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INTRODUCTION

The generation of biological mediators from arachidonic acid (AA) results
from oxygenation reactions that are regiospecific and stereospecific and
involve three major enzyme systems: cyclooxygenase, lipoxygenases, and
cytochrome P-450-dependent monooxygenases (1). The last named has been
designated the third pathway of AA metabolism (2). Cytochrome P-450-
dependent monooxygenases that metabolize AA have a much wider distribu-
tion than anticipated from our initial studies on the medullary thick ascending
limb of the loop of Henle (mTALH) (3). For example, cytochrome P-450-
dependent AA (P-450-AA) metabolism predominates in the corneal epithe-
lium that exhibits transport characteristics similar to those of mTALH: Na™,
K* and C1~ cotransport inhibitable by furosemide (4, 5). This pathway of AA
metabolism is also represented in the vasculature where cytochrome P-450
monooxygenase activity is stratified, the highest activity being present in the
intima (6).

These AA products are endowed with biological properties—vasoactivity
and the ability to affect ion movement—that identify them as potentially
important to the regulation of the circulation and extracellular fluid volume
and composition (7). Although the focus of this review is AA metabolism by
cytochrome P-450-dependent monooxygenases, it should be recalled that the
biological role of the cytochrome P-450 system includes metabolism of
cholesterol, bile acids, vitamins, and steroids in addition to xenobiotics and
drugs (8). Further, thromboxane and prostacyclin synthases are cytochrome
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P-450-like enzymes (9, 10). Thus, experimental interventions aimed at ma-
nipulating cytochrome P-450-dependent AA metabolism may also affect
formation of mineralocorticoids, thromboxane, and prostacyclin. This may
complicate interpretation of the effects of an intervention directed at modify-
ing synthesis of AA metabolites by cytochrome P-450-dependent monooxy-
genases.

The seminal studies of Capdevila, Falck, and their associates (11, 12), as
well as Oliw, Guengerich & Oates (13), and Morrison & Pascoe (14), should
be acknowledged as prime movers in this area of research. Two recent
reviews are recommended to the interested reader (15, 16).

AA METABOLISM BY CYTOCHROME P-450
MONOOXYGENASES

Cytochrome P-450-dependent metabolism of AA requires molecular oxygen
and NADPH in a 1:1 stoichiometry. Other polyunsaturated fatty acids may
substitute for AA as substrate in cytochrome P-450-dependent reactions (16).
The substrate specificity requirements for metabolism by this system are not
so narrowly defined as for cyclooxygenase and lipoxygenases. Variations in
substrate preference by P-450 isozymes relative to metabolism of AA have
been observed (17). The cytochrome P-450 system catalyzes three types of
oxidative reactions involving AA (Figure 1).

1. Epoxidation of AA gives rise to four epoxides: 5, 6; 8, 9; 11, 12, and 14,
15 epoxyeicosatrienoic acids (EETs). These, in turn, can be converted by
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Figure I  Arachidonic acid (AA) metabolism by cytochrome P-450-dependent monooxygenase
to @ and w-1 hydroxyeicosatetraenoic acids (HETEs), epoxyeicosatrienoic acids (epoxides/
EETs), and dihydroxyeicosatetraenoic acids (diols/DHTs). Not shown are 8-,9-,11-, and 15-
HETEs, products of allylic oxidation. The ‘“‘brackets” indicatc those products that can be
transformed by cyclooxygenase. The origin of 12(R)-HETE is uncertain; therefore, the question
mark.
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epoxide hydrolases to the corresponding vicinal diols, the dihydroxyeico-
satrienoic acids (DHTs) (13). The 5,6-EET appear to require an additional
step, transformation by cyclooxygenase, for expression of vasodilator
activity in most vascular beds (18).

2. Allylic oxidation forms hydroxyeicosatetraenoic acids (HETEs). Hepatic

microsomal cytochrome P-450 produced six regioisomers without
stereoselectivity: 5-, 8-, 9-, 11-, 12- and 15-HETEs (12). 12(R)-HETE has
commanded attention because of its biological profile: inhibition of Na™-
K*-ATPase (19) and renin release (20) and possible function as a vascular
hormone involved in tissue responses to injury (21).

3. Omega (w) and w-1 hydroxylation of AA generates 20- and 19-HETEs,
respectively. These eicosanoids have prohypertensive properties and have
been implicated in the development of hypertension in the spontaneously
hypertensive rat (SHR) (22).

EETs are esterified to the Sr-2 position of glycerolipids (23). This capabil-
ity assumes functional significance relative to: (a) Membrane characteristics
as measured by changes in permeability and activity of membrane-bound
enzymes, and (b) EETs acting as intracellular or intercellular messengers after
release from phospholipids and thereby participating in transmembrane
signaling. Heretofore, eicosanoids were considered to act as intercellular
messengers and to be synthesized on demand only. For example, prostaglan-
din production is very low in resting tissues; however, levels can be increased
by as much as several hundredfold in extracellular fluid within one to two
minutes in response to appropriate stimuli, including hormones, neurotrans-
mitters, and tissue injury (24). Synthesis of prostanoids is thought to result in
their immediate extrusion into the extracellular space where they act on
receptors in the plasma membrane. Recent evidence is compatible with an
intracellular role for some AA metabolites. Eicosanoids generated by a
non-cyclooxygenase pathway, by either a cytochrome P-450 monooxygenase
or a lipoxygenase, may modulate the effects of hormones/neurotransmitters
on ion channels by acting within the cell of origin (25).

BIOCHEMISTRY OF CYTOCHROME P-450
OXYGENATION OF AA

The hepatic cytochrome P-450 system accounts for 4-5% of rat hepatic
microsomal protein, of which cytochrome P-450 epoxygenases constitute
major components as indicated by concentrations of EETs in rat liver of ca
lpg/g wet tissue (26), a value similar to that found in the rat kidney (27). As
noted, EETs may be esterified to the Sn-2 position of cellular glycerolipids
including phosphatidylethanolamine and phosphatidylinositol.

EETs represented two-thirds, and HETEs and 19- 20-HETEs almost one-
third, of AA products generated by microsomes obtained from the liver of
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adult male rats not treated with enzyme inducers (17). The smallest com-
ponent of P-450-AA products formed by hepatic microsomes, accounting for
ca 7% of the total, has been identified as a mixture of monohydroxylated (16-,
17-, and 18-) eicosatetraenoic acids (28). Within the kidney regional varia-
tions in P-450-AA metabolites have been reported by Takahashi et al (27)
based on the biosynthetic profile of cortical vs medullary microsomal frac-
tions. EETs are the principal P-450-A A products of the renal cortex of the rat,
where they account for ca 60% of total P-450-AA products, whereas in the
medulla, 19- and 20- HETEs represent 90% of P-450-AA metabolites gener-
ated by microsomal fractions. These findings on P-450-A A product formation
by the rat kidney differ from those reported by Schwartzman et al (29) for the
rabbit kidney, in which species large differences in w and w-1 production of
metabolites, when comparing cortex vs medulla, were not observed. The
specific activity of P-450-AA metabolism is higher in the kidney than liver of
the rabbit, with the highest activity, threefold that of the liver, in the outer
medulla. The pattern of cytochrome P-450-dependent AA metabolism in the
human kidney is the same as reported for the rat and rabbit kidney (30).

The production of HETEs by hepatic microsomes can be increased by
treatment with 8-naphthoflavone (8-NF), which has the additional effects of
reducing formation of EETs while enhancing that of 19- and 20-HETE:s (28).
In a related study, Oliw has reported conversion of AA to 18(R)-HETE by
seminal vesicular microsomes obtained from the cynomolgus monkey (31).
The biological activities of the 16-, 17-, and 18-HETEs are unknown except
for a preliminary report on contraction of lung strips and relaxation of isolated
arteries of the guinea pig by 18(R)-HETE (31). If these HETEs approach, in
terms of important biological activities, those of 19- and 20-HETEs, then
these newly identified AA products will assume possible functional signifi-
cance, moving them from the realm of biochemical curiosities to that of
putative components of physiological systems. This attempt to place novel
AA products in a physiological or pathological context has been a principal
objective of our studies and is abundantly demonstrated in the parallel efforts
directed towards the biochemical and biological-functional characterization of
P-450-AA products generated by rabbit mTALH (3) and by the kidneys of
hypertensive rats (22) and rabbits (2).

