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Abstract

Epoxyeicosatrienoic acids (EETs) are metabolites of arachidonic acid (AA) oxidation that have 

important cardioprotective and signaling -6 polyunsaturated fatty acid (PUFA) that is prone to 

autoxidation. Although hydroperoxides and isoprostanes are major autoxidation products of AA, 

EETs are also formed from the largely overlooked peroxyl radical addition mechanism. While 

autoxidation yields both cis- and trans-EETs, cytochrome P450 (CYP) epoxygenases have been 

shown to exclusively catalyze the formation of all regioisomer cis-EETs, on each of the double 

bonds. In plasma and red blood cell (RBC) membranes, cis- and trans-EETs have been observed, 

and both have multiple physiological functions. We developed a sensitive ultra-performance liquid 

chromatography tandem mass spectrometry (UPLC-MS/MS) assay that separates cis- and trans- 

isomers of EETs and applied it to determine the relative distribution of cis- vs. trans-EETs in 

reaction mixtures of AA subjected to free radical oxidation in benzene and liposomes in vitro. We 

also determined the in vivo distribution of EETs in several tissues, including human and mouse 

heart, and RBC membranes. We then measured EET levels in heart and RBC of young mice 
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compared to old. Formation of EETs in free radical reactions of AA in benzene and in liposomes 

exhibited time- and AA concentration-dependent increase and trans-EET levels were higher than 

cis-EETs under both conditions. In contrast, cis-EET levels were overall higher in biological 

samples. In general, trans-EETs increased with mouse age more than cis-EETs. We propose a 

mechanism for the non-enzymatic formation of cis- and trans-EETs involving addition of the 

peroxyl radical to one of AA's double bonds followed by bond rotation and intramolecular 

homolytic substitution (SHi). Enzymatic formation of cis-EETs by cytochrome P450 most likely 

occurs via a one-step concerted mechanism that does not allow bond rotation. The ability to 

accurately measure circulating EETs resulting from autoxidation or enzymatic reactions in plasma 

and RBC membranes will allow for future studies investigating how these important signaling 

lipids correlate with heart disease outcomes.
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Introduction

Poly unsaturated fatty acids (PUFAs) are highly susceptible to free radical oxidation 

commonly known as lipid peroxidation. A comprehensive discussion of reactions involved 

in lipid peroxidation has been reviewed by Yin et al. [1]. Oxidative stress, associated with 

various disease states, perturbs the balance of reactive oxygen species (ROS), which in turn 

leads to increased lipid peroxidation. Briefly, the process originates in the formation of lipid 

radical followed by generation of lipid peroxyl radical with molecular oxygen addition. The 

peroxyl radical can propagate the chain reactions by either abstracting a hydrogen atom from 

another lipid molecule or adding to a double bond of another (Fig. 1). The radical formed 

after the addition tends to undergo intramolecular homolytic substitution (SHi) to give an 

epoxide and an alkoxyl radical that continues the chain reaction. Detailed mechanism of 

peroxyl radical addition reactions has been discussed by Xu et al. [2]. Lipid peroxidation in 
vivo has been linked to the underlying pathophysiology of various disease states, including 

atherosclerosis, myocardial ischemia-reperfusion injury, diabetes, cancer, and 

neurodegenerative injury [3-7].
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Arachidonic acid (AA) is an essential ω-6 PUFA found mainly esterified at the sn2-position 

of phospholipids. Like other PUFAs, AA is highly susceptible to lipid peroxidation leading 

to several compounds including hydroperoxides and isoprostanes [1]. Almost all products of 

AA autoxidation reported previously were derived from the hydrogen atom-transfer 

peroxidation mechanism due to the high reactivity of AA as a hydrogen atom donor at the 

bis-allylic position. In constrast, limited information is available on the peroxyl radical 

addition pathway during AA autoxidation, which is the focus of this report.

Release of AA from membranes is tightly regulated in vivo and is calcium-dependent. Upon 

activation of phospholipase A2, AA is hydrolyzed from phospholipids and subject to 

oxidation through various pathways, including the CYP pathway (Fig. 2). It is well 

established that AA can be metabolized by various CYP isoforms to all regioisomers of 

physiologically active cis- EETs among other hydroxyl metabolites [8, 9]. EETs play several 

crucial roles especially in the cardiovascular system, including modulating vascular tone by 

activating calcium-sensitive potassium channels which in turn promotes hyperpolarization 

and relaxation of smooth muscle cells, attenuating inflammatory process by inhibiting pro-

inflammatory transcription factor, nuclear factor-κB (NF-κB), and improving post-ischemic-

reperfusion injury by enhancing ventricular repolarization recovery [10, 11].

