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ABSTRACT: Dietary polyunsaturated fatty acids (PUFAs)
function not only by altering membrane lipid composition, cellular
metabolism, signal transduction, but possess also effects on gene
expression by regulating the activitylabundance of different nuclear
transcription factors: peroxisome proliferator activated receptors,
retinoid X receptors, liver X receptors, hepatic nuclear factors-4a,
and sterol regulatory binding proteins 1 and 2. PUFAs regulate
the expression of genes in various tissues, including the liver, heart,
adipose tissue, and brain, playing a major role in carbobydrate,
Jfatty acid, triglyceride, and cholesterol metabolism. Before binding
to transcription factors, PUFAs must be absorbed in the intestine
and delivered to cells, and then they must enter the cell and the
nucleus. PUFA concentration within the cell depends on many
different factors, and regulate their possibility to act as
transcription modulators. The aim of this review is to summarize
recent knowledge abour PUFASs destiny from diet to nuclear factors
binding, examining the different variables which can modulate
their interaction with nuclear factors themselves and therefore
their effect on gene expression.
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INTRODUCTION

Although since long ago nutrition has clearly had a predominant
role in health management, the mechanisms by which certain
nutrients are essential for optimal health and for the prevention of
human diseases have been elucidated only recently, and in some
cases not completely. At the beginning of the 20th century two
fatty acids (FAs), linoleic (C18:2n-6, LA) and a-linolenic (C18:3n-
3, ALA), were recognized as essential, and later on the positive
effects of their elongated and desaturated derivatives, n-6 and n-3
polyunsaturated fatty acids (PUFAs), appeared clear. Prior to the
‘90s, it was commonly believed that PUFAs exerted their effects
through changes at the level of membrane phospholipids (PLs) or
through the production of signalling molecules such as eicosanoids.
Only in 1992 Gorttlicher et al. (Gotdicher etal., 1992) established
the existence of nuclear receptors capable for binding FAs and thus
affecting gene transcription.

Since the initial description of peroxisome-proliferator activated
receptors (PPARs), a number of other transcription factors have
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been identified as targets for regulation by FAs or their  Figure 1. From diet to nucleus.

metabolites, including retinoid X receptor (RXR), hepatic

Plasma non-esterified fatty acids (NEFAs) derived from chilomicrons and VLDLs or

nuclear factor 40t (HNF-4a), liver X receptor ()%anfi B mobilized from storage depots enter the cells via passive diffusion or transporters.
(LXRovand B), and sterol regulatory element binding  nside the cells, NEFAs are converted by acylCoA synthases to fatty acylCoAs
protein-1c (SREBP-1c) (Clarke, 2004; Sampath and (FACoAs), which are substrates for B-oxidation, desaturation/elongation and

Ntambi, 2004).

assimilation into complex lipids, i.e. cholesterol esters (CEs), triacylglycerols (TAGs),

While examining the effects of FAs on gene phospholipids (PLs) and sphingolipids (SLs). Both NEFAs and FACoAs regulate the

transcription, it is seldom considered that, before exerting
their nuclear effects, they must be absorbed in the
intestine and delivered to cells; then they must enter the
cell and the nucleus, where they bind to nuclear factors
as non-esterified fatty acids (NEFAs) or as acyl CoAs. So,
to understand the effect of FAs on gene transcription, it
is important to consider what happens not only inside
but also outside the nucleus.

FROM DIET TO THE NUCLEUS

Since dietary components interact first with the
gastrointestinal tract, the mechanisms which regulate
the bioavailability (degree or rate at which a substance
is absorbed or become available at the site of
physiological activity) of a nutritional molecule is
fundamental to understand its bioactive role throughout

the body. The gastrointestinal tract is a very complex Adipose
organ, and many factors such as pH, motility, different Tissue

~
L)

microbial community, diet composition may influence
the bioavailability of a substance (Schneeman, 2002).
Although in physiological conditions lipids possess a
good bioavailability, their absorption is influenced by
so many factors that the plasma concentration of specific
FAs after the consumption of a meal is not easily predictable.

The quantitatively most important lipid component in the
human diet is triacylglycerol (TAG), which may amount to 100 g
per day or more. The fatty acyl groups in dietary TAGs may vary in
chain length from C2 to C24 and from saturated fatty acids to
unsaturated fatty acids with up to six double bonds. The structure
and fatty acid composition of TAGs affect their absorption and the
distribution of the fatty acids in the body following digestion and
absorption (Mu and Porsgaard, 2005). Furthermore, little is known
about the influence of genetic polymorphisms on nutrient
absorption, but an association between plasmatic NEFAs and
polymorphism of intestinal fatty acid binding proteins (I-FABDs)
has been suggested (Pratley et al., 2000).

