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Oxylipins are metabolites derived from lipid peroxidation. The plant oxylipin methyl jasmonate (MJ) shows cytotoxic activity against cancer cell lines of
various origins, with ATP-depletion being one of the mechanisms responsible for this effect. The cytotoxic activity of oxylipins (OXLs) isolated from the
microalgae Chlamydomonas debaryana (13-HOTE) and Nannochloropsis gaditana (15-HEPE) was higher against UACC-62 (melanoma) than towards HT-29
(colon adenocarcinoma) cells. OXLs lowered the ATP levels of HT-29 and UACC-62 cells, but the effect was higher on the second cell line, which had higher
basal ATP. This result proves a link between the cytotoxicity and the capability of these compounds to deplete ATP. In addition, the combination of 13-HOTE
with the anticancer drug 5-fluorouracil (5-FU) induced a synergistic toxicity against HT-29 cells. These results highlight the therapeutic potential of oxylipins

derived from microalgae.
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Polyunsaturated fatty acids (PUFAs) and their derivatives play
important roles as signaling molecules. Metabolites produced by the
oxidative transformation of PUFAs are collectively named
oxylipins (OXLs). The initial formation of hydroperoxides may
occur either by chemical oxidation or by the action of enzymes such
as lipoxygenase and o-dioxygenase [1]. Subsequent transformations
of these hydroperoxides give rise to a great variety of oxylipin
classes, which have many different biological functions and can act
as inter-kingdom signaling molecules [2].

Microalgae are a valuable source of fatty acids of the ®3 and ©6
families. PUFAs, such as o-linolenic acid (ALA, C18:3n-3),
arachidonic acid (ARA, C20:4n-6), eicosapentaenoic acid (EPA,
C20:5n-3), and docosahexanoic acid (DHA, C22:6n-3), are known
to be beneficial in the prevention of neurodegenerative, age-related
disorders, and cancer [3,4]. We have recently described the
isolation, chemical characterization, and in vitro anti-inflammatory
activity of several oxylipins isolated from cultures of the freshwater
microalga Chlamydomonas debaryana and of the seawater species
Nannochloropsis gaditana [5]. The oxylipins were hydroxy acids
derived from C16, C18, and C20 PUFAs. In addition, the oxylipin-
containing biomass of C. debaryana and its major oxylipin
constituent (9Z,11E,138S,15Z)-13-hydroxyoctadeca-9,11,15-trienoic
acid (13-HOTE) showed a preventive effect in acute
trinitrobenzenesulfonic acid (TNBS)-induced colitis in rats [6].

Plant oxylipins are mostly produced from linoleic acid (LA, 18:2n-
6) and a-linolenic acid (ALA, 18:3n-3). Oxylipins formed in
flowering plants include the plant hormones 12-oxo phytodienoic
acid (OPDA) and jasmonic acid (JA) [7]. Upon developmental or
environmental stimuli, jasmonates are synthesized and play key
roles in plant development and defense responses in multiple biotic
and abiotic stresses [8]. From the biomedical point of view, JA,
methyl jasmonate (MJ) and some of their synthetic derivatives, have
been shown to exhibit anti-cancer activity, in vivo and in vitro,

against cancer cells of various histological origins [9-12]. Further,
MIJ has recently attracted attention because of its specific pro-
apoptotic properties in a wide range of malignancies [13,14].

This study was aimed to investigate the cytotoxic activity of
microalgal-derived OXLs, taking MJ as a model. Although plant
jasmonates had shown cytotoxicity against various types of cancer
cells [9-15], no data concerning the effects of MJ on HT-29 human
colon carcinoma cells were available. Thus, the first objective of
this study was to evaluate the cytotoxicity of MJ against HT-29; the
melanoma skin cancer (UACC-62) cells were used for comparison,
because MJ has anti-cancer effects against experimental melanoma
[16]. The anticancer effects of MJ are related to its capacity to
deplete adenosine 5'-triphosphate (ATP) in several experimental
models [17-19]. Herein, the relevance of this mechanism of action
was investigated in the two cancer cell lines. In a second step, a
similar study was performed with the OXLs isolated from the
microalgae. In addition, a possible synergism with 5-fluorouracil (5-
FU), which is one of the most common chemotherapeutic agents
against colon cancer, was evaluated.