Both cis- and trans-EETs detected in RBC membranes and plasma are mostly esterified in 

phospholipid membranes [12-14]. In fact, RBC membranes have been proposed as a 

reservoir of cis- and trans-EETs that can be formed through CYP oxidation, by hemoglobin, 

or by free radical oxidation [13, 15, 16]. Like cis-EETs, trans-EETs are biologically active 

and have been shown to relax preconstricted rat arcuate arteries [14]. They are also 

hydrolyzed to dihydroxy metabolites at a higher rate than cis-EETs by soluble epoxide 

hydrolase [13]. To date, the relative importance of cis- vs. trans-EETs in cardioprotection 

and their relative distribution in different biological samples from diseased patients have not 

been reported.

Here we developed an UPLC-MS/MS method capable of separating cis- and trans-geometric 
isomers of all EET regioisomers and determined the product distribution of EETs formed 

through free radical oxidation in benzene and in liposomes in vitro. We also measured the 

cis- and trans-EETs distribution in several tissues in vivo, including mouse heart tissue and 

RBC of young and old mice, as well as human heart tissue and RBC. We further propose a 

mechanism for non-enzymatic formation of cis- and trans-EETs. Finally, in vitro CYP 

incubation conditions with AA were optimized using CYP2J2 as a model isozyme. ROS 

scavengers were varied to inhibit autoxidation of AA and more accurately determine CYP 

metabolite profile and product distribution.

Materials and Methods

Reagents

Stocks of AA, cis-EETs (14,15-, 11,12-, 8,9-, and 5,6-EETs), deuterated internal standards 

(14,15-EET-d11, 8,9-EET-d11, 5,6-EET-d11, and 14,15-DHET-d11) and 4-[[trans-4-

[[(tricyclo[3.3.1.13,7]dec-1-ylamino)carbonyl]amino]cyclohexyl]oxy]-benzoic acid (t-
AUCB) were purchased from Cayman Chemical (Ann Arbor, MI). 2,2′-azobis(4-
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methoxy-2,4-dimethylvaleronitrile) (MeOAMVN) and 2,2′-azobis(2-(2-imidazolin-2-yl) 

propane) dihydrochloride (AIPH) were obtained from Wako Chemicals USA, Inc 

(Richmond, VA). Pure AA stocks were purchased from Nu-Chek-Prep, Inc (Elysian, MN). 

Dulbecco's phosphate buffered saline (PBS), ACS-grade ethyl acetate, chloroform, Optima-

grade acetonitrile, water, and methanol were purchased from Fisher Scientific (Hampton, 

NH). Benzene, triphenylphosphine (TPP), butylated hydroxytoluene (BHT), phospholipase 

A2 from Naja mossambica mossambica, pyruvic acid, and diethylenetriaminepentaacetic 

acid (DETAPAC) were obtained from Sigma-Aldrich (St. Louis, MO). 1,2-dilauryl-sn-
glycero-3-phosphocholine (DLPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

were purchased from Avanti Polar Lipids, Inc (Alabaster, AL).

Free radical oxidation of AA in benzene

The total reaction volume was 200 μL. Pure AA was reconstituted in benzene that was 

filtered through neutral alumina. The stock solution of AA (164.2 mM) was diluted in 

benzene to obtain 1, 10, 25, and 50 mM solutions. The reaction was then initiated with 

addition of MeOAMVN (10 μL, 0.03 M) and incubated at 37°C in a sand bath for 1, 2, or 3 

h. At the end of each time point, the reaction was terminated by adding BHT (50 μL, 0.2 M) 

and TPP (50 μL, 0.2 M) in benzene at room temperature. For the zero-time point, the 

reaction was immediately terminated after addition of AA. Samples were cooled to room 

temperature and a 10 μL aliquot was mixed with 10 μL of internal standard solution (a 

mixture of d11- 14,15-, 8,9-, 5,6-EETs and d11-14,15-DHET in benzene, 3 μg/mL each). 

Samples were dried under nitrogen at 25°C followed by reconstitution in 1 mL of 50% of 

water and 50% of 80:20 acetonitrile:methanol. Samples were then analyzed on the same day 

by LC-MS as described below.

Free radical oxidation of AA in liposomes

Free radical oxidation of AA in liposomes was achieved following a procedure by Xu et. al. 

[17]. Briefly, chloroform solutions of DLPC (20 μL, 250 mM), of DOPC (nOA 0 to 0.76), 

and of AA (nAA 0 to 0.76) were mixed together so that the concentration of total fatty acyl 

chains remain constant. The mixtures were dried under nitrogen at 25°C and kept under 

vacuum for 10 min. The dried samples were reconstituted in PBS and sonicated for 20 sec. 

The suspension was incubated at 37°C for 10 min followed by another cycle of 20 second 

sonication. The free radical oxidation was initiated by addition of AIPH (10 μL, 20 mM). 