Long chain fatty acids (LCFAs) are bound by I-FABPs, which
transport them in the cytoplasm of columnary absorptive epithelial
cells of the small intestine (Darimont et al., 2000). LCFAs absorption
is influenced by a polymorphism at codon 54 of the I-FABP gene
(Ala54Thr). These polymorphism results in a change from alanine
to threonine, and is associated with a higher affinity of [-FABP in
LCFA binding (Baier et al., 1995); Pima Indians homozygous for
the Thr54 allele have higher plasmatic concentration of NEFAs
after the consumption of a high fat meal (Pratley et al., 2000). This
finding indicates that polymorphism in genes encoding for intestinal
transporters may modulate bioavailability of dietary components,
and bioavailability, in its turn, may modulate the effects of nutrients.

activity/abundance of transcription factors. NEFAs released from PLs by phospholipase
A2 (PLA2) are substrates for ciclooxygenase (COX), lipooxigenase (LPX) and
cytochrome P450 (CYP). The resulting oxidized lipids can affect the activity of
transcription factors.
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Once absorbed, FAs are reassembled in lipoprotein complexes
and delivered to cells (figure 1). FAs esterified in chilomicron
TAGs mainly come from dietary lipids, while those esterified
in VLDL-TAGs derive from both diet and endogenous
biosynthesis. In all cases, TAGs are hydrolysed by the action of
lipoprotein lipase and NEFAs enter the cells, as well as
circulating albumin-bound NEFAs mobilized from storage
depots. While controversy still exists regarding the contribution
of passive diffusion versus protein-mediated FA transport, both
processes are now widely accepted. FAs cross the membrane by
a purely diffusive process, without the requirement of protein
mediators; different studies have suggested that diffusion is
rapid enough to account for all FA transport (Pownall and
Hamilton, 2003). On the other hand, many investigators
believe that FA transport is mediated by specific membrane
proteins via FA transporters.

Among these proteins are particularly: i. plasma membrane
fatty acid-binding protein (FABPpm), an approximately 43
kDa protein located peripherally on the plasma membrane
(Koonen etal., 2005); ii. fatty acid translocase (FAT)/CD36,
an 88 kDa integral membrane glycoprotein, with two predicted
transmembrane domains, which is identical to glycoprotein IV
or CD36 of human blood platelets and leucocytes (Koonen et
al., 2005); iii. fatty acid transport proteins 1-6 (FATP1-FATP6),
which are differently expressed in different tissues (Kalant and



Cianflone, 2004). There are several recent reports on the
regulation of proteins involved in FA transport, but how cells
and tissues may regulate FA transporters under normal
physiological conditions and in stress and disease is only
beginning to be elucidated (Mashek and Coleman, 2006). Not
surprisingly, factors activated by lipids or analogues often lead
to modulation of FA transporters. These modes of regulation
include transcriptional regulation through substrate-mediated
stimulation such as PPAR activation or translocation from
intracellular to plasma membrane compartments in the case of
FAT/CD36 (Cameron-Smith et al., 2003) and FATP1 (Stahl,
2004).

Beyond the proteins that control FA entry into the cell, there
are intracellular proteins that regulate partitioning to different
metabolic fates, such as TAG synthesis for storage, PL synthesis,
oxidation for energy, intracellular signalling, and protein
acylation. These proteins include the acylCoA synthases (ACSs)
and multiple small cytosolic proteins collectively termed fatty
acid binding proteins (FABPs) (Hanhoff et al., 2002; Glatz et
al., 2003).

Once in cells, NEFAs are rapidly converted to fatty acylCoA
thioesters by ACS (figure 1). At least six ACS have been
described, ACS-1 through ACS-5 and very long chain ACS
(Coleman etal., 2000; Jump, 2002b); each isoform can activate
a wide range of FAs, although some are most active toward
specific FA (i.e. ACS-4 is most active with 20:4n6, 20:5n-3
and 22:6n-3) (Jump, 2002a). Recent studies suggest that certain
ACS may channel acylCoA thioesters to specific metabolic
compartments, for example ACS-1 and ACS-4 are linked to
TAG synthesis (Lewin et al., 2001; Mashek and Coleman,
20006).