The effect of MJ on cell cycle in human colon cancer HT-29 cells
was analyzed by flow cytometry (Figure 1). Colchicine, which
inhibits microtubule polymerization [25], induced cell cycle arrest
at M, thus decreasing cell number in G¢/G; and increasing it at
G,/M. MIJ caused a decrease in cell number at Gy/G, and an
increase in S and G/M, which is consistent with cell cycle arrest at
G,/M. Interestingly, a concentration-dependent accumulation of
cells in apoptotic sub-G; phase was also observed, with a
significantly increased cell number from 0.98 + 0.18 to 8.56 + 0.51
at 3 mM MJ, and to 20.33 + 0.43 at 6 mM MJ.

The cytotoxic effect of MJ on human colorectal adenocarcinoma
(HT-29) and melanoma skin cancer (UACC-62) cells was evaluated
after 24 h of treatment using the SRB assay (Figure 2). MJ
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Figure 1: Effect of MJ on cell cycle distribution of HT-29 cells. Cells were treated with 3 and
6 mM MJ for 24 h. Colchicine (0.5 pM) was used as positive control. Data are means + SE of
three experiments. **P<0.01, ***P<(0.001 compared with the solvent control in each
respective cell cycle phase.

concentration-dependently reduced the viability of HT-29 and
UACC62 cells. The ICs, values were, respectively, 5.69 + 0.17 mM
and 1.41 + 0.01 mM. The results showed that MJ had the highest
cytotoxic activity towards UACC-62 cells.
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Figure 2: Cytotoxic effect of MJ on HT-29 and UACC-62 cells. Cell viability was
evaluated by the SRB assay after 24 h of treatment. Data are means + SE of three
experiments.

The major OXL constituent of Chlamydomonas debaryana biomass
(13-HOTE) and 15-HEPE from Nannochloropsis gaditana were
assayed on HT-29 and UACC-62 cells (Table 1). These two OXLs
displayed higher cytotoxicity against UACC-62 cells than against
HT-29 cells, both at 48 h and at 72 h of treatment. The ICs, values
at 72 h were 71.9 + 3.6 uM for 13-HOTE and 53.9 = 6.4 uM for 15-
HEPE in UACC-62 cells, and above 100 uM in HT-29 cells.

Table 1 shows the cytotoxic activity of MJ and OXLs measured
with the SRB, MTT reduction, and LDH leakage assays.
Comparable results were obtained with the three assays. In all cases,
the cytotoxicity of both MJ and OXLs was higher against UACC-62
cells than against HT-29 cells. Taken together, these results show
the cytotoxic activity of MJ in the mM range, the same as that
reported in other studies [19, 26], and of OXLs in the uM range, the
same at which biological activity for these compounds had been
reported [5].

Table 1: Cytotoxic effect of OXLs on HT-29 and UACC-62 cells.

Compounds Cell line SRB (ICs) MTT (ICs) LDH (ICsp)
48 h 72h 48 h 72h 48 h
MJ (mM) HT-29 298 + 0.52 + 1.95+ 0.78 + 1.86 £ 0.06
0.25 0.09 0.16 0.20
UACC-62 1.38 0.43 + 0.84 + 0.62 + 1.45+0.11
0.11 0.15 0.12 0.02
13-HOTE (uM) HT-29 >100 >100 >100 >100 >100
UACC-62 >100  71.9+3.6 >100 682+02 99.0+25.1
15-HEPE (uM) HT-29 >100 >100 >100 >100 >100

UACC-62 72.3+£3.5 53.9+64 >100 788+4.6 93.0+14.0

“Cell viability was evaluated by the SRB, MTT and LDH assays after 48 and 72 h of
treatment. ®Data are means + SE of three experiments.

The effect of MJ and OXLs on cell cycle in UACC-62 cells was
analyzed by flow cytometry (Figure 3). Colchicine was used as
control; it induced cell cycle arrest at G,/M, and likewise in HT-29
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cells. MJ caused a concentration-dependent accumulation of cells in
the apoptotic sub-G,; phase. On the other hand, both 13-HOTE and
15-HEPE at uM concentration induced about 10% cell cycle arrest
in Gy/Gy, increased the number of apoptotic cells, and decreased
cell number in the S and G/M phases.

MJ has been reported to target the mitochondria and cause ATP
depletion [18]. In addition, the combination of MJ with the
glycolysis inhibitor 2-deoxyglucose (2-DG) was accounted to result
in synergistic effects [26]. 2-DG was used expecting a cooperative
effect of the two agents (MJ and 2-DG) in short-time treatments that
would cause assessable ATP depletion without killing the cells.

