preparative reversed-phase HPLC was performed on a Shimadzu LC-20A preparative liquid
chromatography (Shimadzu, Kyoto, Japan) with YMC-Pack ODS-A column 250 × 10 mm i.d., S-5 μm
× 12 nm, and 250 × 20 mm i.d., S-5 μm × 12 nm. Column chromatography (CC) was performed on
silica gel (200–300 mesh, Qingdao Marine Chemical, Qingdao, China), Sephadex LH-20 (GE Healthcare,
Barrington, IL, USA), or Rp-18 silica (Pharmacia Co. Ltd., St. Paul, MN, USA).

3.2. Fungal Material

The fungal strain DFFSCS025 (GenBank access number JX156371) was isolated from a deep-sea
sediment sample collected in the South China Sea, Sansha City (18◦5′ N, 118◦31′ E; 3928 m depth),
Hainan Province, and identified as Penicillium brevicompactum by ITS rDNA sequence homology
(99% similarity with P. brevicompactum). The strain was deposited in the RNAM Center, South China
Sea Institute of Oceanology, Chinese Academy of Sciences.

3.3. Fermentation and Extraction

Spores of the fungal strain were inoculated into 1000 mL Erlenmeyer flasks each containing 300 mL
of liquid medium (glucose 1%, maltose 2%, monosodium glutamate 1%, KH2PO4 0.05%, MgSO4·7H2O
0.003%, corn steep liquor 0.05%, yeast extract 0.3%, dissolved in sea water, pH 6.5). After 32 days of
stationary cultivation at 28 ◦C, the whole broths (30 L) were filtered through cheesecloth. Sterilized
XAD-16 resin (20 g/L) was added to the liquor and shaken at low speed for 30 min to absorb the
organic products. The resin was washed with distilled water to remove medium residue then eluted
with methanol. The methanol solvent was removed under vacuum to yield a brown residue (18 g).
The mycelium portion was smashed and extracted twice with 80% acetone/H2O. The acetone soluble
fraction was dried in vacuo to yield 6 g of residue. The residues of liquor and mycelium extracts were
combined together according to TLC chromatography detecting.

3.4. Purification

The combined extract (24 g) was subjected to silica gel column (500 g) and eluted with
CHCl3/MeOH (100:0–80:20, v/v) to yield ten fractions (Fractions 1–10). Fraction 4 (10.5 g) was
separated by silica gel column and eluted with CHCl3/MeOH to give seven sub-fractions (Fractions
4-1–4-7). Fraction 4-4 (0.9 g) was subjected to Develosil ODS column eluting with a decreasing polarity
of MeOH/H2O (20:80–70:30) and purified with semi-preparation HPLC (MeOH/H2O, 65:35) at the
flow rate of 3 mL/min to yield 6 (tR 68.2 min, 16.5 mg) and 7 (tR 15.3, 2.4 mg). Fraction 6 was
isolated with Develosil ODS column eluting with MeOH/H2O (15:85–70:30) to obtain six sub-fractions
(Fractions 6-1–6-6). Fraction 6-4 was purified by preparatory HPLC (CH3CN/H2O, 34:66) at the flow
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rate of 6 mL/min to yield 2 (tR 18.4 min, 4.7 mg), 10 (tR 25.5 min, 1.7 mg), 9 (tR 28.4 min, 2.7 mg),
5 (tR 35.8 min, 4.2 mg), and 4 (tR 53.4 min, 6.0 mg), respectively. Fraction 6-5 was purified by HPLC
(MeOH/H2O, 65:35) at the flow rate of 6 mL/min to yield 1 (tR 13.6 min, 3.2 mg), 8 (tR 15.8 min,
55.3 mg), and 3 (tR 27.1 min, 25.5 mg).

Brevianamide X (1): yellowish powder; [α]25
D +8.7 (c 0.2, MeOH); UV (MeOH) λmax (log ε) 209 (4.44),

253 (3.68), 286 (3.08) nm; CD (MeOH) λmax (Δε) 227 (-24.6), 252 (+10.1), 290 (+3.0); 1H and 13C NMR
data, see Table 1; HRESIMS m/z 366.1810 [M + H]+ (calcd. for 366.1812), 388.1630 [M + Na]+ (calcd.
for 388.1632).