Epoxidation of AA in man is catalyzed by a distinct hepatic cytochrome
P-450 isozyme that Schwartzman et al (32) purified to electrophoretic
homogeneity. In a reconstituted system the hepatic P-450 isozyme oxidized
AA in a nonpreferential manner into the four regioisomeric EETs: 5,6-; 8,9-;
11,12-; and 14,15-EET. Regiospecific formation of EETs by rat hepatic
microsomes as well as in reconstituted hepatic enzyme systems is inducible by
phenobarbital treatment, resulting in generation of EETs of high optical purity
(17, 33). The demonstration of stereospecificity of AA product formation is
important as these AA products can arise nonenzymatically by autooxidation
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of AA, yielding racemic EETs. Brash has stated the problem succinctly:
“Autooxidation is a facile process which is difficult to eliminate. The addition
of high concentrations of polyunsaturated fatty acid substrates to incubations
of cells will certainly lead to the detection of non-enzymetically formed
hydroperoxyeicosatetraenoic acids [H(P)ETEs] if the analytic methodology is
sufficiently sensitive” (34). The stereoselective formation of an EET is a
“decisive criterion” for their enzymic origin (26). Stereoisomers usually differ
substantially in their biological properties; for example, the principal AA
product of the cytochrome P-450 system in the cornea, 12(R)-HETE, unlike
its enantiomer 12(S)-HETE, inhibits Na*-K*-ATPase activity (19). More-
over, despite apparent similarities in some of the biological actions of 12(R)-
and 12(S)- HETE, such as inhibition of renin release, closer examination
discloses important temporal differences, notably in the onset and duration of
their inhibitory effects on renin release (20).

The principal product of hepatic microsomal epoxygenase was 11,12-EET
of which greater than 80% was the 11(R)-, 12(S)- enantiomer, indicating
stereospecificity of AA product formation (17). The 11,12-epoxide has also
been reported to be the principal P-450-AA metabolite generated by rat (27)
and rabbit renal cortical microsomes (29). Cytochrome P-450 enzyme induc-
tion with phenobarbital resulted in increased optical purity of the EETs
formed by the liver and altered the stereoselectivity of microsomal epoxyge-
nases favoring the formation of 11(S)-, 12(R)- rather than 1 1(R)-, 12(S)-EET,
the principal product before administration of phenobarbital (17). This inver-
sion of the principal enantiomer of 11,12-EET generated by hepatic micro-
somes in response to phenobarbital was also noted for the other EETs. In
addition, phenobarbital increased synthesis of total EETs by hepatic micro-
somal enzymes. The effects of phenobarbital on production of stereoselective
EETs had different time courses for each of the EETs, i.e. stereoselectivity of
14,15-EET was achieved after one day of treatment whereas two to three days
were required for demonstrating alterations in stereoselective formation of
8,9- and 11,12-EETs. Changes in stereoselectivity of epoxygenases induced
by phenobarbital stand in contrast to stereoselectivity of the cyclooxygenase
and lipoxygenase pathways of AA metabolism that exhibit unalterable
stereospecific product formation.

THE CYTOCHROME P-450 SYSTEM IN THE NEPHRON

We entered the field by misadventure, as Princes of Serendip, when after
isolation of cells from the mTALH we, initially and incorrectly, identified a
lipoxygenase as the major pathway of AA metabolism (3). In this segment of
the nephron, the mTALH, cyclooxygenase activity was negligible, if not
absent, which challenges concepts based upon the ubiquity of the prostaglan-
din-synthesizing capacity of cells. Our findings and those of others, when
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viewed in a larger context, have forced several conclusions of a more general
nature that can serve as directional markers for future studies on P-450-AA
metabolites:

1. The capacity of cells to synthesize prostaglandins varies greatly and was
first described by Smith & Bell (35) for the nephron, where cyclooxygen-
ase is distributed in a discontinuous fashion. It is concentrated in the
collecting tubules and “skips” segments including the mTALH. Based on
conventional methods, it is difficult to eliminate with certainty a small but
potentially significant ability to synthesize prostaglandins by a given
nephron segment. Metabolism of AA by cyclooxygenase in the nephron
appears to be discretely localized and is overshadowed in some segments
by a considerable capacity to generate cytochrome P-450-dependent AA
metabolites, e.g. in the mTALH (3) and, as has been recently reported, in
the S, segment of the proximal tubules (36). The cortical collecting ducts,
perhaps, occupy an intermediate position as they possess a considerable
prostaglandin biosynthetic capacity and are also able to synthesize EETs
(37).

2. The metabolism and expression of a particular biological action of several
eicosanoids require the cooperativc interaction of diffcrent cell typcs
because of the importance of transcellular metabolism to the generation of
these AA metabolites. For example, in addition to thromboxane, prosta-
glandin endoperoxides and 12(S)-HETE are formed by platelets (38) and
may undergo transformation in blood vessels and white cells, PGH, by
endothelial cells to form prostacyclin (39) and 12(S)-HETE by neutrophils
to form 12, 20-HETE (40). These products differ in their biological
properties from the platelet precursors. In like manner, transcellular
metabolism via cyclooxygenase of two recently described eicosanoids,
20-HETE and 5,6-EET synthesized in the mTALH and S, segment of the
proximal tubules, respectively, by cytochrome P-450 oxygenases, is cru-
cial to the expression of their vasoactivity on most blood vessels (18, 41:
Figure 2).

A reverse sequence has also been observed. A cyclooxygenase product
can be metabolized by a cytochrome P-450-dependent monooxygenase, a
step that results in the generation of an AA product possessing different
properties from its precursor. The early reports on prostaglandin metabol-
ism by the P-450 system addressed w-1 and w-hydroxylation of the stable
prostaglandins, PGE, and PGF,,, but provided little information on the
acquisition by the metabolite of a different spectrum of biological proper-
ties (42). This omission has marred other reports on cytochrome P-450-
dependent metabolism of prostaglandins such as conversion of PGI, to the
5,6 epoxide (43) or the reverse sequence in which 5,6 epoxidation pre-
cedes the generation of prostaglandin analogs of 5,6-EET by cyclooxy-
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Transcellular Metabolism of
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Figure 2 The cellular proximity of the cytochrome P-450 monooxygenase to certain segments
of the renal tubules and cyclooxygenase of several structures including interstitial cells and blood
vessels may confer a unique ability on AA metabolites to affect renal tubular transport in the cell
of origin and then be transformed to vasoactive mediators by cyclooxygenase. This possible
sequence is shown in the figure: either 20-HETE or 5,6-EET arising from the P-450 system of the
tubules on extrusion into the interstitium may be converted to vasoactive products by the
cyclooxygenase of adjacent structures such as blood vessels.

genase (44). A metabolic sequence, operating through enzymes acting in
different but contiguous cells within a renal zone or tubular segment, and,
presumably, also in extrarenal tissues such as blood vessels, provides a
mechanism for eicosanoids to alter tissue function selectively. For ex-
ample, an eicosanoid arising from the cytochrome P-450 system in a
nephron segment may affect transport function in that segment and after
extrusion into the extracellular space, can modify regional blood supply
subsequent to its conversion by vascular cyclooxygenase (Figure 2). Either
5,6-EET, or 20-HETE, acting via such a sequence, may link metabolic
activity and/or transport function of a tissue to local blood flow (see
below).

