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Abstract

The metabolic syndrome is a cluster of metabolic disorders, such as abdominal obesity, dyslipidemia, hypertension and impaired fast-
ing glucose that contribute to increased cardiovascular morbidity and mortality. Although the pathogenesis of metabolic syndrome is
complicated and the precise mechanisms have not been elucidated, dietary lipids have been recognized as contributory factors in the
development and the prevention of cardiovascular risk clustering. This review explores the physiological functions and molecular actions
of bioactive lipids, such as n�3 polyunsaturated fatty acids, conjugated fatty acids, sterols, medium-chain fatty acids, diacylglycerols and
phospholipids, in the development of metabolic syndrome. Dietary bioactive lipids suppress the accumulation of abdominal adipose tis-
sue and lipids in the liver and serum, and alleviate hypertension and type 2 diabetes through the transcriptional regulation of lipid and
glucose metabolism. Peroxisome proliferator-activated receptors (PPARs), sterol regulatory element binding proteins, liver X receptor a,
retinoid X receptor a, farnesoid X receptor a, hepatic nuclear factor 4a and nuclear factor jB contribute to these nuclear actions of bio-
active lipids with complex interactions. Recent studies have demonstrated the striking ability of bioactive lipids to regulate the produc-
tion of physiologically active adipocytokines through PPARc activation. In particular, the function of bioactive lipids as dietary
adiponectin inducers (dietary insulin sensitizers) deserves attention with respect to alleviation of metabolic syndrome by dietary
manipulation.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Lifestyle-related diseases, such as obesity, hyperlipid-
emia, atherosclerosis, type 2 diabetes and hypertension,
are widespread and increasingly prevalent in industrialized
countries. Accompanied by the rapid increase in the num-
ber of elderly people, this becomes a medical and a socio-
economic issue. A clustering of metabolic disorders (in
particular abdominal obesity, hypertriglyceridemia, a low
level of high-density-lipoprotein (HDL)-cholesterol, hyper-
tension and high fasting-glucose level) in an individual,
defined as metabolic syndrome, is known to increase car-
diovascular morbidity and mortality [1]. Although the
pathogenesis of metabolic syndrome is complicated and
precise details of the underlying mechanisms are not
known, it has been suggested that the quality of dietary lip-
ids may be an important modulator in terms of the risks
associated with this syndrome [2]. Animal studies and clin-
ical trials have revealed different effects of individual bioac-
tive lipids, such as n�3 polyunsaturated fatty acids,
conjugated fatty acids, sterols, medium-chain fatty acids,
diacylglycerols, and phospholipids (Fig. 1).

Here, the effects of bioactive lipids on metabolic syn-
drome are reviewed, with particular emphasis on the
molecular mechanisms of both lipid and glucose metabo-
lism. Recent findings concerning attenuation of metabolic
syndrome through the regulation of adipocytokine produc-
tion by bioactive lipids are discussed.

2. Metabolic syndrome

According to the International Diabetes Federation, a
person is defined as having metabolic syndrome if they
have central obesity (waist circumference P94 cm for
Europid men and P80 cm for Europid women), plus any
two of the following four factors: raised triacylglycerol
level (P150 mg/dL, or specific treatment for this lipid
abnormality); reduced HDL-cholesterol (<80 mg/dL in
males and <50 mg/dL in females, or specific treatment
for this lipid abnormality); raised blood pressure (systolic
P130 mmHg or diastolic P85 mmHg, or treatment of pre-
viously diagnosed hypertension); raised fasting plasma glu-
cose (P100 mg/dL, or previously diagonosed type 2
diabetes) [3]. It is estimated that around a quarter of the
world’s adult population have metabolic syndrome [3–5].
Subjects with metabolic syndrome have a threefold higher
risk of developing coronary heart attack or stroke, and
twofold higher cardiovascular mortality than those without
the syndrome [6].

Although the pathogenesis of metabolic syndrome is
unclear, abdominal obesity and insulin resistance have
been proposed to be the predominant causative factors.
Studies using computed tomography have suggested the
importance of fat distribution, and especially the contribu-
tion of abdominal obesity, to the progression of metabolic
syndrome [7]. In particular, accumulation of abdominal fat
induces insulin resistance, and compensatory glucose intol-
erance and dyslipidemia, more than subcutaneous fat [7–9].
Additionally, abdominal obesity and insulin resistance are
related to the development of hypertension, type 2 diabetes
and non-alcoholic fatty liver diseases (NAFLD) [7–11].

Recent advances in molecular and cell biology have
shown that adipose tissue stores excess energy in the form
of fat and has important roles in regulating lipid and glu-
cose homeostasis by secreting physiologically active sub-
stances called adipocytokines [7]. For instance, the obesity
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gene product leptin, secreted in excess from the enlarged
adipose tissues in obesity, acts as a signal to the central ner-
vous system indicating the size of energy stores [12].

Adiponectin is one of the most abundant adipose-spe-
cific secretory proteins in rodents and humans [13,14].
The expression of adiponectin is reduced in obesity and
blood levels are negatively correlated with abdominal fat
accumulation [15–18]. Human subjects in hypoadionectin-
emia, caused by gene mutation of adiponectin, exhibit dysl-
ipidemia and impaired glucose tolerance [19,20].
Adiponectin-null mice showed delayed clearance of non-
esterified fatty acids in plasma and severe diet-induced
insulin resistance [21]. Several reports have indicated that
adiponectin can lead to enhanced insulin action in vitro

and in vivo by activating insulin-receptor substrate 1-asso-
ciated phosphatidylinositol-3-kinase, AMP-activated pro-
tein kinase and peroxisome proliferator-activated receptor
alpha (PPARa) in liver and muscle [13,21–23], which sug-
gests strongly that adiponectin has a protective role against
insulin resistance. Over-expression of recombinant adipo-
nectin had an antiatherogenic effect in apoE-null mice, in
which plaque formation was inhibited significantly com-
pared with control apoE-null mice [24,25]. Additionally,
clinical and studies in vitro have indicated that levels of
plasma adiponectin are positively correlated with levels of
plasma HDL-cholesterol in humans [18,26] and adiponec-
tin increased HDL assembly in human hepatocytes [27].
These results suggest that adiponectin reveals antiathero-
genic action by accelerating the whole-body reverse choles-
terol transport system. It has been reported that the
concentration of plasma adiponectin in patients with
hypertension was significantly lower than in normotensive
healthy subjects [28–30], and adiponectin-null mice showed
hypertension compared with wild-type mice [31]. These
results suggest that plasma adiponectin is an independent
regulatory factor for blood pressure.

Obesity is associated with chronic inflammation that is
characterized by increased plasma levels of inflammatory
mediators, such as tumor necrosis factor alpha (TNFa)
and monocyte chemoattractant protein 1 (MCP1). The
expression of these inflammation-related proteins in adi-
pose tissue and plasma levels are increased in human obes-
ity as well as in genetically and high-fat diet-induced obese
diabetic rodents [32–34]. TNFa is a proinflammatory cyto-
kine that has been recognized as a key molecule linking
obesity with insulin resistance [32,33]. Neutralization of
TNFa by its antibody alleviated insulin resistance in genet-
ically obese rats [32], and TNFa-null mice were protected
from high-fat diet-induced insulin resistance [35]. TNF
receptor disruption from genetically obese mice demon-
strated a significant, but not complete, protection from
the insulin resistance associated with the ob/ob phenotype
[35]. In addition, it has been reported that serum TNFa
was increased significantly in adiponectin-null mice com-
pared with wild-type controls [21]. Maeda et al. suggested
that TNFa and adiponectin induce local, reciprocal sup-
pression in adipose tissue and exhibit opposite effects in
skeletal muscle [21]. MCP1, a member of the CC
chemokine family, induces inflammatory responses
through recruiting inflammatory cells and is up-regulated
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by inflammatory stimuli such as TNFa [34,36]. Recent
findings indicate that transgenic mice expressing MCP1
exhibit insulin resistance and hepatic steatosis, whereas a
disappearance of MCP1 in knockout mice and an acute
inhibition of MCP1 by expression of a dominant-negative
mutant in mice resulted in improvement of insulin resis-
tance and hepatic steatosis [37]. Interestingly, the study
showed that serum adiponectin was increased significantly
in MCP1-null mice compared with wild-type controls [37].

3. Dietary lipids

3.1. n�3 Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs), such as linoleic
acid (LA, 18:2, n�6), a-linolenic acid (LNA, 18:3, n�3)
and arachidonic acid (20:4, n�6), are important for the
maintenance of biofunctions in mammals [38,39]. In partic-
ular, it is well known that the consumption of n�3 highly
unsaturated fatty acids, such as LNA, eicosapentaenoic
acid (EPA, 20:5, n�3) and docosahexaenoic acid (DHA,
22:6, n�3) (Fig. 1), is correlated with a reduced risk of can-
cer and cardiovascular disease in clinical and animal studies
[40,41]. LNA represents a relatively high proportion of the
total fatty acids in some vegetable oils, such as perilla, flax-
seed, canola, rapeseed, soybean, linseed and walnut. EPA
and DHA are found in fish and some other marine organ-
isms. There are some epidemiologic data indicating that
populations with a high intake of n�3 PUFAs, such as
Eskimos and Japanese in fishing villages, have a low risk
of cardiovascular diseases [42,43]. The intake of EPA and
DHA varies considerably among populations, such as
Greenland Eskimos (10–14 g/day), Japan and Norway (1–
3 g/day) and Western populations (<0.5 g/day) [44].
Recently, Harris et al. reported that >8% in an x�3 index
(EPA + DHA expressed as a percentage of total fatty acids
in red blood cells) is associated with 90% less risk for sudden
cardiac death, as compared to an x�3 index of <4% [45,46].

The main effect of n�3 PUFAs on plasma lipids is a
reduction of the concentration of plasma triacylglycerols.
The result of a meta-analysis of 72 placebo-controlled tri-
als, at least 2 weeks in length and providing 67 g of n�3
PUFA/day, suggests that the hypotriglyceridemic effect of
n�3 PUFAs is well established when taken in doses of 3–
4 g/day [47]. There was also a clear dose–response relation-
ship, and the effects persisted even after 2 years [47]. These
effects are attributable to the increased lipolysis and
decreased lipogenesis, mainly in the liver, that have a cen-
tral role in the control of whole-body lipid homeostasis
[48]. In addition, there are several reports indicating that
consumption of n�3 PUFAs increases the levels of plasma
HDL-cholesterol in human [49–51].

Hypotensive effects of n�3 PUFAs have been shown in
animal and clinical studies, and seem to be correlated to
the plasma phospholipids composition in EPA and
DHA that contribute to modulation of membrane fluid-
ity, activities of membrane enzymes and receptors, and
production of eicosanoids [52]. From a meta-analysis of
31 placebo-controlled clinical trials with 1356 subjects,
Morris et al. reported that there is a dose-dependent effect
of fish oil on blood pressure of �0.66 (systolic)/�0.35
(diastolic) mmHg/g n�3 PUFAs, and the hypotensive
effect may be strongest in hypertensive subjects and those
with clinical atherosclerotic disease or hypercholesterol-
emia [53].

There is limited evidence concerning the antiobesity
effect of n�3 PUFAs. Wang et al. demonstrated in mice
that feeding n�3 PUFAs in a high-fat diet for 7 weeks
reduced body fat compared with a low-fat diet, and satu-
rated fatty acids or n�6 PUFAs in a high-fat diet, all at
the same energy intake [54]. Baillie et al. demonstrated a
decrease in fat deposition associated with ingestion of fish
oil in Fisher 344 rats [55]. Garaulet et al. measured the fatty
acid composition of adipose tissue from 84 obese patients
(body mass index 27–35 kg/m2) aged 30–70 years old and
found that central obesity was inversely associated with
n�3 PUFAs in adipose tissue [56].

Although an antidiabetic effect of n�3 PUFAs is still
controversial, epidemiological studies suggest that there is
a low prevalence of diabetes in populations with a high
intake of n�3 PUFAs [57,58]. Ebbesson et al. measured
the concentration of plasma FA in 447 Norton Sound Inu-
its (Eskimos) (35–74 years old) and showed that concentra-
tions of plasma n�3 PUFAs were highly correlated with
dietary intake of n�3 PUFAs and inversely correlated with
plasma markers for insulin resistance and glucose intoler-
ance [59]. Delarue et al. demonstrated that consumption
of fish oil induced a 40% decrease in insulinemia, with
reduced carbohydrate oxidation, increased lipid oxidation
and increased non-oxidative glucose disposal in healthy
humans [60].

Recently, regulation of adipocytokine production by
n�3 PUFAs has attracted considerable attention. It has
been reported that feeding a diet containing fish oil for
2 months increased the level of plasma adiponectin,
retarded insulin resistance and dyslipidemia, and improved
adiposity in diet-induced insulin-resistant model rats [61].
Flachs et al. studied the effects of partial replacement of
vegetable oils by an EPA/DHA concentrate (6% EPA,
51% DHA) over 5 weeks in mice fed a high-fat diet with
either free access to food or with food intake restricted
by 30% [62]. The results indicated that EPA/DHA
increased plasma adiponectin through the stimulation of
adiponectin mRNA expression in adipocytes independent
of food intake. Furthermore, Itoh et al. reported that die-
tary EPA increased adiponectin secretion in genetically
and high-fat diet-induced obese mice, and treatment with
EPA (1.8 g/day) for 3 months increased plasma adiponec-
tin significantly in human obese subjects [63]. Given that
a low plasma level of adiponectin has been shown to
increase the risk of cardiovascular diseases [19–21], the
beneficial effect of fish oil and EPA/DHA could be attrib-
utable, at least in part, to the enhanced production of
adiponectin.
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3.2. Conjugated fatty acids

3.2.1. Natural sources and chemical production of conjugated

fatty acids

Conjugated fatty acids (CFAs) are a mixture of posi-
tional and geometric isomers of PUFAs with conjugated
double bonds. Theoretically, a number of CFA isomers
are possible, with multiple combinations of numerical,
positional and geometrical configurations of conjugation
in double bonds. Conjugated linoleic acid (CLA) (Fig. 1),
the CFA form of LA, has been detected in milk fat, cheese
and ruminant meat [64]. The 9-cis,11-trans (9c,11t-) CLA
isomer is produced through the biohydrogenation of unsat-
urated fatty acids by the bacterium Butyrivibrio fibrisolvens
in ruminants such as cows, sheep, goats and camels [65,66].
The intake of CLA from a typical diet has been estimated
at several 100 mg/day for various countries [67]. There are
other types of CFA in some plant seed oils; for example,
punicic acid (9c,11t,13c-conjugated linolenic acid (CLN))
in pomegranate seed oil, a-eleostearic acid (9c,11t,13t-
CLN) in bitter gourd oil and tung seed oil (Fig. 1), catalpic
acid (9t,11t,13c-CLN) in catalpa seed oil, and calendic acid
(8t,10t,12c-CLN) in pot marigold seed oil are present at
about 72%, 60–70%, 31%, and 33% (of total fatty acid),
respectively [68,69]. It has been reported that several spe-
cies of seaweed contain conjugated trienoic and tetraenoic
fatty acids; for example, the red seaweed Ptilota filicna con-
tains 5t,7t,9t,14c,17c-conjugated EPA (CEPA) and
5c,7t,9t,14c,17c-CEPA (Fig. 1), and Bossiella orbigniana

contains 5c,8c,10t,12t,14c-CEPA [70,71], and stellaheptae-
noic acid, 4c,7c,9t,11t,13c,16c,19c-conjugated docosahep-
taenoic acid, is present in the green seaweed Anadyomene

stellata [72].
CLA is produced commercially by alkaline isomeriza-

tion of LA-rich oils and tends to contain an equimolar mix-
ture of the 9c,11t- and 10t,12c-isomers [73]. Production of
CFAs from LNA, EPA and DHA and experimental evalu-
ation of their physiological activities in vitro and in vivo
have been reported [74,75]. Alkali-hydrolyzed oils contain
several CFA isomers and separation of specific isomers is
of some concern in the chemical synthesis of CFAs. It
has been reported that lipases from Geotrichum candidum

and Candida rugosa selectively esterify the 9c,11t-isomer
of CLA, and methods utilizing these lipases are effective
for separating the 9c,11t-CLA and 10t,12c-CLA isomers
[76–78]. Other potential methods for CLA production
include the isomerization of LA using bacteria, such as
Lactobacillus plantarum [79,80]. These methods may con-
tribute to the preparation of a CFA fraction with maximal
physiological activity.