Brevianamide Y (2): yellowish powder; [α]25
D +11.5 (c 0.2, MeOH); UV (MeOH) λmax (log ε) 209 (4.64),

252 (3.88), 286 (3.25) nm; CD (MeOH) λmax (Δε) 207 (-2.0), 218 (+4.5), 238 (-21.7), 262 (+7.1), 276 (+2.0),
293 (+3.1); 1H and 13C NMR data, see Table 1; HRESIMS m/z 366.1813 [M + H]+ (calcd. for 366.1812),
388.1636 [M + Na]+ (calcd. for 388.1632).

6-(Methyl 3-methylbutanoate)-7-hydroxy-5-methoxy-4-methylphthalan-1-one (3): white powder; [α]25
D 0

(c 0.1, MeOH); UV (MeOH) λmax (log ε) 209 (4.67), 286 (3.31), 313 (2.67) nm; CD (MeOH) λmax (Δε) ±0;
1H and 13C NMR data, see Table 2; HRESIMS m/z 309.1332 [M + H]+ (calcd. for 309.1333), 331.1164
[M + Na]+ (calcd. for 331.1152).

(3′S)-(E)-7-Hydroxy-5-methoxy-4-methyl-6-(2-(2-methyl-5-oxotetrahydrofuran-2-yl)vinyl)isobenzofuran-1
(3H)-one (4): white powder; [α]25

D +2.2 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 209 (4.05), 244 (4.04),
334 (3.22) nm; CD (MeOH) λmax (Δε) 210 (+0.05), 220 (+0.54), 238 (-1.79), 261 (+0.59), 274 (+0.17),
290 (+0.29); 1H 13C NMR data, see Table 2; HRESIMS m/z 341.1005 [M + Na]+ (calcd. for 341.0996).

7-Hydroxy-6-[2-hydroxy-2-(2-methyl-5-oxotetrahydro-2-furyl)ethyl]-5-methoxy-4-methyl-1-phthalanone
(6): white powder; [α]25

D -0.8 (c 0.1, MeOH); CD (MeOH) λmax (Δε) ±0; 1H NMR (500 MHz, DMSO-d6)
δH: 5.24 (2H, s, H-3), 2.09 (3H, s, H-8), 3.75 (3H, s, H-9), 2.78 (1H, dd, J = 2.0, 13.5 Hz, H-1′α), 2.71 (1H,
dd, J = 10.1, 13.5 Hz, H-1′β), 3.83 (1H, dd, J = 1.9, 9.8 Hz, H-2′), 2.37 (1H, ddd, J = 7.3, 10.0, 12.3 Hz,
H-4′α), 1.87 (1H, ddd, J = 6.3, 10.3, 12.5 Hz, H-4′β), 2.61 (1H, dd, J = 7.3, 10.8 Hz, H-5′α), 2.56 (1H, dd,
J = 6.4, 10.0 Hz, H-5′β), 1.41 (3H, s, H-7′); 13C NMR (125 MHz, DMSO-d6) δC: 170.23 (C, C-1), 68.85
(CH2, C-3), 146.84 (C, C-3a), 116.26 (C, C-4), 163.50 (C, C-5), 120.99 (C, C-6), 154.31 (C, C-7), 107.48 (C,
C-7a), 11.58 (CH3, C-8), 61.13 (CH3, C-9), 26.65 (CH2, C-1′), 74.61 (CH, C-2′), 88.65 (C, C-3′), 28.58
(CH2, C-4′), 29.35 (CH2, C-5′), 177.13 (C, C-6′), 22.53 (CH3, C-7′); HRESIMS m/z 335.1146 (M − H)−

(calcd. for 335.1136).

