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Abstract
Chronic persistent inflammation plays a significant role in disease pathology of cancer,
cardiovascular disease, and metabolic syndrome (MetS). MetS is a constellation of diseases that
include obesity, diabetes, hypertension, dyslipidemia, hypertriglyceridemia, and
hypercholesterolemia. Nonalcoholic fatty liver disease (NAFLD) is associated with many of the
MetS diseases. These metabolic derangements trigger a persistent inflammatory cascade, which
includes production of lipid autacoids (eicosanoids) that recruit immune cells to the site of injury
and subsequent expression of cytokines and chemokines that amplify the inflammatory response.
In acute inflammation, the transcellular synthesis of antiinflammatory eicosanoids resolve
inflammation, while persistent activation of the autacoid-cytokine-chemokine cascade in
metabolic disease leads to chronic inflammation and accompanying tissue pathology. Many drugs
targeting the eicosanoid pathways have been shown to be effective in the treatment of MetS,
suggesting a common linkage between inflammation, MetS and drug metabolism.The cross-talk
between inflammation and MetS seems apparent because of the growing evidence linking immune
cell activation and metabolic disorders such as insulin resistance, dyslipidemia, and
hypertriglyceridemia. Thus modulation of lipid metabolism through either dietary adjustment or
selective drugs may become a new paradigm in the treatment of metabolic disorders. This review
focuses on the mechanisms linking eicosanoid metabolism to persistent inflammation and altered
lipid and carbohydrate metabolism in MetS.

1. Introduction
Eicosanoids represent a diverse group of bioactive lipids synthesized from polyunsaturated
fatty acids (PUFA) to either proinflammatory omega-6 arachidonic acid (AA) or anti-
inflammatory omega-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Fig
5.1). These eicosanoids are synthesized from two essential fatty acids (FAs), ω-6 linoleic
acid (C18:2n6) and ω-3 linolenic acid (LA) (C18:3n3), by a series of desaturase and
elongase enzymes. Both eicosanoids and FAs are partitioned to different organelles by fatty
acid transport proteins (FATPs), which transport fatty acid-coenzyme A (CoA) (FA-CoA) or
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fatty acid binding protein (FABP) that transports free fatty acid (FFA). The FFA is esterified
by a group of organelles and FA chain-length-selective acyl-CoA synthetase (ACS) and then
incoproation of saturated FA into the sn-1 position or unsaturated FA into sn-2 position of
triacylglycerol (TAG) or phospholipids (PLs) by acyltransferase. These bioactive FAs are
stored in membranes as PLs [e.g. phosphatidylcholine (PC), phosphatidylinositol (PI),
phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylglycerol] or in
the endoplasmic reticulum (ER) or lipid droplets (LDs) as TAG. PLs are polar ionic lipids
composed of 1,2-diacylglycerol and sn-3 phosphodiester bridge that links the glycerol
backbone to usually a nitrogenous base, choline, serine, ethanolamine inositol or glycerol,
while TAG has FAs located at all positions of the glycerol backbone. The release of both
saturated and unsaturated FAs from PL or TAG are performed by a group of phospholipases.
Phospholipidase A1 (PLA1) releases saturated palmitic acid (C16:0) from the sn-1
producing 2-acyl lysophospholipid. Phospholipase A2 releases unsaturated fatty acid (uSFA)
either oleic acid (C18:1n9) or AA from the sn-2 position forming 1-acylphospholipid.
Phospholipase C (PLC) hydrolyzes inositol PLs to yield inositol phosphates and
diacylglycerol (DAG) as secondary messengers, while phospholipase D produces
phosphatidic acid (PA), which is acted upon by PA phosphohydrolase to produce DAG.
Lipid peroxidation of membrane PL uSFAs at the sn-2 is removed by PLA2 producing sn-2-
lysoPL that is reacylated by either arachidonyl-CoA transacylase or by an exchange reaction
catalyzed by lysolecithin:lecithin acyltransferase, which is a major mechanism in membrane
remodeling.

The release of AA, EPA or DHA by PLA2 is the initial rate-limiting step in the synthesis of
bioactive eicosanoids, prostaglandins (PGs), leukotrienes (LTs), and cytochrome P450
metabolites. Although the cyclooxygenase and lipoxygenase (LOX) pathways that produce
prostanoids and LTs, respectively, have profound roles in inflammation and regulation of
metabolism, the cytochrome P450 epoxygenase and FA omega hydroxylase P450 produce
unique eicosanoids that also play a significant role in inflammation and recently, in the
regulation of metabolism. The interrelationship between eicosanoid metabolic enzymes and
drug-metabolizing enzymes is evident from: 1) many of the same transports for drug
metabolites are also used in the trans-cellular synthesis of bioactive eicosanoids, 2)
conjugation of drugs with glutathione for transport and synthesis of LTs conjugate to
glutathione are performed by glutathione-S-transferase as well as glutathione being
necessary for the synthesis of eicosanoids and epoxide hydrolase function in both pathways,
and 3) both thromboxane synthase (TXAS) (CYP5), prostacyclin synthase (CYP8),
epoxygenase CYP2 and FA omega hydrolase (CYP4) cytochrome P450 enzymes participate
in drug metabolism and eicosanoid pathways.

The functional role of eicosanoids in the inflammatory etiology of diseases of metabolic
syndrome (MetS) has been extensively studied in relation to immune cell recruitment and
cytokine, chemokine production and their activation of inflammatory pathways in cancer,
diabetes, and cardiovascular disease (CVD). However, the role of eicosanoids in the
regulation of metabolic pathways of lipid and carbohydrate metabolism in obesity,
hyperlipidemia, hypertriglyceridemia, hypertension, and insulin resistance has only recently
been studied with the use of eicosanoid metabolic enzyme transgenic and global knockout
mouse models. These studies in PLA2, 5-lipooxygenase, and 12/15-LOX pathways and
knockout mice of fatty acid desaturase (FADS) and elongase (Elovl) in the formation of AA
from α-linoleic acid (ALA) have strongly supported eicosanoids as key regulatory
molecules in MetS and the progression of hepatic steatosis to steatohepatitis in nonalcoholic
fatty liver disease (NAFLD). Furthermore, it is uncertain whether these knockout mice will
show alterations in drug-metabolizing enzyme function and regulation. This will be of
particular interest with respect to drugs that target inflammation through inhibition of
eicosanoid metabolism. These same drugs also target key enzymes in intermediary
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metabolism and are metabolized by drug-metabolizing cytochrome P450s. The future
challenges will include construction of floxed tissue-specific knockout animals to study the
role of eicosanoid metabolism in regulation of adipose tissue lipogenesis and lipolysis, in the
regulation of pancreas hyperinsulinemia and β-cell destruction, and in progression of
steatosis to steatohepatitis and fibrosis in NAFLD.

Finally, we can learn much from patients with sepsis, glucocorticoid disorders and MetS in
understanding how eicosanoids link inflammation, drug metabolism and diseases of MetS.
The cardinal signs of acute inflammation of dolar (heat), calor (pain), rubor (redness), and
tumor (edema) are initiated by a cascade of eicosanoid lipid autacoids, cytokines, and
chemokines. Normally, the resolution of inflammation begins with the transcellular
synthesis of antiinflammatory lipoxins (LX) and resolvins between different cell types.
However, in chronic inflammation, the persistent cellular damage by foreign agents
amplifies the inflammatory cascade, which initiates a poorly calibrated immune response
that progresses from a local to a systemic response involving multiple organs, leading to
immune system repression of drug metabolism and deregulation of basic metabolism. This
anomaly is observed in sepsis and septicemia with multiple organ failure, which is the
leading cause of surgical deaths, with a death rate equal to that of myocardial infarction.
Sepsis is characterized by multiple and systemic changes in several organs that lead to
insulin resistance, dyslipidemia, cholestasis, hyperbilirubinemia and vasodilation, vascular
leakage, hypovolemia and coagulopathy. These symptoms are also observed in patients with
Cushing syndrome and individuals with MetS. Recent studies have revealed alterations in
eicosanoid metabolism in septic patients and a downregulation of the major drug-
metabolizing cytochrome P450s such as CYP1, CYP2, and CYP3 families that metabolize
more than 90% of known drugs, thereby making sepsis a challenge to manage from a
therapeutic perspective. It is of interest that CYPs involved in the metabolism of endogenous
lipids and eicosanoids have not been characterized with respect to sepsis and metabolic
alterations.

The purpose of this review is not to recapitulate the several excellent reviews on eicosanoid
metabolism and inflammation but to attempt to link the eicosanoids as pivotal lipid
mediators in the control of inflammation and intermediary and drug metabolism in diseases
such as MetS, dyslipidemia, hypertriglyceridemia, hypertension, insulin resistance and
obesity. We hope that this review will provide insight into the function of eicosanoid
metabolites in the regulatory control of lipid and carbohydrate metabolism in adipose tissue,
pancreas, liver, and cardiovascular system under MetS.

2. Lipid Metabolism in Control of Eicosanoid Synthesis
2.1. Fatty Acid Transporters

The uptake of essential FFAs, ALA, LA occurs through several transport mechanisms that
include caveolins of lipid rafts, FATPs, FABPs, acyl-CoA binding proteins (ACBPs), solute
ligand carriers (SLCs), and fatty acid translocases (FATs/CD36) (Table 5.1). The FATPs
consist of several integral plasma membrane proteins that show both chain-length and
saturation-dependent transport of FFAs (Table 5.1). FATPs have ACS activity and therefore
trap FAs inside the cell. FAT/CD36 is expressed in numerous tissues and facilitates FA
uptake from serum albumin and insertion into membrane with assistance of FABP. Both
FABP and ACBP bind an array of FAs and eicosanoids and function in the intracellular
transport of both FAs and FA-CoAs to different organelles including the nucleus (Makowski
& Hotamisligil, 2004). The SLC proteins are involved in the uptake of particular PG and
other eicosanoids by SLC transporters that have a significant role in the transcellular
synthesis of antiinflammatory eicosanoids during the resolution of inflammation (Fig. 5.1).
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2.1.1. Fatp—The FATP protein family is composed of six members with different
preferences for saturated, branched chain and unsaturated FAs. FATP1 (SLC27A1-
ACSVL4) is expressed in several tissues including adipocytes and is involved in insulin-
induced membrane translocation. Overexpression of this protein increases diacylglyerol
transferase activity, indicating that this transporter channels FAs to TAG synthesis (Watkins,
2008). FATP2 (SLC27A2-ACSVL1) is localized in the peroxisome and ER. This protein is
believed to have a significant role in the synthesis of TAG and PL by trafficking PUFAs into
both phosphatidylcholine (PC) and PI.

FATP3 (SLC27A3-ACSVL3) transports FAs to the microsomes where the FAs associate
with cytosolic LDs involved in neutral lipid storage, an early event in hepatic steatosis
(Poppelreuther et al., 2012). FATP3 accounts for 30% of activated intracellular FAs, and
knockdown of this protein by specific siRNA significantly reduced FA uptake and synthesis
of neutral lipids and LD formation. FATP4 (SLC27A4-ACSVL5) knockdown reduces the
levels of PLS, cholesterol esters and ceramide in the skin leading to keratinocyte
hyperproliferation and hyperkeratosis due to reduced incorporation of very-long-chain ω-
hydroxylated FA into ceramide. FATP4 is associated with several organelles and is
upregulated in obesity and insulin resistance in humans (Gertow et al., 2004). FATP5
(SLC27A5-ACSVL6) is the major liver transporter of bile acids, while FATP6 (SLC27A6-
ACSVL2) is expressed in the placenta and heart. Three FATPs, FATP3, 4, and 6, have a
preference in the transport of AA and their association with the ER indicates that they
channel FAs for PL synthesis.

The uptake of FAs plays a central role in metabolic homeostasis that is controlled between
organs to balance storage with metabolic needs during the fed and fast states. FATPs/
SLC27A1-6 not only mediate the organ-specific uptake of FAs but also functions in the
intracellular partitioning of selective FAs to different subcellular location. The interplay of
organ-specific uptake of FAs is apparent from knockdown of FATP5 and FATP2 in the liver
and white adipose tissue (WAT). Liver-specific knockdown of FATP5 and FATP2 not only
decreases long-chain fatty acid (LCFA) uptake but also prevents diet-induced hepatic
steatosis through lowering hepatic TAG and LD formation, resulting in improved liver
morphology, insulin sensitivity, and glucose homeostasis (Kazantzis & Stahl, 2012).
Similarly, mice with adipocyte-specific knockdown of FATP1 are resistant to diet-induced
diabetes and insulin resistance because of redistribution of LCFA to liver for β-oxidation.
The importance of FATP in human MetS is apparent from polymorphisma in the FATP5
promoter that are strongly associated with liver disease susceptibility (Bu & Mashek, 2010)
and an intron polymorphism of FATP1 that is associated with increased plasma
triglycerides, chylomicrons, and low-density lipoprotein (LDL) particle size. Whether these
polymorphisms influence expression of hepatic FATP5 or adipose FATP1 will have to be
determined.

2.1.2. Fabp—In contrast to FATP acyl-CoA synthetase activity, the 10 FABP proteins and
three ACBP proteins function to distribute acyl-CoA FA between different organelles. There
are two groups of FABPs, the plasma membrane FABPS that associate with CD36 and the
intracellular FABPs. FABPs are named according to the tissue from which they have been
isolated and function as chaperones of FA-CoA to specific organelles. FABPs are involved
in the conversion of FAs to eicosanoids, saturation and transport of LTA4 in transcellular
metabolism during resolution of inflammation, as well the transport of the PUFAs, DHAs
and lysoPLs.

Liver FABPs (L-FABPs) constitute 5% of hepatocyte cytosolic proteins and unlike other
FABPs, L-FABP has two distinct binding sites with different affinities for FAs. The notion
of how L-FABP discriminates between transporting LCFAs for lipoprotein synthesis and
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fatty oxidation implies interaction with other FATPs. L-FABP-null mice have diminished
FA β-oxidation, indicating a major role in LCFA transport to mitochondria (Atshaves et al.,
2010). The intestinal FABP (I-FABP) is expressed in the epithelium of the small intestine
with L-FABP and ileal bile acid binding protein (IL-FABP), with each FABP showing
regional distribution to different segments of the intestine (i.e. L-FABP, proximal; IL-FABP,
distal; and I-FABP, throughout). I-FABP-null mice have an enlarged liver and have weight
gain, which suggests that L-FABP and G-FABPG may compensate for loss of I-FABP. L-
FABP has a unique role in the intestinal synthesis of chylomicrons, which cannot be
replaced by I-FABP. L-FABP seems to function in partitioning LCFA to PL biosynthesis,
while I-FABP functions to partition LCFA to TAG synthesis. I-FABP has been linked to
MetS through a mutation that increases postprandial serum lipids in humans (Furuhashi &
Hotamisligil, 2008).

The heart and skeletal FABPs (H-FABP) function to direct acyl-CoA to mitochondria for
FA β-oxidation. H-FABP-null mice show a switch from FA to glucose oxidation similar to
the metabolic changes in the heart in ischemia, indicating that H-FABP is required for
LCFA transport to maintain mitochondrial FA β-oxidation. H-FABP-null mice also display
alteration in TG and PL with an increase in PA and decrease in AA (C20:4n6) incorporation
in TG and PL. Both H-FABP and L-FABP regulate LCFA oxidation by activating
peroxisome proliferator activated receptor (PPAR)-α. The adipocyte FABP (A-FABP,
FAB4-aP2) transcription is controlled by FA, PPARγ, and insulin. A-FABP binds and
activates hormone-sensitive lipase (HSL). A-FABP-null mice are protected from
atherosclerosis, suggesting a role in MetS. It has been suggested that A-FABP has a central
role in foam cell formation in macrophage through suppression of PPARγ-liver-X-receptor
(LXR)-α activation of ATP-binding cassette (ABCA1)-mediated cholesterol efflux,
induction of inflammatory cytokines, iNOS, and cyclooxygenase 2 (COX 2). The induction
of A-FABP in intestinal epithelial cells by Th2 cytokines, interleukin (IL)-4 and IL13,
mediated through GPR84 increase T and B cell IL4 secretion and links FA transport and
immune response. It will be of interest to determine if the FA receptor (GRP84) and A-
FABP are coordinately regulated during MetS.

Epidermal FABP (E-FABP) has a similar FA affinity and reactivity as adipocyte A-FABP.
Adipocytes E-FABP-null mice have increased insulin-dependent glucose transport in
adipocytes and may function with GPR40 in amplification of glucose-stimulated insulin
secretion (GSIS). E-FABP binds retinoic acid and delivers to PPARβ for nuclear hormone
receptor (NHR) activation (Schug et al., 2007). The skin type keratinocyte K-FABP
functions in brain development where it provides a continuous supply of AA and DHA for
neuron growth and axon development in membrane biogenesis. Brain B-FABP is expressed
in glia of the white matter and strongly binds ω3-PUFA, and B-FABP-null mice have
altered emotional responses typical of schizophrenia. Neuronal FABP (N-FABP) is
expressed in the peripheral nervous system where it maintains the lipid composition of
myelin.

All FABP-knockout mice exhibit an increase in serum FFAs that are associated with
obesity, diabetes and insulin, suggesting that the distribution of FAs to different cells rather
than serum levels initiates MetS. In the A-FABP and E-FABP double knockout mice, serum
FA composition shifts to short-chain FA (SCFA) with an increase insulin-stimulated glucose
uptake, FA oxidation and AMP protein kinase (AMPK) activity. It is likely that serum
saturated fatty acids (SFAs) activate adipocyte GPR41 and stimulate leptin release. Two
other transporters of FAs are the plasma membrane (FABPpm) and FA translocase FAT/
CD36. FABPpm has a unique amino acid sequence, which is identical to that of
mitochondrial aspartate aminotransferase, a serum enzyme used to assess organ damage.
Muscle contraction and AMPK activity increase the translocation of FABPpm to the plasma
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membrane in adipocytes and muscle cells. FAT/CD36 is a scavenger receptor protein with
multiple functions in metabolic diseases, inflammation, and lipid metabolism. Expression of
FAT/CD36 in muscle, adipocytes, and heart is critical for FA oxidation and esterification as
revealed in FAT/CD36 knockout mice where muscle contraction was lost. It has been
proposed that FAT/CD36 interacts with FATP and FABPpm to mediate FA transport across
the lipid bilayer where FABP may facilitate absorption from inner plasma membrane leaflet.
Insulin-Insig signaling pathway increases FAT/CD36 translocation to plasma membrane and
association with FATP. Upon FA binding, FATP translocates to mitochondria and associates
with carnitine palmitoyltransferase (CPT)-I, leading to oxidation of LCFA.

Unlike the close relationship between FATP and long-chain acyl-CoA synthetase (ACSL)
where FATP facilitates FA uptake, while ACSL medicates activation, trapping, and
vectorial acylation, FABP imports and transports FFAs to different organelles. The 10
organ-specific FABPs show difference in ligand selectively, binding affinity, and the
mechanism of ligand binding. Unlike FATPs that solely transport FA-CoAs, FABPs show a
broad range of ligands ranging from LCFA, lysoPLs, heme, and cholesterol. Organ-specific
FABPs are largely overexpressed in both NAFLD and nonalcoholic steatohepatitis (NASH).
Adipocyte FABPa is overexpressed in the liver and found at elevated levels in the serum of
patients with NAFLD (Higuchi et al., 2011; Hoo et al., 2012; Kim, et al., 2011). Knockdown
of A-FABP in Kupffer cells of mice fed a high-fat (HF) diet and administered LPS leads to
resistance to steatohepatitis and hepatic production of proinflammatory cytokines (Higuchi
et al., 2011; Hoo et al., 2012; Kim, Cho, et al., 2011). In human patients with NASH,
visceral adipose A-FABP levels are significantly higher than in subcutaneous adipose tissue,
suggesting that either A-FABP from infiltrating macrophages or visceral adipocytes
predisposes patients to progress from NAFLD to NASH. In patients with NAFLD, the level
of L-FABP strongly correlates with the extent of obesity and levels of hepatic lipid
accumulation (Yoon et al, 2012). The prevention of liver damage in mice fed an HF diet and
administered LPS to induce acute liver injury by treatment with an A-FABP inhibitor
suggests that targeting the adipocyte-monocyte A-FABP may be a novel therapy to prevent
NAFLD progression to NASH (Higuchi et al., 2011).

2.1.3. ACBP-acyl-CoA Binding Protein—ACBPs are multifunctional housekeeping
proteins that show tissue-specific distribution similar to FATPs and FABPs and are
responsive to glucose and insulin signaling. There are four members of ACBP protein,
which all bind C14–C22 acyl-CoA esters with high affinity (Kd = 1 nm) and specificity.
ACBPs inhibit acyl-CoA ester hydrolysis and provide acyl-CoA esters to PL, glycerolipid,
cholesterol ester, and ceramide synthesis. ACBPs prevent acyl-CoA inhibition of several
metabolic enzymes, including acetyl-CoA carboxylase (ACC), ACSL, CPT1, adenine
nucleotide translocator and acyl-CoA: cholesterol acyltransferase. Proteolytic fragments of
ACBP have been shown to inhibit benzodiazepine receptors that are found at high levels in
lymphocytes, macrophages, platelets and granulocytes. Furthermore, ACBPs function in FA
metabolism, steroid synthesis and in the regulation of insulin secretion, cholecystokinin
secretion, inflammation, and apoptosis. There are four ACBPs in humans that have been
extensively characterized: those in liver, testis, brain and recently identified adipose ACBPe
(Ludewig et al., 2011). Recently, additional 10 variant human ACBPs have been identified
and shown to be transcriptionally controlled by sterol regulatory element binding protein 2
(SREBP2), hepatocyte nuclear factor 4α (HNF4α) and NF-κβ that function as central
regulators of cholesterol, glucose metabolism and inflammation (Nitz, Kruse, Klapper, &
Doring, 2011). Because ACBPs have very high affinities for plasma membrane, it has been
proposed that ACBPs are responsible for PL turnover. Depletion of ACBP in cells increases
short-chain unsaturated FA in the membrane PI and PC and reduces SFAs. ACBP has
recently been shown to function in maturation of SREBP through activation of SREBP
cleavage- activating protein in ER and insulin-induced gene (Insig) pathway. It is not known
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whether membrane structure or steroid levels prevent maturation of precursor SREBP.
Additional studies need to be performed to determine if ACBPs are able to transport PUFAs
and possibly eicosanoids (Ludewig et al., 2011).

The role of ACBPs in MetS and NAFLD unlike other FATPs has not been as extensively
studied, even though they distribute FA-acyl-CoA to different organelles and have intrinsic
responsiveness to glucose and insulin. Furthermore, ACBPs are regulated by transcriptional
factors that control fat and glucose metabolism (HNF4α, SREBP) and inflammation (NF-
κβ) and regulate the partitioning of FAs between esterification and β-oxidation pathways
(Nitz et al., 2011). Transgenic mice overexpressing ACBP show increased accumulation of
different lipid classes and increase in liver TAG, suggesting that they have an important role
in hepatic steatosis (Huang et al., 2005). The importance of ACBP in hepatic steatosis is
further revealed in ACBP- knockout mice that show a delayed induction of lipogenic and
cholesterogenic gene pathways due to a decrease in proteolytic processing of SREBP1 and
SREBP2 (Neess et al., 2011). Because ACBP and acyl-CoA levels are similar in cells, it is
not known whether increased acyl-CoA levels would occur in ACBP knockout mice and
lead to increase in peroxisomal, microsomal, and mitochondrial FA oxidation. However,
increased acyl-CoA content correlates with muscle insulin resistance but not liver insulin
resistance, indicating that excess acyl-CoA has tissue-specific effects in the regulation of
metabolism and the prevention of acyl-CoA lipotoxicity Increased acyl-CoA levels have a
dramatic effect on metabolism by covalent and allosteric enzyme modification as well as
transcriptional mechanism dependent on FA or acyl-CoA chain length and degree of
unsaturation. An imbalance in the FA and acyl-CoA pools would also influence β-oxidation
and the synthesis of complex lipids, PLs, cholesterol esters, ceramide, and triglycerides.

2.1.4. Cellular Uptake of FFAs—Macrophages express both A-FABP and E-FABP that
have distinct functions in lipid metabolism (Storch & Thumser, 2010). Macrophage-specific
A-FABP–/–ApoE–/– congenic mice are protected from diet-induced obesity (DIO) and
atherosclerosis (Erbay et al., 2009), possibly through A-FABP-mediated cytokines, which
activate c-Jun-N-terminal kinase (JNK1). JNK1 has been shown to increase expression of A-
FABP, which binds PPARβ and delivers FA ligand to PPARs. FATP and FABP are closely
linked to metabolic inflammatory process through their ability to supply FA to critical lipid
metabolic pathways for TG, PL synthesis, FA oxidation, and recently as transporter of key
LCFA to the nuclear receptor (NR) to modulate both metabolic and inflammatory
transcription pathways. It is rather unfortunate that there are no studies on the role of FATPs
or FABP in eicosanoid transport, although a number of studies have been performed on the
transport of SFAs and uSFAs of different lengths. The expression of similar FABPs in
adipocytes and macrophages indicates a link between the energy needs for inflammation and
the maintenance of metabolic homeostasis where disruption of this balance initiates an
unintended immune response leading to MetS. The development of targeted inhibitors of A-
FABP for LCFA transport, similar to knockout mice, displayed enhanced insulin sensitivity,
reduced hepatic steatosis and atherosclerosis as well as a reduction in obesity-associated
inflammatory cytokines through attenuation of JNK1 activity (Furuhashi et al., 2007). In the
human population, a gene variant of A-FABP gene with reduced function protects against
MetS (Tuncman et al., 2006). Similarly, reduced activity of FATP4 has a beneficial effect in
MetS (Gertow et al., 2004).

2.1.5. ACBP and FABP Fatty Acid Transport to the Nucleus—Several FABPs have
the helix-turn-helix domain critical amino acid residues for protein–protein and protein–
membrane interaction as well as a nuclear localization region that allows FABPs to transport
FAs to nuclear transcription factors. ACBP exerts direct effects on gene regulation through
FA acylation of histone 3, which is dependent on CoA ester and reactivity of cysteine
(Wilson et al., 2011). Many in vitro studies have shown that FABP and ACBP can bind
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NHR, PPARα and HNF4α and elicit a transcriptional response by providing an endogenous
ligand, either LCFA or LCFA-CoA. Fatty acid NHR ligands in the nucleus have high
affinity binding (Kds in nanomolars) for NHRs and the ability to induce conformational
changes in NHRs, resulting in coregulator recruitment to NHRs (Atshaves et al., 2010;
Schroeder et al., 2008). Support for the role of LCFA-CoA as NHR ligand is seen in
peroxisome acyl-CoA oxidase (ACOXI)-null mice with the hyper-activation of PPARα that
leads to very-long-chain fatty acid (VLCFA) and VLCFA-CoA accumulation and increased
FA β-oxidation. In adrenoleukodystrophy patients, VLCFA accumulates in the cytosol and
there is no formation of VLCFA-CoA or hyperactivation of PPARα (Sanders et al., 2006).
PPARα has a high affinity for polyunsaturated LCFAs, LCFA-CoAs and VLCFA-CoAs, but
not saturated LCFAs or VLCFAs (Schroeder et al., 2008).

One controversial issue concerning eicosanoids as in vivo activators of PPAR is whether
micromolar concentrations of PGs, LTs, and cytochrome P450 eicosanoid metabolites for
receptor activation can be reached in the nucleus. The transport of eicosanoids by FABP and
ACBP may be one mechanism to reach these local HNR-activating concentrations. In
contrast to PPARα, HNF4α have high affinity for saturated LCFA and VLCFA acyl-CoA
but not polyunsaturated acyl-CoA, suggesting that FA-CoA chain length and degree of
unsaturation determines whether HNF4α or PPARα will be activated (Hostetler et al.,
2006). FABP binds PUFAs with greater affinity than saturated LCFA and activates PPARα,
while ACBP preferentially binds saturated LCFA and activates HNF4α (Schroeder et al.,
2008). Recently, HNF4α has been shown to bind linoleic acid (C18:2n6); however, receptor
activation was not observed (Yuan, Ta, et al., 2009), suggesting that unsaturated LCFA may
inhibit HNF4α activity. These results also suggest that ACBP selectivity cooperates with
HNF4α, while L-FABP selectively cooperates with PPARα to mediate downstream
coactivator or corepressor association with HNR. Thus saturated LCFA binding to HNF4α
would increase activity and inhibit PPARα transactivation, while polyunsaturated LCFA-
CoA would decrease HNF4α activity and increase FABP-PPARα transactivation. Because
PPARα and HNF4α regulate transcription through a similar direct repeat 1 sequence and
compete for the same coactivators and corepressors, receptor activation would be
determined by saturated or polyunsaturated LCFA ligands, while crosstalk between these
receptors would be determined by FABP/ACBP-mediated coregulator recruitment and
cognate receptor repression (http://www.CISREG.ca/tfe).

Future studies need to address the in vivo role of FABP and ACBP protein in the transport
of eicosanoids to the nucleus by immunohistochemical colocalization of labeled LCFA
ligands, transport protein (FABP, ACBP) and NR (PPAR, HNF4) with receptor-mediated
gene activation. Indeed, transgenic mice overexpressing ACBP fed an HF diet have ACBP-
induced tissue-specific regulated expression of PPARs and SREBP (Oikari et al., 2008). In
contrast, L-FABP gene ablation inhibits PPARα transcription of genes coding for LCFA FA
oxidation (Atshaves et al., 2010).

The large number of FA transporters, FATP, FABP, ACBP, and ACSL, in vectorial
acylation begs the question why there are so many transporters. Fatty acids have multiple
roles in the synthesis of triglycerides, PLs, and eicosanoids, as well as catabolism for energy
production, therefore the selective uptake and channeling to different organelles is essential
for cell survival. The variety of FA cellular transporters function to control uptake of FA
when extracellular FA concentrations are low and to prevent lipid toxicity when
extracellular concentrations are high, thus serving as a thermostat in regulating the metabolic
needs of the cell in a changing environment. A prevalent view is that passive diffusion and
protein-mediated transport contribute to FA uptake. The current concept of FA transport
suggests that carboxylated FAs bind to basic residues of caveolin-1 and partitions into the
plasma membrane and then internally diffuse to lipid rafts before reabsorption. Membrane
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proteins function to absorb FA from extracellular media, modulate transport across
membrane, trap them intracellulary, and channel FAs to organelles dependent on FA chain
length, degree of unsaturation, and metabolic needs.

