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Preface

Lipids are functionally versatile molecules. They have evolved from relatively
simple hydrocarbons that serve as depot storages of metabolites and barriers to
the permeation of solutes into complex compounds that perform a variety of
signalling functions in higher organisms. This volume is devoted to the polar
lipids and their constituents. We have omitted the neutral lipids like fats and oils
because their function is generally to act as deposits of metabolizable substrates.
The sterols are also outside the scope of the present volume and the reader is
referred to volume 28 of this series which is the subject of cholesterol.

The polar lipids are comprised of fatty acids attached to either glycerol or
sphingosine. The fatty acids themselves constitute an important reservoir of
substrates for conversion into families of signalling and modulating molecules
including the eicosanoids amongst which are the prostaglandins, thromboxanes
and leucotrienes. The way fatty acid metabolism is regulated in the liver and
how fatty acids are desaturated are subjects considered in the first part of this
volume. This section also deals with the modulation of protein function and
inflammation by unsaturated fatty acids and their derivatives. New insights into
the role of fatty acid synthesis and eicosenoid function in tumour progression
and metastasis are presented.

The phospholipids form the principal constituents of the lipid bilayer matrix
of cell membranes. They constitute a range of lipid classes characterised by the
substituents attached to the phosphate group. Each lipid class, in turn, consists
of a range of molecular species characterised by the length, degree of
unsaturation and position and type of attachment to the glycerol backbone.
Cell membranes can be comprised of upwards of hundreds of individual
molecular species of lipid. The proportion of each molecular species present
in particular cell membranes of homeothermic organisms is preserved within
relatively narrow limits by biochemical homeostatic mechanisms. The lipids
found in the membranes of poikilothermic organisms are seen to change in
response to environmental factors like temperature and salinity which infers
that the biochemical changes in membrane lipids result in adaptive changes in
the physical properties of the lipid matrix. One particular role of polar lipids in
membranes is the integration and organization of intrinsic proteins into the
matrix. This feature is examined by exploring how membrane lipids that form

vii



viii Preface

non-bilayer structures can influence the function of integral membrane
proteins. Dysfunction in membranes has been associated with deficiencies of
phospholipids that tend to form non-bilayer structures and the role of these
lipids in protein folding and formation of oligomeric protein complexes is
explored.

Disorders of lipid metabolism are believed to underlie a variety of organ
pathologies and risk factors associated with circulatory diseases. Phospholipase
hydrolysis of cardiac sarcolemmal membrane phospholipids generates products
involved in the pathophysiology of heart disease. Signalling pathways
augmented by these products are evaluated in the context of their potential
for therapeutic intervention. One of the products of phospholipase A,
hydrolysis, lysophospholipid, is known to be involved in activation of
G-protein coupled receptors and one chapter is devoted to an overview of the
role of lysophospholipids in normal and pathological conditions. A summary of
recent findings in human and animal models is provided.

Oxidation of phospholipids may represent a general mechanism underlying a
range of chronic inflammatory and autoimmune diseases. Oxidised phospholipids
are also associated with many other conditions involving generation of reactive
oxygen species. Deacylation and transacylation with lysophosphatide intermediates
is an important process in membrane lipid homeostasis and the role of these
lysolipids as cell modulators is now recognized. Free radical oxidation of
membrane phospholipids results in release and activation of pro-apoptotic factors
and the generation of “eat me” signals culminating in phagocytosis of the target cell.

Sphingolipids are also constituents of the lipid bilayer matrix. Some
members form a group of complex glycosphingolipids many of which are
surface antigens and are known to be involved in the social organization of
cells in tissues. Sphingolipids and their metabolites act in a variety of regulatory
roles including the metabolism of lipids in general and in the biosynthesis of
sterols in particular. Although the precise mechanisms of how sphingolipids
regulate lipid metabolism are not known, this relationship has important
implications with regard to cellular lipid homeostasis, composition of
lipoproteins and development of atherosclerosis. These functions have been
examined together with how these lipids alter endothelial barrier functions and
cellular immune responses. Sphingolipids are implicated in many disease states
including metastatic conditions and apoptosis. The way sphingolipids act via
membrane signalling platforms like rafts is discussed as well as how such actions
may be targeted in the development of therapeutic strategies.

Finally, a complete understanding of the role of lipids in health and disease
can only be achieved by detailed knowledge of the changes in molecular species
of lipid in response to physiological or pathological states. This aspect of
lipidology has received considerable impetus in the recent past by the
combination of powerful separation and analytical techniques. An
appreciation of the analytical power of current lipidomic techniques can be
given by the fact that 100 nmoles of lipid, an amount that can be extracted from
a conventional tissue culture flask containing one million cells, is sufficient for a
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complete lipidomic analysis. The application of such lipidomic analyses in
discerning intracellular lipid traffic and monitoring disease is presented. It is
anticipated that deployment of lipidomic methodology in wider fields will lead
to a greater understanding of the role of lipids in health and disease. This
volume is aimed to generate the necessary enthusiasm and curiosity to realize
these ambitions.

London Peter J. Quinn
Wuxi Xiaoyuan Wang
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Chapter 1
Transcriptional Regulation of Hepatic
Fatty Acid Metabolism

Hervé Guillou, Pascal G.P. Martin and Thierry Pineau

Abstract The liver is a major site of fatty acid synthesis and degradation.
Transcriptional regulation is one of several mechanisms controlling hepatic
metabolism of fatty acids. Two transcription factors, namely SREBP1-c and
PPARua, appear to be the main players controlling synthesis and degradation of
fatty acids respectively. This chapter briefly presents fatty acid metabolism. The
first part focuses on SREBP1-c contribution to the control of gene expression
relevant to fatty acid synthesis and the main mechanisms of activation for this
transcriptional program. The second part reviews the evidence for the involve-
ment of PPARa in the control of fatty acid degradation and the key features of
this nuclear receptor. Finally, the third part aims at summarizing recent
advances in our current understanding of how these two transcription factors
fit in the regulatory networks that sense hormones or nutrients, including
cellular fatty acids, and govern the transcription of genes implicated in hepatic
fatty acid metabolism.

Keywords Lipogenesis - fatty acid . PPARalpha . SREBP-1c - LXR .
PKB/AKT . liver - insulin - fasting - polyunsaturated fatty acids

Abbreviations ACC: Acetyl-CoA Carboxylase; ChREBP: Carbohydrate-
responsive element-binding protein; FAS: Fatty acid synthase; FFA: Free
fatty acid; FoxO: Forkhead box O; GSK-3: Glycogen synthase kinase 3; IR:
Insulin Receptor; LXR: Liver X receptor; NEFA: Non-esterified fatty acid;
PDK: Phosphoinositide dependent kinase; PGC: Peroxisome proliferator
activated receptor general co-activator; PI3K: Phosphatidylinositol 3 kinase;
PKA: Protein kinase A; PKB: Protein kinase B; PKC: Protein kinase C; PPAR:
Peroxisome proliferator activated receptor; PUFA: Polyunsaturated fatty acid,;
RXR: Retinoid X receptors; SCD: Stearoyl-CoA Desaturase; SRE: Sterol
regulatory element; SREBP: Sterol regulatory element-binding protein

T. Pineau

Laboratoire de Pharmacologie et Toxicologie, Institut National de la Recherche
Agronomique (INRA), 180 Chemin de Tournefeuille, BP 3, F 31931, TOULOUSE,
Cedex 9, France

e-mail: thierry.pineau@toulouse.inra.fr

P.J. Quinn, X. Wang (eds.), Lipids in Health and Disease, 3
© Springer Science+Business Media B.V. 2008



4 H. Guillou et al.
1.1 Introduction

In mammals, the liver is a major site of fatty acid synthesis and degradation,
triglyceride synthesis and energy homeostasis. Impaired balance between synth-
esis and degradation of fatty acids might result in increased triglyceride assem-
bly and obesity. It can also contribute to the development of the metabolic
syndrome as a consequence of ectopic triglycerides accumulation in tissues such
as the liver, muscles and pancreatic B-cells. Thus, understanding the regulation
of hepatic fatty acid metabolism is an important challenge in order to define
nutritional or pharmacological approaches for better prevention and treatment
of metabolic diseases.

In this chapter, an overview of pathways for fatty acid synthesis and degra-
dation in the liver will be given in two independent parts. On the one hand, the
sterol regulatory element-binding protein 1-c (SREBP1-c) controls the expres-
sion of hepatic genes involved in fatty acid and triglyceride synthesis (Liang
et al., 2002; Shimomura et al., 1997). Therefore, main genes involved in fatty
acid synthesis and their regulation by SREBPI1-c are first presented. The dif-
ferent levels of activation for this transcription factor are then reviewed. On the
other hand, there is clear evidence supporting a major contribution of the o
isoform of the peroxisome proliferator activated receptors (PPARSs) to the
modulation of a transcriptional program determining the level of hepatic
fatty acid degradation (Aoyama et al., 1998; Kersten et al., 1999; Kroetz
et al., 1998). Hence, the second part of the chapter will attempt to concisely
review our current knowledge of PPARa target genes involved in fatty acid
degradation and what we know about PPARa itself.

Finally, examples of physiological and nutritional stimuli impacting on these
transcriptional sensors will be provided. This will lead us to focus on SREBP1-¢
and PPARa within complex regulatory networks of dietary and hormonal
regulations in the liver.

1.2 Fatty Acid Biosynthesis

Fatty acids are essential constituents of all biological membrane lipids and are
important substrates for energy metabolism. They also contribute to the reg-
ulation of a wide variety of biological activities. In animal tissues, fatty acids are
found as non-esterified (NEFA), as acyl-CoA and most predominantly as acyl
chain in complex lipids through amide linkage (ceramide, sphingolipids) or
esterified in cholesterol esters, mono- di- and triglycerides, and in phospholi-
pids. Physical, chemical and biological properties of fatty acids largely depend
on their length, the number and positions of double bonds.

The liver plays a central role in endogenously-synthesized fatty acid (de novo
lipogenesis) and exogenously-derived (dietary) fatty acid metabolism. An over-
view of fatty acid biosynthesis is given in Fig. 1.1. As presented in this figure,
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6 H. Guillou et al.

fatty acid synthesis is tightly linked to glucose metabolism. The full oxidation of
glucose can provide mitochondrial acetyl-CoA which can then enter the citrate
cycle (Fig. 1.1). This subsequently results in an increase in cytosolic citrate that
can be converted to acetyl-coA. This conversion requires the ATP-citrate lyase
(ACL), a critical enzyme in coupling of glycolysis to fatty acid synthesis by
providing acetyl-CoA.

1.2.1 De Novo Lipogenesis Enzymes

1.2.1.1 Acetyl-CoA Carboxylase

De novo lipogenesis starts with the carboxylation of acetyl-CoA to malonyl-
CoA (Fig. 1.1). This ATP-dependent carboxylation is catalysed by acetyl-coA
carboxylase (ACC) (Tong and Harwood, 2006) which acts as the pace-setting
enzyme of fatty acid synthesis. ACC activity is tightly regulated through a
variety of stimuli (Kim, 1997). In particular, it is allosterically activated by
citrate. Not only is ACC the rate-limiting enzyme in fatty acid biosynthesis, but
it also produces malonyl-CoA an allosteric inhibitor of carnitine palmitoyl-
transferase I (CPT-I) which is required for mitochondrial fatty acid uptake and
oxidation (McGarry and Brown, 1997). ACC isoforms, ACC1 and ACC2, are
encoded by different genes (Kim, 1997; Widmer et al., 1996), display distinct
cellular distributions (Abu-Elheiga et al., 2000) and appear to have different
functions. ACC1 is expressed in lipogenic tissues and localized in the cytosol.
ACC2 is mostly expressed in oxidative tissues, such as heart and skeletal muscle,

<

Fig. 1.1 (continued) Hepatic pathways of fatty acid biosynthesis. The upper panel illustrates
the origin of cytosolic acetyl-CoA, the precursor for the de novo synthesis of palmitic acid
which is illustrated in the middle panel. The lower part illustrates the synthesis of unsaturated
FA.SREBP-Ic target genes involved in fatty acid biosynthesis are marked with an asterisk (*).
Mitochondrial acetyl-CoA, produced by mitochondrial FA oxidation and pyruvate oxidative
decarboxylation (PDH: pyruvate dehydrogenase complex, regulated by phosphorylation
through PDP: PDH phosphorylase and PDK: PDH kinase), is transported to the cytosol
through its condensation as citrate (CS: citrate synthase) for which a transporter exist (CDT:
citrate/dicarboxylate transporter). In the cytosol, the ATP-citrate lyase (ACL) reconverts
citrate to acetyl-CoA which is then carboxylated to malonyl-CoA through the acetyl-CoA
carboxylases (ACC). The fatty acid synthase (FAS) then synthesizes palmitic acid from
malonyl-CoA through a series of reactions catalyzed by its different functional domains.
The synthesis of unsaturated FAs from palmitic acid involves elongation (¢) and rate-limiting
desaturation steps (additional requirements for Bp: a peroxisomal B-oxidation round are
indicated). FA desaturation is catalyzed by FA A9-, A6- and AS5-desaturases (main hepatic
isoforms: SCD1 for stearoyl-CoA desaturase 1, Fads2 for FA desaturase 2 and Fadsl
respectively) which function on various substrates. Note that the synthesis of linoleic
(C18:2w6) and a-linolenic (C18:3w3) is plant-specific. Thus, these essential precursors of the
®6 and o3 families must be provided by dietary inputs. PT: pyruvate transporter; PC:
pyruvate carboxylase; MD: malate dehydrogenase; ME: malic enzyme
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and localizes at the mitochondrial membrane. Wakil and collaborators have
investigated the respective roles of ACC isoforms in vivo. Transgenic mice
lacking ACC1 are not viable (Abu-Elheiga et al., 2005). The liver-specific
deletion of ACCI1 results in a reduced triglyceride accumulation without affect-
ing fatty acid oxidation (Mao et al., 2006). Mice lacking ACC2 show increased
oxidation of fatty acids and decreased fat storage (Abu-Elheiga et al., 2001).
All together, these data suggest that the malonyl-CoA produced by ACCl is
primarily used for fatty acid synthesis while mitochondrial ACC2 produces a
pool of malonyl-CoA that controls CPT-I activity and fatty acid B-oxidation.

1.2.1.2 Fatty Acid Synthase

Malonyl-CoA is then used for fatty acid synthesis. This process requires Fatty
Acid Synthase (FAS) (Chirala and Wakil, 2004) that uses acetyl-CoA as a
primer, malonyl-CoA as a two-carbon donor, and NADPH as a reducing
equivalent (Fig. 1.1). The predominant fatty acid produced by FAS is palmitic
acid (C16:0). The structure of FAS has been extensively studied (Asturias et al.,
2005; Maier et al., 2006). FAS is a multifunctional complex consisting of two
identical monomers. However, only the dimeric form is active (Chirala et al.,
2001). In animal FAS functions as a homodimeric complex of 250 kDa found in
the cytoplasm. It harbours seven different enzymatic activities required for
palmitic acid synthesis.

Transgenic mice lacking fatty acid synthase die in utero (Chirala et al., 2003)
which suggest not only that this FAS activity is important during development
but also that there is no alternative biosynthetic pathway. In mice with a liver-
specific inactivation of FAS, lipid and glucose homeostasis is markedly
impaired (Chakravarthy et al., 2005).

FAS represents a drug target not only for obesity-related diseases (Loftus
et al., 2000) but also for treatment and prevention of human cancers (Kuhajda,
2006; Menendez and Lupu, 2007).

1.2.1.3 A9-desaturase

A9-desaturase is generally considered as a lipogenic enzyme. It catalyses the
introduction of a A9 double bound on the acyl-chain of saturated fatty acids
such as palmitic acid, which can be produced by FAS. The hepatic A9-desatur-
ase is well-known (Heinemann and Ozols, 2003) since it has been purified more
than 30 years ago (Strittmatter et al., 1974). This A9-desaturase acts on both
palmitic acid (C16:0) and stearic acid (C18:0) to produce pamitoleic acid
(C16:1n-7) and oleic acid (C18:1n-9) respectively (Fig. 1.1). Under normal
dietary conditions, C16:1 n-7 and C18:1n-9 are the main fatty acids of the n-7
and n-9 families in animals.

The protein lies in the endoplasmic reticulum where it co-localises with
NADH cytochrome b5 reductase and cytochrome b5, both required for A9-
desaturase activity (Jeffcoat et al., 1977; Strittmatter et al., 1974). A9-desaturase
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is also named stearoyl-CoA isomerase (SCD). At least four distinct SCD iso-
forms exist in mice (Miyazaki et al., 2003). These isoforms named SCD1, SCD2,
SCD3 and SCD4 have distinct tissue distributions. In human only three isoforms
have been identified. One human isoform, SCD1 (Zhang et al., 1999), is highly
similar to mouse SCD1. SCD2 (Zhang et al., 2005) and another human isoform,
named SCDS5 (Wang et al., 2005), which is unique to primates, have been cloned.

SCD1 is, at least in rodents, the main hepatic isoform of SCD. Its physiolo-
gical role has been extensively studied, in particular its role in the control of
metabolism (Dobrzyn and Ntambi, 2005). SCDI1 has been established as a
critical player in the development of the metabolic syndrome. A very large
body of evidence has been obtained in vivo showing that SCD1 deficiency
protects against adiposity and several related pathologies. The different models
used are the Asebia mouse, a natural mutant lacking SCD1 (Cohen et al., 2002;
Zheng et al., 1999), a mouse with targeted disruption of SCD1 (Miyazaki et al.,
2001; Ntambi et al., 2002) and more recently a mouse model with liver specific
disruption of SCD1 (Miyazaki et al., 2007).

1.2.2 Elongases and PUFA-desaturases

Elongases (marked ¢ on Fig. 1.1) and PUFA desaturases (marked A6 and A5
on Fig. 1.1) are not usually classified as “lipogenic” enzymes. However, they
play a critical role in the synthesis of a variety of fatty acids either by acting on
endogenously produced fatty acids (from lipogenesis) or on exogenous (dietary)
fatty acids. Therefore, we chose to briefly introduce these enzymes.

1.2.2.1 Elongases

Fatty acid elongation mainly occurs in the endoplasmic reticulum where elon-
gases add two carbons to acyl-CoA substrates by using malonyl-CoA. Elon-
gases are the rate-limiting protein acting in a multi proteic complex including a
3-keto acyl-CoA reductase and trans-2,3-enoylCoA reductase (Leonard et al.,
2004; Moon et al., 2001; Prasad et al., 1986). The family of elongases consists of
at least six members (Elovl-1, 2, 3, 4, 5 and 6) in mouse and human (Jakobsson
et al., 2006) with tissue-specific, nutritional and developmental regulation
(Wang et al., 2005). In the liver, the most abundant isoform is Elovl-5. Elovl-1,
Elovl-2, and Elovl-6 are also expressed in the liver (Wang et al., 2006). Elovl-1
and Elovl-6 are saturated and monounsaturated fatty acid elongases while both
Elovl-2 and Elovl-5 are likely to play a role in the PUFA biosynthetic pathway
(Jakobsson et al., 2006). Elovl-6 particularly controls the balance between C18
and C16 fatty acids and has been recently shown to play a crucial role in obesity-
induced insulin resistance (Matsuzaka et al., 2007).
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1.2.2.2 PUFA Desaturases

Two PUFA desaturases have been isolated in rodents and human. These
are Ao6-desaturase (Cho et al., 1999b), encodef by the FADS2 gene, and
AS5-desaturase, encoded by the FADS1 gene (Cho et al., 1999a) which are
highly expressed in the liver. In human, both genes belong to a gene cluster
which includes FADS3, another putative desaturase which remains uncharac-
terized (Marquardt et al., 2000). Unlike A9-desaturases, both A6- and
AS5-desaturases contain a cytochrome b5 domain required for their activity
(Guillou et al., 2004).

Under dietary conditions supplying both linoleic (C18:2n-6) and a-linolenic
acid (C18:3n-3), A6-desaturase and AS-desaturase, together with elongases,
synthesize very long chain PUFAs of the n-6 and n-3 series, such as arachidonic
(C20:4n-6) and docosahexaenoic (C22:6n-3), which are involved in a number
of pivotal biological functions. The clinical picture described in a human
with a mutation in A6-desaturase promoter which results in a low expression
of A6-desaturase emphasizes the importance of this pathway (Nwankwo et al.,
2003). A6-desaturase has several substrates and acts twice in the pathways
(Fig. 1.1), both on 18 carbon and 24-carbon PUFAs of n-6 and n-3 families
(D’Andrea et al., 2002; Voss et al., 1991).

1.2.3 SREBP-1c a Key Regulator of Fatty Acid Synthesis

Sterol regulatory element binding proteins (SREBPs) are a family of transcrip-
tion factors originally discovered as involved in the regulation of genes control-
ling the cellular availability of cholesterol (Wang et al., 1994). SREBP-1c is the
isoform which appears to be primarily involved in regulating the expression of
lipogenic and fatty acid-metabolizing enzymes. SREBP-1c is also sometimes
referred to as Adipocyte determination and differentiation-dependent factor 1
(ADD1) (Kim and Spiegelman, 1996; Tontonoz et al., 1993).

1.2.3.1 The SREBP Family

The SREBP family of transcription factors control the expression of genes
involved in cholesterol and fatty acid metabolism. They play critical roles
during adipocyte differentiation and insulin-dependent gene expression
(Bengoechea-Alonso and Ericsson, 2007; Eberle et al., 2004; Espenshade and
Hughes, 2007; Ferre and Foufelle, 2007; Horton, 2002). The family consists of
three different SREBP proteins, SREBP-la, SREBP-1c and SREBP2. In
human, SREBP-1a and SREBP-1c are produced from a single gene (Hua
et al., 1995), SREBP-2 is produced from a separate gene (Miserez et al., 1997).

SREBPs are basic-helix-loop-helix-leucine zipper (b HLH-LZ) transcription
factors synthesized as 1150 amino acids precursors bound to the endoplasmic
reticulum (ER) membrane (Hua et al., 1996). All SREBPs precursors are
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organized into three distinct domains. The N-terminal domain contains the
transactivation domain, a region rich in serine and proline and the bHLH-LZ
region for DNA binding and dimerization. SREBPs contain two hydrophobic
transmembrane domains and a short loop located in the ER lumen. The
C-terminal end is a regulatory region. To be active, the N-terminal region of
SREBPs must be released from the membrane and translocate to the nucleus.
Unlike other bHLH-LZ transcription factors, instead of a well-conserved
arginine residue in their basic domain, SREBPs contain a tyrosine residue.
This feature allows SREBPs to bind not only to E-boxes (5-CANNTG-3,
where N can be any base), like all bHLH proteins do, but also to sterol
regulatory element (SRE) sequences (5-TCACNCCCAC-3') (Kim et al., 1995).

The relative abundance of SREBP isoforms differs in cultured cells and
animal tissues. In cultured cells SREBP-1a is highly expressed (Shimano
et al., 1997a). In adult animal tissues, SREBP-1c expression is approximately
10-times more abundant than SREBP-1a and twice as abundant as SREBP-1
(Shimomura et al., 1997).

Regulation of Fatty Acid Synthesis by SREBP-1c

The relative function of SREBP isoforms has been investigated both in vitro
(Pai et al., 1998) and in vivo (Horton et al., 1998b; Shimano et al., 1999). While
SREBPs have overlapping function, studies performed with transgenic mice
overexpressing nuclear forms of SREBPs (nSREBPs) in the liver have provided
information on the specific target genes of individual isoforms.

SREBP-2 primarily regulates the expression of genes involved in cholesterol
uptake and synthesis. The hepatic overexpression of nSREBP-2 in mice results
in a marked increase in the expression of genes involved in cholesterol biosynth-
esis and a moderate induction of genes involved in fatty acid synthesis (Horton
et al., 2003, 1998b). Overexpression of nSREBP-1la in mice liver strongly
increases the expression of genes involved in cholesterol synthesis and fatty
acid synthesis (Horton et al., 2003; Shimano et al., 1996). Interestingly, despite
the overlap in target genes between SREBP-1a and SREBP-2, deletion of
SREBP-2 in mice is lethal (Shimano et al., 1997b).

Finally, in mice overexpressing nSREBP-1c, the expression of lipogenic
enzymes is elevated while no effect on cholesterol synthesis is reported
(Shimano et al., 1997a). Moreover, the selective deletion of SREBP-1c isoform
in mice leads to a reduction of mRNAs encoding enzymes involved in fatty acid
synthesis (Liang et al., 2002). Altogether, these data showed that amongst
SREBP isoforms, SREBP-1¢ is the isoform most specifically involved in
the regulation of lipogenic genes such as ACC, FAS and SCD1. More recently
Ab6-desaturase (Matsuzaka et al., 2002; Nara et al., 2002), AS5-desaturase
(Matsuzaka et al., 2002) and the Elovl6 elongase (Kumadaki et al., 2008;
Moon et al., 2001) were reported to be SREBP-1c target genes.
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Mechanism of SREBP-1c Activation
Transcriptional Regulation of SREBP-1¢

Unlike other SREBP isoforms, SREBP-1¢ expression and nuclear abundance is
not increased in case of low cholesterol availability (Sheng et al., 1995). In the
liver, SREBP-1c expression is very sensitive to the nutritional status (Horton
et al., 1998a). SREBP-1c mRNA level decreases during fasting and is increases
markedly in animals refed a high carbohydrate diet. Experiments performed in
hepatocytes (Foretz et al., 1999) showed that the transcription of SREBPIc is
induced by insulin. In vivo, it has been shown that the 2.2 kb of the 5'-flanking
sequence of SREBP-I1c is sufficient for the fasting-refeeding regulation of its
expression (Takeuchi et al., 2007). This induction of SREBP-1c transcription
leads to a parallel increase in the level of the ER membrane-bound precursor
and the nuclear form (Azzout-Marniche et al., 2000).

The signalling pathways involved in the control of SREBP-1c expression are
not clearly understood. However, Protein Kinase B (PKB) (Fleischmann and
Iynedjian, 2000; Porstmann et al., 2005) and Protein Kinase C A (Matsumoto
et al., 2003; Taniguchi et al., 2006) are likely to be involved (Fleischmann and
Iynedjian, 2000). Moreover, the Liver X Receptor, a nuclear receptor highly
expressed in the liver, also contributes to regulate SREBP-1c¢ expression (Peet
et al., 1998; Repa et al., 2000). In the last part of this chapter, we will see how
PKB and LXR might be involved in the control of SREBP-Ic expression in
response to the dietary status.

Proteolytic Cleavage of SREBP-1c

Several aspects of the mechanisms by which the cellular sterol concentration
regulates SREBP-2 and SREBP-1a proteolytic cleavage have been partly char-
acterized (Brown and Goldstein, 1997; Espenshade and Hughes, 2007). Under
high cholesterol SREBP precursors are retained in the ER membranes through
association with the SREBP cleavage activating protein (SCAP) and a protein
of the insulin-induced gene (Insig) family (McPherson and Gauthier, 2004;
Yang et al., 2002). Retention of the SREBP/SCAP complex in the ER is
mediated by the sterol-mediated inhibition of the COPII proteins Sec 23/24
from binding to SCAP (Espenshade et al., 2002). Under low cholesterol, SCAP
dissociates from Insig and escorts SREBP from the ER to the Golgi. This
transport occurs through incorporation of SCAP/SREBP into COPII vesicles
containing the subcomplex of COPII proteins consisting of the small GTPase
Sarl and the cargo recognition complex Sec 23/24 (Gurkan et al., 2006). Once in
the Golgi, two distinct proteases, SIP and S2P, sequentially cleave the precursor
form of SREBP releasing the mature form in the cytoplasm before it transfers to
the nucleus (Duncan et al., 1998; Sakai et al., 1998). A representation of the
sterol-sensitive pathway that regulates the proteolytic cleavage of SREBP-2 and
SREBP-1ais given in Fig. 1.2. Studies performed in vivo have shown that sterol
depletion does not influence the cleavage of SREBP-1c (Sheng et al., 1995).
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Fig. 1.2 A schematic overview of the proteolytic processing of SREBPs. This pathway was
described as a cholesterol-sensing process which applies to both SREBP-2 and SREBP-1a.
While SCAP and Insig are involved in the proteolytic cleavage of SREBP-1c the detailed
mechanisms by which insulin regulates SREBP-1¢ processing are not known

While it has been shown that SREBP-1c¢ cleavage is under the control of insulin
(Hegarty et al., 2005) the mechanism by which this cleavage occurs remains
to be elucidated. However, both SCAP (Matsuda et al., 2001) and Insigs
(Engelking et al., 2004; 2005, 2006) are involved in regulating SREBP-1c¢ in
vivo. One Insig isoform (Insig-2a) is highly expressed in the liver and it is
selectively down-regulated by insulin (Yabe et al., 2003). Insig-2a might there-
fore be involved in a specific, insulin-sensitive and high cholesterol-insensitive,
regulation of SREBP-1c.
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Nuclear Regulation of SREBP-1c Activity

SREBPs interact with several co-activators and act in conjunction with several
other transcription factors (Bengoechea-Alonso and Ericsson, 2007; Weber
et al., 2004). This could lead to other signal-sensitive co-activation of SREBP
activity. For instance, the peroxisome proliferator activated receptor general
co-activator  (PGC-1p) interacts with and stimulates SREBP-1c¢ activity in the
liver of mice fed a diet rich in saturated fatty acids (Lin et al., 2005). Chromatin
remodelling complexes have also recently been shown to interact with SREBP-
Ic and contribute to insulin sensitivity (Lee et al., 2007).

Nuclear SREBP activity is also controlled by several post-translational
regulations including phosphorylation, acetylation, sumoylation and ubiquiti-
nation (Bengoechea-Alonso and Ericsson, 2007; Eberle et al., 2004). Several
cross-talks with kinase-mediated signalling are likely to influence SREBP-1¢ in
the liver in vivo. GSK3 is involved in the phosphorylation and subsequent
ubiquitination of SREBP-1c (Punga et al., 2006; Sundqvist et al., 2005).
PKA-dependent phosphorylation of SREBP-1c also reduces SREBP-1c activ-
ity (Lu and Shyy, 2006). Together with 26S proteasome, Erk-dependent path-
ways is involved in the reduction of nuclear SREBP-1 induced by
docosahexaenoic acid (C22:6n-3) (Botolin et al., 2006).

SREBP-1c appears as a very important player in controlling the transcrip-
tional program for lipogenesis and fatty acid synthesis. The synthesis of fatty
acids in the liver is particularly intensive in response to feeding when insulin and
glucose levels are high. Under those circumstances, particularly elevated insu-
lin, the role of SREBP-1c s very clear. However, SREBP-1c deficiency does not
fully abolish the expression of genes involved in lipogenesis (Liang et al., 2002)
which implies that other transcription factors are involved. Amongst those,
LXR and the carbohydrate-responsive element-binding protein (ChREBP)
are likely to make a particularly significant contribution to the regulation
of fatty acid synthesis in response to elevated glucose and insulin (Denechaud
et al., 2008).

1.3 Fatty Acid Degradation

Fatty acid catabolism occurs in various organs throughout the body. Some
organs such as the adult heart rely preferentially on fatty acid degradation as
their energy source. The liver is also a major site of fatty acid catabolism and the
pathways involved are strongly regulated in this organ. In the liver, fatty acid
catabolism not only acts as an energy source but also as a source of substrates
for the synthesis of ketone bodies (ketogenesis) which, under fasting conditions,
can be used as fuels by extrahepatic tissues. In this chapter, we will first describe
the different pathways involved in hepatic fatty acid catabolism and present the
known hepatic regulations at the transcriptional level.
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1.3.1 Metabolic Pathways in the Liver

Fatty acid breakdown is mainly accomplished via the mitochondrial and the
peroxisomal B-oxidation pathways (Fig. 1.3). While short-chain and medium-
chain fatty acids are mainly degraded in the mitochondria, very long-chain fatty
acids (more than 20 carbons) are first shortened in the peroxisomes and then
usually further oxidized in the mitochondria.

1.3.1.1 Import into Mitochondria

Before being oxidized in the mitochondrial matrix, long-chain fatty acids
must be transported through the mitochondrial membrane via a tightly regu-
lated transport system involving four different actors (Kerner and Hoppel,
2000). The first step is the activation of the free fatty acid (FFA) through
its esterification with coenzyme A. This step is catalyzed by the long-chain
acyl-CoA synthetase located at the mitochondrial outer membrane. Since
the mitochondrial inner membrane is impermeable to long-chain acyl-CoAs, the
mitochondrial carnitine-dependent transport system, involving three proteins,
transports the acyl-CoA to the mitochondrial matrix. The carnitine palmitoyl-
transferase I (CPT-I), which is also located in the mitochondrial outer membrane,
transesterifies the acyl-CoA to acylcarnitine. Then a carnitine/acylcarnitine trans-
locase (CACT), an integral inner membrane protein, transports the acylcarnitine to
the mitochondrial matrix together with carnitine, from the matrix to the inter-
membrane space. Finally, the carnitine palmitoyltransferase II (CPT-II), an
enzyme associated with the inner leaflet of the mitochondrial inner membrane,
catalyzes the reverse reaction as CPT-I and thus reconverts the acylcarnitine to its
respective fatty acyl-CoA.

1.3.1.2 Mitochondrial B-Oxidation

Once into the mitochondrial matrix, fatty acyl-CoAs are B-oxidized through a
pathway involving four sequential reactions. These are catalyzed by enzymes
displaying chain length specificities. The first step involves acyl-CoA dehydro-
genases (short, medium, long and very long-chain acyl-CoA dehydrogenases or
SCAD, MCAD, LCAD and VLCAD) which produce enoyl-CoAs and use
FAD as a cofactor. Enoyl-CoAs are then hydrated by at least two different
enoyl-CoA hydratases (short chain enoyl-CoA hydratase -SCEH or Echs1- and
long chain enoyl-CoA hydratase -LCEH-) which produce L-hydroxyacyl-
CoAs. The third step is catalyzed by short chain 3-hydroxyacyl-CoA dehydro-
genase (SCHAD or Hadh2, also known as 17p-hydroxysetroid dehydrogenase
10 or Hsd17b10) and by 3-hydroxyacyl-CoA dehydrogenase (HAD or Hadh)
(Yang et al., 2005) which produce 3-ketoacyl-CoAs and use NAD+ as a
cofactor. The final step is catalyzed by 3-ketoacyl-CoA thiolases amongst
which acetyl-CoA acyltransferase 2 (Acaa2) and acetoacetyl-CoA thiolase
(Acatl) have been best characterized. The latter also catalyzes the condensation
of two acetyl-CoA which is the first reaction involved in ketogenesis. In
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Fig. 1.3 Hepatic pathways of mitochondrial and peroxisomal fatty acid catabolism. The upper
part illustrates the systems of FA activation and entry into the mitochondrion and the peroxi-
some. The FA B-oxidation pathway is illustrated in the center and the specific cofactors
and enzymes involved in the mitochondrion (lef7) and in the peroxisome (right) are presented
on the sides. Genes for which a PPARa-dependent regulation has been reported in the
literature are identified by an asterisk (*). For most of these genes, at least one functional PPRE
has been characterized in their promoter. ACS: acyl-CoA synthesase; CPT: carnitine palmitoyl-
transferase; CACT: carnitine:acylcarnitine translocase; ABCD1-4 : ATP-binding cassette trans-
porter, sub-family D, members 1 to 4; S-, M-, L- and VLCAD: short, medium, long and very long
chain acyl-CoA dehydrogenase; TPa (or B): trifunctional protein o (or ) subunit; SCEH and
LCEH: short and long chain enoyl-CoA hydratase; (SC)HAD: (short chain) 3-hydroxyacyl-CoA
dehydrogenase; Acaa2: acetyl-CoA acyltransferase 2; Acatl: acetyl-CoA acetyltransferase
1; Acox: acyl-CoA oxidase; L- and D-PBE : L- and D-peroxisomal bifunctional enzyme; ThA
(or B): peroxisomal 3-ketoacyl-CoA thiolase A (or B); SCPx: sterol carrier protein X
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addition to these enzymes, a mitochondrial trifunctional protein composed of
two subunits (TPa« or Hadha and TPB or Hadhb) has been purified which
catalyzes the last three steps of mitochondrial B-oxidation (Uchida et al., 1992).

1.3.1.3 Peroxisomal B-Oxidation

One of the main functions of peroxisomes is the catabolism of fatty acids
through B-oxidation and, for B-methyl fatty acids such as phytanic acid,
through a-oxidation. Little is known about the mechanisms involved in very
long-chain fatty acid transport into the peroxisome. However, peroxisomal
ABC transporters (ABCDI, 2, 3 and 4 in mouse and human) are likely to be
involved in this process (Theodoulou et al., 2006). Two peroxisomal B-oxida-
tion pathways have been described which have been termed “inducible” and
“non-inducible” and mainly function on straight-chain and branched-chain
fatty acids respectively. Nevertheless, observations made in knockout mouse
models indicate that some intermediates in fatty acid degradation may use
both pathways (Baes et al., 2000; Jia et al., 2003; Qi et al., 1999). Peroxisomal
B-oxidation proceeds essentially through pathways similar to those described
for mitochondrial B-oxidaton except for the first step, catalyzed by acyl-CoA
oxidases 1 and 2 (Acoxl and 2 for the straight-chain and branched-chain
pathways, respectively) which use molecular oxygen as a proton acceptor
and generate H,O, instead of FADH,. The second and third steps of fatty
acid B-oxidation are catalyzed by bifunctional enzymes (L-PBE and D-PBE for
the straight-chain and branched-chain pathways respectively). Finally, the
fourth step is catalyzed by the 3-ketoacyl-CoA thiolases A and B for the
straight-chain pathway and SCPx for the branched-chain pathway.

1.3.1.4 Microsomal ®w-Hydroxylation

While microsomal o-hydroxylation is not believed to represent a major path-
way for hepatic fatty acid catabolism under normal physiological conditions,
this highly inducible pathway may become important under certain conditions
such as fasting or exposure to peroxisome proliferators. In addition to FA
catabolism, the cytochrome P450 4As (CYP4As) involved in this pathway
catabolize leukotrienes and prostanoids and also generate bioactive molecules
from arachidonic acid ®-hydroxylation.

1.3.1.5 Ketogenesis

Although ketogenesis is not a pathway of fatty acid catabolism per se, it is
activated in several situations of hepatic fatty acid breakdown such as fasting.
Ketogenesis converts acetyl-CoA to ketone bodies (acetoacetate, acetone and
B-hydroxybutyrate) which can be used as an energy source by certain tissues
such as brain or muscles. The key enzyme of this pathway is the mitochondrial
3-hydroxy-3-methylglutaryl-CoA synthase or HMGCS2.
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1.3.1.6 Fatty Acid Catabolism Disorders and Knockout Models

In humans, several genetic disorders of fatty acid catabolism, such as the most
common MCAD-deficiency, have been reported but their description falls
beyond the scope of this review. Several recent reviews have described many
of these diseases and their symptoms in more detail (Longo et al., 2006; Rinaldo
et al., 2002; Wanders and Waterham, 2006; Yang et al., 2005). For mitochon-
drial fatty acid oxidation disorders the symptoms often develop at infancy
during an episode of increased energy demand such as fasting, exercise or
illness. Peroxisomal fatty acid oxidation enzyme deficiencies often involve
neuropathy and retinopathy.

1.3.2 Transcriptional Regulation of Hepatic Fatty Acid Catabolism

Various situations yield to induction of fatty acid catabolism in the liver such as
birth which corresponds to a transition in energy source from a carbohydrate-
rich to a lipid-rich regimen; fasting, which is associated with free fatty acid
release in the blood due to lipolysis of the adipose tissue; as well as exposure to
various xenobiotics. Several biochemical mechanisms exist to rapidly control
the activity of the different enzymes involved in fatty acid oxidation. However,
the transcriptional regulation of the expression of these enzymes is an addi-
tional level of control necessary for long-term maintenance of the organism
energy balance.

1.3.2.1 Identification of PPARx

One of the key transcriptional regulators of fatty acid catabolism which has been
well characterized since its discovery in 1990 (Issemann and Green, 1990) is the
nuclear receptor PPARa (Peroxisome Proliferator-Activated Receptor o). The
nuclear receptor (NR) superfamily, which comprises 48 members in human and
49 in mouse, mainly includes transcription factors whose activity is primarily
regulated by ligand binding. These receptors are organized in different functional
domains. The poorly conserved amino-terminal domain (A/B domain) contains
a ligand-independent transactivation function (AF-1) and may be involved in the
interaction of the NR pathways with different signalling pathways though post-
translational modifications of the NR. For PPARs, other important roles attrib-
uted to this domain include the interaction with coregulators (Tudor et al., 2007)
and the control of the selectivity of target gene regulations among PPAR iso-
forms (Hummasti and Tontonoz, 2006). The central domain or DBD (DNA-
binding domain) is highly conserved and interacts with the response elements
located in the promoters of the target genes. Finally, the well-conserved carboxy-
terminal ligand-binding domain (LBD) exhibits a ligand-dependent transactiva-
tion function which, upon ligand binding, interacts with different coregulators.
The actions of these coregulators at the chromatin (remodelling and histone
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post-translational modifications) and at the basal transcriptional machinery
(interactions with basal transcription factors) levels are eventually responsible
for the regulation of the transcription of the target genes (Lonard and O’Malley
B, 2007). X-ray crystal structures of the LBDs of many NRs have helped
elucidating the main determinants of ligand binding, dimerization and cofactors
interactions (Zoete et al., 2007).

1.3.2.2 PPARa and its Target Genes

Three different PPARs have been identified: PPARa (NRI1CI1), PPARB/6
(NR1C2) and PPARy (NR1C3). The latter is almost exclusively expressed in
adipose tissues where it is particularly involved in adipogenesis and mediates the
effects of the thiazolidinedione drugs used as insulin sensitizers (Walczak and
Tontonoz, 2002). PPARa is mainly expressed in tissues exhibiting high rates of
fatty acid catabolism such as the liver, the heart, the skeletal muscle, the kidney
or the brown adipose tissue (Desvergne and Wahli, 1999). Although in human,
PPARuw is expressed at much lower levels in the liver compared to rodent species
(Palmer et al., 1998), it is generally considered the main mediator of the beneficial
effects of the fibrate drugs, used for the treatment of dyslipidemias (Gervois
et al., 2007; Zandbergen and Plutzky, 2007). Finally, PPARp is more ubiqui-
tously expressed. Although PPARP has been less studied than the other two
isoforms, it has recently emerged as another important regulator of fatty acid
transport and catabolism, especially in muscle cells (Barish et al., 2006). All three
PPARs function as heterodimers with the retinoid X receptors (RXRa,  or y)
and generally recognize response elements organized as direct repeats of the
consensus motif AGGTCA separated by one nucleotide (DR1). Most direct
PPAR« target genes characterized to date (Mandard et al., 2004) are involved
in fatty acid transport (lipoprotein metabolism, transport across plasma mem-
brane), fatty acid intracellular trafficking (fatty acid or acyl-CoA binding pro-
teins, mitochondrial and peroxisomal transport systems) and fatty acid
oxidation (mitochondrial B-oxidation, peroxisomal «- and B-oxidation and
microsomal m-oxydation). In Fig. 1.3, several genes involved in fatty acid
catabolism and known to be PPAR« target genes have been marked.

The observations made in PPARa —/— mice (Lee et al., 1995) provide in vivo
evidence for a major role of PPARa in regulating these enzymes. In PPARo —/—
mice, Aoyama et al. (Aoyama et al., 1998) observed a marked decrease in the
expression of genes involved in fatty acid-catabolizing enzymes. Consistent
with an impaired ability to degrade fatty acid, PPARo—/— mice accumulate
hepatic triacylglycerols (Costet et al., 1998).

1.3.2.3 PPAR« Ligands

The PPARa ligands, named peroxisome proliferators (PPs) include a wide
range of structurally diverse molecules which induce, primarily in rodent



1 Transcriptional Regulation of Hepatic Fatty Acid Metabolism 19

species, hepatic peroxisome proliferation and the expression of PPAR« target
genes. Several early studies have identified fatty acids as ligands and activators
of PPARa (Forman et al., 1997; Gottlicher et al., 1992; Kliewer et al., 1997,
Kreyetal., 1997; Murakami et al., 1999). Among the PPARs, PPARa appears
to display the highest affinity for polyunsaturated fatty acids (PUFAs) and
among the fatty acids, the saturated fatty acids appear as lower affinity
ligands for the PPARs. Recent studies have further concluded that several
fatty acids, especially PUFAs, display affinities in the nanomolar range for
PPARa (Ellinghaus et al., 1999; Hostetler et al., 2005, 2006; Lin et al., 1999),
which seems compatible with the circulating and more importantly with the
estimated intracellular and intranuclear concentrations of these fatty acids.
Additionally, it has been proposed that fatty acid-binding proteins (FABPs)
may shuttle these ligands to the receptor located in the nucleus (Tan et al.,
2002; Wolfrum et al., 2001). Some studies also suggest that fatty acyl-CoAs
represent better ligands for PPAR« than their corresponding free fatty acids
(Forman et al., 1997; Hostetler et al., 2005, 2006). This hypothesis is further
strengthened by the observations made by Reddy and collaborators on the
Acox (Fan et al., 1998; Hashimoto et al., 1999, 2000) or bifunctional enzymes-
deficient mice (Jia et al., 2003; Qi et al., 1999). In Acoxl1-deficient mice, the
PPARa pathway is constitutively activated, leading to hepatic peroxisome
proliferation, induction of PPARa target genes and eventually hepatocarci-
nogenesis (Fan et al., 1998; Hashimoto et al., 2000). In Acox1/PPARa-double
knockout mice, spontaneous hepatic peroxisome proliferation and PPARa
target genes induction are no longer observed (Hashimoto et al., 1999),
suggesting that fatty acyl-CoA substrates of Acoxl may serve as endogenous
PPARuw ligands. In contrast, L-PBE-deficient mice do not display sponta-
neous peroxisome proliferation or the induction of PPARa target genes (Qi
et al., 1999), which could further suggest that fatty acyl-CoA are the endo-
genous PPARa ligands. However, the young L-PBE-deficient mice do not
display hepatic steatosis like the Acox1-deficient mice (Qi et al., 1999), sug-
gesting that the substrates of L-PBE may also be metabolized by the D-PBE,
which is consistent with the hepatic accumulation of long chain-fatty acids
observed in D-PBE-deficient mice (Baes et al., 2000). This latter observation
may explain the hepatic induction of the expression of PPAR« target genes in
D-PBE-/—mice, although it is less marked than in Acox1—/—mice (Baes et al.,
2000; Jia et al., 2003). Interestingly, when treated with a pharmacological
activator of PPARa, L-PBE-deficient mice do not display hepatic peroxisome
proliferation despite an increased expression of PPARa target genes, suggest-
ing a major role of L-PBE induction in the process of peroxisome proliferation
(Qi et al., 1999). The L-PBE/D-PBE-double knockout mice show a sponta-
neous increased expression of PPAR« target genes in the absence of peroxi-
some proliferation (Jia et al., 2003). Similarly, SCP2/SCPx-knockout mice
also display an induction of PPARa-target genes but exhibit hepatic peroxi-
some proliferation (Seedorf et al., 1998). Altogether, these data suggest that
in addition to fatty acyl-CoAs, other intermediates of the peroxisomal
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B-oxidation pathway may serve as endogenous PPARa ligands but further
investigations are necessary to identify them. The data to date suggests that
PPARa may act as a sensor of fatty acids and/or of intermediates of their
oxidation. This hypothesis is further supported by results obtained from in
vivo studies using PPARa-knockout mice challenged by fasting (Kersten
et al., 1999; Kroetz et al., 1998), a high-fat diet (Patsouris et al., 2006), or
low-fat diets with various dietary fatty acid profiles (Martin et al., 2007).
Other specific fatty acids or derivatives such as conjugated linoleic acids
(although many of their effects appear independent of PPARa activation,
Clement et al., 2002; Moya-Camarena et al., 1999; Peters et al., 2001),
oleylethanolamide (Fu et al., 2003) or palmitoylethanolamide (Lo Verme
et al., 2005) also activate PPARa, but the physiological relevance of these
putative ligands remains to be confirmed. Finally, some eicosanoids (20-
carbon fatty acid derivatives such as prostaglandins, prostacyclins, throm-
boxanes, leukotrienes and lipoxins) may also bind to and activate PPAR« as
it has been shown for the leukotriene B4 (Devchand et al., 1996) or for the
8(S)hydroxyeicosatetraenoic acid or 8(S)HETE (Forman et al.,, 1997;
Kliewer et al., 1997; Krey et al., 1997, Murakami et al., 1999). However,
because these eicosanoids are usually short lived and thus act locally, it is
likely that their relevance is limited to specific tissues or cell populations and
cannot explain systemic effects in which the receptor is simultaneously acti-
vated in different tissues.

