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Abstract
Two monogalactosyl diacylglycerols, 1 and 2, were isolated from the marine diatom Phaeodactylum
tricornutum, using the patented ApopScreen cell-based screen for apoptosis-inducing, potential
anticancer compounds. The molecular structures of the galactolipids were determined using a
combination of NMR, mass spectrometry, and chemical degradation. The bioactivities were
confirmed using a specific apoptosis induction assay based on genetically engineered mammalian
cell lines with differential, defined capacities for apoptosis. The galactolipids induce apoptosis in
micromolar concentrations. This is the first report of apoptosis induction by galactolipids.

The oceans are the largest ecosystem of Earth and hold great, unexplored potential for drug
discovery. One of the most important photosynthetic eukaryotes in marine ecosystems are the
diatoms,1 single-celled algae surrounded by a silica-derived wall. There are estimated to be
~106 species of diatoms,2,3 which makes them ~4-fold more diverse than angiosperms. These
organisms rose to ecological prominence over the past 40 million years, and in part, their
success has been attributed not only to efficient resource acquisition strategies but also to
allelochemical production that may favor their selection over competitors. Hence, we examined
whether this group of organisms produces novel compounds capable of inducing apoptosis.

The screening of organic extracts from marine algae and cyanobacteria for mechanism-based
anticancer agents has become increasingly efficient and has led to the discovery of new chemo-
types showing antiproliferative properties.4,5 Cytotoxic chemo-therapeutics currently in use
for the treatment of cancer rely on the ability to selectively target proliferating cells, which are
enriched in tumors. Tumor cells progressively evolve genetic mutations that enable not only
cell proliferation but also resistance to apoptosis, a cell suicide pathway that is the cellular
response to oncogene activation or irreparable cellular damage.6–9 Effective cancer therapeutic
strategies often rely on preferential and efficient induction of apoptosis in tumor cells.

*To whom correspondence should be addressed. Tel: (732) 932-6555, ext. 370. Fax: (732) 932-4083. falko@imcs.marine.rutgers.edu.
†IMCS, Rutgers, The State University of New Jersey.
‡CABM, Rutgers, The State University of New Jersey.
§University of Medicine and Dentistry of New Jersey.
⊥The Cancer Institute of New Jersey.
Supporting Information Available: 1H NMR, 13C NMR, 1H-1H COSY, multiplicity-edited HSQC, HMBC, and MS data of compound
1. This material is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
J Nat Prod. Author manuscript; available in PMC 2010 May 10.

Published in final edited form as:
J Nat Prod. 2008 July ; 71(7): 1197–1201. doi:10.1021/np800124k.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


Progressive exposure to such molecules commonly leads to selection of resistant cells that are
therapeutically associated with both tumor progression and resistance to chemotherapy.6–9

While many conventional cytotoxic chemotherapeutics trigger apoptosis indirectly by
inflicting cellular damage, recent efforts have been directed to developing agents that
specifically target or activate a caspase cascade that leads to apoptosis.10

In our ongoing effort to discover and develop new marine natural product biomedicinals, we
have screened extracts from several marine organisms and have found that those isolated from
a cultured marine diatom, Phaeodactylum tricornutum, possessed an ability to specifically
induce apoptosis in immortal mammalian epithelial cells. Subsequently, extracts were
subjected to ApopScreen bioas-say-guided purification, which resulted in the isolation of two
monogalactosyl diacylglycerols (1 and 2), which we demonstrate are capable of inducing
apoptosis in the same cell lines. To our knowledge, this is the first report of apoptosis induction
by galactolipids.

