Nafa 2006

Fatty acids and gene transcription
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Abstract

The type and quantity of dietary fat ingested contributes to the onset and progression of chronic diseases,
such as diabetes and atherosclerosis. The liver plays a central role in whole-body lipid metabolism and
responds rapidly to changes in dietary fat composition. In rodents, n-3 polyunsaturated fatty acids (PUFAs)
enhance hepatic fatty acid oxidation and inhibit fatty acid synthesis and very low-density lipoprotein
secretion, in part, by regulating key transcription factors, including peroxisome proliferator activated
receptor-a. (PPAR-a), sterol regulatory element binding protein-1 (SREBP-1), carbohydrate regulatory
element binding protein (ChREBP) and Max-like factor X (MLX). These transcription factors control the
expression of multiple genes involved in lipid synthesis and oxidation. Changes in PPAR-o target genes
correlate well with changes in intracellular non-esterified fatty acids. Insulin stimulates hepatic de novo
lipogenesis by rapidly inducing SREBP-1 nuclear abundance (nSREBP-1). This mechanism is linked to
insulin-induced protein kinase B (Akt) and glycogen synthase kinase (Gsk)-3f phosphorylation and
inhibition of 26S proteasomal degradation of nSREBP-1. n-3 PUFAs, particularly 22:6 n-3, inhibit lipid
synthesis by suppressing nSREBP-1. A major action of 22:6 n-3 is to stimulate the loss of nSREBP-1 through
26S proteasomal and extracellular regulated kinase (Erk)-dependent pathways. 22:6 n-3 is the only n-3 PUFA
accumulating in livers of rodents or humans ingesting essential fatty acid-sufficient or n-3 PUFA-enriched
diets. As such, 22:6 n-3 is a major feedback regulator of hepatic lipid synthesis. Finally, insulin-stimulated
glucose metabolism augments de novo lipogenesis by elevating nuclear levels of ChREBP, a key regulator of
glycolytic and lipogenic genes. ChREBP binding to promoters requires MLX. n-3 PUFAs repress expression
of the glycolytic gene, L-pyruvate kinase and lipogenic genes by suppressing MLX nuclear abundance. In
summary, n-3 PUFAs control the activity or abundance of several hepatic transcription factors that impact
hepatic carbohydrate and lipid metabolism. Recent studies have identified Erk, Gsk-3p and MLX as novel
targets of fatty acid-regulated gene expression.
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Abbreviations: ACC: acetyl coenzyme A carboxylase; ACL: ATP citrate lyase; Akt/PKB: protein kinase B,
AMPK: adenosine monophosphate kinase; ChoRE: carbohydrate regulatory element; ChREBP: carbohydrate
regulatory element binding protein; CTE-1: cytosolic thioesterasel; CYP4A: cytochrome P450-44; DNL: de
novo lipogenesis; Elovl: fatty acid elongase; ER: endoplasmic reticulum; Erk: extracellular regulated kinase;
FAS: fatty acid synthase; Gsk: glycogen synthase kinase; HNF: hepatic nuclear factor, L-PK: r-type pyruvate
kinase; LXR: liver X receptor; MEK: mitogen-activated protein kinase; MLX: Max-like factor X; NADPH:
nicotinamide adenine dinucleotide phosphate (reduced); NEFA: non-esterified fatty acid; PPAR: peroxisome
proliferator activated receptor; PPRE: peroxisome proliferator regulatory element; PUFA: polyunsaturated fatty
acid;, RXR: retinoid X receptor; SCAP: SREBP cleavage activating protein; SCD: stearoyl coenzyme A
desaturase; SREBP: sterol regulatory element binding protein; VLDL: very low-density lipoprotein.

Introduction

Taylor & Francis
Taylor & Francis Group

ietary fat is an important macronutrient for
Dgrowth and development in all animals.

