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Abstract:

In addition to serving as carriers of O�, red blood cells (RBCs) regulate vascular resistance and the distribution of microvascular per-

fusion by liberating adenosine triphosphate (ATP) and epoxyeicosatrienoic acids (EETs) upon exposure to a low O� environment.

Therefore, RBCs act as sensors that respond to low pO� by releasing millimolar amounts of ATP, a signaling molecule, and lipid me-

diators (EETs). The release of EETs occurs by a mechanism that is activated by ATP stimulation of P2X� receptors coupled to ATP

transporters, which should greatly amplify the circulatory response to ATP. RBCs are reservoirs of EETs and the primary sources of

plasma EETs, which are esterified to the phospholipids of lipoproteins. Levels of free EETs in plasma are low, about 3% of circulat-

ing EETs. RBC EETs are produced by direct oxidation of arachidonic acid (AA) esterified to glycerophospholipids and the

monooxygenase-like activity of hemoglobin. On release, EETs affect vascular tone, produce profibrinolysis and dampen inflamma-

tion. A soluble epoxide hydrolase (sEH) regulates the concentrations of RBC and vascular EETs by metabolizing both cis- and

trans-EETs to form dihydroxyeicosatrienoic acids (DHETs). The function and pathophysiological roles of trans-EETs and

erythro-DHETs has yet to be integrated into a physiological and pathophysiological context.
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Introduction

Epoxyeicosatrienoic acids (EETs) are arachidonic

acid (AA)-derived lipid mediators that dilate arteri-

oles by activating the large conductance Ca2+ acti-

vated K+ channel. EETs are opposed by 20-hydroxy-

eicosatetraenoic acid (20-HETE) at this site [24, 29].

EETs were first identified as products of the rat liver

microsomal cytochrome P450 pathway of AA me-

tabolism [8]. Red blood cells (RBCs) have been

shown to serve as reservoirs for EETs, which are

abundant and incorporated into the sn-2 position of

the RBC membrane phospholipids [22]. Stored EETs

can be released by activating phospholipases (Fig. 1)

in response to neuronal, hormonal and chemical stim-

uli to function in phospholipid-mediated signal trans-

duction [31, 33]. RBC EETs are a major source of

plasma EETs that are esterified to the phospholipids

of lipoproteins [22]. Free EETs account for 3% of rat

plasma EETs. RBC EETs can be produced by direct

oxidation of AA that is esterified to glycerophos-

pholipids [32]. Hemoglobin (Hb) has been reported to

possess monooxygenase-like activity by Mieyal et al.
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[46]. The monooxygenase-like activity of Hb can be

activated by nicotinic acid and riboflavin, which serve

as electron-carrier cofactors and divert AA peroxida-

tion to form EETs. This process obviates the need for

NADPH reductase. The de novo production of EETs

produced by RBCs occurs via AA transformation by

the monooxygenase-like activity of Hb, which in-

volves a calcium dependent cytoplasmic phospholi-

pase A2 (rPLA2) [41] that cleaves free AA from phos-

pholipids. In addition to their vasoactivity and effects

on renal tubular salt and water metabolism [29], EETs

exert potent anti-inflammatory effects by activating

transcription of the endothelial peroxisome prolifera-

tor activated receptor (PPAR) [27, 29, 34]. The result-

ing inhibition of nuclear factor �B-mediated expres-

sion of adhesion molecules and endothelin synthesis

counters the development or progression of vascular

wall damage and atherogenesis [4, 27]. The wide

range of actions of EETs is further exhibited by their

ability to activate fibrinolysis by inducing the expres-

sion of tissue plasminogen activator [34].

[46]. The monooxygenase-like activity of Hb can be
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as electron-carrier cofactors and divert AA peroxida-
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transcription of the endothelial peroxisome prolifera-

tor activated receptor (PPAR) [27, 29, 34]. The result-

ing inhibition of nuclear factor �B-mediated expres-

sion of adhesion molecules and endothelin synthesis

counters the development or progression of vascular

wall damage and atherogenesis [4, 27]. The wide

range of actions of EETs is further exhibited by their

ability to activate fibrinolysis by inducing the expres-

sion of tissue plasminogen activator [34].

