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Abstract 

CYP2J2 is a drug metabolizing enzyme that is highly expressed in adult ventricular 

myocytes. It is responsible for the bioactivation of arachidonic acid (AA) into 

epoxyeicosatrienoic acids (EETs).  EETs are biologically active signaling compounds 

that protect against disease progression, particularly in cardiovascular diseases. As a 

drug-metabolizing enzyme, CYP2J2 is susceptible to drug interactions that could lead to 

cardiotoxicity. Previously, CYP2J2 has been shown to be resistant to induction by 

canonical CYP inducers such as phenytoin and rifampin. It is, however, unknown how 

cellular stresses augment CYP2J2 expression. Here, we determine the effects of oxidative 

stress on gene expression in adult ventricular myocytes. Further, we assess the 

consequences of CYP2J2 inhibition and CYP2J2 silencing on cells when reactive oxygen 

species (ROS) levels are elevated. Findings indicate that CYP2J2 expression increases in 

response to external ROS or when internal ROS levels are elevated. In addition, cell 

survival decreases with ROS exposure when CYP2J2 is chemically inhibited, or when 

CYP2J2 expression is reduced using siRNA. These effects are mitigated with external 

addition of EETs to the cells. Finally, we determined the results of external EETs on gene 

expression and show that only two of the four regioisomers cause an increase in HMOX1 

expression. This work is the first to determine the consequence of cellular stress, 

specifically high ROS levels, on CYP2J2 expression in human ventricular myocytes and 

discusses how this enzyme may play an important role in response to cardiac oxidative 

stress.  
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Introduction 

Reactive oxygen species (ROS) are highly reactive entities that are naturally produced in 

mitochondria as byproducts of metabolism. ROS are normally released as part of aerobic 

respiration and include hydrogen peroxide, superoxide and hydroxyl radicals, all of 

which are highly reactive and capable of oxidizing cellular lipids, proteins and nucleic 

acids (Schieber and Chandel, 2014). ROS are typically associated with oxidative stress 

within cells but in recent years, research has shown that ROS play a role in cell signaling 

and cell survival (Finkel, 2011; Bouitbir et al., 2012; Brieger et al., 2012). In healthy 

cells, ROS levels are carefully maintained and managed. Cellular antioxidants such as 

glutathione and enzymes such as superoxide dismutase and catalase ensure that ROS 

levels remain below toxic thresholds. In pathologic states, however, this careful balance 

is disrupted and as ROS levels rise beyond healthy levels, cells enter a state of oxidative 

stress (Schieber and Chandel, 2014). Oxidative stress is associated with many disease 

states, including cardiovascular disease and diabetes (Giacco and Brownlee, 2010; 

Sugamura and Keaney, 2011).  

Cardiovascular disease (CVD) is one of the leading causes of mortality in the US and 

worldwide. CVD is a family of diseases involving the heart and blood vessels. These 

include hypertension, arrhythmias, coronary artery disease, myocardial infarctions, 

hypertrophy and heart failure. ROS and oxidative stress have been shown to be important 

factors in the onset and progression of CVD, however, the exact role and mechanism of 

ROS involvement are still a matter of debate (Sugamura and Keaney, 2011). In addition 

to a possible role in the etiology of cardiovascular diseases, ROS are also implicated in 

the cardiovascular toxicities of some drugs. Doxorubicin, for example, is an anticancer 
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agent that causes severe cardiotoxicity (Damiani et al., 2016). One mechanism leading to 

an adverse reaction to this drug has been shown to involve mitochondrial dysfunction and 

subsequent rise in cellular ROS levels (Ichikawa et al., 2014; Damiani et al., 2016).  

Arachidonic acid (AA) is an omega-6 polyunsaturated fatty acid which is a precursor to a 

myriad of signaling molecules including eicosanoids, leukotrienes, prostaglandins and 

thromboxanes (Sacerdoti et al., 2016).  In the 1980s, cytochrome P450 (CYP) enzymes 

were discovered to convert arachidonic acid to mono hydroxyl metabolites in addition to 

four regioisomers of epoxyeicosatrienoic acids (EETs) (Oliw et al., 1982; Laniado-

Schwartzman et al., 1988; Oliw, 1994).  Several animal models have demonstrated EETs 

to be protective in many disease states as well as against doxorubicin-induced 

cardiotoxicity (Zhang et al., 2009; Cai et al., 2013; Ma et al., 2013; Westphal et al., 

2013; Chen et al., 2015). EETs have gained increasing attention in CVD in the last two 

decades due to their involvement in angiogenesis, regulation of vasodilation, upregulation 

of eNOS and interactions with cardiac ion channels, highlighting their importance in 

overall cardiovascular health (Larsen et al., 2007; Behm et al., 2009; Campbell and 

Fleming, 2010; Pfister et al., 2010). While initially thought to elicit a response through 

activation of an EET receptor, which remains elusive, EETs have been shown to affect 

cellular changes by activating key signaling pathways, for example the MAPK/ERK and 

Akt cascades (Yang et al., 2007).  