The conversion of NEFAs

t0 acylCoA by ACS is a rate- Table 1. Natural ligands of PPARs
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(C20:4 n-6, AA) or docosapentaenoic acid (C22:5n-3), is a
poor substrate for diacylglycerol acyltransferase, the terminal
step in TAG biosynthesis (Madsen et al., 1999; Berge et al.,
1999), and CoA thioesters of 20 and 22-carbon PUFAs are
poor substrates for acylcholesterol acyltransferase I (Seo et al.,
2001). Furthermore, PUFAs 222 carbons require prior
peroxisomal B-oxidation to shorten the FA before entry into
the mitochondrial -oxidation spiral, this causing a delay in
their oxidation (Sprecher, 2000). Taken all together these
situations may lead to a rise in the intracellular NEFA or acylCoA
levels of specific 20- and 22-carbon PUFAs (both n-6 and n-
3). The intracellular concentration of NEFAs and acylCoA
thioesters is low (< 10uM), as most of them are protein bound
(Jump, 2002a). FABPs are abundant cytosolic binding proteins
having molecular masses of 14-15 kDa, characterised by their
high affinity for hydrophobic molecules and their tertiary
structures (Glatz et al., 2002). At present, nine types of FABs
are known and each of them has an overlapping but somewhat
different substrate specificity, and each is encoded by a specific
gene under cell type regulation of transcription (for a review,
see Chmurzyfiska, 2006). Liver-FABP (L-FABP) is mainly
expressed in the liver and intestine, intestine-FABP (I-FABP)
in the intestine, heart-FABP (H-FABP) in the heart, muscle,
brown adipose tissue, prostate and placental trophoblast, and
adipose-FABP (A-FABP) in white adipose tissue. L-FABP, I-
FABP and H-FABP mRNAs are induced by PPAR« agonists,
while A-FABP is induced by PPARY agonists (Tontonoz et al.,
1994). Unbound NEFAs and acylCoA binds to affect the
activity of specific transcription factors; among them, PPARs
are considered those mainly involved in direct PUFA regulation
of gene expression.

determining step for

. . LIGAND KD REFERENCE

entering of FAs into P-
oxidation, elongation/ Palmitic acid, stearic acid 2-3 nM Hostetler et al., 2005
desaturation or assimilation L{nolmc' ac1d. =5n0M Lfn ctal.,, 1999
into complex lipids such as Lmole.nlc %Cld i =8 M Lfn etal, 1999
TAGs, cholesterol esters, or A'rach1don1c alej _ 15-20 nM Lin etal,, 1999
PLs. Sequestering into ElcosapentaenoTC ac%d n.d.
synthetic pathways such as Docosahexaenoic acid n.d.
lipid synthesis is also AcylCoA 1-4 nM Hostetler et al., 2005
influenced by enzymes that PGA,PGA,, PGB, PGD, PGE,,
“f P or “oull” FAs i PGF ,PGF, ,PGF, ,PGI, > 1000 uM Ferry et al., 2001
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into neutral lipids 1s.due 9 ["15-deoxy-A” ™ prostaglandin J, 325 nM-2.5 uM Nosjean and Boutin, 2002
tl;e fact :ihat CO[; thlls)lzsltlis Leukotriene B, submicromolar range Devchand et al., 1996
of 20 and 22-carbon s

are poor substrates for many
reactions; as examples,

PPAR ligands may be classified in synthetic ligands, such as peroxisome proliferators, hypolipidemic, anti-inflammatory
and insulin-sensitizing compounds, and in natural ligands. The main natural PPAR ligands are reported in the table,

eicosapentaenoic acid (C20:5 together with their Kd value, when determined. n.d. = not determined.

n-3, EPA) but not arachidonic
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Figure 2. Structure and splice variants of the PPARs.

A. The three PPAR isoforms share a similar modular structure with functionally
distinct domains which is typical to members of the nuclear receptor superfamily.
The N-terminal A/B domain mediates ligand-independent transcriptional
activation (AF-1); the C domain contains the DNA-binding domain
comprehensive of a two zinc-finger motif; the D domain is a hinge region; the
E domain is the ligand binding domain, which contains the ligand-dependent
transactivation function called (AF-2) and also offers the main surfaces for
dimerization as well as for interaction with regulatory proteins called cofactors.
B. Each PPAR family member is transcribed from a specific gene. Alternative
splicing and the use of different promoters give rise to different splice variants.
In humans, in addition to the full length mRNA for PPARQ, a splice variant
lacking the hinge region (playing a role in receptor dimerization) and the entire
ligand binding domain has been identified. The four splice variants for PPARS
give rise to one primary translation product. PPARY , y,, and 4, yield the same
protein product, PPARY, including the untranslated exons Al and A2, PPARy,
containing the untranslated exon A2, and PPARE, containing only exon 1-6,
which are common to all PPARY subtypes. PPARY, contains the translated
exon B1, so in humans the protein encoded by PPARY, has an additional 28
amiro acids in the N-terminus.
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is a hinge region. The E domain is the ligand binding domain
and comprises 120t helices and 4 3 sheets that fold to create
a large hydrophobic cavity where ligands are buried. The E
domain contains a ligand-dependent transactivation function
called AF-2 and also offers the main surfaces for dimerization
as well as for interaction with regulatory proteins called
cofactors.

Each PPAR family member is transcribed from a specific
gene. Alternative splicing and the use of different promoters
give rise to different splice variants (figure 2B); in humans, in
addition to the full length mRNA for PPAR, a splice variant
lacking the hinge region and the entire ligand binding domain,
possibly interfering with PPAR and other nuclear receptors
activity by competing for coactivators, has been identified
(Gervoisetal., 1999). The splice variants for PPARS give rise
to one primary translation product (Larsen et al., 2002).

