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Ceramide methylaminoethylphosphonate (CMAEPn) was isolated from eastern oyster (Crassostrea

virginica) and screened against in vitro and in vivo angiogenesis and against MCF-7 and MDA-MB-435s

breast cancer cell lines. In vitro angiogenesis was evaluated by the vascular endothelial growth factor

(VEGF)-induced human umbilical vein endothelial cell (HUVEC) tube formation assay. MCF-7 and

MDA-MB-435s cell viability was evaluated by the CellTiter 96 AQueous One Solution Cell Proliferation

assay. Apoptosis was evaluated by the caspase-9 assay, autophagy by acridine orange staining and

beclin-1 level. Our study indicates that CMAEPn at 50 μM inhibited VEGF-induced tube formation by

HUVEC. The viability of MCF-7 and MDA-MB-435s breast cancer cells exposed to 125 μM CMAEPn for

48 h was reduced to 76 and 85%, respectively. The viability of MCF-7 and MDA-MB-435s cells exposed

to 250 μM CMAEPn for 48 h under the same conditions was reduced to 38 and 45%, respectively.

CMAEPn at 125 μM inhibited VEGF-induced MDA-MB-435s cell migration and invasion. CMAEPn at

125 μM also decreased VEGF, EGF levels in the conditioned media, PI3K, IκB phosphorylation

and degradation in the cytoplasmic extracts, and NFκB nuclear translocation. Both acridine orange

staining and beclin-1 indicated autophagic cell death in MCF-7 and MDA-MB-435s cells, respectively.

In vivo, CMAEPn at 30 mg/kg body weight inhibited bFGF-induced angiogenesis and caused a

57% reduction in hemoglobin levels in the matrigel plug assay within 7 days. This is the first report

on CMAEPn-inhibited angiogenesis both in vitro and in vivo.
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1. INTRODUCTION

Ceramidemethylaminoethylphosphonate (CMAEPn) and cer-
amide aminoethylphosphonate (CAEPn) are naturally occurring
sphingophosphonolipids (Figure 1) widely distributed in marine
invertebrates, including several freshwater and marine bivalves,
snails, edible mollusks, jellyfish, shellfish, gastropods of land as
well as freshwater and marine origin, and anemones (1-6).
CMAEPn and CAEPn consist of 2-aminoethylphosphonic acid
substituted on the primary hydroxyl group of a characteristic
sphingosine base (7 ). The structure of CMAEPn, which consists
of a C-P bond, is highly resistant to endogenous hydrolytic
enzymes, and the presence of CMAEPn as a cell membrane
structural molecule and its highly ionic nature may play a role
in membrane permeability to small ions from an aqueous
environment into the intercellular space of the invertebrate and
stabilization against the effects of hydrolytic enzymes, such as
phospholipases and phosphatases, which are very active in the

gastrointestinal tract of these marine species (7 ). Phosphonoli-
pids may play a role in the inhibition of phosphatidylinositol-
3-kinase, which is known to stimulate cell division and inhibit
apoptosis in several cell types; however, data to confirm or refute
this hypothesis have never been reported (8 ). The occurrence of
2-aminoethylphosphonic acid in human tissues has been reported
possibly as a result of ingestion of shellfish (7 ).

Many anticancer drugs presently used in clinical practice are
natural products (such as vinca alkaloids and taxoids) or deriva-
tives of natural products (such as ectoposides). In this respect,
marine invertebrates provide a significant resource or lead for
the discovery of novel, small molecules for biomedical and
pharmaceutical applications. The structure of CMAEPn in
marine invertebrates was reported for the first time in sea
anemone (9 ). The presence of CAEPn in oyster (Ostrea gigas)
was reported for the first time byMatsubara andHayashi (10 ). In
oyster, CMAEPn is concentrated in adductor, gills, mantle, and
viscera (2 ). The identification in oyster of bioactive compounds
that can inhibit phosphatidylinositol-3-kinase presents a health
interest because oysters are food sources commercially available
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throughout the Gulf of Mexico, having a high degree of con-
sumption and export. Several studies have suggested that treating
cancer cells in vitro and in vivowith exogenous ceramides, such as
C2-ceramide, almost always causes cancer cell death by inhibition
of cell growth and induction of apoptosis (11-15). However, on
the other hand, several studies have indicated that themetabolites
of ceramides, including sphingosine 1-phosphate (S1P)
and glucosphingolipids, play opposing roles and induce transfor-
mation, cancer cell growth and proliferation, or angiogenesis
(11, 15). Exogenous ceramides that are nontoxic, resistant to
endogenous hydrolytic enzymes, bioavailable, and can be incor-
porated into lipid matrix while retaining activity against biomar-
kers of cell proliferation may be an asset for targeting tumor cells
in vivo. Here, we describe the isolation, activity, andmechanismof
action of CMAEPn derived from eastern oysters (Crassostrea
virginica) that potently induce cell death in hormone-dependent
and -independent breast cancer and angiogenic endothelial cells in
vitro and in vivo. The findings were confirmed in vitro using the
angiogenesis assay and breast cancer cell viability and in vivo
using the matrigel plug assay.