CYP2J2, the major CYP expressed in human heart tissue plays a prominent role in EET 

synthesis (Roman, 2002). Like other drug metabolizing CYPs, CYP2J2 is expressed in 

intestinal and hepatic tissue but unlike other isoforms, it is expressed in extrahepatic 

tissues including the kidney, lungs, skeletal muscle and most prominently the heart (Wu 
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et al., 1996; Zeldin et al., 1997; DeLozier et al., 2007; Michaud et al., 2010; Evangelista 

et al., 2013). The active site cavity of CYP2J2, determined from homology models, is 

comparable to that of CYP3A4, the most prominent drug metabolizing CYP isoform, 

resulting in a similarly wide substrate range (Lee et al., 2010, 2012). Examples of drugs 

metabolized by CYP2J2 include the antihistamines, terfenadine, astemizole, and ebastine, 

the chemotherapeutics tamoxifen and doxorubicin, the immunosuppressant cyclosporine, 

and the antipsychotic thioridazine among others (Matsumoto and Yamazoe, 2001; 

Hashizume et al., 2002; Matsumoto et al., 2002; Lee et al., 2012).  

Our group, and others, have previously shown CYP2J2 to be the dominant CYP isoform 

expressed in the heart, specifically in ventricular myocytes (Wu et al., 1996; DeLozier et 

al., 2007; Michaud et al., 2010; Evangelista et al., 2013). In the heart, CYP2J2 is 

believed to be the predominant source of EETs. Given the importance of EETs in the 

heart and their reported abilities to protect against disease states and the role for CYP2J2 

as a primary source of EETs in ventricular myocytes, we investigated the effects of ROS 

on CYP2J2 expression in human ventricular myocytes. Further, we experimentally 

determined the effects of reduced function or expression of CYP2J2 on surviving ROS 

toxicity, and whether external EETs might be able to mitigate these effects. 
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Materials and Methods 

Chemicals & cell culture materials 

Danazol and thiazolyl blue tetrazolium bromide (MTT) were obtained from Sigma-

Aldrich (St. Louis, MO, USA) and used without further purification. Solvents and 

hydrogen peroxide were purchased from Fisher Scientific (Waltham, MA, USA), also 

used without further purification. Adult derived primary human ventricular myocytes 

were obtained from Celprogen Inc. (San Pedro, CA, USA; cat #36044-15). Cell culture 

materials including media (complete growth media, cat #M36044-15S and phenol and 

serum-free media, cat #M36044-15PN) and cell culture flasks and plates pre-coated with 

extracellular matrix (cat #E36044-15) were obtained from Celprogen Inc. Media were 

further sterile filtered using a vacuum filter through a 0.22 µm polyethersulfone (PES) 

filter. Doxorubicin, (±) 5,6-cis epoxyeicosatrienoic acid (5,6-EET), (±) 8,9-cis 

epoxyeicosatrienoic acid (8,9-EET), (±) 11,12-cis epoxyeicosatrienoic acid (11,12-EET), 

and (±) 14,15-cis epoxyeicosatrienoic acid (14,15-EET) were obtained from Cayman 

Chemicals (Ann Arbor, MI). 

Cardiomyocyte cell culture 

Cell culture was carried out following Celprogen’s protocols. The cells obtained and used 

for these studies are adult derived ventricular cardiomyocytes. All experiments were 

carried out between passages 6 and 8 from receipt from Celprogen Inc. Passage numbers 

were determined by number of times cells were treated with trypsin since receipt from 

Celprogen which was designated passage 1. Briefly, cells were maintained and expanded 

using Celprogen pre-coated flasks and plates and complete growth media with serum. All 
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experimental procedures involving treatments were carried out using serum and phenol 

free media unless otherwise stated. Cells used for RNA isolation and subsequent 

experiments were harvested by washing the cells still attached to the plate with 1X PBS. 

After washing, all liquid was aspirated from the wells and the entire plate was stored in -

80 °C until further processing. 

Gene expression following treatment with hydrogen peroxide, doxorubicin or EETs 

Experiments to determine gene response to external factors were carried out using 12-

well pre-coated plates from Celprogen Inc. Cells were plated onto the wells at a density 

of approximately 250,000 cells per well and allowed to attach overnight at 37 °C and 5% 

CO2. The cells were then washed with PBS and treated with hydrogen peroxide (0.01% 

v/v final concentration) or doxorubicin (20 µM or 5 µM final concentration) in serum-

free media. Two concentrations of DOX were used in this study to determine the effects 

of DOX toxicity on the cells with impaired CYP2J2 expression and activity. A high 

concentration (20 µM) was chosen to induce maximal ROS formation in the cells over 24 

hours. The effects of a lower concentration are also reported (5 µM, supplemental 

material) was chosen to more closely mimic in vivo concentrations. Previously, others 

have determined the maximal in vivo concentration to be within 2-5 µM (Greene et al., 

1983; Asperen et al., 1999; Barpe et al., 2010; Maillet et al., 2016). The highest observed 

in vivo concentration was selected to achieve the greatest rise in intracellular ROS levels. 