In recent years, a number of proteins that facilitate FA transport in mammalian cells have
been identified. These proteins include CD36/FAT, FABP, FATPS, and ACBP. Although
these proteins have different tissue expression patterns, subcellular localization, and FA
chain length and unsaturation specificity, each transporter acts independently to modulate
FA transport to cellular needs and prevents marked elevation of free FA concentration that
can lead to lipid toxicity and cell death. It is apparent that the level of cellular CoA and
FABP binding of FFAs is necessary to prevent lipid toxicity.

2.2. Acyl-CoA Synthetase Channeling of FAs
The first step for FAs to be incorporated into cellular PLs is the thioesterification with CoA.
The ACSVL/FATP family of ACSL consists of five members, ACSL 1, 2, 4, 5 and 6 with
ability to channel FA to different organelles (Watkins et al., 2007). ACSL members show
selectivity in the esterification of LCFA depending on degree of unsaturation, with ACSL 3,
4 and 6 showing selectivity toward the thioesterification of arachidonic acid. Gain- and loss-
of-function studies have suggested that individual ACSLs channel FA-CoA to different
organelles. ACSL1 channels oleic acid toward DAG and PL synthesis and away from
cholesterol esterification. ACSL 3 knockdown decreases oleic (C18:1n9) PL incorporation
for very low density lipoprotein (VLDL) synthesis (Yao & Ye, 2008). Knockdown of
ACSL3 in rat hepatocytes significantly decreased the activation of several lipogenic
transcriptional factors, PPARγ, carbohydrate-responsive element binding protein
(ChREBP), SREBPIc and LXRα and their target genes suggesting a role in the control of
hepatic lipogenesis. ACSL3 associates with the membrane structure of LDs, providing
activated FAs for the PC by lysophosphatidylcholine acyltransferase (LPCAT), which
enables growth of PL monolayer to keep up with the expanding core when TAG synthesis is
high. ACSL3 has a marked preference for AA and EPA over other uSFAs. ACSL4 is
predominately expressed in steroidogenic tissues and is localized in peroxisomes and
mitochondria and CoA activates preferentially AA and EPA. ACSL5 is located in the outer
mitochondrial membrane in intestine and liver and uses a wide range of both SFAs and
uSFAs. ACSL5 overexpression in cell increases the incorporation of LCFA into LD for
TAG synthesis (Bu & Mashek, 2010). In addition to different FA preference, tissue
distribution, and organelle location, ACSLs are differentially regulated by pharmacological
inhibitors such thiazolidinedione (TZD).

2.3. Synthesis of Triacylglycerol
Fatty acid transport and channeling have a vital role in the TAG and PL synthesis with
regard to lipid metabolism and eicosanoid synthesis, respectively. The synthesis of TAG is
initiated by the acylation of glycerol-3-phosphate by several glycerol phosphate acyl
transferase (GPAT) isoforms. An extensive review on TAG synthesis has been recently
published and the reader is referred to this article for further information (Coleman &
Mashek, 2011). We will briefly summarize the steps of TAG and PL synthesis to give the
reader a contextual framework to understand their importance in release of eicosanoid
precursors by phospholipase A2 enzymes. There are four GPATs with GPAT1 being the
major GPAT in the liver and has a preference for C16:0. In GPAT(–/–)–/– mice there is a
reduction of palmitic acid at the sn-1 position with an increase in sn-2 AA in PC, PE and PI,
suggesting that the sn-1 FA determines the FA incorporated into sn-2 position. GPAT1
location in the outer mitochondrial membrane competes with CPT1 for FA since over-
expression of GPAT decreases FA β-oxidation while increasing DAG hepatic content.
GPAT also appears to function in the inflammatory response since GPAT1-null mice have
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an increased abundance of proinflammatory cytokines due to an increase in PGE2 and LTB4
resulting from an increase in hepatic and lymphocyte AA pools (Collison et al., 2008;
Karlsson et al., 2009). This is reminiscent of a chronic inflammatory response seen in many
diseases of MetS. GPAT2 is a second mitochondrial isoform but unlike GPAT1 has no FA
preference. GPAT3 is the first ER GPAT and shows a high preference for C12:0–CoA and
is prominently expressed in adipocytes (Kim et al., 2010). GPAT4 is expressed in liver and
adipose tissue. GPAT4-null mice show a 50% decrease in hepatic TAG synthesis and
increased energy expenditure and are resistant to fatty liver (Nagle et al., 2008).

GPAT-generated lysophosphatidic acid (LPA) is converted to PA by different sn-2-
acylglycerol-3-phosphate acyltransferase (AGPAT) located in ER and mitochondria.
AGPAT1 incorporates AA and/or stearic-CoAs into the sn-2 when palmitic acid is in the
sn-1 position. AGPAT2 is expressed in liver, heart and adipocytes and has a role in
adipocyte differentiation since deficiency causes human lipodystrophy. AGPAT3 has high
activity toward acylation of lysophosphoinositol and its overexpression increases PL species
containing PUFAs. Although all AGPAT isoforms incorporate uSFAs in the sn-2 position,
their activities for different lysoPL and type of uSFA remains unclear.

The final step in the synthesis of TAG is the hydrolysis of PA by sn-3-phosphatide
phosphohydrolase (PAP/LP) of the lipin family located in the plasma membrane. Other lipin
members translocate from ER to cytosol to hydrolyze PA formed by AGPAT to produce
DAG that can either be converted to TAG or used for synthesis of PLs by the Kennedy
pathway. There are three members of PAP lipin family that contain a nuclear localization
sequence that interacts with transcription coactivators. Lipin1 interacts with PPARα,
HNF4α, and peroxisome proliferator activated receptor coactivator (PGC)-1α to promote
transcription of FABP4 and cytokine expression (Kim et al., 2010). Lipin1 has the highest
PAP hydrolase activity of all lipins, yet all lipins have similar coactivator activities (Csaki &
Reue, 2010).

PAP hydrolase produces 1, 2-diacylglycerol (DAG) that is converted to TAG by
diacylglycerol acyltransferase 1 or 2 (DGAT1) located in ER, mitochondria and LDs.
Neither DGAT1 nor DGAT2 has a preference for acyl chain length or degree of FA
unsaturation. It is unclear whether these DGATs synthesize different TAGs in LDs or in
VLDL synthesis. However, overexpression of either DGAT increases LD formation and
steatosis, while DGAT1-null mice are resistant to obesity or steatosis when fed an HF diet
(Smith et al., 2000).

The synthesis of DAG from PA by lipin is followed by TAG or PL synthesis. How a cell
determines whether to synthesize TAG or PL seems to depend on the ATP levels, with high
ATP favoring PL synthesis, while low ATP levels favoring increased TAG synthesis (Wu &
Carman, 1994). For PL synthesis, different bases are added to the sn-3 position to produce
PC, PE, PS, and PI. The free AA cell pool is controlled by PLA2-mediated cleavage of sn-2
position of PL to produce a free FA and lysoPL and a CoA-dependent acyltransferase
acylation reaction reincorporates a different uSFA-CoA to reform the PL. In stimulated
cells, PLA2-mediated deacylation is the dominant reaction, while in resting cells, the
reacylation reaction dominates. In stimulated cells, the released AA is used for eicosanoid
synthesis, while the lysoPL is reacylated by lysophospholipid: acyltransferase (LPLAT) a
member of the membrane-bound O- acyltransferase family that uses FA-CoA for
incorporation. The LPLATs that show preference for reacylation of lysoPL include
lysoPC:acyl-CoA acyltransferase 2 and 3 as well as lysoPI:acyl-CoA acyltransferase and
lysophosphatidic acid: acyl-CoA acyltransferase 3. Of particular interest is that the LD
lipase CGI-58 has lysophosphatidic acid:acyltransferase activity has a high preference for
AA (Moessinger et al., 2011; Shindou et al., 2009) PLs are in constant state of remodeling
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through the Land's cycle by the action of PLA2 and lysophospholipid:acyltransfera se
(LPLAT) that use CoA-independent FFAs as substrate. The cellular AA pool is in constant
flux and is determined by PL deacylation by PLA2 and reacylation by lysophospholipid
acyltransferase (LPLAT). Thus there are two biosynthetic pathways for the incorporation of
AA-CoA into PL. The Land's cycle transacylates lysoPL to ensure the proper distribution of
FAs to produce numerous cellular PLs, and the Kennedy pathway for synthesis of lysoPC
from PA incorporates AA-CoA in the sn-2 position by lysoPL-CoA-dependent
acyltransferase (LPLAT).

The products of TAG and PL metabolic pathways affect several cellular signaling pathways
involved in MetS. Increased TAG content in the liver, pancreas and muscle is strongly
correlated with insulin resistance. There are four currently known lipid metabolites that may
account for insulin resistance, FA-CoA, ceramide, DAG and oxidized lipids. Lipid overload
as the cause of insulin resistance is evident from the overexpression of lipoprotein lipase that
increases tissue TAG, DAG, acyl-CoA and ceramide, while inhibition of adipocyte lipolysis
in diabetic patients decreases muscle acyl-CoA and insulin resistance (Bajaj et al., 2005).
The paradox of insulin signaling in insulin resistance is how the phosphorylation of insulin
receptor (IR) substrate-1(IRS-1) increases lipogenesis, but phosphorylation of IRS-2, which
normally inhibits gluconeogenesis by FOXO1 phosphorylation and exclusion from the
nucleus, does not inhibit liver gluconeogenesis (Brown & Goldstein, 2008). It is believed
that a lipid metabolite inhibits IRS-2 phosphorylation of FOXO1 and thus prevents
inhibition of gluconeogenesis. Strong support for lipid metabolites causing insulin resistance
comes from studies of knockout and overexpression of T AG biosynthetic enzymes.
Overexpression of GPAT1 in mice causes an increase in DAG activation of protein kinase C
(PKC)-ε, leading to insulin resistance with no sign of inflammation, indicating a
dissociation of insulin resistance from inflammation (Nagle et al., 2009). In contrast,
GPAT1-null mice have a lower hepatic content of DAG and PKCε activation with a twofold
increase in acyl-CoA and show reduced steatosis and insulin resistance (Li et al., 2010).
Therefore, if DGAT1 activity is associated with insulin resistance through DAG activation
of PKCε and phosphorylation and inhibition of IRS-2, then overexpression of DGAT should
increase insulin resistance. However, overexpression of DGAT1 or DGAT2, which
increased hepatic content of TAG, DAG, ceramide and acyl-CoA, did not show insulin
resistance or inflammation. Thus, it is possible that overexpression of GPAT causes insulin
resistance, while DGAT overexpression protects against insulin resistance, suggesting that
possibly LPA promotes, while PA prevents insulin resistance. Adipose triglyceride lipase
(ATGL)-null mice have increased muscle DAG levels, yet are glucose tolerant and insulin
sensitive, suggesting that PA or DAG protects against insulin resistance.

The tenet that DAG activation of PKCε-mediated serine phosphorylation of IRS-2 causes
insulin resistance is questioned by studies using lipin (phoshatidic acid hydroylase)-null
mice that inhibit the formation of DAG from PA. Mutation of Lipin1 gene in fatty liver
dystrophy (fld) mice leads to lipodystrophy and insulin resistance, while Lipin1
overexpression leads to obesity. In obese human patients, reduced lipin1 levels were found
in insulin-resistant patients. This correlation between high lipin and glucose tolerance and/or
low lipin and insulin resistance was observed in other human studies. LIPIN1
polymorphisms are associated with insulin levels, body mass index (BMI) and risk of MetS,
suggesting that lipid metabolites between GPAT and Lipin may be responsible for MetS
insulin resistance. The numerous PL species produced by the Kennedy pathway and the
Land's cycle PL remodeling pathway may have important roles in diabetes, obesity and
MetS. Unfortunately, the generation of lysophospholipid: CoA acyltransferase (LPCAT)
knockout mice have been lacking except for the recent report of LPCAT3 (lysoPC:acyl-CoA
acyltransferase) liver-null mice that showed increased levels of lysoPC that promote VLDL
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by enhancing microsome transfer protein (MTP) expression and thus hepatic TAG
accumulation. However, whether these mice have insulin resistance was not determined.

2.4. Desaturation of Unsaturated Fatty Acid in Eicosanoid Synthesis
The daily uptake of AA from western diets is calculated to be 0.3–2.0 g/day, while the
intake of linoleic acid C18:2n6 is from 10 to 20 g/day and ALA C18:3n3 intake is between 2
and 5 g/day, indicating that the intracellular AA pool is largely determined by our diet. This
pool of pro-inflammatory n-6 AA can be modified by reducing consumption of ω-6 linoleic
acid and increasing consumption of n-3 linoleic acid. Both, linoleic and ALA are
sequentially desaturated and elongated to produce AA and EPA, respectively (Fig. 5.2). The
human FA desaturases are encoded by three genes, FADS1, FADS2 and FADS3. FADS1
and FADS2 produce longer chain PUFAs by introduction of double bonds between specific
carbons and elongation by Elongase (Elovl) enzymes to produce 20-carbon AA and EPA.
Further metabolism of AA and EPA produces eicosanoids by the PG, LT and cytochrome
P450 pathways.

FADS2 encodes a Δ6-desaturase, which is the first and rate-limiting step in the synthesis of
ω-3 or ω-6 EPA and AA, respectively. Deletion of FADS2 abolishes the synthesis of PUFA
and eicosanoids. FADS1 Δ5 desaturase activity is 10-fold less than that of FADS2 and
produces C20:3 and C20:4 PUFAs that are metabolized to less-active eicosanoids (Fan et al.,
2012). FADS-null mice display reduced intestinal crypt proliferation, immune cell
homeostasis, and heightened sensitivity to inflammation. The inability of FADS1-null mice
to tolerate an intestinal inflammatory challenge is similar to that of the PGE-synthase-null
and COX2-null mice (Nakanishi et al., 2011) where PGE2 has a protective role in the
intestines. FADS3 is a third gene identified in the FADS cluster that displays a unique
expression in other organs different from liver expression of FADS1 and FADS2. Presently,
the substrates for FADS3 have not been identified, although its upregulation during
oxidative stress suggests a role in the prevention of lipotoxicity. FADS1 and FADS2
expression is increased by insulin, while FADS3 expression is mediated by PPARγ (Arbo et
al., 2011; Reardon et al., 2012). There is a strong association of FADS2 gene with plasma
liver enzyme levels, MetS, and type II diabetes mellitus (T2DM) (Chambers et al., 2011;
Sergeant et al., 2012) and a negative association with FADS1. FADS1 and 2, Δ desaturases,
activities require cytochrome b5 and cytochrome b5 reductase that are also used by stearoyl-
CoA desaturase (SCD-1) that converts steric and palmitic acids to oleic and palmitoleic acid,
respectively. Cytochrome b5 also has an important role in the function and activity of
cytochrome P450-mediated drug metabolism since Cyb5-null mice have a 84% decrease in
γ-linolenic (GLA) and 200% increase in alpha-linolenic acid (ALA). Cytochrome b5 and
cytochrome b5 reductase (Cyb5A, Cyb5R3) or oxidoreductase supplies electrons for
desaturase reactions. Cyb5-null mice have impaired desaturation of palmitic and stearic
acids and display lipotrophy with increased cytotoxic effects of SFAs. Both Cyb5A and
Cyb5R3 reductase genes have been linked to obesity and diabetes susceptibility.

2.5. Elongation of PUFA in Eicosanoid Synthesis
The desaturation of linoleic acid (LA) and ALA by FADS2 produces GLA and stearidonic
acids, respectively, which are elongated by elongase 5 (Elovl5). The Elovl family consists of
six members in mouse and humans and carries out substrate-specific elongation of FAs of
different lengths. The unsaturated VLCFA is elongated by ElovI, 3, 6, and elongation of
PUFA is performed by ElovI 2, 4, 5. Elovl1 is involved in membrane modeling and Elovl2
elongates the PUFA, AA, EPA, DHA and docosapentaenoic acid (DPA) and has
overlapping function with Elovl5. Elovl3 is found in brown adipose tissue (BAT) and
Elovl3-null mice have impaired skin barrier function, complete depletion of fat droplets, and
cold intolerance. Elov5 is involved in the elongation C18-C20 unsaturated FAs but not
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PUFA longer than C22 to produce docosapentanoic acid (C22:5n-6). Elovl3 is found in
peroxisomes and produces C24:4n6 and C24:5n3 FAs that are shortened to DPA and DHA.
Elovl5-null mice have decreased elongation of 16:1ω7, and Elovl6-null mice show
decreased elongation of both C16:1n7 and (Green & Olson, 2011). Both AA and DHA
suppress SREBP and its target genes in FA triglyceride synthesis and development of
hepatic steatosis (Moon et al., 2009). Elovl4 is expressed in retina, brain and testes and is
involved in elongation steps required for DHA synthesis (Yu et al., 2012). Elovl5 induces
changes in hepatic FA content and influences multiple pathways in lipid and carbohydrate
metabolism and attenuates hyperglycemia in DIO mice and restores insulin sensitivity.
Elov6 is involved in the elongation of C12-18 saturated FAs and is found in major metabolic
tissues, BAT, WAT, liver and brain. Different single nucleotide polymorphism (SNP) alleles
in the human population that have been correlated with insulin sensitivity in human
(Morcillo et al., 2011). Recently, a seventh Elovl7 has been identified that has a high activity
toward C18:3n-3 (Naganuma et al., 2011). The proper elongation and desaturation of FAs
are essential to maintaining lipid homeostasis since disruption of these processes can lead to
MetS diseases.

2.6. Phospholipase A2 Role in Formation of Bioactive Lipids in MetS
The incorporation of AA into membrane can occur by three mechanisms:(1)
lysophosphatidic acid acyltransferase (LPAAT) synthesis of DAG for PL synthesis through
the Kennedy pathway, (2) the CoA-dependent acylation of DAG-CDP choline by lysoPL
acyltransferase (LPLAT) or the (3) CoA-independent transacylation by head-group-specific
lysophospholipid acyltransferase (LPLAT) of Land's cycle. Membrane lipid PI represents an
important cellular signaling molecule. The release of inositol phosphate by PLC is an
important regulator of metabolism. Phospholipase-A2-mediated release of AA and
lysophosphatidylinositol (lysoPI) also have important roles in both eicosanoid synthesis and
metabolic control. LysoPI can bind LysoPI receptors, while AA can be used for reacylation
of membrane lipids or used for the production of eicosanoids.

There are a number of recent excellent resources on structure, function and therapeutic
modulation of PLA2 (Dennis, Cao, Hsu, Magrioti, & Kokotos, 2011). The multiple functions
of PLA2 in blood stream, gastrointestinal system and intracellular location strongly not only
implicate that these proteins serve as guardians against foreign insults by activation of
inflammation but also suggest that they control basic physiological and metabolic processes.

Therefore the intent of this section is to discuss the role of those PLA2 enzymes in MetS.
There are 30 phospholipase A2 and related enzymes that include the 11 secreted Ca2+-
requiring extracellular PLA2 (sPLA2), the six Ca2+- dependent cytosolic PLA2 (cPLA2) also
known as patatin-like phospholipase domain containing lipase (PNPLA) that function as
either phospholipase or lipase, the nine Ca2+-independent PLA2 (iPLA2), the two lysosomal
PLA2, the four platelet activating factor acetylhydrolases (PAF-AH) that have specificity for
platelet activating factor (PAF) or oxidized PLs, and the adipose-specific PLA2.
Phospholipase A2 can be largely divided into two groups: (1) those that function in immune
response and inflammation such as, cPLA2, PAF-AH, and sPLA2 and (2) those that function
in metabolic disease such as sPLA2, iPLA2, lysosomal, and adipose PLA2.

The secreted family of sPLA2 has 11 members that have antibacterial and antiviral function
as well as a role in diseases with an inflammatory etiology and are often referred to as the
“inflammatory sPLA2”. These secreted sPLA2 function through two independent pathways,
the heparin sulfate proteoglycan (HSPG)-dependent and HSPG-independent pathways, to
release AA for PL. Secreted sPLA2 can bind to cell surface HSPG that internalizes the
enzyme through caveolin-dependent endocytic pathway where it releases AA from internal
anionic PL substrates. In the HSPG-independent pathway, PLA2 binds to bacterial apoptotic
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cells and exosomes anionic PLs, PLE, PLG, PS, and PA to release AA. PLs entering the
digestive tract through food intake or bile acid recycling as PL coated TAG vesicles
hydrolyzed to FAs and lysoPLs by PLA2, subsequently allowing digestion bo TAG by
pancreatic lipase and carboxyl ester lipase for proper intestinal absorption. The sPLA2IB is a
pancreatic enzyme that digests dietary PLs. PLA2IB-null mice are resistant to obesity and
show reduced plasma levels of insulin, leptin and glucose on a diabetogenic diet due to
reduced intestinal absorption of PL and increased FA β-oxidation by PPARα. Thus
inhibition of PLA2IB may be an ideal drug target in the treatment of obesity and diet-
induced diabetes.

The relationship between secreted sPLA2 and atherosclerosis is a major area of research
since PLA2 is able to modify plasma lipoproteins where upon PC hydrolysis it produces
FFA and lysoPC that can trigger vasoactive, chemoactive and proinflammatory conditions
(Rosenson & Gelb, 2009). sPLA2 mediates hydrolysis of LDL to small dense proatherogenic
LDL particles, while hydrolysis of high-density lipoprotein (HDL) reduces cholesterol
efflux from lipid-rich foam cells. Atherosclerotic lesions containing more lysoPC alter apo-
B-100 conformation and promote particle aggregation (Rosenson & Gelb, 2009). Transgenic
sPLA2IIA mice have an increased incidence of atherosclerotic lesions, while macro-phage
sPLA2 exerts a local proatherogenic effect independent of systemic lipoprotein metabolism
(Ghesquiere et al., 2005). A hyperlipidemic HF diet increases sPLA2V expression in aorta
and induces atherosclerosis by assisting in macrophage uptake of LDL particles.
Macrophage sPLA2X is also able to hydrolyze LDL HDL and attenuates cholesterol efflux
from macrophage. PLA2X-null mice show an attenuated accumulation of neutrophils in
ischemic areas of the heart due to reduced production of LTB4, indicating that sPLA2X has a
direct role in neutrophil myocardial injury. It is apparent that sPLA2IIA, sPLA2V and
sPLA2X have a significant role in atherosclerosis and CVD; however, their roles in MetS are
not fully understood.

Increased release of FFAs and LPC from circulating lipoproteins in diabetic individuals by
PLA2V not only increases an individual's risk of CVD but also contributes to MetS. Stress-
induced increases in serum glucocorticoids are evident in MetS patients. In sPLA2X-null
mice, there is an 80% increase in plasma corticosterone levels, resulting in oxysterol
activation of LXRα and macrophage ABCA1 cholesterol efflux transporter. Excessive
glucocorticoids can lead to Cushing-like syndrome and associated lipodystrophy observed in
obese individuals with MetS. Unfortunately, these lipid derangements associated with MetS
have not been investigated in PLA2X-null mice.

The intracellular iPLA2 consists of six calcium-dependent cPLA2 and nine Ca2+-
independent iPLA2 that are expressed in many tissues. The most widely studied are these
PLA2s because they produce a diverse array of functional lipid products in response to
extracellular stimuli. The cytosolic cPLA2 has both phospholipase A2 and
lysophospholipase activity. It is the only PLA2 that shows specificity for PLs containing AA
exclusively. Thus the cytosolic cPLA2 has a pivotal intracellular role in the production of
eicosanoids and a functional role in normal physiological process and the disease pathology.
Cytosolic cPLA2IVA is activated by Ca2+-dependent translocation from the cytosol to the
perinuclear membrane and functionally couples with COX in PGE2 biosynthesis. The
preferred substrate for cPLA2IVA is phosphatidylinositol-4, 5-bisphosphate, which also
fully activates cPLA2IVA. Cytosolic cPLA2IVA-null mice display a number of phenotypes
due to reduced synthesis of eicosanoids in a broad range of tissues. The broad and extensive
pathophysiological role of cPLA2IVA revealed by cPLA2IVA-null mice has been
extensively documented (Murakami et al., 2011).
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Cytosolic cPLA2IVA-null mice are protected from MetS and associated atherosclerosis,
obesity and hepatic steatosis, however its mechanistic role in these diseases has not been
studied extensively. Cytosolic cPLA2IVA is localized on LDs, which are present in all cell
types and consist of a hydrophobic core of TAG and cholesterol esters surrounded by a
monolayer of PLs and cholesterol. Cyotsolic cPLA2IVA phosphorylation by JNK1 and
ceramide kinase increases LD formation, while cPLA2IVA knockdown inhibits LD
formation (Gubern et al., 2008). Cytosolic cPLA2IVA-null mice are protected from
accumulation of LD in adipose tissue and liver (hepatic steatosis) under normal and HF
diets. Thus these mice are refractory to atherosclerosis. Because cPLA2IVA-null mice fed an
HF diet have no difference in serum leptin, resistin, FFA, VLDL, glucose or insulin
compared to the corresponding wild-type mice, it is suggested that cPL2IVA might be an
amenable drug target for NAFLD and other obesity-related diseases. The regulation and
function of other cytosolic cPLA2 isoforms are less well known with respect to substrate
preference and physiological phenotype in disease processes. Cytosolic cPLA2IVB displays
a 1000-fold greater lysophospholipase activity compared with other PLA2 (Ghomashchi et
al., 2010) and associates with mitochondrial membrane phosphoinositide rich in cardiolipin
(CL). Cytosolic cPLA2IVC binds to heart mitochondrial membranes and ER where it is
believed to function in membrane PL remodeling because of its high lysophospholipase and
transacylase activity.

The human Ca2+-independent iPLA2 consists of nine members that are also known as
PNPLA1-9. Patatin is a lipid hydrolase and therefore mammalian PNPLAs have specificity
for diverse substrates, including TAG, PL and retinol esters. More than half of the enzymes
in this family function as lipases rather than phospholipase. Several of the PNPLA members
have important physiological roles in lipid metabolism and energy homeostasis, and thus
MetS.

The classical independent iPLA2VIA also known as PNPLA9 exhibits sn-1
lysophospholipase and transacylase activity and thus functions in membrane remodeling
through the Land's cycle. It has a fundamental role in cell signaling leading to cell
activation, proliferation and migration. Independent iPLA2VIA translocation from cytosol to
membrane is mediated by PKC. In pancreatic β-cells, iPLA2VIA overexpression enhances
glucose-induced AA release and insulin secretion (Ma et al., 2001). Independent iPLA2IVA
functions in the regulation of capacitive Ca+2 entries with calmodulin, which inhibits
iPLA2IVA. Upon Ca+2 depletion, calmodulin dissociates from iPLA2IVA, which generates
lysoPL that opens Ca+2 entry (SOCE) channels with increased Ca2+, which activates
cPLA2IVA-mediated release of AA. Thus cPLA2IVA has an important functional role in
Ca2+ homeostasis and eicosanoid synthesis in vascular contraction and relaxation (Xie et al.,
2010). Disruption of iPLA2IVA in the pancreas impairs insulin secretory response to
glucose, and iPLA2IV-null mice on an HF diet have severe glucose intolerance and
coronary-artery-induced occlusion. Intracellular iPLA2IVA, which hydrolyzes membrane
PLs, induces lethal malignant ventricular tachyarrhythmia and myocyte apoptosis during
acute cardiac ischemia. During apoptosis, cells release FAs and LPC, which are mediated by
caspase 3 cleavage of iPLA2IVA to a more active enzyme. The translocation of iPLA2IVA
during stress conditions to the mitochondria results in loss of mitochondrial PL and release
of cytochrome c and opening of the mitochondrial permeability transition pore.

Independent iPLA2IVA also plays an important role in MetS as revealed not only by
impaired glucose-stimulated insulin secretion in iPLA2IVA-null mice but also by the fact
that these mice show age-related loss of bone mass with increase in bone marrow fat-laden
adipocytes due to alteration in mesenchymal progenitor cells toward adipocytes and
osteocyte lineages (Ramanadham et al., 2008). Overexpression of iPLA2IVA increases TAG
synthesis and LD formation, suggesting that iPLA2IVA provides FAs for TAG synthesis
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from the PL pool and also increases LD formation, thus recycling structural PLs for energy-
generating substrates. Independent iPLA2IVA has multiple roles at different stages of
inflammation by production of lysoPC that attracts neutrophils and monocytes through
lysoPC GPCRs, activation of NADPH oxidase in neutrophils during respiratory burst, and
neutrophil phosphatidylserine (PS) externalization leading to induction of intrinsic apoptotic
pathway (Lei et al., 2010).

Independent iPLA2VIB (PNPLA8) is localized to mitochondria and peroxisome and cleaves
PLs at the sn-1 and sn-2 positions depending on the substrate. Mice null for iPLA2IVB are
lean and resistant to adiposity, fatty liver, hyperlipidemia, and HF-diet-induced insulin
resistance and glucose intolerance (Song et al., 2010); however, these mice display
abdominal lipodystrophy and impaired insulin secretion on an HF diet. In skeletal muscle,
iPLA2VIB-null mice have impaired mitochondrial β-oxidation as reflected by increased
accumulation of long-chain acylcarnitine. In the heart, these knockout mice generate
signaling lipid metabolites that modulate energy storage and utilization in different
metabolic states by remodeling of CL and thus tailoring mitochondrial lipid composition and
metabolism. Knockdown of iPLA2IVB by siRNA reduces cytokine and chemokine
overexpression, while overexpression leads to increased PGE2 production through COX1
activation (Murakami et al., 2011). It is uncertain how reduction in selective eicosanoid
metabolites in iPLA2IVA-null mice relates to the lean phenotype and resistance to MetS.
Data strongly support that iPLA2IVA plays a role in integrating lipid and energy metabolism
and possibly through inefficient coupling of electron transport to energy production
promotes development of MetS.

