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Abstract 

Arachidonic acid (AA) metabolism has long been a very appealing target for drug 

discovery and development efforts. Beside cyclooxygenase and lipoxygenase pathways, AA is 

also metabolized by the recently recognized cytochrome P450 (P450) pathway, forming several 

biologically-active epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic acids (HETEs). 

Already, drugs that are targeting cyclooxygenase- and lipoxygenase-mediated AA metabolism 

are remarkably successful medicines. For P450-derived AA metabolites, recent data 

demonstrated their potent and multifaceted roles in cardiovascular pathophysiology, albeit no 

drug was clinically approved to target these metabolites. Our focus was on cardiac hypertrophy, 

which is a prelude for heart failure estimated to affect 2.2% of US population. Once heart failure 

develops from cardiac hypertrophy, the condition is irreversible and is associated with a high 

death rate. Accordingly, our aims were; 1) to characterize AA metabolism by microsomes 

separated from different rat organs and by individual recombinant rat P450 enzymes, 2) to 

determine the alterations in P450-mediated AA metabolism in the heart during cardiac 

hypertrophy,, 3) to identify novel drug targets in the P450-mediated AA metabolic cascade, and 

4) to extrapolated animal and human in vitro data to identify an effective and safe modulator of 

P450-mediated AA metabolism Our results showed that microsomes from different rat organs can 

mediate the formation of their own P450-derived AA metabolites with organ-distinct metabolic and 

kinetic profiles. In addition, our data suggest that the major P450-epoxygenases are CYP2C11, 

CYP2Bs, CYP2C23 and CYP2C11/ CYP2C23 for the heart, lungs, kidneys and liver, respectively, 

while CYP4As may be the major ω-hydroxylase in the heart and kidneys, and CYP4As and/or 

CYP4Fs may be the major hydroxylases in the lungs and liver. Cardiac P450 enzymes that were 

altered and significantly impacted P450-mediated AA metabolism during cardiac hypertrophy 

were identified in SD rats to be, CYP1B1, CYP2B2, CYP2J3 and CYP4As, which may have a role 

in the development and progression of pressure overload-induced cardiac hypertrophy, by 
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mediating the formation and degradation of 12-, 19- and 20-HETEs and EETs. Furthermore, our 

results showed that certain rat P450 enzymes could be exceptionally good candidates for drug 

targeting based on their high activity, narrow regioselectivity and high inducibility, most importantly 

CYP1As, CYP2C11, and CYP2E1, that may be useful for several diseases, such as heart and 

renal diseases. Finally, our data suggest that P450 modulation by clinically-approved drugs could 

be employed to effectively and selectively modulate P450-mediated AA metabolism in humans, 

comparable to investigational drugs, of which resveratrol and fluconazole could be good 

candidates to be repurposed as new P450-based treatments. In conclusion, we identified several 

potentially critical drug targets in the cascade of AA metabolism that could be used to 

counterbalance the alterations of P450-mediated AA metabolism in the heart during cardiac 

hypertrophy. These drug targets may be effectively and selectively modulated by agents that are 

already approved for clinical use, and therefore, they are readily available to clinical trials.  
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CHAPTER 1: INTRODUCTION 
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1. Cytochrome P450 

Cytochrome P450 (P450) is a superfamily of heme-thiolate enzymes that are 

ubiquitous in almost all biological systems. 3.5 billion years ago, earth’s organisms were primitive 

strict anaerobes, and P450 may have developed then to detoxify the earliest traces of free oxygen 

entering the cell (Wickramashighe and Villee 1975, Lewis, Watson et al. 1998, Deng, Carbone et 

al. 2007). Thereafter, P450 enzymes were evolved to extend their original protective role to 

include the inactivation of a wide array of xenobiotics, in addition to mediating key biological 

reactions in the cascade of biosynthesis of endogenous compounds. The evolutionary 

conservation and abundance of P450 in nature underscore the importance of biological 

functions mediated by P450 enzymes (Werck-Reichhart and Feyereisen 2000). There are more 

than 35,000 P450 enzymes that have been isolated from all biological organisms (Table 1.1), 

with exception of some primitive prokaryotes, such as Escherichia coli, which are believed to 

have emerged before the evolution of P450 (Ioannides 2008, Nelson 2009). P450 consists of 

heme group, which represents the center of the active site, covalently or noncovalently bound 

to apoprotein that dictates substrate selectivity and affinity (Ioannides 2008). All P450 enzymes 

share the same heme group, albeit different in the amino acid sequence of their apoproteins; 

however, interestingly, few differences have been noted in the tertiary structure of P450 

enzymes (Ioannides 2008).  

Historically, P450 was believed to be a mixed function oxidase partnering with 

nicotinamide adenine dinucleotide phosphate (NADPH)-P450 reductase and lipids from cell 

membrane, because of the capability of this function unit to oxidize two substrates by one 

catalytic cycle (Ortiz de Montellano 2005). However, on the light of the wide variety of organic 

reactions that can be mediated by P450, considering P450 as a mixed function oxidases has 

been greatly diminished, and rendering the term monooxygenases more accepted (Ortiz de 

Montellano 2005). Nowadays, P450 enzymes are in the mainstream of drug development 
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studies as the most important phase I xenobiotic-metabolizing enzymes, and moreover, as a 

lipid signaling enzyme mediating the transformation of polyunsaturated fatty acids, notably, 

arachidonic acid (AA), to highly bioactive molecules (Roman 2002).  

Table 1.1. Statistics of the Named Sequences of P450 Enzymes, adapted from 

(Nelson 2009). 

Animals  Number of P450 enzymes 

 Mammals 1666 

 Other vertebrates 1344 

 Non-insect invertebrates 1348 

 Insects 6119 

Plants  13,978 

Fungi  7,873 

Protozoa  602 

Bacteria  2,156 

Archaea  52 

Viruses  28 

Total  35,166 

1.1. Nomenclature and Classification 

Until now, the International Union of Biochemistry and Molecular Biology 

disagrees on the term “cytochrome P450” and suggests “heme-thiolate enzymes” as a 

more appropriate name; the Union classifies heme-thiolate enzymes as external 

monooxygenases (Hannemann, Bichet et al. 2007, Room 2013) (Fig. 1.1). P450 was 

discovered in the early 1950s. Brodie’s laboratory was one of the first to show that a 

NADPH-dependent enzyme system, associated with the microsomal fraction of the liver, 

mediates the oxidation of many drugs (Brodie, Gillette et al. 1958). In 1958, Klingenberg 



4 
 

and Garfinkel independently reported a CO-binding pigment in liver microsomes, which was 

reducible by either NADPH of dithionite, and displayed a typical absorption maximum of the 

reduced CO-binding complex at 450 nm (Garfinkel 1958, Klingenberg 1958). In 1962, 

Omura and Sato demonstrated that this pigment was a hemoprotein, assigning for the first 

time the term “cytochrome P450” to the active form of the hemoprotein (calling the degraded 

form “P420”) (Omura and Sato 1962). The first successful efforts to solubilize and separate 

the P450 fraction from mammalian microsomes were performed by Lu et al in 1969 (Lu, 

Junk et al. 1969). At this point, nomenclature of P450 was according to the origin of the 

separated microsomes/purified enzymes, viz., human, rat, mouse, bacterial; also, P450 

was separated from cellular fractions other than microsomes, leading to auxiliary 

nomenclature/classification of microsomal, mitochondrial and cytosolic P450 (Jefcoate, 

Hume et al. 1970). In 1971, Lu et al reported that the microsomes from phenobarbital-

treated and 3-methylcholanthrene (3-MC)-treated rats showed different activity in the N-

demethylation of benzphetamine and chlorcyclizine, and the hydroxylation of 

pentobarbital, 3,4-Benzpyrene and testosterone (Lu, Kuntzman et al. 1971, Lu, Levin et 

al. 1973). Based on differences in the catalytic, spectral and gel electrophoretic properties, 

and sensitivity toward inhibitors of hepatic microsomes after the pretreatment with certain 

compounds, the existence of different types of P450 has been evident (Sladek and 

Mannering 1966, Alvares and Siekevitz 1973). These new P450 types were generally 

indicated by their inducers, such as the phenobarbital-, 3-methylcholanthrene-, isoniazid- 

and clofibrate-induced P450 enzymes, or by light absorbance, such as the P-448, P-450 

and P-452 forms of P450 (Tamburini, Masson et al. 1984, Tse, Aboutabl et al. 2013). 

In the 1980s, great progress was accomplished with respect to the purification, 

sequencing and cloning of several P450 enzymes (Nebert, Adesnik et al. 1987, Nebert, 

Wikvall et al. 2013). Accordingly, new nomenclature of P450 enzymes based on evolution 
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of P450 was first suggested by Nebert et al in 1987, which was quickly and widely 

accepted by P450 workers (Nebert, Adesnik et al. 1987). In this classification, P450 

enzymes were divided into families and subfamilies according to evolutionary 

relationships in phylogenetic trees (Fig. 1.2), which are basically dictated by amino acid 

sequence of P450 apoproteins; members of the same P450 family share ≥40% sequence 

homology, whereas, members of the same P450 subfamily share ≥55% sequence 

homology (Nelson 2006, Nelson 2009, Nebert, Wikvall et al. 2013). However, “The actual 

decision to include a sequence in an existing group largely depends on how it clusters on 

a tree and not so much on the absolute percentage of identity, which is more or less a 

rule of thumb.”, as underscored by Dr. David Nelson in his 2006publication on P450 

nomenclature (Nelson 2006). 

 

Figure 1.1. P450 Classification According to the International Union of 
Biochemistry and Molecular Biology (Hannemann, Bichet et al. 2007). 

So far, more than 120 families and 500 subfamilies have been sequenced in 

animals alone. There are 18 P450 families in humans, of which CYP2, CYP3 and CYP4 

families contain the majority of the 60 P450 enzymes identified in humans (Fig. 1.2), for 

example CYP2 family comprises A, B, C, D, E, F, G, J, R, S, T, U and W subfamilies 
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(Nelson 2009, Nebert, Wikvall et al. 2013). To facilitate handling of this increasing number 

of P450 enzymes, P450 families that consistently cluster together on phylogenetic trees 

were suggested to be further gathered in a new group called “P450 clan” (Nelson 2006). 

However, this new P450 group is not routinely used among P450 researchers. Instead, 

grouping P450 families, subfamilies and members according to their predominant 

substrate into xenobiotic, fatty-acids, sterols and vitamins P450 enzymes has been more 

commonly used. 
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Figure 1.2. The P450 Phylogenetic Tree of the 60 Known Human P450 Enzymes, adapted from 
(Nelson 2009). 
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1.2. Molecular Mechanism 

The tertiary structure of P450 enzymes has been greatly conserved during 

evolution, albeit less than 20% of the gene sequence is shared among the P450 

superfamily (Denisov, Makris et al. 2005). The core structure of P450 is based on four 

helix bundles, three are described as parallel and the fourth is antiparallel, indicated by 

the letters D, L and I, and E, respectively (Denisov, Makris et al. 2005). The heme 

group, Fe-protoporphyrin IX, is trapped between the I- and L-helixes by non-covalent 

bonding, with exception of CYP4 family members, which have heme group covalently-

bonded to glutamate residue of the I-helix (Hoch and Ortiz De Montellano 2001, 

LeBrun, Hoch et al. 2002). Substrates of P450 are positioned by the apoprotein in the 

active site, where the heme group activates the molecular oxygen to initiate the 

oxidation reaction (Denisov, Makris et al. 2005, Bernhardt 2006, Ioannides 2008).  

1.2.1. Chain of Electron Transfer  

As mentioned before, P450 enzymes are external monooxygenases, 

which means they rely on an external reducing partner that extract electrons from 

reducing equivalents (cofactor) to form an electron transfer chain: reducing 

equivalent → reducing partner → P450 (Bernhardt 2006, Hannemann, Bichet et 

al. 2007). In animal mitochondrial P450, a pair of electrons is transferred from 

NADPH through ferredoxin reductase and iron–sulphur cluster to P450; whereas, 

in animal microsomal P450, a pair of electrons is transferred from NADPH 

through microsomal NADPH-P450 reductase and cytochrome b5 (cyb5) to P450 

(Bernhardt 2006, Hannemann, Bichet et al. 2007). When P450 enzymes receive 

the pair of electrons, the following general reaction will be catalyzed: 2e-+ 2H+ + 

O2 + Substrate → H2O + Substrate-O (Bernhardt 2006, Ioannides 2008). The 
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redox couple Fe3+/Fe2+ in the center of the heme group is responsible for the 

catalysis of the reaction, whose reduction potential is maintained low (-170 – -

400 mV) by forming a thiolate complex with proximal cysteine, and whence the 

name “heme-thiolate” (Denisov, Makris et al. 2005, Ioannides 2008). The 

reducing equivalents are two electron donors, while P450 enzymes need the pair 

of electrons to be given sequentially; therefore, the reducing partner organizes 

the electron transfer to accept the pair of electrons from the reducing equivalent 

and give one electron at a time to P450 (Ortiz de Montellano 2005, Stuehr, Tejero 

et al. 2009). Our focus will be on NADPH-P450 reductase and microsomal P450 

enzymes. 

1.2.1.1. NADPH-Cytochrome P450 Reductase  

NADPH-P450 reductase is a 70 kDa, intrinsic and highly evolutionary 

conserved enzyme, and it is co-localized with microsomal P450 on the smooth 

endoplasmic reticulum in about 10:1 ratio (Voznesensky and Schenkman 1992, 

Vincent, Morellet et al. 2012). Electrons are transferred by the prosthetic groups, 

flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN), of NADPH-

P450 reductase (Hannemann, Bichet et al. 2007, Stuehr, Tejero et al. 2009, 

Vincent, Morellet et al. 2012). Interestingly, NADPH-P450 reductase has evolved 

from the combination of two ancestral enzymes, the FMN-containing bacterial 

flavodoxins at the N-terminal with the FAD-containing ferredoxin NADP+ 

reductases at the C-terminal (Porter and Kasper 1986). Briefly, the molecular 

mechanism of the electron transfer starting by FAD accepting the pair of 

electrons, thereafter, one electron is transferred to FMN to be passed to P450 in 

two sequential steps (Hannemann, Bichet et al. 2007, Stuehr, Tejero et al. 2009) 

(Fig. 1.3). Noteworthy, there is some evidence that cyb5 helps mediating the 
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transfer of the second electron, from NADPH-P450 reductase to P450 

(Hannemann, Bichet et al. 2007, Dorokhov, Shindyapina et al. 2015). The binding 

of the substrate to P450 apoprotein has been reported to activate NADPH-P450 

reductase to initiate the electron transfer cycle (Sligar 1976, Daff, Chapman et al. 

1997, Ortiz de Montellano 2005). This is a cellular protective mechanism in order 

to prevent unplanned activation of NADPH-P450 reductase, and the consequent 

production of reactive oxygen species and unproductive waste of NADPH (Ortiz 

de Montellano 2005). It has been previously reported that cyb5 is specifically 

important for -hydroxylation of fatty acids by CYP4 family members (Wang, Stec 

et al. 1996, Adas, Salaun et al. 1999, Xu, Falck et al. 2004).   

 

Figure 1.3. The Electron Transfer Chain of NADPH-P450 Reductase from 
NADPH to P450. FAD, flavin adenine dinucleotide; FMN, flavin 

mononucleotide. 

1.2.2. The Catalytic Cycle of Cytochrome P450 

After the binding of the substrate to P450 apoprotein, and the proper 

positioning of the substrate at the active site, the Fe3+ of the heme group binds to 

the imminent part of the substrate to form ferric P450-substrate adduct (Fig. 1.4-

(2)) (Denisov, Makris et al. 2005, Guengerich 2008). The first electron transfer 
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reduces the ferric P450 into ferrous state (Fig. 1.4-(3)), enabling the binding of 

one molecule of oxygen to give ferric-dioxygen complex (Fig. 1.4-(4)) (Denisov, 

Makris et al. 2005, Guengerich 2008). Then, the second electron is accepted by 

the iron to produce a ferric-peroxy anion (Fig. 1.4-(5a)), which is easily protonated 

to ferric-hydroperoxy complex (Fig. 1.4-(5b)) (Denisov, Makris et al. 2005, 

Guengerich 2008). This complex rapidly accepts proton to undergo proton-

assisted heterolytic oxygen–oxygen bond scission, resulting in the release of one 

molecule of water, and oxo-ferryl π-cation complex coupled with a porphyrin 

radical cation, also known as “Compound I” (Fig. 1.4-(6)) (Denisov, Makris et al. 

2005, Guengerich 2008). Compound I is very reactive and oxidizes the substrate 

(Fig. 1.4-(7)), and then the oxidized product, and the initial ferric P450 (Fig. 1.4-

(1)) are then generated (Denisov, Makris et al. 2005). 

The catalytic cycle of P450-mediated oxidation of the substrate can be 

prematurely terminated by three different abortive reactions (Denisov, Makris et 

al. 2005, Bernhardt 2006): (i) the autoxidation of ferric-dioxygen complex (Fig. 

1.4-(4)) to release superoxide anion, (ii) generation of hydrogen peroxide from 

ferric-hydroperoxy complex (Fig. 1.4-(5b)) to (iii) the oxidase uncoupling by 

compound I (Fig. 1.4-(6)) accepting another pair of electrons and with two proton, 

one molecule of water is formed. These reactions are called “uncoupling” or 

“shunt” reactions as they are produced by “uncoupling” of P450 enzyme with the 

substrate or the “uncoupling” of substrate oxidation from electron transfer 

(Denisov, Makris et al. 2005, Bernhardt 2006), and it has been reported that they 

are induced by the improper positioning of the substrate in the active site 

(Denisov, Makris et al. 2005, Ortiz de Montellano 2005). 
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Figure 1.4. The Catalytic Cycle of Microsomal P450.
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Table 1.2. The Major Substrate Class of Human P450 Enzymes. 

Xenobiotics CYP1As and 1B1 (Ioannides 2008)  

CYP2As, 2B6, 2Cs, 2D1, 2E1, 2F1 and 2G1(Ioannides 2008) 

CYP3As (Ioannides 2008) 

Fatty acids CYP2J2, 4As, 4Bs, and 4Fs (Ioannides 2008) 

CYP2U1 (Chuang, Helvig et al. 2004) 

CYP5A1 (Ruan, Li et al. 1994) 

CYP8A1 (Chevalier, Allorge et al. 2002) 

Sterols CYP1B1 (Murray, Melvin et al. 2001) 

CYP7A1 and 7B1 (Pandak, Hylemon et al. 2002, Dubrac, Lear et al. 
2005)  

CYP8B1 (Inoue, Yu et al. 2006) 

CYP11A1 and 11Bs (Schwarz, Chernogolov et al. 1999, Bureik, 
Schiffler et al. 2002, Midzak, Akula et al. 2011) 

CYP17A1 (Mizrachi, Wang et al. 2011) 

CYP19A1 (Pandey, Kempna et al. 2007) 

CYP21A (Mizrachi, Wang et al. 2011) 

CYP24A1 (Annalora, Goodin et al. 2010) 

CYP27A1, 27B1 and 27C1 (Dubrac, Lear et al. 2005) 

CYP39A1 (Alexander, Fabbro et al. 2015) 

CYP46A1 (Alexander, Fabbro et al. 2015) 

CYP51A1 (Alexander, Fabbro et al. 2015) 

Vitamins CYP2R1 (Shinkyo, Sakaki et al. 2004) 

CYP24A1 (Annalora, Goodin et al. 2010) 

CYP26A1, 26B1 and 26C1 (Slavotinek, Mehrotra et al. 2013, Tripathy, 
Chapman et al. 2016) 

CYP27A1 and 27B1 (Axen, Postlind et al. 1994, Araya, Norlin et al. 
1996) 

No information was available for CYP2S1, CYP2Ts, CYP2W1, CYP4V2, CYP4X1, 
CYP4Z1 and CYP20A1. 

1.4. Cellular Location and Tissue Expression 

P450 enzymes, according to the cellular fraction they are mainly reside in, can be 

classified to microsomal, mitochondrial and cytosolic (soluble). Mammalian P450 

enzymes are all membrane-attached (intrinsic), either attached to the mitochondrial inner 

membrane at the matrix side, or attached to the endoplasmic reticulum (Table 1.3). 
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Membrane-attached P450 have a membrane-anchoring sequence at the N-terminal. This 

sequence consists of a distal hydrophobic part of 40-50 amino acids that, when inserted 

in the cell membrane, forms a helix called transmembrane helix and a proximal part of 

about 20 amino acid rich in positively-charged amino acids and connects the 

transmembrane helix with the core structure of P450 (Ortiz de Montellano 2005, 

Anandatheerthavarada, Sepuri et al. 2009). Cytosolic P450 enzymes are soluble proteins 

and found in more primitive organisms, such as fungi, (Stundl, Schmidt et al. 1998), and 

therefore, they are out of our current scope. The P450 enzymes that mediate sterols and 

bile acid synthesis are mitochondrial, whereas, xenobiotic-metabolizing P450 enzymes 

are microsomal (Tables 1.2 and 1.3).    

Table 1.3. The Main Cellular Location of Human P450 Enzymes. 

Endoplasmic reticulum (Microsomes) Mitochondria 

CYP1As, 1B1, 2As, 2B6, 
2Cs, 2D1, 2E1, 2F1, 2G1, 
2J2, 3As, 4As, 4Bs and 
4Fs (Ioannides 2008)  

CYP7B1 (Pandak, 
Hylemon et al. 2002) 

CYP7A1 (Dubrac, Lear et 
al. 2005) 

CYP2R1 (Shinkyo, Sakaki 
et al. 2004) 

CYP8A1 and 8B1 (Ullrich, 
Brugger et al. 1997, Inoue, 
Yu et al. 2006) 

CYP11A1 and 11Bs 
(Schwarz, Chernogolov et 
al. 1999, Bureik, Schiffler 
et al. 2002, Midzak, Akula 
et al. 2011) 

CYP2S1 (Deb and 
Bandiera 2009) 

CYP17A1 (Mizrachi, Wang 
et al. 2011) 

CYP24A1 (Annalora, 
Goodin et al. 2010) 

CYP2U1 (Chuang, Helvig 
et al. 2004) 

CYP19A1 (Pandey, 
Kempna et al. 2007) 

CYP26A1, 26B1 and 
26C1(Slavotinek, Mehrotra 
et al. 2013, Tripathy, 
Chapman et al. 2016) 

CYP2W1 (Karlgren, 
Gomez et al. 2006) 

CYP21A (Mizrachi, Wang 
et al. 2011) 

CYP27A1, 27B1 and 27C1 
(Axen, Postlind et al. 1994, 
Dubrac, Lear et al. 2005) 

CYP5A1 (Ruan, Li et al. 
1994) 

  

No information was available for CYP2Ts, 4V2, 4X1, 4Z1, 20A1, 39A1, 46A1 and 51A1. 
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In mammals, microsomal P450 expressions were thought to be limited to the liver 

a few decades ago. Certainly, liver, as the organ responsible for xenobiotic detoxification, 

has the highest P450 content in the body. However, several P450 genes have been shown 

to be constitutively expressed in different organs (Imaoka, Hashizume et al. 2005, 

Zordoky, Aboutabl et al. 2008). In our laboratory, we have shown that several P450 are 

expressed in rat heart, lungs and kidneys, as well as liver (Zordoky, Aboutabl et al. 2008); 

CYP2Bs, CYP2C11, CYP2J3, CYP2E1, CYP4As and CYP4Fs were found to have 

relatively high mRNA levels in the heart (Zordoky, Aboutabl et al. 2008), while in the lungs, 

CYP2B1, CYP2J3, CYP2E1 and CYP4Fs genes were found to be predominant (Zordoky, 

Aboutabl et al. 2008). In the kidneys, high gene expression of almost all of P450 enzymes 

was found (Zordoky, Aboutabl et al. 2008). However, assessing P450 distribution in 

organs via gene expression has an innate imperfection, as it measures only mRNA levels 

that may not reflect the final protein levels. P450 protein level is a function of 

transcriptional regulation in addition to translational and posttranslational regulation. 

Similarly, discrepancies between mRNA and protein levels of CYP2J2 and CYP2C8 have 

been previously reported (Delozier, Kissling et al. 2007); it has been reported that 

although CYP2J2 mRNA was about 1000 times higher than CYP2C8, both enzymes had 

comparable protein levels in human heart tissue (Delozier, Kissling et al. 2007). Though, 

studies evaluating P450 expression across different tissues by the actual measuring of 

protein levels are relatively limited. 

It is worth to note that, since P450 activity is dependent on other cofactors such 

as NADPH-P450 reductase and cyb5, correlation between P450 enzymes expression and 

activity is not always guaranteed. Marji et al. (Marji, Wang et al. 2002) described a lack of 

correlation between CYP4A enzymes expression and their activities due to insufficient 

P450 reductase in rat kidneys (Marji, Wang et al. 2002). Naturally, P450 are greatly varied 
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in their catalytic activities (Imaoka, Hashizume et al. 2005). Therefore, a P450 enzyme of 

high activity, despite its low expression level, may dominate a reaction in a tissue more 

efficiently than a highly expressed P450 but with low activity.  

1.5. Physiological Functions of Microsomal Cytochrome P450 

1.5.1. Elimination of Xenobiotics 

Xenobiotics are relatively small, non-nutrient compounds that are exogenous to the 

species in question (Ioannides 2002). Accordingly, xenobiotics include drugs and 

environmental factors, such as pollutants, pesticides and natural occurring chemicals 

(Ioannides 2002). Naturally, xenobiotics are persistently entering the body, which responds 

with the elimination processes, namely excretion and metabolism, to limit the exposure to 

foreign compounds (Ioannides 2002). Metabolism aims to alter the chemical structure of 

xenobiotics by a wide array of biological reactions, mostly enzyme mediated, leading to 

increase the hydrophilicity of xenobiotics, and therefore their excretion (Golan 2012). In 

addition, metabolism frequently leads to inactivation of xenobiotic biological effect, albeit, in 

certain cases, the bioactivation of inactive xenobiotics to give biologically-active molecules 

can also occur (Guengerich 2008). Xenobiotic metabolism is usually divided to phase I and 

II, where polar function groups are unmasked or introduced in the chemical structure (phase 

I or activation), followed by the conjugation between this polar group of the xenobiotic and 

endogenous molecules, notably glucuronic acid, to further improve hydrophilicity (phase II 

or conjugation) (Golan 2012). Hepatic microsomal P450 are the enzymes that dominate the 

catalysis of phase I metabolism of xenobiotics (Anzenbacher and Anzenbacherova 2001). 

Therefore, P450-mediated metabolism plays a critical role determining the onset and 

duration of drug action. Hepatic microsomal P450 enzymes, typically CYP1A2, CYP2A6, 

CYP2B6, CYP2C8, CYP2C9, CYP2C18, CYP2C19, CYP2D6, CYP2E1 and CYP3A4, 
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determine how much will be the half-life in the body for most of drugs (Anzenbacher and 

Anzenbacherova 2001, Anzenbacher and Zanger 2012). Also, P450 enzymes, notably 

CYP3As, influence the extent of absorption from gastrointestinal tract by what is called first-

pass effect for drugs with high-extraction ratios (Dufek, Bridges et al. 2013). The liver, as 

the organ with the highest P450 content, dominates drug metabolism; however, it has been 

reported that the P450 at local tissues, such as brain, can affect the biological activity of 

drugs away from the liver (Miksys and Tyndale 2013). Due to the critical role of microsomal 

P450 in drug metabolism, alterations in P450 activity during drug treatments could lead to 

therapeutic failure or exacerbation of adverse effects/toxicity incidence (Shorr, Ray et al. 

1993). Therefore, factors that can alter P450 activity, such as, age, genetic variation, 

disease and most importantly co-administered drugs, have been extensively studied (Shorr, 

Ray et al. 1993). 

1.5.2. Metabolism of Polyunsaturated Fatty Acids  

Beside their critical role in xenobiotic metabolism, the endogenous roles of P450 

enzymes were reported as early as 1968 (Wilson, Oldham et al. 1968), when the role of 

P450 was first reported in mediating the steroidal 11β-hydroxylation, identified later to be 

CYP11Bs converting 11-deoxycortisol to cortisol, as well as 11-deoxycorticosterone to 

corticosterone (Ortiz de Montellano 2005). CYP11Bs and all other P450 enzymes mediating 

steroidal reactions are mitochondrial, except the microsomal CYP1B1, whose substrates 

include 17β-estradiol and testosterone, as well as xenobiotics, such as polycyclic aromatic 

hydrocarbons (Shimada, Watanabe et al. 1999, Murray, Melvin et al. 2001). However, 

microsomal P450 are more important than mitochondrial forms in the monooxygenation of 

polyunsaturated fatty acids, mediating the formation of several bioactive metabolites (Oliw 

1994). Polyunsaturated fatty acids are aliphatic monocarboxylic acids with two or more cis-

double bonds, which are normally found esterified in cell membranes (Table 1.4) (Rustan 
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and Drevon 2001). They are indicated by the number of carbons, as well as the number and 

sometimes the location of double bonds, for example AA is 20:4, cis,cis,cis,cis-Δ5,8,11,14 

(Table 1.4) (Rustan and Drevon 2001). Also, polyunsaturated fatty acids are classified 

according to the position of their last double bond in the carbon chain to ω-3 and ω-6 (Table 

1.4) (Rustan and Drevon 2001). Two of the polyunsaturated fatty acids cannot be 

synthesized by human body, and therefore, it is essential to be supplied from external 

sources (Rustan and Drevon 2001, Russo 2009). These essential polyunsaturated fatty 

acids are the linoleic acid and α-linolenic acid, and their main dietary sources are plant and 

fish oils (Rustan and Drevon 2001, Russo 2009).  

Microsomal P450 enzymes can either insert epoxide or hydroxyl function groups 

to the polyunsaturated fatty acids, to give epoxy- or hydroxy-fatty acids, respectively; 

according to the function group, epoxide or hydroxide, of the major metabolite(s) P450 

enzymes are divided into either P450 epoxygenases or hydroxylases, respectively (Oliw 

1994, Spector and Kim 2015, Westphal, Konkel et al. 2015). AA, in addition to other 

polyunsaturated fatty acids, notably linoleic acid, eicosapentaenoic acid  and 

docosahexaenoic acid, have been reported to be metabolized by P450 enzymes to give the 

corresponding epoxy- or hydroxy-fatty acids (Spector and Kim 2015, Westphal, Konkel et 

al. 2015). However, AA is considered the most significant polyunsaturated fatty acid 

substrate for P450 epoxygenases and hydroxylases to form several bioactive metabolites 

that have been extensively studied (Oliw 1994, Spector and Kim 2015, Westphal, Konkel et 

al. 2015). 
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Table 1.4. The Chemical Structure and Characterization of the Common 
Polyunsaturated Fatty Acid. 

Common name Chemical structure Characterization 

Linoleic acid 

 

ω-6 18:2 

α-Linolenic acid ω-3 18:3 

Arachidonic acid ω-6 20:4 

Eicosapentaenoic acid ω-3 20:5 

Docosahexaenoic acid ω-3 22:6 
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2. Arachidonic Acid Metabolism 

AA is an ω-6 polyunsaturated fatty acid, which is abundant in all body organs. In normal 

condition, a small portion of AA is maintained in its free form (unesterified), while the majority 

of AA is stored in the cellular membranes, mostly esterified at the sn-2 position of 

phosphoglycerides (Buczynski, Dumlao et al. 2009, Imig 2012). Glycerol, which is a trihydroxyl 

propyl alcohol, is esterified to a phosphoric acid derivative at the C3 hydroxyl group; whereas, 

the two other hydroxyl groups at C1 and C2, or sn-1 and sn-2, respectively, are esterified to 

carboxylic acids to give the phosphoglycerides (Fig. 1.5) (Xu, Valenzuela et al. 2013). Enzymes 

responsible for the hydrolysis of these ester linkages are called phospholipases, and 

categorized according to the regioselectivity of their esterase activity on the phosphoglycerides 

(Fig. 1.5). Phospholipases that act on sn-1, sn-2 and both sn-1 and sn-2 are called 

phospholipase A1, phospholipase A2 and phospholipase B, respectively, to give free fatty acids 

and lysophosphoglycerides (Fig. 1.5) (Zolk, Munzel et al. 2004). Accordingly, the release of AA, 

which is kept at lower rate, is mediated by phospholipase A2 (Buczynski, Dumlao et al. 2009, 

Imig 2012). Phospholipase A2 is a superfamily that contains at least four different clusters: the 

secreted, the cytosolic, the calcium-independent and the platelet-activating-factor 

phospholipase A2 (Burke and Dennis 2009). The dominant AA-releasing phospholipase A2 in 

the mammals is the cytosolic type, notably group IVA (Buczynski, Dumlao et al. 2009); whereas, 

the platelet-activating-factor phospholipase A2 has been linked to coronary heart disease in 

humans (Burke and Dennis 2009).  

Intracellular concentration of the unesterified AA is widely believed to be in µM range, 

based on reports where the total concentration of unesterified AA has been determined in different 

tissues. For example, while the unesterified form of AA is in nM range in blood (Brash 2001), its 

concentration has been reported to be 13-44 µM in umbilical cord and intervillous space 

(Benassayag, Mignot et al. 1997), 18.9 µg/g (approximately equivalent to 60 µM) in skin 
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(Hammarstrom, Hamberg et al. 1975), and 75 µg/g (approximately equivalent to 250 µM) in liver 

(Edpuganti and Mehvar 2013). Therefore, 50-100 µM of AA was used in several published studies 

performed AA- P450 incubation experiments (Xu, Falck et al. 2004, Imaoka, Hashizume et al. 

2005). Furthermore, in response to stimuli, the release of the free AA has been reported to be 

remarkably increased (Buczynski, Dumlao et al. 2009). Regardless, the unesterified AA is then 

metabolized into several biologically active metabolites, termed eicosanoids, by one of three 

groups of enzymes: cyclooxygenases, lipoxygenases, or microsomal P450 enzymes 

(Buczynski, Dumlao et al. 2009). 
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Figure 1.5. Site of Action of Phospholipase A1, A2, B, C and D on Phosphoglycerides. 

