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Abstract

Arachidonic acid metabolites have a myriad of biological actions including effects on the kidney
to alter renal hemodynamics and tubular transport processes. Cyclooxygenase metabolites are
products of an arachidonic acid enzymatic pathway that has been extensively studied in regards to
renal function. Two lesser-known enzymatic pathways of arachidonic acid metabolism are the
lipoxygenase (LO) and cytochrome P450 (CYP) pathways. The importance of LO and CYP
metabolites to renal hemodynamics and tubular transport processes is now being recognized. LO
and CYP metabolites have actions to alter renal blood flow and glomerular filtration rate. Proximal
and distal tubular sodium transport and fluid and electrolyte homeostasis are also significantly
influenced by renal CYP and LO levels. Metabolites of the LO and CYP pathways also have renal
actions that influence renal inflammation, proliferation, and apoptotic processes at vascular and
epithelial cells. These renal LO and CYP pathway actions occur through generation of specific
metabolites and cell-signaling mechanisms. Even though the renal physiological importance and
actions for LO and CYP metabolites are readily apparent, major gaps remain in our understanding
of these lipid mediators to renal function. Future studies will be needed to fill these major gaps
regarding LO and CYP metabolites on renal function.

Introduction

Fatty acids circulate in the plasma and are incorporated into cell membrane phospholipids.
Arachidonic acid is the most abundant fatty acid present in cell membranes and incorporates
into the sn-2 position of phospholipids. The release of arachidonic acid from cell membrane
phospholipids by the action of phospholipases and subsequent enzymatic metabolism results
in an array of metabolites. These 20 carbon polyunsaturated fatty acid metabolites are
collectively known as eicosanoids named after the Greek word eicos means 20. Eicosanoids
are generated from three enzymatic pathways: cyclooxygenase (COX), lipoxygenase (LO),
and cytochrome P450 (CYP). These enzymatic pathways generate a wide range of
eicosanoid metabolites that have numerous biological activities that greatly impact renal
function (32, 43, 48, 113). It is well established that COX metabolites are important lipid
mediators to renal function. Although not the focus of this article, eicosanoids prominently
contribute to renal dysfunction in diseases such as hypertension, diabetes, acute kidney
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injury, and chronic kidney disease. For more information on the role of these metabolites to
renal function and their impact on renal diseases, the reader is referred to several excellent
review articles (43-45). This article will focus on the important contributions of LO- and
CYP-derived eicosanoids to renal physiology.

Metabolic pathways: Genes, enzymes, and metabolites

The LO enzymatic pathway consists of a number of genes, enzymes, metabolites, and
receptors. LO enzymes are a family of nonheme iron containing enzymes that insert
molecular oxygen into polyunsaturated fatty acids including arachidonic acid (13, 32, 42).
There are at least six human LO enzymes; 5-LO (gene: ALOX5), platelet-type 12-LO (gene:
ALOX12), epidermal-type LO (gene: ALOXES), 12(R)-LO (gene: ALOX12B), 12/15-LO
(gene: ALOX15), and 15-LO type 2 (gene: ALOX15B) (13, 42). LO enzymes metabolize
arachidonic acid to leukotrienes, hydroxyeicosatetraenoic acids, and lipoxins (Fig. 1).
Leukocytes, mast cells, and macrophages are the primary cell types that generate LO
metabolites (32, 42). Several reports have shown that renal mesangial and endothelial cells
have capacity to generate leukotrienes (8, 22, 43, 71, 93). 12/15-LO products are also
generated in glomerular mesangial cells, cortical tubules, and renal microvessels (32, 101).

Leukotriene biosynthesis is dependent on 5-LO generation of leukotriene A4 (LTA4) and
requires the presence of 5-LO-activating protein (FLAP) a perinuclear membrane protein
that transfers arachidonic acid to 5-LO (42). LTA4 is then converted to LTB4 by leukotriene
4A hydrolase or converted to cysteinyl leukotrienes LTC4, LTD4, and LTE4 via leukotriene
C4 synthase and subsequent metabolism by y-glutamyl leukotrienease, -y-glutamyl
transpeptidase, and dipeptidase enzymes. 12-LO catalyzes the formation of 12-
hydroperoxyeicosatetraenoic acid (12(S)-HpETE) that in turn is rapidly reduced to 12-
hydroxyeicosatetraenoic acid (12(S)-HETE) (42). 12(S)-HpETE can also be converted to
hepoxilin A3 or hepoxilin B3 that in some tissues can be metabolized to trioxilins. Like
12(S)-HpETE, 15-HpETE can convert a variety of hydroxyepoxyeicosatrienoic acids
(HEETAS) and trioxiliins. 12/15-LO can convert arachidonic acid to both 12(S)-HETE and
15(S)-HETE. Dual lipoxygenation of arachidonic acid by either 5-LO and 12-LO or 15-LO
and 5-LO results in the generation of trihydoxytetraene-containing eicosanoids named
lipoxins (LXA4 and LXB4). Accumulating evidence indicates that LO-derived metabolites
contribute importantly to renal function and pathologies associated with hypertension and
diabetes (32, 99, 100).

The renal and biological actions of many of the LO metabolites are mediated through G-
protein coupled receptors (42, 119). A number of receptors have been identified for many of
the leukotrienes and lipoxins. Two receptors have been identified for LTB4 and termed

BLT1 and BLT2. Cysteinyl leukotriene receptors, CYSLT1 and CYSLT2, have varying
affinity for LTD4, LTC4, and LTE4. CYSLTL1 receptor has a rank order potency of LTD4 >
LTC4 > LTE4 whereas the CYSLT2 receptor has a rank order of LTD4 = LTC4 > LTE4 (42,
141). Lipoxins elicit their responses via the G-protein coupled ALX/FPR2 receptor (119). To
date, there is limited knowledge on the contribution of BLT, CYSLT, and ALX/FPR2
receptors influence on renal function and their role in renal pathophysiological states
remains to be determined.
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CYP-derived eicosanoids can be separated into two primary enzymatic pathways; an
epoxygenase pathway and hydroxylase pathway (Fig. 1). Epoxygenase enzymes of the
CYP2J and CYP2C families generate four regioisomeric EETS in the kidney (18, 19, 123).
The kidney epoxygenase enzymes in humans are CYP2C8 and CYP2J2 (18, 18). EETs are
further metabolized to their corresponding diol, dihydroxyeicosatetraenoic acids (DHETS)
by soluble epoxide hydrolase (SEH, gene: EPHX2) (56). As for the second CYP pathway,
human kidneys express CYP4A and CYP4F hydroxylase enzymes (113, 124). The
hydroxylase enzymatic pathway converts arachidonic acid to 20-HETE and other HETEs.
CYP metabolites contribute to renal function through their actions on epithelial transport and
vascular tone (5, 113). Although there is strong evidence that these eicosanoid metabolites
are dependent on G proteins, up to now receptors for EETs, DHETS, or HETES have not
been identified.

Pharmacological and genetic manipulation of pathways

Pharmacological, genetic, and biochemical tools have been developed that allow for detailed
studies to determine the contribution of eicosanoids to renal hemodynamic and epithelial
function (19, 42, 50). An important aspect of these tools has been their use to evaluate the
contribution of specific CYP and LO enzymes, metabolites, and receptors in regards to
impact on renal function and interactions with hormonal and paracrine factors.

One major obstacle for determining the renal actions of CYP and LO metabolites was that
these metabolites are relatively unstable and require storage at —80°C and under nitrogen or
argon. Another impediment early on was the synthesis and availability of pure metabolites in
sufficient amounts to conduct physiological studies. Although many experimental studies
began to identify CYP and LO metabolites effects on renal hemodynamics and epithelial cell
transport, the development of stable mimetics and selective antagonists allowed investigators
to better determine the contribution of eicosanoid metabolites to kidney function (49, 50,
119). Findings from these studies have also determined structure-activity relationships and
are assisting with identification of eicosanoid receptors. These CYP and LO agonists and
antagonists are also being developed in a way that could eventually to lead to their use for
combating renal or other diseases.

CYP and LO enzymatic inhibitors have been extremely beneficial in defining the
contribution of specific pathways to renal blood flow and water and electrolyte regulation.
Extensive experimental evaluation of the CYP and LO genes and proteins has led to
excellent definition of the catalytic site for the enzymes resulting in the design and
development of selective pharmacological inhibitors (4, 33, 50, 56, 119, 127). These
pharmacological tools have been instrumental for evaluating the biological actions of CYP
and LO enzymes in renal cell culture systems, isolated renal vascular, and tubular
preparations, and /n7 vivo. Like COX inhibitors, CYP and LO inhibitors have significant
therapeutic potential. The 5-LO inhibitor, zileuton, is currently being used to treat asthma
and sEH inhibitors are being evaluated for the treatment of hypertension, diabetes, and
chronic obstructive pulmonary disease (34, 56).

Compr Physiol. Author manuscript; available in PMC 2018 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Imig and Hye Khan

Page 4

Genetic manipulation of CYP and LO enzymes and receptors in mice has been another
avenue to determine the importance of these eicosanoid metabolites to renal function.
Various approaches have been utilized to eliminate or increase enzymatic or receptor protein
expression in mice. Many of these genetic mice have human genes expressed either globally
or in specific cell types in mice (2, 42, 80). These genetic mice have demonstrated gender
differences in regards to CYP and LO pathways on renal function. For instance, two reports
have shown that androgen-regulated Cyp4a enzyme contributes to renal function and blood
pressure regulation (19, 138). This led to subsequent studies demonstrating gender
differences in the CYP4A pathway and sodium excretion and blood pressure in humans (30,
37, 77, 78). In addition, these genetically manipulated mice have uncovered novel
interactions between the various eicosanoid pathways, enzymes, and metabolites (19, 56).