Structural studies of the PPAR-y gene and mRNA
transcript support the existence of multiple PPAR-y isoforms.
The open reading frame (ORF) of the PPAR-Y gene consists
of exons 1 to 6. Exons 2 and 3 encode the DNA binding
domain, while exons 5 and 6 encode the ligand-binding
domain. The 52 -terminal region of the transcript is the most
variable and is the determinant of the PPAR-y isoform. Until
recently, three exons had been identified in the 52 -terminal
region in many species including rhesus monkey and human.
They are referred to as exon Al, exon A2 and exon B. They
are alternatively spliced with exons 1-6 of the ORF to
generate three well established isoforms of PPAR-y as shown
in figure 2B. PPAR-y, consists of untranslated exon Al and
A, spliced together with exons 1-6; the nRNA for PPAR-y,
consists of translated exon B and exons 1-6, so in humans
the protein encoded by PPARY, has an additional 28 amino
acids in the N-terminus. A third isoform, PPAR-y,, identified
in humans, consists of only untranslated exon A2 in its 52 -
terminal region and exons 1-6; PPARY, contains only exon
1-6, which are common to all PPARY subtypes.

Recently, Chen etal. (2006) identified two novel exons
in PPAR-y cDNA from monkey macrophages, which have
been called exon C and exon D. Both of these exons combine
with either exons A1-A2 or with exon B to form novel PPAR-

Y is o forms.

PROLIFERATOR ACTIVATED RECEPTORS (PPARs)

In 1990 PPARs were identified as transcription factors
(Issemann and Green, 1990), and in 1992 Gottilicher et al.
(Gottilicher et al., 1992) demonstrated that linoleic and
arachidonic acid potently activate them. The three PPAR
family members, PPARct (NR1C1), PPARS [NUC- 1, fatty acid-
activated receptor (FAAR), B, NR1C2], and PPARY (NR1C3),
have a canonical nuclear receptor organization (figure 2A).
The N-terminal A/B domain does not seem to be structured and
harbors a weak ligand-independent transactivation function
referred to as AF-1; the C domain contains the DNA-binding
domain comprehensive of a two zinc-finger motif that is
characteristic of the nuclear receptor superfamily; the D domain

PPAR0. is expressed at relatively high levels in liver, small
intestine, kidney, heart, and brown adipose tissue, and it is an
important player in regulating FA transport and oxidation, cell
proliferation, inflammatory crosstalk. PPARS is ubiquitously
expressed and it is involved in development, lipid metabolism,
proliferation of epidermal cells, myelination of nerves, wound
healing (Tan etal., 2003), adaptive responses to exercise in skeletal
muscle (Grimaldi, 2005). PPARYy plays a role in glucose
homeostasis, lipid metabolism, cell cycle, inflammation, and
carcinogenesis, and is an adipocyte differentiation factor (for a
review, see Feige etal., 20006). The expression of the various PPARy
isoforms shows tissue specificity. PPARY is the most widely
expressed, PPARY, is localized primarily in adipocytes, PPARY, is



found in adipocytes, colonic epithelium, and macrophages, while
the distribution of PPARY, is unclear (Sundvold and Lien, 2001;
Ferre, 2004).

Among the multitude of agents that activate the PPARs, many
have nutritional origin; for this reason it has been suggested that
PPARs mediate dietary regulation of gene expression. Some
specificity exist between ligands and the PPAR subtypes; structural
and amino acid differences in the binding pocket of the PPAR
isoforms contribute to selectivity for ligand binding (Xu et al.,
2001a). PPAR ligands may be classified in synthetic ligands,
such as peroxisome proliferators, hypolipidemic, anti-
inflammatory and insulin-sensitizing compounds, and in natural
ligands, such as medium- and long-chain fatty acids and
eicosanoids (table 1). LCFAs, particularly PUFAs, preferentially
activate PPARo (Hostetler et al., 2005), but are also capable of
activating PPARS and PPARY (Desvergne and Wahli, 1999).

Among LCFAs, 18 and 20-carbon FAs are likely preferred
ligands for PPAR activation (Jump, 2002a). Therefore activation
of PPARs by 22-carbon FAs will likely require prior retroconversion
to a 20- carbon PUFA, a process that requires peroxisomal 3-
oxidation. PPARa binds 18:1n-9 and 20:5n-3 with nearly equal
affinity (Xu et al., 1999a); notwithstanding, 20:5n-3 but not
18:1n-9 activates PPAR«L in primary rat hepatocytes. The simplest
explanation is that the intracellular NEFA pool available to activate
PPARa is subjected to metabolic regulation; since 20:5n-3CoA
has been reported to be a poor substrate for TAG synthesis, the
decrease in EPA assimilation into neutral lipids might elevate its
intracellular concentration to a level sufficient to activate PPARaL.

