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ABSTRACT

Cytochrome P450 (CY P) eicosanoids regulate vascular tone, renal tubular transport, cellular
proliferation and inflammation. Both the CYP4A o-hydroxylases, which catalyze 20-
hydroxyeicosatetraenoic acid (20-HETE) formation, and soluble epoxide hydrolase (sEH), which
catalyzes epoxyeicosatrienoic acid (EET) degradation to the dihydroxyei cosatrienoic acids
(DHETS), are induced upon activation of peroxisome proliferator-activated receptor alpha
(PPAR) by fatty acids and fibrates. In contrast, the CY P2C epoxygenases, which are
responsible for EET formation, are repressed after fibrate treatment. We show here that CYP
eicosanoids can bind to and activate PPARo. and result in the modulation of PPARo. target gene
expression. In transactivation assays, 14,15-DHET, 11,2-EET, and 20-HETE were potent
activators of PPARa. Gel shift assays showed that EETs, DHETSs and 20-HETE induced
PPARo-specific binding to its cognate response element. Expression of apolipoprotein A-lI was
decreased 70% by 20-HETE whereas apolipoprotein A-Il expression was increased up to 3-fold
by 11,12-EET, 14,15-DHET, and 20-HETE. In addition, CYP eicosanoidsinduced CY P4A1,
SEH, and CY P2C11 expression, suggesting that they can regulate their own levels. Given that
CY P eicosanoids have multiple cardiovascular effects, pharmacological modulation of their

formation and/or degradation may yield therapeutic benefits.
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INTRODUCTION

Eicosanoids generated from arachidonic acid metabolism by cytochrome P450 (CY P)
enzymes are important autocrine and paracrine factors that have diverse biological functions.
CY P eicosanoids are involved in the regulation of vascular tone, renal tubular transport, cardiac
contractility, cellular proliferation, and inflammation (Roman, 2002). The mgjor products of
CY P-catalyzed arachidonic acid metabolism are 19- and 20-hydroxyei cosatetraenoic acid (19-
and 20-HETE), and the regio- and stereoi someric epoxyei cosatrienoic acids (EETs) (Roman,
2002). 20-HETE formation is catalyzed by the CYP4A (Nguyen et al., 1999; Wang et al., 1999)
and CY P4F (Powell et al., 1998; Xu et al., 2004) family of enzymes whereas the EETs are
products of arachidonic acid metabolism by the CY P2C and CY P2J enzymes (Karara et .,
1993; Wu et al., 1996; Wu et al., 1997). EETs are subsequently metabolized by the soluble
epoxide hydrolase (sEH) into dihydroxyei cosatrienoic acids (DHETS) (Zeldin et al., 1993; Yu et
al., 2000).

Regulation of CYP eicosanoid levelsis determined by many factors, which includes the
induction or repression of the CY P enzymes responsible for their formation. Large numbers of
studies have focused on the induction of rat CY P4A protein and mRNA levels by anti-
hyperlipidemic agents such as clofibrate (Kimuraet al., 1989). Recently, rat renal CY P2C23 has
also been shown to be inducible by fibrates (Muller et al., 2004) whereas rat hepatic CY P2C11
and CYP2C12, but not CYP2C13, are repressed (Corton et al., 1998). Hepatic and renal sEH
expression in rodents are also induced after treatment with clofibrate (Pinot et al., 1995).

Fibrate drugs are part of adiverse group of compounds known as peroxisome
proliferators, which aso include herbicides and phthal ate ester plasticizers (Bishop-Bailey,

2000). Peroxisome proliferators act viathe peroxisome proliferator-activated receptor apha
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(PPAR) (Issemann and Green, 1990). This receptor isamember of the PPAR nuclear receptor
family that also consists of the PPARy and PPARS isoforms. PPARo is mainly expressed in the
heart, liver, and kidney whereas the expression of PPARYy is predominantly in the adipose tissue
(Bishop-Bailey, 2000). The biological role of PPARa as alipid sensor has been well established.
In primary rat hepatocytes, PPARa activation results in the upregulation of apolipoprotein (apo)
A-1 and apo A-11 and increased expression of 3-oxidation enzymes, fatty acid transport proteins,
fatty acid binding proteins, and other genes involved in the control of triglyceride and fatty acid
metabolism (Fruchart et a., 2001). In human hepatocytes however, apo A-l expression is
decreased following PPARa activation (Vu-Dac et al., 1998). The species-specific differencesin
response to PPARa agonists have been attributed to the expression level of PPARa (Palmer et
al., 1998), which is significantly lower in humans than in rodents, as well as differencesin the
regulatory regions of the responsive-genes(Vu-Dac et a., 1998; Cheema and Agellon, 2000).

More recently, both PPARa and PPARYy have also been found in vascular smooth muscle
and endothelial cells (Bishop-Bailey, 2000). In both smooth muscle and endothelia cells
derived from human and bovine sources, PPARo. inhibits the inflammatory response by
repressing NF-xB signaling. Expression of genesinvolved in inflammation such as interleukin-
6, cyclooxygenase 2, and vascular adhesion molecule are all inhibited after PPARo. activation
(Bishop-Bailey, 2000).

Mechanistically, PPARs are ligand-activated transcription factors which, upon ligand
binding, will heterodimerize with the retinoic X receptor and bind to its response element, the
peroxisome proliferator response element (PPRE). Ligands for PPARa. include fatty acids,
eicosanoids and fibrate drugs (Forman et al., 1997). One of the more potent endogenous

activators has been identified as the eicosanoid 8(S)-HETE (Forman et al., 1997). 8(S)-HETE is
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generated from the lipoxygenase pathway of arachidonic acid metabolism and activates and
binds to PPARo at nanomolar concentrations. Other related eicosanoids such as prostacyclin,
some prostaglandins, and leukotriene B, also activate PPARo. (Devchand et al., 1996). A recent
report also showed that m-hydroxylated EETs are high affinity ligands of PPARc. (Cowart et al.,
2002).

