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PPARS signaling mediates the cytotoxicity of DHA in H9c2 cells

Victor Samokhvalov@1, Igor Zlobine®1, Kristi L. Jamieson?, Paul Jurasz?P, Christopher
Chen?, Kin Sing Stephen Lee®d, Bruce D. Hammock®d, and John M. Seubertap*

aFaculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, AB,
Canada

bDepartment of Pharmacology, Faculty of Medicine, University of Alberta, Edmonton, AB, Canada
‘Department of Entomology and Nematology, University of California, Davis, CA, USA

dComprehensive Cancer Center, University of California, Davis, CA, USA

Abstract

Docosahexaenoic acid (22:6n3, DHA) is an n-3 polyunsaturated fatty acid (PUFA) known to affect
numerous biological functions. While DHA possesses many properties that impact cell survival
such as suppressing cell growth and inducing apoptosis, the exact molecular and cellular
mechanism(s) remain unknown. Peroxisome proliferator-activated receptors (PPARs) are a family
of nuclear receptors that regulate many cell pathways including cell death. As DHA acts as a
ligand to PPARs the aim of this study was to examine the involvement of PPARS in DHA-
mediated cytotoxicity toward H9c2 cells. Treatment with DHA (100 puM) resulted in a significant
decline in cell viability, cellular metabolic activity and total antioxidant capacity coinciding with
increased total proteasome activities and activity of released lactate dehydrogenase (LDH). No
changes in reactive oxygen species (ROS) production or accumulation of lipid peroxidation
products were observed but DHA promoted apoptotic cell death as detected by flow cytometry,
increased caspase-3 activity and decreased phosphorylation of Akt. Importantly, DHA enhanced
PPARS DNA binding activity in H9c2 cells strongly signifying that the cytotoxic effect of DHA
might be mediated via PPARS signaling. Co-treatment with the selective PPARS antagonist GSK
3787 (1 uM) abolished the cytotoxic effects of DHA in H9c2 cells. Cytotoxic effects of DHA were
attenuated by co-treatment with myriocin, a selective inhibitor of serine palmitoyl transferase
(SPT), preventing de novo ceramide biosynthesis. LC/MS analysis revealed that treatment with
DHA resulted in the accumulation of ceramide, which was blocked by GSK 3787. Interestingly,
inhibition of cytochrome P450 (CYP) oxidase with MS-PPOH (50 yuM) abolished DHA-mediated
cytotoxicity suggesting downstream metabolites as the active mediators. We further demonstrate
that CYP oxidase metabolites of DHA, methyl epoxy docosapentaenoate (EDP methyl esters,1
uM) (mix 1:1:1:1:1:1; 4,5-, 7,8-, 10,11-, 13,14-,16,17- and 19,20-EDP methyl esters) and 19,20-
EDP cause cytotoxicity via activation of PPARS signaling leading to increased levels of

"Corresponding author at: Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, 2026-M Katz Group Centre for
Pharmacy and Health Research, 11361-97 Ave Edmonton, Alberta T6G 2E1 Canada. Tel.: +1 780 492 0007; fax: +1 780 492 1217.
jseubert@ualberta.ca (J.M. Seubert).

These authors contributed equally to this work.
Conflict of interest statement
No conflict of interests declared.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Samokhvalov et al. Page 2

intracellular ceramide. These results illustrate novel pathways for DHA-induced cytotoxicity that
suggest an important role for CYP-derived metabolites, EDPs.

Keywords
Docosahexaenoic acid; Epoxydocosapentaenoic acids; H9c2 ?cells; PPARS; Apoptosis; Ceramide

1. Introduction

Polyunsaturated fatty acids (PUFAS) such as docosahexaenoic acid (DHA, C22:6n-3) and
eicosapentaenoic acid (EPA, C20:5n-3) are metabolites of a-linolenic acid essential to cell
survival. PUFAs participate in regulating many functions both at the cellular and systemic
level (Schmitz and Ecker, 2008). For example, they are important components of cell
membranes affecting their fluidity, composition and structure (Das 2006; Siddiqui et al.,
2011). Numerous studies report a pronounced positive effect of DHA towards the
cardiovascular system (Stanley et al., 2012), brain development (Ruxton et al., 2005),
prevention of dementia and major depressive episodes (Barberger-Gateau et al., 2002).
Evidence demonstrates that DHA can produce various effects in cancer and immortal cell
lines (Jakobsen et al., 2008; Kang et al., 2010), such as increased apoptosis (Xiong et al.,
2012). Previously, we demonstrated that DHA triggered a concentration-dependent death of
the immortalized H9c2 cardiac cells but not in primary neonatal cardiomyocytes (Qadhi et
al., 2013). The fundamental difference between immortalized and primary cardiac cells
dictates the importance of obtaining a better understanding of DHA-mediated biological
events, which is important for the development of DHA-based therapeutic strategies to treat
various pathogenic conditions.