Control vehicle treatments include serum-free media with PBS to serve as the hydrogen 

peroxide treatment controls and 0.1% DMSO for doxorubicin treatment controls. The 

cells were treated for either 6 hours (H2O2) or 24 hours (doxorubicin) after which they 

were washed and stored at -80 °C until RNA extraction.  
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Inhibition of CYP2J2 using danazol 

Inhibition experiments were carried out using 12-well pre-coated plates from Celprogen 

Inc. Cells were plated at a density of 250,000 cells per well and allowed to attach 

overnight at 37 °C and 5% CO2. Cells were then washed with PBS and the growth media 

was replaced with serum and phenol-free media containing 1 µM danazol (DAN) and 

either H2O2 (0.01%) or doxorubicin (5 µM or 20 µM final concentration). Controls 

include cells treated with vehicle only, danazol only, and cells treated with hydrogen 

peroxide (0.01%) or doxorubicin (5, or 20 µM) alone. Experiments treating with 

hydrogen peroxide were carried out for six hours to avoid complete cell death while 

doxorubicin experiments were carried out for 24 hours. After each treatment period, cell 

viability was measured using an MTT assay as described below. A variation of the 

experiments outlined above were also carried out in the presence or absence of pyruvate 

(10 mM final concentration) to determine the effects of an antioxidant present in the 

media (Franco et al., 2007). 

CYP2J2 gene silencing 

Silencing of CYP2J2 gene expression was achieved using the RNAiMAX lipofectamine 

(Thermo Fisher Scientific, Waltham MA) and the CYP2J2 Trilencer siRNA or scrambled 

siRNA (Origene, Rockville, MD), using the manufacturer’s suggested protocols, 

optimized for the cardiomyocyte system in terms of time and siRNA concentrations. 

Silencing of the HPRT1 gene using the Origene siRNA served as positive control for all 

gene knockdown experiments. Lipofectamine was delivered using a reverse transfection 

protocol.  Briefly, the siRNA was reconstituted to a stock concentration of 20 µM per the 

manufacturer instructions and prepared with the lipofectamine using OptiMEM reduced 
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serum media (Thermo Fisher Scientific, Waltham, MA) by diluting to a concentration of 

50 nM. Cells were washed with warm (37 °C) PBS and harvested using trypsin. 

Following trypsinization, cells were pelleted and resuspended and diluted to a 

concentration of 200,000 cells/mL in complete media. The lipofectamine/siRNA stocks 

were added to each well to a final concentration of 10 nM siRNA (250 µL volume of 50 

nM siRNA/lipofectamine in OptiMEM), followed by the cells (1 mL of cell suspension) 

for a final volume of 1250 µL in each well. The cells were incubated with the 

lipofectamine/siRNA for 72 hours, after which follow up experiments were performed. 

Following siRNA silencing of the cells, wells were carefully washed with PBS before 

serum free media containing doxorubicin (20 or 5 µM) or DMSO (0.1%) were added for 

24 hours. Rescue experiments were also carried out with the addition of pyruvate (10 

mM) or 11,12-EET (5 or 50 nM) to determine if doxorubicin toxicity following gene 

silencing can be mitigated. 

Measuring gene expression following EETs treatment 

Experiments examining gene expression following EET addition were carried out using 

12-well pre-coated plates. Cells were plated at a density of approximately 250,000 cells 

per well and allowed to attach overnight at 37 °C and 5% CO2. The following day, the 

cells were washed with warm (37°C) PBS. After aspirating the PBS, the cells were 

treated with EETs (50 nM final concentration), either in combination (mix) or separately 

(individual isomers) in serum-free media for 1 hour. Negative controls were treated with 

serum-free media with < 0.1% ethanol. Cells were treated with external EETs for one 

hour, after which the treatment was aspirated, the cells were washed, and the plates were 

stored at -80 °C until RNA isolation. 
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Measuring mRNA levels 

Total RNA was extracted using the MagMax 96 Total RNA Isolation kit (Thermo Fisher 

Scientific, Waltham MA). RNA quality (A260/A280) and quantity was determined using a 

Synergy HTX Multi-Mode Reader (BioTek, Winooski VT). Total RNA was then used to 

synthesize cDNA using the High Capacity RNA-to-cDNA kit (Thermo Fisher Scientific, 

Waltham MA).  RT-PCR was then carried out using TaqMan (Thermo Fisher Scientific, 