In contrast to microsomal P450, cyclooxygenase and lipoxygenase enzymes are 

soluble enzymes (Buczynski, Dumlao et al. 2009). Cyclooxygenase enzymes, as the name 

implies, form a cyclic structure out of AA by forming a bond between C8 and C12 of AA, in 

addition to oxygen insertion (Fig. 1.6) (Buczynski, Dumlao et al. 2009, Rouzer and Marnett 

2009). Cyclooxygenase enzymes have two active sites, the peroxidase and cyclooxygenase 

active sites. The cyclooxygenase active site metabolizes AA to prostaglandin G2, then the 

peroxidase active site metabolizes prostaglandin G2 to prostaglandin H2 (Fig. 1.6) (Rouzer and 
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Marnett 2009). By prostaglandin synthases, prostaglandin H2 is converted to large array of 

bioactive prostaglandins, such as prostaglandin E2 and F2α, thromboxane A2 and prostacyclin 

(Fig. 1.6) (Rouzer and Marnett 2009). On the other hand, lipoxygenase enzymes are lipid 

peroxidizing enzymes, which insert hydroperoxy group in AA to form 

hydroperoxyeicosatetraenoic acids (Fig. 1.6) (HPETEs) (Kuhn, Banthiya et al. 2015). The 5-

HPETE is the substrate of leukotrienes synthases to give different leukotrienes, viz., A4, B4, 

C4, D4 and E4 (Fig. 1.6) (Buczynski, Dumlao et al. 2009, Kuhn, Banthiya et al. 2015). In 

humans, lipoxygenase is represented by six enzymes, 12/15-, 15-, 12R-, 5-, platelet-type 12- 

and epidermis-type lipoxygenases (Kuhn, Banthiya et al. 2015).  

Figure 1.6. The Metabolism of Arachidonic Acid by Cyclooxygenase-, 
Lipoxygenase- and P450-Mediated Pathways. 

2.1. Cytochrome P450-Derived Arachidonic Acid Metabolites 

Microsomal P450 enzymes catalyze mid-chain and terminal oxygen insertion to AA 

to give several epoxy- and hydroxy-metabolites in the presence of oxygen and NADPH 

(Capdevila, Falck et al. 2000). Despite the fact that P450-mediated AA metabolism was 
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reported about 30 years ago, P450-derived AA metabolites have only recently garnered 

a lot of attention (Roman 2002). The significant and multifaceted roles of P450-derived 

AA metabolites have been recognized in the regulation of biological functions, especially 

in the cardiovascular system (Roman 2002). Several studies have shown the substantial 

association between the alterations in P450-derived AA metabolites levels and several 

pathological conditions (Alonso-Galicia, Falck et al. 1999, Roman 2002, Morisseau 2013). 

In our laboratory, we have previously reported that cardiac hypertrophy and 

cardiomyopathy, induced by arsenic, isoproterenol, doxorubicin or benzo(a)pyrene in rats 

and mice, is accompanied by definitive alterations in P450-mediated AA-metabolism 

(Zordoky, Aboutabl et al. 2008, Aboutabl, Zordoky et al. 2009, Alsaad, Zordoky et al. 2012, 

Anwar-Mohamed, El-Sherbeni et al. 2012). Also, to clarify the cause-effect relationship, 

several studies have shown that by modulating the levels of P450-derived AA metabolites, 

heart damage can be induced or controlled (Imig 2012, Alsaad, Zordoky et al. 2013, 

Morisseau and Hammock 2013). Moreover, it has been shown that number of P450-

derived AA metabolites have a direct detrimental effect on cardiomyocytes (Maayah, 

Abdelhamid et al. 2015, Maayah and El-Kadi 2016), or have a protective effect on 

cardiomyocytes against chemical insults, such as angiotensin II and isoproterenol (Tse, 

Aboutabl et al. 2013, Elkhatali, El-Sherbeni et al. 2015).  

2.1.1. Epoxy-Metabolites of Arachidonic Acid 

P450 enzymes mediate epoxidation of AA at any of its four cis-double bonds, 

keeping the cis conformation, to give 5,6-, 8,9-, 11,12-, or 14,15-cis-epoxyeicosatrienoic 

acids (EETs); the insertion of the epoxide function group can occur at any of the two flanks 

of AA double bond, leading to either R,S or S,R cis-EETs (Fig. 1.7). The formation of EETs 

is mediated mostly by CYP2 family, notably, CYP2Bs, CYP2Cs and CYP2Js enzymes, 

which are collectively called P450-AA epoxygenases (Fig. 1.7) (Capdevila, Falck et al. 
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2000, Imig 2012). Thereafter, an enzyme called soluble epoxide hydrolase (sEH) 

catalyzes the hydration of EET to dihydroxyeicosatrienoic acids (DHETs) (Imig 2012) (Fig. 

1.7). The sEH mediates the main pathway for EETs deactivation; however, there are 

several other pathways for the deactivation of EETs, namely β-oxidation, incorporation to 

plasma membrane, diffusion and binding to plasma and tissue proteins, cyclooxygenase- 

and P450-mediated metabolism and chain elongation that are minor compared to sEH 

pathway (Roman 2002, Imig 2012). 

EETs exhibit several beneficial effects on biological system, such as anti-

inflammatory, analgesic, vasodilatory, anti-platelet, fibrinolytic and vascular smooth 

muscle anti-migratory effects (Sudhahar, Shaw et al. 2010, Imig 2012). Because DHETs 

are less-biologically-active, EET hydrolysis by sEH is considered a deactivation process. 

Recently, DHETs have been reported to exhibit a pro-inflammatory effect, and, in contrast 

to EETs, sEH is the main pathway for DHETs formation (Norwood, Liao et al. 2010). 

Therefore, it is believed that sEH activity is deleterious by decreasing the cytoprotective 

EETs and increasing the pro-inflammatory DHETs. 
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Figure 1.7. The Formation and Degradation of EETs by P450 and sEH-Mediated 
Pathways, Respectively. 

2.1.2. Hydroxy-Metabolites of Arachidonic Acid 

The hydroxy-metabolites of AA are divided into mid-chain and terminal/subterminal 

hydroxyeicosatetraenoic acids (HETEs) (Fig. 1.8) (Capdevila, Falck et al. 2000). The 

insertion of hydroxyl group mediated by CYP450 produces chiral center in HETEs, leading 

to S/R enantiomers in all HETEs except the terminal, C20, HETE (Fig. 1.8). The formation 

of mid-chain HETEs, namely 5-, 8-, 9-, 11-, 12- and 15-HETEs, is believed to be catalyzed 

by CYP1B1, and to a lower extent CYP1As and CYP3As, most probably through 

hydroperoxy-intermediates (Bylund, Kunz et al. 1998, Choudhary, Jansson et al. 2004, 

Zhao and Funk 2004). It has been reported that CYP4 family predominantly catalyzes 20-

HETE formation (Xu, Falck et al. 2004). On the other hand, a heterogeneous group of 

P450 catalyzes the formation of subterminal HETEs, namely 16-, 17-, 18- and 19-HETEs, 

including CYP1As and CYP4As (Falck, Lumin et al. 1990, Laethem, Balazy et al. 1993, 

Capdevila, Falck et al. 2000). P450 enzymes mediating HETE formation are collectively 
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called P450-AA hydroxylases, and similar to EETs, there are several pathways for HETE 

deactivation: β-oxidation, incorporation to plasma membrane, diffusion and binding to 

plasma and tissue proteins, cyclooxygenase- and P450-mediated metabolism and chain 

elongation (Roman 2002, Imig 2012).  

In contrast to EETs, 20-HETE is reported to exhibit vasoconstrictor, pro-

inflammatory and pro-fibrotic activities (Zou, Fleming et al. 1996, Stec, Gannon et al. 

2007). However, contrary to EETs and 20-HETE, the other HETEs are generally 

overlooked despite their reported biological activities. It has been reported that 

subterminal HETEs induce renal vasodilation and inhibit neutrophil adhesion, in addition 

to the suggested role of 19-HETE as the endogenous antagonist of 20-HETE (Alonso-

Galicia, Falck et al. 1999, Bednar, Gross et al. 2000, Zhang, Deng et al. 2005); while mid-

chain HETEs have been reported to induce cellular hypertrophy, inflammation and fibrosis 

(Reddy, Thimmalapura et al. 2002, Kayama, Minamino et al. 2009).  
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Figure 1.8. The P450-Mediated Metabolism of AA to Form HETEs. 
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3. Soluble Epoxide Hydrolase  

As we mentioned previously, P450 and sEH are the dominant players controlling the 

levels of P450-derived AA metabolites in the tissues. Therefore, in this section, we will reveal 

more details about sEH characteristics. There are two main types of epoxide hydrolase, soluble 

and microsomal, and they play a significant role in in vivo detoxification of reactive metabolites, 

by catalyzing the hydrolysis of epoxides to more soluble and easily excretable metabolites 

(Kodani and Hammock 2015). Moreover, epoxide hydrolase regulates several physiological and 

pathological functions through controlling tissue levels of biologically-active epoxide mediators 

(Fretland and Omiecinski 2000, Imig 2012). 

There is a clear overlap in substrate selectivity between soluble and microsomal 

epoxide hydrolases, however, sEH is generally more oriented toward epoxy-fatty acid 

metabolism; whereas microsomal epoxide hydrolase (mEH) is more oriented toward the 

metabolism of xenobiotics (Decker, Arand et al. 2009). In contrast to mEH, which is attached to 

cellular membranes as a monomer, sEH presents as a homodimer in solution (Gomez, 

Morisseau et al. 2004). sEH molecular weight is about 62 kDa, formed of 554 amino acid 

residues and belongs to the large family of α/β hydrolase fold enzymes (Grant, Storms et al. 

1993). The C-terminal of sEH is similar to mEH and accommodates the active site for the 

epoxide hydrolase activity (Newman, Morisseau et al. 2005). Contrary to the N-terminal of mEH, 

which acts as a membrane anchor, the N-terminal of sEH carries a second catalytic site that 

was found to be a functional phosphatase (Gomez, Morisseau et al. 2004, Newman, Morisseau 

et al. 2005).  

3.1. Tissue and Species Expression 

Interestingly, tissue distribution of sEH and mEH is independent. sEH is 

expressed in all organs and tissues but at different levels. The organ of highest sEH level 



29 
 

is the liver, followed by kidneys, heart, lungs and brain (Gill and Hammock 1980); while 

for mEH, its expression is generally the highest in the liver, followed by adrenal gland, 

lungs, kidneys and intestine in mammals (Oesch, Raphael et al. 1977). sEH expression 

is confined to vascular tissue of kidneys, lungs and brain, contrary to other organs, such 

as liver and pituitary gland, where its expression is diffused in all tissues (Morisseau and 

Hammock 2005). It has been previously reported that sEH is exclusively localized in the 

cytosol in all organs, except for liver, where sEH is localized in both cytosol and 

peroxisome (Enayetallah, French et al. 2006). However, sEH activity has been commonly 

observed in mitochondrial and microsomal fractions. For a long time, this activity was 

attributed to the cytosolic sEH trapped in these fractions; only recently, Decker et al 

identified two new epoxide hydrolases, EH3 and EH4, that exhibit sEH activity, but they 

are attached to cellular membranes (Decker, Adamska et al. 2012). On the other hand, 

there are only sparse studies that have investigated the species-dependent expression of 

sEH. Despite that sEH gene expression in liver was comparable among mouse, rat and 

human, there was a 100-fold difference in sEH activity between rat and mouse liver 

(Hammock, Grant et al. 1997). Also, the hepatic content of sEH has been reported to be 

in the following order, mice > human > rat (Ioannides 2002).   

3.2. Molecular Mechanism 

In contrast to mEH, the quaternary structure of human sEH has been identified. 

There are some differences in the structure between sEH and mEH as we mentioned 

before; however, the molecular mechanism of epoxides hydration by sEH and mEH is 

identical (Zou, Hallberg et al. 2000, Gomez, Morisseau et al. 2004, Morisseau and 

Hammock 2005). Epoxide hydrolases are characterized by high substrate affinity and low 

turnover number, usually smaller than 1 molecule per second, with most of its substrates 

(Oesch, Hengstler et al. 2004). Epoxide hydrolases catalyze the overall reaction of the 
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addition of a water molecule to an epoxide ring to ultimately yield a trans-dihydrodiol 

(Newman, Morisseau et al. 2005). It was found that labeled water molecules in the 

reaction medium are incorporated into the enzyme itself rather than the generated 

dihydrodiol from the epoxide substrate (Lacourciere, Vakharia et al. 1993). This was the 

first indication of an unusual mechanism for epoxide hydrolases. Thereby, it was 

concluded that the molecular mechanism of epoxide hydrolysis involves two chemical 

steps (Fretland and Omiecinski 2000, Decker, Arand et al. 2009). The epoxide hydrolases 

form an ester intermediate with the epoxide substrate; thereafter the final hydrolysis of the 

ester intermediate to the dihydrodiol is occurred (Borhan, Jones et al. 1995, Decker, Arand 

et al. 2009) (Fig. 1.9). 

 

Figure 1.9. The Mechanism of the Hydrolysis of Epoxide Substrates by sEH. 

The sEH catalytic site contains the essential histidine (His523) and aspartate 

(Asp333, and Asp495) residues, in addition to two tyrosine (Tyr382 and Tyr465) residues that 

provide an essential support to the catalytic triad (Fig. 1.9) (Gomez, Morisseau et al. 2004, 
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Morisseau and Hammock 2005). Epoxide hydrolases recognize the substrate that is 

positioned in the active site by trapping the epoxide oxygen between the two tyrosine 

residues via hydrogen bonding (Fretland and Omiecinski 2000, Decker, Arand et al. 2009). 

Due to the position of the catalytic triad at the end of the substrate access tunnel, 

hydrophobic interactions between the substrate and the enzyme dictate certain stereo- 

and enantioselectivity (Zou, Hallberg et al. 2000, Decker, Arand et al. 2009). The first 

chemical step is very rapid and involving a nucleophilic substitution reaction between the 

epoxide ring activated by hydrogen bonding and the catalytic nucleophile, which is the 

aspartic acid (Fretland and Omiecinski 2000). An ester is formed between aspartate and 

the substrate to displace the C-O bond in the epoxide ring, simultaneously, one of the two 

tyrosine residues gives a proton to the resulted activated oxygen (Zou, Hallberg et al. 

2000, Decker, Arand et al. 2009) (Fig. 1.9). In the second step, the ester formed between 

substrate and epoxide hydrolases is subsequently hydrolyzed by so called activated 

“charge relay system” composed of a histidine, as well as aspartate or glutamate residues 

(Zou, Hallberg et al. 2000, Decker, Arand et al. 2009).  

3.3. Regulation 

sEH regulation is mediated by peroxisome proliferator-activated receptor 

responsive element in the 5´-flanking region of sEH gene (Pinot, Grant et al. 1995). 

Therefore, it has been reported that peroxisome proliferator-activated receptor-α agonist, 

fenofibrate, induced sEH activity by thirteen fold in rat liver and two folds in rat kidneys 

(Schladt, Hartmann et al. 1987). On the other hand, the peroxisome proliferator-activated 

receptor-γ agonist, rosiglitazone, has been reported to downregulate sEH in 

cardiomyocytes (Pang, Li et al. 2011). Furthermore, a significant increase in sEH 

expression has been reported in male rats and mice compared with females, suggesting 

a hormonal domain in the regulation of sEH (Newman, Morisseau et al. 2005). Recently, 
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angiotensin II, as well as homocysteine was reported to upregulate sEH expression 

(Zhang, Xie et al. 2012).   

3.4. Physiological Functions 

In addition to EETs, there are other epoxides of fatty acids that have also a 

reported potent biological activity and are found in significant levels in all tissues 

(Ioannides 2002, Decker, Arand et al. 2009). Most importantly, epoxides of linoleic acid, 

namely the epoxyoctadecenoic acids, have been proposed, similar to EETs, to regulate 

several physiological functions, notably cardiovascular, pulmonary and renal functions 

(Moran, Nowak et al. 2001, Fleming 2014, Vangaveti, Jansen et al. 2016). Also, sEH 

contribution to the metabolism of drugs and other xenobiotics has been reported, but it is 

considered minor compared with the microsomal epoxide hydrolase (Kodani and 

Hammock 2015).  

 3.4.1. The Epoxides of Linoleic Acid 

Linoleic acid is an essential fatty acid and represents the major part of our 

dietary unsaturated fatty acids. It is epoxidized in vivo to 9,10- and 12,13-

epoxyoctadecenoic acids. Historically, epoxyoctadecenoic acids were first identified 

as neutrophil-derived fatty acid epoxides, and therefore epoxyoctadecenoic acids 

are also termed leukotoxins (Ozawa, Nishikimi et al. 1988). The epoxidation can be 

enzyme-mediated, by P450 or cytochrome c, or can occur by spontaneous reaction 

of linoleic acid with reactive oxygen species. The most prominent P450- linoleic acid 

epoxygenase was reported to be CYP2C9 in human liver (Draper and Hammock 

2000). On the other hand, sEH is the enzyme responsible for the hydrolysis of 

epoxyoctadecenoic acids, similar to EETs, to the corresponding 

dihydroxyoctadecenoic acids. In contrast to EETs, Epoxyoctadecenoic acids are 
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cytotoxic as proven in vivo and in vitro; They inhibit mitochondrial respiration leading 

to multiple organ failure such as cardiotoxicity, renal failure and adult respiratory 

distress syndrome (Moran, Weise et al. 1997). However, several reports have 

suggested that the cytotoxic effect of epoxyoctadecenoic acids is less potent than 

of their corresponding dihydroxyoctadecenoic acids (Draper and Hammock 2000, 

Mitchell, Moran et al. 2002). Dihydroxyoctadecenoic acids also inhibit mitochondrial 

respiration, yet by a different mechanism, epoxyoctadecenoic acids uncouple 

oxidative phosphorylation, whereas dihydroxyoctadecenoic acids additionally inhibit 

the electron transport chain itself (Mitchell, Moran et al. 2002). 

Dihydroxyoctadecenoic acids mediate the inhibition of Na+/K+-ATPase, and the 

induction of nuclear factor kappa B, in addition to mitochondrial dysfunction, 

consequently, they are potent cytotoxic agents (Moran, Weise et al. 1997, Slim, 

Hammock et al. 2001). 
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4. The pharmacological Modulation of Cytochrome P450-Mediated Arachidonic Acid 

Metabolism: Drug Discovery vs. Drug Repurposing 

AA metabolism has long been a very appealing target for drug discovery and 

development efforts. Historically, modulating the activity of AA-metabolism cascade led to very 

successful medicines, most importantly nonsteroidal anti-inflammatory drugs and leukotriene 

antagonists, which attenuate cyclooxygenase- and lipoxygenase-cascade activity, respectively. 

These cyclooxygenase- and lipoxygenase-targeting drugs have been used in heart diseases, 

such as aspirin, lung diseases, such as montelukast, inflammation, pain and fever, such as 

ibuprofen and ketorolac. Accordingly, there is great enthusiasm to similarly develop new drugs 

based on the P450-mediated AA pathway. As we have already shown, microsomal P450 

enzymes and sEH are the main players in this AA metabolic pathway; therefore, efforts have 

been paid to develop effective and safe P450 and sEH modulators to control tissue levels of 

P450-derived AA metabolites, as we will illustrate afterwards. With this respect, the attention 

has been directed more to sEH than P450, because sEH is  an individual enzyme vs. the 

multiplicity of P450, and partially because EETs are more studied compared with HETEs 

(Capdevila 2007, Imig 2012). 

4.1. Modulators of Soluble Epoxide Hydrolase  

The first generation sEH inhibitors worked as competitive reversible inhibitors 

that rapidly bind to sEH but slowly dissociate from it (Morisseau, Du et al. 1998).The most 

important examples of these epoxide-based inhibitors is chalcone oxide derivatives, such 

as 4-fluorochalcone oxide (Fig. 1.10) (Morisseau and Hammock 2005, Newman, 

Morisseau et al. 2005).  Morisseau et al were the first to report that carbamide compounds 

with appropriate substituents can exhibit potent sEH inhibitory activity (Figs. 1.9 and 1.10) 

(Morisseau, Goodrow et al. 1999). Accordingly, several urea-, amide- and carbamate-
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compounds have been derived and identified to exhibit nanomolar sEH inhibition 

(Morisseau, Goodrow et al. 1999). One important urea-based sEH inhibitor is 1-(1-

acetypiperidin-4-yl)-3-adamantanylurea (APAU) (Fig. 1.10 & 11), which was taken to 

Phase IIA clinical trial (Morisseau and Hammock 2013). Urea derivatives were the most 

successful sEH carbamate inhibitors, which were worked on to give new sEH classes of 

benzamide and benzoxazole sEH inhibitors (Fig. 1.10) (Eldrup, Soleymanzadeh et al. 

2009). These inhibitors have comparatively more rigid structure than the older sEH 

inhibitors, and, show more selectivity toward sEH (Shen and Hammock 2012). New sEH 

inhibitors exhibit much more potency and better pharmacokinetics than the old epoxide-

based inhibitors (Morisseau 2013). GlaxoSmithKline developed sEH inhibitor, 

GSK2256294 (Fig. 1.10), that has entered Phase I clinical trial for chronic obstructive 

pulmonary disease in male, obese, smoking patients (Podolin, Bolognese et al. 2013). 

Very recently, the dimerization of sEH was found to be crucial for sEH activity, introducing 

a novel target for allosteric sEH inhibitors that has not been explored yet (Nelson, 

Subrahmanyan et al. 2013). It has been reported in several studies that sEH inhibitors 

have multiple beneficial effects on the cardiovascular system, lungs, kidneys, diabetes, 

inflammation and pain typically through increasing EETs levels (Imig and Hammock 2009, 

Podolin, Bolognese et al. 2013, He, Wang et al. 2016). 
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Figure 1.10. The Chemical Structures of Representatives of sEH Inhibitors. 

On the other hand, the induction of sEH has been observed as a consequence 

of exposing to peroxisome proliferator-activated receptor-α agonists, such as clofibrate, 

fenofibrate and acetylsalicylic acid (Pinot, Grant et al. 1995). Diabetes and starvation 

cause an increase in sEH activity in rat liver that was corrected by insulin administration 

(Thomas, Schladt et al. 1989). Moreover, male mice kidneys and liver constitutively have 

a higher sEH content compared with female mice (Pinot, Grant et al. 1995). 

 

Figure 1.11. The Mechanism of sEH Inhibition by Carbamide-Based Inhibitors; X is 
CH2, O or NH. 

 



37 
 

4.2. Microsomal Cytochrome P450 Modulators  

Microsomal P450 mediating AA metabolism represent a big group of enzymes 

that makes the development of a modulator that is both effective and selective relatively 

difficult (Capdevila, Falck et al. 2000). Therefore, this approach to control P450-mediated 

AA metabolism attracted less interest, despite its promising potential, compared with sEH 

inhibition approach. For a P450 approach, it is imperative to pin-point the target P450 

enzymes, and to do so, knowledge about two things is needed: 1) to determine which 

P450 enzyme is dominating AA metabolism based on AA-metabolizing activity and 

metabolic profile in different organs, and 2) to attribute metabolic alterations associated 

with pathological conditions to certain P450 enzyme. However, only sparse studies have 

tried to compare P450 enzymes with respect to AA-metabolism under the same 

experimental conditions (Imaoka, Hashizume et al. 2005). Also, previously published 

studies on P450-mediated AA metabolism focused mainly on EETs and 20-HETE, as a 

result, mid-chain and subterminal HETEs have been largely ignored (Fan, Muroya et al. 

2015, Huang, Al-Shabrawey et al. 2016). This is due mainly to the lack of simple method 

for the simultaneous measuring of mid-chain and subterminal HETEs along with EETs 

and 20-HETE (Blewett, Varma et al. 2008). As a result, our knowledge on the critical points 

that can be targeted to correct the alteration of P450-mediated AA metabolism during 

pathological conditions is incomplete.  

4.2.1. Development of New Cytochrome P450 Modulators  

Regardless, a numbers of inhibitors of fatty acid monooxygenation have 

been developed. The early inhibitors used to inhibit P450-mediated AA metabolism 

were not directed toward specific P450 enzymes, but, simply, they contained a 

suicidal function groups, such as allylic and acetylenic groups, that are known to 
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become activated and form a non-functional adduct with P450 (Gan, Acebo et al. 

1984, Capdevila, Gil et al. 1988, Muerhoff, Williams et al. 1989, Sacerdoti, Gatta et 

al. 2003). The most used of these inhibitors is the 17-octadecynoic acid (17-ODYA), 

which is a long-chain (18 carbons) carboxylic acid, with a terminal triple bond (Fig. 

1.12) (Muerhoff, Williams et al. 1989, Miyata, Taniguchi et al. 2001). 17-ODYA is 

potent in inhibiting P450-mediated AA metabolism, however, it has poor selectivity 

(Wang, Brand-Schieber et al. 1998, Miyata, Taniguchi et al. 2001). Based on 17-

ODYA, the most advanced inhibitors of P450-mediated fatty acid monooxygenation 

were developed (Fig. 1.12) (Wang, Brand-Schieber et al. 1998), with the exception 

of HET0016 and its close relative TS-011, which have been independently identified 

by high throughput screening (Miyata, Taniguchi et al. 2001). These inhibitors are 

proven to be both selective and potent. Most importantly, the 6-(2-

propargyloxyphenyl)hexanoic acid (PPOH) and N-methylsulfonyl-6-(2-

propargyloxyphenyl)hexanamide (MS-PPOH), which have been shown to 

selectively inhibit the formation of EETs with an IC50 value of about 10 µM, but not 

the 20-HETE formation by rat renal microsomes (Fig. 1.12) (Wang, Brand-Schieber 

et al. 1998). While other compounds, N-methylsulfonyl-12,12-dibromododec-11-

enamide and 12,12-dibromododec-11-enoic acid, inhibit the formation of 20-HETE 

more potently than EET, with a 25-30-fold difference in IC50 values (Fig. 1.12) 

(Wang, Brand-Schieber et al. 1998). For the inhibition of 20-HETE formation, 

HET0016 (N-Hydroxy-N'-(4-butyl-2-methylphenyl) formamidine), and TS-011 (N-(3-

Chloro-4-morpholin-4-yl)Phenyl-N`-hydroxyimido Formamide) were developed by 

Taisho Pharmaceutical Co to be more selective and potent toward 20-HETE 

formation (Fig. 1.12). For HET0016, the IC50 value for 20-HETE formation was 35 

nM and for EET formation was 2800 nM in rat kidney microsomes, (Miyata, 

Taniguchi et al. 2001). TS-011 is even more selective toward 20-HETE formation 
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with IC50 value of 9 nM with no inhibition of EET formation being observed in 

spontaneous hypertensive rat kidney microsomes (Miyata, Seki et al. 2005). The 

effect of HET0016 and TS-011 was attributed to inhibition of CYP4s (Miyata, 

Taniguchi et al. 2001, Miyata, Seki et al. 2005). Moreover, based on the chemical 

structure of resveratrol (Chang, Chen et al. 2001), which is known to inhibit the 

CYP1 family, the compound 2,4,3',5'-tetramethoxystilbene (TMS), was developed 

as an inhibitor of CYP1B1 (Fig. 1.12) (Chun, Kim et al. 2001, Kim, Ko et al. 2002). 

CYP1B1 is believed to be a predominant P450 enzyme in mid-chain HETE formation 

(Choudhary, Jansson et al. 2004, Zhao and Funk 2004), therefore, a decrease in 

mid-chain HETE formation is expected by TMS-mediated inhibition of CYP1B1 

activity. 
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Figure 1.12. The Chemical Structures of Representatives of Inhibitors of 
P450-AA Monooxygenases. 
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4.2.2. Repurposing of Old Cytochrome P450 Modulators 

With the first efforts to develop new modulators for P450-mediated formation 

of AA metabolites, it was realized that modulators of xenobiotic-metabolizing P450 

enzymes also have an effect on AA metabolism (Capdevila, Gil et al. 1988). The long 

interest in P450 as the main xenobiotic inactivators has led to the recognition that 

certain clinically-approved drugs have the capacity to alter P450 activity. These drugs 

can result in drug-drug interactions due to the alteration in the elimination of co-

administered drugs, exposing the patient to a serious health risk (Anzenbacher and 

Anzenbacherova 2001, Ioannides 2008).  

4.2.2.1. Drug-Drug Interactions 

Drug-drug interaction describes the situation when the expected effect of a 

drug is altered by the concurrent administration of another drug (Vangaveti, Jansen 

et al. 2016). Obviously, two drugs are interacting when they have opposite effects on 

the body, such as antidiabetic drugs and glucocorticoids “antagonistic” effect on blood 

glucose level (Vangaveti, Jansen et al. 2016), or have same/similar effects, such as 

warfarin and nonsteroidal anti-inflammatory drugs “synergistic” effect that increases 

the risk of bleeding (Shorr, Ray et al. 1993, Knijff-Dutmer, Schut et al. 2003), which 

are collectively called “pharmacodynamic interactions” because they occur at the 

receptor level (Shorr, Ray et al. 1993). On the other hand, there are “pharmacokinetic 

interactions” where the concentration of a drug in the body is decreased or increased, 

causing therapeutic failure or drug toxicity, respectively (Shorr, Ray et al. 1993, 

Vangaveti, Jansen et al. 2016). This happens when one or more of the 

pharmacokinetic processes, namely absorption, distribution, metabolism and 

excretion, are altered by an interacting drug, such as the inhibition of absorption of 
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co-administered drugs by antacids (Gugler and Allgayer 1990), the displacement of 

drugs from the plasma protein binding sites affecting drug distribution (Vangaveti, 

Jansen et al. 2016), and the inhibition of excretion of acidic drugs by probenecid 

(Shorr, Ray et al. 1993, Imig and Hammock 2009). Altering drug metabolism causes 

the most dramatic alteration in drug concentration, because almost all metabolic 

reactions are enzyme mediated, and enzymes are present in limited amounts that 

make them easily saturable. Any changes in enzyme levels, either by inactivation or 

induction, readily affect the rate of the reaction they mediate (Andersen 1981). 

Certainly, facilitated diffusion and active transport have a role in drug absorption and 

excretion; however, in contrast to drug metabolism, passive processes (namely, 

passive diffusion and glomerular filtration) have the major contribution to absorption 

and excretion, respectively (Doligalski, Tong Logan et al. 2012). Accordingly, 

metabolism-mediated drug interactions are the most probable and severe among 

drug-drug interactions (Shorr, Ray et al. 1993, Doligalski, Tong Logan et al. 2012). 

Today’s drug dispensing practice requires good knowledge on drug-drug interactions 

(Knijff-Dutmer, Schut et al. 2003, Zhang, Luo et al. 2012). Because P450 enzymes 

are the most important drug-metabolizing enzymes, the potential to alter P450 activity 

has been studied for different drugs, and consequently, effective and selective 

microsomal P450 enzymes inhibitors and inducers are already available and clinically 

approved (Tables 1.5 and 1.6). 

4.2.2.2. Cytochrome P450 Inhibitors 

Drugs exhibiting P450 inhibitory activity are often reversible in nature; 

however, some potent inhibitors of P450 are irreversible (Bibi 2008). Reversible 

inhibitors of P450, as the name implies, are transient in their effect, contrary to the 

irreversible inhibitors, and are divided according to their enzyme inhibition kinetics 
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into: competitive, non-competitive and uncompetitive (Doligalski, Tong Logan et al. 

2012). Competitive inhibition can occur when two drugs are metabolized by the same 

P450 enzyme, and consequently they are competing for the active site of the enzyme 

(Bibi 2008).  Drugs that have a remarkably higher affinity toward P450 and/or achieve 

higher molar concentration in vivo are more effective competitive inhibitors (Kramer 

and Tracy 2008, Caterina, Antonello et al. 2013). This type of inhibition causes an 

increase in the Km with no change in the Vmax of the metabolism of the substrate 

(Kramer and Tracy 2008). Generally, competitive inhibition cannot provide a very 

effective inhibitor for in vivo use, because the inhibition of a substrate metabolism 

normally leads to an increase in substrate concentration, displacing the inhibitor from 

the active site and ceasing the inhibition. Examples for competitive P450 inhibitors 

include fluoxetine (CYP2D6 inhibitor) and clotrimazole (CYP3A4 inhibitor) (Preskorn, 

Alderman et al. 1994, Zhang, Ramamoorthy et al. 2002). Non-competitive inhibition is 

rarely observed and occurs when the inhibitor binds to an allosteric site that regulates 

the activity of the enzyme, leading to a decrease in the Vmax with no change in the Km 

of substrate metabolism, such as tranylcypromine inhibition of CYP2C9, and 

resveratrol inhibition of CYP2E1 (Piver, Berthou et al. 2001, Salsali, Holt et al. 2004, 

Bibi 2008, Kramer and Tracy 2008). For uncompetitive inhibition, the inhibitor binds 

to the enzyme-substrate complex, leading to a decrease in both Km and Vmax of 

substrate metabolism (Kramer and Tracy 2008). Cotinine, which is the major 

metabolite of nicotine, inhibits CYP2E1 by an uncompetitive mechanism (Van Vleet, 

Bombick et al. 2001). Notably, several reversible P450 inhibitors do not show pure 

kinetics of any of the aforementioned types, but show mixed kinetics of inhibition, and 

are characterized by a decrease in Vmax and an increase in Km of substrate metabolism 

(Kramer and Tracy 2008).  
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Table 1.5. FDA Recommended In Vivo and In Vitro Inhibitors of Specific P450 
Enzymes (Huang, Temple et al. 2007, Food-and-Drug-Administration 2014). 