1.3.2.4 Mechanism of Activation

Recently, some studies have started to unravel how the PPARa signalling
pathway functions (Fig. 1.4). In the absence of exogenously added ligand,
PPARa resides in the nucleus where it exhibits high mobility (Feige et al.,
2005). In this situation, its mobility is mainly reduced by its association with
RXR and with coregulators (Feige et al., 2005; Tudor et al., 2007). Since fatty
acids, present in all cell types, are ligands of PPARa, it is difficult to define its
“constitutive” activity. Even in the absence of exogenously added ligand, a
transient transfection of PPARa generally exhibits a significant basal activity
on a synthetic promoter (Hi et al., 1999). This was attributed, at least in part, to
astrong AF-1 present in its amino-terminal domain (Hi et al., 1999; Juge-Aubry
et al., 1999), a region involved in the association with coregulators (Tudor et al.,
2007). In vivo, the invalidation of PPARa in mouse, reduces the constitutive
hepatic expression of several genes involved in fatty acid catabolism (Aoyama
et al., 1998). Thus, it is likely that in the absence of exogenous stimulation
PPARa binds to at least some of its response elements and constitutively
regulates (positively or negatively depending on its association with coactiva-
tors or corepressors, respectively) the expression of certain target genes. How-
ever, it cannot be ruled out that intracellular fatty acids indeed occupy the
ligand binding pocket of PPARa in this situation. Although similar data is
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Fig. 1.4 The PPAR« pathway. The upper panels illustrate the different actors involved in this
pathway. The large middle panel illustrates the potential actions of PPARa at the DNA level
in the absence of exogenously added ligand. The lower panel illustrates the putative assembly
of coactivators on the PPARa-RXR dimer bound to the promoter of a positive target gene
following the exposure to an exogenously added activator ligand. The question marks (?)
inside the NR LBDs illustrate the putative presence of endogenous ligands. In the absence of
exogenously added ligand, PPARa, bound to RXR and to cofactors, is highly mobile in the
nucleus and may transiently interact in a non-productive way with DNA. In this situation, a
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lacking for the o isoform, it has recently been shown that PPARYy was able to
“constitutively” inhibit the expression of some but not all of its target genes
through DNA-binding on specific response clements and corepressors
recruitment (Chui et al., 2005; Guan et al., 2005). Although significant, this
basal activity of PPARa can undoubtedly be further increased through
treatment with a peroxisome proliferator or through changes in the physio-
logical state of the organism (fasting, high-fat diet, feeding with specific
dietary fatty acids, streptozotocin-induced diabetes). Following the binding
of an exogenously added activator to its LBD, the mobility of PPARa in the
nucleus is reduced, mainly due to the recruitment of a larger complex of
coactivators (Feige et al., 2005; Tudor et al., 2007). Such a complex has
indeed been isolated from rat liver (Surapureddi et al., 2002) and several
coactivators associated with PPARa-RXR have been identified such as CBP/
p300 (Dowell et al., 1997; Tudor et al., 2007), PGC-1la (Vega et al., 2000),
members of the SWI/SNF chromatin remodelling complexes (Surapureddi
et al., 2002) and of Mediator complexes (Jia et al., 2004; Matsumoto et al.,
2007). These coregulators mediate the effects of PPARa-RXR at the tran-
scription level through their action on the chromatin and their interactions
with the basal transcription machinery (Fig. 1.4). Although not developed in
this review, it should finally be mentioned that a substantial part of the gene
expression changes induced by PPARa activation, especially those negatively
affecting inflammatory genes, are due to interactions of this NR with other
transcription factor pathways (Gervois et al., 2007; Zandbergen and Plutzky,
2007).

Overall, PPARa emerges as a major regulator of hepatic fatty acid catabo-
lism, whose activity is largely regulated by the binding of fatty acids and/or fatty
acid derivatives to its LBD. However, an intricate network of factors, including
the promoter context, PPARa expression level and post-translational modifi-
cations or the expression level, post-translational modifications, and cellular
localization of its RXR partners, of coactivators and of interacting transcrip-
tion factors are involved in fine-tuning the activity of this pathway and its
specificity toward the regulation of its target genes.

<

Fig. 1.4 (continued) constitutive function of PPARw on certain promoter is likely but remains
to be fully demonstrated. Such a constitutive function is illustrated in the middle panel
through the association of PPARa-RXR (a) with corepressors acting through histone deace-
tylation (or other mechanisms not represented here) on the promoter of a negative PPAR«
target gene (upper part) and (b) with coactivators acting through histone acetylation (or other
mechanisms not represented here) on the promoter of a positive PPARa target gene. Upon
addition of an exogenous activator (here Wyl14,643), a larger complex of coregulators is
recruited to the PPARa-RXR heterodimer. It participates to the regulation of PPARa target
genes through several mechanisms including histone modifications, chromatin remodeling
and interactions with GTFs as illustrated in the lower panel for a positive PPARa target gene.
The interactions of PPARa with other signalling pathways, leading for example to the down-
regulation of several acute phase response genes in the liver, are not illustrated
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1.4 SREBP-1c and PPAR« in Nutritional Regulation
of Hepatic Fatty Acid Metabolism

Here, a schematic overview of how SREBP-1c and PPAR« respond to three
challenges is described: feeding, fasting and dietary PUFAs exposure (Fig. 1.5).
These different stimuli represent examples of regulation in which we aimed at
integrating: (1) a coupling of fatty acid and glucose metabolism (2) the con-
tribution of main signalling molecules and some other important transcription
factors / co-regulators involved in these metabolic pathways.

1.4.1 SREBP-Ic is a Central Integrator of the Hepatic Response
to Feeding

Under fed conditions, higher animals preferentially burn carbohydrates to
generate ATP and surplus carbohydrate is converted to fatty acids, which are
then stored as triacylglycerols in the adipose tissue.

In this paragraph, it is considered that “feeding” primarily implies elevation
of both insulin and glucose concentration. We have attempted to review evi-
dences linking high insulin and high glucose to changes in hepatic response,
including recent advances in the regulation of both SREBP-1c and possibly
PPARa downstream targets (Fig. 1.5a).

1.4.1.1 PI3K/PKB Signalling and Insulin Effects

Insulin impacts on the expression of genes involved in the control of both
glucose and fatty acid metabolism. It is generally considered that the hepatic
response to insulin relies mainly, if not only, on activation of insulin receptor
coupled to PI3 kinase (PI3K) signalling. In the liver, mechanisms linking
PI3K signalling and changes in genes controlling metabolism involve the
serine/threonine protein kinases PKB (also known as AKT) (Whiteman
et al., 2002). The PKB family consists of three isoforms: PKBa (AKT1),
PKBpB (AKT2) and PKBy (AKT3). Isoform-specific knock-out mice have
revealed distinct roles for two of the isoforms (PKBa and ). PKBp deletion
results in defects resembling diabetes mellitus, including elevated blood
glucose (George et al., 2004).

PI3K activity leads to a rise in PtdIns(3.4,5)P3 concentration at the plasma
membrane which triggers membrane recruitment of signalling molecules con-
taining PtdIns(3.4,5)P; specific PH domain (Hawkins et al., 2006). The phos-
phoinositide-dependent kinase (PDK) (Mora et al., 2004) and PKB both
possess PH domains which bind PtdIns(3,4,5)P5 (and one of its degradation
product, PtdIns(3,4)P,). After insulin-mediated increase in PI3K activity PDK
and PKB translocate to the plasma membrane and this translocation leads to a



24 H. Guillou et al.

A.Feeding Insulin Glucose
LR | [GLuT2]
PI3K ¢
Elevated
Reduced y gIL:Icose
; ¥
"eogigigsgesnesls PDK Increased
transcription glycogen
PKB/AKT synthesis ChREBPI | cremsed

transcription

Increased
PGC1 FoxO GSK3 SREBP glycolysis

\ Increased
Decreased PPAR LXR transcription
transcription /ncreased FA
Reduced RXR synthesis
FA oxidation
B. Fasting | IR | [GLUT2]|
L 1
PI3K Low
Increased ¢
neoglucogenesis| Decroasedl glucose

Increased
transcription glycogen

synthesis

Decreased
transcription

Decreased
glycolysis

ipti ranscription
transcription transcriptiol

Increased Decreased FA
synthesis
|
FFA Glucagon
C.FeedingPUFA  'nsylin Glucose
| IR | [GLuT2|
PI3K
Reduced _|Elevated
j 4| glucose
neoglucogenesrs PDK m—
PR lycogen
transcription g
PKB/AKT| synthesis ChREBPI~y 1. ensea

transcription

Decreased
PGC1 FoxO GSK3 SREBP glycolysis
=

Decreased
Increased PPAR transcription
transcription

LXR
Increased RXR
synthesis
/

PUFA

Fig. 1.5 SREBP-1c and PPARwa in nutritional regulation of fatty acid and glucose metabo-
lism. (A) “Feeding”. Insulin stimulates the PI3K/PKB signalling cascade and glucose enters
the hepatocytes. (B) “Fasting”. Insulin and glucose signals are switched off while glucagon
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“Feeding PUFA”. Dietary polyunsaturated fatty acids (PUFAs) activate PPARa while
repressing SREBP-1¢c, ChREBP and possibly LXR
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local increase in their relative concentration. Thus, PDK activates PKB
through phosphorylation, initiating a large number of downstream cellular
responses. Once activated, PKB dissociates from the plasma membrane and
phosphorylates cytoplasmic and nuclear proteins such as those involved in
regulating insulin-dependent processes. These phosphorylation events lead to
activation or inactivation of a variety of molecules involved in the control of
both glucose and fatty acid metabolism.

1.4.1.2 PI3K/PKB Signalling and Insulin Effects on Glucose Homeostasis

Downstream of PI3K/PKB-dependent signalling cascade, The Forkhead box O
(FoxO) transcription factor and the Glycogen Synthase Kinase (GSK-3) are
two main effectors of glucose homeostasis. While these effectors are primarily
involved in the direct control of glucose metabolism, they appear likely to also
play a part in driving PPARa and SREBP-1c activity. Hence, we chose to
briefly present these two signalling pathways.

FoxO and Glucose Homeostasis

The FoxO family of transcription factors (Barthel et al., 2005) contains three
highly conserved PKB phosphorylation sites. Phosphorylation of these sites
results in inactivation of FoxO transcriptional activity. Several mechanisms
resulting in nuclear exclusion of the transcription factor are involved (Biggs
et al., 1999; Brunet et al., 1999, 2001; Guo et al., 1999; Rena ct al., 1999).
Nuclear exclusion appears to involve the binding of protein 14-3-3 to the
phosphorylation sites for PKB, thus masking the nuclear addressing signal
(Cahill et al., 2001; Obsil et al., 2003; Obsilova et al., 2005).

FoxO is a regulator of the peroxisome proliferator activated receptor general
co-activator o (PGCl1-a)) expression (Daitoku et al., 2003). FoxO also interacts
with PGCl-a (Puigserver et al., 2003) and regulates the expression of target
genes that include several key enzymes of neoglucogenesis (Barthel et al., 2005).
Therefore, nuclear exclusion of FoxO in response to insulin contributes to
reducing neoglucogenesis. On the contrary, hepatic expression of a constitu-
tively active form of human FoxO1, in which PKB phosphorylation sites have
been mutated, stimulates neoglucogenesis (Zhang et al., 2006).

Glycogen Synthase Kinase-3

In the liver, glycogen synthase kinase-3 (GSK-3) is another major target for
PKB and a downstream effector of insulin action. GSK-3 is a serine/threonine
kinase first identified as one of the primary regulator of glycogen synthase (GS)
(Embi et al., 1980). It is now known that GSK-3 phosphorylates GS regulatory
residues critical for GS inhibition and hence glycogen synthesis (Roach, 2002).
GSK-3 exists as two homologs, GSK-3a and GSK-3fB, both ubiquitously
expressed (Woodgett, 1990). GSK-3 is constitutively active in resting cells but
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becomes inactivated by a variety of mechanisms upon stimulation. The most
documented signalling pathway inhibiting GSK-3 is triggered by insulin, PKB
activation, and subsequent phosphorylation of GSK-3 that leads to its inacti-
vation (Frame et al., 2001), increase GS activity and glycogen synthesis. While
insulin-mediated inhibition of GSK-3 supports glucose use for glycogen synth-
esis, GSK-3 is also likely to interfere with metabolic pathways through other
substrates such as metabolic enzymes (ACC, ACL) and several transcription
factors (Lee and Kim, 2007), including SREBP-1c (Kim et al., 2004) and
possibly PPARa (Burns and Vanden Heuvel, 2007).

1.4.1.3 Involvement of PI3K/PKB Signalling in Insulin Effects
on Fatty Acid Metabolism

Recent studies strongly suggest a role of PKB in governing some aspects of
hepatic fatty acid metabolism in response to insulin. The detailed mechanisms
by which these regulations occur are not fully understood but increasing evi-
dence suggests a cross-talk with both SREBP-1c and PPARa.

PI3K/PKB Signalling Controls SREBP1-c Activity
Effect of Insulin on SREBP1-c Expression

The primary regulation evidenced for SREBP-1c occurs at the transcrip-
tional level. Insulin induces the transcription of the SREBP-1c gene, and
this leads to a parallel increase in both the membrane-bound precursor and
the mature nuclear form (Azzout-Marniche et al., 2000; Foretz et al., 1999;
Shimomura et al., 1999). It appears that Liver X Receptor (LXR) is
required for SREBPI-c expression (Repa et al., 2000) and the induction by
insulin of SREBPI-c transcription (Chen et al., 2004). LXRa and LXRf are
nuclear receptors which, like PPARs, form active heterodimers with RXRs.
The primary activators of LXRs are oxygenated intermediates in cholesterol
synthesis (Janowski et al., 1996) and glucose (Mitro et al., 2007). It has been
proposed that insulin may act through creating ligands for LXR itself or for
its heterodimerization partner, RXR (Chen et al., 2004).

Wortmannin, an inhibitor of PI3K activity strongly impairs the insulin-
mediated increase in SREBP-1c mRNA in human hepatocytes (Fleischmann
and lynedjian, 2000). This observation strongly suggests that PI3K signalling
directly impacts on SREBP-lc mRNA level through a mechanism which
remains to be established. One hypothesis has recently been proposed which
is based on the observation that the hepatic overexpression of constitutively
active version of FoxO1 in mice leads to decreased expression of SREBP-1c
(Zhang et al., 2006). These authors have postulated that constitutively active
FoxO1 might impair LXR activity. By contrast, under circumstances such as
insulin stimulation, FoxO1 nuclear exclusion might be able to prevent a puta-
tive inhibitory effect on LXR-dependent transcription of SREBP-1c. This
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hypothesis is consistent with LXR being involved in mediating the effect of
insulin on fatty acid biosynthesis (Tobin et al., 2002).

Effect of Insulin on SREBP1-c Processing

It has been shown in isolated hepatocytes and in vivo that insulin acutely controls
the cleavage of the membrane-bound SREBP-1c precursor to its mature, nuclear
form (Hegarty et al., 2005). This study also shows that PI3K inhibition by
wortmannin, abolishes this insulin-stimulated increase in the abundance of the
mature form. One possibility, which remains to be investigated, is that PI3K/
PKB signalling governs key steps of SREBP-1c processing. Consistent with this
proposal, it has been shown that in vitro the use of PI3K inhibitor and dominant
negative version of PKB both disrupt the transport of SREBP escort protein,
SCAP, from the endoplasmic reticulum to the Golgi (Du et al., 2006).

Other plausible mechanisms by which PI3K/PKB might influence SREBP-
lc maturation involve control of the expression or activity of proteins required
for the retention of SREBP-1c in the endoplasmic reticulum, its traffic to the
Golgi, or its cleavage. A liver-specific mRNA for Insig-2 whose expression is
down-regulated by insulin has been discovered (Yabe et al., 2003). To our
knowledge, the hypothesis that this isoform specifically supports SREBP1-c
processing in response to insulin has not yet been investigated.

Effect of Insulin on SREBP1-c Degradation

In the nucleus, SREBPs activity is directly and indirectly controlled by post-
translational modification (Eberle et al., 2004). SREBPs are modified by
the small ubiquitin-related modifier (SUMO)-1. Sumoylation of SREBPs
represses the activity of the transcription factor without modifying its degrada-
tion (Hirano et al., 2003).

SREBPs are also target for ubiquitination and rapid degradation by the
26S proteasome (Hirano et al., 2001). It has been shown that GSK-3 negatively
regulates the transcriptional activity of SREBP-1c by phosphorylation (Kim et al.,
2004) and this repression process is likely to be relieved when GSK-3 is suppressed
by the insulin signalling pathway. More recently, a phosphodegron for the SCF
(Fbw7) ubiquitin ligase has been identified in SREBP1-a (Sundqvist et al., 2005). It
is now demonstrated (Punga et al., 2006) that GSK-3-dependent phosphorylation
of SREBPI is enhanced in response to DNA binding. As a result for phosphoryla-
tion, the ubiquitin ligase Fbw7 is recruited to SREBPs associated with target
promoters. Hence, it is proposed that inhibition of GSK-3 by insulin controls
phosphorylation of SREBP-Ic, its Fbw7-mediated ubiquitination after DNA
binding, and the duration of SREBP-dependent transcription.

Effect of Insulin on PPAR«

PPARs can be phosphorylated through various mechanisms (Burns and
Vanden Heuvel, 2007). Insulin increases the phosphorylation of PPARa and
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this is associated with increased transcriptional activity (Shalev et al., 1996).
However, the physiological relevance of this observation remains unclear. In
vivo, the impact of insulin on PPARa target genes is not well known. The
expression of CYP4A1 and AOX, two typical PPAR« target genes, has been
shown to be increased in mice made diabetic through streptozotocin injection
which destroys pancreatic f—cells responsible for insulin production (Kroetz
et al., 1998). By contrast, in the same work insulin injection had no effect on the
relative expression of PPARa target genes. This suggests that PPARa phos-
phorylation in response to insulin might either not occur in vivo or not be
associated with an increase in target gene expression.

In the liver, insulin stimulation impacts on co-factors important for
PPARa activity. PGCl-o0 has been shown to be a downstream target for
PI3K/PKB (Li et al., 2007). Insulin might repress PPARa activity by directly
inhibiting PGCl1-a.

1.4.1.4 Effect of Glucose on Transcriptional Regulations

Glucose is both taken up and released in the bloodstream from the liver
(Jurczak et al., 2007). In liver hepatocytes, glucose enters and exits the cell
through a bidirectional transporter: GLUT2. GLUT2 is constitutively acti-
vated and localized in the plasma membrane in an insulin-independent manner.
Therefore, a rise in blood glucose turns into elevation of intracellular glucose
and facilitates its use (glycolysis) and storage (glycogen synthesis, lipogenesis).
The hepatic response to elevated glucose is very difficult to dissociate from
insulin signalling. However, a molecular pathway exists that allows increased
glucose flux into hepatocytes to generate xylulose 5-phosphate. This signalling
molecule triggers changes in glycolytic enzyme activities and nuclear import of
the transcription factor ChREBP (Uyeda and Repa, 2006). ChREBP coordi-
nates the regulation of enzymes channelling the end-products of glycolysis into
lipogenesis.

The recent identification of LXR as a glucose sensor in vitro (Mitro et al.,
2007) provided evidence for a possible alternative coupling between glycolysis
and lipogenesis. Since LXR regulates the expression of both SREBP-1¢ (Repa
et al., 2000) and ChREBP (Cha and Repa, 2007), LXR appeared likely to be a
master switch for glycolysis, its coupling to lipogenesis, and lipogenesis itself, in
response to elevated cellular glucose. A recent study (Denechaud et al., 2008)
showed that in vivo the contribution of LXR to ChREBP function, and to
glucose signalling is minor in the liver. However, in this work LXR appears
essential for the expression of key lipogenic enzyme mRNAs such as SREBP-1c,
FAS and SCD1, not ACC, in animals fed a high carbohydrate diet.

Interestingly, it has been reported in vitro that LXRs suppress lipid-degra-
dation gene promoters through inhibition of PPAR signalling (Ide et al., 2003)
suggesting a rate-limiting effect due to the availability of their common hetero-
dimerization partner, RXRa. Whether such competition occurs in vivo, and
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better supports LXR/SREBP-mediated lipogenesis than PPARa-dependent
pathway, remains to be established.

1.4.2 PPARc is a Central Integrator of the Hepatic Response
to Fasting

During fasting, low levels of both insulin and circulating glucose combine
with elevation of glucagon and free fatty acids mobilized from the adipose
stores (Fig. 1.5b). Under those circumstances the insulin signal is switched
off, neoglucogenesis and glucose output are stimulated while free fatty acids
are used to provide the cell with energy through oxidative pathways and
ketogenesis. Under low insulin, the PI3K/PKB-mediated inhibition of FoxO
and PGCI1, we previously mentioned is abolished. This, in turn, results in
increased expression of genes involved in neoglucogenesis. Similarly, low
insulin also results in activation of other pathways that are not presented in
Fig. 1.5b. For instance, low insulin activates the forkhead transcription
factor Foxa2, which during fasting promotes fatty acid oxidation, ketogen-
esis and glycolysis (Wolfrum et al., 2004). Under high insulin, this pathway is
repressed by PI3K/PKB (Wolfrum et al., 2003). Under low insulin, PGC1-8,
a coactivator closely related to PGCl-a, is up-regulated (Lin et al., 2002) and
coactivates Foxa2 (Wolfrum and Stoffel, 2006). Low insulin also ends the
PI3K/PKB-mediated activation of SREBP-Ic and contributes to reduce
lipogenesis.

Other signalling pathways sense elevated glucagon and possibly free fatty
acids. Evidence linking elevated glucagon and free fatty acids to both PPAR«
and SREBP-I1c¢ transcriptional response are presented next.

1.4.2.1 PKA, Central Effector of Glucagon Signalling

Glucagon is processed by the pancreatic islets in response to low blood glucose
level. In the liver, glucagon binds to a membrane receptor coupled to GTP-
bonding proteins, inducing an intracellular rise in cAMP, which subsequently
activates the Protein kinase A (PKA) and downstream effectors.

PKA is a cAMP-dependent protein kinase that regulates numerous cellular
functions by phosphorylating target proteins. It acts downstream of glucagon/
adrenalin and counteracts some of the responses to insulin and glucose. It is
considered to be one of the fasting signals that activates neoglucogenesis and
B-oxidation (Desvergne et al., 20006). Its mechanism of action involves phos-
phorylation of several transcription factors, one of these transcription factors is
the cAMP response relement binding protein (CREB), responsible for increased
expression of gluconeogenic enzyme genes. CREB also regulates the expression
of PGCI, a cofactor involved in several transcriptional regulation events,
including neoglucogenesis via HNF4a and B-oxidation via PPARa.
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Amongst the transcription factors targeted by PKA are PPARa, SREBP-1c
and LXRa. PKA phosphorylates PPARa in vitro and activates its transcrip-
tional activity (Lazennec et al., 2000). This implies that the PK A pathway might
be an important modulator of fatty acid B-oxidation under conditions such as
fasting. By contrast, it has also been recently reported that PK A phosphorylates
SREBP-1c and suppresses its activity (Lu and Shyy, 2006). PK A activation also
reduces SREBP-1c expression via phosphorylation of LXRa (Yamamoto et al.,
2007). Therefore, PK A might be a downstream effector of glucagon and control
the activation of B-oxidation and inhibition of lipogenesis through PPARa and
SREBP-I1c respectively.

1.4.2.2 Effect of Adipose Triglyceride Mobilization

While SREBP-1c clearly plays a major part in the adaptation to feeding several
starvation in vivo studies have provided strong evidence for the role of PPARa
in the hepatic response to starvation (Kersten et al., 1999; Kroetz et al., 1998;
Leone et al., 1999).

PPARo and FFA Influx

PPARa null mice are unable to sustain prolonged fasting and to enhance fatty
acid oxidation. This results in severe hepatic steatosis in PPARa-null mouse
(Hashimoto et al., 2000) and hypoketonemia (Kersten et al., 1999). This phe-
notype correlates with an impaired up-regulation of genes critical for fatty acid
B-oxidation and ketogenesis observed in PPARo—/— mice. Moreover, during
fasting, the expression of the mammalian tribbles homolog TRB-3 is increased
(Koo et al., 2004). TRB-3 is a fasting-inducible inhibitor of PKB (Du et al.,
2006) and a target for PPARa (Koo et al., 2004). Thus, during fasting, PPAR«
activation might subsequently result in further inhibition of the PI3K/PKB
signalling pathway.

Food deprivation results in an increased expression of PPARa which, by
itself, is likely to stimulate B-oxidation. The mechanism by which PPAR«
expression increases during fasting is unknown. However, as previously men-
tioned, it might involve PGC1 activation downstream of glucagon and gluco-
corticoids (Louet et al., 2002; Yoon et al., 2001) together with low insulin.

Fasting also results in lipolysis of triglycerides from the adipose stores. Fatty
acids activate PPARa (Jump et al., 2005; Sampath and Ntambi, 2005). The free
fatty acids released in the blood flow during fasting enter the liver and may then
act as ligands for PPARa. This hypothesis remains extremely challenging to
investigate experimentally. Since PUFAs are better activators of PPARa, it can
be speculated that the type of free fatty acids released during fasting could
influence the extent to which PPAR« target genes would be up-regulated.
Kersten et al. (1999) have addressed this issue in vivo. They showed that the
expression of L-FABP, a target gene for PPARa, is higher in fasted mice which
have received a diet high in linoleic acid (C18:2n-6) as compared to a standard
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diet. However, this increase in L-FABP expression correlates to an increase in
PPARa expression. These combined up-regulations of PPARa itself and its
target gene makes the respective contribution of both mechanisms, i.e. PPAR«
expression and presence of its ligands, difficult to evaluate.

SREBPI-c and Free Fatty Acids Influx

During fasting, the hepatic level of SREBP-1c mRNA and the level of the
nuclear protein markedly decrease in mice (Horton et al., 1998a). This is likely
to be a direct consequence of the change in the hormonal status. Since both
SREBP-I1c and its regulator LXRa are fatty acid-sensitive transcription factors
(Jump et al., 2005; Sampath and Ntambi, 2005), the effect of a change in the
amount of cellular free fatty acids (FFA) is to be considered. However, while
PUFASs may have an inhibitory effect on the expression of lipogenesis genes via
LXRa-SREBP-1c (see below), saturated fatty acids have a pro-lipogenic effect
on SREBP-1c (Lin et al., 2005). Hence, it is hardly conceivable that the inhibi-
tion of LXRa-SREBP-1c pathway occurs during fasting as a direct conse-
quence of FFA influx.

Nevertheless, the increase in PPARa expression and activity increase during
fasting might result in an indirect inhibition of LXRa activity and as a result
lessen the expression of SREBP-1c and its target genes. Such PPARa-mediated
suppression of SREBP-1c¢ expression through inhibition of LXR signalling has
been reported in vitro (Yoshikawa et al., 2003).

1.4.3 PPARo and SREBP-1c Transcriptional Sensors
of Dietary PUFAs

Dietary PUFAs (n-6 and n-3) have been shown to confer various health
benefits. In particular, the effect of PUFAs on dyslipidemia and insulin signal-
ling is well established. PUFAs might prevent the accumulation of lipotoxic
triglycerides in insulin-sensitive tissues and improve insulin sensitivity.
PUFAs are generally considered to ameliorate obesity-related symptoms
through both activation of PPARa and inhibition of SREBP-1c. All dietary
PUFAs do not share the same “beneficial” impact on hepatic transcriptional
regulations. It is very complex to establish the specific action of each type of
fatty acids. Amongst the PUFAs influencing gene expression, long chain n-3
PUFAs are particularly prominent (Jump, 2002; Jump et al., 2005; Sampath
and Ntambi, 2005). Fish oil consumption, providing DHA (C22:6n-3) and EPA
(C20:5n-3), lead to several benefits in animal models such as increased fatty
acid oxidation, decreased lipogenesis, decreased TG concentration, decreased
VLDL secretion and prevention of insulin resistance. Presented next is our
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current understanding of how PUFAs act to influence the activity of PPARa
and the abundance of SREBP-1c¢ (Fig. 1.5¢).

1.4.3.1 PUFAs Stimulate PPARo-Responsive Fatty Acid Oxidation

PPARa was the first transcription factor identified as a fatty acid sensitive
transcription factor (Gottlicher et al., 1992). Several studies using PPARo-
deficient mice provided evidence that the receptor is required for the effect of
dietary PUFAs on gene expression to occur. Some of these effects arise while
animals have been fed with very moderate PUFAs intake (Martin et al., 2007).
PPARGu is required in vivo for the up-regulation of AOX (Ren et al., 1997) and
other enzymes involved in fatty acid transport and catabolism in the liver of
mice fed with PUFAs (Martin et al., 2007).

In vivo, PUFA intake up-regulates the expression of AOX without signifi-
cantly influencing PPARa mRNA levels (Sekiya et al., 2003). Moreover,
PPARa binds PUFAs (Xu et al., 1999a) and the mechanism by which n-3
PUFAs trigger fatty acid degradation in vivo is likely to be occurring through
this binding and activation of PPARa. The reason for which some PUFAs and
not other fatty acids activate PPARa might not only be a higher binding
affinity. Certain types of PUFAs might also have a more specific metabolic
fate and be predominant in the NEFA pool that can be targeted to the nucleus
to exert their regulatory effect on nuclear receptors. This issue is extensively
discussed in reviews by Jump and colleagues (Jump, 2002; Jump et al., 2005).

Amongst fatty acids, C20:5n-3 is considered as being a potent activator of
PPARua in hepatocytes and in vivo, in the liver of animals fed n-3 PUFA diets.
C20:5n-3 seem to have both the metabolic (Pawar and Jump, 2003) and struc-
tural (Jump, 2002) characteristics for being a PPAR« activator. C20:5n-3 is a
weak PPARa activator when compared to synthetic agonist such as fenofibrate.
However, unlike fenofibrate, PUFAs also display other hypolipidemic effects
on other transcription factors. For example, C20:5n-3 is known to suppress the
activity of SREBP-1c (Sekiya et al., 2003).

1.4.3.2 Role of SREBP-1c in the Repression of Lipogenesis by Dietary PUFAs

PUFA-containing diets have been shown to down-regulate the expression of
several key lipogenic genes such as ACC, FAS, SCD1 and other desaturases.
Inhibition of lipogenic enzymes through down-regulation of their mRINA level
occurs through a sensitive mechanism that can take priority over the prolipo-
genic impact of feeding and insulin.

Most of the genes encoding enzymes involved in fatty acid synthesis are
SREBP-Ic targets. In vivo, the hepatic over-expression of a mature version
of SREBP-1 impairs the PUFA-mediated inhibition of lipogenesis (Yahagi
et al., 1999). This observation first suggested that the suppressive effect of
PUFAs on lipogenic enzyme genes in the liver is caused by a decrease in the
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mature form of SREBP-1 protein. In contrast to PPARa, fatty acid regula-
tion of SREBP-1c occurs through control of its nuclear abundance rather
than through binding.

PUFAs suppress SREBP-1c abundance through several mechanisms.
Firstly, PUFAs reduce SREBP-1c mRNA level. Both reduction in SREBP-1
mRNA stability (Xu et al., 2001) and decreased transcription of the SREBP-1
gene (Xu et al., 1999b) have been suggested. The mechanism by which PUFAs
reduce SREBP-1 mRNA remains to be established. Several in vitro studies have
shown that PUFAs can inhibit the lipogenic action of LXR, thereby inhibiting
the expression of target genes, including SREBP-I¢ (Ntambi et al., 2002;
Sampath and Ntambi, 2005). However, the putative role of LXR in mediating
the effect of dietary PUFAs on SREBP-c expression and other genes involved in
lipogenesis in the liver is very unlikely. Indeed, Pawar et al. (2003) showed no
antagonism of C20:5n-3 on LXR activity or on the expression of LXR target
genes, using doses that repressed SREBP-1c mRNA.

Secondly, PUFAs decrease the level of mature SREBP-1c by inhibition
of the proteolytic processing (Yahagi et al., 1999) and stimulation of its
degradation (Botolin et al., 2006). The mechanisms by which PUFAs exert
a regulatory effect on SREBP-1c processing and degradation remain to be
elucidated. It has been shown that 26S proteasome and ERK signalling are
involved in controlling the nuclear abundance of SREBP-1c¢ (Botolin et al.,
2006).

PUFA-enriched diets, particularly those containing long chain n-3 fatty
acids exhibit anti-obesity effects and also improve insulin sensitivity (Li et al.,
2008). Long chain n-3 PUFA consumption is also shown to have a beneficial
effect in preventing hepatic steatosis (Martin et al., 2007; Sekiya et al., 2003).
Depending on the abundance of long chain PUFAs in the diet, the schematic
overview of the effect of feeding we presented first should be revised. The two
main revisions would be: a significant raise in the PPARa-responsive fatty acid
oxidation and a moderation of the pro-lipogenic SREBP-1c¢ dependent effect of
insulin and glucose. Importantly, it has been shown that PUFAs also inhibit
ChREBP nuclear translocation (Dentin et al., 2005). Together with inhibiting
SREBP-Ic¢, this contributes to reduce the expression of glycolytic and lipogenic
genes.

1.5 Concluding Remarks

In this chapter we attempted to review the transcriptional regulation of fatty
acid metabolism in the liver. Many transcription factors are involved in this
process. We chose to focus on PPARa and SREBP-1c¢ because of their estab-
lished regulatory roles in the control of transcriptional programs that govern
fatty acid degradation and synthesis, respectively. Moreover, we thought their
distinct activation processes and sensitivity to various stimuli make them very
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complementary examples. Above all, their ability to sense molecules such as
hormones or nutrients and, as a consequence, tune fatty acid homeostasis
through very distinct mechanism is fascinating.

However, it must be said that most of the literature considered in this chapter
refers to experimental work performed with cell lines or in vivo by means of
rodent models. Both PPARa and SREBP-1c are very attractive drug targets.
Therefore, it would be of crucial interest to document their respective gender
and species-specificity. PPARa activators such as fibrates are currently widely
prescribed drugs for human hyperlipidemia. To our knowledge, there is no
current use of drugs targeting SREBPIc.

While being far from providing an exhaustive picture of very complex
regulatory systems, we introduced evidence for cross-talks between PPAR« or
SREBP-1c and other signalling pathways involved in responses to dietary or
hormonal stimuli. In this context, we have briefly introduced some molecular
mechanisms that might associate PPARa and SREBP1-c to the insulin-sensitive
signalosome.

Further characterization of the interactions with other signalling pathways
and functional links to other hormonal, metabolic and xenobiotic sensors
represents a very challenging issue. A refined picture of these networks would
provide a better understanding of liver pathologies, including those related to
the metabolic syndrome.
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Chapter 2
Modulation of Protein Function by Isoketals
and Levuglandins

Sean S. Davies

Abstract Oxidative stress, defined as an increase in reactive oxygen species,
leads to peroxidation of polyunsaturated fatty acids and generates a vast
number of biologically active molecules, many of which might contribute in
some way to health and disease. This chapter will focus on one specific class of
peroxidation products, the levuglandins and isoketals (also called isolevuglan-
dins). These y-ketoaldehydes are some of the most reactive products derived
from the peroxidation of lipids and exert their biological effects by rapidly
adducting to primary amines such as the lysyl residues of proteins. The mechan-
ism of their formation and remarkable reactivity will be described, along
with evidence for their increased formation in disease conditions linked with
oxidative stress and inflammation. Finally, the currently known effects of these
v-ketoaldehydes on cellular function will then be discussed and when appro-
priate compared to the effects of o,B-unsaturated fatty aldehydes, in order to
illustrate the significant differences between these two classes of peroxidation
products that modify proteins.

Keywords Aldehydes - isoketals - levuglandins - lipid peroxidation - protein
modification

2.1 Introduction
2.1.1 Mechanisms of Isoketal and Levuglandin Formation

Conversion of arachidonic acid to an eicosanoid y-ketoaldehyde can proceed by
two separate pathways, one driven enzymatically by cyclooxygenases and the
other driven non-enzymatically by free radicals. The two pathways differ only in
the mechanism used to generate the key intermediate, a bicyclic endoperoxide with
two aliphatic side chains, which can undergo non-enzymatic rearrangement to
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Fig. 2.1 Formation of levuglandins (LG) and isoketals (IsoK) from arachidonic acid. Ara-
chidonic acid can be converted to a y-ketoaldehyde by two distinct pathways. In the
levuglandin pathway, cyclooxygenase enzymes convert arachidonic acid to PGH,, which
then rearranges non-enzymatically to form LGs. In the isoketal pathway, free radicals
mediated lipid peroxidation forms four different regioisomers of Hj-isoprostanes, that also
rearrange non-enzymatically to form IsoKs. The different regioisomers are identified by the
position of their hydroxyl group. 15-Hj-isoprostane is the same regioisomer as PGH,, so that
one of the eight stereoisomers of 15-E,-IsoK is identical to LGE,

form the y-ketoaldehyde. In the enzymatic pathway, cyclooxgenases convert non-
esterified arachidonic acid to the bicyclic endoperoxide, prostaglandin H, (PGH»)
(Fig. 2.1). In the non-enzymatic pathway, free radical mediated peroxidation of
esterified and non-esterified arachidonic acid generates four PGH,-like regioi-
somers (H»-isoprostanes) (Morrow et al., 1990). The specific regioisomer formed
depends on which of the bis-allylic hydrogen the free radical initially attacks and
the different H,-isoprostane regioisomers are denoted by the carbon number of
their hydroxyl group. These bicyclic endoperoxides have 4 sterecocenters, so that
each radical generated regioisomer includes 16 stereoisomers for a total of 64
H-isoprostane isomers compared to the single stereoisomer, PGH,, generated by
the cyclooxygenases.

After formation of the bicyclic endoperoxides, formation of the y-ketoaldehydes
proceeds by an identical non-enzymatic concerted scission rearrangement for
both pathways (Fig. 2.2) (Salomon et al., 1984). Because base-catalyzed
rearrangement can be initiated on either side of the nearly symmetrical
bridgehead, both E,- or D»,- isomers of y-ketoaldehyde form. E,-isomers
have the ketone group adjacent to the carboxylate side chain and the alde-
hyde adjacent to the second side chain, while D,-isomers have the aldehyde
group adjacent to the carboxylate side chain and the ketone group adjacent
to the second side chain. In the case of PGH, rearrangement, the two isomers
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Fig. 2.2 Rearrangement of bicyclic endoperoxides to form vy-ketoaldehyde. Proposed
mechanism for formation of y-ketoaldehydes from bicyclic endoperoxide such as PGH, and
H,-isoprostanes by base-catalyzed concerted rearrangement (Salomon et al., 1984). Attack of
base is shown at the top of the bridgehead, which results in formation of E,-isomers. Attack at
the symmetrical position below the bridgehead forms the D,-isomers

are called levuglandin (LG) E, and D,. With H,-isoprostane rearrangement,
the resulting collective set of 64 regio- and stereo-isomers are given the trivial
name E,- and D»-isoketals (IsoK) or alternatively isolevuglandins (Brame
et al., 1999). As with H,-isoprostanes, D,- and E,-IsoK regioisomers are
denoted by the position of the hydroxyl group, so that 15-E,-IsoK represents
the same regioisomer as LGE,, and in fact, one of the eight stercoisomers of
15-E,-IsoK is structurally identical to LGE,. Finally, it should be noted that
peroxidation of docosahexanoic acid (DHA) generates similar y-ketoalde-
hydes designated as neuroketals (Bernoud-Hubac et al., 2001).

Incubation of PGH, in phosphate buffer yields 22% LG (Salomon et al.,
1984). Incubation of PGH, in DMSO, which may better model the hydropho-
bic environment near cyclooxygenases, yields 70% LG. The non-enzymatic
rearrangement of PGH,; to LG occurs even in cells with active prostaglandin
synthases. For instance, stimulated platelet produce prodigious amounts of
thromboxane through the cyclooxgenase/thromboxane synthase pathway, yet
platelet stimulation also produces significant amounts of LG (Boutaud et al.,
2003). LG formation can be enhanced in this system by inhibition of thrombox-
ane synthase. Because prostaglandin synthases do not act on H,-isoprostanes,
the relative yield of IsoK derived from H,-isoprostane formed in cells is
expected to be similar to that found in vitro.
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In summary, y-ketoaldehydes can be formed by two pathways whose pro-
ducts can only be distinguished by the number of isomers formed and by the
potential presence of esterified forms for IsoKs. So far, no experimental data
has shown that the biological effects of the y-ketoaldehydes are specific only to
a particular regio- or stereo-isomers of the y-ketoaldehydes, so that the blanket
term IsoK/LG will be used in this review even when a specific effect was
demonstrated using a particular LG or IsoK species.

2.1.2 Cardinal Features of IsoK|LG Reaction with Proteins

Interest in the biological activity of IsoK/LGs stems from the cardinal features
of IsoK/LG biochemistry: (1) their extremely rapid adduction to proteins,
(2) their proclivity to crosslink proteins, and (3) their propensity to disrupt
protein function.

2.1.2.1 IsoK/LG Rapidly Adduct to Proteins

IsoK/LGs react nearly instantaneously with primary amines such as the lysyl
residues of proteins. Although 4-hydroxynonenal (HNE), an o,B-unsaturated
aldehyde that also forms by lipid peroxidation, is often considered to be
highly reactive, it reacts at a very pedestrian rate when compared to IsoK/
LG. For instance, when IsoK/LG or HNE is added to human serum albu-
min, the half-life of unadducted IsoK/LG is less than 20 s, while the half-life
of HNE is about 60 min (Brame et al., 1999). In practical terms, the differ-
ence in reactivity between IsoK/LG and HNE means that only adducted
IsoK/LG can be found in vivo, while unadducted HNE can be readily
measured in tissues and plasma. Additionally, the reactivity of IsoK/LG
precludes significant diffusion, so that only the proteins nearest the sites of
IsoK/LG formation, such as membrane-associated proteins, are likely to be
adducted.

The rapid reaction rate of IsoK /LG is driven by the stability of the pyrrole
adducts formed (Fig. 2.3). In common with all aldehydes including HNE, an
initial nucleophilic attack by the lysyl nitrogen forms a hemiaminal adduct
which dehydrates to an imine (Schiff base) adduct. This highly reversible
reaction product can usually only be measured after conversion to a reduced
Schiff base by a strong reducing agent such as sodium borohydride.
What makes IsoK/LGs so much more reactive than ordinary aldehydes?
With y-ketoaldehydes, formation of the initial hemiaminal adduct positions
the second carbonyl group to also undergo nucleophilic attack. This pyrroli-
dine adduct then quickly undergoes dehydration to form a pyrrole, making
the reaction essentially irreversible. For other aldehydes such as HNE, no
secondary nucleophilic attack is possible, so the unstable hemiaminal adduct
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Fig. 2.3 Reaction of IsoK/LG with primary amines to form stable adducts. Primary amines
including lysine react with IsoK/LGs to form a hemiaminal adduct. Unlike most aldehydes
which can only form the highly reversible Schiff base adduct, the hemiaminal adduct of
v-ketoaldehydes can undergo a second nucleophilic attack to form a pyrrolidine adduct
which dehydrates to form an irreversible pyrrole adduct. In the presence of oxygen, the
pyrrole is converted to lactam and hydroxylactam adducts. Oxidation of the pyrrole leads
to formation of stable crosslinked species

simply reverses back to unadducted HNE and lysine. Stable adduction of
protein by HNE and related o,B-unsaturated aldehydes generally occurs
through a Michael addition reaction, for which thiols are more reactive
nucleophiles than lysines.

The rate of pyrrole adduct formation can be determined by addition of the
Ehrlich reagent that reacts with pyrroles to form a visibly purple product
(DiFranco et al., 1995). In the presence of oxygen, the ability of adduct to
react with the Ehrlich reagent diminishes over time. Analysis by mass spectro-
metry found that in the presence of oxygen, the pyrrole adduct goes on to form
highly stable lactam and hydroxylactam adducts (Fig. 2.3) (Brame et al., 1999).
Therefore, quantification of lactam adducts, rather than pyrrole adducts, is
probably most useful except in artificial conditions when oxygen can be com-
pletely excluded.
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2.1.2.2 IsoK/LG Crosslink Proteins

Another cardinal feature of IsoK/LG biochemistry is the proclivity to form
crosslinked protein aggregrates. This feature can be readily appreciated by dose
curves from treatment of a model protein such as chicken egg ovalbumin with
increasing molar equivalents of IsoK/LG (Davies et al., 2002; Iyer et al., 1989).
At low molar equivalents of IsoK/LG, there is a small proportion of protein
that migrates on SDS-PAGE with the apparent mass of dimers and trimers that
indicate intermolecular crosslinking. At ten or greater molar equivalents, most
of the protein runs as highly oligimerized forms of the protein. Because each
molecule of ovalbumin is estimated to have twenty surface lysines, saturation of
available surface lysines is not required to generate extensive crosslinking.

