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Abstract
The type and quantity of dietary fat ingested contributes to the onset and progression of chronic
diseases, like diabetes and atherosclerosis. The liver plays a central role in whole body lipid
metabolism and responds rapidly to changes in dietary fat composition. Polyunsaturated fatty acids
(PUFA) play a key role in membrane composition and function, metabolism and the control of gene
expression. Certain PUFA, like the n-3 PUFA, enhance hepatic fatty acid oxidation and inhibit fatty
acid synthesis and VLDL secretion, in part, by regulating gene expression. Our studies have
established that key transcription factors, like PPARα, SREBP-1, ChREBP and MLX, are regulated
by n-3 PUFA, which in turn control levels of proteins involved in lipid and carbohydrate metabolism.
Of the n-3 PUFA, 22:6,n-3 has recently been established as a key controller of hepatic lipid synthesis.
22:6,n-3 controls the 26S proteasomal degradation of the nuclear form of SREBP-1. SREBP-1 is a
major transcription factor that controls the expression of multiple genes involved fatty acid synthesis
and desaturation. 22:6,n-3 suppresses nuclear SREBP-1 which, in turn suppresses lipogenesis. This
mechanism is achieved, in part, through control of the phosphorylation status of protein kinases. This
review will examine both the general features of PUFA-regulated hepatic gene transcription and
highlight the unique mechanisms by which 22:6,n-3 impacts gene expression. The outcome of this
analysis will reveal that changes in hepatic 22:6,n-3 content has a major impact on hepatic lipid and
carbohydrate metabolism. Moreover, the mechanisms involve 22:6,n-3 control of several well-
known signaling pathways, such as Akt, Erk1/2, Gsk3β and PKC (novel or atypical). 22:6,n-3 control
of these same signaling pathways in non-hepatic tissues may help explain the diverse actions of n-3
PUFA on such complex physiological processes as visual acuity and learning.
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Introduction
Dietary fat is an important macronutrient for growth and development of all animals. Excessive
levels of dietary fat or an imbalance of saturated fat versus unsaturated fat or n6 versus n3
polyunsaturated fat (PUFA) have been implicated in the onset and progression of several
chronic diseases, including coronary artery disease and atherosclerosis (Harris, 2003; Kris-
Etherton et al., 2002), diabetes and obesity (Kelley, 2002; Wang et al., 2002), cancer (Cho,
2003; Kushi, 2002), Parkinson’s disease, major depressive disorders and schizophrenia (Ellis,
2005; Fedorova, 2006; Horrobin, 2003; Horrobin and Bennett, 1999; Johnson, 2006; Julien,
2006; Peet, 2002; Youdim, 2000; Youdim, 2006). As such, considerable clinical and basic
science research has been directed at understanding the biochemical and molecular basis of
fatty acid effects on complex physiological systems impacting human health.

Our understanding of the role dietary fat plays in these chronic diseases is complicated by the
fact that fat has many physiological roles. Dietary fat is a substrate for energy metabolism,
membrane formation and signaling molecules; dietary fat also regulates gene expression. The
focus of this discussion is on how dietary fat control of gene expression with an emphasis on
docosahexaenoic acid, 22:6,n-3 (DHA). The outcome of this discussion will reveal that while
DHA shares many of the actions on gene expression as other n-3 and n-6 PUFA. However,
DHA has unique effects on gene expression. The mechanistic basis for the general effects of
PUFA and the unique action of DHA on gene expression will be discussed.

Since the original description of dietary fat as a regulator of gene expression over a decade
ago, many transcription factors have been identified as prospective targets for fatty acid
regulation, including several nuclear receptors like the peroxisome proliferator activated
receptor family (PPAR) [α, β, γ1 & γ2], retinoid X receptor α (RXRα), liver X receptor α
(LXRα) and hepatic nuclear factor α & γ (HNF4α & γ) as well as several basic helix-loop-helix
leucine-zipper transcription factors (bHLH-LZ) like sterol regulatory element binding
protein-1 (SREBP-1), carbohydrate regulatory element binding protein (ChREBP) and Max-
Like Factor X (MLX) (Botolin, 2006; Dentin et al., 2005; Jump, 2004; Jump, 2005; Xu,
2006). Two general mechanisms characterize fatty acid control of these transcription factors.
Fatty acids bind directly to the transcription factor and control transcription factor activity. In
this fashion, fatty acids act like hydrophobic hormones regulating the function of nuclear
receptors and their impact on transcriptional processes. Non-esterified fatty acids bind PPAR
(α, β, γ1 & γ2) (Xu et al., 1999), HNF-4 (α & γ), (Dhe-Paganon et al., 2002; Wisely et al.,
2002) RXRα (Mata de Urquiza, 2000) and LXRα (Ou et al., 2001). All of these proteins are
members of the nuclear receptor superfamily of ligand-regulated transcription factors.
Amongst these nuclear receptors, however, PPAR subtypes are the most widely accepted fatty
acid-regulated transcription factors.

In the second mechanism, fatty acids control the nuclear abundance of key transcription factors,
such as SREBP-1, NFκB, ChREBP and MLX (Dentin et al., 2005; Jump, 2004; Xu, 2006).
The mechanisms controlling the nuclear abundance of these transcription factors is less clear,
but likely does not involve direct binding of the fatty acid to the transcription factor. A goal of
this chapter is to illustrate that while 22:6,n-3 acts like many PUFA to control gene expression
by regulating transcription factor function, 22:6,n-3 also has unique regulatory effects on gene
transcription. As such, these effects are not shared by other fatty acids. Accordingly, we will
explore the underlying mechanisms that might account for these unique effects of 22:6,n-3 on
gene transcription.

To gain an understanding of how dietary fat functions in a physiological context, we first
discuss how PUFA control hepatic lipid metabolism through its impact on gene expression.
In vivo and cell culture studies have established that dietary PUFA regulate multiple genes
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involved in hepatic carbohydrate and lipid metabolism, see Table 1 (Mater et al., 1999;Pan et
al., 2000;Pawar, 2003;Ren et al., 1997;Wang, 2005;Worgall et al., 1998;Xu, 2006). We now
know the key transcription factors controlling these genes. These are the aforementioned fatty
acid-regulated transcription factors include PPARα, SREBP-1, ChREBP and MLX. These
transcription factors play a major role in controlling hepatic carbohydrate and lipid synthesis
and oxidation. Since the liver plays a central role in whole body carbohydrate and lipid
metabolism, such regulatory schemes impact whole body metabolism and contribute to the
onset and progression of several chronic diseases, including atherosclerosis, diabetes and
obesity (Jump, 2004).