The effect of MJ on cellular ATP level was evaluated in HT-29 and
UACC-62 cells with and without addition of 2-DG (Figure 4). A 30
min treatment with increasing concentrations of MJ caused a dose-
dependent decrease of ATP levels in HT-29 (Figure 4A) and
UACC-62 cells (Figure 4B), which were further lowered by MJ in
combination with 2-DG. The effect was of statistical significance
for 3 and 4 mM M]J in both cell lines. It is worth noting that ATP
levels were higher in control UACC62 cells (4.10 = 0.30 uM)
relative to control HT-29 cells (0.70 = 0.03 pM). For this reason,
the effect of MJ, 2-DG@, and the combination of both compounds,
had a higher impact on UACC-62 cells. For example, 4 mM MJ
combined with 5 mM 2-DG decreased ATP level by 19-fold in
UACC-62 and by 10-fold in HT-29.
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Figure 3: Effect of MJ, 13-HOTE and 15-HEPE on cell cycle distribution of UACC-62 cells.
Cells were treated with 1 and 2 mM MJ, 100 pM 13-HOTE and 100 uM 15-HEPE for 24 h.
Colchicine (0.5 pM) was used as positive control. Data are means + SE of three experiments.
*P<0.05, **P<0.01 compared with the solvent control in each respective cell cycle phase.

OXLs treatment did not induce significant changes in ATP levels in
HT-29 cells (Figure 5). On the contrary, they significantly lowered
ATP levels of UACC-62 cells in a dose-dependent manner, with 13-
HOTE and 15-HEPE among the most active. These effects were
magnified when OXLs were combined with 2-DG.

Jasmonates are known to display cooperative cytotoxicity with
several anticancer drugs [26]. The cytotoxic activity of MJ (Figure
6A, 6B), 13-HOTE (Figure 6C) and 15-HEPE (Figure 6D) in
combination with the anticancer drug 5-FU was tested in HT-29
cells at 48 h (MJ) and 72 h (OXLs). The combination index (CI)-
isobologram equation allows quantitative determination of drug
interactions, where CI <1, =1, and >1 indicate synergism, additive
effect, and antagonism, respectively. The figures on the left show %
of cell viability estimated with the SRB assay, and figures on the
right show the fraction-affected (Fa)/CI plots constructed by
computer analysis with the CompuSyn software.
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Figure 4: Effect of MJ and 2-DG on ATP level. (A) HT-29 cells. (B) UACC-62 cells.
Cells were treated when indicated with 5 mM 2-DG for 3 h, and/or increasing
concentrations of MJ (1, 2, 3 and 4 mM) for 30 min. Data are means + SE of six
experiments. *P<0.05, **P<0.01, ***P<0.001 vs solvent control (control A) for the
treatments without 2-DG. *P<0.05, *'P<0.01, "*P<0.001 vs control with 2-DG (control
B) for the treatments with 2-DG. *P<0.05, ¥P<0.01 for treatments with 2-DG and MJ
compared with the corresponding treatment with MJ alone.

Plant jasmonates, such as JA, MJ, and several synthetic derivatives,
have been shown to display anti-cancer activity in both in vitro and
in vivo models [9-15]. MJ has been demonstrated to reduce the ATP
intracellular level in a range of cancer cell lines, preceding
apoptotic cell death induction [18]. These observations are
consistent with the results herein described, which show that MJ
induced both apoptosis and ATP-depletion in HT-29 cells. The
combination of MJ with the glycolysis inhibitor 2-DG, which has
been reported to enhance the anticancer effects of MJ [26-27],
potentiated the effect of MJ on ATP level. In addition, it could be
observed that the higher cytotoxic activity of MJ against UACC-62
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Figure 5: Effect of OXLs and 2-DG on ATP level. (A) HT-29 cells. (B) UACC-62
cells. Cells were treated when indicated with 5 mM 2-DG for 3 h, and/or 100 and 250
puM OXLs for 30 min. Data are means + SE of four experiments. *P<0.05, ***P<0.001
vs solvent control (control A) for the treatments without 2-DG. *"'P<0.01, **P<0.001 vs
control with 2-DG (control B) for the treatments with 2-DG. #*P<0.05, *P<0.001 for
treatments with 2-DG and OXLs compared with the corresponding treatment with
OXLs alone.