Although LCFAs are thought to be putative endogenous
PPAR« ligands, most radioligand bindingstudies demonstrated
that PPARobinds unsaturated LCFAs with only weak affinities
(Kd valuesin the micromolar range) and saturated LCFAs (lauric
and palmiticacids) are bound even less well (Forman etal., 1999).
These radioligand-based affinities for LCFAs are several orders of
magnitude weaker than PPARo affinity for synthetic xenobiotics.
Since nucleoplasmic LCFA concentrations are in the range of
39-68 nM (Huang et al., 2004), based on radioligand binding
assays it would appear unlikely that LCFAs are physiologically
significant endogenous ligands for PPARo. Otherwise, PPAR
binding pockets are 3-4 times larger than those of other nuclear
receptors, being therefore large enough to allow different FAs to
bind in multiple conformations (Blanquart etal., 2003). Flexible
PUFAs are probably physiologically relevant ligands of PPARs
even if they display lower affinity and activity compared to other
compounds, and PPARs may function as lipid sensors and
recognize a number of different metabolites rather than a single
high-affinity hormone (Egea et al., 2002). Very recently, using
direct fluorescence binding and fluorescence displacement assays,
Hoesteler et al. (2005) have provided significant evidence
indicating that PPAR« exhibits high affinity (15-20 nM Kd
values) for unsaturated (but not saturated) LCFAs. It is unclear
whether only unsaturated LCFAs represent physiologically
significant endogenous PPAR0 ligands.

Nowadays, increasing data indicate that also LCFA metabolites
suchas LCFA-CoAs may represent active endogenous high affinity
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PPARaligands (Hostetler etal., 2005). The observation of PPAR
high affinity for LCFA-CoAs and unsaturated LCFAs is in
agreement with the structure of the ligand-binding pocket of this
protein, which consists of 13 a-helices and four small B-strands,
with the binding pocket forming a “Y”-shaped cavity of 1400
A® (Xu et al., 1999a). This volume appears sufficient to
accommodate LCFAs as well as LCFA-CoAs, which have typical
volumes of <430 A* and <700 A’, respectively (Egea et al., 2002).
The overall structure of the ligand-binding domain region of
each PPAR subtype is very similar, with specific amino acid changes
determining ligand specificity between the subtypes (Blanquart
et al., 2003), suggesting that each PPAR subtype may interact
with acyl-CoAs.

Figure 3. PPAR binding to target genes.

PPARs exert their effect on gene transcription by dimerization with
the 9, cis-retinoic acid receptors (RXRs). The heterodimer binds to
ashort sequence of DNA, the PPAR response element (PPRE) present
in the promoter region of target genes. Many endogenous (table 1)
and exogenous PPAR ligands are known; RXR is activated by 9, cis-
retinoic acid, DHA and probably other polyunsaturated fatty acids.
Different co activators and co repressors are supposed to play a role
in PPAR regulation of target genes.
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PPARs exert their effect on gene transcription by dimerization
with the 9, cis-retinoic acid receptors (RXRs) (figure 3) (Feige et
al., 2005). The heterodimer binds to a short sequence of DNA,
the PPAR response element (PPRE) present in the promoter region
of target genes, which is a DR1 sequence (direct repeat of the
sequence AGGTCA, separated by one nucleotide) (Desvergne
and Wahli, 1999). If the nucleotide between the two hexamers is
an adenine, the binding affinity of the PPAR/RXR heterodimer is
greatly enhanced. Also the presence of an AA/TCT sequence 5'
of the PPRE increases affinity, since these DNA features result in
a polarity to the bound heterodimer, PPAR binding to the



100 Polyunsaturated fatty acids

upstream hexamer while RXR interacting with the lower, 3'
hexamer (Desvergne and Wahli, 1999).

RXRs bind the 9-cis isomer of retinoic acid (RA) only, while
other nuclear receptors, retinoic acid receptors (RARs), bind both
9-cis and all-transisomers (Shulman and Mangelsdor, 2005). RA
derives from dietary vitamin A (retinol), which can be converted
into retinal in cells. Retinal is the precursor of all-trans RA, which
can be enzimatically isomerised to 9-cis RA. The regulation of this
enzymatic step controls the 9-cis/all-trans ratio within the cell,
regulating RAR and RXR pathways (Parker, 1996).

Although RXRs can be active as homodimers, the RXR
heterodimers are the physiological relevant molecular species, and
since RXR is the obligate partner with several other nuclear
receptors, among which PPARs, it is a key receptor in many
pathways. Another peculiarity of RXR is its propensity to form
autorepressed homotetramer in the absence of ligands (Egea et
al., 2001).

RXR is also able to bind FAs, and docosahexaenoic acid (DHA)
has been shown to activate it (de Urquiza et al., 2000; Crawford
et al., 2003). DHA deficiency in rat and humans results in
abnormalities similar to those observed in RXR knock-out mice.
The ability of RXR to bind FAs underlines its potential
involvement in lipid homeostasis through complex feedback
mechanisms in association with other nuclear receprors such as
PPARs (Egeaetal., 2002). Other PUFAs closely related to DHA,
i.e. EPA or arachidonic acid, can activate RXR but with lower
efficiency, while other FAs such as erucic acid (C20:1) fail to do it
(Egea etal., 2002).