Both PNPLA2 (ATGL) and PNPLA3 (adiponutrin) enzymes have attracted much interest in
the past few years because of their roles in obesity and MetS. PNPLA2, also known as
ATGL, possesses transacylase with weak PLA2 activity and is recruited to LD during
lipogenesis (Soni et al., 2009). A number of cofactors regulate PNPLA2/ATGL, which was
discussed in an excellent review on ATGL's role in adipose lipolysis (Lass et al., 2011).
PNPLA2-null mice display severe defects in TG hydrolysis leading to lipid accumulation in
WAT and BAT, while overex-pression promotes lipolysis and inhibits DIO. Several SNPs in
PNPLA2 in type II diabetic patients are correlated with reduced plasma FA and TAG.
PNPLA2-null macrophages fail to hydrolyze cellular TAGs, thus decreasing cellular levels
of FAs, but with an accumulation of LDs. This results in decreased cellular ATP production
and impairment of phagocytosis, suggesting that FA must go through a cycle of
esterification and hydrolysis before it can be used for energy production (Ahmadian et al.,
2009). This implies that FATP, FABP or selective ACSL must channel FA to TG or
membrane PL prior to ATGL release and use as an energy substrate. A second TG
hydrolyase is PNPLA3 also named adiponutrin, which is found in adipocytes and induced
by insulin and in steatotic liver of ob/ob mice where it is induced 100-fold by through
LXRα agonist activation of SREBP1 (Huang et al., 2010). PNPLA3 has TAG lipase and
transacylase activities with weak PLA2 activity. PNLA3 gene variants are associated with
hepatic steatosis and liver function in NAFLD (Tian et al., 2010). A point mutation in
PNPLA3 I148M disrupts TAG hydrolytic activity leading to hepatic steatosis (He et al.,
2010). Both PNPLA2 and PNPLA3 are TAG hydrolases that modulate TAG content in
adipocytes and LD formation in liver and are genetically linked to obesity in humans.

The PAF-AH family members are unique acyl hydrolases that catalyze the release of acetate
from the sn-2 position of platelet activity factor (1-0-alkyl-PC). There are four enzymes in
this family that are associated with eicosanoid and possibly MetS. The plasma-type PAF-AH
(PLA2V11A) has attracted much attention recently in regard to a therapeutic target for
atherosclerosis. PAF-AH hydrolyzes acetate or an acyl group up to nine carbons in length
from the sn-2 position of PC or PE producing lysoPAF. PAF-AH is associated with apo-
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B-100 of LDL and HDL where it removes oxidized PC from LDL particles. PAF-AH
expression is dramatically increased after LPS administration in several tissues, including
circulating leukocytes where it might inactivate PAF and oxidized PL to minimize the
pathology of these lipids in sepsis. PAF-AH has a proatherogenic role due to its ability to
generate PLC and oxidize FA that recruit and activate leukocytes and induce apoptosis.
Thus, pharmacological inhibition of PAF-AH may be of importance in the prevention of
atherosclerosis. The intracellular PAF-AH II (PLA2V11B) hydrolyzes sn-2 acyl-chains of up
to five carbons and facilitates transfer of acetyl group of PAF to lysoPAF and ceramide in a
CoA-independent manner through its transacylase activity. PAF-AHII is highly expressed in
liver and kidney where it plays a pivotal role in defense against oxidative stress by
degradation of oxidized PLs in membrane. PAF-AHII-null mice are extremely sensitive to
chemicals that induce oxidative stress and show elevated levels of esterified 8-iso-PGF2α in
the liver. Furthermore, transgenic mice overexpressing PAF-AHII are protected from
ischemic injury (Umemura et al., 2007).

There are two distinct members of the lysosome PLA2 family, aiPLA2 (peroxiredoxin6) and
macrophage lysosomal PLA2 (LPLA2), which are highly homologous to lecithin:cholesterol
acyltransferase. Lysosome aiPLA2-null mice are sensitive to oxidative stress, most likely
due to the absence of the enzyme's glutathione peroxidase activity. LPLA2-null mice show a
marked accumulation of PL in macrophages with features of foam cells and lamellar
inclusion, which is a hallmark of phospholipidosis. Recently, a new adipose-specific PLA2
(AdPLA2) expressed in WAT has been identified. This enzyme exhibits both sn-1 and sn-2
phospholipase activities and releases FA from WAT TG stores (Jaworski et al., 2009).
Adipose specific AdPLA2-null mice have reduced WAT and TAG contents but normal
adipogenesis with increased FA β-oxidation within adipocytes (Jaworski et al., 2009).
AdPLA2-null mice have a higher rate of lipolysis due to a decrease in adipose PGE2 level,
which activates the EP3-coupled Gαi receptor, which counteracts cAMP-stimulated
lipolysis. Thus AdPLA2 plays an important role in supplying AA for PGE2 synthesis in
WAT. Congenic AdPL2-null/ob/ob mice are hyperphagic, yet lean, with increased energy
expenditure, but have ectopic TAG storage and insulin resistance reminiscent of human type
II diabetes. It is believed that AdPLA2 has a dual role in WAT adipogenesis through both
supplying AA for PGE2 synthesis and recruitment of M1 macrophages that induce the
cytokine-chemokine cascade during inflammation.

It is very apparent that the once-thought only role of PLA2 enzymes solely in the initiation
of inflammation needs to be modified because the results of recent studies that implicate the
30 PLA2 family members as important enzymes in supplying bioactive lipids that control
cellular lipid metabolism. However, the cytosolic cPLA2 is the key regulator of AA-
mediated eicosanoid metabolism; both the independent iPLA2 and secreted sPLA2 also
function in the inflammatory process. Many of the PLA2 enzymes exhibit transacylase
activity in addition to phospholipase and lysophospho-lipase activities. Their broad roles in
eicosanoid and intermediary metabolism are evident from their diverse roles in FA
metabolism. Phospholipase A2 enzymes has an important role in membrane PL remodeling,
selective regulation of FA transport proteins (e.g. FABP, ACBP, FATP and ASCL)
channeling to meet the metabolic needs of cells, and the systemic energy needs of the
organism. Alteration of these processes can lead to diseases associated with MetS. The
understanding of the functional role of PLA2 in metabolism in the liver is in its infancy. To
further identify PLA2-generated lipid metabolites and especially eicosanoids' role in
metabolic disease will require a comprehensive proteomic, lipidomic and genomic approach
to provide a metabolomic picture of eicosanoids and their pathways in control of cellular
metabolism. These methods will be of an immense value in the future in our dissection of
eicosanoids' role in metabolism and their permutation in MetS (Sabido et al., 2012).
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3. Metabolism of Eicosanoids in Mets
MetS is a cluster of metabolic and physiological abnormalities that increases an individual's
risk for CVD, type II diabetes, obesity, and NAFLD, which includes symptoms of
hyperglycemia, insulin resistance, hypertension, hypertriglyceridemia, hyperlipidemia, and
hypercholesterolemia. The causes of these abnormalities are currently believed to be
dysfunction in lipid metabolism and persistent subacute inflammation caused by alterations
in lipid signaling networks that link the immune system and metabolism in metabolic
diseases. Although cytokines and chemokines play significant role in the abnormalities of
MetS, bioactive lipids may be the early link between inflammation and MetS since drugs
that target the synthesis of eicosanoids in inflammation have efficacy in the treatment of
MetS. Of equal importance is the observation that dietary ingestion of ω3-PUFAs that
produce less-potent eicosanoids and beneficial resolvins reduces the severity of
inflammation and many symptoms of MetS. Thus, eicosanoids may provide a common link
between inflammation and MetS and targeting selective eicosanoid pathways may provide
unexplored opportunities in the current treatment of not only CVD but also other diseases of
MetS and NAFLD.

Release of AA from PLs (PI, PC, PE, PS, or CL) by the action of specific and selective
PLA2 isoforms can be metabolized by cyclooxygenase, LOX, and cytochrome P450
pathways to produce potent eicosanoids and lipid autacoids. These pathways produce a
variety of bioactive eicosanoids including PGs, thromboxanes (TXs), LTs, LX,
epoxyeicosatetraenoic acid (EET), hydroxyeicosatetraenoic acid (HETE) and isoprostanes
(Fig. 5.2). These eicosanoids elicit their paracrine, autocrine, or intracrine effects through
either specific GPCRs, activation of NHRs transcription factors, or alteration of specific
eicosanoid enzymes directly.

3.1. Synthesis of Prostaglandins in Intermediary Metabolism
PG and TXs are synthesized from two different PG endoperoxide synthase, prostaglandin
endoperoxide H synthase (PGHS)-1 and PGHS2 that catalyze two distinct reactions, a
cyclooxygenase and a peroxidase reactions. COX bisoxygenates arachidonic acid, leading to
two molecules of oxygen being inserted into AA to yield protaglandin peroxidase. The
peroxidase activities of PGHS is performed by a glutathione peroxidase producing PGHS
that is rapidly converted by specific synthase to produce PGD2, PGE2, PGF2α, prostacyclin
(PGI2), or TXA2. There are two different PGHS (PGHS1 and PGHS2) with different
cyclooxygenase activities (COX1, COX2) and different substrate specificities and patterns
of regulation. High concentration of palmitic acid in obesity and T2DM stimulates the
inflammatory PGHS2 and inhibits the constitutive PGHS1. Cyclooxygenase activity is by
two COX monomers, one an allosteric activator site that binds heme and the other a catalytic
site. COX activity is regulated by different FAs that elicit a stimulatory or inhibitory effect
on AA oxygenation, depending on the FA and PGHS isoforms. Many COX inhibitors that
include nonsteroidal anti-inflammatory drugs (NSAID) inhibit both COX1 and COX2, while
Coxibs drugs show selectivity in inhibition of COX2. Many of the COX inhibitors are
metabolized by cytochrome P450s CYP2C subfamily members. It is also of interest that
antiinflammatory ω3-PUFAs are poor substrates for COX isoforms with EPA not being
metabolized by COX1 and only weakly metabolized by COX2 (Smith et al., 2011). Thus the
differential regulation of COX1 and COX2 activities by saturated SFAs and uSFAs can lead
to production of pro- or antiinflammatory eicosanoids. Biologically active 2-series
prostanoids are produced in the presence of palmitic acid by COX2, while antiinflammatory
eicosanoids would be produced by COX2 or diverted to LOX pathway to produce less-
potent LTs. Thus the high consumption of ω-6 linoleic acid seen in a Western diet would
produce pro-inflammatory prostanoids and endocannabinoids such as anandamide and 2-
acylglycerol.
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It is rather surprising that the metabolic phenotypes of COX1 and COX2-null mice have not
been completely characterized thus leaving a void in our understanding of prostanoids in the
control of intermediary metabolism in MetS. This is especially surprising considering that
PGE2 has a pivotal role in adipocyte differentiation and adipogenesis. Of equal importance
is the different roles of COX1 and COX2 in the production of different prostanoids, with
COX1 coupled with synthesis of TXA2, PGF2α and PGE2 production, and COX2
preferentially channeling to PGI2 and PGE2 synthesis (Smith et al., 2011). This selective
channeling is evident in inflammation since COX1- and COX2-null mice have different
responses in inflammation with COX1-null showing an attenuated response to AA-induced
ear edema, while COX2-null mice having a similar response as wild-type mice. COX2 has a
major role in acute and chronic inflammation as well as in the resolution phase of
inflammation where antiinflammatory PGD2 and 15-deoxyPGJ2 levels increase, while
proinflammatory PGE2 levels drop. The role of COX2 in atherosclerosis is uncertain since
COX1-null mice have a marked reduction of lesion development in the apoE lipoprotein
(APOE)-null mice (McClelland et al., 2009), while COX2 PGI2 in PGI2 receptor knockout
mice show early development of atherosclerosis in hyperlipidemic mice.

The different profile of prostanoids produced by COX1 and COX2 is largely determined by
which COX isozyme is expressed in the cells and under what condition. This is clearly
evident in normal macrophages that produce equal amounts TXA2 and PGE2, but upon
activation, the level of PGE2 dramatically increases. PGE2 is the most abundant prostanoid
synthsized from PGH2 by cytosolic PGE-1 synthase (PGES1) and microsomal PGES1
(mPEGS-1) or PGES2 that requires reduced glutathione (GSH) for its activity Like COX2,
microsomal PEGS is induced by cytokines and growth factors and is inhibited by
glucocorticoids. PGE2 is involved in three of five cardinal signs of inflammation: rubor
(redness), tumor (swelling), dolar (pain), calor (heat), and function laesa (loss of function).
In inflammatory model of angiogenesis, mPGES-1-null mice show reduced vascular
endothelial growth factor (VEGF), suggesting that PGE2 and VEGF cooperate in
angiogenesis. PGE2 is actively transported from cell by multidrug resistance protein 4
(MRP4), and binds locally to one of four cognate receptors (EP1-EP4) (Jania et al., 2009).
Both EP3 and EP4 are widely expressed in most tissues, therefore the interpretation of EP4-
null mice phenotype are difficult to reconcile without the generation of tissue-specific
knockout mice.

PGI2 is the most important cardiovascular prostanoid produced by vascular endothelial and
vascular smooth muscle (VSM) cells. Prostacyclin synthase is a member of the cytochrome
P450 family (CYP8A1), which colocalizes with COX1, yet COX2 is the predominate source
of PGI2. Endothelial PGI2 relaxes VSMC and inhibits platelet aggregation, before it is
inactivated to 6-keto PGF2α. PGI2 possibly mediates some of its effects through activation
of PPARβ, similar to PPARγ activation by 15-deoxyPGD2. PGI2 receptor IP-null mice
show accelerated atherogenesis with increased platelet activation and enhanced leukocyte
attachment to the vessel in ApoE-null mice (Kobayashi et al., 2004). T cells in adipose
tissue are believed to have a significant role in obesity-induced inflammation by modifying
adipose tissue macrophage (ATM) numbers and macrophage phenotype to M1 macrophages
that secrete pro-inflammatory tumor necrosis factor (TNF)-α and IL1. CD4+ Th1 cells
produce inflammatory cytokines, the Th2 cells produce anti-inflammatory cytokines, and
regulatory T-cells secrete anti-inflammatory signals that inhibit macrophage migration and
induce M2-like macrophage differentiation. Thus PGE2 promotes macrophage
differentiation of monocytes to the M1 macrophages and Th1 T cell phenotype, while PGI2
promotes production of M2 antiinflammatory macrophages and Th2 cells.

PGD2 is the major prostanoid synthesized in peripheral tissues by the cytosolic lipocalin-
type PGD synthase (L-PGDS) found in mast cells, leukocytes and Th2 cells. PGD2 is further
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metabolized to PGF2α and a series of cyclopentanone PGs, PGJ2Δ12, and 15-PGJ2. PGD2 is
the predominate prostanoid in activated mast cells and appears to mediate its
proinflammatory effects through DP1 and DP2 GPCRs. PGD synthase is a member of the
commonly known drug metabolizing enzyme glutathione-S-transferase family (α, μ, and π
classes) that have the ability to convert PGH2 to a mixture PGD2, PGE2, and PGF2α in the
presence of GSH. The PG synthase enzyme glutathione-S-transferase activity most likely
complements the glutathione per-oxidase activity of COX enzymes, suggesting a close
relationship between drug and eicosanoid metabolism. This suggests a potential source of
adverse drug toxicity when glutathione levels are depleted in oxidative stress, which can
lead to reduced export of toxic drugs and inhibition of prostanoid synthesis.

PGF synthase produces PGF2α that activates PGF2α FP receptor GPCR coupled to Gα(q/
11), leading to elevation of intracellular calcium mobilization. PGF2α can be metabolized to
the major plasma metabolite 15-keto dihydroPGF2α by members of the aldol-reductase
family. The aldo-keto reductase (AKR) families are widely distributed, consisting of 15
families that metabolize aldehydes, steroids, monosaccharides, aromatic hydrocarbons and
prostanoids in the presence of NADPH. A recent study identified that AKR1B7 has a
significant role in the detoxification of lipid peroxidation malondialdehyde (MDA), which
functions as a chemotactic agent in attracting macrophages and neutrophils to sites of injury
(Ge et al., 2011). Surprisingly, adenovirus overexpression of AKR1B7 in liver of diabetic
db/db mice lowered blood glucose, hepatic gluconeogenesis, hepatic TAG, and cholesterol.
Thus AKRs have dual roles in prostanoid metabolism and intermediary lipid and
carbohydrate metabolism. In addition, functional coupling of COX2 and AKR1B7 to
produce PGF2α has been demonstrated in HEK 293 cells. Thromoboxane B2 (TXB2) is
synthesized in platelets by COX1 as TXA2, which is nonenzymatically degraded to TXB2
with the parallel production of MDA and 12-hydroxyeicosatrienoic acid (12-HHT). TXA2
signal through the thromboxane TP receptor coupled to Gq, G12/13, and other G proteins to
influence Rho GEF, adenylate cyclase and PLC that mediate platelet aggregation, adhesion,
VSMC contraction, and proliferation during inflammation. Several other eicosanoids
including isoprostanes, produced by oxidation of prostanoids and HETEs are potent agonists
of T P, while EETs produced by cytochrome P450 epoxygenase are potent antagonists
(Behm et al., 2009). TXs are synthesized by TX synthase, a member of the cytochrome P450
family identified as CYP5.

It is apparent that prostanoids can either promote or attenuate acute inflammation through
channeling of PGH2 from either COX1 or COX2 to different synthase. Therefore, it is
unknown how and why some drugs, that target the prostanoid pathway, are so effective in
the treatment of inflammation, CVD, colorectal cancer, asthma, arthritis and thrombosis, but
ineffective against the progression of these diseases. Inhibition of one key downstream
pathway would have two benefits with regard to drug development in the treatment of
inflammatory and metabolic disease. Blockage of the synthesis of proinflammatory
prostanoids would inhibit the amplification of the lipid autacoid-cytokine-chemokine
cascade and divert the prostanoid substrates through other pathways and thus reduce the
probability of toxicity. This tenet is seen in aspirin inhibition of platelet COX1 -derived
TXA2 that amplifies platelet aggregation, while aspirin inhibits amplification and persistent
activation of platelet aggregation. Targeting the eicosanoid pathway in the treatment of
metabolic disease may offer similar benefits of reduced toxicity and attenuation of sustained
activation and amplification of disease pathways. Presently, we do not completely
understand the role of prostanoids synthesis in the progression of obesity, fatty liver, and
diabetes, unlike our detailed understanding of eicosanoid metabolism, in the inflammatory
etiology of CVD disease. With regard to prostanoid metabolism, few studies have explored
the role of these pathways in obesity and fatty liver disease, which is rather perplexing given
the rapid induction of COX2 by peroxides, oxidant stress, NF-κβ cytokines (TNFα,
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transforming growth factor (TGF)-β1) and chemokines (IL1β, IL6) through activation of
lipid autacoid-cytokine-chemokine cascade. COX2 inhibitors Celecoxib and NA-398
inhibited the progression of NAFLD. (Yu et al., 2006). Furthermore, a recent study has
provided evidence that drugs targetting eicosanoid metabolism may be effective in the
treatment of MetS. Aspirin that targets COX enzymes also has the ability to activate AMPK,
the pivotal enzyme in the integration of carbohydrate and lipid metabolism (Hawley et al.,
2012). Activation of AMPK inhibits ACC, the rate-limiting enzyme in lipogenesis, and
activates FA oxidation. Similarly, niacin, a precursor to NADH and NADPH used in the
treatment of MetS dyslipidemia induces COX1 -dependent PGD2 and PGE2 and COX2-
dependent PGE2 production, which causes vasodilation. Thus there is a grave need to
explore the prostanoid biosynthetic pathway in obesity, fatty liver, and diabetes with regard
to alterations in intermediary metabolism in MetS.

3.1.1. Leukotrienes Synthesis in Intermediary Metabolism—LTs, LX,
hydroperoxyeicosatetraenoic acid (HPETE), and eoxins are synthesized by 5-, 12-, and 15-
LOX that lipoxygenate AA by adding molecular oxygen to form 5-, 12-, or 15-HPETEs,
respectively. 5-HPETE is further metabolized by 5-LOX to LTA4, which can be
metabolized to LTB4 or the glutathione containing slow-reacting substances of anaphylaxis
(LTC4, LTD4, LTE4). 12-LOX produces 12-HETE and 15-LOX produces 15-HETE. LXA4
and LXB4 are produced through transcellular metabolism and have antiinflammatory
properties during the resolution of inflammation.

5-LOX is primarily expressed in hematopoietic cells, such as leukocytes, mast cells,
dendritic cells, and lymphocytes and its expression is induced by growth factors and
cytokines (Haeggstrom & Funk, 2011). 5-LOX activity requires Ca2+ and PC and its activity
is induced by FA hydroperoxides that are controlled by glutathione peroxide, thus linking
LT synthesis and prostanoid synthesis. 5-LOX activity is regulated by serine
phosphorylation by MAPK2, ERK2, and protein kinase A (PKA). Both MAPK2 and ERK2
phosphorylation of 5-LOX induces its translocation to the nucleus, while PKA-mediated
phosphorylation inhibits its translocation. For optimal activity, 5-LOX binds 5-lipoxygenase
activating protein (FLAP), which stimulates AA utilization and activity to produce LTA4.
LTA4 hydrolase is widely expressed in most tissues unlike 5-LOX, which is restricted to
hematopoietic cells. LTA4 hydrolase is a bifunctional enzyme having epoxide hydrolase
activity and aminopeptidase activity. LTA4 inhibits LTA4 hydrolase activity, but not its
aminopeptidase activity. During tissue damage, collagen of the extracellular matrix is
broken down to produce the highly chemotactic tripeptide (proline-glycine-proline), which
is inactivated by the aminopeptidase activity of LTA4 hydrolase. (Haeggstrom & Funk,
2011). Thus LTA4 inhibits the synthesis of pro-inflammatory LTB4 by blocking LTA4
hydrolase activity without inhibiting the aminopeptidase activity of LTA4 hydrolase.

Presently, we do not know the importance of eicosanoid metabolism and the role of
prostanoids, LTs and cytochrome P450 (CYP) AA metabolites in the initiation and
progression of MetS and their importance in NAFLD, obesity and insulin resistance.
However, several recent studies pointed toward the role of LOX pathways in fatty liver
disease based on: (1) the aberrant expression of Alox5 gene in liver during the progression
of chronic liver disease (Titos et al., 2010), (2) the protection against hepatic steatosis by
administration of 5-LOX inhibitors (Lopez-Parra et al., 2008), and (3) protection against
liver inflammation and fibrosis by coadministration of 5-LOX and COX2 inhibitors
(Horrillo et al., 2007). In addition, several recent studies have used LOX knockout mice to
explore the role of LT metabolites in the control of lipid metabolism and inflammation in
liver disease.
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The Alox5 gene is highly expressed in several models of liver diseases (El-Swefy &
Hassanen, 2009; Lopez-Parra et al., 2008; Titos et al., 2010). Alox5-null mice show a lower
degree of hepatic steatosis that a differential regulation of lipid metabolism genes, including
the lipogenic factors, Lipin1, c/EBP, Fasn, Acly, and Elovl6 (Titos et al., 2010). The
mechanisms by which 5-LOX metabolites initiate liver dysfunction and damage have not
been completely identified. It is known that 5-LOX metabolites induce NF-κβ, which
increases the expression of proinflammatory cytokines and chemokines (MCP-1, IL1, IL6,
and IL8) and cell survival (TNFα). The prevention of steatosis in Alox5-null mice is due to
downregulation of FA synthase and ATP-citrate lyase as well as other lipogenic genes and
inhibition of microsomal triglyceride transfer protein (MTP), VLDL-TG, and apolipoprotein
B secretion (Horrillo et al., 2010). Thus in hepatic steatosis and steatohepatitis, 5-LOX
increases lipogenesis and inhibits TAG transport leading to accumulation of TAGs in the
liver (Martinez-Clemente et al., 2010). Although 5-LOX-generated LTB4 has a pivotal role
in inflammatory chemotaxis and the progression of steatosis to steatohepatitis, it is unknown
whether LTB4 has a role in the initiation of hepatic steatosis. LTB4 receptor1 (BLT1)-null
mice are resistant to HF-diet-induced obesity and insulin resistance. This is due to reduced
accumulation of M1 ATMs and increase in adipose M2 ATMs that prevent lipolysis but
promote hepatic triglyceride accumulation and liver insulin resistance (Spite et al., 2011). It
is unknown whether BLT2 highly expressed in the liver also has a role in hepatic steatosis.

Although 5-LOX LTB4 appears to be the most relevant metabolite in hepatic inflammation,
the cysteine LTs have a significant role in inflammation and hepatocyte survival (LTC4,
LTE4) and stellate cell activation (LTD4) (Martinez-Clemente, Ferre, Gonzalez-Periz, et al.,
2010; Titos et al., 2010). LTC4 synthase is the committing step in cys-LT synthesis through
the conjugation of LTA4 with glutathione. LTC4 synthase is a member of the microsomal
GSH transferase (MGST) family of proteins that have LTC4 synthase activity and
peroxidase activity toward hydroperoxides (Haeggstrom & Funk, 2011). LTC4 is
sequentially metabolized by γ-glutamyl transpeptidase to produce LTD4 (cys–gly), and
peptidase to produce LTE4. The cysteinyl LTs increase vascular permeability and plasma
leakage of vessels leading to edema. There are no studies on the role cysLT has in either
MetS or NAFLD. Even though LTA4 hydrolase-null mice have been generated, but the role
of LTA4 deficiency in fatty liver, obesity, or metabolic disease has not been reported.

There are two forms of 12-LOX, platelet and leukocyte forms in mice. In humans, the 12-
LOX and human reticulocyte 15-LOX isoform produce similar products and are often
referred to as 12/15-LOX. Because of species difference in expression, such as mice
expressing the 12-LOX but not 15-LOX, it is difficult to interpret the results of animal
studies to humans. The human 12/15-LOX produces a series of important lipid mediators,
including 12-HPETE and 15-HPETE, that are further metabolized to 12-HETE and 15-
HETE, respectively (Dobrian et al., 2010). The 12/15-LOX also oxygenates linoleic acid
(C18:2n6) to produce 9-hydroxyocta-decadienoic acid (HODE) and 13-HODE, as well as
hydroxylating FAs esterified in PLs. Also, 9-HODE and 13-HODE are able to activate the
tolllike receptor (TLR)-4 in macrophages, and 12/15-LOX metabolites induce production of
pro-inflammatory cytokines and chemokines, such as MCP-1, IL6, IL8 and TNFα. The
12/15-LOX-generated hydroperoxides can also serve as precursors in the formation of
secondary lipid mediators called LX, hepoxilins (HX), and trioxlins, and antiinflammatory
lipid mediators from ω3-PUFA known as resolvins and protectins (Spite et al., 2011) (Fig.
5.3).

HX are formed from 12-LOX, 12-HPETE through an intramolecular rearrangement of –
OOH group to form a hydroxyl group at C8 (HXA3), C10 (HXB3) by a putative isomerase
or an epoxide at the 11,12 position by epoxide hydrolase to form three-hydroxyl-group-
inactive metabolites called trioxilins. HX are early signals of inflammation while the 15-
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LOX-pathway-produced LX (LXA4 and LXB4) have both anti-inflammatory resolving
abilities (Spite et al., 2011). The formation of LX begins with 15-HETE that is converted to
LXA4 by 5-LOX through transcellular biosynthesis. It is significant that aspirin acetylation
of COX2 inhibits COX2 from producing PGH2, but COX2 retains oxygenase activity to
produce 15(S) HETE that can be converted to antiinflammatory LX. Over expression of
12/15-LOX in the endothelium increases atherosclerotic plaques, while overexpression in
macrophages protects against atherosclerosis in mice. Further perpetuating atherogenesis is
angiotensin II that upregulates 12/15-LOX expression in macrophages and endothelium
leading to vasoconstriction. It has been reported that polymorphism in the Alox12 gene is
associated with subclinical atherosclerosis and serves as a biomarker of disease in families
with type II diabetes mellitus (T2DM) (Haeggstrom & Funk, 2011).

Normal blood glucose levels are maintained largely by β-cell insulin and α-cell glucagon
secreted from the pancreas. Insulin promotes glucose uptake by adipose, liver and muscle
tissue and promotes glycolysis, glycogen synthesis and inhibition of hepatic
gluconeogenesis. Both type I and type II diabetes are associated with a significant loss of β-
cell function and thus insulin production. Inflammation has a pivotal role in β-cell
dysfunction, and upregulation of 12/15-LOX by hyperglycermia and inflammatory
cytokines have a central role in diabetes and obesity. Furthermore, both 5-LOX and 12/15-
LOX have been implicated in MetS and NAFLD in humans and a recent plasma lipidomic
signature of NASH revealed a step-wise increase in 5-LOX 5-HETE, 8-HETE, and 12/15-
LOX 15-HETE in the progression of NAFD to NASH (Puri et al., 2009), further supporting
the role of LOX in insulin resistance, obesity and fatty liver disease.

3.1.2. Eicosanoids of the P450 Epoxygenase and Omega Hydroxylase
Pathways—The third pathway for the metabolism of eicosanoid is mediated by
cytochrome P450s of the epoxygenase pathway (CYP2C) and FA omega hydroxylase
(CYP4). These drug-metabolizing pathways were once thought to have little function in the
control of metabolism; however, recent studies have shown their importance in the disease
pathology of MetS. In addition, many of the commonly prescribed antiinflammatory drugs
that target PG and LT eicosanoid pathways are metabolized by members of the drug-
metabolizing cytochrome P450 family (Figs 5.2 and 5.4). It is also apparent that there are
stark similarities in the drug-metabolizing enzymes of phase I oxidation, phase II
conjugation, and phase II transport with enzymes of eicosanoid metabolism, which
establishes a link between eicosanoid and drug metabolism in metabolic diseases.