Given that related el cosanoids bind to and activate PPARo., and that CY Psand sEH are
regulated by peroxisome proliferators, we hypothesize that CY P eicosanoids are also agonists of
PPARo. To test whether CY P eicosanoids can functionally activate PPARa, transactivation
assays were carried out and demongtrated that 11,12-EET, 14,15-DHET, and 20-HETE are
potent activators of PPARo and PPARYy. By using gdl shift assays, CY P eicosanoids were
shown to induce the binding of PPARa to a PPRE. Furthermore, we show that 11,12-EET and
14,15-DHET behave like peroxisome proliferators in that they were able to alter apoA-I and
apoA-I1 mRNA expression in primary rat hepatocytes. Since apoA-I and apoA-I1 areinvolved in
the transport of HDL, these findings suggest that CY P elcosanoids may play arolein the
regulation of triglyceride levels via PPARo. In addition, we show that CYP and sEH mRNA
levels were increased in primary rat hepatocytes after treatment with these eicosanoids. These
results suggest that CY P el cosanoids may regulate their own levels through a complex

autoregulatory mechanism.
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MATERIALSAND METHODS

Materials. Wy 14,643 and ciglitazone were obtained from Biomol (Plymouth Meeting,
PA) and eicosanoids were purchased from Cayman Chemical (Ann Arbor, MI). The EET
agonist 11,12-epoxyeicosa-8(Z)-enoic acid (11,12-EEZE) was synthesized as described
previously (Falck et al., 2003). 3,3",5-Triiodo-L-thyronine (Ts) was purchased from Sigma
Chemical Company (St. Louis, MO). CYP4A1 and CYP2C11 primary antibodies were
purchased from Gentest (Woburn, MA). The sEH antibody was a kind gift from Dr. Bruce
Hammock (University of California, Davis), and the CY P2C23 antibody was a kind gift from Dr.
Jorge Capdevila (Vanderbilt University). Gal4 expression and reporter plasmids were provided
by Dr. Thomas Scanlan (University of California, San Francisco) and pCMV-mPPARa and
pPRS-hRXRa plasmids were a generous gift from Dr. Ronald Evans (Salk Institute, La Jolla,
CA).

Cell Culture. HepG2 cells were obtained from American Type Cell Culture and
maintained in Modified Eagle’'s Medium with Earle’' s Balanced Salt Solution and contained 10%
fetal bovine serum, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, and penicillin-
streptomycin. Sprague Dawley primary hepatocytes were isolated by the UCSF Liver Center
Core Facility, were cultured on Collagen Type | plates (BD Biosciences) and overlaid with 0.25
mg/ml Matrigel (BD Biosciences, Bedford, MA) in HCM™ medium (Cambrex, Walkersville,
MD). Primary hepatocytes were treated on the third day after isolation. All cells were cultured
in 37°C with 5% CO..

Transactivation Assays. HepG2 cells were plated in 24-well plates at 8x10° cells per
well and transfected the next day using Lipofectamine PLUS reagents (Invitrogen, Carlsbad, CA)

with 0.1-1 ng of Gal4-hPPARa. or Gal4-hPPARY, 100 ng UAS:-LUC, and 35 ng of pCMV-Bgal.
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After 24 hours, cells were dosed with 50 uM Wy 14,643, 10 uM ciglitazone, or 10 uM CYP
eicosanoids in serum-free medium containing up to 0.1% DM SO for 6 hours. Cells were lysed
using Reporter Lysis Buffer (Promega, Madison, WI) and subjected to one freeze-thaw cycle. A
single-tube format luminometer (MGM Instruments, Hamden, CT) was used for obtaining
luciferase values using the Luciferase Assay Reagent as substrate (Promega, Madison, WI). To
determine 3-galactosidase activity, cdl lysates were incubated with the substrate o-nitrophenyl-
[-D-galactopyranoside and absorbance was measured at 420 nm. Luciferase activity is
expressed relative to B-galactosidase activity, and fold activation is calculated relative to DM SO
control. Each experiment was carried out in quadruplicate and repeated three times.

Lipid Extraction and Liquid Chromatography Tandem M ass Spectrometry. A
confluent culture of HepG2 cellsin a T75 flask was incubated with 10 uM CY P eicosanoids for
6 h. Extraction of lipids from culture medium and cells have been described previoudly (Fang et
a., 2001). Briefly, lipidsfrom cell culture medium were extracted twice with water-saturated
ice-cold ethyl acetatein aratio of 1:4 (v/v). For the extraction of intracellular lipids, cells were
first trypsinized and washed with PBS, then homogenized by hand with a Dounce homogeni zer.
Ice-cold chloroform/methanol (2:1, v/v) was then added and the organic phase was removed. In
some cases, hydrolysis of intracellular lipids was carried out by adding methanol containing 5%
NaOH and 10% H-0 to the organic phase and incubating the reaction for 1 h at 50°C. Lipids
were then extracted with ethyl acetate as described above. The extracted layer was evaporated
under nitrogen gas and stored at -80°C. On the day of analysis, lipids were reconstituted in
acetonitrile (100 pl). Quantitation of eicosanoids has been previously described (Yu et al.,
2004). Briefly, analysis of lipids by high-performance liquid chromatography (HPLC) was

performed using a4.6 x 150 mm 5um Luna C18(2) column (Phenomenex, Torrance, CA) and
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lipids were eluted from the reverse-phase HPLC column. The effluent was then injected into a
Quattro Ultima tandem-quadrupole mass spectrometer (Micromass, Manchester, UK) and
subjected to negative mode electrospray ionization (ESI). Multi-reaction monitoring (MRM)
was employed to detect the eicosanoids smultaneously, and data were analyzed using the
MassLynx 3.5 software (Milford, MA).

Gel Shift Assays. pPCMX-mPPARa (1 ug) and pRS-hRXRa. (1 ug) were translated
using the TNT reticulocyte in vitro tranglation system (Promega, Madison, WI). The binding
reaction contained 1 ul of translated PPARc, 0.3 ul of RXRa in 10 mM Tris, 150 mM KCI, 6%
glyceral, 0.05% Igepal, 1 mM DTT, 2 ug poly (dI-dC), and CY P eicosanoids with or without 1
ul PPARa or RXRa antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The reactions were
incubated for 10 min on ice before 250,000 cpm [y-*P]-labeled PPRE was added. The sequence
for the consensus PPRE oligonucleotide is 5-CAA AAC TAG GTC AAA GGT CA-3', and the
sequence for the mutant oligonucleotide is 5-CAA AAG TAG CAC AAA GCA CA-3. The
oligonucleotides were end-labeled with [y-*2P] using T4 polynucleotide kinase. Following
incubation for 30 min at room temperature, the reaction was separated on a5% pre-run
polyacrylamide gel at 4°C. The gel was dried and radioactive bands were visualized using a
phosphorimager and ImageQuant software (Amersham Biosciences, Piscataway, NJ).

Real-Time Quantitative PCR. Primary hepatocytes were treated with peroxisome
proliferators or eicosanoids for 24 to 48 hours. RNA was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’ s instructions. Reverse transcriptionis
carried out usng M-MLV (Promega, Madison, WI) reverse transcriptase. Primers and probe sets
were designed using Primer Express (Applied Biosystems, Foster City, CA) and arelisted in

Table 1. Probeswere labeled with reporter dye, 6-carboxy-fluorescein phosphamidite (FAM) at

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

the 5'-end and the dye quencher, Black Hole Quencher at the 3'-end. The agpoA-I, apoA-Il, and
CPT1A primer and probe sets were Assays-on-Demand purchased from Applied Biosystems
(Foster City, CA). Reactionswere run on an ABI Prism 7700 and cycling conditions were:
95°C for 10 min, followed by 45 cycles of 95°C for 15 sand 60°C for 1 min. Therelative
expression of specific transcripts was calculated by the following formula: Relative expression =
2" where Ct = (ACtiarget — ACteyciophilin)treated — (ACttarget —ACleyciophilin)control-

Statistics. Statistical significance of differences between values was evaluated by an

unpaired Student’st test. Significance was set at ap value of <0.05.