The conformational change that occurs upon ligand binding
to PPARs also facilitates the recruitment of coactivators: steroid
receptor coactivator-1 (SRC-1), CREB binding protein/p300
(CBP), RIP140, ARA70, members of the DRIP/TRAP family of
coactivators, PPAR interacting protein, PPARycoactivator-1, and
PPAR binding protein (PBP). Similar to other steroid hormone
receptors, there are also corepressors that associate with the PPARs:
nuclear receptor corepressor (NCoR) and silencing mediator for
retinoid- and thyroid-hormone receptors (SMRT), that dissociate
from the receptor upon ligand binding (for a review, see Feige et
al., 20006).

The activity of PPARs can be modified also by phosphorylation,
nitration, ubiquitylation and sumoylation. The impact of
phosphorylation on the activity of PPARs depends on the residue
being phosphorylated, and the kinase cascade that has been
activated (Gelman et al., 2005); nitration of tyrosine residues in
PPARY inhibits the translocation from the cytosol to the nucleus
(Shibuya et al., 2002). Ligand binding to PPARy induces
ubiquitilation (Hauser et al., 2000), and therefore receptor
degradation, while ligand binding to PPAR. stabilizes the receptor
by decreasing its rate of ubiquitilation (Blanquart et al., 2002).
Ligand binding also regulates sumoylation of PPARY, which
occurs on different lysine residue in a ligand-dependent or ligands-
independent manner and exerts different effects (Ohshima et al.,
2004). Ligands are therefore influencing PPAR activity in a very
complex manner.

Although the identification of a PPRE in the promoter region
is sometimes considered sufficient for considering a gene as a

PPAR-target gene, these stereotypic analyses is not sufficient to
explain tissue-specific PPAR action. The basal expression of several
genes is dominantly regulated in a tissue-specific manner, and not
induced by a PPAR ligand alone even if that tissue abundantly
expresses PPARs (Sato et al., 2002). This tissue specific PPAR
action can be explained by two possibilities: i. the responsive gene
is generally and dominantly repressed and PPAR/RXR alone
cannot activate transcription without a tissue specific enhancing
factor; ii. the gene is basically activated by PPAR/RXR alone but
cells express a repressor.

PUFAs binding to PPAR« results in rapid upregulation of
genes involved in lipid oxidation; in the meanwhile, PUFAs
downregulate lipogenic genes, such as FA synthase. This
downregulation is not mediated by PPARa, since it has been
shown also in PPAR0. null mice, indicating that some effects of
PUFAs are not mediated by PPARo (Sampath and Ntambi,
2004). PPARs can mediate indirect repressive effects termed
transrepression by inhibiting the activity of key transcription
factors. Transrepression may occur either by inhibiting the binding
of transcription factors to DNA through direct protein-protein
interaction (tethering) or by sequestrating cofactors necessary to
their activity (squelching). Anyway, ligand binding is fundamental
for PPAR repressive effects (Feige et al., 2006). Although the
above mentioned mechanisms could explain a PPAR mediated
repressive effects of PUFAs on gene expression, other transcription
factors have been identified as possible mediators for PUFA-related
downregulation of different genes.

INSIDE THE NUCLEUS: PUFAs AND OTHER
NUCLEAR RECEPTORS
Liver X receptors (LXRa and LXRp)

LXRo is found mainly in liver, kidneys, intestine, adipose tissue
and adrenal glands, while LXRf is more ubiquitariously expressed.
Both LXRs bind oxysterols and directly regulate the expression of
genes involved in hepatic bile acid synthesis. LXRs have also been
shown to regulate genes involved in lipid metabolism such as
lipoprotein lipase, fatty acid synthase, acetyl CoA carboxylase and
stearoylCoA desaturase 1. Furthermore, LXR indirectly regulate
the expression of lipogenic genes through the regulation of
SREBP-1c gene transcription (Zelcer and Tontonoz, 2006). LXR
functions by heterodimerizing with RXRat and binding DR-4
repeats termed LXR response elements (LXREs). FAs work in
different ways to antagonize the effects of LXRs in promoting
lipid synthesis and storage:

i unsaturated FAs antagonize oxysterol binding to LXRot
and inhibit LXR activation (Ou et al., 2001); the hierarchy
for this effect is 20:4n-6>18:2n-6>18:1n-9. Saturated FAs
have no effects.

ii. ~FAsinhibitbinding of the LXRat/RXRat heterodimers
to the LXRE (Yoshikawa et al., 2002).

iii. PPARoand PPARY that are activated by PUFAs have
been shown to directly bind LXRs and antagonize their
lipogenic effects probably by a competition between PPAR
and LXR for the RXR partner (Yoshikawa et al., 2003).
PPAR0. activators induce transcription of the LXRa., but



not LXRP, gene through cis-regulatory elements in the LXRot
promoter. Thus PUFAs may potentially induce LXRot levels
in cells, while inhibiting LXRat binding of oxysterols.

iv. binding of PUFAs to LXRs results in the inability of
LXR to induce transcription of SREBP lc, causing a
consequent decrease in lipogenesis (Sampath and Ntambi,

2005).