Results and Discussion
The marine diatom, Phaeodactylum tricornutum, was cultured in a F/2 medium at 18 °C under
constant light (100 μmol m−2 s−1). Forty grams wet weight of the organism was extracted in
methanol. One part of the methanol-soluble extract was dissolved in DMSO and was tested for
apoptosis induction as assessed by the ApopScreen protocol.11,12 This cell-based assay is
specific for the isolation and identification of apoptosis-inducing compounds. Two genetically
matched immortal mouse epithelial cell lines are used: wild-type W2 with apoptosis function
intact, and D3 with apoptosis function disabled through specific genetic deletion of both bax
and bak (D3) (United States patent #US 6,890,716). D3 cells are completely and irreversibly
defective for apoptosis, and yet all apoptosis regulatory mechanisms upstream of Bax and Bak
(Bcl-2, Bim, etc.) remain intact.13 Importantly, the vast majority of human cancers with defects
in apoptosis have the pathway disabled upstream of Bax and Bak. Thus, screening to identify
compounds that have the capacity to kill W2 but not D3 cells should identify those that possess
proapoptotic, and potentially anticancer, activity. Moreover, materials that indiscriminately
kill both apoptosis-competent W2 and apoptosis-defective D3 cells can be used to eliminate
those compounds that are nonspecifically toxic.11

The extract that induced apoptosis was subsequently purified by analytical RPHPLC. Using
this strategy, two pure compounds with proapoptotic activity were isolated. Chemical
structures of these two compounds (1 and 2) were ascertained by standard spectroscopic
techniques, as described below.

The molecular formula of 1 was established as C45H70O10 on the basis of HR MALDI-TOFMS
[m/z 793.4883 (M + Na)+ (calcd for C45H70O10Na, 793.4867)]. The 1H and 13C NMR spectra
of 1 indicated clearly the presence of a sugar and long-chain unsaturated fatty acid ester
moieties, suggesting a glycoglycerolipid. Analysis of the 1H and 13C NMR spectra of 1,
together with 1H–1H COSY, multiplicity-edited HSQC, and HMBC experiments, led to the
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assignments of all the 1H and 13C NMR signals for the sugar and glycerol moieties, as shown
in Table 1. One group of signals at δC 104.5, 71.6, 73.7, 69.5, 74.8, and 62.4 and δH 4.27 [(d,
J = 6.8 Hz), H-1′], 3.63 [(dd, J = 6.8 Hz, 9.7 Hz), H-2′], 3.54 [(dd, J = 2.1 Hz, 9.7 Hz), H-3′],
and 3.99 [(dd, J = 1.5 Hz, 2.1 Hz, H-4′] suggested a terminal β-D-galactopyranose unit.
Moreover, the other group of signals at δC 63.1 70.4 and 68.4 and δH 4.22 [(dd, J = 6.8 Hz,
12.0 Hz), H-1a], 4.40 [(dd, J = 2.0 Hz, 12.0 Hz), H-1b], 5.28 [(m), H-2], 3.72 [(dd, J = 6.0 Hz,
11.0 Hz), H-3a], and 3.89 [(dd, J = 6.0 Hz, 11.0 Hz), H-3b] revealed a glycerol moiety. In the
HMBC experiment, the anomeric proton H-1′ of the β-D-galactopyranosyl was correlated with
the carbon C-3 of the glycerol moiety, and the protons H-1a,b and H-2 of the glycerol were
correlated to the carbonyls C-1‴ (δC 173.3) and C-1″ (δC 173.5) of the fatty acid side chains,
respectively.

According to its molecular formula, the two acyl moieties of 1 must represent a total of 36
carbon atoms. 13C NMR indicated a total of 16 olefinic carbons (δC 127.04, 127.81, 127.89,
128.05, 128.10, 128.19, 128.25, 128.34, 128.39, 128.51, 128.63, 128.82, 129.0, 129.5, 130.24,
132.09) corresponding to eight double bonds. In addition, the strong signal at δC 26.5, δH 2.81
observed in the multiplicity-edited HSQC indicates the existence of several bis-allylic
methylene carbons. Since bis-allylic carbon signals of Z-and E-isomers are observed at δC ca.
27 and ca. 32, respectively,14,15 the 26.5 ppm shift suggests that all double bonds have a cis-
geometry (Z).