Waltham MA) FAM reporter primers for the various genes screened (CYP2J2, EPHX2, 

PLA2G4C, HMOX1, SOD1, SOD2, CAT, and GPX1) as well as the housekeeping gene, 

GusB.  Cycle threshold (CT) values and the ΔCT method followed by the 2ΔCTcalculation 

were used to determine the relative quantity of CYP2J2 (and other genes) mRNA relative 

to the GusB mRNA levels. The mRNA levels were first normalized to the housekeeping 

gene using the ΔCT method and then the levels of expression in treated cells were 

compared to expression levels in untreated cells using the ΔΔCT calculation and relative 

gene expression levels were reported using the 2-ΔΔCT calculation (Livak and Schmittgen, 

2001). 

MTT assay for cell viability 

Cell viability was determined using thiazolyl blue tetrazolium bromide (MTT) assays. 

Briefly, following treatment with siRNA and/or chemical, cells were treated with 5 µL of 

12 mM MTT per mL of media (60 µM MTT final concentration). The cells were 

incubated with the MTT for 20 minutes at 37°C. Afterwards, the media was aspirated 

carefully and DMSO (600 µL) was added to each well, followed by 75 µL of Sorenson’s 

glycine (100 mM glycine, 100 mM sodium chloride). The plate was placed on an orbital 

shaker for 5 min at 400 rpm. The absorbance from each well was measured using a Tecan 
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Infinite M200 plate reader (Tecan, Männedorf, Switzerland) using the following protocol: 

5 sec of orbital shaking with an amplitude of 1 mm, followed by 10 sec of wait time, and 

then absorbance measurement at 570 nm (9 nm bandwidth) using 670 nm (9 nm 

bandwidth) as the reference wavelength. A true zero signal was obtained by following the 

above protocol using plates that did not contain cells. Measurements were normalized to 

the absorbance in vehicle controlled wells (set as 100% viability).  

ROS formation assay 

Reactive oxygen species formation was measured using 2',7'-dichlorodihydrofluorescein 

diacetate (H2DCFDA, Thermo Fisher Scientific, Waltham MA). Cells were incubated in 

serum-free phenol-free media containing 20 µM H2DCFDA for 30 minutes after siRNA 

and/or drug treatments to determine relative ROS levels in the cells. After incubation, 

100 µL aliquots of the media were transferred to a 96 well, black-walled, clear bottom 

plate (Thermo Fisher Scientific, Waltham MA). The fluorescence was captured and 

measured using a Synergy HTX Multi-Mode Reader (excitation wavelength of 485 

nm/emission wavelength of 525 nm). Data were analyzed by normalizing signals to a 

control well subjected to similar conditions as described above, but with no cells present 

as the 0 ROS formation control. 

Data analysis 

Experiments were performed as biological triplicates and the data reported as a mean ± 

standard deviation. All experiments were repeated at least two times on two separate 

days. Where appropriate, the reported values are the mean values of all experiments 

(representative of both inter-day and intra-day variability). Despite the variation in inter-
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day knockdown efficiency using siRNA to reduce CYP2J2 experiment, only experiments 

with >80% knock-down efficiency are presented in this report. Statistical significance 

was determined using t-tests with unequal variances, and using a threshold p-value of 

0.05.  Statistical analyses were performed using GraphPad Prism version 6.07 for 

Windows (GraphPad Software, La Jolla CA).  

Results 

Gene expression in the presence of ROS 

In the presence of increased ROS in adult ventricular myocytes, CYP2J2 expression is 

significantly increased in the cells (Figure 1). When exposed to 0.01% hydrogen peroxide 

for 6 hours, gene expression of CYP2J2 increased by over 3-fold (Figure 1). Treating the 

cells with doxorubicin caused a dose-dependent increase in intracellular ROS levels 

(Supplemental Figure 1). Treatment with doxorubicin at 5 µM or 20 µM over a 24 hour 

period caused over 2-fold increases in CYP2J2 expression by the cells (Figure 1). In 

addition, when the cells are treated with 5 µM DOX, the gene expression of several genes 

are affected, specifically those that encode antioxidant proteins (Supplemental Figure 2). 

The most prominent increases were in the gene expression of HMOX1 (7-fold) and GPX1 

(4-fold), which encode heme oxygenase 1 and glutathione peroxidase 1, respectively. 

Significant upregulation were also observed in the gene expression of SOD1 and CAT, 

which encode superoxide dismutase 1 and catalase respectively. Finally, modest but not 

statistically significant increases in superoxide dismutase 2 (SOD2) were also observed. 

