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Abstract

For many years, clinical and animal studies on polyunsaturated n-3 fatty acids (PUFAs), especially those from marine oil,
eicosapentaenoic acid (20:5,n-3) and docosahexaenoic acid (22:6,n-3), have reported the impact of their beneficial effects on both health and
diseases. Among other things, they regulate lipid levels, cardiovascular and immune functions as well as insulin action. Polyunsaturated fatty
acids are vital components of the phospholipids of membrane cells and serve as important mediators of the nuclear events governing the
specific gene expression involved in lipid and glucose metabolism and adipogenesis. Besides, dietary n-3 PUFAs seem to play an important
protecting role against the adverse symptoms of the Plurimetabolic syndrome. This review highlights some recent advances in the
understanding of metabolic and molecular mechanisms concerning the effect of dietary PUFAs (fish oil) and focuses on the prevention and/or
improvement of dyslipidemia, insulin resistance, impaired glucose homeostasis, diabetes and obesity in experimental animal models, with

some extension to humans.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

For over two decades, numerous studies and clinical
investigations have focused on the metabolism of polyun-
saturated fatty acids (PUFAs). Most of them place consid-
erable interest in the dietary intake of marine PUFAs,
especially eicosapentaenoic acid (EPA) (20:5,n-3) and

Abbreviations: ACC, acetyl-CoA carboxylase; AOX, acyl-CoA oxi-
dase; Apo A-1, apolipoprotein A-1; Apo B, apolipoprotein B; CPT1 and
CPT2, carnitine palmitoyltransferase 1 and 2; CYP4A2, cytochrome P450 4
A2; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FAO,
peroxisomal fatty acid oxidase; FAS, fatty acid synthase; FFA, free fatty
acids; GIR, glucose infusion rate; Glut 4 and 2, glucose transporter 4 and 2;
HDL-C, high-density lipoprotein cholesterol; HSL, hormone-sensitive
lipase; IRS-1 and IRS-2, insulin receptor substrate-1 and 2; LDL-C, low
density lipoprotein cholesterol; LDL receptor, low-density lipoprotein
receptor; L-PK, L-pyruvate kinase; LPL, lipoprotein lipase; PDHc, pyruvate
dehydrogenase complex; PDH-kinase, pyruvate dehydrogenase kinase;
PEPCK, phosphoenolpyruvate carboxykinase; PI3'kinase, phosphatidyli-
nositol 3-kinase; PPAR, peroxisome proliferator-activated receptor; PUFAs,
polyunsaturated fatty acids; S14, S14 protein; SCDI, stearoyl-CoA
desaturase-1; SREBP-1, sterol regulatory element-binding protein-1;
UCP1, uncoupling protein 1; VLDL, very low-density lipoprotein.
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docosahexaenoic acid (DHA) (22:6,n-3), which are abun-
dant in fish, shellfish and sea mammals and scarce or absent
in land animals and plants [1]. Their results give evidence of
the beneficial effects of these acids on both normal health
and chronic diseases, such as regulation of lipid levels [2,3],
cardiovascular [4,5] and immuno functions [6]. In addition,
they are essential for normal growth and development.
Docosahexaenoic acid (22:6,n-3) is a vital component of the
phospholipids of cellular membranes, especially in the brain
and the retina, necessary for their proper functioning [7].
Besides, n-3 fatty acids have antiinflammatory, antithrom-
botic, antiarrhythmic and vasodilatory properties, some of
these effects being modulated through prostaglandins and
leukotriene metabolism [5—8].

Another important action of n-3 fatty acids is that they
could play a key role in the prevention and management of
several diseases such as coronary heart disease, dyslipide-
mia, type 2 diabetes, insulin resistance, hypertension and so
on [9-11]. When added to the diet, the EPA and DHA
(PUFAs) present in fish or fish oil can alter the membrane
phospholipid composition of the cells, impact eicosanoid
synthesis and action, and regulate transcription factor
activity and abundance. Recent studies suggest that n-3
fatty acids serve as important mediators of gene expression,
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working via the peroxisome proliferator-activated receptors
(PPARSs) controlling the expression of the genes involved in
lipid and glucose metabolism and adipogenesis [7]. More-
over, experimental studies have shown that fish oil could
down-regulate the hepatic mRNA level of the sterol
regulatory element-binding protein-1 (SREBP-1), which
also controls several lipogenic genes [12—14].

This review highlights some recent advances in the
understanding of metabolic and molecular mechanisms
concerning the effect of dietary PUFAs (fish oil) and
focuses on the prevention and/or improvement of dyslipi-
demia, insulin resistance, impaired glucose homeostasis,
diabetes and obesity in experimental animal models, with
some extension to humans.

2. Effect of fish oil on dyslipidemia, insulin resistance,
impaired glucose tolerance, diabetes and obesity

2.1. Studies in experimental animal models

2.1.1. Dietary fish oil prevents the development of
dyslipidemia, impaired glucose tolerance, insulin
resistance and obesity

2.1.1.1. High sucrose- or fructose-fed rodents. Numerous
investigations including our own [15-28] have demonstrat-
ed that normal rats fed high carbohydrate (particularly
fructose or sucrose) diets for a short period (3—5 weeks)
develop hypertriglyceridemia, increased plasma free fatty
acid (FFA) levels, enhanced triglyceride accumulation in
liver and in some peripheral tissues (e.g., skeletal and heart
muscle), hyperinsulinemia, insulin resistance in target
tissues (e.g., liver, skeletal muscle, adipose tissue), moderate
adiposity and hypertension. Interestingly, several of these
metabolic abnormalities are also present in the so-called
Plurimetabolic syndrome or Syndrome X in humans [29].
However, numerous studies have shown that when fish oil
replaces the usual oil present in the rats’ diet as a main
source of fat in the sucrose-rich diet, it prevents the onset of
dyslipidemia and hyperinsulinemia.

