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Abstract The initial studies of the metabolism of arachi-
donic acid (AA) by the cytochrome P450 (P450) hemeprot-
eins sought to: a) elucidate the roles for these enzymes in
the metabolism of endogenous pools of the FA, b) identify
the P450 isoforms involved in AA epoxidation and w/w-1
hydroxylation, and c) explore the biological activities of
their metabolites. These early investigations provided a
foundation for subsequent efforts to establish the physio-
logical relevance of the AA monooxygenase and its contri-
butions to the pathophysiology of, for example, cancer,
diabetes, hypertension, inflammation, nociception, and vas-
cular disease.lll This retrospective analyzes the history of
some of these efforts, with emphasis on genetic studies that
identified roles for the murine Cyp4a and Cyp2c genes in
renal and vascular physiology and the pathophysiology of
hypertension and cancer. Wide-ranging investigations by
laboratories worldwide, including the authors, have estab-
lished a better appreciation of the enzymology, genetics,
and physiologic roles for what is now known as the third
branch of the AA cascade. Combined with the development
of analytical and pharmacological tools, including robust
synthetic agonists and antagonists of the major metabolites,
we stand at the threshold of novel therapeutic approaches
for the treatment of renal injury, pain, hypertension, and
heart disease.—Capdevila, J. H., and J. R. Falck. The arachi-
donic acid monooxygenase: from biochemical curiosity to
physiological /pathophysiological significance. J. Lipid Res.
2018. 59: 2047-2062.
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A BRIEF HISTORIC PERSPECTIVE

The pursuit of science is a journey with many destinations

Our exploration of roles for the cytochrome P450 (P450)
enzyme system in arachidonic acid (AA) metabolism and
bioactivation became part of an exciting, challenging, and
rewarding journey that allowed us to pursue goals that at
times seemed unrealistic and/or nearly impossible, but
with the help and example of many collaborators contrib-
uted to our growth as scientists and individuals. Our jour-
ney started in 1981 with reports by others and us that
microsomal and purified forms of P450 catalyzed the
NADPH-dependent oxidation of AA to hydroxy-AA, dihy-
droxy-AA (1-3), and epoxy-AA products (4). These initial
observations were judged by some in the P450 and AA
fields to be another example of the catalytic versatility of
the P450 enzyme system and, consequently, of limited and
questionable physiological relevance and not worth pursu-
ing. For others, the structural simplicity of the metabolites
generated by the P450 enzymes was yet more reason to dis-
miss them as inconsequential. However, the established
importance of AA as biosynthetic precursor for several me-
diators of cell, organ, and body physiology enticed us to
explore the functional significance of these novel P450
catalyzed reactions. With the help and know-how of col-
leagues in the Departments of Physiology and Medicine
at University of Texas Health Science Center at Dallas
(UTHSCD) (now UT Southwestern), we initiated studies
of the potential biological significance of the P450-derived
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eicosanoids soon after their structural characterization and
syntheses. These initial efforts identified the epoxyeicosa-
trienoic acids (EETs) as potential participants in Na"and K
transport by the distal nephron (5), the release of Ca™
from intracellular stores (5), and the secretion of peptide
hormones from cell and tissue preparations (5). These
data provided a foundation to subsequent investigations of
the involvement of the P450 AA monooxygenase (AA mo-
nooxygenase) metabolites in vascular and renal physiol-
ogy. Thanks to the recognition of the novelty and potential
importance of these studies by the staff and reviewers at the
National Institutes of Health (NIH) National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK) and
National Institute of General Medical Sciences, critical fi-
nancial support was provided to our laboratories to initiate
the chemical, biochemical, and functional characteriza-
tions of the AA monooxygenase pathway. It is worth men-
tioning that the NIH funded the pursuit of a novel
hypothesis that, at the time, had limited supporting pre-
liminary data and was not widely accepted. One can only
speculate if that would be the case today.

As we initiated these studies, priority was placed upon
substantiating whether: @) the AA monooxygenase partici-
pated in the metabolism of endogenous pools of AA, i.e., it
is a formal metabolic pathway; ) its metabolites were bio-
logically active; and ¢) the enzymes and products of the AA
monooxygenase were physiologically and/or pathophysio-
logically relevant. To achieve these goals, we focused first
on completing the structural and stereochemical elucida-
tion of all P450-derived primary AA metabolites; second,
developing methods for their total synthesis and their iden-
tification and quantification in biological samples; and
third, initiating wide-ranging analyses of their potential bi-
ological activities. With evidence of biological significance,
we would then proceed to the identification of functionally
relevant P450 isoforms, the characterization of their enzymatic
properties, organ/tissue expression and regulation, roles
in animal models of genetically determined organ dysfunc-
tion, and, ultimately, their physiological/pathophysiological
relevance and potential biomedical significance. Overall
progress in this field of studies has followed more or less
the above sequence, with work from now many different
laboratories worldwide contributing to the identification of
new functionalities for AA monooxygenase ranging from,
for example, hypertension, vascular diseases, cancer, dia-
betes, inflammation, to nociception.

Itis not our intent in this retrospective to be comprehen-
sive; therefore, the reader is referred to several excellent
in-depth reviews of the pertinent literature (5-16). Instead,
we provide a more or less temporal sequence of events and
a personal view of the crucial observations and concepts,
especially in renal and vascular physiology/pathophysiol-
ogy, that helped bring this area of study to its present status
as the third branch of the AA cascade. Along the way, we
reflect upon almost four decades of our own studies while
recognizing the many pioneering and creative contribu-
tions from generous and supportive scientists, including
Drs. John C. McGiff, Michal L. Schwartzman, Richard
Roman, David Harder, John Imig, William Campbell, and
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Wen-Hui Wang and associates. Their efforts were instru-
mental in the identification of functional roles for the P450
AA metabolites and in the establishment of the AA mono-
oxygenase as a physiologically and pathophysiologically rel-
evant metabolic pathway.

The P450 gene superfamily codes for an extensive group
of catalytic heterogeneous hemeproteins that, based on
amino acid sequence identities, are organized into families
and subfamilies (=40% and =60% identity, respectively),
with approximately 57 genes identified in humans (17). As
typical monooxygenases, P450s catalyze the insertion of an
oxygen atom from molecular oxygen into their substrates
and the release of the other oxygen atom as water. Over the
last 60 years, these enzymes have been the subjects of inten-
sive studies that led to the establishment of their toxicologi-
cal and pharmacological importance (17). However, the
recognition that P450 was competent to metabolize AA
stimulated studies of its functional roles and relevance to
human physiology and pathophysiology. Our interest in
the participation of P450 in the oxidation of AA was an
unanticipated outcome of experiments investigating the
involvement of endogenous FA hydroperoxides as oxygen
donors during the oxidation of polyaromatic hydrocarbons
by microsomal fractions. While searching for precursors
for these putative lipid hydroperoxides, with Nicholas Chacos,
a UTHSCD graduate student, we incubated rat liver micro-
somes with radiolabeled AA in the presence of NADPH.
Chromatographic analyses of the resulting organic extracts
revealed that liver P450s metabolized AA, in an NADPH-
dependent fashion, to oxygenated products that included
hydroxy- and epoxy-AA metabolites (1, 4). While debating
whether to continue with these studies, we started a pro-
ductive and long-standing collaboration with Dr. John R.
Falck, a member of the UTHSC faculty. John shared with
us his knowledge of the chemistry and biological signifi-
cance of the many products of AA cascade and was instru-
mental in convincing us to pursue studies of roles for the
P450 enzymes in the metabolism and bioactivation of AA.
The ensuing structural characterization of metabolites
generated by microsomal and purified P450 isoforms
showed that the AA monooxygenase (Fig. 1) consisted of
two major branches: a) the AA o/w-1-hydroxylase that cata-
lyzes mostly hydroxylations at or near the AA terminal
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 and w-1 carbons to yield 20-HETE and 19-HETE (5), and
b) the AA epoxygenase that epoxidizes AA to generate the
5,6-; 8,9-; 11,12-; and 14,15-EETs (5). Subsequently, we
demonstrated that EETs could be enzymatically hydrated
by the cytosolic form of soluble epoxide hydrolase (sEH) to
furnish the corresponding vicdihydroxyeicosatrienoic ac-
ids or dihydroxyeicosatrienoic acids (DHETs) (18), ini-
tially identified by E. H. Oliw and J. A. Oates in their 1981
report (2).