Addition of BHT (50 μL, 0.2 M) and TPP (50 μL, 0.2 M) terminated the reaction at room 

temperature. After 30 min, internal standards (10 μL, a mixture of d11- 14,15-, 8,9-, 5,6-

EETs and d11-14,15-DHET in 1× PBS, 3 μg/mL each) were added. The EETs were then 

extracted twice using nitrogen-purged ethyl acetate containing 0.1 mM TPP. The ethyl 

acetate extracts were combined and dried under nitrogen at 25°C. The dried residue was 

reconstituted using 1 mL of a solution containing 50% of water and 50% of 80:20 

acetonitrile:methanol. The samples were then analyzed on the same day by LC-MS.

Mouse erythrocyte membranes and heart tissue

C57BL/6 mice (N=14, 10 females and 4 male) were purchased from Charles River 

Laboratories. These mice were separated into two groups based on their age. Mice that were 

approximately 5 month old or younger were categorized into the young group, while mice 
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that were between 18.3 to 22.5 months of age were categorized into the old group. Whole 

blood from mice was collected through cardiac puncture following CO2 treatment. The 

collected blood was washed three-times with cold 1 × PBS and stored at -80°C until 

processed further. After removal of heart tissue from the chest cavity of the mouse, the tissue 

was immediately washed with cold 1 × PBS and flash frozen in liquid nitrogen. All animal 

experiments were performed in compliance with approved protocols by Institutional Animal 

Care and Use Committee of the University of Washington.

Human erythrocyte membranes and heart tissue

Human erythrocyte membrane samples were population-based control samples from a 

repository of sudden cardiac arrest cases and controls. In this study, we used a random 

sample of 28 controls that had been collected between October 1988 and September 2005 as 

part of a case-control study of erythrocyte fatty acids and incident sudden cardiac arrest [18]. 

The University of Washington Human Subject Review Committee approved the study 

protocol. Discarded nonischemic and ischemic human heart residual tissues were obtained 

from University of Washington Medical Center as surgical waste during cardiac transplants 

and other procedures. Ventricular tissues were immediately flash-frozen in liquid nitrogen 

and stored at -80°C until further processing.

Extraction of EETs from erythrocyte membranes

Methods to extract RBC and cardiac tissue EETs were modified from published protocols 

[12, 19]. Each tissue was extracted in duplicates. Briefly, for erythrocyte membranes, 498 μL 

of deionized water and 2 μL of internal standard (a mixture of d11- 14,15-, 8,9-, 5,6-EETs 

and d11-14,15-DHET, 3 μg/mL each) were added to 0.5 mL of RBC membranes containing 

50 mg/mL total protein for human and 30 mg/mL total protein for mouse. The samples were 

centrifuged at 3,500 rpm for 5 min at 4°C. The RBC samples were extracted using 4 mL of 

2:1 chloroform:methanol containing 0.1 mM TPP, followed by rotary mixing for one hour at 

4°C. The mixture was then centrifuged at 3,500 rpm for 15 minutes at 4°C to remove 

cellular debris. The chloroform layer was dried under nitrogen at 25°C, followed by addition 

of 50 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl2 buffer, pH 9.2 containing 10 units of 

phospholipase A2 from Naja Mossambica Mossambica (1 mL). The samples were incubated 

for 30 minutes at 37°C to hydrolyze EETs from the membrane. The EETs were extracted 

twice with nitrogen-purged ethyl acetate containing 0.1 mM TPP (2 × 2mL), and the ethyl 

acetate fractions were pooled and evaporated to dryness under nitrogen at 25oC. The lipid 

residue was reconstituted in 10 μL of DMSO to ensure complete dissolution of EETs and 40 

μL of a solution containing 50% of water and 50% of 80:20 acetonitrile:methanol, 

respectively. The samples were then analyzed directly by LC-MS.

Extraction of EETs from cardiac tissue

EET extraction from cardiac tissue was initiated by homogenizing the cardiac tissue in 490 

μL of cold 1× PBS in the presence of 12.1 μM t-AUCB, a soluble epoxide hydrolase 

inhibitor, and six ceramic beads using Precellys24 (Bertin Instruments, Rockville, MD) at 

6800 rpm for 6 × 30 seconds with 60 seconds delay between cycles. Prior to dividing the 

homogenized tissue into duplicate aliquots of 100 μL, 10 μL of internal standards (a mixture 

of 14,15-EET-d11, 8,9-EET- d11, 5,6-EET-d11, and 14,15-DHET-d11, 3 μg/mL each) were 
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added to each sample of the homogenized tissue. The rest of the EET extraction protocol 

from the cardiac tissue followed similar procedure for EET extraction from RBC above. All 

extractions were performed in duplicates.