Pharmacological agent Selectivity Safe use Effectiveness 

α-Naphthoflavone CYP1A2 In vitro Ki = 0.01 µm 

Amiodarone CYP2C9 In vivo Decrease Clint by 50-80% 

Bupropion CYP2D6 In vivo Decrease Clint by >80% 

Ciprofloxacin CYP1A2 In vitro Decrease Clint by >80% 

Clarithromycin CYP3A4 In vivo Decrease Clint by >80% 

Clomethiazole CYP2E1 In vitro Ki = 12 µm 

Clopidogrel CYP2B6 In vitro Ki = 0.5 µm 

Clopidogrel,  CYP2B6 In vivo Decrease Clint by 20-50% 

Diallyldisulfide CYP2E1 In vitro Ki = 150 µm 

Diethyldithiocarbamate CYP2E1 In vitro Ki = 9.8-34 µm 

Enoxacin CYP1A2 In vitro Decrease Clint by >80% 

Fluconazole 

CYP2C8 In vitro Ki = 7 µm 

CYP2C9 In vivo Decrease Clint by 50-80% 

CYP2C19 In vivo Decrease Clint by >80% 

Fluoxetine 
  

CYP2C9 In vitro Ki = 18-41 µm 

CYP2D6 In vivo Decrease Clint by >80% 

Fluvoxamine 
  

CYP1A2 In vitro Decrease Clint by >80% 

CYP2C9 In vitro Ki = 6.4-19 µm 

CYP2C19 In vivo Decrease Clint by >80% 

Furafylline  CYP1A2 In vitro Ki = 0.6-0.73 µm 

Gemfibrozil 
  

CYP2C8 In vivo Decrease Clint by >80% 

CYP2C8 In vitro Ki = 69-75 µm 

Indinavir CYP3A4 In vivo Decrease Clint by >80% 

Itraconazole 
CYP3A4 In vivo Decrease Clint by >80% 

CYP3A4 In vitro Ki = 0.27-2.3 µm 

Ketoconazole 

CYP2C9 In vivo Decrease Clint by 50-80% 

CYP3A4 In vivo Decrease Clint by >80% 

CYP3A4 In vitro Ki = 0.0037- 0.18 µm 

Montelukast CYP2C8 In vitro Ki = 1.1 µm 

Nootkatone CYP2C19 In vitro Ki = 0.5 µm 

Oxandrolone CYP2C9 In vivo Decrease Clint by 50-80% 

Paroxetine CYP2D6 In vivo Decrease Clint by >80% 

Phencyclidine CYP2B6 In vitro Ki = 10 µm 

Pioglitazone CYP2C8 In vitro Ki = 1.7 µm 

Prasugrel CYP2B6 In vivo Decrease Clint by 20-50% 

Quercetin CYP2C8 In vitro Ki = 1.1 µm 

Quinidine 
  

CYP2D6 In vivo Decrease Clint by >80% 

CYP2D6 In vitro Ki = 0.027-0.4 µm 

Rosiglitazone CYP2C8 In vitro Ki = 5.6 µm 

Sertraline  CYP2B6 In vitro IC50 = 3.2 µm 

Sulfaphenazole CYP2C9 In vitro Ki = 0.3 µm 

Ticlopidine 
  
  

CYP2B6 In vivo Decrease Clint by 20-50% 

CYP2B6 In vitro Ki = 0.2 µm 

CYP2C19 In vivo Decrease Clint by >80% 

CYP2C19 In vitro Ki = 1.2 µm 

Trimethoprim CYP2C8 In vitro Ki = 32 µm 

Verapamil CYP3A4 In vitro Ki = 10-24 µm 
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The permanent aspect of P450 inhibition by irreversible inhibitors is due to 

covalent bonding formed between the inhibitor and the enzyme, either occupying the 

active site, or neutralizing an essential functional part of the enzyme (de Montellano 

and Correia 1995). This type of inhibitor needs to be activated before binding to the 

enzyme, and therefore, they are also known as mechanism-based or suicidal 

inhibitors (Bibi 2008, Fowler and Zhang 2008). Noteworthy, compounds forming a 

metabolic intermediate complex with P450 leading to quasi-irreversible inhibition are 

considered a subtype of the mechanism-based inhibitors (Taxak, Desai et al. 2012). 

The kinetics of inhibition are characterized by a time-dependent decrease in the Vmax 

with no change in the Km of substrate metabolism (Fowler and Zhang 2008). Examples 

of irreversible inhibitors include amphetamine, cimetidine, isoniazid, methadone and 

sulfanilamide (Riviere 2011).                

The Food and Drug Administration (FDA) recommends certain drugs that can 

safely, selectively and effectively inhibit P450 enzymes (Table 1.5) (Huang, Temple 

et al. 2007, Food-and-Drug-Administration 2014). These probe-drugs are routinely 

used to perform drug metabolism and drug interaction studies for new drugs (Huang, 

Temple et al. 2007, Food-and-Drug-Administration 2014). Repurposing these 

clinically-approved agents could provide safe and rapid means to control EETs and 

HETEs levels in humans. For P450 enzymes that have low contribution to the 

metabolism of drugs, and therefore, not considered to be important for drug 

metabolism, such as CYP4 family, individual efforts are being performed to identify 

their selective inhibitors, by screening already clinically-approved drugs. In this 

context, it has been reported that danazol and 4-hydroxyamiodarone selectively inhibit 

CYP2J2 (Lee, Jones et al. 2012).  
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Drug repurposing can be a very successful approach to identify new 

modulators of P450-mediated AA metabolism; however, more effort is needed to: 1) 

examine a large array of purified animal and human xenobiotic- and AA-metabolizing 

P450 enzymes to determine their contribution to AA metabolism, 2) develop simple 

and rapid assays to measure the full P450-mediated AA metabolic profile to 

accurately determine the selectivity of the agents, and 3) optimize the dosage regimen 

for the new use of these agents by utilizing advanced animal-to-human and in-vitro-

to-in-vivo translational techniques.  

 

Figure 1.13. The Chemical Structures of Representative Examples of 
inducers of P450 enzymes. 

4.2.2.3. Cytochrome P450 Inducers 

Compared with the inhibitors of P450 enzymes, our cumulative experience with the 

induction of xenobiotic-metabolizing P450 enzymes has been used more often to 

increase the formation rates of P450-derived AA metabolites. Fibrates have been 

successfully used as P450 enzymes inducers in rat, to produce alterations in P450-

mediated AA metabolism; this seems to be dependent on the specific fibrate member, 

dose and duration of treatment (Fig. 1.13) (Lozada and Dujovne 1994, Muller, Theuer 

et al. 2004, Althurwi, Elshenawy et al. 2014, Makia and Goldstein 2016). In our lab, 

an increase in the tissue level of 19-HETE was achieved by utilizing the previously-

reported inductive effect of isoniazid on CYP2E1 (Fig. 1.13) (Palakodety, Clejan et al. 

1988, Elkhatali, El-Sherbeni et al. 2015). Also, there is some evidence for 
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rosiglitazone to be used as CYP2J2 inducer (Evangelista, Kaspera et al. 2013). FDA 

recommends certain drugs that can safely, selectively and effectively induce P450 

enzymes (Table 1.6) (Huang, Temple et al. 2007, Food-and-Drug-Administration 

2014). These probe-drugs are routinely used to perform drug metabolism and drug 

interaction studies for new drugs (Huang, Temple et al. 2007, Food-and-Drug-

Administration 2014). 

Table 1.6. FDA Recommended In Vivo and In Vitro Inducers of Specific P450 
Enzymes (Huang, Temple et al. 2007, Food-and-Drug-Administration 2014). 

Pharmacological agent Selectivity Safe use Effectiveness 

Avasimibe CYP3A In vivo Increase Clint by >500% 

Carbamazepine 
CYP2C9 In vivo Increase Clint by 200-500% 

CYP3A In vivo Increase Clint by >500% 

Efavirenz CYP2B6 In vivo Increase Clint by 200-500% 

Lansoprazole CYP1A2 In vitro 10-fold increase at 10 µM  

Montelukast CYP1A2 In vivo Increase Clint by 200-500% 

Omeprazole CYP1A2 In vitro 
14-24-fold increase at 25-100 
µM  

Phenobarbital CYP2B6 In vitro 
5-10-fold increase at 500-1000 
µM  

Phenytoin 
CYP1A2 In vivo Increase Clint by 200-500% 

CYP3A In vivo Increase Clint by >500% 

Rifampin 

CYP2B6 In vivo Increase Clint by 200-500% 

CYP2C8 In vivo Increase Clint by 200-500% 

CYP2C8 In vitro 2-4-fold increase at 10 µM 

CYP2C9 In vivo Increase Clint by 200-500% 

CYP2C9 In vitro 3.7-fold increase at 10 µM 

CYP2C19 In vivo Increase Clint by 200-500% 

CYP2C19 In vitro 20-fold increase at 10 µM 

CYP3A In vivo Increase Clint by >500% 

CYP3A4 In vitro 
24-31-fold increase at 10-50 
µM 

4.3. Receptor Agonists and Antagonists 

Aside of modulating P450 or sEH enzymes, some researchers preferred to pursue 

a third avenue, which is to directly target the receptors of P450-derived AA metabolites 

using receptor agonists and antagonists. As with enzyme modulators, EETs and 20-

HETEs have garnered most of the attention, and their agonists and antagonists have been 
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developed, despite their receptors still being unidentified. In fact, one evidence that EETs 

and 20-HETE receptors exist is how their structural analogues can block their biological 

effects (Roman 2002). Further evidences include the stereospecific effect of 11,12-EET 

on rat renal arterioles, as well as the necessity of intact cell membrane to exert an effect 

of 20-HETE on K+ channels (Roman 2002). It was found that protecting the carboxyl group 

in the 14,15-EET by forming an imide with different sulfonamides: methylsulfonamide, 

phenyliodosulfonamide, biotinsulfonamide and benzoyldihydrocinnamide-sulfonamide, 

gives more stable analogues of 14,15-EET, such as the 14,15-EET-mSA (Fig. 1.14) 

(Yang, Holmes et al. 2007). Another way that has also been shown to improve EETs 

stability is by incorporating the epoxide group in the middle of the carbon chain of EETs 

to produce their ether analogue (Imig, Elmarakby et al. 2010). This group of EET agonists 

includes the 11,12-ether-EET-8-ZE and its amide derivative with aspartate, 11,12-ether-

EET-5-ZE and NUDSA (Fig. 1.14) (Imig, Elmarakby et al. 2010). Most recently, a urea 

group was inserted in EETs structure to yield EETs agonists that simultaneously exhibit 

sEH inhibition activity, such as EET-Z (Fig. 1.14) (Hye Khan, Pavlov et al. 2014). On the 

other hand, partial saturation of 14,15-EET giving 14,15-epoxyeicosa-5-enoic acid, and 

its methylsulfonylimide derivative, which have been shown to behave as antagonists to 

14,15-EET (Fig. 1.14) (Gauthier, Deeter et al. 2002). For 20-HETE, the agonists and 

antagonists are strikingly similar and all based on partial saturation of the 20-HETE. In 

this context, it has been previously reported that saturating the 8- and 11-double bonds of 

20-HETE provides for a 20-HETE agonist, whereas, replacing the four bonds at C5, C8 C11 

and C14 of the 20-HETE with 2 cis-double bonds at C6 and C15 gives a 20-HETE 

antagonist (Fig. 1.14) (Alonso-Galicia, Falck et al. 1999). The former is the 20-

hydroxyeicosa-5,14-dienoic acid, and the latter is the 20-hydroxyeicosa-6,15-dienoic acid 

(Fig. 1.14) (Alonso-Galicia, Falck et al. 1999). 
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Figure 1.14. The Chemical Structures of Representatives of EETs and 20-HETE 
stable analogues and antagonists.  
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5. Cardiac Hypertrophy 

5.1. The Burden of Cardiac Hypertrophy 

Cardiac hypertrophy is the increase in the heart mass, due to the increase in the 

size, and not the number, of cardiomyocytes (Frey, Katus et al. 2004). There is no 

available statistical data about the incidence and prevalence of cardiac hypertrophy, as in 

most cases, cardiac hypertrophy does not cause substantial symptoms of its own This 

makes cardiac hypertrophy hard to be diagnosed (Katholi and Couri 2011). It is true that 

cardiac hypertrophy is not a disease by itself, however, cardiac hypertrophy is a major 

risk factor for fatal heart diseases, most importantly heart failure (Frey and Olson 2003, 

Katholi and Couri 2011, Writing Group, Mozaffarian et al. 2016). Heart failure is a serious 

health problem, as there are more than 5.7 million heart failure patients in the US as 

estimated in 2012, which represents 2.2% of the US population, and the number is 

expected to rise to about 9.6 million by 2030 (Roger, Go et al. 2012, Writing Group, 

Mozaffarian et al. 2016). There are about one million new cases every year, and in 

Canada the number of deaths due to heart failure was 4,430 deaths per 100,000 

population in 2004 (Public Health Agency of Canada. 2009), and the annual mortality rate 

associated with heart failure is 65,000 cases in the US (Writing Group, Mozaffarian et al. 

2016). The health problem of heart failure costed US $30.7 billion in 2012 and has risen 

due to the growth of the geriatric subpopulation and the increase in life expectancy 

(Writing Group, Mozaffarian et al. 2016). Also, in Canada, it was estimated that hospital 

admission for heart failure costed $482 million in 2013, and the costs is expected to rise 

to $722 million in 2030 (Tran, Ohinmaa et al. 2016). Therefore, better understanding of 

cardiac hypertrophy may lead to better diagnosis and treatment of heart failure. 
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5.2. Cardiac Remodeling 

Cardiac hypertrophy begins as an adaptive response to a hemodynamic overload 

(Nagata, Liao et al. 1998, Frey and Olson 2003). The hemodynamic overload can be 

physiological, as in case of vigorous exercises, or pathological, as in case of hypertension, 

aortic stenosis, severe obesity and anemia (Lorell and Carabello 2000, McMullen and 

Jennings 2007). Cardiac hypertrophy initially meets the additional needs of the 

hemodynamic overload; however, prolonged hypertrophy is catastrophic, resulting in 

progressive deterioration in heart function that eventually leads to heart failure 

(Sasayama, Kihara et al. 1999, Frey and Olson 2003). The process of transforming a 

normal to hypertrophic heart is called cardiac remodeling, which involves changes at the 

biochemical, cellular and anatomical levels (Kehat and Molkentin 2010). Basically, 

cardiomyocytes undergo two changes at the biochemical level; 1) An increase in the 

number of their basic contractile units, sarcomeres, in series or parallel, leading to 

increase in the length or thickness of myofibrils, respectively (Kehat and Molkentin 2010), 

and 2) A reactivation of fetal gene program shifting energy production from fatty acid 

oxidation to glycolysis in addition to an increase in the expression of what are collectively 

called hypertrophic markers, such as atrial and brain natriuretic peptide (ANP and BNP, 

respectively) and β-myosin heavy chain (β-MHC) at the expense of α-myosin heavy chain 

(α-MHC) (Taegtmeyer, Sen et al. 2010). At the cellular level, cardiomyocytes are 

increased in their length or diameter to accommodate the bigger myofibrils, which is 

associated with the digestion and rebuilding of the extracellular matrix with the activation 

of fibrosis (Kehat and Molkentin 2010, Fan, Takawale et al. 2012). Anatomically, the heart 

becomes bigger (termed cardiomegaly). This occurs either by the increase in heart wall 

thickness and a decrease in heart chamber size, or by the increase in heart chamber sizes 

without affecting, or sometimes decreasing, heart wall thickness, (termed concentric or 
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eccentric cardiac hypertrophy, respectively) (Mihl, Dassen et al. 2008, Kehat and 

Molkentin 2010). Concentric cardiac hypertrophy is to cope with pressure overload, while, 

eccentric cardiac hypertrophy is to cope with volume overload (Frey and Olson 2003, Frey, 

Katus et al. 2004, Mihl, Dassen et al. 2008, Kehat and Molkentin 2010). Initially, heart 

function is maintained or even enhanced, and therefore it is called compensated cardiac 

hypertrophy; however, heart function is, then, slowly deteriorated to become 

decompensated cardiac hypertrophy, eventually leading to heart failure (Frey and Olson 

2003, Frey, Katus et al. 2004).        

5.3. Cytochrome P450-Mediated Arachidonic Acid Metabolism and Cardiac 

Hypertrophy 

The link between cardiac hypertrophy and P450-mediated AA metabolism was first 

established when the activation of phospholipase A2 and P450 pathways was noticed to 

occur in cardiomyocytes exposed to mechanical stress, normally enough to induce cardiac 

hypertrophy (Sadoshima and Izumo 1993). More evidence was provided when Thum et al 

reported differences in cardiac P450 enzyme expression between normal and hypertension-

induced hypertrophied rat hearts (Thum and Borlak 2002). Our laboratory was the first to 

report that the alteration in cardiac P450 expression is accompanied with an aberration in 

cardiac EETs and 20-HETE formation during isoproterenol-induced cardiac hypertrophy 

(Zordoky, Aboutabl et al. 2008). This observation was confirmed using several other models 

of cardiac hypertrophy and toxicity, viz., doxorubicin-, 3-methylcholanthrene-, 

benzo(a)pyrene-, arsenic-, pressure-overload-, and angiotensin II-induced cardiac 

hypertrophy (Aboutabl, Zordoky et al. 2009, Zordoky, Anwar-Mohamed et al. 2010, Alsaad, 

Zordoky et al. 2012, Anwar-Mohamed, El-Sherbeni et al. 2012). Also, the time course of the 

alterations in cardiac P450 expression by isoproterenol insult with the development of 

cardiac hypertrophy was then reported (Althurwi, Maayah et al. 2015).  
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Generally, in these studies, the cardiac EETs were decreased, while the cardiac 

20-HETE and DHETs were increased. Interestingly, counterbalancing these alterations by 

sEH inhibition using 1-(1-methanesulfonyl-piperidin-4-yl)-3-(4-trifluoromethoxy-phenyl)-

urea (TUPS), P450-AA epoxygenases induction by fenofibrate, or 20-HETE-formation 

inhibition by HET0016 were efficient interventions to prevent/control cardiac hypertrophy in 

rats (Aboutabl, Zordoky et al. 2011, Althurwi, Elshenawy et al. 2014). After identifying 

subterminal and mid-chain HETEs to be altered during cardiac hypertrophy, the effects of 

these AA metabolites have been investigated on cardiac hypertrophy, similar to EETs and 

20-HETE. It has been found that exposing cardiomyocytes to mid-chain HETEs induces 

cellular hypertrophic markers (Maayah, Abdelhamid et al. 2015, Maayah and El-Kadi 2016). 

On the other hand, blocking the formation of mid-chain HETEs controlled cardiac 

hypertrophy induced in rats (Maayah, Althurwi et al. 2016). For subterminal HETEs, 

however, 19-HETE proved to have a cardioprotective effect against angiotensin II-induced 

cardiac hypertrophy both in vivo and in vitro in rats (Elkhatali, El-Sherbeni et al. 2015).   

Accordingly, P450-derived AA metabolites have been shown to directly contribute 

to the pathogenesis and progression of cardiac hypertrophy, most probably by altering 

inflammation and fibrosis in the heart. In fact, inflammation and fibrosis represent key events 

in cardiac hypertrophy. Evidently, the expression of inflammatory markers has been shown 

to precede any manifestation of cardiac hypertrophy (Smeets, Teunissen et al. 2008). Also, 

several reports demonstrated the association between the magnitude of the expression of 

inflammatory markers and the deterioration of heart function (Bayes-Genis 2007, Frustaci, 

Verardo et al. 2007, Masiha, Sundstrom et al. 2013). Furthermore, the induction and 

prevention of cardiac hypertrophy were reported to be achievable by altering inflammatory 

mediators in vivo and in vitro (Bozkurt, Kribbs et al. 1998, Ha, Li et al. 2005, Smeets, 

Teunissen et al. 2008, Miguel-Carrasco, Zambrano et al. 2010). In contrast to inflammation, 
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fibrosis is not associated with the initial stages of cardiac hypertrophy, but is involved in the 

deterioration of heart function (Conrad, Brooks et al. 1995, Nicoletti and Michel 1999). The 

stiffness of the heart muscles due to fibrosis leads to an increase in the relative workload 

per myocyte, resulting in further damage (Nicoletti and Michel 1999). Thereby, progressive 

deterioration in the heart function may be occurring during the transition from compensated 

to decompensated cardiac hypertrophy, and eventually leads to heart failure. Furthermore, 

it has been reported that mid-chain HETEs can activate mitogen-activated protein kinases 

and nuclear factor kappa B pathways (Maayah, Abdelhamid et al. 2015, Maayah and El-

Kadi 2016). 
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6. Rationale, Hypotheses and Objectives 

6.1. Rationale 

Cardiac hypertrophy is a major risk factor for several heart diseases, notably 

heart failure and sudden death. The prevention and control of cardiac hypertrophy may 

help to reduce the mortality and morbidity from cardiovascular causes, as well as to 

diminish health care costs. 

P450-derived AA metabolites are present in measurable levels in cardiac tissue. 

These metabolites have been reported to impact inflammation, fibrosis and angiogenesis, 

which are important aspects in cardiac hypertrophy and heart failure (Oka, Akazawa et al. 

2014). Increasing the cardioprotective P450-derived AA metabolites and decreasing the 

cardiotoxic P450-derived AA metabolites in the heart could provide promising 

interventions for the prevention and control of cardiac hypertrophy.  In order to do so, 

critical points in the cascade of P450-mediated AA metabolism need to be identified by 

thoroughly studying the aberration in P450-mediated AA metabolism during the 

pathological incidence; this is achievable by finding the major players in P450-mediated 

AA metabolism at physiological conditions, as well as during the pathological incidence. 

Because the central role of P450 enzymes in xenobiotic metabolism has long 

been recognized and extensively studied, several clinically-approved chemical molecules 

have been identified to affect xenobiotic metabolism through modulating P450 enzymes 

levels and activities. However, little is known about the effect of these modulators of P450-

mediated xenobiotic metabolism on P450-mediated AA metabolism, and the consequent 

alteration in the cardiac levels of P450-derived AA metabolites. Using this approach of 

repurposing clinically-approved P450 modulators can identify new agents that are easily 
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introducible to clinical trials, sparing challenging problems in drug development, such as 

determination of drug tolerability and the optimization of drug dosing. 

6.2. Hypotheses 

6.2.1. Different rat and human organs effectively metabolise AA to different 

regioisomers of epoxy- and hydroxy-AA metabolites. 

6.2.2. Small group of P450 enzymes dominate the AA metabolism in rat and human 

organs, and the dominating P450 enzymes are different across organs.   

6.2.3. Pressure-overload-induced cardiac hypertrophy is associated with alterations 

in the P450-mediated AA metabolism in the heart. 

6.2.4. Alterations in AA metabolism associated with cardiac hypertrophy are due to 

alterations in the expression of certain P450 enzymes in the heart. 

6.2.5. P450-derived AA metabolites are key regulators in the onset and progression 

of cardiac hypertrophy; EETs and subterminal HETEs are cytoprotective, whereas, 

mid-chain and 20-HETEs are cytotoxic. 

6.2.6. Selective and effective regulation of the tissue levels of P450-derived AA 

metabolites is achievable by the utilization of specific P450 inhibitors. 

6.3. Objectives 

6.3.1. To develop and validate a liquid chromatography-mass spectrometry method 

for the simultaneous determination of the P450-derived AA metabolites. 

6.3.2. To determine the metabolic and kinetic profiles of P450-mediated AA 

metabolism in rat heart, lungs, kidneys and liver. 
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6.3.3. To determine the differential tissue expression of P450 in rat heart, lungs, 

kidneys and liver. 

6.3.4. To determine the AA-metabolizing activity and metabolic and kinetic profiles 

of individual rat recombinant P450 enzymes.  

6.3.5. To determine the contribution of different P450 enzymes to P450-mediated 

AA metabolism in rat heart, lungs, kidneys and liver. 

6.3.6. To determine the AA-metabolizing activity and metabolic profile of human liver 

and kidney microsomes, as well as individual human recombinant P450 enzymes. 

6.3.7. To determine the alterations in cardiac levels, as well as the formation and 

degradation rates of P450-derived AA metabolites associated with pressure 

overload-induced cardiac hypertrophy in rats. 

6.3.8. To determine P450 enzymes involved in the alterations in P450-mediated AA 

metabolism associated with pressure overload-induced cardiac hypertrophy in rats. 

6.3.9. To identify clinically-approved drugs and their dosage that would significantly 

and selectively modulate P450-mediated AA metabolism in humans. 
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CHAPTER 2: MATERIALS AND METHODS 
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1. Chemicals and Materials  

Butylated hydroxytoluene, formic acid, NADPH, triethylamine, sucrose, 

camphorsulfonic acid and ethylenediaminetetraacetic acid were purchased from Sigma-

Aldrich Chemical Co. (St. Louis, MO).  High performance liquid chromatography (HPLC) 

grade acetonitrile, methanol, isopropanol, water and ethyl acetate were purchased from EM 

Scientific (Gibbstawn, NJ). Acrylamide, N'N'-bis-methylene-acrylamide, ammonium 

persulphate, β-mercaptoethanol, glycine, nitrocellulose membrane (0.45 µm) and TEMED 

were purchased from Bio-Rad Laboratories (Hercules, CA, USA). Chemiluminescence 

Western blotting detection reagents were purchased from GE Healthcare Life Sciences, 

Piscataway, NJ, USA. Oasis HLB (30 mg, 30 μm) cartridges were purchased from Waters 

Corporation (Milford, MA, USA). P450 enzymes modulators: 3-methylcholanthrene (3-MC), 

α-naphthoflavone (α-NF), resveratrol (Res), fluconazole (Flu), ticlopidine (Tic), sertraline 

(Ser) and danazol (Dan) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). 

Propylthiouracil (PTU), MS-PPOH and HET0016, were purchased from Cayman Chemical 

(Ann Arbor, MI). Peroxide-free AA and AA metabolites standards: 5,6-, 8,9-, 11,12- and 

14,15-EETs, 5,6-, 8,9-, 11,12- and 14,15-DHETs, 5-, 8-, 9-, 11-, 12-, 15-, 16-, 17-, 18-, 19-

and 20-HETEs, and 12-hydroperoxyeicosatetraenoic acid (12-HPETE) as well as internal 

standards (AA-D8, 14,15-EET-D11 and 15-HETE-D8) were purchased from Cayman 

Chemical (Ann Arbor, MI). Internal standard, 4-hydroxybenzophenone, was purchased from 

Sigma-Aldrich Chemical Co. (St. Louis, MO). 8-hydroxy-11,12-epoxyeicosatrienoic acid 

(hepoxilin A3) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).    

Recombinant enzymes: Rat CYP1A1-, CYP1A2-, CYP2A1-, CYP2B1-, CYP2C6-

, CYP2C11-, CYP2C13-, CYP2D1-, CYP2E1- and CYP3A1-containing cell microsomes 

supplemented with NADPH-P450 reductase (Supersomes), as well as human CYP1A1-, 

CYP1A2-, CYP1B1-, CYP2B6-, CYP2C8-, CYP2C9, CYP2C18-, CYP2C19-, CYP2E1-, 
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CYP2J2-, CYP3A4-, CYP4A11-, CYP4F2-, CYP4F3A-, CYP4F3B- and CYP4F12-containing 

cell microsomes supplemented with NADPH-P450 reductase (Supersomes) were obtained 

from Gentest (Woburn, MA), whereas cyb5 and NADPH-P450 reductase were from Oxford 

Biomedical Research (Oxford, MI).   

Primary rabbit anti-rat CYP1A1 polyclonal antibody (cat #ab79819), rabbit anti-

rat CYP1B1 polyclonal antibody (cat #ab78044), rabbit anti-rat CYP2C11 polyclonal antibody 

(cat #ab3571), rabbit anti-rat CYP2C23 polyclonal antibody (cat #ab53944), and rabbit anti-

human CYP4F2 polyclonal antibody (cat #ab125399) were purchased from Abcam 

(Cambridge, UK). Primary rabbit anti-human/rat CYP2Js polyclonal antibody was a generous 

gift from Dr. Darryl Zeldin (National Institute of Environmental Health Sciences, National 

Institutes of Health, Research Triangle Park, NC). Primary mouse anti-rat CYP2Bs 

monoclonal antibody (cat #sc-53244), goat anti-rat CYP2E1 polyclonal antibody (cat #sc-

26834), mouse anti-rat CYP4As monoclonal antibody (cat #sc-271983), goat anti-rat 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody (cat #sc-47724) 

and rabbit anti-rat actin polyclonal antibody (cat #sc-1616-R) were purchased from Santa 

Cruz Biotechnology, Inc. (Santa Cruz, CA). Secondary goat anti-rabbit (cat #sc-2004), goat 

anti-mouse (cat #sc-2031) and donkey anti-goat (cat #sc-2020) were purchased from Santa 

Cruz Biotechnology, Inc. (Santa Cruz, CA). Other chemicals were purchased from Fisher 

Scientific Co. (Toronto, ON, Canada). 

Pooled human liver and kidney microsomes were obtained from 

BioreclamationIVT (Baltimore, MD). For liver microsomes, it was pooled from liver tissue of 

10 non-smoker donors, whose age and weight mean ± SD were 53.4 ± 22.5 year and 98 ± 

23.5 kg, respectively. For kidney microsomes, it was pooled from kidney tissues of 3 male 

donors, whose age and weight mean ± SD were 40.3 ± 17 year and 93.5 ± 18.2 kg, 

respectively. 
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2. Methods 

2.1. Analysis of Cytochrome P450-Derived Arachidonic Acid Metabolites  

AA and P450-derived AA metabolites were analyzed using liquid 

chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) (Waters 

Micromass ZQ 4000 spectrometer). Multiple chromatographic conditions were applied to 

allow the separation of the targeted compounds: 

To determine the kinetic and metabolic profiles of P450-mediated AA metabolism 

by microsomes separated from untreated rats, a previously described method to 

simultaneously measure EETs, DHETs and 19- and 20-HETEs was adopted (Powell, Wolf 

et al. 1998, Nithipatikom, Grall et al. 2001). These AA metabolites were separated on 

reverse phase C18 column (Kromasil, 250 × 2.1 mm) using the mobile phase of 

water/acetonitrile mixture with 0.005% acetic acid. The mobile phase was delivered using 

a linear gradient method at a flow rate of 0.2 ml/min as follows: 60% to 80% acetonitrile 

in 30 min, 80% to 100% acetonitrile in 5 min, and 100% for 5 min. The internal standard 

was 4-hydroxybenzophenone. The mass spectrometer was run under negative ionization 

mode with selected ion monitoring. EETs and HETEs were monitored at m/z=319, DHETs 

at m/z=337 and the internal standard, 4-hydroxybenzophenone, at m/z=197. The 

nebulizer gas was acquired from an in house high purity nitrogen source. The temperature 

of the source was set at 150 °C, and the capillary and cone voltage were 3.51 kV and 

25 V, respectively. 

To determine the alterations in P450-mediated AA metabolism during cardiac 

hypertrophy in rats, a modified version of previously published methods was developed 

to measure 5-, 8-, 12- and 15-HETEs as well as 16-, 17- and 18-HETEs, in addition to 

EETs, DHETs and 19- and 20-HETEs (Powell, Wolf et al. 1998, Roy, Joshua et al. 2005, 
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Blewett, Varma et al. 2008). Similarly, the mass spectrometer was run under negative 

ionization mode with selected ion monitoring. The nebulizer gas was acquired from an in 

house high purity nitrogen source. The temperature of the source was set at 150 °C, and 

the capillary and cone voltage were 3.51 kV and 25 V, respectively. The samples were 

separated on reverse phase C18 column (Kromasil, 250 × 2.1 mm) at 30oC. The mobile 

phase consisted of water/acetonitrile with 0.005% acetic acid and delivered using a linear 

gradient method at a flow rate of 200 µL/min, as follows: 50% to 80% acetonitrile in 35 min, 

80% to 100% acetonitrile in 5 min, and 100% for 6 min. EETs and HETEs were monitored 

at m/z=319, DHETs at m/z=337 and the internal standards, 15-HETE-D8 and 14,15-EET-

D11, were monitored at m/z = 327 and 330, respectively. 

To determine the kinetic and metabolic profiles of P450-mediated AA metabolism 

by rat and human recombinant microsomes, a new method was developed that can 

simultaneously measure all P450-derived AA metabolites, the four EETs, 5,6-, 8,9-, 11,12- 

and 14,15-EETs, the six mid-chain HETEs, 5-, 8-, 9-, 11-, 12- and 15-HETEs, and the five 

terminal/subterminal HETEs, 16-, 17-, 18-, 19- and 20-HETEs. This was achieved by a 

gradient separation on a reverse phase C18 column (Alltima HP, 250 × 2.1 mm) at 35°C. 

Mobile phase A consisted of water with 0.01% formic acid and 0.005% triethylamine (v/v), 

whereas mobile phase B consisted of 8% methanol, 8% isopropanol and 84% acetonitrile 

with 0.01% formic acid and 0.005% triethylamine (v/v). Samples were subjected to linear 

gradient elution at a flow rate of 200 µL/min, as follows: 60 to 48% in 4 min, held 

isocratically at 48% for 24 min, 48 to 35% in 11 min, 35 to 0% in 11 min, and finally held 

isocratically at 0% for 7 min of mobile phase A. The internal standards were AA-D8, 15-

HETE-D8 and 14,15-EET-D11. The mass spectrometer was run under negative ionization 

mode with selected ion monitoring; AA was monitored at m/z=303, EETs and HETEs at 

m/z=319 and the internal standards at m/z = 311, 327 and 330 for AA-D8, 15-HETE-D8 
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and 14,15-EET-D11, respectively. The nebulizer gas was acquired from an in house high 

purity nitrogen source. The temperature of the source was set at 150 °C, and the capillary 

and cone voltage were 3.51 kV and 25 V, respectively.  