Unlike COX and LOX that insert molecular oxygen into AA and therefore function as
dioxygenase, CYP enzymes are monoxygenase inserting one oxygen atom into the substrate
and the other in the formation of water. CYPs are able to efficiently use AA and ω3-PUFAs
as substrates similar to LOX; however, because COX enzyme metabolizes ω3-PUFAs less
efficiently, it is likely that LA-derived EPA (C20:5n3) is preferentially metabolized by CYP
or LOX pathways. In addition, neither linoleic acid nor LA is used by either the LOX or
COX pathways, but are efficiently metabolized by the CYP pathway. CYP enzymes catalyze
the hydroxylation, epoxidation and allylic oxidation of FAs (Oliw et al., 1996). CYP2
members metabolize AA to four regioisomeric cis-epoxyeicostetraenoic acids (5, 6-; 8, 9-;
11, 12-; and 14, 15-EET), with each of these regioisomers forming R, S or S, R enantiomers.
This regioselectivity and stereoselectivity of EETs is CYP isoform specific. Human
CYP2C8 exclusively metabolizes AA to 14,15- and 11,12-EETs in a ratio of 1.3:1, while
CYP2C9 shows less region- and stereoselectivity. CYP2J epoxygenase is highly expressed
in the heart and produces all four regioisomers as a mixture of racemers. The human
CYP2S1 P450 produces 12-HHET, MDA, 13-HODE, 5-oxo-EET, and 12-oxo-EET (Bui et
al., 2011). Allylic oxidation of AA by other P450 isoforms produces hydroxylated
metabolites containing cis- and trans-conjugated dienol (5, 8-; 9-; 11-; 12- and 15-HETE).

Hardwick et al. Page 23

Adv Pharmacol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The 12- and 15-HETE are similar to the 12/15-LOX AA metabolites and therefore are
believed to have similar function in the liver, adipose tissue and pancreas. These allylic
oxidation products are produced by several CYP isoforms including CYP1A2, CYP3A4,
CYP2C8 and CYP2C9.

The human epoxygenase CYP2C8, CYP2C9 and CYP2J2 as well as soluble epoxide
hydrolase (sEH) that converts EET to dihydroxyeicosatrienoic acid (DHET) are highly
polymorphic and several variants have been associated with individual risk for stroke,
hypertension, atherosclerosis, myocardial infarction, and cancer (Zordoky & El-Kadi, 2010).
EETs are also known as endothelial hyperpolarizing factor and their synthesis is initiated in
the vascular bed in response to bradykinin and acetylcholine activation of BK channels in
VSMC leading to hyperpolarizations and VSMC relaxation. EETs activate endothelial nitric
oxide synthase (eNOS) to cause vasodilation. In the heart, EETs regulate L-type Ca2+ ATP-
sensitive potassium (KATP) and Na+ channels thus improving functional recovery from
ischemia/reper-fusion (I/R) injury as shown by heart-specific overexpression of CYP2J2.

The ω-3 PUFAs, EPA and DHA are converted by epoxidation and hydroxylation to both 5-
regioisomeric epoxyeicosatetraenoic acid (EEQ) and ω-HEPE (Fig. 5.3) (Westphal et al.,
2011). The beneficial effects of dietary consumption of ω3-PUFAs are through
downregulation of the inflammatory response, and well-established attenuation of
lipogenesis. This is the reason we explore how their metabolisms influence metabolic
processes of MetS. Both EPA and DHA are efficiently metabolized by CYP-dependent
epoxidation and hydroxylation to both Omega and epoxide metabolites of EPA and DHA
(Konkel & Schunck, 2011). Several members of the CYP2 family (CYP2C8, C9, C18, C19
and CYP2J2) metabolize EPA (C20:5n3) to 5-regioisomeric EEQ and DHA (C22:6n3) to 6-
regioiso-meric epoxydocosapentaenoic acid with equal or higher catalytic activities, but
different regioselectivity for EPA versus AA (Fer et al., 2008). CYP2C8 metabolizes AA to
11, 12- and 14, 15-EET, while EPA is metabolized to 17, 18-EEQ and DHA to 19,20-EDP.
The heart-specific CYP2J2 metabolizes EPA and DHA at rates 10- and 2-fold greater,
respectively, than its rate of AA epoxidation. Presently, the biological activities of EPA and
DHA epoxides are similar but have more powerful effects than AA-formed EETs since BK
channel activation by 17,18-EEQ greatly exceeds that of 11,12-EET, the strongest AA
metabolite activator of BK channels (Westphal et al., 2011). Also, DHA-derived epoxides
are 1000-fold more potent than EET in activating BK channels in rat coronary arterioles.

The other CYP eicosanoid metabolizing P450s are members of the FA ω-hydroxylase
family (CYP4), which consists of multiple human subfamilies (CYP4A, CYP4B, CYP4F,
CYP4Z, CYP4X, and CYP4V), but only members of CYP4A and CYP4F have been studied
in detail in regard to eicosanoid metabolism. The CYP4 isoforms ω-hydroxylate the
subterminal carbon of AA to produce 20-HETE and ω-hydroxylated LCFAs and eicosanoids
that are metabolized by peroxisomal β-oxidation (Fig. 5.4). Hydroxylation of AA is
performed by other CYP enzymes forming a series of subterminal regioisomeric HETE, 16-,
17-, 18-, and 19-HETE is catalyzed by the ethanol-inducible CYP2E1 (18-, 19-HETE),
CYP1A1 and CYP1A2 (16-,17-, 18-HETE); CYP2J9 that produces exclusively 19-HETE;
and CYP4F22 (18-HETE) (Nilsson, Ivanov, & Oliw, 2010). A recent study on the activity of
the 19-hydroxy-PGH2 CYP4F8 and CYP4F22 P450 in the metabolism of AA and ω3 PUFA
showed that CYP4F22 produces 18-HETE, and CYP4F8 metabolizes ω3-PUFA to 8,9- and
11,12- epoxyalcohols (HEETS-hydroxyepoxyeicosatrienoic acid) (Nilsson et al., 2010).

The human CYP4A11 ω-hydroxylase produces 20- and 19-HETEs in a ratio of 90:10, while
members of the human CYP4F subfamily CYP4F2, CYP4F3A, CYP4F3B show strict
regioselectivity in the ω-hydroxylation of AA (Konkel & Schunck, 2011). The functional
role of other CYP4 subfamily members (CYP4F11, CYP4F12, CYP4V2, CYP4Z1, and
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CYP4F22) in the metabolism of AA and ω-PUFA has not been extensively studied. ω-
hydroxylate AA (20-HETE) has been shown to have a vital role in hypertension through its
ability to cause vasoconstriction by inhibiting the K+ BK channel, stimulation of Rho kinase,
and activation of L-type calcium channels. Vascular production of 20-HETE induces
endothelial dysfunction and hypertension through reduced endothelial nitric acid oxidase
(eNOS) activity and activation of NF-κβ (Wu, Cheng, et al., 2011). Endothelial dysfunction
has been shown to be correlated with the level of urinary 20-HETE. Genetic polymorphisms
in CYP4A11 and CYP4F genes are associated with hypertension, stroke and coronary
endothelial dysfunction (Fava et al., 2012; Stec et al., 2007; Zordoky & El-Kadi, 2010).
CYP4A11, CYP4F2, CYP4F3a, and CYP4F3b efficiently metabolize EPA and DHA (Fer et
al., 2008) with CYP4A11 showing a dramatic shift in ω/ω-1 hydroxylase activity ratio of
4:1 for AA to 1:3 with EPA and 1:2 with DHA. This is of particular interest since 19-HETE
inhibits 20-HETE-mediated vasoconstriction and endothelial dysfunction, and thus ω3-
PUFA may shift CYP4A production of proinflammatory 20-HETE to beneficial effect of
19-hydroxylated EPA or DHA.

CYP4F2 not only produces 20-HETE from AA but also hydroxylates DHA at twofold
higher rate than either AA or EPA, while CYP4F3A and CYP4F3b ω-hydroxylate AA and
DHA at a similar rate with less activity toward EPA (Fer et al., 2008). Both CYP4F8 and
CYP4F12 metabolize EPA and DHA by epoxidation of the ω-double bond to produce
17,18-EEQ and 19,20-EDP, respectively (Stark, Dostalek, & Guengerich, 2008). The brain-
and thymus-specific CYP2U1 ω-hydroxylase efficiently ω-hydroxylates ALA, AA, EPA,
and DHA (Konkel & Schunck, 2011). Unlike the epoxidation of EPA and DHA that seem to
have similar activities as AA-derived EET, the function of ω-hydroxylated metabolites of
EPA and DHA are not known, therefore it will be of importance to determine if ω-
hydroxylated EPA and DHA have reduced vasoconstrictive and proliferation abilities.

Besides the use of several common enzymes of drug metabolism in eicosanoid metabolism
as exemplified by CYP2C epoxygenase and CYP4 ω-hydroxylase, the channeling and
partitioning of AA through these three pathways can have a significant role in inflammation,
drug metabolism, and intermediary metabolism. This is evident by the partitioning and
channeling of EPA that is not efficiently metabolized by COX, but efficiently metabolized
by LOX, CYP2 epoxygenase, and CYP4 ω-hydroxylase. Of equal importance is that drugs
used to control eicosanoid metabolism (naproxen, ibuprofen, indomethacin, rofecoxib and
diclofenac) are metabolized by CYP2 members of the epoxygenase pathways (Fig. 5.2),
suggesting that these drugs can have unexpected adverse or beneficial effects in disease
management. This is apparent by rofecoxib-mediated cardiovascular events where inhibition
of COX2 results in a 120-fold increase in the blood level of 20-HETE and a dramatic
increase in coagulation due to 20-HETE platelet aggregation and vessel vasoconstriction
(Liu et al., 2010). It is of interest that polymorphism in the CYP4F2 gene has been
associated with the idiosyncratic difficulties in warfarin therapy through CYP4F2's ability to
metabolize and inactivate vitamin K2 necessary for activation of blood factors (Bejarano-
Achache et al., 2012; Pavani et al, 2012). These data indicate that channeling of eicosanoids
to different pathways and genetic polymorphisms of CYP genes have a significant role in
the effectiveness of drug targeted to eicosanoid metabolism in the treatment of inflammation
and metabolic diseases.

3.2. Catabolism of Prostaglandins and Leukotrienes
The inactivation and catabolism of bioactive eicosanoids are important in the inhibition of
the inflammatory response and diseases associated with MetS. The design of effective
therapies in the treatment of metabolic diseases of eicosanoid metabolism can lead to
unanticipated consequences, which are evident in the development of sEH inhibitors used to
prevent the inactivation of vasodilatory EET to diHETEs (Panigrahy et al., 2012). EETs are
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autocrine and paracrine mediators of vasorelaxation in the cardiovascular and renal systems
through activated EET receptor-mediated stimulation of Gas and subsequent activation of
adenylate cyclase. The production of cAMP activates protein kinase, leading to activation of
potassium BKCa++ and KATP K+ efflux and hyperpolarization causing vasodilation, with
activation of eNOS and inhibition of NF-κβ. Therefore, sEH inhibitors are in clinical trials
as antihypertensive agents and are being evaluated for use in the treatment of diabetes,
stroke, dyslipidemia, immunological disorders, vascular remodeling, chronic obstructive
pulmonary disease, and atherosclerosis (Shen, 2010). However, using both genetic and
pharmacological methods to control the endogenous EET levels in vivo, it was recently
demonstrated that EETs are critical for both primary tumor growth and metastasis in several
mouse models of cancer (Panigrahy et al., 2012). Increased EETs elevate VEGF receptor 2
and serum VEGF levels, and decreased endogenous levels of angiogenesis inhibitor,
thrombospondin. This study raises serious concerns about the chronic use of sEH inhibitors
in CVD, which may have adverse effects in cancer patients.

Both EETs and hepoxilin of the 12-LOX pathway are metabolized and inactivated by sEH.
EETs have antiinflammatory properties, while hepoxilin are proinflammatory, which
suggests that sEH has a central role in modulating the inflammatory response. Although sEH
is the major pathway for catabolism for 14,15-EET and is less important in catabolism of
11,12-, 8,9-, or 5,6-EET (Imig, 2012), when sEH is low or inhibited, elongation and
peroxisome β-oxidation produce inactive 16-carbon epoxy FA (Spector et al., 2004).
Equally, EETs can be ω-hydroxylated by CYP4A and CYP4F and directed to peroxisome
for β-oxidation (Fig. 5.4). Many human cancers have increased expression of CYP epoxy-
genase that promotes angiogenesis and cancer metastasis. Therefore inhibition of CYP2C
and CYP2J2 gene expression or activation of sEH may be an effective treatment for cancer.
PPARα ligands downregulate CYP epoxygenase gene expression and thus limit tumor
metastasis (Bozza et al., 2011). In addition, CYP4X1 that is highly expressed in tumors and
human breast cancer has been shown to metabolize AA to 8, 9-, and 14,15-EET (Stark et al.,
2008). Both angiogenesis and inflammation are independent of stromal processes that exert
substantial influence on tumor growth and metastasis. EET stimulation of angiogenesis and
suppression of inflammation most likely signals through independent pathways either by
activation of the unidentified EET receptors (Chen, Wang, et al., 2011) or through activation
of PPARα or PPARγ receptors. CYP4A and CYP4F-mediated 20-HETE is a
proinflammatory eicosanoid that stimulates production of PGE2; the chemokines IL8, IL13,
IL14; and TNFα cytokine (Ishizuka et al., 2008). 20-HETE activates NF-κβ, promoting cell
survival, and activates the MAPK/ERK pathways that stimulate endothelial angiogenesis,
proliferation and migration (Guo et al., 2007).

The major enzyme in the catabolism of PGs is 15-hydroxy prostaglandin dehydrogenase
(15-PGDH). 15-PGDH also oxidizes and inactivates LXA4, 15-HETE, and 12-HHT of the
TX synthase pathway (Tai, 2011). The 15-keto metabolites are further metabolized by
NAD(P)H-dependent 15-keto prostaglandinΔ13reductase (13-PGR) to produce the inactive
13,14 dihydro-15-keto metabolites. 13-PGR is also known as LTB4-12-hydroxy
dehydrogenase and catalyzes the oxidation of 12(R) hydroxyl group of LTB4 to inactive 12-
keto-LTB4. Thus both 15-PGDH and 13-PGR are involved in the catabolic inactivation of
PGs and LTs. Activation of these enzymes ameliorates inflammation by inactivation of
LTB4 and induction of COX2 production of PGE2. In cancer cells, the upregulation of
COX2 by IL1β, and TNFα decreases the expression of 15-PGH. In contrast, adenovirus
overexpression of 15-PGH induces COX2 upregulation in a dose-dependent manner that is
not dependent on the catalytic activity of 15-PGH. It is of interest that the ω3-PUFA
increases the expression of 15-PGDH and suppresses COX2 in hepatocellular carcinoma.
However, the molecular mechanism responsible for this reciprocal regulation of COX2 and
anti-inflammatory 15-PGDH remains to be determined (Tai, 2011). Several studies have
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shown that NSAIDs induce the expression of antiinflammatory 15-PGDH, while this
induction was inhibited by proinflammatory cytokine induction of COX2. The induction of
15-PGDH by PPARγ agonists suggests the possibility that NSAID inhibition of COX2 may
channel AA to other eicosanoid pathways producing activators of PPARγ and 15-PGDH
expression (Hazra et al., 2007). The parallel regulation of 15-PGDH with the prostaglandin
transporter (PGT) in inactivating PGE2 signaling represents an important target in the
treatment of metabolic disease with an inflammatory etiology.

The major pathway for the inactivation and catabolism of hydroxyl eicosanoids is through
peroxisome β-oxidation and conjugation with glucuronic acid. CYP4 ω-hydroxylase P450
begin the process of catabolism by ω-hydroxylation of eicosanoids to alcohols that are
further metabolized to the corresponding aldehydes by alcohol dehydrogenase (ADH4)
followed by FA aldehyde dehydrogenase (ALDH32a/FALD) to produce dicarboxylic acids
that are solely metabolized by peroxisome β-oxidation (Fig. 5.4). In human neutrophils,
CYP4F3a metabolizes and inactivates the proinflammatory chemotactic eicosanoid LTB4.
The eicosanoid dicarboxylic acids are chain-shortened by peroxisome β-oxidation and these
short-chain products are fully oxidized to CO2 by mitochondrial β-oxidation (Wanders,
Ferdinandusse, Brites, & Kemp, 2010). A major difference between PG and LT catabolism
by peroxisome β-oxidation is that PGs are chain-shortened from the C1 carboxyl group after
CoA activation, while LTs and HETEs are metabolized from the ω-terminal carboxyl end.
The peroxisome β-oxidation of eicosanoids and excessive FAs seen in MetS diseases
employ the same pathway of CYP4 ω-hydroxylation, ADH4, and FALD to produce
dicarboxylic acids. The metabolic catabolism of eicosanoid and excess FFA by the ω-
hydroxylase cascade is critical for the termination of bioactive eicosanoids and the
prevention of lipotoxicity observed in both MetS and NAFLD.

3.3. Transport and Transcellular Metabolism of Eicosanoids
In order eicosanoids to elicit their paracrine and autocrine effects, eicosanoids must be
exported from the cell by a series of efflux transporters that have overlapping substrate
specificities with drug metabolites and endogenous toxic biochemicals. Of equal importance
is the uptake or influx of eicosanoids for transcellular synthesis by the recipient cells to
bioactive eicosanoids that either activate HNRs or are metabolized and inactivated by
eicosanoid catabolic enzymes. In general, the efflux transporters are members of the ABC
transport superfamily and the influx transporters are members of the SLC family. The ABC
efflux and SLC influx transporters function to maintain optimal cell concentrations of
nutrients, antioxidants, and signaling molecules. The inactivation of PGE2 occurs through a
two-step process where the MRP4-ABCC4 mediates the efflux of PGE2, PGD2 and PGF2α,
while importation into the recipient cell for inactivation occurs by the PGT, which is a
member of the organic anion SLC carrier organic anion transporter (OAT)/SLC22. Once
inside the recipient cell, the PG is inactivated by sequential metabolism by 15-PGDH and
13-PGR.

There are 49 human ABC transporters that function in the efflux of cholesterol, PLs, drugs,
nucleosides, peptides, organic anions, and eicosanoids. Several diseases have been
associated with defective ABC transporter, including familial intrahepatic cholestasis
(ABCB4 and ABCB11), cystic fibrosis (ABCC7), type II diabetes (ABCC8),
hyperbilirubinemia (ABCC2), adrenoleukodystrophy (ABCD1), and dyslipidemia syndrome
(ABCA1). However, presently, no disease has been associated with eicosanoid efflux
transporters. The importance of these transporters in eicosanoid metabolism in inflammatory
disease is apparent from their induction by cytokines and regulation by NSAIDs and the
inability of defective inflammatory response in MRP1-null mice to efflux LTC4 (Leier,
Jedlitschky, Buchholz, & Keppler, 1994). There are eight MRP/ABC transporters that efflux
eicosanoids: MRP1/ABCC1 (LTC4, LTD4, LTE4), MRP2/ABCC2 (LTC4, PGA2), MRP3/
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ABCC3 (LTC4), MRP4/ABCC4 (PGE2, PGF2α, PGD2, TXB2, LTB4, LTC4), MRP5/
ABCC5 (cyclic nucleotides), MRP6/ABCC6 (LTC4), MRP7 (LTC4) and MRP8 (LTC4)
(van de Ven et al., 2009).

MRP1/ABCC1 is a high-affinity transporter of reduced glutathione (GSH)-conjugated
eicosanoids and is also active in transport of drugs and toxic agents, which can lead to GSH
depletion and oxidative stress (Henkin et al., 2012). MRP2/ABCC2 functions in the
transport of bilirubin, LTC4, and glucuronide-conjugated acetaminophen, and defects in this
transporter are responsible for hyperbilirubinemia in Dubin-Johnson patients. MRP is
inhibited by MK-571 and Montelukast, both LT receptor antagonists. This transporter also
has a significant role in PC transport into the enterohe-patic circulation. MPR3/ABCC3 is
upregulated in cholestastic disease and functions to secrete glucuronidated biochemicals into
the hepatic sinusoids. MRP4/ABCC4 is the major eicosanoid efflux pump for prostanoids
and GSH-conjugated LTB4 and LTC4 that are inhibited by NSAIDs. MRP4 mediates the
efflux of several endogenous metabolites that have a critical role in signaling pathways
involved in differentiation, pain, and inflammation. Because NSAIDs are strong inhibitors
of MRP4 mediated efflux of PGs and LT, this may be another mechanism responsible for
the antiinflammatory effects of NSAIDs. In MRP4-null mice, the decreased plasma PG
levels were correlated with an increase in the toleration of inflammatory pain (Lin et al.,
2008). MRP5/ABCC5 is expressed in most tissues and similar to MRP4 transports cyclic
nucleotides and thus functions as an OAT. It is rather surprising that the efflux transporter
for LTA4 has not been identified considering its important role in transcellular synthesis of
LTs. It is likely that multiple transports function in LTA4 transport similar to those of LTC4.
The wide range of immune cells expressing efflux transporters of eicosanoids clearly reveal
their role in the orchestration of an effective immune response and significant undetermined
role of immune cell involvement in metabolic diseases.

In contrast to ABC efflux transporter of eicosanoids, the SLC protein family members are
responsible for the uptake and influx of eicosanoids in recipient cells (Wu et al., 2011). The
first identified eicosanoid influx transporter was the PG transporter PGT/SLCO2A1, which
is an OAT. Additional members of the OAT family (OATP/SLCO/SLC22) have been
identified in the cellular uptake of eicosanoids and display similarities with FA transporter
SLC27 members (Emami Riedmaier et al., 2012). The cellular uptake of eicosanoids by
SLC22 transporters may interact with the SLC27 FA transport to connect energy needs with
an inflammatory response (Niemi et al., 2011). During inflammation, increased circulating
levels of PGE2 trigger the PG transporter to normalize PGE2 levels through 15-PGDH and
13-PGR PGE2 catabolism. This homeostatic mechanism is also achieved by the newly
identified OAT-PGE2, PGF2α, and PGD2 transporter of the SLC22 family in the kidney
proximal tubules where PGE2 activation of PG receptor EP4 increases PGE2 catabolism and
activation of the OAT-PG transporter. To date, three influx transporters of eicosanoids have
been identified, OATP2A/PGT/SCLC21A2, OATP2B/SLC21A9, and OATP4A/SLC21A2,
suggesting that members of the FA transporter family SLC21 may be important in the
selective influx, catabolism or trans-cellular metabolism of eicosanoids. The transcellular
synthesis of eicosanoids involves a donor cell generating an eicosanoid intermediate that is
released from donor cells by MRP and chaperoned to recipient cells by albumin, liposomes
or FABP to prevent hydrolytic attack by water, and taken up by SLC transporters.

A number of unanswered questions remain regarding eicosanoid efflux and influx
transporters as to their role in modulating the inflammatory response in insulin resistance,
diabetes, obesity, and NAFLD. However, their importance in metabolic disease is evident
from reduced expression of the efflux transporter in models of NAFLD (Lickteig et al.,
2007) and the recent report of a FA efflux transporter in adipocytes (Henkin et al., 2012).
Central to understanding the role of eicosanoid transporters in metabolic disease is the
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characterization of transporter involved in transcellular eicosanoid metabolism and
regulatory roles of eicosanoids for the activity of the FA transporter in liver, pancreas,
adipose and muscle tissue (Folco & Murphy, 2006).

3.4. Molecular Mechanism of Eicosanoid Regulation through GPCRs
Eicosanoids elicit their effect through paracrine, autocrine, and intracrine mechanisms by
either the activation of extracellular G-protein-coupled eicosanoid receptors (GPCR),
transcellular synthesis, or eicosanoid activation of transcription factors of the HNR family
(Table 5.2). Even though these mechanisms have been well-studied with regard to
inflammation and immune response, the role in the control of tissue response to eicosanoids
in the regulation of metabolic pathways in MetS and NAFLD has only recently been studied.
Excessive lipid droplets (LDs) accumulation of lipids in cells (steatosis) leads to the
formation of LDs consisting of neutral lip-ids as TAG surrounded by a PL monolayer with
unique FA composition that includes eicosanoids and a distinct set of proteins comprising
many of the eicosanoid metabolic enzymes. In leukocytes, a portion of AA is stored in LD
triglycerides where it is believed that mobilization of TAG AA by adipose triglyceride lipase
(ATGL) replenishes lipid body arachidonyl-phospholipid through activation of LD-
associated cPLA2 providing AA for local eicosanoid synthesis (Bozza et al., 2011). Many of
the eicosanoid biosynthetic enzymes are associated with LD and actively produce PGE2,
LTB4, and LTC4 on inflammatory stimulus. How eicosanoids exit the LD seems to be
resolved with the identification of MRP14 transporter that is involved in AA transport and
shuttling of uSFA to LD membrane (Vogl et al., 2007). Several studies have shown a
correlation between eicosanoid synthesis by COX and LOX and an increase in the LD
biogenesis (Bozza & Viola, 2010). In addition, PGD2 activation of DP1 and DP2 receptors
on eosinophils increases cytoplasmic LD biogenesis and synthesis of LTC4. Eicosanoid
synthesis and LD biogenesis are regulated by distinct signaling pathways through activation
of DP1 and DP2 PGD2 receptors. Activation of DP2 does not increase LD biogenesis or
eicosanoid synthesis, while DP1 activation increases LD biogenesis, and both are required
for eicosanoid synthesis, indicating that these receptors coordinate the increase in LD
biogenesis and LTC4 synthesis (Mesquita-Santos et al., 2011).

Because LD formation in pancreas and liver increases insulin resistance, hepatic steatosis,
and obesity, it is believed that LD may be the primary source of metabolic persistent
inflammation in the pathology of MetS. There are few studies to address the issue of LD
formation and inflammation in different organs and cell types and whether LD biogenesis
and increased eicosanoid synthesis initiate and amplify the lipid actacoid-cytokine-
chemokine cascade. LD formation has been strongly associated with muscle insulin
resistance in T2DM (Bosma et al., 2012). Muscle insulin resistance is due to SNARE protein
that controls the fusion of LDs, which is necessary for the progression of microvesicular
steatosis to macrovesicular steatois in the liver. In muscle, SNARE protein associates with
the plasma membrane and assists in insulin-mediated translocation of Glut4 from the
cytosol. Excessive muscle TAG shifts the SNARE protein from the plasma membrane to LD
formation resulting in insulin resistance (Bostrom et al., 2007). Thus, increased LD
biogenesis in MetS with elevated tissue synthesis of inflammatory eicosanoids not only
promotes recruitment of immune cells but also activates plasma membrane and NHRs in the
control of lipid and carbohydrate metabolism through autocrine, paracrine, and intracrine
mechanisms.

A broad range of lipid mediators, including FA discussed previously, PGs, TXs, HETE,
oxo-ETT, LTs, and lysoPLs act on GPCRs. The plethora of GPCRs, about 376, provide the
cell a unique mechanism to both maintain metabolic homeostasis and respond to a changing
environment by specific and selective agonists and antagonists. About 50% of the currently
prescribed drugs target GPCRs. Although lipid mediators are considered a small group of

Hardwick et al. Page 29

Adv Pharmacol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GPCR activators, they have been proved to be an important viable target in the treatment of
inflammation and MetS.

3.4.1. Fatty Acid Receptors in Regulation of Metabolism—The extracellular effects
of FFA signal through a group of GCPR (Ichimura et al., 2009). These receptors include
FFAR1 (GPR40), FFAR2 (GPR43), FFAR3 (GPR41), GPR84, and GPR120 that recognize
FAs with different chain length and degree of unsaturation to initiate both antiinflammatory
and anti-obesity effects. These SCFA, medium-chain FA and LCFA receptors function in
diabetes and inflammation. Glucagon-like peptide-1(GPL-1) secretion in the intestine and
pancreatic insulin secretion are mediated by activation of the GPR120 and GPR40 receptors
by ω3-PUFA and C18-20 uSFAs, respectively while GPR40 is also activated by TZD. The
divergent response of pancreas to FFAs, where acute exposure stimulates insulin secretion,
while chronic exposure impairs insulin secretion, is revealed in GPR40-null mice that
display insulinemia and, insulin resistance, but protection from steatosis, hyperglycemia and
hypertriglyceridemia (Steneberg et al., 2005). GPR40 is activated by LCFAs (C12-C16) that
induce gastrointestinal cells to secrete GLP-1. GRP119 is activated by LCFAs and lysoPLs
in the intestine where activation stimulates intestinal K-cells to secrete glucose insulin-
trophic peptide and L-cells to discharge GPL-1 incretins. In the pancreas, release of GLP-1
is glucose independent, but GPR40, and FA dependent. GPR43 and GPR41 are activated by
SCFAs (propionate, butyrate, pentanoate) that regulate FA and glucose homeostasis in
adipose tissue and intestine. SCFA mediated stimulation of GPR43 reduces serum FFAs by
inhibiting adipose lipolytic activity and thus has an important role in the lipid profile of
MetS patients. GPR43 is prominently expressed in leukocytes and may have a role in
leukocyte activation of inflammation in hyperlipidemia. GPR43-null mice fed an HF diet
display a lean phenotype with increased energy expenditure and improved glucose tolerance,
and the absence of this receptor in adipocytes increases energy expenditure, while absence
in macrophages prevents inflammation. GPR41 is also expressed in adipose tissue where it
is believed to regulate leptin production since receptor activation increases serum leptin
levels. GPR84 is a medium-chain FFA receptor that is highly induced in leukocytes in
inflammation. Thus, both GPR84 and GPR43 in leukocytes link FA metabolism to
inflammation and immune cell activation. GPR120, usually activated by ω3-PUFAs
stimulates intestinal secretion of GLP-1 and increases Glut4 transporter expression in
adipose tissue. Importantly, GPR120 attenuates inflammation by inhibiting TLR2, TLR4,
and TNFα receptor-mediated inflammation in macrophages (Oh & Olefsky, 2012; Talukdar
et al., 2011). Overall, GPRCs regulated by FFAs are direct sensors of nutrients in the
extracellular environment that mediate secretion and possibly production of peptide
hormones. These GPRs function as important modulators of inflammation and immune
system function thus further linking lipid metabolism to inflammation (Oh da & Olefsky,
2012).