In vitro incubation using reconstituted CYP enzyme system

In vitro experiments were performed using recombinantly expressed and purified CYP2J2 

[20]. Reconstituted enzyme system consisted of purified CYP2J2 (25 pmol), cytochrome 

P450 reductase, and cytochrome b5 in a ratio of 1:2:1, respectively in 50 μg/mL of extruded 

DLPC (500 μL total incubation volume). The buffer was 100 mM potassium phosphate 

buffer, pH 7.4 containing 0.1 mM DETAPAC. Following addition of NADPH (1.0 mM), the 

samples were pre-equilibrated at 37°C for 3 min after which the reaction was initiated with 

50 μM AA containing 1 mM pyruvate. After 30 minutes, reactions were terminated with 2 

mL of nitrogen-purged ethyl acetate containing 0.01% BHT to minimize non-enzymatic AA 

oxidation and a mixture of internal standards (1 μg/mL of 14,15-EET-d11, 8,9-EET-d11, and 

5,6-EET-d11, 3 μg/mL each) was added. The quenched reactions were vortexed rigorously 

for 10 minutes followed by centrifugation at 3500 rpm at 4°C for 5 min. The ethyl acetate 

extraction was performed twice, the organic layers were combined and evaporated to dryness 

under a gentle stream of nitrogen at room temperature. The residue was reconstituted with 

10 μL of DMSO and 40 μL of a solution containing 50% of water and 50% of 80:20 

acetonitrile:methanol, respectively. Samples were analyzed using LC-MS-MS on the same 

day.

Liquid chromatograph and mass spectrometric assay to quantify EETs

Quantification of cis- and trans-EETs was performed on a Waters Xevo TQ-S triple 

quadrupole mass spectrometer operated in negative ion mode electrospray coupled to a 

Waters UPLC. The EETs were separated on a Waters Acquity UPLC® BEH Shield RP C18 

1.7 μm, 100 × 2.1 mm column. Several columns with various stationary and bonded phase 

using UPLC system were compared. The Agilent Zorbax SB-C18, Rapid resolution HT, 

2.1×50 mm with 1.8 μicron particle size was used. This column had no end-capping with 

10% carbon load, 80 Å pore size and 180 m2/g surface area. The chromatographic resolution 

of individual EET was not satisfactory because there were not enough theoretical plates on 

this column. We switched to the current Waters Acquity UPLC® BEH Shield RP18, 2.1×100 

mm with 1.7 μm particle size. The length of the column and a slight increase in the particle 

size of the column's stationary phase provided improved chromatographic resolution. The 

end-capping appeared to improve the chromatography.

The mobile phase water containing 0.05% acetic acid (solvent A) and 80:20 acetonitrile: 

methanol containing 0.05% acetic acid (solvent B). The various isomers of EETs were 

separated using the following gradient: solvent B was held at 62% from 0 to 5.5 min, then 

held at 55% from 5.5 to 6 min, followed by an increase to 58% from 6 to 18 min, and finally 

increased to 100% from 18.1 to 19.1 min. Solvent B was then held at 62% from 20 to 23 min 

to re-equilibrate the column. Flow rate was constant at 0.3 mL/min throughout the run. For 

the first 2 min of runtime, 100% of the flow was diverted into waste. The MS conditions 

were the following: capillary voltage 2 kV, cone voltage 20 V, source temperature 150°C, 

desolvation temperature 450°C. The mass transitions that were monitored are 319.1 >219.1 
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(14,15-EET), 319.1>208 (11,12-EET), 319.1>166.7 (11,12-EET), 319.1>155.1 (8,9-EET), 

319.1>191.2 (5,6-EET) and compared to their corresponding deuterated standards. For 

11,12-EET, 14,15-EET-d11 was used as the internal standard.

In the absence of authentic standards, trans-EETs were identified based on retention time, 

fragmentation pattern and comparison to methods previously published [15]. To further 

confirm the presence and identity of trans-EETs, a free radical oxidation sample that 

contained 50 mM AA and oxidized for 3 hours in liposomes was analyzed using High 

Resolution/High Mass Accuracy Thermo LTQ-OrbiTrap, which confirmed the identity of the 

peaks presumed as trans-EETs came from the same parent ions and had the same 

fragmentation patterns as their corresponding cis-EET (Fig. S1).

Data analysis

Mass spectrometry data were analyzed using MassLynx 4.1. Data analysis was performed 

using Prism 5.04 (GraphPad, La Jolla, CA). In the free radical oxidation study, experiments 

were performed in triplicates and reported as the mean ± S.D. Mass transition 319.1>208 

was used to obtained peak area ratio for 11,12-EET. Experiments measuring EETs from 

biological samples were reported as means ± standard deviations.

Integrated peak area of each analyte was normalized to the corresponding peak area of 

internal standard. In addition to analyte normalization to its internal standard, the normalized 

peak areas of each analyte at the zero time-point were subtracted from the corresponding 

peak areas of each sample.