2.2. Method Validation 

Calibration samples of AA and its metabolites were prepared in acetonitrile 

containing 0.014, 0.069, 0.14, 0.69, 1.37, 6.9, 13.7, 24.4, 137 and 1370 µg/ml of AA or 

0.0045, 0.0225, 0.045, 0.09, 0.225, 0.45, 0.9, 2.25, 3, 4.5 µg/ml of each of the 15 AA 

metabolites. Calibration curves constructed on three separate days were analyzed to 

evaluate the linearity. Accuracy and precision was determined using quality control 

samples at 4 levels in the range of the expected concentrations in the test samples, 0.14, 

1.37, 13.7 and 68.5 µg/ml for AA and 0.005, 0.045, 0.45 and 4.5 µg/ml for AA metabolites. 

Quality control samples were prepared in 100 mM potassium phosphate buffer, pH 7.4, 

containing 0.5 mg/mL of heat-deactivated liver microsomes (60 µL final volume). After the 

addition of internal standards (AA-D8, 14,15-EET-D11 and 15-HETE-D8), samples were 

double extracted with 1 ml ethyl acetate; thereafter the organic extracts were combined, 

evaporated to dryness and reconstituted in 60 µL acetonitrile containing 0.01% formic 

acid. Each concentration had a replicate of three samples that were injected in the same 

day to determine the intraday accuracy and precision. The assay was also repeated in 

three different days to determine the interday accuracy and precision. Accuracy was 

determined by calculating the concentration of each quality control sample based on 

standard curves utilizing analyte to internal standard peak area (response ratio). Bias was 

assessed by calculating percent error (%error = (Ccalculated-Cnominal)/Cnominal×100) for all 

injections at each level analyzed. Precision was assessed by calculating the coefficient of 

variation (CV% = SD/Mean×100) for all injections at each level analyzed. 
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2.3. Animals and Treatment 

All animals were maintained and used in accordance with the animal protocol 

approved by the University of Alberta Health Sciences Animal Policy and Welfare 

Committee, Edmonton, Alberta, Canada. All animals were allowed free access to food 

and water. 

Ten adult male SD rats (Charles River Canada, St. Constant, QC, Canada), with 

body weight ranging between 400-500 g were used as the source of organs needed 

afterwards for microsomal preparation. Animals were euthanized under isoflurane 

anesthesia. Hearts, lungs, kidneys, and livers were excised, washed in ice-cold potassium 

chloride (1.15%, w/v), and immediately frozen in liquid nitrogen and stored at −80 °C.   

Eight adult male SD rats, with body weight ranging between 400-500 g, were 

used to determine the effect of 3-MC on CYP1As induction and the consequent alteration 

in the P450-mediated AA metabolism. A solution of 3-MC in corn oil (20 mg/mL) was 

prepared and used to inject 4 rats with 3-MC 20 mg/kg/day, ip, for 3 consecutive days. 4 

weight matched rats received the same volume of corn oil, ip, served as the control group. 

In the fourth day, animals were euthanized under isoflurane anesthesia. Hearts, lungs, 

kidneys, and livers were excised, washed in ice-cold potassium chloride (1.15%, w/v), and 

immediately frozen in liquid nitrogen and stored at −80 °C.   

For the descending aortic constriction (DAC) study, nine male SD weighing 150-

200 g were subjected to the descending aortic constriction for induction of cardiac 

hypertrophy as described previously (Juric, Wojciechowski et al. 2007). Animals were 

anesthetized for surgery with isoflurane. The suprarenal abdominal aorta was exposed by 

a midline laparotomy. A blunt 21-gauge needle was used as a guide for tying off aorta by 

silk suture. Six sham-operated rats were subjected to the same procedure except for the 
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aortic constriction. The DAC procedure was externally performed by Mrs. Sandra Kelly at 

the small animal surgery core at the Cardiovascular Research Center, University of 

Alberta. After 5 weeks post-surgery, animals were euthanized under isoflurane 

anesthesia. Hearts and the right back legs were excised, washed in ice-cold potassium 

chloride (1.15%, w/v), and immediately frozen in liquid nitrogen and stored at −80 °C. 

2.4. Echocardiography 

In the DAC study, the development of cardiac hypertrophy was monitored using 

echocardiography externally performed by Mrs. Donna Beker at the echo core at the 

Cardiovascular Research Center, University of Alberta. At 5 weeks post-surgery, sham 

(n=6) and DAC (n=9) animals were weighed and mildly anesthetized using 1.5% 

isoflurane. Subsequently, transthoracic echocardiography was performed using a Vevo 

770 Imaging System (VisualSonics, Toronto, ON). Heart dimensions, namely the left 

ventricle posterior wall thickness (LVPW), interventricular septal wall thickness (IVS), and 

left ventricle volume (LVV) during diastole, as well as systolic and diastolic functions, 

namely the percentage of fractional shortening (%FS), percentage of ejection fraction 

(%EF), and Tei index, were determined. Dimension and function parameters were 

determined using M-mode measurements taken from parasternal long- and short-axis 

views at the midpapillary level. Tei index was calculated as the sum of the isovolumic 

relaxation and contraction time divided by the ejection time. Measurements were averaged 

from 3 to 6 cardiac cycles according to the American Society of Echocardiography, and 

subsequently analyzed using VisualSonics software version 3.0.0. 

2.5. Tissue Collection and Microsomal Preparation  

Animals were euthanized under isoflurane anesthesia. Hearts, lungs, kidneys, 

and livers were excised, immediately frozen in liquid nitrogen and stored at −80 °C. For 
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DAC study, the tibia was separated and its length was measured by micro-CT (SkyScan 

NV, Kontich, Belgium). Microsomal fractions from hearts, lungs, kidneys and livers of SD 

rats were separated by differential centrifugation of homogenized tissues as described 

previously (Barakat, El-Kadi et al. 2001). Briefly, organs were washed in ice-cold 

potassium chloride (1.15%, w/v). Subsequently, they were cut into pieces, and 

homogenized in ice-cold 0.25 M sucrose solution (17%, w/v). Thereafter, microsomal 

fractions were separated by differential ultracentrifugation, as the following: In the first 

centrifugation step, the samples were centrifuged at 1000 x g, 4°C, for 8 min, in order to 

separate and discard tissue debris. Then, the supernatants were then centrifuged at 

23,000 x g, 1°C, for 10 min to get the S9 fractions (the supernatants) and the pellets were 

discarded. In the final step, the S9 fractions were centrifuged at 130,000 x g, 1°C, for 60 

min to separate the microsomal fraction (pellets) from cytosolic fraction (supernatants). 

The separated microsomal fractions were washed in ice-cold potassium chloride (1.15%, 

w/v), and re-suspended in cold sucrose and stored at −80°C. For the preparation of pooled 

microsomal fractions, organ homogenates from the untreated rats were pooled together; 

while, for animals used in DAC study as well as the 3-MC studies, the organs from each 

rat was processed separately to prepare individual microsomal and cytosolic fractions. 

The microsomal and cytosolic protein concentration was determined by the Lowry method 

using bovine serum albumin as a standard (Lowry, Rosebrough et al. 1951). 

2.6. RNA Extraction and cDNA Synthesis  

Total RNA from the frozen tissues was isolated using TRIzol reagent (Invitrogen) 

according to the manufacturer's instructions. Briefly, 2 mL of TRIzol reagent was added to 

200 mg of tissue. Tissue homogenates were then collected into 1.5 ml Eppendorf tubes and 

mixed with 400 µl chloroform followed by centrifugation at 15,000 x g for 15 min at 4 °C. 

The aqueous upper phase which contains the RNA was then transferred to a fresh tube and 



67 
 

400 µl of isopropyl alcohol was added to each tube to precipitate the RNA by cooling the 

samples at -20 °C for at least 4 h. Following centrifugation at 15,000 x g for 10 min at 4 °C, 

the RNA pellet was washed once with 75% ethanol in ultrapure water (DNase/RNase-Free), 

and then dissolved in ultrapure water (DNase/RNase-Free). RNA was then quantified by 

measuring the absorbance at 260 nm, and RNA quality was determined by measuring the 

260/280 ratio. Thereafter, first-strand cDNA synthesis was performed by using the High-

Capacity cDNA reverse transcription kit (Applied Biosystems) according to the 

manufacturer’s instructions. 1.5 µg of total RNA from each sample was added to a mix of 

2.0 µl 10X RT buffer, 0.8 µl 25X dNTP mix (100 mM), 2.0 µl 10X RT random primers, 1.0 µl 

MultiScribe™ reverse transcriptase and 3.2 µl nuclease-free water. The final reaction mix 

was kept at 25°C for 10 min, heated to 37°C for 120 min, heated for 85°C for 5 seconds, 

and finally cooled to 4°C.  

2.7. Quantification by Real Time-PCR  

Quantitative analysis of specific mRNA expression was performed by real time-

PCR, by subjecting the resulting cDNA to PCR amplification using 96-well optical reaction 

plates in the ABI Prism 7500 System (Applied Biosystems). Each 25-µL reaction mix 

contained 0.1 µL of 10 µM forward primer and 0.1 µL of 10 µM reverse primer, 12.5 µL of 

SYBR Green Universal Mastermix, 11.05 µL of nuclease-free water, and 1.25 µL of cDNA 

sample. The primers used in the current study were chosen from previously published 

studies (Muir, Chamberlain et al. 2001, Nakamura, Yoshimura et al. 2004, Zolk, Munzel 

et al. 2004, Sucharov, Dockstader et al. 2008, Althurwi, Tse et al. 2013) and are listed in 

Table 2.1. Thermocycling conditions were initiated at 95°C for 10 min, followed by 40 PCR 

cycles of denaturation at 95°C for 15 seconds, and annealing/extension at 60°C for 1 min. 

Dissociation curves were performed by the end of each cycle to confirm the specificity of 

the primers and the purity of the final PCR product. The real-time PCR data were analyzed 
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using comparative CT method, i.e. (ΔΔCT) method, as described in Applied Biosystems 

User Bulletin No.2 and explained further by Livak et al (Livak and Schmittgen 2001). The 

data are presented as the fold change in gene expression normalized to the endogenous 

reference gene, GAPDH and relative to a calibrator. The sham control was used as the 

calibrator when the change of gene expression by the treatment was studied. 

Table 2.1. Primers Sequences Used for Real-Time PCR Reactions. 

Gene Forward Primer Reverse Primer 

ANP GGAGCCTGCGAAGGTCAA TATCTTCGGTACCGGAAGCTGT 

BNP CAGAAGCTGCTGGAGCTGATAAG TGTAGGGCCTTGGTCCTTTG 

α-MHC ACAGAGTGCTTCGTGCCTGAT CGAATTTCGGAGGGTTCTGC 

β-MHC CGCTCAGTCATGGCGGAT GCCCCAAATGCAGCCAT 

EPHX2 GATTCTCATCAAGTGGCTGAAGAC GGACACGCCACTGGCTAAAT 

GAPDH CAAGGTCATCCATGACAACTTTG GGGCCATCCACAGTCTTCTG 

2.8. Western Blot Analysis 

Western blot analysis was performed using a previously described method 

(Gharavi and El-Kadi 2005). 20 µg of microsomal preparations were separated by 10% 

sodium dodecyl sulfate-polyacrylamide gel, and then electrophoretically transferred to 

nitrocellulose membrane. Protein blots were then blocked overnight at 4°C in blocking 

solution containing 0.15 M sodium chloride, 3 mM potassium chloride, 25 mM Tris-base, 

5% skim milk, 2% bovine serum albumin and 0.5% Tween-20. After blocking, the blots 

were incubated with the primary antibodies diluted in 0.15 M sodium chloride, 3 mM 

potassium chloride, 25 mM Tris-base and 0.1% Tween-20 as the following: rabbit anti-rat 

CYP1A1 (1:200), rabbit anti-rat CYP1B1 (1:1000), mouse anti-rat CYP2Bs (1:1000), 

rabbit anti-rat CYP2C11 (1:2000), rabbit anti-rat CYP2C23 (1:2000), rabbit anti-human/rat 

CYP2Js (1:500), goat anti-rat CYP2E1 (1:500), mouse anti-rat CYP4As (1:500), and rabbit 

anti-human CYP4F2 (1:1000); whereas, goat anti-rat GAPDH (1:200) and rabbit anti-rat 

actin (1:1000) antibodies were diluted in 0.15 M sodium chloride, 3 mM potassium 
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chloride, 25 mM Tris-base, 5% skim milk, 0.8% bovine serum albumin and 0.1% Tween-

20. The blots were incubated with a primary antibody for a 2 h incubation period (24 h for 

CYP2BS at 4°C). After incubation of the membrane with the primary antibody, rinsing was 

done for 3 times (5 min each) using washing buffer (0.15 M sodium chloride, 3 mM 

potassium chloride, 25 mM Tris-base and 0.1% Tween-20) to remove any residual 

antibodies. Thereafter, blots were incubated with a peroxidase-conjugated secondary 

antibody for 1 h at room temperature. Blots were stripped by incubating with stripping 

buffer (15% glycine [pH 2.2], 1% SDS, 1% Tween 20) for 2 times (10 min each), thereafter, 

washed and blocked as mentioned above, prior to reprobing. The bands were visualized 

using the enhanced chemiluminescence method according to the manufacturer's 

instructions (GE Healthcare Life Sciences, Piscataway, NJ, USA). The intensity of the 

protein bands were quantified, relative to the signals obtained for actin or GAPDH, using 

ImageJ software (National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij). 

2.9. The Extraction of Arachidonic Acid Metabolites from Heart Tissue 

Two hundred mg of heart tissue was homogenized on ice with 1 mL 100 mM 

potassium phosphate buffer (pH 7.4). The homogenates were centrifuged at 10,000 g for 

15 min at 0°C. The separated supernatant was added to 1 mL of methanol containing the 

internal standards (15-HETE-D8 and 14,15-EET-D11), butylated hydroxytoluene and 

ethylenediaminetetraacetic acid. Samples were centrifuged again for 15 min at 10,000 g 

at 0°C. AA metabolites were extracted from the resultant supernatant by solid-phase 

cartridge (Oasis HLB). Conditioning and equilibration of solid-phase cartridge were 

performed with 1 mL of methanol, ethyl acetate, 0.2% formic acid (v/v), and 10% 

methanol, in sequence. After sample application, cartridges were washed by 1 mL of 0.2% 

formic acid (v/v), and 10% methanol in 0.2% formic acid (v/v), in sequence. Finally, AA 

metabolites were eluted by 1 mL of 1% formic acid in acetonitrile (v/v) and ethyl acetate, 

http://rsb.info.nih.gov/ij
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in sequence. Thereafter, the samples were evaporated to dryness, reconstituted with 50 

µL acetonitrile and subjected to analysis. Epoxy-metabolites were measured as the sum 

of each EET and its corresponding DHET. 

2.10. sEH Activity Assay  

sEH activity was measured using the previously published method by Morisseau 

and Hammock with modifications (Morisseau and Hammock 2007).The cytosolic fraction 

was diluted to 0.4 mg/mL with sodium phosphate buffer (76 mM, pH 7.4) supplemented 

with BSA (2.5 mg/mL) to final volume of incubates of 200 μL. The assay was initiated by 

the addition of 14,15-EET (final concentration 2 μg/ml), and the mixture was incubated at 

37°C for 10 min. Thereafter, the reaction was terminated by the addition of 600 µL ice cold 

acetonitrile followed by the internal standard, 14,15-EET-D11. Metabolites were extracted 

by 1 mL ethyl acetate twice and dried using speed vacuum (Savant, Farmingdale, NY). 

The P450-derived AA metabolites concentrations were measured by LC-ESI-MS, relative 

to standard curve. Three standard samples were prepared by spiking protein preparation 

with known amounts of tested compounds, as well as internal standards. Standard 

samples were subjected to the same extraction procedure as test samples to be analyzed 

at the beginning and at the end of the run. The concentrations of the 14,15-EET and its 

corresponding 14,15-DHET were determined from standard curves utilizing analyte to 

internal standard peak area (response ratio). 

2.11. Measuring CYP1A1 and CYP1A2 Activity 

The O-dealkylation of 7-ethoxyresorufin (7-ER) or 7-methoxyresorufin (7-MR) by 

CYP1A1 or CYP1A2, respectively, was measured in incubation buffer consisting of 3 mM 

magnesium chloride hexahydrate in 100 mM potassium phosphate buffer (pH 7.4). In a 

total volume of 200 µL, microsomal protein of rat heart (1 mg/mL), lungs (1 mg/mL), 
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kidneys (1 mg/mL) or liver (0.25 mg/mL) was incubated with 0, 10, 20, 40, 80, 160, 250 

nM of α-NF for 10 min on ice. Then, 0.4 nmole of 7-ER or 7-MR was added, followed by 

the addition of NADPH to initiate the reaction. Fluorescence associated with resorufin 

formation was measured every 2 min (excitation and emission wavelengths of 535 and 

585 nm) for 30 min at 37°c using a BioTek Synergy H1 Hybrid Reader (BioTek 

Instruments, Inc., VT, USA). The initial rate of product formation in each well was 

determined by linear regression of fluorescence-time data.  

2.12. Arachidonic Acid Metabolism 

Preliminary incubations were performed to ensure that the formation of AA 

metabolites was linear with respect to incubation time and protein content under assay 

conditions. AA was incubated in an incubation buffer composed of 3 mM magnesium 

chloride hexahydrate dissolved in 100 mM potassium phosphate buffer, pH 7.4. The P450-

derived AA metabolite concentrations were measured by LC-ESI-MS, relative to standard 

curve. Three standard samples were prepared by spiking protein preparation with known 

amounts of tested compounds, as well as internal standards. Standard samples were 

subjected to the same extraction procedure as test samples to be analyzed at the 

beginning and at the end of the run. The concentrations of the AA metabolites were 

determined from standard curves utilizing analyte to internal standard peak area 

(response ratio). 

2.12.1. Microsomal-Mediated AA Metabolism 

With respect to the determination of rat microsomal-mediated AA metabolism 

regioselectivity and kinetics, the total microsomal protein concentrations used were 1 

mg/mL for heart and lungs, and 0.5 mg/mL for kidneys and liver. The total volume of 

microsomal incubates was 200 µL of incubation buffer. AA was added at a final 
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concentration ranging between 16-922 µM for heart and lungs and 16-182 µM for kidneys 

and liver. For DAC study, a total rat heart microsomal protein concentration of 1 mg/mL 

was incubated with 50 or 100 µM AA for 30 min. The total volume of microsomal incubates 

was 200 µL of incubation buffer. All incubations were conducted at 37°C in a shaking 

water bath (90 rpm) after a 5-min pre-equilibration period. The reaction was initiated by 

the addition of the cofactor NADPH (final concentration 2 mM) and terminated by the 

addition of 600 µL ice-cold acidified acetonitrile. AA metabolites were extracted twice by 

1 mL ethyl acetate and dried using speed vacuum (Savant, Farmingdale, NY, USA), then 

reconstituted in 50-200 µL acetonitrile. The microsomal incubations were performed 

without adding sEH inhibitor, since the inhibition of sEH may activate the other pathways 

of EETs degradation (Imig 2012). Therefore, EET formation rates were calculated based 

on the sum of each EET and its corresponding DHETs. All AA metabolites are stable in 

phosphate buffer except 5,6-EET, which has been reported to spontaneously transform 

to 5,6-δ-lactone. Therefore, the method of Fulton et al. (Fulton, Falck et al. 1998) was 

used to accurately measure 5,6-EET. Briefly, incubations were performed as 

aforementioned with 50 µM AA, thereafter, 5,6-EET and 5,6-δ-lactone were transformed 

to the quite stable 5,6-DHET by camphorsulfonic acid and triethylamine, in sequence.  

With respect to human microsomal-mediated AA-metabolism, AA (7.5, 75 and 

750 µM) was incubated with 0.5 mg/mL of liver or kidney microsomes for 30 min in 

incubation buffer to a final volume of 300 µL. After a 5-min pre-equilibration period, the 

reaction was initiated by the addition of the cofactor NADPH (final concentration 2 mM) 

and terminated by the addition of 600 µL ice-cold acetonitrile containing 0.01% formic acid 

and 0.001% butylated hydroxytoluene. Incubations were conducted at 37°C in a shaking 

water bath (90 rpm). The incubation mixtures were double extracted with 1 ml ethyl 
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acetate; thereafter the organic extracts were combined, evaporated to dryness and 

reconstituted in 40 µL acetonitrile containing 0.01% formic acid. 

2.12.2. Recombinant Cytochrome P450-Mediated AA Metabolism 

With respect to rat recombinant P450 enzymes, P450-mediated AA metabolism 

was characterized in incubation mixture (200 µL) containing incubation buffer, NADPH-

P450 reductase, cyb5 (40 pmol), P450 and AA. AA (75 µM) was incubated with 50 

pmol/mL of CYP1A1, CYP1A2, CYP2C6, CYP2C11 for 15 min, or 50 pmol/mL CYP2C13 

or 100 pmol/mL of CYP2A1, CYP2B1, CYP2D1, CYP2E1 or CYP3A1 was incubated with 

AA (75 µM) for 25 min. For the kinetic experiments, AA concentrations varied from 15-320 

µM incubated for 15 min with 50 pmol/mL of CYP1A1, CYP1A2, CYP2C6 and CYP2C11. 

NADPH reductase or cyb5 alone did not mediate the formation of P450-derived AA 

metabolites. For human recombinant P450 enzymes, AA (75 µM) was incubated with 50 

pmol/mL of CYP2C19 or CYP4A11 for 15 min, 50 pmol/mL of CYP4F2, CYP4F3A, 

CYP4F3B or CYP4F12 for 20 min, 100 pmol/mL of CYP1A1 or CYP1A2 for 15 min, or 100 

pmol/mL of CYP1B1, CYP2B6, CYP2C8, CYP2C9, CYP2C18, CYP2E1, CYP2J2 or 

CYP3A4 for20 min in incubation buffer. cyb5 was added to AA-P450 incubates to achieve 

a molar ratio of 1:1 (final volume of 300 µL) (Xu, Falck et al. 2004, Zhang, Im et al. 2007). 

NADPH reductase or cyb5 alone did not mediate the formation of P450-derived AA 

metabolites. After a 5-min pre-equilibration period, the reaction was initiated by the 

addition of the cofactor NADPH (final concentration 2 mM) and terminated by the addition 

of 600 µL ice-cold acetonitrile containing 0.01% formic acid and 0.001% butylated 

hydroxytoluene. Incubations were conducted at 37°C in a shaking water bath (90 rpm). 

The incubation mixtures were double extracted with 1 ml ethyl acetate; thereafter the 

organic extracts were combined, evaporated to dryness and reconstituted in 40 µL 

acetonitrile containing 0.01% formic acid. For DAC study, recombinant CYP1B1 (100 
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pmol/mL) was incubated with AA (100 µM) and NADPH (2mM) for 10 min. Also, human 

recombinant CYP2J2 (100 pmol/mL), which is the ortholog of the commercially 

unavailable rat CYP2J3, was incubated with 12-HPETE (4 µg/mL) for 10 min, with or 

without NADPH (2mM). Incubations were conducted at 37°C in a shaking water bath 

(90 rpm) after a 5-min pre-equilibration period, and AA metabolites were extracted as 

described above. 

2.13. Chromatographic Purification and Structural Elucidation 

Incubates of CYP2J2 with 12-HPETE performed as described above, were 

resolved on a reverse phase C18 column (Alltima HP, 250 × 2.1 mm) at 25 oC. The mobile 

phase consisted of acetonitrile:water:formic acid (55:45:0.003) at a flow rate of 0.3 

mL/min. Detection was performed by UV at 210 nm. Column eluate corresponding to 

peaks of interest was collected for further analysis with MS. The source temperature was 

150 °C, and cone voltage was 25 V.  

2.14. Selective Chemical Inhibition of cytochrome P450-Mediated AA Metabolism 

In order to determine the contribution of CYP1As to AA metabolism, the effect of 

CYP1As inhibition on rat heart, lungs, kidneys and liver microsomal-mediated AA 

metabolism was studied. Chemical-inhibition by selective CYP1As inhibitor (α-NF) was 

used. 100 µg of microsomal protein was incubated with 0, 40 and 160 nM of α-NF for 10 

min on ice (all samples contained a fixed concentration of 0.1% dimethylsulfoxide). AA 

(75 µM) was added, and the reaction was initiated by the addition of NADPH and 

terminated and extracted as described above. Similarly, to determine the effect of 

selective P450 inhibitors on AA metabolism mediated by human microsomes, AA (75 µM) 

was incubated with human liver microsomes (150 µg) in the absence or presence of 

different concentrations of each of the following selective P450 inhibitors: α-NF (40 and 
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160 nM), Res (0.03-1000 µM), MS-PPOH (5 and 50 µM), Flu (0.1 to 375 µM), Tic (10 and 

100 µM), Ser (30 and 300 µM), Dan (20 and 200 nM), HET0016 (50 nM and 1 µM) and 

PTU (0.1 and 1 mM). In P450 inhibition experiments, all samples contained a fixed 

concentration of 0.1% of dimethylsulfoxide, and inhibitors were incubated with 

recombinant enzymes or microsomes for 15 min on ice before the addition of AA. Also, 

the same experiment was repeated for CYP4A11, CYP4F2 or CYP4F3B in the presence 

of 0.01-1000 µM Res. Background control samples containing the same corresponding 

incubation mixture but without NADPH were prepared. The reaction was initiated by the 

addition of NADPH and terminated and extracted as described above 

2.15. Immunoinhibition of cytochrome P450-Mediated AA Metabolism 

The inhibitory effect of P450-specific antibodies on P450-mediated AA 

metabolism in heart, lung, kidney and liver microsomes was determined. 20 µg of rabbit 

anti-rat CYP1A1, mouse anti-rat CYP2Bs or mouse anti-rat CYP4As antibodies were 

incubated with 30 µg of heart, lung, kidney or liver microsomal protein; whereas, 9 µg of 

rabbit anti-rat CYP2C11 and rabbit anti-rat CYP2C23  antibodies were incubated with 15 

µg of rat heart, lung, kidney or liver microsomal protein. Goat anti-rat GAPDH antibody 

was used as non-P450-specific antibody and was added in the same amount of the P450-

specific antibodies and served as control incubates. The incubation was performed initially 

on ice for 30 min, then, AA was added to a concentration of 75 µM for kidneys and liver 

and 100 µM for heart and lungs and final volume was 50 µL. The incubates were moved 

to 37°C shaking water bath (90 rpm), equilibrated for 10 min, and the reaction was initiated 

by the addition of NADPH. The incubation time was 30 min for kidneys and liver and 60 

min for heart and lungs, and the reaction was terminated by the addition of acetonitrile. 

The incubation mixtures were double extracted with 1 ml ethyl acetate; thereafter the 
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organic extracts were combined, evaporated to dryness and reconstituted in 50 µL of 

acetonitrile.   

2.16. Selective Induction of CYP1As-Mediated AA Metabolism 

CYP1As were induced in rats by treatment with 3-MC, 0.5 mg/mL of microsomal 

protein separated from 3-MC-treated and corn-oil-treated rat hearts, lungs, kidneys or 

livers was incubated with AA (75 µM) for 30 min. Incubations were conducted at 37°C in 

a shaking water bath (90 rpm) after a 5-min pre-equilibration period. The reaction was 

initiated by the addition of the cofactor NADPH (final concentration 2 mM) and terminated 

by the addition of 600 µL ice-cold acetonitrile containing 0.01% formic acid and 0.001% 

butylated hydroxytoluene and extracted as described above.   

2.17. Data Fitting 

To determine the enzyme kinetics of P450-mediated AA metabolism by rat heart, 

lung, kidney and liver microsomal preparations, the rate of AA metabolite formation versus 

AA concentration in each organ were fitted to three models of enzyme kinetics: one site 

saturation Michaelis-Menten-sigmoidal model (eq. 1), one site saturation + linear 

nonspecific component (eq. 2), and two site saturation Michaelis-Menten model (eq. 3). 

The nonlinear regressions were performed using SigmaPlot software, version 11.0. 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑚𝑎𝑥 × [𝐴𝐴]ℎ

𝐾𝑚ℎ + [𝐴𝐴]ℎ
 …………….……………………...(eq. 1) 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑚𝑎𝑥 × [𝐴𝐴]

𝐾𝑚 + [𝐴𝐴]
+ 𝑁𝑆 𝑋 [𝐴𝐴] …….…….………...….(eq. 2) 
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𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑚𝑎𝑥1 × [𝐴𝐴]

𝐾𝑚1 + [𝐴𝐴]
+

𝑉𝑚𝑎𝑥2 × [𝐴𝐴]

𝐾𝑚2 + [𝐴𝐴]
 ………...………(eq. 3) 

Where Vmax is the maximal rate of formation, Km is the affinity constant, [AA] is 

the concentration of AA, h is the shape factor of a value of “1” or other values to fit the 

data, and NS represents the nonspecific activity. In the two binding sites model, two Km 

(Km1 and Km2) and two Vmax (Vmax1 and Vmax2) were used. The optimal enzyme kinetics 

model was determined by the Akaike information criterion as a measure of the goodness 

of fit. The intrinsic clearance (Clint) for P450-derived AA metabolite formation was 

calculated as Vmax/Km. 

To determine the kinetics of P450-mediated AA metabolism by recombinant P450 

enzymes, nonlinear regression was performed using GraphPad Prism (version 5.01; 

GraphPad Software, Inc., La Jolla, CA). The rate of AA metabolite formation versus AA 

concentration data were fitted to several models of enzyme kinetics: Michaelis-Menten 

model (eq. 4), and its modified version to include homotropic cooperativity, Hill equation 

(eq. 5), were used (Kramer and Tracy 2008). It is estimated that in about 20% of enzymatic 

reactions, enzyme activity is inhibited by the presence of excess substrate. Therefore, 

substrate inhibition models, Haldane’s equation (eq. 6), and its modified version to include 

homotropic cooperativity (eq. 7) were also used (LiCata and Allewell 1997, Kapelyukh, 

Paine et al. 2008, Reed, Lieb et al. 2010).  

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑚𝑎𝑥 × [𝐴𝐴]

𝐾𝑚 + [𝐴𝐴]
 

………………………………...(eq. 4) 



78 
 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑚𝑎𝑥 × [𝐴𝐴]ℎ

𝐾𝑚ℎ + [𝐴𝐴]ℎ
 

………………..……………...(eq. 5) 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑚𝑎𝑥 × [𝐴𝐴]

𝐾𝑚 + [𝐴𝐴] +
[𝐴𝐴]2

𝐾𝑠𝑖

 
…...………………….….(eq. 6) 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑚𝑎𝑥 × [𝐴𝐴]ℎ

𝐾𝑚ℎ + [𝐴𝐴]ℎ +
[𝐴𝐴]2ℎ

𝐾𝑠𝑖ℎ

 
………….……….….(eq. 7) 

Where Vmax is the maximal rate of formation, Km is the affinity constant, [AA] is 

the concentration of AA, h is Hill coefficient, and Ksi is the inhibition constant. The optimal 

enzyme kinetics model was determined by the Akaike information criterion as a measure 

of the goodness of fit. The intrinsic clearance (Clint) for P450-derived AA metabolite 

formation was calculated as Vmax/Km. 

Furthermore, to characterize the inhibition kinetics of Res and Flu in human 

microsomes, inhibitor concentration required for 50% inhibition (IC50) and maximal 

inhibition (Imax) were determined by Enzyme Kinetics module from GraphPad Prism 

(version 5.0; GraphPad software, San Diego, CA). The following equation was used: 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  𝐵𝑜𝑡𝑡𝑜𝑚 +   
𝐼𝑚𝑎𝑥

1+ 10𝐿𝑜𝑔[𝐼]−𝐿𝑜𝑔[𝐼𝐶50]  …………………...(eq. 8) 

Where Bottom is the lowest residual P450-mediated AA metabolizing activity.  

2.18. Monte Carlo Simulation 

Monte Carlo simulation is a highly valued tool to bridge pharmacokinetic data with 

pharmacodynamic data, in order to make a prediction about the fraction of human 
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population that would attain the targeted biological response.(Ferro, Meletiadis et al. 

2015, Siopi, Siafakas et al. 2015) Accordingly, we performed Monte Carlo simulations 

(10,000 subjects) to calculate the expected residual AA-metabolizing activity in 90% of 

the human population using a random number generation module from SigmaPlot, version 

11 (Systat Software, San Jose, CA, USA). Log-normal distribution was used to describe 

the dispersion of human plasma concentrations, as well as the parameters of enzyme 

inhibition kinetics around the mean values; whereas uniform distribution was used with 

the ratios of hepatic tissue to plasma concentration. The following equation was 

stochastically solved by Monte Carlo method: 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  (100 − 𝐼𝑚𝑎𝑥)  +  
𝐼𝑚𝑎𝑥

1 +  10𝐿𝑜𝑔[𝑙𝑖𝑣𝑒𝑟:𝑝𝑙𝑎𝑠𝑚𝑎 𝑟𝑎𝑡𝑖𝑜.𝐶𝑚𝑎𝑥]−𝐿𝑜𝑔[𝐼𝐶50]
 

2.19. Statistical analysis 

Statistical analysis was performed by SigmaPlot software, version 11.0 or 

GraphPad Prism, version 5.01. Data are presented as mean ± S.E.M for experimental 

data; whereas data are presented as mean ± S.E.E. for data generated by fitting. Student 

t test or one-way analysis of variance followed by a Tukey’s post hoc test was performed 

in all data sets. All results were considered statistically significant where p < 0.05. 