To deduce the exact nature of the polyunsaturated fatty acids, 1 was hydrolyzed in methanol/
NaOMe (2 h). After routine workup of the reaction, the nonpolar organic extract was analyzed
by GC-MS and ESIMS, and two ion peaks [M + H]+ at m/z 265.2166 and 317.2480 were
observed, corresponding to hexadecatrienoic acid methyl ester (4) and eicosapentaenoic acid
methyl ester (5), respectively. Upon regioselective enzymic hydrolysis of 1 with lipase enzyme
type III in dioxane/H2O (1:1) at 37 °C for 4 h,16 only eicosapentaenoic acid was obtained, as
analyzed by ESIMS and compared with an authentic sample. Thus, we concluded that an
eicosapentaenoyl residue was attached to the C-1 position of the glycerol moiety in 1. The
aqueous phase yielded a monogalactosyl glycerol (3), which was identical in all respects with
(2R)-3-O-[β-D-galactopyranosyl]glycerol,17,18 confirming the stereochemistry of both the
sugar and glycerol part in 1. Moreover, 3 was subjected to acid hydrolysis (2 N HCl, 30 min),
and after workup and purification, β-D-galactose was obtained. The D-configuration of this
sugar was confirmed by comparing its optical rotation with that reported in the literature for
an authentic sample.19–21 The configuration at C-2 in the glycerol moiety of 1 is presumed to
be S on the basis of a comparison of specific rotation with literature values.19 Consequently,
the structure of 1 was characterized as (2S)-1-O-5,8,11,14,17-eicosapentaenoyl-2-O-6,9,12-
hexadecatrienoyl-3-O-[β-D-galactopyranosyl]glycerol, a new compound that induces
apoptosis in mammalian cell lines. Compound 1 is closely related to previously reported
glycerolipids from marine diatoms Chaetoceros,22 Thalassiosira rotula,23 and Skeletonema
costatum.24

The molecular formula of 2 was established as C45H68O10 on the basis of HR MALDI-TOFMS.
The strong similarity of its NMR data to that of (2S)-1-O-3,6,9,12,15-octadecapentaenoyl-2-
O-6,9,12,15-octadecatetraenoyl-3-O-β-D-galactopyranosyl-sn-glycerol revealed that 2 was a
known compound that was previously isolated from the marine dinoflagellate Heterosigma
akashiwo.25 The nature of the polyunsaturated fatty acid side chains of 2 was ascertained by
the same methods described above.

To assess the proapoptotic activities of these compounds as a marker for their potential
anticancer efficacy, methanol-soluble fractions of P. tricornutum extracts were tested for
apoptosis induction using the ApopScreen protocol as described above. To quantify apoptosis
induction, viability was determined using an MTT assay.26 Growth was calculated as the
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difference between time 0 (addition of compound) and after 48 h exposure. Apoptosis induction
was defined as at least 20% death of W2 cells and a 10% or higher growth of D3 cells.12 The
optimal concentration of the compounds for apoptosis induction was determined on the basis
of the dose response of the two cell lines by MTT assay. The results (Figure 3) reveal a
significant induction of apoptosis by the whole extract (death of W2 35 ± 12%, growth of D3
of 91 ± 15%) and fraction 3 (death of W2 50 ± 3%, growth of D3 of 160 ± 7%), but only
moderate induction by the isolated compounds. Death of W2 with compound 1 (52 μM) was
18% ± 1%, with growth of D3 at 10% ± 1%, and 18% ± 1% death and 14% ± 1% growth with
compound 2 (64 μM), respectively. At a fifth of these concentrations, both compounds inhibited
the growth of W2, but not D3. Thus, the monogalactosyl diacylglycerols we have isolated
effectively and specifically activate apoptosis in immortalized mammalian epithelial cells. The
increased activity of the crude materials could be due to a synergistic effect between the two
isolated compounds 1 and 2 or with other compounds from the same fractions. This activity
is, however, less significant compared to the apoptosis induction of diterpenes previously
isolated from Xenia elongata using the same protocol.11