3. Initially, the biological properties of the AA metabolites should be defined
broadly as, for example, their effects on vascular tone and Na*-K*-
ATPase activity (3, 45). Characterization of the more easily defined
biological properties of P-450-A A metabolites can proceed simultaneously
with establishing optimal conditions for generating AA metabolites by a
cell type (3) or by microsomes obtained from a renal zone (cortex, outer
and inner medulla) (29) or a specialized tissue such as the comea (4). The
progression of our studies was facilitated by biological characterization of
the P-450-A A products as a first step, one antecedent to structural analysis
of novel AA metabolites that was followed by their chemical synthesis.
The last (J. R. Falck, personal communication) was essential to the
in-depth examination of the biological activity of P-450-AA metabolites
and verification of the structural analysis of these metabolites recovered
from HPLC fractions. Thus, comparison of the biological activity of
authentic standards of P-450-AA metabolites with that of material in
fractions recovered after HPLC separation determines the degree of
identity/congruity of endogenous material and authentic standards of the
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principal P-450-AA products. This step, biological profiling, has the
additional advantage of bypassing the need for obtaining relatively large
quantities of AA metabolites from cells of limited availability required to
establish the stereochemistry of novel eicosanoids. This strategy was used
in the identification of cytochrome P-450-dependent AA metabolites syn-
thesized by the corneal epithelium (19). One of the AA products generated
by corneal microsomes inhibited Na™-K*-ATPase. Mass spectrometric
analysis indicated itto be 12-HETE (R. C. Murphy, personal communica-
tion). However, the amount of the eicosanoid generated by corneal micro-
somes fell short of the requirements for stereochemical analysis. Nonethe-
less, it was possible to establish the stereochemistry of the eicosanoid with
confidence by comparing the biological properties of authentic 12(S)- and
12(R)-HETE to those of the endogenous eicosanoid. Inhibition of Na*-
K*-ATPase by 12(R)-HETE demonstrated a potency and time course of
activity indistinguishable from that of the endogenous eicosanoid recov-
ered from the HPLC peak associated with Na*-K*-ATPase inhibitory
activity (19).

The availability of 12-HETE stereoisomers also permitted an examina-
tion of their individual effects on renal function, a study of some signifi-
cance, as a [12-HETE was reported to be a principal product of AA
metabolism in isolated glomeruli and in renal cortical homogenates (46).
Major differences were shown on comparing the effects of 12(S)-HETE
and 12(R)-HETE on renal function: 12(R)-HETE had a prolonged
natriuretic effect and inhibited renin release for an extended period where-
as 12(S)-HETE exhibited only a transient action on sodium excretion and
renin release (20). Further, only 12(R)-HETE prevented the decline in
GFR, characteristic of the rat-isolated kidney, suggesting a glomerulo-
wcophic action of 12(R)-HETE.

. The flux of AA through P-450-dependent monooxygenases can be con-

tcolled by manipulating the level of cytochrome P-450 (29). It is, there-
fore, possible to relate changes in P-450-AA metabolite formation to
functional alterations as has been done for vasomotion (47) and the activity
of several transporting epithelia such as the mTALH (48) and cornea. The
experimental basis for this had been established by Schwartzman et al
(29). They demonstrated that induction of renal cytochrome P-450 by
3-methyl cholanthrene (3MC) and B-NF increased cytochrome P-450
content and enhanced simultaneously arylhydrocarbonhydroxylase (AHH)
activity, anindex of P-450-dependent monooxygenase activity, in both the
renal cortex and medulla. These changes correlated with increased forma-
tion of P-450-AA metabolites by renal microsomes. In contrast, cobalt
(CoCly)-induction of heme oxygenase, a heme-degradative enzyme, re-
duces the availability of heme for hemoproteins such as cytochrome P-450
monooxygenase, resulting in decreased AA metabolism via the third
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pathway. This study confirmed the close relationship that exists in-
trarenally between the cytochrome P-450 system and metabolism of AA.
As corresponding changes in synthesis of P-450-AA metabolites were
produced in intact mTALH cells by these interventions, Escalante et al
were able to relate altered transport function to changes in P-450-AA
metabolism in this segment of the nephron (see below) (48).

Qualitative and quantitative alterations in P-450-AA metabolism in
mTALH can be produced by modifying salt intake or by renal ischemia
(49, 50). Carroll et al have shown that formation of vasodilator P-450-AA
products can be effected selectively by potassium-loading rabbits for two
days (51). In contrast, production of renal ischemia by constricting the
aorta caused an increase in all P-450-AA metabolites generated by
mTALH cells (50). The P-450-AA metabolites generated by mTALH in
response torenal ischemia act in a defensive capacity to limit the degree of
mTALH cell injury by reducing energy-dependent Na*-K™-ATPase activ-
ity and by producing local vasodilatation in this renal zone that has been
described as operating “on the verge of anoxia”. Carroll has suggested that
increased formation of P-450-AA metabolites thereby contribute to energy
conservation in this nephron segment by: (a) inhibiting Na*-K*-ATPase,
a major determinant of energy expenditure in the mTALH, and (b) reduc-
ing the chemical gradient between tubular fluid and the medullary in-
terstitium by increasing medullary blood flow (50).

. Cytochrome P-450 related monooxygenase activity within the kidney can

be stimulated by treatment with either glucocorticoids or mineralocorti-
coids, apparently via a mechanism involving adenylate cyclase (45, 52).
The evidence for this linkage is based on several related studies: First, the
capacity of cortical and medullary microsomes obtained from adrenalecto-
mized rabbits to generate P-450 AA products, particularly 19- and 20-
HETEs, was greatly reduced by adrenalectomy and was associated with
negative sodium balance (53). Administration of a mineralocorticoid,
deoxycorticosterone acetate (DOCA), restored the capacity of the kidney
to generate P-450-AA metabolites and produced positive sodium balance
(53), the latter presumably reflecting increased synthesis of vasoconstric-
tor and salt-retaining eicosanoids, 20- and 19-HETEs (22). As adre-
nalectomy impairs hormonal responsiveness of adenylate cyclase within
nephron segments to cholera toxin but not to forskolin, these results are
compatible with actions of adrenal steroids on G, proteins (52). Second,
formation of P-450-AA products by the nephron is stimulated by in-
terventions that increased cyclic-AMP, thereby linking the adenylate cy-
clase and P-450 systems (45). Thus, cytochrome P-450-AA metabolism
by mTALH cells can be stimulated by either AVP or calcitonin via an
adenylate cyclase-related mechanism, as the hormonal effects on forma-
tion of P-450-AA products are increased by phosphodiesterase inhibition
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and mimicked by analogs of cyclic-AMP (45). Two segments of the
nephron, which have been demonstrated to form P-450-AA metabolites,
have been identified as responding to adrenal steroids selectively: the
principal cells of the collecting tubules to mineralocorticoids, and the
mTALH to glucocorticoids (52). In each nephron site, the adrenal steroid
controls the adenylate cyclase system at the level of G protein, presum-
ably by affecting the GTP-binding protein that couples the hormone
receptor to the catalytic unit of adenylate cyclase, thereby determining
responsiveness of the TALH to AVP, glucagon, and calcitonin, and the
collecting tubules to AVP (52). An adenylate cyclase-dependent mech-
anism that regulates expression of cytochrome-P-450 isozymes has been
described in the adrenal gland (54).

Another important consideration relative to the action of adrenal ster-
oids on renal function, and linked to changes in AA metabolism, is related
to effects on GFR and renal blood flow (55). Glucocorticoids increase
GFR and alter renal vascular responsiveness to prostaglandins, probably
by affecting both cyclooxygenase and cytochrome P-450-dependent AA
metabolism as well as by altering “the expression of receptor-mediated
contractile responses to eicosanoids” (55, 56). Sessa & Nasjletti (56) have
shown selective attenuation of renal vasoconstrictor responses to U46619,
the thromboxane/prostaglandin endoperoxide mimetic, and to PGF,« after
dexamethasone treatment of rabbits and have extended these findings to
vasodilator prostanoids (55). Prostacyclin and PGE,-induced renal
vasodilatation were attenuated and converted to vasoconstriction, respec-
tively, when rabbits were treated with dexamethasone. These effects of the
glucocorticoid can be explained by induction of P-450 monooxygenase
activity that results in transformation of prostanoids to w, w-1, and w-2
hydroxylated products and possibly epoxides. Modification of the biolo-
gical activity of prostaglandins and other eicosanoids by the P-450 system
appears to be an important mechanism that thus far has been neglected.
Further, it assumes physiological significance when viewed in terms of a
cytochrome P-450 isozyme activated by changes in hormonal status and
having the capacity to transform prostaglandins. For example, a greater
than 100-fold induction of a pulmonary cytochrome P-450 isozyme, pro-
staglandin w hydroxylase, has been observed in pregnant rabbits (8). The
low K, for prostaglandin substrates, regioselectivity, and remarkable
capacity for induction during pregnancy mark this P-450 isozyme as
physiologically important (8).