Spearman correlation coefficients (r) were used for evaluating the possible association 

between AA metabolite formation and P450 enzymes expression.  
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CHAPTER 3: RESULTS 
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1. Determination of the Dominant Arachidonic Acid Cytochrome P450 Monooxygenases 

in Untreated Rat Heart, Lungs, Kidneys and Liver 

1.1. Protein Expression of Cytochrome P450 Enzymes in Rat Heart, Lungs, Kidneys 

and Liver 

The P450 protein expression in the heart, lungs, kidneys and liver was 

determined by Western blot analysis. The four organs expressed all of the investigated 

P450 enzymes, albeit at different levels. The protein expression profiles of the main P450 

epoxygenase enzymes (CYP2Bs, CYP2C11, CYP2C23, and CYP2J3) and P450 ω-

hydroxylase (CYP4As and CYP4Fs) were found to be organ specific. Figure 3.1 depicts 

this profile for the heart, lungs and kidneys compared to the liver. It is apparent that 

CYP2C11 and CYP2J3 were the main epoxygenases to be expressed in the heart in levels 

comparable to their levels in lungs and kidneys; on the other hand, CYP2BS, CYP2C11 

and CYP2J3 were expressed in the lungs (Fig. 3.1). For the kidneys, CYP2BS was 

negligibly expressed compared to the liver or the lungs. Kidneys were the organ with the 

highest expression of CYP2J3 (Fig. 3.1). Also, CYP2C23 has a predominant expression 

in the kidneys compared to CYP2C11 (Fig. 3.1). The liver was found to be the organ with 

the highest expression of all the tested P450-AA epoxygenases, with the exception of 

CYP2J3; the expression level of CYP2J3 was higher in the heart and kidneys than in the 

liver (Fig. 3.1).  

With respect to the P450 hydroxylase activity, ω-hydroxylation of AA has been 

attributed to CYP4AS and CYP4Fs (Xu, Falck et al. 2004). We found that the protein levels 

of CYP4AS as well as CYP4Fs in the lungs were ~25% of their levels in the liver (Fig. 

3.1). CYP4AS were highly expressed in the kidneys compared to the other organs (Fig. 

3.1). CYP4Fs were the highest in the liver followed by the lungs and then the kidneys (Fig. 
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3.1). Regarding the heart, CYP4AS and CYP4Fs expression was significantly lower 

compared to other organs (Fig. 3.1). 
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Figure 3.1. P450 Protein Expression in Untreated Rat Heart, Lungs, Kidneys and 

Liver. Microsomal protein was isolated from the heart, lungs, kidneys and liver and 

separated on a 10% SDS-PAGE. CYP2BS, CYP2C11, CYP2C23, CYP2J3, CYP4AS, 

CYP4Fs, and actin proteins were detected by the enhance chemiluminescence method. 

The graph represents the amount of protein normalized to the loading control (mean ± 

S.E.M., n = 3), and the results are expressed as a percentage of the liver protein 

expression value. One-way analysis of variance followed by a Tukey’s post hoc test (* P 

< 0.05 compared with the liver).  
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1.2. Determination of the Kinetic Parameters of Cytochrome P450-Mediated AA 

Metabolism in Untreated Rat Heart, Lungs, Kidneys and Liver 

 The AA concentration ranges needed for the full kinetic profile were up to 922 

µM for heart and lungs and up to 182 µM for kidneys and liver, as shown in Figures 3.2 

and 3.3. In comparison, the reported endogenous AA concentration was up to 100 µM 

(Brash 2001). Moreover, the kinetic model that provided the best fit was the simple or the 

sigmoidal Michaelis-Menten models rather than the more complex models, for all 

metabolites in all organs (Figs. 3.2 & 3.3). This indicates that the formation of a metabolite 

was either controlled by a single P450 enzyme, or by more than one P450 enzymes of 

similar Km and Vmax values. The enzyme kinetics parameters values, Vmax, and Km are 

shown in Table 3.1. Again, the Km values of the EET formation in the heart in addition to 

the 14,15-EET formation in the lungs are substantially higher than the reported 

endogenous AA concentration (Brash 2001). 19-HETE was identified by its retention time 

(14.6 min) which was consistent with the authentic standard. Linearity for 19-HETE was 

in the range between 0.01 and 4 µg/ml and the lower limit of detection was 0.001 µg/ml. 

In the heart, P450-mediated metabolism of AA was mainly through 

epoxygenation (Fig. 3.2), whereas, 20-HETE was formed at a significantly lower rate (Fig. 

3.3). Heart microsomal fraction formed minor amounts of 19-HETE which was below the 

limit of quantification. Clint values were 0.18, 0.12, 0.28 and 0.26 µL/min/mg protein for 

5,6-, 8,9-, 11,12- and 14,15-EET, respectively, and 0.01 µL/min/mg protein for 20-HETE 

(Table 3.1). The Km values were 268, 310, 271 and 570 µM for 5,6-, 8,9-, 11,12- and 

14,15-EET, respectively (Table 3.1). While the Vmax values were 49.3, 38.2, 76.6 and 146 

pmol/min/mg protein by the same order (Table 3.1). The Vmax and Km values for the 20-

HETE formation were 0.73 pmol/min/mg protein and 59.6 µM, respectively (Table 3.1). 
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Figure 3.2. Kinetic Profiles of EET Formation by Microsomes Separated from 

Untreated Rat Heart, Lungs, Kidneys and Liver. In a 200 µL total volume, 200 µg (heart 

and lungs) and 100 µg (kidneys and liver) of microsomal protein pooled from 5 rats 

incubated with arachidonic acid for 30 min for heart and lungs and 15 min for kidneys and 

liver. The experimental values for arachidonic acid metabolism were expressed as mean 

± S.E.M.  Each point was measured in triplicate. 
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Figure 3.3. Kinetic Profiles of 19- and 20-HETE Formation by Microsomes Separated 

from Untreated Rat Heart, Lungs, Kidneys and Liver. In a 200 µL total volume, 200 µg 

(heart and lungs) and 100 µg (kidneys and liver) of microsomal protein pooled from 5 rats 

incubated with arachidonic acid for 30 min for heart and lungs and 15 min for kidneys and 

liver. The experimental values for arachidonic acid metabolism were expressed as mean 

± S.E.M.  Each point was measured in triplicate. 
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Similar to the heart, the epoxygenase activity in the lungs was higher than that of 

the hydroxylase (Fig. 3.2 & 3.3). Clint values were 2.74, 0.39, 0.79 and 0.51 µL/min/mg 

protein for 5,6-, 8,9-, 11,12- and 14,15-EET, and 0.03 and 0.1 µL/min/mg protein for 19- 

and 20-HETE, respectively (Table 3.1). The Km values were 89.2, 141, 172 and 401 µM 

and the Vmax values were 244, 55.1, 136 and 204 pmol/min/mg protein for 5,6-, 8,9-, 11,12- 

and 14,15-EET, respectively (Table 3.1). The Vmax and Km values for the 19-HETE 

formation were 1.18 pmol/min/mg protein and 33.8 µM and for 20-HETE were 9.19 

pmol/min/mg protein and 87.8 µM, respectively (Table 3.1). 

AA hydroxylation in the kidneys and liver was substantially higher than those of 

the heart or the lungs (Fig. 3.3). For the kidneys, 5,6-EET formation was below the limit 

of quantification in the kidneys but not in the other three organs. Clint values were 7.15, 

10.9 and 2.59 µL/min/mg protein for 8,9-, 11,12- and 14,15-EET, and 0.6 and 13.9 

µL/min/mg protein for 19- and 20-HETE, respectively (Table 3.1). The Km values were 

28.3, 71.3, and 109 µM and the Vmax values were 202, 775 and 283 pmol/min/mg protein 

for 8,9-, 11,12- and 14,15-EET, respectively (Table 3.1). The Vmax and Km values for the 

19-HETE formation were 100 pmol/min/mg protein and 166 µM and for 20-HETE were 

812 pmol/min/mg protein and 58.7 µM, respectively (Table 3.1).  

For the liver, Clint values were 4.83, 22, 42.4 and 10.7 µL/min/mg protein for 5,6-

, 8,9-, 11,12- and 14,15-EET, and 1.87 and 10.4 µL/min/mg protein for 19- and 20-HETE, 

respectively (Table 3.1). The Km values were 124, 26.9, 24.2 and 68.4 µM and the Vmax 

values were 596, 592, 1024 and 729 pmol/min/mg protein for 5,6-, 8,9-, 11,12- and 14,15-

EET, respectively (Table 3.1). The Vmax and Km values for the 19-HETE formation were 

177 pmol/min/mg protein and 94.6 µM and for 20-HETE were 1118 pmol/min/mg protein 

and 108 µM, respectively (Table 3.1). 
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Table 3.1. Enzyme Kinetic Parameters (mean ± S.E.E) for the Formation of EETs and 

HETEs by Microsomes Separated from Untreated Rat Heart, Lungs, Kidneys and Liver. 

Parameters Heart Lungs Kidneys Liver 

5,6-EET Vmax
 49.3±3.4 244±11 - 596±71 

h 1.40±0.13 2.41±0.45 - 1.0 
Km 268±35 89.2±7.1 - 124±26 
Clint 0.18 2.74 - 4.83 
R2 0.99 0.95 - 0.95 

8,9-EET Vmax
 38.2±2.7 55.1±3.1 202±8 592±35 

h 1.0 1.0 2.25±0.33 1.71±0.33 
Km 310±50 141±18 28.3±1.4 26.9±2.8 
Clint 0.12 0.39 7.15 22 
R2 0.96 0.98 0.99 0.95 

11,12-EET Vmax
 76.6±4 136±7 775±40 1024±57 

h 1.0 1.0 2.30±0.23 2.13±0.50 
Km 270±33 172±24 71.3±4.5 24.2±2.4 
Clint 0.28 0.79 10.9 42.4 
R2 0.97 0.96 0.99 0.92 

14,15-EET Vmax
 146±8 204±8 283±44 729±60 

h 1.0 1.0 1.0 1.0 
Km 570±60 401±32 109±29 68.4±12.6 
Clint 0.26 0.51 2.59 10.7 
R2 0.99 0.99 0.96 0.94 

19-HETE 
 

Vmax
 - 1.18±0.03 100±19 177±18 

h - 1.0 1.0 1.0 

Km - 33.8±3.5 166±52 94.6±19 

Clint - 0.03 0.60 1.87 

R2 - 0.97 0.91 0.94 

20-HETE 
 

Vmax
 0.73±0.03 9.19±1.28 812±62 1118±264 

h 1.77±0.27 1.0 1.91 ±0.26 1.23±0.22 
Km 59.6±6.1 87.8±27.1 58.7±6.7 108±45 
Clint 0.01 0.10 13.9 10.4 

R2 0.95 0.93 0.97 0.96 
 

Vmax (pmol/min/mg protein), Km (µM) and h were determined as per simple Michaelis-Menten or 

sigmoidal model (eq. 1); Clint (µL/min/mg protein) was calculated as Vmax/Km. 

Interestingly, the Km values for all metabolites were significantly different between 

the organs except in three cases (Table 3.1), namely the Km values of 8,9-EET formation 

between liver and kidneys, and the Km values of 20-HETE formation between heart and 

kidneys and between lungs and liver.  
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1.3. Determination of the Regioselectivity of AA Metabolism in Rat Heart, Lungs, 

Kidneys and Liver 

The regioselectivity of AA metabolism mediated by each organ was determined 

for different AA concentrations. The concentrations used ranged between 16 and 81 µM 

to reflect the endogenous AA level. Figure 3.4 depicts the relative formation of four EET 

regioisomers, as well as, the 19- and 20-HETE formation rate, represented as a 

percentage of the total measured AA metabolite formation. In the heart, 20-HETE 

formation represented 0.7 % of total metabolites (Fig. 3.4). There were two main EET 

regioisomers, 14,15- and 11,12-EETs, whose formation was 34.2 and 37.1 % of the total 

EETs (Fig. 3.4); then the 8,9- and 5,6-EET which contributed to 17.1 and 11.6 %, 

respectively (Fig. 3.4). Only a minute amount of 19-HETE was observed but could not be 

accurately quantified (Fig. 3.4). While the lungs formed 19-HETE and 20-HETE at a rate 

of 0.66 and 2.72 % of the total measured AA metabolites, respectively (Fig. 3.4). 

Interestingly, the main EET was 5,6-EET which represented 45.4 % of the total EETs in 

the lungs. 11,12- and 14,15-EETs represented 24 and 18.7 % of the total EETs, 

respectively (Fig. 3.4). The least EET to be formed was 8,9-EET which represented 11.9 

% of total EETs in the lungs.  

Regarding the kidneys, quantification of 5,6-EET was problematic due to its low 

rate of formation. The main EET formed in the kidneys was 11,12-EET followed by 8,9-

EET and lastly 14,15-EET, and they represented 49.6, 33, and 17.4 % of the total EET 

formation, respectively (Fig. 3.4). 20-HETE formation represented 35.3 % compared to 

total metabolites formed, while 19-HETE represented 2.73% (Fig. 3.4). A similar pattern 

was observed for the liver, the EET regioisomers formation was: 10.3, 25.2, 46.5 and 18.1 

% for 5,6-, 8,9-, 11,12- and 14,15-EET, respectively (Fig. 3.4). 19- and 20-HETE 

represented 2.98 and 14.3 % of the total measured AA metabolite formation (Fig. 3.4).  
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Figure 3.4. Regioselectivity of Arachidonic Acid Epoxygenation and Hydroxylation 

Mediated by Microsomes Separated from Untreated Rat Heart, Lungs, Kidneys and 

Liver. AA (16, 36 or 81 µM) was incubated with 200 µg (heart and lungs) and 100 µg (kidneys 

and liver) of microsomal protein pooled from 5 rats for 30 min for heart and lungs and 15 min 

for kidneys and liver. The y-axis indicates the percentage of each metabolite formation to 

total sum of the formation rates of investigated P450-derived arachidonic acid metabolite. 

Data were expressed as mean ± S.E.M. Each point was measured in triplicate. 
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1.4. Immunoinhibition of Cytochrome P450-Mediated AA Epoxygenation and 

Hydroxylation Activity 

In order to gain insight on the role of P450 enzymes across rat heart, lungs, 

kidneys and liver, the effect of the selective inhibition of different P450 enzymes by 

antibodies on AA metabolism was determined. Anti-CYP2C11 antibody efficiently 

inhibited AA epoxygenation in the heart and liver by 89 and 88.5 %, respectively (Table 

3.2). Anti-CYP2BS antibody caused predominant inhibition of AA epoxygenation in the 

lungs by 46 % (Table 3.2). For anti-CYP2C23 antibody, it inhibited AA epoxygenation in 

the kidneys by 72.5 % and the liver by 62.6 % (Table 3.2). Anti-CYP4As inhibited AA 

hydroxylation in the four organs. The percentage of inhibition was 76, 23.9, 71.5 and 35.1 

% for the heart, lungs, kidneys and liver, respectively (Table 3.2). 
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Table 3.2. Immunoinhibition of P450-Mediated AA Epoxygenation and Hydroxylation in Untreated Rat Heart, Lung, Kidney 

and Liver Microsomes. Data are the Mean ± S.E.M. Each point was measured in triplicate. 

Antibody 

% Inhibition 

Heart Lungs Kidneys Liver 

Epoxygenation Hydroxylation Epoxygenation Hydroxylation Epoxygenation Hydroxylation Epoxygenation Hydroxylation 

Anti-CYP2BS 4.48±3.63 8.20±4.17 46±14 20.5±3.9 11.2±5.5 21.5±11.6 14.5±9.8 8.00±9.43 

Anti-CYP2C11 89±25 11±5 17.5±6.6 15.2±6.8 58.1±22.8 25.4±21.9 88.5±26.5 30.2±7.1 

Anti-CYP2C23 5.02±3.66 8.87±4.18 9.51±6.02 3.02±2.38 72.5±16.9 4.73±6.93 62.6±28 27.3±8.4 

Anti-CYP4AS 17.5±4.2 76±28 23±10 23.9±15.8 27.7±23.7 71.5±27.3 21.4±6.1 35.1±10.1 
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2. Alterations in Cytochrome P450-Derived Arachidonic Acid Metabolism During 

Pressure Overload-Induced Cardiac Hypertrophy 

2.1. Effect of DAC on the Development of Cardiac Hypertrophy 

5 weeks post-surgery, DAC animals showed a 28% increase in left ventricle 

weight to tibial length ratio compared to sham (Fig. 3.5A). Echocardigraphic analysis 

showed a significant thickening of the left ventricle posterior wall thickness and 

interventricular septal wall thickness by 31, and 28%, respectively in DAC hearts 

compared to sham (Fig 3.5A). On the other hand, left ventricle volume showed a 

significant decrease by 14% in DAC hearts compared to sham (Fig. 3.5A). Regarding 

heart functions, the percentage of fractional shortening and the percentage of ejection 

fraction did not change, while, Tei index showed a significant increase by 14% in DAC 

hearts compared to sham (Fig. 3.5B). Additionally, the expression of hypertrophic 

markers, ANP, BNP and β/α-MHC ratio, were significantly increased by 0.66-, 6.78- and 

36.58-fold, respectively, in DAC hearts compared to sham (Fig. 3.5C). Our results showed 

that compensated cardiac hypertrophy was developed 5 weeks post-surgery. 
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Figure 3.5. Assessment of Cardiac Hypertrophy in Rats. 5 weeks post-surgery, rats 

were weighed and mildly anesthetized for echocardiography to measure: Heart dimensions 

parameters (A), namely left ventricular weight to tibial length (LV wt/tl), LVPW, IVS, and 

LVV during diastole. Heart functions (B), namely %FS, %EF, and Tei index. Thereafter, 

hearts were harvested and total RNA was isolated from hearts of sham and DAC animals. 

Gene expressions were determined by real-time PCR for hypertrophic markers (C), namely 

ANP, BNP, β-MHC and α-MHC. The β/α-MHC ratio was calculated as β-MHC/α-MHC 

gene expression. Results are expressed as mean ± S.E.M. Student t test (* P < 0.05 

compared with sham group). Sham rats (n=6) and DAC rats (n=9). 
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2.2. Effect of Cardiac Hypertrophy on the Levels of AA Metabolites in Heart Tissue 

The HPLC method provided good resolution for all formed metabolites, 4 EETs, 

4 DHETs, 3 mid-chain and 5 terminal and subterminal HETEs, except the co-elution of 

16- and 17-HETE, and 8- and 12-HETE. The retention time, and ions monitored are shown 

in Table 3.3. Both EETs and DHETs quantification has been a challenging task due to 

their low levels in heart tissue. We measured EETs levels indirectly after their conversion 

to DHET, therefore, the measured levels were, in fact, the sum of EET and its 

corresponding DHET levels. Thus, it reflected the level of endogenous epoxy-metabolites 

of AA in heart tissue. There was a significant increase in cardiac 5,6-, 8,9-, 11,12- and 

14,15-EET+DHET levels by 89, 76, 62 and 69% respectively, in DAC animals compared 

to sham (Fig. 3.6A).  

Table 3.3. The Retention Times, and Ions Monitored for the Analyzed P450-Derived 
AA Metabolites. 

Metabolite 
Retention time 

(min) 
m/z 

14,15-DHET 16.8 337 
14,15-DHET-D11  16.4 348 
11,12-DHET 18.4 337 
8,9-DHET 19.6 337 
5,6-DHET 21.2 337 
19-HETE 21 319 
20-HETE 21.6 319 
18-HETE 22.6 319 
16/17-HETE 23.5 319 
15-HETE 26 319 
15-HETE-D8 25.4 327 
8/12-HETE 28.3 319 
5-HETE 30 319 
14,15-EET 32.7 319 
14,15-EET-D11 32.4 330 
11,12-EET 34.6 319 
8,9-EET 35.5 319 
5,6-EET 36.2 319 
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Mid-chain HETEs, 5-, 8/12-, and 15-HETE, were found to be higher in heart tissue 

compared to EETs or DHETs (Fig. 3.6). In DAC heart there was a significant increase in 

5-, 8/12-, and 15-HETE levels by 52, 100 and 31%, respectively compared to sham (Fig. 

3.6B). With respect to terminal and subterminal HETEs, the endogenous concentrations 

of 16-, 17-, 18-, and 19-HETE could not be detected in either DAC or sham hearts (Fig. 

3.6C). While for 20-HETE, its cardiac level was comparable to EETs and DHETs, and 

there was a significant increase in its level in heart tissue of DAC animals by 3.41-fold 

compared to sham (Fig. 3.6C). 
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Figure 3.6.  Effect of Cardiac Hypertrophy on Rat Cardiac AA Metabolites Levels. 

Heart tissue was homogenized on ice with potassium phosphate buffer, then, centrifuged 

at 10,000 g for 15 min at 0 °C. After spiking with internal standards, AA metabolites were 

extracted from the resultant supernatant by solid-phase cartridge (Oasis HLB). The sum of 

each EETs and its corresponding DHET (A), mid-chain HETEs (B), and terminal and 

subterminal HETEs (C) were measured using LC-ESI-MS as described under Materials and 

Methods. Results are expressed as mean ± S.E.M. Student t test (* P < 0.05 compared with 

sham group). ND, not detected. Sham rats (n=6) and DAC rats (n=9). 
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2.3. Effect of Cardiac Hypertrophy on the Formation and Degradation of EETs 

With respect to EET formation rate, there was a 1-, 1.79-, 1.79- and 3.03-fold 

increase in 5,6-, 8,9-, 11,12-, and 14,15-EET formation rate, respectively in DAC hearts 

compared to sham (Fig. 3.7A). Moreover, there was an alteration in the regioselectivity of 

epoxide group insertion. Regioselectivity expressed as 14,15-EET:11,12-EET:8,9-EET 

ratio was 1.2:1.2:1 for normal and 1.7:1.2:1 for DAC hearts (Fig. 3.7A). The observed 

increase in EET formation rate was in line with the observed increase in the levels of EETs 

+ DHETs in heart tissue during cardiac hypertrophy.  

In order to determine whether or not cardiac hypertrophy also altered the 

degradation of EETs to DHETs, sEH activity, and expression were measured. sEH is the 

dominant enzyme responsible for catalyzing the transformation of EETs to DHETs. 

Interestingly, the activity of sEH significantly decreased by 30% in DAC hearts compared 

to sham (Fig. 3.7B). Additionally, EPHX2 gene expression was significantly decreased in 

DAC heart by 98% compared to sham (Fig. 3.7C).  
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Figure 3.7. Effect of Cardiac Hypertrophy on the Formation and Degradation of EETs 

by Microsomes and Cytosols Separated from Rat Heart. Heart microsomal fraction was 

incubated with 50 μM arachidonic acid to determine EET formation (A). Also, heart cytosol 

was incubated with 2 μg/ml 14,15-EET to determine sEH activity, i.e. EETs degradation (B). 

sEH activity was determined by measuring the formation rate of 14,15-DHET. AA 

metabolites were injected into LC-ESI-MS as described under Materials and Methods. Total 

RNA was isolated from hearts of sham and DAC animals for the determination of EPHX2 

gene expression (C) by real-time PCR. Results are expressed as mean ± S.E.M. Student t 

test (* P < 0.05 compared with sham group). Sham rats (n=6) and DAC rats (n=9). 
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2.4. Effect of Cardiac Hypertrophy on the Formation of HETEs 

Lipoxygenases are also known to catalyze the formation of mid-chain HETEs, 

therefore, the formation of mid-chain HETEs, 5-, 8/12-, and 15-HETE was determined in 

microsomal incubates with and without P450 activation by NADPH. Despite lipoxygenases 

are mainly cytosolic, lipoxygenases activity was previously reported in microsomal fraction 

(Breitbart, Sofer et al. 1996). In consistence with the published data, the heart microsomal 

fraction was able to form only the 8/12-HETE without NADPH (Fig. 3.8A). By adding 

NADPH, the rate of 8/12-HETE formation was significantly increased, whereas, 5- and 15-

HETE formations were still below the detection limit (Fig. 3.8A). 8/12-HETE formation 

mediated by the microsomal fraction of sham hearts was 4.48 and 3.64 pmol/min/mg 

protein with and without NADPH, respectively (Fig. 3.8A). For DAC hearts, 8/12-HETE 

formation was 11.41 and 6.64 pmol/min/mg protein with and without NADPH, respectively. 

In DAC hearts, there was a significant increase in NADPH-dependent 8/12-HETE 

formation rate by 3.7-fold compared to sham (Fig. 3.8A).  

In contrast, terminal and subterminal HETEs were formed by heart microsomes 

only after P450 activation by NADPH. Except for 18-HETE, the formation of 16/17-, 19-, 

and 20-HETE could be detected in DAC, and sham hearts (Fig. 3.8B). Albeit, 16/17-HETE 

formation rate showed no significant changes, 19-HETE formation rate decreased 

significantly by 41% in DAC hearts compared to sham (Fig. 3.8B). On the other hand, 20-

HETE formation rate was slightly higher but did not reach the statistical significance 

(p=0.06), in DAC hearts compared to sham (Fig. 3.8B). 
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Figure 3.8. Effect of Cardiac Hypertrophy on the Formation of HETEs by Microsomes 

Separated from Rat Heart. Heart microsomal fraction was incubated with 100 μM 

arachidonic acid. The reaction was lasted for 30 min, then, metabolites were extracted by 

ethyl acetate. Mid-chain HETEs (A), as well as, terminal and subterminal HETEs (B) were 

measured using LC-ESI-MS as described under Materials and Methods. 18-HETE standard 

curve were used to interpret the signals of co-eluted metabolites, 16- and 17-HETE, since 

standard curves for all HETEs were nearly identical. Results are expressed as mean ± 

S.E.M. Student t test (* P < 0.05 compared with sham group). ND, not detected. Sham rats 

(n=6) and DAC rats (n=9). 
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2.5. Effect of Cardiac Hypertrophy on Cytochrome P450 Protein Expression 

In order to determine main P450 enzymes involved in the observed alteration in 

AA metabolism, two-step analysis was performed. First, the effect of DAC-induced cardiac 

hypertrophy on P450 protein expression was determined by Western blot analysis. 

Second, we tested the correlation between P450 expression and the measured AA 

metabolite formation rates, as previously described (Castle, Merdink et al. 1995, Baldwin, 

Clarke et al. 1999).  

Regarding P450 expression in the cardiac microsomal fraction, several P450 

enzymes, namely CYP1As, CYP1B1, CYP2Bs, CYP2C11, CYP2E1, CYP2J3, and 

CYP4As, were measured using Western blot analysis (Fig. 3.9). For CYP1 family, 

CYP1As expression was significantly decreased by 76%, whereas CYP1B1 expression 

was significantly induced by 100% in DAC hearts compared to sham (Fig. 3.9). With 

regard to CYP2 family, CYP2Bs expression significantly increased by 72% in DAC hearts 

compared to sham (Fig. 3.9), whereas, CYP2J3 expression was significantly decreased 

by 31% in DAC hearts compared to sham (Fig. 3.9). CYP2C11, and CYP2E1 expressions 

were not significantly altered by cardiac hypertrophy (Fig. 3.9). For CYP4 family, CYP4As 

expression was decreased by 65% in DAC hearts compared to sham, while the expression 

of CYP4Fs was not altered (Fig. 3.9). 
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Figure 3.9. Effect of Cardiac Hypertrophy on P450 Protein Expression in Rat Heart. 

Microsomal protein was isolated from the heart and separated on a 10% sodium dodecyl 

sulfate-polyacrylamide gel. CYP1As, CYP1B1, CYP2Bs, CYP2C11, CYP2E1, CYP2J3, 

CYP4As, CYP4Fs, and GAPDH proteins were detected by the enhanced 

chemiluminescence method as described under Materials and Methods. The graph 

represents the amount of protein normalized to the loading control (GAPDH) (mean ± 

S.E.M.), and expressed as a percentage of the sham group. Student t test (* P < 0.05 

compared with sham group). Sham rats (n=6) and DAC rats (n=9). 
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The correlation analysis based on the fact that if a P450 enzyme is predominantly 

involved in the formation of a specific AA metabolite, we will observe that the higher the 

expression of this enzyme, the higher the formation rate of its metabolites, and vice versa. 

Using non-parametric correlation analysis, CYP2Bs was found to be correlated 

significantly with 5,6-, 8,9-, 11,12- and 14,15-EET; r values were 0.61, 0.71, 0.78 and 

0.72, respectively (Fig. 3.10). Significant correlation was observed between CYP1B1 and 

8/12-HETE suggesting that CYP1B1 was involved in 8/12-HETE formation; r value was 

0.73 (Fig. 3.10). Furthermore, CYP4As was found to correlate significantly with 19-HETE 

(r=0.61) (Fig. 3.10). Interestingly, CYP2J3 expression exhibited significant inverse 

correlation with 8/12-HETE, r value was -0.67 (Fig. 3.10). 
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Figure 3.10. Correlation between P450 Protein Expression Levels and the Formation 

Rate of P450-Derived AA Metabolites by Microsomes Separated from Rat Heart. Heart 

microsomal fraction was incubated with 50 or 100 μM arachidonic acid. The reaction was 

lasted for 30 min, then, metabolites were extracted by ethyl acetate. Spearman rank 

correlation coefficients (r) were used for evaluating the possible association. Tendency of 

correlation is indicated by ascending or descending lines. Spearman correlation analysis is 

a non-parametric method used to evaluate the association between metabolite formation 

rate and P450 protein expression, which is not necessarily linear. Correlations shown were 

statistically significant according to P-value (P < 0.05).   
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2.6. Role of CYP1B1 and CYP2J2 in Mid-Chain HETEs Metabolism 

In order to gain insight about the role of CYP1B1, and CYP2J3 in mid-chain HETE 

formation, recombinant CYP1B1, and CYP2J2 were examined. CYP1B1 was found to 

mediate the metabolism of AA to 5-, 8/12-, and 15-HETE in a rate comparable to that of 

8/12-HETE formation by the cardiac microsomal fraction (Fig. 3.11). On the other hand, 

CYP2J2 did not catalyze the degradation of mid-chain HETEs, 5-, 12-, and 15-HETE. We 

hypothesized that CYP2J2 decreases the formation of 12-HETE by consuming its 

precursor, 12-HPETE. To test this hypothesis, we incubated 12-HPETE with CYP2J2. Our 

results showed that CYP2J2 did catalyze the degradation of 12-HPETE to hepoxilins, 

which are hydroxyepoxyeicosatrienoic acids, based on its retention time and its mass 

spectrum (Fig. 3.12). Only after the addition of NADPH, hepoxilins peak was detected in 

CYP2J2-12-HPETE chromatogram (Fig. 3.12A). The CYP2J2-mediated formation of 

hepoxilins was accompanied by a consumption of 12-HPETE (Fig. 3.12B). The mass 

spectrum showed that the base peak corresponds to hepoxilin molecular ion, [M-H]-, at 

m/z = 335 and two fragment ions peaks at m/z = 317 and 273 correspond to [M-H-H2O]- 

and [M-H-H2O-CO2]-, respectively (Fig. 3.12C). This is consistent with the reported mass 

spectrum of hepoxilins (Chawengsub, Gauthier et al. 2009).  
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Figure 3.11. Formation of Mid-Chain HETEs by Recombinant Human CYP1B1. The 

reconstituted system consisted of 20 pmol CYP1B1, and 100 μM arachidonic acid with 40 

pmol cytochrome b5, co-incubated for 10 min. Metabolites were extracted by ethyl acetate 

and dried. Reconstituted metabolites were injected into LC-ESI-MS as described under 

Materials and Methods. Results are expressed as mean ± S.E.M. One-way analysis of 

variance followed by a Tukey’s post hoc test (* P < 0.05). The experiment was performed 3 

times. 
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Figure 3.12. Degradation of 12-HPETE by Recombinant Human CYP2J2. The 

reconstituted system consisted of 20 pmol CYP2J2 and 4 µg/mL 12-HPETE with and 

without NADPH as described under Materials and Methods. The chromatograms (A) and 

peak areas for 12-HPETE and hepoxilins (B) with and without NADPH were determined as 

described under Materials and Methods. Mass spectrum (C) was determined by collecting 

column eluate corresponding to hepoxilins peak for further analysis with ESI-MS as 

described under Materials and Methods. Results are expressed as mean ± S.E.M. Student 

t test (* P < 0.05). The experiment was performed 3 times. 
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3. Characterization of Arachidonic Acid Metabolism by Rat Cytochrome P450 Enzymes 

3.1. LC-ESI-MS Method Development and Validation 

Previous reverse-phase LC methods used gradient elution of acidified acetonitrile 

or methanol with water for separating P450-derived AA metabolites. However, the co-

elution of mid-chain HETEs, in addition to, the co-elution of terminal and subterminal 

HETEs was the common drawback for all these methods (Choudhary, Jansson et al. 

2004). Therefore, additional normal-phase LC or gas chromatographic methods were 

utilized to achieve the complete resolution of P450-derived AA metabolites by reanalyzing 

the eluate collected from an initial reverse-phase separation (Carroll, Balazy et al. 1997, 

Kiss, Schutte et al. 2000, Schwarz, Kisselev et al. 2004). Tandem MS detection could be 

another way to achieve successful one-step resolution of mid-chain HETE, as well as 

terminal and subterminal HETEs (Norris, Reichart et al. 2011, Edpuganti and Mehvar 

2013). Therefore, we aimed to develop a reverse-phase LC method for one-step, 

simultaneous separation of all P450-derived AA metabolites without the expensive 

tandem MS equipment or the complications of normal-phase chromatography. 
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Table 3.4. The Retention Times (Rt), Ions Monitored, Sensitivity and Linearity Results 
of P450-Derived AA Metabolites Analysis. 