The mechanism that underlie this proclivity to crosslink is believed to be
oxidation of the pyrrole adduct to form electrophiles that can readily react
with nucleophiles including thiols, amines, or unoxidized pyrroles (Fig. 2.3)
(Amarnath et al., 1994). Therefore, IsoK/LG can readily crosslink proteins
not only to adjacent proteins but to DNA or polyamines as well (Boutaud
et al., 2001; Murthi et al., 1993). Detection of IsoK/LG intermolecular cross-
links currently relies on visualization of co-migrating species on SDS-PAGE.
Unfortunately, the exact molecular species of the crosslinks has eluded char-
acterization by mass spectrometry or NMR. One reason for this failure is the
difficulty of working with highly crosslinked material. The purple-to-brownish
crosslinked material typically forms insoluble aggregates that do not pass
through solid phase extraction cartridges and HPLC columns and that poorly
ionize in mass spectrometers.

The conditions that facilitate the formation of lactams versus crosslinks are
poorly characterized but are likely to be mediated by the proximity of lysine and
other nucleophiles. Increasing the molar equivalents of IsoK/LG versus lysine
residues significantly increases the extent of intermolecular crosslinking visua-
lized by SDS-PAGE, but also linearly increases the amount of lactam adduct
measured (Davies et al., 2007). Thus measurement of IsoK-lysyl-lactam
appears to be a reasonable surrogate marker for all other IsoK/LG adducts
formed, and increases in IsoK-lysyl-lactam in tissues or cells most likely also
indicates increases in IsoK/LG crosslinked proteins as well.

2.1.2.3 Disruption of Protein Function

A final cardinal feature of IsoK /LG biochemistry is their propensity to disrupt
protein function. Modification of proteins by IsoK/LG could theoretically
alter protein function by several mechanisms. Adduction of IsoK/LG to lysine
converts a short, positively charged group to a bulky, hydrophobic, negatively
charged group. Modifications of lysyl residues in the active site of enzymes
will therefore eliminate catalytic activity. Catalytic activity may be lost even if
the modified residue is simply adjacent to the active site, as the bulky IsoK/LG
adduct may sterically hinder substrate binding or product release. Protein
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modification by IsoK/LG may also disrupt protein function by altering pro-
tein conformation. Crosslinking of nearby cysteine and lysyl residues could
significantly deform the conformation and lock the protein in an active or
inactive conformation. Intermolecular crosslinking that initiates protein
aggregates may not only alter conformation, but potentially initiate cellular
stress responses.

In addition to directly altering catalytic activity, [IsoK/LG modification may
alter protein function by changing interactions with other regulatory proteins.
For example, modification of lysines required for protein-protein interactions
will disrupt this interaction. Depending on the specific protein, such disruption
could be inhibiting or activating. Similarly, addition of a bulky hydrophobic
group could also cause the adducted protein to more strongly partition to
membranes, thus altering interaction with normal binding partners and creat-
ing novel partners. Finally, adduction of IsoK/LG to lysyl groups may alter the
degradation rate or pathways of adducted proteins. In doing so, it may sig-
nificantly prolong or shorten the half-life of the adducted protein and thereby
lead to dysregulation.

2.1.3 IsoK|LG Protein Adducts formin Various Disease Conditions

Because of the myriad ways that IsoK/LG adduction might disrupt normal
physiological proteins, a rational exploration of how IsoK/LGs contribute in
disease processes first requires defining conditions where IsoK/LG adducts
are increased. Currently, there are two complimentary methods for quantify-
ing IsoK/LG adducts in vivo. The first method utilizes the sensitivity and
specificity of electrospray ionization tandem mass spectrometry. Quantitative
measurement of IsoK-lysyl-lactam adducts can be made by complete enzy-
matic proteolysis of tissue followed by partial purification on solid phase
extraction cartridges and HPLC and then analysis by mass spectrometry
(Davies et al., 2007). A heavy isotope labeled internal standard is added to
the sample for quantification. The second method utilizes antibody based
approaches such as ELISA, Western blotting, or immunohistochemistry.
Anti-IsoK/LG antibodies are made by immunizing animals with [soK/LG
adducted proteins or by screening single-chain antibody libraries with IsoK/
LG adducted peptides.

Both quantitative approaches have drawbacks. For instance, the current
mass spectrometric method does not distinguish between the various isomers
of IsoK/LG adducts and thus provides no information on the pathway leading
to adducts. Because complete proteolyis is required, it is also not possible to
specifically determine the identity of the adducted protein. The method is also
very time-consuming and limited to labs with electrospray ionization tandem
mass spectrometers and associated expertise. In contrast to mass spectrometry
methods, antibody based methods are relatively easy and inexpensive; however,
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in comparison to anti-protein antibodies, anti-lipid antibodies tend to suffer
from relatively poor affinity and greater non-specificity. The poor performance
of anti-lipid antibodies is likely inherent to the chemical properties of the
antigen, as lipid antigens lack the high number of rigid structures that
are typically required for high affinity, high specificity antigen binding. The
only rigid structure in the IsoK/LG adducts are the pyrrole or lactam ring,
structures shared with other biologically relevant compounds such as porphyr-
ins. Nevertheless, the presence of aliphatic side chains in IsoK/LG adducts
appear to confer reasonable specificity as antibodies with selectivity for sepa-
rate regioisomers of IsoK/LG adducts have been reported (DiFranco et al.,
1995; Poliakov et al., 2004; Salomon et al., 1997b; Salomon et al., 1999;
Salomon et al., 2000). Ideally, both mass spectrometric and antibody methods
would be used to confirm increases in specific disease conditions.

IsoK/LG adducts increase in a number of conditions related to oxidative
stress and inflammation. The first published report of IsoK/LG adducted
proteins in vivo was in very small groups of patients with documented athero-
sclerosis or end-stage renal disease using ELISA measurements (Salomon et al.,
1997b). LGE, adducted keyhole limpet hemocyanin was the immunizing anti-
gen for the antibody utilized in this study, therefore both the IsoK and LG
pathways might have contributed to detected immunoreactivity. A follow-up
study also used a second antibody that recognized an IsoK regioisomer adduct
that could only be derived from the IsoK pathway. In this study, both of the
antibodies measured an approximately two-fold change in plasma adduct levels
in the atherosclerotic and renal disease patients compared to controls (Salomon
et al., 2000). This finding implicates the IsoK pathway, rather than the LG
pathway, as the major source of adducts in these diseases.

The first study demonstrating [soK /LG adducts in vivo using mass spectro-
metric methods used carbon chloride treated rats (Brame et al., 2004). Carbon
tetrachloride (CCly) is converted to trichloromethyl free radical by cycto-
chrome P450s in the liver, leading to a massive increase in lipid peroxidation.
After four hours of treatment with either CCl, or vehicle, the rats were
sacrificed and a portion of the recovered livers reacted with sodium borohy-
dride to allow measurement of reduced Schiff Base adducts. Additionally, a
portion of liver protein extracts were base hydrolyzed in order to measure
total (both esterified and non-esterified) IsoK adducts. In livers from
untreated animals, no reduced Schiff base adducts was detected, but lactam
adduct was measured to be 3.5+0.2 ng/g tissue. In CCl, treated animals, the
total reduced Schiff base adduct was 21+4 ng/g tissue, with only 0.5+0.1 ng/g
tissue being non-esterified. Non-esterified lactam adduct was 6.4+0.3 ng/g and
similar levels of total lactam adduct were found. This result is consistent with
the notion that immediately following CCl, treatment, IsoKs initially form in
situ on phospholipids and are still esterified when they react with proteins to
form Schiff base adducts. The presence of lactam adduct even in untreated
animals suggests that the lactam adduct is stable and can thus accumulate
during basal rates of lipid peroxidation in vivo. That only non-esterified
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lactam adduct is found even after CCly treatment suggests the presence of a
phospholipase that can act on either the pyrrole or lactam adduct to
hydrolyze the modified phospholipid. While no further studies have been
carried out to confirm the existence of this phospholipase, an attractive
candidate would be platelet-activating factor acetylhydrolase, which hydro-
lyzes other phospholipid-esterified isoprostane products.

Increased tissue levels of [soK/LG protein adducts have been found in a
number of other conditions associated with oxidative stress and inflamma-
tion including ischemic heart (Fukuda et al., 2005), hyperoxic lung (Davies
et al., 2004), Alzheimer’s Disease brain (Zagol-Ikapitte et al., 2005), experi-
mental sepsis plasma (Poliakov et al., 2003), allergic inflammation lung
(Talati et al., 2006), and glaucomatous trabecular meshwork (Govindarajan
et al., 2008). From this limited sampling, it seems reasonable to expect
increases in other conditions where oxidative stress or inflammation occur.
While the demonstration of increased IsoK/LG is consistent with their con-
tribution to the disease process, these results by themselves do not provide
conclusive evidence as to whether IsoK/LG adducts have any real pathophy-
siological significance or are simply tombstones of more important events.
This important question must be addressed in two ways: first, by demonstrat-
ing in cellular assays plausible mechanisms for IsoK/LG adduction to con-
tribute to pathophysiology and second, by demonstrating that reducing
IsoK/LG adducts, preferably without altering other oxidative events, signif-
icantly ameliorates pathophysiology.

2.1.4 Other Primary Amines Compete with Lysines for Adduction
to IsoK[LGs

2.1.4.1 Other Endogenous Amines React with IsoK/LGs

Although the lysyl residues of proteins are probably the most important target
of IsoK/LG in the cell, IsoK/LG reacts with a wide range of primary amines.
Another abundant primary amine in cells is the ethanolamine head group of
phosphatidylethanolamine (PE). Because IsoKs form on membrane phospho-
lipids, they would be well-positioned to react with PE. Incubation of one
molar equivalent of IsoK/LG and 1-palmitoyl, 2-linoleolyl-PE for two
hours produced a stable IsoK/LG-PE pyrrole adduct (Bernoud-Hubac
et al., 2004). No evidence of a lactam or hydroxylactam adduct was found
under these conditions, likely because the reaction conditions were designed
to exclude oxygen. The formation of IsoK/LG-PE is of interest because
oxidatively modified phospholipids have been implicated in certain auto-
immune diseases such as lupus. Whether this reaction actually occurs in vivo
has yet to be determined.

IsoK/LG can also react with arginine to form a bis-IsoK/LG-arginine
adduct which then undergoes decomposition to a bis-IsoK/LG-urea (BLU)
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Fig. 2.4 Reaction of [soK/LG with arginine. According to proposed mechanism (Zagol-
Ikapitte et al., 2004) two IsoK/LGs react with the two amine groups of arginine to form
bis-IsoK/LG adducts that then undergoes decomposition to a bis-IsoK/LG urea (BLU)
adduct and ornithine

adduct and ornithine (Zagol-Tkapitte et al., 2004) (Fig. 2.4). To test the relative
reactivity of IsoK/LG for lysine versus arginine, a polyglycine peptide also
featuring one lysine and one arginine residue was reacted with 1 or 3 molar
equivalents of IsoK/LG. When one molar equivalent of IsoK/LG was added,
only the lysyl residue of the peptide was adducted. When three molar equiva-
lents of IsoK/LG was added to the peptide, BLU adduct could be readily
detected as well as the ornithine variant of the IsoK/LG lysyl adducted peptide.
This result is consistent with the argininyl residue being substantially less
reactive than the lysyl residue. The relevance of the reaction with arginine in
vivo, especially its role in the formation of orthinine is currently under
investigation.

Besides PE and arginine, other abundant endogenous primary amines
include the polyamines. Polyamines such as spermidine and spermine have
been postulated to protect DNA from reactive carbonyls and their high con-
centration in cytoplasm makes them a plausible agent for preventing the adduc-
tion of cytoplasmic proteins. Although polyamines have been demonstrated to
be crosslinked to proteins in the presence of IsoK/LG (Boutaud et al., 2001),
there have been no published characterizations of IsoK/LG-spermine or IsoK/
LG-spermidine only adducts. If formed, these adducts might be useful surro-
gate markers for the extent of IsoK/LG formation under various oxidative
conditions, as these adducts would not require proteolysis to be quantified by
mass spectrometry making their measurement more straightforward than pro-
tein adducts.
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2.1.4.2 Pyridoxamine Analogs are IsoK/LG Scavengers

That different primary amines reacted with IsoK/LG at different rates suggested
the possibility that novel amines with even greater reactivity than lysyl residues
could be identified. These novel amines could then be used as IsoK/LG scaven-
gers to protect proteins from inactivation and to determine the impact on
pathophysiology of specifically reducing the levels of IsoK/LG protein adduct.
Screening a series of primary amines identified that pyridoxamine, a vitamin Bg
vitamer, potently competed with lysine for reaction to IsoK/LGs (Amarnath
etal., 2004). To determine the structure-activity relationship for y-ketoaldehyde
scavenging, a series of pyridoxamine analogs were reacted with 4-oxopentanal
(OPA), a model y-ketoaldehyde, and the rate of pyrrole formation determined
using Ehrlich reagent (Fig. 2.5). The second order reaction rate of pyridoxamine
was found to be 2,309-fold faster than that of lysine. The key structural require-
ments for scavenging by pyridoxamine appear to be an aminomethyl group
with an adjacent hydroxyl on an aromatic ring. Reaction of y-ketoaldehyde
with the aminomethyl group of pyridoxamine forms a hemiaminal adduct whose
ketone group hydrogens bonds with the phenolic hydroxyl group of pyridox-
amine. This bonding facilitates the nucleophilic attack on the ketone group
required for ring closure and pyrrole formation. Methylation of the hydroxyl
group prevents this hydrogen bonding and accounts for the highly diminished
reactivity of 2-methoxybenzylamine compared to salicylamine.

The identification of the key features for IsoK/LG scavenging led to the
synthesis of other related phenolic amines that also potently scavenge IsoK/LG
in vitro such as pentyl-pyridoxamine (Davies et al., 2006). Lipophilic scavengers
such as salicylamine and pentyl-pyridoxamine localize to the membranes where
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Fig. 2.5 Structural requirements for IsoK/LG reactivity. Second order reaction rate of various
pyridoxamine analogs for the formation of pyrrole adduct were determined relative to N*-acetyl-
lysine (Amarnath et al., 2004). The reaction rate of pyridoxamine was 2,309x faster than N*-acetyl-
lysine
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IsoK/LG form and should therefore be more effective in vivo than hydrophilic
compounds such as pyridoxamine. The greater efficacy of salicylamine and
pentyl-pyridoxamine compared to pyridoxamine was borne out in studies
where platelets were treated with individual scavengers and then activated
with arachidonic acid to make LGs. While all three scavengers significantly
inhibited the formation of LG protein adducts, salicylamine was the most
potent followed by pentyl-pyridoxamine and then pyridoxamine (Davies
et al., 2000).

How selective are pyridoxamine and lipophilic pyridoxamine analogs for
scavenging y-ketoaldehydes compared to other reactive lipid peroxidation pro-
ducts? The reactivity of pyridoxamine with o,f-unsaturated aldehydes is com-
pletely trivial, and pyridoxamine does not protect proteins from HNE adduction
(Amarnath et al., 2004; Davies et al., 2006). Pyridoxamine does react with a-
ketoaldehydes such as methylglyoxal that form from the oxidative decomposi-
tion of carbohydrates and lipids (Voziyan et al., 2002), and these adducts can be
detected in the urine of rodents fed pyridoxamine in their drinking water (Metz et
al., 2003). However, the reaction rate of pyridoxamine with y-ketoaldehyde is 187
times greater than with methylglyoxal (Amarnath et al., 2004). To address the
specificity of phenolic amine scavenging during lipid peroxidation, aliquots of
lysine and iron-oxidized arachidonic acid were incubated with either pyridoxa-
mine, pentyl-pyridoxamine, salicylamine, or vehicle and the resulting o- and y-
ketoaldehyde adducts measured by mass spectrometry (Davies et al., 2006). All
three phenolic amines significantly reduced the levels of IsoK-lysyl-lactam adduct
compared to vehicle. Levels of IsoK-phenolic amine adduct were nearly propor-
tional to the decrease in lysyl-lactam adducts as would be expected for scavenging
of IsoK. Importantly, IsoK-phenolic amine adduct were formed in significantly
greater abundance than those derived from a-ketoaldehydes. Pentyl-pyridoxa-
mine appeared to be most selective, with a nearly 50-fold greater yield of IsoK-
pentyl-pyridoxamine adduct than the most abundant a-ketoaldehyde adduct.
Salicylamine was the least selective phenolic amine with about a 7-fold greater
abundance of [soK-salicylamine adduct than the most abundant a-ketoaldehyde
adduct. The discovery of these efficient and relatively selective IsoK/LG scaven-
gers makes possible their future use in cells and in vivo to examine the contribu-
tion of IsoK/LG to cellular and organ dysfunction in the complex environment of
oxidative stress.

2.2 Effects of IsoK/LGs on Cellular Function

2.2.1 IsoK[LG are Some of the Most Higly Cytotoxic Products
of Lipid Peroxidation

Perhaps the most striking biological effect of [soK /LG is their potent cytoxicity.
The first demonstration of this effect came from direct injection of 100 nmol of
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IsoK/LG into the substance of the cerebral hemisphere of rats (Schmidley et al.,
1992). The injected area showed pallor and loss of cellular constituents typical
of necrotic cells and the marginal area became hypercellular because of the
infiltration by macrophages. Evans Blue extravasation measurements also
demonstrated a dose-dependent loss of blood brain barrier integrity. Adding
nanomolar concentrations of IsoK/LG to cultured neuroglial cells directly
induces cytotoxicity (Davies et al., 2002). IsoK/LG is several orders of magni-
tude more cytotoxic than HNE (Fig. 2.6), making it one of the most potent
cytotoxic lipid peroxidation species known. Nevertheless, because toxicity in
situ is a function of both the concentration of the product generated by perox-
idation and of its potency, these experiments alone do not define to what extent
each of the various peroxidation products contribute to the cytotoxicity
induced by oxidative stress.

Because the IsoK/LG scavengers do not scavenge HNE and related electro-
philes, these scavengers can be used to compare the contribution of IsoK/LG
and HNE to the cytotoxicity of cells treated with hydrogen peroxide to induce
oxidative stress. Pretreatment of HepG2 cells with IsoK/LG scavengers signifi-
cantly inhibits the cytotoxicity induced by hydrogen peroxide (Fig. 2.7) (Davies
et al., 2006). Only the lipophilic IsoK/LG scavengers, salicylamine and pentyl-
pyridoxamine, provided protection, while the hydrophilic IsoK/LG scavenger,
pyridoxamine, failed to provide significant protection. This result suggests that
formation of IsoK adduct are a critical component of cell death induced by
oxidative stress and that the critical targets of adduction are located near
membranes, although lipophilic scavengers may also penetrate into the cells
better than hydrophilic scavengers.

The exact mechanisms whereby IsoK/LG potently induces cell death are
currently under investigation. IsoK/LG does not need to adduct to intracellular
proteins to be toxic. Incubation of IsoK/LG with amyloid beta peptide causes
oligimerization of amyloid beta (Davies et al., 2002) and IsoK/LG crosslinked
amyloid B;_4, peptide is highly neurotoxic (Boutaud et al., 2006). IsoK/LG or
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Fig. 2.7 Lipophilic IsoK/LG scavengers protect against cytotoxicity induced by oxidative
stress. HepG2 cells were incubated with vehicle, pyridoxamine, pentyl-pyridoxamine, or
salicylamine for 30 min prior to treatment with various concentrations of hydrogen peroxide
(Davies et al., 2006). Viability was determined by detection of ATP using ATPlite lumines-
cence assay and percent viability calculated relative to untreated cells (Mean £ SEM n=28)

amyloid B, 4, alone did not produce similar neurotoxicity, so that adduction
and oligimerization is required for this potent toxicity. Amyloid-derived diffu-
sible ligands are thought to be critical neurotoxic products in Alzheimer’s
disease and antibodies to amyloid-derived diffusible ligands recognize IsoK/
LG adducted amyloid B_4>. Whether IsoK/LG contributes to the formation of
amyloid-derived diffusible ligands in vivo remains to be determined. Another
important question is whether the neurotoxic effect of IsoK/LG induced oligi-
merization can be generalized to other amyloid forming peptides.

2.2.2 Proteasome Inhibition may be an Important Mechanism
of Cytotoxicity

The presence of oligimerized amyloid peptides does not, of course, account for
the toxicity of IsoK/LG in culture cells that lack amyloid-like peptides. Never-
theless, studies with IsoK/LG adducted amyloid B may provide some insight
into the generalized mechanisms that underlie IsoK /LG toxicity. For instance,
IsoK/LG adducted amyloid B is a potent competitive inhibitor of the protea-
some (Davies et al., 2002). The proteasome rids the cell of unneeded, incorrectly
folded, or oxidatively damaged proteins. Pharmacological inhibition of the
proteasome results in cell death, probably because of the accumulation of
undesirable proteins. Proteolysis by the proteasome requires passing an
unfolded loop of the protein down the barrel of the proteasome into the
trypsin-, chymotrypsin-, and post-glutamyl peptidase-like catalytic sites buried
deep within the multiple subunit complex. Incubating a model protein, ovalbu-
min, with equimolar IsoK/LG to form adducted protein decreased proteasomal
degradation of the ovalbumin by about 50% (Davies et al., 2002). Incubating
ovalbumin with ten molar equivalents of IsoK/LG completely prevented
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proteasomal degradation. It should be noted that in these studies, the 20S
proteasome was used rather than the 26S proteasome, so that blocking ubiqui-
nation by adducting the relevant lysines does not account for the decreased
proteolysis. Instead, it is easy to imagine that adduction of lysine blocks the
ability of the trypsin-like activity to hydrolyze the protein, so that the proces-
sing of IsoK/LG adducted proteins stalls inside the proteasome’s barrel. These
undigestable proteins would then inhibit access by other proteins targeted for
degradation. Adduction of peptides with high affinity for the proteasome, such
as amyloid B, would be particularly likely to inhibit proteasome activity. This
mechanism is supported by a recent report that ubiquinated, IsoK/LG modified
calpain-1 protein inhibited 26S proteasome activity while unmodified calpain-1
had no effect (Govindarajan et al., 2008). IsoK/LG can also directly act on the
proteasome to inhibit its activity, although the exact mechanism for inhibition
is unknown (Davies et al., 2002). Similarly, IsoK/LG can act on calpain-1,
another significant pathway of protein degradation, to inhibit its activity
(Govindarajan et al., 2008). Thus, formation of even a small amount of IsoK/LG
or IsoK/LG adducted protein may lead to significant accumulation of unde-
sired proteins within the cells and thus to cell death.

Accumulation of aggregated proteins is a hallmark of several neurodegen-
erative diseases, including Alzheimer’s, Huntington’s, and Parkinson’s Disease.
Proteasome activity, but not protein mass, is reduced in Alzheimer’s disease. A
recent report suggested that there is increased modification of proteasome by
neuroketals in Alzheimer’s disease brain (Cecarini et al., 2007). Although the
specific epitope recognized by this antibody was poorly defined, if substantiated
this finding would suggest proteasomal inhibition by IsoK/LG and neuroketal
adducted proteins may very well play a central role in the neurodegeneration
associated with these diseases.

2.2.3 IsoK/LG in Cardiovascular Disease

Another area of active interest into the effects of IsoK/LG is the role they may
play in cardiovascular disease. While the increased levels of IsoK/LG adducts
found in the circulation of atherosclerotic subjects suggests that formation
of IsoK/LG may be important, this finding alone provides little insight into
either the mechanisms of their formation or their role in the disease. Several
plausible mechanisms may account for increased formation of IsoK/LG in
atherosclerosis. Myeloperoxidase and cyclooxygenase levels increase in the
vascular wall during atherosclerosis, and both enzymes generate prodigious
amounts of IsoK/LGs, at least in vitro (Boutaud et al., 2001; Poliakov et al.,
2003). Additionally, ischemia is well known to generate reactive oxygen species
and ligation of the coronary descending artery in dogs for five days induced
about a three-fold increase in the levels of IsoK/LG adducts, measured by
mass spectrometry, in the infarct border zone (Fukuda et al., 2005). Using
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immunohistochemistry, IsoK/LG adducts were found to localize to the epicar-
dium and the myocardial core of the border zone after infarction.

2.2.3.1 IsoK/LG Adduction to Sodium Channel is Proarrhythmic

The localization of adducts to the epicardial border zone suggested the possi-
bility that IsoK/LG adducts contribute to cardiac arrhythmias. Ventricular
tachycardia/fibrillation following myocardial infarction is a major cause of
sudden cardiac death. Arrhythmias in ischemic myocardium arise from sodium
channel blockade. Sodium channels are hypothesized to cycle between three
conformational states: a deactivated closed state, an activated open state, and
an inactivated closed state. Upon depolarization, the deactivated state converts
to the activated state and sodium current flows for a brief time before the
channel enters the inactive state. The channel only converts from the inactive
state to the deactivated state when the membrane repolarizes during the falling
phase of the action potential. Changes in the ability to convert from the inactive
to the deactivated state are critical to the initiation and perpetuation of
arrhythmias.

Treatment of HEK-293 cells expressing the human cardiac sodium channel
(Navl.5-HEK) with an oxidant, tert-butyl-hydroperoxide (tBHP), results in a
negative shift in the voltage dependence of inactivation (Fukuda et al., 2005).
If translated in vivo, this negative shift would be proarrhythmic. In contrast to
its effects on inactivation, tBHP treatment did not alter voltage dependent
activation significantly. Thus oxidative stress does not simply destroy sodium
channel function, but rather alters its susceptibility to inactivation. A similar
effect of tBHP treatment occurs in HL-1 mouse atrial cell, which endogen-
ously express both the cardiac sodium channel and its accessory beta subunits.
Adding thiols such as DTT or glutathione, in order to scavenge o,fB-unsatu-
rated carbonyls such as HNE, did not protect sodium channel function
during tBHP treatment. Additionally, treating Nav1.5-HEK cells with HNE
did not induce voltage-dependent inactivation. Therefore, HNE and similar
a,B-unsaturated carbonyls do not appear to contribute to sodium channel
inactivation. In contrast to HNE, addition of 10 uM IsoK/LG to Navl.5-
HEK caused voltage-dependent inactivation of the sodium channel in a
similar manner as tBHP. Addition of 15-F,.-isoprostane, which is structurally
related to IsoK/LG, but cannot adduct to proteins, had no effect on sodium
channel function. IsoK/LG also caused sodium channel inactivation in HL-1
cells. Interestingly, treatment with IsoK/LG appeared to have overlapping as
well as synergistic effects as flecainide, a Nav1.5 sodium channel blocker. An
outstanding question is whether IsoK/LG scavengers blocked the effect of
tBHP on the sodium channel. A preliminary conference report indicated that
10 uM salicylamine completely mitigated the effect of tBHP in Nav1.5-HEK
cells and 100 uM salicylamine blocked the effect in HL-1 cells. If this report is
substantiated, these results would strongly implicate IsoK/LG as important
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effectors of sodium channel dysfunction after oxidative stress and would
suggest the possibility that IsoK/LG scavengers might be effective antiar-
rhythmic agents. Studies are currently underway to test the efficacy of IsoK/
LG scavengers in preventing arrhythmias after myocardial infarction in ani-
mal models. These studies should provide a clearer picture not only of the
contribution of IsoK/LG to arrhythmias, but also to the efficacy of the
scavengers in vivo.

2.2.3.2 Effect of IsoK/LG on Other Ion Channels

Besides the sodium channel, IsoK /LG has effects on other ion channels as well.
For instance, addition of synthetic IsoK/LG to an atrial tumor myocyte cell
line, AT-1, resulted in a pronounced dose-dependent inhibition of the inward
rectifying potassium current induced by a —40 mV voltage step (Brame et al.,
2004). Both activating and deactivating currents were suppressed, so the
effect on potassium channels differs in this regard from sodium channels and
suggests a more wholesale destruction of channel function. The 1Cs, for inhibi-
tion of I, was 2.2 uM and full inhibition was only achieved after incubating the
cells for 60 min. Washing the cells after this period of time did not revert Ik,
current to normal, consistent with covalent modification by IsoK/LG inducing
the inhibition. The delayed time course of inactivation is consistent with the
need to crosslink the channel in order to inactivate it, but no further attempt
to characterize the mechanism of inhibition or the sites of adduction were
reported.

Investigations into the effect of IsoK/LG modification on calcium
channels or associated receptors that activate calcium release have only
recently begun. Provocative preliminary results suggest that IsoK/LG
modification may lead to activation of calcium currents, but additional
experiments are needed to confirm this result and identify the mechanisms
responsible.

2.2.3.3 Oxidized Lipoproteins

Although modifications of ion channels could contribute to the late stages of
cardiovascular disease, formation of IsoK/LG adducts may also play a role
early in atherosclerosis. Atherosclerosis is initiated when macrophages take up
oxidized low density lipoprotein (oxLDL) via scavenger receptors such as SR-A
and CD36 to form foam cells. In vitro oxidation of LDL results in the formation
of IsoK adducts on the particle (Brame et al., 1999; Salomon et al., 1997a;
1999), suggesting that IsoK modification could potentially mediate this process.
Addition of increasing concentration of IsoK/LG to native LDL results in a
dose-dependent shift in the mobility of the LDL during electrophoresis, remi-
niscent of what is observed with oxLDL (Hoppe et al., 1997). Importantly,
IsoK/LG modification of native LDL also dose-dependently increased the
binding and uptake of the LDL by cultured mouse peritoneal macrophages to
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a similar extent as found with oxLDL. Acetylated LDL, a substrate for SR-A,
did not compete with IsoK/LG-modified LDL for uptake by these macro-
phages, but oxLDL completely competed off the binding and uptake of IsoK/
LG-modified LDL. Therefore, IsoK/LG-modified LDL must be taken up by
scavenger receptors other than SR-A. While these results suggest a role for
IsoK/LG-modified LDL in atherosclerosis, they leave unanswered a number
of important questions. For instance, do the receptors responsible for IsoK/
LG-modified LDL uptake also facilitate the uptake of other IsoK/LG-modified
proteins? Can IsoK/LG-modified LDL stimulate monocyte/macrophage che-
motaxis and cytokine secretion in a similar manner as oxLDL? Hopefully, these
and other questions will be addressed by future studies.

2.2.4 Effect of IsoK[/LG on Other Generalized Cellular Functions

2.2.4.1 Tubulin/Microtubules

Microtubules play an integral part in a large number of cellular processes
including mitosis. Polymerization and depolymization of tubulin, the major
component of microtubules and one of the most abundant proteins in the
cell, is critical to these functions and its polymerization is often regulated by
membrane associated proteins. To test the effect of IsoK/LG adduction on
microtubule function, IsoK/LG was added to sea urchin eggs. IsoK/LG dose-
dependently (ICsy 15 pM) inhibited cell division of fertilized eggs, with lower
doses (< 10 uM) inducing abnormal cleavage (Murthi et al., 1990). Whether
similar inhibition of microtubule function occurs in mammalian cells is unclear
as unpublished studies in cultured neuronal cells found that exogenous addition
of IsoK/LG did not have significant effects either on neurite outgrowth or
microtubule organization. Perhaps this is because insufficient IsoK/LG is able
to penetrate through the membrane of neuronal cells, because incubation of
purified GTP-depleted microtubule protein preparations from bovine brains
with IsoK/LG dose-dependently inhibited microtubule assembly stimulated by
addition of GTP (Murthi et al., 1990). Complete inhibition of tubulin polymer-
ization required two molecules of IsoK/LG for each molecule of tubulin in the
microtubule preparation. Interestingly, adduction of already assembled spin-
dles by IsoK/LG did not lead to disassembly of the spindles. Similar concentra-
tions of related lipid molecules, such as arachidonic acid or PGE, had no effect
on microtubule assembly.

2.2.4.2 Histones and DNA

Addition of IsoK/LG to V79 Chinese hamster lung fibroblasts or nuclei caused
formation of DNA-protein crosslinks (Murthi et al., 1993). These crosslinks
were demonstrated indirectly by the amount of DNA retained on a nitrocelluse
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filter after passing lysates from treated cells or nuclei through the filter. As the
nitrocellulose filter normally traps only protein, but not DNA, the presence of
DNA was indicative of a covalent bound with proteins. Treatment of the lysate
with proteinase K prior to addition to the filter prevented DNA binding,
confirming the requirement for covalent binding to protein. Formation of
DNA-protein crosslinks was time-dependent, with 60 min or more required
for maximal crosslinking, which is in keeping with the time required for forma-
tion of protein-protein crosslinks. The identity of the proteins involved in the
DNA-protein crosslink was not determined. However, the lysine-rich histones
readily undergo adduction in the presence of IsoK/LG (Boutaud et al., 2001)
and DNA tightly coils around histones in cells, making these proteins the
most likely protein candidate for DNA-IsoK/LG-protein crosslinks. What, if
any, impact the formation of DNA-IsoK/LG-protein crosslinks has on the cell,
or even if they form under biologically relevant conditions, has not been
determined. However, it is not difficult to imagine that DNA-histone cross-
linking might significantly disruption normal transcription and transcriptional
regulation.

2.3 Concluding Remarks

Much of the early work relating to IsoK /LG has necessarily focused on under-
standing the basic chemistry of their reaction with proteins and other biological
amines, developing methods to quantify IsoK/LG adducts in vivo, and devel-
oping selective inhibitors of their formation. From these initial studies comes
tantalizing evidence for an important contribution of IsoK/LG adduction to
pathophysiology. Not only are IsoK/LG adducts increased in disease condi-
tions associated with oxidative stress and inflammation, but their application to
cultured cells induce effects highly relevant to these conditions. The use of [soK/
LG scavengers improves cellular viability and function under oxidative stress.
While these early results are encouraging, a large number of outstanding ques-
tions remain. For instance, are the levels of IsoK/LG modification measured in
vivo sufficient to induce pathophysiology? Does treatment with IsoK/LG
scavengers significantly lower the levels of IsoK/LG adducts in vivo and do
these scavengers protect against disease? What are the mechanisms underlying
IsoK/LG induced toxicity and ion channel dysfunction? Which specific proteins
(or other biologically important amines) are adducted during oxidative stress
and which ones are protected during treatment with IsoK/LG scavengers?
Answering these questions may not only provide insight into the pathogenesis
of diseases related to oxidative stress and inflammation, but also into the
feasibility of using IsoK/LG scavengers as novel therapeutic agents for these
conditions. Thus, the study of IsoK/LG may be fruitful field of endeavor for
many years to come.



68 S.S. Davies

References

Amarnath, V., Valentine, W.M., Amarnath, K., Eng, M.A., and Graham, D.G. The mechan-
ism of nucleophilic substitution of alkylpyrroles in the presence of oxygen. Chem Res
Toxicol 7 (1994) 56-61.

Amarnath, V., Amarnath, K., Amarnath, K., Davies, S., and Roberts, L.J., Pyridoxamine: an
extremely potent scavenger of 1,4-dicarbonyls. Chem Res Toxicol 17 (2004) 410-415.
Bernoud-Hubac, N., Davies, S.S., Boutaud, O., Montine, T.J., and Roberts, L.J., Formation
of highly reactive gamma-ketoaldehydes (neuroketals) as products of the neuroprostane

pathway. J Biol Chem 276 (2001) 30964-30970.

Bernoud-Hubac, N., Fay, L.B., Armarnath, V., Guichardant, M., Bacot, S., Davies, S.S.,
Roberts, L.J., 2nd, and Lagarde, M. Covalent binding of isoketals to ethanolamine
phospholipids. Free Radic Biol Med 37 (2004) 1604-1611.

Boutaud, O., Montine, T.J., Chang, L., Klein, W.L., and Oates, J.A. PGH2-derived levu-
glandin adducts increase the neurotoxicity of amyloid betal-42. J Neurochem 96 (2006)
917-923.

Boutaud, O., Li, J., Zagol, 1., Shipp, E.A., Davies, S.S., Roberts, L.J., 2nd, and Oates, J.A.
Levuglandinyl adducts of proteins are formed via a prostaglandin H2 synthase-dependent
pathway after platelet activation. J Biol Chem 278 (2003) 16926-16928.

Boutaud, O., Brame, C.J., Chaurand, P., Li, J., Rowlinson, S.W., Crews, B.C., Ji, C.,
Marnett, L.J., Caprioli, R.M., Roberts, L.J., 2nd, and Oates, J.A. Characterization of
the lysyl adducts of prostaglandin H-synthases that are derived from oxygenation of
arachidonic acid. Biochemistry 40 (2001) 6948—6955.

Brame, C.J., Salomon, R.G., Morrow, J.D., and Roberts, L.J. Identification of extremely
reactive gamma-ketoaldehydes (isolevuglandins) as products of the isoprostane pathway
and characterization of their lysyl protein adducts. J Biol Chem 274 (1999) 13139-13146.

Brame, C.J., Boutaud, O., Davies, S.S., Yang, T., Oates, J.A., Roden, D., and Roberts, L.J.
Modification of proteins by isoketal-containing oxidized phospholipids. J Biol Chem 279
(2004) 13447-13451.

Cecarini, V., Ding, Q., and Keller, J.N. Oxidative inactivation of the proteasome in Alzheimer’s
disease. Free Radic Res 41 (2007) 673-680.

Davies, S.S., Amarnath, V., Brame, C.J., Boutaud, O., and Roberts, L.J. Measurement of
chronic oxidative and inflammatory stress by quantification of isoketal/levuglandin
gamma-ketoaldehyde protein adducts using liquid chromatography tandem mass spectro-
metry. Nat Protoc 2 (2007) 2079-2091.

Davies, S.S., Amarnath, V., Montine, K.S., Bernoud-Hubac, N., Boutaud, O., Montine, T.J.,
and Roberts, L.J., Effects of reactive gamma-ketoaldehydes formed by the isoprostane
pathway (isoketals) and cyclooxygenase pathway (levuglandins) on proteasome function.
Faseb J 16 (2002) 715-717.

Davies, S.S., Talati, M., Wang, X., Mernaugh, R.L., Amarnath, V., Fessel, J., Meyrick, B.O.,
Sheller, J., and Roberts, L.J., Localization of isoketal adducts in vivo using a single-chain
antibody. Free Radic Biol Med 36 (2004) 1163—-1174.

Davies, S.S., Brantley, E.J., Voziyan, P.A., Amarnath, V., Zagol-Ikapitte, 1., Boutaud, O.,
Hudson, B.G., Oates, J.A., and Ii, L.J. Pyridoxamine Analogues Scavenge Lipid-Derived
gamma-Ketoaldehydes and Protect against H(2)O(2)-Mediated Cytotoxicity. Biochemis-
try 45 (2006) 15756-15767.

DiFranco, E., Subbanagounder, G., Kim, S., Murthi, K., Taneda, S., Monnier, V.M., and
Salomon, R.G. Formation and stability of pyrrole adducts in the reaction of levuglandin
E2 with proteins. Chem Res Toxicol 8 (1995) 61-67.

Fukuda, K., Davies, S.S., Nakajima, T., Ong, B.H., Kupershmidt, S., Fessel, J., Amarnath, V.,
Anderson, M.E., Boyden, P.A., Viswanathan, P.C., Roberts, L.J., 2nd, and Balser, J.R.
Oxidative mediated lipid peroxidation recapitulates proarrhythmic effects on cardiac
sodium channels. Circ Res 97 (2005) 1262-1269.



2 Modulation of Protein Function by Isoketals and Levuglandins 69

Govindarajan, B., Laird, J., Salomon, R.G., and Bhattacharya, S.K. 2008. Isolevuglandin-
Modified Proteins, Including Elevated Levels of Inactive Calpain-1, Accumulate in Glau-
comatous Trabecular Meshwork. Biochemistry in press.

Hoppe, G., Subbanagounder, G., O’Neil, J., Salomon, R.G., and Hoff, H.F. Macrophage
recognition of LDL modified by levuglandin E2, an oxidation product of arachidonic acid.
Biochim Biophys Acta 1344 (1997) 1-5.

Iyer, R.S., Ghosh, S., and Salomon, R.G. 1989. Levuglandin E2 crosslinks proteins. Prosta-
glandins 37 (1989) 471-480.

Metz, T.O., Alderson, N.L., Chachich, M.E., Thorpe, S.R., and Baynes, J.W. Pyridoxamine
traps intermediates in lipid peroxidation reactions in vivo: evidence on the role of lipids in
chemical modification of protein and development of diabetic complications. J Biol Chem
278 (2003) 42012-42019.

Morrow, J.D., Harris, T.M., and Roberts, L.J., Noncyclooxygenase oxidative formation of a
series of novel prostaglandins: analytical ramifications for measurement of eicosanoids.
Anal Biochem 184 (1990) 1-10.

Murthi, K.K., Salomon, R.G., and Sternlicht, H. Levuglandin E2 inhibits mitosis and
microtubule assembly. Prostaglandins 39 (1990) 611-622.

Murthi, K.K., Friedman, L.R., Oleinick, N.L., and Salomon, R.G. Formation of DNA-protein
cross-links in mammalian cells by levuglandin E2. Biochemistry 32 (1993) 4090-4097.

Poliakov, E., Meer, S.G., Roy, S.C., Mesaros, C., and Salomon, R.G. Iso[7]LGD2-protein
adducts are abundant in vivo and free radical-induced oxidation of an arachidonyl
phospholipid generates this D series isolevuglandin in vitro. Chem Res Toxicol 17 (2004)
613-622.

Poliakov, E., Brennan, M.L., Macpherson, J., Zhang, R., Sha, W., Narine, L., Salomon, R.G.,
and Hazen, S.L. Isolevuglandins, a novel class of isoprostenoid derivatives, function
as integrated sensors of oxidant stress and are generated by myeloperoxidase in vivo.
Faseb J 17 (2003) 2209-2220.

Salomon, R.G., Miller, D.B., Zagorski, M.G., and Coughlin, D.J. Solvent Induced Fragmen-
tation of Prostaglandin Endoperoxides. New Aldehyde Products from PGH2 and Novel
Intramolecular 1,2-Hydride Shift During Endoperoxide Fragmentation in Aqueous Solu-
tion. J Am Chem Soc 106 (1984) 6049-6060.

Salomon, R.G., Subbanagounder, G., Singh, U., O’Neil, J., and Hoff, H.F. Oxidation of low-
density lipoproteins produces levuglandin-protein adducts. Chem Res Toxicol 10 (1997a)
750-759.

Salomon, R.G., Subbanagounder, G., O’Neil, J., Kaur, K., Smith, M.A., Hoff, H.F., Perry, G.,
and Monnier, V.M. Levuglandin E2-protein adducts in human plasma and vasculature.
Chem Res Toxicol 10 (1997b) 536-545.

Salomon, R.G., Sha, W., Brame, C., Kaur, K., Subbanagounder, G., O’Neil, J., Hoff, H.F.,
and Roberts, L.J., Protein adducts of iso[4]levuglandin E2, a product of the isoprostane
pathway, in oxidized low density lipoprotein. J Biol Chem 274 (1999) 20271-20280.

Salomon, R.G., Batyreva, E., Kaur, K., Sprecher, D.L., Schreiber, M.J., Crabb, J.W.,
Penn, M.S., DiCorletoe, A.M., Hazen, S.L., and Podrez, E.A. Isolevuglandin-protein
adducts in humans: products of free radical-induced lipid oxidation through the isopros-
tane pathway. Biochim Biophys Acta 1485 (2000) 225-235.

Schmidley, J.W., Dadson, J., Iyer, R.S., and Salomon, R.G. Brain tissue injury and blood-
brain barrier opening induced by injection of LGE2 or PGE2. Prostaglandins Leukot
Essent Fatty Acids 47 (1992) 105-110.

Talati, M., Meyrick, B., Peebles, R.S., Jr., Davies, S.S., Dworski, R., Mernaugh, R., Mitchell, D.,
Boothby, M., Roberts, L.J., and Sheller, J.R. Oxidant stress modulates murine allergic airway
responses. Free Radic Biol Med 40 (2006) 1210-1219.

Voziyan, P.A., Metz, T.O., Baynes, J.W., and Hudson, B.G. A post-Amadori inhibitor
pyridoxamine also inhibits chemical modification of proteins by scavenging carbonyl
intermediates of carbohydrate and lipid degradation. J Biol Chem 277 (2002) 3397-3403.



70 S.S. Davies

Zagol-lkapitte, 1., Bernoud-Hubac, N., Amarnath, V., Roberts, L.J., 2nd, Boutaud, O., and
Oates, J.A. Characterization of bis(levuglandinyl) urea derivatives as products of the
reaction between prostaglandin H2 and arginine. Biochemistry 43 (2004) 5503-5510.

Zagol-Ikapitte, 1., Masterson, T.S., Amarnath, V., Montine, T.J., Andreasson, K.I.,
Boutaud, O., and Oates, J.A. Prostaglandin H(2)-derived adducts of proteins correlate
with Alzheimer’s disease severity. J Neurochem 94 (2005) 4 :1140-1145.



Chapter 3
Signalling Pathways Controlling Fatty
Acid Desaturation

Maria Cecilia Mansilla, Claudia Banchio and Diego de Mendoza

Abstract Microorganisms, plants and animals regulate the synthesis of unsa-
turated fatty acids (UFAs) during changing environmental conditions as well as
in response to nutrients. Unsaturation of fatty acid chains has important
structural roles in cell membranes: a proper ratio of saturated to UFAs con-
tributes to membrane fluidity. Alterations in this ratio have been implicated in
various disease states including cardiovascular diseases, immune disorders,
cancer and obesity. They are also the major components of triglycerides and
intermediates in the synthesis of biologically active molecules such as eicosa-
noids, which mediates fever, inflammation and neurotransmission. UFAs
homeostasis in many organisms is achieved by feedback regulation of fatty
acid desaturases gene transcription. Here, we review recently discovered com-
ponents and mechanisms of the regulatory machinery governing the transcrip-
tion of fatty acid desaturases in bacteria, yeast and animals.

Keywords Desaturase - gene regulation - membrane fluidity - signal
transduction .- unsaturated fatty acids
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element; SREBP: sterol-regulatory element binding protein; SSD: sterol
sensing domain; TGs: triacylglycerols; TMS: transmembrane segment; UFA:
unsaturated fatty acid

3.1 Introduction
3.1.1 Role of Unsaturated Fatty Acids

cis-Unsaturated fatty acids (UFAs) have crucial roles in membrane biology and
signalling processes in organisms ranging from bacteria to man. UFAs have a
much lower transition temperature than saturated fatty acids (SFAs) because
the steric hindrance imparted by the rigid kink of the cis-double bond results in
much poorer packing of the acyl chains. Thus, UFAs are key molecules in the
regulation of cellular membrane fluidity (Cronan and Gelmann, 1973) and
major determinants of the melting temperature of triglycerides (TGs) in ani-
mals. In addition to their structural role, UFAs have recently been recognized
as signalling molecules involved in several essential cellular processes, such as
cell differentiation and DNA replication (for recent reviews see Heird and
Lapillonne, 2005; Mansilla and de Mendoza, 2005). Furthermore, alterations
in UFA biosynthesis have been implicated in various disease states, including
cardiovascular disease, obesity, non-insulin dependent diabetes mellitus, hyper-
tension, neurological diseases and cancer (Nakamura and Nara, 2004; Sampath
and Ntambi, 2005; Thijssen and Mensink, 2005).