3.2.2. Conjugated fatty acids in metabolic syndrome

Since the discovery of CLA as a grilled beef-derived
antimutagen in the 1980s, about half of the studies con-
cerning physiological functions of CFAs have been focused
on their anticarcinogenic properties. However, there is an
increasing number of reports of the antiobesity, antiather-
ogenic, antidiabetic, and hypotensive properties of CFAs in
animal and human studies [73,81,82].

The fat-lowering action of CLA has received attention
following a report in 1997 that a supplementation of 0.5%
CLA in the diet of mice reduced body fat by 60% coupled
with a 14% increase in lean body mass [83]. There are a
number of studies demonstrating the antiobesity and hyp-
olipidemic effects of CLA in animals including mice, rats
and pigs [73]. These effects have been attributed to the
enhanced b-oxidation of fatty acids and suppression of
fatty acid synthesis in the liver. In addition, CLA
enhances b-oxidation of fatty acids even in brown adipose
tissue and in muscle, and enhances oxygen consumption
and energy expenditure in obese rats [84,85]. There is
growing evidence that individual isomers of CLA have
specific physiological functions in lipid metabolism. The
10t,12c-CLA isomer reduces the secretion of apolipopro-
tein B100 in cultured human hepatoma HepG2 cells,
and exerts antiobesity and hypolipidemic effects in obese
OLETF rats [85–87]. Although the body fat-lowering
effect of CLA has been reported in humans, it seems to
be less marked than that observed in rodents. A small-
scale randomized clinical trial conducted in Norway was
the first to investigate the effect of CLA on body fat in
humans. Healthy and physically active men and women
took either a CLA mixture (1.8 g/day) or olive oil for
3 months [88]. By the end of the trial, subjects taking
the CLA supplement had a 4% decrease in body fat.
Another study from the same group examined the dose–
response relationship between CLA and body fat mass
in obese and overweight subjects [89]. In that study, the
authors concluded that a dietary supplementation of
CLA at 3.4 g/day was sufficient for body fat reduction
in obese and overweight subjects over 3 months. The anti-
obesity effects of other non-linoleic fatty acids with conju-
gated double bonds have been reported in animal studies.
A dietary supplementation of CLN, produced by alkaline
isomerization of LNA, reduced body fat content by
enhancing of b-oxidation of fatty acids in rats [90]. The
antiobesity and hypolipidemic effects of CLN have been
reported in studies with chickens, obese rats and human
liver-derived cells [91–93]. Recently, Tsuzuki et al. pre-
pared conjugated DHA (CDHA), which is a mixture of
conjugated diene, triene, tertraene and hexaene structures,
by alkaline isomerization of DHA. Feeding CDHA to
rats appeared to suppress fat accumulation in the liver
and epididymal adipose tissue and improved abnormali-
ties of lipid and glucose metabolism [94]. They demon-
strated also that conjugated EPA has antiobesity and
hypolipidemic effects [95]. The combined effects of CFA
and other dietary components are now being evaluated
as new approaches for treatment of obesity. It has been
suggested that the antiobesity and hypolipidemic potential
of CLA could be enhanced by combination with soybean
protein, sesamin and chromium picolinate [96–100].
Future studies should examine the effects of combinations
of various food factors and CFA isomers.
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Many claims for health benefits other than anticancer
and antiobesity effects have been made for CLA in animal
studies. Antiatherogenic effects of CLA have been
reported in studies with rabbits and hamsters. Feeding
CLA at 0.5 g/day for 22 weeks and a 1% CLA-supple-
mented diet for 12 weeks were sufficient to reduce aortic
fatty streak area in rabbits and in hamsters, respectively
[101,102]. The antidiabetic effects of CLA have been
reported in studies with obese, diabetic rats. In the first
study, feeding of a 1.5% CLA diet normalized impaired
glucose tolerance, and the effect of CLA was similar to
that of the pharmaceutical agent troglitazone [103]. In a
subsequent study, it was suggested that the antidiabetic
effects of CLA are attributable to the specific action of
the 10t,12c-isomer [104,105]. Very recently, the hypoten-
sive properties of CLA have been observed. In diabetic
Zucker rats, obese OLETF rats and non-obese spontane-
ously hypertensive rats, the feeding of a CLA mixture and
the 10t,12c-CLA isomer prevented the development of
obesity-induced hypertension and essential hypertension
[106–108]. These effects were attributable to the ability
of CLA to regulate the production of physiologically
active adipocytokines, such as adiponectin, leptin and
angiotensinogen [106–108]. Considering the previous stud-
ies indicating that conjugated trienoic fatty acids have
stronger anticarcinogenic activities than conjugated die-
noic fatty acids [68,74], the evaluation of the physiological
bioactivities of CFA isomers other than CLA on athero-
sclerosis, diabetes, and hypertension will be of great inter-
est in future studies.

Further evaluations will be required, however, to reach a
consensus regarding the health benefits of CFAs on meta-
bolic syndrome, because beneficial properties shown in ani-
mal studies have not been apparent in some clinical trials,
and detrimental effects have been observed in some studies
[109,110].

3.3. Other lipids

3.3.1. Plant sterols and their derivatives

Plant sterols and stanols are chemical homologs of cho-
lesterol that are abundant in vegetable oils and whole
grains, and their cholesterol-lowering activity, in particular
the effects of sitosterol and sitostanol, have been well estab-
lished in a number of human studies [111–113]. Approxi-
mately 10% reduction of low-density-lipoprotein (LDL)-
cholesterol is expected at a phytosterol dose of 2 g/day as
recommended by The United States National Cholesterol
Education program [114]. A preventive effect of atheroma
formation has been reported in animal studies, and
14 weeks feeding of 2% soybean-derived phytosterols (a
mixture containing 58% b-sitosterol, 19% campesterol,
13% dihydrobrassicasterol and 10% stigmasterol) resulted
in a marked decrease of atherosclerotic lesion size in the
aortic roots of apoE-null mice [115]. These effects have
been attributed to the inhibition of cholesterol absorption
through the reduction of cholesterol solubilization in intes-
tinal micelles and the inhibition of proinflammatory cyto-
kine production [115,116].

Suzuki et al. showed that dietary cholest-4-en-3-one, an
intestinal catabolite of cholesterol, reduced visceral fat
deposition in mice [117]. On the basis of these findings, they
prepared various 3-oxo derivatives of cholesterol and plant
sterols, and showed that some had fat-lowering and hypo-
lipidemic effects in mice [118,119]. Campest-5-en-3-one
(campestenone) (Fig. 1), a 3-oxo derivative of campesterol,
was one of the most effective derivatives in reducing body
fat and serum lipids and the effects were attributed to sup-
pressed lipogenesis, enhanced lipolysis and increased
energy expenditure [119,120].

3.3.2. Medium-chain fatty acids
Medium-chain fatty acids (MCFAs), which generally

consist of C6–10, are found in coconut oil and palm kernel
oil (Fig. 1). Since the 1950s, medium-chain triglyceride
(MCT) has been used for the dietary treatment of malab-
sorption syndrome because of its metabolic properties.
MCT is hydrolyzed rapidly and the resulting MCFAs are
absorbed directly via the portal vein to the liver and used
as an energy source without using the carnitine transport
system for mitochondrial entry [121,122].

A physiological function of dietary MCT in influencing
body composition, compared with the effect of long-chain
triacylglycerol (LCT), has been reported. Consumption of
MCT diminished fat deposition and enhanced thermogen-
esis in rats [123–125]. In clinical studies, postprandial
energy expenditure was greater after consumption of
MCT compared with consumption of LCT in both normal
and obese subjects [126–128]. These effects have been
shown even in studies with a low-dose supplementation
of MCT. For example, Tsuji et al. reported that consump-
tion of MCT at 10 g/day for 12 weeks reduced body weight
and fat in subjects with BMI P 23 kg/m2 [129]. Kasai et al.
observed that 5–10 g of MCT causes more diet-induced
thermogenesis than that induced by LCT in healthy
humans [130]. Recently, Han et al. reported that consump-
tion of MCT at 18 g/day as part of daily food intake for
90 days resulted in reduced body weight, waist circumfer-
ence and a homeostasis model assessment of insulin resis-
tance in moderately overweight, free-living type 2 diabetic
subjects [131]. These results suggest the possibility that
the substitution of MCT for cooking oil would be useful
to control body weight and fat in healthy subjects.

The concept of a ‘‘structured-lipid” implies modification
of the fatty acid composition and/or their location in the
glycerol backbone, and improvement of the physical and/
or physiological properties of dietary lipids. Recently,
structured medium-chain and long-chain triacylglycerol
(MLCT) containing MCFA and a long-chain fatty acid
in the same molecule as the result of transesterification of
MCT with LCT, has been developed [132–137]. MLCT
has a higher smoking temperature and is therefore better
for cooking than a physical mixture of MCT and LCT.
Feeding MLCT for 6 weeks reduced body fat accumulation
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and increased postprandial hepatic b-oxidation of fatty
acids compared with LCT in rats [132,133]. Healthy sub-
jects consumed 14 g of MLCT containing 1.7 g of MCFA
daily at breakfast for 12 weeks, and significant decreases
of body weight, amount of body fat, subcutaneous and vis-
ceral fat were noted in the MLCT group at 8 weeks com-
pared with the LCT group [134]. Other studies have
shown that consumption of MLCT reduces the rate of
variation of body fat mass, which may be due to higher
postingestive total energy expenditure compared with
LCT [135–137]. Additionally, St-Onge et al. prepared a
functional oil (FctO) that contains MCT, plant sterol and
n�3 PUFA-rich flaxseed oil [138]. Twenty-four overweight
but otherwise healthy men consumed diets that contained
either FctO or olive oil for 29 days, and the results indi-
cated that consumption of FctO improves plasma lipid
profiles, including lowered LDL-cholesterol and increased
peak LDL particle size [138]. The results of these studies
suggest that a blend of MCT-containing structured-lipids
and oil would be useful in reducing cardiovascular disease
risk through the combination of their various beneficial
actions.

Antidiabetic properties of MCT in humans have been
reported [139]. Non-insulin-dependent diabetes patients
and non-diabetic subjects were examined with a 5 days
cross-over design, in which the short-term metabolic effects
of a 40% fat diet containing 77.5% of fat calories as MCT
were compared with an isocaloric LCT-containing diet.
The results indicated that consumption of MCT increased
insulin-mediated glucose metabolism in both diabetic and
non-diabetic subjects, compared with the LCT diet.
Recently, Takeuchi et al. demonstrated that rats fed the
MCT diet had less body fat accumulation, improved glucose
tolerance, and higher levels of adiponectin in serum and adi-
pose tissue compared with rats fed the LCT diet [140].

3.3.3. Diacylglycerol

Various fats and oils contain diacylglycerol (DAG) as a
minor constituent [141]. There are two DAG isoforms, 1,2-
(or 2,3)-diacyl-sn-glycerol (1,2-DAG or 2,3-DAG) and 1,3-
diacyl-sn-glycerol (1,3-DAG). The 1,2-DAG and 2,3-DAG
isoforms are produced as metabolic intermediates from tri-
acylglycerol (TAG), but the major DAG isoform in refined
edible DAG oils is 1,3-DAG, which is produced during the
high-temperature manufacturing process.

Several human studies showed that DAG oil, rich in the
1,3-DAG isoform, suppressed postprandial hypertriglycer-
olemia and reduced body fat mass compared with the cor-
responding TAG oil [142–147]. Antiobesity effects of DAG
oil were shown in animal studies, and were attributed to an
increase in b-oxidation of fatty acids, enhancement of
energy expenditure and suppression of triacylglycerol syn-
thesis [148–150]. The other mechanism proposed for the
physiological functions of DAG was that the slower lym-
phatic transport of 1,3-DAG compared with TAG could
be a factor in the suppression of postprandial hypertriglyc-
erolemia and fat accumulation [151].
Recently, Kim et al. produced a structured-lipid con-
taining DAG incorporated with MCFA and CLA, and
feeding this as a dietary supplement lowered the concentra-
tion of plasma triacylglycerol and decreased fat pad weight
with simultaneous enhancement of lipoprotein lipase activ-
ity in Sprague–Dawley rats [152]. Dietary supplementation
with LNA-rich DAG demonstrated that body weight gain
and fatty liver formation are suppressed by an up-regula-
tion of the b-oxidation of fatty acids in mice and rats
[153,154]. These studies suggested that both acylglycerol
structure (structural difference between TAG and DAG)
and fatty acid species affect the nutritional behavior of die-
tary lipids.

Antiatherogenic properties of DAG have been reported
in mice and rabbits [155–157]. Additionally, there are stud-
ies indicating that the cholesterol-lowering effect of plant
sterols can be enhanced in rabbits and humans by combi-
nation with DAG [158]. Antidiabetic properties of DAG
have been reported [159–161]; in particular, Mori et al.
reported that DAG reduced postprandial hyperlipidemia
and ameliorated glucose intolerance in obese rats through,
in part, increased levels of serum adiponectin [161].

3.3.4. Phospholipids

Although the majority of dietary fat is TAG, it contains
approximately 10% of phospholipids (PLs), of which phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE)
are the two major components. The intake of dietary PLs
is estimated to be 3–4 g/day, which amounts to 5–8% of
total dietary lipids [162,163]. Growing evidence indicates
that dietary PLs have beneficial effects compared with die-
tary TAG. PLs are composed of hydrophobic (e.g. fatty
acid) and hydrophilic (e.g. choline, ethanolamine, serine
or inositol) constituents, and either or both of them could
be responsible for the physiological function of dietary
PLs. A cholesterol-lowering effect of PE and its constituent
base ethanolamine has been reported in rats and the effects
are attributed to an increase of the excretion of fecal neu-
tral steroids [164,165]. Liver protective effects and choles-
terol-lowering effects of PC have been reported showing
that PC enhanced bile cholesterol secretion, decreased lym-
phatic cholesterol absorption and reduced hepatic fatty
acid synthesis in rats and rabbits [166–168]. The other
minor PL, phosphatidylinositol (PI), increased the levels
of HDL-cholesterol in rabbits and humans [169–171]. It
has been suggested that PI enhances the mobilization of
cellular sterol via a cell-surface transporter and increases
cholesterol excretion into the feces.

A broad definition of a ‘‘structured-lipid” may include
PLs from marine sources, such as fish roe, squid meal
and starfish, which contain abundant EPA and DHA in
their fatty acids [172–174]. Recently, we reported that feed-
ing of n�3 PUFA rich-PC from salmon roe, compared
with PC from hen egg-yolk, alleviates obesity-related disor-
ders through the suppression of fatty acid synthesis, the
enhancement of fatty acid b-oxidation and an increase of
the serum levels of adiponectin in obese rats [175].
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Enzymatic preparation of structured-phospholipids that
contain n�3 PUFA and CLA have been reported [176–
178]. Thus, possible findings on the effects of the form, such
as PL, TAG or DAG, used for the administration of bioac-
tive fatty acids, such as n�3 PUFA, CFA and MCFA,
would be of great interest for future study.

4. Transcriptional factors in metabolic syndrome

4.1. Peroxisome proliferator-activated receptors

PPARs are ligand-activated nuclear receptors related to
the modulation of environmental and dietary stimuli. They
bind to the PPAR response element (PPRE) of target genes
as a PPAR/retinoid X receptor (RXR) heterodimer. There
are three PPAR isoforms, termed PPARa, PPARb/d and
PPARc [179].