THE VASCULAR CYTOCHROME P-450 SYSTEM

Within the vasculature, the cytochrome P-450-dependent oxygenase is local-
ized primarily in the endothelium (6), analogous to the segmental localization
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of the cytochrome P-450 pathway of AA metabolism within the nephron (57).
This conclusion is based on several lines of evidence:

1.

The cytochrome P-450-dependent vasodilator response to AA was greatly
diminished after mechanical or chemical deendothelialization (58). These
functional studies are in accord with those based on immunofluorescent
(59) and biochemical methods (6) localizing cytochrome P-450-AA
metabolism mainly to the endothelium.

. Cultured endothelial cells can metabolize AA via cytochrome-P-450

monooxygenases, as evidenced by the recovery of EETs and HETEs (60,
61). For endothelial cells originating from either different sites or species,
the cultured cells frequently differ in the principal P-450-AA products
formed. Moreover, cultured cells generate P-450-AA products that may
differ from the same cells when freshly isolated (62).

. Within the aorta, the activity of a cytochrome P-450-related hydroxylase

(AHH) was several fold greater in the intima than in the media (6). The
demonstration of cytochrome P-450 enzyme activity within a tissue,
however, does not allow the conclusion that the tissue possesses the
capacity to metabolize AA via a P-450 pathway. Certain cytochrome
P-450 isozymes are unable to metabolize AA (17). Therefore, it is neces-
sary to demonstrate that P-450-AA products can be generated by a particu-
lar vascular bed to establish a possible role for P-450-AA metabolites of
vascular origin in that tissue. This requirement has been satisfied in two
ways: First, functionally, through the demonstration that AA, on addition
to isolated arteries, produces dose-dependent vasodilatation that can be
blocked by inhibition or depletion of one or more components of the
cytochrome P-450 system, and, second, chemically, based on gas chro-
matographic/mass spectrometric criteria for the identification of P-450-AA
metabolites in vascular tissues.

Pharmacological Methods Used to Study P-450
Vascular Mechanisms

In studies on possible participation of P-450-AA metabolites in vascular
mechanisms, experimental designs based on the use of drugs with predictable
effects on the P-450 system have proved invaluable. The following ex-
perimental design (Figure 3) has greatly accelerated the pace of our studies:

1. Inhibition of cyclooxygenase with indomethacin, in low concentrations

(1-3uM), will not diminish the biological actions of AA when it acts via
transformation by P-450-dependent oxygenation (63). On the other hand,
indomethacin may amplify a P-450-dependent vascular mechanism medi-
ated by AA metabolites, probably, by eliminating a prostaglandin in-
hibitory modulator of the P-450-AA pathway, possibly PGE, (48). The



Annu. Rev. Pharmacol. Toxicol. 1991.31:339-369. Downloaded from www.annual reviews.org

by Central College on 12/09/11. For personal use only.

350 MCGIFF

AR
cyclooxygenase lipoxygenase cytocthirome P450
tndomelhaciq
BW755C -
ETYA
—
—
Clotrimazole
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Figure 3 Schematic representing the inhibitory effects of various agents on the enzymes
involved in arachidonic (AA) metabolism via cyclooxygenase (inhibited by indomethacin,
BW755C, and ETYA), lipoxygenase (inhibited by BW755C and ETYA) and the cytochrome
P-450 pathway (inhibited by ETYA). Clotrimazole and 7ER inhibit only the cytochrome P-450
pathway.

alternative explanation that cyclooxygenase inhibition results in diversion
of more AA into P-450 pathways, if it operates, appears to be a minor
component. Indomethacin may even uncover a latent cytochrome P450-
dependent vascular action of AA as it did in the rat kidney (58) and in the
rat intestines (64).

2. BW755C (3-amino-1-[m-~(trifluoromethyl)-phenyl]-2-pyrazoline), the
dual inhibitor of lipoxygenases and cyclooxygenase, was used to eliminate
the participation of a lipoxygenase pathway (65). It should not affect
P-450-dependent conversion of AA and the attendant biological actions.

3. The final step in this pharmacological sequence was to determine the
effects of eicosatetraynoic acid (ETYA) (3) on the action of AA, having
demonstrated invulnerability of the biological response to AA to suc-
cessive attempts at blockade by indomethacin and BW755C. The pre-
sumptive P450-AA-mediated biological action should be nullified by
ETYA, as in our hands ETYA inhibited the three pathways of AA
metabolism in all tissues tested thus far.

Based on the sequential effects of indomethacin, BW755C, and ETYA on

the biological response to AA, a cytochrome P-450 pathway can be tentative-

ly identified (Figure 3). The next step is to demonstrate that inhibition of
cytochrome P-450 oxygenases can prevent generation of P-450-AA metabo-
lites. Finally, as P-450-AA metabolite formation can be manipulated by
pharmacological means (29), it should be possible to amplify or diminish the
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biological effects of AA metabolism via P-450 monooxygenases by agents
that induce P-450 oxygenase activity or deplete cytochrome P-450 content,
respectively.

The above experimental design has been used by Oyekan et al (58) to
examine a latent cytochrome P-450-dependent vasodilator response to AA in
the rat kidney. The usual vascular response of the rat kidney to AA is
constriction mediated by prostaglandin endoperoxides (66). Renal vasocon-
striction elicited by AA can be converted to dilatation either by inhibition of
cyclooxygenase or blockade of prostaglandin endoperoxide receptors. Eleva-
tion of renal perfusion pressure from ca 80 to 180 mmHg by infusion of
phenylephrine greatly potentiated the renal vasodilator effect of AA (58). The
renal vasodilator action of AA was unaffected by BW755C, whereas ETYA
prevented it, suggesting the presence of an oxygenase, neither cyclooxyge-
nase nor lipoxygenase.

INHIBITORS OF P-450-AA METABOLISM Interpretation of the effects of
inhibitors of cytochrome P-450 oxygenases on the latent renal vasodilator
action of AA, as described above, was complicated by unwanted side effects,
mostly avoidable if appropriate doses of the inhibitor were used. The pro-
totypical inhibitor of the P-450 system, B-diethylaminoethyl-diphenylpropyl-
acetate hydrochloride, (SKF525A) (67), although preventing AA-induced
renal vasodilatation, also blunted the vasodilator responses to acetylcholine
and nitroprusside that were used to-define selectivity of inhibitors. However,
7-ethoxyresorufin (7-ER) and clortrimazole, putative inhibitors of cyto-
chrome P-450 monooxygenases (32, 63), possessed the requisite specificity.
They inhibited the renal vasodilator response to AA without affecting the
dilator actions of either acetylcholine or nitroprusside on the renal vascula-
ture. This study illustrates the need to demonstrate selectivity for a given dose
of an agent reported to inhibit the cytochrome P-450 system under a given set
of experimental conditions and for the species and tissue/organ under study,
as doses vary according to these determinants. The development of specific
inhibitors of several P-450 isozymes has been reported and is based on
designing analogs of the natural substrates (68).

The endothelial contribution to the renal vasodilator response elicited by
AA was judged to be large, as chemical denudation of the endothelium with
3-[(3-cholamidopropyl)-dimethylammonio]- 1-propanesulphonate ~ dihydrate
(CHAPS) greatly reduced the renal vasodilator response to AA (and, as
expected, to acetylcholine) without affecting that to nitroprusside. As en-
dothelial dependency of the AA-induced renal vasodilatation was shown, it
was necessary to exclude EDRF participation in the vasodilator response to
AA under these experimental conditions. Methylene blue, which inhibits
guanylate cyclase (69), was without affect on AA-induced renal vasodilation,
whereas the renal vasodilator effects of acetylcholine and nitroprusside that
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act through an EDRF/guanylate cyclase mechanism (70) were notably di-
minished. These effects of methylene blue eliminated the participation of
EDREF in the vasodilator response to AA in the rat kidney.