3.4.2. Eicosanoid G-protein-Coupled Receptors—Prostanoid receptors consist of
five types that bind a diverse array of prostanoids including PGD2 (DP1 and DP2), PGE2
(EP1-4), PGF2α (FP), PGD2 (CRTH2), PGI2 (IP), and TXA2 (TP). Although numerous
studies have revealed the role of these receptors in inflammation and immune regulation,
only few studies have suggest these receptors in the control of metabolism like the FFA
receptors (Hirata & Narumiya, 2011). The prostanoid receptors can be classified by their
cellular response as relaxant receptors that increase cAMP through Gαs (DP1,EP2, EP4, and
IP), or activation of Ca2+ mobilization and contractile response by Gαq (EP1,FP,TP) while
inhibitory receptors connected to Gαi (EP3). The DP1 PGD2 receptor mediates smooth
muscle cell vasodilation, inhibition of platelet aggregation and activation of mast cell in
allergic inflammation. The DP2 receptor and chemoattractant receptor homolog (CRTH2) in
Th2 cells promote immune cell migration in inflammation, and induce basophil and
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esosinophils to secrete IL4, IL5, and IL13 cytokines. EP1 receptors (PGE2) signal through
Gαq to promote tissue edema and pain. EP1-null mice show a significant reduction in
systolic blood pressure and thus antagonist can be used to treat hypertension of MetS. An
intriguing role of EP1 receptor in the central nervous system is its activation during stress-
induced release of glucocorticoids similar to fever generation by hypothalamic-pituitary-
adrenal axis stimulation through activation by both EP1 and EP3 receptors (Furuhashi &
Hotamisligil, 2008). PGE2 antiinflammatory effects are mediated through EP1/EP4
suppression of TNFα production, enhanced IL10 synthesis, and inhibition of T-cell
mitogenesis with enhancement of Th1 cell differentiation and Th17 cell expansion. Blocking
both the EP1/EP4 receptors decreases Th1 and Th17 cell accumulation in lymph nodes and
suppresses progression of autoimmune encephalomyelitis (Esaki et al., 2010). The EP3
receptor mediates fever generation since EP3-null mice show no fever in response to
inflammatory stimuli. The EP4 receptor in the vasculature acts as a potent vasodilator and
cooperates with EP2 in inflammation. EP4-null mice develop severe colitis, which can be
mimicked by EP4 antagonist in wild-type mice (Kabashima et al., 2002). The IP
(prostacyclin) is localized in endothelial cells and its activation has potent antithrombotic
and vasodilator effects that oppose the effect of TXA2 since IP-null mice show accelerated
atherogenesis in ApoE-deficient mice (Kobayashi et al., 2004). PGI2 has potent
antiinflammatory and immunosuppressive effects on Th2-mediated inflammation through IP
suppression of dendritic cell activation and maturation of T cells (Zhou et al., 2007) while
promoting Th1 cell differentiation. TP (TXA2) induces platelet aggregation and smooth
muscle contraction that opposes the prostacyclin vascular effects. TXA2 produced in
dendritic cells activates T-cell TP receptors that inhibit dendritic cell immune response
while activating inflammation. FP (PGF2α) is coupled to Gαi that inhibits cAMP and Gαq,
which mobilizes Ca2+ and has a functional role in lung fibrosis by stimulating fibroblast
proliferation and collagen production independent of TGFβ (Oga et al, 2009). It will be of
importance to determine if activation of FP in hepatic stellate cells initiates the pathology of
steatohepatitis to hepatic fibrosis in NAFLD.

The LT receptors consist of two classes, the LTB4 receptors that are expressed in myeloid
cells, endothelial and smooth muscle cells (BLT1), and liver (BLT2) and the cysteine LT
receptors (cysLT1 and cysLT2). The BLT receptors are activated by LTB4 and ω-
hydroxylase CYP4 LTB4 metabolites, 20-OH LTB4 and 20-COOH LTB4, and TX synthase-
produced 12-HHT. BLT1 activation is coupled to Gαq-mediated Ca2+ mobilization and Gαi
inhibition of cAMP production. BLT2 has a 20-fold weaker binding of LTB4 (Kd = 1–23
nM) compared to BLT1 (Kd = 0.15 nM) but can be activated by 12(S) HETE, 15(S) HETE
and 12-HHT. BLT2 is expressed in liver, ovary, leukocytes, macrophages and mast cells
where it mediates chemotaxis similar to BLT1. Both BLT1 and BLT2 activate several
kinases, including MAPK, involved in macrophage proliferation, and phosphatidyl kinase
that induces Ca2+ mobilization and IL6 gene expression and NF-κβ DNA binding. LTB4 is
critical for the induction of the neutrophil respiratory burst in the release of
myeloperoxidase, matrix metalloproteinase, elastase and α-defensins. Activation of BLT
receptors in macrophages induces IL1β, IL6, and MCP-1 production, and chemotaxis. The
presence of both BLT receptors in macrophages allows chemotaxis to occur over a wider
range of LTB4 concentrations. In T cells, BLT1 is the dominant chemotactic receptor that
induces production of IL1, IL2, IL5 and interferon-γ, which promotes Th17 cell
differentiation (Chen et al., 2009). In VSM cells, BLT1 activation initiates SMC migration
and proliferation through activation of integrin signaling (Moraes, Assreuy Canetti, & Barja-
Fidalgo, 2010) as shown by congenic BLT1-null ApoE-null mice having a dramatic
reduction in the number of atherosclerotic lesions (Heller et al., 2005). Endothelial BLT1 is
believed to be responsible for release of vasoactive factors, while BLT2 activation is
required for angiogenesis, suggesting a correlation between LTB4 levels and function of
endothelium. BLT1- and BLT2-null mice show reduced atherosclerosis and an attenuated
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response to inflammatory arthritis, while only BLT2-null mice have colitis due to disruption
of the intestinal barrier (Nancey et al., 2011) that can be mimicked by 12-HHT antagonists.
There has been only one study investigating the function of BLT receptors in MetS (Spite et
al., 2011). In BLT1-null mice, there is a reduction of adipose tissue M1 macrophages
(ATM) while antiinflammatory M2 ATM numbers increase, resulting in decreased
expression of proinflammatory chemokines and cytokines. Also, BLT1-null mice fed an HF
diet are protected from systemic glucose intolerance and have decreased hepatic steatosis
with reduced adipocyte and liver inflammation. It will be of interest to determine the
phenotype of BLT2-null mice on an HF diet or on ApoE-null background.

There are two cysteine LT receptors cysLT1 and cysLT2 that are activated by the cysteine
leukotrienes (LTC4, LTD4, and LTE4); however, these receptors show difference in
regulation by agonists and antagonists. CysLT receptors are important in asthma because of
their prominent expression in eosinophils; however, these receptors are also expressed in
monocytes, granulocytes, B cells, fibroblasts, myocytes, and plasma where their activation
increases release of monocyte chemotactic protein (MCP-1) and its trans-location to the
nucleus during inflammation. Both receptors are believed to have different roles in
inflammation with cysLT1 mediating the effects of acute inflammation, while cysLT2
functions in chronic inflammation and fibrosis. Activation of cysLTs in the vasculature
causes vessel constriction, increase in vascular permeability and cardiac output. Thus
blockage of receptor activation inhibits atherosclerotic lesion size and intimal hyperplasia.
CysLTs have been implicated in liver disease, which includes hepatic inflammation,
cholestasis, portal hypertension and hepatorenal syndrome. Inhibition of receptor activation
has been found to be effective in the prevention of liver and intestine injury by reducing
apoptosis and oxidative stress (Daglar et al., 2009) and improving hepatic fibrosis in
cholestasis (El-Swefy & Hassanen, 2009).

The balance between activation of proinflammatory receptors (LT) and antiinflammatory
(LX) is critical in maintaining tissue homeostasis. The antiinflammatory LT LXA4 and
LXB4 synthesized by transcellular metabolism from LTA4 have potent antiinflammatory
and resolution abilities that signal through LXA4 receptors. LXA4 receptors (LX) are
coupled to Gαi/o, reduce chemotaxis and induce phagocytosis of apoptotic neutrophils.
Although the pathophysiological role of LXA4 and LX receptor is suggested, their role in
human disease has at best been a causal association (Serhan et al., 2007) and thus their role
in MetS and NAFLD has not been investigated.

The deacylation and reacylation of PL by the Land's cycle produces lysoPLs that are
precursors to LPA, PAF and endocannabinoids. LysoPLC can be converted back to PL by
the action of lysophospholipid:acyltransfer ase (LPLAT). LPA is a water-soluble PL that
activates six currently known GPCRs for LPA that couple to Gαi, Gαq, and Gα12/13 (Lin
et al., 2010). The strong binding of LPA to LPA receptors in the nanomolar range strongly
implicates their role in physiological functions. LPA in CVD appears to have a protective
role in preventing hypoxia-induced ischemia by activation of PI3/AKT and ERK pathways,
while inducing Src-mediated contraction. However, LPA receptors induce intimal
hyperplasia, VSMC migration and proliferation, endothelium dysfunction, LDL uptake and
monocyte recruitment and adhesion. Overall, LPA has both beneficial effects on I/R injury
and adverse effects on the development of atherosclerosis. In the liver, LPA activates
hepatic stellate cells, leading to collagen deposition in the extracellular matrix as well as
induction of hepatocyte proliferation, which contribute to hepatic cirrhosis (Watanabe et al.,
2007). Similar to cysLT receptors the LPA receptors function during the chronic stages of
inflammation; however, their role in the progression of NAFLD has not been studied.
Furthermore, although the elusive cytochrome epoxygenase EET receptor has not been
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identified, a recent report has provided conclusive evidence that this receptor mediates many
of the physiological effects of EETs (Chen, Falck, Manthati, Jat, & Campbell, 2011).

To date, 30 GPCRs for lipid mediators have been identified and studied (Nakamura &
Shimizu, 2011) with particular emphasis on FFA receptors in the control of lipid and
carbohydrate metabolism and eicosanoid metabolism in inflammation and immune cell
activation. Hopefully, future studies will identify the cross-talk between these FFAs and
eicosanoid receptors in inflammation and intermediary metabolism in diabetes, obesity,
hyperlipidemia, hypertriglyceridemia, and NAFLD.

3.4.3. Eicosanoid Regulation of Nuclear Hormone Receptors—The original
purpose of defining MetS as a constellation of metabolic alterations of insulin resistance,
dyslipidemia, hypertension, hypertriglyceridemia and obesity was to define the risk factors
that contribute to CVD. The recent pandemic of obesity in the Western population has led to
the identification of NAFLD as a disease with many symptoms of MetS. The prevalence of
NAFLD in the Western population ranges from 1 to 36% with 90% of obese patients and
70% of type II diabetic patients strongly indicating that NAFLD is a strong predictor of
MetS. With the realization that increased influx of free FA was due to alterations in lipid and
carbohydrate metabolism controlled by NHRs, it became imperative to identify NHR
agonists and antagonists that control FA and carbohydrate oxidation and decrease
lipogenesis. The identification of NHR drug agonists that ameliorated some symptoms of
insulin resistance and obesity (e.g. PPARγ-TZD agonists) led to the realization that
endogenous ligands may be altered thereby leading to MetS associated diseases (Table 5.2).
Thus a hunt for endogenous ligands that regulate these orphan NHRs started and continues
to of utmost importance in understanding and treatment of NAFLD and MetS. This quest
has led to the search for lipid molecules that regulate NHR since lipidemia is a constant in
both diseases. Whether eicosanoids are true physiologically important NHR ligands for
many orphan NHRs has yet to be resolved through rigorous analytical methods, including in
vivo co-localization of eicosanoids with NHR on target genes and testing in eicosanoid
enzyme knockout mice. One dilemma in using eicosanoids as physiologic ligands is that
even though NHR activation occurs in the eicosanoid nanomolar range, in vitro micromolar
or greater levels must be used to observe a response, in vivo. However, the association of
several eicosanoid metabolic enzymes with the nuclear envelope and FABP or ACBP
transportation into the nucleus can increase eicosanoids levels high enough to activate NHR
activation.

The NHR family is the largest group of transcriptional regulators in humans consisting of 48
members that include steroid homodimer receptors: androgen, estrogen, glucocorticoid
(GR), mineralocorticoid, and progesterone; nuclear receptor heterodimers with retinoic-X-
receptor (RXR); retinoic acid (RAR), thyroid, and vitamin D the partially unknown ligand
orphan receptors: farnesoid-X-receptor (FXR), liver-X-receptor, pregnane-X-receptor
(PXR), PPAR, estrogen related receptor, HNF receptors, liver-related homolog (LRH), and
RAR-related orphan receptor (ROR); and lastly true orphan receptors Reverb, short
heterodimer partner (SHP), and chicken upstream promoter transcription factor.

The NHRs most prominently involved in the control of metabolism and collectively known
as metabolic sensors are PPARα, PPARβ, PPARγ, LXRα, FXRα, PXRα, constitutive
androstane receptor (CAR), RXRα, and HNF4α. The PPARs are the most studied NHRs in
regard to lipid activation by FFAs and eicosanoids. PPARα (NR1C1) is expressed in tissues
with a high rate of FA oxidation, liver, kidney, intestine, and BATs. PPARβ (NR1C2) is
expressed in adipose, skeletal muscle and several other tissues and has a fundamental role in
cellular processes. PPARγ (NR1C3) is abundantly expressed in WAT, BAT, and liver
where it promotes glucose uptake, lipid storage, adipocyte differentiation and maintenance.
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The PPARγ2 variant is most prominently expressed in adipose and muscle tissues, while
PPARγ1 is broadly expressed in many tissues. A variety of eicosanoids and PLs have been
identified as PPAR ligands, connecting inflammation with the control of carbohydrate and
lipid metabolism in in the development NAFLD and MetS (Harmon et al., 2011; Wahli &
Michalik, 2012).

PPARα (NR1C1) is activated by uSFAs, LTB4, 8(S)-HETE, 8,9-EET, 11,12-EET, 15-
HETE, PLs and the synthetic fibrate drugs that reduce serum triglycerides. Activation of
PPARα increases the transcription of genes involved in β-oxidation and has
antiinflammatory effects. It is apparent that proinflammatory eicosanoids mediate their
effects through activation of plasma membrane GPCRs, while these same proinflammatory
eicosanoids induce an antiinflammatory response by activation of PPARα, PPARβ, and
PPARγ. Activation of PPARα has several antiinflammatory properties that include
induction of peroxisome β-oxidation and inactivation of eicosanoids (Narala et al., 2010),
induction of I-κβ that blocks NF-κβ transcription of proinflammatory genes, increased
expression of soluble interleukin-1 receptor antagonist (Stienstra et al., 2007), as well as
transrepression of proinflammatory transcription NF-κβ, activator protein, and nuclear
factor of T cell (Poulsen et al., 2012). PPARα also interacts with the GR that mediates an
increase in cortisol levels, which that is believed to be responsible for hyperinsulinemia
observed in sepsis (Ahmed et al., 2012). PPARα has a central role in metabolism and
inflammation which is based on the observation of upregulation of TLR2 and TLR4 in the
adipose tissue of PPARα-null mice that exhibit hepatic steatosis after fasting (Wahli &
Michalik, 2012). PPARα expression in macrophages modulates cholesterol trafficking and
inhibits local vascular inflammation by channeling excess FA to β-oxidation or TAG storage
rather than the production of ceramides and DAG that are believed to be instrumental
culprits in muscle insulin resistance.

PPARβ (NRIC2) is also activated by uSFA, VLDL constituents, and products of oxidized 4-
hydroxy-2-nonenal and 4-hydroxydodeca-2E, 6Z-dienal, and is weakly activated by FAs.
PPARβ antiinflammatory effects are evident by its inhibition of NF-κβ activation and
transcriptional induction of anti-inflammatory corepressor B-cell lymphoma G, induction of
angiopoietin-related protein 4, and increased expression of TGF-β. In adipocytes, PPARβ
has a central role in signaling between ATM and adipocytes where it promotes M2
macrophage phenotype over the M1 ATM that is proinflammatory. Activation of PPARβ
reduces atherosclerosis in LDLR-null mice by decreasing expression of MCP-1, vascular
adhesion molecules, and TNFα. In muscle, PPARβ channels palmitic acid to TAG
accumulation and mitochondrial β-oxidation rather than production of lipids that initiate
inflammation and insulin resistance. In cardiomyoctes, PPARβ inhibits palmitate and LPS-
induced inflammation by transrepression of NF-κβ (Alvarez-Guardia et al., 2011).

PPARγ (NR1C3) is activated by uSFAs, oxidized FA, 9-HODE, 13-HODE, 15-HETE, 13-
oxo-ODE, 15-deoxyΔ12,14 prostaglandinJ2, oxo-LDL, LPA, farnesyl phosphate, 15-keto-
PGE2, and decanoic acid, while both PGF2α and cyclic PA are antagonists. PPARγ is
activated by the synthetic antidiabetic TZDs that reduce serum hyperglycemia and promote
adipocyte differentiation. PPARγ inhibits inflammation by repressing NF-κβ, and
macrophage and T-cell expression of pro-inflammatory cytokines of the innate immune
response (Huang & Glass, 2010). Macrophages from PPARγ-null mice exacerbate
metabolic disease by increasing hepatic, adipose, and muscle insulin resistance. Although
PPARγ activation increases adipocyte differentiation that has a beneficial effect on
increasing systemic insulin sensitivity and reducing hyperglycemia, its induction in the liver
promotes hepatic steatosis, while deletion protects against HF-diet-induced hepatic steatosis
(Moran-Salvador et al., 2011). The decrease in PPARα and increase in PPARγ expression
in hepatic steatosis may be a protective mechanism to prevent liver fibrosis. PPARγ-null
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mice display muscle and macrophage hypercholesterolemia, leading to atherosclerosis,
disruption of endothelial cell dysfunction, and endothelial cell proliferation (Qu et al., 2012).

All three PPARs are therapeutic targets for the treatment of metabolic diseases and are
important drug targets to treat the chronically persistent inflammation associated with these
diseases. Although fibrates that target PPARα have been very successful in the treatment of
dyslipidemia, the PPARγ TZD drugs despite improving insulin sensitivity have a number of
undesirable side effects including weight gain, edema, heart failure, and bone fractures.
Because PPARγ isoforms are expressed in several tissues associated with MetS, such as
adipose, liver, VSMC, endothelial cells and pancreas, it is a desirable target to treat MetS if
we can dissociate the undesirable site effects from its efficacy in treating hyperglycemia and
hyperlipidemia. Recently, 5-amino salicylic acid, an anti-inflammatory drug that inhibits
PGH2 synthase, NF-κβ, 15-LOX, and PLA2, while it activates PPARγ, shows less side
effects than TZDs and has greater antiinflammatory properties (Wahli & Michalik, 2012).
Also, decanoic acid (C10) a medium-chain FA, activates PPARγ without inducing
adipogenesis, yet improves insulin sensitivity and is also a weak agonist for PPARβ and
PPARα (Malapaka et al., 2012). Other HNRs are also activated by lipids, but unlike the
PPARs, it is not known whether they are also targets for eicosanoid metabolites in the
treatment of MetS.

The liver-related homolog-1 (LRH-1/NR5A2), which is a competence factor for SHP, FXR,
PPARα, and LXRα. LRH-1 is activated by distinct PLs and has profound antiinflammatory
action by induction of glucocorticoid synthesis and reduction in acute-phase protein
synthesis of serum amyloid A, haptoglobin, fibrinogen, and inhibition of IL6 and IL1β
(Venteclef et al, 2011). LXRα/NRIH3 is a cholesterol sensor that is induced by oxysterol,
activating genes in reverse cholesterol transport and repressing proinflammatory cytokine
gene expression, thus contributing to reduced atherosclerotic lesions. Unfortunately, LXR
activation also increases lipogenesis and VLDL serum levels and decreases ApoA1
necessary for synthesis of HDL particles. LXR coordinates the regulation of neutrophil
homeostasis the clearance of senescent neutrophils by antigen-presenting cells in peripheral
tissues (Hong et al., 2012). In addition, LXRα inhibits expression of the acute-phase protein,
C-reactive protein, through transrepression of proinflammatory transcription factors
(Venteclef et al., 2011).

FXRα/nuclear family 4 subgroup A receptors (NR4H4) is the main bile acid sensor that
when activated inhibits NF-κβ and profibrogenic collagen 1α. FXR inhibits TAG synthesis
and VLDL export through the FXR-SHP cascade as well as inhibits HDL metabolism while
inducing VLDL catabolism. PXR/NR1I2 and the CAR/NR1I3 are xenobiotic-activated
receptors that promote hepatic lipid storage by decreasing FA β-oxidation. PXR promotes
free FA uptake through CD36 induction and thus induces lipogenesis, while CAR regulates
serum TAG levels and CAR-null mice are protected from hepatic steatosis. Orphan receptor
SHP/NR0B2 is a downstream target of FXR, has no DNA-binding domain. HNF4α/NR4A1
is a master regulator of lipid metabolism and mutations in this HNR lead to maturity onset
of diabetes. This orphan receptor ligand is believed to be linoleic acid; however, this FA
does not influence HNF4α transcriptional activity (Yuan, et al., 2009).

The orphan NR4A subgroup of receptors include Nur77 (NR4A1), Nurr1 (NR4A2), and
Nor-1 (NR4A3); all are associated with lipid and carbohydrate metabolism in muscle, liver,
and both WAT and BAT through NR4A activation of β-adrenergic signaling (Pearen &
Muscat, 2010). This establishes a link between FA metabolism and eicosanoid pathways.
Although NR4A receptors have no known natural ligands, these receptors are key molecular
switches linking inflammation to metabolism. Their bulky ligand-binding domain and
regulation by PGE2 make them a target for eicosanoids being their possible endogenous
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agonist (Mohan et al., 2012). NR4A2/NURRI act as monomers to transactivate target genes.
NR4A2 is activated by COX2-produced PGE2 that activates the EP1 receptor, leading to
induction of FA β-oxidation (Holla et al., 2011). It is especially interesting that NR4A
members regulate the expression of FXRα, RXRα, SREBP-1 and PPAR coactivators,
PCG1α and PCGβ.

Nuclear hormone receptors have a central role in macrophages' and dendritic cells' ability to
sense their lipid environment through eicosanoid and lipid agonists that regulate NHRs,
resulting in expression of proinflammatory M1 or antiinflammatory M2 phenotype (Nagy et
al., 2012). To deorphanize these NHRs, we need to identify their true endogenous ligands by
characterization of receptor–ligand affinities, determination of cellular concentrations of
ligands by liquid chromatography tandem mass spectrometry, and also in vivo colocalization
of ligand and receptor with a defined physiological response.

4. Eicosanoids in Sepsis and Drug Metabolism
4.1. Links between Sepsis and MetS

Sepsis or septicemia is defined as systemic inflammatory response syndrome (SIRS) that
affects over 750,000 patients annually in the United states with a mortality rate of over 30%
(Angus et al., 2001). SIRS is a constellation of both metabolic and inflammatory
derangements that ultimately lead to multiple organ failure by increased circulating levels of
proinflammatory cytokines, cortisol, acute-phase proteins, and apoptotic immune cells. SIRS
patients display many of the symptoms of MetS largely due to excessive serum cortisol and
adrenocorticotropic hormone (ACTH), which are similar to those of Cushing syndrome
patients who have insulin resistance with hyper-insulinemia, hyperlipidemia,
hypertriglyceridemia, and hypertension (Macfarlane et al., 2008). The progression of local
sepsis to systemic sepsis is initiated by overac-tivation of the lipid autocoid-cytokine-
chemokine cascade, leading to overstimulation of immune system and dramatic suppression
of drug- and eicosanoid-metabolizing P450s. This situation makes the treatment of sepsis a
balance between effective management and the possibility of inadvertent drug toxicity
(Seeley et al., 2012). The importance of eicosanoid in the initiation and progression of sepsis
is apparent considering clinical trials of sepsis patients with ω3-PUFAs had a 20% decrease
in mortality and reduction in serum enzymes, cortisol and ACTH that correlated with a
massive increase in EPA-derived LTs (Grimm et al., 2006). Although parenteral and enteral
ω3-PUFAs appear to preserve immune function and reduce inflammation, the role of
eicosanoids in the progression and management of sepsis has not been extensively studied.
Of equal importance is the question how eicosanoids regulate cortisol levels and what
effects they have on adrenal gland.

The characterization of a patient's serum profile may have a potential utility in staging of
sepsis, which is very difficult due to the heterogeneity of septic patients with respect to sites
of infection, type and virulence of pathogens, and comorbidities including liver disease,
cancer, age, and environmental variables (Seeley et al., 2012). In septic patients, PGE2 and
11-HETE have recently been identified as differentiating eicosanoid metabolites between
healthy subjects and sepsis patients (Bruegel et al., 2012). In septic patients, the levels of
PGE2 and 11-HETE are reduced by 80% with a decreased expression of inducible COX2
but not mPGES-1, suggesting that antiinflammatory suppression of the Th-1-mediated
immune response is not functional in septic patients. Thus the infusion of PGE2, which
mediates suppression of Th-1 and activation of adaptive Th-2 immune response, may have a
promise with ω3-PUFAs in the management of sepsis (Nicolete et al., 2008).

It is known that activation of the immune system by inflammation during sepsis leads to a
dramatic alteration and repression of the drug-metabolizing enzymes with reduced
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expression of selective CYP genes. Adverse drug reaction (ADR) is a serious human health
problem caused by idiosyncratic effects of drugs during their therapeutic use in the treatment
of diseases (Deng et al., 2009). Idiosyncratic adverse drug reactions (IADR) are caused by
accumulation of toxic drugs and endogenous biochemical metabolites during inflammation.
It may not be a mere coincidence that IADRs are the most common cause of liver failure in
sepsis. The COX inhibitor, diclofenac, inhibits COX1 and COX2 enzymes in inflammation
as well as being a substrate and inhibitor of CYP2C8 and CYP2C9 that produce
antiinflammatory EETs. A nontoxic dose of LPS given to rats rendered a nontoxic dose of
diclofenac injurious to the liver (Deng et al., 2006), suggesting that inflammation is a pivotal
factor in diclofenac-induced IADR. It is likely that the competition of COX isoforms and
CYP2C8 or CYP2C9 for the synthesis of prostanoids and EETs, respectively, is altered by
diclofenac in inflammation, where its normal metabolism by CYP2C8 is reduced or
completely inhibited leading to diversion of AA from prostanoid and EET synthesis to
proinflammatory 5-LOX and 12-LOX pathways (Fig. 5.2). This would explain the beneficial
antiinflammatory effects of PGE2 infusion in the treatment of sepsis. The decreased
CYP2C19 enzymatic activity in critically ill patients would result in decreased NSAID
metabolism and inhibition of COX-mediated production of PGE2, being replaced by AA
metabolism to pro-inflammatory LTs. Thus, overexpression of CYP epoxygenase (CYP2C8,
CYP2J2) attenuates NF-κB-dependent vascular inflammatory response in vivo and may
inhibit chronic inflammation in sepsis patients (Deng et al., 2011).

The cause of IADR in sepsis and inflammation may be suppression of cytochrome P450
activity by unknown mechanisms. It has been suggested that the increased synthesis of acute
phase response competes with CYP synthesis in the liver or that inhibition of cytokine
mediates inhibition of NHR that regulates the CYPs gene expression. Although numerous
studies have shown that selective CYPs are downregulated during inflammation and sepsis,
there are few studies on how eicosanoids regulate CYP expression. Kupffer cells, hepatic
macrophages, have been shown to mediate the decreased expression and activity of
CYP1A1, CYP1A2, and CYP2E1 in the inflammatory response (Kim et al., 2011), and
decreased expression of the major liver drug-metabolizing CYP3A4 and CYP2C isoform's
mRNA and enzymatic activities has been reported in mice exposed to LPS (Moriya et al.,
2012). Furthermore, suppression of hepatic CYP2C and CYP2J mRNA after LPS induction
of inflammation decreased levels of EETs and also decreased CYP4A12 and CYP3F13
production of 20-HETE (Theken et al., 2011). The repression of EET and 20-HETE
formation by CYP2 and CYP4 P450s, respectively, was also evident in lung, and kidney, but
no difference in EET + DHET or 20-HETE was observed in the heart. Although this study
needs confirmation, it demonstrates that activation of the innate immune response by
inflammation alters the expression of eicosanoid-metabolizing CYPs, leading to reduced
synthesis of bioactive EETs and 20-HETE with reduced metabolism of therapeutic drugs
that can lead to IADRs.

5. Eicosanoids and Mets Diseases
The epidemics of obesity, T2DM, and atherosclerosis in MetS are increasing yearly
worldwide. The constellation of diseases associated with MetS, insulin resistance,
hypertriglyceridemia, hyperlipidemia, hypertension, and obesity are largely attributed to
derangements in lipid and carbohydrate metabolism. The rate of NAFLD is increasing in the
United States with 34% of the population displaying many of the symptoms of MetS, thus
making NAFLD an additional characteristic of MetS (Anderson & Borlak, 2008). However,
the mechanism in the pathophysiology of fat accumulation in the liver (hepatic steatosis) and
how fatty liver communicates with other tissues in the diseases of MetS are not fully
understood. Here we will briefly discuss the role of eicosanoids in the control of
carbohydrate and lipid metabolism in tissues having a functional role in MetS and NAFLD
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and how inflammatory effects on CYP drug and eicosanoid metabolism lead to subclinical
organ dysfunction in NAFLD, obesity, insulin resistance, dyslipidemia, and hypertension.
Our intent in this section is to provide suggestive evidence for eicosanoids functioning as an
important link between inflammation and intermediary metabolism and therefore an
unrealized therapeutic target to treat MetS.

5.1. Eicosanoids in NAFLD and Obesity
Hepatic steatosis refers to the intracellular accumulation of lipids and the formation of LD in
the cytoplasm of hepatocytes that can progress from simple microvesicular steatosis to
macrovesicular steatosis and eventually fatty liver inflammation (steatohepatitis), which is
also known as NASH. The excessive accumulation of lipids leads to increase in lipid
peroxidation by reactive oxygen species (ROS), ultimately leading to immune cell
recruitment and infiltration into damaged tissue. The persistent subclinical inflammation is
caused by activation of the lipid autocoid-cytokine-chemokine cascade with the eventual
activation of hepatic stellate cells with secretion of collagen for increased hepatic fibrosis
that can progress to hepatic cirrhosis. The role of eicosanoids in NAFLD until recently has
been largely explored with respect to Kupffer cell-mediated cytokine- chemokine-related
disease progression.