METABOLITE CHARACTERIZATION, CHEMICAL
SYNTHESIS, AND ENZYMOLOGY

The synthesis of homochiral and racemic standards of
5,6~ 8,9+ 11,12-; and 14,15-EET (19-21), 19- and 20-HETE
(22), and 5,6-; 8,9~ 11,12~ and 14,15-DHET (23) was fol-
lowed by the rapid development of methods for their chro-
matographic resolution (5), stereochemical analysis (24),
ELISA (25), and mass spectral identification and quantifi-
cation (5). The availability of synthetic metabolites opened
the door to wide-ranging interrogations of their biological
activities and the characterization of P450 isoform-depen-
dent regio and/or stereo-selective AA metabolism (5).
Abundant enzymatic, biochemical, immunological, ge-
netic, and functional data identified P450s of the CYP2 and
CYP4 families as the predominant and functionally rele-
vant AA epoxygenases and w/w-1 hydroxylases, respec-
tively, in most organ tissues (5-7, 10, 11).

The CYP4A enzymes show extensive functional and
sequence homology across species and are high selectiv-
ity toward the w/w-1 hydroxylation of FAs (26). The w-
hydroxylation of AA to 20-HETE by CYP4A isoforms is
common to several organs (5, 6, 10, 14, 27-32); however, it
is in kidney where it is prevalent and has been assigned
important functions (6, 7, 10, 14). Several members of the
CYP4F subfamily are known to catalyze w/w-1 hydroxyl-
ation of AA as well as the metabolism of several eicosanoids
and drugs (6, 10, 14, 33). A predominant role for human
CYP4F2 in renal 20-HETE biosynthesis has been proposed
(29). Table 1 shows a summary of CYP4 proteins so far char-
acterized as 20-HETE synthases.

Members of the CYP2C and CYP2] subfamilies are recog-
nized as the major AA epoxygenases in organs such as liver,
kidney, lung, brain, and vascular endothelium (5-9, 11—
15) (Table 1). Rat CYP2C23 and mouse Cyp2c44, the pre-
dominant AA epoxygenases in the rat and mouse kidney
and endothelium (11, 35-37), are unique in that: @) they

display high interspecies amino acid sequence identity, but
limited intraspecies homology toward other CYP2C sub-
family members; b) they epoxidize AA with high regio and
stereoselectivity (5, 35); and ¢) their kidney expression is
regulated by dietary salt (5, 7, 11). Human CYP2C8 and
CYP2C9 were recognized as renal and endothelial epoxy-
genases, respectively (36, 37), and shown to participate in
vascular relaxation (5-9, 12). Finally, there is genetic evi-
dence for the participation of Cyp2j5 in estrogen metabo-
lism, but not AA epoxidation (38).

BIOLOGICAL SIGNIFICANCE

The AA monooxygenase: a member of the endogenous
AA metabolic cascade

Because asymmetric synthesis is a hallmark of biosyn-
thetic origin, the identification of endogenous enantio-
merically enriched (scalemic) EETs in rodent and human
organs, plasma, and urine (5) established the AA epoxy-
genase as a formal metabolic pathway. Studies of the effects
of P450 inducers on the levels and properties of the endog-
enous EETs confirmed a role for P450 in their biosynthesis
(5). During these early studies, we learned that better than
90% of the EETs in most plasma and organ tissues were
present esterified to the sn-2 position of glycerophospho-
lipids (5, 39). The fact that these EET-phospholipids
are biosynthesized from endogenous precursors and un-
der physiological conditions (39) suggested that they could
serve as an intracellular reservoir of EETs that could be
released upon hydrolysis of existing EET-phospholipids
(5, 11). Based on sEH bias toward the hydration of the EET
enantiomers present in liver and kidney, we proposed a
role for the enzyme in the in vivo hydration of endogenous
EETs (40). Since these early studies, Dr. Bruce Hammock
and collaborators recognized the potential that sEH inhibi-
tion had as a maneuver to control cellular EET levels and
function and identified the enzyme as a promising target
for drug development (16).

The detection and quantification of endogenously gen-
erated 20-HETE was facilitated by the properties of the AA
molecular template, in which oxidations at its less thermo-
dynamically reactive C17 through C20 carbons, with segre-
gation of its more reactive olefins and bis-allylic methylene
carbons, are necessarily enzymatic and not artifactual. The
urine excretion of 20-HETE as a glucuronic acid conjugate
was demonstrated (41), a fact shown to be the case in
nearly all urine samples so far analyzed (5, 6, 10).

TABLE 1. Members of the CYP4 and CYP2 subfamilies characterized as 20-HETE and EET synthases, respectively,
in human and rodent tissues
20-HETE Synthases EET Synthases
CYP4A CYP4F CYP2C CYP2]
Human 4A11 4F2 2C8,2C9 2]2
Rat 4A1,4A2,4A8 4F1,4F4 2C11,2C23 2]4
Mouse 4al2s,4al12b 414,4£15 2¢29,2c44 2j3

The 20-HETE and EETs accounted for =90% of total products, respectively. See refs. 5, 6, 14, and 27-37.
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The metabolites of the AA monooxygenase are bioactive

Because of the limited availability of the AA monooxy-
genase metabolites from natural sources, most of the stud-
ies of their biological activities utilized synthetic metabolites,
enzyme inhibitors, and EET or 20-HETE functional ana-
logs or antagonists. Later, advances in the characterization
of specific EET and 20-HETE synthases and of cDNA trans-
fection techniques allowed for studies of transgene/pro-
moter-mediated changes in enzyme expression, product
biosynthesis, and functional responses. From these efforts,
the number of biological activities ascribed to the AA mo-
nooxygenase has steadily grown to include, among other
things, vascular, renal, cerebral, and pulmonary function
(5-15). As mentioned, we highlight here a few studies that,
in our view, contributed to the recognition of the AA mo-
nooxygenase as an important source of lipidic autacoids.

In our early search for ways to determine whether the AA
monooxygenase pathway had biological significance, we
thought that because metabolites of AA such as prostanoids
were known to play functional roles in kidney physiology,
the organ appeared as a reasonable choice to initiate these
studies. Soon after synthetic EETs became available, Dr.
Harry Jacobson, a member of the UTHSCD Nephrology
Division, showed that 5,6- and 14,15-EET inhibit Na* and
K' transport when added to the lumen of isolated perfused
rabbit cortical collecting tubules (5). Although at that mo-
ment, the functional significance of these results was not
obvious to us, it did provide important experimental sup-
port that: @) helped us to secure funding from the NIDDK
Institute for a program project grant that supported our
studies uninterruptedly from 1985 through 2014, b) was in-
strumental in moving the AA monooxygenase from a bio-
chemical curiosity to a functionally significant metabolic
pathway, and ¢) identified renal physiology as a subject of
efforts to characterize the physiological/pathophysiologi-
cal significance of the P450-mediated pathway of AA
bioactivation.

Subsequent studies by different investigators have identi-
fied functional roles for the EETs in cell Ca*" mobilization,
renal Na' excretion, nociception, epidermal growth factor
(EGF) signaling, mitogenic kinase activation, cell replica-
tion, vascular endothelial growth factor (VEGF)-stimulated
angiogenesis, NFkB subunit signaling, tumorigenesis ,and
metastatic growth (5-15, 36, 42—44). The EETs were first
identified as vasoactive lipids in 1987 by groups associated
with Drs. Kenneth G. Proctor (University of Tennessee)
(45) and John McGiff (New York Medical College) (46).
Soon after these seminal reports, the vasoactive properties
of the EETs were linked to the activation of vascular smooth
muscle calcium-sensitive K" channels (6, 8, 47, 48). Subse-
quently, in 1996, William B. Campbell, PhD, and collabora-
tors identified the 11,12- and 14,15-EET generated by the
vascular endothelium, as endothelium-derived hyperpolar-
izing factors (EDHFs) by showing that they activated vascu-
lar smooth muscle cell calcium-sensitive 256 pS maxi-K
channels (BKg,), resulting in cell hyperpolarization and
vasodilation (49). Collectively, these studies provided a
mechanistic explanation for the vasoactive properties of
the epoxygenase metabolites. Since then, the EETs have
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been shown to mediate vasodilation by mediators such as
bradykinin, acetylcholine, and adenosine (6-8, 12, 14).