Compound SIM (m/z) Rt (min) Range (ng) Equation r2 LLOQ (ng) 

AA 303 53.5 1.37-244 Y=0.53X+1.33 0.999 1.37 

5-HETE 319 45.5 0.45-45 Y=0.46X-0.03 0.999 0.45 

8-HETE 319 42.5 0.05-45 Y=0.65X-0.02 0.999 0.05 

9-HETE 319 43.5 0.05-45 Y=0.89X+0.04 0.999 0.05 

11-HETE 319 40.5 0.05-45 Y=0.89X+0.11 0.999 0.05 

12-HETE 319 42 0.05-45 Y=0.60X+0.02 0.999 0.05 

15-HETE 319 38 0.45-45 Y=0.55X-0.02 0.999 0.45 

16-HETE 319 33 0.45-45 Y=0.69X+0.04 0.999 0.45 

17-HETE 319 32 0.45-45 Y=0.54X+0.12 0.999 0.45 

18-HETE 319 30.5 0.05-45 Y=0.69X+0.04 0.999 0.05 

19-HETE 319 28 0.45-45 Y=0.54X+0.04 0.999 0.45 

20-HETE 319 29.5 0.45-45 Y=0.46X+0.06 0.999 0.45 

5,6-EET 319 49.5 0.45-45 Y=0.49X+0.03 0.999 0.45 

8,9-EET 319 48.5 0.45-45 Y=0.58X-0.03 0.999 0.45 

11,12-EET 319 48 0.05-45 Y=0.42X-0.01 0.999 0.05 

14,15-EET 319 46.5 0.05-45 Y=0.39X-0.02 0.999 0.05 

We found that methanol-based gradient elution gave very poor resolution for 16-

, 17-, 18-, 19- and 20-HETE, and 8-, 9-, 11- and 12-HETE. For acetonitrile-based elution, 

it could not resolve 8-HETE from 12-HETE and 16-HETE from 17-HETE. Adding 

isopropanol to either methanol or acetonitrile led to the co-elution of 5-HETE with 14,15-

EET and 18-HETE with 20-HETE. Resolution of AA and its 15 P450-derived AA 

metabolites was achieved by adding 16% of equivolume mixture of methanol and 

isopropanol to acetonitrile as the organic mobile phase. With respect to P450-derived AA 

metabolites, the retention time, and the linear range that extended over 4 orders of 
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magnitude are shown in Table 3.4. Three internal standards, AA-D8 for AA quantification, 

14,15-EET-D11 for EETs quantification and 15-HETE-D8 for HETEs quantification, were 

monitored at m/z=311, 330 and 327, respectively, and their retention time were 53.5, 46 

and 37 min, respectively. The lower limit of quantitation of the assay based on the mean 

%error and CV% results was in the range of 0.05 to 0.45 ng (Table 3.4). Above the lower 

limit of detection, the intraday and interday precision determined at all concentration levels 

did not exceed ±15% of the CV (Table 3.5). Also, with respect to intraday and interday 

accuracy (Table 3.5), the mean %error did not exceed ±15% for all concentration levels.  

Table 3.5. Precision and Accuracy Results of Representative P450-Derived AA 

Metabolites. 

Compound 
Nominal 
conc. 
(µg/mL) 

CV% %error 

Intraday Interday Intraday Interday 

AA 

0.14 1.22 10.40 -11.25 3.67 

1.37 1.82 7.56 -19.52 -7.16 

13.7 2.81 0.56 1.53 -7.05 

68.5 0.97 10.67 14.89 -9.59 

15-HETE 

0.005 2.45 4.53 11.38 24.27 

0.045 1.75 3.29 -6.91 2.25 

0.45 1.02 3.75 10.61 1.70 

4.5 0.75 2.89 9.03 0.06 

18-HETE 

0.005 15.66 10.30 -0.02 16.19 

0.045 2.11 1.20 -11.15 4.88 

0.45 2.19 1.70 5.09 4.41 

4.5 1.80 5.01 0.02 0.24 

8,9-EET 

0.005 3.87 1.22 -3.18 22.91 

0.045 5.02 7.94 -9.53 9.03 

0.45 2.40 5.02 3.92 5.19 

4.5 2.30 5.10 0.04 0.18 
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3.2. Determination of AA-Metabolizing Activity and Metabolic Profile of Cytochrome 

P450 Enzymes   

Ten rat recombinant P450 enzymes were included in our experiments, selected 

from different families and subfamilies to get a good idea about the differences in AA-

metabolizing activity among rat P450 enzymes. There was no NADPH-independent 

formation of AA metabolites mediated by Supersomes preparation. Also, there was no 

formation of AA metabolites mediated by NADPH-P450 reductase or cyb5. Upon the 

addition of NADPH, all the tested P450 enzymes were able to metabolize AA but with 

substantial difference in their rates. 75 µM of AA was used to reflect the in vivo situation.  

CYP2C11 metabolized AA with the highest rate (19.9 pmol/pmol P450/min), whereas 

CYP2A1 had the lowest rate (0.35 pmol/pmol P450/min) (Fig. 3.13). Interestingly, 

CYP1A1, CYP1A2 and CYP2C6 that have largely been ignored in P450-AA studies were 

among the P450 of the highest activity (Fig. 3.13). In contrast, CYP2A1, CYP2B1 and 

CYP2E1 that are of the interest of P450-AA studies were of relatively lower activity (Fig. 

3.13). 
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Figure 3.13. P450-mediated AA-Metabolizing Activity of Rat Recombinant P450 

Enzymes. P450 enzymes (50-100 pmol/mL) were incubated with AA (75 µM) for 15-25 

min as described under Materials and Methods. AA was measured by LC-ESI-MS. Results 

are presented as mean percentage, and S.E.M and are based on at least 3 individual 

experiments. 
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With respect to P450 regioselectivity, all the tested P450 enzymes preferentially 

mediated AA hydroxylation more than olefin epoxygenation, except CYP2C11 (Figs. 3.14 

& 3.15). Interestingly, CYP1A1, and CYP1A2 produced mainly subterminal HETEs by 

88.7% and 62.7%, respectively (Fig. 3.14). For CYP2C6, the major metabolites were mid-

chain HETEs (48.3%), and EETs (29.4%) (Fig. 3.14). While for CYP2C11, EETs 

represented 61.3% of the total P450-derived AA metabolites formed, while mid-chain 

HETEs and terminal and subterminal HETEs represented 23.6% and 15.1%, respectively 

(Fig. 3.14). Moreover, terminal and subterminal HETEs were the major metabolites for 

CYP2A1, CYP2B1 and CYP2E1 as 56.1%, 52.1% and 68.7% of the total metabolites 

formed, respectively (Fig. 3.15). Whereas, mid-chain HETEs were the predominant for 

CYP2C13, CYP2D1 and CYP3A1 as 45%, 47.3% and 81.8% of the total metabolites 

formed (Fig. 3.15). Also, P450 enzymes were found to exhibit regioselective oxidation of 

AA. For CYP1A1, it preferentially oxidized AA to produce 19-HETE, while CYP1A2 

produced mainly 16-HETE (Fig. 3.14). The main epoxy-metabolite for CYP2C11, and 

CYP2C6 were 11,12- and 14,15-EET, respectively (Fig. 3.14). 
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Figure 3.14. The Metabolic Profile/Regioselectivity of P450-Mediated AA Metabolism 

by Rat CYP1A1/2, CYP2B1 and CYP2C6/11. P450 enzymes (50-100 pmol/mL) were 

incubated with AA (75 µM) for 15-25 min and measured by LC-ESI-MS as described under 

Materials and Methods. Results are presented as mean percentage to the total metabolite 

formation, and S.E.M. and are based on at least 3 individual experiments. 
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Figure 3.15. The Metabolic Profile/Regioselectivity of P450-Mediated AA Metabolism 

by Rat CYP2A1, CYP2C13, CYP2D1, CYP2E1 and CYP3A1. P450 enzymes (50-100 

pmol/mL) were incubated with AA (75 µM) for 15-25 min and measured by LC-ESI-MS as 

described under Materials and Methods. Results are presented as mean percentage to the 

total metabolite formation, and S.E.M. and are based on at least 3 individual experiments. 
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3.3. Determination of the Kinetic Profile of CYP1A1/2- and CYP2C6/11-Mediated AA 

Metabolism 

The high activity toward AA metabolism showed by CYP1A1, CYP1A2, CYP2C6 

and CYP2C11 (Fig. 3.13) implies the predominant role of these P450 in AA metabolism 

in vivo. Therefore, the kinetic profile of CYP1A1/2 and CYP2C6/11 was determined. The 

rate of formation of P450-derived AA metabolites was measured at varied concentration 

of AA. An inhibition in P450 activity was observed by the excess addition of AA for all the 

tested P450 enzymes indicating substrate inhibition kinetics. The model that 

demonstrated the best goodness of fit was eq. 7. The equation describes substrate 

inhibition in addition to homotropic cooperativity, indicating the binding of more than one 

AA molecule to the tested enzymes. It was assumed a shared value for Ksi among the 

metabolites for each P450 enzymes; Ksi value was 132, 121, 142 and 82.9 µM for 

CYP1A1, CYP1A2, CYP2C6 and CYP2C11, respectively (Table 3.6). Kinetic parameters 

mean values are shown for the 4 major metabolites of each enzyme (Table 3.6). The Km 

values were ranging from 40 to 52 µM for the major metabolites of CYP1A1 and from 10 

to 11 µM for the major metabolites of CYP1A2 (Table 3.6). On the other hand, Km values 

were ranging from 13 to 36 µM for the major metabolites of CYP2C6 and from 60 to 90 

µM for the major metabolites of CYP2C11 (Table 3.6). 
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Table 3.6. Enzyme Kinetic Parameters (Mean ± S.E.E.) for the Formation of Major Metabolites of CYP1A1/2 and 
CYP2C6/11. 

 Vmax  Km  Ksi  h Clint  R2 

CYP1A1 16-HETE 1.79±0.36 41.55±9.32 131.9±14.98 2.46±0.61 0.04 0.88 

17-HETE 2.39±0.45 51.56±10.53 131.9±14.98 2.30±0.44 0.05 0.96 

18-HETE 3.77±0.60 48.31±7.32 131.9±14.98 2.37±0.32 0.08 0.96 

19-HETE 7.75±1.04 39.50±4.77 131.9±14.98 2.27±0.22 0.20 0.96 

CYP1A2 16-HETE 2.18±0.13 10.07±0.82 121.0±5.33 2.71±0.44 0.22 0.98 

17-HETE 0.44±0.14 11.25±6.53 121.0±5.33 2.00±0.55 0.04 0.99 

18-HETE 0.73±0.11 9.92±2.31 121.0±5.33 2.71±1.41 0.07 0.98 

19-HETE 1.17±0.11 9.76±1.26 121.0±5.33 3.00±1.00 0.12 0.98 

CYP2C6 12-HETE 2.65±0.29 18.28±2.84 141.6±5.91 2.39±0.55 0.14 0.96 

15-HETE 0.82±0.13 13.01±2.02 141.6±5.91 5.40±2.33 0.06 0.93 

11,12-EET 1.49±0.40 35.93±18.48 141.6±5.91 1.44±0.54 0.04 0.97 

14,15-EET 2.10±0.39 31.92±11.07 141.6±5.91 1.46±0.38 0.07 0.97 

CYP2C11 5,6-EET 4.99±1.26 90.21±43.70 82.94±5.05 1.33±0.42 0.06 0.90 

8,9-EET 8.36±1.25 65.57±10.56 82.94±5.05 2.13±0.29 0.13 0.97 

11,12-EET 12.01±1.38 60.05±6.78 82.94±5.05 2.18±0.20 0.20 0.96 

14,15-EET 7.77±1.14 62.34±11.19 82.94±5.05 1.89±0.28 0.12 0.98 

Data are the mean and S.E.E. Vmax (in picomoles per picomoles P450 per minute), Km and Ksi (in micromolars), and h were 
determined as per (Eq. 7). Clint (in microliters per minute per picomoles P450 of protein) was calculated as Vmax/Km. 
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3.4. Determination of P450-mediated AA Metabolic Profile of Rat Heart, Lungs, 

Kidneys and Liver Microsomes 

We showed that individual rat recombinant P450 enzymes are able to mediate 

oxidation of AA to several EETs and HETEs. In order to get insight on whether this also 

occurs in in vivo condition of competing co-expressed P450 enzymes, we studied AA 

metabolism by heart, lungs, kidneys and liver microsomes. The formation of the three 

groups of P450-derived AA metabolites, mid-chain HETEs, terminal and subterminal 

HETEs and EETs, were found to be mediated by heart, lungs, kidneys and liver 

microsomes (Table 3.7 and Fig. 3.16). EETs were the major metabolites formed, of which 

11,12-EET was the most abundant, for heart, kidneys and liver (Table 3.7 and Fig. 3.16). 

Whereas, for lungs, mid-chain HETEs were the major metabolites, of which 15-HETE was 

the most abundant (Table 3.7 and Fig. 3.16). As expected, liver exhibited the highest AA-

metabolizing activity due to its high P450 content followed by kidneys compared with heart 

and lungs that exhibited comparable low activity (Table 3.7). For subterminal HETEs, 

which are the major metabolites for CYP1A1 and CYP1A2, liver had the highest activity 

then kidneys followed by lungs and heart (Table 3.7). 
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Table 3.7. The Formation Rate of P450-derived AA Metabolites Mediated by Heart, Lung, 

Kidney and Liver Microsomal Fractions Separated from Untreated Rat. 

 

Formation rate (pmol/mg protein/min) 

Heart Lungs Kidneys Liver 

5-HETE - 74.9±6.69 75.6±5.42 60.9±2.67 

8-HETE 6.28±0.42 23.4±1.61 27.5±1.81 51.4±2.93 

9-HETE 5.34±0.46 20.9±1.22 21.4±1.11 19.5±1.38 

11-HETE 6.40±0.41 24.8±2.39 24.9±1.46 103±7.97 

12-HETE 7.15±0.48 34.6±2.21 24.3±1.30 84.0±6.98 

15-HETE - 81.3±5.47 90.1±5.33 202±12.8 

16-HETE 2.49±0.23 2.47±0.17 25.5±1.44 234±6.68 

17-HETE - - - 70.3±1.79 

18-HETE - - - - 

19-HETE 0.1±0.03 0.45±0.02 20.0±1.46 181±6.96 

20-HETE 0.49±0.07 1.85±0.11 258±14.5 546±29.4 

5,6-EET 7.98±0.86 19.1±1.18 15.4±1.68 256±6.79 

8,9-EET 11.8±0.80 10.2±0.57 126±6.97 505±31.8 

11,12-EET 26.6±1.04 20.5±1.20 225±15.6 883±47.8 

14,15-EET 22.6±1.41 16.0±1.27 86.8±5.55 364±35.8 

Data are the mean ± S.E.M. based on at least 3 individual experiments. 
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Figure 3.16. P450-Mediated AA Metabolite Formation by Heart, Lung, Kidney and 

Liver Microsomes Separated from Untreated Rats. Microsomal protein of heart, lungs, 

kidneys or liver (100 µg) was incubated with AA (75 µM) for 30 min, injected to LC-ESI-MS, 

and the resulted chromatograms and the reference standard were determined as described 

under Materials and Methods. 
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3.5. Determination of the Contribution of CYP1A1/2 to AA Metabolism in Rat Heart, 

Lungs, Kidneys and Liver 

Our findings showed that CYP1A1 and CYP1A2 have high AA-metabolizing 

activity compared with other rat P450. However, the contribution of CYP1A1 and CYP1A2 

to tissue-mediated AA metabolism has never been studied before. Accordingly, the role 

of CYP1A1 and CYP1A2 in AA metabolism has been underestimated. In order to 

determine the contribution of these two enzymes to AA metabolism in rat organs, we 

determined; 1) The effect of CYP1As inhibition by selective CYP1As chemical inhibitor, 

α-NF, and by anti-CYP1As antibodies, and 2) the effect of CYP1As induction by an aryl 

hydrocarbon receptor agonist, (3-MC), on the metabolism of AA mediated by microsomal 

fractions of heart, lungs, kidneys and liver. Combining the results of these three 

experiments would allow the determination of the specific contribution of CYP1As to AA 

metabolism in different rat organs.   

With respect to CYP1As chemical inhibition, 6 α-NF concentrations were tested 

for CYP1As inhibition by 7-ER and 7-MR dealkylation assays. Consequently, 40 and 160 

nM of α-NF, which caused a 28% and 95% inhibition of 7-ER dealkylation activity, 

respectively, and a 41% and 63% inhibition of 7-MR dealkylation activity, respectively, 

were tested for their effect on AA metabolism. α-NF at 40 nM significantly inhibited liver-

mediated formation of 16- and 19-HETE by 24.3% and 25.9%, respectively (Table 3.8). 

Whereas, α-NF at 160 nM significantly inhibited lung-mediated formation of 16- and 19-

HETE by 37.5% and 80.2%, respectively, as well as liver-mediated formation of 16- and 

19-HETE by 43.6% and 52%, respectively (Table 3.8).  
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Table 3.8. The Inhibitory Effect of CYP1As Inhibitor, α-Naphthoflavone on P450-Mediated AA Metabolism by Heart, Lung, 

Kidney and Liver Microsomal Fractions Separated from Untreated Rat. 

 
% Difference 

Heart Lungs Kidneys Liver 

 40 nM 160 nM 40 nM 160 nM 40 nM 160 nM 40 nM 160 nM 

5-HETE - - -12.1±7.7 -15.3±2.6 4.0±4.3 1.9±5.9 -3.6±2.6 -6.6±4.8 

8-HETE 3.3±4.7 -7.3±1.2 9.5±8.8 14.1±7.8 8.6±1.7 -3.2±7.4 -2.8±2.3 -1.3±2.0 

9-HETE 0.2±0.7 -12.5±2.5 -12.0±8.3 -16.1±3.3 0.1±1.9 -4.5±5.0 -4.3±1.8 -9.1±6.1 

11-HETE 12.8±4.3 -3.7±7.3 17.0±10.0 -9.4±2.5 14.8±12.0 5.5±1.9 -2.3±1.9 -4.5±2.1 

12-HETE 9.0±1.0 -1.0±3.8 -28.7±17.8 -9.5±5.7 8.1±1.9 -0.2±5.8 -3.4±2.6 -9.6±0.2* 

15-HETE - - -25.6±8.2 -18.6±3.3 11.7±4.8 4.7±4.2 -1.7±2.1 -7.5±4.9 

16-HETE 13.8±12.7 -8.7±6.0 -15.3±5.6 -37.5±1.0* 18.0±6.1 21.3±12.2 -24.3±0.7* -43.6±2.2* 

19-HETE 3.6±6.5 -8.0±8.9 -36.6±37.5 -80.2±18.8* 21.8±9.7 10.0±2.4 -25.9±0.5* -52.0±1.2* 

20-HETE 20.3±2.6 -15.8±4.9 -10.3±4.7 -18.2±5.2 23.1±15.8 7.5±3.1 -1.8±1.3 -7.9±4.4 

5,6-EET -5.8±2.6 -15.4±13.7 -34.2±17.1 4.8±8.8 22.7±8.4 23.4±14.6 -1.3±6.2 -8.6±6.8 

8,9-EET -1.2±4.1 -11.1±6.8 -7.8±11.7 10.1±3.5 16.7±9.0 7.5±5.4 -9.0±4.3 -9.2±8.8 

11,12-EET 2.6±10.5 -22.6±1.2* -8.6±5.8 5.2±5.2 11.5±7.6 4.6±5.4 -7.6±7.6 -7.8±4.1 

14,15-EET -6.7±4.7 -13.2±10.0 27.6±8.8 -7.0±5.9 6.0±3.9 5.3±5.4 -5.4±5.4 -15.8±1.8* 

Data are based on at least 3 individual experiments.  * indicates the inhibition was significant at p < 0.05 compared to control 
incubates. 
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In agreement with chemical inhibition results, immunoinhibition of CYP1As 

resulted in a significant decrease in lung-, kidney- and liver-mediated formation of 19-

HETE by 83.9%, 26.5% and 66.2%, respectively (Table 3.9). Also, liver-mediated 

formation of 16-HETE was also significantly decreased by 41.2% (Table 3.9). CYP1As 

inhibition resulted in more pronounced effects on liver-mediated AA metabolism, which 

included not only terminal and subterminal HETEs but also mid-chain HETEs and EET 

formation (Table 3.9). 14,15-EET formation was significantly inhibited (15.8%) by α-NF, 

whereas, EET formation was significantly inhibited (52% average) by anti-CYP1As 

antibodies. For mid-chain HETEs, 12-HETE was significantly inhibited (9.6%) by α-NF, 

whereas, 8-, 11-, 12- and 15-HETE formation was significantly inhibited (38% average) 

by anti-CYP1As antibodies (Table 3.9). For heart, inhibition of CYP1As did not result in 

any significant alteration in AA metabolism, except the inhibition of 11,12-EET formation 

(22.6%) by α-NF (Tables 3.8 & 3.9). 
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Table 3.9. The Inhibitory Effect of Anti-CYP1As Antibodies on P450-Mediated AA 

Metabolism by Heart, Lung, Kidney and Liver Microsomal Fractions Separated from 

Untreated Rat. 

 
% Difference 

Heart Lungs Kidneys Liver 

5-HETE - 5.4±2.2 11.3±4.8 15.6±5.0 

8-HETE 14.1±3.2 14.3±1.6 -5.7±5.7 -30.9±4.5* 

9-HETE 17.1±2.9 12.9±1.5 0.3±3.1 -13.8±6.7 

11-HETE 14.3±0.3 17.2±6.3 -5.2±3.2 -41.7±4.2* 

12-HETE 14.0±0.7 11.6±3.0 -6.7±1.2 -35.6±4.8* 

15-HETE - 14.4±6.9 -0.6±1.2 -39.7±1.8* 

16-HETE 17.9±10.0 5.2±2.4 -7.5±0.9 -41.2±2.1* 

17-HETE - - - - 

18-HETE - - - - 

19-HETE 5.6±8.7 -84.0±4.6* -26.5±1.2* -66.2±3.6* 

20-HETE 7.8±4.6 -14.0±2.1 -12.0±4.2 -15.4±4.1 

5,6-EET -8.0±2.8 11.7±0.3 0.9±2.1 -43.4±3.1* 

8,9-EET 15.5±2.7 16.9±0.8 -19.4±12.2 -59.1±0.9* 

11,12-EET 12.2±1.0 4.0±1.5 -22.7±32.3 -54.5±1.6* 

14,15-EET 17.5±8.6 3.9±2.6 -24.6±6.8 -51.6±0.8* 

Data are based on at least 3 individual experiments.  * indicates 
the inhibition was significant at p < 0.05. 

On the other hand, 3-day treatment of 3-MC led to a significant induction in 

CYP1As activities in all four organs compared with corn-oil-treated (control) group. In 

heart, lungs, kidneys and liver, CYP1A1 activity measured by 7-ER dealkylation assay 

showed a 13500%, 2070%, 1120% and 1160% induction, whereas, CYP1A2 activity 

measured by 7-MR dealkylation showed a 300%, 310%, 510% and 3600% induction, 

respectively, compared with control group (Fig. 3.17). This observed induction in CYP1As 

resulted in a significant increase in subterminal HETE formation for all four organs. The 
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formation of 16-, 17-, 18- and 19-HETE was significantly increased by 131%, 183%, 415% 

and 750%, respectively, for heart, 171%, 1200%, 364% and 844%, respectively, for lungs, 

and 200%, 404%, 2570% and 213%, respectively, for liver, compared with control group 

(Fig. 3.18). For kidneys, the formation rate of 17- and 18-HETE was significantly increased 

by 1380% and 536%, compared with control group (Fig. 3.18). Additionally, there was a 

142% increase in 12-HETE formation, while, there was a 51% and 34% decrease in 11,12-

EET and 20-HETE formation, respectively, in 3-MC-treated livers compared with control 

livers (Fig. 3.18).  
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Figure 3.17. The Effect of 3-MC Treatment on CYP1A1 and CYP1A2 Activity of Rat 

Heart, Lung, Kidney and Liver Microsomes.  Microsomal protein of heart, lungs, 

kidneys or liver was incubated with 7-ER or 7-MR for 30 min as described under Materials 

and Methods. Fluorescence associated with resorufin formation was measured at 

excitation and emission wavelengths of 535 and 585 nm Results are presented as mean 

and S.E.M. (n=4). * indicates the difference was significant at p < 0.05. 
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Figure 3.18. The Effect of 3-MC Treatment on P450-mediated AA Metabolism by Rat 

Heart, Lung, Kidney and Liver Microsomes.  Microsomal protein of heart, lungs, kidneys 

or liver was incubated with AA for 30 min, and AA metabolites were measured by LC-ESI-

MS as described under Materials and Methods. The amounts of undetectable metabolites 

in control samples were assumed to be 0.05 ng (the lowest lower limit of quantitation) per 

injection volume. Results are presented as mean and S.E.M. (n=4). Student t test (* P < 

0.05 compared with control group). 
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4. Repurposing Resveratrol and Fluconazole to Modulate Human Cytochrome P450-

Mediated Arachidonic Acid Metabolism 

4.1. AA-Metabolizing Activity and Metabolic Profile of Recombinant Cytochrome 

P450 Enzymes 

In the current study, we tested a large group of human recombinant P450 

enzymes for their AA-metabolizing activities and metabolic profiles. Interestingly, we 

found that all tested P450 enzymes were able to mediate AA-metabolism, but with variable 

activities and characteristic profiles. On the other hand, there was no detectable formation 

of P450-derived AA metabolites by NADPH reductase and cyb5 alone in control samples.  

Among the tested P450 enzymes, CYP2C19 was of the highest activity followed 

by CYP1A1 and CYP4F3B, and then CYP4A11 and CYP4F2 (Fig. 3.19). The rate of 

CYP2C19-mediated AA consumption was 32.2 pmol/pmol P450/min. In contrast, CYP3A4 

exhibited the lowest AA-metabolizing activity, whose rate was 0.95 pmol/pmol P450/min 

(Fig. 3.19). CYP4 family, collectively, showed the highest activity toward AA compared 

with CYP1, CYP2 and CYP3 families. Noteworthy, all tested P450 enzymes, except 

CYP1A2, mediated the hydroxylation of AA (mid-chain, terminal and subterminal HETE 

formation) more efficiently than AA epoxidation (Fig. 3.19). For AA epoxidation, CYP2C19 

was the highest P450 enzyme in the formation rates of the four EETs, 1.7, 5.54, 1.68, 

4.88 pmol/pmol P450/min for 5,6-, 8,9-, 11,12-, and 14,15-EET, respectively (Fig. 3.20). 

Also, CYP1A2, followed by CYP1A1, showed high EET-formation activity emphasizing 

their importance as P450 epoxygenase (Figs. 3.19 & 3.20). CYP2J2 was ranked the third 

highest enzyme in EET formation rate (Fig. 3.19); CYP2J2-mediated formation rate of 5,6-

, 8,9-, 11,12-, and 14,15-EET was 0.05, 0.12, 0.09, and 0.21 pmol/pmol P450/min, 

respectively (Fig. 3.20). With respect to hydroxylation, almost all P450 enzymes mediated 
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the hydroxylation of AA at its terminal and subterminal regions more efficiently than at the 

double bond region (mid-chain HETEs). Although CYP1A1, CYP1A2, CYP2C19, CYP2C9 

and CYP4F12 showed the highest mid-chain HETE formation rates, only CYP1B1 and 

CYP2C18 mediated the formation of mid-chain HETEs more than the formation of EETs 

or terminal and subterminal HETEs (Fig. 3.19). Their mid-chain HETE formation rates 

were 0.38, and 0.62 pmol/pmol P450/min for CYP1B1, and CYP2C18, respectively (Fig. 

3.19). With respect to terminal hydroxylation, CYP1A1 was the most active enzyme 

among tested P450 enzymes in the formation of 16-, 17-, and 18-HETE (1.81, 1.1 and 3 

pmol/pmol P450/min, respectively), and the second most active enzyme for 19-HETE (6.6 

pmol/pmol P450/min) after CYP2C19 (Fig. 3.19). CYP2C19 also mediated the formation 

of 16-, 17-, 18-, and 19-HETE at a specific activity of 0.46, 0.31, 0.62, and 11.34 

pmol/pmol P450/min, respectively (Fig. 3.20). On the other hand, the most active 20-

HETE forming P450 enzymes were CYP4A11, CYP4F2, CYP4F3A and CYP4F3B with 

specific activity of 7.17, 5.94, 1.06, and 16.25 pmol/pmol P450/min, respectively (Fig. 

3.20). 
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Figure 3.19. The Metabolizing Activity of Human Recombinant P450 Enzymes: AA 

Consumption, and EETs, Mid-Chain HETEs (mHETE) and Terminal and Subterminal 

HETEs (ω/ω-1 HETEs) Formation. Recombinant P450 enzymes were incubated with AA 

(75 µM) for 15-20 min, and AA and its metabolites were measured by LC-ESI-MS, as 

described under Materials and Methods. Results are presented as mean and S.E.M., based 

on at least 3 individual experiments. Using one-way analysis of variance followed by a 

Tukey’s post hoc test, the five most active P450 enzymes were identified (indicated by 

Arabic numbers); different numbers indicate significantly different activities at p<0.05. 
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Figure 3.20. Heat Map of the Activities of P450-Derived AA Metabolite Formation of 

Human Recombinant P450 Enzymes. Recombinant P450 enzymes were incubated with 

AA for 15-20 min, and P450-derived AA metabolites were measured by LC-ESI-MS, as 

described under Materials and Methods. Results are presented referring to the color key at 

the right side. The numerical values are shown in the supplementary Tables S1, S2 and S3. 
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4.2. AA-Metabolizing Activity and Metabolic Profile of Human Microsomes 

We investigated the AA-metabolism by microsomes separated from human liver 

and kidneys. There was low NADPH-independent formation of mid-chain HETEs, and 

therefore they were subtracted from the rates of P450-dependent formation of mid-chain 

HETEs. Liver microsomes showed, expectedly, the highest overall AA-metabolizing 

activity at all AA concentrations; liver-mediated AA metabolism was 2-fold higher than that 

of kidneys at 75 µM AA (Fig. 3.21). Increasing AA concentration from 7.5 to 75 µM led to 

an increase in metabolite formation rates, while increasing AA concentration from 75 to 

750 µM led to the same formation rates of almost all metabolites (Fig. 3.21). In the kidneys, 

we only detected the formation of 5,6- and 8,9-EET and 18-HETE at 75 µM AA but not at 

7.5 or 750 µM (Fig. 3.21). The most prominent metabolites for both liver and kidneys was 

20-HETE (111 and 64 pmol/mg protein/min at 75µM AA, respectively), followed by 19-

HETE (18 and 10 pmol/mg protein/min at 75µM AA, respectively) (Fig. 3.21). 
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Figure 3.21. The Formation of P450-Derived AA Metabolites Mediated by Human 

Liver and Kidney Microsomes. Microsomal protein from liver or kidneys was incubated 

with 7.5, 75 and 750 µM of AA for 30 minutes, and P450-derived AA metabolites were 

measured by LC-ESI-MS, as described under Materials and Methods. Results are 

presented as mean and S.E.M., based on at least 3 individual experiments. 
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4.3. Effect of Cytochrome P450 Inhibition on P450-mediated AA-Metabolism by 

Human Liver Microsomes  

In in vitro and animal studies, three investigational agents are widely used to 

modulate P450-mediated AA metabolism, namely MS-PPOH to inhibit P450 

epoxygenases (Liu, Li et al. 2011), HET0016 to inhibit P450 -hydroxylases (Miyata, 

Taniguchi et al. 2001), and α-NF to inhibit CYP1 family and subterminal HETE formation  

(Huang, Temple et al. 2007, Food-and-Drug-Administration 2014). We tested the effect of 

these investigational agents on AA metabolism to help evaluate the selectivity and 

effectiveness of the tested clinically-approved drugs.  

With respect to MS-PPOH, its effect on hepatic AA metabolism was selective to 

11,12- and 14,15-EETs and 12-HETE at either the low (5 µM) or the high (50 µM) 

concentrations (Table 3.10). The formation rates of these metabolites were significantly 

inhibited by an average of 22% and 51% by 5 and 50 µM of MS-PPOH, respectively (Table 

3.10). On the other hand, HET0016 selectivity was impaired by increasing its 

concentration from 50 nM to 1 µM. At 50 nM, HET0016 caused a significant inhibition by 

9 and 67% of the hepatic formation rate of 19- and 20-HETEs, respectively (Table 3.10). 

While at 1 µM, HET0016 significantly altered the formation of 5,6-EET and 5-, 11-, 12-, 

and 15-HETEs in addition to 9-, 19- and 20-HETEs (Table 3.10). For 5,6-EET and 9-, 19- 

and 20-HETEs, there was an inhibition in the formation rate by 35, 35, 30 and 98%, 

respectively, and for 5-, 11-, 12-, and 15-HETEs, there was an increase in the formation 

rate by 36, 18, 27 and 46%, respectively, by HET0016 (Table 3.10). Regarding α-NF, it 

significantly and selectively inhibited the formation of subterminal HETEs, 16- and 18-

HETEs in liver by 14% at the low concentration (40 nM); whereas, at 160 nM, α-NF lost 

its selectivity and inhibited the formation of 5 other metabolites in addition to 16- and 18-

HETEs (Table 3.10). 
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Table 3.10. Effect (Mean ± S.E.M.) of Different Selective Investigational P450 Inhibitors on P450-Mediated AA Metabolism 

by Human Liver Microsomes Based on at Least 3 Individual Experiments. 