PPARa is expressed primarily in the liver and in brown
adipose tissue, in which it has been shown to promote the
b-oxidation of fatty acids. PPARa null-mice exhibit hepatic
steatosis, myocardial lipid accumulation and hypoglycemia
during short-term starvation because of an inadequate
ketogenic response [180]. Fibrates, such as gemfibrozil, clo-
fibrate and fenofibrate, bind PPARa with high affinity and
are used frequently as potent hypolipidemc drugs in
humans [181]. Antidiabetic effects of PPARa agonists have
been reported in mice [182,183], and a 40% decrease of
plasma insulin levels by treatment with 30 mg/kg fenofi-
brate in the hyperinsulinemic rhesus monkey [184]
suggested the possibility that fibrates improve insulin sensi-
tivity in primates.

PPARb/d is expressed ubiquitously but the highest level
of expression is in the gut, kidney and heart. More than
90% of PPARb/d-null mice are embryonic lethal due to
placental defects; the small number that do survive show
decreased adiposity [185]. Targeted activation of PPARb/
d in adipose tissue specifically induces expression of genes
required for b-oxidation of fatty acids and energy dissipa-
tion, which in turn leads to improved lipid profiles and
reduced adiposity [186]. These studies suggest that
PPARb/d has a critical role in a coordinated metabolic
program by up-regulating b-oxidation of fatty acids and
energy expenditure. Very recently, Sprecher et al. were
the first to report PPARb/d agonist administration to
humans, in which GW501516 influenced HDL-cholesterol
and triacylglycerol significantly in healthy volunteers
[187]. These HDL: triaclyglycerol effects were related to
peripheral fat utilization and lipidation, which was sug-
gested by enhanced in vivo serum fat clearance and
in vitro up-regulation in human skeletal muscle fat utiliza-
tion and sterol transporter expression.

PPARc is expressed primarily in adipose tissue and mac-
rophages. Because PPARc-null mouse is embryonic lethal
due to placental dysfunction [188,189], and the Cre-loxP-
conditioned, tissue-specific PPARc disruptions have been
examined in liver, adipose tissue and muscle. In the case
of liver-specific PPARc-null mice, they exhibit obesity,
hyperlipidemia and insulin resistance [190]. Adipose-spe-
cific PPARc-null mice develop progressive lipodystrophy,
steatosis and insulin resistance in fat and liver but not in
muscle [191]. Additionally, muscle-specific PPARc-null
mice showed glucose intolerance and progressive insulin
resistance [192]. Consistently, humans with heterozygous
mutation in PPARc have partial lipodystrophy, insulin
resistance, dyslipidemia and hypertension [193–196]. Syn-
thetic PPARc ligands, thiazolidinediones (TZDs), rosiglit-
azone and pioglitazone, are used for their potent
antidiabetic effects in human [181]. It has been demon-
strated that PPARc is required for transcriptional activa-
tion of adiponectin, which promotes b-oxidation of fatty
acids and insulin sensitivity, and that TZDs induce this
transcription [197]. Additionally, activation of PPARc
has been suggested to reduce inflammatory adipocytokines,
such as TNFa and MCP-1, through the inhibition of
nuclear factor jB (NFjB) activity [198,199].

4.2. Sterol regulatory element binding proteins

Sterol regulatory element binding proteins (SREBPs)
are membrane-bound transcriptional factors that belong
to the basic helix–loop–helix leucine zipper family [200].
The mature nuclear form of SREBP is produced from a
membrane-bound precursor by proteolytic cleavage and
binds to a sterol regulatory element as well as some E-
boxes. There are three SREBP isomers, termed SREBP1a,
SREBP1c and SREBP2. SREBP1a and SREBP1c are iden-
tical except for the NH2-terminal transactivation domains,
and SREBP2 is encoded by a separate gene. Most organs,
including liver and adipose tissue, express predominantly
SREBP1c and SREBP2 in vivo [200].

The SREBP2-null mouse is completely embryonic lethal
[201]. SREBP2 transgenic mice showed increases in
mRNAs encoding multiple enzymes of cholesterol biosyn-
thesis, LDL receptor (LDLr) and fatty acid biosynthesis in
the liver [202]. The mRNAs for cholesterol biosynthetic
enzymes were elevated in the adipose tissue of SREBP2
transgenic mice, but the mRNAs for fatty acid biosynthetic
enzymes were not. Depletion of sterols by treatment with a
bile acid-binding resin and a cholesterol synthesis inhibitor
led to a marked increase in the nuclear form of SREBP2
[203]. These results suggest that SREBP2 is a relatively
selective activator of cholesterol synthesis, as opposed to
fatty acid synthesis, in liver and adipose tissue of mice.

Studies both in vivo and in vitro demonstrated that
SREBP1c has a crucial role in the regulation of most hepa-
tic lipogenic genes, such as fatty acid synthase (FAS),
acetyl-CoA carboxylase (ACC) and stearoyl-CoA desatur-
ase (SCD) [200,204]. SREBP1c was cloned independently
as a transcriptional factor that promotes adipocyte differ-
entiation, and was designated as adipocyte determination
and differentiation factor 1 [205]. From 50% to 85% of
SREBP1-null mice are embryonic lethal, but those that sur-
vive appear normal except for elevated levels of SREBP-2
and cholesterol synthesis in the liver [201]. The livers of
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SREBP1c transgenic mice were enlarged with an accumula-
tion of triaclyglycerols, but not cholesterol [206]. Impor-
tantly, expression of SREBP1c, but not SREBP1a or
SREBP2, is regulated by liver X receptor (LXR) activation
[204].

4.3. Liver X receptor

LXR is one of the nuclear hormone receptors that are
sensors of cholesterol metabolism and lipid biosynthesis
[207]. There are LXR isomers, termed LXRa and LXRb;
LXRa is expressed in liver, spleen, kidney, adipose tissue,
and small intestine, whereas LXRb is expressed ubiqui-
tously. LXRs are known to be activated by oxysterols
and to bind to the LXR response element (LXRE) of target
genes as an LXR/RXR heterodimer. LXRa-null mice
exhibit impaired expression of hepatic genes involved in
cholesterol and fatty acid metabolism, such as cholesterol
7a-hydroxylase (CYP7A1), HMG-CoA synthase/reduc-
tase, SREBP, and FAS [208]. In contrast, LXRb-null mice
failed to show the phenotype observed in LXRa-null mice
[209]. This suggests a more prominent role of LXRa than
LXRb as a regulator of these enzymes. A recent report
indicated that D-glucose and D-glucose 6-phosphate are
direct agonists of both LXRa and LXRb [210], and showed
that glucose activates LXR at the physiological concentra-
tions expected in the liver and induces expression of LXR
target genes with an efficacy similar to that of oxysterol,
suggesting that LXR is a transcriptional switch that inte-
grates hepatic glucose metabolism and fatty acid synthesis.

ATP-binding cassette transporter A1 (ABCA1) is a key
transporter that modulates cholesterol efflux and mediates
reverse cholesterol transport from peripheral tissues
[211,212]. Expression of ABCA1 and other ABC transport-
ers is under the regulation of LXR. Bone marrow trans-
plantation-derived selective elimination of macrophage
LXRa,b mimics many aspects of Tangier disease, a human
HDL deficiency caused by ABCA1 mutation, including
aberrant regulation of cholesterol transporter expression,
lipid accumulation in macrophages, splenomegaly and
increased atherosclerosis [213]. Treatment with an LXR
agonist (GW3965) reduced the atherosclerotic lesion area
in LDLr-null and apoE-null mice [214]. The compound
induced expression of ABCA1 and ABCG1, suggesting
that the direct action of LXR ligands on vascular gene
expression is likely to contribute to their antiatherogenic
effects.

The antidiabetic effects of LXR ligands have been
reported. Cao et al. treated diabetic rodents with the
LXR agonist (T0901317) and observed marked reduction
of plasma glucose, increased insulin sensitivity, suppressed
gluconeogenic genes, and decreased hepatic glucose output
[215]. Laffitte et al. showed that the LXR agonist
(GW3965) improved glucose tolerance in a murine model
of diet-induced obesity and insulin resistance. The effect
was attributed to the suppression of gluconeogenic genes
in the liver, and transcriptional induction of the insulin-
sensitive glucose transporter GLUT4 in adipose tissue
[216].

4.4. Retinoid X receptor

RXR belongs to the superfamily of nuclear receptors
and was discovered as a receptor involved in transduction
of the retinoid signaling pathway. RXR has been known
to provide structural and signaling support to its heterodi-
merizing partner, such as PPARs, LXRs, and Farnesoid X
receptors (FXRs), during transcriptional activation. There
are three RXR isoforms, termed RXRa, RXRb and
RXRc. RXRa is expressed in liver, kidney, spleen, placenta
and epidermis; RXRb is expressed ubiquitously; and
RXRc is expressed in muscle and brain [217]. RXRa-null
mice are embryonic lethal [218]; approximately 50% of
RXRb-null mice die before or at birth, but those that sur-
vive appear normal except that the males are sterile [219];
RXRc null-mice develop normally and are indistinguish-
able from heterozygous and wild-type animals [220]. In
the liver of hepatocyte-specific RXRa-null mice, metabolic
pathways that are mediated by RXR heterodimerization
with PPARa, LXR or FXR are compromised in the
absence of RXRa [221]. Selective ablation of RXRa in adi-
pocytes results in impaired adipogenesis and lipolysis, and
resistance to obesity [222].

Several reports have indicated that RXR-specific ligands
(LGD1069, LGD100268, LGD101506 and AGN194204)
have glucose-lowering and insulin-sensitizing effects [223–
225]. The antiobesity effect of rexinoid (LG100268) due
to the up-regulation of uncoupling protein 1 (UCP1)
mRNA in brown adipose tissue has been reported [226].
Treatment with the RXRa agonist (LG1000364) reduced
atherosclerotic lesions drastically in apoE-null mice, and
the effect was attributed to a stimulated cholesterol efflux
from macrophages concomitant with increased expression
of ABCA1 mRNA through activation of RXR/LXR het-
erodimerization [227].

4.5. Farnesoid X receptor

FXR is a member of the nuclear hormone receptor
superfamily and two FXR isomers, FXRa and FXRb,
are known [228,229]. FXRa is conserved from human to
fish, and the single FXRa encodes four isoforms, FXRa1,
FXRa2, FXRa3 and FXRa4. FXRa is highly expressed
in liver, intestine, kidney and the adrenal gland, with
much lower levels in adipose tissue. FXRa can bind to
and activate or repress through FXR response elements,
either as a monomer or as an FXR/RXR heterodimer.
FXR-c null-mice develop normally and are outwardly
identical with wild-type animals, except they have higher
serum bile acid, cholesterol and triacylglycerols, and
increased hepatic cholesterol and triacylglycerols [231].
FXRb encodes a functional nuclear hormone receptor in
mammalian species, except humans and other primates
in which it encodes a pseudogene. FXRb has been
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suggested to be a lanosterol sensor, although its physio-
logical function is unclear [230].

FXRa is known to be activated by bile acid and to
maintain cholesterol and bile acid homeostasis through
the transcriptional regulation of CYP7A1, a rate-limiting
enzyme of bile acid synthesis in the liver [232–234].
Recently, it has been reported that activation of FXRa
results in decreased triacylglycerol levels by increasing their
clearance through modulating lipoprotein lipase activity,
inducing PPARa and probably inhibiting SREBP1c [228].
FXRa also controls glucose homeostasis. FXRa expression
was decreased in the livers of streptozotocin-induced dia-
betic rats and diabetic Zucker rats [235]. Additionally,
transfusion of adenovirus-mediated constitutively active
FXRa into wild-type, FXRa-null or genetically diabetic
rodents lowered the levels of blood glucose and lipid
[236]. Activation of FXR with a highly specific synthetic
FXRa agonist (GW4064) in wild-type or db/db mice, but
not FXRa-null mice, also decreased the levels of plasma
glucose and lipid [235,236].

4.6. Hepatic nuclear factor 4

Hepatic nuclear factor 4 (HNF4), an orphan nuclear
receptor, contains two subtypes, HNF4a and HNF4c
[237,238]. Despite the high levels of homology with RXRa,
HNF4a binds to direct repeat-1 motifs of target genes not
as a heterodimer with RXRa but as a homodimer.
Although the physiological role of HNF4c is less well
understood, HNF4a is known to positively regulate genes
involved in the transport of lipids and vitamins as well as
genes involved in lipid, amino acid and glucose metabo-
lism. While the HNF4a-null mouse is embryonic lethal,
studies with Cre-loxP-conditioned liver-specific HNF4a-
null mice exhibited hepatic lipid accumulation, decreased
levels of lipids and urea in serum, and increased concentra-
tion of bile acid and ammonia in serum [238,239]. These
abnormalities in lipid and urea homeostasis were due to a
marked decrease in expression of apolipoproteins A-II,
A-IV, C-II and C-III, microsomal triacylglycerol transfer
protein, and ornithine transcarbamylase. HNF4a has been
reported to induce genes involved in carbohydrate metabo-
lism, such as L-pyruvate kinase and glucose-6-phosphatase
[240]. Heterozygous mutations in HNF4a are linked to
mature onset of diabetes of the young type 1, in which
patients show defects in glucose-stimulated insulin secre-
tion [241].

Fibrates are a class of hypolipidemic drugs that reduce
the availability of HNF4 [242], and fibrate-CoAs bind
HNF4a and inhibit HNF4a-mediated activation of gene
transcription [243]. PPARa ligands (activators for lipolytic
gene transcription) interfere with HNF4a action (control
of lipoprotein synthesis and secretion, and carbohydrate
metabolism), which may account for the complexity of
the regulation of hepatic lipid homeostasis, including fatty
acid synthesis, b-oxidation of fatty acids, lipoprotein
metabolism and carbohydrate metabolism in the liver.
4.7. Nuclear factor jB

NFjB is a transcriptional factor that regulates a wide
range of proinflammatory and antiapoptotic genes [244].
In its inactive state, NFjB, a heterodimer of p50 and
p65, is retained in the cytoplasm by interaction with an
inhibitor of jB (IjB). NFjB activation is regulated by
the IjB kinase (IKK) complex (IKKa, IKKb and IKKc).
Phosphorylation of IjB by the IKK complex leads to
release of NFjB from its inhibitor, and then NFjB can
translocate to the nucleus. NFjB is expressed in almost
all cells. The p65 subunit-null mouse is embryonic lethal
[245], and p50 subunit-null mice develop normally, except
they display functional defects in immune responses [246].

Activation of NFjB has been detected in atherosclerotic
lesions [247], and NFjB inhibitor retarded atherosclerosis
progression by reducing the extension and size of the
lesions and the inflammatory cell content [248]. Inhibition
of NFjB and IKKb has been shown to reverse hyperglyce-
mia, hyperinsulinemia and dyslipidemia by sensitizing insu-
lin signaling in obese rodents [249]. Heterozygous deletion
of IKKb also protected against the development of insulin
resistance during high-fat feeding and in obese ob/ob mice
[249]. Liver-specific activation of IKKb induces type 2 dia-
betes, and hepatocyte-specific disruption of IKKb retains
liver insulin responsiveness, except it develops insulin
resistance in muscle and fat in response to a high-fat diet,
obesity or aging [250,251]. In contrast, mice with myeloid
cell-specific disruption of IKKb exhibit global insulin sen-
sitivity and are protected form insulin resistance [250].
These studies suggest that inhibiting NFjB signaling is a
potent therapeutic target during the prevention and allevi-
ation of metabolic syndrome.

4.8. Cross-talk among transcriptional factors

LXR/RXR has been identified as a dominant activator
of SREBP1c promoter involved in lipogenic gene transcrip-
tion. The same study proposed that the activation of lipo-
lytic transcriptional factor PPAR interferes with LXR/
RXR signaling by the formation of PPAR/RXR and
PPAR/LXR [252]. On the other hand, the activation of lip-
ogenic transcriptional factor LXR suppresses PPARa-tar-
geted gene expression by inhibiting PPAR/RXR binding
to its responsive element PPRE [253]. Because the
PPARa/LXR complex cannot bind to either PPRE or
LXRE, this heterodimer interferes with the action of both
PPAR and LXR. Consistently, combined treatment with
PPARa and LXR agonists resulted in simultaneous reduc-
tion of both PPARa/RXRa and LXR/RXRa [252,253].