Monogalactosyldiacylglycerols are chloroplast membrane lipids in higher plants and algae.
The increased attention to this class of natural products derives from the specific roles played
by these compounds in the light-initiated reactions of photosynthesis and the considerable
interest in their bioactivities, which include antiviral properties27 and antimitotic,28 tumor
suppressor,29 antistress,30 and anti-inflammatory activity.19 This is the first report that
monogalactosyldiacylglycerols induce apoptosis at micromolar concentration. The mechanism
of action of these compounds has yet to be elucidated. Chloroplast-derived glycolipids and
membrane-bound phospholipids have been shown to be the main substrates for the biosynthetic
pathway that produces antiproliferative polyunsaturated aldehydes23,31 in wounded and
nutrient-starved cells of marine diatoms.32–34 It is also known that fatty acid hydroperoxides
display teratogenic and proapoptotic properties.35 It is conceivable that an enzymatic reaction
(lipoxygenase/O2) of the two side chains of compound 1 would produce hydroperoxide-
containing fatty acids, which, in turn, by enzymatic breakdown (lyase) would produce
polyunsaturated aldehydes (decatrienal and octadienal).36,37 The whole part of the molecule
may also play an important role in the structure and activity relationship. This was previously
found in glycoglycerolipid analogues, which have gained importance in cancer
chemoprevention due to their promising inhibitory effect on tumor growth. The fatty acyl chain
length,38 its position, and the nature of the sugar moiety influence the activity.39 Galacto-
sylglycerols are reported to be more potent than the corresponding glucosylglycerols with the
same structural features. However, the anomeric configuration does not seem to affect the
activity.40

The compounds described herein represent a potential platform for the development of new
drugs with specific proapoptotic activity, and therefore, potential anticancer utility. This work
describes the bioactivity of metabolites from the marine diatom P. tricornutum using a cell-
based screen that we developed to identify potential proapoptotic compounds. P.
tricornutum was used as a model organism because of the advanced knowledge in genetic and
genomic resources of this organism, which provide a useful tool for future identification of
biosynthetic key pathways for secondary metabolism.41,42 The vast majority of human solid
tumors are of epithelial origin, and defects in apoptosis, mostly upstream of Bax and Bak, play
important roles in both tumor suppression and mediation of chemotherapeutic responses.
Consequently, efforts are increasingly focused on developing drugs that can reactivate the
apoptotic pathway. The compounds identified here induce apoptosis upstream of Bax and Bak
and may have a potential for use as anticancer agents that exploit the apoptosis pathway in
tumor cells.

Andrianasolo et al. Page 4

J Nat Prod. Author manuscript; available in PMC 2010 May 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Experimental Section
General Experimental Procedures

Optical rotations were measured on a JASCO P 1010 polarimeter. UV and FT-IR spectra were
obtained employing Hewlett-Packard 8452A and Nicolet 510 instruments, respectively. All
NMR spectra were recorded on a Bruker Avance DRX300 spectrometer except for the 1H
NMR of compound 3, which was recorded on a Varian-500 instrument (500 MHz). Spectra
were referenced to residual solvent signals with resonances at δH/C 7.26/77.1 (CDCl3). GC/
MS data were acquired on a Hewlett-Packard 5890 series II chromatograph with a Hewlett-
Packard 5971 series mass selective detector. MALDI-TOF data were recorded on an Applied
Biosystems 4800 TOF-TOF. ESIMS data were acquired on a Waters Micromass LCT Classic
mass spectrometer and Varian 500-MS LC ion trap. HPLC separations were performed using
Waters 510 HPLC pumps, a Waters 717 plus autosampler, and a Waters 996 photodiode array
detector. All solvents were purchased as HPLC grade.

Extraction and Isolation Procedures
Cell Culturing—Axenic cultures of Phaeodactylum tricornutum Bohlin clone Pt1 8.6 (CC-
MP2561) were obtained from the culture collection of the Provasoli-Guillard National Center
for Culture of Marine Phytoplankton, Bigelow Laboratory for Ocean Sciences, West Boothbay
Harbor, ME. Cultures were grown in f/2 medium43 made from 0.2 μm filtered, autoclaved
seawater supplemented with filter-sterilized vitamins and inorganic nutrients. Cultures were
incubated at 18 °C under constant light (100 μmol m−2 s−1). Sterility was monitored by
occasional inoculation into peptone-enriched media to check for bacterial growth.44 Diatom
cells were harvested by centrifugation for 15 min at 4000g, and pellets were frozen instantly
in liquid N2 and stored at −80 °C before further workup in the laboratory at the Marine
Biotechnology Center, Institute of Marine and Coastal Sciences, Rutgers University.