The upregulation in these genes were reversed, however, when cells were exposed to 

doxorubicin in the presence of excess pyruvate, an antioxidant. (Supplemental Figure 2).  
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CYP2J2 inhibition and ventricular myocytes survival under hydrogen peroxide stress  

Cell survival in response to hydrogen peroxide in ventricular myocytes is dose 

dependent. There is significantly more cell death as the hydrogen peroxide concentration 

is increased. In the presence of danazol, a known CYP2J2 inhibitor (Lee et al., 2012; 

Evangelista et al., 2013), cells exposed to 0.01% hydrogen peroxide were less viable than 

cells with absence of inhibitor (Figure 2). In a series of three experiments carried out, all 

in triplicates, cells with CYP2J2 activity chemically inhibited were on average two-fold 

less viable compared to cells exposed only to hydrogen peroxide. Of note, danazol 

treatment alone had no significant effect on cell viability.  

Effects of CYP2J2 silencing on ventricular myocytes 

Using siRNA, CYP2J2 expression was consistently reduced in adult ventricular myocytes 

by >80% (Figure 3). Experiments measuring CYP2J2 mRNA levels at various time 

points following 72h of silencing showed that CYP2J2 expression was restored to normal 

levels within 24h (data not shown). Silencing CYP2J2 had remarkable effects on several 

other genes, specifically PLA2G4C, and EPHX2, that encode human phospholipase A2 

and soluble epoxide hydrolase proteins, respectively (Figure 3). Alterations in the 

expression of either protein would be expected to affect EET levels by affecting free 

arachidonic acid and EET degradation, respectively. Reduction in CYP2J2 resulted in 

three-fold upregulation of PLA2G4C and a 30% reduction of EPHX2 mRNA. Gene 

silencing effects on the expression of HMOX1, SOD1, SOD2, CAT, and GPX1 were also 

probed. These genes encode heme oxygenase, superoxide dismutase (1 and 2), catalase, 

and glutathione peroxidase, respectively, all of which are ROS responsive enzymes. The 

most remarkable change observed was the seven-fold upregulation of HMOX1 (Figure 3). 
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The mRNA expression levels of the other four enzymes were also slightly elevated by 

CYP2J2 gene silencing, although these changes were not significant when compared to 

scramble treated cells. 

Decreasing CYP2J2 increases cell death, an effect that is reversed by external EETs 

Reduction of CYP2J2 expression resulted in increased susceptibility to ROS toxicity 

(Figure 4). While siRNA treatment by itself did not affect cell viability, exposing the 

cells to 0.01% H2O2 following CYP2J2 silencing resulted in significantly higher cell 

death. Cells treated with hydrogen peroxide following gene silencing had, on average, 

two-fold greater cell death than cells treated with scramble siRNA. 

Further, the effects of reduced viability in the presence of ROS were mitigated if the cells 

were exposed to external EETs prior to ROS exposure. Externally supplementing the 

cells with 50 nM 11,12-EET for 30 min prior to hydrogen peroxide exposure significantly 

increased the cells’ viability to levels similar to controls with normal CYP2J2 expression 

(Figure 4). 

Ventricular myocytes with compromised CYP2J2 activity or expression are more 

susceptible to doxorubicin toxicity 

Cells exposed to doxorubicin also experience dose-dependent toxicity. Further, treatment 

with doxorubicin also result in dose-dependent increases in intracellular ROS levels. In 

the absence of additional stresses, exposure to 5 µM for approximately 24 hours resulted 

in a modest increase in ROS levels and about a 25% loss of cell viability (Supplemental 

Figure 1 and Supplemental Figure 3). These numbers increase to an approximately 50% 

higher intracellular ROS concentration and up to a 50 % loss of cell viability when the 
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dose is increased to 20 µM (Supplemental Figure 1 and Figure 5). Further, when CYP2J2 

protein activity is inhibited by danazol, cell viability in the presence of doxorubicin is 

much lower compared to cells not exposed to danazol at both concentrations tested. On 

average, cell viability was 1.5-fold and three-fold higher in cells exposed only to 

doxorubicin compared to cells exposed to doxorubicin and danazol simultaneously at 5 

µM and 20 µM, respectively (Supplemental Figure 3 and Figure 5).  

Finally, mirroring the results of the cells exposed to hydrogen peroxide, adult ventricular 

myocytes are more susceptible to DOX toxicity when CYP2J2 expression is reduced. On 

average, lowering CYP2J2 expression reduced cell viability with doxorubicin treatment 

by up to 40% compared to doxorubicin-treated cells with normal CYP2J2 expression. In 

addition, this decrease in viability is mitigated when cells are simultaneously treated with 

EETs, either in a mixture or individually. There were no marked differences between the 

different regioisomers of EET in protecting against doxorubicin toxicity as all four 

regioisomers appear to have similar effects (Supplemental Figure 4 and Figure 6).  