3.1.2 General Features of Desaturases

The desaturases encompass a superfamily of iron-dependent enzymes that have
the function of introducing double bounds into fatty acyl chains. All these
enzymes utilize molecular oxygen and reducing equivalents obtained from an
electron transport chain and are categorized according to their substrate speci-
ficity and regioselectivity, which designates the preferred position for substrate
modification. They are present in all groups of organisms, i.e., bacteria, fungi,
plants and animals, and play a key role in the maintenance of the proper
structure and functioning of biological membranes (Pereira et al., 2003;
Sperling et al., 2003; Tocher et al., 1998).

According to its solubility these enzymes can be classified into two non
evolutively related groups: the soluble acyl carrier protein (ACP) desaturases
and the membrane-bound desaturases, which includes the acyl-lipid desaturases
and the acyl-CoA desaturases. The soluble ACP desaturases introduce double
bonds into fatty acids esterified to ACP, and are found in the stroma of plant
plastids (Shanklin and Cahoon, 1998) and some bacteria, as Mycobacterium
and Streptomyces (Phetsuksiri et al., 2003). The acyl-lipid desaturases, that
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introduce double bonds in fatty acids esterified in glycerolipids, are membrane
bound-enzymes associated with the endoplasmic reticulum (Tocher et al.,
1998), the plant chloroplast membrane (Ohlrogge and Browse, 1995), the
cytoplasmic membrane of some bacteria (Aguilar et al., 1998), or the plasmatic
and thylakoid membranes of cyanobacteria (Mustardy et al., 1996). The acyl-
CoA desaturases introduce double bonds into fatty acids esterified to CoA
(Enoch et al., 1976), which are associated to the endoplasmic reticulum mem-
brane of animals and fungi (Tocher et al., 1998).

The amino acid residues involved in binding of the di-iron complex in the
enzymes belonging to the soluble class form two characteristic D/EXXH
motifs, as revealed by the X-ray structure of the castor A’stearoyl-acyl carrier
protein desaturase (Lindqvist et al., 1996). The electrons required for acyl group
desaturation are delivered from ferredoxin. A different consensus motif for the
putative active site is present in the membrane-bound desaturases. It is com-
posed of three histidine-rich regions (“HXXXH”, “HXXHH”, and
“HXXHH”), which are presumably involved in iron binding, predicted to be
exposed on the cytoplasmic face of the membrane (Shanklin et al., 1994). Since
all the substrates for these enzymes are highly hydrophobic, they will likely
partition into the lipid bilayer. In contrast, the electron donors for these
enzymes are either soluble proteins or peripheral membrane proteins as ferre-
doxin (cyanobacterial and plastidial enzymes) or cytochrome b5 (either in free
or fused form). Unfortunately, the structural information on membrane desa-
turases is scarce, due to the technical limitations in obtaining large quantities of
purified protein and the intrinsic difficulties in obtaining crystals from mem-
brane proteins. Two topological models have been proposed for the membrane-
bound desaturases. A theorycal one was initially proposed by Stukey et al.,
based on the sequences of rat and yeast A’ stearoyl-CoA desaturases (Stukey
et al., 1990). In this model the desaturases were anchored to the membrane
through two long hydrophobic regions of 50 residues, predicted to form two
transmembrane segments (TMSs). Most of the protein, including the three
clusters of histidine residues, would be exposed on the cytosolic surface of the
endoplasmic reticulum membrane. The topological features of the rat A’desa-
turase have been recently confirmed experimentally, using functional recombi-
nant constructs that contain internal epitope tags (Man et al., 2006). The second
model is based in the experimental analysis of the topology of the Bacillus
subtilis acyl-lipid desaturase, a polytopic membrane protein with six TMSs
and one membrane-associated domain, which might be involved in keeping
the catalytic site in close proximity to the membrane (Diaz et al., 2002). More-
over, the presently available hydrophobicity profile of many acyl-lipid desa-
turases suggests that this group of enzymes contains a new TM domain that
might play a critical role in the desaturation of fatty acids esterified in
glycerolipids.

Each desaturase introduces an unsaturated bond at a specific position in a
fatty acyl chain. There appear to be three modes of regioselectivity. The A*
desaturases introduce a double bond between Cx and C(x + 1) in the fatty acid
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moiety of the substrate. The o* desaturases catalyze a reaction that introduces a
double bond between the x and (x+ 1) positions from the methyl end of fatty
acids. There is a third mode of regioselectivity called +x in which the double
bond is introduced relative to an existing double bond (“front end”
desaturases).

Some acyl-lipid desaturases recognize specific polar head groups, as well as
the sn-position of the glycerol backbone to which the fatty acid is esterifed
(Murata and Wada, 1995). However, most acyl-lipid desaturases are insensitive
to head groups and to sn-positions.

3.2 Unsaturated Fatty Acids Synthesis in Bacteria

There are two major mechanisms by which bacteria synthesize UFAs: mostly of
them, including Escherichia coli, synthesize UFAs anaerobically (Mansilla
et al., 2004) whereas some prokaryotes such as cyanobacteria, bacilli, myco-
bacteria and pseudomonads use an oxygen-dependent fatty acid desaturation
pathway (Mansilla and de Mendoza, 2005; Phetsuksiri et al., 2003; Zhu et al.,
20006).

In E. coli, UFAs are generated through the activity of FabA, which anaero-
bically introduces the double bond into a 10-carbon intermediate formed in the
fatty acid biosynthetic pathway (Bloch, 1963, for a recent review see Mansilla
et al., 2004). However, other bacteria lacking fabA synthesize UFAs under
anoxic conditions. For example, Streptococcus pneumoniae compensates
FabA absence with an enzyme called FabM, that is capable of isomerising the
trans unsaturated bond of the key 10-carbon intermediate to its cis-isomer
(Marrakchi et al., 2002). Nevertheless, FabM seems to be specific for strepto-
cocci indicating that there are new anaerobic pathways of UFAs synthesis to be
discovered.

The other known pathway of UFAs synthesis, by action of fatty acid
desaturases, functions only in aerobic organisms, where desaturation of full-
length fatty acids to unsaturated derivatives can occur (Tocher et al., 1998).

3.2.1 Bacterial Desaturases

ORFs with significant similarity to fatty acid desaturase genes have been found
in the genomes of many bacteria (Sperling et al., 2003). Although their function
in most cases has not yet experimentally demonstrated, fatty acid desaturases
may be more widespread than originally thought. In this section we will focus
on bacterial desaturases whose mechanisms of regulation are being deciphered.

Bacillus cells respond to a decrease in the ambient temperature by increasing
the synthesis of UFAs (Fulco, 1969). B. subtilis contains a sole desaturase,
encoded by the des gene (Aguilar et al., 1998), that catalyses the introduction
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of a cis-double bond at the A5 position of existing SFAs attached to membrane
phospholipids (PLs). Thus, this protein is an acyl-lipid desaturase and was
named AS5-Des (Altabe et al., 2003). Its topology model consisting in six
TMSs and one membrane-associated domain constitutes the first experimental
evidence for the topology of a plasma membrane desaturase (Diaz et al., 2002).

Pseudomonas aeruginosa is also capable of regulating its UFAs biosynthesis
in response to changes in the growth conditions. The predominant UFA syn-
thetic pathway in P. aeruginosa is the anaerobic one, through the FabA dehy-
dratase/isomerase of the bacterial II fatty acid synthase. However this
bacterium also possesses two oxygen-dependent desaturases, DesA and DesB
(Zhu et al., 2006). DesB is an inducible A’desaturase that introduces double
bonds into acyl-CoAs that are produced from exogenous fatty acids. The DesA
acyl-lipid desaturase introduces double bonds at the A9 position of fatty acyl
chains attached to the 2-position of existing PLs, produced from both the de
novo fatty acid synthesis and exogenous SFAs, thus, cells can quickly modify
their membrane biophysical properties using this mechanism to adapt to
changes in growth conditions.

The effects of the unsaturation of fatty acids on membrane fluidity has also
been extensively studied in two strains of cyanobacteria, Synechocystis sp. PCC
6803 and Synechococcus sp. PCC 7942 (Los and Murata, 2004). The genes for
four specific acyl-lipid desaturases, designated desA, desB, desC and desD, have
been cloned from Synechocystis. These desaturases introduce double bonds
at the Al2 (Sakamoto and Bryant, 1997), ®3 (Sakamoto et al., 1994a), A9
(Sakamoto and Bryant, 1997; Sakamoto et al., 1994b), and A6 (Reddy et al.,
1993) positions of fatty acids, respectively. The order in which desaturases
operates is very strictly determined: the first double bond is introduced by the
A’desaturase into stearic acid; and the A'? and A® desaturases introduce a
double bond into fatty acids that have a double bond at the A9 position
(Higashi and Murata, 1993). The o’ desaturase introduces a double bond into
fatty acids that have a double bond at the A12 position (Higashi and Murata,
1993). Unlike Synechocystis, Synechococcus has only a single A’desaturase and
it synthesizes mono-unsaturated fatty acids (MUF As) exclusively.

3.2.2 Modulation of Membrane Fluidity

When poikilothermic organisms such as bacteria, plants and fish are exposed to
temperatures below those of their normal conditions, the lipids of their mem-
brane become rigidified leading to a suboptimal functioning of cellular activities
(Phadtare, 2004; Mansilla and de Mendoza, 2005; Al-Fageeh and Smales,
2006). These organisms can acclimate to such new conditions by remodelling
its membrane lipid composition. This can be achieved through an increase in the
desaturation of the acyl chains of membrane PLs, because PLs containing
UFAs have a much lower transition temperature than those lipids made of
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SFAs (Cronan and Gelmann, 1973). As a result, the fluidity of membrane lipids
returns to their original state, or close to it, with restoration of normal cell
activity at the lower temperature.

3.2.2.1 The Des Pathway of Bacillus subtilis

In B. subtilis the transcription of the des gene increases in response to a decrease in
temperature (Aguilar et al., 1999). The induction of UFAs synthesis in this
bacterium depends on the extent of the shift in temperature and not on absolute
temperature (Grau and de Mendoza, 1993). A canonical two-component regu-
latory system comprising the histidine kinase DesK and the response regulator
DesR regulates des expression (Aguilar et al., 2001). The B. subtilis DesK protein
features five TMSs that define the sensor domain and a long cytoplasmic
C-terminal tail, which harbours the kinase domain, DesKC. DesKC undergoes
autophosphorylation in the presence of ATP in the conserved His 188, which is
the target residue of its autokinase activity (Albanesi et al., 2004). Autopho-
sphorylated DesK C transfers the phosphoryl group to the effector protein DesR
that becomes phosphorylated in the predicted Asp 54 residue (DesR-P) (Albanesi
et al., 2004). Phosphorylation of the regulatory domain of dimeric DesR pro-
motes, in a cooperative fashion, the hierarchical occupation of two adjacent, non
identical, DesR-P DNA binding sites, so that there is a shift in the equilibrium
toward the tetrameric active form of the response regulator (Cybulski et al.,
2004). This results in the recruitment of RNA polymerase to the des promoter
and activation of des transcription, as demonstrated by in vitro transcription
experiments (Cybulski et al., 2004). Genetic and biochemical experiments demon-
strated that the level of phosphorylation of DesR is determined by the balance of
the two activities possessed by DesK, a phosphate donor for DesR and a
phosphatase of DesR-P (Aguilar et al., 2001; Albanesi et al., 2004). These
activities would be reciprocally regulated by changes in growth temperature
that, in turn, adjust the fluidity of membrane PLs.

Evidence that membrane fluidity, rather than growth temperature, controls
transcription of the des gene was obtained by experiments in which the propor-
tion of anteiso-branched chain fatty acids (a-BFAs) of B. subtilis membranes was
varied controlling the provision of exogenous fatty acid precursors (Cybulski
et al., 2002). The a-BFAs, which are synthesized using ketoacids derived from
isoleucine as primers (Kaneda, 1991), are essential to decrease the transition
temperature of B. subtilis membrane PLs to maintain the appropriate fluidity.
Limiting the supply of isoleucine dramatically reduces the amount of a-BFAs of
plasma membrane lipids (Klein et al., 1999), resulting in ordered membrane
lipids. Growth of cells in the absence of isoleucine results in activation of des
transcription under isothermal conditions, using a DesK/DesR-dependent
mechanism (Cybulski et al., 2002). Thus, a decrease in the content of membrane
isoleucine-derived fatty acids at constant temperature mimics a drop in growth
temperature, and both stimuli can be sensed by DesK as an increase in the order
of membrane lipids, leading to induction of UFAs synthesis.
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Fig. 3.1 Model for the signal transduction pathway leading to membrane fluidity optimiza-
tion in B. subtilis. (A) A kinase dominant state of DesK predominates upon an increase in the
proportion of ordered membrane lipids. The phosphate group is transferred to DesR. Two
DesR-P dimers interact with the des promoter and RNA polymerase, resulting in transcrip-
tional activation of des. (B) AS5-Des is synthesized and desaturates the acyl chains of mem-
brane phospholipids. The decrease in membrane lipids order favors the phosphatase-
dominant state of DesK. DesR is dephosphorylated, resulting in decreased transcription of
the des gene

How does DesK recognize changes in membrane fluidity? One or more of the
five TMSs in DesK could undergo a conformational change induced by a
change in the physical state of the membrane lipid bilayer, and transmit this
information to the cytoplasmic domain of DesK, thereby altering its activity
(Aguilar et al., 2001). Direct support for the functional importance of the TM
helices comes from studies of B. subtilis strains producing the soluble DesKC
domain. In these strains, the des gene is constitutively expressed and its tran-
scription is affected neither by growth temperature nor by the presence of UFAs
(Albanesi et al., 2004). Moreover, when DesK C is anchored to the membrane
by only one TMS, the expression of des is not induced by cold-shock (Cybulski
et al, unpublished results). Therefore, the TM segments of DesK directly
participate in signal transduction recognition and play an essential role in the
end-product feedback regulation of des transcription.

A model that accounts for our present knowledge on the DesK/DesR-
mediated regulatory pathway, termed the Des pathway, is presented in Fig. 3.1.

3.2.2.2 Two Aerobics Pathways of Desaturation in Pseudomona aeruginosa

The anaerobic UFA biosynthetic pathway in P. aeruginosa is supplemented by
two inducible aerobic desaturases, DesA and DesB. The expression of desA is
induced under anaerobic conditions but is not regulated significantly following
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an abrupt temperature shift (Zhu et al., 2006). Rather than being regulated by a
thermosensor like in B. subtilis, P. aeruginosa desA expression is most highly
regulated by changes in oxygen availability, which is reminiscent of the induc-
tion of OLE1 expression by Mga2p under hypoxic conditions (See section 3.3;
Jiang et al., 2001; Vasconcelles et al., 2001). However, the mechanism of
regulation of desA4 by oxygen is not known. Therefore the position of the double
bond and the lack of temperature regulation distinguish the acyl-lipid desatur-
ase of P. aeruginosa from that of the A5Des in B. subtilis (Aguilar et al., 1998).

The second aerobic pathway of UFA synthesis in P. aeruginosa requires
DesB which can desaturate exogenous stearate and palmitate, and the principal
products are 18:1A9 and 16:1 A9, respectively (Zhu et al., 2006). The desB gene
is in an operon with desC, a gene encoding an oxidoreductase that is predicted
to function in the electron transport coupled with the DesB desaturation reac-
tion. The expression of desCB operon is controlled by the DesT repressor,
which binds to a palindrome in the desT—desCB intergenic region (Zhang
et al., 2007). DesT is able to respond to the changes in the composition of
cellular acyl-CoA pool modifying its binding to DNA. In this way the expres-
sion of the acyl-CoA A’desaturase is modulated to adjust fatty acid desatura-
tion activity accordingly (Zhang et al., 2007). Briefly, under normal growth
conditions, DesT exists in equilibrium between the free and DNA-bound forms,
and a basal level of desCB transcription is maintained (Fig. 3.2A). The presence
of SFAs in the growth environment leads to an increase of the intracellular
saturated acyl-CoA levels. The binding of saturated long-chain acyl-CoAs, such
as palmitoyl-CoA, to DesT releases the protein from the desCB promoter and
derepresses desCB transcription (Fig. 3.2A). As a result, the protein levels of
DesB and DesC increase, saturated acyl-CoAs are converted to A9-unsaturated
acyl-CoAs and incorporated into membrane PLs. As unsaturated acyl- CoAs
accumulate in the cell, from either the action of the DesB enzyme or uptake and
activation of exogenous UFAs by acyl-CoA synthetase (FadD), these acyl-
CoAs also bind to DesT. However, the complex of DesT with UFA-CoA has
increased affinity for the desCB promoter and represses desCB transcription
more efficiently than DesT alone (Fig. 3.2B). Thus, the presence of unsaturated
acyl-CoA represses desCB transcription to levels below basal. The presence of
another palindrome downstream of the desT transcription initiation, suggests
the existence of another yet unknown regulator that controls desT expression in
response to different regulatory signals other than acyl-CoAs (Zhang et al.,
2007).

P. aeruginosa grows on fatty acids or alkanes with different chain length as
the sole carbon and energy source (van Beilen et al., 1994). The regulation of
desB expression by DesT is important for Pseudomonas growth under condi-
tions where fatty acids are an environmental component. In cystic fibrosis
lungs, pulmonary surfactant PLs are degraded by lipases and phospholipases
secreted by the colonizing P. aeruginosa, releasing free fatty acids (Beatty et al.,
2005). Also, the DesT-DesCB system allows the bacterium to dispense with the
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Fig. 3.2 Model for regulation of desCB expression in P. aeruginosa. (A) Under normal growth
conditions, DesT exists in equilibrium between the free and DNA-bound forms, and a basal
level of desCB transcription is maintained. When SFAs are present in the growth environ-
ment, they are taken up by the cell and activated by acyl-CoA synthetase (FadD). This
increased level of saturated acyl-CoA in the cell allows the formation of a complex DesT-
SFA-CoA that prevents DesT binding to the desCB promoter. As a result, the repression of
desCB transcription is released, the protein levels of DesB and DesC increase, and SFA-CoAs
are desaturated. (B) As cellular UFA-CoAs accumulate, either from the action of DesB
enzyme or from activation of exogenous UFAs, the DesT-UFA-CoA complex is formed,
which binds tightly to the desCB promoter, leading to repression of desCB transcription

energy-intensive fatty acid synthesis and provides appropriately modified acyl-
CoAs to the phospholipid biosynthetic pathway.

3.2.2.3 A Multi-Stress Sensor in Cyanobacteria

Three of the four genes for desaturases in Synechocystis (desA, desB, and desD)
are cold-inducible (Los et al., 1993; Los et al., 1997). The enhanced synthesis de
novo of these three fatty-acid desaturases under cold stress and the subsequent
introduction of additional double bonds into the fatty-acyl chains of membrane
lipids are involved in the maintenance of membrane fluidity in the liquid-
crystalline phase and prevent the membranes from undergoing phase transition
to the lethal gel phase (Hazel, 1995). From these results it might be expected that
the desaturation of fatty acids could also compensate for the rigidification of
membrane lipids in cells exposed to hyperosmotic stress. However, genomewide
analysis of transcription in Synechocystis, using DNA microarrays, indicated
that hyperosmotic stress does not activate the transcription of genes for desa-
turases (Kanesaki et al., 2002). Moreover, in B. subtilis hyperosmotic stress
decreases the fluidity of cell membranes and subsequently increases the levels of



80 M.C. Mansilla et al.

UFAs in membrane lipids (Lopez et al., 2000), but this phenomena is not due to
enhanced expression of the gene for the desaturase (Mansilla, unpublished
results).

The histidine kinase 33 (Hik33), is involved in the cold-inducible expression
of desB and desD genes, which encode the o’ and the A® desaturases of
Synechocystis, but is not involved in the expression of the desA gene (Suzuki
et al., 2000) (Fig. 3.3). By screening of a library of Synechocystis cells with
random mutations that affected regulation of the transcription of the desB gene,
the response regulator Rerlwas identified (Suzuki et al., 2000). However, this
protein is not involved in the expression of desD, and their regulator is still
unknown. A second histidine kinase, Hik19, would serve as an intermediate
between the Hik33 and its cognate response regulators (Suzuki et al., 2000).
Although the phosphorylation relay between Hik33 and Rerl and the subse-
quent regulation of transcription of the desB gene by Rerl remain to be
characterized, the cold-regulated induction of gene expression in Synechocystis
seems to be similar to the pathway controlled by DesK/DesR in B. subtilis. As
DeskK, it is very likely that Hik33 recognizes changes in membrane fluidity as the
primary signal of cold stress, therefore, the mechanism of regulation of UFAs
synthesis mediated by a histidine kinase and its cognate response regulator
appears to be found in several prokaryotes using the desaturation of fatty
acids for adaptation to low temperatures. In contrast, while the B. subtilis

desB mRNA

desD mRNA

Fig. 3.3 Hypothetical scheme for the pathway for low-temperature signal transduction in
Synechocystis. An inactive form of Hik33 is present when membrane lipids are disordered (A).
A decrease in temperature rigidifies the membrane that would force the transmembrane
segments to move close together, leading to changes in the linker conformation and autopho-
sphorylation of the histidine kinase domains (B). A phosphate group would be transferred to
Hik19, and finally to Rerl, to activate desB transcription. The response regulator involved in
desD transcription has not yet been identified
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system seems to regulate the expression of the des gene only (Beckering et al.,
2002), Hik33 is a global cold sensor involved in the expression of most of the
genes that are induced at low temperature (Murata and Suzuki, 2006). In
addition, genome-wide analysis of transcription in Synechocystis with DNA
microarrays indicated that Hik33 is also involved in the sensing of hyperosmo-
tic stress (Mikami et al., 2002), salt stress (Shoumskaya et al., 2005) and is the
main sensor of peroxydative stress in this bacterium (Kanesaki et al., 2007). It is
remarkable that Hik33 and its cognate regulator/s regulate the expression of
distinct respective sets of genes under different kinds of stresses, and this finding
cannot be explained by the currently accepted model of two-component sys-
tems. It seems reasonable to postulate the presence of some unknown factor(s)
that provides each two-component system with strict specificity that is related
to the specific nature of the stress. Future work will need biochemical, structural
and biophysical approaches to gain insight into the molecular mechanism of
signal perception of sensor kinases involved in the expression of desaturase
genes.

3.3 Regulation of Long Chain Unsaturated Fatty Acids
Biosynthesis in Yeast

A large number of lower eukaryotes such as fungi, algae and protozoa are
known to produce large amounts of polyunsaturated fatty acids (PUFAs) with
chain lengths of C20 or greater (Singh and Ward, 1997); thus, these organisms
contain the complete array of biosynthetic enzymes including desaturases and
elongases (for a recent review see Uttaro, 2006). In addition, some lower
eukaryotes display an alternative pathway for C20 PUFA production involving
the A%*and A® desaturases (Wallis and Browse, 1999).

Sacharomyces cerevisiae and Schizosaccharomyces pombe are unusual fungi,
however, that form only MUFAs (for review see Martin et al., 2007).
S. cerevisiae possesses a single fatty acid desaturase named Olelp, which
introduces a double bound in the D9 position of fatty acids esterified to CoA
(Stukey et al., 1990). Olelp localizes into the endoplasmic reticulum (ER),
where most of the lipid biosynthetic machinery resides. In this organelle,
saturated C-16:0 (palmitic acid) and C-18:0 (stearic acid) acyl-CoA precursors
are desaturated, yielding C-16:1 (palmitoleic acid) and C-18:1 (oleic acid)
respectively, which are then distributed throughout the membranes of the cell
systems and comprise more than 70% of the total fatty acids. Although Sachar-
omyces form only MUFAs via a single enzyme system, it is a highly regulated
function. The Olelp desaturase activity must respond to a number of environ-
mental and nutritional signals in order to provide essential precursors for
membrane assembly as cells grow and adapt to different physiological and
metabolic conditions. Like the B. subtilis des gene, OLEI transcription is
transiently activated at low temperature (Nakagawa et al., 2002). It is also
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induced under hypoxic conditions (Kwast et al., 1998). As the desaturation
reaction utilizes oxygen as an electron acceptor O LE] induction under hypoxia
might be a response to UFA depletion under such limiting substrate conditions
(Nakagawa et al., 2001). Two related homologous genes of the mammalian
transcription factor NF-kB, SPT23 and MGA2, are required for OLE] tran-
scription. Disruption of either SP723 or MG A2 has little effect on growth or
UFA synthesis, whereas the simultaneous gene disruption results in synthetic
auxotrophy for UFAs due to loss of OLEI mRNA (Zhang et al., 1999b).
Spt23p and Mga2p are initially synthesized as inactive precursors that are
anchored to the ER membrane via their single C-terminal TM spans (Hoppe
et al., 2000). An ubiquitin/proteasome-dependent process cleaves both precur-
sors within their TM regions and the soluble N-terminal domains are trans-
ported into the nucleus to promote OLE] transcription (Hitchcock et al., 2001)
(Fig. 3.4A). Under optimal growth conditions, both spz23D and mga2D single
mutants activate OLE] transcription to similar extents, indicating that each
transcription factor by itself is sufficient for OLEI expression (Zhang et al.,
1999b; Jiang et al., 2001). However, MGA2 is essential, whereas SPT23 is
dispensable for OLE] transcriptional induction under both hypoxic and cold-
shock conditions (Jiang et al., 2001; Nakagawa et al., 2002). In agreement with
the preferential role of MGA2 on OLEI transcriptional induction, Mga2p
processing is induced during O, depletion (Jiang et al., 2001). Taken together,
these results indicate that environmental signals that perturb membrane fluidity
induce OLE] expression using a mechanism that involves proteolytic proces-
sing of TM domains of ER-anchored transcription factors.

Early work showed that fatty acid desaturation in yeasts is strongly inhibited
by addition of UFAs to the growth media (Bossie and Martin, 1989). Further-
more, it was demonstrated that OLE] transcription is repressed by a variety of
UFAs, the extent of inhibition increasing as the melting point of the added
UFA declines (McDonough et al., 1992; Fujiwara et al., 1998). UFAs also
increase OLEI mRNA destabilization by a mechanism that is independent of
the nonsense-decay pathway, which requires the OLE] mRNA 5’ untranslated
region and seems to be mediated by exosome mRNA degradation (Gonzalez
and Martin, 1996; Vemula et al., 2003; Kandasamy et al., 2004). Remarkably,
Spt23p and Mga2p cleavage, and therefore generation of the competent tran-
scription factors, are also affected by UFAs. Under normal growth conditions,
UFA addition almost completely blocks Spt23p cleavage, wherecas Mga2p
processing seems to be mildly affected (Hoppe et al., 2000; Jiang et al., 2002).
However, Mga2p cleavage, which is strongly induced by hypoxia, is counter-
acted by exposure of cells to UFAs (Jiang et al., 2002). The synthesis of a soluble
N-terminal fragment of Mga2p in a spt23D mga2D double mutant strain is
sufficient to promote OLE] transcription, but expression of OLEI remains
sensitive to inhibition by UFAs. This finding indicates that UFA-mediated
repression of OLE] can also act downstream of Mga2p proteolytic cleavage
(Chellappaetal., 2001). On the other hand, OLE was also expressed but UFA-
mediated repression was not observed when a soluble version of Spt23p was
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Fig. 3.4 Model for signal transduction pathway controlling fatty acid desaturation in differ-
ent eukaryotes. A. Budding yeast desaturase gene expression requires proteolytic processing
in either ER transcription factors Mga2p or Spt23p. UFAs negatively regulates OLE1
expression at multiple levels, including repression of intramembrane proteolytic processing.
B. Model for the sterol-mediated proteolytic release of SREBPs from membranes. SREBP
cleavage-activating protein (SCAP) is a sensor of sterols and an escort of SREBPs. When cells
are depleted of sterols, SCAP transports SREBPs from the ER to the Golgi apparatus, where
two proteases, Site-1 (S1P) and Site-2 (S2P), act sequentially to release the NH2-terminal
BHLH domain from the membrane. The BHLH domain enters the nucleus and bind to a
sterol response element (SRE) in the enhancer/promoter region of target genes, activating
their transcription. Cholesterol represses the maturation of SREBP via the SCAP while
PUFASs inhibits this process by an unknown mechanism (see text). PUFAs either from the
diet or membrane phospholipids independently bind the putative binding protein (PUFA-BP)
and the PUFA and PUFA-BP complex repress transcription of the SCD gene by binding to
the PUFA response elements (PUFA-RE). Crosstalk between the two pathways is designed
by the dashed arrow
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produced in the spz23D mga2D mutant strain, indicating that processing is the
key step in Spt23p regulation by UFAs (Chellappa et al., 2001). Regulation of
proteolytic processing of Spt23p and Mga2p by UFAs and different environ-
mental stresses that affect the physical state of cellular membrane lipids resem-
bles the regulated intramembrane proteolysis (RIP) pathway. The differences
between Mga2p and Spt23p suggest that both proteins have evolved comple-
mentary, overlapping roles in the regulation of OLE!, and perhaps on other
genes that remain to be identified.

3.4 Polyunsaturated Fatty Acids Synthesis in Animals
3.4.1 Animal Desaturases

Three desaturases are known in animals. Stearoyl CoA desaturases (SCDs, also
called A’desaturases) catalyze the synthesis of oleic acid (18:1), which is mostly
esterified into TGs as an energy reserve. A® Desaturase (D6D) and A° desatur-
ase (D5D) are the key enzymes for the synthesis of highly unsaturated fatty
acids (HUFAs) such as arachidonic acid (20:4 o6) and docosahexanoic acid
(22:6 3), that are incorporated into PLs and perform essential physiological
functions including eicosanoid signaling (Funk, 2001), pinocytosis, ion channel
modulation (Kang and Leaf, 1996), and regulation of gene expression (Clarke
and Jump, 1994).

The stearoyl CoA (A®) desaturase is one of the best-studied desaturases to
date. This enzyme catalyzes the synthesis of MUFAs by introducing a double
bond at the 9,10 position from the carboxyl end of the fatty acids. This enzyme
catalyzes the D9 desaturation of fatty acyl-CoAs with 12 to 19 carbon chains
(Ntambi, 1999). It is a microsomal-membrane-bound protein and functions in
conjunction with cytochrome b5 and NADH-dependent cytochrome 55 reduc-
tase. The genes for SCD have been cloned from different species including rat
(Mihara, 1990), mice (Kaestner et al., 1989; Ntambi et al., 1988) and human
(Zhang et al., 1999a; Zhang et al., 2001). Four isoforms have been identified in
mice (SCD-1,-2,-3,-4), whereas only two in human (SCD-1 and SCD-2)
(Miyazaki et al., 2000; Ntambi and Miyazaki, 2003). The main product, oleic
acid (18:1 A9), is ubiquitously present in all tissues. In adipose tissue, TGs
mainly consist of long chain fatty acids with 16 and 18 carbons but certain
amount of UFAs (18:1 and 18:2) are required to maintain physical properties
at the body temperature of mammals. Thus, 18:1 A9 is the major species in
adipose TGs (Phinney, 1990). Therefore, SCD is an essential component for
the de novo lipogenesis to store excess energy as TG. Indeed, disruption of the
SCD-1 gene in mice affects energy metabolism and makes animals resistant to
developing obesity (Cohen et al., 2002; Ntambi and Miyazaki, 2003; Ntambi
et al., 2002b). Otherwise, in various tissues and serum, the significant amount
of 18:1 A9 present in PLs contributes to maintenance of biological membrane
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fluidity. SCD is also required for cholesterol ester synthesis in liver (Napier
et al., 1998), and is induced by dietary cholesterol. Another function of SCD
was discovered in SCD-1 null mice, which showed defects in lipids synthesis
and secretion from skin and eyelid (Miyazaki et al., 2001). The involvement of
SCD in these multiple metabolic pathways requires complex regulation of the
gene encoding for this desaturase by various nutrients, as will be discussed in
the next section.

D6Ds are membrane-bound acyl-CoA desaturases found in the endoplasmic
reticulum of animals. They catalyze the rate-limiting step for the synthesis of
PUFAs. D6D is classified as a front-end desaturase because it introduces a
double bond between the pre-existing double bond and the carboxyl end of the
fatty acid. These enzymes differ from the other desaturases in that they contain
a fused cytochrome A5 domain at the N-terminus, which play a role as an
electron donor during desaturation. The first gene encoding a D6D was cloned
from Synechocystis using a gain-of-function cloning approach (Reddy et al.,
1993). Based in this sequence, later, other D6Ds were cloned from humans (Cho
et al., 1999a), mice (Cho et al., 1999b), and rats (Aki et al., 1999). However, up
to date, not much progress has been made in terms of biochemical character-
ization of these enzymes.

D5Ds, another front-end desaturases present in animals, catalyzes HUFA
synthesis. After desaturation and elongation by D6D and elongase, respec-
tively, D5Ds introduce another double bond at the A5 position of 20-carbon
fatty acids 20:3 w6 and 20:4 3. D5D genes have been cloned from several
organisms including human (Cho et al., 1999a) and rat (Zolfaghari et al., 2001).

Most vertebrates, unlike plants, do not have o’desaturases, and are incap-
able of desaturating C18 acyl chains at the D12 and D15 positions and conse-
quently must obtain @3 PUFAs from their diet. The nutritional importance of
specific fatty acid was first revealed through the pioneering work of Burr and
Burr in 1929 (Burr, 1981). They fed rats with a fat-free diet and observed
retarded growth, scaly skin, tail necrosis and eventual death which were
reversed by feeding specific fat. Linoleic acid (18:2 ©6) and linolenic (18:3 ®3)
were recognized as active agent and the term “essential fatty acid” was coined.
The ®3 and ®6 PUFAs have been known to confer various health benefits,
including increase insuline signalling, enhanced immune response (Ntambi
et al., 2002a) and decrease incidence of lung and coronary diseases (Schwartz,
2000; Skerrett and Hennekens, 2003).

3.4.2 Regulation of Desaturation Through Sensors and Receptors

3.4.2.1 The Sterol Regulatory Element Binding Proteins (SREBPs)

In mammals, the liver is the organ most active in lipids synthesis, and in this
organelle, the transcription factors SREBPs (sterol-regulatory element bind-
ing protein) play crucial roles in lipids homeostasis. In addition to cholesterol,
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the liver synthesizes large amounts of fatty acids, not only for its own mem-
branes, but also for export to other tissues in lipoproteins. SREBPs control
both processes (Horton et al., 2002). The two prominent isoforms of SREBP
in liver, SREBP-2 and SREBP-Ic, have divergent but partially overlapping
functions. SREBP-2 is primarily involved in stimulating cholesterol synthesis,
whereas SREBP-1c¢ primarily stimulates fatty acid synthesis. SREBP-
regulated cleavage is best understood for the control of cholesterol home-
ostasis. In the presence of sterols, SREBP and SREBP cleavage-activating
protein (SCAP) form a complex that remains in the ER. Retention of the
SREBP-SCAP complex in the endoplasmic reticulum requires interaction
with INSIG-1 or -2. In the absence of sterols, SCAP undergoes a conforma-
tional change, through its sterol-sensing domain (SSD), which detaches the
SCAP-SREBP complex from INSIG-1/2. The SCAP-SREBP complex is then
transported to the Golgi, where SREBP is proteolitically processed, releasing
an active soluble domain (BHLH). Processed SREBP enter to the nucleus and
binds to the SRE (sterol regulatory elements) located in the 5 flanking regions
of more than 20 genes involved in lipids synthesis and uptake (Goldstein et al.,
2006), including the SCD (Brown and Goldstein, 1999; Ericsson et al., 1999;
Magana et al., 1997) (see Fig. 3.4 B). In transgenic mice, truncated forms of
SREBP give a 3- to 4- fold increase in SCD gene expression, and overexpressed
SREBP-1 increases the levels of the D5SD and D6D mRNAs (Matsuzaka et al.,
2002). The proteolytic processing of SREBPs is under feedback control by
cholesterol. Thus, when sterols accumulate in cells, the SCAP-SREBP com-
plex fails to move to the Golgi, and SREBPs are not processed (Nohturfft
et al., 2000). The nuclear SREBPs are rapidly degraded by proteosomal
process, and the synthesis of sterols and fatty acids, primarily 18:1 unsatu-
rates, declines.

Role of SREBP-Ic¢ in Desaturases Regulation by PUFAs

Several studies have shown that the expression of desaturases is highly regu-
lated by dietary factors. A high carbohydrate fat-free diet induces SCDI
mRNA in mouse liver, whereas the supplementation of PUFAs suppress the
expression of genes involved in fatty acid synthesis (Clarke and Jump, 1994) and
also the D6D, D5D and SCD1 genes (Holloway and Holloway, 1975; Ntambi
et al., 1996). The repression of the SCD1 gene by PUFAs has been shown to be
dependent on SREBPs. In fact, several studies indicate that UFAs inhibit the
cleavage of the precursor form of SREBP, resulting in decreased levels of
nuclear SREBP and concomitant reduction of SREBP target gene transcription
(Sampath and Ntambi, 2005). Other studies also indicate that, in addition to
decrease the level of the processed form of the transcription factor, UFAs
markedly reduces the mRINA levels of SREBP (Hannah et al., 2001).

Several lines of evidence indicate that a cis-acting PUFA binding protein
element (PUFA-RE) exists in the promoter of the SCD genes and hypothesized
that a putative transcription factor would bind and block the transcription of
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these genes (Tabor et al., 1999; Waters et al., 1997). This cis- element was
mapped in the SCD promoter by deletion analysis, and by EMSA assays it
was demonstrated the binding of nuclear proteins to the PUFA-RE. Two of
these proteins were identified as SREBPs and the CCAAT-binding factor/
nuclear factor Y or NF-Y. Since SREBPs are transcriptional activators of
SCD, the repression of SCD through the PUFA-RE element could be attrib-
uted to an indirect effect exerted by SREBPs involving transcriptional com-
plexes. Taken together, PUFAs appear to bind to a not yet identified
PUFA-binding protein (PUFA-BP) forming part of the complex that repress
SCD expression. Therefore, several transcription factors seem to be crucial to
input from pathways involved in the expression of SCD (see Fig. 3.4B).

The SREPB also mediates the suppression of D6D promoter activity by
HUFASs (Nara et al., 2002). HUFAs suppress the D6D-target gene transcrip-
tion by reducing the active form of SREBP-1c¢ by several mechanisms: (i) by
reducing the nuclear form of SREBP-1 (Xu et al., 1999); (ii) decreasing the
stability of SREBP-1 mRNA (Xuetal., 2001) and (iii) suppressing the SREBP-
lc transcription in cell lines by a mechanism dependent of the liver X receptor
(LXR) (Kim et al., 2002), although dietary PUFAs did not suppressed D6D
gene transcription in rats (Yoshikawa et al., 2002). The identification of
SREBP-1c as a key regulator of D6D poses an interesting question: what is
the physiological role that SREBP-1c plays in liver? The primarily role of
de novo fatty acid synthesis in liver is considered to be the production and
secretion of TGs (Towle et al., 1997). If this were the case, the major role of
SREBP-1c would be the conversion of excess glucose into TGs for storage
because SREBP-1c activates genes for fatty acid synthesis in liver (Horton
etal.,2002). However, as we describe above, SREBP-1c¢ plays a key regulatory
role in HUFA synthesis by inducing D5D and D6D expression. Because
HUFASs are mainly incorporated into PLs, and are poor substrate for TG
synthesis, the primary role of SREBP in liver may be the regulation of fatty
acid synthesis for PLs rather than for TGs. Interestingly, it was demonstrated
in Drosophila cells that phosphatidylethanolamine controls maturation of
SREBP, and proposed the hypothesis that the primary role of SREBP
in animals is to monitor and maintain cell membrane composition
(Dobrosotskaya et al., 2002). Furthermore, transgenic mice overexpressing
the mature form of SREBP-1 in liver developed steatosis but did not show an
elevation of HUFA incorporation into PLs (Shimomura et al., 1997) which
suggest the presence of another mechanism that may limit the HUFAs incor-
poration into PLs in addition to the regulation of HUFAs synthesis by
SREBP-1.

Regulation of Stearoyl CoA Desaturase Expression by Cholesterol

Regulation of SCD gene expression by cholesterol is opposite depending if the
studies are performed in vivo or using cell culture. It has been shown that in
Chinese hamster ovary cells cholesterol represses the expression of SCD genes
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and enzyme activities by a similar mechanism to that mediated by PUFAs.
Conversely, the in vivo studies showed that high levels of cholesterol can
induce SCD gene expression in liver, increasing the oleic acid synthesis and
enhancing its incorporation into cholesteryl esters. This last mechanism of
regulation is not well understood but appears to involve the LXRa receptor.
LXRs are transcription factors of the nuclear receptor family that form
heterodimer with RXR (retinoid X receptor) and bind the repeat 4 elements
present in target gene promoters such us SREBP1-c. Cholesterol metabolites
and oxysterols are its natural ligands and activate LXRs and gene expression.
Indeed, mice lacking LXRa receptor expressed low levels of SCD mRNA in
the presence or absence of cholesterol feeding, while the wild type animals fed
with a diet supplemented with 2% cholesterol had their SCD mRNA levels up-
regulated four-fold (Chin and Chang, 1982). These in vivo studies would be
consistent with the possibility that the liver, when challenged with excess of
cholesterol, increases SCD activity to provide oleyl-CoA as a substrate for
cholesterol esterification. The cholesteryl esters then will be secreted and
transported to other tissues. It is not clear however, whether cholesterol or
its metabolites induce SCD transcription through the LXRa or indirectly
through the regulation of SREBPs.

Role of SREBP-Ic¢ in Induction of Desaturases by Insulin

Accumulating evidence indicates that SREBP-1c¢ mediates the effect of insulin
on transcriptional activation of genes involved in fatty acid synthesis (Horton
et al., 2002; Shimomura et al., 1999; Foretz et al., 1999). When mice are fed
with a fat free high-carbohydrate diet, the liver SCD mRNA is induced about
50 fold (Ntambi, 1995; Sessler and Ntambi, 1998), however, the induction is
blunted when SREBP1-c is disrupted. Because SDC and D6D mRNA expres-
sion were diminished in diabetic rats, and restored by insulin administration
(Waters and Ntambi, 1994), the insulin effect on the desaturase genes is likely
to be mediated by SREBP-Ic. Studies with primary culture rat hepatocytes
showed that the expression of a dominant negative SREBP1-c blocked the
effect of insulin on the transcriptional activation of SCD, whereas expression
of a dominant positive SREBP1-¢c mimicked the insulin effect (Foretz et al.,
1999). Further studies are necessary to clarify the mechanism by which insulin
induces SREBP expression.

3.4.2.2 Peroxisomal Proliferators-Activated Receptor (PPARs)

Another common feature among desaturases is an induction of these enzymes
by peroxisome proliferators (PPs) (Kawashima et al., 1983; Kawashima et al.,
1990). Fatty acids and their oxygenated derivates are examples of PPs known
to be physiological activators of members of the PPAR family nuclear receptors
(Willson et al., 2001). PP-activated receptor oo (PPARa) is a transcription factor
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primarily expressed in the liver in which it has been shown to promote
B-oxidation of fatty acids (Schoonjans et al., 1996). However, PPARY is a
critical modulator of fat cell differentiation and function, thus providing a
direct link between the intracellular levels of fatty acid and the regulation of
gene transcription in adipocytes. PPs bind to the nuclear receptor PPARa,
which them activates transcription of target genes by binding as a heterodimer
to a cis-element, PP response element (PPRE) (Forman et al., 1997). The mouse
SCD-1 (Miller and Ntambi, 1996) and D6D promoters have a PPRE site,
although the mechanism of activation is unknown. Both, SCD1 and D6D
mRNA are induced after PP administration by a mechanism dependent of
protein synthesis (Kawashima et al., 1990). However, the intracellular levels
of HUFASs (the product of D5SD, D6D pathway) remain constant rather than be
increased (Miller and Ntambi, 1996). This suggests that the mechanism of
desaturase activation by PP is not direct. Instead, the induction of desaturase
expression could be a compensatory response to an accelerated degradation of
UFAs due to the induction of f-oxidation and an increased demand of HUFAs
for PLs biosynthesis, required for peroxisome proliferation caused by PP
administration.

3.4.2.3 Cross-Talk Between PPARs and SREBPs

In conclusion, mammalian fatty acyl desaturases share common regulatory
mechanism. Most notably, SREBP-1c activates the transcription of SCD-1,
D6D and probably D5D genes, and its activation is suppressed by HUFAs.
PPs induce both SCD1 and D6D probably due to the increase in HUFAs
requirement as a consequence of PPs induction of peroxisome proliferation
and fatty acid oxidation. Fatty acid desaturases are the only known genes
regulated by both PPARa and SREPBs (Nakamura and Nara, 2002) which
regulate oppositely fatty acid metabolic pathways. PPRA« is a general indu-
cer of genes involved in fatty acid B-oxidation, while SREBP-1 induces genes
of fatty acid synthesis. The cross-talk between PPARs and SREBPs could
play a crucial role in the regulation of fatty acid metabolism but the interac-
tion between these nuclear factors and their regulatory action on desaturase
expression is complex and possess many paradoxes that need to be resolved
(Yoshikawa et al., 2003).

3.4.3 Age-Related, Dietary and Hormonal Regulation
of A9 Desaturase
3.4.3.1 Dietary Regulation of Desaturases by Dietary PUFAs in Liver

Extreme response to dietary alterations is a remarkable feature of A? desatur-
ase (SCD-1). Liver SCD-1 mRNA is dramatically altered by dietary changes,
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when rats are starved for 12-72 h, the A desaturase activity declines to less
than 5% of control values. After refeeding, A’ desaturase activity increases
dramatically to more than 2-fold above the normal levels. This phenomenon
has been termed “super-induction” as levels of enzyme activity can be more
than 100-fold above the fasted state. For example, this “super-induction”
occurs in rat pups nursed by mothers on an essential fatty acid deficient
diet; and a 45-fold increase occurs in liver upon re-feeding fasted mice with a
fat-free, high carbohydrate diet (Jeffcoat and James, 1978; Ntambi, 1992).
Responses of liver enzyme to dietary intake probably explain the “circadian
change” in A? desaturase, where liver activities can fluctuate 4-fold over a 24 h
period; highest activity (around midnight) correspond to maximal food intake
in nocturnal rats.

On the other hand, brain A desaturase (SCD-2) is almost no altered by
dietary restrictions ensuring continuing activity during crucial stages of brain
development. In contrast to the extreme changes in liver SCD-1, brain SCD-2
mRNA increases only 2-fold in neonates that are suckling mothers on an
essential fatty acid deficient diet. Brain A° desaturase activity is greatest during
the perinatal and suckling periods in rats and is generally higher than in liver.
However, after weaned, brain A° desaturase activity slowly declines (DeWillie
and Farmer, 1992).