Overview renal physiology: Hemodynamics, epithelial actions,

inflammation, and apoptosis

Renal hemodynamics and epithelial transport are regulated by eicosanoid metabolites.
Eicosanoids have very diverse biological actions in the kidney such that the overall effect on
renal function depends on their regulation at the genetic, enzymatic, metabolite, and receptor
level. The importance of eicosanoids is highlighted by the fact that nonsteroidal anti-
inflammatory drugs that inhibit COX enzymes have adverse effects on kidney function (45).
There have been numerous experimental studies that have focused on COX enzymes,
metabolites, and receptors in regards to renal hemodynamic, water and electrolyte
regulation, renal inflammation, and apoptosis (43-45, 98). CYP metabolites also influence
renal function through actions on endothelial, vascular smooth muscle, glomerular, and
epithelial cells to influence renal blood flow, glomerular filtration, and electrolyte transport
(48, 113, 114, 138). The contribution of these CYP metabolites to renal function appears to
be on a level similar to COX metabolites. LO metabolites on the other hand have been less
well studied in regards to renal function; however, these metabolites have important
glomerular and inflammatory actions (32, 101, 119). Consequently, manipulation of CYP
and LO metabolites can be selectively manipulated to influence renal hemodynamics, water
and electrolyte regulation, and inflammation.

In addition to the direct actions of CYP and LO metabolites on renal hemodynamics and
epithelial transport, eicosanoid metabolites have important function to modify responses to
hormonal, paracrine, and autocrine factors. Interactions between eicosanoids and the renin-
angiotensin, endothelin, cytokine, and purinergic systems are just a few examples. CYP and
LO pathways have also been implicated in alterations in renal function that occur with
various disease states. There are excellent review articles on the contribution of eicosanoids
in renal disease (11, 17, 51, 100, 113, 135); however, this review will focus on the renal
hemodynamic and epithelial transport actions of CYP and LO metabolites.

Renal Hemodynamics

Renal blood flow and glomerular filtration rate (GFR) contribute importantly to the
physiological role of the kidney to maintain water and electrolyte homeostasis. GFR
determines the amount of plasma composed of water and electrolytes delivered to the renal
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tubule system for processing. The ability of the kidney tubular system to properly regulate
fluids and electrolytes requires a constant renal blood flow and GFR in the face of changes
in arterial pressure, termed autoregulation. This autoregulation of renal blood flow and GFR
is accomplished through the interplay of two mechanisms, tubuloglomerular feedback and
the myogenic response to adjust vascular resistance of the preglomerular afferent arteriole.
Tubuloglomerular feedback is a mechanism that senses the delivery of fluid to the kidney
tubule system and sends signals to the afferent arteriole to adjust resistance to increase or
decrease GFR. Myogenic response is an inherent property of the afferent arteriole smooth
muscle cells that sense pressure resulting in vasoconstriction or vasodilation to keep
glomerular capillary pressure and GFR constant. Importantly, eicosanoid metabolites
regulate renal blood flow and GFR. CYP metabolites play a significant role in autoregulation
of renal blood flow and GFR (48, 50, 113). LO metabolites are generated in the glomerulus
and influence GFR (101). We will highlight the contribution of CYP and LO metabolites to
renal blood flow autoregulation and detail cell signaling mechanisms utilized to regulate
renal microvascular function.

Renal blood flow and autoregulation

Eicosanoid metabolites have been implicated in renal blood flow autoregulation at the level
of the macula densa and afferent arteriole (50, 102). Although COX-2 is expressed at the
macula densa and contributes importantly to renin secretion, COX metabolites are not
critical component in renal blood flow autoregulation (45,102). Likewise, glomerular LO
metabolites have not been found to contribute to renal blood flow autoregulation (101). On
the other hand, a critical role for CYP metabolites in renal blood flow autoregulation has
been demonstrated and 20-HETE is a key component of the afferent arteriolar
autoregulatory responses (50, 113) (Fig. 2). Initial experimental studies utilized the non-
selective CYP inhibitor 17-ODYA infused into the renal artery and demonstrated that 17-
ODYA eliminated renal blood flow and cortical blood flow autoregulation (151). Likewise,
afferent arteriolar constrictor responses to increasing perfusion pressure were abolished by
17-ODYA resulting in increased glomerular capillary pressure (60). A drawback of these
studies was that 17-ODYA could not distinguish between the contribution of epoxygenase
EETs or hydroxylase 20-HETE pathways. Additional studies with relatively selective
imidazole derivative of epoxygenase inhibitors failed to alter renal blood flow autoregulation
(4). These findings support the notion and are consistent with the concept that the afferent
arteriolar constrictor CYP metabolite 20-HETE rather than vasodilator EETs contributes to
renal blood flow autoregulation.

A clear contribution for the CYP hydroxylase pathway and 20-HETE in the renal blood flow
autoregulatory response was confirmed with the development of selective CYP hydroxylase
inhibitors and 20-HETE antagonists (4, 54). Afferent arteriolar constrictor responses to
increasing perfusion pressure was greatly attenuated by the selective hydroxylase inhibitor
dibromo-dodecenyl-methylsulfimide (DDMS) (54). Whereas selective epoxygenase
inhibition with 2-(2-propynyloxy)-benzenehexanoic acid (PPOH) or MS-PPOH resulted in
an enhanced afferent arteriolar constrictor response when perfusion pressure was increased
from 80 to 160 mmHg (54). More recently, the 20-HETE synthesis inhibitor, HET0016 or
the 20-HETE antagonist, 6,15-20-HEDE completely blocked the myogenic response in
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rabbit and mouse afferent arterioles (38, 111). The addition of a 20-HETE agonist, 5,14-20-
HEDE restored the myogenic response in afferent arterioles treated with HET0016 (38,
111). In regards to the tubuloglomerular feedback response, the 20-HETE agonist
potentiated the afferent arteriolar constrictor response to increased sodium chloride delivery
to the macula densa (38). Micropuncture studies demonstrated that 17-ODYA, but not
inhibition of COX or LO, abolished the tubuloglomerular feedback response and that 20-
HETE added to the tubular perfusate restored the feedback response (150). There is
additional evidence for a contribution to tubuloglomerular feedback and fluid and electrolyte
homeostasis. Infusion of 17-ODYA into the cortical interstitial space increases papillary
blood flow, increase renal interstitial hydrostatic pressure, and increase sodium excretion
(4,136). The increase in sodium excretion is likely secondary to increases in papillary blood
flow and renal interstitial pressure since 20-HETE inhibits tubular sodium reabsorption (4,
114). Taken together, these findings indicate that 20-HETE produced locally contributes to
modulating the afferent arteriolar myogenic and tubuloglomerular feedback responses.

Another paracrine factor that has been implicated in renal blood flow autoregulation is the
purines adenosine and ATP. Like 20-HETE inhibition, ATP P2X receptor antagonists
abolished afferent arteriolar autoregulatory responses (62). P2X receptors were found to be
critical to both myogenic and tubuloglomerular feedback responses (62). Thus, experimental
studies were conducted to determine if interactions between purinergic receptors and 20-
HETE occurred at the level of the afferent arteriole. These studies found that CYP
hydroxylase inhibition or 20-HETE antagonism significantly attenuated the afferent
arteriolar constriction to ATP or the P2X receptor agonist a.,p-methylene ATP (146).
Increases in renal microvascular smooth muscle cell calcium in response to ATP or a.,f-
methylene ATP, but not the P2Y agonist, UTP, were markedly reduced by 20-HETE
antagonism (145). These findings provide compelling evidence that 20-HETE is a critical
smooth muscle cell-signaling component for the ATP P2X receptor-mediated afferent
arteriolar autoregulatory response (Fig. 2).

Like 20-HETE and ATP P2X receptor interactions, other eicosanoid metabolites have
significant interactions with paracrine and hormonal factors to influence renal blood flow.
LO and CYP metabolites have been demonstrated to modulate renal blood flow and GFR
responses to factors such as angiotensin 11, endothelin-1, and bradykinin (48, 74). These
interactions include LO and CYP metabolites as critical mediators of responses, as an
opposing factor, or as a critical paracrine factor to transmit a signal from one cell type to
another.

LO metabolite interaction with angiotensin Il and renal blood flow has been extensively
investigated (10, 12, 52, 70, 125, 128). Afferent arteriolar vasoconstriction to angiotensin 11
but not norepinephrine is attenuated by nonselective LO inhibition (52). Moreover,
inhibition of the 12-L.O pathway attenuates decreases in renal blood flow in response to
angiotensin 11 (12). Unlike the afferent arteriole, norepinephrine constrictor responses in the
renal arcuate artery were attenuated by LO inhibition (9). Experimental studies have
implicated the LO metabolite 12(S)-HETE as a key mediator in renal vasoconstrictor
responses to angiotensin Il (9, 12, 52) (Fig. 3). 12(S)-HETE administration in the renal
artery decreases renal blood flow and GFR (9). Angiotensin Il but not norepinephrine
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increases renal microvascular 12(S)-HETE production (143). In addition, utilization of LO
inhibitors demonstrated that 12(S)-HETE contributes to the afferent arteriolar response to
angiotensin 11 (143). These interactions between the LO pathway and renal vasoconstrictors
are also consistent with the ability of LXB4 and 7-cis-11-trans-LXA4 renal artery
administration to decrease blood flow (10, 70). Renal vasoconstrictor actions of LXs are via
activation of the LTD4 receptors (10). LTC4 and LTD4 also decrease renal blood flow and
GFR when administered into the renal artery (10, 70). LXA4 via activation of the peptido-
LT receptors can oppose the decrease in renal blood flow and GFR evoked by intrarenal
infusion of LTD4 (109). Recent studies have demonstrated that the interaction between
12/15-L0 and angiotensin 11 are dependent on activation of the angiotensin Il type 1 (AT1)
receptor (99,140). Likewise, 12/15-LO knockout mice have reduced vasoconstrictor
responses to angiotensin Il (6). This contribution of 12/15-L.O metabolites to angiotensin |1
renal blood flow responses has important pathological implications because an elevated
renin-angiotensin system has been linked to diseases such as hypertension, diabetic
nephropathy, and renal inflammatory diseases.