DHA has been shown to initiate a cytotoxic response in several cancer cell lines through
peroxisome proliferator-activated receptors (PPARS) (Tuller et al., 2009). PPARs are ligand-
activated transcription factors and members of the nuclear hormone receptor superfamily
(Issemann and Green, 1990; Kliewer et al., 1999). PPARs function as nuclear receptors to
various molecules, including lipid mediators, regulating cellular functions associated with
fatty acid metabolism (Desvergne and Wahli,1999; Peters and Gonzalez, 2009) and lipid
transport (Kersten et al., 2000). Additionally, PPARSs have a role in inflammatory responses
(Peters and Gonzalez, 2009; Varga et al., 2011), cell differentiation (Barak et al., 1999) and
tissue development (Rosen et al., 1999). There are three PPAR isotypes described (a, v, and
[/8) regulating physiologically distinct processes (Yue et al., 2008). PPARa is pro-
carcinogenic in hepatocytes, while PPARY activity leads to terminal differentiation in
prostate and breast cancer cells, as well as a reduction in infarct size in hearts (Kersten et al.,
2000; Niemoller and Bazan, 2010).

PPARSs are involved in regulating numerous pathways impacting both physiological and
pathophysiological conditions such as cardiovascular disease and cancer. Activation of
PPARSs can result in intracellular accumulation of ceramide, which mediates down-stream
effects such as apoptosis (Jiang et al., 2009; Wang et al., 2006). DHA has previously been
shown to increase the formation of ceramide /n vitro (Lu et al., 2010). In addition, DHA acts
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as a ligand for PPARs (Gani and Sylte, 2008b). The role of PPARS in carcinogenesis appears
to be the least studied and the most controversial (Peters et al., 2012; Yang et al., 2013).
PPARS is ubiquitously expressed in all adult tissues including the heart (Planavila et al.,
2005; Yue et al., 2008). Given the physiological proximity of immortalized cell lines with
cancer cells and the fact that H9c2 cells are known to abundantly express PPARS isoform
(Gilde et al., 2003), our objective in this study was to elucidate the role of PPARS signaling
associated with ceramide accumulation in DHA-induced cytotoxicity.

2. Materials and methods

2.1. Chemicals and reagents

DHA (cat # 90310), A-methylsulphonyl-6-(2-proparglyloxyphenyl) hexanamide (MS-
PPOH) (cat # 75770) and 19, 20 — EDP (cat # 10175) were purchased from Cayman
Chemicals (Ann Arbor, MI, USA). Tissue culture materials were obtained from Invitrogen
(Burlingt on, ON, Canada); Bradford protein assay solution from Bio-Rad Laboratories
(Mississauga, ON, Canada); Primary and secondary antibodies from Cell Signaling
(Pickering, ON, Canada); Trypan blue, MTT, 2/, 7-Dichlorofluorescin diacetate, myriocin
from Sigma—-Aldrich (Oakville, ON, Canada). Annexin V-FITC and propidium iodide from
BDsciences; Caspase 3 assay kit from Sigma (Saint Louis, MO, USA cat# CASPC3C-1KT);
Total 20S proteasome assay kit from Chemicon (EMD Millipore, Etobicoke, ON, Canada
cat # APT280); Lipid peroxidation (MDA) cat# ab118970; PPARS transcription factor assay
kit Cayman Chemicals (Ann Arbor, MI, USA cat # 90,310). GSK 3787 cat# 3961; Ceramide
cat# 0744 from Tocris bioscience (Bristol, UK). Cell Counting Kit-8 (CCK-8) from Dojindo
Molecular Technologies Inc. (Burlington, ON, Canada) cat# CK04-05. EDP methyl esters
regioisomer mixtures (1:1:1:1:1:1; 4,5-, 7,8-, 10,11-, 13,14-, 16,17- and 19,20-EDP) were
prepared as described previously (Morisseau et al., 2010).

2.2. Cell culture

H9c2 cells (American Type Culture Collection, Manassas, VA) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin, and streptomycin at 37 °C in an atmosphere of (5% CO,/95% N5). H9c2 cells
were plated at 25-30% confluency and cultured until they reached 75-80% confluence,
upon which were treated with 0 or 100 pM DHA, then were harvested and subjected to
various assay s. During some experiments cells were treated in the presence or absence of
the selective PPARS antagonist 4-chloro-N-[2-[[5-(trifluorom ethyl)-2-
pyridinyl]sulfonyl]ethyl]benzamide (GSK 3787, Tocris Bioscience, Bristol, UK). GSK 3787
was used at a concentration of 1 UM based on previously established data (Palkar et al.,
2010). DHA was used at a concentration of 100 uM dissolved in ethanol, which was based
on our previous study demonstrating DHA has a concentration-dependent response
triggering cytotoxicity in H9c2 cells (Qadhi et al., 2013). Control groups were administered
vehicle solution (<5% ethanol, ddH,0).