2.1.1.1.1. Effects on the liver. In the hypertriglyceridemic
insulin-resistant, sucrose-fed rat model, dietary fish oil is
associated with a number of effects that collectively act to
reduce dyslipidemia and improve insulin action [30—32].
Fish oil decreases plasma and liver triglyceride levels and
very low-density lipoprotein triglyceride (VLDL-TG) se-
cretion, and suppresses postprandial hypertriglyceridemia
[33]. This is probably due to both the suppression of the
transcription of gene-encoding lipogenic enzymes and the
increased fatty acid oxidation. Studies in vivo and with
primary hepatocytes have shown that the lipogenic gene
expression is unaffected by feeding monounsaturated fatty
acids but is suppressed by n-3 or n-6 PUFA. Dietary n-3 and
n-6 families (in rodents and probably in humans) suppress
the transcription of hepatic gene encoding for lipogenic
enzymes [e.g., acetyl-CoA carboxylase (ACC), fatty acid

synthase (FAS), S14 protein (S14), stearoyl-CoA desatur-
ase-1 (SCD1)], malic enzyme, ATP citrate lyase and
glycolytic enzymes [e.g., L-pyruvate kinase (L-PK)], and
more recently, apolipoprotein A-1 and delta 5 and delta 6
desaturase [34-36]. However, n-3, but not n-6, fatty acids
suppress triglyceride synthesis, VLDL secretion and lower
triglyceride levels [36] by mechanisms that include impaired
VLDL assembly and secretion [37], direct suppression of
VLDL apolipoprotein B (Apo B) by EPA and the like [38].

Halvorsen et al. [39] demonstrated that the administration
of fish oil (20:5,n-3 and 22:6,n-3) to rats markedly increases
the mitochondrial carnitine palmitoyltransferase 2 (CPT2)
activity and peroxisomal fatty acid oxidase (FAO). CPT1
also increases with n-3, both in the presence or absence of
malonyl-CoA, in the same way as mitochondrial and
peroxisomal P oxidation. Polyunsaturated fatty acid diets
stimulate both gene expression and activities of the enzymes
involved in peroxisomal 3 oxidation (FAO is increased).
The increases of P oxidation may direct FFA away from
triglyceride synthesis with a concomitant decrease of
triglyceride secretion, both contributing to the hypolipemic
effect of fish oil.

Neschen et al. [40] have recently shown that dietary fish
oil (n-3) administered to rats increases the fatty acid
capacity of their liver through its ability to function as
ligand activator to PPAR-a, and thereby induces the
transcription of several gene-encoding proteins affiliated
with fatty acid oxidation. 20:5,n-3 CoA compared to 18:1
CoA is a poor substrate for diacylglycerol acyltransferase
[41]. Therefore, it decreases the rate of 20:5 n-3 assimilation
to neutral lipids and might lead to an elevation of
intracellular 20:5 n-3 sufficient to activate PPAR-a [7].
Peroxisome proliferator-activated receptor « is required for
the fish oil-mediated induction of mRNA acyl-CoA oxidase
(AOX) and mRNA cytochrome P450 4 A2 (CYP4A2), but
not for the fish oil-mediated suppression of mRNA
encoding FAS, S14 or L-PK [42.,43].

Moreover, a recent study examining fish oil feeding on
several gene expressions of PPAR knockout mice clearly
indicates that hepatic gene regulation by fish oil feeding
involves at least two different pathways: PPAR-a dependent
and PPAR-a independent [42]. Enzymes for peroxisomal
(CYP4A2) and microsomal (AOX) oxidation are PPAR-a
dependent and up-regulated, whereas enzymes for lipid
synthesis (FAS, S14) are PPAR-a independent and down-
regulated [43]. This indicates that the fatty acid regulation of
hepatic de novo lipogenesis and fatty acid oxidation are not
mediated through a common factor (e.g., PPAR-a).

Kim et al. [12], feeding C57BL/6J mice on either
safflower or fish oil during 5 months, demonstrated that
fish oil down-regulates the hepatic mRNA level of the
SREBP-1. Compared with dietary safflower, fish oil
decreases liver SREBP-1c mRNA but does not alter
SREBP-la mRNA (one of the three forms of SREBPs
expressed in the liver). Consistent with the decrease of
mature SREBP-1, fish oil feeding down-regulates the
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expression of liver SRE-dependent genes such as low-
density lipoprotein (LDL) receptor, 3-hydroxy-methyl glu-
taryl-CoA reductase, 3-hydroxy-methyl glutaryl-CoA
synthase, ACC and SCD1. These data suggest that fish oil
down-regulates the mature form of SREBP-1 in the liver by
decreasing the SREBP-1 mRNA expression, with the
corresponding decrease of both mRNAs of cholesterogenic
and lipogenic enzymes.

2.1.1.1.2. Effects on the adipose tissue. Substitution of
fish oil with standard vegetable oil in insulin-resistant,
sucrose-fed rats protected these animals from visceral fat
hypertrophy, hypertriglyceridemia and hyperglycemia.
Peyron-Caso et al. [44] demonstrated that adipocytes of
fish oil-fed rats showed an enhanced lipolysis. Moreover,
adipose tissue lipoprotein lipase (LPL) activity was
increased 2.2-fold, whereas the FAS activity was markedly
lower in the liver but not in adipose tissues. These results
suggest that the decrease in visceral fat in fish oil-fed rats
could be attributed to a decreased plasma triglyceride
concentration and/or increased lipid mobilization rather
than to reduced lipid storage. Moreover, Peyron-Caso et al.
[32] demonstrated that the adipocytes of rats fed a sucrose-
rich diet with fish oil are smaller and more sensitive to
insulin stimulation than those obtained from rats fed a
sucrose-rich diet with vegetable oil. An increase of plasma
leptin levels was also observed in insulin-resistant, sucrose-
fed rats after oil administration [45]. However, other
investigations reported that fish oil feeding might reduce
the leptin gene expression [46].