2. MATERIALS AND METHODS

2.1. Materials. Oyster samples were obtained from P and J in New
Orleans, LA, and Motivatit in Houma, LA. CellTiter 96 AQueous One
Solution Cell Proliferation assay and Caspase-9 assay kits were obtained
from Promega (Madison,WI). The in vitro angiogenesis kit ECM 625 was
purchased from Chemicon (Temecula, CA). Cell migration and cell
invasion kits were purchased from Cell Biolabs (San Diego, CA).
TransAM Nuclear Extract and TransAM-NFκB kits were purchased
from Active Motif (Carlsbad, CA). DC Protein assay kit was purchased
from Bio-Rad (Richmond, CA). Human vascular endothelial growth
factor (VEGF) and EGF enzyme-linked immunosorbent assay (ELISA)
kits were purchased from Peprotech (Rock Hill, NJ). Anti-PI3K
antibodies were obtained from Lab Vision (Fremont, CA). Rabbit
anti-beclin-1 polyclonal antibody was obtained from Novus Bio-
logicals (Littleton, CO). Acridine orange, 3-methyladenine (3-MA), and
anti-β actin were purchased from Sigma (St. Louis,MO). Gels for electro-
phoresis, transfer membranes, andWestern Blot kits were from Invitrogen
(Carlsbad, CA). All other reagents were of analytical grade.

2.2. Cell Lines and Culture Conditions. Human umbilical vein
endothelial cells (HUVECs) were obtained from Clonetics, a division of
Lonza (Walkerswvlle, MD). Cells were grown at 37 �C in a 5% CO2

atmosphere in a humidified incubator. The medium used was EGM-2
Bulletkit (Cambrex-Lonza). Procedures used for maintaining and culturing
cellswere suppliedbyLonza.Normal humanbreast cellsHs578Bst, estrogen-
dependent MCF-7, and estrogen-independent MDA-MB-435s cell lines
were obtained from American Type Culture Collection (ATCC) (Manassas,
VA) and cultured in Dulbecco’s modified Eagle medium (DMEM) high
glucose (Invitrogen, Carlsbad, CA) supplemented with sodium bicarbonate
(3.7 g/L), 15 mM N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid

(HEPES), 10% fetal bovine serum (FBS) (Hyclone, Logan, UT), Glutamax
(Invitrogen, Carlsbad, CA), non-essential amino acids (Sigma, St. Louis,
MO), and sodium pyruvate (Sigma, St. Louis, MO). Insulin-transferrin-
selenium (ITS) was added to the media of MCF-7 cells. Cells were grown at
37 �C in a 5% CO2 atmosphere in a humidified incubator.

2.3. Isolation and Purification of CMAEPn. CMAEPn was
purified using a modification of the method of Matsubara et al. (1 ) and
de Souza et al. (5 ) and identified by electrospray ionization-mass
spectrometry (ESI-MS) in the positive mode using a PE Sciex Qstar
(Quadrupole-TOF hybrid, Applied Biosystems, Foster City, CA). The
spectrum was recorded at an accelerating voltage of 4500 V. A purified
sample of CAEPn (16 ) was also obtained from Dr. Saki Itonori, Shiga
University, Japan.

2.4. In Vitro Anti-angiogenic Activity of CMAEPn. HUVEC
tube formation on matrigel (ECMmatrix) was conducted as suggested by
themanufacturer. Briefly, 50μLofECMmatrix (matrigel) solution at 4 �C
was added to 96-well plates and allowed to solidify and polymerize at 37 �C
and 5% CO2 for 1 h. HUVECs were suspended at the concentration of
1.0� 104 cells per 100 μL in culture medium (RPMI) containing 10 ng/mL
VEGFand 0-100 μMCMAEPndissolved in dimethylsulfoxide (DMSO),
with the final DMSO concentration being less than 0.1%. Cells were
carefully layered on top of the polymerized gel, and the plates were
incubated for 6 h at 37 �C and 5% CO2 in a humidified incubator. Tube
formation was inspected and photographed using a Leitz phase-contrast
inverted microscope at 40� magnification.

2.5. Cell Viability and Proliferation Assay.Normal humanbreast
cells Hs578 Bst and MCF-7 and MDA-MB-435s breast cancer cells at
2� 104 cells/well were seeded in 96-well plates in a total volume of 0.1 mL in
serum-containing medium and allowed to adhere overnight. The following
morning, the MCF-7 cells were treated with 10 ng/mL 17β-estradiol.
The MCF-7 and MDA-MB-435s cells were treated with 0-500 μM
CMAEPn dissolved in DMSO, making sure that the DMSO concentration
did not exceed 0.1%. All experiments were carried out in triplicates.
Replicates of culture plates were prepared and incubated for 24, 48, or 72 h
in a humidified incubator containing 5% CO2 at 37 �C. Cell viability was
determined by the CellTiter 96 AQueous One Solution Cell Proliferation
assay as follows. A total of 20 μL of the reagent was added to control and
treated cells; the plate was incubated for 1 h at 37 �C; and the absorbancewas
read at 490 nm using a Spectra Max Plus (Molecular Devices, Sunnyvale,
CA).Cell viability andproliferationwere normalized to the levels in untreated
control cells to determine the percentage of viable cells.