CYP metabolite interactions with the renin-angiotensin system with regards to renal vascular
function have also been demonstrated experimentally (52,90,107,147). Afferent arteriolar
responses to angiotensin Il are enhanced in the presence of nonselective CYP inhibition
(52). The CYP metabolites that oppose angiotensin Il renal vascular constriction appear to
be endothelial-derived and angiotensin type 2 (AT2) receptor mediated (52). Afferent
arterioles dilate to angiotensin Il in the presence of AT1 receptor inhibition and this dilation
is blocked by AT2 receptor or CYP inhibition (52). Likewise, the afferent arteriolar response
to angiotensin 1l is enhanced by sEH inhibition to increase EET levels (147). Taken together,
these studies support the concept that angiotensin Il afferent arteriolar constriction and
decrease in renal blood flow is opposed by AT2 receptor and endothelial release of EETs

(Fig. 3).

A contribution of 20-HETE to the renal vasoconstrictor response to angiotensin Il has been
well established (66,107) (Fig. 3). Angiotensin Il infusion into the isolated perfused rabbit
kidney resulted in a significant release of 20-HETE, whereas vasopressin did not alter 20-
HETE levels (107). In this regard, angiotensin Il can increase vascular CYP4A expression
and preglomerular microvessel 20-HETE levels (122). This response is AT1 receptor
mediated since the AT1 receptor blocker reduces 20-HETE levels (25). Inhibition of 20-
HETE also attenuates the renal interlobular artery response to angiotensin Il by one-half
(122). Interestingly, 20-HETE can also influence regulation of the vascular renin-angiotensin
system (122). Cultured endothelial cells incubated with 20-HETE have a sixfold increase in
angiotensin converting enzyme expression (122). Increased CYP4A2 expression in rat
endothelial cells using a lentivirus expressing CYP4A2 cDNA with an endothelial cell
specific promoter (VECAD-CYP4A?2) resulted in increased plasma but not kidney
angiotensin 11 levels (66, 122). These rats developed hypertension that was associated with
decreased creatinine clearance (122). Thus increased renal vascular resistance in VECAD-
CYP4AZ2 rats likely contribute to the hypertension. These findings support the notion of a
complex feedback interaction between 20-HETE and angiotensin 11 where angiotensin 11 can
increase 20-HETE and 20-HETE can increase endothelial cell angiotensin converting
enzyme expression.
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Endothelin-1 is another import factor that importantly influences renal hemodynamics that
interacts with CYP metabolites (59, 108). These studies have determined that 20-HETE
contributes to and EETs oppose endothelin-1 renal vasoconstriction (Fig. 3). Endothelin-1
results in increased 20-HETE efflux in the isolated perfused kidney and CYP hydroxylase
inhibition attenuated endothelin-1-mediated increase in renal vascular resistance (108).
Afferent arteriolar constrictor and renal microvascular increases in cytosolic calcium in
response to endothelin-1 were greatly attenuated by the hydroxylase inhibitor DDMS (59).
Experimental studies failed to demonstrate a contribution of LO metabolites to the renal
arcuate artery response to endothelin-1 (32). On the other hand, selective epoxygenase
inhibition with MS-PPOH resulted in enhanced endothelin-1 evoked afferent arteriolar
constriction (59). In accordance with these findings, endothelial expression of human
epoxygenase CYP2C8 and CYP2J2 enzymes in mice resulted in attenuation of the afferent
arteriolar constriction to endothelin-1 (80). The ability of epoxygenase metabolites to
oppose the renal vasoconstrictor actions does not occur at the vascular smooth muscle cell
because MS-PPOH failed to alter the endothelin-1-mediated increase in calcium (59).
Afferent arteriolar constrictor and renal microvascular smooth muscle cell responses to
endothelin-1 are mediated through activation of the endothelin-1 type A (ETA) receptors
(59). Taken as a whole, endothelin-1 renal vasoconstriction is in part mediated by 20-HETE
contributing to increased vascular smooth muscle cell calcium and opposed by endothelial
cell generated EETSs.

CYP and LO metabolites also interact with the nitric oxide synthase and reactive oxygen
species pathways. 12/15-LO can induce catalytic consumption of nitric oxide and prevent
nitric oxide activation of cGMP (6, 101). Knockout of 12/15-LO in mice results in increased
eNOS expression and nitric oxide bioavailability (6). LTD4 dilation of renal arteries has also
been demonstrated to be endothelial- and nitric oxide-dependent (109). 20-HETE also
interacts with nitric oxide and influences renal hemodynamics (3, 46, 54, 113). Nitric oxide
and superoxide radicals can inhibit renal vascular production of 20-HETE and the decrease
in 20-HETE levels partially mediates the cGMP-independent vasodilator effects of nitric
oxide (3). 20-HETE in turn can increase vascular oxidative stress and endothelial
dysfunction resulting in eNOS uncoupling (3). Although EETSs appear to act independent of
nitric oxide, increased endothelial cell EET generation occurs in eNOS gene deficient mice
and minimizes the effect of decreased nitric oxide on renal and endothelial vascular function
(54, 113). Renal microvascular interactions between CYP, LO, and nitric oxide exists and
could have important implications in diseases that greatly effect the kidney like hypertension
and diabetes.

Epoxygenase metabolites have been most studied for interactions with vasodilator
mechanisms. 11,12-EET and 14,15-EET dilate afferent arterioles and have been identified as
endothelial-derived hyperpolarizing factors (49, 50, 58). A number of experimental studies
provide significant evidence that EETs contribute to acetylcholine, bradykinin, and
adenosine afferent arteriolar vasodilator responses (24, 55, 112, 131, 134) (Fig. 3).
Acetylcholine dilation of the afferent arteriole is greatly attenuated by epoxygenase
inhibitors (131, 134). In agreement with these findings, afferent arteriolar dilation to
acetylcholine is enhanced by overexpression of human CYP2C8 and CYP2J2 epoxygenase
enzymes (80). Approximately one-third of the afferent arteriolar response to bradykinin is
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dependent on EETs with a larger nitric oxide contribution and smaller COX contribution
(55). There is also an interaction with bradykinin and the renin-angiotensin system that
appears to depend on EETSs. Inhibition of angiotensin converting enzyme results in increased
levels of bradykinin and renal microvascular dilation that is dependent on epoxygenase
metabolites (49). In accordance with these findings, renal microvessels incubated with
bradykinin have increased generation of EETs (55). Likewise, the epoxygenase inhibitor,
MS-PPOH, also blunted bradykinin dilation of efferent arterioles (132). In contrast, 20-
HETE inhibition with 20-HEDE enhances efferent arteriolar dilation to bradykinin (132).
Additional experimental evidence demonstrated that 20-HETE was generated by the
glomerulus to oppose efferent arteriolar dilation in response to bradykinin (132). EETs also
contribute to the renal microvascular dilation in response to the purine adenosine (29).
Adenosine increases renal microvessel EET production and the renal microvascular dilation
in response to adenosine A2A receptor agonists is attenuated by epoxygenase inhibition
(29). Taken together, these experimental outcomes demonstrate a contribution of CYP
metabolites to renal microvascular responses to bradykinin and adenosine.

The effects of CYP and LO metabolites on renal blood flow and autoregulation have proved
their importance to renal fluid and electrolyte homeostasis. These eicosanoids also interact
by contributing to or opposing the renal hemodynamic actions of hormonal, paracrine, and
autocrine factors. LO metabolites, 12(S)-HETE, 15-HETE, LTs, and LXs have effects to
alter cell signaling at the renal glomerular, endothelial, and smooth muscle cell and have
been implicated in inflammatory diseases and glomerulonephritis (9, 42). CYP hydroxylase
generated 20-HETE also appears to have renal vascular glomerular, endothelial cell, and
smooth muscle cell actions in hypertension (136). Lastly, EETs are important renal
endothelial cell-derived metabolites that are important in maintaining proper vascular tone
and glomerular function (49). Interestingly, 8,9-EET significantly blocked the increases in
glomerular permeability in response to a circulating focal and segmental glomerulosclerosis
permeability factor (FSPF) (120). This finding demonstrates the potential for manipulating
eicosanoids to treat renal disease. The next section will provide detailed information on
glomerular, endothelial, and vascular cell signaling mechanisms by which CYP and LO
metabolites operate to control renal hemodynamics.

Renal microvascular cell signaling

Renal microvascular regulation is comprised of glomerular capillaries, afferent arterioles,
efferent arterioles, and vasa recta. Eicosanoid metabolites have actions on endothelial,
smooth muscle, and mesangial cells that regulate renal microvascular tone and glomerular
filtration. Cell signaling mechanisms utilized by CYP and LO include effects on K* and
Ca?* channels, cGMP and cAMP, and protein kinases. This section will detail LO and CYP
metabolite renal microvascular regulation.