3.4.3.2 Hormonal Regulation of Desaturases
Regulation of Stearoyl CoA Desaturases by Insulin

Hormonal regulation of A° desaturase is complex and not fully understood.
Rats with genetic diabetes, or made diabetic by destruction of pancreatic
B-cells, have depressed A’ desaturase activity in liver, mammary gland and
adipose tissue which is restored in vivo by insulin. Insulin appears essential for
basal transcription of the SCDI1 gene and, as described before, SREPB
appears to be the key regulator (Rimoldi et al., 2001; Waters and Ntambi,
1994).

Regulation of Stearoyl CoA Desaturases by Leptin

SCD activity has been shown to be elevated in the adipose tissue of various
animal models of obesity (Cohen et al., 2002) and a positive correlation between
SCD activity in skeletal muscle and the percentage of body weight has been
reported in humans (Jones et al., 1996). Leptin deficient mice (0ob/ob) are
characterized by a five-fold higher deposition of body fat than their counter-
parts, and the consistent change in the fatty acid composition in these mice is an
increase in MUFAs as a result of increased SCD activity (Cohen et al., 2002).
SCD1 mRNA levels, enzymatic activity, and the levels of MUFAs are markedly
increased in 0b/ob mice and are all specifically reduced by leptin administration.
These data suggested the possibility that leptin specific downregulation of
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SCD1 mRNA and enzyme activity might mediate some of its metabolic effect.
Supporting this hypothesis, double mutants ab’/ab’,0bjob mice, where the
SCD1 is deficient, showed a dramatic reduction of body weight and level of
TGs. These mice consumed more food than ob/ob littermates, suggesting that
SDCI1 deficiency may modulate central nervous system (CNS) pathways that
regulate food intake, but have a complete correction of their hypometabolic
phenotype, with energy expenditure equivalent to, or even greater than, wild
type. These data show that SDCI is required for the development of obese
phenotype of ob/ob mice and further suggest that a significant proportion of
leptins metabolic effects may result from inhibition of this enzyme. The meta-
bolic effect of leptin on SCD1 in liver, however, are likely to be the results of
central action, as mice lacking leptin receptor in brain enlarged fatty livers,
while livers from mice with liver specific knockout of the leptin receptor appear
normal. Leptin also reduced hepatic SCDI1 activity when administrated intra-
cerebroventriculary. However, the nature of the CNS signals that modulate
liver metabolism in response to leptin is unknown. Thus, in addition to play a
role in lipids metabolism, the SCD1 is a promising therapeutic target in the
treatment of the metabolic syndrome.

3.5 Conclusions and Perspectives

The data reviewed here clearly show that desaturase expression is tightly
regulated by complex signaling pathways in organisms ranging from bacteria
to humans. An interesting unresolved problem is how the sensors of membrane
fluidity, found in bacteria, operate at the molecular level. These sensors can
adopt alternative signaling states that are regulated by the biophysical proper-
ties of the membrane and are coupled to transcription factors that control
membrane lipid homeostasis. A second unanswered question relates to the
mechanism of signal recognition that allows activation of yeast desaturase
expression by the ubiquitin-mediated proteolysis of the ER-associated tran-
scription factors, Spt23p and Mga2p. This represents an interesting and novel
regulation system responding to a wide range of physiological nutritional and
metabolic conditions, which appears to have arisen early in the evolution of
eukaryotes.

A final major unanswered question relates to the way in which the sophisti-
cated set of controls, involving multiple sensors and signaling pathways regu-
late the expression of mammalian desaturases. This field is not without
discrepancies, and it is probable that novel transcription factors and signaling
mechanisms will be identified as our understanding of the topics grows. Gaining
knowledge in this complex regulatory network will facilitate the future biome-
dical investigation of obesity, and lipids-related disorders such as diabetes and
cardiovascular disease.
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Chapter 4
Fatty Acid Amide Hydrolase: A Gate-Keeper
of the Endocannabinoid System

Filomena Fezza, Chiara De Simone, Daniele Amadio and Mauro Maccarrone

Abstract The family of endocannabinoids contains several polyunsaturated
fatty acid amides such as anandamide (AEA), but also esters such as 2-arachi-
donoylglycerol (2-AG). These compounds are the main endogenous agonists of
cannabinoid receptors, able to mimic several pharmacological effects of A°-
tetrahydrocannabinol (A°-THC), the active principle of Cannabis sativa pre-
parations like hashish and marijuana. The activity of AEA at its receptors is
limited by cellular uptake, through a putative membrane transporter, followed
by intracellular degradation by fatty acid amide hydrolase (FAAH). Growing
evidence demonstrates that FAAH is the critical regulator of the endogenous
levels of AEA, suggesting that it may serve as an attractive therapeutic target
for the treatment of human disorders. In particular, FAAH inhibitors may be
next generation therapeutics of potential value for the treatment of pathologies
of the central nervous system, and of peripheral tissues. Investigations into the
structure and function of FAAH, its biological and therapeutic implications, as
well as a description of different families of FAAH inhibitors, are the topic of
this chapter.
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disease; MAE2: malonamidase; MAFP: methoxy arachidonoyl
fluorophosphonate; MAGL: monoacylglycerol lipase; MoA: migraine
without aura; MS: multiple sclerosis; NAGlIly: N-arachidonoyl-glycine;
NAPE-PLD: N-acylphosphatidylethanolamide-phospholipase D; NATrPE:
N-arachidonoylphosphatidylethanolamine; NAT: N-acyltransferase; PAM:
C-terminal peptide amidase; PMSF: phenylmethylsulfonyl fluoride; SNPs:
single nucleotide polymorphisms; A’-THC: A’-tetrahydrocannabinol; TM:
N-terminal transmembrane; TRPV1, transient receptor potential vanilloid 1

4.1 Introduction

4.1.1 (Endo)cannabinoids

The recreational value of Cannabis sativa preparations is known to most people,
largely as a result of the explosion in its use in the late 1960s; indeed, marijuana
is still one of the most widespread illicit drugs of abuse in the world (Adams and
Martin, 1996). The plant contains about 60 cannobinoid compounds (Ross and
Elsohly, 1996), among which A°-tetrahydrocannabinol (A’~-THC) (Fig. 4.1) is
the primary psychoactive component and is thought to mediate most of the
physiological effects associated with marijuana smoking (Dewey, 1986). A’-
THC was used in folklore medicine long before the discovery of its mechanism
of action.

The stringent structural characteristics that cannabinoid compounds must
possess in order to exert their psychotropic effects, and the key observation that
cannabinoids inhibit adenylate cyclase, supported the presence of a specific,
high-affinity binding site for these lipidic substances (Howlett and Fleming,
1984). Shortly afterwards, the first membrane receptor for A~ THC was identi-
fied in rat brain (Devane et al., 1988). Its distribution was consistent with the
pharmacological properties of psycotropic cannabinoids, and therefore it was
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designated type 1 cannabinoid receptor (CB1R) (Devane et al., 1988).
A peripheral cannabinoid-binding receptor was identified a few years later in
spleen and immune cells, and was called type 2 cannabinoid receptor (CB2R)
(Munro et al., 1993). Since then, a number of endogenous agonists of CB
receptors were characterized, i.e. amides, esters and ethers of long chain polyun-
saturated fatty acids collectively termed ‘endocannabinoids’. Remarkably, these
compounds are structurally different from A°~THC or other plant cannabinoids
(Mechoulam et al., 2002; Piomelli, 2003; De Petrocellis et al., 2004). In fact two
arachidonate derivatives, the amide N-arachidonoylethanolamine (anandamide,
AEA) (Devane et al., 1992) and the ester 2-arachidonoylglycerol (2-AG)
(Mechoulam et al., 1995; Sugiura et al., 1995), both shown in Fig. 4.1, are the
most biologically active endocannabinoids described to date (Piomelli, 2003; De
Petrocellis et al.,, 2004). Also the ether 2-arachidonoylglyceryl-ether (noladin
ether) (Fig. 4.1) has been shown to act as an endocannabinoid (Hanus et al.,
2001), but its actual physiological relevance remains a matter of debate (Oka et al.,
2003). Furthermore an ‘inverted anandamide’, O-arachidonoylethanolamine
(virodhamine) (Fig. 4.1), has been shown to behave as a partial agonist or as a
full agonist at CB1 or CB2 receptors, respectively (Porter et al., 2002).

Instead, the amides N-oleoylethanolamine (OEA), N-palmitoylethanola-
mine (PEA) and oleamide are better considered ‘endocannabinoid-like’ com-
pounds, because they do not activate directly CB receptors, but rather prolong
the activity of true endocannabinoids within the cell by an ‘entourage effect’
(De Petrocellis et al., 2004). AEA and 2-AG are present in the central nervous
system (CNS) and also in peripheral tissues (Sugiura et al., 2002), but exhibit
important differences in their quantitative distribution; 2-AG is more abun-
dant than AEA in the brain and behaves as a full agonist for CB1R and CB2R,
while AEA acts as partial agonist for CBIR and as a weak partial agonist for
CB2R (Sugiura et al., 2000a). AEA levels may vary by 4-6-fold in different
regions of the rat brain, with the highest levels in the striatum and brainstem
and the lowest levels in the cerebellum and cortex (Bisogno et al., 1999a; Yang
et al., 1999). AEA was found in regions of both rat and human brains that
contain high densities of CB1R (e.g., hippocampus, cerebellum, and striatum)
and also in a region that is sparse in CBIR like the thalamus (Felder et al.,
1996). It is clear from these data that for AEA the relative regional abundance
in the brain does not correlate with the distribution of CB1R. AEA levels in
the brain are equivalent to those of other neurotransmitters such as dopamine
and serotonin, but at least 10-fold lower than the levels reported for GABA
and glutamate. AEA has also been found in peripheral tissues such as human
and rat spleen, which expresses high levels of CB2R. Small amounts of AEA
were also detected in human serum, plasma, and cerebrospinal fluid (Felder
et al., 1996).

The concentration of 2-AG can be up to ~200-fold higher than that of AEA
in the brain (Bisogno et al., 1999a). Yet, there are reports showing much lower
2-AG:AEA ratios in rat striatum (~10), substantia nigra (~3), and globus
pallidus (~4) (Di Marzo et al., 2000; Gubellini et al., 2002). These differences
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may arise from different methodologies, for instance killing the animals by
decapitation without immediate freezing instead of soaking in liquid nitrogen
can increase 2-AG levels by ~15-fold (Sugiura et al., 2002). Discrepancies may
also be a consequence of the high sensitivity of endocannabinoids to environ-
mental factors like animal diets, caging and bedding systems, viral load, water
quality, and pathogen infections. A recent example of the dramatic effect of
these factors on endocannabinoid levels has been recently reported (Guo et al.,
2005). In this context, it seems noteworthy that a recent study has shown that
the extracellular concentrations of AEA and 2-AG are both in the nanomolar
range (Caille et al., 2007), suggesting that these two compounds have a similar
availability for their CBR-mediated biological actions. On the other hand, the
spatial distribution of the two endocannabinoids is similar in different regions
of the brain. In fact, the highest concentrations of 2-AG were found in the
brainstem, medulla, limbic forebrain, striatum, and hippocampus, and the
lowest in the cortex, diencephalons, mesencephalon, hypothalamus, and cere-
bellum (Sugiura et al., 2002). Therefore, much alike AEA, no correlation was
found between 2-AG concentrations and CBIR distribution. 2-AG was also
detected in the peripheral nervous system, i.e. in the sciatic nerve, lumbar spinal
cord, and lumbar dorsal root ganglion cells (Sugiura et al., 2002).

In just one decade, endocannabinoids have been shown to play manifold
roles, both in the CNS and in the periphery. In particular, it is now widely
accepted that the biological activity of AEA and 2-AG is largely dependent on a
‘metabolic control’, that modulates the effects of these substances by modulat-
ing their in vivo concentration (or endogenous tone) (Cravatt and Lichtman,
2002).

4.1.2 Overview of the Endocannabinoid System

Investigations of the pathways involved in the metabolism of endocannabinoids
have grown exponentially in recent years following the discovery of cannabi-
noid receptors. As other lipid mediators, AEA and 2-AG are released from cells
‘on demand’ by stimulus-dependent cleavage of membrane phospolipid pre-
cursors (Di Marzo et al., 1994).

AEA biosynthesis has been shown to occur through several pathways
mediated by N-acylphosphatidylethanolamide-phospholipase D (NAPE-
PLD), a secretory PLA, and PLC. 2-AG is generated through the action of
selective enzymes such as phosphatidic acid phsophohydrolase, diacylglycerol
lipase (DAGL), phosphoinositide-specific PLC (PI-PLC) and lyso-PLC.
A putative membrane transporter, catalyzing a facilitated diffusion process, is
involved in the cellular uptake or release of endocannabinoids. AEA is meta-
bolized by fatty acid amidohydrolase (FAAH) and 2-AG is metabolized by
monoacylglycerol lipase (MAGL), and to a lesser extent by FAAH.
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Taken together AEA and 2-AG, their congeners and metabolic enzymes,
their purported transporters and molecular targets form the ‘endocannabinoid
system (ECS)’.

4.1.2.1 Molecular Targets

Endocannabinoids act primarily at cannabinoid receptors. These are seven
trans-membrane spanning receptors that include type-1 cannabinoid receptors
(CBI1R), which are present mainly in the CNS but are also expressed in periph-
eral tissues and cells like lymphocytes (Borner et al., 2007), and type-2 canna-
binoid receptors (CB2R), expressed predominantly by astrocytes, spleen and
immune cells (Lunn et al., 2006), but also present in the brainstem (Van Sickle
et al., 2005; Aguado et al., 2007 ). CBIR and CB2R belong to the rhodopsin
family of G protein-coupled receptors (GPCRs), particularly those of the Gi/o
family (Howlett et al., 2002). The binding of endocannabinoids to these recep-
tors induces several biological actions, such as the inhibition of adenylate
cyclase (AC), the regulation of ionic currents (inhibition of voltage-gated L,
N and P/Q-type Ca®" channels, activation of K channels), the activation of
focal adhesion kinase, of mitogen-activated protein kinase (MAPK), and of
cytosolic phospholipase A,, and the activation (CB1R) or the inhibition
(CB2R) of nitric oxide synthetase (NOS). Additionally, a recent report has
shown an unprecedented coupling of CBIR to Gq/11 proteins, suggesting
further diversity of CB1R signaling pathways (Lauckner et al., 2005). Further-
more, there is some evidence that endocannabinoids induce a biological activity
via other CB receptors, like a purported CB3 (GPRS55) receptor (Sawzdargo
et al., 1999; Baker et al., 2006; McPartland et al., 2006; Ryberg et al., 2007), via
non-CB1/non-CB2 receptors, or via non-cannabinoid receptors. In the latter
group, transient receptor potential vanilloid 1 (TRPV1) has emerged as an
important target of AEA, but remarkably not of 2-AG. TRPV1 is a six trans-
membrane spanning protein with intracellular N- and C-terminals, and a pore-
loop between the fifth and sixth transmembrane helices (Jung et al., 1999). This
ligand-gated and non-selective cationic channel is activated by molecules
derived from plants, such as the pungent component of ‘hot’ red peppers
capsaicin, by noxious stimuli like heat and protons (Jordt and Julius, 2002),
and by peptides contained in spider toxins (Siemens et al., 2006). Also AEA is
considered a true ‘endovanilloid’ (van der Stelt et al., 2004; Starowicz et al.,
2007), that behaves as an authentic (though weak) ligand of TRPV1.

4.1.2.2 Biosynthesis of Endocannabinoids

The main route for AEA biosynthesis occurs by two enzymatic steps
involving the sequential action of a calcium dependent N-acyltransferase
(NAT) and of a NAPE-specific phospholipase D (NAPE-PLD) (Okamoto
et al., 2004). In the first step, NAT catalyzes direct transfer of arachidonic
acid from the sn-1 position of phosphatidylcholine (PC), generating
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N-arachidonoylphosphatidylethanolamine (NArPE), the AEA precursor
(Fig. 4.2). This biosynthetic pathway is in agreement with the observation
that AEA levels are generally lower than those of the other NAEs in most
of the tissue analyzed so far, because the arachidonic acid levels in position
1 of phospholipids are very low.

In the last step, NArPE is hydrolyzed by NAPE-PLD which releases AEA
and phosphatidic acid (PA). This enzyme has been cloned and purified from rat
heart and classified as a member of the zinc metallo-hydrolase family of the
B-lactamase fold (Okamoto et al., 2004). NAPE-PLD does not recognize phos-
phatidylcholine and phoshatidylethanolamine as substrates, and it is widely
distributed in mouse organs, with highest concentrations in brain, kidney and
testis (Okamoto et al., 2004). The same group who characterized NAPE-PLD
also suggested that several PLA /A, isozymes can generate N-arachidonoyl-
lysoPE (NAr-lysoPE) from NArPE, and that a lysoPLD may release AEA from
NAr-lysoPE. Therefore, the sequential action of PLA /A, and lysoPLD may
represent an alternative biosynthetic pathway for NAEs, including AEA (Sun
et al., 2004) (Fig. 4.2).

Recently, it has been shown that in RAW264-7 macrophages, the
lipopolysaccharide-induced anadamide production appears to depend mainly
on a pathway whereby NAPE is hydrolysed to yield a phosphor-AEA, which is
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Fig. 4.2 Major biosynthetic pathways of AEA. See text for details
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then dephosphorylated (Liu et al., 2006). Furthermore, a non exclusive role
of NAPE-PLD in the conversion of NAPE to AEA is clearly indicated by the
unchanged brain levels of AEA in NAPE-PLD knockout mice (Leung
et al., 2006). In fact, an independent pathway may occur through a double-
deacylation of NAPE to generate /yso-NAPE and then glycerophospho-NAE,
that is rapidly cleaved to release the corresponding NAE. This novel route is
driven by the sequential action of a fluorophosphonate-sensitive serine hydro-
lase and a metal-dependent phosphodiesterase (Simon and Cravatt, 2006).

The levels of 2-AG in tissues and cells are usually much higher than those of
AEA, and in principle they are sufficient to activate both cannabinoid receptor
subtypes (Sugiura et al., 1995). At any rate, the 2-AG found in cells and tissues
is probably not uniquely used to stimulate cannabinoid receptors, as 2-AG is at
the crossroads of several metabolic pathway. Itis likely that a particular pool of
2-AG is produced via a special pathway only for the purpose of functioning as
endocannabinoid. In line with this hypothesis, the extracellular levels of 2-AG
are close to those of AEA, and are in the nanomolar range (Caille et al., 2007).

A biosynthetic pathway for 2-AG provides for quick hydrolysis of inositol
phospholipids by a specific PLC, generating 1-acyl-2-arachidonoylglycerol
(DAG) (Di Marzo et al., 1999; Piomelli et al., 1998). DAG is then converted
to 2-AG by a sn-1-DAG lipase (Stella et al., 1997; Bisogno et al., 2003). Another
pathway for 2-AG formation involves the hydrolysis of phosphatidylinositol
(PI) by PLA| into lysoPlI, followed by hydrolysis by phospholipase C (PLC) to
produce 2-AG (Sugiura and Waku, 2000b). Furthermore, 2-AG has been
shown to be produced also by PLC-independent pathways (Bisogno et al.,
1999b). Very recently, two sn-1-specific DAG lipases (o and ) responsible for
the synthesis of 2-AG have been cloned by comparing human genome with
Penicillium DAGL sequence. Both DAGL o and B are associated with the cell
membrane and are stimulated by high concentrations of Ca>" and, remarkably,
by physiological concentrations of glutathione (Bisogno et al., 2003).

4.1.2.3 Degradation of Endocannabinoids

The endocannabinoid actions are relatively short-lasteing, due to the presence
of effective mechanisms for their cellular removal and subsequent degradation.
Because they are lipophilic compounds, endocannabinoids can diffuse through
the cell membrane. However, in order to be rapid, selective and subject to
regulation, the diffusion process needs to be facilitated by a carrier, or to be
driven by a mechanism capable of rapidly reducing the intracellular concentra-
tion of endocannabinoids, or both.

Indeed, AEA appears to be taken up by several cells via a facilitated trans-
port mechanism, possibly mediated by a purported anandamide membrane
transporter (AMT) (Fig. 4.3). In fact, cellular uptake of AEA is saturable,
temperature-dependent and sensitive to synthetic inhibitors, as expected for a
protein-mediated process (Maccarrone et al., 1998, Bisogno et al., 2001a).
However, some authors have reported evidence against the existence of AMT,
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Fig. 4.3 Pathways of AEA inactivation. Once taken up by a purported transporter on the
plasma membrane (AMT), AEA is rapidly cleaved by endomembrane-bound FAAH, reales-
ing arachidonic acid (AA) and ethanolamine (EA)

suggesting that the enzyme mostly responsible for AEA hydrolysis, fatty acid
amide hydrolase (FAAH) (Fig. 4.3), may be the sole responsible of AEA
cellular uptake, by reducing its intracellular concentration (Bracey et al.,
2002; Glaser et al., 2003).

On the other hand, several data are in agreement with a facilitated transport
of AEA independent of FAAH. In fact, different cells that do not express
FAAH are still able to rapidly take up AEA (Day et al., 2001); compounds
that inhibit AEA cellular uptake without affecting FAAH activity have been
synthesized (Lopez-Rodriguez et al., 2001; Ortar et al., 2003); saturable AEA
accumulation can be still observed in synaptosomes and cells prepared from
FAAH-null mice (Ligresti et al., 2004; Fegley et al., 2004). Overall, from the
available data it is possible to conclude that FAAH activity can contribute to
facilitated AEA transport, yet it is not necessary; other mechanisms different
from intracellular hydrolysis may also enhance the rate of endocannabinoid
uptake. In line with this, a new model for AEA transport has been proposed,
that might engage a caveolae/lipid rafts-related endocytic process (McFarland
et al., 2004; Bari et al., 2005). On the other hand, it has been suggested that the
2-AG membrane transporter may be the same used by anandamide, i.e. AMT
(Beltramo and Piomelli, 2000; Bisogno et al., 2001b).
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Once inside the cell, endocannabinoids are degraded through mechanisms
depending on their chemical nature. FAAH has been identified as the main
responsible for AEA hydrolysis to arachidonic acid and ethanolamine (Cravatt
et al., 1996; Cravatt and Lichtman, 2002) (Fig. 4.3). Although FAAH can
catalyze also the hydrolysis of 2-AG (Di Marzo and Deutsch, 1998), the levels
of the latter substance, unlike those of AEA, are not increased in FAAH
‘knockout’ mice (Lichtman et al., 2002). This observation is in agreement
with the existence of other enzymes catalyzing 2-AG degradation (Di Marzo
etal., 1999; Goparaju et al., 1999a). In fact, monoacylglycerol lipase (MAGL) is
a cytosolic enzyme that cleaves efficiently 2-AG (Ben-Shabat et al., 1998; Di
Marzo and Deutsch, 1998). In rat brain, MAGL is more abundant in regions
where also CB1 receptors are highly expressed (hippocampus, cortex, anterior
thalamus and cerebellum). Furthermore, immunohistochemical studies in the
hippocampus suggested a presynaptic localization of MAGL, supporting its
role in the degradation of 2-AG as retrograde messenger. Interestingly, recent
studies have confirmed a sort of ‘complementary localization’ of MAGL and
FAAH in the brain, pre-synaptic and post-synaptic respectively, suggesting
different roles for AEA and 2-AG in endocannabinoid signaling within the
CNS (Gulyas et al., 2004). Incidentally, the data on MAGL localization supple-
ment previous observations showing that the diacylglycerol lipases (DAGLs)
responsible for 2-AG production are instead post-synaptic in the adult brain
(Dinh et al., 2002; Bisogno et al., 2003).

4.2 Properties of Fatty Acid Amide Hydrolase

The actual enzymes involved in fatty acid amides (FAAs) metabolism remained
unknown until the late 1990s, when a rat liver oleamide hydrolase activity was
affinity-purified and its cDNA was cloned (Cravatt et al., 1996). Oleamide
amidase was connected to AEA hydrolysis, because AEA and oleamide were
catalyzed by the same enzyme, called fatty acid amide hydrolase (FAAH;
N-arachidonoylethanolamine amidohydrolase, EC 3.5.1.4) (Maurelli et al.,
1995).

Later on, FAAH was cloned from human and mouse liver (Giang and
Cravatt, 1997), and from porcine brain (Goparaju et al., 1999b). All these
enzymes are composed of 579 amino acids, and their molecular weights are
~63 kDa. The porcine enzyme shows 80, 81, and 85% identity of the deduced
amino acid sequence to mouse, rat and human FAAH respectively (Goparaju
et al., 1999b).

In rats, FAAH is mainly distributed in liver, small intestine, brain, testis,
uterus, kidney, ocular tissues and spleen, but not in skeletal muscle or heart
(Deutsch and Chin, 1993; Desarnaud et al., 1995; Ueda et al., 1995). In humans,
the distribution is different: FAAH is mainly detected in pancreas, brain,
kidney, skeletal muscle (Giang and Cravatt, 1997), placenta (Park et al., 2003)
and is less abundant in liver (Giang and Cravatt, 1997). FAAH activity can also
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be detected in mouse uterus (Paria et al., 1996), and its expression is regulated
during pregnancy (Paria et al., 1999; Maccarrone et al., 2000a).

FAAH is a membrane-bound serine hydrolase, that shows its maximal
activity at pH 9 (Cravatt et al., 1996). This enzyme belongs to a protein family
called ‘amidase signature (AS)’ (Chebrou et al., 1996), whose members share a
common, conserved amino acid sequence comprising ~130 residues, the so-
called ‘amidase-signature sequence’. The AS family of enzymes is mainly repre-
sented among bacteria and fungi, and FAAH was, until recently, the only
known representative of this class of proteins in mammals.

Further studies were conducted with the aim of identifying the primary-
sequence of FAAH, to unravel the properties of the region that allows anchoring
to the membrane. Although the amino acids in positions 9-29 were predicted
with the aid of a sequence-analysis software to constitute the FAAH transmem-
brane domain, deletion of this segment did not release FAAH from lipid bilayers
(Arreaza and Deutsch, 1999; Patricelli et al., 1998). Noteworthy, this so-called
transmembrane domain, while not necessary for hydrolase activity, seems to be
involved in the self-association of FAAH, because a mutant lacking the first
30 amino acids showed a reduced tendency to form oligomers (Arreaza and
Deutsch, 1999).

4.2.1 Structural Features

FAAH has been crystallized in complex with an irreversible active site-directed
inhibitor, the methoxy arachidonyl fluoro-phosphonate (MAFP), and its three-
dimensional structure has been analyzed at a 2.8 A resolution (Bracey et al.,
2002). To obtain the crystalline structure, a catalytically active mutant was
generated (ATM-FAAH), where the first 29 amino acids were deleted (Patricelli
et al., 1998). ATM-FAAH is soluble and homogeneous in detergent-containing
buffers, opening the avenue to the in vitro mechanistic and structural studies, and
is still able to bind membranes (Fig. 4.3). The X-ray structure of this mutant
confirmed that FAAH is an integral membrane enzyme with a globular shape:
the enzyme crystallized as a homodimer, indicating that it is at least a dimer in
solution (McKinney and Cravatt, 2005).

More than 100 members of the AS family of enzymes have been reported in
the literature, but only for malonamidase (MAE2) (Shin et al., 2002) and
C-terminal peptide amidase (PAM) (Labahn et al., 2002), two soluble bacterial
enzymes, structural data are available. All three resolved structures of AS
enzymes (FAAH, MAE2, and PAM) revealed a common core, consisting of a
twisted B-sheet of 11 mixed strands, surrounded by a large number of a-helices
(those of FAAH are shown in Fig. 4.3). Compared to other AS enzymes, which
are mostly soluble proteins, FAAH displays two distinguished features: i)
integration into membranes, and ii) strong preference for hydrophobic
substrates.
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Furthermore, three well-defined domains have been identified in FAAH: 1) a
transmembrane domain at the N-terminus which directs protein oligomeriza-
tion, ii) a serine- and glycine-rich domain, and iii) a proline-rich domain.

FAAH has several elements of secondary structure: the twisted f-sheet
consisting of 11 mixed strands (accounting for ~17% of the whole protein
structure) is surrounded by 28 a-helices of various lengths (accounting for
~53% of the whole protein structure). Recently, the stability of ATM-FAAH
has been studied as a function of chemical (guanidinium hydrochloride) or
physical (high hydrostatic pressure) denaturation (Mei et al., 2007). The unfold-
ing transition of the enzyme was observed to be complex and required a fitting
procedure based on a three-state process with a monomeric intermediate. The
first transition was characterized by dimer dissociation, with a free energy
change of ~11 kcal/mol that accounted for ~80% of the total stabilization
energy. This process was also paralleled by a large change in the solvent-
accessible surface area, because of the hydration occurring both at the dimeric
interface and within the monomers. As a consequence, the isolated subunits
were found to be much less stable (AG ~3 kcal/mol). The addition of MAFP
enhanced the stability of the dimer by ~2 kcal/mol, toward denaturant- and
pressure-induced unfolding. FAAH inhibition by MAFP also reduced the
ability of the protein to bind to the membranes. Taken together, these findings
suggest that local conformational changes at the level of the active site might
induce a tighter interaction between the subunits of FAAH, thus affecting the
enzymatic activity and the interaction with membranes (Mei et al., 2007).

ATM-FAAH appears to bind membrane lipids via helices «-18 and «-19
(amino acid 410—438), which form a helix-turn-helix motif. This motif inter-
rupts the AS fold and is comprised mainly of hydrophobic residues (with few
basic amino acid) that are likely to constitute a membrane binding surface of
FAAH. In addition, a predicted N-terminal transmembrane (TM) domain
(amino acids 9-29) forms a membrane binding helix that strengthens the inter-
actions of the «-18 and a-19 helices with membranes (McKinney and Cravatt,
2005). Remarkably, sequence comparisons revealed that this domain is not
present in other AS enzymes (Cravatt et al., 1996).

The two monomers of FAAH have a parallel alignment, that allows both
subunits to function concomitantly by recruiting substrates from the same
membrane. The parallel orientation is required to have the o-18 and «-19
membrane cap on the same face of the dimer, thus enhancing membrane
binding (McKinney and Cravatt, 2005). Noteworthy, the intimate relationship
between the membrane binding surface and the active site of FAAH resembles
the membrane-binding domains of two other integral membrane enzymes, like
squalene cyclase (Wendt et al., 1997) and prostaglandin H, synthase (Picot
et al., 1994). Also these enzymes act on lipid-soluble substrates and have
hydrophobic caps surrounding the entrance of the corresponding active sites.
These three enzymes share no sequence or fold homology, indicating that they
have evolved independently similar strategies for membrane integration
(Bracey et al., 2004). However, all three enzymes are dimeric proteins, with
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the active site capped by a hydrophobic domain, that is surrounded by basic
amino acids in order to interact with negatively charged phospholipids
(McKinney and Cravatt, 2005).

It has been suggested that FAAH may have different structural alterations,
allowing direct access from the cytosolic and the membrane side to its active
site. In fact, X-ray analysis revealed several unusual features of the enzyme: the
resolved crystal structure confirms that FAAH has different key regions,
including a remarkable collection of channels that form a ‘cytosolic port’ and
a ‘membrane port’ to facilitate substrate recognition, binding, hydrolysis and
product release (thus improving the catalytic turnover). These ports might grant
the simultaneous access to both membrane and cytosolic compartments of the
cell, useful for substrate entry and/or product exit during the catalytic reaction
(Cravatt and Lichtman, 2003).

A potential substrate entryway (which presents anphipathic residues possi-
bly to accommodate polar substrate head groups towards the FAAH active
site) has been identified next to o-18 and «-19 helices, and it may indicate direct
connection between the FAAH active site and the hydrophobic membrane
bilayer. The mode for membrane binding of FAAH may facilitate movement
of the FAA substrates directly from the bilayer to the active site, with no need
for transport of these lipids through the aqueous cytosol. In this model, the
substrate would first enter via the membrane to the active site; following
hydrolysis, the released fatty acid (hydrophobic) and amine (hydrophilic) pro-
ducts would then exit through the membrane-access and cytosolic-access chan-
nels, respectively. Moreover, the cytoplasmic port may serve the additional
function of providing a way for a water molecule required for deacylation of
the FAA-FAAH acyl-enzyme intermediate, which has been already character-
ized by LC-MS (Patricelli and Cravatt., 1999).

4.2.2 Catalytic Mechanism

FAAH presents unique biochemical properties due to an unusual serine-serine-
lysine (Ser241-Ser217-Lys142) catalytic triad. In fact, differently from the sub-
strate selectivity displayed by most serine hydrolases, which react with esters at
rates several orders of magnitude faster than amides, FAAH reacts with esters
and amides at equivalent rates. It has been demonstrated that this unusual
property depends on a single lysine residue (Lys142), since its mutation to
alanine greatly reduces the amidase activity of FAAH, without affecting the
esterase activity (Patricelli and Cravatt., 1999). Many investigations have been
focused to clarify the catalytic mechanism of FAAH. A number of mutagenesis,
kinetic and chemical labeling studies have revealed that the FAAH nucleophile
is Ser241 (Patricelli et al., 1999). Mutagenesis studies also invoked the partici-
pation of additional residues in the catalytic mechanism of FAAH: in particu-
lar, a serine residue (Ser217) mutated to alanine produced a mutant FAAH with



4 Fatty Acid Amide Hydrolase: A Gate-Keeper of the Endocannabinoid System 113

a significant reduction of hydrolytic activity (~2000 fold), reduction that was
much less severe than that observed with mutants lacking either the serine
nucleophile (Ser241) or the lysine base/acid (Lys142). Remarkably, the unusual
catalytic core of FAAH is highly conserved among the AS family members.
Lys142 appears to play a critical role as both base and acid in the hydrolytic
cycle. In fact, several lines of experiments show that Lys142 plays a role as a
base that activates the Ser241 nucleophile in FAAH, whereas other kinetic data
seem to support a role for Lys142 as an acid that participates in the protonation
of the substrate leaving group (Patricelli and Cravatt., 1999). The relative
importance of acid-catalyzed leaving group protonation for amide hydrolysis
compared to ester hydrolysis has been emphasized previously in semi-empirical
studies (Fersht, 1971): consistent with these predictions, a tight coupling of
base-catalyzed nucleophile activation and acid-catalyzed leaving group proto-
nation might explain the ability of FAAH to normalize the acylation/hydrolysis
rates of an amide or an ester substrate (McKinney and Cravatt, 2005). This
hypothetical mechanism assumes that Lys142 would be deprotonated in the
absence of bound substrate, leading to a constitutively activated nucleophile
(Ser241). The structural arrangement analysis of catalytic residues indicates
that in FAAH the impact of Lys142 on Ser241 nucleophile strands and the
leaving group protonation likely occurs indirectly, via the bridging Ser217 of
the triad; the latter may act as a ‘proton shuttle’. In this model, FAAH would
force protonation of the substrate leaving group early in the transition state of
acylation, concomitantly with the nucleophile attack on the substrate carbonyl
group (McKinney and Cravatt, 2005). The overall catalytic cycle of FAAH is
shown in Fig. 4.4.

It should be pointed out that the comparable hydrolysis rate for amide and
ester bonds has a biological meaning: FAAH must bind and hydrolyze its FAA
substrates against a background of a large excess of structurally related esters
such as monoacylglycerols (Mechoulam et al., 1995). To reach this goal, the

Fig. 4.4 Schematic
representation of rat
ATM-FAAH, complexed
with the irreversible
inhibitor MAFP (in green)
(Protein Data Bank file
IMTS5)
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active site of FAAH has specifically evolved and adapted to hydrolysis of FAA
substrates in a cellular environment with high concentration of fatty acid esters.
Therefore, the unique biochemical proprieties of FAAH permit to this enzyme
to act as a lipid amidase in vivo.

4.2.3 Synthetic and Natural Inhibitors

Growing evidence demonstrates that FAAH is the critical regulator of the
endogenous levels of AEA, suggesting that it may serve as an attractive ther-
apeutic target for the treatment of human disorders (Maccarrone, 20006).
Unfortunately, AEA is rapidly inactivated by FAAH, which prevents its ther-
apeutic exploitation. Yet, inhibitors of FAAH that block degradation of AEA
and related endocannabinoids might be useful to tackle pathologies in which
endocannabinoid levels are reduced.

The first non-specific inhibitor reported for FAAH was the serine protease
inhibitor phenylmethylsulfonyl fluoride (PMSF) (Table 4.1) (Deutsch and
Chin, 1993). Since this compound was not selective for FAAH, there was a
growing interest to design more potent and selective inhibitors. New com-
pounds were obtained from the derivatization of various fatty acids with func-
tional groups, previously reported to react and form covalent adducts with
catalitycally active serine and cysteine residues. This method allowed the
discovery of novel FAAH inhibitors, like diazomethylarachidonoyl ketone
(Edgemond et al., 1998), stearylsulfonyl fluoride (Deutsch et al., 1997a),
methyldodecyl fluorophosphonate (Martin et al., 2000), arachidonylsulfonyl
fluoride (Segall et al., 2003), and the most potent methoxy arachidonoyl fluor-
ophosphonate (MAFP) (Table 4.1) (Deutsch et al.,1997b; De Petrocellis et al.,
1997). All these compounds are potent irreversible inhibitors of FAAH, how-
ever, they also have remarkable affinity for the CB1 receptor.

More recently, a series of irreversible aryl-carbamates inhibitors were
described (Mor et al., 2004). URB597 (cyclohexyl carbamic acid 3’-carbamoyl-
biphenyl-3-yl ester) (Table 4.1), the most potent member of this family, inhibited
FAAH activity with an ICs, value of 4.6 nM in rat brain extracts (Mor et al.,
2004), and of 0.5 nM in intact neurons (Piomelli et al., 2006), without affecting
other serine hydrolases. In addition, introduction of small polar groups in meta-
position of the distal phenyl ring, and in para-position of the proximal phenyl
ring, were found to improve inhibition (Mor et al., 2004; Tarzia et al., 2006).
These carbamates inhibit FAAH activity through irreversible interaction based
on nucleophilic attack of Ser241 in the active site. Biochemical evidence
(Alexander and Cravatt, 2005) showed that these inhibitors covalently modify
the active site by adopting an orientation opposite of that originally predicted
from modeling (Mor et al., 2004). Indeed, the O-biaryl substituents would reside
in the cytoplasmic-access channel (rather than in the acyl-chain-binding chan-
nel), where they would be susceptible to enzyme-catalyzed protonation to
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Table 4.1 Chemical structures of relevant-FAAH inhibitors
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enhance their function as leaving groups. Based on these results, a series of
carbamates were designed, in which the N-cyclohexyl unit was replaced with
various N-alkyl groups mimicking the acyl chains of anandamide. These com-
pounds, of which JP-104 (Undec-10-ynyl-carbamic acid 3’-carbamoyl-biphenyl-
3-yl ester) is a prototype member (Table 4.1), generally exhibited enhanced
potency (Alexander and Cravatt, 2005). More recently, Ahn and coworkers
have described a new series of ‘PF’ urea-based inhibitors with piperidine/
piperazine groups [see PF-750 (N-phenyl-4-(quinolin-3-ylmethyl)piperidine-1-
carboxamide) in Table 4.1]. These compounds have been shown to covalently
inactivate FAAH via carbamylation of the serine nucleophile in the active site,
and did not show any detectable activity against other serine hydrolases in
mammalian proteomes (Ahn et al., 2007).

In general, an irreversible mechanism of inhibition might reduce the versa-
tility of a drug for in vivo applications. Thus, a major challenge for the ongoing
pharmaceutical research is the development of potent and selective, but rever-
sible, inhibitors of FAAH. Based on a-ketoheterocycle protease inhibitors
(Edwards et al., 1995), potent reversible competitive inhibitors were developed,
combining an unsaturated acyl chain and an a-keto-N4-oxazolopyridine, with
incorporation of a second weakly basic N-atom. This class of compounds
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showed potency in the subnanomolar range, with Ki values falling below
200 pM (Boger et al., 2000). The inhibition potency was strongly dependent
on the hydrophobicity of the flexible acyl chain, and on the degree of
a-substitution (Boger et al., 2001). For example, the compound OL-135
(1-ox0-1[5-(2-pyridyl)-2-yl]-7-phenylheptane) (Table 4.1) displayed an excep-
tional combination of high potency (Ki = 4.7 nM towards rat-recombinant
FAAH) and high selectivity in vivo (Lichtman et al., 2004; Boger et al., 2005).

Several inhibitors have been tested in vivo and their ability to inactivate
FAAH was shown to elicit pain and anxiety (Kathuria et al., 2003), without the
side effects (hypomotility, hypothermia and catalepsy) that usually accompany
activation of CBI receptors by exogenous cannabinoids like A~ THC (Piomelli
et al., 2000; Fowler, 2003; Cravatt and Lichtman, 2003). To maintain this lack
of ‘cannabinoid side effects’, FAAH inhibitors must be devoid of affinity for
the cannabinoid receptors. The most studied of the FAAH inhibitors, URB597,
does not exhibit affinity for cannabinoid receptors. Thus, at doses that inhibit
FAAH and substantially raise brain levels of AEA, but not of 2-AG, this
compound did not induce common side effects of typical CB1 agonists, suggest-
ing that they it might be exploited as an innovative anti-anxiety therapeutic
(Gaetani et al., 2003).

Also OL-135 (see above) allowed a profound increase of anandamide levels
in the brain and spinal cord, and displayed CBl-dependent antinociceptive
effects in the hot-plate, tail-immersion, and formalin tests (Lichtman et al.,
2004).

Besides the design of synthetic molecules, several papers reported the presence
of specific enzymatic reactions able to produce also in the cells compounds able to
act as reversible FAAH inhibitors (Maccarrone and Finazzi-Agro, 2004a). In
particular, it has been found that oxidative metabolites of AEA generated by
various lipoxygenases, i.e. the hydroxyanandamides (HAEAs; see 12-OH-AEA
in Table 4.1), are powerful inhibitors of FAAH (van der Stelt et al., 2002).
Instead, derivatives of AEA generated by cyclooxygenase-2, and termed prosta-
mides, have been recently shown to be ineffective on FAAH activity (Matias
et al., 2004).

Of interest is the fact that all HAEAs are reversible competitive inhibitors of
FAAH (van der Stelt et al., 2002). In addition, the fact that various lipoxy-
genases (i.e., 5-, 12-, and 15-LOXs) generate different HAEAs with different
inhibition profiles towards the proteins of the ECS, suggests that cells with
different LOXs might contribute different selectivity to networks regulating
endocannabinoids’ actions. These compounds may be the ‘physiological’ inhi-
bitors of FAAH, of potential utility in the control of emotional states and of
those disorders whose onset or symptoms are associated with defective produc-
tion or excessive degradation of AEA and congeners. More in general, it should
be pointed out that HAEASs represent one of the newest paradigms of the ability
of cells to make their own tools to regulate key targets like FAAH, and they
seem to do it more simply than is done in the laboratory.
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Moreover, the natural occurrence in mammalian tissues of several arachido-
noylated amino acids prompted different research groups to evaluate the effects
of these compounds as FAAH inhibitors. It has been shown that these deriva-
tives may act as additional regulatory factors for FAAH. A typical example of
these mediators is the N-arachidonoyl-glycine (NAGly) shown in Table 4.1
(Huang et al., 2001). NAGly has been shown to exert both analgesic and anti-
inflammatory effects, despite its lack of activity at both CB1 and CB2 receptors,
through inhibition of FAAH (Huang et al., 2001; Burstein et al., 2002).

4.2.4 Subcellular Localization

FAAH has been found mainly in microsomal and mitochondrial fractions of rat
brain and liver (Deutsch and Chin, 1993; Desarnaud et al., 1995), and of porcine
brain (Ueda et al., 1995). Recent studies performed with confocal microscopy,
showed that FAAH is localized intracellularly as a vesicular-like staining, that
has no association with the plasma membranes and is partially co-localized with
the endoplasmic reticulum (Fig. 4.5). These morphological data were corrobo-
rated by biochemical assays of FAAH activity in subcellular fractions, showing
that AEA hydrolysis was primarily confined to the endomembrane compart-
ment (Oddi et al., 2005). Moreover, by means of reconstituted vesicles derived
from purified membrane fractions, it was demonstrated that transport activity
is retained by plasma membrane vesicles devoid of FAAH, thereby indicating
that AEA hydrolase activity is not necessary for AEA membrane transport.
Overall, by means of confocal microscopy, subcellular fractionation, and
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Fig. 4.5 Proposed mechanism for amide hydrolysis by FAAH. See text for details
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Calnexin

Fig. 4.6 Cellular localization of FAAH in human keratinocytes. Co-localization of FAAH
with calnexin (marker to endoplasmic reticulum). Human keratinocytes (HaCaT cells) were
co-stained with anti-FAAH (in green) and anti-calnexin (in red) antibodies. Superimposition
of the two stainings (merge) revealed a vesicular region of the endoplasmic reticulum where
FAAH and calnexin largely overlapped (yellow). Dot structures, where FAAH and calnexin
co-localized, are indicated by the white arrows in the inset at the bottom of the merge panel.
The remaining part of the reticulum, with lamellar appearence, did not display any co-
localization of the two proteins. Courtesy of Dr. Sergio Oddi (University of Teramo, Italy)

biochemical analysis it can be demonstrated, at least in some cell types, that
transport and hydrolysis of AEA are uncoupled also in cells with a normal
genetic background for FAAH. Therefore, it can be concluded that the trans-
port and the hydrolysis steps are two spatially and functionally independent
events of the AEA inactivation pathway.

4.2.5 Regulation of Gene Expression

The genomic organization of mouse and human FAAH genes was reported in
1998 (Wan et al., 1998). In humans, the FA 4 H gene is localized to chromosome
Ip, while in mice it is on chromosome 4 (Wan et al., 1998). The genomic
configuration of the human and mouse FAAH exons is highly conserved, with
15 exons ranging in size from 40-207 bp. Each splice donor and acceptor sites
are conserved and, with the exception of two introns (2 and 7), even the intron
size of human and mouse FAAH gene is conserved (Wan et al., 1998). With the
mouse genomic organization completed, another DNA region amenable to
study was the FAAH promoter, and in fact a number of investigators turned
their attention to understanding how FAAH gene expression is regulated.