Metabolism of EETs by soluble epoxide

hydrolase

Soluble epoxide hydrolase (sEH) regulates the con-

centration of vascular EETs by metabolizing them to

form dihydroxyeicosatrienoic acids (DHETs) [13, 35].

sEH demonstrates regioselectivity and stereoselectiv-

ity because the rates of EET hydration are highest for

14,15-EET, and it prefers 14(R),15(S)-EET [49]. In

contrast, hydration of 11,12-EET is not stereoselec-

tive. DHETs are considered to be inactive, although

exceptions have been reported, such as the effect of

sEH on metabolism of 11,12-EET, which did not lose

its coronary arteriolar dilator activity upon hydrolysis

by sEH to form 11,12-DHET [24]. In contrast, the

coronary vasodilator actions of 8,9- and 14,15-EETs

are eradicated upon their conversion to DHETs. EETs

and DHETs reduce cellular cholesterol levels as effec-

tively as simvastatin in the human hepatoma (HepG2)

cell line [11]. The cholesterol-lowering response was

found only for 11,12- and 14,15-DHETs, which showed

similar potency to 11,12- and 14,15-EETs. Inhibition

of sEH also increases EET incorporation into phospholip-

ids [48], which potentiates endothelium-dependent va-

sorelaxation to bradykinin mediated by 11,12-EET

acting as an endothelial-derived hyperpolarizing fac-

tor (EDHF) [16]. Indeed, the renal vasodilator re-

sponse to intra-arterial administration of bradykinin

has been shown to produce a prostaglandin, a nitric

oxide (NO) and a CYP450 AA metabolite [29]. The

renal vasodilator response to bradykinin could be po-

tentiated by increasing EET levels by either prevent-

ing their degradation through inhibiting sEH or by

adding EETs to vascular tissues [48]. Increased sEH activ-

ity has been associated with diabetes [37, 47] and hyper-

tension [1, 20], whereas elevated EET levels, in response

to inhibition of sEH, lowered blood pressure in hyperten-
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sive states [9, 18, 20]. sEH has become a therapeutic

target for controlling blood pressure [28, 42, 50], vas-

cular inflammation [10, 38, 43] and cancer progres-

sion [30] as well as providing cardiac [25, 40] and re-

nal protection [19] by raising tissue and plasma levels

of EETs.

Due to the cardiovascular effects of substituted

urea-derived sEH inhibitors (CUDA, AUDA) [12], it

is possible that sEH inhibitors are not very specific

and do more than inhibit EET metabolism. CUDA and

AUDA activate PPAR� directly by functioning as

a PPAR� ligand, which is similar to 11,12-EET ([29].

Thus, some of the actions of EETs, such as their abil-

ity to stimulate PPAR� can be duplicated by this class

of sEH inhibitors, which activate PPAR� through an

EET-independent mechanism.

trans-EETs and sEH

RBC sEH prefers hydrolysis of trans-EETs to cis-EETs

because the Vmax of trans-EET hydrolysis by rat RBCs

is about 3 times that of cis-EETs [22]. Therefore, inhi-

bition of sEH will have a greater effect on trans-EET

concentration in tissues and plasma than cis-EET con-

centration. On giving a sEH inhibitor, the increased

levels of trans-EETs and erythro-DHETs are thought

to account for the blood pressure-lowering effects of

sEH inhibition in the spontaneously hypertensive rat

(SHR), a rat genetic model of hypertension. Addition-

ally, the greater vasodilator potency of trans-EETs

with regard to cis-EETs and the retention of vasoac-

tivity of the erythro-DHETs contribute to the antihy-

pertensive effects of inhibition of sEH [21].

