
CYP-epoxygenase metabolites of docosahexaenoic acid protect 
HL-1 cardiac cells against LPS-induced cytotoxicity Through 
SIRT1

Victor Samokhvalov1, Kristi L Jamieson1, Jelle Vriend1,2, Steven Quan1, and John M 
Seubert1,3,*

1Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, AB, 
Canada 2Department of Chemistry and Pharmaceutical Sciences, Faculty of Sciences, VU 
University, Amsterdam, The Netherlands 3Department of Pharmacology, Faculty of Medicine, 
University of Alberta, Edmonton, AB, Canada

Abstract

Bacterial LPS is an environmental toxin capable of promoting various cardiac complications. 

Current evidence suggests that LPS-induced myocardial dysfunction emerges as a consequence of 

compromised quality of cardiac mitochondria. Docosahexaenoic acid (DHA, 22:6n3) is an n-3 

polyunsaturated fatty acid (PUFA), which produces a broad spectrum of intrinsic physiological 

effects including regulation of cell survival and death mechanisms. Although, numerous studies 

revealed fundamentally beneficial effects of DHA on cardiovascular system, it remains unknown 

whether these effects were produced by DHA or one of its possibly more potent metabolites. 

Emerging evidence indicates that cytochrome P450 (CYP) epoxygenase metabolites of DHA, 

epoxydocosapentaenoic acids (EDPs), produce more potent biological activity compared to its 

precursor DHA. In this study we investigated whether DHA and its metabolite 19,20-EDP could 

protect HL-1 cardiac cells against LPS-induced cytotoxicity. We provide evidence that 

exogenously added or DHA-derived EDPs promote mitochondrial biogenesis and function in 

HL-1 cardiac cells. Our results illustrate the CYP epoxygenase metabolite of DHA, 19,20-EDP, 

confers extensive protection to HL-1 cardiac cells against LPS-induced cytotoxicity via activation 

of SIRT1.
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Introduction

Cardiovascular disease remains a leading cause of morbidity and mortality worldwide. 

While many differing factors contribute to the etiology, recent data suggests the bacterial 

endotoxin, lipopolysaccharide (LPS), has a significant role in causing numerous 

cardiovascular complications.1 Adverse effects of LPS have been observed at concentrations 

(0.2 ng/m3) below those responsible for sepsis (e.g. endotoxemia).2 As such, the impact of 

increased environmental exposure to low LPS concentrations as a factor causing the 

pathogenesis of cardiovascular complications is largely underestimated.3 LPS is 

ubiquitously found in particulate matter, air pollution and numerous work environments as 

farms, research laboratories and waste management facilities. Current models postulate LPS-

induced cardiotoxicity occurs as a direct result of inflammatory injury of mitochondria 

promoting cell death.4,5 However, the precise cellular and molecular mechanisms underlying 

these events remain poorly understood.

Long-chain n-3 polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid (DHA) 

are obtained from dietary sources and produce a broad spectrum of biological effects in both 

cell culture and animal models.6 Evidence suggests the risk of coronary heart disease is 

reduced with increased consumption of dietary n-3 PUFAs.7 Specific effects of DHA include 

improved cardiac and endothelial cell function, reduced inflammation, preserved cardiac 

mitochondrial function and reduced ischemia-reperfusion injury.6–12 DHA can be 

metabolized by cyclooxygenases (COX), lipoxygenases (LOX) and cytochrome P450 (CYP) 

enzymes to a vast array of biologically active lipid mediators.8,9 CYP epoxygenases add 

oxygen across one of the four double bonds of DHA to generate three-membered ethers 

known as epoxides. There are six regioisomeric metabolites termed epoxydocosapentaenoic 

acids (4,5-, 7,8-, 10,11-, 13,14-, 16,17- and 19,20-EDP). The predominant degradative 

pathway of EDPs is the formation of inactive vicinal diol compounds by soluble epoxide 

hydrolase (sEH).9 Recent studies demonstrated EDPs act as potent endogenous regulators of 

angiogenesis, RAAS, autophagy and insulin-dependent pathways.10 We recently 

demonstrated EDPs are much more potent molecules compared to their precursor DHA.11

While the concept that EDPs regulate key biological processes is novel, our understanding 

of their mechanism(s) of action remains extremely limited. Considering, LPS may trigger 

cardiac dysfunction by causing mitochondrial injury; the current study builds upon our 

previous data allowing to hypothesize that EDPs protect cells by protecting mitochondrial 

homeostasis. Recent evidence demonstrates a crucial role for SIRT1 and SIRT3 in 

promoting mitochondrial biogenesis, function and mitohormesis.12,13 As well, activation of 

SIRT1 has been shown to confer protection against various pathophysiological conditions.
14,15 We investigate whether EDP-associated enhancement and preservation of cardiac 

mitochondrial quality requires activation of SIRT1 signaling to reduce LPS-induced 

cytotoxicity.
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Materials and Methods

Cell culture

HL-1 cardiac cells were a kind gift from Dr. Claycomb (New Orleans, USA). Cells were 

cultivated in Claycomb media supplemented with glutamine and norephinephrine as 

described.16 HL-1 cells were maintained at 37°C in a humidified atmosphere of 5% CO2 and 

95% air. Cell viability was assessed by using trypan blue exclusion test as previously 

described.16 Beating rate was estimated by counting the number of beats per minute in 5 

different cell clusters in 5 independently blinded experiments.

Treatment Protocols

HL-1 cells were exposed to LPS (1μg/ml) for 24h. Where indicated, cells were also treated 

or co-treated with the following pharmacological agents: 19,20-EDP (1 μM), DHA, 

metabolic precursor of endogenous EDPs (100 μM), N-(methylsulfonyl)-2-(2-propynyloxy)-

benzenehexanamide (MSPPOH, 50μM) to specifically inhibit CYP epoxygenase activity and 

block formation of endogenous EDPs from DHA and EX-527 (1 μM) to selectively inhibit 

SIRT1 activity. Stock solutions of 19,20-EDP, DHA, MSPPOH and EX-527 were prepared 

in 100% ethanol, final concentrations of both solvents were less than 0.01% of the treatment 

solutions. LPS and EX-527 were purchased from Sigma, Oakville, ON, Canada. 19,20-EDP, 

DHA and MSPPOH were obtained from Cayman Chemical, Ann Arbor, MI, USA.