A number of studies showed that in the periphery, estrogen and progesterone
would in part regulate FAAH gene expression (Paria et al., 1996; Maccarrone
et al., 2000a; Maccarrone et al., 2001). In 2001, a mouse FAAH promoter
analysis using neuronal and muscle cell lines suggested that a tissue-specific
expression of FAAH is accomplished via elements within 700 bp of the FAAH
initiation codon ATG (Puffenbarger et al., 2001). In 2002, further mouse FAAH
promoter analysis was published and while these first two studies did not mark
identical sites for the start site of mouse FAAH mRNA (+1 of transcription),
neither group identified a TATA box which might explain the variation of
transcription initiation sites in brain and liver (Puffenbarger et al., 2001;
Waleh et al., 2002). Human FAAH promoter studies have been performed in
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human T lymphocytes, where leptin and progesterone activation of FAAH
transcription was shown to occur via STAT3 (signal transduction and activator
of transcription-3) and Ikaros transcription factors, respectively (Maccarrone
et al., 2003a; Maccarrone et al., 2003b). Neither the human nor mouse FAAH
promoters seem to have an active TATA box, while both contain several SP1
binding sites (Maccarrone et al., 2003b). The essential elements of human versus
mouse FAAH promoter are schematically represented in Fig. 4.7. Interestingly,
later on the human FAAH promoter was examined in lymphoma U937 versus
neuroblastoma CHP100 cells (Maccarrone et al., 2004b). It was found that,
while leptin and progesterone strongly enhanced F4AH promoter activity in
lymphoma cells, neither leptin nor progesterone (alone or in combination)
significantly changed FAAH expression in neuroblastoma cells, suggesting
significant differences in the response of F4A4H promoter sequences along the
neuroimmune axis (Maccarrone et al., 2004b). Further work will be needed to
understand the tissue-specific regulation of FAAH gene, and to determine
which transcription factors drive FAAH expression within the CNS. Nowa-
days, with FAAH promoter sequences outlined and its genomic organization
completed, another avenue of research could be to ‘knockout’ or silence FAAH
gene expression, by using homologous recombination to target the FAAH gene.
It seems noteworthy that tissue extracts from FAAH(—/—) mice displayed
50-100-fold lower hydrolysis rates towards AEA and other FAAs, indicating
that FAAH is indeed the primary enzyme responsible for the hydrolytic degra-
dation of these lipids in vivo. Consistent with this premise, the pharmacological
administration of AEA produced greatly exaggerated behavioral effects in
FAAH(—/—) mice, compared to wild-type littermates, including hypomotility,
analgesia, hypothermia, and catalepsy. All of the effects of AEA in FAAH (—/—)
mice were blocked by a CB1R antagonist, indicating that this substance acts as a
selective CB1R ligand in these animal models (Lichtman et al., 2002).

4.2.6 FAAH-I versus FAAH-2

Recent proteomic data suggest the existence of a second mammalian AS
enzyme with FAAH activity, called FAAH-2 (Wei et al., 2006). The FAAH-2

M (e )

Fig. 4.7 The FAAH promoter. Comparison of the upstream transcription factor binding sites
of human and mouse FAAH promoters (not drawn to scale). Arrows indicate SP-1 binding
sites on the — (<) or + (—) strand. An Ikaros (Ik) binding site, a cyclicAMP responsive-like
element (CRE), and an estrogen-responsive element (ERE) are schematically represented in
boxes
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gene was found in primates and in distantly related vertebrates but not in
rodents like mice and rats. This enzyme exhibits an overlapping but distinct
tissue distribution, substrate selectivity, and inhibitor sensitivity compared to
the original FAAH enzyme (FAAH-1, discussed above). Both FAAH-1 and
FAAH-2 share 20% amino acid sequence identity. Similarly to FAAH-I,
FAAH-2 possesses an N-terminal transmembrane domain and an AS sequence
containing the serine-serine-lysine catalytic triad, along with other amino acid
residues required for enzyme activity (Wei et al., 2006). Interestingly, the
C-terminal catalytic domains of FAAH-1 and FAAH-2 would be located in
the cytoplasmic and luminal compartments of the cell, respectively, suggesting
that the opposite relative orientation of these enzymes within the membrane
could influence their respective access to specific FAA substrates in the cell,
especially if these lipids show preferential localization to the inner or outer
leaflet of the membrane bilayer (Wei et al., 2006).

Comparison of the enzymatic properties of FAAH-1 and FAAH-2 revealed
that FAAH-1 has much higher hydrolytic activity than FAAH-2, with AEA
(C20:4) as substrate. This differential activity contrasted with the similar rates
of hydrolysis displayed by the two enzymes with oleamide (C18:10) and lino-
leamide (C18:1) FAAs. FAAH-2 thus appears to prefer monounsaturated over
polyunsaturated acyl chains, while FAAH-1 exhibits the opposite selectivity.

These observations indicate that FAAH-2 may be important for the regula-
tion of monounsaturated lipid amides in the CNS and peripheral tissues; how-
ever, further investigation is needed (Wei et al., 2006). To date, in addition to
FAAH-1 and FAAH-2, other enzymes have been shown to be involved in the
termination of endocannabinoid signaling, like the above-discussed MAGL
and the N-acylethanolamine acid amidase (NAAA) (Tsuboi et al., 2005). The
involvement of these additional hydrolases in regulating endocannabinoid tone
needs to be clarified, and raises a question about the biological meaning of such
a diversity of metabolic pathways (Vandevoorde et al., 2005; Dinh et al., 2004;
Muccioli et al., 2007). Indeed, these proteins are able to hydrolyze, at least in
vitro, a wide and overlapping panel of endocannabinoids, but the precise role
played by each enzyme in vivo still remains unclear. Unfortunately, the lack of
selective inhibitors to be used as pharmacological tools, as well as of knockout
mice models, impairs a thorough characterization of the patho-physiological
roles of these enzymes.

4.3 Involvement of Faah in Health and Disease

Experimental observations suggest that altered levels of endocannabinoids are
associated with several physiopathological conditions, therefore the role of the
endocannabinoid system is currently the subject of intense investigation. In
particular several studies have provided strong evidence that FAAH, due to its
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broad distribution, represents an attractive therapeutic target for the treatment
of many diseases in both the CNS and the periphery (Maccarrone, 2006).

In the periphery, endocannabinoid signaling was soon identified as crucial
for uterine receptivity for embryo implantation in mouse, with high AEA levels
associated to an impairment of the implantation process. This effect was
inhibited by the antagonist SR141716, indicating that anandamide is acting
through CB1 receptors (Paria et al., 1996). The relevance of the effects of AEA
on early pregnancy and on neuroendocrine function underlined the possible
leading role played by FAAH in reproduction. In humans, decreased FAAH
expression and activity, as well as elevated AEA concentrations in peripheral
lymphocytes, are correlated with spontaneous abortion (Maccarrone et al.,
2000b). Accordingly, the recent article on FAAH(—/—) mice outlined the
capital importance of FAAH in the (pre-)implantation process and fertility
(Wangetal., 2006). Indeed, an increase in AEA levels in knockout mice resulted
in altered oviductal embryo transport and expression of genes required for
differentiation and blastocyst implantation, ultimately leading to impairment
of fertility. Based on the available data, it can be proposed that drugs that
are able to enhance FAAH activity (e.g., by mimicking Ikaros or STAT3)
might become useful therapeutic tools to correct defects in human fertility
(Maccarrone and Finazzi-Agro, 2004a).

Besides lymphocytes, other blood cells express an ECS that plays an impor-
tant role in human pathologies. For instance, in platelets isolated from humans
with headache, Cupini et al. (2006) found an increase in the activity of FAAH in
two groups of headache subjects: migraine without aura (MoA) or episodic
tension-type headache (ETTH) patients. In particular, this FAAH dysfunction
was found in female but not male migraineurs. Furthermore, in a recent paper it
has been reported a decrease of AEA and 2-AG levels in other two types of
headache disorders (Rossi et al., 2007).

The alteration of the endocannabinoid system is implicated also in a number
of human behaviors that seems to be, at least in part, determined by genetics. In
fact, several articles have shown an association of genetic polymorphisms of
FAAH with disease conditions (Norrod and Puffenbarger, 2007). Genetic
polymorphisms are variations in DNA sequences from person to person. Poly-
morphic sequences may be single nucleotide polymorphisms (SNPs) or larger
changes, including differences in the number of trinucleotide repeats.

In particular, the first mutations in the human FAAH sequence were dis-
covered in 2002 (Sipe et al., 2002). In this study, it was described a natural SNP
in the human gene that encodes for FAAH, that in homozygous form is strongly
associated with risk factors for problem alcohol and drug use. This single
nucleotide polymorphism results in a missense mutation (385C—385A), that
converts a conserved proline residue to threonine (Pro129—Thr), producing a
FAAH variant that displays normal catalytic properties but an enhanced
sensitivity to proteolytic degradation. In the same line, studies on human T
lymphocytes from genotyped blood donors, have revealed that 385A/385A
donors who would have only Pro129—Thr type FAAH had less than half the
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FAAH activity found in 385C/385C wild-type donors. Very interestingly, in a
study of Japanese methamphetamine users, no significant linkage was found
between the 385C—A and methamphetamine use (Chiang et al., 2004). Thus, it
remains to be seen how the FAAH 385C—A polymorphism might affect the
risk of drug and alcohol abuse in other ethnic groups.

The FAAH polymorphism has been associated also with eating disorders in
subjects of multiple ethnic backgrounds. In fact, the homozygous FAAH
385A/A genotype was significantly associated with overweight and obesity
in white subjects and in black subjects, but not in a small group of Asians.
The median Body Mass Index (BMI) for all subjects was significantly greater in
the FAAH 385A/A genotype group compared to heterozygote and wild-type
groups. In white subjects, there was an increasing frequency of the FAAH
385A/A genotype with increasing BMI categories of overweight and obese,
with the same trend in black subjects (Sipe et al., 2005).

In another study a group of 451 obese and dyslipidaemic participants were
genotyped, and their biometric and metabolic outcome after a 6 week low fat
diet was observed. Carriers of the P129T mutation in FAAH had a significantly
great decrease in triglycerides and total cholesterol, as compared to wild-type.
These findings remain to be elucidated, however, a hepatic down-regulation of
endocannabinoid tone may contribute to the observed outcome in studied
subjects (Aberle et al., 2007).

Several lines of evidence suggest that the endocannabinoid system is pro-
foundly involved in neurodegenecrative diseases, like Alzheimer’s disecase
(AD), Huntington’s disease (HD) and multiple sclerosis (MS). In fact, Benito
and co-workers reported that FAAH expression and activity, and CB2 recep-
tor expression are selectively enhanced in glial cells that are linked to the
inflammatory process that accompanies AD. This is the first observation in a
human tissue that suggests a role for the ECS in the progression of this
neurodegenerative disease. FAAH exhibits upregulation in glial cells asso-
ciated with senile plaques and its expression appears to be restricted to
reactive astrocytes. While CB2 receptors are expressed only in activated
microglial cells (Benito et al., 2003).

Alterations in FAAH activity seem to be implicated also in HD. Peripheral
lymphocytes of HD patients are known to express mutant huntingtin (htt) (Ide
et al., 1995), and to replicate some of the transcriptional abnormalities found in
HD brain (Borovecki et al., 2005). According to that in a recent paper lympho-
cytes were used and it has been observed that FAAH activity (but not its
expression) was dramatically decreased in HD compared to healthy subjects.
In addition, FAAH activity was also decreased to approximately 50% of
controls in specimens from HD brains, arguably suggesting that diminished
FAAH activity in lymphocytes and brains are correlated (Battista et al., 2007).

A recent study has demonstrated that AEA, but not 2-AG, is increased in the
cerebrospinal fluid of MS patients (Centonze et al., 2007a). Remarkably,
increased synthesis, reduced degradation and increased levels of AEA were
also observed in lymphocytes of MS patients, indicating that an important
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source of AEA in the CNS of these subjects may be represented by activated
inflammatory cells invading the brain from the periphery. Furthermore, by
means of neurophysiological recordings from single neurons, it was confirmed
that excitatory transmission is inhibited by CB1 receptor activation in mice with
experimental autoimmune encephalomyelitis (EAE), a preclinical model of MS,
and that GABA transmission becomes conversely insensitive to CB1 receptor
stimulation (Centonze et al., 2007a). Overall, together with previous experi-
mental findings, these results suggest that during immuno-mediated attack of
the CNS, the activation of ECS represents a protective mechanism aimed at
reducing both neurodegenerative and inflammatory damage through various
and partially converging mechanisms that involve neuronal and immune cells
(Centonze et al., 2007b).

4.4 Conclusions and Future Perspectives

In this chapter we have outlined the structural properties of FAAH, its catalytic
mechanism, its gene expression and its pathophysiological roles, against the
wider background of the endocannabinoid system to which FAAH belongs.
Since there is a general consensus that endocannabinoid tone and activity are
under a ‘metabolic control’, and that FAAH is the key-player in this process
(McKinney and Cravatt, 2005; Maccarrone, 2006), it can be proposed that this
enzyme could be viewed as a possible important target for the development of
new drugs.

It seems that modulating endocannabinoid metabolism, rather than agoniz-
ing or antagonizing cannabinoid and noncannabinoid receptors, might be the
way to better understand the pathophysiological implications of these bioactive
lipids, and to exploit them for therapeutic purposes. In this context, it can be
suggested that not only inhibitors of FAAH, but also drugs able to enhance its
activity might become useful therapeutic tools for the treatment of human
diseases. If not as therapeutic agents per se, FAAH inhibitors or activators
could be used together with AEA analogues to lower the doses or to shorten the
treatment necessary in vivo to observe an effect, and hence to minimize the
possible psychotropic side effects of endocannabinoids when they are used as
pharmaceuticals.

On a final note, it seems necessary to remind that: i) several endogenous
endocannabinoid(-like) compounds, whose functions are not yet understood,
are present in our body, and their biological activity might be affected in
unexpected ways by drugs that modulate FAAH or other known proteins of
the endocannabinoid system; ii) new metabolic enzymes have been recently
identified, that catalyze the hydrolysis and synthesis of AEA or 2-AG, and it
remains to be elucidated how these multiple pathways may contribute to the
overall tone and biological activity of endocannabinoids.
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Chapter 5
Modulation of Inflammatory Cytokines
by Omega-3 Fatty Acids

Jing X. Kang and Karsten H. Weylandt

Abstract Many human diseases have been linked to inflammation, which is
mediated by a number of chemical molecules including lipid mediators and
cytokines. Polyunsaturated fatty acids (omega-6 and omega-3 fatty acids) are
the precursors of the lipid mediators and play an important role in regulation of
inflammation. Generally, omega-6 fatty acids (e.g. arachidonic acid) promote
inflammation whereas omega-3 fatty acids (e.g. eicosapentaenoic acid and
docosahexaenoic acid) have anti-inflammatory properties. Omega-3 fatty
acids dampen inflammation through multiple pathways. On the one hand,
omega-3 fatty acids inhibit the formation of omega-6 fatty acids-derived pro-
inflammatory eicosanoids (e.g. PGE, and LTBy,), and on the other hand these
fatty acids can form several potent anti-inflammatory lipid mediators (e.g.
resolvins and protectins). These together directly or indirectly suppress the
activity of nuclear transcription factors, such as NFkB, and reduce the produc-
tion of pro-inflammatory enzymes and cytokines, including COX-2, tumor
necrosis factor (TNF)-a, and interleukin (IL)-1pB. This chapter focuses on the
evidence from recent studies using new experimental models.
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cytokines - inflammation
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5.1 Introduction
5.1.1 Inflammation and Chronic Diseases

Inflammation is the activation of the immune system in response to infection,
irritation, or injury, characterized by an influx of white blood cells, redness,
heat, swelling, pain, and dysfunction of the organs. It has important functions
in both defense and pathophysiological events maintaining the dynamic home-
ostasis of a host organism including its tissues, organs and individual cells.
However, when inflammation persists, known as chronic inflammation, it can
lead to chronic diseases. In fact, abnormalities associated with inflammation
comprise a large, unrelated group of disorders which underly a variety of
human diseases, including cardiovascular disease, cancer, diabetes and neuro-
degenerative disease. Thus, information is recently considered as a common
mechanism of disease (Libby, 2007).

Inflammation involves various immune-system cells and numerous media-
tors. Recruitment of blood leukocytes characterizes the initiation of inflamma-
tory response. The migrated or activated immune cells generate and release
a variety of mediators that control the progression and resolution of informa-
tion. Among the numerous inflammatory mediators are cytokines and lipid
mediators.

5.1.2 Cytokines and Inflammation

Cytokines are small proteins ranging in molecular weight from 8 to 30 kDa.
They are important mediators regulating the development of acute or chronic
inflammation. Different cytokines are produced by various cells (particularly
activated tissue macrophages) and have a wide range of different biological
activities. The key cytokines IL-1, TNF-o and IL-6 exhibit redundant and
pleiotropic effects that together contribute to the inflammatory response.
Some of the effects mediated by these cytokines include increased vascular
permeability, increased adhesion molecules on vascular endothelium, chemo-
kine induction, T-cell and B-cell activation, chemoattraction of leukocytes and
induction of cell death (Dinarello, 2000). Nuclear factor-kappa B (NF-kB), a
nuclear transcription factor, is involved in regulating expression of these cyto-
kines (Hayden and Ghosh, 2008).

5.1.3 Polyunsaturated Fatty Acids, Lipid Mediators
and Inflammation

Some lipid metabolites, derived from polyunsaturated fatty acids (PUFA), act
as inflammatory mediators. There are two kinds of PUFA: omega-6 and
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Fig. 5.1 Metabolic pathways for the production of lipid mediators from omega-6 and omega-3
fatty acids

omega-3 (relating to the position of the first double bond in their hydrocarbon
chains) (Fig. 5.1). The omega-6 PUFA that can be metabolized to form inflam-
matory mediators is arachidonic acid (AA). The omega-3 PUFA that can be
converted to lipid mediators are primarily eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), which mainly found in fish and fish oil.
Following cell activation by inflammatory stimuli, PUFA in membrane
phospholipids of various cell types are released by phospholipase A2 and
converted to eicosanoids by cyclooxygenases (COX) and the lipoxygenases
(LOX) (Fig. 5.1). Metabolism of the omega-6 arachidonic acid by the COX
pathway produces prostaglandins (PGs) and thromboxanes (TX). The common
PGs generated by immune cells include PGE,, PGF> and PGD,. These pros-
taglandins have diverse physiological effects, including increased vascular per-
meability, increased vascular dilation, induction of neutrophil chemotaxis, and
stimulation of smooth muscle cell migration and proliferation (Richard et al.,
2000). The thromboxanes (e.g. TXA,) cause platelet aggregation and constric-
tion of blood vessels (Sellers and Stallone, 2008). Arachidonic acid is also
metabolized by the LOX pathway to yield the four leukotrienes (LT): LTC,,
LTB4, LTDy, and LTE,. Three of these (LTCy4, LTDy4, and LTE,) together
make up what was formerly called slow-reacting substance of anaphylaxis
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(SRS-A); these mediators induce smooth-muscle contraction. LTBy is a potent
chemoattractant of neutrophils (Peters-Golden et al. 2005). Thus, many eico-
sanoids derived from the omega-6 AA are highly pro-inflammatory.

The omega-3 fatty acid EPA is metabolised in mammalian cells through the
same COX and LOX pathways to form 3-series prostaglandins and thrombox-
anes (PGDj3, PGF;, PGE; and TXAj3) and 5-series leukotrienes (LTBs, LTCs,
LTDsand LTEjs), which are much less pro-inflammatory or even have opposing
effects as compared to their counterparts derived from AA (Simopoulos, 2002;
Calder, 2006). For example, PGE; and LTB;s (unlike PGE, and LTB,4 which can
induce violent contracture of heart cells) have little effect on myocyte contrac-
tion (Li et al., 1997), and they both are potent in inhibiting mitogen-induced
lymphocyte proliferation (Shapiro et al., 1993). Thus, inhibition of the forma-
tion of AA-derived pro-inflammatory mediators by competing with AA for the
COX and LOX enzymes is thought to be a major mechanism underlying the
anti-inflammatory effect of omega-3 fatty acids (James et al., 2000).

Recent studies using lipidomics methods (LC-MS/MS) have been able to
demonstrate the generation of potent anti-inflammatory mediators from the
n-3 fatty acids EPA and DHA (Serhan et al., 2008). The omega-3 derived
mediators have been implicated in the resolution of inflammation and therefore
termed resolvins and protectins (Schwab et al., 2007). The resolvin formed from
EPA is resolvin E1 (RVE1). Those derived from DHA metabolites are named
resolvin D (RvD1-RvD6) and the protectins (protectin D1, PD1). RvELl is the
first omega-3 fatty acid derived lipid mediator, for which a distinct receptor,
namely ChemR23, has been identified to mediate its antiinflammatory action
(Arita et al., 2005a). The protective effect of the DHA-derived lipid mediators
has been examined in the model of ischemic brain injury, showing a significant
neuroprotective effect by inhibition of NFkB activity, leukocyte migration and
COX-2 induction (Hong et al., 2003). Animal study using colitis as an inflam-
matory disease model showed that pretreatment with resolvin E1 protected
mice from TNBS-induced colitis, a hapten based colitis model (Arita et al.,
2005b). Thus, these studies demonstrate that derivates (resolvins and protec-
tins) of the n-3 fatty acids EPA and DHA are bioactive mediators with potent
anti-inflammatory properties.

The relative abundance or ratio between the long-chain omega-6 (AA) and
omega-3 (EPA and DHA) fatty acids in cell membranes depends on their
dietary supplies and the conversion (elongation and desaturation) of their
precursors linoleic acid (LA) and alpha-linolenic acid (ALA), respectively
(Fig. 5.1). In mammals, the conversion of LA to AA is much more efficient
than the conversion of ALA to EPA/DHA. LA and ALA are “essential”
because the body cannot make them and we must take in via the food we eat.
In addition to the competition for the COX and LOX enzymes, omega-6 and
omega-3 fatty acids also compete for the enzymes of elongation and desatura-
tion as well as incorporation into phospholipids (Fig. 5.1). When one type of
fatty acid predominates in cell membrane phospholipids, it takes up most of
these enzymes, leaving behind little for the other. For example, flush of the
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omega-3 ALA or EPA into cells would dramatically reduce the omega-6 LA
and AA contents in cellular phospholipids. Thus, dictary supplies of these fatty
acids can influence their composition in cell membrane phospholipids and
modulate the production of pro- or anti-inflammatory mediators and thereby
the inflammatory status (Calder, 2006). For this reason, maintaining a balance
of omega-6 and omega-3 PUFA is important for optimal biochemical balance
in the body.

5.2 Effect of Omega-3 Fatty Acids on NF-xB Activation
and Cytokine Production

The anti-inflammatory effects of the long-chain omega-3 polyunsaturated fatty
acids EPA and DHA were amongst their earliest identified properties. During
the last decades, many studies in both animals and humans have been done to
evaluate the beneficial effects of these fatty acids on a variety of inflammatory
diseases (Calder, 2006, 2007; Sijben and Calder, 2007; Simopoulos, 2002). The
outcomes of theses studies have been reviewed frequently and, therefore, are not
the focus of this chapter. Noticeably, the mechanism underlying the anti-
inflammatory effects of omega-3 fatty acids remains to be fully elucidated.
The original view that omega-3 fatty acids exert anti-inflammatory
effects only by blocking arachidonic acid metabolism (production of pro-
inflammatory eicosanoids) was too simplistic. It appears that they also alter
expression of inflammatory genes, particularly those encoding cytokines.
Although this possible mechanism has been investigated for many years, the
study results of the effect on cytokine production were inconsistent for
different species and for different clinical conditions (Blok et al., 1996).
These differences could be due to the occurrence of confounding factors of
diet in the studies using dietary supplementation or a poorly controlled
experimental system. In this context, results from well-controlled studies,
free of dietary confounding factors, are critical for addressing the effect of
omega-3 fatty acids on cytokine production. Here, we review the results on
cytokine production from the recent studies using a novel mouse model.

5.2.1 The Fat-1 Transgenic Mouse Model

A well-controlled experimental model that can eliminate or minimize the con-
founding factors of diet is critical for addressing nutrient-gene interaction. The
newly generated fat-1 transgenic mouse was genetically engineered to carry a
gene, namely fat-1, from the round worm C. elegans and is capable of convert-
ing n-6 to n-3 fatty acids (which is naturally impossible in mammals), leading to
an increase in n-3 fatty acid content with a balanced n-6/n-3 fatty acid ratio in
all tissues, without the need of dietary n-3 supply (Kang et al., 2004). Feeding an
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identical diet (high in n-6) to the transgenic and wild type littermates can
produce different fatty acid profiles in these animals. Thus, this model allows
well-controlled studies to be performed, without the interference of the poten-
tial confounding factors of diet, ideal for studying the benefits of n-3 fatty acids
and the molecular mechanisms of their action (Kang, 2007).

5.2.2 NFxB

Nuclear factor-kappa B (NF-«B) is a widely expressed inducible transcription
factor and is involved in the induction of several pro-inflammatory cytokines
and enzymes that are critically involved in the pathogenesis of chronic inflam-
matory diseases. NF-kB is composed of homodimers and heterodimers, the
most abundant and best-studied form in mammalian cells consisting of the p65
and p50 subunits. Activation of NF-«B typically involves the phosphorylation
of cytoplasmic IkB by the IkB kinase (IKK) complex, resulting in [kB degrada-
tion via the proteosomal system. The degradation of IkB releases the NF-xB
heterodimers to translocate to the nucleus where they bind to kB motifs in the
promoters of pro-inflammatory genes such as TNF-a, IL-1p, IL-6 and COX-2
leading to their induction (Hayden et al., 20006).

Using the fat-1 mouse model, Bhattacharya et al. have shown a significant
reduction of NF-kB (p65/p50) activity in LPS-stimulated splenocytes from
fat-1 transgenic mice rich in omega-3 fatty acids (EPA and DHA) either on a
normal or a calorie restricted diet, accompanied by a lower IL-6 and TNFa
secretion from the LPS-treated splenocytes when compared to those in the wild
type mice high in omega-6 and low in omega-3 fatty acids (Bhattacharya et al.,
2006). These findings are consistent with the observation in a murine macro-
phage cell culture model showing that omega-3 PUFA could decrease NFxB
activity by inhibition of IkB phosphorylation (Novak et al., 2003). Along the
line, we also observed a significant decrease in NFxB activity (as measured by a
p65 activation assay) in the colons of the omega-3 enriched fat-1 mice with
chemically induced colitis (Hudert et al., 2006). In that study the inflammation
of colon, in terms of both clinical manifestation and pathology, was significantly
less severe in fat-1 transgenic mice than that in wild type littermates. The ratio of
long-chain omeg-6 fatty acid to long-chain omega-3 fatty acids was 1.7 in fat-1
transgenics and 30.1 in wild type mice, accompanied with increased formation of
the derivates of n-3 fatty acids (RvEl and RvD3, and PD1) (Hudert et al., 2006).
A similar inhibitory effect on NF«B activity was also found in the fat-1 transgenic
mice with colitis-associated colon tumors (Nowak et al., 2007).

As to the potential link of omega-3 PUFA-derived mediators to NFxB
activity, Arita et al. showed, by using a NF«B luciferase activation assay, that
the EPA-derived resolvin E1 (RvE1) was able to inhibit TNF-o induced NFxB
activation (Arita et al., 2005a). This suggests that omega-3 PUFA metabolites
may be able to directly regulate the expression of NF«kB associated genes.
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5.2.3 TNFex

Tumor necrosis factor alpha (TNFa) plays a major pathogenic role in many
inflammatory diseases. The expression of TNFa can be induced by the activa-
tion of NFkB (Collart et al., 1990). Of interest, TNFa itself is a potent inducer
of NFkB activity (Hayden et al., 2006). Increased production of TNFa has been
shown to contribute to the development of inflammatory bowel disease
(Papadakis and Targan, 2000), acute liver inflammation (Sass et al., 2002;
Tilg et al., 2003), retinopathy (Connor et al., 2007) and many other inflamma-
tory conditions. Many previous studies have shown that n-3 PUFA can
decrease TNFa production in vitro and in vivo (Babcock et al., 2002; Endres
et al., 1989; Novak et al., 2003). Consistent with these observations, our recent
studies using the fat-1 mouse model showed that the production of TNFa was
significant lower in splenocytes following LPS treatment (Bhattacharya et al.,
2006), colons with DSS-induced inflammation (Hudert et al., 20006), livers with
D-GalN/LPS-induced hepatitis (Schmocker et al., 2007) and retinas after
hypoxia-induced injury (Connor et al., 2007), accompanied with a reduced
severity of inflammation in the fat-1 mice rich in omega-3 PUFA when com-
pared to that in wild type mice high in omega-6 PUFA.

5.2.4 IL-1B

Interleukin 1B (IL-1pB) (a 17 kD protein) has many functions on many different
cells and is secreted by a number of cells including macrophages, monocytes and
dendritic cells. IL-1 induces fever and pain and activates various immune cells.
It can also induce expression of many inflammatory genes including PLA, and
COX,, leading to increased production of pro-inflammatory eicosanoids
(White et al., 2008). IL-1f acts via binds to two trans-membrane IL-1 receptors
(IL-1R type 1 and 2). Activation of the IL-1R type leads to NF«B activation
(Martin and Wesche, 2002). Similar to TNFa , it can be induced by NFxB
(Hiscott et al., 1993). Together with TNFa, IL-1 plays an important role in the
promotion of inflammatory response. In the fat-1 transgenic mice, we found
that increased tissue content of omega-3 PUFA suppressed IL-1f expression in
the target tissues of several inflammatory conditions, including DSS-induced
colitis (Hudert et al., 2006), D-GalN/LPS-induced hepatitis (Schmocker et al.,
2007) and cerulein-induced pancreatitis (unpublished results).

5.2.5 IL-6

Interleukin-6 (IL-6) is another important mediator of fever and inflammation
and has been shown to be a prognostic indicator in human pancreatitis (Mayer
et al., 2000; Stimac et al., 2006) as well as an indicator of disease severity in
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animal models of hepatitis (Sass et al., 2002). Our recent studies with fat-1
transgenic mice showed a significantly decreased expression of 1L-6 in fat-1
mice with hepatitis (Schmocker et al., 2007), lower IL-6 serum levels in the
fat-1 mice with pancreatitis (unpublished results) and a reduced secretion of
IL-6 from splenocytes from the fat-1 mice following LPS treatment
(Bhattacharya et al., 20006).

These studies demonstrate a role played by an increased tissue status of n-3
fatty acids and decreased n-6/n-3 ratio in modulation of cytokine production
(mainly NFxB, TNFa, IL-1p and IL-6).

5.3 Discussion and Conclusions

It is evident that omega-3 polyunsaturated fatty acids can modulate both the
synthesis of lipid mediators and the production of cytokines. Their effects on
lipid mediator formation include a reduction of pro-inflammatory eicosanoids
(derived from the omega-6 AA) and an increase in anti-inflammatory mediators
(derived from the omega-3 EPA and DHA themselves). The inhibitory effect on
cytokine production might be subsequent to the changes in the types and/or
amount of lipid mediators formed, or due to a direct effect of the fatty acids
themselves on gene expression. Thus, it seems that omega-3 PUFA exert anti-
inflammatory effects through a wider variety of metabolic pathways than
thought previously. However, the relative contribution of each of them to the
anti-inflammatory effect and the relationships among them (action sequence/
pathway) remain to be further elucidated. Noticeably, there are looping feed-
backs or interplays among cytokines, transcriptional factors and lipid media-
tors. For example, TNFa activates NFxB, which in turn induces TNFao and
COX-2, leading to increased production of PGE,, and consequently further
activation of NFkB by PGE,, and so on. Since NF-kB seems to be the core
factor mediating all the effects/interplays, inhibition of NF-kB may be the key
target for the omega-3 PUFA'’s effects on cytokine production and inflamma-
tion. Of interest, omega-3 PUFA appear to act also on some other targets in
addition to NFkB. These multiple effects of omega-3 PUFA render them an
effective natural anti-inflammatory agent. The possible interactions and work-
ing pathways are schemed in Fig. 5.2. However, further investigations are
warranted to validate these potential effects and pathways by using qualified
experimental models together with state-of-the-art technologies (e.g. lipido-
mics, genomics and proteomics). The understanding of the anti-inflammatory
molecules derived from omega-3 PUFA and their regulatory signaling path-
ways provides new insights into the molecular pathophysiology of chronic
diseases and opportunities for the design of therapeutic strategies.

In summary, omega-3 fatty acids not only modulate the production of lipid
mediators but also alter expression of inflammatory genes. This broad spectrum
of anti-inflammatory effects explains why omega-3 fatty acid can help in the
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prevention, and possibly the amelioration of diseases with an inflammatory
component, including diabetes, Alzheimer’s, cancer, and cardiovascular disease
(Calder, 2006; Simopoulos, 2002). Given the safety and multiple health benefits
of omega-3 fatty acids, increased intake of the nutrients may be a promising
approach to disease prevention, or an alternative therapy for inflammatory
diseases.
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Chapter 6
Eicosanoids in Tumor Progression and Metastasis

Sriram Krishnamoorthy and Kenneth V. Honn

Abstract Eicosanoids and the enzymes responsible for their generation in living
systems are involved in the mediation of multiple physiological and pathophysio-
logical responses. These bioactive metabolites are part of complex cascades that
initiate and perpetuate several disease processes such as atherosclerosis, arthritis,
neurodegenerative conditions, and cancer. The intricate role played by each of
these metabolites in the initiation, progression, and metastasis of solid tumors has
been a subject of intense research in the scientific community. This review sum-
marizes some of the key aspects of eicosanoids and the associated enzymes, and
the pathways they mediate in promoting tumor progression and metastasis.

Keywords Eicosanoids - cyclooxygenase - lipoxygenase - platelets - metastasis

6.1 Introduction

Eicosanoids are 20-carbon lipid molecules derived from the enzymatic break-
down of membrane lipid precursors, chiefly arachidonic acid. Mediators in this
family are generally, local and short acting metabolites, that have potent and
stereospecific action in a multitude of host physiological and pathological pro-
cesses like inflammation, asthma, and cancer (Funk, 2001). The three major
enzyme families that are actively involved in catalyzing the conversion of arachi-
donic acid into the bioactive eicosanoids are the cyclooxygenases (COX), the
lipoxygenases (LOX), and the epoxygenases (cytochrome p450 enzyme family).
Lipid mediators generated by these enzymes are involved in a wide variety of
cellular and molecular pathways, including but not limited to apoptosis, cell
survival, proliferation, chemotaxis, senescence etc. This review paper will chiefly
focus on the molecular mechanisms involved in the regulation of tumor progres-
sion and metastasis by these mediators importantly the COX and LOX generated
metabolites.
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6.2 COX and LOX Pathways of Arachidonic Acid Metabolism

Prostaglandins, bioactive metabolites generated from arachidonic acid, were first
isolated from seminal fluid in the year 1935 by a Swedish physiologist, Ulf von
Euler. This discovery came decades after the analytical synthesis of aspirin, a
pain killer, derived from acetyl salicylic acid, the active principle in willow bark.
Aspirin and other NSAIDs commonly used in the clinic, are potent inhibitors of
the COX enzyme. This enzyme is involved in the conversion of arachidonic acid
into prostaglandins (Fig. 6.1A). Cellular phospholipases (PLA;) cleave mem-
brane phospholipids at the sn-2 position to liberate arachidonic acid which is
acted upon by either COX or LOX enzymes. In the COX pathway, the arachidonic
acid thus released is presented to the enzyme prostaglandin H synthase (PGHS or
COX), which converts it to PGH,. PGH, undergoes further metabolism to down-
stream products which are formed in a cell type specific fashion, depending on

Arachidonic Acid
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Fig. 6.1 (A) Cyclooxygenase pathway of arachidonic acid metabolism. Arachidonic acid
generated from cell membrane phospholipids, is acted upon by COX-1 or COX-2 to generate
PGG,; and subsequently PGH,. Tissue specific isomerases take up PGH,, and convert it
into respective lipid mediators, for example PGE, synthase converts PGH, to PGE,. Each
of these lipid mediators have specific cell surface receptor(s), which relay signals to the interior
of the cell resulting in physiological or pathophysiological consequences. (B) Lipoxygenase
pathway of arachidonic acid metabolism. In this pathway, arachidonic acid is converted
chiefly to the HETEs or the 5-LOX products, leukotrienes, in a cell or tissue specific manner.
For example, platelets are abundant in 12-LOX, and produce 12-HETE. Resulting lipid
mediators, have several cell type specific actions in both physiological and pathophysiological
contexts
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the presence of the enzyme in these cell types. For example, mast cells and brain
convert PGH, to PGD, using the PGD synthase; platelets harbor the enzyme
thromboxane synthase and produce thromboxanes from PGH,; endothelial
cells utilize arachidonic acid to form prostacyclin, catalyzed by prostacyclin
synthase; uterine cells form PGF,a. Microsomal PGE, synthase enzyme is
responsible for the formation of PGE, from PGH,.

Conversely, arachidonic acid is also metabolized by various enzymes of the
LOX pathway (Fig. 6.1B), to produce bioactive lipid mediators. The chief
enzymes of the LOX pathway are the 5-LOX, 12-LOX, and the 15-LOX
enzymes, whose names are derived from the position in which molecular oxygen
is inserted by the enzyme species into the arachidonic acid backbone. The major
bioactive products of the 5-LOX pathway are the leukotrienes (LT). Leuko-
trienes are formed from arachidonic acid presented to the 5-LOX enzyme by the
S-lipoxygenase-activating protein (FLAP). 5-LOX converts arachidonic acid to
LTA4, which can be hyrdrolyzed by LTA4 hydrolase to LTB4. LTA4 can also
give rise to glutathione conjugates by the action of LTC4 synthase, giving rise to
the cysteinyl leukotrienes, namely LTC4, LTD4, and LTE4. Other enzymes, 12-
LOX and 15-LOX give rise to 12-HETE and 15-HETE respectively, upon their
action on arachidonic acid.
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6.3 Cyclooxygenases, Metabolites and Tumor Progression

The COX enzymes, chiefly COX-2, have been linked to development and pro-
gression of multiple neoplasias. In the early 1980s, it was clinically observed that
NSAIDs may inhibit tumor progression in patients with familial adenomat-
ous polyposis (Waddell & Loughry, 1983). This was followed by the finding that
administration of NSAIDs regressed intestinal polyps in an autochthonous rat
model of intestinal cancer (Pollard et al., 1983). Epidemiological observations
revealed that frequent intake of NSAIDs prevented cancers in humans. In a large
prospective study, it was reported that people with aspirin intake had a reduced
risk of fatal colon cancer (Thun et al., 1991). A few years after these findings, the
expression of COX-2 at the message and protein levels was demonstrated to be
upregulated in human colorectal adenomas and adenocarcinomas (Eberhart et al.,
1994; Kargman et al., 1995) . Subsequent studies elaborated that, chemical in-
hibition or gene knockout of COX-2 in Apc™’’® knockout mice, a model of
human familial adenomatous polyposis, led to a dramatic reduction in the number
and size of intestinal polyps, which are precursor lesions for colon cancer (Oshima
et al., 1996). Among the COX metabolites, prostaglandin E, (PGE,) has been
widely implicated in various steps of cancer development and progression such as
angiogenesis, cell survival, proliferation, and chronic inflammation (Marnett &
DuBois, 2002) (Fig. 6.2). In colorectal carcinomas, PGE; levels are maintained in
a steady state by the actions of two pathways, i.e., the biosynthetic pathway
catalyzed by the PG synthases and the enzymatic breakdown into the 15-keto
PGE, metabolite by the enzyme 15-hydroxy prostaglandin dehydrogenase (15-
PGDH). Loss of 15PGDH expression has been demonstrated in colorectal carci-
nomas, colorectal cancer cell lines, breast cancer, and lung cancer (Backlund et al.,
2005). COX-2 overexpression also has been detected in prostate adenocarcinoma
(Gupta et al., 2000; Yoshimura et al., 2000). The expression of COX-2 in tumors,
was found to be upregulated by various oncogenes such as Her-2 or ras and
downregulated by tumor suppressor genes like p53 (Subbaramaiah et al., 1999;
Subbaramaiah et al., 2002). Several COX-2 inhibitors such as celecoxib and NS-
398, have been demonstrated to induce apoptosis in prostate cancer cell lines (Hsu
et al., 2000; Liu et al., 1998).

6.3.1 Prostaglandin E,

Prostaglandin E, (PGE,) is formed by the action of specific prostaglandin E
synthases (PGES) which convert PGH, to PGE,. Three isoforms of PGES exist,
ie mPGES-1, mPGES-2, and cPGES. COX-2 and/or mPGES-1 have been found
to be upregulated in several epithelial cancers (Muller-Decker & Furstenberger,
2007). The expression of mPGES-1 was found to be upregulated in 80% of non-
small cell lung cancers and was localized to neoplastic epithelial cells The same
study was able to identify that TNF-a, a pro-inflammatory cytokine, was able
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Fig. 6.2 Prostaglandin E; — Formation, Degradation, and Role in Cancer progression. PGE,
is formed by the conversion of arachidonic acid to PGH, by COX, which is later converted to
the active PGE,; by mPGES. PGE, is metabolised to the inactive keto form by PGDH. PGE,
mediates its cellular actions by binding to one or more of the specific EP receptors on the cell
surface of target cells resulting in the activation of one or more signaling pathways. Studies
have suggested that PGE, crosstalks with other cell signaling pathways (see text for details),
leading to upregulation of target genes of these pathways, which are vital for tumor progres-
sion and metastasis. Overexpression of COX-2 and / or mPGES have been reported in various
cancers and cancer cell lines, leading to increased production of PGE,, while downregulation
or loss of PGDH in cancers results in poor metabolic inactivation of PGE,. These events are
critical in regulating the availability and actions of PGE, in the tumor microenvironmental
milieu

to upregulate mPGES-1 in NSCLC cell lines, but failed to do so in a non-
tumorigenic bronchial epithelial cell line (Yoshimatsu et al., 2001). Similarly
overexpression of mPGES-1 was found in 70% of cases of invasive breast cancer
by immunohistochemistry, but was undetectable in normal breast epithelial cells
(Mehrotra et al., 2006).

PGE- exerts its molecular action by binding to unique cell surface G-protein
coupled receptors namely EP1, EP2, EP3, and EP4. EP2 and EP4 signal via
intracellular activation of cAMP through the Gas protein; EP1 signals through
Gi raising intracellular calcium concentration; EP3 decreases cAMP formation
via Gi. All four receptors have been demonstrated to be associated with tumor
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formation and progression, by independent studies (Cha & DuBois, 2007).
For example, Apc>7!% mice with knockdown of the EP, receptor exhibited a
decrease in the size and number of polyps. These polyps also showed a decrease
in the secretion of the vascular endothelial growth factor (VEGF) linking PGE,
signaling and angiogenesis in this model (Sonoshita et al., 2001). Growth of
xenografts derived from sarcoma 180 and Lewis Lung carcinomas was signifi-
cantly hampered in EP3 null mice. VEGF production was reduced in tumors
lacking the EP3 receptor in this model, thus verifying the findings from the
previous study (Amano et al., 2003). EP receptor signaling activated by PGE, is
an intricate mechanism, in that the pathways emanating from the cell surface
get involved in cross-talk with other signaling pathways which are important in
tumor progression, especially in colorectal cancer. It has been demonstrated
that PGE, treatment results in the activation of the Wnt signaling pathway
elements, resulting in the translocation of B-catenin to the nucleus, and upre-
gulation of Wnt target genes such as VEGF and cyclin D (Castellone et al.,
2005; Shao et al., 2005). These observations lend credence to earlier findings
emphasizing the significance of NSAIDs in inhibiting colon cancer progression.
PGE, induced signaling also activates the peroxisome proliferator activated
receptor & (PPARS) in colorectal cancer, which signals to activate the Wnt
cascade, thus reinforcing the already existing crosstalk via the Wnt pathway.
This phenomenon was demonstrated by Wang et al, in Apc™”’® mice, where
PGE, activates PPARGS in a PI3K-Akt dependent fashion. The effect of PGE, in
this system was abolished when PPARS was knocked out in these mice (Wang
et al., 2004). In addition to these pathways, PGE, stimulated signaling via the
EP4 receptor, has also been shown to crosstalk with EGFR activated tyrosine
kinase pathways through Barrestin 1/c-src signaling complex, resulting in down-
stream pathophysiological actions such as cancer cell migration and invasion,
which is thought to play a crucial role in the metastatic spread of colorectal cancer
to liver (Buchanan et al., 2006).

PGE, also plays a critical role in the modulation of the tumor angiogenic
response. Several studies have clearly demonstrated that PGE, upregulates the
production of pro-angiogenic factors VEGF and bFGF. In co-culture systems,
it was found that COX-2 overexpressing colon cancer cells activated endothelial
cell migration and tube formation, by virtue of the secretion of pro-angiogenic
factors. These responses were inhibited by treating the cancer cells with aspirin,
whereas, treatment of COX-2 negative cells did not affect the endothelial cell
responses (Tsujii et al., 1998). It was also demonstrated that PGE, upregulates
the chemokine receptor CXCR4, via VEGF and bFGF, on microvascular
endothelial cells (Salcedo et al., 2003). The molecular mechanism by which
PGE, upregulates VEGF in human colon carcinoma cells was found to be
dependent on the induction of HIF-1a. The expression of VEGF mRNA in
these cells, when exposed to PGE,, was mediated by the transcriptional acti-
vator HIF-1a. PGE, mediated activation of HIF-1a was found to be signa-
led via activation of ERK phosphorylation and c-Src kinase activity, which
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demonstrates the requirement of multiple signaling pathway in the regulation of
angiogenesis by this eicosanoid (Fukuda et al., 2003).

6.3.2 Thromboxane A,

Thromboxanes are biologically active lipid mediators, first identified in the year
1975, from washed human platelets incubated with arachidonic acid or PGG, for
30's, which led to formation of a highly unstable factor, that induced irreversible
platelet aggregation (Hamberg et al., 1975). Thromboxane A, (TXA,), a short-
lived lipid mediator, is formed by the action of thromboxane synthase on PGH,.
TXA,; is extremely labile and breaks down to TXB,, which is the biologically
inactive form. Physiological functions for TXA, include platelet activation,
aggregation, and thrombosis (Needleman et al., 1976). Human prostate cancer
PC-3 cells express functionally active TX synthase enzyme and are able to
biosynthesize TXA,. TX synthase mRNA expression was found to be higher
in prostate, renal and breast carcinomas compared to matched normal tissues.
Immunohistochemical analysis demonstrated that normal prostate tissues
showed weak expression of the enzyme compared to prostate carcinoma. The
degree of expression of TX synthase was found to correlate with the severity of
prostate carcinoma lesions, with advanced stages and poorly differentiated
forms having the highest expression levels. Within the cancer tissue, expression
of TX synthase was localized to areas of perineural invasion. The enzyme was
found to be involved in motility, but not proliferation or survival, of prostate
cancer cells (Nie et al., 2004). Overexpression of thromboxane synthase and/or
increased TXB, levels were found also in lung cancer tissues, benign and
malignant papillary thyroid carcinoma, renal carcinoma, and larynx squamous
cell carcinoma (Bryant, 1994; Casey et al., 2004; Chen et al., 2006; Kajita et al.,
2005; Pinto et al., 1993). Thromboxane synthase was also found to be over-
expressed in several forms of bladder cancers such as transitional cell carci-
noma, squamous cell carcinoma, and adenocarcinoma compared to non-tumor
tissue. Patients with more than 4-fold increase in TXS expression were found to
have a poor prognosis. Treatment of bladder cancer cell lines with TXS inhibi-
tors and TXA, receptor antagonists resulted in a decrease in cell survival,
migration, and invasion, and the opposite effects were seen with receptor
agonists (Moussa et al., 2005). TXA, was also shown to mediate endothelial
functions such as migration and angiogenesis. Pro-angiogenic factors bFGF
and VEGF was demonstrated to enhance TXA, synthesis in endothelial cells by
3-5 fold. Inhibition of TXS activity resulted in a decrease in the endothelial cell
migration response to VEGF and bFGF. Similar changes were seen with TXA,
receptor antagonists (Nie et al., 2000a).