In optimization of in vitro incubation using reconstituted CYP enzyme system, experiments 

were performed in duplicates. In this subset of data, analyte peak height, instead of peak 

area, was used and further normalized to its internal standard. As mentioned above, two 

mass transitions were monitored for 11,12-EET; 319.1>166.7 and 319.1>208. The peak 

intensity of 11,12-EET at 319.1>166.7 was higher than 319.1>208 even though 

chromatographic separation between 11,12-EET and 8,9-EET at mass transition 

319.1>166.7 was not at baseline level. Peak height was used to quantitatively measure 

11,12-EET for another set of experiment. The percentage of non-NADPH-dependent EETs 

was obtained by taking ratio of the normalized peak height of no-NADPH control and the 

normalized peak height of corresponding sample that contained NADPH.

Results

Free radical oxidation of AA in benzene or liposomes leads to formation of both cis- and 
trans-EETs

Free radical oxidation of AA at various concentrations (ranging from 1 to 50 mM) was 

initiated by MeOAMVN at 37 °C and the formation of cis- and trans- EETs was monitored 

at different time points using UPLC-MS/MS. In addition to the major hydroxyl metabolites, 

both cis- and trans-EETs were formed in this reaction (Fig. S2). Formation of cis- and trans- 
EETs was linear with respect to time- and AA concentration for all regioisomers in benzene 

with Fig. 3A-D demonstrating this relationship for 14,15-EET and Fig. S3-S4 showing all 

other regioisomers. Furthermore, for all conditions, trans-EETs formation was favored over 
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cis-EETs formation by approximately 1.5 to 6.2 fold (Fig. 3E, Fig. 4A, and Fig S5). The 

percentage of each isomer of EET (regio- or stereo- isomer) to total EETs formed remained 

relatively constant at different AA concentrations and various time points as summarized in 

Table 1.

To study radical formation of EETs in a more physiologically relevant system, oxidation of 

AA was performed in liposomes. The reaction contained a constant mole fraction of DLPC 

while varying mole fractions of oxidizable phospholipid, DOPC, and AA, so that the total 

moles of fatty acyl chain remains constant in the incubation. Free radical oxidation was 

initiated with water-soluble radical initiator, AIPH, at 37°C. Similar to radical reactions in 

benzene, cis- and trans-EETs formation was linear with time- and mole fraction of AA in 

liposomes for all regioisomers. The linear formation of 14,15-EET is shown as an example 

in Fig. 5A-D with other regioisomers shown in Fig. S6 and Fig. S7. The ratio of each 

regioisomer of EET relative to total EETs remained unchanged for both cis- and trans-EETs 

at various concentrations of AA and at various time points (Fig. 5E and Fig S8). The 

formation of trans-EETs was also favored in liposomes by approximately 2.5 and 10.5 over 

cis-EETs formation (Fig. 5E, Fig. 4B, and Fig. S8). Compared to free radical oxidation in 

solution (i.e. benzene), more variability was observed in reactions in liposomes. At 1 mM of 

AA (nAA of 0.015), the levels of both cis- and trans-EETs were similar to those observed in 

benzene. However, the formation of EETs in the presence of liposomes at higher 

concentration of AA was more efficient than in benzene as seen in Fig. 5A-B and Fig. S6-

S7. Regardless of the difference in product distribution between benzene and liposome 

oxidations, the percentages of each regioisomer of EETs relative to total EETs was also 

relatively unaltered across all conditions (concentration and time) in liposome as seen in 

Table 1 (Bottom half).

Product distribution of cis- and trans- EETs in biological samples

Extraction of EETs from erythrocyte membranes of C57BL/6 mice and humans revealed the 

presence of both geometric isomers of all EET regioisomers (Fig. 6). In contrast to the free 

radical oxidation reactions, cis-EETs are higher than trans-EETs in RBC membranes as 

evidenced by the larger normalized peak-height ratios in Table 2 and 3. The ratios of cis-/
trans-EETs for each regioisomer ranged from 0.9 to 2.2 for old mouse RBC membranes 

(N=7), 1.3 to 4.0 for young mouse RBC membranes (N=7), and 1.0 to 3.1 for human RBC 

membranes (N=28). The ratios of trans-/cis-total EETs in old mouse RBCs are significantly 

higher than those in young mouse RBCs, suggesting increased contribution of the free 

radical mechanism to trans-EETs with aging (Fig. 7). In general, for each EET pair, the cis-/
trans- ratios in RBC membranes of both old mouse and human are similar. However, the 

cis-/trans- ratios of 8,9- and 5,6-EETs in young mouse RBC membranes are significantly 

larger than those in old mouse and human RBC membranes.

The ratios of cis-/trans-EETs for each regioisomer from mouse heart tissues ranged from 

0.38 to 1.3 (N=7), while the ratios from human heart tissues ranged from 0.80 to 2.8 (N=12). 

In mouse heart tissues, the levels of cis-14,15- and cis-5,6-EETs were similar to their trans-

EETs while the levels of cis-11,12- and cis-8,9-EETs were significantly lower than their 
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trans-counterparts (Table 2). In diseased human heart tissues, the levels of all four cis-EETs 

were higher than their corresponding trans-EETs (Table 3).