cells, in comparison with HT-29 cells, was accompanied by a higher
effect on ATP level in melanoma cells. The OXLs from microalgae
(13-HOTE, 13-HODE, 11-HHT, 9-HOTE, 16-HOTE, 11-HHT, and
15-HEPE) had also a higher reductive effect on ATP level and
higher cytotoxic activity in UACC-62 than in HT-29 cells, either
alone or combined with 2-DG. These results suggest that these
OXLs have an interesting therapeutic potential against cancer cells
with high growth rate and elevated metabolic requirements.
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Figure 6: Cytotoxic activity of MJ or OXLs in combination with 5-FU. (A) HT-29 cells were exposed for 48 h to different concentrations of MJ, 5-FU, or MJ in combination with 5-
FU. (B) HT-29 cells were exposed for 48 h to 0.5 mM MJ in combination with different concentrations of 5-FU. (C) HT-29 cells were exposed for 72 h to 50 pM 13-HOTE in
combination with different concentrations of 5-FU. (D) HT-29 cells were exposed for 72 h to 50 uM 15-HEPE in combination with different concentrations of 5-FU. The percentage
of cell viability (mean + SE) was determined with the SRB assay, and the parameter Combination Index (CI) was calculated with the computer software CompuSyn. Each experiment

was performed in triplicate and repeated three times.
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One of the key points of the anticancer activity of jasmonates is
their capacity to cooperate with other anti-cancer agents causing
synergistic effects. Cooperative effects for MJ and several clinical
anticancer drugs (cisplatin, paclitaxel, doxorubicin, carmustine)
have been demonstrated in many cancer cell lines [26-27]. With
respect to colorectal cancer, MJ has been shown to sensitize cancer
cells toward apoptosis induced by TNF-related apoptosis-inducing
ligand (TRAIL) [28]. In the same line, MJ combined with algal
extracts was shown to predispose prostate cancer cells to undergo
apoptosis [29]. The use of multi-agent drug combinations may
allow reduction of the administered dose, decrease unwanted side
effects, and reduce the likelihood that the tumor will display
resistance to the combined therapy. Thus, the synergism between
MJ and 5-FU against HT-29 cells described in this paper may be
interesting in the treatment of colorectal cancer. The clinical use of
M]J is limited for the need of high doses of the compound, in the
millimolar range. The future development of more active synthetic
analogs may overcome this restriction. In this respect, the OXLs
displaying structures of hydroxylated fatty acids studied in this
work show similar activities (cytotoxicity, ATP-depletion) at much
lower concentrations, in the micromolar range.

Several lines of evidence associate chronic intestinal inflammation
to greater risk of developing colorectal cancer [30]. We have shown
that 13-HOTE, the major oxylipin constituent of the biomass of the
microalga Chlamydomonas debaryana, could effectively ameliorate
TNBS-induced inflammation in rat colon tissue [6]. This work
demonstrated that 13-HOTE had a synergistic effect on 5-FU
cytotoxicity against HT-29 cells, thus expanding its potential for
preventing inflammatory bowel disease and derived colorectal
cancer.

In conclusion, this study shows that MJ and microalgal-derived
OXLs can impact on the energetic metabolism of cancer cell lines,
causing ATP depletion. The effect on ATP level was closely linked
to the cytotoxic activity of these compounds, which was higher
against human melanoma cancer cell line UACC-29 (high basal
ATP levels) than against human colon adenocarcinoma cell line
HT-29 (low basal ATP level). The present study further reveals the
synergistic cooperation between the chemotherapeutic drug 5-FU
and MJ or 13-HOTE against HT-29. The anti-inflammatory activity
of the OXLs previously described by our group increases their
significance in prevention of inflammatory bowel disease and
derived colorectal cancer.