2.6. VEGF and EGF Quantification by ELISA. VEGF and
EGF proteins released in the conditioned media were measured using
commercial ELISA kits for VEGF or EGF (Preprotech, Rock Hill, NJ)
following the instructions of themanufacturer.MCF-7 orMDA-MB-435s
cells (5 � 104/well) were seeded in 12-well plates for 24 h, rinsed with
phosphate-buffered saline (PBS) twice, and incubated with 0-250 μM
CMAEPn (forMCF-7) and 0-500 μMCMAEPn (forMDA-MB-435s) at
37 �C and 5% CO2 for 48 h. Negative controls were incubated with
the medium. The supernatants were collected for analysis. Assays were
performed in triplicate, repeated at least 3 times, and expressed inpg/mLas
mean ( standard error of the mean (SEM).

2.7. Cell Migration Assay. The assaywas carried using aCytoSelect
96-well Cell Invasion Assay (Cell Biolabs, Inc., San Diego, CA) following
the instructions of the manufacturer. MDA-MB-435s cells suspended at
1.0 � 106 cells/0.1 mL in serum-free media and treated with or without
CMAEPn (0-125 μMCMAEPn) were seeded in the upper chamber. The
wells of the feeder tray (lower chamber) were loaded with 150 μL of media
containing 10ng/mLVEGF.After incubation for 6 h at 37 �C ina 5%CO2

atmosphere, the cells that migrated through 8 μm pore size to the lower
chamber were dislodged from the underside of the membrane and lysed in
the presence of CyQuant GR dye solution, 150 μL of the mixture was
transferred to a 96-well plate suitable for fluorescence measurement, and
the plate was read at 480/520 nm using a Perkin-Elmer LS 50B spectro-
fluorometer. Each assay was conducted in triplicate and repeated at least
3 times.

2.8. Quantification of Apoptosis. The Caspase-Glo 9 assay kit
(Promega, Madison, WI) was used according to the instructions of
the manufacturer. Briefly, MCF-7 and MDA-MB-435s cells in 96-well
plates were treated with 0, 125, or 250 μM CMAEPn, respectively,
and incubated for 48 h. At the end of the incubation period, the cells

Figure 1. Structures of (A) CMAEPn and (B) CAEPn.
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were treated with 100 μL of Caspase-Glo 9 reagent incubated for 1 h and
the luminescence of the solution was measured using a Perkin-Elmer LS
50B luminometer.

2.9. Induction of Autophagic Vacuoles by CMAEPn. For
visualization of autophagic vacuoles, MCF-7 and MDA-MB-435s cells
in 6-well plates were treated with or without CMAEPn for 48 h and
incubated with medium containing 1 μg/mL acridine orange (Molecular
Probes, Eugene, OR) for 15 min (17 ). After removal of acridine orange,
fluorescent micrographs were taken using an inverted fluorescent micro-
scope (18 ).

2.10. Protein Extraction and Western Blot. MCF-7 and MDA-
MB-435s cells grown to confluence were serum-starved for 24 h and
treated with or without a wide range of CMAEPn concentrations for 48 h.
The cells were washed with ice-cold PBS (pH 7.4) and lysed with ice-cold
RIPA buffer [50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodiumdeoxycholate, and 0.1% sodiumdodecyl sulfate (SDS)] containing
2 mM phenylmethylsulphonyl fluoride (PMSF), 1 mM sodium ortho-
vanadate, 20 μg/mL aprotinin, 2 μg/mL leupeptin, and 1 μg/mL pepstatin
for 30min at 4 �C. Total cell lysates were centrifuged at 15000g for 10min,
and the supernatants were recovered in separate eppendorf test tubes.
Protein concentrations in lysate supernatants were determined using DC
Protein assay (Bio-Rad). For immunoprecipitation, 300 μg of cell extract
was incubated with anti-PI3K or anti-beclin-1 at 4 �C on an end-to-end
rotator. The supernatantwas centrifuged at 10000g for 10min, andprotein
A/G beads were added. The mixture was rotated for 3 h at 4 �C, and the
immunocomplexes were washed with lysis buffer 3 times. LDS sample
buffer was added to the beads, and the beads were incubated at
95 �C for 5 min. The supernatant was subjected to Western Blot analysis.
Proteins were separated by electrophoresis using 4-12% Bis-Tris gels
(Invitrogen) and transferred tonitrocellulosemembrane.Membraneswere
blocked with 5% nonfat dry milk in PBS/Tween 20 (0.05%), followed
by incubation with an anti-PI3K antibody (1:1000 in 10% milk/PBS-T),
anti-beclin-1 (1:1000), or anti-β actin (for equal loading). Visualization of
the bound primary antibody was performed by probing with alkaline
phosphatase-conjugated secondary antibody and exposure to a Western
breeze chromogenic detection reagent (Invitrogen).