 

P450 inhibitor 
% Differencea 

5,6-EET 8,9-EET 11,12-EET 14,15-EET 5-HETE 9-HETE 11-HETE 12-HETE 15-HETE 16-HETE 18-HETE 19-HETE 20-HETE 

α-NF         40 nM 

160 nM 

23±10 13±9 16±4 28±17 -1±7 25±10 29±19 32±26 10±3 -14±2* -14±3* 5±2 4±1 

-64±2* -9±5 32±11 -21±4* -20±6* -4±6 -20±4* 15±3 -17±3* -32±6* -17±4* -8±5 0±4 

MS-PPOH   5 µM 

50 µM 

-29±15 -12±7 -15±4* -18±5* -9±18 -52±19 -30±11 -32±6* -22±10 13±16 -4±19 -10±6 -8±6 

-33±30 -28±10 -46±5** -51±5** -26±20 -49±23 -55±37 -57±9* -48±21 -16±19 14±17 5±5 -1±7 

HET0016  50 nM 

1000 nM 

7±9 8±2 26±9 18±5 6±3 -22±3 4±10 2±7 29±12 3±5 10±7 -9±2* -67±7** 

-35±1** 5±2 21±13 28±7 36±2** -35±5* 18±2* 27±2* 46±4** 3±1 31±18 -30±2** -98±7** 

 

a Data are based on at least three individual experiments; * significant at P = 0.05; ** significant at P = 0.01. 
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According to our recombinant P450 data, CYP1As, CYP2Cs and CYP4s have 

the most prominent activity toward AA metabolism. Consequently, clinically-approved 

drugs we tested in our study are: Res to inhibit CYP1As (Chang, Chen et al. 2001), Flu to 

inhibit CYP2C9 and to a lower extent CYP2C19 (Niwa, Shiraga et al. 2005), Tic to inhibit 

CYP2C19 and to a lower extent CYP2C9 (Ko, Desta et al. 2000). Regarding CYP4s, we 

could not find a direct inhibitor for them; however, it has been previously reported that -

hydroxylation of fatty acids by CYP4s is dependent on cyb5 (Wang, Stec et al. 1996, Adas, 

Salaun et al. 1999, Xu, Falck et al. 2004). Therefore, we explored the effect of cyb5 

inhibition on hepatic AA metabolism by PTU, reported to exhibit selective inhibitory activity 

against cyb5 (Lee and Kariya 1986). Also, we used Dan to inhibit CYP2J2 and Ser to 

inhibit CYP2B6 (Walsky, Astuccio et al. 2006, Lee, Jones et al. 2012).  

Res at low and high concentrations significantly and selectively inhibited the 

formation rate of 16-, 18- and more interestingly 20-HETE by an average of 22 and 46%, 

respectively (Table 3.11). A significant decrease was observed in the hepatic formation 

rates of 8,9- and 14,15-EETs by low concentration of Flu by an average of 24% (Table 

3.11). At high concentration of Flu, the formation rates of 11-, 12- and 15-HETEs in 

addition to 8,9- and 14,15-EETs were significantly decreased by an average of 49% (Table 

3.11). At low concentration of Tic, the formation rates of 5,6- and 8,9-EET and 9-, 16-, 18- 

and 19-HETE were significantly decreased in the liver, whereas, at high concentration of 

Tic, the formation rates of almost all metabolites were decreased (Table 3.11). The 

inhibition of CYP2B6 by Ser and inhibition of CYP2J2 by Dan led to modest effects on AA-

metabolism. Low concentration of Ser only decreased the formation rate of 18-HETE in 

liver by 15%, while high concentration of Ser decreased 11,12-EET and 9- and 18-HETEs 

by an average of 25% (Table 3.11). Similarly, Dan decreased the formation rate of 19-

HETE at its high concentration in the liver by 11% (Table 3.11). With respect to PTU, it 
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did not cause any significant alteration in the hepatic formation rates of the tested 

metabolites except 20-HETE, whose formation rate was significantly increased by 49% 

(Table 3.11). 
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Table 3.11. Effect (mean ± S.E.M) of Different Selective Clinically-approved P450 Inhibitors on P450-Mediated AA 

Metabolism by Human Liver Microsomes  

 

P450 inhibitor 
% Differencea 

5,6-EET 8,9-EET 11,12-EET 14,15-EET 5-HETE 9-HETE 11-HETE 12-HETE 15-HETE 16-HETE 18-HETE 19-HETE 20-HETE 

Res       1 µM 

10 µM 

18±16 -12±7 10±8 0±7 -7±11 -4±5 -17±8 -4±6 34±13 -21±6* -33±6* 6±1 -12±1** 

-28±19 -13±17 -16±8 -9±8 -15±18 -6±2 -23±6 -33±15 -40±18 -40±5** -65±2** -5±7 -32±6* 

 Flu       10 µM 

100 µM 

16±5 -22±4* -9±6 -26±2** -16±4 -21±12 -19±10 -15±4 -15±9 2±1 2±0 2±4 14±4 

-9±9 -61±1** -21±8 -43±3** 41±40 -12±20 -41±1** -61±1** -38±2** -17±36 -8±10 -11±10 18±13 

Tic       10 µM 

100 µM 

-49±4** -29±2** 38±11 -3±7 -5±5 -47±5* 1±5 14±13 -7±3 -14±2* -10±2* -18±2* 1±2 

-85±3** -50±15* 32±30 -54±14* -1±3 -57±5** -30±4* -28±13 -36±6* -27±6* -41±4** -43±4** -21±5 

Ser      30 µM 

300 µM 

23±11 37±31 11±12 0±4 6±9 -15±10 0±0 31±5 0±5 14±4 -15±3* 20±7 17±5 

32±35 -1±11 -19±0** 38±24 34±12 -34±1** 0±0 53±33 21±37 7±12 -21±1** 2±7 46±37 

Dan     20 nM 

200 nM 

3±10 6±8 24±7 32±10 4±9 -10±9 2±10 5±7 5±3 1±9 -10±4 5±6 2±8 

-8±6 2±2 1±1 -2±1 -1±1 -10±3 -3±1 -2±1 -7±3 2±2 -13±5 -11±2* -1±2 

PTU   0.1 mM 

1 mM 

-42±17 -6±7 6±5 5±6 32±20 1±8 -4±9 2±4 -12±10 45±20 18±16 2±8 6±7 

-36±20 7±9 7±7 17±7 39±17 -23±11 7±6 -7±1 14±15 22±14 14±11 8±5 49±5** 

 

a Data are based on at least three individual experiments; * significant at P = 0.05; ** significant at P = 0.01.  
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4.4. Kinetics of Cytochrome P450-Mediated AA Metabolism Inhibition 

To explain how Res decreased the formation rate of 20-HETE, varied 

concentration of Res (0.03-1000 µM) was incubated with the dominant hepatic 20-HETE-

forming P450 enzymes, CYP4A11, CYP4F2 and CY4F3B. We found that Res was able 

to inhibit all of the three P450 enzymes but with different kinetics (Fig. 3.22). For CYP4F2, 

the Imax and IC50 mean values were 92% and 4 µM, respectively (Fig. 3.22). Whereas, for 

CYP4A11, the Imax and IC50 mean values were 81% and 90 µM, respectively, and for 

CYP4F3B, the Imax and IC50 mean values were 100% and 109 µM, respectively (Fig. 3.22). 

Also, the kinetics of P450-mediated AA metabolism inhibition by Res and Flu 

were determined, because their selectivity and effectiveness were comparable to MS-

PPOH and HET0016. We found that the formation rates of 11,12- and 14,15-EETs and 

16-, 18-, 19- and 20-HETEs showed a significant inverse non-parametric Spearman rank 

correlation with Res concentration. The Imax mean values of Res were 99, 100, 79, 69, 61 

and 54% for 11,12- and 14,15-EETs and 16-, 18-, 19- and 20-HETEs, respectively (Fig. 

3.23). Whereas, the IC50 mean values of Res were 60, 68, 17, 5, 104 and 3 µM for 11,12- 

and 14,15-EETs and 16-, 18-, 19- and 20-HETEs, respectively (Fig. 3.23). For Flu, the 

formation rates of 8,9- and 14,15-EETs and 11-, 12- and 15-HETEs were significantly 

correlated with Flu concentration. The Imax mean values of Flu were 61, 64, 67, 80 and 

57% for 8,9- and 14,15-EETs and 11-, 12- and 15-HETEs, respectively (Fig. 3.23). 

Whereas, the IC50 mean values of Flu were 13, 27, 28, 28 and 36 µM for 8,9- and 14,15-

EETs and 11-, 12- and 15-HETEs, respectively (Fig. 3.23). 
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Figure 3.22. Concentration-Dependent Inhibition of CYP4A11-, CYP4F2- and 

CYP4F3B-Mediated 20-HETE Formation by Res. Recombinant P450 enzymes were 

incubated with AA for 15-20 min and 0.01-1000 µM of Res, and 20-HETE was measured 

by LC-ESI-MS, as described under Materials and Methods. Results are presented as mean 

and S.E.M., based on at least 3 individual experiments. Log(IC50) and Imax mean ± S.E.E. 

were determined by Enzyme Kinetics module from GraphPad Prism, version 5.0.  
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Figure 3.23. Concentration-Dependent Inhibition of Hepatic Microsomal-Mediated 

Formation of P450-Derived AA Metabolites by Res and Flu. Microsomal protein from 

liver was incubated with AA for 30 minutes, and P450-derived AA metabolites were 

measured by LC-ESI-MS, as described under Materials and Methods. Results are 

presented as mean and S.E.M, based on at least 3 individual experiments. Log(IC50) and 

Imax mean ± S.E.E. were determined by Enzyme Kinetics module from GraphPad Prism, 

version 5.0. 
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4.5. Simulating the Inhibition of Cytochrome P450-Mediated AA Metabolism after 

Safe Oral Doses of Res and Flu 

To gain insight about the expected inhibition in P450-mediated AA metabolism in 

humans after safe oral doses of Res and Flu, Monte Carlo simulation was performed to 

simulate 10,000 human subjects orally administered 0.5, 1, 2.5 or 5 g daily of Res, or 50, 

150 or 400 mg of Flu. We used the previously reported human plasma and tissue 

concentration data combined with the kinetics of AA metabolism inhibition shown above. 

It has been reported that maximum plasma concentration mean values and SD are 

0.19±0.17, 0.62±0.43, 1.45±0.86 and 4.24±2.27 µM for 0.5, 1, 2.5 or 5 g daily of Res, 

respectively, in humans (Brown, Patel et al. 2010). Also, the reported liver to plasma ratio 

of Res is 2.49 in humans (Sale, Verschoyle et al. 2004), and uniform distribution of ±20% 

was assumed. For Flu, the reported maximum plasma concentration mean values and SD 

of 3.04±0.42, 8.78±1.4 and 27.85±5.1 µM for 50, 150 or 400 mg daily of Flu, respectively, 

in humans (Ripa, Ferrante et al. 1993, Berl, Wilner et al. 1995), and the reported liver to 

plasma ratio is 3.4 in humans (Felton, Troke et al. 2014), with ±20% uniform distribution.  

Our simulations predicted that 90% of the human population would experience 2-

12%, 6-22% and 17-41% inhibition in 16-HETE, 7-26%, 16-39% and 34-55% in 18-HETE 

and 7-26%, 16-35% and 31-46% in 20-HETE formation rates after 1, 2.5 and 5 g daily of 

Res, respectively (Fig. 3.24). In contrast, Res at 0.5 g daily caused very modest inhibitory 

effect. Similarly, 11,12- and 14,15-EETs as well as 19-HETE were not effectively inhibited 

by Res at any of the tested doses (Fig. 3.24). For Flu, 50, 150 and 400 mg of Flu led to 

an inhibition of 22-31%, 37-46% and 50-56% for 8,9-EET, 14-23%, 28-40% and 45-55% 

for 14,15-EET, 13-23%, 23-41% and 45-57% for 11-HETE, 16-27%, 34-49% and 54-68% 

for 12-HETE and 9-17%, 20-31% and 36-46% for 15-HETE, respectively, in 90% of human 

population (Fig. 3.24).  
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Figure 3.24. Box Plot Showing Monte Carlo Simulations of P450-Mediated AA 

Metabolism Modulation by Different Doses of Res and Flu. Monte Carlo simulations of 

10,000 human subjects were performed using random number generation module from 

SigmaPlot, version 11, as described under Materials and Methods. Results are presented as 

median and 10th, 25th, 75th and 90th percentiles; circles represent outliers. 
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CHAPTER 4: DISCUSSION 
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1. Determination of the Dominant Arachidonic Acid Cytochrome P450 Monooxygenases 

in Rat Heart, Lungs, Kidneys and Liver 

P450-derived AA metabolites, most notably EETs and 20-HETE, have  been shown 

to play pivotal physiological roles in various organs (Quigley, Baum et al. 2000, Sudhahar, Shaw 

et al. 2010). AA is metabolized to 5,6-, 8,9-, 11,12-, and 14,15-EET by P450 enzymes (Wu, 

Moomaw et al. 1996), among which, CYP2B, CYP2C, and CYP2J3 isoforms are considered 

major P450 epoxygenases (Capdevila, Falck et al. 2000). On the other hand, P450 

hydroxylation has been generally attributed to CYP4A and CYP4F isoforms (Capdevila, Falck 

et al. 2000, Xu, Falck et al. 2004). Other P450s, such as CYP1As, CYP1B1, CYP2As, and 

CYP2E1, are believed to contribute to AA monooxygenation as well; CYP1A1 and CYP1B1 

were reported to exhibit some activity toward AA metabolism. They catalyze the formation of 

HETEs other than the 20-HETE, especially mid-chain HETEs for CYP1B1 (Capdevila, Falck et 

al. 2000, Choudhary, Jansson et al. 2004). CYP2A isoforms were also reported to have a very 

low epoxygenase activity (Imaoka, Hashizume et al. 2005). For CYP2E1, it has a substantial 

contribution to ω-1-hydroxylation activity in the liver but not in the kidneys of rats and rabbits; 

however this was reported only after its induction and not at the constitutive state (Laethem, 

Balazy et al. 1993, Capdevila, Falck et al. 2000, Poloyac, Tortorici et al. 2004). Despite the 

documented physiological and pathophysiological role of P450-derived AA metabolites, the 

organ-specific kinetic properties of the P450 epoxygenases and hydroxylases activities have 

not been investigated. 

Our results have demonstrated that AA is metabolized to EETs and HETEs in all 

organs tested, albeit with different levels of metabolic activity. In the heart, the P450 

epoxygenase activity was 84 times the P450 ω-hydroxylase activity based on Clint (Table 3.1). 

In agreement with our results, it has been previously reported that P450 epoxygenase activity 
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was greater than P450 ω-hydroxylase activity in the heart microsomal fraction of mice (Theken, 

Deng et al. 2011). 

In line with our observations, it has been previously reported that P450 epoxygenase 

activity is higher than P450 hydroxylase activity in the lungs of mice (Theken, Deng et al. 2011). 

We found that CYP4As and CYP4Fs exhibited moderate expressions in the lungs, representing 

~25% of their relative expression in liver (Fig. 3.1). Consequently, the pulmonary 20-HETE 

formation rate was expected to be about 25% of that in the liver at saturating concentration of 

AA, given the linearity between metabolite formation rate and enzyme concentration. However, 

our observed hydroxylase activity was lower than what was expected based on protein 

expression. The explanation is that CYP4A and CYP4F isoforms are widely varied with respect 

to AA metabolism activity; CYP4A3, CYP4F5, and CYP4F6 have no or very low activity 

(Nguyen, Wang et al. 1999, Capdevila, Falck et al. 2000, Xu, Falck et al. 2004). The unexpected 

results could be due to the relatively greater concentrations of these inactive isoforms are in the 

lung microsomes compared with the liver. 

In rat kidneys, as reported elsewhere, HETEs and EETs are formed in considerable 

amounts (Carroll, Balazy et al. 1997). Our results demonstrated that the kidneys exhibit P450 

hydroxylase activity comparable to that of the epoxygenase activity based on Clint (Table 3.1). 

This can be attributed to the high expressions of CYP2C23, CYP2J3 and CYP4As found in the 

kidneys (Fig. 3.1). Similar to what was seen in the heart and kidneys, enzyme activities in the 

liver correlated well with protein expression. Based on Clint, P450 epoxygensae activity was 6.5 

times the hydroxylase activity (Table 3.1). In agreement with previously published results 

(Sacerdoti, Gatta et al. 2003), P450 epoxygenases (CYP2BS, CYP2C11, CYP2C23 and 

CYP2J3) and P450 hydroxylases (CYP4As and CYP4Fs) were both highly expressed in the 

liver.  
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Another objective of the current study was to identify P450 epoxygenases and 

hydroxylases that have the major contribution to the formation of EETs and HETEs in the heart, 

lung, kidney, and liver microsomes. Our strategy was to compare the regioselectivity of organ 

microsomes with the available previously reported regioselectivity of the individual P450 

enzymes; this comparison would indicate the P450 enzymes most probably have the highest 

contribution to AA metabolism in each organ. The identity of these P450 enzymes was further 

confirmed by specific immunoinhibition of P450 enzymes and by the kinetic characterestics of 

AA metabolism.    

In rat heart, the expression levels of the P450 epoxygenases, CYP2C11 and 

CYP2J3, were comparable to the other organs (Fig. 3.1). It has been previously demonstrated 

that recombinant CYP2J3 produces EETs as a mixture of regioisomers with relative ratios of 

1.5:1:1 of 14,15-, 11,12- and 8,9-EET, respectively (Wu, Chen et al. 1997); while for CYP2C11, 

the corresponding ratios were 1:1:0.5, respectively (Holla, Makita et al. 1999). Compared with 

the regioselectivity of the microsomal incubates, we can conclude that CYP2C11 dominates the 

EET formation in rat heart (Fig. 3.4). In agreement with our conclusion, it has been previously 

reported that CYP2C11 and especially CYP2J3 are highly expressed in rat heart, however, 

CYP2C11 activity is many fold higher than CYP2J3 (Imig 2012). On the other hand, 20-HETE 

formation could be attributed to the constitutive expression of CYP4Fs and/or CYP4AS. 

With respect to rat lungs, CYP2BS, CYP2C11 and CYP2J3 proteins were found to 

be significantly expressed. Lungs produce a mixture of 14,15-, 11,12- and 8,9-EET in a ratio of 

0.8:1:0.5. Therefore, CYP2J3 and CYP2B2 could be excluded due to their different pattern of 

regioselectivity (Capdevila, Karara et al. 1990, Wu, Chen et al. 1997). As aforementioned, 

CYP2C11 has a characteristic feature of producing equal amounts of 14,15- and 11,12-EET. 

For CYP2B1, it produces a mixture of 14,15-, 11,12-, and 8,9-EET in a ratio of 0.8:1:0.7, as 

previously reported (Capdevila, Karara et al. 1990). Regioselectivity suggests that CYP2B1 
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dominates EET formation in the lungs, although CYP2C11 may also play a role (Fig. 3.4). This 

is consistent with an earlier study that showed high CYP2B1 expression in the lungs (Imaoka, 

Hashizume et al. 2005). Concerning HETE formation, it can be catalyzed by CYP4AS and/or 

CYP4F isoforms.  

Rat kidneys express several epoxygenases, CYP2C11, CYP2C23, and CYP2J3, in 

addition to CYP4AS and CYP4Fs as hydroxylases (Fig. 3.1). Kidneys produced EET mixture of 

0.3:1:0.6 corresponding to 14,15-, 11,12- and 8,9-EET, respectively (Fig. 3.4). There is a close 

similarity between the regioselectivity of kidney microsomal fraction and CYP2C23, which 

produces 14,15-, 11,12- and 8,9-EET in a ratio of 0.2:1:0.4 (Holla, Makita et al. 1999). CYP2C24 

which is believed to be an important epoxygenase in the kidneys have a substantially different 

ratio of 1:1:0.4 (Holla, Makita et al. 1999). This suggests that CYP2C23 is the most dominant 

epoxygenase in the kidneys, which is consistent with previously published studies (Imig, Navar 

et al. 1996, Imig 2012). It was previously suggested that CYP4As are the major ω-hydroxylases 

in the kidneys (Ito, Nakamura et al. 2006); therefore, it was expected to have similar 

regioselectivity in the kidneys to what was reported elsewhere for CYP4A2, which is the 

formation of 19- and 20-HETE in a ratio of 1:3.6 (Capdevila, Karara et al. 1990, Helvig, Dishman 

et al. 1998, Nguyen, Wang et al. 1999). However, this ratio does not conform to our results that 

the kidney microsomal fraction produce 19- and 20-HETE in a ratio of 1:12.9, which, on the 

other hand, is close to the reported CYP4A1 19-/20-HETE ratio of 1:12.6 (Fig. 3.4) (Nguyen, 

Wang et al. 1999). Hence, CYP4A1 but not CYP4A2 seems to be the major enzyme contributed 

to the rat renal 19/20-HETE formation. This conclusion is consistent with an earlier study 

demonstrating no inhibitory effect of specific CYP4A2 antisense oligonucleotides on renal 20-

HETE production; whereas specific CYP4A1 antisense oligonucleotides were able to inhibit 20-

HETE production in vivo (Wang, Guan et al. 1999).  
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In rat liver, all epoxygenases, CYP2Bs, CYP2C11, CYP2C23, and CYP2J3, and 

hydroxylases, CYP4A1s and CYP4Fs were highly expressed (Fig. 3.1). Therefore, deriving a 

conclusion regarding the dominant CYP epoxygenases and CYP hydroxylases was difficult. 

However, regioselectivity of liver microsomal incubate was found to be 0.4:1:0.5 for 14,15-, 

11,12-, and 8,9-EET, respectively (Fig. 3.4). From the aforementioned regioselectivity of 

CYP2B1, CYP2C11, and CYP2C23, probably CYP2C23 together with CYP2C11 are the main 

epoxygenases in the liver. In this regard, it was previously reported that CYP2C11 is a major 

epoxygenase in the male rat liver (Imig 2000).  

The statistical analysis that was performed on Km values was in agreement with the 

activity and protein expression of P450. Our conclusion based on regioselectivity was further 

supported by the fact that there are statistical differences in epoxygenation kinetics between 

the four organs. Moreover, these differences were less apparent between kidneys and liver, 

especially for 8,9-EET which did not significantly differ. This could be attributed to CYP2C23 

which is shared between the kidneys and the liver. On the other hand, 19-HETE formation 

kinetics significantly differed between lungs, kidneys, and liver, suggesting the involvement of 

different P450s. 20-HETE formation kinetics did not differ between heart and kidneys, or 

between lungs and liver. Therefore, enzyme kinetics confirm that the dominant epoxygenases 

are CYP2C11, CYP2B1, CYP2C23 and CYP2C23/CYP2C11 for the heart, lungs, kidneys, and 

liver, respectively. Also, the results suggest that CYP4As are the main ω-hydroxylase in the 

heart and kidneys, whereas CYP4A2 and/or CYP4F isoforms are the main ω-hydroxylase 

enzymes in the lungs and liver.In addition, our preliminary immunoinhibition experiments 

suggest that CYP2C11 is the dominant epoxygenase in the heart; whereas CYP2Bs is the 

dominant in lungs. In addition, CYP2C23 and CYP2C23/CYP2C11 are the dominant 

epoxygenases in the kidneys and liver, respectively. On the other hand, CYP4As plays a 

significant role in AA hydroxylation in the kidneys and heart.  
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2. Alterations in Cytochrome P450-Derived Arachidonic Acid Metabolism During 

Pressure Overload-Induced Cardiac Hypertrophy  

In the current study, we constricted the descending aorta to induce compensated 

cardiac hypertrophy in SD rats. Progression of cardiac hypertrophy was gradual over 5 weeks 

as assessed by multiple echocardiography, with no sign of the development of heart failure. 

The absence of systolic heart functions deterioration indicated that the heart was able to 

compensate the pressure overload via cardiac remodeling (Sasayama, Kihara et al. 1999). 

Several cardiac hypertrophic models have been used to examine the alteration in the formation 

rates of some P450-derived AA metabolites (Zordoky, Aboutabl et al. 2008, Aboutabl, Zordoky 

et al. 2009, Zordoky, Anwar-Mohamed et al. 2010, Anwar-Mohamed, El-Sherbeni et al. 2012). 

The cardiac hypertrophy model, the DAC model, used in the current study has several 

advantages over the previously used models; notably, no exogenous agents, such as 

isoproterenol or doxorubicin, were given to induce hypertrophy. These exogenous agents may 

have their own effect on P450-mediated AA metabolism. Moreover, cardiac hypertrophy is 

developed over relatively longer period of time, thus, the DAC model more clearly mimics the 

clinical setting (Patten and Hall-Porter 2009). 

   The alterations in P450-mediated AA metabolism during cardiac hypertrophy were 

determined by measuring the primary oxygenation products of the AA-P450 monoxygenase. 

The cardiac levels and formation rates of 16 metabolites, 4 EETs, 4 DHETs, 3 mid-chain and 5 

terminal and subterminal HETEs, were quantified. Good resolution was obtained by the HPLC 

method used in the current study for the targeted metabolites except the co-elution of 16- and 

17-HETE. 18-HETE standard curve were used to interpret the signals of co-eluted metabolites, 

since standard curves for all HETEs were nearly identical. The instability problem of 5,6-EET 

led to a general notion that 5,6-EET role is underestimated (Nusing, Schweer et al. 2007, 

Kaspera and Totah 2009). Therefore, a previously published method was used to solve this 
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instability problem (Fulton, Falck et al. 1998), thereby, 5,6-EET alteration was accurately 

evaluated for the first time during cardiac hypertrophy. The scope of the current study was 

limited to P450-derived metabolites, therefore, cyclooxygenases and lipoxygenases expression 

and activity were not measured. 

Pressure overload-induced cardiac hypertrophy led to a significant increase in EETs 

levels in the heart tissue. This increase in cardiac EETs levels was also confirmed in vitro by 

measuring their formation and degradation rates by cardiac microsomal and cytosolic fractions, 

respectively. The induction of EETs in hypertrophied hearts was not reported before. In fact, 

isoproterenol-, doxorubicin-, benzo(a)pyrene-, and arsenic-induced cardiac hypertrophy were 

found to decrease EET formation (Zordoky, Aboutabl et al. 2008, Aboutabl, Zordoky et al. 2009, 

Zordoky, Anwar-Mohamed et al. 2010, Anwar-Mohamed, El-Sherbeni et al. 2012). Several 

factors may explain why pressure overload model of cardiac hypertrophy causes an increase in 

EETs levels. First, the stretching of cardiomyocytes by pressure overload itself could directly 

increase EETs levels, since it has been previously reported that shear stress in smooth muscles 

was able to increase the levels of EETs (Huang, Sun et al. 2005, Sun, Yan et al. 2007). Second, 

the longer duration of time needed to develop cardiac hypertrophy in DAC model may alter the 

response on EETs. The previous models developed acute cardiac hypertrophy within hours or 

few days, in contrast, DAC induced cardiac hypertrophy over a longer period of time (several 

weeks). In this context, it has been previously reported that there was an increase in EETs 

plasma levels, and a decrease of sEH activity in patients with chronic cardiovascular disease 

compared to healthy volunteers which is in agreement with our results (Theken, Schuck et al. 

2012). Our results may explain the failure of sEH inhibitors in the prevention or treatment of 

pressure overload-induced cardiac hypertrophy (Morgan, Olzinski et al. 2012), despite the 

success of these inhibitors in acute models of cardiac hypertrophy (Althurwi, Tse et al. 2012, 

Anwar-Mohamed, El-Sherbeni et al. 2012). Evidently, EETs have cardioprotective effects 
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against cardiac hypertrophy (Imig 2012). Therefore, we believe that EETs induction is an 

adaptive response to pressure overload insult.  

With respect to terminal and subterminal HETEs, only the 20-HETE level was found to 

increase in heart tissue during cardiac hypertrophy, whereas, other terminal and subterminal 

HETEs, 16-, 17-, 18- and 19-HETE were undetectable. Also, the formation of 18-HETE was not 

detected in cardiac microsomal incubates, therefore, we can conclude that SD heart tissue does 

not produce substantial amounts of 18-HETE. The formation rate of 16/17-HETE was not altered 

during cardiac hypertrophy, consequently, it is expected that their levels in heart tissue would 

not be altered. For the 19-HETE, there was a significant decrease in its formation rate during 

cardiac hypertrophy, hence, an equivalent decrease in its cardiac level is expected. In summary, 

there was a significant increase in the cardiotoxic 20-HETE and a decrease in its endogenous 

antagonist, 19-HETE, during pressure overload-induced cardiac hypertrophy. The observed 

increase in 20-HETE is in agreement with the previously reported data for cardiac hypertrophy 

regardless of the model of cardiac hypertrophy used (Zordoky, Aboutabl et al. 2008, Alsaad, 

Zordoky et al. 2012, Althurwi, Tse et al. 2012, Anwar-Mohamed, El-Sherbeni et al. 2012)  

Despite the significant increase in the endogenous levels of mid-chain HETEs in heart 

tissue during cardiac hypertrophy, only the increase in 8/12-HETE could be linked to P450 

enzymes. However, the role of P450 in regulating mid-chain HETEs levels in heart tissue 

requires further investigation. It is worth noting that the percent increase in 8/12-HETE level in 

heart tissue was about 1/5 of the percent increase in the formation of 8/12-HETE by heart 

microsomal fraction. To our knowledge, this is the first time to report that pressure overload-

induced cardiac hypertrophy is associated with an increase in the cardiac mid-chain HETEs 

levels. However, several previous studies did report the detrimental role of mid-chain HETEs in 

the development of cardiac hypertrophy and heart failure (Wen, Gu et al. 2001, Wen, Gu et al. 

2003, Jenkins, Cedars et al. 2009, Kayama, Minamino et al. 2009).  
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As aforementioned above, cardiac levels of P450-derived AA metabolites were altered 

during cardiac hypertrophy. Apparently, these metabolites have a role in the pathogenesis and 

progression of cardiac hypertrophy, most probably by inducing inflammation and fibrosis in the 

heart. In fact, inflammation and fibrosis represent key events in cardiac hypertrophy. Evidently, 

the expression of inflammatory markers has been shown to precede any manifestation of 

cardiac hypertrophy (Smeets, Teunissen et al. 2008). Also, several reports demonstrated the 

association between the magnitude of the expression of inflammatory markers and the 

deterioration of heart functions (Bayes-Genis 2007, Frustaci, Verardo et al. 2007, Masiha, 

Sundstrom et al. 2013). Furthermore, the induction and prevention of cardiac hypertrophy were 

reported to be achievable by altering inflammatory mediators in vivo and in vitro (Bozkurt, Kribbs 

et al. 1998, Ha, Li et al. 2005, Smeets, Teunissen et al. 2008, Miguel-Carrasco, Zambrano et 

al. 2010). In contrast to inflammation, fibrosis is not associated with the initial stages of cardiac 

hypertrophy, but involved in the deterioration of heart functions (Conrad, Brooks et al. 1995, 

Nicoletti and Michel 1999). The stiffness of the heart muscles due to fibrosis leads to an increase 

in the relative workload per myocyte, resulting in further damage (Nicoletti and Michel 1999). 

Thereby, progressive deterioration in the heart functions occurs during the transition from 

compensated to decompensated cardiac hypertrophy that eventually leads to heart failure. 

Collectively, we suggest that the increase in cardiac levels of mid-chain and 20-HETEs mediate, 

at least in part, the pathogenesis and the progression of cardiac hypertrophy. In addition, the 

cardiotoxic effects of 20-HETE should be more pronounced due to the decrease in the cardiac 

levels of 19-HETE, which is the endogenous antagonist for 20-HETE (Alonso-Galicia, Falck et 

al. 1999, Zhang, Deng et al. 2005).   

To identify novel targets for the prevention and treatment of cardiac hypertrophy and 

heart failure, we attempted to identify the P450 enzymes involved in the observed alteration in 

P450-mediated AA metabolism. We found previously that EET formation in healthy hearts 
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microsomes reflects the regioselectivity of CYP2C11. In hypertrophied hearts, we found that 

regioselectivity was altered for 14,15-EET:11,12-EET:8,9-EET ratio from 1.20:1.21:1 to 

1.73:1.20:1 during cardiac hypertrophy. CYP2C11 has a characteristic feature of producing 

comparable amounts of 11,12- and 14,15-EET (Capdevila, Falck et al. 2000). Only CYP2J3 and 

CYP2Bs are characterized by the formation of 14,15-EET as the major EETs (Wu, Chen et al. 

1997, Capdevila, Falck et al. 2000). Therefore, it was expected to observe an induction in 

CYP2J3 and/or CYP2Bs expression in hypertrophied hearts. In the current study, CYP2J3 

enzyme was downregulated, while CYP2Bs was induced. Moreover, using non-parametric 

correlation analysis, CYP2Bs expression was significantly associated with EET formation rate. 

These data strongly suggest that the increase in EET formation was mainly due to CYP2Bs 

induction.  

CYP1As, CYP2E1 and CYP4A2 were reported to produce 19-HETE (Falck, Lumin et 

al. 1990, Laethem, Balazy et al. 1993, Capdevila, Falck et al. 2000). In the current study, the 

decrease in 19-HETE was only correlated with CYP4As expression, which may suggest that 

CYP4A is involved in 19-HETE formation. CYP4A subfamily includes three enzymes, CYP4A1 

which hydroxylates AA at C20 mainly (Capdevila, Falck et al. 2000), as well as CYP4A2 and 

CYP4A3 which produce 19-HETE (Nguyen, Wang et al. 1999).  

With respect to mid-chain HETEs, correlation analysis showed that CYP1B1 was 

involved in 8/12-HETE formation, whereas, CYP2J3 was involved in 8/12-HETE degradation. 

The recombinant CYP1B1 catalyzed the formation of 5, 12- and 15-HETEs similar to what has 

been previously reported (Choudhary, Jansson et al. 2004). Hence, CYP1B1 is responsible, in 

part, for 8/12-HETE endogenous formation. For CYP2J3, it has been previously reported that 

CYP2J2 exhibits hydroperoxide isomerase activity and can metabolize 15-HPETE to hepoxilins 

before being transformed to mid-chain HETEs (Chawengsub, Gauthier et al. 2009). Here, we 

reported that the metabolism of 12-HPETE to hepoxilins can also occur via CYP2J2. 