Assessments of mitochondrial function and biogenesis

In order to test overall efficiency of mitochondrial oxidative metabolism we measured the 

ADP/ATP ratio in cell lysates using a luciferase-based method (Sigma-Aldrich, Co., 

Oakville, ON). NAD/NADH ratio was assessed using bioluminescent kit (PROMEGA, 

Madison, WI, USA). An MTT assay was employed to examine total oxidative metabolism as 

previously described.16 The intensity of reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide to formazan crystals by mitochondrial dehydrogenases 

positively correlates with the overall activity of oxidative metabolism.17 Optical density of 

DMSO extracted formazan was measured spectrophotometrically at 595 nm. Mitochondrial 

respiration was measured in saponin-permeabilized HL-1 cells using Clark oxygen electrode 

connected to OXYGRAPH PLUS recorder (Hansatech Instruments Ltd, Norfolk, England).
18 Respiration rates were measured at 30°C before and after addition of 2 mM ADP with 5 

mM malate and 10 mM glutamate as substrates. Respiratory control ratio (RCR) was 

calculated as the ratio between basal and ADP-stimulated respiration rates. Mitobiogenesis 

was evaluated using an ELISA kit (ABCAM, Cambridge, UK) based on simultaneous 

detection of SDH-A, a subunit of Complex II (nDNA-encoded protein) and COX-1, a 

subunit of Complex IV (mtDNA-encoded). The ratio between these proteins reflects the 

intensity of mitobiogenesis.

Caspase 3/7, SIRT1 and Aconitase 2 Activity Assays

Caspase-3/7 activity in cardiomyocytes was detected by using the Apo-One and SIRT1 

enzymatic activity by SIRT-Glo assay kits (Promega Corp., Madison, WI., USA) according 

Samokhvalov et al. Page 3

Cell Death Discov. Author manuscript; available in PMC 2016 May 12.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



to the manufacturer’s instructions. Aconitase 2 (mitochondrial isoform) activity as a marker 

of mitochondrial damage was evaluated using an ELISA kit (ABCAM, Cambridge, UK).

Cytokine Assay

Medium was centrifuged for 5 min at 5000xg and supernatants were analyzed by ELISA for 

TNFα levels (ABCAM, Cambridge, UK). Briefly, sample was added into individual wells of 

a 96-well plate coated with a TNFα mouse specific antibody. After washing, wells were 

incubated with HRP-conjugated streptavidin, washed and incubated with substrate solution. 

The intensity of the color was measured spectrophotometrically at 450nm. Increased color 

intensity occurred in a linear proportion to the amount of TNFα in the samples.

NRF1, NRF2, pCREB(Ser133) and NF-kB DNA Binding Assays

NRF1 DNA binding assay was performed using an ELISA kit from AssayBioTech 

(Sunnyvale, CA, USA), pCREB(Ser133) DNA binding activity was measured using an 

ELISA kit from Cayman Chemical (Ann Arbor, MI, USA), NRF2 and NF-kB DNA binding 

assays were performed using ELISA kits from Active Motif (Carlsbad, CA, USA).

Western blot assay and antibodies

HL-1 cells were treated as described above, harvested and the whole-cell lysates were 

prepared and subjected to Western blot assay as previously described.11 Samples were 

probed with antibodies against NRF1, SDH-A, Tfam, COX IV, GAPDH (Cell Signaling 

Technology, Boston, MA, USA), CS (Abcam, Cambridge, UK). Quantitation was performed 

using using Image J software (NIH, USA).

Microscopy

HL-1 cells were grown on coverslips then treated as described above for 24 hours. Cells 

were then fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate for 30 minutes. Cell 

monolayer was then post-fixed in 1% sodium tetroxide in 0.1 M sodium cacodylate for 30 

minutes on ice and in the dark. 2% uranyl acetate was used for en-block staining of the 

samples for 30 minutes on ice and in the dark. Dehydration was done by exposing the 

samples to increasing concentrations of ethanol (50–100%). Finally, resin-filled beams were 

transferred upside-down on top of the cells and left at 60°C incubator for 48 hours to 

polymerize. Imaging was done by a Philips 410 electron microscope, using Megaview III 

soft imaging system and iTEM software. Morphological evaluation of HL-1 cells was 

performed after incubation for 24 h with indicated agents using an inverted phase-contrast 

microscope (Olympus CKX41 with Optika Pro5 camera).

Statistical Analysis

Data are presented as mean ± SEM. Statistical analysis was based on one-way ANOVA with 

a Bonferonni post hoc test; P<0.05 was considered statistically significant.
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Results

EDPs prevented LPS-induced morphological abnormalities in HL-1 cardiac cells

Evaluation of morphological alterations using an inverted phase contrast microscope 

revealed that HL-1 cells exposed to LPS for 24 h displayed marked morphological 

abnormalities such as formation of large vacuoles, shrinkage, rounding up and detachment 

from the surface of the plate (Figures 1a, b). The observation of cells demonstrating 

organelle swelling, ruptured membranes and partial lysis suggests there was more than one 

type of cell death occurred. This is consistent with literature indicating TNFα may trigger 

both apoptosis and necroptosis.19 Treatment with 19,20-EDP did not alter the morphology 

of HL-1 cardiac cells (Figure 1c). Interestingly, we observed that co-treatment with 19,20-

EDP prevented LPS-produced morphological abnormalities in HL-1 cells indicating a 

profound protective potential (Figure 1d). Treatment with DHA was without effect on 

morphology of HL-1 cardiac cells (Figure 1e). Cells co-treated with LPS and DHA showed 

a significant protection of morphology against LPS-induced injury (Figure 1f). In order to 

determine whether protective effects of DHA were mediated by its epoxy metabolites we 

added MSPPOH to see if we could prevent DHA-induced protection. MSPPOH alone did 

not affect cell morphology (Figure 1g) but abolished DHA-associated protection (Figure 1h), 

suggesting a key role of EDPs but not DHA in the cytoprotective response against LPS-

induced toxicity.