Interestingly, LXRa expression has been shown to be
regulated by PPARs [254], and PPAR activation enhanced
cholesterol efflux in macrophages via the PPAR–LXR–
ABCA1 pathway [255,256]. The PPAR–LXR–SREBP1c
pathway, however, may not be very potent in liver because
there is no hepatic induction of SREBP1c after adenoviral
over-expression of PPARc [257].
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There is cross-talk among FXR, LXR and SREBP1c.
FXR activation induces the expression of the atypical
nuclear receptor small heterodimer partner (SHP) and
SHP interferes with SREBP1c expression by inhibiting
the activity of LXR [258].

5. Molecular actions of bioactive lipids

We recognize that dietary lipids act as sources of energy,
cell structure, and signaling molecules, as well as regulators
of nutrient metabolism and cell functions by the control of
gene expression. Such regulatory lipids can be defined as
‘‘bioactive lipids” and their molecular actions in the pre-
vention and alleviation of metabolic syndrome through
regulation of the activity or abundance of several transcrip-
tional factors, including PPARs, SREBPs, LXRa, RXRa,
FXRa, HNF4a and NFjB, will now be discussed (Fig. 2).

5.1. n�3 PUFAs

The nuclear actions of n�3 PUFAs in the liver have
been characterized extensively [259–262]. The hypolipidem-
ic effect of n�3 PUFAs is believed to be due mostly to their
potent enhancement of lipolysis through PPARa activa-
tion. It has been reported that n�3 PUFAs, including
LNA and EPA, can bind to PPARa with reasonable affin-
ity [263–265], and their metabolites have greater affinity for
PPARa than their parent fatty acids [264,265]. n�3 PUFAs
induce the expression of lipolytic genes, such as carnitine
palmitoyltrasferase (CPT), UCP and acyl-CoA oxidase
(ACO), which are under PPAR regulation, and enhance
b-oxidation of fatty acids [266–268]. On the other hand,
n�3 PUFAs inhibit hepatic lipogenesis by suppressing
genes involved in fatty acid biosynthesis, such as ACC,
FAS and SCD [268,269]. As described above (see Section
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Fig. 2. Scheme showing possible mechanisms by which bio
4.8), three major transcriptional factors, such as SREBP1c,
PPARa and LXRa, could contribute this n�3 PUFA
effect. The results of studies evaluating the interactions
between n�3 PUFAs and transcriptional factors, however,
suggest that SREBP1c may play the pivotal role in the sup-
pression of hepatic fatty acid synthesis by n�3 PUFAs. A
study with PPARa-null mice indicated that n�3 PUFAs
suppress the hepatic lipogenic gene expression without
PPARa activity [270]. Although n�3 PUFAs reduced the
level of mRNA and the nuclear content of SREBP1c
[271], disruption of LXRE from SREBP1c promoter did
not affect PUFA suppression of SREBP1c gene transcrip-
tion [272]. n�3 PUFAs have been reported to suppress
LXR activation directly [273,274], but feeding n�3 PUFAs
had no effect on the expression of LXR-regulated genes
(CYP7A1, ABCG5 and ABCG8) in vivo [275]. These obser-
vations suggest that PPARa and LXRa are not the main
targets for nuclear actions of n�3 PUFAs in vivo.

Various long-chain fatty acyl-CoA thioesters have been
reported to bind specifically to HNF4a with high affinity.
Thus, binding of saturated fatty acids stimulates the tran-
scriptional activity of HNF4a, whereas binding of a
PUFA, such as LNA, inhibits HNF4a-mediated gene tran-
scription, consistent with the action of fibrates on HNF4a
[276,277]. In addition, n�3 PUFAs inhibit L-pyruvate
kinase (a glycolytic enzyme) may through the inhibition
of HNF4a activity [278]. These results suggest that n�3
PUFAs affect hepatic lipogenesis through inhibiting glu-
cose flux into lipid synthesis.

As well as in liver, an effect of n�3 PUFAs in skeletal
muscle has been reported. Several studies demonstrated
that the decrease in fat deposition associated with ingestion
of fish oil was accompanied by a significant increase in the
abundance of skeletal muscle UCP3 mRNA in rats and
mice [55,266].
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The mechanism underlying the regulatory function of
n�3 PUFAs on the production of adipocytokine and pro-
inflammatory cytokines has been examined. Neschen et al.
showed that consumption of fish oil raised plasma levels
of adiponectin in a dose-dependent manner, and the
increase was blocked completely by administration of
the PPARc inhibitor bisphenol-A-diglycidyl ether in mice
[279]. In contrast, treatment with fish oil resulted in an
increase in the concentration of adiponectin in PPARa-
null mice. These results suggest that fish oil (or the EPA
or DHA in the oil) regulates secretion of adiponectin
through a PPARc-dependent and PPARa-independent
manner in adipose tissue [279]. Novak et al. demonstrated
that TNFa mRNA and protein expression were inhibited
by n�3 PUFAs, mediated though inactivation of the
NFjB signal transduction pathway secondary to inhibi-
tion of IkB phosphorylation in LPS-stimulated macro-
phages [280]. Furthermore, Li et al. demonstrated that
PPARc activation by EPA and DHA inhibited NFjB
activity, and decreased expression and secretion of
MCP1 in human-derived cells [281].

As described above, the hypolipidemic and insulin-sensi-
tizing effects of n�3 PUFAs have been attributed to their
action as agonists of PPARs, inhibitors of SREBP1c and
possibly antagonists of LXRa and HNF4a (Fig. 2).
Recently, n�3 PUFAs have been reported to be FXR
ligands [282] in a study demonstrating that n�3 PUFAs,
such as LNA and DHA, bound to FXR and behaved as
FXR antagonists in the coactivator association assay.
These activities on FXR may contribute to the metabolic
effects of n�3 PUFAs, since FXR has a critical role in lipid
and glucose metabolism (Fig. 2). Additionally, FXR acti-
vation by n�3 PUFA may affect the down-regulation of
LXR activity [258,262].

The role of n�3 PUFAs in the control of RXR during
the alleviation of metabolic syndrome is not clear. Reporter
assays and mass spectrometry studies have indicated that
DHA has the capacity to specifically bind and activate
the RXRa [283,284]. The authors suggest that RXRa has
an active role as a fatty acid sensor in vivo.

5.2. CFAs

PPARa is likely involved in the regulation of lipolytic
gene expression by dietary CFAs. It has been demonstrated
that CLA is a potent ligand and activator of PPARa [285].
Consistently, a number of studies have demonstrated that
CLA and other CFAs induce mRNA, protein and activity
of PPARa-regulated lipolytic genes, including CPT, ACO
and UCP in the liver, skeletal muscle and brown adipose
tissue, where b-oxidation of fatty acids occurs
[84,87,94,95,286]. Dietary CLA, however, induced these
lipolytic genes even in PPARa-null mice [287]. The result
suggests the presence of some mechanism mediating the
lipolytic activities of CFAs other than the PPARa path-
way, and we speculate that the activation of PPARb/d by
CFAs could be one of these mechanism [288,289].
The precise mechanism of transcriptional regulation of
lipogenic genes by CLA isomers is not known. Earlier,
we showed that the 10t,12c-CLA, but not 9c,11t-CLA,
decreased hepatic levels of FAS and SREBP1 mRNAs con-
comitant with marked attenuation of hepatic lipid accumu-
lation in obese OLETF rats [87]. On the other hand,
divergent tissue-specific effects on SREBP1c expression by
9c,11t-CLA have been reported, in which significant reduc-
tion of hepatic SREBP1c and increased adipose tissue
SREBP1c expression contributes to improved abnormali-
ties of lipid and glucose metabolism in obese ob/ob mice
[290]. Additionally, hepatic lipogenic genes, including
FAS, ACC and SCD, were markedly induced through
the up-regulation of hepatic SREBP1c during the onset
of fatty liver, second to the development of lipodystrophy
in CLA-fed C57BL/6 mice [291].

CLA has been reported as an agonist of PPARc
[103,292,293], and the antidiabetic effect of CLA may
be attributable to the PPARc activation (Fig. 2) compa-
rable to the effect of TZD such as troglitazone [103].
Additionally, the enhanced level of plasma adiponectin,
whose gene expression is under the regulation of PPARc,
alleviated hyperinsulinemia and obesity-related hyperten-
sion in Zucker rats [107]. Activation of PPARc has
shown anti-inflammatory effects, including the suppres-
sion of inflammatory molecule expression, such as TNFa
and MCP1, through the inactivation of NFjB [293–295].
On the other hand, Tsuboyama-Kasaoka et al. demon-
strated that feeding CLA induced apoptosis in murine
adipose tissues, concomitant with down-regulation of
PPARc [296].

As described above, conflicting results have been dem-
onstrated in many trials designed to determine the effect
of CFAs on transcriptional regulation of lipid and glucose
metabolism. Although the efficacy and direction of CFA
action in pathophysiological states varies, depending on
the evaluation model, the therapeutic potential of CFAs
against metabolic syndrome is still promising.

5.3. Other lipids

Ikeda et al. reported that campestenone (campest-5-
3n�3-one) drastically increased the activities and the
mRNA levels of mitochondrial and peroxisomal lipolytic
enzymes, such as CPT and ACO, in the liver [119]. Addi-
tionally, marked reduction of the activities and mRNA
expressions of lipogenic enzymes such as ACC, FAS, glu-
cose-6-phosphate dehydrogenase, pyruvate kinase and
ATP-citrate lyase concomitant with the decrease in expres-
sion of SREBP1 mRNA was shown in campesterone-fed
rats [119]. These alterations of gene expressions were attrib-
uted to PPARa activation by campesetenone, as deter-
mined using a GAL4 ligand-binding domain chimera
assay system with coactivator coexpression. The authors
supposed that the PPAR activation by campestenone sup-
pressed expression of SREBP1c mRNA through the
decrease of LXR/RXR formation [119] (Fig. 2).



K. Nagao, T. Yanagita / Progress in Lipid Research 47 (2008) 127–146 139
Takeuchi et al. [140] indicated that the antidiabetic effect
of MCT with increased levels of plasma and adipocyte
adiponectin was due to the enhanced expression of adipo-
nectin mRNA in perirenal adipose tissue. The authors
showed that expression of PPARc and RXR mRNA was
increased simultaneously in adipose tissue, and speculated
that an increased amount of PPARc/RXR heterodimer
enhanced the promoter activity of adiponectin in adipo-
cytes (Fig. 2).

Feeding DAG and LNA-DAG increased the expression
of genes related to energy homeostasis, including ACO,
acyl-CoA synthase, medium-chain acyl-CoA dehydroge-
nase, liver fatty acid binding protein and UCP2 in the liver
of genetically and dietary-induced obese rodents
[150,153,154]. The molecular mechanism underlying these
alterations, however, has not been elucidated.

Our studies indicated that PC reduced the expression of
FAS mRNA in the liver of olotic acid-induced fatty liver
model rats [168], and PC from salmon roe reduced expres-
sion of the mRNA of lipogenic genes, such as ACC, SCD1
and SREBP1c, and enhanced expression of the mRNA of
lipolytic genes, such CPT1a, CPT2 and PPARb/d in the
liver of obese rats [175]. At present, however, there is no
evidence that PC or its constituent base choline can be a
ligand for any transcriptional factor.
6. Concluding remarks

This review has explored the physiological functions and
molecular actions of bioactive lipids in the development of
metabolic syndrome. Experimental studies demonstrate that
dietary bioactive lipids suppress the accumulation of
abdominal adipose tissue and lipids in the liver and serum,
and alleviate hypertension and type 2 diabetes through the
transcriptional regulation of lipid and glucose metabolism.
PPARs, SREBPs, LXRa, RXRa, FXRa, HNF4a and
NFjB contribute to these nuclear actions by bioactive lipids
through complex interactions. Additionally, recent studies
demonstrate the striking ability of bioactive lipids, such as
n�3 PUFA, CLA, MCT, and DAG, to regulate the produc-
tion of physiologically active adipocytokines through
PPARc activation (Fig. 2). In particular, the function of bio-
active lipids as dietary adiponectin inducers (dietary insulin
sensitizers) is worth considerable attention with respect to
the alleviation of metabolic syndrome by food components.
References

[1] Grundy SM, Cleeman JI, Daniels SR, et al. Diagnosis and
management of metabolic syndrome. Circulation 2005;112:2735–52.

[2] Krauss RM, Eckel RH, Howard B, et al. AHA dietary guidelines.
Circulation 2000;102:2284–99.

[3] International Diabetes Federation. Worldwide definition of the
metabolic syndrome. Available from: http://www.idf.org/home/
index.cfm?node=1429.

[4] Dunstan DW, Zimmet PZ, Welborn TA, et al. The rising prevalence
of diabetes and impaired glucose tolerance. Diabetes Care
2002;25:829–34.
[5] Rana JS, Nieuwdorp M, Jukema JW, Kastelein JJP. Cardiovascular
metabolic syndrome – an interplay of, obesity, inflammation,
diabetes and coronary heart disease. Diabetes Obes Metab 2007;9:
218–32.

[6] Isomaa B, Almgren P, Tuomi T, et al. Cardiovascular morbidity and
mortality associated with the metabolic syndrome. Diabetes Care
2001;24:683–9.

[7] Matsuzawa Y, Funahashi T, Nakamura T. Molecular mechanism of
metabolic syndrome X: contribution of adipocytokines; adipocyte-
derived bioactive substances. Ann NY Acad Sci 1999;892:146–54.

[8] Bergman RN, Kim SP, Hsu IR, et al. Abdominal obesity: role in the
pathophysiology of metabolic disease and cardiovascular risk. Am J
Med 2007;120:S3–8.

[9] Rader DJ. Effect of insulin resistance, dyslipidemia, and intra-
abdominal adiposity on the development of cardiovascular disease
and diabetes mellitus. Am J Med 2007;120:S12–8.

[10] Harrison SA, Diehl AM. Fat and the liver – a molecular overview.
Semin Gastrointest Dis 2002;13:3–16.

[11] Youssef W, McCullough AJ. Diabetes mellitus, obesity, and hepatic
steatosis. Semin Gastrointest Dis 2002;13:17–30.

[12] Friedman JM, Halaas JL. Leptin and the regulation of body weight
in mammals. Nature 1998;395:763–70.

[13] Okamoto Y, Kihara S, Funahshi T, Matsuzawa Y, Libby P.
Adiponectin: a key adipocytokine in metabolic syndrome. Clin Sci
2006;110:267–78.

[14] Matsuzawa Y. The metabolic syndrome and adipocytokines. FEBS
Lett 2006;580:2917–21.

[15] Arita Y, Kihara S, Ouchi N, et al. Paradoxical decrease of an
adipose-specific protein, adiponectin, in obesity. Biochem Biophys
Res Commun 1999;257:79–83.

[16] Cnop M, Havel PJ, Utzschneider KM, et al. Relationship of
adiponectin to body fat distribution, insulin sensitivity and plasma
lipoproteins: evidence for independent roles of age and sex.
Diabetologia 2003;46:459–69.

[17] Yatagai T, Nishida Y, Nagasaka S, et al. Relationship between
exercise training-induced increase in insulin sensitivity and adipo-
nectinema in healthy men. Endocrinol J 2003;50:233–8.

[18] Ryo M, Nakamura T, Kihara S, et al. Adiponectin as a biomarker
of the metabolic syndrome. Circ J 2004;68:975–81.

[19] Matsuzawa Y, Funahashi T, Kihara S, Shimomura I. Adiponectin
and metabolic syndrome. Arterioscler Thromb Vasc Biol 2004;24:
29–33.

[20] Nishida M, Funahashi T, Shimomura I. Pathophysiological signif-
icance of adiponectin. Med Mol Morphol 2007;40:55–67.

[21] Maeda N, Shimomura I, Kishida K, et al. Diet-induced insulin
resistance in mice lacking adiponectin/ACRP30. Nat Med 2002;8:
731–7.

[22] Yamauchi T, Kamon J, Minokoshi Y, et al. Adiponectin stimulates
glucose utilization and fatty-acid oxidation by activating AMP-
activated protein kinase. Nature Med 2002;8:1288–95.