Our initial, and perhaps somewhat naive, forays into
pharmacology/physiology had a steep learning curve. Wil-
liam (Bill) Campbell, who at the time was on the faculty at
UTHSCD and already a prominent authority on eicosanoids
and vasoactive compounds, offered to evaluate the EETSs in
his bovine aortic ring assay. We gathered in Bill’s lab one
evening and gave him a 10 uM solution of synthetic 14,15-
EET to test its vasoactive properties. To everyone’s delight,
the pen on the chart recorder registered maximum relax-
ation almost immediately. The sample was returned to the
chemistry student who had prepared it with instructions to
dilute the sample 10-fold. Again, a maximum response, and
again the sample was diluted another 10-fold. Following
many more rounds with the same result, it was now late eve-
ning, and Bill finally asked the chemist, “What are you using
as the solvent?” Benzene came as the answer. By then it was
nearly midnight, so all we could do was laugh and go home.
Although this experiment was a failure, it was repeated
properly and successfully a few days later. Together with ad-
ditional studies, a few years later, Bill formulated his now
widely accepted hypothesis that EETs are EDHFs in some
mammalian species, including man.

Multiple functional roles are reported for 20-HETE (6,
10, 14), including regulation of renal Na'/K" ATPase activ-
ity (10), Ca”" and CI fluxes (6, 10, 14), vascular remodeling
(10), and tumor metastasis (50), as well as hormonal signal-
ing by vasopressin, angiotensin, norepinephrine, EGF, and
VEGF (6, 10, 12, 14). Recent studies identified: a) GPR75,
a G-protein coupled receptor (G,), as the 20-HETE recep-
tor that mediates its effects on vascular function and blood
pressure (BP) control (51); and b) the long-chain FA
receptor one (FFARI) that, upon 20-HETE binding,
mediates autocrine glucose-stimulated insulin secretion by
pancreatic B-cells (52). Consistent with the often-opposing
biological properties of 20-HETE and EETs, 20-HETE: ¢) is
a vasoconstrictor of small arterioles, including the cerebral
and renal microcirculation, and mediates the activity of
prohypertensive hormones (6, 10, 14); and ) modulates
renal and cerebral microcirculation responses to perfusion
pressure in vitro and blood flow in vivo (9, 10, 14, 15). Fur-
thermore, at difference with the EETs, 20-HETE is formed
by vascular smooth muscle cells and functions as anti-EDHF
by inhibiting BK¢, and triggering cell depolarization and
vasoconstriction (10, 14, 53); effects have been attributed
to binding to its GPR75 receptor (51). Summarizing, EETs
and 20-HETE can dilate or constrict the brain and kidney
microcirculation, respectively, alter vascular resistance and
blood flow and, in the kidney glomerular filtration rates,
and Na' excretion (10, 14).

PHYSIOLOGICAL/PATHOPHYSIOLOGICAL
SIGNIFICANCE

The initial biological activities ascribed to the enzymes
and products of the AA monooxygenase provided impor-
tant information regarding their potential functional roles;



however, due to their mostly in vitro and descriptive na-
ture, their physiological and/or pathophysiological rele-
vance remained uncertain. Many of the early functional
studies targeted the kidney because it shows significant
CYP4A and CYP2C expression (5-7, 10, 14) and synthesizes
EETs and 20-HETE in vivo (5-7, 10, 14), and the transport
and vascular effects of these eicosanoids suggested roles for
them in BP regulation (6, 7, 10, 14). The proposal of a role
for AA monooxygenase in the pathophysiology of experi-
mental hypertension (54) was a decisive milestone that
made possible studies of associations between genetically
determined functional phenotypes and the expression
and/or activity of individual P450s and inspired some of
the most important advances in this area of research (6—
15). From integrations of functional responses to P450
metabolites and correlations between their biosynthesis
and the development of hypertension in rat models of ge-
netically determined hypertension, pro hypertensive and
antihypertensive roles were proposed for the CYP4A
w-hydroxylases and the CYP2C epoxygenases (7, 10, 11, 14).
Since those early pioneering studies, the enzymes and
products of AA monooxygenase have been implicated in
the pathophysiology of diseases such as hypertension, can-
cer, and diabetes, as well as inflammation, ischemic reper-
fusion injury, and vascular dysfunction (6-15). We will
focus primarily on studies of experimental hypertension
and cancer, two diseases for which there is unequivocal
genetic data supporting the involvement of specific CYP4A
and CYP2C genes and their products.

The kidney AA monooxygenases and
experimental hypertension

The kidneys play crucial roles in the control of plasma
volume, and sodium concentrations and alterations in re-
nal hemodynamics and/or Na* transport are common
features of prevalent forms of human hypertension (6, 10,
14). The renin-angiotensin-aldosterone and Kallikrein-
Bradykinin hormonal systems are established regulators of
the renal vasculature, pressure natriuresis, and systemic BP
with tubular Na® transport serving as the final effector of
their roles in plasma Na' and volume homeostasis (6, 7, 10,
14). Studies with the SHR/WKY rat model of genetically
determined spontaneous hypertension led investigators at
the New York Medical College (Valhalla, NY) to propose a
role for kidney P450s in the pathophysiology of hyperten-
sion based on: a) temporal correlations between the onset
of SHR hypertension and increases in renal CYP4A expres-
sion and 20-HETE biosynthesis (10, 54), b) the reno-vascular
responses to 20-HETE administration (10, 14), ¢) the
normotensive effects of SnCly-mediated P450 depletion
(54), and d) the pressure-lowering effects of CYP4A anti-
sense nucleotide administration (10). This pioneering
proposition stimulated broad investigations into the asso-
ciations between BP phenotypes and structural and/or
regulatory changes in P450 gene(s) function and/or ex-
pression. For instance, in the Dahl rat model of genetically
determined salt sensitive hypertension, the CYP4A2 20-
HETE synthase was assigned antihypertensive roles based
upon: @) the in vitro natriuretic properties of 20-HETE (10,

The arachidonate monooxygenases in hypertension and cancer

14), b) inhibitor studies (6, 14), and ¢) differences between
Dabhl salt=sensitive (SS) and salt-resistant (SR) rats in CYP4A2
expression and 20-HETE biosynthesis (6, 14). Alternatively,
antihypertensive roles for the kidney CYP2C23 epoxy-
genase and the EETs were proposed based on the facts
that: @) CYP2C23 and urinary EET excretion are upregu-
lated by excess dietary salt intake (7); b) inhibition of the
CYP2C23 epoxygenase reduces urinary EET excretion and
causes SS hypertension (7); ¢) Dahl SR rats on a high-salt
(HS) diet increase renal EET biosynthesis and remain nor-
motensive, whereas SS animals fail to do so and become
hypertensive (7); and d) the identification of 11,12-EET as
a selective inhibitor of the kidney epithelial sodium chan-
nel (ENaC) gating and sodium reabsorption in rat col-
lecting ducts (CDs) (55). However, the multigenic and
complex nature of the SHR and Dahl SS pressure pheno-
types precluded unequivocal identifications of the role(s)
played by distinct P450 genes and/or proteins in BP con-
trol. Advancements in gene-targeting techniques led us to
develop mouse lines carrying globally disrupted copies of
the Cyp4al4 (56), Cyp4al0 (57), and Cyp2c¢44 (58) genes, a
line of Cyp2¢44 CD conditional KOs as models of P450 dys-
function (59), as well as transgenic mice overexpressing
the Cyp4al2a 20-HETE synthase (60). Given the complex-
ity of the P450 gene superfamily, selecting a functionally
meaningful gene for disruption carried a degree of uncer-
tainty that we narrowed by initiating these efforts with the
Cyp4a mouse subfamily based on: I) the identification of
rat CYP4A2 as prohypertensive (10, 14), 2) the subfamily
evolutionary conservation and selectivity toward FA hy-
droxylation (26), and 3) its functional specialization as il-
lustrated by the fact that the human genome contains two
CYP4A genes, but only one is catalytically active (11, 28).
During the characterization of the Cyp4a gene cluster, we
identified two Cyp4al2 genes with high genomic sequence
identity and, after several attempts, failed to generate a line
of Cyp4al2(”’” ) mice. Subsequently, the proteins encoded
by these genes were identified as Cyp4al2a and Cyp4al2b
(31). The hypertensive phenotype of Cyp4alO(’") (57)
mice simplified the choice of the Cyp2c44 gene for disrup-
tion (58).