Overview of fatty acid effects on hepatic gene expression
An underlying assumption regarding fatty acid effects on gene expression has been that fatty
acids must enter cells to control the activity or abundance of transcription factors (Fig. 1). Fatty
acids, however, have been reported to regulate G-protein-coupled membrane receptors
(Kostenis, 2004). Since downstream targets of G-protein signaling impact gene transcription,
there is no strict requirement for fatty acids to enter cells. Analysis of the tissue distribution
and ligand specificity of these membrane receptors shows that these receptors are not well
expressed in liver. As such, this mechanism likely does not explain fatty acid effects on hepatic
gene expression.

In our view, fatty acid effects on hepatic gene expression require their entry into cells.
Nonesterified fatty acids (NEFA) enter cells through transporters (FATP or FAT) or diffusion
(Fig. 1). NEFA are rapidly converted to FACoA by FATP (DiRusso et al., 2005) or fatty acyl
CoA synthetases (Coleman et al., 2002). When fatty acids enter hepatocytes as complex lipids,
like chylomicron remnants, the complex lipids are hydrolyzed by lipases to form NEFA. In
either case, intracellular NEFA is maintained at a very low level by quickly converting the
NEFA to fatty acyl CoA. Fatty acyl CoAs are also kept at low intracellular levels. Both NEFA
and FACoA are bound to FABP and ACBP, proteins that transport fatty acids to intracellular
compartments for metabolism (Hertzel and Bernlohr, 2000) or to the nucleus to interact with
transcription factors (Wolfrum, 2001). The bulk of FACoA is rapidly assimilated into complex
lipids. Hepatocytes challenged with exogenous fatty acids rapidly assimilate the fatty acids
into neutral and polar lipids, while a minor fraction will be β-oxidized. These metabolic
pathways keep intracellular NEFA and FA-CoA very low. Intracellular NEFA, however, are
not solely dependent on exogenous fatty acids; intracellular NEFA can also arise from the
hydrolysis of complex lipids by lipases acting on phospholipids or triglycerides (Patton,
1994) or by the hydrolysis of FACoA by thioesterases (Hunt and Alexson, 2002). As such,
these pathways may contribute to the pool of NEFA in cells. We view the intracellular NEFA
fraction of cells as playing an important role in lipid mediated regulation of transcription factor
function.

Studies with PPARα null mice and over expression of native and mutant forms of SREBP-1c,
LXRα, ChREBP or MLX in primary hepatocytes have revealed several major metabolic
pathways that are targeted by PUFA. Each pathway involves changes in gene expression. First,
n-3 PUFA induction of mono- (microsomal) and β-oxidation (mitochondrial and peroxisomal)
requires PPARα. Second, PUFA suppression of de novo lipogenesis (fatty acid synthase, FAS),
fatty acid elongation (Elovl-6) and monounsaturated fatty acid synthesis (Δ9 desaturase [Δ9D],
also known as stearoyl CoA desaturase, SCD1) involves three transcription factors, SREBP-1,
ChREBP and MLX (Dentin et al., 2005; Ma et al., 2005; Wang, 2006; Xu, 2006). Third, PUFA
suppression of the glycolytic enzyme, L-yruvate kinase, does not involve PPARα, SREBP-1
or LXRα (Pan et al., 2000; Pawar, 2003; Ren et al., 1997; Wang, 2005), but involves ChREBP
and MLX heterodimer (Dentin et al., 2005; Wang, 2006; Xu, 2006). Fourth, PUFA suppression
of PUFA synthesis lowers levels of fatty acid elongase-5 (Elovl-5), Δ5desaturase (Δ5D) and
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Δ6-desaturase (Δ6D). PUFA control of SREBP-1 nuclear abundance explains part of this
mechanism (Wang, 2005; Wang, 2006; Xu, 2006). These studies indicate that PUFA, and in
particular n-3 PUFA, function as feed-forward activators of fatty acid oxidation at the level of
gene expression to control mitochondrial, peroxisomal and microsomal lipid metabolism. N-3
PUFA also function as feedback inhibitors of glycolysis, de novo lipogenesis, mono- and
polyunsaturated fatty acid synthesis to control the production and cellular content of saturate,
mono- and polyunsaturated fatty acids. These regulatory schemes not only reduce overall
hepatic lipid content and VLDL secretion, but also eliminate excessive very long chain PUFA
that may promote oxidant stress or impair membrane integrity.

Fatty Acid Regulation of Hepatic PPAR α
Of the multiple mechanisms by which fatty acids regulate gene expression, fatty acid control
of PPAR represents the best understood. PPAR are fatty acid regulated nuclear receptors. PPAR
form obligate heterodimer partners with RXR and bind regulatory elements in promoters of
responsive genes. All PPAR subtypes (α, β/δ, γ1 and γ2) bind saturated and unsaturated fatty
acids ranging in length from 16–20 carbons (Xu et al., 1999). Like all nuclear receptors, binding
of the ligand, in this case the fatty acid, stimulates an exchange of co-activators for co-
repressors on the chromatin-bound receptor and the recruitment of additional proteins involved
in gene transcription such as RNA polymerase II. PPARα is the predominant PPAR subtype
in rodent liver and it plays a dominant role in controlling genes involved in fatty acid oxidation,
desaturation, elongation, transport, and binding. PPARα, however, is less active in human liver.
Studies with PPARα null mice establish that PPARα is required for PUFA effects on genes
encoding enzymes involved in fatty acid oxidation, desaturation and elongation, but not
required for PUFA suppression of enzymes involved in glycolysis or lipogenesis (Pan et al.,
2000; Ren et al., 1997).

Since PPARs are considered sensors of intracellular lipid and PPAR bind NEFA, we examined
intracellular NEFA levels in primary rat hepatocytes before and after challenging cells with
fatty acids (18:1, n-9 and 20:5,n-3) (Pawar, 2003). These studies revealed several important
features as to how fatty acids control PPARα function. First, intracellular NEFA levels are
maintained at very low levels representing <0.1% of the total lipid in the cell. Second,
challenging cells with certain fatty acids, like 20:5,n-3, significantly change intracellular NEFA
composition and promotes a robust response in PPARα target genes, like cytochrome P450-4A
(CYP4A) and cytosolic fatty acyl thioesterase-1 (CTE1) (Pawar, 2003; Pawar, 2003). Other
fatty acids, like 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 PPARα target genes. A
factor that has a bearing on this response is the abundance of the fatty acid in the cell prior to
challenge. In livers of chow fed animals or primary hepatocytes, 18:1,n-9 is a very abundant
fatty acid in cell membrane phospholipids; it is also secreted as neutral lipids, in VLDL-
triglycerides and VLDL-cholesterol esters. In contrast, 20:5,n-3 is not an abundant fatty acid
in livers of chow fed animals. In fact, 20:5,n-3 levels in rat liver and plasma are <0.01% of
18:1,n-9. Feeding rats diets enriched in C20–22 n-3 PUFA increases 20:5,n-3 content in plasma
and tissues, but it does not accumulate to the levels seen for 18:1,n-9. Nevertheless, the changes
in intracellular 20:5,n-3 is recognized by PPAR and mechanisms are initiated to prevent
excessive accumulation of this highly unsaturated fatty acid. Such studies support to the
concept that PPARs are monitors of intracellular NEFA composition and respond accordingly
to induce metabolic pathways that minimize damage brought on by excessive intracellular
NEFA.