In a companion study, perturbations of the cytochrome P-450 system of the
rat kidney either magnified the renal vasodilator effect of AA (by inducing
enzyme activity with either 3-NF and 3MC or with glucocorticoid treatment)
or dampened it (by depleting renal cytochrome P-450 with CoCl,) (71). These
interventions achieved their intended effects; they produced corresponding
changes in cytochrome P-450-related enzyme activity in vascular tissues and
thereby altered AA metabolism by this pathway.

BIOASSAY OF P-450-AA METABOLITES The study of Oyekan (58) was
complemented by the demonstration of the release into the venous effluent of
vasorelaxant material from the kidney by AA. The renal effluent cascaded
over aortic, celiac, and mesenteric arterial rings that monitored release from
the kidney of AA metabolites capable of relaxing blood vessels. Altered
release into the renal effluent of P-450-AA metabolites that relaxed blood
vessels, as detected by bioassay, corresponded to changes in the renal vasodi-
lator response to AA and thereby established an identity between the vasorela-
xant material in the renal venous effluent and renal vasodilator P-450-AA
metabolites. This, in turn, has facilitated characterization of the relevant
P-450-A A metabolite(s) and should lead to their definitive structural analysis.
The first step towards this objective has been realized. Several peaks of
P-450-AA products have been identified in extracts of renal venous effluent
after separation by reverse phase HPLC. Once again, the utility of superfusion
bioassay, as developed by Vane et al (72) for detection and characterization of
unknown mediators, is confirmed.

EXTRARENAL VASCULAR CYTOCHROME P-450 MECHANISMS Endothelial-
dependent relaxation of rings of the rabbit aorta in response to AA was
potentiated after inhibition of cyclooxygenase with indomethacin and increas-
ing basal tension with phenylephrine (73). It was attenuated by agents,
nordihydroguariaretic acid and ETYA, that can inhibit the cytochrome P-450
pathway (3). A cytochrome P450-dependent relaxation of the rabbit pulmo-
nary artery elicited by AA was also unmasked, but only after increasing basal
tension with phenylephrine, as was the case with the rabbit aorta (74). Under
conditions of low basal tension only a vasoconstrictor cyclooxygenase prod-
uct was formed in response to AA. After elevating tension of the pulmonary
artery with phenylephrine, AA produced vasorelaxation having two com-
ponents: the first, endothelial-dependent, was inhibitable with SKF 525A; the
second was endothelial-independent and eliminated by indomethacin. In ac-
cordance with a cytochrome P-450 pathway partially determining the en-
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dothelial-dependent responses to AA, either amplification or attenuation of
AA-induced relaxation of pulmonary artery rings was produced by changing
the activity of cytochrome P-450 monooxygenases upward or downward,
respectively.

A SPECTRUM OF VASCULAR P-450-DEPENDENT MECHANISMS? A spec-
trum of cytochrome P-450-dependent mechanisms has been described within
the vasculature: muscular arteries such as the femoral have the lowest repre-
sentation and coronary arteries have among the highest, with the aorta in-
termediate (75). Indeed, the capacity of AA to elicit a cytochrome P-450
dependent vascular relaxation in these blood vessels correlated with the level
of P-450 enzyme activity (measured as AHH activity). In the femoral artery,
AA-induced endothelial-dependent relaxation was mediated by a cyclooxy-
genase product, as indomethacin abolished this effect of AA (76). In contrast,
in the coronary artery, indomethacin did not eliminate the vasorelaxorant
effect of AA; rather parallel displacement of the AA dose-response curve
occurred after cyclooxygenase inhibition, indicating a significant component
generated by a non-cyclooxygenase pathway of AA metabolism (75). Based
on the effects of inhibitors on the second component of the response to AA in
coronary arteries, a P-450-AA metabolite was considered to be the mediator
of vasorelaxation.

A spectrum of endothelial-dependency linked to P-450 oxygenase activity
was also distinguished among several agonists when tested on isolated coro-
nary arteries (75). Vascular relaxation produced by AA showed the greatest
dependency on linkage to P-450 oxygenase. Acetylcholine-induced relaxation
of the coronary artery was independent of this mechanism, whereas relaxation
produced by moderate doses of bradykinin was intermediate in the degree of
dependency on a P-450 mechanism. As the dose of bradykinin increased, a
non-AA-related factor, presumably EDRF, became evident as a mediator of
the relaxation of coronary arteries to the peptide.

Physiological Aspects of the Vascular P-450 System

FUNCTIONAL HYPEREMIA In terms of potential physiological relevance of
the vascular P-450 system, a study by Proctor et al (64) on the intestinal
circulation linked a physiological response, hyperemia evoked by nutrient
absorption, to mediation by a P-450-AA metabolite. They have provided
evidence that a non-cyclooxygenase product mediated the intestinal
hyperemia as it was potentiated by inhibition of cyclooxygenase. The applica-
tion of AA to the mucosa of the rat small intestines mimicked the increased
intestinal blood flow caused by nutrient absorption, whereas AA did not
register this affect if applied to the serosa. Of the EETs tested for their
r
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capacity to elicit intestinal hyperemia, 5,6-EET was the most potent, surpass-
ing that of adenosine, the reference vasodilator agent.

FETAL BLOOD VESSELS The cytochrome P-450 system in the vasculature

- can also subserve vasoconstrictor mechanisms, as appears to be the case for

fetal vascular shunts—the ductus arteriosus and ductus venosus—on exposure
to increased pO,. Coceani & Olley and their colleagues (77, 78) have made a
strong case for involvement of an AA metabolite generated by an intramurally
sited cytochrome P-450-dependent oxygenase in the closure of each ductus,
whereas patency of these fetal blood vessels appears to be determined by a
vasodilator prostaglandin. Carbon monoxide and other inhibitors of the
cytochrome P-450 system relaxed each ductus. In contrast to studies on adult
blood vessels, removal of the ductal endothelium was without effect on
contractile tension of the ductus produced by increased pO,, suggesting that
the relevant cytochrome P-450-dependent oxygenase in fetal vascular shunts
is found in the media, perhaps in addition to the intima. Other differences
mark fetal and adult vascular tissues in terms of the P-450 system, such as
susceptibility to blockade by Type I vs Type II inhibitors that affect
cytochrome P-450 by different mechanisms. Binding to the protein moiety of
cytochrome P-450 characterizes Type I inhibitors, of which the prototype is
SKF 525A, and lipophilic binding to the heme iron characterizes metyrapone,
a Type II inhibitor (79, 80). The distinctions between fetal and adult
cytochrome P-450 have been interpreted as foreshadowing differences in
maturation, functional expression, distribution intramurally, and product
formation of “two distinct cytochrome P-450 systems” (78).

MYOGENIC RESPONSE OF BLOOD VESSELS The presence of a cytochrome
P-450 system in blood vessels has potentially broad functional implications
that should result in understanding vascular mechanisms, heretofore only
characterized in a descriptive manner. For example, the contractile response
to elevated transmural pressure in vascular beds, the myogenic response first
described by ‘Bayliss (81), is a key mechanism in the regulation of the
circulation. Evidence based on prevention of increases in arterial wall tension
in response to elevated perfusion pressure by inhibitors of P-450-AA synthe-
sis suggests that a P-450-AA product mediates the myogenic response (82).
Thus, agents that either prevented AA release by inhibiting phospholipase
A, or reduced metabolic transformation of AA by the cytochrome P-450
system blunted the development of active tension in dog renal arteries sub-
jected to elevated transmural pressure. Indomethacin and a thromboxane-
prostaglandin endoperoxide receptor antagonist were without effect on the
myogenic response.

In a related study, the myogenic response has been redefined for cerebral
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blood vessels. A transferable contractile factor, with characteristics similar to
those of a P-450 product, is released from cat cerebral arteries subjected to
increased intramural pressure, and can act on downstream segments (83). The
factor was of endothelial origin and diffusible; it depolarized vascular smooth
muscle. Moreover, the contractile response had many of the temporal charac-
teristics of an arachidonate-dependent mechanism. It was generated rapidly in
response to pressurization, and its release and activity were readily reversible
on removal of the stimulus. Formation of the factor may also be promoted by
severe hypoxia, which has been reported to release an endothelial-derived
contractile substance (84).