The importance of eicosanoids in NAFLD is evident from metabolic analysis of eicosanoid-
metabolizing enzyme knockout mice and the analysis of the lipidome of NAFLD patients. In
patients with NAFLD or NASH, analysis of serum plasma lipidome revealed an increase in
monounsaturated fatty acid (MUFA), C16:1n7 and C18:1n9, with an increase in the
saturation index (uSFA to SFA) (Puri et al., 2009). In addition, linoleic acid (C18:2n6)
decreased with an increase in dihomo-γ-linolenic acid (C20:3n6) and a decrease of
antiinflammatory DHA and EPA in PE and PC PLs. Furthermore, there is a stepwise
increase in LOX metabolites (5-HETE, 8-HETE, 15-HETE and the nonenzymatic oxidation
product HHT) with the progression of NAFLD to NASH. Analysis of oxidized lipids in the
plasma of patients with NASH showed increased levels of HETE, HODE, and oxo-
octadecadienoic acid (oxoODE) that strongly correlated with free-radical-mediated
oxidation of linoleic acid to 9- and 13-HODE and 9,13-oxoODE products that increase with
the progression from steatosis, to steatohepatic and fibrosis in patients with NAFLD
(Feldstein et al., 2010). Presently, we do not know the source of ROS that initiates
progression of NAFLD to NASH (Fig. 5.2). Recent data with CYP2e1-null mice and the
corresponding wild-type mice suggest that CYP2E1 is likely to provide ROS in high-fat
induced NASH development (Abdelmegeed et al., 2012).

Thus perturbation in hepatocyte lipid metabolism and the accumulation of intrahepatic lipids
and LD is the first hit leading to steatosis, while intrahepatic ROS from either altered
metabolism of excessive FFA or through recruitment of immune cells constitute the second
hit in the progression of steatosis to steatohepatitis (Day & James, 1998). With the excessive
lipids in LDs that serve as a source of eicosanoid biosynthesis (Bozza et al., 2011), it is
possible that selective eicosanoid metabolites from LD may serve as not only initiators of
the lipid-cytokine-chemokine cascade but also regulators of lipid metabolism in hepatic
steatosis. Both obesity and insulin resistance are strongly associated with NAFLD with
increased insulin resistance in adipocytes, leading to an increase in adipose triglyc-eride
lipase (ATGL) and HSL activity, resulting in hydrolysis of adipose TAG and elevation in
serum FFAs. Free FA uptake by liver is mediated by FATPs that channel FAs to β-
oxidation, production of VLDL for transport to peripheral tissues, or the formation for LDs
when excessive lipids are taken up by the liver. Excessive FAs stimulate ACSL3
translocation to nascent LDs (Poppelreuther et al., 2012). Proteomic analysis of LD proteins
revealed the association of ADSL1, ACSL3, and AA-CoA-activating ACSL4 with hepatic
LDs (Hodges & Wu, 2010). The attenuation of ACSL3 expression correlates with PL class
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switching, while in ACSL3-null mice, there was a reduced incorporation of FFAs in LDs of
human Huh7 hepa-toma cells (Yao & Ye, 2008). The association of lysoPC-acyltransferase
with LDs suggests that these organelles are in dynamic equilibrium (Moessinger et al.,
2011). Recently, a direct role of LD in ACSL4 esterification of AA-CoA and COX2
activation has been reported in the metastatic potential of breast cancer and LT production.
LD ACSL4 may serve a similar function in hepatic steatosis by providing AA for the
synthesis of inflammatory 5-LOX metabolites, since ob/ob mice treated with 5-LOX
inhibitors show restored microsomal transfer protein (MTP) and VLDL secretion and were
protected from hepatic steatosis.

In hepatic steatosis, ACSL5 expression is elevated and channels FAs to LDs thus competing
with FA β-oxidation and VLDL transport pathways. Excessive FAs are highly toxic to
hepatocytes. Thus, to prevent lipotoxicity excess, FAs are stored as TAG in LD or
metabolized by induction of peroxi-somal FA β-oxidation. Peroxisomal FA β-oxidation
produces chain-shorted FAs that are completely oxidized by mitochondrial β-oxidation.
However, FA mitochondria transport by CPT-1 in hepatic steatosis is inhibited by lipogenic
production of the CPT-1 inhibitor malonyl-CoA. Thus LD size expansion through storage of
excess FAs as TAG is an adaptive mechanism to prevent lipotoxicity. Central to production
of TAG is the synthesis of monounsaturated palmitic and stearic acids by SCD-1. SCD1 and
ACC1 are transcriptionally induced by SREBP1 during lipogenesis where SCD-1 regulates
the partitioning of monounsaturated and SFAs in steatosis. The critical role of SCD-1 in FA
partitioning in steatosis and steatohepati-tis is evident in SCD-1-null mice fed a methionine-
choline (MCD) diet, which reduces PC and PE levels. These mice have decreased body
weight and hepatic steatosis but markedly increased hepatocellular apoptosis, liver injury,
and fibrosis (Li et al., 2009) compared to wild-type SCD +/+ mice fed a MUFA diet that
prevented MCD-induced injury. This study indicates the critical role of SCD1 in partitioning
of excess FFA into MUFA for either transport as VLDL or storage at TAGs in LDs in
hepatic steato-sis. Thus SCD1-null mice accumulate pro-inflammatory saturated FFAs,
which leads to hepatic steatohepatitis. Critical for SCD1 enzymatic activity is the role of
cytochrome b5 reductase and cytochrome b5 not only in the desaturation of SFA but also in
the desaturation and elongase-mediated production of AA. Both cytochrome b5 and
reductase also have a critical role in the coupling of electron transport from NADPH
cytochrome P450 oxidioreductase (OR) to cytochrome P450 in the metabolism of drugs and
production of EETs and 20-HETE by CYP2 and CYP4 P450 isoforms. Both cytochrome b5
and reductase are human obesity susceptibility genes (Rankinen et al., 2006).

Increased intrahepatic SFAs are known to cause lipotoxicity and insulin resistance in the
liver, and SCD1 and ACC1 control the ability of the liver to provide nutrition to peripheral
tissues through gluconeogenesis, keto-genesis, and VLDL secretion. SFAs differentially
affect these key regulatory enzymes causing liver insulin resistance by an unresolved
paradox of selective insulin resistance where insulin is able to activate lipogenesis through
IRS-1, but not IRS-2-mediated suppression of gluconeogenesis thus causing hyperglycemia
(Brown & Goldstein, 2008). Normally, activation of the IR results in phosphorylation and
activation of IRS-1 toward SREBP1c increase in lipogenesis, while IRS-2 activation
mediates phosphorylation of FOXO-1 and exclusion from the nucleus where it activates the
transcription of genes involved in gluconeogenesis. It has been reported that SFAs activate
JNK1, which somehow preferentially phosphorylates and inactivates IRS-2 and thus
prevents inhibition of gluconeogenesis. However, this idea has been challenged by the fact
that hepatocytes from JNK1-null mice show glucose intolerance, insulin resistance and
steatosis (Sabio et al., 2009). The mechanism of increased lipogenesis in hepatic insulin
resistance may be mediated by ChREBP activation of SREBP-1 transcription in concert with
PPARγ2 induction in liver by HF diet and the transcriptional coacti-vator PGC-1β. Recent
evidence indicates that SFAs can induce c-Src clustering with plasma membrane
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subdomains leading to JNK activation, while MUFA blocks this partitioning and activation
of JNK (Holzer et al., 2011). It will be of importance to determine if s-Src is associated with
LDs and whether LD membranes have higher concentrations of palmitic and AA in their
lipid bilayers.

Besides the channeling of excess FA to LD for TAG synthesis, the peroxisome β-oxidation
system has a critically significant role in the prevention of FA-induced lipotoxicity. The
peroxisome l-bifunctional enzyme enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase
(EHHADH) is critical in the metabolism of long-chain dicarboxylic acids and has recently
been identified as a candidate gene in NAFLD (Banasik et al., 2011) and a novel regulatory
gene of the P450 system (Yang et al., 2010) (Fig. 5.4). At least three genes CYP4A190,
CYP4A14, and aldehyde dehydrogenase, Aldh3a2, are involved in the EHHADH
peroxisome β-oxidation regulatory network (Houten et al., 2012). In steatosis-resistant A/J
mice fed an HF diet all these genes are induced with increased metabolism of long-chain
dicarboxylic acids (Hall et al., 2010). A bioinformatics approach identified EHHADH as a
candidate gene associated with T2DM, obesity, and glucose intolerance. These data strongly
implicate peroxisome β-oxidation as a protective regulatory system to prevent hepatic
steatosis and also suggest that the FA ω-hydroxylase CYP4A and CYP4F P450s have a
central role in producing dicarboxylic acids from excessive FAs, and an undefined role in
the ω-hydroxylation of eicosanoids in NAFLD. Recently, a functional variant of human
CYP4F2 V433M was associated with all the features of MetS except glucose (Fava et al.,
2012). This variant has previously been associated with hypertension and stroke due to the
reduced ability to metabolize particular substrates, including vitamin K in warfarin therapy.
However, this variant is as efficient in the ω-hydroxylation of LTB4 as the CYP4F2 wild-
type gene indicating that other eicosanoids or LCFA substrates may be inefficient substrates
(Stec et al., 2007).

We had previously reported that ob/ob mice fed an HF diet induces the expression of
CYP4A genes and protein, while CYP4F expression was reduced (Hardwick, 2008; Zhang
& Hardwick, 2000). Moreover, we have observed that insulin induces the expression of the
CYP4F2 in human hepatocytes. The CYP4F2 gene is regulated by SREBP-1 (Hsu et al.,
2007) and thus may function to metabolize excess FAs in the peroxisome for further
metabolism as dicarboxylic acids. The increased expression of CYP4A in hepatic steatosis
and steatohepatitis implies that they have a functionally unidentified role in enhancing
lipotoxicity as revealed by their dramatic induction in CYP2E1-null mice with an increase in
ROS and lipid peroxidation upon exposure to the MCD diet (Leclercq et al., 2000).
Increased production of dicarboxylic acid during steatosis by CYP4A isoforms can impair
mitochondria function by dissipation of mitochondrial proton gradient and uncoupling of
oxidative phosphorylation. In addition, the uncoupling of the P450 catalytic cycle is a major
source of microsome ROS (Narasimhulu, 2007) that led to the identification of CYP2E1 as a
source of ROS-induced lipid peroxidation in HF-induced steatohepatitis (Abdelmegeed et
al., 2012). However, CYP2E1 is not induced in human liver during steatosis or
steatohepatitis and in fact decreases with disease progression, while CYP4A11 levels
increase suggesting that CYP4A iso-forms may be the major source of ROS in human
hepatic steatosis. The recent identification of mitochondrial targeting of CYP2E1 may not
only account for CYP2E1 decrease in microsomes but also may account for increase in ROS
formation in mitochondria in NAFLD (Knockaert et al., 2011). CYP2E1 can metabolize FAs
at the ω-1 position and CYP4A is able to ω-hydroxylate medium-chain FAs. However, as
chain length increases, CYP4A11 loses specificity and begins to ω-1 hydroxylate longer
chain FAs (Hardwick et al., 2009). It is not known whether this change in FA hydroxylation
with different chain length FAs increases uncoupling of the P4504A catalytic cycle and
increases ROS production. In addition, we do not know if cytochrome b5 increases coupling
of the P450 catalytic cycle and reduces ROS formation. Since cytochrome b5 and reductase
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are increased in obesity and both enzymes are used for both P450 catalytic cycle and
desaturase reactions, sequestering cytochrome b5 by SCD-1 may lead to increased
uncoupling of the P450 catalytic cycle in the presence of FA excess. Normally, the induction
of CYP4A genes during fasting provides both gluconeogenic precursors and acetate to meet
the energy needs of peripheral tissues (Fig. 5.4); however, their induction during NAFLD
may increase hyperglycemia, shuttle acetate for lipogenesis and increase ROS by FA
uncoupling of the P450 catalytic cycle.

It is not known whether CYP4F2 gene is differentially regulated by SFAs or MUFAs in
patients with NAFLD; however, we have evidence that both CYP4F2 and CYP2E1 are
repressed in patients with NAFLD, while the neutrophil CYP4F3 expression increases with
progression of disease. The CYP4F2 gene expression is downregulated by peroxisome
prolifera-tors and fibrate drugs (Zhang et al., 2000), induced by retinoic acid, and increased
by lovastatin through SREBP-2 (Hsu et al., 2007). The induction of CYP4F2 and SCD-1
genes by insulin in primary hepatocytes suggests that their differential regulation in insulin
resistance may be a determining factor in hepatic steatosis. Thus the induction of CYP4F2
gene expression by retinoic acid, which has been shown to ameliorate steatosis (Ashla et al.,
2010), may decrease the formation and storage of TAG in the liver, and prevent recruitment
of immune cells by increased metabolism of LTB4 and thus the progression of steatosis to
steatohepatitis. Although there are numerous reports of FA induction of cytokine and
chemokine production in hepatocytes, we need to further study the function of LTs in the
activation of the lipid autocoid-cytokine-chemokine cascade in recruitment of immune cells
to the liver in NAFLD. The association of the liver CYP4F2 and neutrophil CYP4F3 gene in
inflammatory celiac disease establishes a connection between neutrophil recruitment to the
established Th1 innate immune response in disease patients (Curley et al., 2006). In human
HepG2 cells treated with saturated FAs (C16:0-C18:0) or unsaturated FAs (C18:1-C18:2) at
subphysiological levels from 50 to 200uM, there was a greater induction of CYP4A11
mRNA with SFAs and a marked repression of CYP4F2 by all FAs with no change in
CYP4F3b expression (Madec et al., 2011). In addition, in ApoE-null mice fed an HF diet
there was a repression of epoxygenase activity and induction of CYP4 ω-hydroxylase
activity, leading to a significant increase in the 20-HETE/EET+DHET ratio in kidney
compared to no change in the liver (Theken et al., 2012). Furthermore, kidney podocytes
exposed to diabetic high glucose concentrations showed increased ROS formation
associated with sequential upregulation of CYP4A, 20-HETE and NADPH oxidase activity
(Eid et al., 2009), leading to podocyte apoptosis as seen in diabetic patients. Furthermore,
the effects of high glucose on induction of NOX mRNA, protein, and activity were blocked
by CYP4A inhibitors and mimicked by 20-HETE, indicating that CYP4A induction initiates
podocyte apoptosis and diabetic protein-uria.

The importance of drug metabolism in hepatic steatosis is apparent in NADPH cytochrome
P450 reductase (OR)-null mice that develop hepatomegaly and fatty liver due to induction of
C36 FA transporter, SCD-1, and CYPs involved in bile acid synthesis (CYP7A1), steroid
(CYP51), and reti-noic acid metabolism (CYP26a1) with a repression of FA oxidation genes
CPT1a, EHHADH and CYP4A10 (Weng, et al., 2005). There is increasing evidence that
drug-metabolizing enzymes, consisting of phase I CYP, phase II conjugation, and phase III
transporters, are differentially expressed in hepatic steatosis; however, their role in the
initiation and progression of NAFLD requires further study especially in the context of
eicosanoid metabolism, conjugation and transport in the immunological response to excess
FAs (Christensen & Hermann, 2012). In NAFLD, the mRNA and protein for major drug-
metabolizing CYP isoforms such as CYP1A2, 2D6, 2E1, 2C19 and 3A4 are decreased with
NAFLD progression, while CYP2A6, 2B6 and epoxygenase CYP2C9 increase (Fisher et al.,
2009). The decreased expression of CYP correlated with increased expression of pro-
inflammatory expression of TNFα, and IL-1β possibly by lipid autocoids. In human
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hepatocytes treated with 1 mM FFA mixture (2:1 ratio of ole-ate and palmitate), there was a
repressed expression of CYP1A2, 2A6, 2B6, 2E1, 3A4 and the epoxygenase CYP2C9
(Donato et al., 2007). These data indicate that FFAs but not cytokines or chemokines control
the expression of these CYPs, and that induction of CYP2C9 in vivo, but repression by FFA
in vitro, indicates a differential regulation of this epoxygenase in the progression of NAFLD
to NASH.

Numerous clinical studies have reported significant changes in drug pharmacokinetics in
patients with inflammation, cancer, and sepsis, which is largely due to the differential
response of drug-metabolizing enzymes to cytokine- and chemokine-mediated repression.
This variable depression of selective CYP can increase patient drug exposure up to 400%,
resulting in IADRs, therefore it will be important to determine how NAFLD and NASH
influence the pharmacokinetics of drugs, especially drugs targeting eicosanoid metabolism
in inflammation, especially in regard to alterations in phase I, II, and III enzyme expression
and activity. The role of eicosanoids in the progression of NAFLD, and their role in
inflammation have been recently studied in NASH. However, recent studies have also
identified a key role of eicosanoids in the regulation of intermediary metabolism in the
progression of NAFLD by the use of global knockout mice of eicosanoid-metabolizing
enzymes, eicosanoid metabolism inhibitors, and congenic strains developed on mouse
models of MetS.

Early studies on the cause of NAFLD focused on the immunological aspects of
inflammation in NASH where IL-6, PGE2 and TNFα produced in Kupffer cells directly
influence lipid metabolism in hepatocytes (Enomoto et al., 2000). In alcoholic
steatohepatitis, increases in TAG correlated with PGE2 levels, indicating that Kupffer cell
activation by ethanol enhances PGE2-mediated effects on hepatic lipogenesis. In addition,
COX2-derived PGE2 was shown to inhibit TGFβ1-mediated induction of collagen synthesis
by activated stellate cells, thus inhibiting fibrosis (Hui et al., 2004). It is apparent that PGE2
has divergent effects by inducing steatosis by inhibiting steatohepatitis possibly by a recent
identified mechanism of nonsubstrate FAs binding the allosteric site of COX1, inhibiting
catalytic activity, but stimulating COX2 activity and PGE2 production (Zou et al., 2012).
These results indicate that COX2 is not only induced by cytokines in inflammation but also
by FAs in hepatic steatosis. The progression of steatosis to steatohepatitis is largely
mediated by eicosanoids of the LOX pathway. During acute inflammation, 5-LOX and
12/15-LOX pathways are activated and resolution of inflammation is mediated by the
transcellular metabolism of hepatocyte 15-HETE by Kupffer cell 5-LOX to produce
antiinflam-matory LXA4 and LXB4, which inhibit chemotaxis, selectin and integrin
endothelial immune cell adhesion as well as transmigration of neutrophils across the
endothelium. It is likely that autocoid lipids mediate the coordinate regulation of metabolic
activities in Kupffer cells and hepatocytes through unknown mechanisms that need to be
delineated in greater detail in relation to the role of prostanoid and LT pathways in NAFLD.

Disruption of the eicosanoid-metabolizing enzymes has provided insight into the role of
eicosanoids in MetS and NAFLD with respect to alterations in carbohydrate and lipid
metabolism. In PLA2IVA-null mice fed an HF diet hepatic steatosis, was reduced with
smaller adipocytes caused by reduced serum PGE2 that has lipogenic effect on adipocytes.
In global knockout of 5-LOX, hepatic necroinflammation, hepatic immune cell infiltration,
hepa-tocyte ballooning and serum alanine aminotransferase (ALT) levels were significantly
reduced with a marked reduction in hepatic steatosis (Titos et al., 2010). These symptoms
were due to a marked reduction of lipogenic gene expression determined by ingenuity
pathway analyses that are affected by loss of 5-LOX activity. Congenic mice with double
knockout of both ApoE and 5-LOX showed reduced hepatic inflammation and serum ALT
due to reduction in serum levels of inflammatory cytokines and chemokines (Martinez-
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Clemente, Ferre, Gonzalez-Periz, et al., 2010) thus supporting a role of eicosanoids in the
initiation of the lipid autocoid-cytokine-che-mokine cascade. Metabolically, ApoE/5-LOX
double knockout mice are remarkably insulin sensitive because of upregulation of PPARγ,
IRS-1 and serum adiponectin levels, while JNK1 activity is reduced. Furthermore, the
12/15-LOX Alox15 gene is upregulated in ApoE-null mice that spontaneously develop
hyperlipidemia (Martinez-Clemente et al., 2010). However, in ApoE/12/15-LOX congenic
mice, there is a reduction in serum ALT, hepatic steatosis, inflammation and macrophage
infiltration into the liver. In Alox15-null mice fed an HF diet, increased insulin resistance
was attenuated and there was an upregulation of IRS-2 and AMPK and inhibition of JNK1
kinase activity, resulting in attenuated hepatocellular injury (Czaja, 2010). Of equal
importance, when COX2 knockout mice, which develop atherosclerosis due to the reduced
synthesis of PGI2, are crossed with ApoE-null mice, the congenic strain develop accelerated
atherogenesis with lesions exhibiting excessive leukocyte infiltration and upregulation of
vascular adhesion molecules. These data indicate that diversion of AA to LT pathway
exacerbates atherogenesis and thus suggests that chronic administration of NSAIDs may
increase cardiovascular risk. It is apparent that global knockout of COX and/or LOX gene
activity influences both carbohydrate and lipid metabolism in NAFLD. It is imperative that
floxed mice for eicosanoid enzymes be developed to identify the tissue-specific role of
eicosanoids in the regulation of metabolism in NAFLD.

5.2. Visceral and Subcutaneous WAT
Adipose tissue consists of several depots located in two body compartments: under the skin
(subcutaneous depot) and in the body trunk (visceral depot). The main cell of adipose organ
is the adipocyte, which can be white, located in WAT, or brown adipocytes located in BAT.
Adipose tissue functions in fuel metabolism, lactation, thermogenesis and immune response
and thus represents a dynamic organ in the maintenance of whole-body homeostasis.

Brown adipoctyes function primarily in energy utilization by thermogenesis and thus contain
large mitochondria with extensive cristae and elevated levels of uncoupling protein 1 that
functions to dissipate the mitochondrial proton motive gradient in the generation of heat. In
contrast, WAT stores energy in small adipocytes in the visceral adipose tissue (VAT) or in
large adipocytes in the subcutaneous adipose tissue (SAT). WAT express leptin adiponectin,
and S100B, and associated with WAT is a lymphocyte population that expresses the leptin
receptor, suggesting a relationship that may have importance in the energy requirement of an
immunological response (Moro et al., 2010).

The adipose tissue stores display remarkable organ plasticity where WAT can be stimulated
to transdifferentiate into BAT after adrenergic stimulus or prolonged exposure to cold.
Recently, the adipokine, Irisin, released from exercising muscle has been shown to increase
WAT conversion to BAT (Bostrom et al., 2012). The transdifferentiation of WAT to BAT
occurs through a number of mechanisms and thus has important implications in MetS since
animals with more BAT are resistant to obesity and Type II diabetes, while animals without
BAT are prone to obesity and T2DM (Cinti, 2012).Thus exercise or treatment with beta-3-
adrenoreceptor agonist, irisin or adiponectin may be important new avenues for the
treatment of obesity and T2DM.

Not only the amount of BAT and WAT but also the amount of SAT and VAT have an
important role in obesity and T2D. Excessive consumption of fat and carbohydrates increase
WAT by adipocyte hypertrophy, differentiation of preadipocyte, and transdifferentiation of
BAT by TGFβ. Gender, age, and environmental and genetic factors influence bodily
distribution of fat. Since VAT is highly correlated with the development of obesity, T2D,
and recently NAFLD, lean patients with abdominal obesity and increased VAT have an
increased incidence of NASH (Filik, 2011). It is proposed that fat redistribution to VAT
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when SAT become full or restricted initiates the development of MetS. Support for this
theory comes from studies in which patients treated with PPARγ agonist that promote
preadipocyte expansion of SAT, attenuates NAFLD and markedly improves symptoms of
MetS. Insight into the mechanism of VAT and SAT ectopic fat redistribution may be stress
induced (Mittendorfer, 2011). In patients with NAFLD, expression of 11β-hydroxylsteroid
dehydrogenase type I, which converts inactive cortisol to active corticosterone, is elevated in
VAT, but not in SAT (Candia et al., 2012). Furthermore, rats fed an HF diet and implanted
with corticosterone pellets develop severe insulin resistance, hyperinsulinemia,
hyperglycemia, and hypertriglyceridemia, characteristics of MetS that are not evident in
either HF diet or corticosterone-treated rats (D'Souza et al., 2012).

As VAT expands, the adipocytes become hypertrophic and produce a signal that attracts
macrophage of MI proinflammatory phenotype. These macrophages encompass the dying
VAT adipocyte forming crownlike structures (CLS). These CLS are more prevalent in VAT
over SAT in obese individuals and these macrophages are often called Mac2 macrophages
since they are immune reactive for galactose-specific lectin 3. The Mac2 mac-rophage
phagocytoses the dying adipocyte and produces proinflammatory IL-6, TNFα, and IL-1α,
which interferes with IR signaling. Obese mice and humans with VAT CLS have increased
insulin resistance of peripheral tissues, while hypertrophic VAT that do not display CLS are
insulin sensitive (Virtue & Vidal-Puig, 2010). Furthermore, VAT release of FFA is twofold
higher than in SAT in humans with NAFLD suggesting a pathological role of VAT, but not
SAT adipocyte lipolytic, function in MetS (Thorne et al., 2010). Many clinical and
epidemiological studies indicate that VAT is directly associated with abdominal and liver fat
content independent of total adipose mass, BMI and SAT (Hall et al., 2012; Hamdy et al.,
2006). Many studies have found that VAT and liver fat are associated with MetS
independently, such that VAT was more important in lower levels of obesity, while liver fat
was associated with severe obesity and the development of MetS (Kim, Nalls, et al., 2011).
These findings support the portal vein hypothesis in which FFAs, proinflammatory
cytokines, and adipokines from VAT contribute to increased hepatic lipid stores and
inflammatory cell recruitment with hepatic and peripheral tissue insulin resistance (Virtue &
Vidal-Puig, 2010).

It is generally accepted that metabolic dysfunction arises from lipotoxicity caused by lipid
intake that exceeds what an individual adipose tissue can store. Thus the adipose tissue
expandability hypothesis suggests that each individual has a threshold for storage of lipids in
either the SAT or VAT depots (Virtue & Vidal-Puig, 2010). However, it is uncertain how
adipo-cyte dysfunction is initiated and how lipotoxicity in VAT leads to metabolic
dysfunction, causing NAFLD and eventually MetS. Recent insight into the metabolic
abnormalities associated with obesity and increased VAT depots have come from studies
with lean and obese monozygotic twins and large cohort studies where elevated levels of β-
hydroxybutyrate ketone bodies in serum were strongly associated with T2D (Gall et al.,
2010). Furthermore, obese monozygotic twins have elevated levels of membrane PLs
containing PUFA with lower carbon number and increased double bonds than lean nonobese
twins (Pietilainen et al., 2011), which is due to increased ELOV6 expression in VAT that is
believed to function in membrane remodeling during adipocyte hypertrophy. Therefore, the
increase in n-6 PUFAs may be an early metabolic event in VAT that initiates the production
of proin-flammatory eicosanoid lipid mediators that modulate events in both lipid storage
and lipotoxicity (Du et al., 2012; Murphy, 2001).

The type of PUFA in adipose tissue has a dramatic effect on adipocyte metabolism, adipose
dynamics, and inflammatory environment of adipose tissue. The ratio of n-6 and n-3 PUFA
in VAT and its metabolism to either pro- or antiinflammatory eicosanoids can have a
significant role in adipocyte differentiation, function, and the production of inflammatory
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chemokines and cytokines. PG of the J2 series derived from AA has a dual effect in
adipocytes by increasing adipogenesis through activation of PPARγ and activation of
monocyte chemoattractant protein (MCP-1), during the maturation phase of adipogenesis
(Hossain et al., 2012). The production of PGJ2 from PGD2 can be prevented by both
selective and nonselective COX2 inhibitors, thereby inhibiting the maturation phase of
adipogenesis and significantly suppressing the accumulation of adipose fat (Ghoshal et al.,
2011). Furthermore, the dynamics of adipocyte remodeling are highly dependent on the ratio
of n-6 and n-3 PUFA in adipocyte PLs. The n-6 AA/n3 EPA ratio is elevated in VAT over
SAT of severely obese women with metabolic dysfunction, which was strongly negatively
correlated with adiponectin levels (Caspar-Bauguil et al., 2012). In contrast, high EPA and
DHA levels increased adiponectin mRNA and secreted protein in 3T3-Li adipocytes
(Tishinsky, Ma, & Robinson, 2011). EPA inhibits TNFα-induced lipolysis by
downregulating HSL and decreases ATGL protein in primary rat adipocytes, resulting in the
inhibition of HF-diet-induced hyperglycemia and hyperinsulinemia (Kalupahana et al.,
2011; Lorente-Cebrian et al., 2012).

Hypertrophy of V AT adipocyte is an initial step in adipocyte cell death and recruitment of
Mac2 macrophage that leads to the formation of CLS. Hypoxia is a key regulatory of
adipose tissue dysfunction and heme oxy-genase-2 (HO-2) is an important regulator of
physiological levels of ROS. HO-2 knockout mice show depletion of mesenchymal stem cell
(MSC) adipocytes that result in increased adipogenesis and production of pro-inflammatory
cytokines and decreased HO-1 activity and production of EETs (Burgess et al., 2012). In
contrast, upregulation of HO-1 and CYP2J5 production of epoxyeicosatrienoic acid (EET)
decreased MSC adipocyte differentiation, increased adiponectin secretion and decreased
proinflammatory cytokines, suggesting that HO-1 and EETs protect against adipocyte
hypertrophy and ensuing MetS (Burgess, Vanella, Bellner, Gotlinger, et al, 2012; Burgess,
Vanella, Bellner, Schwartzman, et al, 2012). Of the 263 secreted proteins from human
adipocytes, of which 44 were identified as novel adipokines, HO-1 circulating levels and
VAT tissue expression is significantly increased in obese subjects compared to lean controls
(Lehr et al., 2012). HO-1 is involved in the reduction of oxidative stress and inflammation
and is released by mature SAT in obese individuals. It is of interest that increased TNFα
secretion by VAT downregulates HO-1 secretion, while HO-1 induction reduces WAT
secretion of TNFα. These data suggest an important link between VAT and SAT in
modulating ROS and inflammation. Soluble epoxide hydratase (sEH) levels increase during
adipocyte cell differentiation and are markedly elevated in obese mice (De Taeye et al.,
2010). Inhibition of sEH leads to an increase in EETs in VAT of mice fed a HF high-
fructose diet. Increased EET levels result in a reduction in serum leptin, decrease in VAT,
decreased calorie intake, increase in metabolic rate and significant weight loss (do Carmo et
al., 2012).