In vitro enzymatic and non-enzymatic formation of cis- and trans- EETs

CYP2J2 was chosen as a model CYP epoxygenase since it is capable of generating all four 

regioisomers of cis-EETs and at approximately similar amounts [21]. In a CYP2J2 

reconstituted system including Cytochrome P450 oxidoreductase and cytochrome b5, both 

cis-and trans- regioisomers of EETs were observed in the presence and absence of NADPH 

(Fig.8), suggesting contribution from both enzymatic and autoxidation processes. We sought 

to establish conditions that would diminish, if not eliminate, the non-NADPH dependent 

formation of EETs during CYP incubations to facilitate accurate metabolite identification 

and kinetic studies of various fatty acids. Thus, we investigated the effect of an iron-

chelating agent, DETAPAC, and hydrogen peroxide scavenger, pyruvate, at various 

concentrations. Table 4 shows percentage of remaining EETs that were formed in non-

NADPH-dependent manner in the presence of each protective reagent. Spectrometric 

binding studies were conducted and confirmed that neither pyruvate or DETAPAC bind to 

the CYP2J2 active site and had no effect on the iron spin state (data not shown).

Discussion

EETs have been implicated in many biological processes and play an important role in 

cardioprotection. We sought to determine the contribution of autoxidation to the formation 

of cis- and trans-EETs both in benzene and in liposomes, a more physiologically relevant 

system. The key finding of this study is that EETs are readily formed from AA under free 

radical oxidation conditions. All regio- and geometric isomers were formed. The percentage 

of each cis- or trans-EET to total EETs did not change with increasing concentration of AA 

or with time whether reactions were carried out in benzene or liposomes. However, the 

percentages of both cis- and trans-14,15- and 5,6-EETs were significantly different between 

solution and liposome reactions. Formation of 14,15-EET appeared to be less favored in 

liposomes than in solution while the formation of 5,6-EET seemed to be more favored in 

liposomes. It is possible that the heterogeneous environment of liposomes contributes to 5,6-

EET formation. The double bond at the C5 position is much closer to the carboxylic acid 

group than the double bond at the C14 position. In the presence of liposomes, AA would be 

more likely to bury its hydrophobic tail; therefore, access to the double bond at the C14 

position would be slightly restricted by lipid peroxyl radicals and oxidation will be more 

favorable at the 5,6-position. Similar regio-distribution of oxidation products of linoleic acid 

in liposomes has been reported previously, where formation of C9-isomers are preferred 

over C13-isomers [17].

The ratios of cis- to trans-EETs from free radical oxidation are in general higher in benzene 

than in liposomes as shown in Figures 3E and 5E. Irrespective of the reaction medium, 

formation of trans-EETs was favored over cis-EETs. In contrast, levels of cis-EETs were, in 

general, either more favored or similar to trans-EETs depending on the specific regioisomer 

pairs in biological samples, such as human and mouse RBC membranes or human and 

mouse heart tissues. Of note, a considerably higher ratio of cis-/trans-8,9-EETs was 
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observed in human heart tissues compared to both young and old mouse heart tissues (Tables 

2 and 3). This may be due to the diseased nature of the human heart tissue available to us, 

compared to the mouse tissue. However, further studies using healthy human heart tissue 

will be necessary to confirm this observation.

In mouse RBC, both total cis- and trans-EETs increased in RBC of old mice as seen in Fig. 

7, but trans-EETs increased to a much larger extent. Aging is associated with progressive 

endothelial dysfunction [27,28], defective vascular repair [28], arterial thickening and 

stiffness [29], angiogenesis impairment [30], an increased risk of developing atherosclerosis 

[31], and an accumulation of senescent endothelial cells [32]. Yang et. al. showed that the 

endothelial function was gradually reduced in 6-week, 20-week, and 80-week Sprague-

Dawley rats and addition of exogenous cis-14,15-EET improved endothelial function in 

aging mice as well as endothelial senescence in rat mesenteric arterial endothelial cells from 

20-week-old rat through mTORC2/Akt signaling pathway [33]. 11,12-EET also attenuated 

inflammation by reducing phenylephrine-induced constriction and increasing endothelial-

dependent dilation of aortic rings from 22-month-ovariectomized Norway rats and 

decreasing cytokine-stimulated upregulation of adhesion molecules on human aortic 

endothelial cells [34]. However, in 6-week 129 SvJ mouse model, 8,9- and 5,6-EETs had 

been shown to promote angiogenesis and de novo vascularization while 14,15- and 11,12-

EETs did not exhibit the same mitogenic properties [35]. All aforementioned studies 

demonstrated that all EETs had protective properties, however, each regioisomer of EET 

required different biological pathways to be activated to promote cell proliferation. In 

pulmonary murine microvascular endothelial cells, 8,9- or 11,12-EETs had been shown to be 

involved in activation of p38 MAPK, whereas mitogenic activity of 5,6- or 14,15-EETs had 

been reported to be mediated by PI3-kinase/Akt signaling [35]. Because aging is 

progressively complicated processes, any negative effect of aging could compromise various 

downstream signaling pathways involved in cell proliferation. These compromised pathways 

could alter the level of EETs, especially trans-EETs were primarily formed via free radical 

oxidation process and warrant measurement of both the cis- and trans-isomers.