The Cyp4al4 gene and androgen-sensitive hypertension. Dis-
ruption of the Cyp4al4 gene (4al4-KO) causes a type of
hypertension that is male-specific and associated with in-
creases in plasma androgens, the kidney expression of
Cyp4al2a, and urinary 20-HETE (Fig. 2) (11, 56). Castra-
tion lowers renal Cyp4al2a expression and normalizes
the pressures of hypertensive 4al4-KO mice, whereas
the administration of androgens to castrated 4al4-KO
mice restores Cyp4al2a expression and the hypertensive
phenotype (11, 56). Furthermore, androgen administra-
tion raises the BPs of female mice, regardless of their
Cyp4al4 genotype (11, 56). Male 4al4-KO mice showed
increased renal afferent arteriole resistance and a com-
promised microvascular autoregulatory capacity, impli-
cating alterations in renal hemodynamics (11, 56) and
proximal tubule fluid reabsorption (Fig. 2) (61) as deter-
mining factors of the animal’s hypertensive phenotype. The
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Fig. 2. The Cyp4al4 gene and the pathophysiology of sexually di-
morphic hypertension (56). Arrows pointing up denote increases in
expression or functional responses. The dashed arrow indicates
that the Cyp4al4 gene regulates plasma androgens by unknown
mechanism(s).

demonstration that Cyp4al2a transgenic mice with in-
creased kidney Cyp4al2a expression and 20-HETE biosyn-
thesis show androgen-independent hypertension (10, 60)
confirmed that the pressure phenotype of 4al4-KO mice
was 20-HETE-dependent and not a direct result of changes
in plasma androgen levels. Furthermore, 20-HETE recep-
tor antagonists (51) reversed the hypertensive phenotypes
of 4a14-KO and Cyp4al2a transgenic mice (60). Of special
interest is the fact that Cyp4al4 does not metabolize AA or
androgens to measurable extents (11, 31, 56); hence, the
pressure effects of the Cyp4al4 gene are mediated, indi-
rectly, by the upregulated expression of the renal Cyp4al2a
20-HETE synthase (Fig. 2) (10, 11, 56). The hypertensive
phenotype of male 4al4-KO provided the first unequivocal
evidence of a role for a P450 gene in the regulation of sys-
temic BPs, as well as a yet-to-be-characterized role for Cyp4al4
gene product(s) in the control of plasma androgens. It is of
interest that our initial identification of the sexually dimor-
phic hypertensive phenotype of 4al4-KO mice was more or
less fortuitous and resulted from a colleague’s request to
use our 4al4-KOs to check his BP measurement instru-
ment. After several attempts, he reported back that the ani-
mals were not as hypertensive as we thought. Because at
that moment we didn’t have enough males to spare, we had
instead given him a few females, which, as we latter cor-
roborated, were not hypertensive.

The Cyp4al0 gene and dietary SS hypertension. Male and
female Cyp4alO(—/— ) (4al0-KO)mice on low-salt (LS) diets
(0.05% NaCl) are normotensive, but become hypertensive
when fed diets containing normal-salt (NS) (0.3% NaCl) or
HS (8% NaCl) (57). At difference with 4al4-KO mice, dis-
ruption of the Cyp4al0 gene did not alter renal Cyp4al2a
expression or 20-HETE biosynthesis, but, unexpectedly,
led to reductions in renal Cyp2c44 expression and EET
biosynthesis (Fig. 3) (57). In contrast with their negative
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Fig. 3. The Cyp4al0O gene and the pathophysiology of SS hyper-
tension (57). Arrows pointing up or down denote increases or re-
ductions in expression or functional responses, respectively. The
dashed arrow indicates that the Cyp4al0 gene regulates the SS ex-
pression of renal Cyp2c44 by unknown mechanisms.

effects on the liver and endothelial expression of CYP2C
epoxygenases (36, 62), ligands to the PPAR« increased kid-
ney Cyp2c44 expression and EET biosynthesis and normal-
ized the pressures of hypertensive 4al0-KO mice (57).
Hypertensive 4al0-KO mice showed reductions in urine
Na" and K excretion and fluid retention (Fig. 3) (57), a
phenotype reminiscent of early reports that EETs inhibited
Na' and K" excretion by perfused rabbit CDs (5) and that
11,12-EET was a potent inhibitor of the renal ENaCs (55).
Moreover, and as shown by Dr. WenHui Wang (Medical
College of New York), patch clamp analyses confirmed the
presence of a constitutively hyperactive ENaC in CDs dis-
sected from 4al0-KO mice (57). The demonstration that
amiloride inhibition of ENaC gating normalized the pres-
sures of hypertensive 4al0-KO mice and that 11,12-EET,
but not 20-HETE, inhibited ENaC gating showed that: @) a
hyperactive ENaC was a cause of the animals hypertensive
phenotype (11, 57), and b) deficiencies in EET-dependent
ENaC inhibition and increased distal Na' reabsorption
mediate the SS hypertensive phenotype of 4al0-KO mice
(Fig. 3).

The characterization of 4a14-KO and 4al0-KO mice cor-
roborated the prohypertensive and antihypertensive re-
sponses attributed to members of the rat CYP4A subfamily
(6, 14) and showed that the pressure effects of these genes
were independent of the ability of their encoded proteins
to metabolize AA, but, instead, rely on: a) upregulated kid-
ney Cyp4al2a expression, increased 20-HETE synthesis, and
renal vasoconstriction, or b) downregulated kidney Cyp2c44
epoxygenase expression, reduced EET synthesis, and in-
creased distal Na' reabsorption. The relevance of these
CYP4A-mediated effects to human hypertension is evident
in the observation that a T8590C variant of the CYP4AIl
gene coding for a reduced activity 20-HETE synthase is as-
sociated with the prevalence of hypertension in humans
(10, 28) and has been linked to SS hypertension (63).



The Cyp2c44 gene and dietary SS hypertension. The demon-
stration that mice carrying aglobally disrupted Cyp2c¢44
gene (2¢44-KO) become hypertensive when fed HS diets
provided unequivocal evidence of a role for the Cyp2c44
epoxygenase in BP control (58). Male and female WT and
2¢44-KO mice on NS diets are normotensive. On the other
hand, WT mice on HS diets remain essentially normoten-
sive, but under similar conditions, 2¢44-KO animals be-
come severely hypertensive (58). Whereas WT animals on
HS diets increase their urinary excretion of epoxygenase
metabolites by nearly 3-fold, 2¢44-KO mice, lacking a salt-
inducible Cyp2c44 epoxygenase, are unable to do so, show-
ing that their hypertensive phenotype is associated with
reductions in EET biosynthesis (58). As with 4a0-KO mice,
electrophysiology studies in dissected CDs demonstrated
that 2¢44-KO mice had a hyperactive ENaC and increased
inward sodium currents (58). Normalization of the pres-
sure of hypertensive 2¢44-KO mice by the administration of
amiloride or EET functional analogs showed that a lack of
Cyp2c44 mediated EET biosynthesis, ENaC dysfunction,
and increased distal Na* reabsorption were a cause of the
animals’ hypertensive phenotype (12, 58). Together, these
studies identified a functional role for the Cyp2c44 epoxy-
genase in the control of plasma sodium concentrations and
volume and for its 11,12-EET metabolite as an in vivo natri-
uretic lipid (Fig. 4) (58). Evidence that 11,12-EET inhibits
ENaC gating regardless of mouse Cyp4al0or Cyp2¢44 geno-
type proved that disruption of these genes does not affect
ENaC’s intrinsic properties, but rather its EET-mediated
regulation (11). An examination of mechanism(s) by
which EETs inhibited ENaC activity revealed that in WT
animals, as is with EGF (64), the EETs stimulated the
ERKI1 /2-catalyzed inhibitory threonine phosphorylation of
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Urine Na™* T
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Fig. 4. The renal Cyp2c44 is a dietary SS pronatriuretic and anti-
hypertensive epoxygenase (58). Arrows pointing up or down de-
note increases or reductions in expression or functional responses,
respectively.
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the ENaC  and vy subunits (11, 58, 64). In contrast, EET-
mediated ERK1/2 activation in 2¢44-KO mice is impaired,
leading to reductions in ENaC@ and ENaCry phosphoryla-
tion and a hyperactive channel (11, 58). It has been re-
ported that EETs mediate the activation of protein kinases
such as phosphatidylinositol-3 kinase (PI-3K), ERK1/2,
and the upstream protooncogene tyrosine kinase (c-Src),
all known targets of EGF binding to its receptor (11, 65).
Apical Na” and K' transport by the principal cells of the
aldosterone-sensitive distal nephron (ASDN) is compart-
mentalized along the distal convoluted (DCTs) (proximal
DCTI and distal DCT2) and connecting tubules (CNTs)
and the CD, and mediated by ENaC, the outer medullary
K" (ROMK), and BK, channels (7, 14, 59, 66—-69). An in-
teresting feature of the global 2¢44-KO mice phenotype is
that: @) as it is with HS diets, they become hypertensive
when fed high-potassium (HK)-containing diets (2.5-4%
KCl; 5-10 days) (Fig. 5) (70), b) show a hyperactive CD
ENaC, and ¢) amiloride normalizes their BP when on a
HK diet (70). All of the above points to ENaC dysfunction