2.1.1.1.3. Effects on insulin sensitivity. Fish oil decreases
the skeletal muscle triglyceride content, improves insulin
action on glucose utilization and/or storage in insulin main
target tissues and prevents the development of whole-body
insulin resistance [30,31].

The mechanism responsible for fish oil-induced preven-
tion of insulin resistance in sucrose-fed rats is still unclear,
but several studies have demonstrated a strong association
between elevated triglyceride concentration (plasma and/or
tissues) and diet-induced insulin resistance. Sucrose-induced
hepatic insulin resistance is significantly correlated with
hepatic triglyceride content, whereas peripheral insulin
resistance is significantly correlated with plasma triglyceride
levels [19,47]. An inverse correlation between insulin-
stimulated glycogen synthase activity and triglyceride
content in the soleus muscle was observed by Klimes et al.
[30] in sucrose-fed rats. Thus, one explanation for the
prevention of sucrose-induced insulin resistance may be
related to the hypolipidemic actions of fish oil.

In addition to the regulation of plasma lipid levels,
increasing evidence suggests that the fatty acid composition
of the membrane phospholipids of insulin target tissues
[48,49], such as liver, fat pad and skeletal muscle, is a
critical factor that influences both the insulin secretion and
its biological actions (e.g., changes in membrane fluidity,
diacylglycerol second messenger function, etc.). Luo et al.
[50] demonstrated that insulin action is positively correlated

with the fatty acid insaturation index in membrane
phospholipids of rat adipocytes when fish oil represents
the main source of lipids in the sucrose-rich diet. Moreover,
fish oil prevents the decrease of insulin-stimulated glucose
transport and the oxidation and incorporation into total
lipids. Improved in vitro insulin-stimulated glucose incor-
poration into total lipids and glucose oxidation into CO,
were also observed in adipocytes of neonatal streptozotocin
diabetic rats fed a sucrose-rich diet to which 30% dietary
fish oil had been added [51].

Peyron-Caso et al. [32] observed an increase of insulin-
stimulated glucose transport in adipocytes associated with
an increase of glucose transporter 4 (Glut 4) protein and
mRNA levels in rats fed a sucrose-rich diet supplemented
with fish oil, with no changes in plasma glucose levels and
no effect on muscle Glut 4 protein levels. Sebokova et al.
[52] showed that a raised dietary intake of fish oil in
hereditary hypertriglyceridemic rats does not alter the
number of Glut 4 protein levels in muscle. Mori et al.
[53], in Otsuka Long—Evans Tokushima fatty rats, a model
of spontaneous type 2 diabetes mellitus with obesity,
demonstrated that the long-term administration of fish oil
for 17 to 18 weeks prevents the development of insulin
resistance. This seems to depend on a significant increase of
the Glut 4 mRNA expression in the skeletal muscle
mediated by alteration in muscle membrane phospholipid
composition.

In brief, when n-3 fish oil replaces the vegetable oil
present in the rats’ diet, it prevents the onset of dyslipide-
mia, insulin insensitivity in main target tissues (liver,
skeletal muscle, adipose tissue) and whole-body insulin
resistance in high sucrose or fructose-fed rodents. A
summary of the effects of fish oil as the major source of
fat in the sucrose-rich diet is presented in Table 1.

2.1.1.2. High-fat-fed rodents

2.1.1.2.1. Effects on skeletal muscle. Another interesting
experimental model of insulin resistance is that induced by
high-fat diets [54]. This model has been useful in the search
for the mechanism underlying human disorders associated
with insulin resistance and obesity. Experimental studies in
rodents (rats and mice) have shown that either saturated
(lard), monounsaturated (olive oil: n-9) or polyunsaturated
(safflower oil: n-6) high-fat diets alter insulin sensitivity
(insulin resistance) in target tissues (e.g., liver, skeletal
muscle and adipose tissue) associated with glucose intoler-
ance, hyperinsulinemia and obesity [55,56]. In skeletal
muscle, high-fat diets decrease insulin-stimulated oxidative
and nonoxidative glucose disposal and increase triglyceride,
long-chain acyl-CoA and diacylglycerol contents [57-59].
Storlien et al. [55] showed a deterioration of skeletal muscle
insulin action under conditions of increased triglyceride and
long-chain acyl-CoA contents.

2.1.1.2.2. Insulin signaling and insulin resistance.
Defects in insulin signaling in peripheral tissues were
reported during a high-fat diet [60]. An impairment in the
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Table 1

Main effects of dietary fish oil in the prevention of experimental
dyslipidemia and insulin resistance induced by feeding a high refined
sugar (HRS) diet”

HRS HRS-+ish oil®
Blood pressure T [17,30] 1 [30]
Plasma
Triglycerides 1 [15-25,27,28,30,32,50,80] 1 [30,33,50]
(VLDL-TG)
FFAs 1 [15-25,28,30,32,80] 1 [30,32]
Glucose 1/L[15-25,27,28,30,32,50] 1 [30]
Insulin T [15-25,30,32] 1 [30,32]
Leptin 1 [45] T [45]
Peripheral insulin 1 [18,19,25,47,83] 1 [30,31]
resistance
Liver
Lipogenesis 1 [15-25] 1 [30,33]
VLDL secretion 1 [15-25] 1 [30,33]
Triglyceride pool size T [15-25] 1 [30,31,33]
Insulin resistance 1 [18,19,25] 1 [30,48]