Glomerular mesangial cells and endothelial cells express LO enzymes that produce LTA4,
12(S)-HETE, and 15(S)-HETE (100, 101). At the level of the mesangial cell LO metabolites
stimulate mesangial cell growth (32, 99, 101, 139). In this regard, mesangial cells derived
from 12/15-LO-/- mice grow slower than wild-type mice. The decreased mesangial cell
growth was associated with lower levels of superoxide, fibronectin, and transcriptional
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activities of activated protein-1 (AP-1) and cAMP response element-binding protein (CREB)
(140). LTC4 is another LO metabolite that has been demonstrated to stimulate mesangial
cell growth (9, 32). In addition, LTs can increase glomerular and peritubular capillary
permeability (32). LTC4 and LTD4 receptors mediate the actions of LTs on glomerular
mesangial cells, capillary permeability, and renal and glomerular vasoconstriction (32). LO
metabolites 12(S)-HETE and 15(S)-HETE have been shown to constrict renal microvessels
and glomerular mesangial cells (32, 87, 101, 143). However, 15(S)-HETE demonstrated a
much weaker constrictor action on the afferent arteriole (143). There has been extensive
investigation into the cell signaling mechanisms by which 12(S)-HETE causes renal
microvascular constriction. 12(S)-HETE depolarizes renal arcuate artery vascular smooth
muscle cells possibly through protein kinase C activation (87). Afferent arteriolar
constriction and renal microvascular smooth muscle cell responses to 12(S)-HETE are
greatly attenuated by diltiazem suggesting an important contribution for L-type Ca2*
channels (143) (Fig. 3). Additional studies with isolated renal microvascular smooth muscle
cells determined that 12(S)-HETE elevates intracellular calcium through two mechanisms, a
small intracellular calcium mobilization component and a large influx of extracellular
calcium via L-type Ca2* channels (143). The recent identification of GPR31 as the 12(S)-
HETE receptor that couples to GTP-ys will undoubtedly provide new knowledge on the role
of LO metabolites in renal microvascular cell signaling mechanisms.

Renal arterioles, glomeruli, and vasa recta express CYP4A hydroxylase enzymes that
generate 20-HETE (4, 61, 136). Other experimental studies determined that 20-HETE
afferent arteriolar constriction required smooth muscle cell depolarization and an increase in
intracellular calcium levels (7, 86, 148). 20-HETE inhibits renal microvascular smooth
muscle cell Ca?*-activated K* channels that results in cell membrane depolarization and
activation of L-type Ca2* channels (148) (Fig. 3). Other renal microvascular smooth muscle
cell signaling mechanisms activated by 20-HETE include protein kinase C and extracellular
signal regulated kinases (ERK) (4, 87). These findings are consistent with the findings that
CYP hydroxylase and 20-HETE antagonists attenuate the renal microvascular intracellular
calcium responses to ATP P2X receptor and endothelin-1 (59, 146). Although more recent
studies have established the importance of 20-HETE renal vasoconstriction in renal and
cardiovascular disease, future studies are necessary to fully comprehend the cell signaling
mechanisms by which 20-HETE regulates renal microvascular function.

Despite the fact that epoxygenase inhibition demonstrates that the overall renal EET actions
are vasodilation, there are differences in the direct renal vascular actions of the four EET
regioisomers. Comparisons of the four regioisomeric EETs in most instances have
demonstrated that 8,9-EET and 5,6-EET have renal vasoconstrictor or vasodilator actions
and 11,12-EET and 14,15-EET have renal vasodilator actions (23, 36, 58, 69). Afferent
arteriolar vasoconstriction induced by 5,6-EET is due to COX-dependent conversion to a
thromboxane-like compound (58). Renal vascular vasodilation to 5,6-EET appears to be
dependent on conversion by COX to a prostaglandin-like metabolite (23, 36). 8,9-EET also
has actions on the glomerulus to reduce albumin permeability in response to administration
of FSPF (120). On the other hand, 11,12-EET and 14,15-EET act directly on the afferent
arteriolar smooth muscle to cause hyperpolarization and vasodilation (57, 58). Likewise,
CYP2C enzymes produce kidney and renal vascular EETs with 11,12-EET and 14,15-EET
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as the predominant reigiosiomers. 11,12-EET and 14,15-EET comprise 65% of the total
renal microvessel EET generation (55). Thus, 11,12-EET and 14,15-EET appear to be the
dominant regioisomeric EETs acting on the afferent arteriole to evoke vasodilation and
aligns with the findings with epoxygenase inhibitors.

11,12-EET and 14,15-EET are endothelial and CYP2C epoxygenase generated eicosanoids
that have important actions to control afferent arteriolar function (50). Cell signaling
mechanisms by which 11,12-EET causes renal vascular and afferent arteriolar dilation have
been extensively studied. 11,12-EET-mediated renal microvascular dilation depends on
activation of smooth muscle cell large-conductance Ca2*-activated K* channels (Kcy)
channels (57, 149) (Fig. 3). Other studies determined that activation of K, channels by
11,12-EET requires generation of CAMP and protein kinase A (57). More recently, 11,12-
EET analogs were developed and allowed for determination of structure-activity
relationships and more rigorous cell signaling studies (53). 11,12-EET analogs when
evaluated in electrophysiological experiments were determined to activate renal
microvascular smooth muscle cell K¢, channels in the cell-attached mode (53). Afferent
arteriolar dilations to a series of 11,12-EET analogs were inhibited by iberiotoxin but not
chaybdotoxin, apamin, or TRAM-34. These findings supports the concept that 11,12-EET
acts by activating renal microvascular large-conductance K¢, channels and does not have
actions on small- or intermediate-K¢, channels. EET activation of vascular smooth muscle
cell vallinoid type 4 (TRPV4) channels could contribute to large-conductance K¢, channel
activation and membrane hyperpolarization (49, 85). Besides these actions on renal
microvascular smooth muscle cells, EETs can also have actions to increase endothelial cell
K* and TRP channel activity (49). TRPC3 and TRPC6 channel activation by EETs can lead
to subsequent activation of endothelial cell small- or intermediate-K¢, channels (49). These
findings suggest that a coordinated action of EETs on endothelial and vascular smooth
muscle cells is required for renal microvascular dilation.

EET analogs actions on afferent arterioles have provided very important information on
structure-activity relationships and the development of EET antagonists. These EET analogs
have been designed to have increase solubility and resist SEH and p-oxidative metabolism
(16, 33, 53, 127). First generation EET analogs were methyl esters and sulfonamide
substitutions of the carboxylic acid which obviated esterification and resisted p-oxidation
(57). The next generation of EET analogs removed the 1,4-diene responsible for
autoxidation and replaced the labile epoxide with bio-isosteres that resist metabolism (53).
Studies of the second generation of EET analogs assessing vascular inflammation and
dilation resulted in the following structural requirements: an acidic carboxyl group, ABolefin
bond, 20-carbon chain length, and a c/s epoxide (32, 53). On the other side, the nonselective
EET antagonist, 14,15-EEZE, has been widely utilized and provided important findings on
EETs and renal vascular function (16, 50). More recently, 14,15-DHES5ZE and 11,12,20-
THB8ZE have been demonstrated to be 14,15-EET and 11,12-EET selective antagonists,
respectively (16). The findings with EET analogs and selective EET antagonists along with
other cell signaling experimental findings strongly suggests that EETs act through receptors
to cause renal microvascular dilation.
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In conclusion, there is a significant amount of evidence that CYP and LO metabolites
contribute importantly to renal hemodynamics and mediate these actions through endothelial
and vascular smooth muscle cell signaling mechanisms. Regrettably, there are still
significant gaps in our knowledge of these eicosanoids in relation to renal hemodynamic
function. Genetic animal models and novel pharmacological tools have been underutilized.
Indeed, there is an overall lack of studies on different vascular segments such as glomerular
mesangial cells and capillaries, efferent arterioles, and vasa recta. Although cell-signaling
mechanisms for afferent arterioles have been defined, the identification and contribution of
eicosanoid receptors is required to move the field forward. One example is the recent finding
in mesenteric resistance arteries that CYSLT1R could be a novel mechanosensor that
contributes to the myogenic response (126). The contribution of CYSLT1R to renal blood
flow autoregulation and the afferent arteriolar myogenic response are not known. This issue
is further complicated by the fact that novel biologically active CYP and LO metabolites are
being found. Epoxygenase generated epoxy-derivatives can be formed from intermediates of
the LO pathway. These LO intermediates can be metabolized to HEETAS, also referred to as
hepoxylins (32). Another class of eicosanoids is the anti-inflammatory aspirin-triggered
lipoxins (ATLs) with unknown renal vascular actions. Thus, there are numerous
opportunities to evaluate the physiological role and basic mechanisms by which CYP and
LO metabolites regulate renal blood flow and GFR.

Renal Tubular Transport

A primary function of the kidney is to regulate whole body fluid and electrolytes to maintain
plasma volume and electrolyte concentrations within a narrow physiological range. Plasma
is filtered across the glomerular capillaries into the proximal tubule for processing of water
and electrolytes. Tubular epithelial cells transport electrolytes and water across apical and
basolateral cell membranes in a complex and coordinated manner. Major electrolytes that are
regulated include Na*, K*, H*, Ca2*, and CI~. Regulation of these electrolytes and water are
essential for proper physiological cell function. As part of the regulation of fluid and
electrolyte regulation, the kidney also has endocrine functions. One major endocrine
function is the regulation of renin secretion by the juxtaglomerular apparatus. Renin
secretion will ultimately result in increased angiotensin Il and aldosterone that act on various
tubular segments to increased sodium and water conservation by the kidney. Eicosanoids are
known to regulate tubular epithelial water and electrolyte transport as well as renin secretion
(14, 43, 114). CYP metabolites and to a lesser extent LO metabolites make important
contributions to renal tubular transport (32, 114).