A Global-Cyp2c44 KO: Na*and K* sensitive
blood pressure

High Dietary Na* or K*
v

11,12-EET l
v

T ENaC (DCT2,CNT) or (DCT2, CNT and CD)

l Na* excretion

Blood pressure T

B CD-Cyp2c44 KO: only K* sensitive blood
pressure

High Dietary K*
'

11,12-EET l
'

T ENaC (DCT2,CNT, and CD)

™

l Na* excretion

Blood pressure T

Fig. 5. The Cyp2¢44 gene and dietary NaCl- and/or KCl-sensitive
hypertension on mice carrying a Cyp2c44 gene disrupted globally
(58) (A), orin the CD segment of the ASDN (59) (B). Arrows point-
ing up or down denote increases or reductions in expression or
functional responses.
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as a cause of the animals HK sensitive hypertensive pheno-
type (70).

To explore the uniqueness of the CD in the Cyp2¢44-KO
hypertensive phenotypes, we utilized a CD selective HoxB7
promoter (71) to drive the expression of the Crerecombi-
nase, disrupt a Cy[)2644ﬂ W/ fix gene, and generate mice lines
carrying a disrupted Cyp2¢44 gene only in their CDs (2¢44-
CD-KO) (11, 59). Importantly, at difference with global
2¢44-KO mice (11, 58), the 2¢44-CD-KO animals became
hypertensive when fed HK, but not HS, diets (Fig. 5) (11,
59). Studies with Dr. WenHui Wang’s laboratory (11, 59)
demonstrated that: @) as with 2¢44-KO animals, amiloride
normalized the pressures of hypertensive 2¢44-CD-KO mice
(59); b) quantitative PCR analyses of Cyp2c44 expression
along the ASDN from WT mice showed that HS diets up-
regulated Cyp2c44 expression in the thick ascending limb,
DCT2, and CNT, but notin the CD (Fig. 6) (59); and ¢) HK
diets induced Cyp2c44 expression in the DCT, CNT, and,
importantly, the CD (Fig. 6) (59). It was then concluded
that lack of a HK-sensitive Cyp2c44 epoxygenase in the CD
of the 2¢44-CD-KO enhances ENaC activity, increases
sodium inward currents, and raises BP (Fig. 5) (11, 59).
Consequently, it appears that: @) upregulated Cyp2c44
expression in the DCT2 and CNT segments is sufficient to
prevent excessive sodium absorption during a high sodium
intake (Figs. 5, 6); b) conversely, mice on HK diets upregulate

A Basolateral Apical (urine)

(plasma)
e ~
Na/K Na*
ATPase Na* TD EHat
K+
ROMK
Kir 4.1/5.1
K+
K+—h-: Na* BKCa
Cr NCC
\
B DCT1 DCT2 CNT CD

p» Filtrate Flow

.

HS diet

C

HK diet

Fig. 6. Schematic, nonscale, representations of an ASDN princi-
pal cell showing in its apical membrane: ENaC (hatched circle),
ROMK (hatched oval), BK_, (empty oval), and NCC (gray square),
and basolateral membrane: NafK ATPase and inward rectifying Kir
4.1/4.5 K’ channels (A); the zonal distribution of principal cells
expressing ENaC and NCC along a segment of the ASDN (B); and
the effects of HS- or HK-containing diets in the zonal upregulation
of the Cyp2c44 epoxygenase and the biosynthesis of ENaC inhibi-
tory EETs (C) (59).
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Cyp2c44 expression in their CDs, and ENaC in that region
becomes a major player in maintaining sodium homeosta-
sis (Figs. b, 6); and ¢) the HS- and HK-sensitive phenotypes
of mice carrying a globally disrupted Cyp2c44 gene are as-
sociated with lack of a HS- or HK=sensitive Cyp2c44 epoxy-
genase, reduced biosynthesis of ENaCinhibitory 11,12-EET,
and a hyperactive ENaC in the DCT2, CNT, and CD seg-
ments of the ASDN (Figs. 5, 6) (11). This differential regu-
lation of Cyp2c44 expression and EET biosynthesis by
dietary Na” or K" along the ASDN indicates that the effects
of these cations on ENaC-mediated Na® transport are spa-
tially and functionally segmented (Fig. 6).

The ASDN accounts for between 5% and 10% of renal
Na' reabsorption, and, yet, it plays central roles in the fine-
tuning and regulation of plasma Na' concentrations and,
as mentioned earlier, is a final target for hormones such as
angiotensin and bradykinin, known to regulate glomerular
hemodynamics and tubular Na® transport (6, 10-12, 14).
In the DCTI, the Na'/Cl cotransporter (NCC) mediates
electro-neutral Na' reabsorption (Fig. 6) (72-74), whereas
electrogenic Na'/K" exchange by ENaC, the ROMK, and
BK¢, channels, occurs predominantly in the DCT2, CNT,
and CD (Fig. 6) (59, 66—69). Dietary K loading inhibits
NCC (74), reduces NCC-mediated delivery of Na' to the
DCT2, CNT, and CD segments, and facilitates electrogenic
Na'/K' exchange by ENaC and the ROMK and BK, channels
along those segments of the ASDN (Figs. 6, 7) (66-70). In
contrast, dietary-induced reductions in plasma K' concen-
tration stimulates the WNK-SPAK/OSR1 kinase cascade-
mediated phosphorylation and activation of NCC (75), raises
electroneutral Na’ absorption and its delivery to the more
distal DCT, CNT, and CD segments (Figs. 6, 7) (69-71, 73, 74).
Thus, by controlling electroneutral Na® transport and
delivery to CNT and CD segments, NCC regulates elec-
trogenic Na'/K" fluxes in the ASDN. By its effects on: a)
the partition between electroneutral (NCC-mediated) and
electrogenic (ENaC-mediated) Na" transport along the ASDN
(Fig. 7), and b) the EET-dependent regulation of ENaC
gating, dietary K contributes to plasma volume balance and
the control of systemic BP (67-73).

The studies discussed identified a physiological, antihy-
pertensive function for the Cyp2c44 epoxygenase in Na'
transport along the ASDN and for the EETs as natriuretic
lipids (Figs. 4, 5). Additionally, they provided a molecular
mechanism to explain the known antihypertensive effects
associated with dietary K supplementation (Fig. 7). Although
effective treatments are available for the management of
most common forms of human hypertension, the disease is
usually diagnosed at its chronic stage with devastating re-
nal, cardiovascular, and cerebral consequences, and, there-
fore, there are urgent needs for preventive maneuvers to
ameliorate the negative consequences of chronic hyperten-
sion. Abundant epidemiological studies show that dietary
K’ supplementation can be used as an efficient and inex-
pensive maneuver that could be implemented on a popula-
tion basis in order to minimize the negative consequences
of undiagnosed, untreated high BP (76-79).