Insulin signaling Altered [26] Improved [30]

Skeletal muscle

Lipids (triglyceride, T [19,30,83] 1 [30,31]
LCACo0A)

Insulin resistance 1 [18,47,83] 1 [30]

Insulin signaling 1 [26]

Glucose utilization 1 [18,19,30,83] 1 [30]
and/or storage

Adipose tissue (white fat)

Adipocyte cell size 1/1 [32,28] 1 [32]

Visceral fat 1 /1 [25,28,32,45,50] 1 [32,50]

Insulin resistance T [25,32,50] 1 [32,50]

Insulin-stimulated 1 [27,32,50] 1 [30,32,50]

glucose transport,
oxidation and
incorporation into
total lipid

LCACoA, long-chain acyl-CoA; T, moderate increase; 1, high increase;
|, decrease; L, prevents (normal levels).

? Fructose/glucose.

® Vegetable oil partially replaced by fish oil.

early steps of insulin signaling that could involve insulin
receptor substrate-1 (IRS-1) tyrosine phosphorylation as
well as phosphatidylinositol 3-kinase (PI3’kinase) activity
was observed in skeletal muscle [61]. In adipose tissue, a
high-fat diet reduced the IRS-1 and IRS-2 proteins. In liver,
IRS-1 and IRS-2 proteins and their phosphorylations were
not altered, and the PI3’'kinase activity associated with
IRS-1 and IRS-2 increased. However, the development of
insulin resistance in the high-fat feeding model is clearly
dependent on the type of dietary fat [54]. Storlien et al. [62]
demonstrated that substitution of n-3 fatty acids from fish oil
(largely the long-chain highly unsaturated EPA and DHA
fatty acids) with the safflower oil diet (rich in n-6 fatty
acids) prevents the development of in vivo insulin resistance
and improves insulin action in liver and skeletal muscle.
The mechanisms sustaining the protective effect of n-3
PUFAs remain unclear. Those effects could be related to the

subsequent changes in fatty acid content of membrane
phospholipids of insulin target tissues [63]. In muscle, n-3
PUFAs might improve insulin sensitivity through a relative
increase in the insaturation of membrane phospholipids and/
or a decrease in the muscle content of triglycerides
[56,64,65]. Alterations in membrane composition could
affect insulin receptor (IR) and/or IRS-1 and PI3’kinase
expression and protein abundance. Recently, Taouis et al.
[61] established the clear effect of a high-fat diet enriched in
n-3 fatty acids upon insulin signaling. In the liver, insulin-
stimulated IR tyrosine phosphorylation, IRS-1 tyrosine
phosphorylation and PI3’kinase activity were almost com-
pletely abolished in rats fed a high-fat diet enriched with n-3
fatty acids compared to animals fed a chow diet (low fat).
This indicates a profound alteration of the early steps of IR
signaling in liver. In the muscle IR, IRS-1 tyrosine
phosphorylation, PI3’kinase activity and total Glut 4 content
were similar to those recorded in control rats fed a chow
diet. These results may at least partially explain the recovery
of glucose uptake after substitution of n-6 with n-3 PUFAs
in a high-fat diet [62]. In adipose tissue, at the level of gene
expression, the diet enriched in n-3 fatty acids partially
decreased the expression of p85 without any changes in IR,
IRS-1, Glut 4 and leptin mRNA. However, despite those
positive effects, rats fed with n-3 PUFAs compared to chow-
fed rats still showed hyperglycemia and hyperinsulinemia,
indicating that liver insulin sensitivity impairment strongly
contributes to insulin resistance. These results suggest that
fish oil may have a tissue-specific impact in restoring insulin
sensitivity and not always prevents insulin resistance.

On the other hand, when examining the mechanism by
which fish oil protects against a high-fat diet-induced insulin
resistance, Neschen et al. [40] found that in contrast to
control and safflower oil-fed rats, fish oil feeding induces a
significant increase in the abundance of peroxisomal AOX
and 3-ketoacyl-CoA thiolase in liver but does not have a
similar effect in muscle. This was paralleled by an almost
twofold increase of hepatic peroxisome content and was not
associated with an increase in PPAR-a gene expression in
liver. These changes were associated with a more than
twofold lower hepatic triglyceride/diacylglycerol as well as
intramuscular triglyceride/fatty acyl-CoA content. These
data indicate that n-3 fatty acids protect against insulin
resistance by serving as PPAR-a ligands and thereby induce
hepatic but not intramuscular peroxisome proliferator. In
turn, an increased hepatic oxidative capacity results in lower
hepatic triglyceride/diacylglycerol and intramyocellular
triglyceride/fatty acyl-CoA content.

2.1.1.2.3. Effects on adipose tissue. A high-fat diet
increases visceral fat accumulation within a few weeks [66].
Several studies indicate a reduction of white fat pad mass
and adipocyte size in rats fed a high-fat diet rich in EPA and
DHA (fish oil) or 18:3,n-3 (perilla oil) compared to
saturated fat (lard) or rich in n-6 PUFA (safflower oil)
[67]. A partial substitution of lard with fish oil in a high-fat
diet not only prevents the development of hyperlipemia and
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obesity but also induces hypotriglyceridemia, hypocholes-
terolemia and leanness [68].