Excessive levels of dietary fat or an imbal-
ance of saturated fat versus unsaturated fat or n-6
versus n-3 polyunsaturated fatty acids (PUFAs)
have been implicated in the onset and progression
of several chronic diseases, including atherosclerosis
(coronary artery disease and stroke), diabetes and
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obesity, cancer, major depressive disorders and
schizophrenia (1). Consequently, considerable clin-
ical and basic science research has been directed
towards understanding the biochemical and mole-
cular basis of the effects of fatty acid on physiolo-
gical systems impacting human health.
Complicating our understanding of fatty acid
effects on chronic diseases is the fact that fatty acids
have many physiological roles. Fatty acids are
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substrates for energy metabolism, membrane for-
mation and signaling molecules; they also regulate
gene expression. The focus of this discussion is
on how fatty acids control gene transcription. Since
the original description of dietary fat as a regulator
of gene expression over a decade ago, many
transcription factors have been identified as pro-
spective targets for fatty acid regulation, including
peroxisome proliferator activated receptor (PPAR;
o, B, y1 and v,), sterol regulatory element binding
protein-1 (SREBP-1), hepatic nuclear factor-4
(HNF-4; o and ), retinoid X receptor-o. (RXR-a),
liver-X factor-a (LXR-a), carbohydrate regulatory
element binding protein (ChREBP) and Max-like
factor X (MLX) (1-4). Two general mechanisms
characterize fatty acid control of gene transcription.
Fatty acids bind directly to the transcription factor
and control its activity. In this fashion, fatty acids
act like hydrophobic hormones regulating the func-
tion of nuclear receptors and their control of
transcriptional processes. Non-esterified fatty acids
bind PPAR (o, B, v; and y,) (5), HNF-4 (o and v),
(6, 7), RXR-a (8) and LXR-a (9). All of these
transcription factors are members of the nuclear
receptor superfamily. Of these, PPAR subtypes are
the most widely accepted fatty acid-regulated trans-
cription factors.

In the second mechanism, fatty acids control the
nuclear abundance of key transcription factors,
such as SREBP-1, nuclear factor-xB, ChREBP
and MLX (1, 3, 4). The mechanism controlling
the nuclear abundance of these transcription factors
is less clear, but probably does not involve direct
binding of the fatty acid to the transcription factor.

This discussion will focus on n-3 PUFA control
of hepatic carbohydrate and lipid metabolism. In
vivo and cell-culture studies have established that
dietary n-3 PUFAs regulate multiple genes involved
in hepatic carbohydrate and lipid metabolism by
targeting key transcription factors, i.e. PPAR-a,
SREBP-1, ChREBP and MLX (3, 10-15). Fatty
acid control of these transcription factors provides
an explanation for the diverse effects of PUFAs on
hepatic and whole-body carbohydrate and lipid
composition.

Fatty acid regulation of hepatic peroxisome
proliferator activated receptor-a

PPARs are fatty acid-regulated nuclear receptors
that form obligate heterodimer partners with RXRs
and bind peroxisome proliferator regulatory ele-
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ments (PPREs) in promoters of responsive genes.
All PPAR subtypes (o, B/d, y; and 7v,) bind fatty
acids (5); fatty acid binding stimulates coactivator
recruitment and gene transcription (Fig. 1). PPAR-
o is the predominant PPAR subtype in rodent liver.
Studies with PPAR-o null mice establish that PPAR-
a is required for PUFA effects on genes encoding
enzymes involved in fatty acid oxidation, desatura-
tion and elongation, but not for PUFA suppression
of enzymes involved in glycolysis or lipogenesis
(10, 12, 16).