[23] Tomas E, Tsao TS, Saha AK, et al. Enhanced muscle fat oxidation
and glucose transport by ACRP30 globular domain: acetyl-CoA
carboxylase inhibition and AMP-activated protein kinase activa-
tion. PNAS 2002;99:16309–13.

[24] Okamoto Y, Kihira S, Ouchi N, et al. Adiponcetin reduces
atherosclerosis in apolipoprotein E-deficient mice. Circulation
2002;106:2767–70.

[25] Yamauchi T, Kamon J, Waki H, et al. Globular adiponectin
protected ob/ob mice from diabetes and apoE-deficient mice from
atherosclerosis. J Biol Chem 2003;278:2461–8.

[26] Zietz B, Herfarth H, Paul G, et al. Adiponectin represents an
independent cardiovascular risk factor predicting serum HDL-
cholesterol levels in type 2 diabetes. FEBS Lett 2003;545:103–4.

[27] Matsuura F, Oku H, Koseki M, et al. Adiponectin accelerates
cholesterol transport by increasing high density lipoprotein assem-
bly in the liver. Biochem Biophys Res Commun 2007;358:1091–5.

[28] Kazumi T, Hirano T, Kawaguchi A, Yoshino G, Sakai K. Young
men with high-normal blood pressure have lower serum adiponectin,

http://www.idf.org/home/index.cfm?node=1429
http://www.idf.org/home/index.cfm?node=1429


140 K. Nagao, T. Yanagita / Progress in Lipid Research 47 (2008) 127–146
smaller LDL size, and higher elevated heart rate than those with
optimal blood pressure. Diabetes Care 2002;25:971–6.

[29] Adamczak M, Wiecek A, Funahashi T, Chudek J, Kokot F,
Matsuzawa Y. Decreased plasma adiponectin concentration in
patients with essential hypertension. Am J Hypertens 2003;16:72–5.

[30] Iwashima Y, Katsuya T, Ishikawa K, et al. Hypoadiponectinemia is
an independent risk factor for hypertension. Hypertension 2004;43:
1318–23.

[31] Ouchi N, Ohishi M, Kishida K, et al. Association of hypoadipo-
nectinemia with impaired vasoreactivity. Hypertension 2003;42:
231–4.

[32] Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression
of tumor necrosis factor-alpha: direct role in obesity-linked insulin
resistance. Science 1993;259:87–91.

[33] Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM.
Increased adipose tissue expression of tumor necrosis factor-alpha in
human obesity and insulin resistance. J Clin Invest 1995;95:2409–15.

[34] Sartipy P, Loskutoff DJ. Monocyte chemoattractant protein 1 in
obesity and insulin resistance. PNAS 2003;100:7265–70.

[35] Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS. Protec-
tion from obesity-induced insulin resistance in mice lacking TNF-a
function. Nature 1997;389:610–4.

[36] Baggiolini M. Chemokines and leukocyte traffic. Nature 1998;392:
565–8.

[37] Kanada H, Tateya S, Tamori Y, et al. MCP-1 contributes to
macrophage infiltration into adipose tissue, insulin resistance, and
hepatic steatosis in obesity. J Clin Invest 2006;116:1494–505.

[38] Simopoulos AP. Essential fatty acids in health and chronic disease.
Am J Clin Nutr 1999;70:560S–9S.

[39] Das UN. Essential fatty acids. Curr Pharm Biotechnol 2006;7:
467–82.

[40] Fernandez E, Chatenoud L, La Vecchia C, Negri E, Franceschi S.
Fish consumption and cancer risk. Am J Clin Nutr 1999;70:
85–90.

[41] Holub DJ, Holub BJ. Omega-3 fatty acids from fish oils and
cardiovascular disease. Mol Cell Biochem 2004;263:217–25.

[42] Kagawa Y, Nishizawa M, Suzuki M, et al. Eicosapolyenoic acids of
serum lipids of Japanese islanders with low incidence of cardiovas-
cular diseases. J Nutr Sci Vitaminol 1982;28:441–53.

[43] Newman WP, Middaugh JP, Propst MT, Rogers DR. Atheroscle-
rosis in Alaska natives and non-natives. Lancet 1993;341:1056–7.

[44] Shmidt EB, Christensen JH, Aardestrup I, et al. Marine n�3 fatty
acids: basic features and background. Lipids 2001;36:S65–8.

[45] Harris WS. Omega-3 fatty acids and cardiovascular diseases: a case
for omega-3 index as a new risk factor. Pharmacol Res
2007;55:217–23.

[46] Von Schacky C, Harris WS. Cardiovascular benefits of omega-3
fatty acids. Cardiovasc Res 2007;73:310–5.

[47] Harris WS. n�3 Fatty acids and human lipoprotein metabolism: an
update. Lipids 1999;34:S257–8.

[48] Harris WS, Bulchandani D. Why do omega-3 fatty acids lower
serum triglycerides? Curr Opin Lipidol 2006;17:387–93.

[49] Sirtori CR, Crepaldi G, Manzato E, et al. One-year treatment with
ethyl esters of n�3 fatty acids in patients with hypertriglyceridemia
and glucose intolerance. Reduced triglyceridemia, total cholesterol
and increased HDL-C without glycemic alterations. Atherosclerosis
1998;137:419–27.

[50] Mori TA, Bao DQ, Burke V, Puddey IB, Watts GF, Beilin LJ.
Dietary fish as a major component of a weight-loss diet: effect on
serum lipids, glucose, and insulin metabolism in overweight hyper-
tensive subjects. Am J Clin Nutr 1999;70:817–25.

[51] Kesavulu MM, Kameswararao B, Apparao CH, Kumar EGTV,
Harinarayan CV. Effect of x�3 fatty acids on lipid peroxidation
and antioxidant enzyme status in type 2 diabetic patients. Diabetes
Metab 2002;28:20–6.

[52] Kinsella JE, Lokesh B, Stone RA. Dietary n�3 polyunsaturated
fatty acids and amelioration of cardiovascular disease: possible
mechanisms. Am J Clin Nutr 1990;52:1–28.
[53] Morris MC, Sacks F, Rosner B. Does fish oil lower blood pressure?
A meta-analysis of controlled trials. Circulation 1993;88:523–33.

[54] Wang H, Storlien LH, Huang XF. Effects of dietary fat types on
body fatness, leptin, and ARC leptin receptor, NPY, and AgRP
mRNA expression. Am J Physiol Endocrinol Metab 2002;282:
E1352–9.

[55] Baillie RA, Takada R, Nakamura M, Clarke SD. Coordinate
induction of peroxisomal acyl-CoA oxidase and UCP-3 by dietary
fish oil: a mechanism for decreased body fat deposition. Prosta-
glandins Leukot Essent Fatty Acids 1999;60:351–6.

[56] Garaulet M, Perez-Llamas F, Perez-Ayala M, et al. Site-specific
differences in the fatty acid composition of abdominal adipose tissue
in an obese population from a Mediterranean area: relation with
dietary fatty acids, plasma lipid profile, serum insulin, and central
obesity. Am J Clin Nutr 2001;74:585–91.

[57] Nettleton JA, Katz R. n�3 Long-chain polyunsaturated fatty acids
in type 2 diabetes: a review. J Am Diet Assoc 2005;105:428–40.

[58] De Caterina R, Madonna R, Schmidt EB. n�3 Fatty acids in the
treatment of diabetic patients. Diabetes Care 2007;30:1012–26.

[59] Ebbesson SO, Risica PM, Ebbesson LO, Kennish JM, Tejero ME.
Omega-3 fatty acids improve glucose tolerance and components of
the metabolic syndrome in Alaskan Eskimos: the Alaska Siberia
project. Int J Circumpolar Health 2005;64:396–408.

[60] Delarue J, Couet C, Cohen R, Brehot JF, Antoine JM, Lamisse F.
Effects of fish oil on metabolic responses to oral fructose and glucose
loads in healthy humans. Am J Physiol 1996;270:E353–62.

[61] Rossi AS, Lombardo YB, Lacorte JM, et al. Dietary fish oil
positively regulates plasma leptin and adiponectin levels in sucrose-
fed, insulin-resistant rats. Am J Physiol Regul Integr Comp Physiol
2005;289:R486–94.

[62] Flachs P, Mohamed-Ali V, Horakova O, et al. Polyunsaturated
fatty acids of marine origin induce adiponectin in mice fed a high-fat
diet. Diabetologia 2006;49:394–7.

[63] Itoh M, Suganami T, Satoh N, et al. Increased adiponectin secretion
by highly purified eicosapentaenoic acid in rodent models of obesity
and human obese subjects. Arterioscler Thromb Vasc Biol 2007;27:
1918–25.

[64] Sehat N, Yurawecz MP, Roach JAG, Mossoba MM, Kramer JKG,
Ku Y. Silver-ion high-performance liquid chromatographic separa-
tion and identification of conjugated linoleic acid isomers. Lipids
1998;33:217–21.

[65] Kepler CR, Hirons KP, McNeill JJ, Tove SB. Intermediates and
products of the biohydrogenation of linoleic acid by Butyrinvibrio

fibrisolvens. J Biol Chem 1966;25:1350–4.
[66] Chin SF, Liu W, Storkson JMS, Ha YL, Pariza MW. Dietary

sources of conjugated dienoic isomers of linoleic acid, a newly
recognized class of anticarcinogens. J Food Comp Anal 1992;5:
185–97.

[67] Parodi PW. Conjugated linoleic acid in food. In: Sebedio JL,
Christie WW, Adlof R, editors. Advances in conjugated linoleic acid
research, vol. 2. Champaign: AOCS Press; 2003. p. 101–22.

[68] Suzuki R, Noguchi R, Ota T, Abe M, Miyashita K, Kawada T.
Cytotoxic effect of conjugated trienoic fatty acids on mouse tumor
and human monocytic leukemia cells. Lipids 2001;36:477–82.

[69] Kohno H, Suzuki R, Noguchi R, Hosokawa M, Miyashita K,
Tanaka T. Dietary conjugated linolenic acid inhibits azoxymethane-
induced colonic aberrant crypt foci in rats. Jpn J Cancer Res
2002;93:133–42.

[70] Lopez A, Gerwick WH. Two new icosapentaenoic acids from the
temperate red seaweed Ptilota filicina J. Agardh. Lipids 1987;22:
190–4.

[71] Burgess JR, de la Rosa RI, Jacobs RS, Butler A. A new
eicosapentaenoic acid formed from arachidonic acid in the cralline
red algae Bossiella orbigniana. Lipids 1991;26:162–5.

[72] Mikhailoba MV, Bemis DL, Wise ML, Gerwick WH, Norris JN,
Jacobs RS. Structure and biosynthesis of novel conjugated polyene
fatty acids from the marine green alga Anadyomene stellata. Lipids
1995;30:583–9.



K. Nagao, T. Yanagita / Progress in Lipid Research 47 (2008) 127–146 141
[73] Pariza MW, Park Y, Cook M. The biologically active isomers of
conjugated linoleic acid. Prog Lipid Res 2001;40:283–98.

[74] Igarashi M, Miyazawa T. Newly recognized cytotoxic effect of
conjugated trienoic fatty acids on cultured human tumor cells.
Cancer Lett 2000;148:173–9.

[75] Igarashi M, Miyazawa T. Do conjugated eicosapentaenoic acid and
conjugated docosahexaenoic acid induce apoptosis via lipid perox-
idation in cultured human tumor cells? Biochem Biophys Res
Commun 2000;270:649–56.

[76] McNeill GP, Rawlins C, Peilow AC. Enzymatic enrichment of
conjugated linoleic acid isomers and incorporation into triglyceride.
J Am Oil Chem Soc 1999;76:1265–8.

[77] Nagao T, Shimada Y, Yamauchi-Sato Y, et al. Fractionation and
enrichment of CLA isomers by selective esterification with Candida

rugosa lipase. J Am Oil Chem Soc 2002;79:303–8.
[78] Nagao T, Yamauchi-Sato Y, Sugihara A, et al. Purification of

conjugated linoleic acid isomers through a process including lipase-
catalyzed selective esterification. Biosci Biotechnol Biochem
2003;67:1429–33.

[79] Kishino S, Ogawa J, Ando A, Omura Y, Shimizu S. Ricinoleic acid
and castor oil as substrates for conjugated linoleic acid production
by washed cells of Lactobacillus plantarum. Biosci Biotechnol
Biochem 2002;66:2283–6.

[80] Ogawa J, Kishino S, Ando A, Sugimoto S, Mihara K, Shimizu S.
Production of conjugated fatty acids by lactic acid bacteria. J Biosci
Bioeng 2005;100:355–64.

[81] Wahle KW, Heys SD, Rotondo D. Conjugated linoleic acids: are
they beneficial or detrimental to health? Prog Lipid Res
2004;43:553–87.

[82] Nagao K, Yanagita T. Conjugated fatty acids in food and their
health benefits. J Biosci Bioeng 2005;100:152–7.

[83] Park Y, Albright KJ, Liu W, Storkson JM, Cook ME, Pariza MW.
Effect of conjugated linoleic acid on body composition in mice.
Lipids 1997;32:853–8.

[84] Rahman SM, Wang YM, Yotsumoto H, Cha JY, Inoue S, Yanagita
T. Effect of conjugated linoleic acid on serum leptin concentrations,
body fat accumulation and beta-oxidation of fatty acid in OLETF
Rats. Nutrition 2001;17:385–90.

[85] Nagao K, Wang YM, Inoue N, et al. The 10trans,12cis isomer of
conjugated linoleic acid promotes energy metabolism in OLETF
rats. Nutrition 2003;19:652–6.

[86] Yotsumoto H, Hara E, Naka S, Adlof RO, Emken EA, Yanagita T.
10trans,12cis-linoleic acid reduces apoB secretion in HepG2 cells.
Food Res Int 1999;31:403–9.

[87] Wang YM, Nagao K, Inoue N, et al. Isomer-specific anti-obese and
hypolipidemic properties of conjugated linoleic acid in obese
OLETF rats. Biosci Biotechnol Biochem 2006;70:355–62.

[88] Thom E, Wadstein J, Gudmundsen O. Conjugated linoleic acid
reduces body fat in healthy exercising humans. J Int Med Res
2001;29:392–6.

[89] Blankson H, Stakkestad JA, Fagertun H, Thom E, Wadstein J,
Gudmundsen O. Conjugated linoleic acid reduces body fat mass in
overweight and obese humans. J Nutr 2000;130:2943–8.

[90] Koba K, Akahoshi A, Yamasaki M, et al. Dietary conjugated
linolenic acid in relation to CLA differently modifies body fat
mass and serum and liver lipid levels in rats. Lipids 2002;37:
343–50.

[91] Lee JS, Takai J, Takahasi K, et al. Effect of dietary tung oil on the
growth and lipid metabolism of laying hens. J Nutr Sci Vitaminol
2002;48:142–8.

[92] Arao K, Wang YM, Inoue N, et al. Dietary effect of pomegranate
seed oil rich in 9cis,11trans,13cis conjugated linolenic acid on lipid
metabolism in obese, hyperlipidemic OLETF rats. Lipids Health Dis
2004;3:24.

[93] Arao K, Yotsumoto H, Han SY, Nagao K, Yanagita T. The
9cis,11trans,13cis isomer of conjugated linolenic acid reduces
apolipoprotein B100 secretion and triacylglycerol synthesis in
HepG2 cells. Biosci Biotechnol Biochem 2004;68:2643–5.
[94] Tsuzuki T, Kawakami Y, Nakagawa K, Miyazawa T. Conjugated
docosahexaenoic acid inhibits lipid accumulation in rats. J Nutr
Biochem 2006;17:518–24.

[95] Tsuzuki T, Kawakami Y, Suzuki Y, Abe R, Nakagawa K,
Miyazawa T. Intake of conjugated eicosapentaenoic acid suppresses
lipid accumulation in liver and epididymal adipose tissue in rats.
Lipids 2005;40:1117–23.

[96] Sugano M, Akahoshi A, Koba K, et al. Dietary manipulations of
body fat-reducing potential of conjugated linoleic acid in rats. Biosci
Biotechnol Biochem 2001;65:2535–41.