EDPs protect HL-1 cardiac cells against LPS induced injury

Treatment with LPS resulted in a significant decline in cell viability as detected by a trypan 

blue exclusion assay and impaired mitochondrial oxidative activity evaluated by the MTT 

assay. These observations indicate disruption of mitochondrial function occurred in HL-1 

cells in response to LPS resulting in a decreased number of viable cells (Figures 2a, b). The 

ability of cardiomyocytes to contract in vitro reflects their functional activity and 

requirement for a continuous supply of ATP to sustain optimum contractility.20 Considering 

mitochondria are the major site of ATP production in cardiomyocytes, disrupted contraction 

of HL-1 cardiac cells observed in our experiments suggests increased mitochondrial 

dysfunction occurred following LPS treatment (Figure 2c). We demonstrate that co-

treatment with 19,20-EDP conferred significant protection to HL-1 cells exposed to LPS. 

Our data illustrate addition of 19,20-EDP greatly improved the viability of HL-1 cells and 

attenuated LPS-induced detriments to mitochondrial oxidative metabolism resulting in 

preserved contractility (Figures 2c).

Numerous in vivo and in vitro studies have provided strong evidence that DHA produces 

diverse and profound cardioprotective effects. Importantly, DHA may be metabolized by 

CYP epoxygenases into active epoxylipid metabolites, EDPs.9 Thus, we examined whether 

or not the protective effects of DHA are mediated by endogenously produced EDPs. In a 

parallel series of experiments, we treated LPS-exposed HL-1 cells with DHA or DHA plus 

MSPPOH to pharmacologically inhibit CYP epoxygenase activity and block formation of 

endogenous EDPs. DHA treatment significantly improved cell viability and functional 

activity of HL-1 cells exposed to LPS. Protective effects produced by DHA were abolished 

by co-treatment with MSPPOH, which highlights a crucial role of endogenously produced 
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EDPs from exogenously added DHA in protection against LPS-induced cytotoxicity 

(Figures 2a–c). Collectively, our results suggest a key role for the epoxy metabolites of 

DHA, EDPs, in triggering protective responses in HL-1cells against LPS-induced 

cytotoxicity.

EDPs attenuate LPS-induced inflammation and cellular dysfunction

In our previous studies we demonstrated LPS-triggered an inflammatory response in 

cardiomyocytes, which was partially associated with caspase activation and cell death.21,28 

As expected, treatment with LPS promoted significant up-regulation of NF-kB DNA binding 

activity initiating an inflammatory cascade (Figure 3a). Consistent with this observation, 

LPS caused release of the major pro-inflammatory cytokine TNFα from HL-1 cells (Figure 

3b). Together, these results illustrate an inflammatory reaction developed in HL-1 cardiac 

cells exposed to LPS. Exposure to LPS also resulted in significant activation of caspase 3/7, 

indicative of an apoptotic response (Figure 3c). Aconitase 2 is an enzyme that catalyzes the 

reversible inter-conversion of citrate and isocitrate in the TCA cycle. Importantly, 

mitochondrial aconitase 2 also stabilizes mtDNA thereby influencing mitochondrial gene 

expression. A decrease in aconitase activity is considered a marker of mitochondrial and 

cellular damage.22 Exposure to LPS led to a pronounced decrease in aconitase activity in 

HL-1 cells (Figure 3d). Importantly, co-treatment with 19,20-EDP significantly attenuated 

the LPS-induced inflammatory response and attenuated activation of caspase 3/7 and 

aconitase 2 (Figures 3a–d). Although treatment with DHA attenuated LPS-associated 

detriments, it was less pronounced compared to 19,20-EDP. Moreover, this effect was 

sensitive to inhibition with MSPPOH, which further highlights the role of endogenously 

generated EDPs from DHA (Figures 3a–d).

EDPs preserve the mitochondrial pool in HL-1 cells exposed to LPS

First we assessed the effects of LPS on the expression of essential mitochondrial proteins. 

No alterations were observed after all treatments suggesting that mitochondrial content was 

protected (Figure 4a–d). Next we assessed mitochondrial ultrastructure using electron 

microscopy. Control HL-1 cardiac cells displayed normal mitochondrial morphology, where 

organization of mitochondria clearly displayed the internal membrane, cristae and well-

defined outer membrane (Figure 4e). Treatment with LPS promoted marked structural 

heterogeneity in the mitochondrial population including patchy disruption of inner and outer 

membranes, formation of internal vacuoles, distorted cristae, clearer matrix, and swelling. 

We also observed aberrant mitochondria of irregular size (Figure 4f). Treatment with 19,20-

EDP did not alter mitochondrial ultrastructure (Figure 4g) but clearly limited LPS-induced 

injury of mitochondrial ultrastructure (Figure 4h). Overall our data suggest that pool of 

mitochondria found in HL-1 cells treated with 19,20-EDP was protected and thereby 

remained more functional.

EDPs promote mitobiogenesis in HL-1 cells exposed to LPS

Initiating the generation of new mitochondria with improved bioenergetic efficiency is an 

important physiological strategy to increase production of ATP in response to stress 

conditions.23 Numerous studies have postulated that disruption of mitobiogenesis causes 

extensive cardiac dysfunction while activation is thought to be cardioprotective.24, 25, 30 
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Regulation of mitobiogenesis occurs through the strict coordination of transcriptional factors 

such as NRF1, NRF2 and CREB.25 HL-1 cardiac cells exposed to LPS demonstrated a 

dramatic decline in overall mitobiogenesis based on the ratio between expression of the 

mitochondrial proteins COX-1 (mtDNA-encoded) and SDH-A (nDNA-encoded) measured 

simultaneously (Figure 5a). In order to further determine LPS effects on mitobiogenesis, we 

measured DNA binding activities of key transcriptional regulators of mitobiogenesis. Our 

observations illustrate that LPS significantly reduced NRF1, NRF2 and pCREB(Ser133) 

DNA binding activities, which suggests a negative impact on mitobiogenesis (Figures 5b–d). 