Since PPARs are considered sensors of intracel-
lular lipid, intracellular non-esterified fatty acid
(NEFA) levels were examined in primary rat
hepatocytes before and after challenge with fatty
acids (18:1 n-9 and 20:5 n-3) (17). These studies
revealed several important features as to how fatty
acids control PPAR-a function. First, intracellular
NEFA levels are maintained at very low levels,
representing <0.1% of the total lipid in the cell.
Secondly, challenging cells with certain fatty acids,
e.g. 20:5 n-3, induces significant changes in intra-
cellular NEFA and promotes robust responses
in PPAR-a target genes, such as cytochrome P450-
4A (CYP4A) and cytosolic thioesterase (CTE-1)
(14, 17). Other fatty acids, e.g. 18:1 n-9, when added
to cells are so rapidly assimilated as to not impact
intracellular NEFA levels. As such, these fatty
acids do not induce PPAR-a target genes in vivo.
Thirdly, effects of fatty acids on PPAR-u signaling
are rapid, but transient. Essentially, fatty acid-
induced changes in PPAR-a target genes parallel
the changes in intracellular NEFAs. Such studies
support the concept that PPARs monitor intracel-
lular NEFA composition and respond accordingly
to induce metabolic pathways that minimize da-
mage brought on by excessive intracellular NEFAs
(Fig. 1).

In vivo, however, intracellular NEFA levels are
determined by blood lipid composition and the
turnover (lipolysis) of complex lipids in cells. Blood
lipid composition is determined by lipids absorbed
from the diet and mobilized from depot lipids. In
vivo, cells are constantly exposed to NEFA and not
the brief episodes seen under cell-culture conditions.
Therefore, the response of PPARs to intracellular
lipids will be controlled by diet, absorption, mobi-
lization and intracellular lipolytic events. Factors
affecting these biochemical processes will impact
PPAR-regulated gene expression.
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Fig. 1. Summary of polyunsaturated fatty acid (PUFA) control of hepatic peroxisome proliferator activated receptor-o. (PPAR-a), sterol
regulatory element binding protein-1 (SREBP-1) and Max-like factor X (MLX) nuclear abundance. PUFAs bind to and activate PPAR-a to
induce the transcription of genes involved in fatty acid oxidation. PUFAs, particularly 22:6 n-3, suppress hepatic lipogenic gene expression by
suppressing SREBP-1 nuclear abundance through 26S proteasome- and Erk-dependent pathways. PUFAs interfere with glucose-regulated gene
expression by suppressing hepatic nuclear abundance of MLX, the obligate heterodimer partner of carbohydrate regulatory element binding
protein (ChREBP). In this fashion, PUFAs inhibit the transcription of L-pyruvate kinase and other genes controlled by the CAREBP/MLX
heterodimer. See text for additional explanation. ACS: acetyl coenzyme A synthetase; CoA: coenzyme A; ER: endoplasmic reticulum; FA: fatty
acid; FABP: fatty acid binding protein; FAT/CD36: fatty acid transporter (CD36); FATP: fatty acid transport protein; Glut2: glucose
transporter-2; NADPH: nicotinamide adenine dinucleotide phosphate (reduced); NEFA: non-esterified fatty acid; RXR: retinoid X receptor;

TE: fatty acyl thioesterase.

Hepatic glycolysis and lipogenesis: targets for
dietary polyunsaturated fatty acid control
Glycolysis and de novo lipogenesis (DNL) are two
metabolic pathways for glucose utilization for
anaerobic and aerobic respiration, as well as
fuel storage in the form of glycogen and triglycer-
ides. These pathways are subject to complex hor-
monal and nutrient control. Insulin, thyroid
hormones, glucocorticoids and glucose stimulate
glycolysis and DNL, while glucagon, epinephrine
(adrenaline) and PUFA suppress at least one
glycolytic enzyme, i.e. L-pyruvate kinase, and sev-
eral enzymes involved in DNL, i.e. ATP citrate lyase
(ACL), acetyl coenzyme A carboxylase (ACC), fatty
acid synthase (FAS), stearoyl coenzyme A desatur-
ase-1 (SCD-1) and fatty acid elongase-6 (Elovl-6)
1, 3, 13, 18, 19).