2.3. Western blotting

Samples were subjected to Western blot analysis as previously described (Qadhi et al.,
2013). Briefly, H9c2 cell samples (20 ug protein) were resolved in 12% SDS-
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polyacrylamide gel and then transferred electrophoretically to nitrocellulose membranes,
that were blocked in TBS-T buffer (0.15 M NaCl, 3 mM KCI, 25 mM trishydroxymethyl
methylamine and 0.1% tween-25, pH 7.4) with 5% skim milk for 2 h at room temperature.
Membranes were washed four times with TBS-T buffer, and then incubated with a
phosphor-Akt antibody for Ser473 (1:500, Cell Signaling, cat #9271) overnight at 4 °C.
Membranes were washed as described above and then incubated with horseradish-
peroxidase linked anti-rabbit IgG secondary antibody (1:10,000, Cell Signaling, cat #7074)
for 2 h at room temperature. A similar procedure was used to probe membranes for total Akt
(1:1000, Cell Signaling, cat #9272S), and we utilized GAPDH (1:1000, Cell Signaling, cat
#2118S) and ULK-1 (1:1000, Cell Signaling, cat #8054) as loading controls.
Chemiluminscence solution was used to detect signals. Relative band intensity was
expressed in arbitrary units, and was assessed by densitometry using Image J software (NIH,
Bethesda, MD, USA).

2.4. Cell viability and metabolic activity

Cell viability was estimated based on a modified Trypan blue exclusion method as
previously described (Qadhi et al., 2013). Briefly, 0.4% of Trypan blue solution was added
to cells for 15 min at room temperature. Cells were then centrifuged at 1000 x g for 5 min at
room temperature. The supernatant was gently aspirated and cells were washed three times
with ice-cold PBS. 1% sodium dodecyl sulfate solution was added to lysed cells. Optical
density was read spectrophotometrically at 595 nm. In a separate set of experiments, CCK-8
was utilized as a measure of cellular viability (Stone et al., 2008; Tang et al., 2010). This
assay utilizes the water-soluble tetrazolium salt [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8). Colorimetric changes
representing cellular viability are assessed by the reduction of WST-8 via cellular
dehydrogenases produced an orange colored formazan dye. CCK-8 was added to H9c2 cells
in 96-well plates, and incubated in the dark for 2 h. Optical density was read
spectrophotometrically at 450 nm. Cellular activity was assessed by the reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolim bromide (MTT) to formazan crystals as
described previously (Qadhi et al., 2013). The MTT assay is a widely used colorimetric
assay for estimation of cellular activity (Freimoser et al., 1999). Briefly, MTT solution was
added to incubated cells for 6 h at 37 °C prior to assessment. Optical density was measured
spectrophotometrically at 595 nm and the cellular activity ratio was represented relative to
control. Activity of released of LDH was measured colorimetrically using a modified MTT
protocol as described by (Abe and Matsuki, 2000).

20S total proteasome activity was measured using an assay kit (EMD Millipore, Billerica,
MA) based on the detection of 7-amino-4-methylcoumarin (AMC) fluorescence in cell
lysates after cleavage of the peptide LLVY-AMC. Fluorescence was measured at 380 nm
excitation and 460 nm emission. A standard curve was established with AMC. Caspase-3
was assessed as described previously (Qadhi et al., 2013), using the selective substrate Ac-
DEVD-AMC. Briefly, caspase-3 activity was determined in cell lysates by detection of
AMC fluorescence after cleavage of the peptide. The fluorescence was monitored at 460 nm
and excited at 380 nm. The activity was calculated by using a linear standard curve found
with AMC.
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2.5. PPARS DNA binding activity

PPARS DNA binding activity was measured in cell lysates by ELISA assay Cayman
Chemicals (Ann Arbor, MI, USA cat # 10006914), based on a double stranded DNA
sequence that containing the peroxisome proliferator response element (PPRE). Activated
PPARS present in the cell lysates binds to the PPRE and is detected via primary and
secondary antibodies.

2.6. Markers of oxidative stress

Lipid peroxidation was assessed in cell lysates (Abcam Inc. Toronto, ON), based on
measuring of the levels of malondialdehyde and 4-hydroxynonenal fluorometrically at 553
nm (emission) and excited at 532 nm. Reactive oxygen species (ROS) generation was
measured using the cell permeable probe 2/, 7-Dichlorofluorescin diacetate (HoDCF-DA)
that is converted to the fluorescent product 2/, 7’- dichlorofluorescein upon removal of its
diacetate groups via intracellular esterases, which allows for the overall quantification of
intracellular redox status (LeBel et al., 1992). H9c2 cells were seeded in 24-well plates, and
the production of ROS was determined after 6, 12, and 24 h of DHA treatment (0, 1, 10, 100
UM) by incubating cells with 30 uM of H,DCF-DA in pre-warmed phenol-free Hank's buffer
for 1 h (in the dark). Following this, the media was removed and replaced with pre-warmed
phenol-free Hank's buffer on its own, and positive controls were treated with 100 uM of
H,0, for 30 min. Changes in fluorescence were recorded using a fluorescence plate reader
(excitation 480 nm, emission 520 nm). Total antioxidant capacity (TAC) was measured using
an Antioxidant Assay Kit (Sigma—Aldrich, Co, Oakville, ON). The specific assay is based
on the formation of a ferryl myoglobin radical from myoglobin and hydrogen peroxide,
which oxidizes the ABTS (2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) to produce
a radical cation ABTS", a soluble green color chromogen that was determined
spectrophotometrically at 405 nm. In the presence of antioxidants the radical cation is
suppressed to an extent dependent on the activity of the antioxidant and the color intensity is
decreased proportionally. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)
was used as a positive control antioxidant (Samokhvalov et al., 2013).