156 
 

Accordingly, one of the beneficial roles of CYP2Js in the heart is mediating the degradation of 

the cardiotoxic 12- and 15-HETE in favor of the formation of the cardioprotective metabolite, 

hepoxilins.          
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3. Characterization of Arachidonic Acid Metabolism by Rat Cytochrome P450 Enzymes 

Recently, P450-derived AA metabolites have been reported to have numerous 

physiological and pathological effects. Therefore, pharmacological modulation of P450-

mediated AA metabolism has great potential for treatment and control of several diseases and 

pathological conditions. In this regard, performing a comparison between the AA-metabolizing 

activities of several P450 would provide important information. In the current study, a simple 

HPLC method was developed and validated for determining the formation of mid-chain, 

subterminal and 20-HETEs and EETs by P450 enzymes. We selected 10 recombinant rat P450 

enzymes from 3 different families including enzymes that have not been studied before, such 

as CYP2D1 and CYP3A1, to be characterized. The AA-metabolizing activities of these enzymes 

were measured and the kinetic profiles of P450 enzymes of the highest activity were 

determined. One interesting finding was the high AA-metabolizing activity of CYP1A1 and 

CYP1A2, consequently, we investigated the involvement of CYP1A1 and CYP1A2 in AA 

metabolism in rat heart, lungs, kidneys and liver. 

Interestingly, P450 enzymes tested in the current study were able to metabolize AA, 

including CYP2C6, CYP2C13, CYP2D1 and CYP3A1 that have never been studied before. In 

several previously published papers, CYP2C6 and CYP2C13 were considered as AA 

epoxygenases (Holla, Makita et al. 1999, Iliff, Jia et al. 2010). However, our results showed that 

CYP2C6, as well as CYP2C13, mainly mediates AA hydroxylation. Despite CYP2C6, CYP2C11 

and CYP2C13 are of the same subfamily, there was substantial variation in their AA-

metabolizing activities; CYP2C6 and CYP2C11 were among the highest, whereas CYP2C13 

was among the lowest. In agreement with our results, it has been reported that CYP2C11 is the 

main epoxygenase in rats (Imig 2012). It mediates AA metabolism to EETs as about 2/3 of total 

metabolites and its regioselectivity was in the order of 11,12-EET≥14,15-EET>8,9-EET>>5,6-

EET (Capdevila, Falck et al. 2000). Also, the observation made by Bylund et al that CYP3A1 
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could mediate mid-chain hydroxylation based on immunoinhibition data was confirmed by our 

results that mid-chain HETEs are the major metabolites for CYP3A1 (Bylund, Kunz et al. 1998). 

In previously published studies, CYP2A1-mediated formation of EETs and 19- and 20-HETEs 

could not be detected, c.f. other CYP2 enzymes, and this is consistent with our finding that 

CYP2A1 has the lowest AA-metabolizing activity among the tested enzymes (Imaoka, 

Hashizume et al. 2005).  

Several P450 enzymes can mediate the metabolism of AA, however the contribution 

of each one of them to overall AA metabolism has to be varied significantly. P450 expression 

and their catalytic activities are the two factors that dictate the contribution of a P450 enzyme 

to AA metabolism in a tissue. With respect to P450 expression, substantial differences have 

been reported between different tissues and organs (Zordoky, Aboutabl et al. 2008). 

Additionally, AA-metabolizing activity demonstrated great variation among P450 enzymes. 

Normally, a highly expressed P450 enzyme with high activity will have a greater contribution to 

AA metabolism than a low expressed or low activity P450 enzyme. Apparently, CYP1As and 

CYP2Cs have a substantial role in AA metabolism, due to their high AA-metabolizing activity. 

Also, it has been reported that CYP1As are constitutively expressed in different rat organs, 

including heart, lungs, kidneys and liver. CYP1As activity is remarkably higher in the liver 

compared with heart, lungs and kidneys (Elsherbiny, El-Kadi et al. 2010). This is in line with our 

results that the liver has the highest formation rate of CYP1As major metabolites, subterminal 

HETEs, while the heart has the lowest. We found that the expression of CYP2Cs to be the 

highest in rat liver followed by rat kidneys, and the lowest in rat heart and lungs. This was in 

agreement with the rate of EET formation, which is the highest in the liver followed by the 

kidneys, then the heart and lungs. Noteworthy, the liver has the highest formation rate of all 

groups of P450-derived AA metabolites, which is consistent with the fact that the liver has the 

highest P450 content among body organs. Being an important P450 metabolizing enzyme in 
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mammals (Martignoni, Groothuis et al. 2006), CYP2E1 has been considered to be a major 

subterminal AA hydroxylase. However, experimentally, CYP2E1 contribution to the constitutive 

formation of subterminal HETEs has been reported to be minor (Laethem, Balazy et al. 1993, 

Capdevila, Falck et al. 2000, Poloyac, Tortorici et al. 2004). This contradiction is explainable by 

our results that CYP2E1 has one of the lowest AA-metabolizing activities among the tested 

P450 enzymes. 

In the current study, CYP1A1-, CYP1A2-, CYP2C6- and CYP2C11-mediated AA 

metabolism has been determined to follow substrate inhibition kinetics. Using this atypical 

model to describe enzyme activity allows more accurate estimation of kinetic parameters values 

(Houston and Kenworthy 2000). The mechanism by which the excess substrate can inhibit the 

activity of an enzyme is not fully elucidated (Lin, Lu et al. 2001). Probably, the decrease in 

enzyme activity can be attributed to reaction products themselves (Lin, Lu et al. 2001). In 

agreement with our results, Xu et al reported that CYP4F1-, and CYP4F4-mediated ω-

hydroxylation of AA follows substrate inhibition kinetics (Xu, Falck et al. 2004). The 

phenomenon of substrate inhibition has been reported to have a regulatory role in several 

metabolic pathways (Reed, Lieb et al. 2010). 

P450-derived AA metabolites have multifaceted roles in the regulation of several 

biological functions. Interestingly, the reported experimental effects of P450 modulations on 

biological systems can be explainable in light of P450 AA metabolizing activities.  Considering 

that EETs and subterminal HETEs are more cytoprotective, whereas mid-chain HETEs and 20-

HETE are more cytotoxic, we can suggest that CYP1A1, CYP1A2 and CYP2C11 play 

cytoprotective roles in biological systems. In this context it has been previously reported that 

the induction of CYP2C11 protects rats from ischemic brain injury (Alkayed, Goyagi et al. 2002, 

Liu and Alkayed 2005), which can be explainable by the predominant role of CYP2Cs in the 

formation of EETs in vivo we found previously. Also, in consistence with our explanation, an 
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increase in blood pressure has been reported in cyp1a1-knockout mice (Agbor, Walsh et al. 

2012). Moreover, cardiac hypertrophy has been reported in aryl hydrocarbon-receptor-knockout 

mice, which show decreased levels of cyp1a1 and cyp1a2 (Lund, Goens et al. 2003). While, 

CYP1A1 and CYP1A2 induction was reported to protect rats from hyperoxic pulmonary toxicity, 

and knocking-out cyp1a1 and cyp1a2 increased pulmonary toxicity in mice (Couroucli, Welty et 

al. 2002, Jiang, Welty et al. 2004). Also, liver fibrosis was reported to be increased in aryl 

hydrocarbon-receptor-knockout mice (Fernandez-Salguero, Pineau et al. 1995, Peterson, 

Hodgson et al. 2000). On the other hand, the observed low AA-metabolizing activity of CYP2E1 

and CYP3A1 can explain at least in part why cyp2e1- and cyp3a-knockout mice did not show 

any physiological abnormalities compared with wild-type mice (Lee, Buters et al. 1996, van 

Herwaarden, Wagenaar et al. 2007). 

In the current study, we determined CYP1As involvement in AA metabolism in the 

microsomes of heart, lungs, kidneys and liver. Because AA metabolism is mediated by several 

P450 enzymes, we preferred to utilize multiple approaches together, in order to make the 

determination of the specific contribution of CYP1As to AA metabolism more reliable. Generally, 

inhibiting CYP1As by α-NF or by anti-CYP1As antibodies, or inducing CYP1As by 3-MC is 

considered valid and selective methods by their own for determining the involvement of CYP1As 

in the metabolism of a compound (Nakajima, Wang et al. 1992, Carlson, Hynes et al. 1998, 

Reid, Kuffel et al. 1999, Kondraganti, Jiang et al. 2008). The effects of chemical inhibition and 

immunoinhibition on AA metabolism were in agreement that CYP1As is a major contributor to 

subterminal HETE formation in vivo as evident by recombinant CYP1A1 and CYP1A2 results. 

Also, the induction of CYP1As levels resulted in a remarkable increase in subterminal HETE 

formation in all organs. Interestingly, even at the constitutive level, CYP1As had a significant 

contribution to subterminal HETE formation in the liver and to a lower extent in the lungs. On 

the other hand, anti-CYP1As antibodies inhibited the formation of all EETs and α-NF inhibited 
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the formation of 14,15-EET in the liver, while the induction of CYP1As led to an inhibition of the 

formation of 11,12-EET in the liver. This may be due to non-selective modulation of P450 

enzymes other than CYP1As. However, we cannot exclude the possibility that CYP1A2 may 

also play a role in the hepatic formation of AA metabolites, other than subterminal HETEs. It is 

well known that CYP1A2 is one of the major P450 in the mammalian liver (Yeung, Shen et al. 

2014).  
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4. Repurposing Resveratrol and Fluconazole to Modulate Human Cytochrome P450-

Mediated Arachidonic Acid Metabolism 

In the current study, we determined the AA-metabolizing activity of 16 recombinant 

human P450 enzymes belong to different P450 families and subfamilies to get a good idea 

about the differences in AA-metabolizing activity among human P450 enzymes. Tested P450 

enzymes were untagged, expressed in the same expression system and previously validated 

for activity studies. Noteworthy, there are P450 enzymes, such as CYP4F11, have been 

reported to metabolize AA at a low rate (Kalsotra, Turman et al. 2004), and they were 

commercially unavailable to us at the time to be included in the current study. Interestingly, 

CYP4 family was collectively the most active P450 family with regard to AA-metabolizing 

activity. CYP4 family is one of the most antique within the P450 enzymes, which implies its 

importance in biological systems (Lewis, Watson et al. 1998). AA-metabolizing activities were 

variable among the tested P450 enzymes; there was a 34-fold difference in AA-metabolizing 

activity between P450 enzyme of the highest activity (CYP2C19) and of the lowest activity 

(CYP3A4). The activity of an enzyme toward a substrate is governed by two factors: the volume 

of the active site, and the amino acids forming the active site. Our results suggest that there is 

an optimum volume for P450 active site to get the highest AA-metabolizing activity. With respect 

to CYP1s, the volume of active site is decreasing from 524 Å3 for CYP1A1, to 469 Å3 for CYP1A2 

and 441 Å3 for CYP1B1 (Walsh, Szklarz et al. 2013), which is correlated with the decreasing 

trend of AA metabolizing activities among CYP1s. CYP2E1 has one of the smallest active site 

volume among P450 enzymes (~ 250Å3) (Miller 2008, Walsh, Szklarz et al. 2013), and it showed 

low AA-metabolizing activity. On the other hand, large active site volume may negatively affect 

AA-metabolizing activity. CYP2C8 has one of the largest active site volumes (~ 1450 Å3) among 

P450 enzymes, and showed low AA-metabolizing activity. The closely related CYP2C19 has 

smaller active site (estimated to be ~850 Å3) as well as CYP2C9, whose active site volume is 
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~1250 Å3 (Williams, Cosme et al. 2003), and this again is correlated with their AA-metabolizing 

activities (CYP2C19>CYP2C9>CYP2C8) (Reynald, Sansen et al. 2012). It has been reported 

that CYP2C8 simultaneously binds to two molecules of retinoic acid, which is structurally similar 

to AA (Schoch, Yano et al. 2008). Therefore, we can insightfully postulate that this unusual 

binding may restrain the AA-metabolizing activity of CYP2C8, compared with the closely related 

CYP2C19 and CYP2C9. This was also true for CYP3A4, whose active site volume is the largest 

among P450 enzymes (~ 1600Å3), and its AA metabolizing activity was the lowest (Lee, Neul 

et al. 2010). Likewise, CYP2J2 has a large active site volume of 1420 Å3, which is comparable 

to CYP3A4 and CYP2C8, but, it has been reported that CYP2J2 active site is narrower than 

CYP3A4 near the heme iron (Lee, Neul et al. 2010); as a result, CYP2J2 showed a higher AA-

metabolizing activity compared with CYP3A4. 

AA is a C20 unsaturated fatty acid that has four double bonds at C5, C8, C11 and C14. 

Oxidation of AA by P450 includes either hydroxylation or epoxidation; hydroxylation, 

theoretically, can occur at any of methinyl, methylene or the terminal methyl groups of AA, 

whereas, epoxidation of AA occurs only at one of its four double bonds. Therefore, AA 

epoxidation depends on steric factors dictating the conformation of AA in the active site, and 

hence, the proximity of any of the double bonds to the ferryl oxygen. Epoxidation is 

thermodynamically favored over hydroxylation at the region of double bonds; it has been 

reported that epoxidation involves a smaller energy barrier (14 kcal/mol) compared with 

hydroxylation (>20 kcal/mol) (de Visser, Ogliaro et al. 2002). Therefore, at the region of the 

double bonds, i.e. mid-chain (C5-C15), AA hydroxylation should occur at a lower rate, compared 

with AA epoxidation (de Visser, Ogliaro et al. 2002), and this was in agreement with our results 

(Fig. 3.20).     

Both the AA-metabolizing activity and the amount expressed in a tissue of each P450 

enzymes, dictate the tissue-specific metabolism of AA. In rats, we previously found that 
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differences in the metabolic and kinetic profiles of AA metabolism by untreated rat liver, kidneys 

lung and heart microsomes can be explained by differences in tissue-specific expression of 

P450 enzymes . In humans, due to their high AA-metabolizing activity, CYP1As, CYP2C19 and 

CYP4s are potentially dominating the P450-mediated AA metabolism. With respect to CYP1As, 

liver has the highest expression of CYP1A2 among human organs, whereas CYP1A1, despite 

it was also detected in the liver (Drahushuk, McGarrigle et al. 1998), is considered mainly an 

extrahepatic enzyme (Androutsopoulos, Tsatsakis et al. 2009). Being the major metabolites of 

recombinant CYP1As, subterminal HETEs and EET formation was significantly reduced by 

CYP1As selective inhibition by α-NF, while Res reduced the formation of subterminal HETEs. 

Similar to CYP1As, previous reports found CYP2C19 is mainly hepatic and no or little 

expression was reported in kidneys (Lasker, Chen et al. 2000, Lash, Putt et al. 2008). In 

agreement, the formation of EETs in kidneys is in a much lower rate than liver, and additionally, 

inhibition of CYP2C19 by Tic or Flu led to wide inhibition in the formation of AA metabolites, 

most importantly the major metabolites of CYP2C19, viz. 8,9- and 14,15-EETs. While, the low 

AA-metabolizing activity of recombinant CYP2B6 and CYP2J2 is in agreement with the weak 

inhibitory effect of their selective inhibitors, Ser and Dan, respectively. With respect to CYP4s, 

their expression in either liver or kidneys is comparable, but no or little expression of CYP4s 

was noted in other tissues (Lasker, Chen et al. 2000, Edson and Rettie 2013). Consistent with 

our findings that CYP4s have the highest AA-metabolizing activity, the formation rate of 19- and 

20-HETE formation was the highest in both human liver and kidneys compared with all other 

P450-derived AA metabolites. Also, the high 20-HETE formation rates of recombinant human 

CYP4 family are consistent with the inhibitory effect of HET0016 on 20-HETE formation. 

Interestingly, the almost complete inhibition of 20-HETE formation by HET0016 could be the 

explanation of the unexpected increase in the formation rates of mid-chain HETEs, namely 5-, 

11-, 12- and 15-HETEs, by HET0016. Blocking CYP4s from mediating the hepatic formation of 

20-HETE, which is the dominant metabolite in the liver, made AA more available to the other 
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still-active P450-enzymes. Consequently, all P450-derived AA metabolites, other than 5,6-EET 

and 9-, 19- and 20-HETEs, showed an increase in their formation rates, which was only 

significant for 5-, 11-, 12- and 15-HETEs. Similarly, there was a significant increase in the 

formation rate of 20-HETE, which was the only observed alteration in liver-mediated AA 

metabolism by PTU. Therefore, we believe that PTU increased 20-HETE formation by activating 

CYP4s through heterotropic cooperativity (Kramer and Tracy 2008). 

Our results show that the addition of the tested clinically-approved drugs induced 

significant alterations in P450-mediated AA metabolism in the liver, comparable to the 

alterations induced by investigational agents in term of magnitude and selectivity. As a result,  

HET0016 and MS-PPOH, which have been used extensively in in vitro and animal studies as 

selective inhibitors for 20-HETE and EET formation, respectively (Miyata, Taniguchi et al. 2001, 

Liu, Li et al. 2011), can be easily replaced with Res and Flu, respectively, in clinical studies. 

The other clinically-approved drugs were either of low inhibitory activity or of low selectivity 

toward AA metabolism. As mentioned above CYP4 family has the major contribution to 19- and 

20-HETE formation in humans. Therefore, we could not initially explain how Res as a CYP1s 

inhibitor significantly decreased the formation of 20-HETE (Chang, Chen et al. 2001). We found 

thereafter that Res does inhibit all of the hepatic CYP4s; however, at low Res concentration, 

Res selectively inhibits CYP4F2 with statistically the same IC50 value determined for Res 

inhibition of liver-mediated 20-HETE formation. Likewise, the IC50 values of Res inhibition of 

liver- and CYP4A11-mediated 19-HETE formation are not significantly different, which is also 

in agreement with recombinant CYP4A11 data. The reported IC50 values for CYP1As inhibition 

by Res are in line with our IC50 values for liver-mediated formation of 16- and 18-HETEs (Chang, 

Chen et al. 2001). For Flu, it inhibits 8,9- and 14,15-EETs and 11-, 12- and 15-HETEs with IC50 

values very similar to the reported IC50 values of Flu inhibition of CYP2C9/19 (Niwa, Shiraga et 

al. 2005). 
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Based on our results, several P450 enzymes can mediate AA-metabolism, and 

therefore the in vivo modulation of P450-mediated AA-metabolism requires highly selective 

P450 inhibitors. Also, it is important to note the substantial loss of selectivity by the increase in 

the concentration of the tested P450 inhibitors, which highlights the importance of identifying 

the optimum doses to retain selectivity. Our simulations show that Res may maintain its 

selectivity and magnitude of inhibition when given to human subjects at a relatively high but 

safe oral dose of 2.5 g daily (Vang, Ahmad et al. 2011). Whereas, for Flu, selectivity and 

magnitude of inhibition may be maintained by low oral dose of 50 mg (Debruyne 1997). Because 

liver has the highest P450 content in the body, it has been reported that hepatic P450-mediated 

AA metabolism controls the systemic levels of P450-derived AA metabolites (Diani-Moore, Ma 

et al. 2014, Schuck, Zha et al. 2014). Elevated levels of 20-HETE has been associated with 

several diseases, especially cardiovascular and renal diseases (Muroya, Fan et al. 2015, Zhao, 

Qi et al. 2015); whereas, elevated levels of EETs has been reported to promote cancer 

progression due to EET-induced angiogenesis (Wang and Dubois 2012).  
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5. Summary and General Conclusions 

In the current work, our ultimate goal was to pave the way for the clinical use of 

pharmacological P450-modulators as new therapeutic modalities, especially for the treatment 

of cardiac hypertrophy. We used rodent model, SD rat, to expand our knowledge on P450-

mediated AA metabolism in different organs, and how it was altered during cardiac hypertrophy.  

First, we provided a comparison of the total P450 epoxygenase and P450 hydroxylase 

activity of microsomes separated from rat heart, lungs, kidneys, and liver. We concluded that AA 

is metabolized to EETs and HETEs in all organs tested, but with varying metabolic activities. We 

found P450 epoxygenase activity in rat heart and lungs to be higher than the P450 hydroxylase 

activity of the same organ; while, P450 hydroxylase activity in rat liver is significantly higher than 

its P450 epoxygenase activity. Similar P450 epoxygenase and hydroxylase activities were found 

in rat kidneys. In light of our results, CYP2C11 may be the predominant epoxygenase in rat heart; 

whereas CYP2Bs may be the predominant in rat lungs. In addition, our data suggest that 

CYP2C23 and CYP2C23/CYP2C11 may be the dominant epoxygenases in rat kidneys and liver, 

respectively. CYP4As are probably the major hydroxylase in rat kidneys and heart. On the other 

hand, CYP4A and/or CYP4F families are probably the dominant ω-hydroxylases in rat liver and 

lungs. Our data showed that different rat tissues can mediate the formation of their own P450-

derived AA metabolites with organ-distinct metabolic and kinetic profiles, indicating that 

developing organ-specific modulators of P450-mediated AA metabolism could be feasible. 

Second, we found that pressure overload-induced cardiac hypertrophy caused several 

alterations in the normal P450-mediated AA metabolic profile. These alterations were 

characterized, which include the significant increase in EETs, and midchain and 20-HETEs 

cardiac levels. We also identified the alterations in P450 enzymes that may lead to the observed 

alteration in P450-mediated AA metabolism. Our conclusions were that in cardiac hypertrophy 
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CYP1B1 may have a detrimental effect on the heart by mediating the formation of the cardiotoxic 

mid-chain HETEs. On the other hand, CYP2Bs, CYP2J3 and CYP4As may play cardioprotective 

roles; our data suggest that CYP2Bs may play a major role in the formation of the cardioprotective 

EETs during cardiac hypertrophy, whereas, CYP4As could mediate the formation of the 

cardioprotective metabolite, 19-HETE. Interestingly, CYP2J3 could mediate the decrease in the 

cardiotoxic mid-chain HETEs levels, and the formation of the cardioprotective hepoxilins, in 

addition to its reported contribution to the formation of cardioprotective metabolite, EETs. 

Therefore, we were able to identify cardiac P450 enzymes that are altered and may significantly 

impact P450-mediated AA metabolism during cardiac hypertrophy in SD rats.   

Third, we found that the individual rat recombinant P450 enzymes to show significant 

differences in AA-metabolizing activity and regioselectivity. Our results suggest that CYP1As and 

CYP2C11 could have beneficial effects, since CYP1As are a predominant subterminal AA-

hydroxylases, while CYP2C11 is a predominant AA epoxygenases. Furthermore, it seems that 

AA metabolism is dominated by relatively small group of P450, and therefore, altering certain 

metabolites by the pharmacological modulation of a single P450 is possible. Our results suggest 

that CYP1A1 and CYP1A2 are of high importance because of their inducibility and their significant 

contribution to AA metabolism. However, further investigation is needed to determine the potential 

beneficial effects of pharmacological modulation of CYP1A1 and CYP1A2 enzymes in vivo. Our 

results link alterations in P450 expression to pathological and physiological changes in tissues 

levels of P450-derived AA metabolites, and thus, could present protein targets for 

pharmacological modulation. 
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Collectively, we were able to identify number of protein and chemical targets that would 

have potentially beneficial effects on cardiac hypertrophy. It was the efforts of my other 

colleagues in our laboratory to validate these potential targets in vivo. Based on our work that 

19-HETE, which is the prominent AA metabolite of CYP2E1, CYP2E1 could have a protective 

effect in cardiac hypertrophy, Elkhatali et al showed that CYP2E1 inducer, isoniazid, protects 

SD rats from angiotensin II-induced cardiac hypertrophy (Elkhatali, El-Sherbeni et al. 2015). 

Also, based on our work that mid-chain HETEs, especially 8/12-HETE, mainly formed by 

CYP1B1 in SD rats, CYP1B1 could have a detrimental effect in cardiac hypertrophy, Maayah 

et al showed that CYP1B1 inhibition by TMS protects SD rats from doxorubicin-induced 

cardiotoxicity (Maayah, Althurwi et al. 2016). Our final efforts were to pose and validate an 

interesting translational concept, which is to repurpose drugs known to cause inhibition of P450-

mediated metabolism of concurrently-administered drugs to control P450-mediated AA 

metabolism. We showed that the utilization of these drugs produced effective and specific 

alteration in P450-mediated AA metabolism by human liver microsomes. Their repurposing may 

provide already clinically-approved new P450-based treatments.  

In conclusion, pharmacological modulation of P450-mediated AA metabolism, similar 

to cyclooxygenase and lipoxygenase-mediated metabolism, could have great potential for 

clinical uses. Recently, soluble epoxide hydrolase inhibitors, which increase EETs levels, have 

been successfully used for prevention and treatment of several diseases and pathological 

conditions (Morisseau and Hammock 2013). Likewise, targeting P450 enzymes to alter P450-

derived AA metabolites starts to be in the focus of biomedical research (Evangelista, Kaspera 

et al. 2013). The advantage of repurposing clinically-approved drugs is that their dosage and 

human safety profile are known. Upon determining which drug is the best candidate as a 

treatment of heart enlargement and heart failure, that drug could be easily introduced to clinical 



170 
 

trials. In this regard, we systematically identified potentially safe doses of Res and Flu to 

modulate P450-mediated AA metabolism in humans. 
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6. Limitations and Pitfalls 

We would like to point out the limitations of the current work. First of all, we used pooled 

microsomes separated from different rat and human organs to study P450-mediated AA 

metabolism in several experiments. Pooled microsomal fractions for each organ were used to 

determine the kinetics, regioselectivity and activity of P450-mediated AA metabolism that 

represent the average rat/human individual; however, it cannot be used to determine the inter-

individual variability in P450-mediated AA metabolism, which was not the scope of our work. 

We recognize that individual animals may differ in their expression levels and/or enzymatic 

activity of P450 enzymes. On the other hand, the inter-individual variability was an important 

aspect to be determined for rats undergone DAC or exposed to 3-MC, therefore, we did not pool 

the microsomes, but we used individually separated microsomes corresponding to individual 

rats. Also, the formation of each EET was determined as EET plus the corresponding DHET, 

and the microsomal incubations were performed without adding sEH inhibitor, since the 

inhibition of sEH may activate the other pathways of EETs degradation (Imig 2012). We would 

like to point out that 5,6-EET has been reported to be slightly unstable in physiological buffer 

and may spontaneously degrade to 5,6-δ-lactone, which may lead to the underestimation of 

P450-mediated 5,6-EET formation activity; therefore, 5,6-EET data shown should be interpreted 

with some degree of caution. To avoid this problem when we measured 5,6-EET in 

hypertrophied hearts, we used previously published method to transform 5,6-δ-lactone to the 

stable 5,6-DHET (Fulton, Falck et al. 1998). In an interesting study by Edpuganti and Mehvar, 

it has been reported that storing fresh tissue even at low temperature, as well as tissue freeze-

thaw, can increase the free concentration of P450-derived AA metabolites in the tissues 

(Edpuganti and Mehvar 2013). Therefore, we acknowledge that our determination of the free 

cardiac levels of P450-derived AA metabolites may be slightly higher than their real in vivo 

levels.    
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7. Future Research Directions 

In the current work, we have extensively studied the metabolizing activity, 

regioselectivity and kinetic profile of AA metabolism by P450 enzymes. Also, we identified new 

promising drug targets in the cascade of P450-mediated AA metabolism, and posed a novel 

strategy based on the repurposing of old drugs to target P450-mediated AA metabolism in 

humans. However, several points still have to be covered, in order to bring new P450-based 

therapeutic modalities a step closer to the clinic, of which the following interesting points:   

1. To investigate the stereoselectivity of AA metabolism by organ-specific microsomes 

and recombinant P450 enzymes. 

2. To investigate the contribution of CYP2Js to hepoxilin formation and mid-chain HETEs 

degradation, and the crosstalk between CYP2Js and lipoxygenases and its role in the 

development of cardiac hypertrophy. 

3. To investigate the effects of tryptophan-derived endogenous aryl hydrocarbon receptor 

agonists, such as 6-formylindolo[3,2-b]carbazole, on the development of cardiac 

hypertrophy, based on our findings that aryl hydrocarbon receptor agonists increase 

19-HETE levels. 

4. To confirm our in vitro predictions with respect to Res and Flu selective effect on 20-

HETE and EETs levels, respectively, clinically by giving human subjects safe doses of 

Res or Flu and measure plasma P450-derived AA metabolites.  

5. To continue screening and identifying old drugs that can be repurposed to target P450-

mediated AA metabolism. 
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6. To investigate the P450-mediated linoleic acid metabolism during cardiac hypertrophy 

and its role in the development of cardiac hypertrophy. 
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Appendix: Supplement Materials 

Table S1. The Formation Rate (pmol/pmol P450/min) of P450-Derived AA Metabolites 

Mediated by Human Recombinant CYP1s, CYP2B6 and CYP2C8 Enzymes. 

 CYP1A1 CYP1A2 CYP1B1 CYP2B6 CYP2C8 

5,6-EET 0.194±0.01 0.988±0.032 0.035±0.001 0.157±0.028 0.08±0.008 

8,9-EET 0.039±0.009 0.232±0.004 0.012±0.003 0.32±0.085 0.011±0.005 

11,12-EET 0.099±0.032 0.76±0.026 0.011±0.001 0.325±0.087 0.522±0.014 

14,15-EET 0.385±0.009 0.976±0.021 0.051±0.026 0.083±0.006 0.415±0.014 

5-HETE 0.076±0.038 0.062±0.001 0.167±0.025 0±0 0.072±0.015 

8-HETE 0.277±0.008 0.085±0.003 0.029±0.006 0.052±0.017 0±0 

9-HETE 0.102±0.004 0.012±0.001 0.023±0.001 0.073±0.06 0±0 

11-HETE 0.523±0.002 0.264±0.005 0.031±0.006 0.088±0.017 0.079±0.003 

12-HETE 0.302±0.008 0.105±0.002 0.016±0.006 0.054±0.025 0.01±0.005 

15-HETE 0.348±0.003 0.082±0.005 0.116±0.003 0.121±0.002 0±0 

16-HETE 1.809±0.082 0.351±0.011 0.064±0.024 0.036±0.002 0.117±0.021 

17-HETE 1.066±0.051 0±0 0±0 0.013±0.009 0.032±0.016 

18-HETE 3.009±0.216 0.106±0.01 0±0 0.045±0.011 0.014±0.008 

19-HETE 6.602±0.512 0.669±0.019 0.041±0.004 0.067±0.012 0.117±0.031 

20-HETE 0±0 0.282±0.009 0.171±0.013 0.088±0 0.01±0.005 
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Table S2. The Formation Rate (pmol/pmol P450/min) of P450-Derived AA Metabolites 

Mediated by Human Recombinant CYP2C9/18/19, CYP2E1 and CYP2J2 Enzymes. 

 CYP2C9 CYP2C18 CYP2C19 CYP2E1 CYP2J2 

5,6-EET 0.108±0.012 0.044±0 1.701±0.045 0.015±0.001 0.034±0.008 

8,9-EET 0.23±0.013 0.011±0.001 5.543±0.029 0±0 0.299±0.022 

11,12-EET 0.13±0.009 0.012±0.001 1.685±0.023 0.029±0.001 0.143±0.01 

14,15-EET 0.404±0.029 0.045±0.003 4.876±0.062 0.12±0.022 0.403±0.059 

5-HETE 0.23±0.018 0.341±0.011 1.034±0.017 0.115±0.057 0.153±0.067 

8-HETE 0±0 0.033±0.002 0.33±0.007 0.019±0.006 0.05±0.022 

9-HETE 0.085±0.006 0±0 0.161±0.004 0.011±0.005 0.031±0.014 

11-HETE 0.15±0.01 0±0 0.143±0.003 0.012±0.004 0.048±0.02 

12-HETE 0.38±0.029 0±0 1.198±0.027 0.018±0.004 0.031±0.015 

15-HETE 0.275±0.02 0.244±0.014 0.399±0.009 0.19±0.014 0.15±0.059 

16-HETE 0.123±0.013 0.044±0.003 0.461±0.009 0.029±0.002 0.121±0.04 

17-HETE 0.021±0.012 0±0 0.307±0.007 0±0 0.076±0.025 

18-HETE 0.114±0.01 0±0 0.621±0.012 0.134±0.004 0.101±0.029 

19-HETE 1.36±0.109 0.014±0.003 11.343±0.227 0.591±0.027 0.472±0.157 

20-HETE 0±0 0±0 0±0 0.131±0.007 0.149±0.053 
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Table S3. The Formation Rate (pmol/pmol P450/min) of P450-Derived AA Metabolites 

Mediated by Human Recombinant CYP3A4 and CYP4s Enzymes. 

 CYP3A4 CYP4A11 CYP4F2 CYP4F3A CYP4F3B CYP4F12 

5,6-EET 0.057±0.011 0.023±0.013 0.05±0.027 0.039±0.002 0±0 0.036±0.002 

8,9-EET 0.023±0.004 0±0 0±0 0±0 0±0 0.009±0.002 

11,12-EET 0.016±0.002 0±0 0±0 0±0 0±0 0.006±0.001 

14,15-EET 0.033±0.005 0.02±0.009 0±0 0±0 0±0 0.059±0.003 

5-HETE 0.089±0 0.148±0.006 0±0 0.344±0.018 0±0 0.309±0.026 

8-HETE 0.014±0.001 0.014±0.005 0.056±0.03 0.029±0.004 0±0 0.033±0.006 

9-HETE 0.015±0.002 0±0 0.055±0.028 0±0 0±0 0±0 

11-HETE 0±0 0.005±0.003 0.055±0.033 0±0 0±0 0±0 

12-HETE 0±0 0.015±0.004 0.056±0.026 0±0 0±0 0.01±0.006 

15-HETE 0.015±0.003 0.173±0.033 0.197±0.104 0.287±0.008 0±0 0.252±0.028 

16-HETE 0±0 0±0 0.033±0.027 0.028±0 0±0 0.03±0.001 

17-HETE 0±0 0±0 0±0 0±0 0±0 0±0 

18-HETE 0±0 0±0 0±0 0±0 0±0 0.048±0.002 

19-HETE 0±0 2.016±0.176 0.233±0.032 0.031±0 0.703±0.06 0.014±0.001 

20-HETE 0±0 7.171±0.517 5.941±0.037 1.058±0.012 16.247±0.45 0±0 

 

 

 

 