10
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RESULTS

CYP eicosanoids transactivate PPARs. Transactivation assays were carried out to
determine whether EETs or DHETSs were able to functionally activate PPARo and
PPARYy (Figure 1). HepG2 cells were transfected with a Gal4 plasmid containing the ligand-
binding domain of either human PPARa or PPARY (Gal4-hPPARa. or Gal4-hPPARY), and a
luciferase reporter plasmid containing 4 repeats of the Gal4 response e ement (UAS;-LUC). In
cells not transfected with hPPARa. or hPPARY, only minimal basal activation was observed.
When hPPARGo-transfected cells were treated with the PPARo-specific activator Wy 14,643,
hPPARo was activated greater than 30-fold. Similarly, hPPARY was transactivated by
ciglitazone, a PPARYy ligand. Significant activation was observed when hPPAR-transfected cells
were dosed with 10 uM 11,12-EET, 11,12-EEZE, or 14,15-EET (Figure 1A). The highest
activation was observed with 11,12-EEZE, a monounsaturated 11,12-EET analog. 8,9-EET did
not significantly activate either hPPARo or hPPARY.

The effects of DHETs on hPPAR activation were also examined (Figure 1B). hPPAR-
transfected HepG2 cells were treated with 10 uM 8,9-DHET, 11,12-DHET, or 14,15-DHET.
14,15-DHET was the most potent activator and was as effective as Wy 14,643 and ciglitazone at
transactivating the respective PPARs. hPPARo. was activated 30-fold and hPPARY 21-fold by
14,15-DHET. Activation of hPPARa and hPPARYy by 11,12-DHET was 8- to 9-fold. 8,9-DHET
did not significantly activate either receptor. 20-HETE activated hPPARo 18-fold and hPPARY
23-fold (Figure 1C). To exclude the possibility that the activation observed with CY P
eicosanoids was non-specific for nuclear receptors, we tested their ability to transactivate an

unrelated receptor, the thyroid hormone receptor beta (TRB) (Figure 1D). The endogenous

11
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ligand of TR, triiodo-L-thyronine (T3) strongly activated this receptor whereas 11,12-EET and
14,15-DHET did not have any effect on TR activation.

14,15-DHET was further tested for its ability to transactivate hPPARo and hPPARYy in a
dose-dependent and saturable manner (Figure 2). Cells were transfected as described above and
treated with 0.1 uM to 100 uM 14,15-DHET. A steep dose-dependence was observed between 1
uM and 10 uM of 14,15-DHET. Maximal activation was observed at 50 uM for both receptors
with ECso values of 1.5 uM and 2.5 uM for hPPARo and hPPARY, respectively.

Characterization of the distribution of EETsand DHETsin HepG2 cells. To
characterize the availability of eicosanoidsin our cellular system, the distribution of exogenously
administered CY P eicosanoids was examined using liquid chromatography tandem mass
spectrometry (Table 2). In cellstreated with 10 uM 11,12-EET, approximately 48% was
metabolized into 11,12-DHET. Of the 52% 11,12-EET remaining, 32% was detected in the
extracellular medium, and 20% was incorporated into phospholipid pools; unbound intracellular
11,12-EET was not detected. The 11,12-DHET formed from 11,12-EET was largely detected in
the extracellular medium (47%), with 0.7% found in phospholipid pools, and 0.2% as free
intracellular lipids. Treatment with 10 uM 14,15-DHET resulted in the predominant distribution
of 14,15-DHET extracellularly (99%), with a small percentage bound within lipid pools.

EETsand DHETsinduce PPAR/RXR binding to a PPRE. Gel shift assays were
carried out to determine whether CY P eicosanoids could induce a conformational changein
PPARa, resulting in subsequent binding of the PPARo/RXRa. heterodimer to a PPRE. EETS,
DHETs, and 20-HETE induced heterodimer binding which was not observed with a mutant
PPRE or unprogrammed reticulocytes (Figure 3A). Supershifts with mPPARo and RXRa

specific antibodies demonstrated that heterodimers consisted of MPPARo and RXRo: (Figures

12
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3B-3E). To further validate binding specificity, increasing amounts of cold PPRE were
incubated with the complex, which resulted in a dose-dependent decrease in mPPARo/RXRo
bound to radiolabeled PPRE (Figure 3F). Likewise, 20-HETE induced mPPARo/RXRo-specific
heterodi merization and subsequent binding to the PPRE (Figure 3G).

CYP eicosanoids alter the expression of PPARa-responsive genes. After
demonstration of PPARa activation by CY P eicosanoids, it was of interest to investigate whether
CY P elcosanoids were able to mimic the actions of peroxisome proliferators and alter the RNA
levels of known PPARo-responsive genesinvolved in the metabolism and transport of
triglycerides. Primary hepatocytes from Sprague Dawley rats were treated ex vivo with 10 uM
11,12-EET, 14,15-DHET, or 20-HETE and RNA expression of apoA-I, apoA-I11, and carnitine
pamitoyl transferase 1A (CPT1A) was determined by real time quantitative PCR (Figure 4A).
Wy 14,643 and 14,15-DHET dlightly decreased apoA-I expression. Interestingly, 20-HETE
resulted in a 70% decrease in apoA-I expression. In contrast apoAll expression was increased
after treatment with PPARo. activators. Treatment with Wy 14,643 resulted in a 2-fold increase
in apoA-I1 expression and induction was more than 3-fold with 11,12-EET, 14,15-DHET, and
20-HETE. The expression of CPT1A was only minimally affected by CY P eicosanoids, in
contrast to potent activation by Wy 14,643.

Since peroxisome proliferators can modulate CY P and sEH levels, we investigated
whether CY P eicosanoids had the ability to modify CY P and sSEH levels, thereby regulating their
own expression (Figure 4B). As expected, Wy 14,643 resulted in amarked increasein CY P4AA1
and sEH expression. In contrast, CYP4A1 and sEH mRNA levels were increased only 2- to 3-
fold by 10 uM 11,12-EET, 14,15-DHET and 20-HETE. Interestingly, CY P eicosanoids were

more potent than Wy 14,643 in inducing CY P2C11 expression, with 20-HETE being the most

13
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effective inducer, resulting in a8-fold increase of CYP2C11 mRNA. CYP2C23 mRNA was

increased only 1.5-fold after treatment with Wy 14,643 and 11,12-EET.