2.7. Flow cytometric detection of apoptosis

Flow cytometry was employed to detect apoptosis as previously described (Jurasz et al.,
2011). In brief, trypsinized cells were washed with binding buffer and centrifuged at a low
speed (220 x g). Following this, binding buffer was used to resuspend the cells with Annexin
V- fluorescein isothiocyanate (FITC) and propidium iodide (P1), followed by incubation in
the dark for 15 min, then diluted to a total volume of 500 pl. Fluorescence was induced with
a 488 nm argon laser and detected on FL1 (525 nm BP filter), and FL3 (620 nm SP filter) on
a Beckman Coulter Cytomics FC500 flow cytometer (10,000 events per sample). Spectral
compensation was performed using Cell Lab Quanta analysis software. Number of apoptotic
cells was quantified by combining events falling in the lower and upper right quadrants
(early and late apoptotic cells, res pectively).

Toxicol Lett. Author manuscript; available in PMC 2016 April 06.
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2.8. LC/MS measurement of ceramide

The extraction of ceramides from H9c2 cells was performed in accordance to a previously
published protocol (Bose and Kolesnick, 2000). Cells were centrifuged at 500 x g for 5 min
then rinsed with cold PBS and centrifuged again at 500 x g for 5 min. 300 pL of a 0.4%
NaCL solution and 1 mL of a chloroform—-methanol-1N HCL (100:100:1, v/v/v) mixture
were added to the samples. Following this the samples were wrapped in parafilm and
vortexed at 1000 rpm (at room temperature) for 20 min. Samples were then centrifuged at
15,000 rpm for 2 min, and the resulting organic phase was separated and transferred into
new vials. The samples were then evaporated using a Savant DNA 120 SpeedVac
Concentration system (Thermo Fisher). The resulting pellets were then dispersed in the
chloroform—methanol-HCL solution, and combined with 1 pg/mL of freshly prepared
yohimbine hydrochloride, which was used as an internal standard.

The samples were resolved using liquid chromatography—mass spectrometry (LC/MS)
analysis, comprised of a Waters ZQ 4000 Mass Spectrometer coupled to a Waters 2795
Separations Module (LC + autosampler). Ceramides were detected using a single ion
recording in electrostatic ionization mode on a Waters Xterra C18 column (2.1 x 50 mm, 3
um). The parents ions were observed at /m/z= 343.2 and 355.2 for ceramide and yohimbine,
respectively. An A:B:C gradient system (0.225 mL/min) was used composed of acetonitrile
(containing 0.005% acetic acid), water containing 0.2% NH,4OH and 0.05% NH4OAc, and
methanol. During the acquisition of the data, the mass spectrometer was maintained at a
source and desolation temperature of 140 °C and 250 °C, and a cone voltage of 20 V and 24
V, respectively. The resulting values were then calculated using a ceramide standard curve
and expressed as mg weight per mg of cellular mass, and then further normalized to account
for the fold change between wet and dry cellular mass for quantification purposes.

2.9. Statistical analysis

Values are expressed as mean £ SEM. Statistical significance was determined by the use of
ANOVA. To determine whether significant differences exist between the groups, a
Bonferonni post hoc test was performed. Values are considered significant if p < 0.05.

3. Results

3. 1. Treatment with DHA results in a dramatic decline in cell viability and cellular
metabolic activity via PPARS-signaling

We demonstrated that treatment with DHA (100 uM) induced a pronounced decrease in cell
viability as assessed by Trypan Blue exclusion that persisted for up to 48 h (Fig 1A), which
is consistent with our previously published study (Qadhi et al., 2013). The deleterious effects
of DHA were attenuated by co-treatment with the selective PPARS antagonist, GSK 3787 (1
UM, Fig. 1A). Further evidence of DHA-induced cytotoxicity was observed by a decrease in
cellular metabolic activity, based on detection of the reduced form of MTT in mitochondria.
Fig. 1B shows that DHA progressively lowered cellular metabolic activity in H9c2 cells over
the 48 h time course of exposure. Similarly, addition of GSK 3787 reduced the cytotoxic
effect of DHA toward cellular metabolic activity in H9c2 cells. Assessment of the release of
LDH from H9c2 cells exposed to DHA provided more evidence of a cytotoxic effect. DHA

Toxicol Lett. Author manuscript; available in PMC 2016 April 06.
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triggered a large release of LDH from cells within 24 h, which was attenuated by co-
treatment with GSK 3787 (Fig. 1C). Total proteasome activity reveals intracellular
accumulation of ubiquinated proteins, thus representing a marker of unspecific cellular
degenerative processes. Fig. 1D demonstrates that treatment with DHA robustly increased
total proteasome activity in H9c2 cells, which was suppressed by co-treatment with GSK
3787.

Over all, DHA-induced cytotoxicity was greatly attenuated by a selective inhibitor of PPARS
suggesting there was an involvement of PPARGS-signaling. In order to further validate the
role of PPARS signaling in mediating DHA cytotoxicity, we measured PPARS DNA binding
activity in H9c2 cells exposed to DHA with or without GSK 3787. This assay revealed that
treatment with DHA for 24 h resulted in a marked increase in PPARS DNA binding activity.
As expected, co-treatment with GSK 3787 prevented DHA-induced activation of PPARS
DNA binding activity (Fig. 1E). These results suggest that DHA-induced cytotoxicity
involves activation of PPARS signaling in H9c?2 cells.