2.11. Quantification of IKBr Degradation and Nuclear Factor

KB (NFKB) DNA-Binding Activity. MCF-7 and MDA-MB-435s cells

were stimulated with 10 ng/mL TNF-R and simultaneously treated with
increasing concentrations of CMAEPn. The degradation of IκBR in
cytoplasmic extracts of control and CMAEPn-treated cells was deter-
mined by ELISA using a kit from Active Motif (Carlsbad, CA). NFκB
p50/65 DNA-binding activity in the nuclear extracts of control and
CMAEPn-treated MCF-7 and MDA-MB-435s cells was determined by
ELISA using a kit from Active Motif (Carlsbad, CA).

2.12. In Vivo Anti-angiogenic Activity of CMAEPn. We used
the matrigel sponge model of angiogenesis (BD Biosciences, Franklin
Lakes, NJ). A total of 6-week old female Sprague-Dawley rats were
purchased from an in-house breeding colony and housed in the Vivarium
of the School of VeterinaryMedicine at Louisiana State University. All of
the animal protocolswere performed in accordancewith the guidelines and
regulations approved by the Louisiana State University Institutional
Animal Care and Use Committee. Animals were anesthetized with
isoflurane (2-3%) via nose cone and 100% oxygen used as the carrier
gas; the flank was shaved and disinfected with ethyl alcohol. A total of
1 mL ofmatrigel mixed with 300 ng of bFGFwas injected subcutaneously
without CMAEPn on the left flank and with 30 mg/kg body weight of
CMAEPnon the right flank.After 7 days, thematrigel plugswere carefully
removed from underneath the skin, photographed, and analyzed
for hemoglobin concentration using Drabkins reagent. The absorbance
was read at 540 nm in an ELISA plate reader (Spectra Max Plus,
Molecular Devices, Sunnyvale, CA). The experiment was repeated twice
with five animals, and hemoglobin values are expressed as milligrams of
hemoglobin per milliliter of plug.

2.13. Statistical Analysis. All experiments were repeated at least
twice. Data are presented as mean ( standard error (SE). The treatment
effects were analyzed by paired t test, one-way analysis of variance
(ANOVA).Differences were considered to be statistically significant when
p<0.05. In the case ofWestern Blot data, one representative set of results
is shown.

3. RESULTS

3.1. Inhibition of in Vitro Angiogenesis. In the presence of
10 ng/mL VEGF, HUVEC plated on the EC matrix aligned
and formed capillary-like structures within 6 h (Figure 2).

Figure 2. Inhibitory effect of CMAEPn on tube formation induced by VEGF. HUVECs were seeded in matrigel-coated plates containing 10 ng/mL VEGF
and indicated the concentration of CMAEPn for 6 h at 37 �C in 5% CO2, and then they were observed and photographed under a microscope (magnification
of 40�).
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CMAEPn dose-dependently inhibited tube formation within
6 h. At 50 μM ceramide, the capillary-like network of the EC
matrix was completely disrupted, suggesting that CMAEPn
strongly inhibited in vitro angiogenesis (Figure 2).

3.2. Inhibition of MCF-7 and MDA-MB-435s Viability. The
effect of CMAEPn on normal breast fibroblast cells was eval-
uated.Cell viabilitywas about 85%at the range of concentrations
of ceramides used, suggesting that CMAEPn was not very
cytotoxic to normal cells. CMAEPn dose-dependently inhibited
MCF-7 and MDA-MB-435s cell viability and proliferation
(Figure 3). MCF-7 cell viability was reduced to 76% with the
treatment of 125 μM CMAEPn and 38% with the treatment of
250 μMCMAEPn (Figure 3A). At 500 μM, the number of viable
cells was very low. CMAEPn at 125 μMreducedMDA-MB-435s
cell viability to 85% of the control cells after 48 h of treatment.
The proliferation of these cells was further reduced to 45% in the
presence of 250 μMCMAEPn. Proliferation was reduced to 27%
at 500 μM CMAEPn concentration (Figure 3B).

3.3. Inhibition of VEGF and EGF in MCF-7 and MDA-MB-

435s Cancer Cells. CMAEPn dose-dependently inhibited the
release of VEGF165 in the condition medium (panels A and B
of Figure 4). ELISA measurements indicated that control cells
showed higher levels of VEGF and bFGF in the media than
cells treated with CMAEPn. The VEGF levels in the controls of
MCF-7 and MDA-MB-435s cells were 246 and 291 pg/mL,
respectively. The levels of VEGF in 200 μM CMAEPn-treated
MCF-7 and MDA-MB-435s were 115 and 145 pg/mL, respec-
tively. CMAEPn also dose-dependently inhibited the release of
EGF in the conditioned media of MCF-7 and MDA-MB-435s
breast cancer cells (panels A and B of Figure 5). Controls MCF-7
andMDA-MB-435s contained 194 and 228 pg/mL EGF, respec-
tively. The concentration of EGF in 200 μM CMAEPn-treated
MCF-7 and MDA-MB-435s were 106 and 123 pg/mL, respec-
tively (panels A and B of Figure 5).