Key transcription factors controlling expression
of proteins involved in these pathways include
SREBP-1 and the ChREBP/MLX heterodimer
(Table 1). Insulin induces the nuclear abundance

of SREBP-1 and ChREBP/MLX. In contrast to
SREBP-1, however, insulin-stimulated elevation of
ChREBP requires glucose metabolism (19). Recent
advances in the control of SREBP-1 and ChREBP/
MLX nuclear abundance by insulin, glucose and
fatty acids are described below.

Sterol regulatory element binding protein-lc is
a target for fatty acid control in hepatic lipid
synthesis

SREBP-Ic is one of three basic helix-loop-helix-
Leu-Zip transcription factors (SREBP-1a, SREBP-
Ic and SREBP-2) that play a central role in the
control of cholesterol and fatty acid synthesis.
While SREBP-2 plays a major role in the regula-
tion of cholesterol synthesis and uptake, SREBP-1
is more involved in the regulation of fatty acid
synthesis and very low-density lipoprotein (VLDL)
assembly (20, 21). SREBP effects on gene tran-
scription are determined by factors that control
the nuclear abundance of SREBP (nSREBP). Two
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Table I. Involvement of hepatic transcription factors in controlling glycolysis, lipid synthesis and oxidation

Pathway/protein SREBP-| ChREBP/MLX PPAR-o.
Glycolysis

Glucose transporter-2 (Glut2) n Yes n
Glucokinase (GK) n n n

L-Pyruvate kinase (LPK) No Yes (+) Yes (—)
Fatty acid synthesis

ATP citrate lyase (ACL) Yes (+) Yes (+) n

Acetyl coenzyme A synthetase (ACS) Yes (+) n n

Acetyl coenzyme A carboxylase (ACC) Yes (+) Yes (+) n

Fatty acid synthase (FAS) Yes (+) Yes (+) No

Fatty acid elongase-5 (Elovl-5) No No Yes (+)

Fatty acid elongase-6 (Elovl-6) Yes (+) Yes (+) Yes (+)
A®-desaturase (A°D) Yes (weak +) No Yes (weak +)
A®-desaturase (A°D) Yes (+) No Yes (weak +)
Stearoyl coenzyme A desaturase (A°D) Yes (+) Yes (+) Yes (+)
Fatty acid oxidation

Mitochondrial HMG-coenzyme A synthase (mtHMG-CoASyn) No No Yes
Peroxisomal acyl coenzyme A oxidase (AOX) No No Yes
Microsomal cytochrome P450-4A (Cyp4A) No No Yes

SREBP-I: sterol regulatory element binding protein- |; ChREBP: carbohydrate regulatory element binding protein; MLX: Max-like factor X; PPAR-o: peroxisome proliferator

activated receptor-o.

post-translational mechanisms are important for
this process: proteolytic processing (21) and pro-
teasomal degradation (22). All SREBPs are synthe-
sized as precursors (pSREBP, ~125kDa) and
tethered to the endoplasmic reticulum (ER). Pre-
cursor SREBPs are escorted from the ER to the
Golgi by SREBP-cleavage activating protein
(SCAP), where SREBPs are proteolytic processed
to the mature nuclear form. nSREBP is trans-
ported to the nucleus, via importin-f (23), where it
binds sterol regulatory elements as dimers in
promoters of specific genes. Once bound, SREBPs
recruit coactivators to the promoter and stimulate
gene transcription (24). nSREBP is phosphorylated
and ubiquitinated, a process that targets nSREBP
for proteasomal degradation (25). Sterols regulate
nSREBP levels by controlling the proteolytic
processing step, not proteasomal degradation.
Sterols induce the ER-resident proteins, Insig-1
or Insig-2, to bind SCAP; the Insig-SCAP-SREBP
complex is retained in the ER, preventing its
movement to the Golgi for cleavage and matura-
tion (26). In this fashion, cholesterol functions as a
feedback inhibitor of cholesterol synthesis by
preventing SREBP-2 from accumulating in nuclei
and inducing expression of key genes involved in
cholesterol synthesis (Table 1).
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While SREBP-1 and SREBP-2 are structurally
similar, their regulation in the liver by nutrients
and hormones is quite different. Both SREBP-1a
and -1c are expressed in the liver, but SREBP-1c¢ is
the predominant subtype. In contrast to SREBP-2,
SREBP-1c¢ nuclear abundance is controlled by
several mechanisms (2). Insulin and oxysterols
(LXR agonists) induce SREBP-1¢ gene transcrip-
tion, elevate mMRNAgrEggp.1c and nSREBP-1c¢, lead-
ing to elevated de novo lipogenesis (21). Insulin
regulates SREBP-1c gene transcription through PI3
kinase and protein kinase B (Akt) (27), changes in
Insig-1 and -2 expression (28) and inhibition of
26S proteasomal degradation (22, 29). Removal of
insulin from primary hepatocytes leads to a
prompt decline in nSREBP-1 (¢;, ~10 h). Loss of
nSREBP-1 is blocked by inhibitors of 26S protea-
somal degradation (29).