Experimental

Compounds: MJ] and 5-FU were obtained from Sigma-Aldrich
(Saint Louis, MO, USA). The OXLs used in this study were
obtained as previously described [5]. The compounds
(9Z,11E,138,15Z)-13-hydroxyoctadeca-9,11,15-trienoic acid (13-
HOTE), (9Z,11E,13S)-13-hydroxyoctadeca-9,11-dienoic acid (13-
HODE), (7Z,9E,118,13Z)-11-hydroxyhexadeca-7,9,13-trienoic acid
(11-HHT), (10E,12Z,152)-9-hydroxyoctadeca-10,12,15-trienoic
acid (9-HOTE), (97,12Z,14E)-16-hydroxyoctadeca-9,12,14-trienoic
acid (16-HOTE), and (4Z7,7Z,9E,118,13Z2)-11-hydroxyhexadeca-
4,7,9,13-tetraenoic acid (11-HHT4) were isolated from Chlamydo-
monas debaryana. The compound (5Z,8Z,11Z,13E,155,172)-15-
hydroxyeicosa-5,8,11,13,17-pentaenoic  acid (15-HEPE) was
isolated from Nannochloropsis gaditana. MJ, 5-FU and OXLs
stocks were prepared in DMSO at 0.5 M, 0.5 M, and 10 mM,
respectively, and diluted to the desired concentration with culture
medium. Controls were incubated with the corresponding quantity
of DMSO, which was always below 1% and did not affect cell
viability.
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Cell lines: The human colonic adenocarcinoma cell line HT-29 was
obtained from the European Collection of Cell Cultures (ECACC)
and cultured in McCoy’s SA medium (PAA Laboratories, Pasching,
Austria). The human melanoma cell line UACC-62, a kind gift of
Dr Soengas (Centro Nacional de Investigaciones Oncoldgicas,
Madrid, Spain), was cultured in RPMI medium supplemented with
2 mM L-Gln and 25 mM HEPES (Gibco, USA). The culture media
were supplemented with 10% heat-inactivated fetal bovine serum,
100 U/mL penicillin and 100 mg/mL streptomycin (PAA
Laboratories, Pasching, Austria). Cultures were incubated at 37°C
in a 5% CO, atmosphere.

Flow cytometry and cell cycle determination: HT-29 and UACC-
62 cells were seeded at 8 x 10° cells/well in 6-wells NUNC plates
and were treated with either MJ or OXLs for 24 h. Cells were
treated with trypsin and collected by centrifugation (375 g, 5 min,
25°C), and fixed in 70% ethanol (10° cells ml™) for 24 h. Ethanol
was eliminated and cells were resuspended in PBS containing 5 mg
mL"! pancreatic A ribonuclease (Sigma-Aldrich) and kept at 4°C for
48 h under mild agitation. Then, propidium iodide was added at 5
pg mL™', and cells were incubated at 4°C for 1 h. DNA content was
determined on a Beckman Coulter Cytomics FC 500 MPL
(Beckman Coulter Inc, CA; USA) with MXP Software examining
10* cells. Percentages of cells in apoptotic-sub G, G¢/G;, S and
G,/M were calculated using CXP software.

Cell proliferation assay: The cytotoxic activity of MJ and OXLs
was measured with the sulforhodamine B (SRB) assay [20], the (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
tetrazolium (MTT) reduction assay [21], and the lactate
deshydrogenase (LDH) leakage assay [22], as described. The half
maximal inhibitory concentration (ICsg) is the concentration causing
50% of cell death at a fixed time.

ATP quantification: Cells in growth medium were seeded into 24-
well plates at 3 x 10° cells/well and kept at 37°C in a 5% CO,
atmosphere for 24 h. When indicated, cells were supplied with 5
mM 2-deoxyglucose (2-DG) for 3 h, and then, with different
concentrations of either MJ or OXLs for 30 min. To secure that the
effect of the compounds was the cause, and not the consequence, of
cell death, the viability of the cells was confirmed by trypan blue
staining of a subset of cells after the treatments. Cells were washed
with cold PBS and adenylates were extracted with 0.5 mL of 0.6 M
HCIO,. The acid suspension was rapidly neutralized with 75 pL of
2 M K,CO; and the residue was removed by centrifugation.
Supernatants were stored at -35°C. The assay of ATP was
performed with a luciferin-luciferase Adenosine 5'-triphosphate
(ATP) Bioluminescent Assay kit (Sigma-Aldrich, St. Louis. Mo.,
USA), using a Luminoskan TL (LabSystems Oy, Helsinki, Finland)
luminometer. ATP is consumed and light is emitted when firefly
luciferase catalyzes the oxidation of D-luciferin [23]. ATP
concentration of samples was calculated by comparison with a
standard curve prepared with serial dilutions of the ATP standard
supplied with the kit.

Drug interaction analysis: The interaction between MJ, 13-HOTE
or 15-HEPE and 5-FU was evaluated by median-effect plot analyses
and the combination index (CI) method [24]. Compounds were
combined at concentrations below their ICs, values. Data analysis
was performed using the CompuSyn software (Combosyn, Inc., NJ,
USA).

Statistical analysis: Data are expressed as mean values + Standard
Error (SE) from at least 3 independent experiments conducted at
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