Presence of all four cis- regioisomer of EETs in human RBC membranes was shown by 

Nakamura et al., but the authors did not report the presence of both cis and trans isomers 

[15]. In the analytical method developed in this study, both the cis- and trans-EETs present 

in RBC membranes were easily resolved (Fig. 6), which enabled their detection for the first 

time. While we clearly demonstrated that both geometric isomers of EETs are observed in 

the RBC membranes of mouse and human, their origin is less certain. EETs, both cis- and 

trans-, could potentially result from various sources, including enzymatic CYP or 

hemoglobin oxidation of hydrolyzed AA, or free radical oxidation of either free AA or AA 

esterified to phospholipids in the membrane.

CYP epoxygenases are known to only form cis-EETs (Fig. 8K-T) while autoxidation of AA 

leads to formation of both cis- and trans-EETs with preference to trans-regioisomers (Fig. 

8A-E) [8,9]. The most likely mechanism of trans-EETs formation is through a peroxyl 

radical addition mechanism [1,2]. Peroxyl radical addition to any of the double bonds of AA 

leads to the formation of a carbon radical, which could directly undergo SHi reaction to give 
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the cis-EETs, or undergo SHi after rotation of the σ bond to give the trans-EETs as proposed 

in Fig. 9.

Another potential mechanism is the cis-trans isomerization of AA prior to free radical 

oxidation or enzyme catalysis. Roy et al. reported that certain trans double bonds of AA lead 

to formation of trans-EETs in CYP-catalyzed reactions [22]. The process of cis- to trans- 
AA isomerization can be mediated by nitrogen dioxide, a free radical byproduct of nitric 

oxide and nitrite oxidation or thiyl radicals [23,24]. However, these mechanisms are unlikely 

to occur under in vitro reaction conditions. On the other hand, in CYP-mediated reactions, 

the iron-oxo species (or potentially the hydroperoxy species) catalyzes the epoxide 

formation in a one-step concerted mechanism that does not allow for bond rotation and 

formation of trans-EETs [25].

Owing to the fact that EETs are formed from autoxidation of AA, it is important to optimize 

in vitro CYP incubation conditions to minimize the contribution from autoxidation. This will 

ensure that formation of cis-EETs observed in the presence of NADPH are mediated 

exclusively by CYP catalysis. Thus, we tested several approaches to minimize autoxidation 

without affecting enzymatic activity. In in vitro systems, non-NADPH-dependent EETs are 

potentially generated from Fenton chemistry. Therefore, addition of iron-chelating agents, 

EDTA or DETAPAC, markedly inhibited the formation of EETs from autoxidation. Another 

major uncoupling product of CYP catalysis is hydrogen peroxide, which can initiate the 

P450 cycle and also lead to EETs formation. To circumvent this reaction, pyruvate was also 

added to scavenge hydrogen peroxide [26]. Combination of both, iron-chelating agent and 

pyruvate efficiently inhibited the majority of EET formation from autoxidation as shown in 

Table 4. In addition, all incubations were performed in the dark to avoid photooxidation and 

all analyses by UPLC-MS/MS were performed immediately following quenching of 

reactions to minimize oxidation and degradation of metabolites.

Conclusion

Lipid peroxidation is involved in the pathophysiology of various human disorders including 

cardiovascular disease. Oxidative stress during these disease states leads to the increase of 

reactive oxygen species, which increases lipid peroxidation due to the susceptibility of 

unsaturated lipids to oxidation. Autoxidation of AA has been previously reported to form 

hydroperoxides, isoprostanes, and monohydroxylated metabolites. In this study, we report 

EETs as another important class of products readily formed from AA autoxidation. Non-

enzymatic trans-EETs are formed more favorably via free radical oxidation mechanisms, 

while CYP epoxygenases contribute to the formation of cis-EETs. A number of studies have 

measured EETs in plasma of cardiovascular disease patients compared to healthy volunteers, 

however, future efforts should focus on determining if one (or more) geometic isomer is 

more likely to vary during cardiovascular disease. In this manner, the contribution of both 

free radical and enzymatic oxidation to the total circulating EET pool can be assessed 

leading to a better understanding of the protective roles played by each regioisomer, and 

establishing whether certain regio- or geometric- isomers can serve as potential biomarkers 

for specific cardiovascular conditions.
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Abbreviations