EET effects on gene expression 

Cells were treated with EETs for one hour to capture the early effects of gene expression, 

prior to the possible esterification of external EETs into the cell membrane for storage of 

hydrolysis by soluble epoxide hydrolase. Cells exposed to external EETs for only one 

hour exhibited very little variability in CYP2J2 and EPHX2 gene expression. Similarly, 

the gene expression of HMOX1 and PLA2G4C changed very little over the one-hour 

incubation (Figure 7). The exceptions to this were when the cells were treated with 

external 11,12-EET and 14,15-EET separately. HMOX1 gene expression significantly 

increased two-fold over the one-hour treatment. Similarly, PLA2G4C was significantly 
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upregulated by almost two-fold (1.8-fold change over untreated, Figure 7). Treatment 

with 11,12-EET and 14,15-EET exhibited similar effects on the genes that were 

surveyed.  Neither 8,9-EET nor 5,6-EET had a significant effect on the surveyed gene 

expression.  
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Discussion 

In this study, we determined the effects of reactive oxygen species on CYP2J2 expression 

in adult primary ventricular myocytes.  A key finding was that CYP2J2 expression 

increases in response to oxidative stress in cardiomyocytes, either from exogenous ROS 

or doxorubicin treatment. Upregulation of genes encoding antioxidant proteins were also 

observed during exposure to doxorubicin. These effects were reduced in the presence of 

an antioxidant, indicating that gene upregulation was, in part, linked to increased ROS 

levels. Further, inhibition of CYP2J2 expression enhanced ROS-induced cell death, 

suggesting that CYP2J2 is part of the early defense mechanism in adult primary 

ventricular myocytes. CYP2J2 has long been identified as a protective enzyme in the 

heart, through its metabolism of arachidonic acid (AA) to form epoxyeicosatrienoic acids 

(EETs) (Murray, 2016). In animal models, others have shown that overexpression of 

human CYP2J2 mitigates doxorubicin (Zhang et al., 2009) cardiotoxicity and in 2010, 

Zordoky et al demonstrated that treating rats with doxorubicin for 24 hours showed a 

significant upregulation of CYP2J3, the rat orthologue of CYP2J2 (Zordoky et al., 2010) 

and in 2012, Alsaad et al. demonstrated that chronic DOX (14 days) treatment of rats 

showed no statistically significant change in CYP2J3 expression, the rat orthologue of 

CYP2J2 (Alsaad et al., 2012). These data suggest a rapid transient response to the drug. 

This study is, however, to our knowledge is the first report where CYP2J2 expression is 

upregulated in response to doxorubicin due to an increase in ROS in human adult 

ventricular myocytes. Further, while typical chemical cytochrome P450 inducers such as 

phenobarbital and rifampicin are unable to affect CYP2J2 expression levels in 

cardiomyocytes, disease and stress markers have been shown to affect expression levels 
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(Bystrom et al., 2013; Evangelista et al., 2013). Bystrom et al demonstrated that in 

response to bacterial LPS, CYP2J2 is induced in human peripheral blood mononuclear 

cells and stimulates anti-inflammatory action in response to the presence of bacteria 

(Bystrom et al., 2013). These results indicate regulation of CYP2J2 expression as a 

general protective response against stresses that may increase ROS in different cell types.  

The relative importance of CYP2J2 as a cardioprotective enzyme is attributed to its 

bioactivation of AA into EETs (Murray, 2016). The protective outcomes EETs exert, 

particularly where cardiac health is concerned, are numerous, though the exact 

mechanisms are not well defined. Of the cytochrome P450s, EET formation has been 

linked predominantly to the CYP2 family, with CYP2J2, CYP2C8 and CYP2C9 

putatively the most active isoforms involved in the cardiovascular system (Chaudhary et 

al., 2009). We have previously shown CYP2J2 to be the most prominently expressed 

drug metabolizing CYP isoform expressed in ventricular myocytes (Evangelista et al., 

2013). CYP2C8 and CYP2C9, in contrast, have greater expression levels in the 

endothelium of the vasculature where CYP2J2 is present at lower levels in comparison to 

other EET forming enzymes (DeLozier et al., 2007; Michaud et al., 2010). Other groups 

have shown induction of CYP2J2 in other cell lines such as hepG2 hepatic cancer cells 

using chemical inducers however, induction in cardiomyocytes was not observed (Lee 

and Murray, 2010; Evangelista et al., 2013). As the primary source of EETs in ventricular 

myocytes, it is likely that CYP2J2 expression is tightly regulated to preserve cardiac 

function, thus providing an explanation to its resistance to typical CYP inducers like 

phenobarbital and rifampicin.  
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Data from this study demonstrates that adult ventricular myocytes respond to elevated 

ROS levels by upregulating CYP2J2 expression. In addition, this response is triggered 

either through the direct exposure of the cells to ROS or indirectly through exposure to 

doxorubicin and subsequent intracellular ROS elevation. Given the protective nature of 

EETs in cardiomyocytes, the upregulation of CYP2J2 is likely a response designed to 

increase EET levels to counteract the threat of increased ROS levels. In our work, cells 

that were either pre-treated or co-treated with EETs when CYP2J2 expression was 

knocked down experienced greater cell survival in response to ROS toxicity. In cases 

where we treated with doxorubicin, increases in ROS levels were mitigated by co-

treatment with EETs as well. In addition, rescue by EETs against doxorubicin toxicity 

have identical effects to rescue with excess amounts of antioxidant, specifically pyruvate. 