Is 22:6,n-3 (DHA) an effective PPARα ligand and activator of PPARα activity? Our studies
have established that in primary rat hepatocytes, both 22:6,n-3 and 22:5,n-3 are weak activators
of PPARα when compared to 20:5,n-3 (Pawar, 2003). Although co-crystals of 20:5,n-3 and
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PPAR β/δ have been described (Xu et al., 1999), we are unaware of similar studies assessing
the binding of 22-carbon PUFA to any PPAR subtype. It is possible that the addition of the
two additional carbon renders 22:5,n-3 and 22:6,n-3 a poor ligand for PPAR.

Another complicating factor in assessing effects of 22-carbon PUFA effects on PPAR activity
is the fact that addition of 22:5,n-3 or 22:6,n-3 to hepatocytes leads to its retroconversion to
20:5,n-3. Retroconversion of very long chain fatty acids to shorter chain fatty acids is well
described (Sprecher, 2000). Our studies established that not only does retroconversion occur
in hepatocytes, it leads to an accumulation of 20:5,n-3 in esterified and non-esterified fatty acid
fractions (Pawar, 2003). As such, retroconversion of 22-carbon PUFA generates a preferred
PPARα ligand. Fig. 2 illustrates the conversion of dietary precursors (18:2,n-6 and 18:3,n-3)
to the normal end products of PUFA synthesis, i.e., 20:4,n-6 and 22:6,n-3, respectively. The
fatty acids exist as fatty acyl CoA during the elongation, desaturation and chain shortening
reactions. When excessive 22:5,n-3 or 22:6,n-3 is added to cells, the bulk of this lipid is
assimilated into triglycerides. 22-carbon PUFA are poor substrates for cholesterol ester
formation (unpublished observation). A small fraction of the 22-carbon PUFA is chain
shortened (retroconverted) to 20:5-CoA and this retroconverted 20:5,n-3 is assimilated into
triglycerides. We speculate that the source of the accumulated non-esterified 20:5,n-3 in
hepatocytes challenged with 22:5,n-3 or 22:6,n-3 is through the action of a lipase on
triglycerides enriched in 22- carbon PUFA. Indirect support for this notion comes from our
unpublished studies on fatty acyl thioesterases. We constructed a recombinant adenovirus
expressing a peroxisomal fatty acyl thioesterase (PTE1). Since 22-carbon PUFAs are
preferentially metabolized in the peroxisome (Reddy and Mannaerts, 1994), over expression
of this peroxisomal fatty acyl thioesterase should affect intracellular NEFA and 22:6-mediated
control of PPAR. Infection of rat primary hepatocytes with Ad- PTE1 leads to an increased
hepatocyte thioesterase activity. This treatment, however, did not enhance the effect of 20:5,n-3
or 22:6,n-3 on PPARα-regulated genes4. The outcome of these studies implicates the action
of lipases on complex lipids as a source of non-esterified 20:5,n-3. Lipase action on
triglycerides or phospholipids enriched with 20:5,n-3 may contribute to the accumulation of
nonesterified 20:5,n-3 following 22:6,n-3 treatment of primary hepatocytes.

To summarize, PPAR are nuclear receptors that bind fatty acids. When compared to the
pharmacologic ligands like the fibrate drugs (Lopid or Trocor) or WY14,643, fatty acids are
weak PPAR agonist. Nevertheless, fatty acid binding sets in motion a sequence of events that
leads to activation of multiple genes involved in fatty acid transport, binding and metabolism
(Table 1). Certain fatty acids, however, are better than others at activating PPAR. Structural
studies have established that 20:5,n-3 is both a ligand (Xu et al., 1999) and a robust activator
of PPAR (Pawar, 2003). 22:6,n-3 and 22:5,n-3, however, are weak PPARα activators. In our
view, this is because they bind poorly to PPAR. Any stimulation of PPAR activity by 22-carbon
PUFA likely requires prior retroconversion of the 22-carbon PUFA to the 20-carbon PUFA.
In support of this concept, we attenuated the effect of 20:5,n-3 on PPAR-regulated genes by
stimulating the conversion of 20:5 to 22:5,n-3. This was accomplished by elevating the activity
of a specific fatty acid elongase, Elovl-2, in primary hepatocytes using a recombinant
adenovirus4. These studies also highlight the fact that intracellular metabolism of 20-carbon
PUFA is an important determinant in the control of PPAR activity and its target genes.

Hepatic Glycolysis and Lipogenesis: Targets for Dietary PUFA 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
triglycerides. These pathways are subject to complex hormonal and nutrient control. Insulin,

4Unpublished observation.

Jump et al. Page 5

Chem Phys Lipids. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



thyroid hormones, glucocorticoids and glucose stimulate glycolysis and DNL, while glucagon,
epinephrine and PUFA suppress at least one glycolytic enzyme, i.e., L-pyruvate kinase, and
several enzymes involved in DNL, i.e., ACL, ACC, 13 FAS, SCD1, Elovl-6 (Iizuka et al.,
2004; Jump, 2004; Towle, 2005; Wang, 2005; Wang, 2006; Xu, 2006).

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. The mechanism by which insulin controls the nuclear
abundance of these transcription factors, however, is different. Insulin induces SREBP-1
nuclear abundance through several mechanisms, including increased SREBP-1 gene
transcription, stabilization of its RNA, proteolytic conversion of the precursor of SREBP-1 to
its nuclear (mature) form and inhibition of 26S proteasomal degradation of the nuclear form
(Jump, 2005). Insulin-stimulated elevation of ChREBP nuclear abundance, in contrast, requires
insulin-regulated glucose metabolism (Cha and Repa, 2007;Towle, 2005;Uyeda, 2006).
Below, we describe the recent advances in control of ChREBP/MLX and SREBP-1 nuclear
abundance by insulin, glucose and fatty acids.