3.2. Treatment with DHA has no effect on oxidative stress in H9c?2 cells

To examine whether the DHA-induced cytotoxicity occurred via activation of a general
stress response such as oxidative stress rather than through an involvement of selective
molecular mechanisms we assessed ROS production and accumulation of TBA-active
products (MDA and 4-NEN) in H9c2 cells. We found that H9c2 cells treated with H,O»
(100 pM) induced a 9-fold increase in ROS production (data not shown) while DHA
treatment triggered a mild and non-significant increase in ROS (~1.3-fold) (Fig. 2A and B).
As endogenous antioxidant capacity of cells is an important component in understanding
cellular responses to stress, we next assessed the effect of DHA on TAC in HO9c2 cells.
Interestingly, DHA treatment significantly depleted the antioxidant capacity in H9c2 cells
after 24 h (Fig. 2C). This effect was attenuated by co-treatment with GSK 3787 (Fig 2C).
These data suggest that DHA triggered ROS production was neutralized by the endogenous
antioxidant system in H9c2 cells. Moreover, the DHA effect specifically involved PPARS
signaling and the contribution of unspecific stress reactions such as oxidative stress in DHA-
induced cytotoxicity was not significant.

3.3. DHA induces apoptosis in H9c2 cells mediated via PPARS-signaling

DHA-mediated cytotoxicity is believed to involve a complex interplay of numerous cell
death/survival pathways. In this part of our study we estimated the overall apoptotic
response based on the measurement of Annexin-V FITC binding, phosphorylation of Akt
and caspase-3 activity in H9c2 cells exposed to DHA. We implemented flow cytometric
analysis utilizing Annexin-V FITC and propidium iodide (PI) to further examine the
mechanisms of DHA-mediated apoptosis. DHA treatment led to a large increase in apoptosis
(Fig. 3A-C). Interestingly, co-incubation of DHA with GSK 3787 led to a significant
attenuation of the apoptotic response induced by DHA treatment (Fig 3D). The specific
values for all four treatment conditions are summarized in Fig 3E.

In order to further validate the apoptotic response we examined if treatment with DHA
affected phosphorylation of protein kinase B (Akt), a key component of intracellular anti-
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apoptotic mechanisms (Datta et al., 1997). We demonstrated that 24 h of exposure to DHA
resulted in reduction of Akt phosphorylation in H9¢2 cells (Fig. 3F). This corresponded with
a dramatic increase in caspase-3 activity (Fig. 3G), strongly suggesting activation of
apoptosis. Co-treatment with GSK 3787 prevented the loss of phosphorylated Akt and
reduced caspase-3 activity.

3.4. Pharmacological inhibition of de novo ceramide synthesis attenuates DHA-induced

cytotoxicity

Accumulation of ceramide has been linked to major perturbations in cell metabolism
resulting in apoptotic cell death (Wang et al., 2006), and evidence suggests that DHA may
increase the level of intracellular ceramide (Lu et al., 2010). Furthermore, activation of
PPAR-mediated signaling, particularly via PPARS, can also enhance accumulation of
ceramide in cells (Jiang et al., 2009). To determine the role of this pathway we treated cells
with myriocin (1 M), which is a potent inhibitor of serine palmitoyltransferase (SPT) in
order to block the de novo synthesis of ceramide. We demonstrate that co-treatment with
myriocin attenuated DHA-mediated cell death (Fig. 4A), prevented DHA-triggered increase
in caspase-3 (Fig. 4B) and total proteasome activities (Fig 4C). Evidence of de novo
ceramide synthesis was supported by the marked increase in ceramide levels following 24 h
treatment with DHA (Fig. 4D). Inhibition of PPARS activation with GSK 3787 attenuated
the DHA-mediated accumulation of ceramide (Fig 4D). These results support a suggestion
that PPARS play s a crucial role in DHA-mediated cytotoxicity associated with ceramide
accumulation.