The mechanism for this protection remains unknown although it is likely a result of EET 

signaling rather than direct reactions between ROS and EETs. The stoichiometry of EETs 

compared to hydrogen peroxide (i.e. 50 nM external EETs to rescue against the effects of 

mM hydrogen peroxide or µM doxorubicin concentrations) provides evidence against the 

latter mechanism. It is unlikely that EETs would be able to directly protect against levels 

that are in excess, and so signal amplification is the most likely cause of mitigation of any 

ROS toxicity observed.   

This response to ROS by CYP2J2 is unique to this isozyme because other drug 

metabolizing CYPs are typically down-regulated in times of disease and stress (Xu et al., 

2006; Morgan et al., 2008; Morgan, 2009).  This is of special interest considering 

evidence suggesting an interplay between heme oxygenase 1 (HO-1) and EET analogs as 

mitigators of adipogenesis during metabolic syndrome, as demonstrated by Sodhi et al 
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and others (Sodhi et al., 2009; Sacerdoti et al., 2016). Data from this study suggests a 

link between CYP2J2 and HO-1, specifically at the transcriptional level. We showed that 

transient silencing of CYP2J2 expression consistently led to HMOX1 upregulation. 

Additionally, when 11,12-EETs or 14,15-EETs were added externally to the cells, 

HMOX1 and PLA2G4C expression increased (Figure 7). HMOX1, the gene that encodes 

HO-1, is a gene sensitive to redox state of the cell. Phospholipase A2, encoded by the 

PLA2G4C gene, cleaves stored AA and EETs from the cell membrane, promoting 

increases in EET levels. The same effects, however, are not observed when a mixture of 

the four EETs is introduced (Figure 7). This discrepancy could be due to reduced overall 

concentrations of the 11,12- and 14,15-EET isomers, which may not have reached a 

threshold necessary to affect HMOX1 expression. The observed data is intriguing for 

several reasons; first, all EET regioisomer, including 5,6-EET and 8,9-EET protected the 

cell from ROS toxicity but only 11,12- and 14,15-EET were capable of increasing 

HMOX1 mRNA transcript suggesting one or more alternate pathways by which EET 

regioisomers protect against ROS damage. This is not the first report of different 

regioisomers exhibiting different effects.  Others have found varying effects among the 

four regioisomers. For example, Mitra et al. found that in some tumors, 14,15-EET 

affects human tumor growth but not the other isomers (Mitra et al., 2011).  While 11,12-

EET and 14,15-EET separately appear to protect cardiomyocytes through the heme 

oxygenase pathway, introducing a mixture of EETs to the cardiomyocytes diminished 

any effect on the gene expression of HMOX1. This could be indicative of opposing 

actions by different EET isomers, but is unlikely since all four isomers exhibit an overall 

protective effect on the cells. In combination, a different pathway or pathways to rescue 
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could be activated by EETs, however it is difficult to tease out, especially given that very 

little is known about the 5,6-EET and 8,9-EET isomers, including how they might exert 

their effects on the cells and the elusive nature of an EET receptor. Taken together, data 

suggests a role, perhaps multiple roles, for EETs and CYP2J2 in the oxidative stress 

response of ventricular myocytes. A dose-response and a time-response effect of the 

separate EETs on ventricular myocytes is necessary to tease the effects of each 

regioisomer.  

Increased production of reactive oxygen species and the subsequent oxidative stress is 

characteristic in many diseases including diabetes, neurodegenerative disease and heart 

disease (Giacco and Brownlee, 2010; Sugamura and Keaney, 2011; Tsutsui et al., 2011; 

Brieger et al., 2012). While it is not the sole causative factor in any of these diseases, it is 

a prominent aspect. Our results suggest an interplay between CYP2J2 expression and the 

oxidative state of the cell. Based on the data obtained here and by others, one possible 

mechanism is that EETs, or at least two of the EET isomers, as indicated above, trigger 

signaling cascades resulting in the upregulation of HMOX1 and other antioxidant 

enzymes. HO-1 has long been identified as a protective enzyme with regards to oxidative 

stress. It catalyzes the metabolism of heme into biliverdin and free iron and in the process 

releases carbon monoxide (CO), a gasotransmitter that can act as an antioxidant 

(Rochette et al., 2013; Otterbein et al., 2016). Small amounts of ROS are beneficial to the 

cell as they trigger cascades that promote cell survival and proliferation (Zhang et al., 

2016).  In this context, where EETs have previously been shown to promote cell growth 

and survival, upregulation of CYP2J2 might be expected. Further, upregulation of 

HMOX1 by EET isomers may represent a means by which signals triggered by ROS are 
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terminated. In this manner, CYP2J2 would be part of a response signal to trigger growth 

and survival, while simultaneously initiating the reduction of ROS levels, through the 

upregulation of heme oxygenase, ensuring that cells are not overwhelmed by prolonged 

damage stemming from elevated ROS levels. Our work suggests that CYP2J2, through 

EETs can protect the cell against increased ROS levels, but the pathway that leads to this 

protection has not been elucidated and will be further characterized in future work. 