In a parallel series of experiments, we observed that treatment of healthy HL-1 cardiac cells 

with 19,20-EDP resulted in up-regulation of mitobiogenesis as well increased NRF1, NRF2 

and pCREB(Ser133) DNA binding activities (Figures 5b–d). Moreover, co-treatment of 

19,20-EDP prevented the LPS-impaired mitobiogenesis (Figures 5a–d). Further, the 

increased NRF1 and Tfam protein expression levels following 19,20-EDP treatment were 

consistent with the observed increases in DNA binding activities (Figure 5e). While DHA 

produced a similar effect toward mitobiogenesis, inhibition of CYP epoxygenases with 

MSPPOH suppressed the response (Figures 5a–d). Together, these results suggest a key role 

for EDPs in promoting and regulating mitobiogenesis.

EDPs prevent LPS-associated decrease in SIRT1 activity and NAD+ Levels

An important regulator of mitobiogenesis and mitochondrial function is the histone 

deacetylase Sirtuin1 (SIRT1).26 SIRT1 activates PGC1α signaling to promote 

mitobiogenesis as well as promotes mitophagy to selectively eliminate severely damaged 

mitochondria.27 NAD+ is a crucial activator of SIRT1, therefore alterations in NAD/NADH 

ratios will significantly effect SIRT1 activity.26 As SIRT1 positively regulates mitochondrial 

quality, we examined whether 19,20-EDP could modulate SIRT1 activity and affect NAD/

NADH ratios in HL-1 cells exposed to LPS. Treatment with LPS markedly decreased SIRT1 

activity and lowered the NAD/NADH ratio in HL-1 cells (Figure 5f). Treatment with 19,20-

EDP robustly activated SIRT1 activity and elevated the NAD/NADH ratio under control 

conditions and prevented the decrease caused by LPS (Figure 5f). Similar protective results 

were observed when LPS-exposed HL-1 cells were co-treated with DHA and were abolished 

by the addition of MSPPOH.

EDPs protect mitochondrial function in HL-1 cells exposed to LPS

The most essential component of mitochondrial function is respiration coupled with 

generation of ATP also referred as oxidative phosphorylation. The ratio between oxygen 

consumption by mitochondria in basal and ADP-stimulated states indicates respiratory ratio 

control (RCR), which reflects bioenergetic efficiency of mitochondria.18 We measured 

mitochondrial respiration in permeabilized HL-1 cells to characterize the effects of LPS and 

EDPs on mitochondrial function, where the organelles exist within their native intracellular 

localization. Treatment with LPS caused a significant decrease in mitochondrial RCR, 

reflecting the overall collapse in mitochondrial function (Figure 6a), whereas addition of 

19,20-EDP prevented the LPS-mediated mitochondrial dysfunction. Paralleling our 

observations with regard to compromised mitochondrial function, we demonstrate that 

exposure to LPS dramatically increased the ADP/ATP ratio in the cells providing further 

support that mitochondrial function was severely compromised (Figure 6b). Treatments with 

Samokhvalov et al. Page 7

Cell Death Discov. Author manuscript; available in PMC 2016 May 12.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



19,20-EDP and DHA resulted in a significant reduction of LPS-induced elevation in the 

ADP/ATP ratio. Consistently, similar protective results were observed when LPS-exposed 

HL-1 cells were co-treated with DHA and abolished by the addition of MSPPOH (Figure 6a, 

b).

Pharmacological inhibition of SIRT1 activity reverses 19,20-EDP-mediated protection 
against LPS-induced cytotoxicity

To determine if SIRT1 may be mediating 19,20-EDP-associated effects, we treated HL-1 

cardiac cells with EX-527 a specific inhibitor of SIRT1. Treatment with EX-527 abolished 

the protective effects of 19,20-EDP, where inhibition of SIRT1 prevented 19,20-EDP 

associated improvements in cell viability and mitochondrial activity in cells treated with 

LPS (Figures 7a,b). Furthermore, inhibition of SIRT1 prevented 19,20-EDP from triggering 

mitobiogenesis and it’s ability to limit LPS-induced impairments (Figure 7c). Importantly, 

pharmacological inhibition of SIRT1 restored NF-kB DNA binding activity, which was 

suppressed by 19,20-EDP (Figure 7d). Together, our observations suggest an essential role 

for SIRT1 in 19,20-EDP-mediated protective effects against LPS-induced cytotoxicity.

Discussion

CYP epoxygenases catalyze the enzymatic transformation of PUFA into biologically active 

epoxylipid mediators, such as omega-6 epoxides of AA, EETs and omega-3 epoxides of 

DHA, EDPs.9 While there is strong evidence demonstrating the biological effects of EETs 

there is little known regarding EDP-mediated effects. Emerging evidence suggests that EDPs 

are involved in regulating numerous aspects of cell biology such as inflammation, 

angiogenesis and cell death; however, our understanding how EDPs regulate these effects 

remains significantly limited.28

In the current study we report EDP-mediated events protect HL-1 cardiac cells against LPS-

induced cytotoxicity by maintaining a healthy pool of mitochondria. We demonstrate that 

EDPs significantly attenuate mitochondrial damage attributed to LPS exposure and promote 

the generation of new mitochondria by activating biogenesis. Our data suggest EDPs work 

by activating SIRT1 signaling to promote an adaptive response and counteract deleterious 

effects of LPS. Furthermore, we demonstrate that the protective effect of DHA against LPS-

induced cytotoxicity requires its metabolic transformation catalyzed by CYP epoxygenase 

into endogenous EDPs.

The preservation of mitochondrial ultrastructure and function as a result of co-treatment of 

19,20-EDP with LPS demonstrates the ability of EDPs to preserve and maintain 

mitochondrial quality. These data suggest the mitochondrial pool in the LPS-treated groups 

was severely compromised compared to EDP-treated groups. This observation is consistent 

with our previously published data were we demonstrated mitochondrial quality was 

protected with increased levels of epoxylipids during starvation.16 Optimally functioning 

mitochondria require a balanced control of biogenesis and elimination to maintain a healthy 

pool of organelles that provide energy, regulate cell survival/death pathways and synthesize 

a number of biologically active molecules. Several lines of evidence suggest maintaining 

mitochondrial homeostasis and integrity is directly linked to cellular protection under stress 
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conditions.20 As cardiomyocytes are terminally differentiated cells, sustaining functional 

mitochondria is important to promote adequate cell survival in the setting of cardiac 

dysfunction. LPS treatment has previously been demonstrated to induce extensive injury of 

cardiac mitochondria resulting in cell death and overall cardiac dysfunction.29 Consistent 

with the literature, our data demonstrated LPS-mediated cardiotoxicity had a large impact on 

mitochondrial quality culminating in extensive damage associated with cell death. 