n-3 and n-6 PUFA are well-established suppres-
sors of SREBP-1 (11, 15). These fatty acids have
little impact on SREBP-2 nuclear abundance. The
PUFA suppression of SREBP-1 accounts for much
of the PUFA suppression of DNL (11, 30). The
present authors and others have examined the
effects of various fatty acids on nSREBP-1; fatty
acids inhibit SREBP-1 gene transcription, induce
mMRNAgrEggp.; instability and inhibit SREBP pro-
cessing (for review see ref. 2). Many of these studies



used high levels of fatty acids. The authors recently
re-examined the PUFA control of SREBP-1 nuclear
abundance and found that 22:6 n-3 was the most
potent suppressor of SREBP-1 nuclear abundance
(EDs5g <100 puM). 20:4 n-6 and 22:6 n-3 are the end-
products of PUFA synthesis and the predominant
n-6 and n-3 PUFAs accumulating in livers of
animals fed essential fatty acid-sufficient diets
(29). At 100 uM, 20:4 n-6, 20:5 n-3 and 22:6 n-3
had equivalent, but minor, effects on mRNAggrggp.
1c and SREBP-1 precursor levels. Of these three
fatty acids, only 22:6 n-3 significantly (>75%)
suppressed nSREBP-1 abundance. These studies
indicated that 22:6 n-3 was likely to be the major
regulator of nSREBP-1 abundance. Moreover, a
major component of this control was directed at a
post-translational level (29). Phenomenal post-
translational control of SREBP-1 nuclear abun-
dance was also found in vivo, particularly during
postnatal development, when lipogenesis and nu-
clear SREBP-1 are induced at weaning (31).

Post-translational ~ mechanisms  controlling
SREBP-1 include proteolytic conversion of the
precursor to the mature (nuclear) form and 26S
proteasomal degradation. 22:6 n-3 was found to
have little effect on SREBP cleavage activating
protein (SCAP) expression and only modestly
induced Insig-1 expression. Both insulin and 22:6
n-3 strongly suppressed Insig-2 expression. When
taken together, these studies provided little support
for 22:6 n-3 acting at the level of SCAP or Insig to
control SREBP-1 nuclear abundance (29).

Next, 26S proteasomal degradation of SREBP-1
was examined. Insulin controls nSREBP, at least in
part, by inhibiting glycogen synthase kinase-3f3
(Gsk-3B) phosphorylation of SREBP (22). Gsk-3f
phosphorylation of SREBP induced binding of a
ubiquitin ligase to SREBP, resulting in its ubiqui-
tination and 26S proteasomal degradation. Gsk-3f3
activity is inhibited by Akt-mediated phosphoryla-
tion of Gsk-3B. Akt is a downstream target of
insulin action and required for insulin control of
SREBP-1 nuclear abundance. The studies estab-
lished that removal of insulin from primary hepa-
tocytes resulted in a prompt decline in nSREBP-1
(t12 ~10 h); inhibitors of 26S proteasomal degrada-
tion blocked this decline (29). This observation
supported the role of the 26S proteasome in
insulin-mediated control of SREBP nuclear abun-
dance (22).