CYP metabolites appear to contribute to pressure natriuresis, renin secretion, and regulate
sodium excretion (113, 114, 136). Pressure natriuresis refers to the changes in sodium and
water excretion that occur in response to a change in blood volume. For example, an
increase in blood volume will result in an increase in cardiac output and arterial blood
pressure. This increase in arterial blood pressure results in increased renal perfusion pressure
that increases GFR leading to an increase in urinary water and sodium excretion in an
attempt to decrease blood volume and arterial blood pressure. Previous studies have revealed
that pressure natriuresis involves increases in renal medullary blood flow and interstitial
hydrostatic pressure (113). A critical contribution for 20-HETE in pressure natriuresis has
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been hypothesized because 20-HETE is increased in response to an elevation in renal
interstitial pressure and inhibits Na™* transport (113, 136). Interestingly, decreased 20-HETE
levels have been linked to dysfunction in circadian renal sodium excretory rhythms and
blood pressure control in c/lock-/- mice (103). Epoxygenase metabolites also are
importantly involved in the regulation of urinary Na* excretion (18). EETs are increased in
response to elevations in dietary salt intake and have actions that would help to eliminate
excessive Na* from the body (18, 19).

Adenosine activation of A2A receptors appears to be a mechanism responsible for
increasing EETs in response to increased salt intake (19, 50). EETs actions to dilate afferent
arterioles and inhibit epithelial Na* transport results in a natriuresis to maintain whole body
Na* levels constant. Another less well-studied biological action of EETs could also
contribute to the increase in Na* excretion. 14,15-EET inhibits renin secretion that would
result in decreased actions of angiotensin Il and aldosterone to conserve Na* and water (50).
The next sections of this review will detail the actions of CYP and LO metabolites on
electrolyte transport at various renal tubular segments.

Proximal tubular transport

The first significant biological action attributed to CYP metabolites of arachidonic acid was
inhibition of Na-K-ATPase activity (92, 117). In this landmark series of experimental studies
the arachidonic acid metabolite was identified and isolated as an HPLC peak (117).
Subsequent studies identified and verified 20-HETE as the CYP metabolite of arachidonic
acid that inhibits Na-K-ATPase activity (117) (Fig. 4). 20-HETE inhibits Na-K-ATPase
activity by enhancing protein kinase C-induced phosphorylation of serine23 on the Na-K-
ATPase a-subunit (117). Dopamine, endothelin-1, and parathyroid hormone mediated Na-K-
ATPase inhibition and decreased proximal tubule sodium reabsorption involve
phospholipase A2 activation and 20-HETE generation (136, 138). Correspondingly, the
natriuretic response to intrarenal dopamine infusion in Sprague-Dawley rats were
significantly reduced by 20-HETE synthesis inhibitors ABT or HET0016 (35). Inhibition of
proximal tubule sodium reabsorption by angiotensin Il is also attenuated by CYP inhibitors
which is consistent with the notion that 20-HETE participates in angiotensin Il actions on
sodium transport at the proximal tubule (114). 20-HETE also appears to contribute to the
internalization of the proximal tubular sodium hydrogen exchanger 3 (NHE3) protein in
response to renal perfusion pressure (114, 136). Thus, 20-HETE actions on proximal tubule
transport would enhance sodium excretion.

Another proximal tubular cell physiological process that 20-HETE contributes to is
mitogenesis (113, 114). The proximal tubular cell proliferative response to epidermal growth
factor (EGF) is associated with increased 20-HETE synthesis (113). CYP hydroxylase
inhibitors attenuate the rat proximal tubule cell proliferative response to EGF (1). Signal
transduction pathways were evaluated in a well-characterized porcine proximal tubule cell
line, LLC-PK1. 20-HETE and 20-HETE analogs activate the Raf/MEK/ERK and Akt
pathways in LLC-PK1 cells (1). Activation of these pathways by 20-HETE was secondary to
the activation of c-Src and EGF receptor (1). Interestingly, overexpression of Cyp4al2 in
LLC-PK1 cells exacerbates cellular damage and caspase-3 activation following 4 h of ATP
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depletion and 2 h of recovery in serum free medium (1). The increased cell death was
abolished by 20-HETE synthesis inhibition or free radical inhibition which supports the
notion that the increased LLC-PK1 programmed cell death was partially dependent on
Cyp4al2 generation of free radicals (1). On the other hand, while the 20-HETE synthesis
inhibitor HET0016 exacerbated, 20-HETE protected human renal tubular cells (HK-2) from
Adriamycin toxicity (129). These findings have led to an interest in manipulating 20-HETE
for renal tubular pathologies such as acute kidney injury and polycystic kidney disease.

EETs also inhibit proximal tubule cell sodium absorption and induce mitogenesis (18, 19).
In regards to proximal tubular cell transport, 11,12-EET and 5,6-EET are potent inhibitors of
Na-K-ATPase activity (18) (Fig. 4). 5,6-EET inhibits sodium flux across cultured rabbit
proximal tubule S1 segments (115). Additional findings in this report supports the concept
that 5,6-EET acts as a second messenger that mediates angiotensin Il induced natriuresis
(115). Enhanced formation of 5,6-EET may affect the translocation of the NHE3 exchanger
in the proximal tubule apical membrane (115). EETs inhibit amiloride-sensitive sodium
transport and 8RB uptake in LLC-PK1 cells (18). EETs also contribute to dopamine effects
to inhibit proximal tubule sodium absorption. Genetically modified mice to selectively
decrease proximal tubule cell dopamine levels resulted in decreased renal and urinary EET
levels (144). Dopamine also increased EET production and induced renal Cyp2c44
expression in mice (144). These findings are consistent with EETs contributing to dopamine-
mediated natriuresis. A contribution of EETSs to proximal tubule cell mitogenesis is based on
the findings that EGF stimulates EET production and mitogenesis in proximal tubule cells
(27). EETs stimulated thymidine incorporation in LLCPKc14 cells with 14,15-EET being
the most potent (27). In addition, upregulation of G-protein-coupled receptor 40 (GPR40)
enhances the mitogenic response to EETs in HEK293 cells (84). Sulfonamide (SI) EET
analogs, 11,12-EET-SI and 14,15-EET-SI were also potent proximal tubule cell mitogens
(27). Mitogenic actions of EETs are dependent on activation of Src kinase and initiation of a
tyrosine kinase phosphorylation cascade (27). EETs also prevent cisplatin-induced apoptosis
in LLC-PK1 cells by preventing mitochondrial trafficking of Bax and cytochrome C and
caspase 3 activation (82). Taken together, EETs have actions at the proximal tubule that
promote sodium excretion, prevent cell death, and enhance cellular regeneration.

LO metabolites can also influence proximal tubule transport and cell volume control. The
12-L.O metabolite 12(S)-HETE also inhibits proximal convoluted tubule Na-K-ATPase
activity (32, 81). 12(S)-HETE augments protein kinase C-induced phosphorylation of the
Na-K-ATPase (81). A contribution for 5-LO and LTD4 on transport and cell volume control
has been demonstrated using the stop-flow technique in renal proximal tubules isolated from
goldfish (68). 5-LO inhibition or LTD4 receptor antagonism significantly reduced the rate of
luminal fluid absorption (68). Renal proximal tubule transport in goldfish appears to be
mediated by sodium glucose cotransport (68). Transepithelial isovolumetric substrate and
water transport were attenuated by 5-LO inhibition but not by the administration of the
LTD4 receptor antagonist L-660,771 (68). These data demonstrate that a 5-LO metabolite
other than LTD4 is the regulator of transepithelial isovolumetric water transport in the
proximal tubule. Endothelin-1 actions on lithium clearance as an index of proximal tubule
sodium absorption also appear too dependent on 5-LO metabolites (110). A 5-LO inhibitor
or the LTC4/D4 antagonists prevent the diuresis and natriuresis evoked by endothelin-1
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(110). Likewise, infusion of LTD4 to rats causes a significant rise in urine flow and sodium
excretion (110). Taken together, these data demonstrate that 5-LO and 12-L.O metabolites
inhibit proximal tubule sodium absorption.

LO metabolite actions at the proximal tubule cell extend beyond sodium and water transport
processes. More recent studies in LLC-PK1 cells and 5-LO—/- mice, have demonstrated a
contribution of 5-LO products to tubulointerstitial injury induced by albumin overload (79).
5-LO genetic deficient mice demonstrated decreased tubulointerstitial injury induce by
albumin overload (79). In agreement with a contribution of 5-LO products to
tubulointerstitial injury, LTB4 and LTD4 decreased albumin uptake in LLC-PK1 cells (79).
Although these data provide evidence for physiological and pathological contributions for
LO metabolites at the proximal tubule, experimental data is very limited and is an area that
warrants additional research.

Loop of Henle, distal convoluted tubule, and collecting duct

Epithelial cell transport effects of 20-HETE distal to the proximal tubule further enhance
natriuresis (114). 20-HETE is a primary metabolite and major regulator of chloride transport
in the thick ascending loop of Henle (TALH) (41). Electrophysiological patch-clamp studies
revealed that 20-HETE blocks 70pS apical membrane K* channels to limit K* availability
for transport via the Na*-K*-2CI~ transporter in the TALH (41) (Fig. 4). These 20-HETE
effects at the TALH segment reduce the transepithelial potential and reduce the driving force
for passive reabsorption of cations. 20-HETE also inhibits the 10pS CI~ channel in the
basolateral membrane of the medullary TALH (41). Consistent with these findings are that
transepithelial potential and CI~ transport in the isolated perfused TALH are increased by
CYP hydroxylase inhibition and decreased by 20-HETE (41). Likewise, a deficiency in
TALH 20-HETE generation contributes to elevated loop CI™ reabsorption and this 20-HETE
administration normalizes CI™ transport in the Dahl salt-sensitive rat (113,136). 20-HETE
can also inhibit 50pS K* channels in the TAHL (133). Adenosine A2a receptor activation
can abolish the inhibitory effect 20-HETE on the 50pS K* channels (133). Angiotensin Il
and bradykinin inhibitory actions on Na* transport in the TALH are also dependent on 20-
HETE (114). Interestingly, nitric oxide and carbon monoxides effects of Na* transport in
TALH depend on decreases in the formation of 20-HETE (114). Taken together these studies
support the notion that 20-HETE actions on Na* transport in TALH contribute to the
pressure-natriuretic response.