Chronic low-grade persistent inflammation occurring in adipose tissue of obese individuals
is linked to the pathogenesis of insulin resistance. Although the exact trigger for this
inflammatory process is unknown, adipose tissue hypoxia, ER stress, and SFA activation of
innate immune processes have been identified as important processes in these disorders. In
hypertrophic VAT, the induction of 12- and 5-LOX enzymes results in the increase in 12-
HETE that has been linked to insulin resistance in adipocytes, and 5-HETE and production
of chemotactic LTB4 that may be an initiating factor in hypertrophic adipocytes to attract
Mac2 macrophages and formation CLS structures (Chakrabarti et al., 2011). The increase in
proinflammatory eicosanoids, 12-HETE and 5-HETE, results in induction of NF-κβ and
secretion of pro-inflammatory insulin-resistant adipokines, macrophage inflammatory
protein MIP-Iγ, TNFα, and IL-6 (Martinez-Clemente et al., 2011). The increased
production of proinflammatory adipokines that cause insulin resistance can be reversed by
the novel antiinflammatory drug lisofylline, which reduced p-STAT4 in VAT of obese
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Zucker rats and inhibited the inflammatory response, induced by LO products. These obese
Zucker rats show a reduction in fasting plasma glucose and increase in insulin sensitivity
(Chakrabarti et al., 2011). How inflammation-driven lipolysis in adipose tissue contributes
to insulin resistance remains to be clearly established. TNFα clearly increases lipolysis in
adipocytes by both suppression of ATGL inhibitor GOS2 and PKA phosphorylation of
ATGL activator, CGI-58/Abhd5 (Glass & Olefsky 2012) as well as activation of HSL. The
ability of salicylates to block the lipolytic response of TNFα (Zu et al, 2008) and the recent
observation that LTB4 receptor (BLT1)-deficient mice show reduction in Mac2 macrophage
in VAT and reduction of proinflammatory cytokines secretion (Spite et al., 2011) suggest
that activation of eicosanoid pathways are pivotal in adipose tissue inflammatory response
and thus blockage of selective pathway might have insulin-sensitizing effects in obesity and
MetS.

5.3. Eicosansoids in Adipocyte Metabolism and Obesity
Prostanoids have a significant role in adipose tissue mass remodeling where PGE2
accelerates adipocyte accumulation of TAG through suppression of cAMP induction of HSL
lipolysis. The prostanoid 15-deoxyPGI2, a ligand for PPARγ activation, induces lipogenesis
and ameliorates hyperglycemia in T2DM patients (Mazid et al., 2006). Prostacyclin and 15-
deoxyPGI2 also induce differentiation of preadipocytes, while PGF2α inhibits preadi-pocyte
differentiation. In the IVA PLA2 knockout mice serum levels of PGE2 are reduced, leading
to reduced adipose mass and smaller adipocytes. Also, COX2-null mice have a significant
reduction in body weight and percentage body fat due to increased metabolic rate. In the
adipose tissue of COX2-null mice, the levels of 15-deoxyPGJ2 and markers of adipocyte
differentiation were significantly reduced, while preadipocyte marker expression increased
along with a reduction in ATMs. Furthermore, the serum lipid lowering effects of niacin are
due to promotion of adipogenesis through reduction of antiadipogenic PGF2α and C/EBP
activation of COX2, leading to possible synthesis of PGE2 (Song et al., 2012). Adipocytes
secrete a variety of adipokines that function to control whole-body metabolism: leptin,
adioponectin, resistin, lipocalin2, and retinol binding protein 4 (RBP4) (Ouchi et al., 2011).
The function of these adipokines is diverse in controlling the storage or use of lipid stores
with leptin controlling nervous system appetite, resistin promoting insulin resistance through
cytokine expression with lipocalin2 and RBP4, and adiponection having antiinflammatory
and insulin sensitization properties. Adiponectin protects against hepatic steatosis by
activation of AMPK and FA β-oxidation. Adiponectin production in adipocytes is inhibited
by PGD2, PGJ2, and 15-deoxy PGI2. Leptin expression is also inhibited by PGD2, PGJ2, and
15-deoxy PGI2, but stimulated by PGE2. Increased serum levels of resistin are related to the
severity of NAFLD in humans, but no change in resistin levels were noted in IVA PLA2-
null mice, indicating a minimal role of eicosanoids in controlling resistin production in
adipocytes. These studies strongly indicate that PGs differentially regulate adipokine levels
in MetS.

The key factors involved in HF-diet-induced adipose tissue inflammation and macrophage
infiltration are not well understood. A recent study demonstrated that the 12/15-LOX
pathway is upregulated in the adipose tissue of mice fed an HF diet and that 12/15-LOX
metabolites induced adipose tissue inflammation and insulin resistance. This same
observation of increased cytokine production and insulin resistance was observed in 3T3-L1
adipocytes incubated with FAs. In 12/15-LOX-null mice fed an HF diet, insulin resistance,
proinflammatory M1 macrophage infiltration, and cytokine production by adipose tissue is
dramatically reduced. In the adipose tissue of 15-LOX-null mice, there was a reduced
expression of proinflammatory adipokines, MCP-1, TNFα and reduced resistin production
with an increased expression and activity of the glucose transporter 4 (Glut4) (Martinez-
Clemente, Ferre, Titos, et al., 2010). Remodeling of subcutaneous and omental adipose
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tissue occurs in obesity, MetS, and Cushing syndrome. In obese individuals, 15b-LOX and
12-LOX are expressed in both subcutaneous and omental fat, but only 15a-LOX is
expressed in CD34+ cells of subcutaneous fat where increased expression in associated with
Homeostatis Model assessment-insulin resistance (HOMA-IR) (Dobrian et al., 2010). In
obesity, FAs released from adipose stores are an important source of FAs that are found as
TAG within hepatic LD. The regulation of lipid hydrolysis and synthesis of LDs is strongly
associated with the differential regulation of LD proteins, perilipin, Cide/FSP27, and Serpin
(Greenberg et al., 2011). Unfortunately, there are a limited number of studies that have
investigated the role of LD proteins in NAFLD and whether eicosanoids regulate LD protein
gene expression or protein function. In addition, the role of CYP2 epoxygenase and CYP4
ω-hydroxylase have not been studied in adipocytes and may be of importance considering
the recent identification of FA ω-1-ethanol-inducible CYP2E1 expression in adipose tissue
(Sebastian et al., 2011).

5.4. Eicosanoids in Diabetes and Insulin Resistance in Pancreas
The interplay of different organ systems, pancreas, adipose tissue, liver, skeletal muscle and
nervous systems determine systemic insulin resistance in T2DM by signaling through
different pathways that determine local organ-specific insulin resistance. FFA levels
elevated in obese patients are an independent predictor of T2DM and coronary artery
disease. Saturated FAs are directly linked to pancreatic β-cell dysfunction through activation
of TLR4/MyD88 pathway and induction of cytokines that recruit M1 monocytes/
macrophages to pancreatic islets (Eguchi et al., 2012). This data firmly establishes a link
between FA-induced islet inflammation and β-cell dysfunction in T2DM that is similar to
the role of inflammation in adipose tissue. However, the functions of eicosanoids in different
organ systems can have completely divergent effects in the regulation of metabolism. PGE2
appears to be a significant factor in β-cell dysfunction and destruction in complications and
pathogenesis of diabetes, while in adipose tissue, PGE2 promotes adipogenesis, reduces
serum FAs and glucose levels and thus protects against systemic insulin resistance of
T2DM. In pancreatic islets, COX2-produced PGE2 inhibits insulin secretion through
autocrine activation of EP3 receptor, leading to decreased cAMP levels and response to
GSIS. In contrast, PGI2 increases cAMP through activation of IP receptor and potentiates
GSIS. In human islets, COX2 is induced by high glucose (25 mM) and glycation products
through advanced glycation end products, while it induces NF-κβ and IL-6 expression and
COX promoter binding to induce COX2 gene expression. The inhibition of NF-κβ by
sodium salicylates protects islet cells through reduced synthesis of COX2 and EP3 thereby
preventing β-cell lost in diabetes. In addition, in liver, the protective effects of NSAID
improve insulin resistance through PGE2 involvement in the stimulation of glycogenolysis
and gluconeogenesis (Luo & Wang, 2011).

AA is a potent stimulator of insulin secretion that is inhibited by 12/15-LOX activity and
12/15-LOX metabolites mediate cytokine damage to β-cells. In the nonobese diabetic
(NOD) mouse model, mice develop autoimmune diabetes, but congenic NOD/12/15-LOX
mice are protected from autoimmune diabetes (McDuffie et al., 2008). In 12/15-LOX-null
mice fed an HF diet, islet damage was not observed. The functions of LOX metabolites in β-
cell function are divergent with 15-HETE, LTB4, and LTC4 inhibiting insulin release and
12-HPETE potentiating insulin secretion (Dobrian et al., 2010). In diabetic Zucker rats,
inhibition of 12-LOX activity suppressed AA-induced insulin secretion, while in 12-LOX-
null mice, cytokines stimulated GSIS, indicating that 12-LOX products are negative
regulators of insulin secretion (Zafiriou et al., 2011). There are three types of 12-LOX:
platelet, leukocyte, and epidermal, with leukocyte 12-LOX being the major isoform
expressed in pancreatic islets (Chen, Yang, Smith, Carter, & Nadler, 2005). 12-LOX
expression is increased in islets of Zucker rats and the pancreatectomy model of diabetes,
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while 12-LOX expression in human islets by cytokines increases production of 12(S)-HETE
that causes β-cell apoptosis. LOX inhibitors protect islet cells from β-cell destruction in
diabetic mice.

5, 6-EET produced by CYP epoxygenase stimulates insulin secretion in islets and is
regulated by expression of CYP2CJ or inhibition of soluble epoxide hydratase (sEH) that
metabolizes EETs to DHET. Inhibition of sEH promotes insulin secretion and GSIS in islets,
and EETs have an antiapoptotic effect in β-cells. In sEH-null mice treated with streptozo-cin
(STZ) to induce T1DM islet, cell apoptosis was significantly reduced compared to STZ-
exposed wild-type mice, supporting the role EETs have in protecting β-cells from apoptosis.
In both diabetes and obesity, the pancreatic expression of CYP2C isoforms is reduced (Zhao
et al., 2005) with increased expression of CYP4A and sEH (Chen, Wang, et al., 2011). Of
importance was the observation that insulin inhibits increased expression of CYP4A in
diabetic rats. There are a number of studies associating sEH polymorphisms with insulin
resistance in T2DM; however, there seems to be no association of variant alleles of
CYP2C9, CYP2C8 or CYP2CJ2 in humans with either T1DM or T2DM (Surendiran et al.,
2011). Further studies are necessary to determine the role of CYP2C and CYP4A AA
metabolites in the function of β-cells and exocrine islet function in GSIS in hyperglycemia.
Understanding how prostanoids regulate the function, proliferation and survival from
cytokine- or high-FFA-mediated β-cell dysfunction will increase our understanding of the
divergent effects of COX inhibitors on GSIS. Insight into how eicosanoid metabolism is
regulated in the early development of T2DM characterized by hyperinsulin secretion to
maintain normal glycemia followed by β-cell apoptosis may provide new avenues to protect
β-cells from hyperglycemia.

5.5. Eicosanoids in Vascular and Cardiometabolic Diseases
Metabolic conditions such as obesity and insulin resistance lead to cardiovascular
abnormalities caused by perturbation in lipid and carbohydrate metabolism. The functional
role of eicosanoid pathways of PG, LT, and cytochrome P450 eicosanoids in vascular and
cardiometabolic diseases has largely been studied in myocytes, endothelial and immune
cells in ischemia, hypoxia, myocardial infarction, stroke, and hypertension. Unfortunately,
the role of eicosanoids in the control of carbohydrate and lipid metabolism in these CVDs
has not been extensively studied. The effective management of these diseases by NSAID
provides therapeutic opportunities to selectively target eicosanoid pathways and prevent the
underlying metabolic alteration of these diseases and ameliorate disease symptoms.

The risk of cardiovascular events during treatment with NSAIDs has been one of the most
studied ADRs, especially with respect to disruption of vascular TXA2-PGI2 balance by
COX2 inhibitors. Similar to Coxib drugs, patients on diclofenac show a higher
cardiovascular risk most likely due to metabolism and inactivation of diclofenac by
CYP2C8, resulting in reduced synthesis of vasoprotective EETs in combination with the
synthesis of pro-inflammatory eicosanoids (Fig. 5.2). It is imperative that we understand not
only the mechanism of COX1 and COX2 channeling of PGH1 and PGH2 to selective
synthase (isomerase) in the production of prostanoids but also the underlying metabolic
changes in the target tissues. The differential expression and regulation of COX1 and COX2
by saturated and PUFAs make these enzyme amenable targets for not only drugs but also
dietary manipulation by selective lipids. This is exemplified by palmitic acid stimulation of
COX2 and inhibition of COX1 (Yuan, Sidhu, et al., 2009), and the preferential metabolism
of AA over the antiinflammatory PUFA, EPA, by COX2. These results suggest that SFAs
induce COX2 channeling of PGH2 to different synthase that produce proinflammatory
prostanoids. In contrast, EPA is a poor substrate for COX1 and at similar concentrations
inhibits AA oxygenation.
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The reader is referred to previous section on the role of phospholipase A2 enzymes in CVD.
The role of different prostanglandin synthases in vascular disease is revealed by their
different roles in either the protection or aggravation of CVD in combination with their
cognate GPCRs. Serum lipocalin PGD synthase is a marker of both coronary artery disease
and atherosclerosis. Whether the effects of increased L-PGDS on coronary artery disease are
due to increased synthesis of PGD2 or the function of L-PGDS in transport of lipophilic
lipids have not been determined. It is likely that detrimental effects of PGDS are not due to
increased PGD2 production since PGD2 is metabolized by the AKR PGF synthase to
antiinflammatory PGJ2 that activates PPARγ (Smith et al., 2011). The inducible mPGES-1
is a member of the membrane-associated proteins in eicosanoid and glutathione metabolism
that have glutathione-transferase-mediated drug conjugation capabilities. mPGES-1 is
associated with atherosclerosis since mPGES-1-null mice are protected from atherosclerosis
but not hypertension through increased production of PGD2. L-PGDS-null mice have
atherosclerosis and obesity but no hypertension (Tanaka et al., 2009). PGF synthase of the
AKR family metabolizes a number of substrates that include monosac-charides, steroids,
xenobiotics, and prostanoids in the presence of NADPH. In vivo PGDS activity is attributed
to AKR1B1 that is functionally coupled to COX2 in PGF2α synthesis in the vascular and
arterial smooth muscle. Prostacyclin synthase (PGID-CYP8A1) produces PGI2 that has a
protective role in CVD and also functions as a PPARβ agonist. Like PGIS, TXAS is a
cytochrome P450 (CYP5) that not only produces vasoconstrictive TXA2 but also produces
proinflammatory MDS and 12-HETE. TXAS is linked to COX2 in the PGH2 as a TXAS
substrate.

A large number of studies clearly show LT involvement in several stages and types of CVD.
Increased production of LTB4 in human plaques and increased urinary LTE4 production in
patients with myocardial ischemia reveal that increase in 5-LOX activity correlated with the
clinical stage of CVD. Both 5-LOX and BLT1 antagonists have protective effects on both
ApoE-null and LDLR-null mice against atherosclerosis, myocardial infarction, and stroke.
Increased 5-LOX in human artherosclerotic coronary arteries promote macrophage
recruitment and production of vasoconstrictive LTC4. In addition, BLT1-null mice show a
variable artheroprotective effect by diminishing early but not late stages of lesion formation
during intermittent hypoxia-induced atherogenesis (Li et al., 2011). Human Alox5 flap and
LTA4 hydrolase variants, which lead to increased LTB4 synthesis, are associated with
increased risk of myocardial infarction due to activation of endothelial and VSMC BLT1
(Helgadottir et al., 2006). In aortic angiotensin-II-induced aneurysm in ApoE-null mice, the
intraluminal thrombus has increased expression of 5-LOX, FLAP and LTC4 synthase that
increases expression of MMP-2 in matrix degradation. The role of 12/15-LOX in
atherosclerosis is controversial with overexpression of 15-LOX in macrophages protecting
against atherosclerosis, while congenic 12/15-LOX/APOE-null mice are protected against
atherosclerosis by production of proresolving lipids (Mesquita-Santos et al., 2011).
Expression of both 5-LOX and 15-LOX2 was detected in human atherosclerotic plaques, but
no 15-LOX1 enzyme can be detected, suggesting that 15-LOX promotes LDL oxidation and
macrophage conversion to foam cells (Nakamura & Shimizu, 2011).

The eicosanoids of the ω-hydroxylase CYP4 pathway production of 20-HETE and
epoxygenase CYP2 EET have largely opposing roles in cardiovascular inflammation with
20-HETE being proinflammatory and EETs being antiinflammatory; however, both
eicosanoids are potent initiators of cell proliferation in the vascular system (Imig, 2012;
Imig et al., 2001). CYP2J2 is highly expressed in the heart and produces EETs that attenuate
I/R injury. The CYP cardioprotective effects of EETs are associated with activation of
sarcolemmal and mitochondrial K+ channels, MAPK, and PI3K-AKT protective signaling
pathways in endothelial and cardiac myocytes. It has also been shown that besides the
generation of EETs by CYP2J2 and CYPC8, these P450 are uncoupled during EET
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formation and produce ROS that can compromise mitochondrial function, suggesting that
cardiac CYP enzymes involved in NSAID metabolism can lead to drug efficacy or
cardiotoxicity

Within the past few years, the effects of lipid intermediary metabolism have been studied in
regard to the risk of CVD in MetS. A relationship has been found between FADS activity
with cardiometabolic risk factors of obesity, atherogenic lipoprotein phenotype and
inflammation (Do et al, 2011). FADS activity is estimated indirectly by the product-
precursor FA ratio of serum PL and cholesterol esters that are affected by both dietary fat
intake and endogenous FA metabolism. It was found that a strong correlation exists between
Δ6 FADS2 activity, waist circumference, and serum C-reactive protein in the risk for CVD.
The desaturases affect lipid metabolism by both dietary intake and endogenous synthesis
through Δ5FASD1 and Δ6FASD2 desaturation of dietary LA and linolenic acid. In contrast,
Δ9 SCD1 is for the synthesis of palmitoelic and oleic acids for VLDL production. SCD1 in
cardiomyocytes has a protective effect through inhibition of apoptosis, ceramide, DAG
production, and generation of ROS (Matsui et al., 2012). In contrast, FASD1 Δ6-desaturase
activity was positively associated with serum ICAM-1 and proinflammatory cytokines and
negatively associated with adiponectin, suggesting that Δ6-desaturase synthesis of
eicosanoids or PLs have a functionally undetermined role in cardiometabolic syndrome.

Eicosanoids recently have been shown to have a direct role in mitochondrial function in
cardiometabolic diseases through dietary-induced increase in PL AA content in membrane
PL. Replacement of mitochondrial PL with ω3-FAs prevented Ca2+-induced mitochondrial
depolarization and cell death through opening of the mitochondrial permeability transition
pore (Moon et al., 2012). Furthermore, activation of mitochondrial phos-pholipase A2γ
(PLA2γ-PNPLA8) increased synthesis of AA eicosanoids and inhibited long-chain acyl-
CoA that modulates generation of eicosanoids that regulate mitochondrial bioenergetics and
signaling functions. The roles of AA metabolites have a function in cell survival where LOX
and COX eicosanoids induce NADPH oxidase and ROS formation (Cho et al., 2011). It has
been shown that CYP4 20-HETE induces cardiomyocyte apoptosis through stimulation of
caspase 3 activities and Bax expression (Bao et al., 2011). The relationship between acyl-
CoA and eicosanoid function in the mitochondria was revealed in aggressive breast cancer
where ACSL4 increases intramitochondrial AA levels by ACSL4 induction of COX2 and
generation of both LOX and COX eicosanoids that promote cell survival. It is not known
how eicosanoids and FATP regulate mitochondrial function of cardiac myocytes in
cardiometabolic diseases. There is a need to develop tissue-specific knockout of COX, LOX
and cytochrome P450 eicosanoid enzymes in endothelial, VSMC, macrophages, and
cardiomyocytes to identify the role of eicosanoids in cardiometabolic diseases and design
effective eicosanoid-pathway-targeted treatments to prevent CVD.

6. T Herapies in the Treatment of Nafld
NAFLD is one of the most common causes of chronic liver disease in adults and children
worldwide. Even though simple steatosis is initially a benign condition, up to 5% of
individuals with NAFLD can progress to chronic diseases of steatohepatitis (NASH), liver
fibrosis, liver cirrhosis, and finally either end-stage liver disease or hepatocellular
carcinoma. Therefore, early intervention is the key to limit disease progression and realize
better outcomes. The cornerstone in the management of NAFLD should be exercise and
efforts at weight reduction through dietary changes and increased physical activity.
Unfortunately, the constellation of MetS diseases associated with NAFLD of insulin
resistance, hypertriglyceridemia, hyperlipidemia, and hypertension often require the
clinician to intervene and prescribe therapeutic modalities to control or reduce the
progression of symptoms and diseases associated with MetS.
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A number of clinical trials (http:www.ClinicalTrials.gov) for NAFLD and NASH have
focused on the associated condition of MetS and to date no particular treatment has emerged
as safe and effective. Pharmaceutical therapies have had mixed results and presently none
have been accepted as a standard therapy. Most of the 78 clinical trials have focused on
treating insulin resistance, hypertriglyceridemia, and hyperlipidemia. However, newer
studies have begun to focus on the underlying metabolic alteration, oxidative stress,
inflammation, and liver injury in the progression of NAFLD to NASH and ensuing chronic
liver diseases. The majority of clinical trials for insulin resistance focus on incretin mimics
(exenatide and Vildagliptin) to stimulate insulin levels or reduce serum glucose (acarbose-α-
glucosidase inhibitor) or the AMPK activator, metformin. To treat hyperlipidemia, the
standard has been to use 3-hydroxy-3-methylglutaryl-CoA statin inhibitors (atovastatin) and
TZDs (pioglitazone) PPARγ agonist that decrease serum glucose, lipid, inhibits
inflammation and delays liver fibrosis. It is rather surprising that there are no trials for a
combination study of statin and TZDs in the treatment of NAFLD or trials that use fibrates
to increase FA β-oxidation. A rather new study uses arachidylamidocholanoic acid (Aram-
chol) that inhibits SCD-1 and upregulates ABCD1 in cholesterol transport. It is uncertain
whether inhibition of SCD-1, which decreases steatosis, will increase liver injury as shown
in SCD-1 knockout mice. Several studies are focused on treating the metabolic dysfunction
by the use of lipoic acid, carnitine, and coenzyme Q targeted to the mitochondria (mitQ). In
addition, a number of trials target the underlying causes of MetS, oxidative stress and
inflammation by the use of vitamin E (Lovaza) (ω-3 fatty acids) and cysteamine to increase
cysteine levels and therefore glutathione. In one randomized control trial, pentoxifylline,
which suppresses TNFα synthesis and savages hydroxyl and peroxyl radicals, improves the
histological features of NASH. Also, several trials have focused on the prevention of hepatic
injury by the use of silymarin and the FXRα agonist 6-ethyl chenodoxycholic acid
(obeticholic), which also has antiinflammatory properties.

It is rather disappointing that of the 38 NASH and 40 NAFLD clinical trials none have
proposed direct the eicosanoid pathway by the use of salicylates and EPA/DHA for the
treatment of NAFLD since salicylates activate AMPK and inhibit TNFα-induced adipose
lipolysis, while combination with ω-3 FA produce potent antiinflammatory resolvins,
protectins, and LX.

7. Conclusion
Although, COX, LOX, and P450 eicosanoid mediators elicit their own tissue- and cell-
selective biological response, the cross-talk between synergistic and antagonistic lipid
mediators within these pathways needs to be better understood in the disease process of
MetS to design effective treatment with minimal ADRs. The goal will necessitate
understanding the functional role of eicosanoids in the control of tissue-specific
intermediary metabolism and in particular lipid and carbohydrate metabolism in the
fundamental process of cell survival, apoptosis, and proliferation in NAFLD and MetS.
Understanding how eicosanoids regulate metabolism is of particular importance considering
the link between fatty transporters, channeling, and the differential regulation of eicosanoid
pathways.

This challenge of defining tissue-specific eicosanoid pathway cross-talk in inflammation and
metabolic disease can only be met by a bioinformatics analysis of the transcriptome,
proteome, lipidome, and metabolome in tissues affected by metabolic disease and
inflammation in concert with analysis of tissue-specific eicosanoid flox knockout mice to
design effective treatments. This fully integrated genomic, proteomic, and metabolomics
analysis of eicosanoid pathways has recently been used to quantify eicosanoid metabolite
production in macrophages in response to TLR4 signaling (Sabido et al, 2012) and thus adds
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invaluable insights into the integrated omics analysis of eicosanoid systems biology
(Buczynski et al., 2009) http://www.lipidmaps.org. Extending this approach to drugs
targeted to selective eicosanoid pathways with analysis of drug metabolism pathways
(Guengerich & Cheng, 2011) provides a novel approach to design effective tissue-specific
targeted therapies with the reduced ADRs and greater efficacy in the treatment of
inflammatory and diseases of MetS and NAFLD (http://bioinformatics.charite.de/
supertarget/).
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Abbreviations

AA Arachidonic acid

ABC ATP-binding cassette transporter

ACBP Acyl-CoA binding protein

ACS Acyl-CoA synthetase

ACSL Long-chain acyl-CoA synthetase

ACSVL Very-long-chain acyl-CoA synthetase

ACOX Acyl-CoA oxidase

AGPAT Acyl-CoA:1-acylglycerol-3-phosphate acyltransferase (LPAAT)

ALA alpha-linoleic acid

AMPK AMP protein kinase

AP1 Activator protein

APOE apoE lipoprotein

ATGL Adipose triglyceride lipase

ATM Adipose tissue macrophage

BLT LTB4 receptor

CD36/FAT Fatty acid translocase

COX Cylooxygenase

CL Cardiolipin

cysLT LTC4,LTD4,LTE4 receptor

CYP Cytochrome P450

CVD Cardiovascular disease

DAG Diacylglycerol

DAGT Diacylglycerol transferase

DHA Docosahexaenoic acid

DIO Diet-induced obesity

DP Receptor for PGD
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EDP epoxydocosapentaenoic acid

EED DHA CYP2-produced epoxydocosapentaenoic acid

EEQ EPA CYP2-produced epoxyeicosatetraenoic acid

EET Epoxyeicosatrienoic acid

EHHADH Enoyl-CoA hydratase 3-hydroxyacyl-CoA dehydrogenase

ELOVL Elongase enzyme

EP Receptor for PGE

EPA Eicosapentaenoic acid

ERKS extracellular receptor kinase 2

Exoins Proinflammatory 15-LOX eicosanoids

FABP Fatty-acid-binding protein

FADS Fatty acid desaturase

FATP Fatty acid transport proteins

FFA Free fatty acid

FLAP 5-lipoxygenase activity protein

FP Receptor for PGF

FXR Farnesoid-X-receptor

G α (q/11) G α subunit q that activates phospholipase c

GEF guanine exchange factor

GPAT Glycerol-3-phosphate acyltransferase

GSH Reduced glutathione, GST

GST Glutathione-S-transferase

HDL High-density lipoprotein

HEET hydroxyepoxyeicosatrienoic acid

HETE Hydroxeicosatetraenoic acid

HNF4 Hepatocyte nuclear factor 4

HODE Hydroxyoctadecadienoic acid

HSL Hormone-sensitive lipase

HSPG Heparin sulfate proteoglycan

IL Interleukins

IP Receptor for PGI

IRS Insulin receptor substrate

LD lipid droplets

LDLR Low-density lipoprotein receptor

Lipin Phosphatidic acid phosphatase

Lipoxin Antiinflammatory LTA4

Hardwick et al. Page 68

Adv Pharmacol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



LOX Lipoxygenase

LTB4 Leukotriene B4

LPA Lysophosphatidic acid

LPAAT lysophosphatic acid acyltransferase

LPCAT Lysophosphatidylcholine acyl-CoA transferase

LPLAT lysophospholipid acid acyltransferase

LysoPC Lysophosphatidylcholine

LXR Liver-X-receptor

MAPK2 mitogen activated protein kinase 2

MBOAT Membrane-bound O-acyltransferase

MCP-1 monocyte chemotactic protein

MGAT Monoglycerol acyltransferase

MGST microsomal GSH transferase

MetS Metabolic syndrome

MRP Multidrug resistant protein

NAFLD Nonalcoholic fatty liver disease

NASH Nonalcoholic steatohepatitis

NF-κβ Nuclear factor kappa β

NSAID Nonsteroidal antiinflammatory drug

Null Gene knockout

OAT Organic anion transporter

Omega-3 PUFA ω3-PUFA

PAP Phosphatidic acid phosphatase

PNPLA Patatin-like phospholipase domain containing lipases

PGC Peroxisome proliferator activated receptor coactivator

PLA2 Phospholipase A2

PA Phosphatidic acid

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PG Prostaglandin

PGD2 prostaglandin D2

PGDS PGD synthase

PGE2 prostaglandin E2

PGF2α prostaglandin E2

PGES PGE synthase

PGFS PGF synthase
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PGHS Prostaglandin endoperoxide H synthase