EETs formed by oxidation of AA

esterified to glycerophospholipids

Isoprostanes and isoleukotrienes are produced by free

radical oxidation of AA and demonstrate potent bio-

logical activity, which is the case with EETs arising

from non-enzymatic oxidation of esterified AA [22].

Nakamura, Bratton and Murphy [32] have proposed

a non-enzymatic pathway for generating EETs that is

induced by free radical-based peroxidation of phos-

pholipids, which is an alternative pathway to cyto-

chrome P450 epoxygenases and activated Hb produc-

tion of EETs. They developed a model system in

which tert-butyl-hydroperoxide (t-BHP), a lipophilic

agent, was used to increase hydroperoxide tone in cel-

lular membranal glycerophospholipids. Thus, in re-

sponse to the oxidizing agent, t-BHP, EETs were pro-

duced in situ by oxidizing AA that was already incor-

porated in the membranal phospholipid bilayer, not by

re-acylation of lysophospholipid precursors. This pro-

cess increased EETs esterified in glycerophospho-

ethanolamine, -serine and -choline by 30- to 60-fold.

EETs arising enzymatically or by an Hb-catalyzed

mechanism can be esterified in the fatty acyl chains of

glycerophospholipids via an acyl-CoA synthase (CoA)-

dependent mechanism [48], which is the dominant

mechanism responsible for incorporating EETs into

human platelet phospholipids [51]. During activation

of platelets with either thrombin or platelet activating

factor, EETs were released from phospholipids and

reached an estimated intracellular concentration of

about 1 µmol/L, which has been shown to inhibit

platelet aggregation by affecting platelet cyclooxyge-

nase activity and calcium entry [51]. Cobra venom

PLA2 was also used to release AA metabolites esteri-

fied in the sn-2 position of platelet phospholipids. Gas

chromatrograpy/mass spectrometry (GC/MS) analy-

ses showed endogenous EETs and 20-HETE. The amount

of 20-HETE was 200-fold lower than the amount of

EETs. Unbound EETs and 20-HETE were not de-

tected. More than 60% of the EETs were esterified in

platelet phosphatidylinositol, which suggests involve-

ment in signal transduction. Platelet EETs were

thought to be produced enzymatically by the cyto-

chrome P450 system because chiral analysis showed

only a single enantiomer, which is an indicator of en-

zymatic origin. In a study of EETs extracted from he-

patic phospholipids, Capdevila and colleagues [6]

traced EET incorporation into phospholipid pools.

Given the magnitude of the EET reservoir capacity

of RBCs and the RBC-EET releasing mechanism,

which is activated by ATP stimulation of the erythro-

cyte P2X7 receptor [23], RBC EETs are postulated to

be the chief source of free EETs in plasma (3%) and

EETs esterified in circulating phospholipids (95% of

circulating EETs). The disposition of intracellular

EETs and DHETs shows remarkable diversity [44].

Unlike EETs that can be released from RBCs by

a purinoceptor mechanism, DHETs are extruded from

cells. Cellular retention of EETs likely reflects bind-
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ing to cytosolic fatty acid binding proteins (FABP),

which possibly act as transport proteins for EETs. In

contrast, DHETs show weak binding to FABP [44].

We have analyzed RBC EETs with electrospray ioni-

zation tandem mass spectrometry and found that both

cis- and trans-EETs increase when rat RBCs are ex-

posed to t-BHP, which oxidizes esterified AA [22]. In-

corporation of newly formed free EETs into RBC

phospholipids by an acyl CoA dependent mechanism

also occurs [48]. The plasma levels of cis- and

trans-EETs of RBC origin are similar in the rat

model; cis-EETs, 21.4 vs. trans-EETs, 16.8 ng/ml [22]

(Tab. 1)