A major cellular mechanism by which EETs regulate Na* excretion appears to be through
epithelial sodium channel (ENaC) and inward rectifying K* channel inhibition (18, 20) (Fig.
4). 11,12-EET inhibits basolateral inwardly rectifying K* channels and apical ENaC
channels on the cortical collecting duct (CCD) epithelium (18, 20, 65). Likewise, Cyp2c44-/
- and Cyp4al0-/- mice have decreased renal EET generation, a hyperactive ENaC, and a
reduction in ERK1/2-mediated ENaC subunit phosphorylation (20, 97). In regards to EET
regiosomeric actions on ENaC, 11,12-EET inhibits ENaC to a greater extent than 14,15-EET
whereas 8,9-EET did not alter ENaC activity (18, 19). The EET analog, EET-A, has also
been demonstrated to inhibit ENaC activity in cultured CCD cells and reduce kidney
expression of ENaC subunits in rats with angiotensin 1l hypertension (20). 11,12-EET also
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decreases basolateral inwardly rectifying K* channel activity resulting in cell membrane
depolarization and a reduction in the driving force for Na* entry across the apical membrane
(18). Another renal epithelial cell action attributed to 11,12-EET is stimulation of apical
large-conductance K¢, epithelial channels that could contribute to renal K* secretion (18).
Inhibition of CYP epoxygenase with MS-PPOH abolishes the flow stimulated and large-
conductance K¢, channel dependent K* secretion (18). These findings are consistent with
the concept that 11,12-EET increases apical K* conductance, thereby compensating the
effect of decreased driving force for K* secretion induced by 11,12-EET-mediated ENaC
inhibition. EETSs can also influence CI™ transport in collecting duct principal cells. In
polarized Madin-Darbin canine kidney C7 cells, 5,6-EET but not other EET regioisomers
increased short-circuit current when applied apically (106). Interestingly, the effect of 5,6-
EET on CI™ transport was blocked by COX inhibition (106). Additional experiments
demonstrated that 5,6-EET actions on CI~ transport were dependent on its conversion to 5,6-
epoxy-PGE1 by COX (106). Taken together these findings clearly demonstrate a critical role
for EETs in fluid and electrolyte at the level of the CCD.

There is limited experimental evidence on the tubular transport actions mediated by LO
metabolites in the distal nephron segments. 12-LO protein is expressed in the distal
convoluted tubules and generates 12(S)-HETE (39). Although angiotensin Il and aldosterone
did not alter 12-L O activity, vasopressin and cAMP significantly enhanced 12(S)-HETE
generation in cultured mouse distal convoluted epithelial cells (39). Vasopressin is known to
activate adenylate cyclase and stimulate sodium and water reabsorption in the distal
nephrons through regulation of aquaporins and epithelial Na* channels (39). In this scenario,
12(S)-HETE could act as a counter-regulatory by inhibiting Na* transport in this nephron
segment; however, this has yet to be verified. Overall, there is a paucity of data on LO
metabolites and distal tubular transport.

Renal Inflammation and Apoptosis

Eicosanoid metabolites play crucial roles in renal inflammation and apoptosis (48, 49). The
contributions for COX metabolites in this area have been extensively studied and there are
excellent review articles (14, 15, 28). Although less is known about LO and CYP
metabolites, it is becoming clear that these arachidonic acid metabolites also contribute
significantly to renal inflammatory and apoptotic processes. LO metabolites are produced by
inflammatory cells and contribute to renal inflammation and injury in diabetes (32, 100).
CYP generated EETSs have anti-inflammatory and antiapoptotic actions to prevent renal
injury in pathological states (48, 49). In regards to inflammation, less is known about 20-
HETE in the kidney and its actions are reported to be proinflammatory (64). This section
will highlight CYP and LO metabolites and their cell signaling mechanisms that effect renal
inflammation and apoptosis. Their actions in renal pathologies will be used as examples;
however, we will focus on biological actions instead of the pathologies.

LO are generated by leukocytes, endothelial cells, and vascular smooth muscle cells and LO
metabolites have proinflammatory actions (32, 100) (Fig. 5). 12-LO and 15-LO pathways
have been implicated with renal injury associated with diabetes (100). LO metabolites
contribute to glucose-induced monocyte adhesion to endothelial cells (100).
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Proinflammatory actions for LO metabolites have been demonstrated in acute and chronic
renal disease (32, 32). Linoleic acid metabolites of 12/15-LO have proinflammatory actions
on vascular smooth muscle cells (32). 13-HPODE increases transcription of the adhesion
inflammatory molecule vascular cell adhesion protein-1 and monocyte chemoattractant
protein-1 (MCP-1) via activation of nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) (67, 99). 12(S)-HETE increases vascular smooth muscle cell fibronectin
levels through regulation of the transcription factor CREB in a p38 mitogen-activated
protein kinase (MAPK)-dependent manner (67, 99). Reactive oxygen species generated by
LO metabolites could mediate growth and inflammatory actions in vascular smooth muscle
cells and endothelial cells (32, 99). In line with these findings, 12/15-LO-/- mice have
decreased superoxide levels, reduced activation of MAPKS, and decreased endothelial
monocyte binding compared to wild-type mice (6, 139). The 12-LO/15-LO pathway
interacts with transforming growth factor-p (TGF-) at the level of mesangial cells (75, 76).
TGF-B can increase mesangial cell 12/15-LO mRNA and protein expression and 12(S)-
HETE levels (76). 12(S)-HETE increased TGF-f and the TGF-p target transcription factor,
p-Smad2/3 in a reciprocal manner (76) (Fig. 5). FLAP and cysLT generation are increased
renal proximal tubular LLC-PK1 cells in response to aristolochic acid and appear to
contribute to apoptosis (142). The FLAP inhibitor decreased aristolochic acid activation of
ERK and significantly protected LLC-PK1 cells from apoptosis (142). On the whole, the
actions of 12(S)-HETE contribute to renal inflammation and the recent findings of a 12(S)-
HETE receptor suggest that receptor antagonists could be beneficial in combating renal
injury associated with diabetes.

On the other hand, 15-LO metabolites play a protective role in acute kidney injury. Lipoxins
can also be produced locally at sites of renal inflammation (119). Interactions between
neutrophils and platelets facilitate the generation of lipoxins and increased lipoxin
generation has been associated with glomerulonephritis (119). Lipoxin generation can shift
the glomerular response from inflammation to resolution and inhibition of monocyte
recruitment. Polymorphonuclear neutrophil chemotaxis, adhesion, and migration across
glomerular endothelial cells are reduced by lipoxins (119). Proliferations in response to
platelet-derived growth factor (PDGF) and cytokine production in mesangial cells are
inhibited by lipoxins (119). Likewise, structural analogs of LXA4 reduce neutrophil
infiltration and preserve tubular epithelial cell integrity following renal ischemia reperfusion
injury (74). This renal action for the LXA4 analog was associated with decreases in
proinflammatory cytokine expression (74). In addition, to attenuating proinflammatory
mediators, ATL and lipoxins cause potent activation and increased adhesion of monocytes
without degranulation suggesting a protective action (74,119). ATL and lipoxins also
enhance phagocytosis of apoptotic polymorphonuclear neutrophils by monocyte-derived
macrophages promoting clearance of apoptotic leukocytes (74, 119). LXA4 also inhibits
LTD4-induced mesangial cell proliferation by modulating transactivation of the PDGF
receptor (32, 74). Antiproliferative effects of ATL and lipoxins can contribute to anti-
inflammatory mechanisms through interference with the activation and migration of
inflammatory cells. ATL treatment modifies the expression of renal cytokines, growth
factors, adhesion molecules, and proteases (32). Likewise, overexpression of 15-LO in the
rat kidney increases lipoxin production and protects the glomerular basement membrane
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form nephritic injury (32). Thus, lipoxins and ATLs can promote resolution by inhibiting
renal polymorphonuclear neutrophil recruitment, enhance clearance of inflammatory cells,
inhibit mesangial cell proliferation, and prevent glomerular extracellular matrix
accumulation (Fig. 5).

CYP epoxygenase metabolites can be generated and metabolized in renal endothelial and
epithelial cells and macrophages to exert proliferative, antiapoptotic, and anti-inflammatory
actions (49, 104). Overexpression of CYP2C or EETSs results in human and murine
endothelial cell proliferation (49). Vascular endothelial growth factor (VEGF)-induced
endothelial cell proliferation is also associated with increased Cyp2c44 expression and EET
generation (49). There appears to be a positive feedback loop because EETSs can increase
VEGF expression in endothelial cells (49). Endothelial cell proliferation results from EET
activation of PI3K/Akt, MAPK, and cAMP/protein kinase A signaling pathways (49). EET
activation of the EGF receptor appears to be upstream of these cell-signaling pathways in
endothelial and proximal tubule epithelial cells (27, 49). 14,15-EET elicits the release of
heparin-binding EGF-like growth factor in renal epithelial cells (27). Activation of the EGF
receptor results in Akt activation and increased expression of cyclin D1 (27). MAPK
phosphatase-1 inactivation of c-Jun N-terminal kinase has also been implicated in EET
increases in cyclin D1 (27). These findings demonstrate that EETs increase endothelial and
epithelial cell proliferations by EGF receptor transactivation and increased cyclin D1
signaling mechanisms.

