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Oxidized unsaturated fatty acids induce
apoptotic cell death in cultured cells
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Abstract. Polyunsaturated fatty acids are oxidized by
non-enzymatic or enzymatic reactions. The oxidized prod-
ucts are multifunctional. In this study, we investigated how
oxidized fatty acids inhibit cell proliferation in cultured
cells. We used polyunsaturated and saturated fatty acids,
docosahexaenoic acid (DHA; 22:6), eicosapentaenoic acid
(EPA; 20:5), linoleic acid (LA; 18:2), and palmitic acid (16:0).
Oxidized fatty acids were produced by autoxidation of fatty
acids for 2 days in the presence of a gas mixture (20% O,
and 80% N,). We found that oxidized polyunsaturated fatty
acids (OxDHA, OxEPA and OxLA) inhibited cell prolif-
eration much more effectively compared with un-oxidized
fatty acids (DHA, EPA and LA, respectively) in THP-1 (a
human monocytic leukemia cell line) and DLD-1 (a human
colorectal cancer cell line) cells. In particular, OxDHA
markedly inhibited cell proliferation. DHA has the largest
number of double bonds and is most susceptible to oxidation
among the fatty acids. OxDHA has the largest number of
highly active oxidized products. Therefore, the oxidative
levels of fatty acids are associated with the anti-proliferative
activity. Moreover, caspase-3/7 was activated in the cells
treated with OxDHA, but not in those treated with DHA.
A pan-caspase inhibitor (zZVAD-fmk) reduced the cell death
induced by OxDHA. These results indicated that oxidized
products from polyunsaturated fatty acids induced apop-
tosis in cultured cells. Collectively, the switch between cell
survival and cell death may be regulated by the activity
and/or number of oxidized products from polyunsaturated
fatty acids.
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Introduction

Fatty acids are structural components of the cellular membrane,
and a source of energy. Numerous studies have been conducted
on fatty acids to analyze their effect on diseases and health (1,2).
Consumption of a high amount of unsaturated fatty acids is
thought to be one of the main risk factors for certain cancers.
Fatty acids, such as docosahexaenoic acid (DHA), eicosa-
pentaenoic acid (EPA), linoleic acid (LA), and palmitic acid
(PA), have various cellular roles. Especially, polyunsaturated
fatty acids play a key role in inflammatory processes (3). In
addition, some fatty acids suppress cancer growth in vitro and
in vivo (4-10). A mixture of fatty acids (EPA+arachidonic acid
(AA) or DHA+AA) decreases the viability and proliferation
of breast cancer cell lines (MDA-MB-231 and MCF7) (11).
Saturated fatty acids (PA and stearic acid) also induce death in
human cancer cells (12,13). Not only fatty acids, but also fatty
acid-analogues have been shown to be potent in anti-cancer
therapies (14). However, the mechanism of the multifunctional
effects of fatty acids is not clear.

Polyunsaturated fatty acids are oxidized by non-enzymatic
or enzymatic reactions. In non-enzymatic reaction, lipid
peroxidation is an autoxidation process initiated by the
attack of free radicals, such as reactive oxygen and nitrogen
species ((OH and ONOOQO"). After a radical chain reaction,
various bioactive oxidized products are produced from
fatty acids (15). Paradoxically, these products exhibit both
pro- and anti-inflammatory effects. The oxidized 1-palmi-
toyl-2-arachidonoyl-sn-glycero-3-phosphocholine (OxPAPC)
physiologically exerts the multiple functions (15,16).