3.5. CYP oxidase metabolites of DHA, epoxydocosapentaenoic acids (EDPs),
demonstrate cytotoxicity toward H9c2 cells

Recent literature has suggested that cytochrome P450 oxidase metabolites of DHA,
epoxydocosapentaenoic acids (EDPs), act as autocrine and paracrine mediators to regulate
cellular processes (Morisseau et al., 2010; Ye et al., 2002). In order to explore this notion,
we performed experiments to investigate the role of EDPs in the DHA-mediated response.
First, we treated H9c2 cells with DHA and/or MS-PPOH, an inhibitor of CYP oxidases, to
determine if epoxide metabolites of DHA were involved in the cytotoxic response. Inhibition
of CYP oxidase activity with MS-PPOH (50 uM) blocked DHA-induced cell loss and
metabolic activity (Fig. 5A and B). Thus, we next tested the actions of EDPs using a mixture
of six different EDP methy! ester regioisomers (1 pM) (1:1:1:1:1:1; 4,5-, 7,8-, 10,11-,
13,14-, 16,17- and 19,20-EDP methyl ester) or the individual isomer 19,20-EDP (1 uM).
Interestingly, both the mixture of EDPs and 19,20-EDP alone caused a significant loss in cell
viability and metabolic activity at a 100-fold lower concentration than DHA. The adverse
effects of EDPs were attenuated by co-treatment with GSK 3787 (1 uM) suggesting EDP-
mediated events involved the activation of PPARS (Fig. 5C and D). In order to confirm that
EDP-mediated effects involved PPARS, we performed a PPARS DNA binding assay. We
found that both the EDPs mixture and pure form of 19, 20-EDP increased PPARS DNA
binding activity, which was significantly diminished by co-treatment with GSK 3787 (Fig
5E). To further explore the signaling mechanisms, we assessed changes in ceramide
accumulation. (Fig. 5F). The inhibition of CYP oxidases with MS-PPOH blocked the DHA-
induced ceramide accumulation, while the EDPs mixture and 19,20-EDP alone triggered the
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accumulation of ceramide at a 100-fold lower concentration (Fig. 5F). The role of PPARS in
the EDP response was confirmed when GSK 3787 blocked ceramide production. These
results support our hypothesis that the DHA metabolites, EDPs, specifically 19,20-EDP,
induce cytotoxicity via a PP ARS-dependent pathway triggering ceramide production.

4. Discussion

Our results demonstrate a novel mechanism through which DHA and its epoxy metabolites,
EDPs, trigger a cytotoxic response in immortalized H9c2 cells. We found that DHA- and
EDP-induced cytotoxicity is mediated via PPARS signaling resulting in de novo ceramide
biosynthesis.

In our previous study we found that DHA produced a concentration-dependent cytotoxic
effect in H9c2 cells (Qadhi et al., 2013). Consistent with that previous study, we found that
DHA induced a rapid decline in viability of H9c2 cells, which persisted up to 48 h.
Furthermore, the significant release of LDH into the cell culture medium indicated loss of
membrane integrity due to DHA cytotoxicity (Abe and Matsuki, 2000; Parhamifar et al.,
2013). To further explore the type of injury we demonstrated that DHA treatment led to the
activation of total proteasome activity, the ubiquitin-proteasome pathway involved in
removal of irreversibly denatured proteins. Activation of total proteasome activity therefore
appears to be a marker of the rate of overall protein degradation as well as turnover,
providing an estimate of cell injury (Jakobsen et al., 2008). DHA has previously been shown
to lead to an increase in reactive oxygen species (ROS) levels leading to oxidative damage of
membranes and lipids (Al-Gubory, 2012; Kang et al., 2010). Considering PUFAs are
susceptible to oxidation, this can trigger significant lipid peroxidation cascades leading to
cell death (Al-Gubory, 2012; Obajimi et al., 2005; Premanathan et al., 2011; Xiong et al.,
2012). While evidence suggests that DHA-induced cytotoxicity can involve initiation of
oxidative stress, our results demonstrated that neither ROS production nor lipid peroxidation
were markedly increased in our experimental model. However, the decreased total
antioxidant capacity suggests the endogenous systems in H9c2 cells suppressed any
significant increase in ROS production. Importantly, the data indicate DHA cytotoxicity
occurred through a more specific cell death pathway in H9c2 cells, which involved PPAR
signaling.

PPARs are involved in regulating a range of cellular processes including metabolism, cell
growth and differentiation (Barak and Lee, 2010). Interestingly, the involvement of PPARS
in regulating carcinogenesis has a dichotomous role both in the prevention and initiation of
tumor transformation of normal cells (Michalik et al., 2004). The contribution of PPARS in
regulating cellular homeostasis is multifaceted, whereby modulation of PPAR functional
activity leads to profound alterations in many pivotal cell functions (Lee et al., 2013; Scatena
et al., 2004). Evidence from the literature demonstrates that DHA activates PPARs,
including PPARS (Diep et al., 2000; Gani and Sylte, 2008a). Importantly, H9c2 cells are
known to abundantly express the PPARS isoform whereas the other isoforms are almost
undetectable (Gilde et al., 2003). The fact that we were able to attenuate DHA-mediated
events by inhibiting PPARS, and DHA enhanced PPARS DNA binding activity in H9c2 cells
supports the notion that PPARS signaling is involved in DHA-mediated cytotoxicity.
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DHA has demonstrated unique characteristics, whereby depending upon the cell type it can
promote either cell survival or cell death (Fasano et al., 2012; Kim et al., 2006b).
Importantly, it remains unresolved how DHA triggers a selective cell survival or cell death
pathway. In the current study using the immortalized H9c2 cells, DHA clearly induced
cytotoxicity via activation of an apoptotic response. Flow cytometry analyses demonstrated
that DHA increased Annexin-V binding reflecting activation of apoptosis (Brune et al.,
2013; Xiong et al., 2012). We further demonstrated that DHA caused marked effects causing
decreased Akt phosphorylation and increased caspase-3 activity in H9c2 cells.
Phosphorylation of Akt is known to promote cell survival and suppress apoptosis via
downstream pathways such as phosphorylation of BAD (Datta et al., 1999, 1997). Our
results provide evidence that PPARS signaling is important for DHA-triggered apoptosis.
However, research on the role of PPARS signaling in apoptotic responses is unclear (Peters
and Gonzalez, 2009). In contrast to our data demonstrating that PPARS has a role in
triggering apoptosis, previous reports show that PPARS activation prevented apoptosis in
endothelial progenitor cells (Han et al., 2008). While data in keratinocytes demonstrates that
PPARS induces apoptotic signaling may occur via induction of terminal differentiation (Kim
et al., 2006a). These results may be partially explained by differences in the expression
profiles of PPAR isoforms between various cell types (Ritzenthaler et al., 2009).