The material (40 g) was extracted three times with MeOH to give a polar crude organic extract
(420 mg). A portion of this extract (15 mg) was tested for apoptosis induction. The crude
organic extract was found active and subjected to fractionation using a solid-phase extraction
cartridge (normal-phase silica) to give four fractions, F1 to F4, using hexane, CH2Cl2, EtOAc,
and MeOH as an increasingly hydrophilic solvent system series. The fraction eluting with
EtOAc (F3) had apoptosis induction activity. This fraction was further chromatographed on
analytical RP HPLC (Phenomenex luna C18, 250 × 4.60 mm) using isocratic elution with 100%
MeOH (flow rate 1 mL/min) to yield successively 5 mg of 2 (tR = 5.65 mn) and 10 mg of 1
(tR = 6.45 min).

Acid and Base Hydrolysis—Compound 1 (7.5 mg) was dissolved in MeOH (1.5 mL), and
NaOMe (2.5 mg) was added; the reaction mixture was stirred at room temperature for 3 h. The
reaction mixture was quenched with the acidic ion-exchange resin Amberlite IRC-50 (Rohm
and Hass, H+ form), with the resin removed by filtration. The filtrate was dried under reduced
pressure and partitioned between CHCl3 and H2O. The organic layer was analyzed by GC-MS.
The aqueous layer of compound 1 was purified and analyzed, then treated with 2 N HCl (2.5
mL) and refluxed for 30 min. The reaction mixture was processed and the sugar fraction isolated
on an activated carbon column to give β-D-galactose (0.9 mg), identified by comparison with
an authentic sample (TLC) and by its optical rotation ([α]26

D +52.8 in H2O).

Enzymatic Hydrolysis—Compounds 1 and 2 (2 mg) were separately dissolved in 4 mL of
dioxane–H2O (1:1) and treated with lipase enzyme type III (2 mg, 50 unit, from a
Pseudomonas species, Sigma-Aldrich) at 37 °C, with shaking for 4 h. The reaction mixtures
of compounds 1 and 2 were quenched with 5% AcOH (1 mL), and the product was dried under
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reduced pressure. The crude residues of compounds 1 and 2 were dissolved in H2O and
extracted with EtOAc, concentrated under reduced pressure, and analyzed by ESIMS.

Biological Evaluation: Apoptosis Induction—Apoptosis induction in the presence of
compounds 1 and 2 was carried out as described in ref 11 using the ApopScreen assay.12

Viability of W2 (apoptosis competent) and D3 (apoptosis defective) cells was measured using
a modification of the MTT assay.26 Differential growth from time 0 to 48 h was calculated.
Starurosporine, an apoptosis inducer, and DMSO were used as positive and negative controls,
respectively.

Compound 1: [α]26
D −4.0 (c 0.4, CHCl3); IR νmax (neat) 3400, 1740 cm−1; 1H NMR

and 13C NMR, see Table 1; HR MALDI-TOFMS m/z 793.4883 (M + Na)+ (calcd for
C45H70O10Na, 793.4867).

Compound 3: [α]25
D −9.0 (c 0.2, H2O); 1H NMR (500 MHz, C5D5N) δH 4.13 (2H, d, J = 5.5

Hz, H-1a, H-1b), 4.47 (1H, m, H-2), 4.25 (1H, dd, J = 9.6, 3.9 Hz, H-3b), 4.92 (1H, d, J = 7.5
Hz, H-1′), 4.52 (1H, dd, J = 9.4, 7.5 Hz, H-2′), 4.16 (1H, dd, J = 9.4, 3.1 Hz, H-3′), 4.55 (1H,
d, J = 3.5 Hz, H-4′), 4.08 (1H, dd, J = 6.4, 5.6 Hz, H-5′), 4.42 (3H, m, H-6′a, H-6′b, H-3a).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Key HMBC and selected COSY correlations for compound 1.
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Figure 2.
Compounds 3, 4, and 5 resulting from chemical degradation of 1.
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Figure 3.
Change in relative W2 and D3 cell viability by MTT assay 48 h after addition of whole cell
tissue extract, fraction 3, 1, and 2 (1, 52 μM; 2, 64 μM). Staurosporine (0.1 μM), a known
apoptosis inducer, and untreated cells were used as positive and negative controls, respectively.
Values are an average of five wells.
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