3.4. Inhibition of Cell Migration and Invasion.MCF-7 cells are
non-invasive, and we studied only the inhibition ofMDA-MB-435s

cell migration and invasion. CMAEPn dose-dependently inhibited
the migration of MDA-MB-435s breast cancer cells in the presence

Figure 3. Effect of CMAEPn on VEGF-induced MCF-7 and MDA-MB-435s
cell viability. The inhibitory effect of CMAEPn on VEGF-induced cell viability
was measured by the CellTiter 96 AQueous One Solution Cell Proliferation
assay as described in section . The effect of CMAEPn onMCF-7 cell viability
is shown in A, and the effect of CMAEPn on MDA-MB-435s cell viability is
shown in B. Results are expressed as a percentage of the control (DMSO
treated) and are means ( SEM of three replicates from at least three
experiments. (/) p < 0.05 versus control.

Figure 4. Effect of CMAEPn on secreted VEGF in cell cultures. Cells
were serum-starved overnight and exposed to 0-200 μM CMAEPn
(for MCF-7, A) or 0-500 μM CMAEPn (for MDA-MB-435s, B) for 48 h
before harvesting the conditioned medium. VEGF protein secreted in
the medium was detected by the ELISA assay. Data represent the
mean values ( SEM of three replicates from at least three experiments.
(/) p < 0.05 compared to the control cells.

Figure 5. Effect of CMAEPn on secreted EGF in cell cultures. Cells
were serum-starved overnight and exposed to 0-200 μM CMAEPn
(for MCF-7, A) or 0-500 μM CMAEPn (for MDA-MB-435s, B) for 48 h
before harvesting the conditioned medium. VEGF protein secreted in the
medium was detected by ELISA assay. Data represent the mean values
( SEM of three replicates from at least three experiments. (/) p < 0.05
compared to the control cells.
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of 10 ng/mL as a chemoattractant (Figure 6A). There was a
significant inhibition of cell migration at the concentration of
125 μM ceramide after 48 h of incubation. CMAEPn also dose-
dependently inhibited MDA-MB-435s invasion in the presence of
VEGF as a chemoattractant, and the largest inhibition occurred at
125 μM (Figure 6B).

3.5. Inhibition of Caspase Activities and Induction of Autopha-

gic Cell Death. Both MCF-7 and MDA-MB-435s breast cancer
cells showed a significant dose-dependent decrease in caspase-9
activities (panels A and B of Figure 7). Caspase-3 activation is
essential for caspase-9, caspase-7, and caspase-8 activation (20 ).
MCF-7 cells lack pro-caspase-3 but contain detectable levels of
pro-caspase-9 (19, 27, 29, 30). In these cells, the lack of caspase-3
may contribute to the inability to detect caspase-9 activation or
caspase-9 activation may not occur (21 ). Caspase activation is
associated with cell death by apoptosis, whereas caspase inhibition
is necessary to induce cell death by autophagy (22, 23). Results in
Figure 7A suggest that MCF-7 cell death was independent of
caspase-3 activity. Caspase-9 depletion was also observed in
MDA-MB-435s cells incubated with CMAEPn (Figure 7B). Cell
death associated with delayed caspase-3 activation and caspase-9
depletion has been reported (24 ). Additional evidence of cell death
by autophagy was provided by fluorescence microscopy following
staining of control and CMAEPn-treated cells with the lysomo-
tropic agent acridine orange incorporated in CMAEPn-treated

MCF-7 and MDA-MB-435s cells (Figure 7). Staining of control
untreated cells with acridine orange, a weak base, displayed
predominantly green fluorescence with cytoplasmic and nuclear
components, with very minimal red fluorescence. However, in
acidic compartments, such as autophagolysosomes, the proto-
nated form of acridine orange accumulated and displayed red
fluorescencewhen observed by fluorescencemicroscopy (Figure 8).
Both CMAEPn-treated MCF-7 and CMAEPn-treated MDA-
MB-435s cells showed the presence of acridine orange in autopha-
gic vacuoles compared to untreated control MCF-7 and MDA-
MB-435s cells (Figure 8). Acridine orange has been used as a
specificmarker for autolysosomes (17, 18), although recently it has
been reported that acidotropic dyes, including acridine orange,
LysoTracker Red, monodansyl cadaverine (MDC), and mono-
dansylpentane (MDH), are not by themselves ideal markers
because they primarily detect lysosomes (25 ). However, the
acidotropic dyes can stain late autophagic vacuoles (25 ). Ceramide
is considered to be an important factor in the regulation of
autophagy (26 ). Autophagy is a caspase-independent process,
and the blockage of caspase activity can cause cells to switch from
apoptotic to autophagic cell death (27, 28). However, it has been
argued that the biochemical hallmarks of apoptosis (type-1 cell
death) may be involved in the execution of autophagy (type-2 cell
death), and beclin-1 has been identified as one critical molecule
between apoptosis and autophagy (29 ).