PGG2 Protaglandin peroxidase

PGH2 prostaglandin endoperoxide

PGI Prostacyclin

PGIS Prostacyclin synthase

PGJ2 prostaglandin J2

PKA Protein kinase A

PKC Protein kinase C

PL Phospholipid

PLIN perilipin

PS Phosphatidylserine

PPAR Peroxisome proliferator activated receptor

PUFA Polyunsaturated fatty acid

PXR Pregnane-X-receptor

RAR Retinoic acid receptor

RXR Retinoid-X-receptor

SCD-1 Stearoyl-CoA desaturase

sEH Soluble epoxide hydrolase

SLC Solute ligand carrier

SFA Saturated fatty acid

SRSA Slow-reacting substance of anaphylaxis

SREBP Sterol regulatory-element-binding protein

TAG Triacylglycerol

T1DM Type I diabetes mellitus

T2DM Type II diabetes mellitus

TX Thromboxane

TXAS Thromboxane synthase

TXA2 thromboxane A2

TZD Thiazolidinedione

usFA Unsaturated fatty acid

VLDL Very-low-density lipoprotein

20-HETE AA CYP4-produced hydroxyeicosatetraenoic acid

19-HEPE EPA CYP4-produced hydroxyeicosapentaenoic acid

22-HDoHE-
DHA CYP4

Hydroxdocosahexaenoic acid
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Figure 5.1. Function and subcellular location of fatty acid transport proteins, FABP, FATP/
ACSVL, and ACBP in fatty acid transport and channeling
The extracelluar concentration of fatty acids (FA) varies from 0.3 to up to 2 mM and they
are largely bound to albumin (300–600 uM) at a ratio of 5–10 FA molecules per molecule of
albumin. Cellular uptake of long-chain fatty acid (LCFA), very-long-chain fatty acid
(VLCFA), monounsaturated fatty acid (MUFA), and polyunsaturated fatty acid (PUFA)
occurs through three putative mechanisms: (1) FABPpm (FABPAST) localizes FA to the
plasma membrane and CD36 fatty acid translocator facilitates transport across the
phospholipid bilayer and is bound by FABPc (L-FABP), (2) FA can cross the membrane by
simple passive diffusion or use a flip-fop mechanism resulting in donation of proton to the
cytosol. The FA can be bound to 10 different FABPs or converted to FA-CoA by acyl-CoA
synthetase (ACSL) to form an acyl-CoA ester, and finally (3) VLCFA are preferentially
transported by one of five FATPs that because of their synthetase activity converts VLCFAs
to VLC-acyl-CoA esters. In the cytosol, FA and FA-CoA esters are channeled to different
organelles and metabolic pathways by FABP and ACBP. Different FABP, FATP, and
ACBP show differential selectivity for FAs of different chain length and degree of
unsaturation as well as vectorial channeling to different organelles for oxidation or synthesis
of complex lipids. The plasma membrane FABPpm is identical to the mitochondrial
membrane aspartate aminotransferase (AST) and ths is often identifed as FABPAST. Thus
FABPpm has different functions depending on cellular location. Similarly, the cytosolic
FABPc is also known as L-FABP and has two FA-binding sites, while other FABPs have a
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single FA binding site. (For color version of this figure, the reader is referred to the online
version of this book).
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Figure 5.2. Metabolism of linoleic acid to proinflammatory eicosanoids and there function in
control of metabolism
Arachidonic acid (AA) is obtained either directly from diet or synthesis from linoleic acid.
This existence of PLA2 in serum lipoproteins provides local release of arachidonic acid from
membrane phospholipids and a source of eicosanoids to control inflammation, immune cell
function and tissue-specific control of metabolism. Linoleic acid is converted to arachidonic
acid by a series of fatty acid desaturase (FADS) and elongase (ELVOL) to produce AA. In
humans, there is approximately 100 g of AA distributed between tissue and membrane
compartment that have varying turnover rate depending on the metabolic needs of the tissue.
Phospholipid AA incorporation occurs through the de novo Kennedy pathway or the Land's
membrane remodeling pathway that requires AA-CoA. The remodeling of membrane PL
can occur by the Lands pathway that uses lysophospholipid:acyl-CoA acyltransferase
(LPLAT) or a CoA-independent transacylase pathway. AA released from membrane
phospholipids can be used either to remodel phospholipid membranes or to synthesize
eicosanoids, by the prostaglandin, leukotriene, cytochrome P4502 epoxygenase (CYP2), or
the cytochrome P450 ω P4504 (CYP4) pathways. The biologically potent autocoid lipids of
the series-2 prostanoids and series-4 leukotrienes initiate their biological effects by generally
activating prostanoid and leukotriene receptors to initiate a proinflammatory response and
activation of nuclear hormone receptor (NHR) and anti-inflammatory response. The CYP2
epoxygenase, epoxyeicosatrienoic acids (EET) also initiate their biological responses
through presently unidentified membrane receptors and activation of peroxisome proliferator
activated receptors (PPARs). In contrast, the CYP4 ω-hydroxylase metabolite's mechanism
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of action has not been identified. It is presently believed that 20-hydroxyeicosatetraenoic
acid (20-HETE) directly interacts with membrane protein channels to elicit their potent
vasculature constrictive and proinflammatory responses. Unlike our extensive understanding
of eicosanoids' role in immune cell regulation during inflammation and their function in the
cardiovascular system, our understanding of their role in the control of intermediary
metabolism is lacking as revealed by our spare knowledge of their metabolic effects. By the
use of drugs that inhibit eicosanoid synthesis, including the nonsteroidal antiinflammatory
drugs (NSAID), we are able to modulate the cardinal signs of inflammation, pain, heat,
redness, edema, and loss of function through possible metabolism by CYP2 epoxygenase
resulting in reduced synthesis of EETs and channeling of AA to different eicosanoid
metabolic pathways. CYP2C8 metabolizes many of the currently prescribed NSAIDs, and
Montelukast inhibits CYP2C8, while CDC, a metabolite of ciprofazacin, inhibits 12/15-
lipoxygenase. (For color version of this figure, the reader is referred to the online version of
this book).
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Figure 5.3. Metabolism of linolenic acid to anti-inflammatory eicosanoids
The synthesis of anti-infammatory eicosanoids from ω-3 polyunsaturated fatty acids
(PUFA) begins with the desaturation and elongation of the ω-2 linolenic acid to produce
eicosapentaenoic acid (EPA). Less potent series-3 prostanoids and series-5 leukotrienes are
produced from EPA. However, the CYP2 epoxygenase produces a series of
epoxyeicosatetraenoic acids (EEQ) at a 10-fold higher rate than the metabolism of AA,
while CYP4 ω-hydroxylase produces hydroxyeicosapentaenoic acid (20-HEPE) at an
approximate twofold higher rate than AA and increased rate of ω1 over ω-hydroxylation of
EPA compared with AA. In vivo, the EEQ surpasses the role of EETs as endothelium-
derived hyperpolarizing factors; however, the role of CYP4-derived 19-HEPE over the 20-
HEPE in the vasoconstriction and proinflammatory role of AA are presently uncertain. It
will be of particular interest to determine the beneficial effects of EPA metabolites in
metabolic disease considering that PUFAs suppress lipogenesis and EPA alleviates obesity-
induced insulin resistance by upregulation of glucose transporters GLUT2, GLUT4, insulin
receptor substrates IRS-1 and IRS-2 and reduction in cholesterol ester transfer protein
(CETP). (For color version of this figure, the reader is referred to the online version of this
book).
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Figure 5.4. CYP4A and CYP2C P450s function in liver eicosanoid and fatty acid metabolism
Fatty acids are delivered to hepatocytes for catabolism by the mitochondria or peroxisome
β-oxidation systems or are used for the synthesis and export of triglycerides (TG),
phospholipid (PL), cholesterol esters (CE), as very low density lipoprotein (VLDL)
particles. Medium- and short-chain-length fatty acids are transported as acylcarnitine
derivatives into mitochondria for complete β-oxidation to CO2. Long- and very-long-chain
fatty acid CoA esters as well as eicosanoids are transported into the peroxisome where they
undergo chain-shortening reactions and then transported as acylcarnitine derivatives to the
mitochondria for complete oxidation or as free fatty acids by thioesterase 3, or 5 (ACOT3,
5). Under normal conditions, (5–10%) fatty acids are converted to dicarboxylic acids CoA
(DCA-CoA) by CYP4A or CYP4F ω-hydroxylation. Starvation induces the ω-oxidation of
fatty acids by 40% through PPARα induction of CYP4A genes. The dicarboxylic acids,
adipyl-CoA (C6), sebacyl-CoA (C8) or suberyl-CoA (C10) are exported from peroxisome
by the action of acyl-CoA thioesterase 8 (ACOT8), or when ACOT8 is inhibited by free
CoASH, the FF-CoA is converted to succinyl-CoA, which is exported as succinate after
removal of CoA by ACOT4. Succinate can function as an anaplerotic intermediate in the
mitochondria for gluconeogenesis during starvation and excess acetate produced from
acetyl-CoA can be used by peripheral tissues after conversion to acetyl-CoA by acetate-CoA
synthetase (ACSII). In the fed state, long-chain fatty acids (LCFA) and very-long-chain fatty
acids (VLCFA) are metabolized by peroxisome |3-oxidation to shorter chain products, which
can be incorporated into phospholipids, cholesterol esters or triglycerides for export as
VLDS and stored in peripheral tissues. Excessive acetate in the cytosol is converted to
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acetyl-CoA by hepatocyte acetate-CoA synthetase I (ACSI) and then converted to malonyl-
CoA for fatty acid and cholesterol synthesis by ACC1. CYP4F gene induction by insulin is
mediated by SREBP and saturated fatty acid-CoA activation of hepatocyte nuclear factor 4α
(HNF4α). In the presence of excessive fatty acids, insulin will activate SREBP1c increasing
the synthesis of stearoyl-CoA desaturase 1 (SCD-1) and converting palmitic (C16:0) and
stearic (C18:0) acids to palmitoleate (C16:1) and oleic (C18:1), respectively, which are
stored as triglycerides. Both CYP4 P450 and SCD-1 use cytochrome b5 and cytochrome b5
reductase in their catalytic cycle. The induction of CYP4A genes by high-fat-diet and an
increase in SCD-1 with suppression of CYP4F genes may prevent the liver from lipotoxicity
at the expense of steatosis and development of steatohepatitis. ACOX, acyl-CoA oxidase;
LBP, L-bifunctional protein; DBP, D-bifunctional protein; TG, triglycerides; PL, phosphor
\lipid; CE, cholesterol ester; WE, wax ester. (For color version of this figure, the reader is
referred to the online version of this book).

Hardwick et al. Page 77

Adv Pharmacol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hardwick et al. Page 78

Ta
bl

e 
5.

1
N

om
en

cl
at

ur
e 

an
d 

pr
op

er
ti

es
 o

f 
fa

tt
y 

ac
id

 t
ra

ns
po

rt
 p

ro
te

in
s

G
en

e 
id

N
om

en
cl

at
ur

e
T

is
su

e
R

eg
ul

at
io

n
Su

bs
tr

at
e,

 li
ga

nd
 o

r 
bi

nd
in

g
pr

ot
ei

n
Su

bc
el

lu
la

r 
lo

ca
ti

on
F

un
ct

io
n

SL
C

27
A

1
FA

T
P1

-A
C

SV
L

4
H

ea
rt

, a
di

po
se

, m
us

cl
e,

 b
ra

in
PP

A
R
γ

C
16

:0
, C

18
:1

, C
24

:0
M

, P
M

, E
R

β-
ox

id
at

io
n 

T
A

G
 s

yn
th

es
is

SL
C

27
A

2
FA

T
P2

-A
C

SV
L

1
L

iv
er

, k
id

ne
y

PP
A

R
α

, P
PA

R
γ

C
16

:0
, C

24
:0

 P
hy

ta
ni

c 
ac

id
,

pr
is

ta
ni

c 
ac

id
E

R
, P

T
A

G
 s

yn
th

es
is

 β
-o

xi
da

tio
n

SL
C

27
A

3
FA

T
P3

-A
C

SV
L

3
K

id
ne

y,
 o

va
ry

, l
un

g,
 b

ra
in

, a
dr

en
al

,
te

st
is

C
16

:0
, C

18
:1

, C
24

:0
C

yt
os

ol
ic

 v
es

ic
le

s
U

nk
no

w
n

SL
C

27
A

4
FA

T
P4

-A
C

SV
L

5
L

iv
er

, k
id

ne
y,

 h
ea

rt
, a

di
po

se
, s

ki
n,

m
us

cl
e,

 s
m

al
l i

nt
es

tin
e

PP
A

R
γ,

 S
R

E
B

P1
C

16
:0

, C
24

:0
E

R
, P

T
A

G
 s

yn
th

es
is

 β
-o

xi
da

tio
n

SC
L

27
A

5
FA

T
P5

-A
C

SV
L

6
L

iv
er

C
ho

la
te

, T
H

C
A

C
he

no
de

ox
yc

ho
la

te
L

ith
oc

ho
la

te
, C

24
:0

D
eo

xy
ch

ol
at

e

E
R

, P
B

ile
 a

ci
d 

co
nj

ug
at

io
n 

B
ile

 a
ci

d
sy

nt
he

si
s

SC
L

27
A

6
FA

T
P6

-A
C

SV
L

2
H

ea
rt

, p
la

ce
nt

a
C

18
:1

, C
20

:4
, C

24
:0

PM
U

nk
no

w
n

FA
B

P1
L

-F
A

B
P

L
iv

er
, i

nt
es

tin
e

PP
A

R
α

, H
N

F4
α

A
cy

l-
C

oA
, P

PA
R
α

,γ
C

yt
os

ol
, N

FA
B

P2
I-

FA
B

P
In

te
st

in
e

A
cy

l-
C

oA
C

yt
os

ol
T

A
G

 s
yn

th
es

is

FA
B

P3
H

-F
A

B
P

H
ea

rt
, k

id
ne

y 
m

us
cl

e,
 th

ym
us

c/
E

B
Pα

, S
R

E
B

P1
A

cy
l-

C
oA

, P
PA

R
α

C
yt

os
ol

β-
ox

id
at

io
n

A
P-

1

FA
B

P4
A

-F
A

B
P

H
ea

rt
, a

di
po

se
,

cJ
un

, P
PA

R
γ

A
cy

l-
C

oA
, P

PA
R
γ

C
yt

os
ol

C
hy

lo
m

ic
ro

n

ep
id

er
m

is
, n

er
ve

FA
B

P5
E

-F
A

B
P

E
ye

, a
di

po
se

PP
A

R
δ

A
cy

l-
C

oA
, P

PA
R
β

C
yt

os
ol

L
ip

og
en

es
is

FA
B

P6
Il

-F
A

B
P

Il
eu

m
A

cy
l-

C
oA

, F
X

R
α

C
yt

os
ol

FA
B

P7
B

-F
A

B
P

L
iv

er
, b

ra
in

PO
U

A
cy

l-
C

oA

FA
B

P8
N

-F
A

B
P

M
ye

lin
A

cy
l-

C
oA

C
yt

os
ol

V
es

ic
le

 a
ss

em
bl

y

FA
B

P9
T

-F
A

B
P

T
es

tis
—

A
cy

l-
C

oA
C

yt
os

ol

FA
B

P1
2

R
-F

A
B

P
R

et
in

a,
 te

st
is

—
A

cy
l-

C
oA

C
yt

os
ol

A
C

B
P

L
-A

C
B

P
L

iv
er

, m
ul

tip
le

 ti
ss

ue
s

PP
A

R
α

, c
/E

B
Pα

SR
E

B
P1

c,
 S

p1
PP

A
R
γ

C
14

:0
-C

22
:0

 C
oA

 e
st

er
s,

H
N

F4
α

C
yt

os
ol

G
ly

ce
ro

lip
id

, c
ho

le
st

er
ol

 s
yn

th
es

is

A
C

B
P

T
-A

C
B

P
T

es
tis

, a
dr

en
al

—
C

14
-C

22
 C

oA
 e

st
er

s
C

yt
os

ol
, E

R

A
C

B
P

B
-A

C
B

P
B

ra
in

—
C

14
-C

22
 C

oA
C

yt
os

ol

A
B

C
P

aA
C

B
P

A
di

po
cy

te
s

PP
A

R
γ

—
—

FA
 tr

an
sp

or
t

FA
T

/
M

ul
tip

le
 ti

ss
ue

s
—

N
um

er
ou

s
PM

, M
FA

 tr
an

sp
or

t

C
D

36

Adv Pharmacol. Author manuscript; available in PMC 2014 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hardwick et al. Page 79

G
en

e 
id

N
om

en
cl

at
ur

e
T

is
su

e
R

eg
ul

at
io

n
Su

bs
tr

at
e,

 li
ga

nd
 o

r 
bi

nd
in

g
pr

ot
ei

n
Su

bc
el

lu
la

r 
lo

ca
ti

on
F

un
ct

io
n

A
C

SL
1

A
C

S1
A

di
po

cy
te

s
PP

A
R
γ,

 P
PA

R
γ

C
16

-C
24

, C
18

:1
-3

,A
A

PM
, N

,
B

-o
xi

da
tio

n

A
C

SL
3

A
C

S3
A

di
po

cy
te

s
L

X
R
α

, P
PA

R
β

C
14

-C
22

.C
18

:1
-3

M
, L

D
T

A
G

 s
yn

th
es

is

A
C

SL
4

A
C

S4
L

iv
er

PP
A

R
α

, S
R

E
B

P1
A

A
, C

14
-C

18
L

D
, l

ip
id

 r
af

t

A
C

SL
5

A
C

S5
L

iv
er

SR
E

B
P1

C
16

-C
24

,C
18

:1
-

E
R

, P
, L

D
T

A
G

 s
yn

th
es

is

A
C

SL
6

A
C

S2
R

ed
 b

lo
od

 c
el

l
—

C
14

-C
24

,C
18

:1
-3

M
, P

M
, E

R
, L

D
 L

ip
id

 r
af

t
PL

 s
yn

th
es

is

FA
B

Pp
m

A
ST

M
ul

tip
le

 ti
ss

ue
—

N
um

er
ou

s
PM

, M
FA

 tr
an

sp
or

t

PM
, p

la
sm

a 
m

em
br

an
e;

 E
R

, e
nd

op
la

sm
ic

 r
et

ic
ul

um
; M

, m
ito

ch
on

dr
ia

; L
D

, l
ip

id
 d

ro
pl

et
s;

 N
, n

uc
le

us
; P

, p
er

ox
is

om
e;

 A
A

 a
ra

ch
id

on
ic

 a
ci

d.
 C

ha
ra

ct
er

is
tic

s 
of

 f
at

ty
 a

ci
d 

tr
an

sp
or

t p
ro

te
in

 (
FA

T
P-

A
C

SV
L

),
fa

tty
 a

ci
d 

bi
nd

in
g 

pr
ot

ei
n 

(F
A

B
P)

 a
nd

 a
cy

l-
C

oA
 b

in
di

ng
 p

ro
te

in
 (

A
C

B
P)

. T
hi

s 
ta

bl
e 

su
m

m
ar

iz
es

 ti
ss

ue
-s

pe
ci

fi
c 

ex
pr

es
si

on
, r

eg
ul

at
io

n 
by

 tr
an

sc
ri

pt
io

n 
fa

ct
or

s,
 s

ub
st

ra
te

, l
ig

an
d 

bi
nd

in
g 

an
d 

in
te

ra
ct

io
n 

w
ith

nu
cl

ea
r 

re
ce

pt
or

s 
an

d 
pu

ta
tiv

e 
fu

nc
tio

n 
in

 th
e 

m
et

ab
ol

is
m

 o
f 

fa
tty

 b
in

di
ng

 p
ro

te
in

s.

Adv Pharmacol. Author manuscript; available in PMC 2014 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hardwick et al. Page 80

Ta
bl

e 
5.

2
M

ec
ha

ni
sm

 o
f 

re
gu

la
ti

on
 o

f 
G

-p
ro

te
in

 c
ou

pl
ed

 r
ec

ep
to

rs
 (

G
P

C
R

s)
 a

nd
 N

uc
le

ar
 h

or
m

on
e 

re
ce

pt
or

s 
(N

H
R

s)
 b

y 
bi

oa
ct

iv
e 

lip
id

s)

G
en

e 
id

N
om

en
cl

at
ur

e
T

is
su

e
R

eg
ul

at
io

n
Su

bs
tr

at
e 

lig
an

d
P

ro
te

in
 in

te
ra

ct
io

n
F

un
ct

io
n

FF
A

R
1

G
PR

40
Pa

nc
re

as
—

C
10

-C
18

, T
Z

D
G

q
G

SI
S 

se
cr

et
io

n

FF
A

R
2

G
PR

43
A

di
po

se
PP

A
R
γ

C
2-

C
5

G
q,

G
i

In
hi

bi
t l

ip
ol

ys
is

FF
A

R
3

G
PR

41
In

te
st

in
e,

 a
di

po
se

—
C

2-
C

4
G

i
G

L
P,

 L
ep

tin
 s

ec
re

tio
n

G
PR

84
M

T
—

C
9-

C
12

G
i

IL
12

-p
40

G
PR

11
9

Pa
nc

re
as

, i
nt

es
tin

e
—

L
ys

oP
C

, 5
-H

E
PE

G
s

G
L

P-
2,

PY
Y

 s
ec

re
tio

n

G
PR

12
0

C
ol

on
, a

di
po

se
—

C
10

-C
18

, P
U

FA
G

q
G

L
P-

1 
se

cr
et

io
n

E
P1

—

E
P2

PG
E

2 
re

ce
pt

or
M

T
, C

N
S,

 T
-B

—
PG

E
2

G
q

C
a2

+
↑,

 C
V

S,
 im

m
un

e

E
P3

PG
E

2 
re

ce
pt

or
M

T
, C

N
S,

 D
C

, E
, F

—
PG

E
2

G
s

cA
M

P↑
, i

m
m

un
e

E
P4

PG
E

2 
re

ce
pt

or
M

T
, C

N
S,

K
, I

M
—

PG
E

2
G

I,
G

12
/1

3
cA

M
P↓

, f
ev

er

D
P1

PG
E

2 
re

ce
pt

or
M

T
, D

C
, T

,C
A

N
—

PG
E

2
G

s,
G

i
cA

M
P↑

, i
nf

la
m

m
at

io
n

D
P2

PG
D

2 
re

ce
pt

or
V

SM
C

, B
SM

C
, P

—
PG

D
2,

 P
G

J 2
G

s
cA

M
P↑

, i
nt

es
tin

e

IP
PG

D
2 

re
ce

pt
or

T
h2

, M
T

, I
M

—
PG

D
2,

 P
G

J 2
G

i
cA

M
P↓

,c
he

m
ot

ax
is

FP
PG

I 2
 r

ec
ep

to
r

V
SC

, M
T

, I
M

—
PG

I 2
G

s,
G

q
cA

M
P↑

T
P

PG
F 2

 r
ec

ep
to

r
M

T
, K

, L
, I

M
—

PG
F 2
α

G
q

C
a2+

T

B
L

T
1

T
hr

om
bo

xa
ne

M
T

, I
M

 P
, C

N
S

Sp
1,

A
M

L
1

T
X

A
2,

 is
op

ro
st

an
es

G
q

C
a2+

T

B
L

T
2

L
T

B
4 

re
ce

pt
or

M
ye

lo
id

, s
pl

ee
n

Sp
1

L
T

B
4,

 2
0-

L
T

B
4,

12
-H

E
T

E
G

i
C

he
m

ot
ax

is
, p

ro
lif

er
at

io
n

cy
sL

T
1

L
T

B
4 

re
ce

pt
or

Sp
le

en
, L

iv
er

,
A

P-
1,

G
A

T
A

L
T

B
4,

12
-H

E
T

E
, 2

0-
L

T
B

4
G

i
C

he
m

ot
ax

is
, p

ro
lif

er
at

io
n

L
T

D
4 

re
ce

pt
or

m
ye

lo
id

ST
A

T
6

L
T

D
4 

>
 L

T
C

4 
>

 L
T

E
4

G
q

SR
S-

A
, i

nf
la

m
m

at
io

n

cy
sL

T
2

L
T

C
4 

re
ce

pt
or

L
eu

ko
cy

te
s,

 S
,L

,I
ST

A
T

1,
Ja

k
L

T
C

4 
=

 L
T

C
4 

>
 L

T
E

4
G

q
SR

S-
A

, i
nf

la
m

m
at

io
n

A
L

X
/F

PR
2

L
X

A
4 

re
ce

pt
or

L
eu

ko
cy

te
s,

 S
,B

, h
ea

rt
—

L
X

A
4,

 1
5e

pi
L

X
A

4,
pe

pt
id

es
G

s,
i,q

A
nt

iin
fl

am
m

at
or

y

L
PA

1-
5

L
PA

 r
ec

ep
to

r
M

T
, m

ye
lo

id
 M

T
—

L
ys

op
ho

sp
ha

tid
ic

 a
ci

d
G

i,G
q,

G
12

/1
3

C
V

S,
 p

ro
lif

er
at

io
n

N
R

1C
1

PP
A

R
α

L
iv

er
, k

id
ne

y
FX

R
α

L
T

B
4,

 8
-H

E
T

E
, E

E
T

, E
PA

,
B

-o
xi

da
tio

n

N
R

1C
2

PP
A

R
β

M
us

cl
e

—
D

H
A

, C
L

A
, P

L
, f

ib
ra

te
s

A
nt

iin
fl

am
m

at
or

y

N
R

1C
2

PP
A

R
γ

C
/E

B
P

15
-k

et
o 

PG
E

2,
β-

ox
id

at
io

n,
 a

nt
iin

-f
la

m
m

at
or

y

N
R

2A
1

H
N

F4
α

M
us

cl
e,

 a
di

po
cy

te
—

PG
I 2

, 1
5-

H
E

T
E

,E
PA

, R
A

A
di

po
ge

ne
si

s

N
R

1H
3

L
X

R
α

m
ac

ro
ph

ag
e

—
15

dP
G

J 2
, 1

5-
H

E
T

E
, E

PA
A

nt
iin

fl
am

m
at

or
y

Adv Pharmacol. Author manuscript; available in PMC 2014 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hardwick et al. Page 81

G
en

e 
id

N
om

en
cl

at
ur

e
T

is
su

e
R

eg
ul

at
io

n
Su

bs
tr

at
e 

lig
an

d
P

ro
te

in
 in

te
ra

ct
io

n
F

un
ct

io
n

N
R

1H
4

FX
R
α

L
iv

er
, M

T
—

13
-H

O
D

E
, P

G
F 2
α

,T
Z

D
β-

ox
id

at
io

n

N
R

5A
2

L
R

H
-1

L
iv

er
—

A
m

in
os

al
ic

yl
ic

 a
ci

d
A

nt
iin

fl
am

m
at

io
n

N
R

2B
1

R
X

R
α

L
iv

er
—

L
in

ol
ei

c,
 s

at
ur

at
e 

FA
C

ho
le

st
er

ol
 s

en
so

r

N
R

1B
1

R
A

R
α

L
iv

er
L

X
R
α

O
xy

st
er

ol
B

ile
 a

ci
d 

se
ns

or

G
en

e 
id

N
om

en
cl

at
ur

e
T

is
su

e
R

eg
ul

at
io

n
Su

bs
tr

at
e 

lig
an

d
Pr

ot
ei

n 
in

te
ra

ct
io

n
Fu

nc
tio

n

N
R

A
4

N
A

R
4

M
T

G
PC

R
,

B
ile

 a
ci

ds
A

nt
iin

fl
am

m
at

or
y

N
R

O
B

2
SH

P
M

T
T

L
R

s 
FX

R
α

Ph
os

ph
ol

ip
id

s
G

lu
co

co
rt

ic
oi

ds

M
T

C
is

-r
et

in
oi

c 
ac

id
,

H
N

R
 p

ar
tn

er

D
H

A
,

M
T

A
ll-

tr
an

s 
re

tin
oi

c 
ac

id
 U

nk
no

w
n 

R
et

in
oi

ds
?

D
if

fe
re

nt
ia

tio
n 
β-

ad
re

ne
rg

ic
 s

ig
na

l β
-o

xi
da

tio
n 

E
ne

rg
y

gl
uc

os
e 

ho
m

eo
st

as
is

A
M

L
1,

 a
cu

te
 m

ye
lo

id
 le

uk
em

ia
1;

 B
, b

as
op

hi
ls

; C
V

S,
 c

ar
di

ov
as

cu
la

r 
sy

st
em

; T
h2

-C
R

T
H

2,
 c

he
m

oa
ttr

ac
ta

nt
 r

ec
ep

to
r 

ho
m

ol
og

ou
s 

re
ce

pt
or

; C
N

S,
 c

en
tr

al
 n

er
vo

us
 s

ys
te

m
; B

SM
, b

ro
nc

hi
al

 s
m

oo
th

 m
us

cl
e;

C
L

A
, c

on
ju

ga
te

d 
lin

ol
ei

c;
 D

C
, d

en
dr

iti
c 

ce
ll;

 E
, e

nd
ot

he
lia

; F
, f

ib
ro

bl
as

t; 
G

SI
S,

 g
lu

co
se

-s
tim

ul
at

ed
 in

su
lin

 s
ec

re
tio

n;
 G

L
P,

 g
lu

ca
go

n 
lik

e 
pe

pt
id

e 
1;

 K
, k

id
ne

y;
 L

, l
un

g;
 I

, i
nt

es
tin

e;
 I

M
, i

m
m

un
e 

ce
lls

; M
 T

,
m

ul
tip

le
 ti

ss
ue

s;
 P

Y
Y

, p
an

cr
ea

tic
 Y

Y
 p

ep
tid

e;
 S

R
SA

, s
lo

w
-r

ea
ct

in
g 

su
bs

ta
nc

e 
of

 a
na

ph
yl

ax
is

; S
, s

pl
ee

n;
 S

T
A

T
, s

ig
na

l t
ra

ns
du

ce
r 

ac
tiv

at
or

 tr
an

sc
ri

pt
io

n;
 T

Z
D

, t
hi

az
ol

id
in

ed
io

ne
; T

L
R

, T
ol

l-
lik

e 
re

ce
pt

or
s.

T
hi

s 
ta

bl
e 

in
cl

ud
es

 r
ec

ep
to

r's
 p

ri
m

ar
y 

tis
su

e 
of

 e
xp

re
ss

io
n,

 r
eg

ul
at

io
n,

 li
ga

nd
 o

r 
su

bs
tr

at
e 

ac
tiv

at
io

n 
an

d 
pr

im
ar

y 
fu

nc
tio

n 
in

 ta
rg

et
 ti

ss
ue

.

Adv Pharmacol. Author manuscript; available in PMC 2014 January 01.