Hepatic nuclear factor-400 (HNF-401)

HNF-40 is a member of the hepatocyte nuclear factor family
that includes six different isoforms (Hayhurst et al., 2001). It
binds to DRI elements as a homodimer and seems to be
indispensable to hepatocyte differentiation and hepatic functions
such as cholesterol and lipoprotein secretion. It is expressed mainly
in liver, kidney, intestine, and pancreas and is capable of activating
target genes even in the absence of ligand (Hayhurst et al., 2001).

A wide array of hepatic genes is controlled either directly or
indirectly by HNF-4o.. These include the genes encoding
apolipoproteins CII, CIII, AII, AIV, enzymes involved in iron and
carbohydrates  metabolism  (L-piruvate  kinase,
phosphoenolpyruvate carboxykinase), cytochrome P450,
monooxygenases and bile acid synthesis (Hayhurst etal., 2001).

Fatty acylCoA thioesters at physiological concentrations can
modulate the activity of HNF-40 by directly binding to its ligand-
binding domain. The effect of this binding seems to be dependent
on factor such as chain length and degree of unsaturation of the
FA. While binding of saturated FAs (14:0CoA or 16:0CoA)
activate HNF-4a;, binding of 18:3n-3CoA, 20:5n-3CoA or
22:6n-3CoA results in repression of HNF-40. (Sampath and
Ntambi, 2004; Sampath and Ntambi 2005).

Sterol regulatory element binding protein (SREBP)
SREBP are helix-loop helix transcription factors involved in
the transcription of genes related to cholesterol and lipid synthesis.
Three SREBP have been described; SREBP 1a and 1lc are
transcribed from the same gene locus, but they differ for the N-
termini, SREBP1c being the predominant subtype expressed in
rodents and humans; a separate gene encodes SREBP 2. SREBP
1 has emerged as a regulator of FA and TAG synthesis, while
SREBP 2 regulates cholesterol synthesis (Osborne, 2000).
SREBPs are translated as large precursors tethered to the
endoplasmic reticulum where SREBP is bound at the C-terminal
end to SREBP cleavage activating protein. When cellular
cholesterol levels are high, Insig proteins bind and trap SREBP
cleavage-activating protein, retaining it in the endoplasmic
reticulum and preventing it from escorting SREBPs from
endoplasmic reticulum to the site of proteolytic activation in the
Golgi complex (Yabe et al., 2003).
With sterol depletion, both SREBP and SREBP-cleavage activating
protein move to the Golgi where proteases (site 1 protease and
site 2 protease) cleave the protein to release a mature transcriptional
form (nSREBP) that travels to the nucleus to bind to sterol
regulatory elements in promoters of specific genes (Jump, 2002a).
SREBPs act on genes containing sequences called sterol
responsive elements (SREs) in their promoter regions (Sampath
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and Ntambi, 2004). SREBP-1¢ binds SREs in promoters of many
genes involved in de-novo lipogenesis and TAG synthesis,
including ATP-citrate lyase, acetyl CoA- carboxylase, fatty acid
synthase, stearoylCoA desaturase 1, glycerol phosphate acyl
transferase; SREBP-2 upregulate genes involved in cholesterol
synthesis.

Rats fed fat-free diets supplemented with n-3 and n-6 PUFAs
showed decreased nuclear levels and expression of SRE-containing
target genes (Xu et al., 1999b). SREBP may not bind FAs or
cholesterol, instead, their effect on gene expression is determined
by regulating the nuclear abundance of nSREBPs. Elevated
intracellular cholesterol downregulates the site 1 protease,
effectively reducing the formation of nSREBPs. Thus, cholesterol
is a feed back regulator controlling SREBP nuclear level (Jump,
2002a). Cholesterol is not equally distributed in cells; most
cholesterol is found in the plasma membrane, often associated
with sphingomyelin (SM) (Worgall et al., 2002). SM typically
contains saturated acyl chains and together with cholesterol it is
found associated with lipid rafts. Treatment of cells with
unsaturated FAs stimulates sphingomyelinase releasing ceramide
as well as redistributing cholesterol from the plasma membrane to
the endoplasmic reticulum. These events suppress proteolytic
processing of the precursor of SREBP and result in a decline in
nSREBP levels and SREBP-mediated gene expression. This
mechanism does not affect mRNA encoding any SREBPs.