Studying the mechanisms by which n-3 PUFAs cause
less body fat accumulation, Ohinata et al. [69] observed an
increase in thermogenesis in the brown adipose tissue.
Kawada et al. [70] compared the effect of different fat diets
(lard, fish, linseed and perilla oil added to a commercial
diet) on the brown adipose tissue uncoupling protein 1
(UCP1) content, showing that the UCP1 content was
significantly higher in rats fed a fish oil diet than in those
fed a lard diet. More recently, Takahashi and Takashi [71]
found increased brown adipose tissue UCP1 mRNA levels
in rats fed a high-fat diet. The increases were greater with
fats rich in n-3 PUFAs (EPA, DHA, fish oil and perilla oil)
than with n-6 PUFA (safflower oil).

The type of dietary fat affects the lipogenic activity not
only in the liver but also in the adipose tissue. Benhizia et al.
[72] showed that the activity and mRNA levels of FAS in
the white adipose tissue is down-regulated by increasing the
fat content in the diet, and fish oil compared to lard or corn
oil is more effective in decreasing those variables. Raclot et
al. [73], studying the retroperitoneal fat tissue of rats fed
high-fat diets (20% fat) containing n-3 PUFAs (mainly
DHA), reported a decrease in the mRNA levels of several
proteins involved in adipose tissue metabolism including:
FAS, hormone-sensitive lipase, LPL, phosphoenolpyruvate
carboxykinase, CCAAT/enhancer binding protein alpha
(C/EBP) and leptin. In contrast, n-3 PUFAs had no effect
on gene expression in subcutaneous fat pad, suggesting that
n-3 PUFAs affect gene expression in a site-dependent
manner in white adipose tissues via possible antiadipogenic
effects. High-fat diets increased the gene expression of
leptin in the adipose tissue obtained from various fat pads in
rats [74,75]. Accordingly, rats fed a high safflower oil diet
doubled the leptin mRNA level in the white adipose tissue,
whereas no significant increases were detected with high-fat
diets rich in n-3 PUFAs [71].

High-fat feeding down-regulates the Glut 4 mRNA in the
white adipose tissue [76,77]. However, the decreases are
attenuated in diets rich in n-3 PUFAs [71]. Moreover,
dietary fish oil stimulates insulin-dependent glucose trans-
port and metabolism in isolated adipocytes and preserves
the deleterious effect of a high-fat diet on the capacity of the
adipose tissue to utilize glucose [68,78]. It has also been
shown that n-3 PUFAs (especially EPA) bind and activate
the PPAR-y2 (PPAR-y isoform) expression in the white
adipose tissue. Peroxisome proliferator-activated receptor
vy2 activation results in a coordinated increase of a large
number of genes involved in lipogenesis and fatty acid
transport, fatty acid storage and fatty acid oxidation in the
white adipose tissue. Peroxisome proliferator-activated
receptor y activation remodels the adipose tissue in adult
animals, driving the formation of small insulin-sensitive
white adipocytes as well as the differentiation of brown
adipocytes that have the potential to dissipate excess energy
as heat [75,79]. Table 2 presents a summary of the effects

5
Table 2
Main effects of dietary fish oil on insulin resistance obesity induced by a
high-fat diet
High-fat diet® High-fat diet
(partially or
totally substituted
for n-3 fish oil)
Plasma
Glucose 1 [54-56,61,74] 1 /7 [55,61]
Insulin 1 [54-56,61,66] L /7 [55.61]
Peripheral insulin 1 [54,56,62,66] 1 [55,62]
resistance
Liver
Lipid content (TG) 1 [40,72] 1 [40,72]
Lipid oxidation 1 [40]
Insulin resistance 1 [56,62] 1/7 [61,62]
Insulin signaling Altered [61] Altered [61]
Glucose production T [56] L /1 [55]
Skeletal muscle
Lipid content 1 [40,54,55,57,59,66] 1 [40,54,55]
(TG, DAG,
LCACoA)

T [54,55,57,59,62,66]
Altered [60,61]

Insulin resistance
Insulin signaling

1 [54,55,62,66]
Improved [61]

Insulin-stimulated 1 [56,66] 1 [66]

glucose transport
Oxidation and storage
Adipose tissue (white fat)
Adipocyte cell size 1 [66,67] 1 [66,67]
Visceral fat T [66-68,71,72,78] 1 [66—68,71,78]
Lipid content (TG) 1 [66,72] 1 [66,72]
ob mRNA T [66,74] Improved [71]
Insulin resistance T [68] Improved [68]

Insulin signaling
Insulin-stimulated
glucose transport
TG, triglyceride; DAG, diacylglycerol; LCACoA, long-chain acyl-CoA;
7, moderate increase; f, high increase; |, decrease; L, prevents (normal
levels).
# Saturated (lard), monounsaturated (n-9) and (n-6) polyunsaturated

Altered [61]
1 [64,76-78]

Improved [61]
Improved [64,78]

produced in a diet by the partial or total substitution of
vegetable oils with n-3 fatty acids from fish oil.

In short, rats fed a high-fat or high-sucrose/fructose diet
exhibit impaired insulin action associated with an oversup-
ply of lipids. This increased availability leads to either
elevated lipid stored in insulin target tissues (e.g., muscle,
liver and adipose) or increased plasma FFA and triglyceride
levels. The partial substitution of vegetable oils with n-3 in
both high-sucrose/fructose or high-fat diets is associated
with a number of effects that collectively act to prevent or
ameliorate insulin resistance.

2.1.2. Dietary fish oil improves or reverses dyslipidemia,
impaired glucose homeostasis, insulin resistance and
adiposity

Most experimental studies examining the relationship
between diet and insulin resistance have focused on the
development of the impairment, but relatively few have
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examined the effectiveness of dietary nutrients (e.g., fish oil)
in reversing diet-induced insulin resistance. One possibility
is to examine the effect of dietary fish oil in rats fed a
sucrose-rich diet for a long time (up to 40 weeks) instead of
a short time (3—5 weeks). With this nutritional model,
several years ago, our group [80] demonstrated that the
metabolic and hormonal milieus change and deteriorate with
the length of time on diet.