Summarizing, the pressure phenotypes of 4al0-KO,
4al4-KO, and 2¢44-KO mice can be described as arising
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Fig. 7. Byits effects on NCC activity, dietary K' regulates the parti-
tion between electroneutral (NCC-driven) and electrogenic Na*
(ENaC-driven) Na' excretion. Arrows pointing up or down denote
increases or reductions in expression or function.

from either indirect or direct gene-dependent mecha-
nisms. Indirect_ mechanisms are those mediated by effects
of the targeted gene on the expression of alternate genes.
Examples of this are the Cyp4alO(—/—)and Cypdal4(—/—)
mice. In the former, SS hypertension results from a Cyp4al0
gene product(s)-dependent downregulation of Cyp2c44
epoxygenase renal expression, reduced urinary EET levels,
and a hyperactive ENaC. In the latter, sexually dimorphic
hypertension results from a Cyp4al4 gene product(s)-
dependent, androgen-mediated, upregulation of the kid-
ney Cyp4al2a 20-HETE synthase, increases in 20-HETE
biosynthesis, and changes in renal hemodynamics and tu-
bular transport. Direct mechanisms result from a lack of
the protein(s) encoded by the targeted gene. This is the
case with 2¢44-KO mice, in which absence of a functional
Cyp2c44 epoxygenase reduces renal EET biosynthesis and
increases distal sodium reabsorption. The mechanism (s)
by which Cyp4al4 gene product(s) regulate plasma andro-
gens and, thus, Cyp4al2a expression and 20-HETE syn-
theses, remains undetermined. Also, it remains to be
established how the Cyp4al0gene or HS and HK diets con-
trol the kidney expression of the Cyp2c44 epoxygenase and
EET synthesis. These murine gene-dependent direct or in-
direct effects on functional phenotypes could be of poten-
tial importance in efforts to identify human genes involved
in the prevalence or pathophysiology of a given disease and
to determine their mechanism of action.

The AA monooxygenase and the pathophysiology of human hy-
pertension. 'The hypertensive phenotypes of Cyp4a KO
mice identified CYP4A11 as a candidate gene for studies of
its role in human hypertension and led to the establish-
ment of associations between a functional variant of hu-
man CYP4AI1 (T8590C) and essential hypertension in
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Caucasian American and German and African-American
cohorts (10, 28, 80, 81). Furthermore, carriers of the 8590C
allele show increased diastolic BP and reductions in 20-
HETE urinary excretion (82), and their BPs are dietary salt
sensitivity (63). In the African American Study of Kidney
Disease cohort, homozygosis for the 8590C allele was asso-
ciated with increased progression to end-stage renal dis-
ease among hypertensive males with nephrosclerosis and
proteinuria (81). A guanine to adenine polymorphism in
the human CYP4/2 gene coding for a protein with reduced
20-HETE synthase activity has been associated with in-
creases in urinary 20-HETE levels and BPs (10, 83).

Although still in their early stages, the potential clinical
significance of these findings opened the door to what we
believe to be the next important chapter in the studies of
the AA monooxygenase: the definition of its role in human
kidney physiology and disease. This is of importance be-
cause, for example, the molecular bases of prevalent forms
of hypertension remain uncertain, and, therefore, its early
diagnosis and treatment remains largely symptomatic. The
identification of new pathways/genes involved in BP varia-
tions should lead to novel diagnostic and therapeutic tar-
gets for hypertension. Early detection and treatment are
needed to prevent the dangerous and profound conse-
quences of chronic hypertension.

The Cyp2c44 epoxygenase and experimental
carcinogenesis

The involvement of CYP2C epoxygenases in tumor an-
giogenesis and the pathophysiology of cancer were sug-
gested by reports identifying: @) the EETs as proangiogenic
lipids (84-88) and the human CYP2C8 and CYP2C9 epoxy-
genases as mediators of VEGF signaling (86, 87); and )
roles for the epoxygenases and the EETs in tumor growth
and metastasis (36, 42-44). The participation of the
Cyp2c44 epoxygenase in VEGF signaling was inferred from
studies in cultured lung endothelial cells showing that cells
from WT, but not 2¢44-KO, mice responded to VEGF by
increasing Cyp2c44 expression, 11,12- and 14,15-EET bio-
synthesis, ERK, and protein kinase B (Akt) kinase phos-
phorylation, and cell proliferation and tubulogenesis (36).
It was the convergence of these and earlier studies by Ray-
mond C. Harris, MD, and collaborators (Vanderbilt Uni-
versity) on the epoxygenases and EGF signaling (65) that
prompted us and Ambra Pozzi, PhD, a Vanderbilt col-
league and experienced tumor biologist, to explore the
participation of the Cyp2c44 epoxygenase in the patho-
physiology of tumor angiogenesis and the consequences
that a dysfunctional proangiogenic Cyp2c44 epoxygenase
(2¢44-KOmice) had in tumor growth, progression, and me-
tastasis (36, 42). These studies had as additional goals to
determine whether the downregulation of endothelial
Cyp2c44 expression and EET biosynthesis could mimic the
phenotypes of 2¢44-KO mice and whether this could serve
as an effective therapeutic tool.

The Cyp2c44 epoxygenase and its EET metabolites were
shown to be a requirement for primary tumor angiogenesis
and growth in xenograft experiments in which WT and
2¢44-KO mice were injected subcutaneously with large T
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antigen/Myc-transformed p60.5 fibroblasts, whereas lack
of a host endothelial Cyp2c44 epoxygenase resulted in
marked reductions in tumor number and weight, and im-
pairments in tumor angiogenesis and vascularization (36).
Moreover, administration of EET analogs to 2¢44-KO mice,
prior to p60.5 cell injections, reversed their tumorigenic
phenotype, thus corroborating that it was EET-mediated
(42). The fact that cultured p60.5 cells do not synthesize
EETs nor do they proliferate in response to EETs con-
firmed the role of the host endothelial Cyp2c44 epoxygen-
ase in tumorigenesis (36). Alternatively, the overexpression
of a Cyp2J]2 epoxygenase transgene in tumor cells, via ade-
novirus-mediated transfection, induced tumorigenesis
and metastatic growth, suggesting that in these experi-
ments, angiogenesis was secondary to the tumor growth-
promoting effects of Cyp2]2 (43). Similarly, endothelial
cell CYP2C8 epoxygenase transfection and sEH inhibition
experiments were shown to promote primary tumor growth
and metastasis (44).

The PPARa-ligand mediated downregulation of hepatic
(62), but not renal, CYP2C epoxygenase expression (57),
and the potential usefulness of this class of drugs as an
antitumor therapy led us to investigate the effects of
Wyeth14643 (Wy), a selective PPARa ligand, on endothelial
Cyp2c44 expression and tumorigenic activity (36, 42, 86).
This was a highly attractive concept because PPAR« ligands
have been extensively utilized in clinical medicine for the
treatment of plasma hyperlipidemia and found to be safe
and well tolerated. Initial analysis of the effects of Wy on
cultured mouse lung endothelial cells showed that it down-
regulated Cyp2c44 epoxygenase expression and inhibited
cell replication and tubulogenic activity; such responses
were absent in cells isolated from PPARa(—/—) (PPAR-KO)
(36, 86). Notably, treatment with Wy, prior to p60.5 cell
injections, resulted in significant reductions in tumor vascu-
larization, number, and size in WT mice, but not PPAR-KO
animals (36, 86). These studies proved that the antitumor
properties of Wy require a functional, host endothelial
cell PPARa receptor. Soon after these studies, the antitu-
morigenic properties of PPARa ligands were confirmed,
but attributed to changes in VEGF and thrombospondin
regulation (89).

Xenograft models of tumorigenesis do not address
events involved in tumor initiation and growth; limitations

GFP-A549 cell injection
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[ Untreated BB Wyeth 14,643

Left lung

a b cd

that are missing in the transgenic KRasLLA2 mouse model
of spontaneous primary non-small-cell lung cancer (NSCLC)
(42). At about 1 month of age, transgenic KRAsLLA2 mice
develop a few small tumors in their lung surfaces, but
within the next 3-5 months, their number and size in-
crease substantially (42). In these animals, after 2 months
of treatment, Wy significantly reduced the number and
sizes of NSCLC tumors present in the lungs of 5-month-old
mice, regardless of whether treatment was initiated 1 or
3 months after birth (42). These results indicated that, af-
ter tumor initiation, the beneficial effects of Wy were long
lasting and independent of the length of treatment.

The orthotopic model of human lung cancer, where hu-
man NSCLC cells are injected into the lungs of immuno-
compromised mice, recapitulates the steps of tumor
progression seen in most human cancers, including focal
growth, vascular invasion, and metastasis. In this model,
human A549 NSCLCs are injected in either the left or right
lung, and, after the first 2 weeks, mice develop visible tu-
mors that, within the next 3 weeks, metastasize to the other
lung and the liver (42). To investigate whether the Wy
could reduce and/or prevent NSCLC metastatic growth,
our colleague, Dr. Ambra Pozzi, injected GFP-A549 cells
expressing green fluorescent protein (GFP) into the left
lung parenchyma of immunocompromised nude mice
(42). As shown in Fig. 8, the animals were then divided into
groups of untreated (a), treated immediately after cell
injection with WY for 5 weeks (b) or 2 weeks (c), and mice
in which the Wy treatment was initiated 2 weeks after cell
injection (d). All animals were euthanized 5 weeks later,
their lungs and livers were collected, and their tumor load
was evaluated by fluorescence microscopy (42). Compared
with the untreated animals in group a, Wy reduced signifi-
cantly primary (left lung) and metastatic (right lung and
liver) NSCLC growth, a response that was independent of
the time (groups b and c vs. d) or the length of Wy admin-
istration (group b vs. cand d) (Fig. 8). Most importantly, its
beneficial effects persisted also even after its withdrawal
(group c) (Fig. 8).