ChREBP and MLX are Targets for Fatty Acid Control in Hepatic Glycolysis and Lipid
Synthesis

It is well established that glucose effects on hepatic carbohydrate and lipid metabolism go
beyond glucose control of insulin secretion (Towle, 2005; Uyeda, 2006). Glucose stimulates
the accumulation of ChREBP, a bHLH-LZ transcription factor, in hepatocyte nuclei. ChREBP
binds carbohydrate regulatory elements (ChoRE, E-boxes) in promoters of responsive genes,
like L-PK, ACC, FAS, and SCD1 (Table 1). Binding of ChREBP to these regulatory elements,
however, requires MLX. Neither insulin, nor glucose regulate nuclear MLX content; nuclear
MLX content appears constitutive(Stoeckman et al., 2004; Towle, 2005). Hormones that
elevate cAMP or metabolic states that activate AMP-kinase (AMPK) induce phosphorylation
of ChREBP. Phospho-ChREBP does not accumulate in nuclei or bind well to DNA (ChoRE).

When glucose is in excess, hepatic glucose metabolism through the pentose phosphate pathway
increases, leading to elevated levels of xylulose-5-phosphate (X5P); X5P is an activator of
protein phosphatases 2A (PP2A). PP2A dephosphorylates ChREBP, allowing ChREBP to
accumulate in nuclei (Kabashima et al., 2003). The influx of ChREBP into nuclei likely triggers
binding of ChREBP to its obligate heterodimer partner, Max-like factor-X (MLX) resulting in
enhanced occupancy of ChoRE with nascent ChREBP/MLX. This heterodimer binds
carbohydrate regulatory elements in promoters of target genes (Stoeckman et al., 2004; Xu,
2006). Binding of ChREBP/MLX to ChoRE in chromatin promotes the recruitment of RNA
polymerase II to the promoter and the acetylation of histones (H3 and H4) on the promoter of
ChREBP/MLX target genes (Stoeckman et al., 2004; Xu, 2006).

PUFA interfere with glucose activation of L-type pyruvate kinase (L-PK) gene transcription
by targeting the ChoRE/HNF-4α region of the L-PK promoter (Jump et al., 1994; Liimatta et
al., 1994; Pan et al., 2000). The discovery that ChREBP and MLX played a role in glucose-
mediated control of gene expression made it possible to determine if these proteins were targets
for PUFA regulation. Two recent reports examined this issue (Dentin et al., 2005; Xu, 2006).
These studies indicated that PUFA suppression of L-PK was due to suppression of ChREBP
(Dentin et al., 2005) or MLX (Xu, 2006) nuclear abundance. Both reports also indicated that
the effect of PUFA on ChREBP or MLX nuclear abundance could not be explained by fatty
acid induction of AMPK. Xu, et al 2006 reported that there was no differential effect in potency
of 20:4,n-6, 20:5,n-3 or 22:6,n-3 on the control of L-PK transcription, or ChREBP or MLX
nuclear abundance. Unlike PPARα (see above) and SREBP-1 (see below), PUFA regulation
of ChREBP & MLX nuclear abundance is less responsive to the type of PUFA; ChREBP &
MLX nuclear abundance responds more to the amount of PUFA in cells (Xu, 2006). The
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outcome of these studies provided a key missing link in our understanding of how PUFA 15
control glycolysis, in particular, L-pyruvate kinase. The molecular basis for PUFA control of
MLX or ChREBP nuclear abundance, however, remains under investigation.

SREBP-1c is a Target for Fatty Acid Control in Hepatic Lipid Synthesis
SREBP-1c is one of 3 bHLH-LZ transcription factors (SREBP-1a, SREBP-1c & SREBP-2)
that control of hepatic and whole body cholesterol and fatty acid synthesis. While SREBP-2
plays a major role in the regulation of cholesterol synthesis and uptake, SREBP-1 functions to
regulate multiple facets of fatty acid synthesis and VLDL assembly (Horton et al., 2002;
Horton, 2003).

SREBP effects on gene transcription are determined, in large part, by factors that control the
nuclear abundance of the transcription factor (nSREBP). Two post-translational mechanisms
control nSREBP, proteolytic processing (Goldstein et al., 2006; Horton et al., 2002) and
proteasomal degradation (Sundqvist, 2005). All SREBPs are synthesized as precursors
(pSREBP, ~125 kd) and tethered to the endoplasmic reticulum (ER). Precursor SREBPs are
escorted from the ER to the Golgi complex by SREBP-cleavage activating protein (SCAP) for
proteolytic processing. Proteases in the Golgi, i.e., site 1 and site 2 protease, cleave the SREBP
precursor to generate the mature-nuclear form of SREBP (nSREBP)(Goldstein et al., 2006).
nSREBP is transported to the nucleus as a dimer, via importin- β (Nagoshi et al., 1999). In
nuclei, SREBP binds sterol regulatory elements (SRE) as dimers in promoters of target genes.
Once bound, SREBPs recruit co-activators to the promoter and stimulate gene transcription
(Bennett, 2004; Horton et al., 2002).

Sterols regulate nSREBP levels by controlling the proteolytic processing step at the level of
the endoplasmic reticulum and Golgi, not the proteasomal degradation of the nuclear form of
SREBP. 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 maturation to nSREBP (Adams et al., 2004). 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.

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 based on its transcript abundance. In contrast to
SREBP-2, SREBP-1c nuclear abundance is controlled by several mechanisms (Jump, 2005).
Insulin and oxysterols (LXR agonists) induce SREBP-1c gene transcription; LXR/RXR
heterodimers bind the SREBP-1c promoter. Insulin also stabilizes mRNASREBP-1c, and inhibit
26S proteasomal degradation of nSREBP-1, but not SREBP- 2 (Botolin, 2006). The outcome
of these effects is to elevate the nuclear abundance of SREBP-1, but not SREBP-2, so as to
selectively induce the transcription of genes involved in de novo lipogenesis and mono-
unsaturated fatty acid synthesis (Jump, 2005). Insulin regulates SREBP-1c gene transcription
through PI3 kinase and Akt (Ribaux and Iynedjian, 2003), changes in Insig-1 and -2 expression
(Yabe et al., 2003), and inhibition of 26S proteasomal degradation (Botolin, 2006; Sundqvist,
2005). In fact, removal of insulin from primary hepatocytes leads to a prompt decline in
nSREBP-1 (T1/2~10 hrs). This loss of nSREBP-1 following insulin removal is blocked by
inhibitors of 26S proteasomal degradation (Botolin, 2006).