2.1.2.1. Characterization of rats fed a long-term sucrose-
rich diet. Numerous studies carried out in our laboratory
[22,28,81-83] showed that in the presence of dyslipidemia,
plasma glucose and insulin evolved from normoglycemia
and hyperinsulinemia after a short-term (3—5 weeks)
consumption of the sucrose-rich diet to moderate hypergly-
cemia and normoinsulinemia after a long-term (15 weeks)
one. Moreover, from then on, when the feeding period was
extended up to 40 weeks, a steady-state hypertriglyceride-
mia and high plasma FFA levels, hyperglycemia, and
worsening of whole-body insulin resistance were observed
without changes in circulating insulin levels. At this point,
the sucrose-rich fed rats were slightly overweight with a
higher increase of visceral adiposity [83—85]. The endo-
crine pancreas showed a significant increase of both islet
number and P cell area, as well as changes in the profile of
islet cells distribution, without an increase in the pancreatic
content of immunoreactive insulin [86]. In addition, the
biphasic patterns of glucose-stimulated insulin secretion
from perifused islets showed a progressive deterioration
during the period the diet was consumed, illustrated by an
absence of the first peak with an increase in the second
phase of hormone secretion at 30 to 40 weeks [83]. The
temporal metabolic changes described may reflect the early
start of type 2 diabetes mellitus, because many patients have
chronically elevated plasma FFA and triglyceride levels,
altered peripheral insulin sensitivity and loss of the first
peak of insulin response to glucose.

Thus, the rats fed a long-term sucrose-rich diet seem to
be an appropriate experimental model for studying and
disclosing the effect of n-3 PUFAs (fish oil) in correcting or
improving these abnormalities.

2.1.2.2. Effects on skeletal muscle. Using this experimental
model, Lombardo et al. [87] showed that hypertriglycer-
idemia and glucose intolerance ensuing long-term feeding
normal rats with a sucrose-rich diet could be completely
reversed mediating no changes in circulating insulin levels
by shifting the source of fat in the diet from corn oil (18%
total energy) to fish oil (cod liver oil, 16% plus corn oil 2%
total energy) during 1 or 2 months. Under similar
experimental conditions, D’Alessandro et al. [88] studied
the effect of fish oil on triglyceride metabolism, glucose
oxidation and glycogen storage during both the basal state
and the euglycemic clamp in skeletal muscle. Fish oil
reduced to normal levels the higher triglyceride content
within the skeletal cells. The decreased capacity for glucose

oxidation in the basal state and during the euglycemic
clamp—mainly due to an increase of pyruvate dehydroge-
nase kinase (PDH-kinase) and decrease of PDH complex
(PDHc) activities—was completely normalized by the
administration of fish oil. Dietary fish oil reversed the im-
paired insulin-stimulated glycogen storage during the
clamp, the whole-body peripheral insulin insensitivity and
the hyperglycemia, and returned to normal plasma FFA
levels. The hypolipidemic effect of fish oil decreased the
availability and oxidation of the lipid fuel within the skeletal
muscle and could in turn restore the glucose oxidation and
contribute to normalize peripheral insulin sensitivity [89].

An increase of n-3 EPA and DHA in the phospholipids of
the gastrocnemius muscle that could influence the biological
action of insulin was observed when dietary fish oil was
given to insulin-resistant rats [90]. However, another study
[31] found that when the sucrose diet containing menhaden
oil (6% calories) was given to insulin-resistant rats for
5 weeks, insulin action on the glucose metabolism remained
impaired. Differences in the amount of fish oil present in the
diet (16% in D’Alessandro et al. [88] vs. 6% of calories in
Podolin et al. [31]), as well as the polyunsaturated—saturated
ratio between the two fish oils used (1.23 for cod liver oil
[88] vs. 0.88 for menhaden oil [31]), may contribute to the
differences in the effectiveness of fish oil in reversing
insulin insensitivity.

2.1.2.3. Effects on B cell function. It is known that chronic
exposure to high levels of FFA impairs glucose-stimulated
insulin secretion “in vivo” and “in vitro” and could
negatively influence  cell through lipotoxicity leading to
B cell dysfunction [91,92]. Furthermore, chronic hypergly-
cemia has been shown to have a deleterious effect on both
insulin secretion and action, a concept termed glucotoxicity
[93,94]. Several mechanisms have been proposed that could
contribute to the dysfunction of the B cell [for review see
[95—97]]. Pighin et al. [90] have recently demonstrated that
the increased fat storage and decreased PDHc activity within
the P cells are possible mechanisms for mediating, at least in
part, the altered insulin secretion under the stimulus of
different secretagogues (e.g., glucose, palmitate, L-arginine)
from dyslipemic insulin-resistant rats fed a long-term
sucrose-rich diet. The inhibition of PDHc limits the
conversion of pyruvate derived from glycolysis to acetyl-
CoA and diminishes the oxidative glucose metabolism, a
signal for insulin secretion and synthesis [89—98]. This
finding is consistent with the reversion of these alterations
after the administration of fish oil, which completely
normalized both fat storage and the PDHc activity within
the B cells as well as the insulin secretion patterns
stimulated by glucose, and improved the hormone secretion
under the stimulus of either palmitate or L-arginine (Fig. 1).