Tumor metastasis, a devastating and common complica-
tion of human cancers, continues to be a serious clinical
challenge with few positive outcomes. The lack of antican-
cer approaches that are effective, show limited negative
side effects, and result in positive outcomes, underscores

Right lung Liver

a b cd

a b cd

% GFP positive structures/microscope field

Fig. 8. Wyameliorates human NSCLC primary and metastatic growth. GFP-A459 cells were injected into the
left lungs of athymic mice, and animals were then separated into an untreated group (a) or groups treated
with Wy immediately after injection (groups b and c) or 2 weeks after (group d). For group c, Wy treatment
was stopped 2 weeks after initiation. All mice were euthanized 5 weeks after the cell injections, and the num-
ber of primary (left lung) and metastatic (right lung and liver) tumors were determined in the dissected or-
gans by the number of surface GFP-positive structures/microscopic field. n = 6 mice/group (42).
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the urgent need for new therapeutic strategies. Tumor
growth and invasiveness are dependent on the blood sup-
ply, and, therefore, the identification of effective antagonist
and inhibitors of angiogenesis continues to be a promising
target for current efforts to develop more effective anti-
cancer therapies. It would appear that downregulation of
human endothelial epoxygenase(s) expression protects
against primary and metastatic tumor growth, whereas, in
contrast, increasing endothelial EET levels by either tumor
or endothelial cell CYP2 epoxygenase transfection or sEH
inhibition promotes primary tumor growth and metastasis
(43, 44). The identification by immunofluorescence and
mass spectral imaging of CYP2C9 as the endothelial epoxy-
genase in several human tumors (36) should facilitate stud-
ies to validate its usefulness as a target for future antitumor,
antimetastatic approaches for the treatment of human can-
cer. In this regard, bezafibrate, a PPAR« ligand in clinical
use known to be well tolerated does show antitumor and
antimetastatic properties similar to those of Wy (42).

The documentation of the EETs as proangiogenic and
pro-tumorigenic lipids raised pertinent questions regard-
ing long-term risks that might be associated with efforts to
use inhibitors of EET inactivation via enzymatic hydration
or EET analogs as antihypertensive, antiinflammatory, and
renoprotective drugs, because they could emulate or po-
tentiate EET mitogenic and tumorigenic activities. Al-
though this is a valid concern, it must be noted that there
is as yet no evidence that the EETs play a part in the biology
of tumor initiation. Most studies of the effects of EET on
tumor growth have utilized cultured cancer cell lines (36,
42-44) or analyzed in vivo changes in tumor growth and
metastasis resulting from tumor overexpression of CYP2
transgenes (43, 44) and, therefore, do not address whether
EETs have an effect on tumor initiation, a required first
step in carcinogenesis. Nevertheless, setting aside any pos-
sible preventive value, targeting the CYP2C epoxygenases
and the EETs does appear to offer a potentially valuable
therapeutic alternative for cancer treatment.

DRUG DEVELOPMENT AND THERAPEUTIC
APPROACHES

The AA monooxygenase metabolites, in common with
most eicosanoids, are metabolically and chemically labile.
Autooxidation, epoxide hydration, chain elongation, 3-and/
or w-oxidation, esterification, secondary metabolism by en-
zymes of the AA cascade, olefin reduction, glucuronidation,
or some combination of these conspire to trammel both
investigational studies of the natural metabolites and their
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potential clinical utility (82). Elucidation of the structure-
activity relationships of the monooxygenase metabolites,
mainly in collaboration with the laboratories of Roman,
Campbell, Imig, and Schwartzman, also led to the discov-
ery of agonist and antagonist structural variants that have
been widely exploited in biochemical and physiological
contexts. Generally, these early pharmacological tools re-
tained a recognizable eicosanoid scaffold and were pre-
ferred in many cases to P450 biosynthesis inhibitors in the
belief that they confer greater specificity (90). In the case
of metabolite antagonists, they can more effectively com-
pensate for release of P450 metabolites from cellular reser-
voirs, which might require up to 24 h to deplete using P450
inhibitors (91).

Second- and third-generation metabolite analogs sys-
tematically introduced bioisosteres to replace the epoxide,
carboxylate, hydroxyl, and reactive carbons, resulting in
long-lived and orally bioavailable analogs with promising
drug-like properties (92, 93). Additionally, novel drug-de-
livery technology has been pioneered specifically for ex-
tended-life oral applications. Undeniably, there is great
anticipation and sense of validation, as some of these ana-
logs currently advance through human clinical trials, e.g.,
CMX020, a nonnarcotic therapy for mild to severe pain,
from Cytometix (Milwaukee, WI); and OMEICOS Thera-
peutic’s (Berlin, Germany) 17,18-epoxyEPA analogs for
management of atrial fibrillation (Fig. 9).

Recently, GPR75 was proposed as a 20-HETE receptor
(51) and GPR40 as a low-affinity EET receptor in vascular
cells (94). If confirmed, these reports hold far-reaching
significance and might portend a new golden age for the
P450 eicosanoid field. The search for other receptors, in-
cluding those that recognize a specific regioisomer or PUFA
class, would likely intensify, and future drug-development
programs would be able to screen large compound libraries
and apply high-throughput techniques to identify structur-
ally unique agonist and antagonist scaffolds. Alternatively,
a better understanding of P450 eicosanoid receptors could
lead to new opportunities for diagnosis and pathway
control.

PENDING ISSUES AND SPECULATIONS ABOUT
THE FUTURE

Abundant evidence from laboratories in the United States
and abroad validates the contention that the epoxygenase
and w-hydroxylase branches of the AA monooxygenase
make important contributions to cell, organ, and body physi-
ology and that alterations in P450 expression, enzymatic

COOH

Fig. 9. Monooxygenase-inspired drugs in clinical
trials.

A 14,15-EET analog

(non-narcotic analgesic)

17,18-epoxyEPA analog
(atrial fibrillation therapy)
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activity, metabolite signaling, or activation/inactivation are
associated with the pathophysiology of renal, vascular, ce-
rebral, and metabolic diseases. Given these advances, the
next challenge, i.e., the definition of the significance of the
AA monooxygenase pathway and its metabolites to human
disease, will require unequivocal identifications of the
physiologically relevant human CYP2 and CYP4 genes and
enzymes, their tissue-specific expression, regulatory con-
trol, signaling mechanism, and pathophysiological roles.
These efforts should serve as a prelude to drug-development
efforts that target human epoxygenases and w-hydroxylases
as novel therapies for the treatment of cardiovascular, ce-
rebral, and renal diseases, hypertension, diabetes, cancer,
CNS disorders, and inflammation. Among issues to be ad-
dress we draw attention to the following.