15-Deoxy-A'*"-prostaglandin J,, an oxidized fatty
acid, induces death in breast cancer cells (17). Synthetic
ether phospholipid hexadecyl azelaoyl phosphatidylcholine
causes mitochondrial dysfunction and apoptosis in HL-60
cells (18). 13-Hydroxy ocatadecadienoic acid is a highly
potent inducer of reactive oxygen species (ROS) production
in human aortic endothelial cells (19). DHA hydroperoxide is
a potential inducer of apoptosis via mitochondrial dysfunction
in human neuroblastoma SH-SYS5Y cells (20). In contrast,
15-deoxy-A'*!"-prostaglandin J, protects SIN-1-induced death
in PCI12 cells (21). EPA, but not AA, attenuates dexametha-
sone-induced cell apoptosis in murine bone marrow-derived
mesenchymal stem cells (22). The mixture of OxEPA
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and OxDHA ameliorates the loss of viability induced by
2,2', 4 A'-tetrabromodiphenyl ether in HepG2 cells (23). Oleic
acid (0.1-1.5 mM) has a protective effect against the cytotox-
icity induced by tert-butyl hydroperoxide, a oxidative stress
inducer, in mouse 3T3-L1 fibroblasts, while DHA (>0.1 mM)
enhanced this cytotoxicity (24). However, the relationship
between oxidized fatty acids and cell death is controversial.

In this study, we aimed to investigate how oxidized fatty acids
affect the viability and death of cultured cells. We showed that
of all the fatty acids used in this study, OxDHA had the most
anti-proliferative effect in cultured cells. Moreover, OxXDHA, but
not DHA induced apoptosis through caspase activation in THP-1
cells (human monocytic leukemia cell line). Among fatty acids,
DHA has the most number of double bonds, and is most suscep-
tible to oxidation. These results suggested that oxidized products
from highly unsaturated fatty acids have a potent anti-proliferative
and pro-apoptotic activity. The switch between cell survival and
cell death may be regulated by the activity and/or number of
oxidized products from polyunsaturated fatty acids.

Materials and methods

Cell culture. THP-1 (ATCC) and DLD-1 (Cell Resource
Center) cells were cultured in RPMI medium (Invitrogen/Life
technologies, Tokyo, Japan) supplemented with 10% fetal
bovine serum (GE Healthcare Life Sciences, Tokyo, Japan),
penicillin (Nacalai Tesque, Kyoto, Japan), streptomycin
(Nacalai Tesque, Kyoto, Japan), and amphotericin B (GE
Healthcare Life Sciences, Tokyo, Japan) at 37°C with 5% CO,.

Preparation of human lymphocytes. Cell culture analysis, using
peripheral blood mononuclear cells (PBMC) from healthy volun-
teers, was approved by the Institutional Review of Committee of
Seikei University. Informed consent was obtained from volunteers
in accordance with the Declaration of Helsinki. Peripheral blood
samples from four healthy volunteers were transferred into poly-
styrene centrifuge tubes containing EDTA and then gently mixed.
The same volume of PBS was added into the tubes. The diluted
blood samples (3 ml each) were layered on 3 ml of Lymphosepar [
(Immuno-Biological Laboratories, Gunma, Japan). Lymphocytes
were isolated by centrifugation at room temperature for 30 min
at 1,800 rpm (400 x g). The lymphocyte layer was collected
and washed with PBS, and then resuspended in RPMI-1640
medium supplemented with 10% fetal bovine serum, penicillin,
streptomycin, and amphotericin B. Lymphocytic blastogenesis
was induced by treatment with 20 p#g/ml phytohemagglutinin-P
(PHA) (Sigma-Aldrich, Tokyo, Japan). PHA is able to stimulate
Iymphocyte proliferation by binding on the cell surface and acti-
vating RNA and protein synthesis.

Oxidized fatty acid preparation in an in vitro cell free
system. Oxidized fatty acids were produced by autoxidation
as described previously (25). DHA, EPA, LA, and PA were
purchased from Funakoshi (Tokyo, Japan). 2.5 mg of DHA,
EPA, LA, or PA in 500 pl of ethanol was transferred to a glass
tube, and dried under a gentle stream of nitrogen. The fatty
acid residue was allowed to autoxidize for 2 days in the pres-
ence of the gaseous mixture of 80% N, and 20% O, at 25°C in
a closed aluminum bag (Fig. 1). Then, the oxidized fatty acids
were suspended in PBS containing 10% ethanol.
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Treatment of cells with fatty acids or oxidized fatty acids. Cells
were seeded at a concentration of 0.5-1x10° cells/ml, incubated
for the indicated times, and then treated with the fatty acids
or oxidized fatty acids at the indicated concentrations. We
used the concentrations of fatty acids used in our experiments
(0.6 to 5 ug/ml), based on the previous reference (26) described
the human plasma concentrations of DHA.