[97] Sakono M, Yuji K, Miyanaga F, et al. Combined effects of dietary
conjugated linoleic acid and sesamin triacylglycerol and ketone body
production in rat liver. J Nutr Sci Vitaminol 2002;48:405–9.

[98] Akahoshi A, Koba K, Ichinose F, et al. Dietary protein modulates
the effect of CLA on lipid metabolism in rats. Lipids 2004;39:25–30.

[99] Akahoshi A, Koba K, Enmoto R, et al. Combined effects of dietary
protein type and fat level on the body fat-reducing activity of
conjugated linoleic acid (CLA) in rats. Biosci Biotechnol Biochem
2005;69:2409–15.

[100] Proctor SD, Kelly SE, Stanhope KL, Havel PJ, Russell JC.
Synergistic effects of conjugated linoleic acid and chromium
picolinate improve vascular function and renal pathophysiology in
the insulin-resistant JCR:LA-cp rat. Diabetes Obes Metab
2007;9:87–95.

[101] Lee KN, Kritchevsky D, Pariza MW. Conjugated linoleic acid and
atherosclerosis in rabbits. Atherosclerosis 1994;108:19–25.

[102] Nicolosi RJ, Rogers EJ, Kritchevsky D, Scimeca JA, Huth PJ.
Dietary conjugated linoleic acid reduces plasma lipoproteins and
early aortic atherosclerosis in hypercholesterolemic hamsters. Artery
1997;22:266–77.

[103] Houseknecht KL, Vanden Heuvel JP, Moya-Camarena SY, et al.
Dietary conjugated linoleic acid normalizes impaired glucose
tolerance in the Zucker diabetic fatty fa/fa rat. Biochem Biophys
Res Commun 1998;244:678–82.

[104] Ryder JW, Portocarrero CP, Song XM, et al. Isomer-specific
antidiabetic properties of conjugated linoleic acid: improved glucose
tolerance, skeletal muscle insulin action, and UCP-2 gene expres-
sion. Diabetes 2001;50:1149–57.

[105] henriksen EJ, Teachey MK, Taylor ZC, et al. Isomer-specific actions
of conjugated linoleic acid on muscle glucose transport in the obese
Zucker rat. Am J Physiol Endocrinol Metab 2003;285:E98–E105.

[106] Nagao K, Inoue N, Wang YM, et al. The 10trans,12cis isomer of
conjugated linoleic acid suppresses the development of hypertension
in Otsuka Long-Evans Tokushima fatty rats. Biochem Biophys Res
Commun 2003;306:134–8.

[107] Nagao K, Inoue N, Wang YM, Yanagita T. Conjugated linoleic
acid enhances plasma adiponectin level and alleviates hyperinsuli-
nemia and hypertension in Zucker diabetic fatty (fa/fa) rats.
Biochem Biophys Res Commun 2003;310:562–6.

[108] Inoue N, Nagao K, Hirata J, Wang YM, Yanagita T. Conjugated
linoleic acid prevents the development of essential hypertension in
spontaneously hypertensive rats. Biochem Biophys Res Commun
2004;323:679–84.

[109] Tricon S, Yaqoob P. Conjugated linoleic acid and human health: a
critical evaluation of the evidence. Curr Opin Clin Nutr Metab Care
2006;9:105–10.

[110] Toomey S, McMonagle J, Roche H. Conjugated linoleic acid: a
functional nutrient in the different pathophysiological components
of the metabolic syndrome? Curr Opin Clin Nutr Metab Care
2006;9:740–7.

[111] Jones PJ, MacDougall DE, Ntanios F, Vanstone CA. Dietary
phytosterols as cholesterol-lowering agents in humans. Can J
Physiol Pharmacol 1997;75:217–27.

[112] Katan MB, Grundy SM, Jones P, et al. Efficacy and safety of plant
stanols and sterols in the management of blood cholesterol levels.
Mayo Clin Proc 2003;78:965–78.

[113] Moruisi KG, Oosthuizen W, Opperman AM. Phytosterols/stanols
lower cholesterol concentrations in familial hypercholesterolemic



142 K. Nagao, T. Yanagita / Progress in Lipid Research 47 (2008) 127–146
subjects: a systemic review with meta-analysis. J Am Coll Nutr
2006;25:41–8.

[114] Ostlund Jr RE. Phytosterols, cholesterol absorption and healthy
diets. Lipids 2007;42:41–5.

[115] Nashed B, Yeganeh B, HayGlass KT, Moghadasian MH. Antiath-
erogenic effects of dietary plant sterols are associated with inhibition
of proinflammatory cytokine production in Apo E-KO mice. J Nutr
2005;135:2438–44.

[116] Ikeda I, Sugano M. Inhibition of cholesterol absorption by plant
sterols for mass intervention. Curr Opin Lipidol 1998;9:527–31.

[117] Suzuki K. Anti-obesity effect of cholest-4-en-3-one, an intestinal
catabolite of cholesterol, on mice. J Nutr Sci Vitaminol (Tokyo)
1993;39:537–43.

[118] Suzuki K, Shimizu T, Nakata T. The cholesterol metabolite cholest-
4-en-3-one and its 3-oxo derivatives suppress body weight gain,
body fat accumulation and serum lipid concentration in mice.
Bioorg Med Chem Lett 1998;8:2133–8.

[119] Ikeda I, Konno R, Shimizu T, et al. Campest-5-en-3-one, an
oxidized derivative of campesterol, activates PPARalpha, promotes
energy consumption and reduces visceral fat deposition in rats.
Biochim Biophys Acta 2006;1760:800–7.

[120] Tamaru S, Suzuki Y, Sakono M, et al. Dietary 5-campestenone
(campest-5-en-3-one) enhances fatty acid oxidation in perfused rat
liver. J Nutr Sci Vitaminol (Tokyo) 2006;52:127–33.

[121] Babayan VK. Medium chain triglycerides and structured lipids.
Lipids 1987;22:417–20.

[122] Bach AC, Ingenbleek Y, Frey A. The usefulness of dietary medium-
chain triglycerides in body weight control: fact of fancy? J Lipid Res
1996;37:708–26.

[123] Hashim SA, Tantibhedyangkul P. Medium chain triglyceride in
early life: effects on growth of adipose tissue. Lipids 1987;22:429–34.

[124] Baba N, Bracco EF, Hashim SA. Role of brown adipose tissue in
thermogenesis induced by overfeeding a diet containing medium
chain triglyceride. Lipids 1987;22:442–4.

[125] Crozier G, Bois-Joyeux B, Chanez M, Girard J, Peret J. Metabolic
effects induced by long-term feeding of medium-chain triglycerides
in the rat. Metabolism 1987;36:807–14.

[126] Scalfi L, Coltorti A, Contaldo F. Postprandial thermogenesis in lean
and obese subjects after meals supplemented with medium-chain
and long-chain triglycerides. Am J Clin Nutr 1991;53:1130–3.

[127] St-Onge MP, Ross R, Parsons WD, Jones PJH. Medium-chain
triglycerides increase energy expenditure and decrease adiposity in
overweight men. Obes Res 2003;11:395–402.

[128] St-Onge MP, Bourque C, Jones PJ, Ross R, Parsons WE. Medium-
versus long-chain triglycerides for 27 days increases fat oxidation
and energy expenditure without resulting in changes in body
composition in overweight women. Int J Obes Relat Metab Disord
2003;27:95–102.

[129] Tsuji H, Kasai M, Takeuchi H, Nakamura M, Okazaki M, Kondo
K. Dietary medium-chain triacylglycerols suppress accumulation of
body fat in a double-blind, controlled trial in healthy men and
women. J Nutr 2001;131:2853–9.

[130] Kasai M, Nosaka N, Maki H, et al. Comparison of diet-induced
thermogenesis of foods containing medium- versus long-chain
triacylglycerols. J Nutr Sci Vitaminol (Tokyo) 2002;48:536–40.

[131] Han JR, Deng B, Sun J, et al. Effects of dietary medium-chain
triglyceride on weight loss and insulin sensitivity in a group of
moderately overweight free-living type 2 diabetic Chinese subjects.
Metabolism 2007;56:985–91.

[132] Takeuchi H, Kubota F, Itakura M, Taguchi N. Effect of triacylgly-
cerols containing medium- and long-chain fatty acids on body fat
accumulation in rats. J Nutr Sci Vitaminol (Tokyo) 2001;47:267–9.

[133] Shinohara H, Shimada H, Noguchi O, Kubota F, Aoyama T. Effect
of medium-chain fatty acids-containing dietary oil on hepatic fatty
acid oxidation enzyme activity in rats. J Oleo Sci 2002;51:621–6.

[134] Kasai M, Nosaka N, Maki H, et al. Effect of dietary medium- and
long-chain triacylglycerols (MLCT) on accumulation of body fat in
healthy humans. Asia Pac J Clin Nutr 2003;12:151–60.
[135] Matsuo T, Matsuo M, Taguchi N, Takeuchi H. The thermic effect is
greater for structured medium- and long-chain triacylglycerols
versus long-chain triacylglycerols in healthy young women. Metab-
olism 2001;50:125–30.

[136] Matsuo T, Matsuo M, Kasai M, Takeuchi H. Effects of a liquid diet
supplement containing structured medium- and long-chain triacyl-
glycerols on body fat accumulation in healthy young subjects. Asia
Pac J Clin Nutr 2001;10:46–50.

[137] Takeuchi H, Kasai M, Taguchi N, Tsuji H, Suzuki M. Effect of
triacylglycerols containing medium- and long-chain fatty acids on
serum triacylglycerol levels and body fat in college athletes. J Nutr
Sci Vitaminol (Tokyo) 2002;48:109–14.

[138] St-Onge MP, Lamarche B, Mauger JF, Jones PJ. Consumption of
a functional oil rich in phytosterols and medium-chain triglyceride
oil improves plasma lipid profiles in men. J Nutr 2003;133:
1815–20.

[139] Eckel RH, Hanson AS, Chen AY, Berman JN, Yost TJ, Brass EP.
Dietary substitution of medium-chain triglycerides improves insulin-
mediated glucose metabolism in NIDDM subjects. Diabetes
1992;41:641–7.

[140] Takeuchi H, Noguchi O, Sekine S, Kobayashi A, Aoyama T. Lower
weight gain and higher expression and blood levels of adiponectin in
rats fed medium-chain TAG compared with long-chain TAG. Lipids
2006;41:207–12.

[141] Flickinger BD, Matsuo N. Nutritional characteristics of DAG oil.
Lipids 2003;38:129–32.

[142] Nagao T, Watanabe H, Goto N, et al. Dietary diacylglycerol
suppresses accumulation of body fat compared to triacylglycerol in
men in double-blind controlled trial. J Nutr 2000;130:792–7.

[143] Maki KC, Davidson MH, Tsushima R, et al. Consumption of
diacylglycerol oil as part of a reduced-energy diet enhances loss of
body weight and fat in comparison with consumption of a
triacylglycerol control oil. Am J Clin Nutr 2002;76:1230–6.

[144] Tada N, Shoji K, Takeshita M, Watanabe H, Yoshida H, Hase T,
et al. Effects of diacylglycerol ingestion on postprandial hyperlip-
idemia in diabetes. Clin Chim Acta 2005;353:87–94.

[145] Takase H, Shoji K, Hase T, Tokimitsu I. Effect of diacylglycerol on
postprandial lipid metabolism in non-diabetic subjects with and
without insulin resistance. Atherosclerosis 2005;180:197–204.

[146] Tomonobu K, Hase T, Tokimitsu I. Dietary diacylglycerol in a
typical meal suppresses postprandial increases in serum lipid levels
compared with dietary triacylglycerol. Nutrition 2006;22:128–35.

[147] Yamamoto K, Takeshita M, Tokimitsu I, Watanabe H, Mizuno T,
Asakawa H, et al. Diacylglycerol oil ingestion in type 2 diabetic
patients with hypertriglyceridemia. Nutrition 2006;22:23–9.

[148] Meng X, Zou D, Shi Z, Duan Z, Mao Z. Dietary diacylglycerol
prevents high-fat diet-induced lipid accumulation in rat liver and
abdominal adipose tissue. Lipids 2004;39:37–41.

[149] Kimura S, Tsuchiya H, Inage H, Meguro S, Matsuo N, Tokimitsu I.
Effects of dietary diacylglycerol on the energy metabolism. Int J
Vitam Nutr Res 2006;76:75–9.

[150] Murase T, Mizuno T, Omachi T, et al. Dietary diacylglycerol
suppress high fat and high sucrose diet-induced body fat accumu-
lation in C57BL/6J mice. J Lipid Res 2001;42:372–8.

[151] Yanagita T, Ikeda I, Wang YM, Nakagiri H. Comparison of the
lymphatic transport of radiolabeled 1,3-dioleoylglycerol and triole-
oylglycerol in rats. Lipids 2004;39:827–32.

[152] Kim HJ, Lee KT, Lee MK, Jeon SM, Choi MS. Diacylglycerol-
enriched structured lipids containing CLA and capric acid alter
body fat mass and lipid metabolism in rats. Ann Nutr Metab
2006;50:219–28.

[153] Murase T, Nagasawa A, Suzuki J, Wakisaka T, Hase T, Tokimitsu
I. Dietary a-linoleic acid-rich diacylglycerols reduce body weight
gain accompanying the stimulation of intestinal b-oxidation and
related gene expression in C57BL/KsJ-db/db mice. J Nutr
2002;132:3018–22.

[154] Murase T, Aoki M, Tokimitsu I. Supplementation with a-linoleic
acid-rich diacylglycerol suppresses fatty liver formation accompa-



K. Nagao, T. Yanagita / Progress in Lipid Research 47 (2008) 127–146 143
nied by an up-regulation of b-oxidation in Zucker fatty rats.
Biochem Biophys Acta 2005;1733:224–31.

[155] Ijiri Y, Naemura A, Yamashita T, Ikarugi H, Meguro S, Tokimitsu
I, et al. Mechanism of the antithrombotic effect of dietary
diacylglycerol in atherogenic mice. Pathophysiol Haemost Thromb
2006;35:380–7.

[156] Ijiri Y, Naemura A, Yamashita T, Meguro S, Watanabe H,
Tokimitsu I, et al. Dietary diacylglycerol extenuates arterial throm-
bosis in apoE and LDLR deficient mice. Thromb Res 2006;117:
411–7.

[157] Ota N, Soga S, Hase T, Tokimitsu I, Murase T. Dietary
diacylglycerol induces the regression of atherosclerosis in rabbits. J
Nutr 2007;137:1194–9.

[158] Meguro S, Higashi K, Hase T, et al. Solubilization of phytosterols in
diacylglycerol versus triacylglycerol improves the serum cholesterol-
lowering effect. Eur J Clin Nutr 2001;55:513–7.

[159] Ai M, Tanaka A, Shoji K, et al. Suppressive effects of diacylglycerol
oil on postprandial hyperlipidemia in insulin resistance and glucose
intolerance. Atherosclerosis 2007;195:398–403.

[160] Meguro S, Osaki N, Matsuo N, Tokimitsu I. Effect of diacylglycerol
on the development of impaired glucose tolerance in sucrose-fed
rats. Lipids 2006;41:347–55.

[161] Mori Y, Nakagiri H, Kondo H, Murase T, Tokimitsu I, Tajima N.
Dietary diacylglycerol reduces postprandial hyperlipidemia and
ameliorates glucose intolerance in Otsuka Long-Evans Tokushima
fatty (OLETF) rats. Nutrition 2005;21:933–9.

[162] Akesson B. Content of phospholipids in human diets studied by the
duplicate-portion technique. Br J Nutr 1982;47:223–9.

[163] Ishinaga M, Sugiyama S, Mochizuki T. Daily intake of fatty acids,
sterols, and phospholipids by Japanese women and serum choles-
terol. J Nutr Sci Vitaminol 1994;40:557–67.

[164] Murata M, Imaizumi K, Sugano M. Effect of dietary phospholipids
and their constituent bases on serum lipids and apolipoproteins in
rats. J Nutr 1982;112:1805–8.