Therefore, we hypothesize that EDPs can enhance mitochondrial quality control by 

regulating function, biogenesis and turnover, thereby sustaining a healthier pool of 

mitochondria.

Regulation of mitochondrial quality is a complex process that involves a strictly coordinated 

interaction between mitochondrial and nuclear genomes orchestrated by NRF1/2, Tfam, 

SIRT1/3, CREB and PGC1α pathways.20 An important outcome is the generation of new 

organelles that efficiently supply the cell with its required amounts of ATP.30 Our results 

demonstrating improved ADP/ATP ratio and increased mitochondrial O2 consumption 

following 19,20-EDP treatment reflect significantly improved mitochondrial function. 

Moreover, treatment with 19,20-EDP stimulated the activity of key factors required for 

activation of mitobiogenesis suggesting production of new organelles. Specifically, we 

showed 19,20-EDP upregulated the transcriptional activity of CREB and NRF1/2 as well 

increased enzymatic activity of SIRT1. Collectively, our data indicate EDP-mediated effects 

activate mitobiogenesis as an inherent part of the overall protective response against LPS-

induced cytotoxicity.

CREB is an essential transcriptional factor required for regulating mitobiogenesis, where 

phosphorylation of CREB promotes a rapid and robust activation cascade of reactions 

evoking mitobiogenesis.31 In this study 19,20-EDP caused a strong increase in 

pCREB(Ser133) DNA binding activity, which suggests an involvement of CREB-dependent 

pathways in the observed effects. Activated CREB directly interacts with other key factors of 

mitobiogenesis such as NRF1/2 and SIRT1. Remarkably, CREB can translocate from the 

cytosol to both the nucleus and inner mitochondrial membrane where acts as positive 

regulator of mitochondrial function.31 In the current study, we assessed pCREB nuclear 

DNA binding activity but it is unclear if there is a role for mitochondrial localization. 

Interestingly, a recent study demonstrated another epoxylipid of CYP expoxygenase, 14,15-

EET, protected neurons against ischemia-reperfusion insult by promoting mitobiogenesis 

through activation of CREB-dependent pathways.32

SIRT1 has received significant attention as a crucial regulator of mitobiogenesis and 

function.26 Enzymatic reactions catalyzed by SIRT1 require the cofactor NAD+ to 

deacetylate a wide range of proteins including PGC1α. SIRT1-dependent deacetylation of 

PGC1α has been shown to trigger mitobiogenesis as an adaptive reaction to various 

pathophysiological factors, such as starvation, disrupted glucose homeostasis, oxidative 

stress, aging and cardiovascular disease.14 SIRT1, SIRT3 and SIRT6 can enhance 

mitochondrial function by activating oxidative phosphorylation and suppressing glycolysis.
15,33 Genetic overexpression of SIRT1 resulted in positive metabolic outcomes,34,35 whereas 

SIRT1-deficienct mice have a shortened life span with a pronounced metabolic defect.36 

Furthermore, a direct piece of evidence indicates SIRT1 triggers the deacetylation of 
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essential autophagic proteins promoting the selective removal of damaged mitochondria 

through mitophagy in human fibroblasts, which ultimately results in positively modulating 

quality.27 Together, these studies support a concept where activation of SIRT1 is required to 

enhance and sustain optimal mitochondrial quality through promoting biogenesis and 

simultaneous removal of damaged mitochondria. This dual positive regulatory role SIRT1 

has toward mitochondrial quality results in selecting and maintaining a highly functional 

pool of mitochondria. Interestingly, Yeung et al demonstrated the ability of SIRT1 to 

deacetylate and consequently inactivate NF-kB, a major factor orchestrating pro-

inflammatory responses.37 This provides evidence that SIRT1 can limit the inflammatory 

injury to mitochondria and illustrates its protective role. Our study also demonstrates the 

importance of SIRT1 in limiting NF-kB-dependent inflammation in cardiac cells exposed to 

LPS. The fact pharmacological inhibition of SIRT1 abruptly terminated EDP-mediated 

protection supports the notion for a key role of SIRT1 signalling. Whether EDP-associated 

activation of SIRT1 occurs directly or requires involvement of secondary pathways remains 

currently unknown. However, the overarching result demonstrates EDPs promote and sustain 

an optimally functioning population of mitochondria.

During the last decade, studies concerning the favorable biological effects of DHA have 

largely ignored the roles of CYP-derived metabolites. In this study, we demonstrate that 

DHA produces a protective response in HL-1 cells exposed to LPS similar to what was 

observed with 19,20-EDP. Particularly, our data highlight DHA treatment preserved cell 

viability, robustly stimulated mitochondrial biogenesis and function against LPS-induced 

cytotoxicity. Recent studies demonstrate protective effects of DHA, including improved 

vascular function and reduced NF-kB-dependent polarization of macrophages, are mediated 

through SIRT1.38,39 Our current study demonstrates the effects produced by DHA are 

abolished by MSPPOH, a specific inhibitor of CYP epoxygenase, preventing the 

endogenous production of EDPs. Thus suggesting the biological effects of DHA are 

attributed to CYP epoxygenase metabolites, most likely the epoxy lipids, EDPs, and not 

DHA itself.

In summary, our results demonstrate the CYP epoxygenase metabolites of DHA, EDPs, 

preserve the pool of mitochondria in HL-1 cardiac cells limiting LPS-induced cytotoxicity. 