2.1.2.4. Effects on adipose tissue. A long-term sucrose-rich
diet develops visceral adiposity and a moderate increase of
body weight. Soria et al. [99] showed that the presence of
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Fig. 1. Insulin secretion in perifused pancreatic islets from rats fed control diet (CD) sucrose-rich diet (SRD) or SRD+fish oil (SRD+FO) diet under the
stimulus of glucose (panel A), glucose+palmitate (panel B) or glucose+L-arginine (panel C). Values are mean+S.E.M., n=6. *P<.05 SRD versus CD and
SRD+FO at each time-point in panels A, B and C; *P<.05 SRD+FO versus CD at each time-point in panels A, B and C.

dietary fish oil was able to reverse the preexisting
metabolic and morphological changes of epididymal fat
tissue. Fish oil markedly reduced fat pad mass, the

hypertrophy of fat cells, and improved the altered size
distribution possibly via mechanisms that included fish oil
binding and activation of the PPAR-y expression in the
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Fig. 2. Effects of long-term sucrose intake on lipid and glucose metabolisms. Chronic intake of a high sucrose diet (up to 40 weeks) induces insulin resistance
in liver, adipose tissue and skeletal muscle as well as altered glucose-stimulated insulin secretion from isolated perifused  cell. Hepatic lipogenesis and VLDL-
TG secretion are increased. Fatty acids “spillover” from adipose tissue to nonadipose tissue. In liver, the increased flux of plasma fatty acids acts per se as
substrate for the hepatic triglyceride pool. Increased fatty acid esterification is relatively favored over oxidation and contributes to the increase of VLDL-TG.
The high availability of plasma FFAs increases triglyceride, long-chain acyl-CoA and DAG contents in muscle and enhances the oxidation of lipid fuel. This in
turn contributes to the impaired oxidative and nonoxidative glucose pathways associated with insulin resistance. A chronic elevation of both plasma FFA and
glucose levels induces an increase of TG pool size while decreasing PDHc activity—a key enzyme in glucose oxidation— within the islets that contribute to
the demise of B cells possible through mechanisms involved in the so-called glucolipotoxicity.
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Fig. 3. Possible mechanisms through which the n-3 PUFAs (especially the EPA and DHA derived from fish oil) improve or reverse the metabolic abnormalities
induced by the intake of a long-term sucrose-rich diet. Dietary n-3 PUFAs or those released from the membrane phospholipids may exert their effects by up-
regulating the expression of genes encoding proteins involved in fatty acid oxidation (through PPARs) while simultaneously down-regulating genes encoding
proteins of lipid synthesis (through SREBP-1). The final result of both possible mechanisms in the dyslipemic insulin-resistant rat model is a reduction of
hepatic lipogenesis, the TG pool size and VLDL-TG secretion and a normalization of plasma TG levels. In adipose tissue, n-3 PUFAs bind and activate the
PPAR-y expression, a key transcription factor involved in adipogenesis, remodeling adipocyte cell size. The smaller adipocytes are more insulin sensitive and
the release of fatty acid is decreased. Therefore, a reduced FFA spillover from adipose tissue to nonadipose tissue is observed. N-3 PUFAs alter the FA
composition of membrane phospholipids, and this could influence the insulin biological action. In muscle, dietary n-3 FA normalize lipid contents and restore
the nonoxidative and oxidative glucose pathways. In isolated {3 cells, lipid content and glucose oxidation are normalized. All these effects could contribute to
the normalization of glucose-stimulated insulin secretion and muscle insulin insensitivity.

adipose tissue as described above. The presence of fish oil
in the diet normalized isoproterenol-stimulated lipolysis
and corrected the inhibitory effect of high sucrose upon the
antilipolytic action of insulin.

Adipose tissue synthesizes and secretes a large number of
biologically active molecules (hormone-like peptides), so-
called adipokines (e.g., leptin ,adiponectin, TNF-a, etc.).
Both adiponectin and leptin modulate various biological
functions and could play an important role in lipid and
glucose metabolism [100]. Lombardo et al. [85] showed that
the adiposity and insulin resistance present in long-term
sucrose feeding was accompanied by a decrease of both
plasma leptin and adiponectin levels without changes in the
gene expression of visceral fats. By shifting the source of fat
to fish oil, the plasma levels of both adipokines were
increased, insulin resistance and dyslipidemia were reversed
and adiposity improved. Although the mechanisms by
which fish oil increased plasma leptin and adiponectin are
still unclear, these results suggest that the increase of both
adipokines by fish oil might play an essential role in the
normalization of insulin resistance and adiposity.

A summary of the effects of fish oil supplementation in
the presence of a stable dyslipidemia and insulin resistance
achieved by a long-term sucrose-rich diet is depicted in
Figs. 2 and 3.

Thus, it is possible that all the mechanisms mentioned
above, involving the effects of dietary long-chain n-3

PUFAs acting coordinately, might contribute to prevent,
improve or correct dyslipidemia, abnormal glucose homeo-
stasis, insulin resistance and obesity experimentally in-
duced in rodents by feeding them either a high refined
sugar or high-fat-rich diet.

2.2. Human studies

Hypertriglyceridemia is often associated with multiple
metabolic abnormalities including glucose intolerance, type
2 diabetes mellitus, hyperinsulinemia, insulin resistance,
decreased levels of high-density lipoprotein cholesterol
(HDL-C), obesity and hypertension (Reaven’s Syndrome
X or Plurimetabolic syndrome) [29,101].

2.2.1. Nondiabetic patients

Hypertriglyceridemia and elevated low-density lipopro-
tein cholesterol (LDL-C) and lower HDL-C concentra-
tions are important risk factors for coronary heart
diseases [102].

Human studies have shown that fish oil supplements
and diets containing fish oil (enriched on EPA and DHA fatty
acids) are useful to reduce plasma triglyceride and VLDL
lipoprotein concentrations, especially in the postprandial
state [5,103]. The mechanism for the reduction of triglyc-
eride rich lipoprotein involves both a decrease in VLDL
synthesis [2] and an increase in the fractional catabolic rate
of VLDL (triglyceride clearance) [9]. Moreover, a higher
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rate of fatty acid oxidation was observed in humans fed
PUFAs-rich diets [104].