N-3 and n-6 PUFA are well-established suppressors of SREBP-1, but not SREBP-2, nuclear
abundance (Mater et al., 1999; Worgall et al., 1998; Xu et al., 1999; Xu et al., 2001). PUFA
suppression of SREBP-1 accounts for much of the well-known suppression of de novo
lipogenesis by dietary PUFA (Jump and Clarke, 1999; Mater et al., 1999; Yahagi et al.,
1999). We and others examined the effects of various fatty acids on nSREBP-1; fatty acids
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inhibit SREBP-1 gene transcription, induce mRNASREBP-1 instability and inhibit SREBP
processing, for review see (Hannah et al., 2001; Jump, 2005; Mater et al., 1999; Ou et al.,
2001; Xu et al., 1999; Xu et al., 2001). Many of these studies used high levels of fatty acids.
More recently, we re-examined PUFA control of SREBP- 1 nuclear abundance and found that
22:6,n-3 was the most potent suppressor of SREBP-1 nuclear abundance (ED50 <100 µM).
20:4,n-6 and 22:6,n-3 are the end products of PUFA synthesis and the predominant n-6 and
n-3 PUFA accumulating in livers of animals fed essential fatty acid sufficient diets (Botolin,
2006). At a 100 µM dose, 20:4,n-6, 20:5,n-3 and 22:6,n-3 had equivalent, but minor, effects
on SREBP-1c promoter activity, mRNA SREBP-1c abundance and SREBP-1 precursor levels.
Of these 3 fatty acids, only 22:6,n-3 significantly (>75%) suppressed nSREBP-1 abundance.
These studies indicated that 22:6,n-3 was likely the major regulator of nSREBP-1 abundance
in vivo. A major component of this control was directed at a post-translational level (Botolin,
2006). This is interesting because the mass of 20:4,n-6 exceeds the mass of 22:6,n-3 in the
liver. While both 20:4,n-6 and 22:6,n-3 are end products of PUFA synthesis (Figure 2), it is
22:6,n-3, and not 20:4,n-6, that is the major regulator of nuclear SREBP-1 abundance and its
target genes.

Post-translational control of SREBP-1 nuclear abundance also occurs in vivo, particularly
during post-natal development when lipogenesis and nuclear SREBP-1 are induced at weaning
(Botolin and Jump, 2003). Since expression of the 2 desaturases (Δ5 and Δ6 desaturase, Table
1) involved in PUFA synthesis are controlled by SREBP-1 (Matsuzaka et al., 2002; Wang,
2006), this mechanism likely plays a key role in the management of hepatic and whole body
22:6,n-3 levels.

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 SCAP expression and 22:6,n-3 modestly induced Insig-1 expression.
Like insulin, 22:6,n-3 strongly suppressed Insig-2 expression. These studies provided little
support for 22:6,n-3 regulation of SCAP or Insig expression as the mechanism by which
22:6,n-3 controls SREBP-1 nuclear abundance (Botolin, 2006).

Since a compelling case for 22:6,n-3 control of SREBP-1 proteolytic processing could not be
made, we turned out attention to the 26S proteasomal degradation of nuclear SREBP-1 as a
mechanism regulating SREBP-1 nuclear abundance. SREBPs are phosphoproteins and their
phosphorylation status controls their capacity to transactivate genes as well as their nuclear
abundance. Protein kinase A (PKA), extracellular receptor kinase-1/2 (Erk1/2) and glycogen
synthase kinase-3β (Gsk-3β) phosphorylate SREBPs. cAMP-activated PKA phosphorylates
SREBPs within the DNA binding domain of the protein and inhibits SREBP binding to sterol
regulatory elements (Lu, 2006). Active Erk (pErk1/2) phosphorylates SREBP-1a at Ser117;
this event impairs insulin-stimulated regulation of the LDLR promoter by SREBP-1a (Roth et
al., 2000). Ser117corresponds to Ser92 in SREBP-1c. We have identified other Erk sites in
SREBP-1c at Ser39, Ser73, and Thr395 by using a computer assisted approach
(http://scansite.mit.edu/). SREBPs are also phosphorylated by the active (dephosphorylated)
form of Gsk-3β (Punga, 2006;Sundqvist, 2005). The phosphorylation sites in SREBP-2 are
LM431SPPA435SD; in SREBP-1a, the sites are TL425TTPPP430SD; and in SREBP-1c the sites
are TL395TPPP399SD. Phosphorylation at these sites promotes binding of the ubiquitin ligase
SCFFbw7 and ubiquitination of SREBP; these events stimulate 26S proteasome degradation
of SREBPs (Punga, 2006;Sundqvist, 2005). Thus, Gsk-3β appears to be an important mediator
of SREBP proteasomal degradation.

The phosphorylation status of Gsk-3β is regulated by insulin (Srivastava, 1998; Welsh,
1996). Since 22:6,n-3 controlled SREBP-1 nuclear abundance through 26S proteasomal
degradation, we considered Gsk-3β as a target of PUFA regulation. Gsk-3β activity is inhibited
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by Akt-mediated phosphorylation of Ser-9 of Gsk3β. Akt is a down-stream target of insulin
action and required for insulin control of SREBP-1 nuclear abundance. Our studies established
that removal of insulin from primary hepatocytes leads to a decline in nuclear SREBP-1 with
a T1/2~10 hrs; inhibitors of 26S proteasomal degradation blocked this decline (Botolin,
2006). This observation supported the role of the 26S proteasome in insulin-mediated control
of SREBP nuclear abundance (Sundqvist, 2005). Treatment of primary hepatocytes with
22:6,n-3 accelerates the loss of nSREBP-1 from a T1/2 of 10 hours when insulin was omitted
to a T1/2~4 hrs when cell were treated with 22:6,n-3 in the absence of insulin. The 22:6,n-3-
mediated loss of nSREBP-1 was completely blocked by 26S proteasome inhibitors, like
MG132 and lactacystin. Of all the fatty acids tested, only 22:6,n-3 controlled nuclear SREBP-1
abundance through a 26S-proteasomal dependent pathway; inhibitors of 26S proteasomal
completely blocked the 22:6,n-3 suppression of nSREBP-1. Since no other PUFA tested
regulated SREBP-1 at the level of 26S proteasomal degradation, the outcome of these studies
revealed a unique role for 22:6,n-3 in the control SREBP-1 nuclear abundance; through a 26S
proteasome-dependent pathway.