Although the precise molecular mechanisms remain unknown, we propose that EDP-

mediated effects require activation of SIRT1 signaling to initiate events to promote 

mitobiogenesis and enhance function. This cascade of adaptive reactions can be considered a 

response directed to maintain a healthy mitochondrial pool and thereby promote cell survival 

(Figure 8).
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Abbreviations

AA arachidonic acid

CS citrate synthase

CYP Cytochrome P450

DHA docosahexaenoic acid

EDPs epoxydocosapentaenoic acids

LPS lipopolysaccharide

MSPPOH N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide

NF-κB nuclear factor kappa B

PUFAs polyunsaturated fatty acids

RCR respiratory ratio control

sEH soluble epoxide hydrolase

SIRT1 sirtuin 1

TNFα tumor necrosis factor

References

1. Lancel S, et al. Ventricular myocyte caspases are directly responsible for endotoxin-induced cardiac 
dysfunction. Circulation. 2005; 111:2596–2604. DOI: 10.1161/CIRCULATIONAHA.104.490979 
[PubMed: 15897345] 

2. Lundin JI, Checkoway H. Endotoxin and cancer. Environmental health perspectives. 2009; 
117:1344–1350. DOI: 10.1289/ehp.0800439 [PubMed: 19750096] 

3. Kruger S, et al. Endotoxin hypersensitivity in chronic heart failure. International journal of 
cardiology. 2007; 115:159–163. DOI: 10.1016/j.ijcard.2006.03.003 [PubMed: 16766065] 

4. Vanasco V, Cimolai MC, Evelson P, Alvarez S. The oxidative stress and the mitochondrial 
dysfunction caused by endotoxemia are prevented by alpha-lipoic acid. Free radical research. 2008; 
42:815–823. DOI: 10.1080/10715760802438709 [PubMed: 19051079] 

5. Navarro A, Torrejon R, Bandez MJ, Lopez-Cepero JM, Boveris A. Mitochondrial function and 
mitochondria-induced apoptosis in an overstimulated rat ovarian cycle. American journal of 
physiology. Endocrinology and metabolism. 2005; 289:E1101–1109. DOI: 10.1152/ajpendo.
00223.2005 [PubMed: 16014352] 

6. Ayalew-Pervanchon A, et al. Long-term effect of dietary {alpha}-linolenic acid or decosahexaenoic 
acid on incorporation of decosahexaenoic acid in membranes and its influence on rat heart in vivo. 
American journal of physiology. Heart and circulatory physiology. 2007; 293:H2296–2304. DOI: 
10.1152/ajpheart.00194.2007 [PubMed: 17526653] 

7. Leaf A. Cardiovascular effects of fish oils. Beyond the platelet. Circulation. 1990; 82:624–628. 
[PubMed: 2197019] 

8. Wijendran V, Hayes KC. Dietary n-6 and n-3 fatty acid balance and cardiovascular health. Annual 
review of nutrition. 2004; 24:597–615. DOI: 10.1146/annurev.nutr.24.012003.132106

9. Zhang G, Kodani S, Hammock BD. Stabilized epoxygenated fatty acids regulate inflammation, pain, 
angiogenesis and cancer. Progress in lipid research. 2014; 53:108–123. DOI: 10.1016/j.plipres.
2013.11.003 [PubMed: 24345640] 

Samokhvalov et al. Page 11

Cell Death Discov. Author manuscript; available in PMC 2016 May 12.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



10. Lopez-Vicario C, et al. Inhibition of soluble epoxide hydrolase modulates inflammation and 
autophagy in obese adipose tissue and liver: role for omega-3 epoxides. Proceedings of the 
National Academy of Sciences of the United States of America. 2015; 112:536–541. DOI: 
10.1073/pnas.1422590112 [PubMed: 25550510] 

11. Samokhvalov V, et al. PPARdelta signaling mediates the cytotoxicity of DHA in H9c2 cells. 
Toxicology letters. 2014; 232:10–20. DOI: 10.1016/j.toxlet.2014.09.029 [PubMed: 25300478] 

12. Herranz D, Serrano M. SIRT1: recent lessons from mouse models. Nature reviews. Cancer. 2010; 
10:819–823. DOI: 10.1038/nrc2962 [PubMed: 21102633] 

13. Kincaid B, Bossy-Wetzel E. Forever young: SIRT3 a shield against mitochondrial meltdown, 
aging, and neurodegeneration. Frontiers in aging neuroscience. 2013; 5:48. [PubMed: 24046746] 

14. Nogueiras R, et al. Sirtuin 1 and sirtuin 3: physiological modulators of metabolism. Physiological 
reviews. 2012; 92:1479–1514. DOI: 10.1152/physrev.00022.2011 [PubMed: 22811431] 

15. Lim JH, et al. Sirtuin 1 modulates cellular responses to hypoxia by deacetylating hypoxia-inducible 
factor 1alpha. Molecular cell. 2010; 38:864–878. DOI: 10.1016/j.molcel.2010.05.023 [PubMed: 
20620956] 

16. Samokhvalov V, et al. Epoxyeicosatrienoic acids protect cardiac cells during starvation by 
modulating an autophagic response. Cell death & disease. 2013; 4:e885. [PubMed: 24157879] 

17. Wang P, Henning SM, Heber D. Limitations of MTT and MTS-based assays for measurement of 
antiproliferative activity of green tea polyphenols. PloS one. 2010; 5:e10202. [PubMed: 20419137] 

18. Kuznetsov AV, et al. Analysis of mitochondrial function in situ in permeabilized muscle fibers, 
tissues and cells. Nature protocols. 2008; 3:965–976. DOI: 10.1038/nprot.2008.61 [PubMed: 
18536644] 

19. Kearney CJ, et al. Necroptosis suppresses inflammation via termination of TNF- or LPS-induced 
cytokine and chemokine production. Cell Death Differ. 2015; 22:1313–1327. DOI: 10.1038/cdd.
2014.222 [PubMed: 25613374] 

20. Ardehali H, et al. Targeting myocardial substrate metabolism in heart failure: potential for new 
therapies. European journal of heart failure. 2012; 14:120–129. DOI: 10.1093/eurjhf/hfr173 
[PubMed: 22253453] 

21. Samokhvalov V, et al. PPARgamma signaling is required for mediating EETs protective effects in 
neonatal cardiomyocytes exposed to LPS. Frontiers in pharmacology. 2014; 5:242. [PubMed: 
25426073] 

22. Yan LJ, Levine RL, Sohal RS. Oxidative damage during aging targets mitochondrial aconitase. 
Proceedings of the National Academy of Sciences of the United States of America. 1997; 
94:11168–11172. [PubMed: 9326580] 

23. Garesse R, Vallejo CG. Animal mitochondrial biogenesis and function: a regulatory cross-talk 
between two genomes. Gene. 2001; 263:1–16. [PubMed: 11223238] 