EETs have been demonstrated to protect renal endothelial and epithelial cells from
apoptosis. Tumor necrosis factor-a (TNF-a) induced endothelial cell apoptosis is attenuated
by overexpression of CYP epoxygenases (49). EETSs inhibition of ERK phosphorylation and
activation of PI3K/Akt signaling contribute to antiapoptotic actions. EETs, EET analogs,
Ephx2 deficiency, and sEH inhibition decrease renal apoptosis through p38 MAPK-
regulated mitochondrial pathway (72, 73, 95). EET analogs attenuate cisplatin-induced
nephrotoxicity through a reduction in Bcl-2 protein family mediated proapoptotic signaling,
reduced renal caspase 12 expression, and reduced caspase 3 activity (72). Likewise, EETs in
LLC-PK1 epithelial cells attenuates mitochondrial trafficking of Bax and cytochrome ¢
resulting in decreased caspase 3 activity and oxidative stress (82). Interestingly, the renal
endothelial and epithelial antiapoptotic actions of EETs appear to work in concert with anti-
inflammatory actions (72, 73, 82).

EET anti-inflammatory actions have been well described and these actions appear to be very
important in the kidney. Although endothelial and epithelial cells are the primary source for
kidney EETs, macrophages also have the capacity to generate EETs (49). Human monocytes
express CYP2J and this expression is increased by macrophage and granulocytecolony
stimulating factors (49). EETs or sEH inhibition have been demonstrated to decrease renal
inflammation in numerous pathologies (56, 95). The anti-inflammatory actions attributed to
EETs or sEH inhibition is mediated through inhibition of phosphor-IKK-derived NFxB
activation (Fig. 5). Peroxisome proliferator-activated receptor -y (PPARy) activation also
contributes to the endothelial cell anti-inflammatory effects of EETs and sEH inhibition (56,
95). Likewise, EET analogs and sEH inhibitors decrease renal macrophage infiltration and
renal MCP-1 and TNF-a levels (56, 72, 73). More recently, the action of SEH inhibitors to
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decrease MCP-1, TNF-a, and intercellular adhesion molecule-1 (ICAM-1) in the kidneys
appears to decrease renal interstitial fibrosis (95). Inhibition of sEH is anti-inflammatory,
fibroprotective, and prevents tubular injury in obstructive nephropathy via down-regulation
of NFxB, TGF-B, Smad3, inflammatory signaling pathways, and activation of PPARy (95).
These findings are in agreement with experimental studies demonstrating interactions
between EETs and PPARs. Thus, increasing renal EET levels would have protective actions
from inflammation in disease states.

20-HETE is a proinflammatory factor that has been less well studied in regards to renal
inflammation and apoptosis. Human endothelial cell inflammation is stimulated by
incubation with 20-HETE (64). Transduction of endothelial cells with CYP4A hydroxylases
to increase 20-HETE levels results in increased ICAM-1 levels and oxidative stress (64).
The potent neutrophil chemotactic factor, interleukin 8 (IL-8), is increased by 20-HETE
through NF-xB and MAPK/ERK activation (64) (Fig. 5). 20-HETE also causes vascular
remodeling of renal resistance arteries (31). On the other hand, 20-HETE prevents the
effects of ethanol and TGF-p to increase glomerular permeability (91, 136). Protective
actions for 20-HETE to combat Adriamycin toxicity of human renal tubular epithelial cells
have also been demonstrated (129). These limited findings on 20-HETE and renal
inflammation and apoptosis provide enough evidence that this area requires extensive
evaluation in the future.

Genetic Rodent Models

There have been a number of genetic manipulations to rodents that have provided novel
insight into the contributions of the LO and CYP enzymes to renal function. These genetic
animals have also provided valuable insight concerning LO and CYP metabolites to
cardiovascular and renal diseases. The involvement of these eicosanoid metabolites and
genetically modified animals in pathological states can be found in excellent review articles
(21, 42).

Various aspects of the LO pathway have been genetically modified in animals and
consequences to biology, biochemistry, and pathology examined. The majority of
experimental studies in these genetically modified mice have focused on inflammation and
immune modulation. For instance, the 5-LO-deficient mice have been extensively studied in
numerous vascular and inflammatory pathologies but information related to the kidney is
very limited (42). Inflammatory responses induced by arachidonic acid were eliminated in 5-
LO deficient mice but not wild-type mice by nonselective COX inhibition (40). These
findings demonstrated links between prostaglandins and the 5-LO pathway in inflammation.
Other LO enzymatic deficient mice include FLAP, LTA4 hydrolase, and LTC4 synthase-
deficient mice. Genetic manipulation of leukotriene receptors has also been accomplished in
mice. Again, these studies have focused on vascular inflammation, asthma, and arthritis (42).
There have also been experimental studies related to the microvasculature with CysLT1 and
CysLT2 receptor deficient mice and experimental findings support a role for these receptors
to regulate microvascular leakage in inflammation (88, 94). Lastly, the 12/15-LO-deficient
mice support a contribution for this pathway in the development of diabetes (32, 105, 118).
A role for 12/15-L0 to adipocyte inflammation and insulin resistance in response to a high
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fat diet has also been established (105). Experimental studies with the 12/15-LO-deficient
mice and pharmacological inhibitors demonstrate a contribution to hypertension and renal
disease (32, 42). Consequently, genetic manipulation of the LO enzymes and receptors have
provided evidence for their contribution to inflammation and renal disease; however, these
mice have been under utilized in determining contributions to renal vascular and fluid and
electrolyte transport physiology.

CYP enzymatic pathway genetic manipulation has established an important contribution for
hydroxylase, epoxygenase, and epoxide hydrolase enzymes to renal function and blood
pressure control. Experimental studies in gene-deficient mice have also unveiled interactions
between hydroxylase and epoxygenase enzymes (21). These findings have defined their
physiological functions and provided significance to CYP enzymes on renal function and
blood pressure control in humans.

Cyp4a genes in mice have been manipulated and a significant role to renal function has been
found. Cyp4al4 was the first gene deficient mouse generated and was associated with
increases in plasma androgens, upregulation of renal Cyp4al2(a) expression, and increases
in urinary 20-HETE (47). Male and androgen specific hypertension was found in the
Cyp4ald—/- mice due in part to 20-HETE actions to increase renal vascular resistance (47).
Androgen driven overexpression Cyp4al2 has a similar 20-HETE driven renal vascular
hypertensive phenotype (137). Increasing vascular CYP4AZ2 in rats also results increased 20-
HETE levels and hypertension (63). Interestingly, the Cyp4al0 gene-deficient mice have no
change in Cyp4al2 expression or urinary 20-HETE levels but have downregulated renal
Cyp2c44 expression (97). Cyp4al0—-/— mice develop salt-sensitive hypertension in response
to high Na* salt and have increased collecting duct ENaC activity (97). These findings
provided support for the contribution of 20-HETE to increase renal vascular resistance and
the first genetic evidence for interactions between the CYP hydroxylase and epoxygenase
enzymatic pathways.

Additional support for vasodilator and natriuretic actions for EETs has been provided in
mice with genetic manipulation of the epoxygenase and sSEH enzymes. Gene deficiency in
the sEH (Ephx2) or overexpressing human CYP2C8 or CYP2J2 in endothelial cells
improves afferent arteriolar function and influences blood pressure control (80, 89, 121).
Initial reports suggested a male-specific effect on blood pressure in Ephx2—/- mice;
however, generation of Ephx2 on different genetic backgrounds failed to demonstrate sex-
specific differences on blood pressure control (83, 121). In addition, overexpressing human
CYP2C8 or CYP2J2 in endothelial cells had similar effects on afferent arteriolar responses
to endothelin-1 and acetylcholine from male and female mice (80). More recently, Cyp2c44
gene deficient mice have been generated and demonstrate salt-sensitive hypertension
associated with increased ENaC activity (20). Cyp2c44 is unique in that it generates
primarily highly stereo-selective 11,12-EET and 14,15-EET and very small amounts of 8,9-
EET (20). Thus, genetic manipulation of epoxygenase metabolites has provided strong
support to the concept that 11,12-EET and 14,15-EET are the major contributors to renal
vasodilator and natriuretic actions.
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Even though genetic animal models have provided insight into CYP and LO metabolites to
renal function and pathologies, these genetically manipulated animals have been largely
underutilized. This underutilization is due to differences in genetic background, time
required to receive mice that are cryopreserved, breeding and colony maintenance, and other
expenses associated with genetic animals. Pharmacological tools therefore remain the
predominant approach to determine the contribution of eicosanoids to renal function. Thus,
there remains untapped and unexplored potential for experimental studies using these unique
genetically modified CYP and LO mice that could provide valuable insight on the
contribution of these metabolites to renal vascular and transport physiology.

Conclusion

Renal physiological function is clearly influenced by the vascular and tubular actions of LO
and CYP metabolites of arachidonic acid. Their contribution to the ability of the kidney to
maintain whole body fluid and electrolyte homeostasis is clear and evident. The generation
of LO metabolites also are extremely important to renal inflammatory responses. These
renal vascular and tubular actions depend on activation of LO metabolite specific receptors
and cell signaling mechanisms. CYP metabolites are extremely important for proper sodium
reabsorption and excretion. These CYP metabolite tubular transport actions depend on cell
signaling mechanisms and effects on apical and basolateral ion channels. Unlike LO
metabolites, CYP metabolite receptors have yet to be identified. Although there is a rapidly
expanding tool-box of pharmacological agents and genetic animals, this has not been fully
taken advantage of to better understand the contribution of CYP and LO metabolites to renal
physiological function.