14
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DISCUSSION

CYP eicosanoids are identified as novel PPARa and PPARYy activators. Of the
elcosanoidstested, 11,12-EET, 14,15-DHET, and 20-HETE are the most potent activators of
both isoforms. It is recognized that the exogenous concentrations added to culture medium are
likely to be higher than intracellular eicosanoid levels. A significant attenuation of PPAR
activation by CY P eicosanoids dosed in serum-containing medium is consistent with binding to
cellular proteins and reduced free intracellular concentrations (data not shown). Of the
exogenously administered 11,12-EET, no free fatty acids were detected intracellularly, and
approximately 2 uM was bound in phospholipid pools. This concentration represents one-fifth
of theinitially administered 11,12-EET dose, and suggests that the concentration of free 11,12-
EET within the céll is even lower than 2 uM. In vivo, endogenous EET levelsin rodent plasma
(Yu and Kroetz, unpublished results) and human liver (Karara et al., 1991) are in the nanomolar
range. The EDsps obtained from transactivation assays in this report were in the low micromolar
range; consideration of the ratio of the EET dose to the level of lipid bound EETs measured
intracellularly (~5:1) would be consistent with intracellular eicosanoid concentrationsin the
nanomolar range, making it likely that 11,12-EET can activate PPARo. and PPARY in vivo.

The fact that 11,12-EET-derived DHET was detected predominantly in the extracellular
medium suggests that, subsequent to metabolism by intracellular sSEH, 11,12-DHET was secreted
into the medium. Although almost all of the exogenously administered 14,15-DHET was found
in the culture medium, this finding does not indicate that 14,15-DHET was not available
intracellularly. Itislikely that, akinto 11,12-DHET, 14,15-DHET is secreted following entry

into the cell. The above phenomenon makesit difficult to determine the free intracellular

15

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

concentrations of DHETs that are available to activate PPARs in the cellular system used in
these studies, but it is likely to be submicromolar.

Regioisomeric CY P eicosanoids may be preferentially metabolized in the cell, thus
influencing PPAR activation. Differencesin PPARo activation by regioisomeric EET/DHET
pairs suggest that the DHET alone cannot account for all of the activity associated with EET
treatment. To address the relative contributions of EETs and DHETSs it would be of interest to
measure EET transactivation in a cell system devoid of sEH activity. Unfortunately, inhibition
of sEH by urea-based and chalcone oxide sEH inhibitors was not possible in these studies since
these inhibitors also activated PPARs ( Ng and Kroetz, unpublished dataand Ng et al., 2006).
Further studies would be required to adequately address the relative contribution of EETs and
DHETSs in the observed activation of PPAR.

11,12-EET and 14,15-DHET transactivated human PPARo and PPARYy to asimilar
extent. Many reports have shown the dual activation of PPARS by polyunsaturated fatty acids.
Linoleic, arachidonic, and eicosapentaenoic acids activate murine PPARo and PPARS (Forman
et al., 1997), and palmitic, oleic, linolenic, and arachidonic acids are agonists for murine PPARo
and PPARY (Kliewer et a., 1997). Recently, increased efforts to synthesize compounds that act
as PPARa/PPARYy dual agonists such as ragaglitazar (Brand et al., 2003) and MK-0767
(Doebber et a., 2004) show that these have beneficial effects on insulin resistance and display
antihyperglycemic and hypolipidemic activities. Since CY P elcosanoids are endogenous
compounds that are released into the intracellular environment, it is of interest to explore
whether CY P eicosanoids play arolein improving insulin sensitivity and maintaining lipid

homeostasis.
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It was recently shown that 10-20 uM w-hydroxylated EETSs transactivated Gal4-
mPPARo about 2- to 3- fold over control (Cowart et a., 2002). In the present study, 10 uM
11,12-EET and 14,15-EET activated Gal4-hPPARao more than 10-fold, suggesting that the non-
o-hydroxylated EETs may be more potent activators of PPARa. It isimportant however, to take
into account the differences in cell type and the species of PPARo that were employed in the
assays. 20,14,15-HEET displaced cis-parinaric acid from the ligand binding domain of PPARo
with high affinity (Ki = 3nM). The corresponding K;s for EETs and Wy 14,643 are about 10-
and 26-fold higher, respectively (Cowart et al., 2002). Based on ligand displacement assays,
EETs and WYy 14,643 are expected to have lower affinity for PPARa than the hydroxylated
EETs. However, Wy 14,643 was functionally as potent at transactivating full length PPARc. as
20,14,15-HEET and in assays using Gal4-mPPARao chimeras, Wy 14,643 was 4 times more
potent than 20,14,15-HEET. Thelack of correlation between cis-parinaric acid displacement
constants and transactivation potential makes it difficult to assign relative potencies for PPARo
activation to the CYP eicosanoids. The possibility existsthat in vivo, EETs are converted to
their hydroxylated productsin the presence of the CYP4A enzymes. However CY P4A
expression was not detected in HepG2 cells where the present transactivation studies were
performed, consistent with adirect effect of EETs on PPARo..

8(S)-HETE, 15-deoxy-A'>-PGJ,, and hydroxylated EETs are naturally occurring
eicosanoid ligands for PPARo. and PPARY (Forman et a., 1997; Kliewer et al., 1997; Cowart et
a., 2002). Given the similarity in structure between these established ligands and CY P
eicosanoids, and the promiscuous ligand binding pocket of PPARs, it isnot surprising that CYP
eicosanoids can also activate PPARs. A major determinant of substrate specificity between

PPARa and PPARY isthe Tyr314 residue. It will be interesting to model whether the dual
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agonist CY P elcosanoids can efficiently hydrogen bond with Tyr314 and its equivalent in
PPARYy. Preliminary docking efforts to examine this interaction were hindered by the large
number of configurations that CY P eicosanoids can assume. Structural information will provide
additional insight asto why certain CY P el cosanoids are better agonists than others despite their
high degree of structural smilarity.

Most of the interest in PPARo. activation has focused on itsrolein regulating lipid
homeostasis. CY P elcosanoids decreased apoA-I mRNA levelsin primary rat hepatocytesto a
similar or greater degree as the well-characterized PPARa. agonist Wy 14,643. The regulation of
the apoA-I gene by PPARa is species and ligand-specific (Vu-Dac et a., 1998). In previous rat
hepatocytes studies, fenofibrate transcriptionally decreased apoA-1 mRNA while benzafibrate,
gemfibrozil, and Wy 14,643, had no effect (Staels et a., 1992). The differencein Wy 14,643
effects between the studies could be due to differencesin rat strain and the mode of activator
exposure. Since CY P eicosanoids cannot be administered in vivo, hepatocytes were dosed after
isolation. In contrast, for the fibrate studies, hepatocytes were isolated after in vivo
administration of the activators (Staels et al., 1992). Remarkably, 20-HETE was significantly
more potent and resulted in a 70% decrease in apoA-1 MRNA. It may be possible the 20-HETE
effect isnot due solely to PPARa activation. The RXR homodimer (Nagasaki et al., 1994), Rev-
erba (Vu-Dac et a., 1998), HNF-4 (Chan et al., 1993), and saturated fatty acids (Srivastava,
1994) have been implicated in apoA-I regulation. It isimportant to note however, that in
contrast to rodents, PPARa activation in human hepatocytes leads to an increase in apoA-|
expression (Berthou et a., 1996), which is regulated by more complex mechanisms. The effect