Fatty acids and gene transcription

Treatment of primary hepatocytes with 22:6 n-3
accelerates the loss of SREBP-1 (¢, ~4h) from
nuclei. The 22:6 n-3-mediated loss of nSREBP-1
was completely blocked by 26S proteasome inhibi-
tors. Of all the fatty acids tested, 22:6 n-3 was the
most potent suppressor of nSREBP-1. Moreover,
only 22:6 n-3 controlled nSREBP-1 by a 26S-
proteasome-dependent pathway (Fig. 1).

The next objective was to identify the mechan-
isms that control SREBP-1 nuclear abundance.
Gsk-3B-mediated phosphorylation of SREBP is
clearly involved in SREBP ubiquitination and 26S
proteasomal degradation SREBP (22). The studies,
however, indicated that only SREBP-1, and not
SREBP-2, was regulated by insulin and 22:6 n-3
through a 26S proteasome-dependent mechanism.
Insulin suppresses Gsk-3p activity by inducing its
phosphorylation through an Akt-dependent path-
way. Both insulin and 22:6 n-3 induced Gsk-3f
phosphorylation (unpublished). Thus, the stimula-
tion of 26S proteasomal degradation of SREBP-1
could not be explained by inhibiting insulin-
mediated phosphorylation of Gsk-3p activity.
Although 22:6 n-3 transiently suppressed insulin-
induced Akt-phosphorylation, i.e. its activity, over-
expression of a constitutively active Akt failed to
abolish the 22:6 n-3 suppression of nSREBP-1.
Thus, 22:6 n-3 control of Akt or Gsk-3p could
not explain the 22:6 n-3 control of SREBP-1
proteasomal degradation.

In an effort to identify other pathways that may
be involved, the extracellular regulatory element
(Erk) pathway, a well-established target of insulin
action, was examined. Insulin rapidly, but transi-
ently, induces Erk phosphorylation in rat primary
hepatocytes. Co-treatment with 22:6 n-3 prolonged
Erk-phosphorylation and elevated Erk-phosphory-
lation correlated with suppressed nSREBP-1. To
determine whether Erk played a role in controlling
nSREBP-1, primary hepatocytes were treated with
MEK inhibitors (PD98059 and U0126). These
inhibitors rapidly (within 30 min) inhibited 22:6
n-3-induced Erk phosphorylation. More surpris-
ingly, mitogen-activated protein kinase (MEK) in-
hibitors rapidly (within 30 min) induced nSREBP-1.
The studies, when taken together, indicated that
22:6 n-3 control SREBP-1 nuclear abundance
through a 26S proteasomal- and Erk-dependent
mechanism (29). Precisely how 22:6 n-3 controls
Erk phosphorylation and SREBP-1 26S proteaso-
mal degradation is under investigation.
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Carbohydrate regulatory element binding
protein and Max-like factor X are targets for
fatty acid control in hepatic glycolysis and lipid
synthesis
The effects of glucose on hepatic carbohydrate and
lipid metabolism go beyond glucose control of
insulin secretion (19). In states of excessive glucose
intake, glucose is stored as glycogen or converted to
fatty acids and stored as triglycerides. A key
transcription factor mediating glucose effects on
glycolytic and lipogenic gene transcription is
ChREBP, a basic helix-loop-helix transcription
factor. ChREBP, along with its obligate heterodi-
mer partner, MLX, binds carbohydrate regulatory
elements (ChoRE) in promoters of responsive
genes, e.g. L-pyruvate kinase (L-PK), ACC and
FAS. Glucose regulates ChREBP nuclear abun-
dance by controlling its phosphorylation status.
Glucose does not regulate MLX nuclear abundance.
Dephosphorylated ChREBP accumulates in nu-
clei and stimulates the transcription of glycolytic
and lipogenic genes. Protein kinase A and adenosine
monophosphate kinase (AMPK) inhibit these me-
tabolic pathways by phosphorylating ChREBP and
preventing its nuclear accumulation. When excess
glucose is metabolized, glucose metabolites flow
through the pentose phosphate pathway, leading to
the accumulation of intracellular nicotinamide ade-
nine dinucleotide phosphate (reduced) (NADPH)
and xylulose-5-phosphate. Xylulose-5-phosphate
activates protein phosphatase 2A and dephosphor-
ylates ChREBP, leading to the accumulation of
ChREBP in hepatic nuclei (32). The influx of
ChREBP into nuclei triggers its heterodimerization
with MLX and binding to promoters of responsive
genes. Glucose also stimulates the accumulation of
RNA polymerase II and acetylated histones on
promoters of glycolytic and lipogenic genes (3).
PUFAs interfere with glucose activated L-PK
gene transcription by targeting the ChoRE/HNF-4a
region of the L-PK promoter and blocking the
accumulation of RNA polymerase II and acetylated
histones on the L-PK promoter (3, 12, 33, 34). Two
recent reports examined the role of ChREBP (4)
and MLX (3) in this process. One study reported
that PUFAs suppressed ChREBP nuclear abun-
dance; ChREBP overexpression abrogated the effect
of PUFAs on L-PK gene expression (4). The other
report found no effect of n-3 PUFAs on ChREBP in
vivo or in primary hepatocytes, and that over-
expressed ChREBP failed to erase PUFA suppres-
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sion of L-PK (3). Instead, n-3 PUFAs suppressed
MLX nuclear abundance in vivo and in primary
hepatocytes. Overexpressed MLX abrogated the
effect of PUFAs on L-PK gene expression (Fig. 1).