To determine if the PUFA-regulated 26S proteasomal regulation of SREBP-1 nuclear
abundance is relevant in vivo, we used our suckling rat model (Botolin and Jump, 2003). In
suckling animals, blood levels of insulin are low (≤20% of adult levels (0.5 ng/ml plasma)
(Girard et al., 1994). Moreover, enzymes involved in PUFA synthesis (Δ5 and Δ6 desaturases
and the fatty acid elongase, Elovl-5) are induced immediately after birth (Wang, 2005). Thus,
enhanced PUFA synthesis coupled with low circulating insulin may contribute to the absence
of hepatic nuclear SREBP-1 in the neonate. As stated above, SREBP-1 mRNA is very abundant
in neonatal liver. The mechanism for suppression of SREBP-1 nuclear abundance can not be
explained by pre-translational mechanisms (transcription & RNA stability) since the mRNA
encoding both SREBP-1a and SREBP-1c are abundance in livers of pre-weaned animals. To
gain some insight in to the post-translational mechanisms controlling SREBP-1 in the neonate,
we injected neonatal animals with sufficient insulin (5 U/100 gbw, ip) to restore insulin levels
to adult values; we also administered the 26S proteasomal inhibitor (MG132, 10 µg/100 gbw,
ip). While SREBP-2 nuclear abundance and microsomal levels of SREBP-1 and -2 were
unaffected by these treatments, nuclear SREBP-1 (but not SREBP-2) was transiently (within
90 mins) increased by insulin and MG132 (not shown). These studies suggest that in vivo,
insulin rapidly controls hepatic nuclear SREBP-1 content through a 26S proteasomal pathway.
Our original report on developmental regulation of hepatic SREBP-1 and SREBP-2 nuclear
abundance (Botolin and Jump, 2003) attributed differences in SREBP-1 and SREBP-2 nuclear
abundance in the neonate to selective proteolytic cleavage. Based on these more recent studies
(Botolin, 2006), we now believe this difference is due to selective 26 S proteasomal degradation
of SREBP-1, a process regulated by insulin and 22:6,n-3.

How does 22:6,n-3 control SREBP-1 26S proteasomal degradation? Gsk3β-mediated
phosphorylation of SREBP is clearly involved in the ubiquitination and 26S proteasomal
degradation of SREBP (Sundqvist, 2005). Insulin suppresses Gsk-3β activity by inducing its
phosphorylation through an Akt-dependent pathway. We found that both insulin and 22:6,n-3
induced Gsk-3β phosphorylation. In fact, all 20–22 carbon PUFA tested induced Gsk-3β
phosphorylation4. Moreover, 22:6,n-3 transiently suppressed insulin-induced Akt-
phosphorylation; phospho-Akt is active. Over expression of a constitutively active Akt failed
to abolish the 22:6,n-3 suppression of nSREBP-1 (Botolin, 2006). Taken together, the outcome
of these studies indicated that Akt and Gsk-3β are not involved in the 22:6,n-3 mediated
suppression of SREBP-1 nuclear abundance.

Despite this outcome, these studies revealed a novel target of fatty acids, i.e., Gsk3β. Gsk-3β
phosphorylation is mediated by both Akt and PKC (Goode et al., 1992; Lavoie et al., 1999).
We and others have reported that PUFA inhibit insulin-induced Akt phosphorylation (Botolin,
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2006; Talukdar et al., 2005). This outcome implicated PKC as a likely target for PUFA control.
Defining the role PUFA plays in controlling Gsk-3β activity has high significance because this
signaling pathway plays a central role in many cellular events, e.g., glycogen synthesis
(glycogen synthase), protein synthesis (eIF2B), tubulin polymerization (Tau), cell cycle (cyclin
D) and Wnt signaling (β-catenin)(Srivastava, 1998; Welsh, 1996). Moreover, Gsk-3 has
attracted considerable interest as a drug target for neurological disorders (Chang et al., 2006;
Kozlovsky et al., 2006; Li et al., 2006; Terstappen et al., 2006), heart disease (Palfi et al.,
2006), inflammation (Yan and Tai, 2006), and cancer (De Toni et al., 2006; Ougolkov and
Billadeau, 2006; Samanta et al., 2006). Gsk-3β is likely the key target for lithium, a well know
treatment of certain neurological disorders. N-3 polyunsaturated fat (PUFA) are essential fatty
acids (Spector, 1999). N-3 PUFA deficiency leads to problems with visual acuity and learning
(Greiner et al., 2003; Rojas et al., 2002; Salem et al., 2001) as well as metabolic problems
associated with lipid and carbohydrate metabolism [reviewed (Jump, 2002; Jump, 2002; Jump,
2004)]. Defining the mechanism for n-3 PUFA control of hepatic SREBP-1 and Gsk-3β may
provide important clues to explain how n-3 PUFA operate in other tissues. Understanding the
impact of n-3 PUFA on physiological process is an important human health issue. Its
importance increases because of the increased availability of n-3 PUFA in various processed
foods, e.g., baby formula (Infamile- Lipil/Mead-Johnson) and Promise and Smart Balance
margarines/butter spreads, as well as the availability of omega-3 capsules in groceries and
health food stores.

Protein Kinase C and Erk1/2 are likely involved in the 22:6,n-3 control of
SREBP-1 nuclear abundance

The phosphorylation of Gsk-3β at Ser9 determines it activity; when not phosphorylated the
kinase is active; phosphorylation at Ser9 inactivates the kinase. Ser9 on Gsk3β is
phosphorylated by at least two signaling pathways, Akt or PKC (Goode et al., 1992; Srivastava,
1998; Welsh, 1996). Akt subtypes are activated by insulin and inhibited by 22:6,n-3 (Botolin,
2006; Scheid, 2001; Talukdar et al., 2005). Atypical PKC subtypes are targets of insulin action
(Farese et al., 2005; Standaert et al., 2004). Moreover, PKC subtypes are well established target
of fatty acid regulation (Hanks, 1988; Newton, 1997; Nishizuka, 1992). Since PUFA suppress
the insulin-induced phosphorylation of Akt and Akt activity (Botolin, 2006; Talukdar et al.,
2005), Akt is likely not the mediator of 22:6-mediated phosphorylation of Gsk-3β. As such,
we considered PKC as a possible mediator of PUFA control of Gsk-3β. Three families of PKC
have been defined, each with multiple subtypes: conventional (α, β (I & II), γ), novel (δ, ε, η,
θ, μ) and atypical (ζ, λ, τ). Of these, PKC α, β, γ & ζ have been reported to phosphorylate
Gsk-3β (Desbois-Mouthon et al., 2002; Goode et al., 1992; Kirshenboim et al., 2004). To
determine if PKC might be involved in PUFA control of Gsk-3β, primary rat hepatocytes were
treated with 22:6,n-3, in the absence and presence of two PKC inhibitors; calphostin C (a pan
inhibitor of all PKC subtypes) and Gö6976 (an inhibitor of PKC α, β (I & II), γ). The 22:6,n-3
induction of Gsk-3β phosphorylation was blocked by calphostin C, but not Gö6976. The
22:6,n-3 suppression of nuclear SREBP-1 (a 26S proteasome-mediated process) was also
blocked by calphostin C, but not Gö6976. These results suggest that either novel or atypical
PKCs are involved in the 22:6-control of both Gsk-3β phosphorylation and SREBP-1 nuclear
abundance.