of CY P elcosanoids on apoA-| expression in humans requires further study.
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ApoA-I1 expression in rat hepatocytes was significantly induced after treatment with Wy
14,643 and CY P eicosanoids. In earlier studies, fenofibrate decreased apoA-I1 mRNA in the rat
liver (Stagls et al., 1992) and increased hepatic production of apoA-Il in humans (Vu-Dac et al.,
1995). The conflicting effects of PPARo. agonists on apoA-11 expression may be related to
strain-specific regulation of this gene, as has been previously reported for rat CY P4A (Sewer et
a., 1996). In Fischer 344 rats, the lauric acid - hydroxylase activity of was induced 1.6-fold,
whereas -1 activity decreased 38% in response to LPS treatment. In Sprague Dawley rats
however, both - and w-1 activities decreased. Corresponding CY P4A protein levels were also
not consistent between Fischer and Sprague Dawley rats. In comparing the response of CY Ps to
LPS stimulation between Fischer and Sprague Dawley rats, the authors found that in general, the
results obtained from Fischer rats were more consistent and reproducible than that from Sprague
Dawley rats. It ispossible that regulatory regions of the CY P4A gene may be different between
these strains, leading to differences in response to the same stimulus. Asisthe case with apoA-I,
we cannot rule out the possibility that CY P eicosanoids mediate their effects via other
mechanisms.

The ability of CY P elcosanoids to regulate their own levels via PPARa was examined by
looking at their effects on PPARa-respons ve genes in the arachidonic acid metabolism cascade
(summarized in Figure 5). CYP4A and sEH mRNA expression are highly responsive to
treatment with fibrates and Wy 14,643 (Kimuraet al., 1989; Tollet et al., 1994; Pinot et al.,
1995). In this study, moderate differencesin CYP4A1 and sEH RNA expression were observed
with CY P eicosanoid treatment. One possibility for the minimal effect of CY P eicosanoids on
CYP4A1 and sEH in hepatocytes, despite potent transactivation of PPARo in vitro, isan

opposing effect of PPARa and PPARY activation on the expression of these genes. Although the
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role and expression of PPARYy has been mainly described in the adipose tissues and macrophages
(Bishop-Bailey, 2000), PPARY does exhibit weak expression in murine (Vidal-Puig et al., 1996)
and human liver (Semple et al., 2006). Under pathological conditions such as hepatic steatosis
and obesity, the hepatic expression of PPARy can also be upregulated (Vidal-Puig et al., 1996;
Gavrilovaet al., 2003). It has been shown that the uncoupling protein 1 promoter can be
responsive to both PPARa and PPARY (Barbera et a., 2001). Troglitazone, an agonist of both
PPARa and PPARY, has opposing effects on PPARa and PPARy expression in mononuclear
cells (Aljadaet al., 2001). The transrepressive effect of PPARY in macrophages has also been
described (Pascual et al., 2005; Ghidletti et al., 2007). Since Wy 14,643 is highly specific for
PPARQa, the expected induction of CPT1A, CYP4A1, and sEH was observed (Figure 5), whereas
when hepatocytes were treated with CY P eicosanoids, the potentially opposing dual effects
elicited by both PPARa and PPARy may account for the moderate increase in the expression of
these genes. It will be of interest in future studies to determine whether the dichotomous effects
of Wy and CY P eicosanoids on PPAR-responsive genes in rat hepatocytes are due to the dual
activation of PPARa and PPARYy. Experimentsin which the expression of each PPAR isoform is
silenced could be used to isolate the effect of these two related nuclear receptors.

In contrast to CYP 4A and sEH, CYP2C11 expression was markedly induced
following treatment with CY P eicosanoids. Of noteis that the CY P eicosanoids are more potent
ininducing CYP2C11 than Wy 14,643. It has previously been reported that dietary
administration of Wy-14,643, gemfibrizol and di-n-butyl phthalate suppresses hepatic CY P2C11
expression in Fischer 344 and Sprague-Dawley rats (Corton et al., 1998). A similar decreasein
CYP2C11 protein levels was observed following treatment of Fisher 344 rat hepatocytes with

Wy-14,643 (Corton et al., 1998). The contrasting effects of Wy-14,643 on CY P2C11 expression
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in the present study and in this earlier study could be due to differences in the administered dose.
It isdifficult to compare our results with the earlier in vivo studies where Wy-14,643 was
administered on appm basis for up to 13 weeks. However, in the previous rat hepatocyte
studies, higher concentrations of Wy-14,643 (100-400 uM) were used than in our study (50 uM)
and CY P2C11 downregulation was not apparent until a concentration of 200 uM. It ispossible
that at lower concentrations of Wy-14,643, activation of PPARa. is observed while at higher
concentrations, repression is apparent. A similar concentration-dependent effect has been
reported for the PPARo activator, dehydroepiandrosterone (Ripp et a., 2003). Another
possibility isthat differences in the hepatocyte culture conditions between the two studies
influenced the effect of Wy-14,643 on CY P2C11 expression. In the present study, hepatocyte
conditions were optimized with respect to CY P4A induction by Wy-14,643 and these conditions
may support activation and not repression of CYP2C11 by PPARa. activators. Aswith the
response seen with apo-Al and apo-All, the route of agonist exposure may also play an important
role in the effects the agonist can elicit on gene expression.

One of the best characterized roles of PPARYy isthe induction of adipocyte
differentiation (Forman et al., 1995). Activation of PPARy can lead to an increase in proteins
involved in lipid storage and metabolism during adipogenesis, such as aP2 and PEPCK
(Tontonoz et al., 1994; Tontonoz et a., 1995). Although, we have shown that EETs, DHETS,
and 20-HETE activate PPARYy, the expression of CYP4A and CY P2C enzymes responsible for
their formation have not been described in adipocytes. Therefore, the biological effects of CYP
eicosanoidsin adipocytes are not clear.

PPARo iswell established as a mediator of hepatic lipid homeostasis. Although many

studies have demonstrated the responsiveness of hepatic CY Psto fibrate treatment, the biological
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consequences of increased CY Psin the liver have not been elucidated. Through activation of
PPARo, CY P metabolites of arachidonic acid alter apoA-1 and apoA-11 expression in
hepatocytes and may play arolein regulating triglyceride trangport. It will be interesting to
examine the overall effect of CY P eicosanoids on fatty acid transport and metabolism by
analyzing a panel of genesinvolved in these processes. CYP levels are often altered in
experimental models of hypertension and diabetes. Since CY P eicosanoids may also be
moderately auto-regulatory by inducing PPARa-responsive CY Ps and sEH, it may be of

therapeutic benefit to modify their levels by targeting PPARo.

22

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

ACKNOWLEDGMENTS

We acknowledge the help of Colleen Hefner at the UCSF Liver Center for the preparation of

primary hepatocytes and Dr. David Ginzinger of the UCSF Cancer Center for help with the

design of primers and probes used in quantitative RT-PCR experiments.