TXA, mediates its cellular functions by binding to its receptors -TPa and
TPP. These are GPCRs which couple to Gq, G11, and G12/13 and elevate
intracellular calcium levels, by signaling via PLC dependent inositol phosphate
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generation, leading to vasoconstriction and platelet aggregation (Breyer et al.,
2001). TPa and TP are alternatively spliced variants that differ in amino acid
sequences distal to Arg-328 at the C-terminal end of the receptor. mRNAs of
both the receptors are expressed widely in organs such as lungs, kidneys, liver,
uterus, heart, etc. (Miggin & Kinsella, 1998). Overexpression of the TP receptor
has been identified in human breast cancer specimens compared to normal
breast tissues. TP overexpression was seen in aggressive tumors and linked
with poor prognosis. The same study also found that TXAS expression was
significantly low in high grade tumors and in patients with a poor prognosis
(Watkins et al., 2005). Recent studies from our group have clearly demon-
strated that prostate carcinoma express functionally active TP receptors. Sig-
naling via these receptors were found to regulate prostate cancer cell motility
and migration in a Rho dependent fashion and subsequent reorganization of
the cytoskeleton (Nie et al., 2008).

6.3.3 Prostacyclin

Prostacyclin was discovered by Sir John Vane’s group in the year 1976 as a
substance generated by arterial vessel walls mediating relaxation of mesenteric
and celiac arteries and inhibiting platelet aggregation (Bunting et al., 1976). The
structure of prostacyclin was deduced in the same year (Whittaker et al., 1976).
Prostacyclin or PGI, is an eicosanoid lipid mediator synthesized chiefly in
endothelial cells, by the action of prostacyclin synthase on PGH,. The major
physiological action of PGI; is to oppose the functions of thromboxanes,
inhibit platelet aggregation, and promote vasodilation. Together, prostacyclins
and thromboxanes play a pivotal role in maintaining cardiovascular home-
ostasis (Wu & Liou, 2005). Prostacyclin mediates its cellular actions by binding
to the cell surface PGI, receptor, named IP, a seven transmembrane GPCR
(Narumiya et al., 1999). Knockout models of the IP receptor in mice have
demonstrated the occurrence of thrombosis, reperfusion injury, intimal hyper-
plasia, and restenosis (Cheng et al., 2002; Murata et al., 1997; Xiao et al., 2001).
Prostacyclin, in concert with thromboxanes play a major role in regulating
metastasis of cancers (see below in section on role of eicosanoids in platelet-
tumor interactions).

6.4 Lipoxygenases and Tumor Progression

Lipoxygenases (LOX) constitute a family of lipid peroxidizing enzymes, which
are distributed widely in the plant and animal kingdoms. These enzymes pre-
ferentially metabolize substrates that are polyunsaturated fatty acids contain-
ing a series of cis double bonds, which are the essential fatty acids for human
beings (Kuhn & Thiele, 1999). Lipoxygenases are dioxygenases in nature and



6 Eicosanoids in Tumor Progression and Metastasis 153

catalyze the stereospecific insertion of molecular oxygen into polyunsaturated
fatty acids (PUFA). The primary products of the lipoxygenase reaction are the
hydroperoxy fatty acids. Based on the currently used nomenclature, lipoxy-
genases are classified with respect to their positional specificity of arachidonic
acid oxygenation. In mammalian cells, there are three major types of lipoxy-
genases — 5-LOX, 12-LOX, and 15-LOX. The major end product of LOX
mediated enzymatic breakdown of arachidonic acid is hydroxyeicosa 35, 8, 10,
14-tetraenoic acid (HETE). 12-LOX introduces molecular oxygen at carbon 12
and forms 12-HpETE which is converted to 12-HETE nonenzymatically. Simi-
larly 5-LOX and 15-LOX catalyze the conversion of arachidonic acid into
S-HETE and 15-HETE respectively (Marks & Furstenberger, 1999). In case
of the 5-LOX enzyme, 5-HETE is further metabolized in the presence of the
5-Lipoxygenase Activating Protein (FLAP), to the epoxide intermediate, leu-
kotriene A4 (LTA4). LTA4 could be subsequently converted enzymatically by
LTAA4 hydrolase to leukotriene B4 (LTB4). LTA4 can also undergo enzymatic
conjugation to glutathione, generating the cysteinyl leukotrienes LTC4, LTD4,
and LTE4. Each LOX is predominantly expressed in a specific tissue. For
example, 5-LOX is abundantly expressed in polymorphonuclear leukocytes
(Funk & FitzGerald, 1991; Funk et al., 1989). Similarly, 15-LOX represents
one of the major proteins besides hemoglobin in reticulocytes during anemia
(Fleming et al., 1989; Rapoport et al., 1979; Turk et al., 1982) whereas platelets
constitutively express 12-LOX (Chen & Funk, 1993).

6.4.1 5-LOX and metabolites

5-LOX enzymatic activity was first described in 1976 by Borgeat et al in rabbit
polymorphonuclear leukocytes (Borgeat et al., 1976). 5-LOX catalyzes the
conversion of arachidonic acid to 5S-HETE or LTA4, which generates LTB4
and the cysteinyl leukotrienes. Majority of the 5-LOX metabolites such as
LTB4 and the cysteinyl leukotrienes play crucial roles in the inflammatory
processes of the host. LTB4 is a potent neutrophil chemotactic factor and
also stimulates transendothelial migration of these cells. Cys-LTs are chiefly
involved in mounting the allergic inflammatory response. Specific receptors for
LTB4 and Cys-LTs have been identified. Two receptors for LTB4 have been
cloned — BLT1 and BLT2. The Cys-LTs mediate their physiological actions by
binding to the Cys-LT1 and Cys-LT2 receptors (Funk, 2001).

Several reports have suggested an association between 5-LOX, 5-(S)HETE
formation and carcinogenesis. The expression of 5-LOX has been documented
in several cancers including prostate, colon, lung, breast, pancreas, bone, brain,
and mesothelium (Romano & Claria, 2003). Inhibition of 5-LOX enzymatic
activity by specific chemical inhibitors blocked the stimulatory effect of ara-
chidonic acid on the growth of prostate cancer cells. Conversely, addition of
S-HETE but not leukotrienes promoted the growth of prostate cancer cells,
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suggesting the involvement of this metabolite in modulating growth stimulatory
effects in prostate cancer (Ghosh & Myers, 1997). Similarly, 5-LOX and 5-
HETE were found to mediate growth of lung cancer cells, and inhibition of this
pathway led to growth arrest and apoptosis of these cells (Avis et al., 1996). In
the case of pancreatic cancer and mesothelioma, low or undetectable levels of 5-
LOX were observed in normal cells and tissues, compared to the tumor cells,
which had high expression and activity of this enzyme (Hennig et al., 2002;
Romano et al., 2001). Specific inhibition of 5-LOX led to apoptosis in prostate
cancer cells and blocked proliferation in human leukemia cell lines (Ghosh &
Myers, 1998; Tsukada et al., 1986). Overexpression of LTB4 receptor was
also identified in human pancreatic cancer tissues by immunohistochemistry
(Hennig et al., 2002). Upregulation of LTD4 receptor, Cys-LT1 has been de-
tected in colorectal adenocarcinoma (Ohd et al., 2003). In a human malignant
mesothelioma model, it was reported that 5-LOX and LTA4 but not LTB4,
upregulated the expression and secretion of the proangiogenic factor VEGF.
Selective inhibition of VEGF, a prosurvival factor for mesothelioma cells,
brought about by 5-LOX antisense or inhibitors resulted in apoptotic cell
death, suggesting the involvement of 5-LOX and its metabolites in promoting
tumor cell survival (Romano et al., 2001).

6.4.2 12-LOX and 12(S)-HETE

The conversion of arachidonic acid to 12S-hydroxy-5,8,10,14 eicosatetrae-
noic acid 12(S)-HETE was first demonstrated in human and bovine platelets
(Yoshimoto & Takahashi, 2002). The three predominant forms of 12-LOX are
platelet-type 12-LOX, epidermis-type 12-LOX, and leukocyte-type 12-LOX
(Limor et al., 2001; Siebert et al., 2001; Yamamoto et al., 1997). These are
distinct enzymes by sequence, catalytic properties, and function. 12-LOX and
its product 12-HETE have been shown to be involved in a variety of cancers.
The mRNA of 12-LOX has been detected in erythroleukemia, colon carcinoma,
epidermoid carcinoma A431 cells, human glioma, prostate, and breast cancer
cells. Additionally, this enzyme also has been detected in smooth muscle cells
(Kim et al., 1995), keratinocytes (Krieg et al., 1995), and endothelial cells (Funk
et al., 1992). The product of 12-LOX in amelanotic melanoma cells has been
found to be the S enantiomer (12(S)-HETE) by GC-MS spectral analysis (Liu
et al., 1994). Production of endogenous 12S-HETE has been documented in
human colon carcinoma, rat Walker carcinosarcoma, mouse melanoma and
lung carcinoma (Chen et al., 1994). In human prostate carcinoma, the level of
platelet-type 12-LOX expression was correlated with the tumor stage and grade
(Gao et al., 1995; Timar et al., 2000). Platelet-type 12-LOX mRNA was shown
to be increased in prostate cancer tissues, and the expression correlated with
clinical stage of the disease (Timar et al., 2000). Studies using inhibitors of
platelet-type 12-LOX have shown that the blocking 12-LOX activity results in
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the arrest of cell cycle progression and induction of apoptosis in prostate cancer
cell lines (Pidgeon et al., 2002). These studies have demonstrated that the
12-LOX pathway plays an important role in regulating prostate cancer pro-
gression and apoptosis. Urinary levels of 12(S)-HETE, the metabolite produced
by 12-LOX, in prostate cancer patients are significantly elevated when compared
to normal individuals and removal of the prostate gland results in a significant
decrease in the urinary concentration of this eicosanoid (Nithipatikom et al.,
2006) In contrast, other HETEs (i.e. 5-and 15-HETE), although detected remain
unchanged following radical prostatectomy (Nithipatikom et al., 2006). Approxi-
mately 38% of the 138 prostate cancer patients studied exhibited an elevated
expression of 12-LOX at the mRNA level in prostate tumor tissues compared to
matched normal tissues. This elevated 12-LOX mRNA expression was found to
have a positive correlation with advanced stage and poor differentiation of
prostate cancer (Gao et al., 1995). 12-LOX and 12-HETE have been shown to
be important determinants of tumor cell survival and apoptosis (Honn et al.,
1996).

12-LOX has been found to be an important marker for cancer progression
within the melanoma system, and therefore could be a useful biomarker and
therapeutic target for melanoma chemoprevention (Winer et al., 2002). It also
has been found that 12(S)-HETE is involved in the proliferation of pancreatic
carcinoma cells (Ding et al., 2001) and inhibition of the 12-LOX has been shown
to cause apoptosis of these cells (Tong et al., 2002). 12-LOX and 12(S)-HETE
were also found to enhance proliferation and survival of gastric cancer cell lines
(Wong et al., 2001).

Overexpression of the platelet-type 12-LOX in human prostate cancer PC-3
cells stimulated growth by enhanced tumor angiogenesis (Nie et al., 1998) and
12(S)-HETE, the sole and stable end product of arachidonic acid metabo-
lism by the platelet-type 12-LOX, has been shown to protect tumor cells from
apoptosis and induce invasion, motility, and angiogenesis (Gao & Honn, 1995;
Honn et al., 1994a; Nie et al., 2000c) as well as surface expression of avf3
integrin (Tang et al., 1993b). Promotion of such divergent biological func-
tions by 12(S)-HETE is indicative of a complex signaling mechanism leading
to metastasis and survival of tumor cells. Attempts at understanding the 12(S)-
HETE signaling mechanisms revealed several interesting features involving
G-proteins. While specific 12(S)-HETE receptor(s) is yet to be identified, both
high and low affinity binding sites have been identified on B16a murine mela-
noma cells (Liu et al., 1995), keratinocytes (Arenberger et al., 1993), and A431
cells (Szekeres et al., 2000a). We have recently elucidated some of the signal-
ing events down stream of the putative 12(S)-HETE receptor (Szekeres et al.,
2000a; Szekeres et al., 2000b). 12(S)-HETE stimulates phosphorylation of
PLCyl1, which in turn is responsible for the activation of PKCa. PKCa plays
a significant, but not exclusive role in ERK1/2 activation. Further, we have
demonstrated the 12(S)-HETE induced activation of Src family kinases, and the
subsequent phosphorylation of adapter proteins She and Grb2, which lead to
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activation of ERK1/2 via Ras. Our work also suggested that protein tyrosine
phosphatases are involved in 12(S)-HETE signaling in A431 cells. Additionally,
12(S)-HETE also was shown to activate PI3 kinase which is rate limiting for
ERK1/2 activation (Szekeres et al., 2000b). PI3 kinase mediated activation of
ERK by 12(S)-HETE involves PKCC. Thus, 12(S)-HETE activates (through its
putative receptor) PKCa via PLCy1 and stimulates PKCC via inositide kinase.
Both PKC isoforms contribute to phosphorylation of the Raf/MEK/ERK
cascade. The natural convergence point for this vast array of mitogenic signal-
ing mechanisms is the extremely variable transcriptional machinery.

One possible integrator of these 12(S)-HETE signaling mechanisms in tumor
cells is the pleiotropic transcription factor NF-xB, which plays an important
role in the control of cell proliferation and apoptosis. Using PC-3 prostate
cancer cells, we have shown that either overexpression of the platelet-type 12-
LOX or exogenously added 12(S)-HETE activates NF-xB (Kandouz et al.,
2003). NF«xB is normally sequestered in the cytosol where it is bound to IkBa
proteins (Ghosh et al., 1998). 12(S)-HETE induced the degradation of IxBa,
which resulted in the nuclear translocation of NF-kB and enhanced transcrip-
tional activity. Among the activators and regulators of NF-kB complex are
several members of the MEK kinase family (MEKKI1, 2, and 3 and NIK),
TAKI1, PKCC, and S6 kinase (Baumann et al., 2000; Lee et al., 1998; Nakano
et al., 1998; Nemoto et al., 1998; Pearson et al., 2001). Given the role of 12(S)-
HETE in the activation of the MAP kinase signaling pathway to induce Raf,
PLC, PKCC, as well as PI3 kinase (Szekeres et al., 2000a; Szekeres et al., 2000b)
and the role of MAP kinase cascade in the activation of NF-xB, it is highly
likely that the 12(S)-HETE activation of NF-xB proceeds via the MAP kinase
cascade. A recent report on the activation of NF-«xB by MEKK1 in Raf
mediated cell transformation suggests the potential for a 12(S)-HETE induced
Raf participation in the signaling pathway (Baumann et al., 2000).

The effect of 12-LOX on tumor growth in vivo, has been positively corre-
lated with its ability to increase tumor angiogenesis (Nie & Honn, 2002). Studies
have revealed that prostate cancer cells expressing high levels of platelet-type
12-LOX are more angiogenic than those expressing none or low levels of 12-
LOX. The same study also revealed that the increased angiogenicity of the
12-LOX overexpressing cells is directly related to the ability of the metabolite
12(S)-HETE to stimulate endothelial cell migration (Nie et al., 1998). It was
identified by two separate groups that 12-LOX induced stimulation of angio-
genesis involved the upregulation of the pro-angiogenic factor VEGF (McCabe
et al., 2006; Nie et al., 2006). The 12-LOX inhibitor BMD 122 (Nbenzyl-
N-hydroxy-5-phenyl-pentanamide) was found to reduce endothelial cell pro-
liferation stimulated by basic fibroblast growth factor (bFGF) or by vascular
endothelial growth factor (VEGF). This inhibition could be partly restored by
the addition of 12(S)-HETE. The same inhibitor also blocked in vitro blood
vessel formation by rat vascular endothelial cells. These findings taken together
have proved that arachidonic acid metabolism in endothelial cells through the
12-LOX pathway plays a critical role in angiogenesis (Nie et al., 2000b).



6 Eicosanoids in Tumor Progression and Metastasis 157

Overexpression of 12-LOX in breast cancer cells has resulted in enhanced
tumor angiogenesis and growth in a fat pad animal model (Connolly & Rose,
1998).

Many studies have demonstrated that 12(S)-HETE is a proangiogenic
agent. 12(S)HETE has a variety of effects on endothelial cells. This metabo-
lite has been shown to upregulate the surface expression of avp3 integrin in
rat aorta endothelial cells and murine pulmonary vascular endothelial cells
(Tang et al., 1993a, b, 1994, 1995a). 12(S)HETE has also been found to act as
a mitogen for microvascular endothelial cells (Tang et al., 1995b). Taken
together, the above findings clearly illustrate a definitive role for 12-LOX in
tumor angiogenesis.

6.4.3 15-Lipoxygenase and Metabolites

Two isoforms of 15-LOX exist — 15-LOX-1 and 15-LOX-2. 15-LOX-1 was
originally described in rabbit reticulocytes in the year 1975 as an enzyme that
oxidizes phospholipids in intact mitochondria and cell membrane (Schewe et al.,
1975). In 1988, the human ortholog of 15-LOX-1 was purified from eosinophilic
leukocytes (Sigal et al., 1988). In 1997, a second isoform of 15-LOX, namely 15-
LOX-2 was identified from human hair roots. This enzyme has only a low degree
of sequence similiarity with 15-LOX-1, and was found to be expressed in pros-
tate, skin, lung, and cornea (Brash et al., 1997). The 15-LOX-1 isoform is capable
of utilizing both arachidonic acid and linoleic acid as substrates. It inserts
molecular oxygen at C-15 of arachidonic acid to generate 15-HPETE, and at
the C-13 of linoleic acid to produce 13-HODE (Kuhn et al., 2002). Conversely,
15-LOX-2 does not act efficiently on linoleic acid, and converts arachidonic acid
to 15(S)HETE. This enzyme shares the highest homology with the mouse 8-LOX
enzyme (Tang et al., 2007).

The role of 15-LOX-1 in carcinogenesis is controversial, and both pro and
anti-tumor properties have been assigned to this enzyme by various researchers.
Ikawa et al, identified stronger immunostaining for 15-LOX-1 in tumors com-
pared to normal tissue, in 18 of 21 matched pairs of colorectal tumor samples
and adjacent normal tissues (Ikawa et al., 1999). In contrast, a study by Shureiqi
et al., reported weak immunohistochemical scores for 15-LOX-1 and lower
levels of 13HODE in colorectal cancer when compared with normal tissue. It
was concluded that 15-LOX-1 expression and 13-HODE generation may have
tumor suppressor properties in colorectal cancer, by suppressing cell prolifera-
tion and promoting apoptosis (Shureiqi et al., 1999). Later, it was identified that
COX inhibitors upregulated 15-LOX-1 expression in colon cancer cells, and
this upregulation may be related to triggering apoptotic pathways in these cells
(Shureiqi et al., 2000). Similarly, 15-LOX-1 expression and 13-HODE produc-
tion was found to be downregulated in esophageal cancer cells, and inhibition
of 15-LOX-1 activity was found to dampen the cytotoxic effects of NSAIDs in
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these cells, which was rescued by exogenous addition of 13(S)-HODE, suggesting
the tumor suppressor roles for these molecules (Shureiqi et al., 2001). Spindle
et al, have identified that the levels of 13(S)-HODE, measured by enzyme
immunoassay, is elevated in human prostate carcinoma. In another study,
15LOX-1 was found to be coexpressed with a mutant p53 isoform, in 48 prosta-
tectomy specimens with a high degree of statistical significance (p < 0.001), and
enzyme expression correlated with Gleason staging of prostate cancer (Kelavkar
et al., 2000). It was later identified that 15-LOX-1 is overexpressed in PC-3
prostate cancer cell lines and prostate adenocarcinoma. Lower levels of
15LOX-1 were identified in normal prostate tissues compared to 15-LOX-2,
whereas 15-LOX-1 overexpression and concomitant 15-LOX-2 downregulation
was observed in cancerous prostate tissues suggesting the involvement of 15-
LOX-1 in prostate cancer (Kelavkar et al., 2006). On the contrary, 15-LOX-1
expression and activity was found to exert anti-tumor properties in human
pancreatic cancer. Immunohistochemical analysis demonstrated that pancreatic
cancer cell lines show a weak expression of this enzyme, and poor staining was
seen in tumor samples compared to normal. Restitution of 15-LOX-1 activity in
these cancer cells resulted in decreased cell growth suggesting a tumor suppressor
role for this enzyme in pancreatic cancer (Hennig et al., 2007).

The second isoform of 15-LOX, namely 15-LOX-2 is considered to be a
tumor suppressor, based on studies conducted in various cancers. The expres-
sion of 15-LOX-2 is restricted primarily to the prostate and also to the skin,
lung, and cornea (Brash et al., 1997). The expression and activity of this enzyme
is highly diminished in high grade prostatic intraepithelial neoplasia (HGPIN)
and prostate cancer (Shappell et al., 1999; 2001b). Downregulation of 15LOX-2
was also observed in benign and neoplastic sebaceous glands, esophageal cancer
and lung cancer (Gonzalez et al., 2004; Shappell et al., 2001a; Xu et al., 2003).
The exact molecular mechanisms leading to the loss of 15-LOX-2 expression in
prostate cancer cells is still under investigation and many hypotheses have been
tested. Studies conducted in normal human prostate epithelial cells (NHP) have
revealed that 15-LOX-2 has multiple alternatively spliced isoforms. In these
cells 15-LOX-2 functions as a negative regulator of cell cycle progression. The
expression of 15-LOX-2 in the NHP cells is regulated by Sp1 and is repressed by
Sp3 (Tang et al., 2007).

6.5 Role of Eicosanoids in Platelet-Tumor Interactions

The involvement of platelets in assisting hematogenous spread of metastatic
tumor cells and the interactions between platelets, cancer cells, and the blood
vessel wall were proposed decades ago. This was confirmed in experimental
model systems of thrombocytopenia which showed inhibition of metasta-
sis (Gasic et al., 1973; Kimoto et al., 1993). Honn et al, proposed the first
hypothesis on the involvement of bioactive lipid mediators, specifically TXA,
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and PGI,, produced by the blood vessel wall, platelets, and tumor cells to play a
complex and intricate role in the metastatic spread of cancer cells via the blood
stream (Fig. 6.3). It was hypothesized that an intricate balance exists between
TXA, and PGI, in mediating cancer cell metastasis in patients, and any patho-
physiological disruption in this equilibrium favoring dominance of TXA, over
PGI,, would promote metastasis of tumor cells from the primary site (Honn &
Meyer, 1981). In agreement with this hypothesis, it was demonstrated that PGI,
is a potent antimetastatic agent. In this study, experimental metastasis of B16
melanoma cells to the lungs was dramatically inhibited by PGI,, a response, which
was not reproduced by other lipid mediators like PGE,, which is a vasodilator but
not a platelet anti-aggregating factor. PGD, which also functions similar to PGI,
in preventing platelet aggregation, was able to mount this antimetastatic response,
but was less potent compared to the latter. Intracellular actions of PGI, are
mediated by the signaling molecule cAMP. Thus, combination of PGI, treatment
with a phosphodiesterase inhibitor, which prolongs the half-life of intracellular
cAMP, potentiated the actions of PGI, in inhibiting platelet aggregation and
reducing tumor metastasis (Honn et al., 1981). In a subsequent study, it was
revealed that PGI, blocks platelet tumor cell aggregation promoted by cathepsin
B or calpains, whose actions are similar to cathepsin B (Honn et al., 1982). Yet
another study demonstrated that PGI; is effective in inhibiting both tumor cell

Fig. 6.3 Eicosanoids and Tumor-platelet interactions in metastasis and the role of 12-HETE
in tumor cell extravasation. Studies have clearly shown that hematogenous route of metastasis
spread of cancer cells, involves interactions with platelets. Tumor-platelet interactions and
subsequent aggregation is critically controlled by a delicate balance between the level of
endothelium derived PGI, and platelet or tumor derived TXA,. Elevated TXA; levels in the
circulation can tip the balance towards platelet aggregation and tumor metastasis to distant
organs, whereas increases in PGI, levels can block this interaction preventing spread of cancer
cells. Shown in this illustration is a schematic of a blood vessel, with metastatic tumor cells
interacting with platelets. Interactions of tumor cells with platelets and endothelial cells have
been demonstrated to induce 12(S)-HETE production, which leads to retraction of endothe-
lial cell layers enabling metastatic tumor cells to extravasate and set up secondary colonies of
metastasis
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induced platelet aggregation (TCIPA) and platelet facilitated tumor cell adhesion
in vitro. In this study, PGI, was 100-fold more potent that PGE; or PGD,, and
1000-fold more potent than its non-enzymatic metabolite 6-keto PGF,a. Interest-
ingly, PGE, did not inhibit TCIPA but blocked TCIPA induced by PGI,. It was
also demonstrated that platelets promoted the adhesion of W256 cells to the
culture dish, and PGI, was able to block this platelet induced tumor cell adhesion,
suggesting that PGI, has antimetastatic actions in vivo (Menter et al., 1984). In
agreement with these findings, it was demonstrated that patients with bone tumors
had extremely low plasma levels of 6-keto-PGF,, the stable hydrolysis product of
PGI,, whereas plasma concentrations of TXA, were in the normal range. Patients
with malignant bone tumors were also found to have deficiency of plasma factors
repsonsible for stabilization of PGI,. Arterial tissues from patients with malignant
disease were found to generate very low concentrations of PGI, compared to
normal individuals (reviewed by Mehta, P.) (Mehta, 1984). Inhibition of TX
synthase activity and treatment with a TXA, receptor antagonist were found to
inhibit metastasis of B16 melanoma cells injected into the tail vein of mice (Honn,
1983). Later, it was reported that W256 cells can produce TXA, and 12-HETE
concomitant to inducing platelet aggregation. The role of these eicosanoids in
promoting TCIPA was verified by using COX and LOX inhibitors, combination
treatment of which led to ablation of platelet aggregation, in repsonse to tumor
cells (Honn et al., 1987). Subsequent studies revealed that 12-HETE treatment led
to retraction of CD3 endothelial cell monolayers, as assessed by quantitative
binding assays and by phase contrast microscopy. Platelet enhanced endothelial
cell retraction was blocked by treating either tumor cells or platelets with lipox-
ygenase inhibitors as well as by PGI,. It was also found that 12-HETE biosynthesis
was enhanced by the addition of platelets in the presence of tumor cell endothelial
cell interactions. It was concluded that tumor cell — endothelial cell — platelet
interactions lead to enhanced 12-HETE biosynthesis which can lead to endothelial
cell retraction facilitating tumor cell extravasation and metastasis (Honn et al.,
1994b).

6.6 Conclusion

Eicosanoids are bioactive lipid mediators which have clearly defined roles in
mediating tumor progression and metastasis. Both arms of the arachidonic acid
metabolism pathway ie the COX and the LOX pathways, have been demon-
strated to be pivotal in promoting the malignant phenotype. Some of these
metabolites have also been demonstrated to have an anti-tumor effect. Exploiting
these pathways will help in better understanding the intricacies of the metastatic
cascade and to develop newer therapeutic agents aimed at blocking the actions of
these metabolites. Inclusion of specific and safe inhibitors of these pathways
along with the usual regimen of anti-tumor drugs, can be beneficial in better
control of tumor progression and metastasis.
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Chapter 7
Fatty Acid Synthase Activity in Tumor Cells

Joy L. Little and Steven J. Kridel

Abstract While normal tissues are tightly regulated by nutrition and a carefully
balanced system of glycolysis and fatty acid synthesis, tumor cells are under
significant evolutionary pressure to bypass many of the checks and balances
afforded normally. Cancer cells have high energy expenditure from heightened
proliferation and metabolism and often show increased lipogenesis. Fatty acid
synthase (FASN), the enzyme responsible for catalyzing the ultimate steps of
fatty acid synthesis in cells, is expressed at high levels in tumor cells and is
mostly absent in corresponding normal cells. Because of the unique expression
profile of FASN, there is considerable interest not only in understanding its
contribution to tumor cell growth and proliferation, but also in developing
inhibitors that target FASN specifically as an anti-tumor modality. Pharmaco-
logical blockade of FASN activity has identified a pleiotropic role for FASN in
mediating aspects of proliferation, growth and survival. As a result, a clearer
understanding of the role of FASN in tumor cells has been developed.
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7.1 Fatty Acid Synthesis
7.1.1 The FASN Enzyme

One of the metabolic hallmarks of a tumor cell is increased lipogenesis (Kuhajda,
2006; Swinnen et al., 2006). In fact, in many instances the vast majority of fatty
acids in tumors are synthesized de novo (Ookhtens et al., 1984). In mammalian
cells, fatty acid synthase (FASN) is the central enzyme of long chain fatty acid
synthesis. FASN is a multifunctional polypeptide that is comprised of seven
separate functional domains (Fig. 7.1A). The individual domains of FASN
work in concert to catalyze thirty-two different reactions to synthesize the sixteen
carbon fatty acid palmitate, using acetyl-CoA and malonyl-CoA as substrates
and nicotinamide adenine dinucleotide phosphate (NADPH) as an electron
donor. The fatty acid synthesis reaction mechanism can be separated into three
functional groupings: (1) to bind and condense the substrates, (2) to reduce the
intermediates and (3) to release the final saturated long chain fatty acid palmitate
(Fig. 7.1B). The malonyl acetyl transferase (MAT) domain binds malonyl-CoA
and acetyl-CoA, while the ketoacyl synthase (KS) domain acts to condense the
acyl chain (Fig. 7.1B). This B-ketoacyl moiety is then reduced in steps by the
B-ketoacyl reductase (KR), B-hydroxyacyl dehydratase (DH), and enoyl reduc-
tase (ER) domains to a saturated acyl intermediate. This derivative can then be
elongated by repeating the reactions catalyzed by the five previous enzyme
activities for seven cycles until the thioesterase (TE) domain cleaves the final
product, the sixteen carbon fatty acid palmitate. Throughout the entire synthesis
of palmitate, the acyl carrier protein (ACP) acts as a coenzyme to bind inter-
mediates by a 4’-phosphopantetheine group (Fig. 7.1B). In total, approximately
30 intermediates are involved in the process, but it is the high specificity of the TE
domain for a 16 carbon fatty acid, as well as the MAT specificity for malonyl-
CoA, that are responsible for preventing leakage of intermediates (Wakil, 1989).
The overall FASN reaction is as follows:

Acetyl-CoA + 7Malonyl-CoA + 14NADPH + 14Ht —
Palmitic-acid + 7CO; + 8CoA + 14NADP™" + 6H,O
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Fig. 7.1 The FASN Enzyme. A. The FASN polypeptide comprises seven functional domains:
the ketoacyl synthase (KS), malonyl acetyl transferase (MAT), B-hydroxyacyl dehydratase
(DH), enoyl reductase (ER), B-ketoacyl reductase (KR), the acyl carrier protein (ACP), and
thioesterase (TE) domains. B. The FASN reaction mechanism. The MAT domain of the
enzyme binds malonyl-CoA and acetyl-CoA, while the KS domain acts to condense the
growing acyl chain. The resulting B-ketoacyl moiety is then reduced in steps by the KR,
DH, and ER to a saturated acyl intermediate. This process is repeated in seven cycles, after
which, the TE domain releases the sixteen carbon fatty acid palmitate

The structure of FASN has yet to be definitively characterized, as there are
two distinct models (Smith, 2006). Early complementation studies suggest
that FASN functions as a homodimer in head-to-tail conformation with two
simultaneous reactions beginning in one subunit and finishing in the other
(Wakil, 1989; Smith et al., 2003; Rangan et al., 1998; Rangan et al., 2001).
However a more recent crystal structure analysis of porcine FASN challenges
this historical model. The 4.5 A structure reveals FASN as an intertwined
dimer in a conformation resembling an “X” with one central core region with
two arms and two legs (Maier et al., 2006). However, at this lower resolution,
the definitive placement of the flexible TE domain and ACP is not possible. It
is also unclear whether the body of the FASN complex can be identified as
two distinct monomers. In this model, the KS domain is near the bottom of
the central core of the complex and two MAT domains are in the “legs” of the
X shape. The DH domains are located in the top half of the central region
just under the ER domains. Adjacent to the ER domains are the KR domains
that comprise the “arms” of this X complex. The study equates the reaction
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pockets of this structure as having “double hot dog” folds but observes
asymmetry of the two sides of the reaction chambers that may reveal hinge
regions that allow different conformations of the FASN complex (Maier,
et al., 2006; Smith, 20006).

7.1.2 Other Players in the Fatty Acid Synthesis Pathway

While FASN is the central enzyme of fatty acid synthesis, other enzymes and
pathways upstream of FASN are required to generate and supply substrates.
Glucose enters the cell and is converted through glycolysis to pyruvate which
is then shuttled into the mitochondria to enter the citric acid cycle. Citrate is
shuttled out of the mitochondria, where ATP-citrate lyase (ACL) catalyzes
the conversion of citrate to oxaloacetate and acetyl-CoA. Acetyl-CoA Car-
boxylase (ACC) catalyzes the conversion of acetyl-CoA to malonyl-CoA in
the rate limiting and first committed step of lipogenesis. Unlike FASN,
which is primarily regulated transcriptionally, ACC is negatively regulated
by post-translational phosphorylation at serine 79 by AMP-activated kinase
(AMPK). Energy deficiency stimulates AMPK to regulate energy consump-
tion of cells, specifically by regulating ACC among other enzymes. Fatty acid
synthesis requires NADPH, which is provided through the hexose monopho-
sphate shunt and malic enzyme (ME) to donate electrons (Wakil et al., 1983).
Recent findings also suggest that glutamine metabolism can generate suffi-
cient NADPH in glycolytic tumor cells, as well as act as a carbon source for
fatty acid synthesis (Deberardinis et al., 2007).

After fatty acid synthesis, downstream enzymes can further modify palmi-
tate for various cellular functions. In the endoplasmic reticulum, the 16
carbon fatty acid can be modified to fatty acids with eighteen or more carbons
known as very long chain fatty acids (VLCFA), such as stearate (18:0) by a
family of elongase enzymes called elongation of very long chain fatty acids
(ELOVLI1-6) (Jakobsson et al., 2006). Palmitate and stearate can also be
desaturated by stearoyl-CoA desaturase-1 (SCDI1) at the cis-9 carbon to
palmitoleate (16:1) and oleate (18:1), respectively (Sampath and Ntambi,
2005).

7.2 FASN Expression
7.2.1 FASN Expression in Normal Cells
In normal tissue, FASN is expressed and active in cells that have a high lipid

metabolism, such as liver and adipose tissues, to generate triglycerides in
response to excess caloric intake (Jayakumar et al., 1995; Volpe and Marasa,
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1975; Wakil et al., 1983). FASN is also expressed in a niche-specific manner in
specialized tissues such as lactating mammary glands (Kusakabe et al., 2000;
Thompson and Smith, 1985) cycling endometrium (Pizer et al., 1997; Kusakabe
et al., 2000), and various other cell types including type II alveolar cells to
produce lung surfactant (Buechler and Rhoades, 1980; Kusakabe et al., 2000),
brain cells (Kusakabe et al., 2000; Jayakumar et al., 1995), and seminal vesicles
to produce seminal fluid (Kusakabe et al., 2000). FASN is only weakly detect-
able, if at all, in other rapidly dividing normal tissues such as the intestinal
epithelium, stomach epithelium, and hematopoietic cells in adults and is not
detectable in most other adult tissues (Kusakabe et al., 2000).

Despite the low expression profile in most adult tissues, FASN is critical for
developing embryos and is highly expressed in proliferative fetal cells (Kusakabe
etal., 2000). The importance of FASN in development is underscored by the fact
that mice with homozygous deletions of the FASN gene display an embryonic
lethal phenotype (Chirala et al., 2003). FASN 7~ mice die before implantation
around embryonic day 3.5, most likely because developing embryos are unable
to acquire enough fatty acids from the mother for adequate membrane biogen-
esis. The importance of FASN during development is further highlighted by the
fact that the majority of heterozygotes are also resorbed after implantation.
Those that survive do not live long beyond birth, indicating that one FASN allele
is usually insufficient for embryogenesis, implantation, and developing tissues
(Chirala et al., 2003). The importance of the fatty acid synthesis pathway in
development is further supported by the demonstration that deletion of ACC/ in
mice also results in an embryonic lethal phenotype (Abu-Elheiga et al., 2005).

Mice harboring tissue-specific deletions of F4ASN have been generated to
facilitate understanding of the role of FASN in normal tissue. To date FASN
has been deleted in liver, B-cells, and hypothalamus (Chakravarthy et al.,
2005, 2007). To knock out FASN in the liver, mice with a “floxed” FASN
allele were crossed with mice harboring an allele of Cre driven by a rat
albumin promoter. Although this liver-specific deletion of FASN (FASKOL)
leaves animals viable without severe physiological effects, it is not without
consequence. When FASKOL mice are fed a diet containing zero fat or are
fasted for prolonged periods, they develop symptoms similar to those seen in
mice engineered to lack Peroxisome Proliferator-Activating Receptor alpha
(PPARa) (Kersten et al., 1999). Both PPA R« knockout and FASKOL mice
become hypoglycemic, develop steatosis (fatty liver) that correlates with
reduced serum and liver cholesterol, reduced expression of 3-hydroxy-3-
methyl-glutaryl-CoA (HMG-CoA) reductase, decreased cholesterol bio-
synthesis activity, and elevated sterol response element binding protein 2
(SREBP-2) expression. While the hypoglycemia and fatty liver may be
reversed with dietary fat, all effects including cholesterol biosynthesis,
HMG-CoA reductase and SREBP2 levels, as well as cholesterol levels in the
serum and liver are rescued by administration of a PPARa agonist. This
reveals distinct levels of metabolic regulation between de novo and dietary
fat and indicates that products downstream of FASN activity regulate
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cholesterol, glucose, and fatty-acid homeostasis in the liver through activa-
tion of PPARa (Chakravarthy et al., 2005). Interestingly, mice with a liver-
specific knockout of ACC1 are still able to undergo fatty acid synthesis, but this
discrepancy can be attributed to compensatory production of malonyl-CoA by
the ACC2 isoform (Harada et al., 2007).

To determine whether FASN plays a role in pancreatic -cell function, a
knockout of FASN was generated. Crossing floxed FASN mice with mice
harboring Cre under the control of rat insulin 2 promoter (RIPCre) causes
specific deletion of FASN in pancreatic B-islet cells, as well as the hypotha-
lamus, a region of the brain known for controlling motivational states, such
as feeding. The resulting FASN knockout (FASKO) mice exhibit reduced
feeding behavior and are highly active, even while maintained on a high fat
diet (Chakravarthy et al., 2007). This correlates with studies showing the
small molecule FASN inhibitor C75 acts in the hypothalamus to stimulate
fatty acid oxidation via carnitine palmityl transferase 1 (CPT1) and induces a
reversible anorexic phenotype (see Section 7.4.2). Interestingly, the B-cells
lacking FASN are unaffected as loss of FASN does not alter insulin or
glucose levels during glucose tolerance testing or stimulation either in vivo
or in vitro. Therefore, the fasting phenotype of FASKO mice appears to be
solely attributable to the effects on the hypothalamus. As a matter of fact,
this observation is in agreement with a recent study showing FASN is not
required for normal insulin secretion of B-cells in vitro (Joseph et al., 2007).
Intracerebroventricular injection of FASKO mice with a small molecule drug
Wy14,643 to activate PPAR« restores feeding and weight gain, indicating that
FASN controls PPARa activation in the hypothalamus. Pharmacological
activation of PPARa in these mice also restores expression of CPT-1 and
malonyl-CoA desaturase (MCD) that control cellular levels of malonyl-CoA
by controlling the rate of transfer of fatty acids into the mitochondria for
B-oxidation and malonyl-CoA stability, respectively (Chakravarthy et al.,
2007). These studies elucidate the importance of FASN in energy homeostasis
and provide a mechanism through which FASN can regulate its effects.

7.2.2 FASN Expression in Tumor Cells

As discussed above, FASN has historically been studied in relation to normal
physiology and as a central mediator of energy balance. In the last few decades,
however, it has become clear that FASN is associated with tumor development.
Accordingly, high FASN expression has been identified in many tumor types
(Kuhajda, 2000, 2006). Haptoglobin-related protein (Hpr) was demonstrated to
correlate with breast cancer stage, prognosis, as well as recurrence and patient
survival (Kuhajda, et al., 1989a,b). Shortly after this observation, Hpr, or
oncogenic antigen (OA-519) protein was identified as FASN (Kuhajda et al.,
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1994). Since these discoveries, FASN upregulation has been demonstrated in
every type of solid tumor. An initial retrospective study showed FASN expres-
sion correlated with staining of the proliferation marker MIB-1 to predict
survival of breast cancer patients (Jensen et al., 1995). Subsequent studies
confirmed the association of FASN with breast cancer recurrence, as well as
shorter overall and disease-free survival in early breast cancer patients (Alo
et al., 1996, 1999b). Breast cancer is not the only tumor type with elevated
FASN levels. FASN expression is associated with prostate cancer prognosis,
progression, and stage (Shurbaji, et al., 1992, 1996; Epstein et al., 1995). As a
matter of fact, FASN is upregulated in androgen-independent prostate
tumors and expression correlates with disease stage, as the highest levels of
FASN expression are in androgen independent metastases (Pizer et al., 2001;
Rossi et al.,, 2003). FASN expression correlates with poor prognosis,
advanced progression, and/or decreased survival in a number of other cancers
of different origins including: ovarian (Gansler et al., 1997; Alo et al., 2000),
melanoma (Innocenzi et al., 2003; Kapur et al., 2005), nephroblastoma
(Wilms tumor) (Camassei et al., 2003b), retinoblastoma (Camassei et al.,
2003a), bladder (Visca et al., 2003), pancreas (Alo et al., 2007), soft tissue
sarcoma (Takahiro et al., 2003), non-small cell lung cancer (Visca et al.,
2004), endometrium (Sebastiani et al., 2004), and Paget’s disease of the
vulva (Alo et al., 2005). While FASN expression correlates with decreased
survival and/or poor prognosis in a large number of tumor types, there are
tumor types that show elevated FASN expression but no correlation with
patient survival or disease stage (Rashid et al., 1997; Nemoto et al., 2001;
Silva et al., 2008). In addition, there are several tumor types that show
increased FASN expression, but correlation with disease progression or
patient survival has not been investigated or published at this time. These
tumors include hyperplastic parathyroid (Alo et al., 1999a), stomach carci-
noma (Kusakabe et al., 2002), mesothelioma (Gabrielson et al., 2001), glioma
(Zhao et al., 2006), and hepatocellular carcinoma (Yahagi et al., 2005).
Increased FASN expression in tumors is an early, common event (Swinnen
et al., 2002; Myers et al., 2001) and its correlation with reduced survival and
increased recurrence rationalizes the potential for anti-FASN tumor thera-
peutics (Kuhajda, 2000, 2006; Kridel et al., 2007). As evidence that lipogen-
esis as a whole is important in cancer, many of the enzymes upstream of
FASN show altered expression patterns in human tumor cells, as well. For
instance, ACL is overexpressed in cancer cells of breast and bladder (Szutowicz
et al., 1979; Turyn et al., 2003). ACC is overexpressed in breast and prostate
cancer cells (Milgraum et al., 1997; Swinnen et al., 2000b, 2006; Heemers et al.,
2003). Interestingly, the tumor suppressor breast cancer susceptibility gene
1 (BRCAT) can bind the phosphorylated inactive ACC to prevent re-activation
(Moreau et al., 2006). In addition, squamous cell carcinomas of the lung
show lower immunohistochemical staining of phosphorylated inactive ACC
than adenocarcinoma with poor prognosis (Conde et al., 2007). The strong
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functional correlation between upstream mediators of fatty acid synthesis and
cancer underscores the importance of this pathway in tumor biology.

7.3 FASN Regulation
7.3.1 FASN Regulation in Normal Cells

In nonmalignant tissues, FASN expression is primarily regulated at the tran-
scriptional level (Fig. 7.2A) (Hillgartner et al., 1995). There is a single FASN
gene and the signals in normal cells that stimulate FASN transcription are
numerous but strictly defined (Amy et al., 1990). Transcription of FASN is
stimulated by dietary carbohydrate, glucose, insulin, amino acids, sterols and
cyclic-AMP through specific response elements (Paulauskis and Sul, 1988; Rufo
et al., 2001; Foufelle et al., 1992; Moustaid et al., 1994; Wang and Sul, 1998;
Wakil et al., 1983; Rangan et al., 1996; Wakil, 1989). Hormones such as the
thyroid hormone triiodothyronine (T3) (Moustaid and Sul, 1991), progesterone
(Lacasa et al., 2001), androgen (Heemers et al., 2003) and adrenal glucocorti-
coids (Volpe and Marasa, 1975) can also upregulate FASN in liver and adipose
tissues. FASN transcription is mediated by multiple transcription factors.
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Fig. 7.2 Regulation of FASN Expression in Normal and Tumor Cells. A. In normal cells
(hepatocytes and adipocytes) FASN expression is primarily regulated through transcriptional
mechanisms. B. In tumor cells, FASN expression is regulated by transcriptional and non-
transcriptional mechanisms via multiple pathways
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Upstream stimulatory factors (USFs) are required for insulin mediation of
FASN expression, but other factors such as nuclear factor Y (NF-Y) and
stimulatory protein 1 (SP1) can also play a role in FASN transcription
(Teran-Garcia et al., 2007; Bennett et al., 1995). However, the vast majority
of FASN-regulatory signals act through a family of transcription factors
known as sterol response element binding proteins (SREBPs) that control
lipid homeostasis and bind to various elements in the FASN promoter. There
are three SREBP family members: SREBP-1a, SREBP-1¢, and SREBP-2.
SREBP-la and SREBP-1c have been most widely linked to regulation of
lipogenic gene transcription, while SREBP-2 is most linked to cholesterol
metabolism. The SREBPs exist as endoplasmic reticulum membrane bound
precursors that are activated after proteolytic processing by site-one and site-
two proteases (S1P, S2P). When sterol levels are low, SIP cleaves the SREBP
molecule to release the N terminal portion from the endoplasmic reticulum
(Sakai et al., 1998). SREBP then binds to the SREBP cleavage activating
protein (SCAP) and is translocated to the Golgi where S2P further processes
the molecule so that the transcription factor is activated. The processed SREBP
then translocates to the nucleus to bind specific E box motifs and sterol
response elements (SREs) (Magana and Osborne, 1996). There is evidence
that dietary factors stimulate the expression of FASN in a manner mediated
through signaling pathways such as the phosphoinositide-3 kinase (PI3K)
pathway. For instance, nonmalignant 3T3-L1 adipocytes regulate insulin-
mediated FASN expression through Akt in a manner independent of both
mitogen activated protein kinase (MAPK) and P70 S6 kinase, but dependent
on SREBPs (Wang and Sul, 1998; Porstmann et al., 2005).