Cellular viability of cells treated with oxidized fatty acids. Cell
viability was measured using a Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories, Kumamoto, Japan), according to the
manufacture's protocol. The cells were treated with oxidized fatty
acids. Then, the CCK-8 reagent was added and the cells were
incubated for 4 h at 37°C. Absorbance was measured at 450 nm
using a microplate reader (Food Mark, Bio-Lad, CA, USA).

Caspase-3/7 activation assay. To determine the activity of
caspase-3/7, CellEvent™ Caspase-3/7 Green ReadyProbes
reagent (Invitrogen/Life Technologies, Tokyo, Japan) was
used. This reagent consists of a four-amino acid peptide
(DEVD) conjugated to a nucleic acid-binding dye. After 1 h
of incubation, the fluorescence of the nuclei was observed
using a fluorescence microscope (Leica DM IL LED; Leica
Microsystems, Wetzlar, Germany).

Propidium iodide exclusion assay. Cell death was determined
by the ability of the cells to exclude propidium iodide (PI)
(Sigma-Aldrich). THP-1 cells were treated with vehicle, DHA,
or OxDHA in the absence or presence of 20 uM zVAD-fmk
(American Peptide Company, CA, USA), and stained with
50 pg/ml PI. The cells were then analyzed using the Cell Lab
Quanta™ SC flow cytometer (Beckman Coulter, Brea, CA,
USA).

Determination of apoptotic cells treated with OxDHA.
Apoptotic cell death assay was performed by Hoechst 33342
and propidium iodide staining, as described previously (27).
The cells were treated with oxidized fatty acids for the
indicated times. The cells were stained with Hoechst 33342
(1 pg/ml) (Dojindo Laboratories, Kumamoto, Japan) and
propidium iodide (1 #g/ml), and observed under a fluorescence
microscope (Leica DM IL LED; Leica Microsystems). The
apoptotic cell death was determined by morphological changes
of chromatin (condensed and/or fragmented chromatin).

Assessment of apoptotic cell death by Annexin V staining.
After treatment with OxDHA, THP-1 cells were washed with
PBS and resuspended in a staining solution containing the
Annexin V-Cy3 reagent (BioVision, CA, USA) in 1xbinding
buffer. After a 15-min incubation in the dark at room tempera-
ture, the cells were washed with HEPES buffer, and observed
using a fluorescence microscope (Leica DM IL LED; Leica
Microsystems).

Statistical analysis. The data shown in the figures represent the
mean values + standard deviation of three or four independent
determinations. Data were evaluated statistically by one-way
analysis of variance followed by the Tukey's honest significant
difference test. The statistical significance at different P-values
is indicated in each figure.
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Figure 1. Structure of fatty acids and scheme for fatty acid oxidation. (A) Structure of polyunsaturated and saturated fatty acids. Scheme for air oxidation of
fatty acid. (B) Fatty acids were autoxidized for 2 days in the presence of 80% N, and 20% O,. Ox, oxidized.