23

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

REFERENCES

Aljada A, Ghanim H, Friedman J, Garg R, Mohanty P and Dandona P (2001) Troglitazone
reduces the expression of PPARgamma while stimulating that of PPARalphain
mononuclear cellsin obese subjects. J Clin Endocrinol Metab 86:3130-3133.

BarberaMJ, Schluter A, Pedraza N, Iglesias R, Villarroya F and Giralt M (2001) Peroxisome
proliferator-activated receptor alpha activates transcription of the brown fat uncoupling
protein-1 gene. A link between regulation of the thermogenic and lipid oxidation
pathways in the brown fat cell. J Biol Chem 276:1486-1493.

Berthou L, Duverger N, Emmanuel F, Langouet S, Auwerx J, Guillouzo A, Fruchart JC, Rubin
E, Denefle P, Staels B and Branellec D (1996) Opposite regulation of human versus
mouse apolipoprotein A-1 by fibrates in human apolipoprotein A-I transgenic mice. J
Clin Invest 97:2408-2416.

Bishop-Bailey D (2000) Peroxisome proliferator-activated receptorsin the cardiovascular
system. Br J Pharmacol 129:823-834.

Brand CL, Sturis J, Gotfredsen CF, Fleckner J, Fledelius C, Hansen BF, Andersen B, Ye M,
Sauerberg P and Wassermann K (2003) Dual PPARa. /y activation provides enhanced
improvement of insulin sensitivity and glycemic control in ZDF rats. Am J Physiol
Endocrinol Metab 284: E841-854.

Chan J, Nakabayashi H and Wong NC (1993) HNF-4 increases activity of the rat Apo Al gene.
Nucleic Acids Res 21:1205-1211.

Cheema SK and Agellon LB (2000) The murine and human cholesterol 7alpha-hydroxylase gene
promoters are differentially responsive to regulation by fatty acids mediated via

peroxisome proliferator-activated receptor alpha. J Biol Chem 275:12530-12536.

24

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

Corton JC, Fan LQ, Brown S, Anderson SP, Bocos C, Cattley RC, Mode A and Gustafsson JA
(1998) Down-regulation of cytochrome P450 2C family members and positive acute-
phase response gene expression by peroxisome proliferator chemicals. Mol Pharmacol
54:463-473.

Cowart LA, Wei S, Hsu MH, Johnson EF, KrishnaMU, Falck JR and Capdevila JH (2002) The
CY P4A isoforms hydroxylate epoxyei cosatrienoic acids to form high affinity peroxisome
proliferator-activated receptor ligands. J Biol Chem 277:35105-35112.

Devchand PR, Kéller H, Peters IM, Vazquez M, Gonzalez FJ and Wahli W (1996) The PPAR«.-
leukotriene B4 pathway to inflammation control. Nature 384:39-43.

Doebber TW, Kélly LJ, Zhou G, Meurer R, Biswas C, Li Y, Wu MS, Ippolito MC, Chao Y S,
Wang PR, Wright SD, Moller DE and Berger JP (2004) MK-0767, anovel dual PPARo/y
agonist, displays robust antihyperglycemic and hypolipidemic activities. Biochem
Biophys Res Commun 318:323-328.

Falck JR, Reddy LM, Reddy YK, BondlelaM, KrishnaUM, Ji Y, Sun Jand Liao JK (2003)
11,12-epoxyeicosatrienoic acid (11,12-EET): structural determinants for inhibition of
TNF-o-induced VCAM-1 expression. Bioorg Med Chem Lett 13:4011-4014.

Fang X, Kaduce TL, Weintraub NL, Harmon S, Teesch LM, Morisseau C, Thompson DA,
Hammock BD and Spector AA (2001) Pathways of epoxyei cosatrienoic acid metabolism
in endothelial cells. Implications for the vascular effects of soluble epoxide hydrolase
inhibition. J Biol Chem 276:14867-14874.

Forman BM, Chen Jand Evans RM (1997) Hypolipidemic drugs, polyunsaturated fatty acids,
and eicosanoids are ligands for peroxisome proliferator-activated receptors o and 6. Proc

Natl Acad Sci U SA 94:4312-4317.

25

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

Forman BM, Tontonoz P, Chen J, Brun RP, Spiegelman BM and Evans RM (1995) 15-deoxy-
A'?*_prostaglandin J isaligand for the adipocyte determination factor PPARY. Cell
83:803-812.

Fruchart JC, Staels B and Duriez P (2001) PPARs, metabolic disease and atherosclerosis.
Pharmacol Res 44:345-352.

Gavrilova O, Haluzik M, Matsusue K, Cutson JJ, Johnson L, Dietz KR, Nicol CJ, Vinson C,
Gonzalez FJ and Reitman ML (2003) Liver peroxisome proliferator-activated receptor
gamma contributes to hepatic steatosis, triglyceride clearance, and regulation of body fat
mass. J Biol Chem 278:34268-34276.

Ghidletti S, Huang W, Ogawa S, Pascual G, Lin ME, Willson TM, Rosenfeld MG and Glass CK
(2007) Parallel SUM Oylation-dependent pathways mediate gene- and signal-specific
transrepression by LXRs and PPARgamma. Mol Cell 25:57-70.

Issemann | and Green S (1990) Activation of amember of the steroid hormone receptor
superfamily by peroxisome proliferators. Nature 347:645-650.

Karara A, Dishman E, Falck JR and Capdevila JH (1991) Endogenous epoxyei cosatrienoyl-
phospholipids. A novel class of cellular glycerolipids containing epoxidized arachidonate
moieties. J Biol Chem 266:7561-7569.

Karara A, Makita K, Jacobson HR, Falck JR, Guengerich FP, DuBois RN and Capdevila JH
(1993) Molecular cloning, expression, and enzymatic characterization of the rat kidney
cytochrome P-450 arachidonic acid epoxygenase. J Biol Chem 268: 13565-13570.

Kimura S, Hardwick JP, Kozak CA and Gonzalez FJ (1989) Therat clofibrate-inducible CY P4A

subfamily. 1. cDNA sequence of 1VA3, mapping of the Cyp4a locus to mouse

26

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

chromosome 4, and coordinate and tissue-specific regulation of the CY P4A genes. DNA
8:517-525.

Kliewer SA, Sundseth SS, Jones SA, Brown PJ, Wisely GB, Koble CS, Devchand P, Wahli W,
Willson TM, Lenhard M and Lehmann JM (1997) Fatty acids and eicosanoids regulate
gene expression through direct interactions with peroxisome proliferator-activated
receptors oo and y. Proc Natl Acad Sci U SA 94:4318-4323.

Muller DN, Theuer J, Shagdarsuren E, Kaergdl E, Honeck H, Park JK, Markovic M, Barbosa-
Sicard E, Dechend R, Wellner M, Kirsch T, Fiebeler A, Rothe M, Haller H, Luft FC and
Schunck WH (2004) A peroxisome proliferator-activated receptor o activator induces
renal CY P2C23 activity and protects from angiotensin Il-induced renal injury. AmJ
Pathol 164:521-532.