PUFAs reduce the nuclear content of SREBP-1c¢ via a two
phases mechanism. The first phase is rapid (<60 min) and consists
in the above mentioned inhibition of the proteolytic release process
(Hannah et al., 2001); the second one involves an adaptative
(about 48 hours) reduction in the hepatic content of SREBP-1
mRNA that is subsequently followed by a reduction in the amount
of precursor SREBP-1 protein (Xu et al., 2001b). Unsaturated
FAs selectively suppress hepatic levels of the mRNA encoding
SREBP-1 (both 1a and 1c), but not SREBP-2 (Mater et al.,
1999; Yahagi et al., 1999); the hierarchy for FA regulation of
mRNA_ o is 20:5n-3 = 20:4n-6 > 18:2n-6 > 18:1n-9. This
effect may be attributed to inhibition of transcription of the
SREBP-1 gene as well as enhanced turnover of the mRNA
encoding SREBP-1; PUFAs reduce the half-life of SREBP-1¢
mRNA from 11 hours to <5hours (Xu et al., 2001b). Recently,
Botolin et al. (2006) have demonstrated that 22:6n-3 accelerates
the degradation of nNSREBP-1 by a 26S proteosome-dependent
pathway while having little impact on microsomal SREBP-1 or
nSREBP-2.

CONCLUSION

Itis well documented that dietary fat regulates gene expression
by controlling the activity/abundance of key transcription factors.
PUFAs regulation of gene expression also accomplishes with
modulation of mRNA processing, mRNA decay and stimulation
of post translational protein modifications.

Moreover, there are alternative routes for PUFA regulation of
transcription factor function, either through generation of
alternative ligands or activation of kinase signalling cascade. For
example, incorporation of PUFAs into membrane PLs affects
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membrane fluidity and cholesterol content and impacts the
generation of signalling molecules. Enrichment of PUFAs in
membrane components associated with lipid rafts (both the PL
and acylated protein components) has a significant impact on G-
protein related receptors, Src kinase, mitogen-activated protein
kinases (MAP kinases) and Ca** signalling. Mitogen-activated
protein kinases phosphorylation of PPARs, SREBPs and HNF-
40 affect their activity. Elevation of PUFAs into membrane PLs
also affects membrane cholesterol levels. Increased PUFA in PLs
displaces cholesterol to the cytoplasm where it can affect
microsomal processing of SREBP.

PUFAs also affect the synthesis of bioactive lipids generated by
cyclooxygenases (COXs) 1 and 2, and 5, 12 and 15-
lipooxygenases (LPXs). Both COX and LPXs products bind and
affect the activity of PPARS, particularly PPARY. Among PUFAs,
EPA is not only a poor substrate for cyclooxygenases and
lipooxygenases, in contrast to 20:4n-6, but in addition eicosanoids
originating from it display weak activity as PPAR activators.

Independent of their mechanisms of action, an underlying
assumption regarding fatty acid effects on gene expression is that
they are absorbed and transported and that they enter the cells.
Since many variables regulate intestinal absorption, transport and
cellular uptake, FA cytosolic concentration may significantly differ
among subjects and tissues. Furthermore, FA intracellular
metabolism regulates FA uptake. In turn, metabolism requires
intracellular transport and FA activation, which appears as a key
step linking uptake and metabolism. FA activation, binding to
cytosolic proteins and intracellular metabolism appear to be a
driving force in regulating acylCoA and NEFA concentration
inside the cell. How this regulation occur it is not known, but
since it could be different in different cells and for different FAs,
it could partially explain why different FAs do not have the same
final effect in all tissues.

The nuclear actions of PUFAs is established in liver cells (Jump
etal., 2005), in pancreas (Manco et al., 2004), immune system
(Calder, 2003), brain (Uauy and Calderon, 2003), adipose tissue
(Al-Hasani and Joost, 2005) and heart (Vanden Heuvel, 2004),
and the possibility of counteracting human diseases by dietary
FAs, particularly n-3 PUFAs, has been largely investigated,
although their therapeutic effects are still unclear (De Caterina et
al., 2006; Engler and Engler, 2006; Hooper et al., 2006;
Lombardo and Chicco, 2006; Grynberg, 2005; Mills et al., 2005;
Rodriguez-Cruz et al., 2005; Sekiya etal., 2003). It is important
to remember that the effects of PUFAs are due to changes in
membrane FA composition and subsequent alterations in
hormonal signalling, as well as to their direct, membrane
independent influence on molecular events that govern gene
expression. Ongoing researches and those completed thus far has
indeed established PUFAs as universal regulators of cellular
metabolism and increased our understanding on the role that
dietary fats play at cellular and nuclear levels. Studies on the
molecular mechanism by which n-3 and n-6 PUFAs function
could pave the way to finding novel targets for pharmacological
treatment of various chronic diseases.

In this complex scenario, it is fundamental to underline that
PUFA effects largely depend on PUFA cellular concentration;

up-to-date the dietary amount of n-6 and n-3 PUFAs and the
best n-6 to n-3 ratio required for optimum metabolic benefit are
unknown.

Future research should explore the real effectiveness of PUFAs
in the prevention/counteraction of human diseases, designing
studies that closely represent physiological conditions and taking
into account all variables that could influence PUFA concentration
within the different cells. Such researches will provide valuable
insights into understanding the complexity of PUFA effects, and
will be useful to educators and policy makers in setting
recommendations for reaching optimal health through good
nutrition.
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