Expression of FASN is tightly controlled so that transcription does not
continue unabated under typical circumstances. Polyunsaturated fatty acids
(PUFAs) (Xu et al., 1999; Moon et al., 2002; Jump et al., 1994), sterols (Adams
et al., 2004; Bennett et al., 1995), and leptin (Fukuda et al., 1999) all act to
repress FASN transcription and do so by specifically down-regulating SREBP-
1 in hepatocytes (Worgall et al., 1998; Teran-Garcia et al., 2007). This highly
complex organization of checks and balances for FASN expression is necessary
to supply the cell with essential de novo fatty acids for cellular function and
growth (Fig. 7.2A). Just as importantly, controls keep the cell from continuing
unnecessary lipogenesis.

7.3.2 FASN Regulation in Tumor Cells

While FASN expression is tightly controlled through dietary and hormonal
stimuli in nonmalignant cells, tumor cells ignore these restrictions and increase
FASN beyond typical levels (Fig. 7.2B). In fact, an early study of orthotopic
hepatomas revealed that while low-fat, high-fat, and high-cholesterol diets all
affected rates of fatty acid synthesis in the normal liver, the rates of hepatoma



178 J.L. Little, S.J. Kridel

fatty acid synthesis were unchanged (Sabine et al., 1967). It has since been
discovered that deregulation of upstream signals drive FASN expression in a
manner that is largely transcriptional in tumors (Fig. 7.2B) (Swinnen et al.,
20006).

Overexpression of FASN in tumor cells is induced at the transcriptional level
by receptor tyrosine kinase (RTK)-stimulation of Ras and Akt (Fig. 7.2B).
Keratinocyte growth factor (KGF) can induce the Akt- and cJun N-terminal
kinase (JNK)-dependent expression of FASN in pulmonary cancer cells (Chang
et al., 2005). Epidermal growth factor (EGF) has also been shown to increase
FASN in prostate cancer cells (Swinnen et al., 2000a).

In addition to growth factor signaling, activation of the RTK HER2/Neu is
linked with FASN expression in tumor cells. HER2/Neu upregulates PI3K-
dependent FASN transcription in breast cancer cells (Kumar-Sinha et al., 2003;
Yoonetal., 2007). Interestingly, blocking HER2/Neu with Herceptin decreases
FASN expression (Kumar-Sinha et al., 2003). In fact, there appears to be a
crosstalk between these pathways, as inhibition of FASN activity leads to the
downregulation of HER2/NEU (Menendez et al., 2004). While HER2/Neu is
primarily associated with breast cancer progression, HER2/Neu and FASN
expression correlate in squamous cell carcinomas of the tongue, as well (Silva
et al., 2008). Surprisingly, HER2/Neu can also regulate FASN expression in
prostate cancer cells (Yeh et al., 1999). These data suggest there is a coordinate
regulation of activated HER2/Neu and FASN upregulation in tumor cells.

Downstream of RTK signaling, the PI3K/Akt pathway has been shown to
upregulate FASN. Loss of PTEN is a frequent transformation event in cancer,
that leads to a gain of function in Akt signaling (Mulholland et al., 2006;
Blanco-Aparicio et al., 2007). In prostate cancer cells, this signaling cascade
drives androgen receptor (AR)-mediated oncogenic transcription and progres-
sion to metastatic disease (Wang et al., 2003; Mulholland et al., 2006). The
PTEN-null LNCaP tumor cell line has high levels of FASN. Reintroducing
PTEN or using the PI3K inhibitor LY294002 can decrease FASN expression,
whereas introducing constitutively active Akt can restore FASN expression
(Van de Sande et al., 2002). The connection between FASN expression and
PI3K activity is further observed in prostate carcinoma samples with high
Gleason scores, where high FASN expression correlates with phosphorylated
Akt that is localized to the nucleus (Van de Sande et al., 2005). Moreover, a
crosstalk between these pathways has been identified. In ovarian cancer cell
lines, phosphorylated Akt correlates with and drives FASN expression. Con-
versely, inhibiting FASN results in decreased Akt phosphorylation (Wang
et al., 2005). These data suggest that PI3K signaling through Akt is an impor-
tant mediator of FASN transcription in tumor cells.

In addition to RTK-driven stimulation of Akt, there is evidence that the
small GTP-ase protein Ras can influence FASN expression in tumors. Consti-
tutively active H-ras induces increased PI3K and MAPK-dependent FASN
expression in MCF-10A cells (Yang et al., 2002). Consistent with this notion,
the expression of activated K-ras correlates with FASN expression in human
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colorectal cancer samples (Ogino, et al., 2006, 2007). Altogether, these data
suggest that RTK signaling, Ras, and PI3K-Akt pathways can drive transcrip-
tional up-regulation of FASN expression in tumor cells (Fig. 7.2B).

Not surprisingly, hormones are another common factor driving FAS expres-
sion in tumor cells (Fig. 7.2B). Progestins stimulate FASN expression in breast
cancer cells (Chalbos et al., 1987; Lacasa et al., 2001; Menendez et al., 2005a).
Consistent with this finding, increased FASN expression in endometrial carci-
noma correlates with expression of both estrogen and progesterone receptors
(PR) (Pizer et al., 1998b). In prostate cancer, FASN expression can be regulated
by androgens in prostate cancer through upregulation of transcription factors
such as S14 and SREBPs (Swinnen et al., 1997a,b; Heemers et al., 2000, 2001).
In addition, HER2/Neu can drive activation of AR in prostate cancer cells to
increase MAPK-dependent induction of FASN in the absence of androgen
(Yeh et al., 1999).

While the main mechanism of FASN overexpression in tumors is through
transcriptional upregulation, there is also evidence that FASN is regulated
by post-transcriptional mechanisms (Fig. 7.2B). For instance, HER2/Neu dri-
ven expression of both FASN and ACC can be regulated at the translational
level through Akt, PI3K, and mTOR-dependent mechanisms (Yoon et al.,
2007). FASN stabilization is tightly linked with the de-ubiquitinating enzyme
ubiquitin-specific protease 2a (USP2A) in prostate cancer cells. USP2A is
androgen regulated and is not only upregulated similarly to FASN, but actually
interacts with FASN to enhance FASN stability (Graner et al., 2004). Treating
prostate tumor cells with the proteasome inhibitor MG-132, also increases
FASN expression, further supporting evidence that FASN is regulated by the
proteasome (Graner et al., 2004). Interestingly, yeast studies provided early
evidence of FASN regulation by proteasomal degradation (Egner et al., 1993).
Itis also worth mentioning that FASN can also be upregulated in cancer cells by
FASN gene amplification (Shah et al., 2006). The fact that numerous mechan-
isms act to increase FASN expression in tumor cells highlights the importance
of FASN in tumor progression.

7.3.3 Palmitate Utilization in Normal and Tumor Cells

Upregulation of FASN activity causes the increased production of fatty acids,
particularly palmitate. While the mechanisms that drive FASN expression are
different in tumors as compared to normal cells, the utilization of its products
differs, as well. Fatty acids are used for a variety of cellular functions. In
nonmalignant adipose and hepatic tissue, palmitate is incorporated into trigly-
cerides for secretion and storage to be ultimately used as an energy source
through B-oxidation (Thupari et al., 2002). Fatty acids such as palmitate can
also comprise a regulatory pool that activates energy mediators such as PPARa
in the liver and hypothalamus (Chakravarthy, et al., 2005, 2007). In addition,
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key signaling molecules, such as Ras and Hedgehog, can be palmitoylated to
target these proteins to cellular membranes (Resh, 2006). So far, a link between
protein palmitoylation and FASN activity has not been established though. In
development, fatty acids can segregate into phospholipids to create cellular
membranes (Chirala et al., 2003). Similarly, tumor FASN-derived palmitate
segregates into phospholipid microdomains known as lipid rafts (Fig. 7.2B)
(Swinnen et al., 2003). Lipid rafts are involved in a number of key biological
functions including signal transduction, polarization, trafficking, and migra-
tion (Freeman et al., 2005, 2007). Considering that palmitate can ultimately be
used for a number of cellular processes, including being elongated and desatu-
rated for subsequent events, it is apparent that FASN occupies an important
niche in tumor cells.

7.4 Inhibiting FASN Activity
7.4.1 Small Molecule Inhibitors of FASN

Because of the unique expression of FASN in tumors, much emphasis has been
put toward the development of pharmacological agents that inhibit FASN
activity and, therefore, inhibit tumor growth and progression. Historically, a
Cephalosporium caerulens mycotoxin metabolite known as cerulenin [(2S, 3R)-
2,3-epoxy-4-ox0-7,10-dodecadienoylamide] has been the primary FASN inhi-
bitor used in biological studies. Cerulenin covalently binds the B-ketoacyl
synthase domain in FASN that is responsible for binding and condensing the
substrates (Funabashi et al., 1989). More recently, C75 was formulated as a
synthetic analog of cerulenin due to instability and poor systemic availability of
cerulenin (Kuhajda et al., 2000). C93 is the newest generation of C75 analogues
(Zhou et al., 2007). Both C75 and C93 target the B-ketoacyl synthase activity of
FASN (Kuhajda et al., 2000; Zhou et al., 2007). Recently, orlistat (Xenical©), a
FDA-approved drug for obesity that targets gastrointestinal lipases, was
described as a novel inhibitor of FASN thioesterase activity (Kridel et al.,
2004). There also exists a growing body of literature showing that various
natural products such as the green tea polyphenolic component epigallocatechin-
3-gallate (EGCG) can inhibit FASN activity (Tian, 2006).

7.4.2 Effects In Vivo

To date, all small molecule inhibitors of FASN have demonstrated ability to
block tumor growth in vivo. Cerulenin greatly increases survival and delays
progression of ovarian cancer xenografts without significantly affecting fatty
acid synthesis in the liver (Pizer et al., 1996b). C75 reduces growth of several
tumor xenograft models, including prostate, breast, ovarian and mesothelioma
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(Pizer et al., 2000, 2001; Wanget al., 2005; Gabrielson et al., 2001). C93 and C75
both reduce ovarian and lung cancer xenograft growth (Zhou et al., 2007; Orita
et al., 2007). The novel FASN inhibitor orlistat has also been shown to inhibit
prostate tumor xenograft growth (Kridel et al., 2004). FASN inhibitors also
work in genetic models of tumorigenesis, including the Neu-N murine mam-
mary transgenic model (Hennigar et al., 1998; Pflug et al., 2003; Alli et al.,
2005). While FASN inhibitors are not typically given orally due to poor
bioavailability, recent work shows that C93 can work in vivo after oral admin-
istration (Orita et al., 2007). Surprisingly, cerulenin, C75 and related com-
pounds induce a reversible anorexic phenotype that is associated with
B-oxidation in the hypothalamus. This phenotype is mimicked in mice with
FASN deleted in the hypothalamus (see Section 7.2.1) (Loftus et al., 2000;
Thupari et al., 2004; Tu et al., 2005; Orita et al., 2007; Chakravarthy et al.,
2007). Interestingly, the anorexic effect of FASN inhibitors has been overcome
with newer generation drugs like C93 that can reduce tumor growth with no
anorexic effect (Orita et al., 2007). The discrepancy between the knockout
studies and pharmacological findings has yet to be explained.

7.4.3 Cell Cycle Effects In Vitro

To determine the cellular consequences of FASN inhibition, numerous studies
have focused on the in vitro anti-tumor effects of these inhibitors. Many studies
have linked FASN inhibitors with cell cycle and growth arrest (Fig. 7.3). Cerule-
nin acts in vitro to inhibit fatty acid synthesis-mediated growth of breast carci-
noma cells that can be rescued with palmitate (Kuhajda et al., 1994). Cerulenin
induces a block at the G2/M cell cycle checkpoint in an androgen-independent
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prostate cancer cell line that correlates with an induction of cyclin-dependent
kinase inhibitors p21 and p27 (Furuya et al., 1997). However, glioma cells
accumulate in S phase after cerulenin treatment (Zhao et al., 2006). Different
hepatocellular carcinoma cell lines treated with C75 undergo either G1 or G2 cell
cycle arrest independent of p53 status (Gao et al., 2006). In melanoma A-375 cells,
cerulenin induces accumulation of cells in S phase, while C75 induces accumula-
tion of G2/M phase cells (Ho et al., 2007). RKO colorectal cancer cells treated
with either cerulenin or C75 show a transient accumulation of cells in S and G2/M
phases, but accumulation in G1 and G2/M phases later (Li et al., 2001). Both
cerulenin and C75 induce S phase arrest and inhibit DNA replication in breast,
colorectal, and promyelocytic leukemia cancer cells (Pizer et al., 1998a). Orlistat
induces cell cycle arrest by downregulating Skp2, a deubiquinating enzyme,
leading to decreased turnover of p27/kipl, therefore blocking prostate tumor
cells from entering S phase (Knowles et al., 2004). Orlistat has also been shown
to induce an accumulation of breast cancer cells in S phase (Menendez et al.,
2005b). Use of RNA interference (RNAI) to mediate knockdown of both the
FASN and ACCa genes induces a decrease in S phase cells, further supporting the
role of fatty acid synthesis in progression to or in S phase (Brusselmans et al.,
2005). The data show there is little consensus on the phase that tumor cells arrest
growth after inhibition of FASN in various tumor cells, which may be attributed
to different tumor cell types. It is likely that a lack of de novo fatty acid synthesis in
tumor cells impacts phospholipid synthesis required for proper DNA synthesis
and cell cycle progression (Jackowski, 1994).

7.4.4 Cell Signaling Effects

The effects of FASN inhibitors are also mediated through key tumor signaling
pathways. For example, it has been demonstrated that pharmacological inhibi-
tion of FASN activity results in reduced Akt activation in multiple tumor cell
lines (Fig. 7.3) (Wang et al., 2005; Liu et al., 2006). As mentioned previously, it
has been demonstrated that PI3K and Akt can drive FASN expression in tumor
cells (Fig. 7.2B) (Van de Sande et al., 2002; Wang et al., 2005). The demonstra-
tion that reduced FASN activity negatively affects Akt activation identifies a
feedback between the two pathways. Not surprisingly, inhibiting the PI3K
pathway synergizes with cell death induced by genetic and pharmacological
inhibition of FASN (Bandyopadhyay et al., 2005; Wang et al., 2005; Liu et al.,
20006).

In addition to the PI3K pathway, HER2/Neu has also been linked with
FASN expression in breast and prostate cancer cells (Kumar-Sinha et al.,
2003; Yoon et al., 2007; Yeh et al., 1999). Inhibiting FASN with cerulenin
and C75 reduces expression of Her2/neu expression in breast cancer cell lines
(Fig. 7.3) (Menendez et al., 2004; Kumar-Sinha et al., 2003). Additionally,
inhibiting Her2/Neu with Herceptin synergizes with FASN inhibitors to induce
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cell death (Menendez et al., 2004). Altogether, these data indicate that the very
pathways that drive FASN expression in malignant cells are also affected when
FASN activity is blocked. Moreover, tumor cell killing can be potentiated when
FASN inhibitors are combined with inhibitors of these signaling pathways. The
reason for this crosstalk has not been clearly defined, but it is tempting to
speculate that inhibition of FASN activity directly impacts on lipid raft func-
tion, which results in reduced kinase signaling.

7.4.5 In Vitro Tumor Cell Death

In addition to cell cycle arrest, all FASN inhibitors induce cell death in tumor
cells (Pizer et al., 1996a, 1998a; Kridel et al., 2004; Zhou et al., 2007). Cerulenin
induces breast and prostate cancer cell death that correlates with DNA frag-
mentation and morphology characteristic of apoptosis (Pizer, et al., 1996a,
2000; Furuya, et al., 1997). The mitochondria have also been linked to facilita-
tion of cell death induced by cerulenin. For instance, the pro-apoptotic mito-
chondrial factor Bax is induced in cells treated with cerulenin. (Heiligtag et al.,
2002). This correlation between cerulenin and the mitochondrial pathway
of apoptosis is further supported by the induction of cytochrome ¢ release
(Fig. 7.3) (Heiligtag et al., 2002). FASN inhibition has been linked to p53 status
of tumor cells, but whether p53 plays any role in FASN-expressing cells is
unclear, as FASN is expressed in tumors independent of p53 status. FASN
is strongly and significantly associated with p53 expression in hyperplastic
parathyroids (Alo et al., 1999a). In various cancer cells, blocking p 53 activity
with a dominant negative construct potentiates FASN inhibitor-induced cell
death (Li et al., 2001). Conversely, others have reported that FASN
inhibitors work equally well in tumors independent of p53 status (Heiligtag
et al., 2002).

Cell death induced by FASN inhibitors could be a result of the cell lacking
fatty acid for membrane biogenesis. Inhibiting FASN and ACC reduces incor-
poration of fatty acid into membrane phospholipids, which occurs in the
endoplasmic reticulum (Zhou et al., 2003). Inhibiting FASN incorporation
into phospholipids corresponds to a decrease in cell volume and other morpho-
logical changes ultimately leading to apoptosis (De Schrijver et al., 2003).
Inhibiting FASN with small molecules (cerulenin, C75, orlistat), or with siRNAs
induces endoplasmic reticulum stress and activation of the unfolded protein
response (UPR) (Little et al., 2007). The UPR is able to induce cell death if
homeostasis is not restored and, therefore, FASN inhibitors may be inducing cell
death that is mediated by the UPR (Fig. 7.3) (Little et al., 2007).

When FASN is inhibited malonyl-CoA accumulates (Pizer et al., 2000). One
hypothesis for the mechanism of FASN inhibitor-induced cell death is attrib-
uted to this accumulation of malonyl-CoA and, potentially, its interaction
with CPT-1, the enzyme responsible for transferring fatty acids into the
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mitochondria for oxidation. Malonyl-CoA acts as a natural inhibitor of CPT-1
activity to prevent fatty acids being simultaneously synthesized and then oxi-
dized (McGarry et al., 1983). Driving this hypothesis is a study showing that
co-treating breast or ovarian cancer cells with the ACC inhibitor 5-(tetradecy-
loxy)-2-furoic acid (TOFA) partially rescues cell death induced by FASN
inhibitors C75 and cerulenin (Pizer et al., 2000; Zhou et al., 2003). However,
C75 alone can increase CPT-1 activity and directly compete with malonyl-CoA
(Thupari et al., 2002; Yang et al., 2005). Therefore, it is important to note that
MCEF-T7 cells co-treated with C75 and the CPT-1 inhibitor etomoxir show no
effect on C75-induced cell death (Zhou et al., 2003). Hence, malonyl-CoA
accumulation, not CPT-1 activation, is mediating death induced by FASN
inhibitors (Fig. 7.3). In addition, siRNA-mediated knockdown of FASN
induces accumulation of ceramide and malonyl-CoA that leads to inhibition
of CPT-1 and induction of apoptotic genes BNIP3, TRAIL, and DAPK?2
(Bandyopadhyay et al., 2006).

Upstream lipogenesis mediators ACL and ACC are also important in main-
taining tumor cell survival. RNAi-mediated knockdown or chemical inhibition
of ACL in human tumor cells decreases proliferation and induces cell death in
vitro and limits tumor growth by stimulating differentiation of tumor cells in
vivo (Hatzivassiliou et al., 2005). ACL inhibition can also can impair Akt-
mediated tumorigenesis and induce tumor cell death (Bauer et al., 2005). In
addition, silencing ACC using RNAI induces apoptosis in breast and prostate
cancer cells (Brusselmans et al., 2005; Chajes et al., 2006). Chemical inhibition
of ACC can also induce tumor cell death (Beckers et al., 2007). While the effects
of FASN inhibitors on tumor cells are clearly pleiotropic, and in some cases
maybe even specific to the tumor type, it is evident that many of the effects can
ultimately be tied to decreases in de novo synthesized fatty acids which can
be extended to phospholipid synthesis. Whatever the mechanisms may be, the
data clearly suggest that FASN occupies an important regulatory position in
tumor cells to facilitate the processes that lead to tumor cell proliferation and
survival.

7.5 Concluding Remarks

In summary, FASN is upregulated in multiple tumor types and correlates
with poor patient prognosis and reduced survival. Correspondingly, a body of
literature has demonstrated a requirement of FASN activity for tumor cell
viability. Phospholipids synthesized from FASN-derived palmitate are impor-
tant for cell cycle progression, lipid raft signaling, and endoplasmic reticulum
homeostasis, all of which contribute to tumor cell survival, thereby, under-
scoring the importance of FASN. These findings signify a central role for fatty
acid synthesis in critical cellular processes. In addition, tumor cells have devel-
oped feedback mechanisms to mediate crosstalk between FASN and signaling
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pathways like PI3-kinase and Her2/Neu. The discovery and development of
pharmacological agents that block FASN activity suggest that FASN can be
targeted for anti-tumor therapy. So far, anti-FASN drugs have successfully
inhibited tumor growth in several tumor models with minimal side effects.
Therefore, FASN represents a highly tractable anti-tumor target with signifi-
cant clinical potential.
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Chapter 8

Lipids in the Assembly of Membrane Proteins
and Organization of Protein Supercomplexes:
Implications for Lipid-Linked Disorders

Mikhail Bogdanov, Eugenia Mileykovskaya and William Dowhan

Abstract Lipids play important roles in cellular dysfunction leading to discase.
Although a major role for phospholipids is in defining the membrane perme-
ability barrier, phospholipids play a central role in a diverse range of cellular
processes and therefore are important factors in cellular dysfunction and dis-
ease. This review is focused on the role of phospholipids in normal assembly and
organization of the membrane proteins, multimeric protein complexes, and
higher order supercomplexes. Since lipids have no catalytic activity, it is diffi-
cult to determine their function at the molecular level. Lipid function has
generally been defined by affects on protein function or cellular processes.
Molecular details derived from genetic, biochemical, and structural approaches
are presented for involvement of phosphatidylethanolamine and cardiolipin in
protein organization. Experimental evidence is presented that changes in phos-
phatidylethanolamine levels results in misfolding and topological misorienta-
tion of membrane proteins leading to dysfunctional proteins. Examples are
presented for diseases in which proper protein folding or topological organiza-
tion is not attained due to either demonstrated or proposed involvement of a
lipid. Similar changes in cardiolipin levels affects the structure and function of
individual components of the mitochondrial electron transport chain and their
organization into supercomplexes resulting in reduced mitochondrial oxidative
phosphorylation efficiency and apoptosis. Diseases in which mitochondrial
dysfunction has been linked to reduced cardiolipin levels are described. There-
fore, understanding the principles governing lipid-dependent assembly and
organization of membrane proteins and protein complexes will be useful in
developing novel therapeutic approaches for disorders in which lipids play an
important role.
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Abbreviations CL, cardiolipin; CFTR, cystic fibrosis transmembrane
conductance regulator; Complex I, NADH:ubiquinone oxidoreductase;
Complex II, sucinate:ubiquinone oxidoreductase; Complex III, cytochrome
bcy complex (ubiquinone:cytochrome ¢ oxidoreductase); Complex 1V,
cytochrome ¢ oxidase; Complex V, FFy-ATP synthase; DGIlcDG,
diglucosyldiacylglycerol; ER, endoplasmic reticulum; GPI, glycosaminylated
phosphatidylinositol; LacY, lactose permease; NKT, natural killer T; NBD-1,
first nucleotide binding domain; MGIlcDG, monoglucosyldiacylglycerol; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine TM,
transmembrane domain.

8.1 Introduction

Deciphering the role of lipids in normal and dysfunctional cell function is a
more complex and challenging task than defining similar roles for specific
proteins. Roles for individual lipids and lipid classes are diverse and widespread
throughout a cell where individual proteins have narrow and well-defined
functions that usually are localized to discrete cellular locations. Lipids define
the essential membrane permeability barrier of cells and internal organelles.
The membrane lipid bilayer is a dynamic non-covalent supermolecular organi-
zation of individual lipid molecules whose combined physical and chemical
properties define the matrix within which membrane proteins are organized.
Lipids govern the folding, organization, and final structure of all membrane
proteins. Lipids directly influence and modulate the function of membrane
proteins and a large number of amphitropic proteins that reversibly interact
with the membrane surface. They act as metabolic signaling molecules and are
the substrates for posttranslation modification of proteins.

Lipids exert their influence on cellular processes through their diverse che-
mical spectrum and the cooperative physical properties of lipid mixtures of
variable composition (Dowhan, 1997; Dowhan et al., 2008). The complexity of
the lipidome is often not fully appreciated. Eukaryotic cells contain phospho-
lipids, sphingolipids, and glycolipids with a wide variation in the hydrophilic
headgroups as well as diverse fatty acid compositions. Add to this complexity
other lipids such as steroids and fatty acid derived cellular products, and the
complexity of the lipidome equals or exceeds that of the proteome. While the
basic characteristics and structure of the proteome among all organisms are
largely conserved, lipid complexity increases significantly when all forms of life
are considered. Through the efforts of LIPID MAPS in the United States
(Schmelzer et al., 2007) and the European Lipodomics Initiative (van Meer
et al., 2007), the composition of the lipidome is rapidly approaching the level of
detail available for the proteome. This type of structural information will be
essential for complete understanding of the molecular basis for normal lipid
function and lipid-related cellular dysfunction in disease.
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Lipids are not covalently bound in membranes but rather interact dynami-
cally to form transient arrangements with asymmetry both perpendicular and
parallel to the plane of the lipid bilayer. The fluidity, supermolecular-phase
propensity, lateral pressure and surface charge of the bilayer matrix is largely
determined by the collective properties of the complex mixture of individual
lipid species, some of which are shown in Fig. 8.1. Lipids also interact with and
bind to proteins in stiochiometric amounts affecting protein structure and
function. The broad range of lipid properties coupled with the dynamic orga-
nization of lipids in membranes multiplies their functional diversity in modulat-
ing the environment and therefore the function of membrane proteins.

The pleiotropic function of even a single lipid and its widespread distribution
within a given cell poses difficult challenges to defining roles for a lipid in
cellular processes. Unlike proteins lipids display no inherent catalytic activity
and are not encoded by genes so that many of the initial clues to lipid function
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Fig. 8.1 Structure of glycerol-based lipids. Stick drawing represents carbon backbone of
headgroup (bold) and fatty acid chains. “R” represents hydrocarbon chains ranging from 10
to 22 in length with and without double bonds. Headgroups are attached to the sn-3 position
of glycerol and the nature chirality is noted for the sn-2 position
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outside of forming membrane bilayers have been derived from in vitro studies.
Lipid function is many times defined by an effect on a biological process or
enzyme reaction elicited by addition of a lipid. Often not considered in such
experiments is the effect of the physical properties of a lipid since within any
give set of lipids with the same hydrophilic domains exists a large array of
possible hydrophobic domains (such as the diverse fatty acid composition of
phospholipids). Although there is a large body of information describing the
physical properties (phase properties, supermolecular organization, fluidity,
etc.) of individual lipids and lipid mixtures, it is still not clear how to translate
this information into a biological function or mechanism. Is the affect of a lipid
on a process studied in vitro due to its physical properties, its chemical proper-
ties or an artifact due to adding a lipid with the wrong properties? Therefore,
studying lipid-protein interaction only in vitro has serious limitations. However,
studies in vivo pose additional obstacles. Genetic approaches are indirect since
mutations must be made in genes that encode for biosynthetic enzymes along
a pathway leading to a final lipid product. Such mutations result in changes in
multiple lipid intermediates many of which may have important functions. In
many cases such mutations are lethal causing loss of membrane integrity before
more specific functions are affected and identified. The cumulative effect of loss
of diverse functions often results in cell death and in complex phenotypes,
especially in eukaryotic cells containing multiple organelles. However, in
many cases viable lipid mutants in culture and even in whole animals have
been generated. Defining lipid function requires biochemical dissection of
biological processes as influenced by lipids and must be based on full knowledge
of the physical and chemical properties of lipids. The in vitro properties must be
verified by and be consistent with the properties of cells whose lipid metabolism
and composition have been subjected to molecular genetic manipulation. Mole-
cular genetic manipulation of cellular lipid metabolism has been most widely
applied to bacteria and S. cerevisiae (Dowhan et al., 2004), but such approaches
are increasingly successful in mammalian cell culture and whole animals.
Membrane proteins represent at least 30% of the all currently sequenced
genomes and represent 60 percent of drug targets. In addition at least an equal
number of proteins transiently interact with the membrane surface. More than
half the drug targets pursued by pharmaceutical companies are related to
membranes or membrane bound proteins (Drews, 2006). Effective drug design
is dependent on understanding membrane protein structure and the rules that
govern the folding and assembly of native and mutant membrane proteins as
well as the principles governing interaction of “soluble” proteins with the
membrane. In the past decade major advances have been made towards under-
standing the mechanisms by which polytopic membrane proteins fold and
assemble in cellular membranes. However, the role that lipids play in the folding
and assembly of membrane proteins, in the higher order organization of mole-
cular machines, and in stabilizing final functional organization of proteins has
only recently received attention. Through genetic manipulation of cellular lipid
composition, it is now clear that membrane lipid composition is a determinant
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in the folding and topological organization of membrane proteins. Recent
advances in detailed structural analysis of membrane proteins coupled with
genetic manipulation of lipid composition has demonstrated that lipids play a
specific role as integral components of multisubunit membrane protein com-
plexes and higher order organization of complexes into molecular machines.
Therefore, how lipids influence folding, assembly and function of proteins will
be useful in developing novel therapeutic approaches for disorders involving
proteins that associate with the membrane.

This review will focus on a combination of molecular genetic and biochem-
ical studies on the role of primarily phosphatidylethanolamine (PE) and cardi-
olipin (CL) in the folding and organization of individual membrane proteins
and multicomponent supercomplexes. The results of such studies will be related
to the known and possible involvement of lipids in diseases resulting from lack
of proper organization of membrane proteins. Rather than being an inclusive
review of protein-lipid interactions, the aim is to select specific well-documented
examples of lipid-protein interactions to illustrate the broader role of lipids in
determining cellular function.

8.2 Lipid-Assisted Protein Folding
8.2.1 Experimental Evidence for Lipid-Assisted Folding of Proteins

Molecular chaperones, traditionally proteins, facilitate the folding of proteins
by interacting non-covalently with non-native folding intermediates and not
with either the native or totally unfolded protein. When folding is complete,
molecular chaperones are not required to maintain proper conformation. How-
ever, molecular chaperone function is not restricted to proteins (Bogdanov
et al., 1996; Ellis, 1997). Specific lipids are able to interact with partially folded
proteins in a transient manner in either de novo protein folding or protein
renaturation in vitro similar to that of protein molecular chaperones.

The most compelling evidence for a specific role of phospholipids in mem-
brane protein folding is the requirement for PE in the folding of the integral
membrane protein lactose permease (LacY) of Escherichia coli (Bogdanov and
Dowhan, 1999). LacY is organized within the inner cytoplasmic membrane as
twelve transmembrane domains (TMs) connected by alternating solvent
exposed cytoplasmic and periplasmic domains with both the N- and C-terminus
oriented inward (Fig. 8.2). Normal assembly of LacY occurs into E. coli
membranes containing an abundance of PE (70% with the remainder being
about 20% phosphatidylglycerol (PG) and 5% CL) so that a separation
between phospholipid-assisted and unassisted folding pathways cannot be dis-
tinguished in vivo. Studies of the lipid-assisted folding of periplasmic domain P7
connecting segments TMVII and TMVIII of LacY was made possible by a
conformation specific monoclonal antibody directed to domain P7, viable
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Fig. 8.2 Topological models for LacY as a function of lipid composition. Topology of LacY
in PE-containing (+ PE) and PE-lacking (-PE) E. coli cells is illustrated in the upper left and
right diagrams, respectively. The topology of LacY after initial assembly in cells lacking PE
followed by post-assembly synthesis of PE is shown in the bottom diagram. The sequences
within the rectangular shaded areas (TMs) define the amino acids that lie within the 27 A
hydrocarbon core of the bilayer excluding the lipid head groups. The darkly shaded TMs are
those that undergo rearrangements as a function of membrane lipid composition (see text).
TMs (Roman numerals), extramembrane domains (P in black for periplasmic and C in gray
for cytoplasmic domains as in PE-containing cells), N-terminus (NT) and C-terminus (CT)
are shown. The minus signs in TMVII represent the negative amino acids that salt bridge in
PE-containing cells with positive residues in TMX and TMXI

mutants of E. coli lacking PE, and the development of a modification of the
Western blotting procedure (Eastern-Western blot) that allowed renaturation
of proteins in the presence of lipids on a solid support (Bogdanov et al., 1996,
1999). The loss of uphill energy-dependent transport function of LacY in
mutant cells lacking PE was initially correlated with misfolding of domain P7
that is crucial for uphill energy dependent transport of substrate (Sun et al.,
1996). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (which only
partially denatures LacY) followed by Western blotting analysis (using the
conformation specific monoclonal antibody) of LacY from PE-containing
cells demonstrated that the protein could be separated from PE (as determined
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by absence of radiolabeled phospholipid) and still retain its native structure
with respect to domain P7. However, LacY from cells lacking PE was not
detected by the conformation specific monoclonal antibody but was detected
by a polyclonal antibody. Thus LacY is “denatured” in vivo with respect to the
P7 domain by assembly in a non-native lipid environment. Therefore, once
information was imparted during folding of LacY in vivo in the presence of PE,
this lipid was no longer required for maintenance of proper conformation of the
protein.

The misfolding of LacY due to assembly in PE-lacking cells was corrected by
employing the Eastern-Western blotting technique in which LacY was exposed
to hydrated phospholipids during renaturation from sodium dodecyl sulfate on
a solid support followed by probing with a conformation specific monoclonal
antibody (Bogdanov and Dowhan, 1999; Bogdanov et al., 1996, 1999). LacY
regained the native conformation of domain P7, which was absent during in vivo
assembly, after renaturation in the presence of specifically PE. Anionic lipids
PG and CL and “foreign” lipids such as phosphatidylcholine (PC) did not
support proper refolding. Proper refolding did not occur with protein exten-
sively denatured by sodium dodecyl sulfate-urea treatment. In addition mono-
clonal antibody recognition of LacY assembled either in vitro (Bogdanov and
Dowhan, 1998) or in vivo (Bogdanov et al., 2002) in the absence of PE could be
restored after its insertion and assembly by the initiation of PE synthesis in the
absence of new synthesis of LacY.

The interaction between lipids and partially folded LacY during refolding
was found to be structurally specific. Both the chemical properties of the
individual lipid molecules and the collective properties of phospholipid mix-
tures were determinants supporting proper protein folding (Bogdanov et al.,
1999). Minimal requirements for refolding were lipid mixtures in the bilayer
state containing diacyl phospholipids with an ionizable primary amine (i.e., PE,
phosphatidylserine (PS), and mono- and dimethyl-PE, but not PC). Non-
bilayer prone forms of PE were only effective if mixed with an excess of bilayer
forming lipids. Stereoisomers of amino-containing lipids with either unnatural
backbone or head group configuration did not support proper refolding. There-
fore, there is a specific requirement for an ionizable amine-containing phos-
pholipid of natural chirality and preference for bilayer organization to facilitate
proper folding of LacY into its native conformation. Thus PE appears to
facilitate in vitro refolding and in vivo folding into a fully native conformation
by interacting with LacY via a transient non-covalent interaction with a folding
intermediate and fulfills the minimum requirements of a molecular chaperone.

Is lipid-assisted folding a widespread phenomenon and possibly applicable
to soluble proteins? The erythrocyte membrane contains about 20-mole % of
PE that is almost exclusively localized in the inner leaflet and is in contact with
highly concentrated heme-containing proteins. The refolding of the denatured
soluble and heme-containing enzyme horseradish peroxidase (HRP) was fol-
lowed in the presence and absence of liposomes made up of different phospho-
lipids (Debnath et al., 2003). Remarkably, dimyristoyl-PE (a bilayer-forming
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PE) was able to drastically increase the yield of renatured enzyme relative to
refolding in the absence of liposomes. However, dioleoyl-PE, which does not
favor bilayer organization, did not support proper refolding. PCs containing a
wide range of fatty acids were either non-supportive of refolding or inhibited
refolding relative to folding in the absence of liposomes. Moreover Trpl17
quenching through energy transfer with the heme moiety indicated that the
denatured protein after dimyristoyl PE-assisted folding assumed an overall
conformation similar to that of the native protein with the heme moiety in a
native-like conformation. Therefore, LacY and the peroxidase share common
requirements for proper refolding dependent on lipids.

Based on all these results lipids can function as non-protein molecular
chaperones or lipochaperones that specifically mediate the folding of proteins
thereby extending the definition of chaperones to other biomolecules in addi-
tion to proteins (Bogdanov and Dowhan, 1999).

8.2.2 Lipochaperones and Protein Folding Disorders

8.2.2.1 Alzheimer’s and Scapies Diseases

Even under healthy conditions the energetic balance between folding and mis-
folding pathways of membrane proteins is very delicate and fragile (Sanders
and Myers, 2004). Therefore, membrane protein folding can be re-routed in
the pathophysiological direction by both mutations and changes in protein
environment including the membrane lipid composition. Errors in insertion
(Milenkovic et al., 2007), folding (Lin and Liu, 2006), localization and intra-
cellular trafficking (Aridor and Hannan, 2000), processing (Fadiel et al., 2007)
or degradation (Gelman and Kopito, 2003), and turnover (Sambamurti et al.,
2006) of integral transmembrane proteins are responsible for numerous diseases
including neurodegenerative cerebral amyloidoses, cystic fibrosis and others
(Harrison et al., 2007). Misfolded proteins fail to be degraded and become
prone to formation of toxic aggregates. Diverse disorders such as Alzheimer’s
disease and prion/scrapie disease (Monaco et al., 2006), cystic fibrosis
(Mendoza and Thomas, 2007) and even cataract formation (Crabbe, 1998)
and type 2 diabetes (Hayden et al., 2005) arise from protein misfolding and
are grouped together under the category of conformational diseases.

Prion and scrapie diseases are linked with the conformational transition of
normally monomeric a-helical cellular prion protein, PrP¢, to a B-sheet-rich
pathogenic form, PrP5¢, which is prone to aggregation. A similar conforma-
tional transition of the normal cellular form of a—helical amyloid peptide (xAP
(1-40)) into the disease-specific largely B-sheet form of amyloid peptide (BAP
(1-40)) occurs in Alzheimer’s disease, which results in amyloid deposits (Monaco
et al., 2006). So far more than 19 different mutations in the human PrP gene
have been linked with inherited prion diseases (Monaco et al., 2006). However,
the molecular event triggering the spontaneous conversion of wild-type and
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mutant PrP¢ forms to the infectious PrPSC isoform is still unknown. Since a AP
is normally produced as a soluble peptide, the question arises as to what
conditions induce conversion to the BAP form and aggregation of the peptide?
Thus the search for molecules interacting with cellular forms of PrP or Alzhei-
mer amyloid peptide is a major effort in the study of transmissible amyloidoses.

An abundance of evidence exists suggesting that specific membrane lipids
might serve as templates or nucleation sites, which play an important role in
these two diseases by promoting the pathological folding of these proteins in
vivo. Syrian hamster prion protein PrP has a high affinity for negatively charged
phospholipid membranes, but it does not bind to membranes made of only
zwitterionic PC (Sanghera and Pinheiro, 2002). The association of human
(Morillas et al., 1999) or Syrian hamster PrP (Sanghera and Pinheiro, 2002)
to negatively charged membranes is accompanied by an increase in B-sheet
structure, which results mostly from electrostatic lipid-protein interactions
while binding of PrP to zwitterionic membranes composed of saturated PC
mixed with cholesterol and sphingomyelin in a raft-mimicking ratio leads to a
stabilization of a-helical structure through predominant hydrophobic lipid-
protein interactions. Therefore electrostatic lipid-PrP interactions appear to
promote B-sheet formation, while hydrophobic lipid-protein interactions seem
to preserve a-helix formation (Sanghera and Pinheiro, 2002).

A growing number of observations indicate that at least some pathological
effects of the BAP (1-40), the major component of Alzheimer plaques, could be
mediated by peptide-lipid interactions. This peptide binds (Yanagisawa et al.,
1995) to ganglioside GM1 containing membranes and upon binding undergoes
a rapid conformational transition from random coil to an ordered conforma-
tion rich in B-sheet structure which was not detected upon binding to ganglio-
side-free liposomes composed of zwitterionic phospholipids (PC), acidic
phospholipids (PG and PS ) or the isolated oligosaccharide moiety of the
ganglioside (Choo-Smith and Surewicz, 1997). Furthermore, GM1 tends to
accumulate in certain regions of neurons forming ganglioside-rich domains in
neural membranes. Since GM1-bound BAP (1-40) is associated with early
diffuse plaques, it was suggested that GM 1-bound peptide may act as a tem-
plate that facilitates self-aggregation of BAP peptides as a precursor to forma-
tion of a mature amyloid plaques (Yanagisawa, 2005). Therefore, ganglioside
appears to act as an anti-chaperone by inducing a misfolding event. Taken
together, these data suggest that structural propensities of AP and PrP peptides
are determined by the nuances of specific lipid environments and major con-
formational changes in prion and Alzheimer proteins may involve lipids as
auxiliary molecules in the pathogenesis of these diseases.

8.2.2.2 Lipid Basis for Cystic Fibrosis

Lack of Phe508 in the first nucleotide binding domain (NBD-1) of the cystic
fibrosis transmembrane conductance regulator (CFTR) is the molecular basis
for the most common form of cystic fibrosis (Mendoza and Thomas, 2007).
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Isolated NBD-1 lacking Phe508 displays a kinetic defect in folding as evidenced
by a dramatic reduction in the refolding efficiency starting from an unfolded
state (Qu et al., 1997). This mutant form of CFTR fails to reach the plasma
membrane and is retained in the endoplasmic reticulum (ER) membrane due to
either illicit interactions between the mutated domain and molecular chaper-
ones or other cellular factors in the ER (Cheng et al., 1990). The ability of
acrylamide to quench the fluorescence of Trp496 located within the wild-type
NBD-1 was drastically suppressed in the presence of PS while PC failed to
protect this residue from acrylamide quenching (Eidelman et al., 2002). How-
ever, the changes in secondary structure due to a Phe508 mutation resulted in
protection of Trp496 in the presence of both PC and PS. Thus the wild-type
NBD-1 interacts selectively with PS while NBD-1 carrying the Phe508 mutation
loses the ability to discriminate between these two phospholipids (Eidelman
et al., 2002). This observation demonstrates that specific phospholipid-protein
interactions are critical in maintaining the defined structure of the NBD-1
domain and that mutations that change the dynamics of this interaction may
be the molecular basis for misfolding of the protein. The authors suggested that
this lipid-specific effect on the conformation of the Phe508 mutant form of
NBD-1 may have pathophysiological significance for cystic fibrosis and postu-
lated that the trafficking defect for mutant CFTR might be based on aberrant
interactions with PC since changes in cellular content of PC appear to have an
drastic effect on mutant CFTR maturation and trafficking in vivo (Eidelman
et al., 2002). The quantitative replacement of a large fraction of the PC with
phospholipid analogues whose headgroups correspond to an analogue supple-
ment (either 2-aminobutanol, methylethanolamine or 3-aminopropanol) in the
media resulted not only in an increase in the total amount of mutant CFTR, but
also in an effect on maturation leading to an increase in higher molecular weight
forms of CFTR in a dose-dependent manner. In contrast cells expressing wild-
type CFTR responded to the various supplements with either little change or
reductions in CFTR level, indicating that choline headgroup replacement dif-
ferentially affects the maturation and stability of wild-type and mutant CFTR.

8.2.2.3 Lipid Involvement in Biogenesis of CD1 Molecules

Almost a decade ago, immunology faced a paradigm shift when it became
apparent that specialized CD1 — restricted T lymphocytes recognize not only
peptides but also lipid antigens (Gumperz, 2006; Joyce, 2001). Antigenic lipid —
CD1 complexes can present foreign glycolipid antigens to a special subpopula-
tion of T cells, the CD1-restricted invariant natural killer T (NKT) lymphocytes
(Brutkiewicz et al., 2003; Parekh et al., 2005). Human CD1d molecules can
present several types of foreign lipid and glycolipid components of the cell wall
of pathogenic bacteria, mycobacteria and protozoa lipids. Exogenous lipids
of foreign origin with large oligosaccharide headgroups or long alkyl chains
require internalization via the endocytic system to the lysosomes prior to
binding to CD1d molecules (Porcelli, 2001; Roberts et al., 2002).
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In vitro CD1d molecules appear to bind a wide variety of lipids that vary in
the chemical properties (Joyce, 2001). The crystallographic structure of CD1d
protein shows a narrow hydrophobic ligand-binding cleft specifically designed
to bind lipids rather than peptides (Koch et al., 2005). The lipid ligand of CD1d
as initially isolated from in vivo sources is highly restricted to phosphatidylino-
sitol (PI) and the glycosaminylated PI (GPI) of GPI-linked proteins (De Silva
et al., 2002; Joyce et al., 1998). However, repeated attempts to activate NKT
cells by the addition of purified PI or GPI have failed (De Silva et al., 2002;
Molano et al., 2000). The fact that NKT cells do not recognize the CD1d-PI/
GPI complex implies that they are not the ligand recognized by NKT cells (De
Silva et al., 2002). The apparent exclusive association of PI with CD1d in vivo
occurs during assembly in the ER membrane (De Silva et al., 2002). This
paradox can be explained as follows. Loading of the lipid-binding site exclu-
sively with PI/GPI occurs in the ER and is maintained through the normal
secretory pathway to the plasma membrane. Upon endocytosis and passage
through the lysosomes, CD1d protein exchanges lipids loaded in the ER for
lipids of foreign origin that have also been internalized via the endocytic system.
CD1d protein with its newly acquired lipid ligand is then recycled to the plasma
membrane where the antigenic lipid-CD1d complex is recognized by NKT cells.
This temporal association of ER lipids with CD1 protein during biogenesis can
satisfy all structural and physiological requirements of a molecular chaperone
by: first, protecting and preserving the integrity of the large hydrophobic lipid
antigen-binding groove from collapse during trafficking; second, occupying the
site to prevent premature lipid antigen loading; third, occupying the binding site
with easily dissociated ligand that later might be exchanged for a lipid antigen in
the lysosomes (De Silva et al., 2002; Joyce, 2001; Park et al., 2004). Thus,
assembly of CD1 with cellular lipids in the ER is an evolutionarily conserved
feature of a chaperone-like role for lipids involved in biogenesis of CD1.

8.2.2.4 Lipid Involvement in Diabetes

Because of its importance to human health, insulin has been one of the most
studied biological molecul