Ceramides are an important family of bioactive lipids composed of sphingosine and a fatty
acid. Emerging evidence suggests they are involved in a variety of cellular processes ranging
from cell pro liferation to cell death and they are well-known activators of apoptosis (Liu et
al., 2013; Parra et al., 2013). Ceramides can be generated by de novo synthesis,
sphingomyelin hydrolysis or through the salvage pathway, all of which can be activated in
response to various stimuli. In cancer cells endogenous levels of ceramide are typically low,
but after treatment with chemotherapeutic drugs these levels are increased triggering cell
death (Liu et al., 2013). Whereas in the heart, excessive lipid and ceramide accumulation is
involved in cardiac contractile dysfunction, increased oxidative stress, and cardiomyocyte
apoptosis (Delpy et al., 1999; Young et al., 2002; Zhou et al., 2000). DHA can increase
synthesis of ceramide via activation of serinepalmitoyl transferase (SPT) a key enzyme in de
novo sphingolipid biosynthesis from palmitate (Lu et al., 2010). Interestingly, PPAR
receptors are involved in regulating lipid homeostasis, where agonist activation of PPARS in
rat hearts was shown to increase SPT activity and ceramide levels (Baranowski et al., 2007).
In the current study, we inhibited DHA-mediated events by blocking PPARS-induced
ceramide production, as well as SPT activity, suggesting a novel pathway for DHA-induced
apoptosis in H9c2 cells. Furthermore, our observation of increased accumulation of
ceramide in DHA-treated cells correlates with the loss of Akt phosphorylation, as ceramide
has been reported to impede Akt phosphorylation (Bourbon et al., 2002).

Metabolism of n-3 PUFASs such as DHA, can occur by cyclooxygenase, lipoxygenases and
cytochrome P450 (CYP) oxidases to numerous metabolites with various characteristics
including anti-inflammatory and anti-angiogenic properties (Morisseau et al., 2010; Zhang
et al., 2013). CYP oxidases can convert DHA to epoxydocosapentaenoic acids (EDPs)
(Arnold et al., 2010), which have demonstrated novel properties impacting angiogenesis,
thrombosis and cancer (Jung et al., 2012; Zhang et al., 2013). EDPs have been suggested as
the active mediator leading to protection against arrhythmias within the heart previously
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attributed to the actions of DHA (Ulu et al., 2013, 2014). Although man y DHA metabolites
have been shown to be biologically active, 19,20-EDP is of particular interest due to its
various pronounced biological effects, particularly toward cardiovascular system. (Morin et
al., 2011; Ulu et al., 2014). Inhibition of CYP oxidase activity with MS-PPOH has been
shown to reduce the production of DHA-derived epoxy metabolites (Morin et al., 2011).
Experimental evidence indicates that the addition of MS-PPOH can inhibit the hyperactivity
protective effects of the n-3 PUFA EPA, in a human bronchi model (Morin et al., 2009). In
our model, the simultaneous addition of MS-PPOH prevented the DHA-mediated
cytotoxicity suggesting the involvement of CYP oxidase metabolites. The cytotoxic effect of
EDPs, specifically 19,20-EDP, further supported the idea that the epoxy metabolites of DHA
are active lipid mediators. Indeed, the fact that the EDP-mediated increase in ceramide levels
were blocked by the PPARS antagonist demonstrates a novel mechanism of action.
Collectively, these data highlight epoxy metabolites of DHA as important biologically active
lipids regulating cellular function. Evidence has demonstrated that diols of some fatty acids
such as linoleic acid oxide (leukotoxin) can be significantly more toxic as compared to their
pro genitor epoxides (Moghaddam et al., 1997). Therefore, it remains unknown whether the
EDPs are responsible for the cellular response we observed or it is attributed to soluble
epoxide hydrolase derived diol metabolites. Nevertheless, EDPs have potential therapeutic
value as they possess strong biological effects and are relatively stable chemically
(Morisseau et al., 2010; Zhang et al., 2013). In summary, we show that PPARS signaling
leading to the de novo synthesis of ceramide appears to be a crucial step in a DHA-induced
cytotoxic cascade in H9c2 cells. Furthermore, our findings demonstrating inhibition of CYP
oxidase activity and accumulation of ceramide significantly adds to our understanding of the
biological function of epoxy metabolites of DHA. This study provides new insights to
understanding the unknown properties of n-3 lipids.
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HIGHLIGHTS

Investigated the mechanisms of DHA mediated cytotoxicity in H9c2 cardiac
cells.

DHA treatment decreased cell viability and triggered apoptosis in H9c2
cells.

DHA induced cell death involved PPARS signaling.