Concerning middle-aged and elderly patients with in-
creased risk of coronary heart disease, Zhengling et al. [105]
have recently shown that in a saturated fat/cholesterol-
restricted diet, a high fish oil content favorably affects
VLDL and HDL subspecies, shifting lipoproteins subfrac-
tions to a less atherogenic pattern. Patients with type IIb or
IV hypertriglyceridemia, given a standardized test meal,
showed that n-3 fatty acids suppress both hepatic and
intestinal Apo B secretion/synthesis and altered triglyceride-
rich lipoprotein metabolism (changing postprandial triglyc-
eride, cholesterol, Apo B48 and increasing LDL particle
size) [106]. Moreover, regarding blood cholesterol levels
and human atherosclerosis, Garcia-Pelayo et al. [107], in
studies with Reuber H35 hepatoma cells, showed that
20:5,n-3 down-regulates the HMGCoA reductase without
decreased protein synthesis. All these studies could repre-
sent additional mechanisms for the reduced heart disease
risk associated with n-3 fish oil consumption.

Based on epidemiological findings, the intake of n-3 fatty
acids in the diet has been associated with a reduced
cardiovascular risk [4]. The mechanisms of risk reduction
have been widely explained, either as a consequence of the
lipid/lipoprotein changes or as platelet/function and hemor-
rheological changes, including reduced thromboxane B2
formation and red cell aggregability and viscosity. Mono-
cyte macrophage changes have also been observed, leading
to reduced formation of interleukin-1 and platelet aggrega-
tion factors, resulting in inhibited growth factor formation
and promoting nitric oxide-induced endothelial relaxation
[4,5,108]. Furthermore, middle hypotensive and antiarrhyth-
mic effects of n-3 fatty acids have been shown in cell
cultures and human studies [1,109]. The antihypertensive
effect of n-3 fatty acids may depend on vascular effects with
improved endothelial vasodilator function, reduced reactiv-
ity of vascular smooth muscle of resistant vessels and
increased vascular compliance [1,110].

2.2.2. Diabetic patients

It is known that fish oil intake delays the development
of glucose intolerance in humans [111]. Interestingly, a
recent work by Stene and Joner [112], in a larger
nationwide case-control study in Norway, found a signif-
icant association between the use of cod liver oil during the
first year of life and a lower risk of type 1 diabetes mellitus,
perhaps through the antiinflammatory effects of long-chain
n-3 fatty acids.

Concerning the effect of fish oil administration on the
glycemic control in diabetic patients with type 2 and type 1
diabetes mellitus, conflicting results have been obtained.
Some early studies on type 2 diabetes mellitus [113,114]
showed that fish oil may worsen glycemic control; how-
ever, the adverse effect of fish oil has almost invariably
been established with large doses of omega-3 fatty acids
(5.5-8 g/day) in studies lacking an appropriate control

group and with a small number of subjects. Other authors
found no changes [115,116] or even improved insulin
sensitivity in patients with type 2 diabetes mellitus.

A metaanalysis [117] of 26 different trials on the effect of
fish oil administration on both glycemic control and lipid
parameters in type 2 and type 1 diabetic subjects showed (i)
a decrease in plasma triglyceride concentration and slight
but significant increase in LDL-C, both findings being more
prominent in type 2 diabetes mellitus; no changes in total
cholesterol and HDL-C were observed, (ii) no significant
changes in HbA . occurred in diabetic patients, (iii) fasting
blood glucose levels increased with borderline significance
in type 2 diabetic subjects and were significantly lower in
type 1 diabetic subjects; (iv) besides, significantly, dose-
response effects of EPA (g/day) on HbA,. and triglycerides
and DHA (g/day) on fasting blood glucose levels, HbA .
and triglycerides, were demonstrated only in type 2 diabetic
subjects [117].

Recently, Skurnick-Minot et al. [118] demonstrated a
decrease in whole-body adiposity and adipocyte size in type
2 diabetic insulin-resistant patients after 2 months of
treatment with fish oil capsule (1.8 g of n-3 PUFA). In
these patients, plasma adiponectin tended to increase
without any deterioration or amelioration of insulin sensi-
tivity at this stage. Moreover, the diabetes and nutrition
study group of the Spanish Diabetes Association, in a 7-year
prospective, population-based, multicenter study showed
that normoalbuminuria and nephropathy regression in well-
controlled diabetic patients with long-term diabetes (type 1
and 2) are associated with enhanced PUFAs and less
saturated fatty acid consumption [119].

3. Conclusions

Considerable progress has been made in understanding
how n-3 PUFAs (from fish oil) affect cell function. In
addition to their use as a fuel and structural component of
cells, dietary n-3 fatty acids appear to play an important
protecting role against the adverse symptoms of the
“Plurimetabolic syndrome,” preventing or ameliorating
coronary heart disease and stroke. The effects of dietary
PUFAs include, among others, (a) the alteration of the fatty
acid composition of membrane phospholipids that modify
membrane-mediated processes such as insulin transduction
signals, activity of lipases and synthesis of eicosanoids, and
(b) the regulation of nuclear events that govern specific gene
transcription (e.g., genes involved in lipid and glucose
metabolism and adipogenesis). However, some effects of n-3
PUFAs on physiological processes in both humans and
experimental animals still remain unclear and need further
research. For instance, a better comprehension of the nature
of the intracellular signal responsible for regulating the
various affected transcription factors will undoubtedly
contribute to understanding how these singular lipids impact
upon human health and disease.
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