[165] Imaizumi K, Mawatari K, Murata M, Ikeda I, Sugano M. The
contrasting effect of dietary phosphatidylethanolamine and phos-
phatidylcholine on serum lipoproteins and liver lipids in rats. J Nutr
1983;113:2403–11.

[166] Plichetti E, Janisson A, de la Porte PL, et al. Dietary poly-
enylphosphatidylcholine decreases cholesterolemia in hypercholese-
terolemic rabbits. Role of the hepto-viliary axis. Life Sci
2000;67:2563–76.

[167] Jiang Y, Noh SK, Koo SI. Egg phosphatidylcholine decreases the
lymphatic absorption of cholesterol in rats. J Nutr 2001;131:
2358–63.

[168] Buang Y, Wang YM, Cha JY, Nagao K, Yanagita T. Dietary
phosphatidylcholine alleviates fatty liver induce by orotic acid.
Nutrition 2005;21:867–73.

[169] Stamler CJ, Breznan D, Neville TA, Viau FJ, Camlioglu E, Sparks
DL. Phosphatidylinositol promotes cholesterol transport in vivo. J
Lipid Res 2000;41:1214–21.

[170] Burgess JW, Boucher J, Neville TA, et al. Phosphatidylinositol
promotes cholesterol transport and excretion. J Lipid Res
2003;44:1355–63.

[171] Burgess JW, Neville TA, Rouillard P, Harder Z, Beanlands DS,
Sparks DL. Phosphatidylinositol increases HDL-C levels in
humans. J Lipid Res 2005;46:350–5.

[172] Hayashi H, Tanaka Y, Hibino H, et al. Beneficial effect of salmon
roe phosphatidylcholine in chronic liver disease. Curr Med Res Opin
1999;15:177–84.

[173] Shirai N, Higuchi T, Suzuki H. Effect of lipids extracted from a
salted herring roe food product on maze-behavior in mice. J Nutr
Sci Vitaminol (Tokyo) 2006;52:451–6.

[174] Hossain Z, Kurihara H, Hosokawa M, Takahashi K. Docosa-
hexaenoic acid and eicosapentaenoic acid-enriched phosphatidyl-
choline liposomes enhance the permeability, transportation and
uptake of phospholipids in Caco-2 cells. Mol Cell Biochem
2006;285:155–63.
[175] Shirouchi B, Nagao K, Inoue N, Ohkubo T, Hibino H, Yanagita T.
Effect of dietary omega 3 phosphatidylcholine on obesity-related
disorders in obese Otsuka-Long Evans Tokushima fatty rats. J Agri
Food Chem 2007;55:7170–6.

[176] Hosokawa M, Takahashi K, Kikuchi Y, Hatano M. Preparation of
therapeutic phospholipids through porcine pancreatic phospholi-
pase A2-mediated esterification and lipozyme-mediated acidolysis.
JAOCS 1995;72:1287–91.

[177] Ishigamori H, Hosokawa M, Kohno H, Tanaka T, Miyashita
K, Takahashi K. Docosahexaenoic acid-containing phosphati-
dylethanolamine enhances HL-60 cell differentiation by regula-
tion of c-jun and c-myc expression. Mol Cell Biochem 2005;275:
127–33.

[178] Yamamoto Y, Hosokawa M, Miyashita K. Production of phos-
phatidylcholine containing conjugated linoleic acid mediated by
phospholipase A2. J Mol Catal B 2006;41:92–6.

[179] Evans RM, Barish GD, Wang YX. PPARs and the complex journey
to obesity. Nat Med 2004;10:1–7.

[180] Leone TC, Weinheimer CJ, Kelly DP. A critical role for the
peroxisome proliferator-activated receptor a (PPARa) in the cellular
fasting response: the PPARa-null mouse as a model of fatty acid
oxidation disorders. Proc Natl Acad Sci USA 1999;96:7473–8.

[181] Chang F, Jaber LA, Berlie HD, O’Connell MB. Evolution of
peroxisome proliferator-activated receptor agonists. Ann Pharmac-
other 2007;41:973–83.

[182] Guerre-Millo M, Gervois P, Raspe E, et al. Peroxisome proliferator-
activated receptor alpha activators improve insulin sensitivity and
reduce adiposity. J Biol Chem 2000;275:16638–42.

[183] Kim H, Haluzik M, Asghar Z, et al. Peroxisome proliferator-
activated receptor-alpha agonist treatment in a transgenic model of
type 2 diabetes reverses the lipotoxic state and improves glucose
homeostasis. Diabetes 2003;52:1770–8.

[184] Winegar DA, Brown PJ, Wilkison WO, et al. Effects of fenofibrate
on lipid parameters in obese rhesus monkeys. J Lipid Res
2001;42:1543–51.

[185] Barak Y, Liao D, He W, et al. Effects of peroxisome proliferator-
activated receptor delta on placentation, adiposity, and colorectal
cancer. Proc Natl Acad Sci USA 2002;99:303–8.

[186] Wang YX, Lee CH, Tiep S, et al. Peroxisome-proliferator-activated
receptor delta activates fat metabolism to prevent obesity. Cell
2003;113:159–70.

[187] Sprecher DL, Massien C, Pearce G, et al. Triglyceride: high-density
lipoprotein cholesterol effects in healthy subjects administered a
peroxisome proliferator activated receptor delta agonist. Arterios-
cler Thromb Vasc Biol 2007;27:359–65.

[188] Barak Y, Nelson MC, Ong ES, et al. PPAR gamma is required for
placental, cardiac, and adipose tissue development. Mol Cell
1999;4:585–95.

[189] Kubota N, Terauchi Y, Miki H, et al. PPAR gamma mediates high-
fat diet-induced adipocyte hypertrophy and insulin resistance. Mol
Cell 1999;4:597–609.

[190] Gavrilova O, Haluzik M, Matsusue K, et al. Liver peroxisome
proliferator-activated receptor gamma contributes to hepatic stea-
tosis, triglyceride clearance, and regulation of body fat mass. J Biol
Chem 2003;278:34268–76.

[191] He W, Barak Y, Hevener A, et al. Adipose-specific peroxisome
proliferator-activated receptor gamma knockout causes insulin
resistance in fat and liver but not in muscle. Proc Natl Acad Sci
USA 2003;100:15712–27.

[192] Hevener AL, He W, Barak Y, et al. Muscle-specific PPARc deletion
causes insulin resistance. Nat Med 2003;9:1491–7.

[193] Barroso I, Gurnell M, Crowley VE, et al. Dominant negative
mutations in human PPARgamma associated with severe insulin
resistance, diabetes mellitus and hypertension. Nature 1999;402:
880–3.

[194] Hegele RA, Cao H, Frankowski C, Mathews ST, Leff T. PPARG
F388L, a transactivation-deficient mutant, in familial partial lipo-
dystrophy. Diabetes 2002;51:3586–90.



144 K. Nagao, T. Yanagita / Progress in Lipid Research 47 (2008) 127–146
[195] Agarwal AK, Garg A. A novel heterozygous mutation in peroxi-
some proliferator-activated receptor-gamma gene in a patient with
familial partial lipodystrophy. J Clin Endocrinol Metab 2002;87:
408–11.

[196] Savage DB, Tan GD, Acerini CL, et al. Human metabolic syndrome
resulting from dominant-negative mutations in the nuclear receptor
peroxisome proliferator-activated receptor-gamma. Diabetes
2003;52:910–7.

[197] Gustafson B, Jack MM, Cushman SW, Smith U. Adiponectin gene
activation by thiazolidinediones requires PPAR gamma 2, but not
C/EBP alpha-evidence for differential regulation of the aP2 and
adiponectin genes. Biochem Biophys Res Commun 2003;308:933–9.

[198] Park KG, Lee KM, Chang YC, et al. The ascochlorin derivative,
AS-6, inhibits TNF-alpha-induced adhesion molecule and chemo-
kine expression in rat vascular smooth muscle cells. Life Sci
2006;80:120–6.

[199] Marfella R, D’Amico M, Esposito K, et al. The ubiquitin-
proteasome system and inflammatory activity in diabetic athero-
sclerotic plaques: effects of rosiglitazone treatment. Diabetes
2006;55:622–32.

[200] Shimano H. Sterol regulatory element-binding proteins (SREBPs):
transcriptional regulators of lipid synthetic genes. Prog Lipid Res
2001;40:439–52.

[201] Shimano H, Shimomura I, Hammer RE, et al. Elevated levels of
SREBP-2 and cholesterol synthesis in livers of mice homozygous for
a targeted disruption of the SREBP-1 gene. J Clin Invest
1997;100:2115–24.

[202] Horton JD, Shimomura I, Brown MS, Hammer RE, Goldstein JL,
Shimano H. Activation of cholesterol synthesis in preference to fatty
acid synthesis in liver and adipose tissue of transgenic mice
overproducing sterol regulatory element-binding protein-2. J Clin
Invest 1998;101:2331–9.

[203] Sheng Z, Otani H, Brown MS, Goldstein JL. Links Independent
regulation of sterol regulatory element-binding proteins 1 and 2 in
hamster liver. Proc Natl Acad Sci USA 1995;92:935–8.

[204] Repa JJ, Liang G, Ou J, et al. Regulation of mouse sterol regulatory
element-binding protein-1c gene (SREBP-1c) by oxysterol receptors,
LXRalpha and LXRbeta. Genes Dev 2000;14:2819–30.

[205] Tontonoz P, Kim JB, Graves RA, Spiegelman BM. ADD1: a
novel helix–loop–helix transcription factor associated with adipo-
cyte determination and differentiation. Mol Cell Biol 1993;13:
4753–9.

[206] Shimano H, Horton JD, Shimomura I, Hammer RE, Brown MS,
Goldstein JL. Isoform 1c of sterol regulatory element binding
protein is less active than isoform 1a in livers of transgenic mice and
in cultured cells. J Clin Invest 1997;99:846–54.

[207] Steffensen KR, Gustafsson JA. Putative metabolic effects of the liver
X receptor (LXR). Diabetes 2004;53:S36–42.

[208] Peet DJ, Turley SD, Ma W, et al. Cholesterol and bile acid
metabolism are impaired in mice lacking the nuclear oxysterol
receptor LXR alpha. Cell 1998;93:693–704.

[209] Alberti S, Schuster G, Parini P, et al. Hepatic cholesterol metab-
olism and resistance to dietary cholesterol in LXRbeta-deficient
mice. J Clin Invest 2001;107:565–73.

[210] Mitro N, Mak PA, Vargas L, et al. The nuclear receptor LXR is a
glucose sensor. Nature 2007;445:219–23.

[211] Young SG, Fielding CJ. The ABCs of cholesterol efflux. Nat Genet
1999;22:316–8.

[212] Fielding PE, Nagao K, Hakamata H, Chimini G, Fielding CJ. A
two-step mechanism for free cholesterol and phospholipid efflux
from human vascular cells to apolipoprotein A-1. Biochemistry
2000;39:14113–20.

[213] Tangirala RK, Bischoff ED, Joseph SB, et al. Identification of
macrophage liver X receptors as inhibitors of atherosclerosis. Proc
Natl Acad Sci USA 2002;99:11896–901.

[214] Joseph SB, McKilligin E, Pei L, et al. Synthetic LXR ligand inhibits
the development of atherosclerosis in mice. Proc Natl Acad Sci USA
2002;99:7604–9.
[215] Cao G, Liang Y, Broderick CL, et al. Antidiabetic action of a liver
X receptor agonist mediated by inhibition of hepatic gluconeogen-
esis. J Biol Chem 2003;278:1131–6.

[216] Laffitte BA, Chao LC, Li J, et al. Activation of liver X receptor
improves glucose tolerance through coordinate regulation of glucose
metabolism in liver and adipose tissue. Proc Natl Acad Sci USA
2003;100:5419–24.

[217] Szanto A, Narkar V, Shen Q, Uray IP, Davies PJ, Nagy L. Retinoid
X receptors: X-ploring their (patho)physiological functions. Cell
Death Differ 2004;11:S126–43.

[218] Kastner P, Grondona JM, Mark M, et al. Genetic analysis of RXR
alpha developmental function: convergence of RXR and RAR
signaling pathways in heart and eye morphogenesis. Cell
1994;78:987–1003.

[219] Kastner P, Mark M, Leid M, et al. Abnormal spermatogenesis in
RXR beta mutant mice. Genes Dev 1996;10:80–92.

[220] Krezel W, Dupe V, Mark M, Dierich A, Kastner P, Chambon P.
RXR gamma null mice are apparently normal and compound RXR
alpha +/�/RXR beta �/�/RXR gamma �/� mutant mice are
viable. Proc Natl Acad Sci USA 1996;93:9010–4.

[221] Wan YJ, An D, Cai Y, et al. Hepatocyte-specific mutation
establishes retinoid X receptor alpha as a heterodimeric integrator
of multiple physiological processes in the liver. Mol Cell Biol
2000;20:4436–44.

[222] Imai T, Jiang M, Chambon P, Metzger D. Impaired adipogenesis
and lipolysis in the mouse upon selective ablation of the retinoid X
receptor alpha mediated by a tamoxifen-inducible chimeric Cre
recombinase (Cre-ERT2) in adipocytes. Proc Natl Acad Sci USA
2001;98:224–8.

[223] Mukherjee R, Davies PJ, Crombie DL, et al. Sensitization of
diabetic and obese mice to insulin by retinoid X receptor agonists.
Nature 1997;386:407–10.

[224] Leibowitz MD, Ardecky RJ, Boehm MF, et al. Biological charac-
terization of a heterodimer-selective retinoid X receptor modulator:
potential benefits for the treatment of type 2 diabetes. Endocrinol-
ogy 2006;147:1044–53.

[225] Li X, Hansen PA, Xi L, Chandraratna RA, Burant CF. Distinct
mechanisms of glucose lowering by specific agonists for peroxisomal
proliferator activated receptor gamma and retinoic acid X receptors.
J Biol Chem 2005;280:38317–27.

[226] Emilsson V, O’Dowd J, Wang S, et al. The effects of rexinoids and
rosiglitazone on body weight and uncoupling protein isoform
expression in the Zucker fa/fa rat. Metabolism 2000;49:1610–5.

[227] Claudel T, Leibowitz MD, Fievet C, et al. Reduction of atheroscle-
rosis in apolipoprotein E knockout mice by activation of the
retinoid X receptor. Proc Natl Acad Sci USA 2001;98:2610–5.

[228] Claudel T, Staels B, Kuipers F. The farnesoid X receptor: a
molecular link between bile acid and lipid and glucose metabolism.
Arterioscler Thromb Vasc Biol 2005;25:2020–30.

[229] Lee FY, Lee H, Hubbert ML, Edwards PA, Zhang Y. FXR, a
multipurpose nuclear receptor. Trends Biochem Sci 2006;31:572–80.

[230] Otte K, Kranz H, Kober I, et al. Identification of farnesoid X
receptor beta as a novel mammalian nuclear receptor sensing
lanosterol. Mol Cell Biol 2003;23:864–72.

[231] Sinal CJ, Tohkin M, Miyata M, Ward JM, Lambert G, Gonzalez
FJ. Targeted disruption of the nuclear receptor FXR/BAR impairs
bile acid and lipid homeostasis. Cell 2000;102:731–44.

[232] Makishima M, Okamoto AY, Repa JJ, et al. Identification of a
nuclear receptor for bile acids. Science 1999;284:1362–5.

[233] Parks DJ, Blanchard SG, Bledsoe RK, et al. Bile acids: natural
ligands for an orphan nuclear receptor. Science 1999;284:1365–8.

[234] Chiang JY, Kimmel R, Weinberger C, Stroup D. Farnesoid X
receptor responds to bile acids and represses cholesterol 7alpha-
hydroxylase gene (CYP7A1) transcription. J Biol Chem
2000;275:10918–24.

[235] Duran-Sandoval D, Mautino G, Martin G, Percevault F, Barbier O,
Fruchart JC, et al. Glucose regulates the expression of the farnesoid
X receptor in liver. Diabetes 2004;53:890–8.