DHA treatment induced de novo ceramide production but EDPs were 100x
more potent.

CYP-derived metabolites of DHA, epoxydocosapentaenoic acids, had an
important role.
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Fig. 1.

Effect of DHA exposure on cellular viability and metabolic activity. (A) Cell viability was
estimated based on the Trypan Blue exclusion method. H9c2 cells were treated with 0 or 100

UM of DHA, and assessed at 24 h.

(B) Cellular metabolic activity was estimated by the

oxidation of MTT to formazan. (C) The percentage of LDH release was quantified
colorimetrically. (D) Proteasomal activity was assessed by the detection of 7-amino-4-
methylcourmarin (AMC) in cell lysates post cleavage from the peptide LLVY-AMC. (E)
PPARS DNA binding was quantified using an ELISA kit. Values are expressed as mean *
SEM; N=3; *p<0.05 DHA 100 pM vs. control, #p < 0.05 DHA 100 pM vs. DHA 100 pM

and GSK 3787 1 uM.
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Fig. 2.
Effect of DHA on oxidative stress. (A) Histogram representing the generation of reactive

oxygen species in H9c2 cells treated with 0, 1, 10 or 100 uM of DHA at 6, 12 and 24 h. (B)
Lipid peroxidation was determined by the accumulation of TBA-active products after 24 h
of treatment. H9c2 cells treated with 0 or 100 pM of DHA with and without GSK 3787 (1
uUM). (C) Total antioxidant capacity was measured in H9c2 cells following 24 h treatment
with 0 or 100 uM of DHA with and without GSK 3787 (1 uM). Values are expressed as
mean £ SEM; N=3; *p< 0.05 DHA 100 pM vs. control, #p < 0.05 DHA 100 uM vs. DHA
100 pM and GSK 3787 1 uM.
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DHA-induced apoptosis mediated via PPARS-signaling. (A-D) Representative bivariate dot
plots of Annexin-V FITC and propidium iodide binding. Apoptotic cells were assessed by
combining values falling in the upper and lower right quadrants. (E) Histogram summarizing
flow cytometry data demonstrating induction of DHA-induced apoptosis. (F) Cells were
harvested and subjected to western blotting to assay the level of p-AKT (upper insert), and
quantified (lower insert). (G) Caspase-3 activity was 19,20-EDP with or without GSK 3787

1 uM and assessed at 24 h. (C) Cell viability and (D) cellular metabolic activity were
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measured. (E) PPARS DNA binding was quantified using an ELISA kit. Values are
expressed as mean £ SEM; NV=3; *p < 0.05 EDPs or 19,20-EDP 1 uM vs. control, #p <
0.05 19,20-EDP 1 pM vs. 19,20-EDP 1 pM and GSK 3787 1 pM. (F) LC/MS analysis was
employed to measure the accumulation of ceramide following treatment with 0 or 100 uM of
DHA with or without MS-PPOH 50 pM, EDPs mix 1 uM (1:1:1:1:1; 7,8-, 10,11-, 13,14-,
16,17- and 19,20-EDP) or 1 uM 19,20-EDP with or without GSK 3787 1 UM and assessed at
24 h. Values are expressed as mean + SEM; M= 3; *p< 0.05 EDP 1 uM vs. control, #p <
0.05 EDPs 1 uM vs. EDPs 1 pM and GSK 3787 1 uM, #p < 0.05 19,20-EDP 1 uM vs.
19,20-EDP 1 uM and GSK 3787 1 uM.
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Fig. 4.

DHA-induced cytotoxicity is attenuated by pharmacological inhibition on de novo ceramide
synthesis. H9c2 cells were treated with 0 or 100 uM of DHA with or without myriocin 1
UM, an inhibitor of SPT, and assessed at 24 h. (A) Cell viability, (B) caspase-3 and (C) total
proteasomal activities were measured. Co-treatment of DHA with myriocin significantly
abolished DHA-induced cytotoxity. Values are expressed as mean + SEM; NV=3; *p< 0.05
DHA 100 uM vs. control, #p < 0.05 DHA 100 pM vs. DHA 100 pM and myriocin 1 pM. (D)
LC/MS analysis was employed to measure the accumulation of ceramide following
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treatment with 0 or 100 uM of DHA with or without GSK 3787 1 uM, a PPARS antagonist,
and assessed at 24 h. Values are expressed as mean + SEM; NV=3; *p< 0.05 DHA 100 uM
vs. control, #p < 0.05 DHA 100 pM vs. DHA 100 pM and GSK 3787 1 uM.
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EDPs demonstrate cytotoxicity toward H9c2 cells. H9c2 cells were treated with 0 or 100 uM
of DHA with or without MS-PPOH 50 uM and assessed at 24 h. (A) Cell viability was
assessed using CCK-8, and (B) cellular metabolic activity was assessed via MTT. Values are
expressed as mean £ SEM; A= 3; *p < 0.05 DHA 100 uM vs. control, # p < 0.05 DHA 100
UM vs. DHA 100 uM and MS-PPOH 50 uM. H9c2 cells were treated with 0, 1 uM of EDP
mix (1:1:1:1:1; 7,8-, 10,11-, 13,14-, 16,17- and 19,20-EDP) or 1 yM
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