There is no immediate explanation for the
disparity between these two studies. As such, more
studies are required to confirm and extend these
observations. One clear agreement between the two
studies, however, is that neither study advocated a
role for fatty acid control of AMPK in regulating
either ChREBP or MLX nuclear abundance.

Summary

Fatty acids rapidly control gene expression by
regulating the activity and abundance of key hepatic
transcription factors, including PPAR-o, SREBP-1,
ChREBP and MLX. Identifying these transcription
factors as targets of fatty acid control clarifies how
fatty acids can have such diverse effects on several
metabolic pathways. Hepatic pathways regulated by
fatty acids include glycolysis, lipogenesis, fatty acid
desaturation and elongation, as well as mitochon-
drial, peroxisomal and microsomal fatty acid oxida-
tion (Table 1). The overall consequence of this
action is to shift lipid metabolism away from lipid
synthesis and storage, and towards fatty acid
oxidation. Clearly, n-3 PUFAs play a major role in
controlling intracellular lipid composition.

While considerable progress has been made in
understanding the transcriptional regulatory net-
works controlled by fatty acids, there remain many
unanswered questions. Among these is how specific
fatty acids selectively control transcription factor
function. While 20:5 n-3 is the preferred regulator of
hepatic PPAR-a activity, 22:6 n-3 is the dominant
controller of SREBP-1 nuclear abundance. PUFA
control of MLX nuclear abundance is not selective
(Fig. 1). It is suggested that selective fatty acid
metabolism is important for these different control
mechanisms. As such, metabolic pathways control-
ling intracellular NEFA composition will probably
be important in controlling transcription factor
function. It is also likely that the effects of PUFAs
on membrane lipid composition, particularly lipid
rafts, play an important role in these mechanisms.
Lipid rafts are dynamic microdomains implicated in
cell signaling. Fatty acid-induced changes in raft
composition appear linked to changes in cell
signaling (35).

Finally, the pleiotropic nature of the effects of
PUFAs on cell function guarantees many years



of new discoveries of PUFA action. Clarification of
these actions will aid in our understanding of how
changes in dietary lipid intake can affect the onset
and progression of chronic diseases.
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