3.6. Western Blot. To further confirm the results of the
morphologic observations, we measured the levels of beclin-1
and PI3K in control and CMAEPn-treated MCF-7 and MDA-
MB-453s cells. The levels of PI3K were downregulated in both
cell lines (Figure 9A). BothMCF-7 andMDA-MB-435s controls
showed the presence of PI3K and undetectable levels of PI3K in
CMAEPn-treated cells (Figure 9A). Ceramide has been shown to
interfere with the inhibitory class I PI3K signaling pathway to
stimulate the expression of autophagy gene beclin-1 (26 ). Class I
PI3K, Akt, and MTOR are components of the pathways
involved in both apoptosis and autophagy. Western Blot results
also showed that the protein levels of beclin-1were upregulated in
response to CMAEPn treatment in both MCF-7 and MDA-
MB-435s cells (Figure 9B). We also observed that the increase in
beclin-1 in both cells was completely blocked when an autophagy
inhibitor 3-MAwas used (not shown). Several studies have shown
that the expressionof beclin-1was greatly reduced ornon-existent
in breast tumors and breast carcinoma cell lines, including
MCF-7 and MDA-MB-435s; however, upregulation of beclin-1
at mRNAand protein levels in those cells was associated with the
restoration of autophagic capacity (26 ). Beclin-1 expression was
followed by altered expression of caspase-9 in cervical cancer
HeLa cells (30 ).

3.7. Inhibition of IKBrDegradation and NFKBActivation.We
examined whether CMAEPn regulates TNF-R-stimulated IκBR
phosphorylation anddegradation inMCF-7 andMDA-MB-435s
cells. Our results show thatCMAEPn dose-dependently inhibited
TNF-R-stimulated IκBR phosphorylation and degradation
(panels A and B of Figure 10) and NFκB p50/65 nuclear
translocation (panels A and B of Figure 11). In the cytosol,
NFκB is inactive via binding to IκB. NFκB becomes active
through phosphorylation and degradation of IκB. Our results
indicate that CMAEPn inhibits the phosphorylation and degra-
dation of IκB in both cell lines. The results on nuclear transloca-
tion of p50/p65 also suggest that CMAEPn significantly
suppressed the nuclear translocation of the heterodimers. NFκB
suppresses autophagy, and inactivation of NFκB enhances
autophagy possibly as a result of modulation of the beclin1/
bcl-2 balance by NFκB because bcl-2 can interact with beclin-1
to control autophagy (31, 32). However, it has been shown that

Figure 6. Effect of CMAEPn on MDA-MB-435s cell (A) migration and (B)
invasion. MDA-MB-435s cells (1.0� 106 cells for the migration assay and
2.0� 106 cells for the invasion assay) were suspended in 0.1mL in serum-
free media, treated with DMSO (control) or CMAEPn (62.5 or 125 μM), and
seeded in the upper chamber of the transwell. The wells of the lower
chamber were loaded with 150 μL of media containing 10 ng/mL VEGF.
After incubation for 6 h at 37 �C in a 5% CO2 atmosphere, the cells that
migrated through 8 μm pore size to the lower chamber were dislodged,
lysed, and analyzed by fluorescence as described under Materials and
Methods. Data presented are representative of three replicate experi-
ments( standard errors of relative fluorescence (RFU) of migrated cells.
(/) p < 0.05 compared to the control cells.
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inactivation of NFκB leads to cell death by autophagy or
apoptosis (33 ).

3.8. CMAEPn Inhibition of in Vivo Angiogenesis. Results in
Figure 12 indicate that, after 7 days, bFGF induced angiogenesis
in matrigel, whereas CMAEPn inhibited bFGF-induced angio-
genesis. Results in Figure 12A show increased angiogenesis in
bFGF-treated matrigel, while results in Figure 12B show a

reduction of angiogenesis in the presence of CMAEPn. The
optical density at 540 nm was taken to measure the hemoglobin
concentration. The average hemoglobin concentration in control
matrigels was 37.91 mg/mL, and the average hemoglobin
concentration in CMAEPn-treated matrigels was 21.62 mg/mL,
suggesting a 57% inhibition of blood levels with the ceramide
treatment within 7 days.