Results

Oxidized polyunsaturated fatty acids inhibit proliferation of
cultured cells. Previous studies showed that polyunsaturated
fatty acids inhibit cancer cell growth in vitro (28). We first
investigated the effect of fatty acids and oxidized fatty acids
on the proliferation of various cultured cells, as determined
by the CCK-8 assay (Figs. 2 and 3). Treatment with OxDHA
significantly decreased the proliferation of THP-1 cells in
a dose-dependent manner (Fig. 2A). Native DHA slightly
decreased cell proliferation at high concentrations (>2.5 pg/ml
DHA). OxEPA also decreased the proliferation of THP-1 cells
dose-dependently, but EPA (except for 5.0 ug/ml EPA) did
not (Fig. 2B). OxLA, as well as OxEPA, slightly decreased
the proliferation of THP-1 cells dose-dependently, but LA
(except for 5.0 ug/ml LA) did not (Fig. 2C). Neither PA nor
OxPA inhibited the proliferation of THP-1 cells (Fig. 2D). As
shown in Fig. 3, OxDHA but not DHA inhibited the prolif-
eration of the DLD-1 cells. Proliferation in DLD-1 cells was
hardly inhibited by EPA, LA, OxEPA, and OxLA, even at
high concentrations (5.0 pg/ml) (Figs. 3B and 3C). PA and
OxPA hardly decreased the proliferation of DLD-1 cells at all
concentrations (Fig. 3C). As shown in Figs. 2 and 3, OxDHA
had the most anti-proliferative effect among these fatty acids.
These results indicated that the anti-proliferative effect of

oxidized fatty acids is responsible for the activity and/or
number of oxidized products.

Oxidized DHA, but not DHA induces death of THP-1 cells. As
shown above, treatment of cells with oxidized unsaturated fatty
acids resulted in a decrease in their proliferation. To investigate
whether the oxidized fatty acids induced death in the cultured
cells, the THP-1 cells were analyzed using the propidium iodide
(PI) exclusion assay. PI can only enter the dead cells, as their
membranes are disrupted. As described in Fig. 4A, samples
treated with OxDHA, but not with DHA contained PI-positive
cells (dead cells). OxDHA-induced cell death was significantly
suppressed by a pan-caspase inhibitor (zZVAD-fmk) (Fig. 4A).
As presented in Fig. 4B, the anti-proliferative effect of OxXDHA
was partially suppressed by zZVAD-fmk (Fig. 4B). Palmitic acid
did not inhibit cell proliferation in the presence of zZVAD-fmk
(Fig. 4C). In both the cell proliferation and the PI exclusion
assay, the OxDHA-induced decrease of viability was suppressed
by pre-treatment with zZVAD-fmk. These results suggest that
OxDHA decreased cell proliferation through the activation of
caspases, followed by cell death.

Oxidized DHA, but not DHA induces apoptosis in THP-1
cells. During early apoptosis, phosphatidylserine on the
outer membrane of cells was exposed. As shown in Fig. 5A,
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Figure 2. Effect of FA and OxFA on THP-1 cell proliferation. (A) Effect of
DHA or OxDHA on cell proliferation. THP-1 cells were treated with DHA or
OxDHA at the indicated concentrations for 24 h. Cell growth was determined
by a Cell Counting Kit-8 assay, according to the manufacturer's protocol.
(B) Effect of EPA or OXxEPA on cell proliferation. (C) Effect of LA or OXLA
on cell proliferation. (D) Effect of PA or OxPA on cell proliferation. n=3-4.
P<0.05, "P<0.01, "'P<0.001 vs. vehicle; "P<0.05, ““P<0.001. FA, fatty acid;
Ox, oxidized; DHA, docosahexaenoic acid; EPA, eicosapentaenoic; LA,
linoleic acid; PA, palmitic acid.

the analysis using the Annexin V-Cy3 reagent, which stains
phosphatidylserine residues, showed that the number of
Annexin V-positive cells was high in the OxDHA-treated
samples (Fig. 5A). Apoptosis is generally accompanied by
chromatin shrinkage, chromatin condensation, and nuclear
fragmentation. We analyzed the changes in chromatin
morphology in THP-1 cells treated with OxDHA. As shown
in Fig. 5B, THP-1 cells treated with OxXDHA but not DHA
or PA exhibited typical apoptotic features, such as chromatin
condensation and fragmentation (Fig. 5B). These results
suggested that OxDHA induced apoptotic cell death.