VASCULAR OXYGEN SENSORS  The studies cited above lead to a reconsider-
ation of vascular oxygen sensors in terms of characteristics shared with the
vascular representation of the cytochrome P-450 system: (a) The studies on
the ductus arteriosus (77, 78) are in accord with a cytochrome P-450 link in
the vascular response to changes in pO,, as is the case with hypoxic pulmon-
ary vasoconstriction (85); (b) Endothelial localization of a putative oxygen
sensor was apparent from the study of Busse et al (86) who abrogated the
response of the rat tail artery to hypoxemia by removing the endothelium; {c)
A non-cyclooxygenase AA metabolite has been reported to mediate the
response of the microcirculation to changes in pO, (87).

Pathophysiological Aspects of the Vascular P-450 System

The pathophysiology of the vascular P-450 system is just beginning to be
explored. Two highly significant recent studies attempt to relate tissue injury
to the participation of the cytochrome P-450 system within the vasculature.
The first study was based on an analysis of the dilator response of the
microcirculation of the hamster cheek pouch, which resembles that of the
skin, to bum injury (21). Based on the susceptibility of the bum-induced
vasodilatation to modification by inhibitors of AA metabolism and using an
experimental design similar to that described above in the study of Oyekan et
al (58), a cytochrome P-450-AA product was considered to be the most likely
mediator of the cutaneous vasodilatation produced by thermal injury. As
12(R)-HETE was identified in the skin (88) and was shown to be the principal
eicosanoid found in the cutaneous lesions of psoriasis (89), it was tested for its
capacity to dilate the cheek pouch. It proved to be a potent dilator of the
cheek-pouch vasculature, as was 5,6-EET (21).

The second study addressed the effects of canine coronary artery stenosis
on production of AA metabolites within the wall of stenosed arteries. Quali-
tative and quantitative changes in AA metabolism were produced by coronary
artery stenosis. All four EETs and their vicinal diols were increased in
stenosed arteries (90). Further, a five-to-tenfold increase in the synthesis of
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12- and 15-HETE occurred in response to stenosis; the level of 12-HETE in
coronary arteries was tenfold greater than that of 15-HETE. These findings
may partially explain the origin of the greatly enhanced 12-HETE levels, in
addition to the presumed contribution of activated platelets (34) observed in
canine hearts subjected to ischemic injury (91).

HYPOXIC PULMONARY VASOCONSTRICTION The cytochrome P-450 sys-
tem in the lung has been postulated to mediate hypoxic-induced pulmonary
vasoconstriction. Sylvester & McGowan (85) have related diminished binding
of O, by the pulmonary cytochrome P-450 system, (i.e. increased desatura-
tion of cytochrome P-450) to pulmonary vasoconstriction, and have proposed
a chemical mediator of this effect. A priori, constriction of pulmonary blood
vessels by hypoxia could result from diminished production of a vasodilator
agent, perhaps related to the P-450-AA metabolite implicated in the vasore-
laxant effect of isolated pulmonary arteries (see above). However, the in-
hibitory action of CO and metyrapone on hypoxic vasoconstriction favors a
vasoconstrictor P-450-AA metabolite mediating the pulmonary vascular re-
sponse to hypoxia. Alternatively, the production of a vasoconstrictor P-450-
AA metabolite may act in concert with the first mechanism, inhibition of a
vasodilator AA product, under hypoxic conditions in the lung. Several P-450-
AA metabolites are capable of constricting blood vessels (15). However,
variations in their vasoactivity amongst species and vascular beds are promi-
nent.

P-450-AA METABOLITES ACTING AS MEDIATORS OF
VASCULAR MECHANISMS

The above survey of vascular mechanisms, possibly subserved by the
cytochrome P-450 system, leads to an examination of P-450-AA metabolites
with prominent vascular actions that could act as mediators of mechanisms
operating within blood vessels. Blood vessels demonstrated a wide range of
biosynthetic capacity and diversity with regard to P-450-AA products. Quan-
titative and qualitative differences depend on the species, the vascular bed,
and the presence of injury (90). Moreover, the vascular response to P-450-AA
metabolites varies with the vascular bed, the species, and the experimental
conditions. For example, 12(R)-HETE is a potent renal vasoconstrictor (92),
whereas it was without activity on canine coronary arteries (90), and dilated
the microcirculation of the hamster cheek pouch (21). 12(R)-HETE also
exhibited vascular actions related to its capacity to inhibit Na*-K*-ATPase,
such as attenuation of K*-induced relaxation of vascular rings previously

- exposed to K*-free medium (93).

The vascular actions of 20-HETE and 5,6-EET, unlike those of 12-HETE,
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were reported to be expressed only after conversion by cyclooxygenase to
prostaglandin analogs (18, 41; Figure 2). Oliw (94) recognized that 5,6-EET,
which retains the 8, 11, and 14 position (cis) double bonds of its parent
compound, AA, was a substrate for cyclooxygenase and could be metabolized
to prostaglandin analogs. Alone of the EETs, the 5,6-EET dilated the rat
caudal artery (95), an effect that was endothelial-dependent (18). The latter
was a function of transformation of the 5,6-EET by endothelial cyclooxgenase
as noted, and provides a mechanism for coupling transport effects of un-
modified 5,6-EET to changes in local blood flow produced by the metabolism
of 5,6-EET via cyclooxygenase in blood vessels. This mechanism may exist
in the S, segment of the renal proximal tubules where 5,6-EET has been
suggested to mediate the natriuretic action of high dose angiotensin II (36).
On extrusion into the extracellular space, 5,6-EET can be acted on by
vascular cyclooxygenase, resulting in dilatation of the peritubular vascular
network. Thus, tubular and vascular function locally within the region or zone
may be coordinated by an eicosanoid acting initially as a second messenger
within the cell of origin and then undergoing transformation to a product
exhibiting vasoactivity within the local environment and perhaps acting sys-
temically.

Ellis et al (96) proposed an alternative mechanism for the expression of
5,6-EET vasoactivity, based on metabolism of the epoxide by the peroxidase
activity of prostaglandin synthase, which generates free radicals of oxygen
possessing vasodilator properties. In addition to cyclooxygenase, prosta-
glandin synthase contains a peroxidase that converts the hydroperoxide PGG,
to PGH,, the hydroxyl endoperoxide, associated with the formation of oxygen
radicals (97). Inhibitors of the cyclooxygenase activity of prostaglandin syn-
thase prevented PGG; formation and, secondarily, inhibited oxygen radical-
generation (96). In support of free radicals acting as the vasoactive species in
the cerebral microcirculation, Ellis et al (96) demonstrated that, similar to
indomethacin, the free radical scavengers, superoxide dismutase plus cata-
lase, prevented dilatation of the rabbit and cat pial arterioles in response to
5,6-EET. In this circulatory bed, other EETs had negligible effects. Further,
the cerebral vasodilator response to AA may also be mediated by the same
mechanism, generation of oxygen radicals, evoked by 5,6-EET, as it was
nullified by either indomethacin or free radical scavengers (96). This study
assumes physiological significance as 5,6-EET constitutes a significant por-
tion of products synthesized from AA by brain slices.

These studies on 5,6-EET (18) and 20-HETE transformation (98) by
cyclooxygenase (see below) mandate reinterpretation of the effects of cyclo-
oxygenase inhibitors on eicosanoid mechanisms. Previously, aspirinlike com-
pounds, if they inhibited a biological action of either AA or of an agent
thought to release AA, such as vasoactive peptides and amines, were consid-



Annu. Rev. Pharmacol. Toxicol. 1991.31:339-369. Downloaded from www.annual reviews.org

by Central College on 12/09/11. For personal use only.