Fatty acids also regulate other protein kinases cascades; including the mitogen-activated
protein kinase (MAPK) pathways (P38, JNK & Erk). The Salati lab has identified P38 as a
target for PUFA control and the regulation of hepatic glucose-6-phosphate dehydrogenase
mRNA splicing (Talukdar et al., 2005). Our studies, however, ruled out the P38 and JNK
pathways as being involved in PUFA control of SREBP-1 nuclear abundance. Instead, our
studies implicated the Erk pathway in the 22:6,n- 6 control of SREBP-1 (Botolin, 2006). The
ERK pathway is a well established target of insulin action. Insulin rapidly, but transiently,
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induces ERK phosphorylation in rat primary hepatocytes (Botolin, 2006; Xu et al., 2005). Only
C22 PUFA induced ERK phosphorylation and regulate SREBP-1 26S proteasomal degradation
(Botolin, 2006). 22:6,n-3 treatment of primary hepatocytes enhanced Erk-phosphorylation;
elevated Erk-phosphorylation correlated with suppressed nSREBP-1 in primary hepatocytes
and in livers of suckling rats. ERK1/2 is activated through phosphorylation by MEK. MEK
inhibitors (PD98059 & U0126) rapidly (within 30 mins) attenuated 22:6, n-3-mediated
suppression of nuclear SREBP-1 (Botolin, 2006). Based on these results, the MEK/ERK
pathway controls SREBP-1 nuclear abundance.

While such studies connect ERK phosphorylation to the control of SREBP-1 nuclear
abundance, the molecular details are missing. Particularly intriguing is the fact that PUFA
control is directed exclusively at SREBP-1, while SREBP-2 nuclear abundance remains
unaffected by these manipulations. The mechanism by which 22:6,n-3 controls ERK
phosphorylation and SREBP-1 nuclear abundance remain two important unanswered
questions. There are, however, some hints as to how this mechanism might work. First, Busik
and colleagues have focused on the impact of PUFA, and in particular 22:6,n-3, on ameliorating
the deterioration of the retina associated with diabetic retinopathy (Chen et al., 2003; Chen,
2005; Chen, 2007). The key observations are that treating human retinal endothelial cells with
20:4,n-6 promotes cytokine production, while 22:6,n-3 inhibits this process. Activation of
cytokine production is linked to NFκB activation and its migration to the nucleus; 22:6,n-3
inhibits NFκB migration to the nucleus (Chen, 2005). In their most recent studies, Busik et al
(Chen et al., 2007) reported that treating human retinal endothelial cells with 22:6,n-3 enriched
membranes with 22:6,n-3. Membrane enrichment with 22:6,n-3 depleted membranes of
cholesterol from caveolae/lipid rafts, but not bulk membranes. A key event associated with
these changes in membrane composition was the loss of the Src family kinases, Fyn and c-Yes,
from lipid rafts. These kinases are thought to be crucial for activation of NFκB signaling.

Lipid rafts are regions within the exoplasmic leaflet of the plasma membrane that are enriched
in cholesterol and sphingolipids (Ikonen, 2001). Rafts selectively incorporate proteins and
govern protein-protein and protein-lipid interactions. These membrane microdomains
contribute to the structure and function of caveolae, plasma membrane invaginations, signal
transduction, endocytosis, transcytosis, cholesterol trafficking as well as tyrosine kinase and
sphingolipid cell signaling. Proteins acylated with saturated fatty acids (14:0 or 16:0) partition
into the cytoplasmic membrane lipid leaflet with high affinity for rafts. A number of proteins
involved in cell signaling are found in lipid rafts, including G-proteins (αs, αq), members of
the Src-kinase family, caveolin, Gap43 (Moffett, 2000).

The notion that PUFA impact lipid rafts composition and cell signaling is not new. A well-
defined model for studying PUFA effects on the function of rafts is T-cell activation (Fan et
al., 2004; Fan et al., 2003; Ma et al., 2004; Pike et al., 2002; Pohl et al., 2004; Stulnig et al.,
2001). The two Src family kinases, Lck and Fyn, as well as the transmembrane adaptor protein
LAT (linker for activation of T cells) are concentrated on the cytoplasmic side of lipid rafts.
Stimulation of the TCR triggers the activation of Lck and Fyn that leads to an increase in
Ca+2-signaling, an activation of ERK, a MAP kinase pathway, and other downstream signaling
events (Stulnig et al., 2001; Switzer et al., 2004). Prior treatment of Jurkat T-cells with 20:4,n-6
or 20:5,n-3 leads to a reduction in Lck and Fyn in lipid rafts, a reduction in calcium signaling
and a decline in ERK activation. Both n3 and n6 PUFA affect raft composition and function
through an eicosanoid-independent mechanism.

In the context of 22:6,n-3 effects on ERK phosphorylation status and the control of SREBP-1
nuclear abundance, a key issue may be the location of ERK in the cell. It is well established
that activated (phospho-) ERK moves to the nucleus to phosphorylate nuclear proteins. ERK
also interacts with membranes and this interaction is determined by membrane cholesterol
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content (Wang, 2003). Changes in membrane cholesterol content alter this association and
impact the spectrum of proteins phosphorylated by ERK. As such, changes in membrane
cholesterol content induced by 22:6,n-3 introduction into membrane phospholipids might
impacts ERK signalling. Whether changes in cholesterol content in membranes is mediated by
physical repulsion by 22:6,n-3 or by regulating an membrane-associated enzyme that affects
membrane cholesterol content e.g., sphingomyelinase (SanGiovanni, 2005; Wu, 2005) remains
to be tested.

Key future experiments to define the molecular basis for 22:6,n-3 control of 26S proteasomal
degradation of nuclear SREBP-1 must focus on those mechanisms at the membrane and nuclear
level that alter signaling pathways controlling selective degradation of nuclear SREBP-1. An
important first step will be to determine which phosphorylated amino acids in SREBP-1 are
required for 22:6- mediated control of SREBP-1 nuclear abundance.

Does 22:6,n-3 antagonize insulin action?
The preceding discussion has pointed out that many of the biochemical events regulated by
22:6,n-3 are also regulated by insulin (Table 2). In some cases, 22:6,n-3 antagonizes insulin
action. For example, 22:6,n-3 inhibits the inductive effect of insulin on de novo lipogenesis,
PUFA synthesis, L-pyruvate kinase gene transcription. 22:6,n-3 suppresses the nuclear
abundance of the key transcription factors (ChREBP, MLX and SREBP-1) controlling the
expression of glycolytic (L-pyruvate kinase) and lipogenic (ACC, FAS, SCD1, Elovl6) genes.
Of the key signaling pathways regulated by insulin, e.g., Akt, Gsk3β, Erk1/2 and PKC, only
the insulin regulation of the Akt pathway is antagonized by 22:6,n-3. For the others, 22:6,n-3
is insulinmimetic. These observations suggest that 22:6,n-3 likely does not interfere with early
events in insulin signaling, but impacts key downstream events. The underlying mechanisms
for these effects are not fully defined. These observations are consistent with the finding that
feeding rodents or human diets supplemented with n-3 PUFA does not promote insulin
resistance (Lombardo and Chicco, 2006;Sirtori et al., 1997;Steerenberg et al., 2002;Winzell et
al., 2006).