Mycochromenic acid (8): white powder; [α]25
D -3.1 (c 0.15, MeOH); 1H NMR (500 MHz, DMSO-d6)

δH: 5.22 (2H, s, H-3), 2.07 (3H, s, H-8), 3.75 (3H, s, H-9), 6.62 (1H, d, J = 10.1 Hz, H-1′), 5.83 (1H, d,
J = 10.1 Hz, H-2′), 1.93 (2H, m, H-4′), 2.35 (2H, t, J = 7.8 Hz, H-5′), 1.40 (3H, s, H-7′); 13C NMR (125
MHz, DMSO-d6) δC: 168.22 (C, C-1), 68.73 (CH2, C-3), 148.95 (C, C-3a), 116.98 (C, C-4), 159.36 (C, C-5),
114.70 (C, C-6), 151.03 (C, C-7), 107.95 (C, C-7a), 11.02 (CH3, C-8), 62.04 (CH3, C-9), 117.52 (CH, C-1′),
130.02 (CH, C-2′), 79.19 (C, C-3′), 35.52 (CH2, C-4′), 28.79 (CH2, C-5′), 174.54 (C, C-6′), 26.10 (CH3, C-7′);
ESIMS m/z 363 (M + Na)+.

(-)-Brevianamide C (9): yellowish powder; [α]25
D −60.4 (c 0.2, MeOH); UV (MeOH) λmax (log ε) 202

(4.02), 235 (4.02), 259 (4.13) nm; CD (MeOH) λmax (Δε) 205 (−16.40), 225 (+10.43), 244 (+1.22), 252
(+1.61), 265 (−2.15), 302 (+0.57); 1H NMR (500 MHz, CDCl3) δH: 7.70 (1H, d, J = 7.5 Hz, H-4), 6.93 (1H,
t, J = 6.0 Hz, H-5), 7.45 (1H, td, J = 6.0, 6.0, 1.0 Hz, H-6), 6.91 (1H, d, J = 8.5 Hz, H-7), 5.84 (1H, s, H-10),
3.52 (2H, m, H-14), 2.04 (2H, dt, J = 6.5, 6.5, 12.7 Hz, H-15), 1.87 (1H, d, J = 15.4 Hz, H-16α), 2.80 (1H,
dt, J = 6.9, 6.9, 13.4 Hz, H-16β), 1.83 (1H, dd, J = 6.0, 13.3 Hz, H-18α), 1.96 (1H, dd, J = 10.1, 13.3 Hz,
H-18β), 2.46 (1H, m, H-19), 2.13 (1H, m, H-22), 0.85 (3H, d, J = 6.9 Hz, H-23), 0.86 (3H, d, J = 6.7 Hz,
H-24); 13C NMR (125 MHz, CDCl3) δC: 186.76 (C, C-2), 139.03 (C, C-3), 125.60 (CH, C-4), 120.65 (CH,
C-5), 136.80 (CH, C-6), 112.59 (CH, C-7), 154.55 (C, C-8), 121.62 (C, C-9), 104.03 (CH, C-10), 66.89 (C,
C-11), 168.83 (C, C-12), 44.48 (CH2, C-14), 24.55 (CH2, C-15), 29.20 (CH2, C-16), 66.21 (C, C-17), 30.83
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(CH2, C-18), 46.75 (CH, C-19), 172.07 (C, C-20), 27.67 (CH, C-22), 22.16 (CH3, C-23), 16.17 (CH3, C-24);
ESIMS m/z 388 (M + Na)+.

3.5. Computational Methods

Molecular Merck force field (MMFF) and DFT/TDDFT calculations were performed with
Spartan′14 software package (Wavefunction Inc., Irvine, CA, USA) and Gaussian09 program
package [23], respectively, using default grids and convergence criteria. MMFF conformational
search generated low-energy conformers within a 10 kcal/mol energy window were subjected to
geometry optimization using the B3LYP/def2-SVP method. Frequency calculations were run with
the same method to verify that each optimized conformer was a true minimum and to estimate their
relative thermal free energies (ΔG) at 298.15 K. Energies of the low-energy conformers in MeOH were
calculated at the B3LYP/def2-TZVP level. Solvent effects were taken into account by using a polarizable
continuum model (PCM). The TDDFT calculations were performed using the hybrid B3LYP [24–26]
PBE1PBE [27,28] and/or TPSSh [29] functionals, and Ahlrichs’ basis set TZVP (triple zeta valence
plus polarization) [30]. The number of excited states per each molecule was 30. The ECD spectra
were generated by the program SpecDis [31] using a Gaussian band shape from dipole-length dipolar
and rotational strengths. Equilibrium population of each conformer at 298.15 K was calculated from
its relative free energies using Boltzmann statistics. The calculated spectra were generated from the
low-energy conformers according to the Boltzmann weighting of each conformer in a MeOH solution.