ATP, a key signaling molecule

In addition to serving a primary role as carriers of O2,

RBCs also regulate microvascular resistance, thereby

controlling the distribution of blood flow to the

microvasculature by liberating ATP from RBCs upon

exposure to a low O2 environment [45]. The release of

RBC EETs and ATP in response to RBC deformation

and exposure to low oxygen levels can be prevented

by inhibition of either cPLA2 or the P2X7-ATP-EET-

releasing mechanism [23]. As noted, EETs are candi-

dates for EDHF [5, 16, 17]. Renal EET synthesis also

can be stimulated by an adenosine mechanism, which

operates through a renal adenosine A2A receptor linked

to epoxygenase activity. Epoxygenase activity pre-

vents hypertension induced by high salt intake [7, 26]

and reduces elevation of blood pressure produced by

infused angiotensin II (ANGII) [20].
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In the context of coronary physiology, a prevailing

question has addressed the mechanism linking coro-

nary blood flow to myocardial O2 consumption. In

1963, Berne proposed the adenosine hypothesis of

coronary blood flow control [15] that was tested by

blockading the coronary vascular adenosine receptor

during exercise. Adenosine receptor blockade had no

effect on coronary blood flow during exercise, al-

though it decreased reactive hyperemia in response to

coronary occlusion. The ATP hypothesis for the con-

trol of coronary blood flow during exercise was set in

motion by demonstrating that ATP is released from

RBCs during hypoxia [2]. The ATP hypothesis was

tested in unanesthetized dogs by measuring arterial and

coronary venous plasma ATP at rest and during tread-

mill exercise [14]. Coronary blood flow increased as

coronary venous ATP concentration rose during exer-

cise (Fig. 2). Furthermore, the increase in coronary ve-

nous plasma ATP concentration correlated with the de-

cline in coronary venous O2 tension during exercise.

RBCs, ATP and EETs

RBCs generate millimolar amounts of ATP, which ex-

ceeds the ATP-generating ability of most tissues [45].

Once released from the RBC, ATP acts on endothelial

cell purinergic receptors [36] and activates a retro-

grade conducted response in arterioles. This activa-

tion dilates the upstream “feeder” artery, which in-

creases oxygenated blood flow to sites in the micro-

vasculature, where O2 extraction is high [39]. As

previously mentioned, ATP stimulates the P2X7 RBC

membranal purinoceptor, which releases EETs from

RBCs [23]. We have shown that the release of ATP

from RBCs is linked to generation and release of

EETs from RBCs and, presumably, from the contigu-

ous endothelium. EETs, in turn, affect vascular tone

and produce profibrinolytic and anti-inflammatory ef-

fects [44]. ATP also functions as an extracellular sig-

naling molecule by interacting with P2 receptors to

mediate diverse responses in the vasculature [3]. The

P2X7 receptor is the major purinoceptor in human eryth-

rocytes. Stimulation of the P2X7 receptor elicits cyto-

skeletal rearrangement, pore formation and changes in

permeability and trafficking, which results in the re-

lease of ATP and EET [23]. ATP also activates EET

secretion from RBCs, which should greatly amplify

the response to ATP in the microvasculature.

Conclusion

Based on the above studies, we hypothesize that he-

moglobin is associated with transforming arachidonic

acid to EETs. EETs occupy storage sites in RBCs by

the following two mechanisms: peroxidation of phos-

phoglycerolipids and incorporation of EETs into

phosphoglycerolipids. EET is released from RBCs by

ATP stimulation of the P2X7 receptor, which is linked

to ATP transporters, and erythrocyte sEH regulates

the concentration of free EETs in RBCs. Inhibition of

sEH increases EET esterification in RBC phospholip-

ids and EETs released from RBCs.

RBCs release EETs and ATP on their passage

through the microcirculation in response to RBC de-

formation and hypoxemia, which suggests a func-

tional role for EETs acting in concert with ATP that

regulates the microcirculation and affects the rheo-

logical characteristics of blood. These findings on for-

mation, release and hydrolysis of cis- and trans-EETs

by RBCs should lead to the development of novel

therapies for the management of circulatory diseases,

particularly hypertension and diabetes and the associ-

ated development of atherosclerosis.
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