Nagasaki A, Kikuchi T, Kurata K, Masushige S, Hasegawa T and Kato S (1994) Vitamin A
regulates the expression of apolipoprotein Al and CllI genesin the rat. Biochem Biophys
Res Commun 205:1510-1517.

Ng VY, Morisseau C, Falck JR, Hammock BD and Kroetz DL (2006) Inhibition of smooth
muscle proliferation by urea-based alkanoic acids via peroxisome proliferator-activated
receptor alpha-dependent repression of cyclin D1. Arterioscler Thromb Vasc Biol
26:2462-2468.

Nguyen X, Wang MH, Reddy KM, Falck JR and Schwartzman ML (1999) Kinetic profile of the
rat CY P4A isoforms: arachidonic acid metabolism and isoform-specific inhibitors. Am. J.
Physiol. 276:R1691-1700.

Palmer CN, Hsu MH, Griffin KJ, Raucy JL and Johnson EF (1998) Peroxisome proliferator

activated receptor o, expression in human liver. Mol Pharmacol 53:14-22.

27

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

Pascual G, Fong AL, Ogawa S, Gamliel A, Li AC, Perissi V, Rose DW, Willson TM, Rosenfeld
MG and Glass CK (2005) A SUM Oyl ation-dependent pathway mediates transrepression
of inflammatory response genes by PPAR-gamma. Nature 437:759-763.

Pinot F, Grant DF, Spearow JL, Parker AG and Hammock BD (1995) Differential regulation of
soluble epoxide hydrolase by clofibrate and sexual hormonesin the liver and kidneys of
mice. Biochem Pharmacol 50:501-508.

Powell PK, Wolf I, Jin R and Lasker JM (1998) Metabolism of arachidonic acid to 20-hydroxy-
5,8,11,14-¢ei cosatetraenoic acid by P450 enzymes in human liver: involvement of
CYP4F2 and CYP4A11. J. Pharmacol. Exper. Ther. 285:1327-1336.

Ripp SL, Falkner KC, Pendleton ML, Tamasi V and Prough RA (2003) Regulation of CYP2C11
by dehydroepiandrosterone and peroxisome proliferators:. identification of the negative
regulatory region of the gene. Mol Pharmacol 64:113-122.

Roman RJ (2002) P-450 metabolites of arachidonic acid in the control of cardiovascular
function. Physiol Rev 82:131-185.

Semple RK, Chatterjee VK and O'Rahilly S (2006) PPAR gamma and human metabolic disease.
J Clin Invest 116:581-5809.

Sewer MB, Koop DR and Morgan ET (1996) Endotoxemiain rats is associated with induction of
the PA504A subfamily and suppression of several other forms of cytochrome P450. Drug
Metab Dispos 24:401-407.

Srivastava RA (1994) Saturated fatty acid, but not cholesterol, regulates apolipoprotein Al gene

expression by posttranscriptional mechanism. Biochem Mol Biol Int 34:393-402.

28

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

Staels B, van Tol A, Andreu T and Auwerx J (1992) Fibrates influence the expression of genes
involved in lipoprotein metabolism in atissue-selective manner in the rat. Arterioscler
Thromb 12:286-294.

Tollet P, Stromstedt M, Froyland L, Berge RK and Gustafsson JA (1994) Pretrandlational
regulation of cytochrome P4504A1 by free fatty acidsin primary cultures of rat
hepatocytes. J Lipid Res 35:248-254.

Tontonoz P, Hu E, Devine J, Beale EG and Spiegelman BM (1995) PPARY2 regulates adipose
expression of the phosphoenolpyruvate carboxykinase gene. Mol Cell Biol 15:351-357.

Tontonoz P, Hu E, Graves RA, Budavari Al and Spiegelman BM (1994) mPPARY2: tissue-
specific regulator of an adipocyte enhancer. Genes Dev 8:1224-1234.

Vidal-Puig A, Jimenez-Linan M, Lowell BB, Hamann A, Hu E, Spiegelman B, Flier JS and
Moller DE (1996) Regulation of PPAR gamma gene expression by nutrition and obesity
in rodents. J Clin Invest 97:2553-2561.

Vu-Dac N, Chopin-Delannoy S, Gervois P, Bonnelye E, Martin G, Fruchart JC, Laudet V and
Staels B (1998) The nuclear receptors peroxisome proliferator-activated receptor o and
Rev-erbo. mediate the species-specific regulation of apolipoprotein A-1 expression by
fibrates. J Biol Chem 273:25713-25720.

Vu-Dac N, Schoonjans K, Kosykh V, Dallongeville J, Fruchart JC, Staels B and Auwerx J
(1995) Fibrates increase human apolipoprotein A-11 expression through activation of the
peroxisome proliferator-activated receptor. J Clin Invest 96:741-750.

Wang MH, Guan H, Nguyen X, Zand BA, Nagjletti A and Laniado-Schwartzman M (1999)
Contribution of cytochrome P-450 4A1 and 4A2 to vascular 20-hydroxyei cosatetraenoic

acid synthesisin rat kidneys. Am J Physiol 276: F246-253.

29

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

Wu S, Chen W, Murphy E, Gabel S, Tomer KB, Foley J, Steenbergen C, Falck JR, Moomaw CR
and Zeldin DC (1997) Molecular cloning, expression, and functional significance of a
cytochrome P450 highly expressed in rat heart myocytes. J Biol Chem 272:12551-12559.

Wu S, Moomaw CR, Tomer KB, Falck JR and Zeldin DC (1996) Molecular cloning and
expression of CYP2J2, ahuman cytochrome P450 arachidonic acid epoxygenase highly
expressed in heart. J Biol Chem 271:3460-3468.

Xu F, Falck JR, Ortiz de Montellano PR and Kroetz DL (2004) Catalytic activity and isoform-
specific inhibition of rat cytochrome P450 4F enzymes. J Pharmacol Exp Ther 308:887-
895.

Yu Z, Davis BB, Morisseau C, Hammock BD, Olson JL, Kroetz DL and Weiss RH (2004)
Vascular localization of soluble epoxide hydrolase in the human kidney. Am J Physiol
Renal Physiol 286:F720-726.

YuZ, XuF, Huse LM, Morisseau C, Draper AJ, Newman JW, Parker C, Graham L, Engler MM,
Hammock BD, Zeldin DC and Kroetz DL (2000) Soluble epoxide hydrolase regulates
hydrolysis of vasoactive epoxyeicosatrienoic acids. Circ Res 87:992-998.

Zeldin DC, Kobayashi J, Falck JR, Winder BS, Hammock BD, Snapper JR and Capdevila JH
(1993) Regio- and enantiofacial selectivity of epoxyei cosatrienoic acid hydration by

cytosolic epoxide hydrolase. J Biol Chem 268:6402-6407.