Expansion of the genetic, pharmacological and biochemical approaches to evaluate the CYP
and LO pathways allows for experimental studies to determine and define their renal
physiological relevance. Genetic tools and animal models are now readily available for LO
and CYP enzymatic pathways. Mice deficient in the Cyp2c, Ephx2, and Cyp4a genes have
already yielded unequivocal evidence of their role in hypertension and renal vascular and
tubular transport (18, 19). Human CYP2C and CYP2J enzymes have been expressed in
select tissues in mice including endothelial cells (80). Antisense nucleotide inhibition of
CYP4A1/CYP4A2 expression lowers blood pressure in spontaneously hypertensive rats
(136, 138).

Vascular CYP4A overexpression in rats causes renal endothelial dysfunction and increases
blood pressure (138). Like CYP enzymatic pathways, LO genetic deficient mice have been
generated. These include genetic knockout of genes for LO enzymes and receptors.
Experimental studies in these LO mice have determined the contribution of this pathway to
renal inflammation and diabetic nephropathy (32). Genetic mice with endothelial cell
specific knockout or overexpression of the LO and CYP pathways already exist and renal
function has been studied to some extent. Cell specific genetic manipulation of glomerular
and tubular cells should soon be available and will yield interesting data on renal function.

Human and animal studies have demonstrate sex-specific differences with relation to CYP
eicosanoids and renal function (21). There is strong evidence for androgen regulation of 20-
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HETE that contributes to renal vascular function and blood pressure control (47, 137). There
has been conflicting data on sex-specific differences and the epoxygenase pathway. Recent
findings have demonstrated that renal vascular EET levels are higher in female SHR
compared to males (96). The functional consequences of this sex-specific difference in renal
vascular EET levels remain unknown. Overall eicosanoid sex-specific differences in relation
to renal hemodynamics and fluid and electrolyte transport remains an area that requires
further evaluation.

Pharmacological tools have been developed and include enzymatic inhibitors, receptor
antagonists, mimetics and agonists, and antagonists for LO and CYP pathways. These
pharmacological tools have been instrumental in determining the renal physiological roles
for LO and CYP enzymes, metabolites, and receptors. Development of many of these
chemical compounds has rapidly progressed based on the identification and determination of
the enzymatic and receptor protein structures. In the case of SEH inhibitors, there was such a
rapid development that inhibitors reached the point of human clinical trials within a decade
from determining their contribution to renal function (56). A major hurdle that has been
overcome is the ability to utilize CYP and LO enzymatic inhibitors, receptor antagonists,
mimetics and agonists, and antagonists in an /in vivo experimental setting. These novel CYP
and LO pharmacological tools can be now used to evaluate their contributions to renal
function and to determine their therapeutic potential to combat renal diseases.

Another emerging area that requires further investigation is the interactions between the
eicosanoid metabolic pathways. A number of studies have determined that COX enzymes
metabolize EETs and 20-HETE and these metabolites have renal vascular and tubule
transport activities (23, 36, 48, 58). It is also apparent that eicosanoid metabolites can
regulate the enzymatic activity of other eicosanoid metabolic pathways. There is also the
fact that eicosanoid metabolites of different pathways can act in synergy or opposition in
regards to renal actions. For example, inhibitors of SEH can synergize and enhance the anti-
inflammatory actions of COX-2 inhibitors (116). Although there have been advances in the
ability to measure these various eicosanoid metabolites, most experimental studies focus on
a single eicosanoid pathway. Thus, there is a need to pay greater attention to overall changes
in eicosanoid metabolites and how these influence renal function. Future studies are
undoubtedly warranted to determine the impact of novel CYP and LO metabolites and
interactions between these enzymatic pathways and the COX pathway on renal function.

Although the renal physiological actions LO and CYP metabolites of arachidonic acid are
the most abundant and well characterized, LO and CYP metabolites of other fatty acids are
generated and could contribute significantly to renal vascular and tubular function. CYP
epoxygenase metabolites of w-3 polyunsaturated fatty acids can have renal anti-
inflammatory actions (130). Fish oil or w-3 polyunsaturated fatty acid diet rich in
eicosapentaenoic acid and docosahexaenoic acid (DHA) coupled with sEH inhibitors lowers
blood pressure and provides superior anti-inflammatory effects in hypertension (130). The
DHA epoxide 19,20-epoxy docosapentaenoic acid (19,20-EDP) contributes to the
antihypertensive action (130); however, the renal vascular and tubular actions of 19,20-EDP
remain unknown. Another novel class of epoxygenase arachidonic acid metabolites is
termed 2-epoxyeiocatrienoiylglycerols (2-EG) (26). The kidney generates 2-11,12-EG and
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2-14,15-EG that activate cannabinoid CB1 and CB2 receptors with high affinity (26).
Afferent arterioles dilate in response to 2-11,12-EG and this response is inhibited by CB1
receptor antagonism (26). Renal vascular and transport actions of these novel CYP and LO
metabolites will unquestionably be a future focus.

CYP and LO metabolites have been extensively evaluated and these metabolites importantly
impact renal hemodynamics and fluid and electrolyte balance. Improper regulation of CYP
and LO metabolites also contributes to renal dysfunction and injury in many disease states.
Despite the fact that there is significant evidence to support the notion that CYP and LO
metabolites contribute to renal physiology and pathology there is still major gaps that
persist. Finally, translational work will be required to apply these basic discoveries on CYP
and LO metabolites into treatment for human diseases.
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Diagram depicting pathways of arachidonic metabolism. CYP, LO, and COX, pathways can
metabolize arachidonic acid. The contribution of COX-1 and COX-2 metabolites to renal
function has been extensively reviewed (13, 78). CYP enzymes can generate 20-HETE and
EETs. sEH can hydrate EETs to form dihydroxyeicosatrienoic acids (DHETES). LO
enzymes generate HETES, leukotrienes (LTs) and lipoxins (LXs). Representative enzymatic
inhibitors and receptor antagonists are named in italics.
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Figure2.
Diagram depicting renal blood flow autoregulatory tubuloglomerular feedback (TGF) and

myogenic responses. Afferent arteriolar vascular smooth muscle cell depicts contribution of
20-HETE to myogenic and TGF responses. Increased afferent arteriolar transmural pressure
triggers the myogenic response to increase 20-HETE levels. 20-HETE causes afferent
arteriolar constriction via inhibition of large-conductance Ca2*-activated K* channels and
activation of L-type Ca2* channels. TGF response is initiated by sensing cells at the macula
densa resulting in release of adenosine and ATP. Adenosine activates adenosine type Al
receptors to increase intracellular Ca2* and ATP activates purinergic P2X receptors to
increase 20-HETE levels resulting in afferent arteriolar constriction.
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Figure 3.
Diagram depicting renal vascular endothelial cell and vascular smooth muscle cell signaling

for EETs, 20-HETE, and 12(S)-HETE. Bradykinin B2 receptor, acetylcholine muscarinic
M3 receptor, adenosine A2A receptor, or AT2 receptor activation increases renal endothelial
cell EET levels. EETs released from the endothelial cell act in a paracrine manner on
vascular smooth muscle cells to activate large-conductance Ca2*-activated K* channels and
oppose vasoconstriction. ETA receptor activation increases renal vascular smooth muscle
cell 20-HETE levels. AT1 receptor activation increases vascular smooth muscle cell 20-
HETE and 12(S)-HETE activates. 20-HETE and 12(S)-HETE activate L-type Ca2* channels
and cause vasoconstriction.
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Figure 4.
Diagram depicting renal proximal tubule, TALH, and CCD cell signaling for EETs and 20-

HETE. Proximal tubule cell: 20-HETE inhibits basolateral Na-K ATPase activity to decrease
sodium reabsorption. EETSs inhibit basolateral Na-K ATPase activity and apical NHE3 to
decrease sodium reabsorption. TALH: 20-HETE inhibits apical K* channels to limit K*
availability for transport via the Na-K-2CI™ transporter resulting in decreased lumen positive
transepithelial potential and passive reabsorption of cations. CCD: EETSs inhibit apical ENaC
and basolateral K* channels to decrease sodium reabsorption.
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Diagram depicting mesangial cell hypertrophic and renal vascular and tubular cell
inflammatory responses to CYP and LO metabolites. Circulating platelets, and leukocytes
can generate LO metabolites, 12(S)-HETE, ATLs, and LXA. 12(S)-HETE acts on
glomerular mesangial cells to activate GPR31 receptors resulting in increased TGF-p
resulting in phosphorylation of Smad2/3 to increase extracellular matrix and hypertrophy.
ATLs and LXA4 interfere with activation and migration of inflammatory cells. Renal
endothelial cells generate EETS, endothelial and vascular smooth muscle cells generate
12(S)-HETE and vascular smooth muscle cells generate 20-HETE to act in a paracrine
manner to influence the renal vascular and tubular cell inflammatory responses. TNF-a
acting on the TNF receptor activates a sequence of cell signaling events resulting in NF-xB
translocation to the nucleus to increase adhesion molecule levels to cause inflammatory cell
infiltration. EETSs act to prevent IKK phosphorylation and activation of NF-xB to decrease
renal inflammation. 12(S)-HETE and 20-HETE increase NF-xB activation and translocation
to the nucleus to increase renal inflammation.
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