The characterization of mechanism(s) by which the AA
monooxygenase metabolites elicit functional responses

As mentioned, the recognition that GPR75 functions as
a 20-HETE receptor identified a new, 20-HETE-specific tar-
get for drug design (51). In contrast, after attempts by dif-
ferent groups, selective binding and trans-membrane
signaling has been reported only for 14(R),15(S)-EET in
guinea pig mononuclear and human U937 cells (95, 96). G
proteins, mitogenic kinases/phosphatases, cAMP-kinase A,
prostanoids, PPAR nuclear receptors, and direct effects on
ion-channel activity have been proposed as mediators of
EET signaling (6, 8, 10, 14, 94); however, a membrane re-
ceptor capable of selective high-affinity EET binding and
trans-membrane signaling has yet to be unequivocally iden-
tified. Complicating these efforts is the ready migration or
transport of exogenously added EETs across cell mem-
branes, as shown by their rapid esterification into cellular
glycerolipids (39), raising the possibility that extracellular
and/or intracellular events could mediate EET functional
effects. As initially proposed (11), extracellular signaling
would involve EET interactions with cognate receptors ca-
pable of trans-membrane signaling and amplification or,
alternatively, direct EET effects on the signaling properties
of hormone receptors such as reported for the EGF recep-
tor (5, 65). Intracellular signaling would involve EET cross-
ing the cell membrane barrier by diffusion, carrier plasma
lipoprotein uptake, or yet-to-be-determined mechanisms.
Alternatively, and perhaps more likely, the EETs could
originate from phospholipase A, catalyzed release of AA
followed by P450-mediated epoxidation (5, 11). The thus-
formed intracellular EETs could signal by: @) facilitating
physical interactions between intracellular protein kinases
(MAPKS, Src, PI-3K, Akt, ERK, protein phosphatases, ade-
nylyl- and/or guanylyl cyclase, G proteins, etc.) with their
substrates; 0) direct effects on the activities of enzymatic
pathways such as those catalyzed by mitogenic kinases; or c)
effects on ion-channel/transporter phosphorylation/de-
phosphorylation. There is already convincing evidence for
the participation of endogenously generated 11,12-and/or
14,15-EET in EGF-stimulated epithelial cell proliferation
and the activation of PI-3K, ERK, and c-Srckinases (5, 11, 65),
as well as VEGF-mediated increases in endothelial cell pro-
liferation, tubulogenic activity, and ERK and Akt activation;
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all in a Cyp2c44 epoxygenase-dependent fashion (11, 36,
88). As discussed, the EETs were shown to inhibit ENaC
gating by activating the ERK-mediated inhibitory phos-
phorylation of the channel (11, 58). In summary, if these
types of intracellular actions were unequivocally estab-
lished, they would add the EETs to the list of known intra-
cellular signal effector molecules such as, for example,
cAMP and cGMP nucleotides, inositol-phosphates, and NO.
This would represent a conceptual breakthrough as well as
help rationalize many of the multiple and pleotropic func-
tional effects of EETs.

The nature and source of the active EET-mediators

Although rarely recognized, more than 90% of the EETs
present endogenously in rodent and human tissues and
plasma are found as esters of phosphatidyl-choline, -etha-
nolamine, and -inositol (5). As proposed earlier (11), these
epoxy-phospholipids, generated enzymatically by stereose-
lective acylation of EET-CoA derivatives into lysolipids (39),
raise important issues, inter alia: @) their function as a source
of bioactive EETs that can be made available independently
of P450-catalyzed AA epoxidation; b) the existence of selec-
tive, hormonally sensitive, epoxy-phospholipid A, lipases
responsible for the release of functionally important EETs
that could participate in intracellular signaling as proposed
above; ¢) whether the EET moiety confers unique functional
properties to these phospholipids and whether epoxida-
tion serves as a marker for cells to distinguish functionally
important phospholipids from merely bulk or structural
phospholipid pools; and d) are the EET-containing phos-
pholipids or their diglyceride or monoglyceride metabolic
products signaling molecules or simple reservoirs of bioac-
tive EETs. Itwill be recalled thatthe 2-(11,12-and/or 14,15-
epoxyeicosatrienoyl)-glycerides present in rat brain, kidney,
and spleen are known to bind and activate the CB1 and
CB2 cannabinoid receptor subtypes (97).

The identification of P450 genes and proteins responsible
for the endogenous synthesis of bioactive EETs and
20-HETE

Unlike the cyclooxygenase and lipoxygenase members
of the AA cascade, P450s belong to an extended family of
hemeproteins that display significant degrees of intrafam-
ily sequence homology (17). This fact complicates the un-
equivocal identification of physiologically relevant P450
genes and proteins. Members of the CYP2C and CYP2],
and CYP4A and CYP4F gene subfamilies noted above, have
been characterized as AA epoxygenase or w-hydroxylases,
respectively. However, most of these assignments are based
on in vitro enzymatic activities, immunological and/or
RNA based studies of expression levels, genetic associations,
inhibitor studies, or functional responses to transgene-
induced changes in expression (5-14). Current advances
in gene-targeting methods should hasten future develop-
ments of models of monogenic P450 dysfunction and lead
to further progress in this important area. The identifica-
tion of the functionally relevant human EET/20-HETE
synthases is needed for analyses of correlations between
pathophysiological conditions and alterations in the genes



coding for these enzymes and/or involved in their expres-
sion, as well as for the development of novel strategies for
disease diagnosis and/or treatment.

The characterization of mechanisms controlling
the expression of selected AA epoxygenases and
w-hydroxylases in an organ-/tissue-/cell-specific manner

The direct and indirect mechanisms by which P450 genes
control functional phenotypes illustrates the importance of a
gene-dependent regulation of different (and at times unre-
lated) genes in the development of functional phenotype(s).
As discussed, the Cyp4alOand Cyp4al4 genes regulate, by yet-
unknown mechanism(s), the expression of antihypertensive
or prohypertensive Cyp2c44 or Cyp4al2 proteins, respec-
tively, and their pressure responses to changes in dietary salt
or plasma androgen levels. This added level of complexity
underscores the potential clinical relevance of gene-deter-
mined alterations in protein function and/or the regulatory
control of alternate genes that could be relevant for studies of
links between P450 gene variants and pathophysiological
conditions. Furthermore, gene-mediated dysfunction can be
masked or enhanced by coexistent morbidities or be detect-
able under stress or nonstress conditions. Under LS or NS
intake conditions, 4al0-KO and 2¢44-KO mice show no overt
functional phenotypes; however, roles for these genes in BP
control or tumor angiogenesis are reveled under the stress
imposed by increases in dietary salt intake (11) or processes
associated with tumorigenesis (36). At difference with 4al0-
KO and 2¢44-KO mice (57, 58), the hypertensive phenotype
of the 4al4-KO animals is evident in the absence of experi-
mental manipulation (56).

It is of interest that the BPs of carriers of the CYP4AI1
8590C allele are dietary SS (63), as is with 4al0-KO mice
(57); however, a clear relationship between this genotype,
BP, and urinary 20-HETE excretion is yet to be established
(82). It remains to be determined whether CYP2C8 and/or
CYP2C9 derived EETs play a role in the SS hypertensive
phenotype identified for the variant CYP4A11 genotype, as
well as the prevalence and severity of human hypertension
in double carriers of the CYP4A11 8590C allele and
CYP2C8*3/%*3 or CYP2C9*2/*2reduced EET synthase activ-
ity variants (98). As mentioned, a polymorphism in the hu-
man CYP4F2 gene has been associated with increases in BP
and the urinary excretion of 20-HETE (10, 83). However,
the variant gene codes for a protein with reduced 20-HETE
synthase activities due to a valine-to-methionine substitu-
tion at residue 433 (V433M) (10, 83). This discrepancy be-
tween a reduced 20-HETE synthase activity and increased
20-HETE urinary excretion in carriers of the CYP#2 G/C
variant may be similar to what has been reported for hyper-
tensive 4al0-KO mice (11, 57) and suggests roles for the
CYP4I2 gene in the regulation of alternate prohyperten-
sive or antihypertensive gene(s).

Finally, the biochemical segmentation of the CYP2C and
CYP4A AA epoxygenases and w-hydroxylases expression
along the nephron have been reported (6, 10, 14), as have
their renovascular and nephron segment selective upregu-
lation or downregulation by hormones, autacoids, dietary
salt/potassium intake, and disease states, such as diabetes,

The arachidonate monooxygenases in hypertension and cancer

hypertension, cancer, and inflammation (6-15). However,
there is a paucity of information regarding regulatory
mechanisms that determine organ, tissue, and cell-type se-
lective expression of functionally significant P450 isoforms.
This is especially relevant to roles in kidney physiology/
pathophysiology, where the functional and biochemical
segmentation along the length of the nephron is well
known. Most of the data regarding zonal expression of
CYP2C, CYP2], CYP4A, and CYP4F isoforms in rodent kid-
neys are based on either immunological, mRNA in situ
hybridization, or PCR amplification data (6, 10, 14, 59) Al-
though useful in distinguishing P450s from different gene
families, these methods are limited when applied to P450s
of the same gene subfamily because, in most cases, they
share extensive open reading frame nucleotide as well as
amino acid sequence homology. Some of these limitations
could be addressed by, for example, targeting mRNA un-
translated sequences, developing peptide antibodies raised
against unique protein segments, performing differential
analyses before and after gene deletion or antisense nucle-
otide inhibition, or, when the methodology becomes more
widely available, diagnostic peptide imaging of tissue sec-
tions by mass spectroscopy (36) .Hl
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