358 MCGIFF

ered to act by eliminating the prostanoid component from the response to the
agonist. This interpretation is no longer tenable if a cell or tissue can be shown
to have significant capacity to generate P-450-AA products that can be
metabolized by cyclooxygenase, the actions of which AA products are de-
pendent on the cyclooxygenase step.

Recent studies require the cyclooxygenase-dependency of the vasoactivity
of 5,6-EET to be qualified in terms of specific vascular beds and species. The
EETs, including 5,6-EET, have been reported to relax precontracted canine
coronary arteries despite inhibition of cyclooxygenase (90). Moreover, the
four EETs were equipotent in their coronary vasorelaxing ability; these
findings stand in contrast to those in the caudal artery (95), the hamster cheek
pouch (21), the ductus arteriosus (77), and the cerebral (96) and intestinal
microcirculations (64). In these vasculatures, 5,6-EET was the most potent
vasodilator of the EETs; the other EETs were usually inactive.

Another exception to the superior potency of 5,6-EET when compared to
the other EETs is in their ability to inhibit platelet aggregation. Fitzpatrick et
al (15, 99) have studied the platelet antiaggregatory properties of the EETs;
14,15-EET was the most potent. These investigators demonstrated that 14,15-
EET inhibited purified cyclooxygenase; however, the latter property could be
dissociated from the ability to inhibit platelet aggregation. Thus, con-
centrations of 14,15-EET that inhibited platelet aggregation were without
affect on platelet thromboxane formation. These observations on platelets
were extended to neutrophils as aggregation of neutrophils that lack cycloox-
ygenase is not affected by aspirinlike drugs (15). As neutrophil aggregation
was inhibited by 14,15-EET, it was concluded that the antiaggregatory mech-
anism was independent of cyclooxygenase and may be linked to a signal
transduction pathway. It should be noted that the platelet studies were con-
ducted on washed human platelets. When platelet-rich plasma was used, the
concentration of the EET required to inhibit aggregation was greatly in-
creased, suggesting catabolism or protein binding of EETs by plasma (90).

An additional caveat concerning the vasoactive properties of epoxides and
linkage to cyclooxygenase relates to species differences. In the rat, 5,6-EET
infused into the renal artery produced dose-dependent reductions in GFR and
renal blood flow (27) whereas in the rabbit a renal vasodilator response to
5,6-EET occurred (100). Further, in the rat kidney, inhibition of cyclooxy-
genase reversed the hemodynamic response to 5,6-EET; GFR and renal blood
flow increased in response to the epoxide (27). In contrast, indomethacin
eliminated the vasoactivity of 5,6-EET in the rabbit kidney (100). A possible
explanation for the dissimilar renovascular responses to 5,6-EET in the rat
and rabbit is based on the determinants of the renovascular responses of the rat
and rabbit to AA, which also elicited dissimilar vascular effects in these
species (101). In the rat, AA caused renal vasoconstriction mediated by
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prostaglandin endoperoxides (66), whereas the characteristic response of the
rabbit kidney to AA, vasodilation, was mediated by vasodilator prostanoids
requiring transformation of the endoperoxides (101). A ready interpretation of
these differences is that in the rabbit kidney, but not in the rat kidney, facile
transformation of the endoperoxide PGH, to vasodilator protanoids is the
rule. By analogy, in the rat kidney, the initial formation of the vasoconstrictor
endoperoxide analog from 5,6-EET proceeds no further, whereas in the rabbit
kidney the endoperoxide analog undergoes extensive additional metabolism to
vasodilator metabolites, e.g. PGE and/or PGI analogs of 5,6-EET.

P-450-AA METABOLITES AND TUBULAR
TRANSPORT MECHANISMS

In the mTALH

A similar metabolic sequence acting via cyclooxygenase confers vasoactivity
on 20-HETE, which was initially described as a vasoconstrictor P-450-AA
metabolite. Escalante et al (41) have obtained evidence that the vasoconstric-
tor effect of 20-HETE depends on its transformation to a prostaglandin
endoperoxide analog. This capability has taken on added significance in view
of recent findings that identify 20-HETE as a major product of P-450-AA
metabolism in mTALH where it, or one of its metabolites, modifies transport
function in this tubular segment (48). We had reported in 1985 that mTALH
cells isolated from rabbit generated AA metabolites via a cytochrome P-450
dependent monooxygenase (3) and that these AA products segregated into
two peaks on reverse phase HPLC, one containing principally vasodilator
material, and the second containing material capable of inhibiting Na™-K*-
ATPase (45, Figure 4). Two principal AA products, 20-HETE and 20-
COOH-AA, have been identified in mTALH (48). The former accounts for
the vasoactivity of the less polar peak and may serve as the precursor for
20-COOH-AA (as each AA metabolite can affect transport function in
mTALH).

To establish a physiological role for these AA metabolites in mTALH,
Escalante et al examined the linkage between changes in transport and
changes in AA metabolism in mTALH (48). Perturbations of the renal P-450
system, first shown to affect AA product formation by rabbit renal cortical
and medullary microsomes, have been applied successfully to modifying the
flux of P-450-A A metabolites by intact mTALH cells (29, 48) in a predictable
manner. Changes in P-450-AA metabolism can thus be correlated with altered
transport function of mTALH cells. The effects of P-450-AA metabolism on
transport was determined by measuring ®**Rb uptake in mTALH cells while
manipulating the flux of AA through the P-450 system (Figure 5). As ¥Rb
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Figure 4 Separation by reverse-phase HPLC of '4C-labeled oxygenated metabolites of
arachidonic acid (AA). Medullary thick ascending loop of Henle (nTALH) cells (3% 10%/ml)
were incubated with *C-AA (0.4..Ci) for 30 minutes. Cells were removed by centrifugation and
the media extracted. AA metabolites were separated on a u Bondapak C,g column, using a linear
solvent gradient ranging from water: acetonitrile (1: 1, containing 0.1% acetic acid) to acetroni-
trile (containing 0.1% acetic acid); the rate of change was 1.25% per/minute at a flow rate of
Iml/minute. Radioactivity was monitored continuously using a radioactive flow detector.

Structural analysis by gas chromatography-mass spectrometry of the principal product in each
peak disclosed 20-hydroxyeicosatetraenoic acid (20-HETE) in peak I (P,) and 20-carboxy-AA
(20-COOH) in peak II (P2), accounting for vasoactivity and the capacity to inhibit Na*,
K™* ATPase, respectively. Lesser amounts of 19-HETE were identified in peak I.

movement reflects that of K*, and as K* is cotransported with Na* and CI~
in mTALH, *®Rb uptake is a reliable estimate of mTALH transport function.
Addition of AA produced a concentration-dependent inhibition of %Rb up-
take, an effect that was prevented by selective blockade of AA metabolism by
P-450 pathways. The blockade could be circumvented by the addition of the
relevant AA metabolites that were identified as principal products of the
cytochrome P-450-dependent pathway of AA metabolism in mTALH. As
increased cAMP inhibits Na*-K*"-ATPase (102) and stimulates P-450-AA
metabolism in mTALH cells (45), we concluded that a P-450-AA metabolite
is the vital link in these events. Thus, an endogenous modulator of N at Kt
ATPase is generated by cytochrome P-450 metabolism of AA in mTALH, the
production of which is increased by cAMP. We propose that the AA-derived
modulator of Na*-K*-ATPase, generated by a P-450 isozyme, is either
20-HETE or 20-COOH-AA.
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mTALH
Brood — ~ Lumen

AA ——> Paso-AA

Furosemide
\L No*(3Na
K* (56Rb)
2c1(*%ci
0,
o0

Figure 5 A model for the effect of P-450-AA metabolites on Na* transport in the thick
ascending limb of Henle’s loop in the rabbit kidney medulla. Na* transport occurs across the
luminal membrane via Na*K*CI~ cotransporter (furosemide inhibitable) and then is extruded
from the cell via the Na*K*ATPase (oubain inhibitable) in the basal-lateral membrane. O, is
required for the ATP hydrolysis for Na*K*ATPase activation. AA metabolism is via a
cytochrome P-450 isozyme that generates metabolites which inhibit Na*/transport either by
affecting Na*/K*ATPase or the Na*K*Cl~ cotransporter, or both.