24. Garnier A, et al. Depressed mitochondrial transcription factors and oxidative capacity in rat failing 
cardiac and skeletal muscles. The Journal of physiology. 2003; 551:491–501. DOI: 10.1113/
jphysiol.2003.045104 [PubMed: 12824444] 

25. Scarpulla RC. Transcriptional paradigms in mammalian mitochondrial biogenesis and function. 
Physiological reviews. 2008; 88:611–638. DOI: 10.1152/physrev.00025.2007 [PubMed: 
18391175] 

26. Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators of metabolism and healthspan. Nature 
reviews. Molecular cell biology. 2012; 13:225–238. DOI: 10.1038/nrm3293 [PubMed: 22395773] 

27. Jang SY, Kang HT, Hwang ES. Nicotinamide-induced mitophagy: event mediated by high NAD+/
NADH ratio and SIRT1 protein activation. The Journal of biological chemistry. 2012; 287:19304–
19314. DOI: 10.1074/jbc.M112.363747 [PubMed: 22493485] 

28. Zhang G, et al. Epoxy metabolites of docosahexaenoic acid (DHA) inhibit angiogenesis, tumor 
growth, and metastasis. Proceedings of the National Academy of Sciences of the United States of 
America. 2013; 110:6530–6535. DOI: 10.1073/pnas.1304321110 [PubMed: 23553837] 

29. Charalambous BM, Stephens RC, Feavers IM, Montgomery HE. Role of bacterial endotoxin in 
chronic heart failure: the gut of the matter. Shock. 2007; 28:15–23. DOI: 10.1097/shk.
0b013e318033ebc5 [PubMed: 17510602] 

Samokhvalov et al. Page 12

Cell Death Discov. Author manuscript; available in PMC 2016 May 12.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



30. Suliman HB, Welty-Wolf KE, Carraway M, Tatro L, Piantadosi CA. Lipopolysaccharide induces 
oxidative cardiac mitochondrial damage and biogenesis. Cardiovascular research. 2004; 64:279–
288. DOI: 10.1016/j.cardiores.2004.07.005 [PubMed: 15485687] 

31. Valsecchi F, Ramos-Espiritu LS, Buck J, Levin LR, Manfredi G. cAMP and mitochondria. 
Physiology. 2013; 28:199–209. DOI: 10.1152/physiol.00004.2013 [PubMed: 23636265] 

32. Wang L, et al. 14,15-EET promotes mitochondrial biogenesis and protects cortical neurons against 
oxygen/glucose deprivation-induced apoptosis. Biochemical and biophysical research 
communications. 2014; 450:604–609. DOI: 10.1016/j.bbrc.2014.06.022 [PubMed: 24931672] 

33. Finley LW, et al. SIRT3 opposes reprogramming of cancer cell metabolism through HIF1alpha 
destabilization. Cancer cell. 2011; 19:416–428. DOI: 10.1016/j.ccr.2011.02.014 [PubMed: 
21397863] 

34. Banks AS, et al. SirT1 gain of function increases energy efficiency and prevents diabetes in mice. 
Cell metabolism. 2008; 8:333–341. DOI: 10.1016/j.cmet.2008.08.014 [PubMed: 18840364] 

35. Bordone L, et al. SIRT1 transgenic mice show phenotypes resembling calorie restriction. Aging 
cell. 2007; 6:759–767. DOI: 10.1111/j.1474-9726.2007.00335.x [PubMed: 17877786] 

36. Chen D, Steele AD, Lindquist S, Guarente L. Increase in activity during calorie restriction requires 
Sirt1. Science. 2005; 310:1641. [PubMed: 16339438] 

37. Yeung F, et al. Modulation of NF-kappaB-dependent transcription and cell survival by the SIRT1 
deacetylase. The EMBO journal. 2004; 23:2369–2380. DOI: 10.1038/sj.emboj.7600244 [PubMed: 
15152190] 

38. Jung SB, et al. Docosahexaenoic acid improves vascular function via up-regulation of SIRT1 
expression in endothelial cells. Biochemical and biophysical research communications. 2013; 
437:114–119. DOI: 10.1016/j.bbrc.2013.06.049 [PubMed: 23806688] 

39. Xue B, Yang Z, Wang X, Shi H. Omega-3 polyunsaturated fatty acids antagonize macrophage 
inflammation via activation of AMPK/SIRT1 pathway. PloS one. 2012; 7:e45990. [PubMed: 
23071533] 

Samokhvalov et al. Page 13

Cell Death Discov. Author manuscript; available in PMC 2016 May 12.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Figure 1. EDPs prevent LPS-induced morphological abnormalities in HL-1 cardiac cells
HL-1 cells were visualized by phase-contrast microscopy at 200x following treatment. (a) 

Untreated HL-1 cardiac cells. (b) HL-1 cardiac cells were stimulated with LPS (1 μg/ml) for 

24 h. (c) HL-1 cells were treated with 19,20-EDP (1 μM) for 24 h. (d) HL-1 cells were 

treated with LPS (1 μg/ml) and 19,20-EDP (1 μM) for 24 h. (e) HL-1 cardiac cells were 

treated with DHA (100 μM) for 24 h. (f) HL-1 cardiac cells were stimulated with LPS (1 

μg/ml) in the presence of DHA (100 μM) for 24 h. (g) HL-1 cardiac cells were treated with 

MSPPOH (50 μM) for 24 h. (h) HL-1 cardiac cells were stimulated with LPS (1 μg/ml) in 

the presence of DHA (100 μM) and MSPPOH (50 μM) for 24 h. Assessment of cell 

morphology was performed on a minimum of 15 cells per treatment. Scale bars equal 100μm 

diameter.
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Figure 2. EDPs prevent LPS-induced cell death in HL-1 cardiac cells
HL-1 cardiac cells were stimulated with LPS (1 μg/ml) in the presence of 19,20-EDP (1 

μM), DHA (100 μM) and/or MSPPOH (50 μM) for 24 h. (a) Cell viability was scored by 

Trypan blue exclusion assay. (b) Mitochondrial activity was evaluated by MTT assay. (d) 