3.6. Cytotoxicity

All compounds were tested for cytotoxicity against HTC116 cell line with SRB method. Briefly,
Cytotoxicity assays involving HCT116 cells were performed using sulforhodamine B based on slightly
modified protocols [32]. HCT116 cells were maintained in a DMEM medium with 10% fetal bovine
serum (FBS) (Life Technologies, Carlsbad, CA, USA). Tested samples were prepared using 10% aqueous
DMSO as solvent. The cell suspension was added into 96-well microliter plates in 190 μL at plating
densities of 5000 cells/well. One plate was fixed in situ with TCA to represent a no-growth control at
the time of drug addition (Day 0). Then, 10 μL of 10% aqueous DMSO was used as control group. After
72 h incubation, the cells were fixed to plastic substratum by the addition of 50 μL of cold 50% aqueous
trichloroacetic acid and washed with water after incubation at 4 ◦C for 30 min. After staining cells
with 100 μL of 0.4% sulforhodamine B in 1% aqueous AcOH for 30 min, unbound dye was removed by
washing four times with 1% aqueous AcOH. The plates were allowed to dry at room temperature, then
the bound dye was solubilized with 200 μL of 10 mM unbuffered Tris base, pH 10. Shaken for 5 min or
until the dye was completely solubilized and the optical density was measured at 515 nm using an
ELISA plate reader (Bio-Rad, Hercules, CA, USA). The average data were expressed as a percentage,
relative to the control. Percentage growth inhibition was calculated as (OD (cells + samples) − OD
(Day 0 only cells))/(OD (cells + 10% DMSO) − OD (Day 0 only cells)) = % survival, cytotoxicity = 1 −
% survival. (Graphpad Software, Inc., San Diego, CA, USA).

3.7. Larval Settlement Assays

Larval culture and larval settlement assays matched the method reported in the literature [33].
Briefly, the stock solution of tested samples in DMSO was diluted with autoclaved filtered sea water
(FSW) to concentrations ranging from 3.125 to 100 μg/mL. About 20 competent larvae were added to
each well in 1 mL of the test solution. Wells containing only FSW with DMSO served as the controls.
The plates were incubated at 27 ◦C for 1 h for B. neritina and 24 h for B. amphitrite. The percentage
of larval settlement was determined by counting the settled, live individuals under a dissecting
microscope and expressing the result as a proportion of the total number of larvae in the well.
EC50 (inhibits 50% of larvae settlement in comparison with the control) and LC50 (lethal concentration,
50%) were calculated by using the Excel software program.

108



Mar. Drugs 2017, 15, 43

4. Conclusions

In conclusion, four new compounds (1–4), include two brevianamides and two mycochromenic
acid derivatives along with six known compounds were isolated from the deep-sea-derived fungus
Penicillium brevicompactum DFFSCS025. Their structures were elucidated by spectroscopic analysis and
quantum chemical computations. Compound 9 showed moderate cytotoxicity against human colon
cancer HCT116 cell line with IC50 values of 15.6 μM. Compounds 3 and 5 had significant antifouling
activity against Bugula neritina larval settlement with EC50 values of 13.7 and 22.6 μM, respectively.
The NMR data of 6, 8, and 9 were assigned for the first time.

Supplementary Materials: Available online: www.mdpi.com/1660-3397/15/2/43/s1. 1H, 13C, and 2D NMR
spectra and HRESIMS of Compounds 1–4 and known Compounds 6, 8, and 9. HPLC spectra of Compounds 3
and 5. Chiral HPLC spectra of Compounds 3 and 6.
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