In the Proximal Tubules

In addition to the mTALH, the proximal convoluted tubules, particularly the
S| segment, contain a highly active cytochrome P-450 monooxygenase(s)
(36). Douglas et al (103) have identified 5,6-EET as the main product of AA
metabolism in this nephron segment, which is also the site of a principal
action of angiotensin II (AIl) on sodium transport. All increased formation of
5,6-EET, probably by stimulating phospholipase A, and thereby promoting
the delivery of free AA to the oxygenase. They have obtained evidence that
this mechanism represents the means for expression of the natriuretic action of
high dose (nM-uM) AIL Thus, high dose AIl, as well as authentic 5,6-EET,
inhibited unidirectional ?*Na flux (Jn,). Ketoconazole, an inhibitor of epoxy-
genase (63), prevented the action of All on sodium movement and potentiated
that of authentic 5,6-EET, results in accord with the interpretation that
5,6-EET acts as the second messenger of the Al effect on sodium transport.
The linkage of 5,6-EET to inhibition of sodium transport was examined in
terms of inhibition of Na™ ,-K*-ATPase and rejected, as 5,6-EET was a weak
inhibitor of the enzyme. However, 5,6-EET increased cytosolic calcium
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dose-dependently, having a threshold concentration of 10~8M. The epoxide
promoted calcium influx through voltage-sensitive channels; this in turn was
thought to facilitate calcium-calmodulin related inhibition of the Na*-H*
exchanger on the luminal membrane of the proximal tubules. The effects of
EETs on calcium mobilization may explain many of the actions of these
P-450-AA metabolites.

P-450-AA METABOLISM IN HYPERTENSION

As the mTALH generates P-450-AA metabolites capable of affecting Na*-
K™ -ATPase activity, these eicosanoids may participate in rapid adjustments
of sodium reabsorption or potassium secretion by the renal tubules. An
endogenous modulator of Na*-K*-ATPase activity has been long sought,
having been postulated to account for rapid adjustments in sodium reabsorp-
tion and potassium excretion by the nephron (104). Likewise, the operation of
a factor in the mTALH segment in hypertension has been advanced to account
for decreased activity of Na*-K*™-ATPase in the outer medulla (105). The
latter is expressed functionally in hypertension by disturbances in the absorp-
tion of sodium chloride as, for example, accelerated excretion of a sodium
chloride load in hypertensive man (106). It should be recalled that hyperten-
sion has been proposed to be a secondary event, the primary or initiating event
being increased sodium chloride absorption that was offset by elevated renal
perfusion pressure associated with systemic hypertension. This was first
proposed by Baldwin et al (107) and received support from the system
analysis developed by Guyton & Coleman (108), who concluded that renal
excretory impairment was central to the development of hypertension. The
elevation of blood pressure was, therefore, compensatory to facilitate sodium
chloride excretion. Sacerdoti et al (109) have obtained evidence that this
mechanism operates in the SHR, as normalization of the relationship between
sodium excretion and renal perfusion pressure was produced by reducing the
generation of pro-hypertensive P-450-AA metabolites.

The cytochrome P-450 pathway of AA metabolism in the mTALH is highly
selective in responding to circulatory hormones (45) and demonstrates large
changes in product formation when challenged by either renal ischemia or
changes in salt intake (50, 51). The interaction of hormones with the
cytochrome P-450 system in the nephron has broad implications regarding the
regulation of the volume of body fluids and the control of blood pressure. For
example, the cytochrome P-450-dependent pathway of AA metabolism in
mTALH may act as a common mechanism mediating changes in sodium and
chloride excretion in response to hormones and to changes in renal perfusion
pressure, as well as to natriuretic substances including circulating inhibitors of
Na*-K*-ATPase activity, which may be elevated in hypertension (110).
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P-450-AA Metabolism in the SHR

Experimental interventions, as noted, are available to modify the flux of AA
through the renal cytochrome P-450 system, making it possible to address the .
contribution of P-450-AA products to renal functional disturbances in
hypertension. A renal lesion has been proposed as the cause of high blood
pressure not only in essential hypertension in humans but also in the spon-
taneously hypertensive rat (SHR), the most studied animal model of human
hypertension (111). In the SHR, salt and water retention and depression of
GFR and renal blood flow coincide with the rapid developmental phase of
hypertension, between 5 to 13 weeks of age, and disappear in the mature SHR
(112, 113). Eicosanoid-related renal functional abnormalities, particularly as
they relate to products of the cyclooxygenase pathway, have been examined
in terms of their participation in the pathogenesis of hypertension in the SHR
(111). However, prostaglandin-dependent mechanisms have been found
wanting as primary factors in the pathogenesis of hypertension in the SHR;
rather they appear to be secondary tothe elevation of blood pressure. Because
of the prohypertensive properties of several P450-AA products, including
vasoconstriction (41) and stimulation of Na*-K*-ATPase activity (114), we
examined the SHR for abnormalities of P-450-AA metabolism. Increased
renal production of w-/w-1 HETEs occurred in the SHR during the de-
velopmental phase of hypertension (115). As renal cytochrome P-450-
dependent AA metabolism can be depressed selectively with SnCl, (116), we
used SnCl; to determine the effects of decreased formation of renal P-450-AA
metabolites on the elevated blood pressure of the SHR. SnCl,, as CoCl,,
induced renal heme oxygenase, but, unlike CoCl,, SnCl, did not affect heme
oxygenase of extrarenal tissues (22). As heme oxygenase is the rate-
controlling enzyme in heme catabolism, it reduces the availability of heme for
hemeoprotein such as cytochrome P-450 monooxygenases and results in
diminished cytochrome P-450 content, and, secondarily, decreased metabo-
lism of AA through cytochrome P-450 pathways (22).

Acute treatment with SnCl, was antihypertensive in 6-week-old SHRs,
requiring two days to normalize blood pressure (109). Chronic treatment
prevented the development of hypertension in the young SHR (7). In either
instance reduction of blood pressure was obtained only if SnCl, was given
before the established phase of hypertension. SnCl, was without effect on
blood pressure in either young or adult normotensive WKY rats or, as noted,
in adult SHRs. SnCl, resulted in decreased formation of w-(20-HETE) and
w-1-(19-HETE) hydroxylation products by the renal cytochrome P-450 path-
way in the SHR whereas formation of EETs did not appear to be affected
(109). Reduced formation of P-450-AA products in 6-week-old SHRs oc-
curred concomitantly with a fall in blood pressure and increased excretion of
sodium chloride (22). Natriuresis-chloruresis, therefore, occurred despite a
fall in blood pressure, changes compatible with normalization of the relation-
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ship between blood pressure and sodium chloride excretion. That is, the blood
pressure-natriuresis curve was shifted to the left (108) in response to SnCl,-
induced recovery from hypertension. The effect of SnCl, was consistent with
the proposal that hypertension acts as a compensatory mechanism to restore
sodium chloride hemeostasis in the face of enhanced activity of factors
promoting salt reabsorption and arising from a cytochrome P-450 isozyme.
As renal cytochrome P-450-dependent monooxygenases can also generate
mineralocorticoids with the capacity to elevate blood pressure, it is important
to recognize that products of the renal cytochrome P-450 system, other than
AA metabolites, may participate in the elevation of blood pressure in the
SHR. Melby and colleagues (117) have reported that a prohypertensive
mineralocorticoid, 19-nor-deoxycorticosterone, can be generated by the
cytochrome P-450 system in increased amounts in the young SHR.

SUMMARY

The cytochrome P-450 pathway of AA metabolism is widely distributed and
gives rise to a diversity of products affecting basic biological mechanisms
such as vascular reactivity and transport function in critical nephron seg-
ments. P-450-AA metabolites may participate in receptor-mediated signal
transduction and may act as second messengers. The synthesis of P-450-AA
products can be altered by pharmacologic probes and is affected by patho-
physiological conditions. That this review has centered on the circulation and
renal function should not be interpreted as minimizing the importance of
P-450-A A metabolites in other organs and systems for, most assuredly, they
will be shown to constitute an essential component of organ function in sites
other than those addressed here.
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