Contractility of HL-1 cells was scored by counting the number of beats per min in five 

different cell clusters. Values are represented as mean ± S.E.M; N=3 independent 

experiments; *, p<0.05 treatment vs. vehicle control, #, p<0.05 treatment group vs. LPS or 

LPS/MSPPOH.
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Figure 3. EDPs suppress LPS-induced inflammatory response, activation of caspase 3/7 and 
inhibition of aconitase 2
HL-1 cardiac cells were treated with LPS (1 μg/ml) in the presence of 19,20-EDP (1 μM), 

DHA (100 μM) and/or MSPPOH (50 μM) for 24 h. (a) NF-κB DNA binding activity in the 

whole-cell lysates was measured by ELISA. (b) TNFα concentration in the culture 

supernatants was determined by ELISA (c) Caspase 3/7 activity was measured in the whole-

cell lysates by spectrofluorometric assay. (d) Aconitase 2 activity was measured in the 

whole-cell lysates by colorimetric assay. Values are represented as mean ± S.E.M; N=3 

independent experiments; *, p<0.05 treatment vs. vehicle control, #, p<0.05 treatment group 

vs. LPS or LPS/MSPPOH.
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Figure 4. EDPs limit LPS-induced damage to mitochondrial ultrastructure
(a) HL-1 cardiac cells were stimulated with LPS (1 μg/ml) with or without 19,20-EDP (1 

μM) where indicated for 24 h. After 24 h, the whole-cell lysates were harvested then 

analyzed by Western immunoblotting for the levels of essential mitochondrial proteins. 

Representative Western blots and the results of quantification are demonstrated on Figure 4 

a-c. HL-1 cardiac cells were treated as indicated above. Representative electron micrograph 

(EM) images of HL-1 cells are presented on Figure 4 e-h. Black arrows demonstrate 

individual mitochondrion. Scale bars equal 500μm diameter. Values are represented as mean 

± S.E.M; N=3 independent experiments.
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Figure 5. EDPs induce mitobiogenesis in HL-1 cardiac cells
HL-1 cardiac cells were stimulated with LPS (1 μg/ml) in the presence of 19,20-EDP (1 

μM), DHA (100 μM) and/or MSPPOH (50 μM) for 24 h. (a) Relative rates of mitobiogensis 

were assessed using an ELISA assay detecting simultaneous expression of SDH-A (nDNA-

encoded protein) and COX-I (mtDNA-encoded protein) in each well of plated HL-1 cells. 

The ratio between COX-I and SDH-A expressions represents the relative rate of 

mitobiogenesis. (b) NRF1 DNA binding activity was measured in the whole-cell lysates 

using ELISA. (c) NRF2 DNA binding activity was measured in the whole-cell lysates using 

ELISA. (d) pCREB(Ser133) DNA binding activity was measured in the whole-cell lysates 

using ELISA. (e) Whole-cell lysates were harvested then analyzed by western 

immunoblotting for the levels of key transcriptional regulators of mitobiogenesis. 

Representative western blots and the results of quantification are demonstrated. (f) SIRT1 

activity was measured in the whole-cell lysates by bioluminescent assay in the presence of 

Trichostatin A (1 μM). And the levels of NAD and NADH were determined in the cells by 

bioluminescent assay. Values are represented as mean ± S.E.M; N=3 independent 

experiments; *, p<0.05 treatment vs. vehicle control, #, p<0.05 treatment group vs. LPS or 

LPS/MSPPOH.
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Figure 6. EDPs preserve mitochondrial function following LPS-induced cytotoxicity
HL-1 cardiac cells were stimulated with LPS (1 μg/ml) in the presence of 19,20-EDP (1 

μM), DHA (100 μM) and/or MSPPOH (50 μM) for 24 h. (a) Cells were harvested and 

transferred into Clark-electrode based chamber connected to Oxygraph at 30 °C. Rates of 

respiration were measured in saponin-permeabilized cells using 10 mm glutamate and 5 mM 

malate as substrates. ADP-stimulated respiration was measured after addition of 1 mM ADP. 

The rates of respiration are expressed as respiratory control ratio (RCR). (b) The 

intracellular ratio between ADP and ATP was measured by chemolumenescent assay and 

normalized per μg protein. Values are represented as mean ± S.E.M; N=3 independent 

experiments; *, p<0.05 treatment vs. vehicle control, #, p<0.05 treatment group vs. LPS or 

LPS/MSPPOH.
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Figure 7. Inhibition of SIRT1 activity abolished 19,20-EDP protective effects against LPS-
induced cytotoxicity
HL-1 cardiac cells were stimulated with LPS (1 μg/ml) in the presence of 19,20-EDP (1 μM) 

and EX-527 (1 μM) for 24 h. (a) Cell viability was scored by Trypan blue exclusion assay. 

(b) Mitochondrial activity was measured by MTT assay. (c) The relative rates of 

mitobiogenesis were assessed using ELISA assay detecting simultaneous expression of 

SDH-A (nDNA-encoded protein) and COX-I (mtDNA-encoded protein) in each well of 

plated HL-1 cells. The ratio between COX-I and SDH-A expressions represents the relative 

rate of mitobiogenesis. (d) NF-κB DNA binding activity in the whole-cell lysates was 

measured by ELISA. Values are represented as mean ± S.E.M; N=3 independent 

experiments; *, p<0.05 treatment vs. vehicle control, #, p<0.05 treatment group vs. LPS.
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Figure 8. Schematic - Activation of SIRT1 activity by EDPs is required to exert protective effects
LPS exposure activates a NF-κB-dependent inflammatory response triggering extensive 

mitochondrial injury with associated decreased quality control. Subsequently, the 

compromised mitochondria rapidly promote cell dysfunction and cell death. EDPs act as 

positive and possibly, selective modulators of SIRT1 activity, through yet to be identified 

molecular mechanisms, initiating important adaptive responses. SIRT1 can (i) act as a potent 

suppressor of NF-κB, (ii) rapidly and potently activate mitobiogenesis and (iii) selectively 

eliminate damaged mitochondria via mitophagy. EDP-mediated activation of SIRT1 

signaling promotes physiological events that enhance mitochondrial quality control. Thus, 

preserving a healthy and optimally functioning pool of mitochondria, which protect the cell 

from LPS-induced toxicity.
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