Oxidized DHA but not DHA induces caspase-3/7 activation
in THP-1 cells. Fig. 4 showed that OxXDHA-induced cell death
was inhibited by a pan-caspase inhibitor. Next, we investigated
whether the members of the caspase family are required for the
induction of apoptosis by OxDHA. Caspase-3/7 were activated
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Figure 3. Effect of FA and OxFA on DLD-1 cell proliferation. (A) Effect
of DHA or OxDHA on cell proliferation. DLD-1 cells were treated with
DHA or OxDHA at the indicated concentrations for 24 h. Cell growth was
determined by a Cell Counting Kit-8 assay. (B) Effect of EPA or OxEPA on
cell proliferation. (C) Effect of LA or OxLA on cell proliferation. (D) Effect
of PA or OxPA on cell proliferation. n=4. J‘P<0 05, """P<O 01, "P<0.001 vs.

hexaenow amd, EPA, e100€apentaen01c, LA, hnolelc acid; PA, palmmc amd.

in THP-1 cells treated with OxDHA; this was not observed
in THP-1 cells treated with DHA and vehicle (Fig. 6). These
results indicate that caspase-3/7 activation is involved in apop-
totic cell death induced by OxDHA.

Discussion

In this study, the oxidized products from unsaturated fatty acids
(DHA, EPA, and LA) exhibited an anti-proliferative activity in
cultured human cells. Among the oxidized fatty acids, OxXDHA
had the most significant anti-proliferative activity. The numbers
of double bonds of DHA, EPA, LA, or PA are 6,5, 2, or O,
respectively (Fig. 1A). DHA has the most number of double
bonds, and is most susceptible to oxidation. DHA has six double
bonds and bis-allylic methylene groups, which have several
possible positions for hydrogen abstraction. Therefore, DHA
can be easily oxidized into highly active products in the air as
well as under intracellular conditions. These chemical proper-
ties are the reason why OxDHA produces more toxic products
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Figure 4. OxDHA induces cell death through caspase activation in THP-1
cells. (A) THP-1 cells were treated with vehicle, DHA, or OxDHA in the pres-
ence or absence of zZVAD-fmk for 24 h. Subsequently, cell death was assessed
by PI staining. The THP-1 cells treated with vehicle, DHA, or OxXDHA were
analyzed for cell death using flow cytometry. (B) THP-1 cells were treated
with vehicle, DHA, or OxDHA in the presence or absence of zZVAD-fmk for
24 h. Cell growth was determined by a CCK-8 assay. n=3-4. (C) THP-1 cells
were treated with vehicle or PA in the presence or absence of zZVAD-fmk for
24 h. Cell growth was determined by CCK-8 assay. n=4. “"P<0.01, “"P<0.001.
Ox, oxidized; DHA, docosahexaenoic acid; PI, propidium iodide; CCK-8,
Cell Counting Kit-8; PA, palmitic acid.

(e.g., various hydroperoxides, aldehydes, and other products)
than OxEPA and OxLA. Among these fatty acids, OxXDHA has
the most number of highly active oxidized products.

Suspension cells (THP-1 cells and lymphocytes) were
sensitive to native and oxidized fatty acids (Figs. 2 and 7).
However, only OxDHA induced a loss of viability of DLD-1
cells, which are adherent cells. Neither DHA nor OxDHA
inhibited proliferation in Human Hepatoma HepG2 cells (data
not shown). These results suggest that the sensitivity of blood
cells to oxidized fatty acids is higher than those of solid cancer
cells. In general, human leukemia cell lines are highly sensi-
tive to ROS-generating agents.