Figure 7. Determination of apoptosis by the caspase-9 assay. MCF-7 cells were seeded in 96-well plates and exposed to 0 (control) or 125 μM CMAEPn.
MDA-MB-435s cells were seeded in 96-well plates and exposed to 0 (control) or 250 μM CMAEPn. Both cell lines were incubated for 48 h. At the end of the
incubation period, the cells were treated with 100 μL of Caspase-Glo 9 reagent incubated for 1 h and the luminescence of the solution was measured using a
Perkin-Elmer LS 50B luminometer. Each assay was conducted in triplicate and repeated at least 3 times. (A) Control and CMAEPn-exposed MCF-7 cells. (B)
Control and CMAEPn-exposed MDA-MB-435s cells. (/) p < 0.05 compared to the control cells.

Figure 8. Detection of CMAEPn-induced autophagy by acridine orange staining. (A) MCF-7were seeded in 6-well plates and exposed to 0 (control) or 125μM
CMAEPn for 48 h. MDA-MB-435s cells were seeded in 6-well plates and exposed to 0 (control) or 250 μM CMAEPn, respectively, for 48 h. The cells were
incubated with 1 μg/mL acridine orange (Molecular Probes) in serum-free medium for 15min. The acridine orange was removed, and fluorescent micrographs
were obtained using an inverted fluorescence microscope, where green staining reflects the background and orange-red staining occurs in autophagic
vacuoles. (B) Percentage of total cell population that stained for acridine orange was quantified. Data presented are representative of three replicate
experiments ( standard errors (at a magnification of 40�). Autophagy was statistically significant in CMAEPn-exposed cells than control cells (p < 0.05).
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4. DISCUSSION

Ceramides, the central molecules of sphingolipid metabolism,
generally mediate antiproliferative responses, such as inhibition
of cell growth and induction of apoptosis, and have emerged as a
potential therapeutic strategy for inhibiting tumor progression.
Evidence for the investigation of ceramides as potential tumor
inhibitors has been based on several studies that showed that
ceramides were significantly reduced in primary and metastatic
tumor cells compared to normal cells in the same patients and
treating tumor cells with exogenously or endogenously induced
ceramides almost always led to cell apoptosis (11, 13, 14, 26).
However, recent studies have identified autophagy or type-2
programmed cell death (as opposed to type-1 cell death, also
known as apoptosis), in which cells use different pathways for
active self-destruction. Many cancer chemotherapeutics work by
causing ceramide generation, and the latter ismore toxic to tumor
cells than normal cells. Growth factors promote cell growth and
survival, and ceramides negatively regulate nutrient transport to
cells. As result, ceramides have the ability to deprive cells of
growth factors, block tumor cell initiation and metastasis, and
induce autophagy (14 ). Because it is also well-established that
cancer cells are more sensitive to ceramides than normal cells and
chemotherapy works by causing ceramide generation, exogenous
ceramides in the bodymaybe toxic only to transformed cells, such
as cancer cells. The present study was designed to evaluate
the ability of CMAEPn from marine invertebrates to inhibit
angiogenesis in vitro and in vivo and induce hormone-independent
and -dependent breast cancer cell death. From the in vitro
angiogenesis assays, it was found that 50 μM CMAEPn greatly
inhibited the formation of tubules by endothelial cells in
the presence of 10 ng/mL VEGF. CMAEPn also inhibited the
viability of MCF-7 and MDA-MB-435s breast cancer cells. The
inhibition of VEGF in MCF-7 and MDA-MB-435s cells by
49 and 46%, respectively, correlated with the ability of ceramides

Figure 9. Effect of CMAEPn on PI3K and beclin-1 levels. MCF-7 and
MDA-MB-435s cells were incubated with 0, 125, or 250 μM CMAEPn,
respectively, for 48 h. Whole cell lysates were immunoprecipitated using
anti-PI3K or anti-beclin-1 and analyzed by Western Blot with the indicated
antibodies. (A) Inhibition of PI3K inMCF-7 andMDA-MB-435s byCMAEPn
(B) Induction of beclin-1 inMCF-7 andMDA-MB-435s cells, respectively, by
CMAEPn. Blots of anti-β actin are shown as a control for protein loading.

Figure 10. Effect of CMAEPn on IκB phosphorylation and degradation.
MCF-7 and MDA-MB-435s cells were exposed to CMAEPn for 48 h in the
presence of 10 ng/mL TNF-R. Cytoplasmic cell lysates were analyzed by
ELISA. (A) Inhibition of IκB phosphorylation in MCF-7 cells. (B) Inhibition of
IκB phosphorylation in MDA-MB-435s cells.