Summary
As a polyunsaturated fatty acid, 22:6,n-3 has many of the same effects on gene expression as
other PUFA. 22:6,n-3 activates PPARα, but suppresses the nuclear abundance of SREBP-1,
ChREBP and MLX. In doing so, 22:6,n-3 promotes fatty acid oxidation and inhibits fatty acid
synthesis. 22:6,n-3, however, differs from other PUFA in having different potencies on these
various regulatory systems. 22:6,n-3 is a weak activator of PPARα; this process likely requires
retroconversion of 22:6,n-3 to 20:5,n-3. 20:5,n-3, but not 22:6,n-3, is a robust activator of
PPARα. In contrast to PPARα, the effect of 22:6,n-3 on the control of glycolytic gene
expression and ChREBP & MLX nuclear abundance can not be distinguished from other
PUFA. Where 22:6,n-3 truly distinguishes itself as a regulator of gene expression is its effect
on 26S proteasomal degradation of SREBP-1. This unique event is seen only with 22:6,n-3;
no other PUFA controls SREBP-1 nuclear abundance through this mechanism. Insulin inhibits
the 26S proteasomal degradation of nuclear SREBP-1. Elevated nuclear content of SREBP-1
is one of the key factors involved in the positive effect of insulin on de novo lipogenesis.
22:6,n-3 antagonizes the insulin control of this process through the Erk1/2 and PKC (novel or
atypical) pathways. Precisely how this is achieved is under investigation.

These studies have also uncovered effects of 22:6,n-3 on signaling pathways (Erk1/2, Gsk3β
and PKC [novel or atypical]) that have broad effects on multiple regulatory processes in many
tissues. Unknown is whether 22:6,n-3 regulates these signaling pathways in non-hepatic
tissues. If such regulation is operative in other tissues, e.g., the central nervous or visual
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systems, then control of these pathways may explain some of the actions of 22:6,n-3 on such
complex processes as learning and visual acuity.
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Figure 1. Summary of PUFA control of hepatic PPARα, SREBP-1 and MLX nuclear abundance
See text for explanation. G-PR, G-protein coupled receptors; Y-Kin R, tyrosine kinase-coupled
receptors; FATP, fatty acid transport protein; CD36/FAT, a fatty acid transport protein; NEFA,
non-esterified fatty acids; PKC, protein kinase C; PKA, protein kinase A; MAPK, mitogen
activated protein kinase; ACBP, fatty acyl CoA binding protein; FA-CoA, fatty acyl CoA;
ACS, acyl CoA synthetase; TK, fatty acyl thioesterase; FABP, fatty acid binding protein; Ub,
ubiquitin.
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Figure 2. Metabolic pathway for N-3 and N-6 PUFA synthesis
The diagram illustrates the metabolic pathway for n-3 and n-6 PUFA synthesis (solid line/
arrows), retroconversion of 22:6,n-3 to 20:5,n-3 (stippled line/arrows) and the release of fatty
acids from fatty acyl CoA or complex lipids by the action of fatty acyl thioesterases or lipases
(dotted line/arrows), respectively. 18:2,n-6, 20:4,n-6 and 22:6,n-3 are the predominant fatty
acid accumulating in tissues as neutral and phospholipids. See text for additional explanation.
Δ5D, Δ5-desaturase; Δ6D, Δ6-desaturase; EL2, fatty acid elongase-2; EL5, fatty acid
elongase-5; pβ-OX, peroxisomal β-oxidation.
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Table 1
Involvement of Transcription Factors in Controlling Hepatic Glycolysis, Fatty Acid Synthesis and Oxidation.

Protein SREBP-1 ChREBP/MLX PPARα

Glycolysis and Gluconeogenesis
Glucose transporter-2 (Glut2) No Yes No
Glucokinase (GK) No No No
L-Pyruvate kinase (LPK) No Yes (+) Yes (−)
Phosphoenolpyruvate carboxykinase (PepCk) Yes (−) No Yes (+)
Glycose-6-Phosphatase (G6Pase) No No Yes (+, weak)
Fatty Acyl Synthetases and Thioesterases
Fatty acyl synthetase 1 (ACS1) No No Yes
Cytosolic Fatty Acyl Thioesterase (CTEI) No No Yes (+)
Mitochondrial Fatty Acyl Thioesterase (MTEI) No No Yes (+)
Peroxisomal Fatty Acyl Thioesterase (PTEI) No No Yes (+)
Fatty Acid Synthesis, Desaturation and Elongation
ATP citrate lyase (ACL) Yes (+) No No
Acetyl CoA carboxylase (ACC) Yes (+) Yes (+) No
Fatty acid synthase (FAS) Yes (+) Yes (+) No
Δ5-desaturase (Δ5D) Yes (+, weak) No Yes (+, weak)
Δ6-desaturase (Δ6D) Yes (+) No Yes (+, weak)
Stearoyl CoA desaturase (Δ9D) Yes (+) Yes (+) Yes (+)
Fatty acid elongase-5 (Elovl5) No No Yes (+)
Fatty acid elongase-6 (Elovl6) Yes (+) Yes (+) Yes (+, weak)
Fatty Acid Oxidation
Mitochondrial HMG CoA synthase (mtHMGCoASyn) No No Yes (+)
Peroxisomal Acyl CoA Oxidase (AOX) No No Yes (+)
Microsomal cytochrome P450-4A (Cyp4A) No No Yes (+)
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Table 2
A Comparison of Insulin and 22:6,n-3 Effects on Hepatic Signaling Mechanisms and Fatty Acid Synthesis.

Insulin 22:6,n-3

De novo lipogenesis Induces Suppresses
PUFA synthesis Increases Suppresses
Glucokinase Gene transcription Increases No Effect
L-Pyruvate Kinase Gene transcription Increases Decreases
ChREBP/MLX Nuclear abundance Increases Decreases
SREBP-1 Nuclear abundance Increases Decreases
PKB/Akt Phosphorylation (Activates) Decreases Increases
Gsk-3β Phosphorylation (Inactivates) Increases Increases
Erk1/2 Phosphorylation (Activates) Increases Increases

Transiently Sustained
Protein kinase C Activity Activates Activates
Subtypes Atypical PKC Atypical and/or novel PKCs
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