EET epoxyeicosatrienoic acid

AA Arachidonic acid

PUFA polyunsaturated fatty acid

UPLC-MS/MS ultra-performance liquid chromatography tandem mass 

spectrometry

ROS reactive oxygen species

NF-κB nuclear factor -κB

RBC red blood cell

t-AUCB 4-[[trans-4-[[(tricyclo[3.3.1.13,7]dec-1-

ylamino)carbonyl]amino]cyclohexyl]oxy]-benzoic acid (t-
AUCB)

MeOAMVN 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile)

AIPH 2,2′-azobis(2-(2-imidazolin-2-yl) propane) dihydrochloride

PBS Dulbecco's phosphate buffered saline

TPP triphenylphosphine

BHT butylated hydroxytoluene (BHT)

DETAPAC diethylenetriaminepentaacetic acid

DLPC 1,2-dilauryl-sn-glycero-3-phosphocholine

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

nAA mole fraction of AA
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nOA mole fraction of oleic acid

KPi potassium phosphate

HETE hydroxyeicosatetraenoic acid
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Highlights

• Both cis- and trans-EETs were readily formed in free radical oxidation.

• Formation of trans-EETs is more favored in free radical oxidation.

• CYP2J2 forms only cis-EETs.

• Levels of cis-EETs are generally higher in biological samples.

• In general, trans-EETs increased to a much higher extend than cis-EETs in 

RBC of older mice compared to younger mice.
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Fig 1. 
Free radical chain oxidation reaction and generation of epoxides by peroxyl radical addition.
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Fig. 2. 
AA metabolic pathway mediated by CYP epoxygenases to form all regioisomers of cis-
EETs
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Fig. 3. 
Concentration- and time-dependent formation of non-enzymatic EETs and ratio of cis/trans-
EETs from AA in benzene. Concentration-dependent formation of non-enzymatic (A) 

cis-14,15-EET, (B) trans-14,15-EET. Time-dependent formation of non-enzymatic (C) cis-
EETs, (D) trans-EETs at 10 mM AA. (E) Ratios of cis- to trans-EETs in benzene in the 

presence of 10 mM AA at various incubation time points remain unaltered. For this subset of 

experiments, each time point reaction was performed in triplicates and normalized to its 

zero-time point. Each data point shows mean ± S.D.
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Fig. 4. 
Extracted ion chromatograms of EETs formed during free radical oxidation in benzene (A) 

and liposomes (B). The chromatograms demonstrate separation of cis- and trans-EETs.
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Fig. 5. 
Mole fraction- and time-dependent formation of non-enzymatic EETs and ratio of cis/trans-
EETs from AA in liposomes. Mole fraction-dependent formation of non-enzymatic (A) 

cis-14,15-EET, (B) trans-14,15-EET. Time-dependent formation of non-enzymatic (C) cis-
EETs, (D) trans-EETs at nAA of 0.15. (E) Ratios of cis- to trans-EETs in liposomes at 

various incubation time points and at nAA of 0.15 did not change significantly. For this 

subset of experiment, each time point reaction was performed in triplicates and normalized 

to its zero time point. Each data point shows mean ± S.D.
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Fig. 6. 
Extracted ion chromatograms of EETs extracted from erythrocyte membrane of C57BL/6 

mice (A) and human (B). The chromatograms demonstrate separation of cis- and trans-
EETs.
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Fig. 7. 
Comparison of total trans/cis-EETs in RBC of young and old mice.
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Fig. 8. 
Extracted ion chromatograms of reconstituted CYP enzyme incubation of AA in the absence 

and presence of NADPH, DETAPAC, and pyruvate. Formation of non-NADPH-dependent 

cis- and trans-EETs was observed at greater intensity in the no NADPH control in potassium 

phosphate (KPi) buffer (A-E) while addition of DETAPAC and pyruvate markedly reduced 

NADPH-independent formation of EETs (F-J). In the presence of NADPH and absence of 

both DETAPAC and pyruvate, cis-EETs were observed at a very high level, which confirmed 

that CYP exclusively make cis-EETs (K-O). In this sample, trans-EETs were still observed. 

Addition of DETAPAC and pyruvate markedly diminished the formation of non-NADPH-

dependent EETs (P-T). Normalization of EETs formed in the incubation to its corresponding 

no NADPH control was still necessary for all samples.
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Fig. 9. 
Proposed mechanism of cis- and trans-EET formation via free radical oxidation.
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Table 4

Percent remaining of NADPH independent formation of EETs in reconstituted CYP enzyme system according 

to materials and methods.

Additives 14,15-EET 11,12-EET 8,9-EET 5,6-EET

EDTA 10.3% 14.2% 25.1% 56.3%

DETAPAC 6.5% 9.2% 15.9% 61.9%

EDTA + Pyruvate 4.8% 7.4% 12.2% 29.9%

DETAPAC + Pyruvate 3.2% 4.7% 6.9% 21.3%

Each condition was performed in duplicates.
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