Figure 11. Effect of CMAEPn on NFκB DNA-binding activity. MCF-7 and
MDA-MB-435s cells were exposed to CMAEPn for 48 h in the presence of
10 ng/mL TNF-R. Nuclear cell lysates for NFκB DNA-binding activity were
analyzed by ELISA. (A) Inhibition of NFκB DNA-binding activity in nuclear
extracts of MCF-7 cells by CMAEPn. (B) Inhibition of NFκB DNA-binding
activity in nuclear extracts of MDA-MB-435s cells by CMAEPn.
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to deprive cancer cells of growth factors, causing those cells to die
by autophagy. Similarly, CMAEPn through its ability as a
ceramide towithdraw growth factors from cells reduced the levels
of EGF in both MCF-7 and MDA-MB-435s breast cancer cells.
Both MCF-7 and MDA-MB-435s breast cancer cells showed
low caspase activity when treated with 125 and 250 μMceramide,
respectively. MCF-7 cells are known as caspase-3-deficient, and
therefore, MCF-7 cell death should also be caspase-3-indepen-
dent. Here, we also show that downregulation of growth factors,
such as VEGF and EGF, inMCF-7 andMDA-MB-435s cells by
CMAEPn stimulated autophagy by increasing the accumulation
of positive autophagosomes in CMAEPn-treated cells. Results of
Western Blot indicated that CMAEPn stimulated autophagy by
upregulating the level of beclin-1 in both cell lines. Accumulation
of beclin-1 correlates with cell death by autophagy. In MCF-7
and MDA-MB-435s cells, PI3K is activated. The results of
Western Blot also indicate that CMAEPn inhibited the activity
of PI3K in MCF-7 and MDA-MB-435s breast cancer cells,
confirming the hypothesis put forth by Mukhamedova and
Glushenkova (8 ). Recently, another group has associated
solid tumor cell death by autophagy to inhibit PI3K activity in
cancer cells (34 ). A synthetic phosphonolipid, 4-(hexadecyloxy)-
3-(S)-methoxybutyl phosphonic acid (PoA), is a potent and
specific inhibitor of PI 3-kinase (35 ). CMAEPn also inactivated
NFκB, which promotes cell survival and proliferation. In vivo
angiogenesis was assessed by matrigel plug assay. CMAEPn at
30 mg/kg body weight inhibited the formation of blood vessels in
vivo. The results of the matrigel assay (Figure 12) show that

treatment of EGF-stimulated matrigel with CMAEPn signifi-
cantly inhibited EFG-stimulated angiogenesis and the ability of
new blood vessels to invade the matrigel (p< 0.05) compared to
untreated matrigel (control). These results may also be inter-
preted that ceramide inhibition of growth factormay have caused
the inhibition of EGF-stimulated new blood vessel formation.
Ceramide-treated matrigel plugs had lower values of hemoglobin
than the controls, suggesting that less blood vessels were formed.
Hemoglobin levels were 57% lower with the ceramide-treated
cells. Overall, in vitro and in vivo assay results suggest that
CMAEPn was effective against in vitro and in vivo angiogenesis
and hormone-dependent MCF-7 and hormone-independent
MDA-MB-435s breast cancer cell viability. The results of this
study demonstrate that oyster ceramide inhibited angiogenesis in
vitro and in vivo.Moreover, oyster ceramide inhibited the viability
of hormone-dependent and -independent breast cancer cells by
inactivating VEGF, EGF, and PI3K, which are some of the main
signaling pathways associated with the progression of breast
cancer. Many drugs including chemotherapy have been reported
to trigger cell death by autophagy in cancer cells by increasing
levels of endogenous ceramide (26, 36). Ceramides do not
necessarily induce cancer cell death by autophagy. Several
studies have shown that the addition of exogenous ceramides to
cancer cells trigger cell death by apoptosis or autophagy (11, 37).
Exogenous ceramides added to cancer cells accumulate in the
mitochondria, leading to a decrease of the mitochondrial
membrane potential, release of mitochondrial cytochrome c,
activation of caspase-3 and caspase-9, and cell death (11, 13).

Figure 12. Effect of CMAEPn onmatrigel plug assay. A total of 1 mL of matrigel mixed with 300 ng of bFGFwas injected subcutaneously without CMAEPn on
the left flank andwith 30mg/kg bodywt of CMAEPn on the right flank of rats (n = 5). After 7 days, thematrigel plugswere carefully removed fromunderneath the
skin, photographed, and analyzed for hemoglobin concentration using Drabkins reagent. (A) Matrigel containing 300 ng of bFGF. (B) Matrigel containing 300
ng of FGF and 30 mg/kg body weight of CMAEPn.



Article J. Agric. Food Chem., Vol. 57, No. 12, 2009 5209

Other studies in our laboratory have indicated that, in vivo,
ceramide does not appear to induce apoptosis but does affect
angiogenesis (38 ).

Marine bivalves and molluscans contain significant amounts
of ceramides of different nature and size. Feeder species, such as
oysters, molluscans, and menhaden fish (work in progress in our
laboratory), concentrate ceramides of different nature depending
upon the phytoplankton that these species filter. Work is
in progress in our laboratory to identify the origin of the
phytoplankton in which CMAEPn is concentrated. Oysters
may contain ceramides other than CMAEPn and CMAEPn,
and we are pursuing work to identify other ceramides and study
their relationship to cancer cell activity in vitro and in vivo. The
potential origin of CMAEPn and CMAEPn in the oyster is
the result of an association with microalgae, because these
sphingolipids are commonly found in phytoplankton.
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