To conclude, the CYP2J2 gene expression is responsive to increasing ROS levels. Cells 

treated with either hydrogen peroxide or doxorubicin, which causes a rise in ROS levels, 

exhibit an upregulation of CYP2J2 expression. In addition to modulation of expression by 

ROS, other markers of cardiac disease should be investigated to determine what may alter 

CYP2J2 levels. Given the wide range of effects exhibited by EETs, it is highly likely that 

CYP2J2 may respond to multiple stress factors that threaten proper cardiac function. 
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Figure legends 

 

Figure 1. Ventricular myocytes treated with 0.01% H2O2 for six hours (left) and 20 µM 

doxorubicin for 24 hours (right), result in a 3-fold and 2-fold upregulation of CYP2J2 

expression, respectively. Each experiment was performed in triplicate (nine data points 

per condition). Data were normalized to vehicle treated cells (PBS for hydrogen peroxide 

and 0.1% DMSO for doxorubicin). Significance was determined using unpaired t-tests. 

**** p < 0.0001. 

Figure 2. Adult ventricular myocytes treated with varying concentrations of hydrogen 

peroxide for six hours. Cells were co-treated with vehicle (0.1% DMSO) or 1 µM 

danazol, a known CYP2J2 inhibitor. The data presented are the mean and standard 

deviation of three separate experiments performed on three separate days, with each 

experiment done in triplicate. All data were normalized to untreated cells. Significance 

determined using unpaired t-tests. **** p < 0.0001. 

Figure 3. Representative figure of the effect of CYP2J2 knocked down using siRNA for 

72 hours on several genes. Data reported are a mean of a single experiment done in 

triplicates and the standard deviation. The experiment has been repeated multiple times 

on separate days. Data are normalized to control cells that were treated with scrambled 

siRNA, which were set to a value of one, to determine fold change in gene expression. 

Significance was determined using unpaired t-tests. ** p < 0.01 **** p < 0.0001. 

Figure 4. The effects of hydrogen peroxide treatment and 11,12-EET rescue on cells with 

diminished CYP2J2 expression. Cells exposed to CYP2J2 siRNA were more susceptible 
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to hydrogen peroxide toxicity compared to cells treated with scramble siRNA. The effect 

was reversed when cells were treated with 11,12-EET 30 min prior to hydrogen peroxide 

treatment following siRNA treatment. The data presented are the mean and standard 

deviation from a single experiment performed in triplicate and significance was 

determined using unpaired t-tests. * p < 0.05, ** p < 0.01, *** p < 0.001. 

Figure 5. The effects of doxorubicin (20uM for 24 hours) on adult ventricular myocyte 

viability in the presence and absence of the CYP2J2 inhibitor danazol. The effects of 

doxorubicin treatment are more pronounced when danazol is present. The data presented 

are the mean and standard deviation of three separate inter-day experiments, each done in 

triplicate. The data was normalized to cells that were untreated. Significance was 

determined using unpaired t-tests. **** p < 0.0001. 

Figure 6. The effects of doxorubicin (20 µM, 24 h) on adult cardiomyocyte viability with 

reduced CYP2J2 expression due to 72 h silencing with siRNA. The effects of co-

treatment with EETs (50 nM total) on cell viability, using either combination or 

individual EETs. The data presented are the mean and standard deviation of a single 

experiment in triplicate. Data were normalized to cells treated with scrambled siRNA for 

72h, followed by vehicle treatment for 24 hours and p-values were determine using 

unpaired t-tests. *** p < 0.001. 

Figure 7. The results on gene expression when adult ventricular myocytes are treated 

with EETs, in combination or individually (50 nM total concentration). In combination, 

EETs do not appear to affect the gene expression of CYP2J2, HMOX1, EPHX2, or 

PLA2G4C. This appears to be the case when cells are treated with 50 nM 5,6-EET or 8,9-
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EET. When the cells are treated with 11,12-EET or 14,15-EET however, HMOX1 and 

PLA2G4C are upregulated up to 2-fold when compared to negative controls. Significance 

and p-values were determined using unpaired t-tests. **** p < 0.0001. 
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Figures  

 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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