As mentioned previously, OxDHA has the most potent
anti-proliferative activity. DHA has the most number of double
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Figure 5. OxDHA induces apoptosis of THP-1 cells. (A) THP-1 cells were
treated with vehicle, DHA, or OxDHA for 24 h at the indicated concentrations.
Subsequently, cell death was assessed using Annexin V assay. (B) Apoptotic
nuclear morphological changes of THP-1 cells treated with OxDHA. THP-1
cells were treated with vehicle, DHA, OxDHA, or PA for 48 h at the indicated
concentrations. Then, the cells were stained with Hoechst 33342 Propidium
Todide and observed under a fluorescence microscope. Apoptotic cells had
condensed or fragmented chromatin. Scale bar, 50 ym. Ox, oxidized; DHA,
docosahexaenoic acid; PA, palmitic acid.
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Figure 6. OxDHA induces caspase-3/7 activation in THP-1 cells. THP-1 cells
were treated with vehicle, DHA, or OxDHA for 24 h at the indicated concen-
trations. Then, apoptotic cell death was detected by CellEvent caspase-3/7
Green Detection reagent, according to the manufacturer's protocol. Scale bar,
50 pm. Ox, oxidized; DHA, docosahexaenoic acid.
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bonds; therefore, it has the most unsaturated fatty acids and
sensitivity to ROS. In contrast, saturated fatty acids, such as
PA, are resistant to oxidation when exposed to ROS. As shown
in Figs. 2 and 3, neither PA nor OxPA had an anti-proliferative
activity in this study. To date, the oxidation of unsaturated
fatty acids generates many diverse oxidized products, such
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Figure 7. Effect of DHA and OxDHA on viabiltity of human lymphocytes.
Human lymphocytes were treated with vehicle, DHA, OxDHA or PA for
24 h at the indicated concentrations. Cell growth was determined by Cell
Counting Kit-8 assay, according to the manufacturer's protocol. n=3-4. 'P<0.05
vs. vehicle. Ox, oxidized; DHA, docosahexaenoic acid; PA, palmitic acid.

as 4-hydroxy-2-nonenal (HNE), malondialdehyde (MDA),
acrolein, 13-hydroperoxylinoleic acid (13-HPODE), and
F,-isoprostanes (29-33). In the present study, OxDHA and
OxEPA had a light-yellow color, but native DHA and EPA
did not (data not shown). It is reported that DHA is oxidized
by oxidizing agents such as 2,2'-azobis- (2-amidinopropane)
hydrochloride (AAPH) or copper ions. In the chemical reaction,
a family of F,-isoprostanes were produced from DHA (34).
Ad4/J4-neuroprostanes were identified by the mass spectrometry
analysis of AAPH-treated DHA, which has a cytoprotective effect
and an anti-inflammatory activity (35). Previously, using mass
spectroscopy, we had described that a large number of bioactive
oxidized lipids were produced by the autoxidation of PAPC in an
in vitro cell-free system (25). Therefore, the OxDHA used in this
study may also contain various bioactive oxidized fatty acids. The
anti-proliferative activity of native polyunsaturated fatty acids
may be dependent on their oxidized products in cells.

15d-PGlJ,, a potent inhibitor of mitochondrial respiratory
complex I, increases the rate of ROS production (36). Therefore,
OxDHA may inhibit mitochondrial respiratory complexes.
DHA induced apoptotic cell death through ROS production
and caspase-8 activation (37). In our study, caspase-3/7 was
activated in THP-1 cells treated with OxXDHA. In general, the
caspase-3/7 is activated by mitochondrial dysfunction followed
by caspase-8 and/or caspase-9 activation. Collectively, these
results and reports suggest that OxDHA may activate caspase-8
and/or caspase-9 via mitochondrial dysfunction.

DHA blocks the NF-«kB pathway and significantly decreases
cell proliferation (38). 13-HPODE upregulates the expression
of the chemokine monocyte chemoattractant protein-1 via the
activation of NF-kB (39). Lipid peroxidation products activate
the NF-kB pathway and inactivate anti-apoptotic B-Cell
Lymphoma-2 (Bcl-2) (40,41). The main cellular function of
Bcl-2 is the regulation of cytochrome c release (42,43). Thus,
the apoptotic cell death induced by OxDHA may be associated
with NF-kB activation and the change in the level of Bcl-2.

In summary, we have demonstrated that oxidized fatty acids
produced from unsaturated fatty acids play important roles in the
apoptotic cell death pathway. The oxidized fatty acid products
regulate not only apoptosis, but also non-apoptotic cell death
induction (ferroptosis, autophagy, and regulated neutrophil cell
death in immune response) (44-47). OxDHA may be useful for
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studying the mechanism of cell death induced by lipid peroxida-
tion, which is involved in a wide variety of diseases.
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