30

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

FOOTNOTES

This work was supported by grants from the National Institutes of Health (HL53994 to D.L .K.
and GM 31278 to J.R.F.). The UCSF Liver Center Core Facility (Cell and Tissue Biology) was
supported by National Institutes of Health grant P30 DK26743. V.Y.N was supported in part by
pre-doctoral fellowships from the Pharmaceutical Research and Manufacturers of America

Foundation (PhRMA) and the American Foundation for Pharmaceutical Education (AFPE).

Address reprint requests to:
Deannal. Kroetz, Ph.D.
Department of Biopharmaceutical Sciences
University of California San Francisco
1550 4™ Street, Box 2911
San Francisco, CA 94143-2911
Tel: (415) 476-1159
Fax: (415) 514-4361

Email: deanna.kroetz@ucsf.edu

31

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 12, 2007 as DOI: 10.1124/dmd.106.013839
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #13839

FIGURE LEGENDS

Figurel. CYP ecosanoidstransactivate hPPARo and hPPARYin HepG2 cells.
Transactivation assays were performed in HepG2 cdlls that were transfected with Gal4-hPPARo
or Gal4-hPPARYy and the reporter UAS,-LUC. Wy 14,643 (Wy, 50 uM), ciglitazone (Cig, 10
M), or A, EETs (10 uM), B, DHETSs (10 uM), or C, 20-HETE (10 uM) were added to cellsin
serum-free medium 24 h post transfection and cellswere lysed 6 h later. D, HepG2 cells were
transfected with Gal4-TR3 and UAS,-LUC and treated with 10 uM 11,12-EET and 10 uM
14,15-DHET as described above. Luciferase activity was normalized to [3-galactosidase values
and fold activation was calculated as increase over the DM SO control (transfected only with
UAS,-LUC). The values shown are the mean + SD of a representative experiment performed in
qguadruplicate. Similar results were obtained in additional experiments. * Significant difference

compared to DM SO (p<0.05).

Figure 2. Dose dependent transactivation of hPPARo and hPPARY by 14,15-DHET.
Transactivation assays were performed as described in Figure 1. Transactivation of A, hPPAR«
and B, hPPARYy by 0.1-100 uM 14,15-DHET is shown in the absence and presence of hPPAR«.
or hPPARY. The values shown are mean + SD of a representative experiment performed in
quadruplicate. ECsp valuesof 1.5 uM for hPPARc and 2.5 uM for hPPARY were estimated

using GraphPad Prism.

Figure3. CYP eicosanoidsinduce mPPARo/RXRa-PPRE binding. EMSAswere
performed by incubating in vitro trandated mMPPARo and RXRa with DM SO control, 5 uM Wy

14,643, or 1 uM CY P eicosanoids and **P-labeled PPRE. The complex was resolved through a
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5% non-denaturing polyacrylamide gel and analyzed using a Phosphorimager. Mutant PPRE
(Mut) and unprogrammed reticulocyte (Unpgr) were used as controls (A and B). Specificity of
the EET (B and D), DHET (C and E), and 20-HETE (G) effects were determined by supershifts
with a PPARa (B, C, and G) and RXRa. (D, E, and G) antibody. N.S. denotes non-specific

binding. Competition assays were performed with increasing amounts of cold PPRE (F and G).

Figure4. CYP eicosanoidsinduce PPARa-responsive genesin rat hepatocytes. Primary
hepatocytes from Sprague Dawley rats were treated for 24 h with DM SO, 50 uM Wy, 10 uM
11,12-EET, 14,15-DHET, or 20-HETE. Total RNA was isolated with Trizol reagent and RNA
expression was determined by real-time quantitative PCR. Expression of apoA-I, apoA-Il,
CPT1A (A) and CYP4A1, sEH, CYP2C11, and CYP2C23 (B) are normalized to cyclophilin
levels and expressed as increase over DM SO control. The values shown are mean + SD of

triplicate determinations. * Significant difference compared to DM SO (p<0.05).

Figure5. Relationship between PPARa, CY Ps, sEH, and eicosanoids. Schematic of the results
from this and other studies showing the metabolism of arachidonic acid by CYPs and sEH. In
this study, PPARa is activated by 20-HETE, EETs, and DHETS (depicted with bold arrows).
PPARa may in turn regulate the expression of the enzymes responsible for the formation of these
eicosanoids, resulting in afeedback mechanism (indicated by curved arrows). In the present
study, CYP4A and sEH gene expression were moderately increased whereas CY P2C11
expression was markedly elevated following PPARa activation by CY P elcosanoids (enzymes

examined are underlined).
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Tablel. Primersand probesused in quantitative RT-PCR

Rat cyclophilin

Forward Primer
Reverse Primer
Probe

Rat CYP4A1
Forward Primer
Reverse Primer
Probe

Rat sEH
Forward Primer
Reverse Primer
Probe

Rat CYP2C11

Forward Primer

Reverse Primer

Probe

Rat CYP2C23

Forward Primer

Reverse Primer

Probe

5'-CGA TGA CGA GCC CTT GG-3
S-TCT GCT GTCTTT GGA ACT TTGTC-3'

6FAM-CGC GTC TGC TTC GAGCTGTTT GCA-BHQ

5-TCA CCT CCCTTCCACTGGTT-3
5-TCC ACA CAT GTCATAATTTGC T-3

6FAM-TCA CCT TGA AACTGC TTG TGC CCA-BHQ

5-CTC TAA ACT GGT ATC GAA ACA CAGAAA G-3
5-ATGTCCTTCTCA GCT GTG ACCAT-3

6FAM-CGT TGG GAA GGA AGA TCT TGG TCC CT-BHQ

5-GCCTTG TGG AGG AAC TGA GG-3
5'-AGC ACA GCC CAG GAT AAA GGT-3

6FAM-AGC AAA GGT GCC CCT TTT GAT CCC-TAMRA

S-TTCGGGCTCCTGCTCCTT A-3

5'-CGT CCA ATC ACA CGG TCA AG-Y

6FAM-AGA GGT GCA AGC CAA AGT TCA TGA GGA-BHQ

Sequences were designed using Primer Express.
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Table2. Analysisof CYP eicosanoid levelsin HepG2 cells

Extracellular Free Intracellular Lipid Bound

| ntracellular

11,12-EET Treatment®
11,12-EET 32.1+13.5% ND 19.8+ 2.97%
11,12-DHET 47.3+7.57% 0.12 + 0.013% 0.69+ 0.15%
14,15-DHET Treatment”
14,15-DHET 99.9 + 34.0% 0.0015 * 0.0001% 0.0145 + 0.0045%

HepG2 cells were exogenously treated with 10 uM 11,12-EET or 14,15-DHET for 6 h. Cells
and culture medium were collected and lipids were extracted and analyzed using liquid

chromatography tandem mass spectrometry.

®The amount of 11,12-EET and 11,12-DHET formed from 11,12-EET are expressed as a

percentage of the sum of these two e cosanoids.

®The amount of 14,15-DHET present in the extracellular medium or intracellularly following

DHET dosing is expressed relative to the total 14,15-DHET content.
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