K. Nagao, T. Yanagita / Progress in Lipid Research 47 (2008) 127–146 145
[236] Zhang Y, Lee FY, Barrera G, et al. Activation of the nuclear
receptor FXR improves hyperglycemia and hyperlipidemia in
diabetic mice. Proc Natl Acad Sci USA 2006;103:1006–11.

[237] Plengvidhya N, Antonellis A, Wogan LT, et al. Hepatocyte nuclear
factor-4gamma: cDNA sequence, gene organization, and mutation
screening in early-onset autosomal-dominant type 2 diabetes.
Diabetes 1999;48:2099–102.

[238] Hayhurst GP, Lee YH, Lambert G, Ward JM, Gonzalez FJ.
Hepatocyte nuclear factor 4alpha (nuclear receptor 2A1) is essential
for maintenance of hepatic gene expression and lipid homeostasis.
Mol Cell Biol 2001;21:1393–403.

[239] Inoue Y, Hayhurst GP, Inoue J, Mori M, Gonzalez FJ. Defective
ureagenesis in mice carrying a liver-specific disruption of hepatocyte
nuclear factor 4alpha (HNF4alpha). HNF4alpha regulates ornithine
transcarbamylase in vivo. J Biol Chem 2002;277:25257–65.

[240] Pegorier JP, Le May C, Girard J. Control of gene expression by
fatty acids. J Nutr 2004;134:2444S–9S.

[241] Ryffel GU. Mutations in the human genes encoding the transcrip-
tion factors of the hepatocyte nuclear factor (HNF)1 and HNF4
families: functional and pathological consequences. J Mol Endocri-
nol 2001;27:11–29.

[242] Marrapodi M, Chiang JY. Peroxisome proliferator-activated recep-
tor alpha (PPARalpha) and agonist inhibit cholesterol 7alpha-
hydroxylase gene (CYP7A1) transcription. J Lipid Res
2000;41:514–20.

[243] Hertz R, Sheena V, Kalderon B, Berman I, Bar-Tana J. Suppression
of hepatocyte nuclear factor-4alpha by acyl-CoA thioesters of
hypolipidemic peroxisome proliferators. Biochem Pharmacol
2001;61:1057–62.

[244] Bottero V, Withoff S, Verma IM. NF-kappaB and the regulation of
hematopoiesis. Cell Death Differ 2006;13:785–97.

[245] Beg AA, Sha WC, Bronson RT, Ghosh S, Baltimore D. Embryonic
lethality and liver degeneration in mice lacking the RelA component
of NF-kappa B. Nature 1995;376:167–70.

[246] Sha WC, Liou HC, Tuomanen EI, Baltimore D. Targeted disrup-
tion of the p50 subunit of NF-kappa B leads to multifocal defects in
immune responses. Cell 1995;80:321–30.

[247] Brand K, Page S, Rogler G, et al. Activated transcription factor
nuclear factor-kappa B is present in the atherosclerotic lesion. J Clin
Invest 1996;97:1715–22.

[248] Lopez-Franco O, Hernandez-Vargas P, Ortiz-Munoz G, et al.
Parthenolide modulates the NF-kappaB-mediated inflammatory
responses in experimental atherosclerosis. Arterioscler Thromb Vasc
Biol 2006;26:1864–70.

[249] Yuan M, Konstantopoulos N, Lee J, et al. Reversal of obesity- and
diet-induced insulin resistance with salicylates or targeted disruption
of Ikkbeta. Science 2001;293:1673–7.

[250] Cai D, Yuan M, Frantz DF, et al. Local and systemic insulin
resistance resulting from hepatic activation of IKK-beta and NF-
kappaB. Nat Med 2005;11:183–90.

[251] Arkan MC, Hevener AL, Greten FR, et al. IKK-beta links
inflammation to obesity-induced insulin resistance. Nat Med
2005;11:191–8.

[252] Yoshikawa T, Ide T, Shimano H, et al. Cross-talk between
peroxisome proliferator-activated receptor (PPAR) alpha and liver
X receptor (LXR) in nutritional regulation of fatty acid metabolism.
I. PPARs suppress sterol regulatory element binding protein-1c
promoter through inhibition of LXR signaling. Mol Endocrinol
2003;17:1240–54.

[253] Ide T, Shimano H, Yoshikawa T, et al. Cross-talk between
peroxisome proliferator-activated receptor (PPAR) alpha and liver
X receptor (LXR) in nutritional regulation of fatty acid metab-
olism. II. LXRs suppress lipid degradation gene promoters
through inhibition of PPAR signaling. Mol Endocrinol 2003;17:
1255–67.

[254] Tobin KA, Steineger HH, Alberti S, et al. Cross-talk between fatty
acid and cholesterol metabolism mediated by liver X receptor-alpha.
Mol Endocrinol 2000;14:741–52.
[255] Chinetti G, Lestavel S, Bocher V, et al. PPAR-alpha and PPAR-
gamma activators induce cholesterol removal from human macro-
phage foam cells through stimulation of the ABCA1 pathway. Nat
Med 2001;7:53–8.

[256] Chawla A, Boisvert WA, Lee CH, et al. A PPAR gamma-LXR-
ABCA1 pathway in macrophages is involved in cholesterol efflux
and atherogenesis. Mol Cell 2001;7:161–71.

[257] Yu S, Matsusue K, Kashireddy P, et al. Adipocyte-specific gene
expression and adipogenic steatosis in the mouse liver due to
peroxisome proliferator-activated receptor gamma1 (PPAR-
gamma1) overexpression. J Biol Chem 2003;278:498–505.

[258] Watanabe M, Houten SM, Wang L, et al. Bile acids lower
triglyceride levels via a pathway involving FXR, SHP, and
SREBP-1c. J Clin Invest 2004;113:1408–18.

[259] Clarke SD. Polyunsaturated fatty acid regulation of gene transcrip-
tion: a molecular mechanism to improve the metabolic syndrome. J
Nutr 2001;131:1129–32.

[260] Coleman RA, Lee DP. Enzymes of triacylglycerol synthesis and
their regulation. Prog Lipid Res 2004;43:134–76.

[261] Jump DB, Botolin D, Wang Y, Xu J, Christian B, Demeure O. Fatty
acid regulation of hepatic gene transcription. J Nutr
2005;135:2503–6.

[262] Davidson MH. Mechanisms for the hypotriglyceridemic effect of
marine omega-3 fatty acid. Am J Cardiol 2006;98:27i–33i.

[263] Gottlicher M, Widmark E, Li Q, Gustafsson JA. Fatty acids
activate a chimera of the clofibric acid-activated receptor and the
glucocorticoid receptor. Proc Natl Acad Sci USA 1992;89:4653–7.

[264] Krey G, Braissant O, L’Horset F, et al. Fatty acids, eicosanoids, and
hypolipidemic agents identified as ligands of peroxisome prolifera-
tor-activated receptors by coactivator-dependent receptor ligand
assay. Mol Endocrinol 1997;11:779–91.

[265] Desvergne B, Wahli W. Peroxisome proliferator-activated receptors:
nuclear control of metabolism. Endocr Rev 1999;20:649–88.

[266] Tsuboyama-Kasaoka N, Takahashi M, Kim H, Ezaki O. Up-
regulation of liver uncoupling protein-2 mRNA by either fish oil
feeding or fibrate administration in mice. Biochem Biophys Res
Commun 1999;257:879–85.

[267] Halvorsen B, Rustan AC, Madsen L, et al. Effects of long-chain
monounsaturated and n�3 fatty acids on fatty acid oxidation and
lipid composition in rats. Ann Nutr Metab 2001;45:30–7.

[268] Nakatani T, Kim HJ, Kaburagi Y, Yasuda K, Ezaki O. A low fish
oil inhibits SREBP-1 proteolytic cascade, while a high-fish-oil
feeding decreases SREBP-1 mRNA in mice liver: relationship to
anti-obesity. J Lipid Res 2003;44:369–79.

[269] Kramer JA, LeDeaux J, Butteiger D, et al. Transcription profiling in
rat liver in response to dietary docosahexaenoic acid implicates
stearoyl-coenzyme a desaturase as a nutritional target for lipid
lowering. J Nutr 2003;133:57–66.

[270] Ren B, Thelen AP, Peters JM, Gonzalez FJ, Jump DB. Polyunsat-
urated fatty acid suppression of hepatic fatty acid synthase and S14
gene expression does not require peroxisome proliferator-activated
receptor alpha. J Biol Chem 1997;272:26827–32.

[271] Kim HJ, Takahashi M, Ezaki O. Fish oil feeding decreases mature
sterol regulatory element-binding protein 1 (SREBP-1) by down-
regulation of SREBP-1c mRNA in mouse liver. A possible
mechanism for down-regulation of lipogenic enzyme mRNAs. J
Biol Chem 1999;274:25892–8.

[272] Deng X, Cagen LM, Wilcox HG, Park EA, Raghow R, Elam MB.
Regulation of the rat SREBP-1c promoter in primary rat hepato-
cytes. Biochem Biophys Res Commun 2002;290:256–62.

[273] Ou J, Tu H, Shan B, et al. Unsaturated fatty acids inhibit
transcription of the sterol regulatory element-binding protein-1c
(SREBP-1c) gene by antagonizing ligand-dependent activation of
the LXR. Proc Natl Acad Sci USA 2001;98:6027–32.

[274] Yoshikawa T, Shimano H, Yahagi N, et al. Polyunsaturated fatty
acids suppress sterol regulatory element-binding protein 1c pro-
moter activity by inhibition of liver X receptor (LXR) binding to
LXR response elements. J Biol Chem 2002;277:1705–11.



146 K. Nagao, T. Yanagita / Progress in Lipid Research 47 (2008) 127–146
[275] Pawar A, Botolin D, Mangelsdorf DJ, Jump DB. The role of liver X
receptor-alpha in the fatty acid regulation of hepatic gene expres-
sion. J Biol Chem 2003;278:40736–43.

[276] Hertz R, Magenheim J, Berman I, Bar-Tana J. Fatty acyl-CoA
thioesters are ligands of hepatic nuclear factor-4alpha. Nature
1998;392:512–6.

[277] Wisely GB, Miller AB, Davis RG, et al. Hepatocyte nuclear factor 4
is a transcription factor that constitutively binds fatty acids.
Structure 2002;10:1225–34.

[278] Liimatta M, Towle HC, Clarke S, Jump DB. Dietary polyunsatu-
rated fatty acids interfere with the insulin/glucose activation of L-
type pyruvate kinase gene transcription. Mol Endocrinol 1994;8:
1147–53.

[279] Neschen S, Morino K, Rossbacher JC, et al. Fish oil regulates
adiponectin secretion by a peroxisome proliferator-activated recep-
tor-gamma-dependent mechanism in mice. Diabetes 2006;55:924–8.

[280] Novak TE, Babcock TA, Jho DH, Helton WS, Espat NJ. NF-kappa
B inhibition by omega-3 fatty acids modulates LPS-stimulated
macrophage TNF-alpha transcription. Am J Physiol Lung Cell Mol
Physiol 2003;284:L84–9.

[281] Li H, Ruan XZ, Powis SH, et al. EPA and DHA reduce LPS-
induced inflammation responses in HK-2 cells: evidence for a
PPAR-gamma-dependent mechanism. Kidney Int 2005;67:867–74.

[282] Zhao A, Yu J, Lew JL, Huang L, Wright SD, Cui J. Polyunsat-
urated fatty acids are FXR ligands and differentially regulate
expression of FXR targets. DNA Cell Biol 2004;23:519–26.

[283] de Urquiza AM, Liu S, Sjoberg M, Zetterstrom RH, Griffiths W,
Sjovall J, et al. Docosahexaenoic acid, a ligand for the retinoid X
receptor in mouse brain. Science 2000;290:2140–4.

[284] Lengqvist J, Mata De Urquiza A, Bergman AC, Willson TM,
Sjovall J, Perlmann T, et al. Polyunsaturated fatty acids including
docosahexaenoic and arachidonic acid bind to the retinoid X
receptor alpha ligand-binding domain. Mol Cell Proteomics
2004;3:692–703.

[285] Moya-Camarena SY, Vanden Heuvel JP, Blanchard SG, Leesnitzer
LA, Belury MA. Conjugated linoleic acid is a potent naturally
occurring ligand and activator of PPARalpha. J Lipid Res
1999;40:1426–33.

[286] Inoue N, Nagao K, Wang YM, Noguchi H, Shirouchi B, Yanagita
T. Dietary conjugated linoleic acid lowered tumor necrosis factor-
alpha content and altered expression of genes related to lipid
metabolism and insulin sensitivity in the skeletal muscle of Zucker
rats. J Agric Food Chem 2006;54:7935–9.

[287] Peters JM, Park Y, Gonzalez FJ, Pariza MW. Influence of
conjugated linoleic acid on body composition and target gene
expression in peroxisome proliferator-activated receptor alpha-null
mice. Biochim Biophys Acta 2001;1533:233–42.

[288] Moya-Camarena SY, Van den Heuvel JP, Belury MA. Conjugated
linoleic acid activates peroxisome proliferator-activated receptor
alpha and beta subtypes but does not induce hepatic peroxisome
proliferation in Sprague–Dawley rats. Biochim Biophys Acta
1999;1436:331–42.

[289] Khan SA, Vanden Heuvel JP. Role of nuclear receptors in the
regulation of gene expression by dietary fatty acids (review). J Nutr
Biochem 2003;14:554–67.

[290] Roche HM, Noone E, Sewter C, et al. Isomer-dependent metabolic
effects of conjugated linoleic acid: insights from molecular markers
sterol regulatory element-binding protein-1c and LXRalpha. Dia-
betes 2002;51:2037–44.

[291] Takahashi Y, Kushiro M, Shinohara K, Ide T. Activity and mRNA
levels of enzymes involved in hepatic fatty acid synthesis and
oxidation in mice fed conjugated linoleic acid. Biochim Biophys
Acta 2003;1631:265–73.

[292] Cimini A, Cristiano L, Colafarina S, et al. PPARgamma-dependent
effects of conjugated linoleic acid on the human glioblastoma cell
line (ADF). Int J Cancer 2005;117:923–33.

[293] Ringseis R, Muller A, Herter C, Gahler S, Steinhart H, Eder K.
CLA isomers inhibit TNFalpha-induced eicosanoid release from
human vascular smooth muscle cells via a PPARgamma ligand-like
action. Biochim Biophys Acta 2006;1760:290–300.

[294] Zhao L, Yin J, Li D, Lai C, Chen X, Ma D. Conjugated linoleic acid
can prevent tumor necrosis factor gene expression by inhibiting
nuclear factor binding activity in peripheral blood mononuclear cells
from weaned pigs challenged with lipopolysaccharide. Arch Anim
Nutr 2005;59:429–38.

[295] Moloney F, Toomey S, Noone E, Nugent A, Allan B, Loscher CE,
et al. Antidiabetic effects of cis-9,trans-11-conjugated linoleic acid
may be mediated via anti-inflammatory effects in white adipose
tissue. Diabetes 2007;56:574–8.

[296] Tsuboyama-Kasaoka N, Takahashi M, Tanemura K, et al. Conju-
gated linoleic acid supplementation reduces adipose tissue by apop-
tosis and develops lipodystrophy in mice. Diabetes 2000;49:1534–42.


	Bioactive lipids in metabolic syndrome
	Introduction
	Metabolic syndrome
	Dietary lipids
	n-3 Polyunsaturated fatty acids
	Conjugated fatty acids
	Natural sources and chemical production of conjugated fatty acids
	Conjugated fatty acids in metabolic syndrome

	Other lipids
	Plant sterols and their derivatives
	Medium-chain fatty acids
	Diacylglycerol
	Phospholipids


	Transcriptional factors in metabolic syndrome
	Peroxisome proliferator-activated receptors
	Sterol regulatory element binding proteins
	Liver X receptor
	Retinoid X receptor
	Farnesoid X receptor
	Hepatic nuclear factor 4
	Nuclear factor  kappa B
	Cross-talk among transcriptional factors

	Molecular actions of bioactive lipids
	n-3 PUFAs
	CFAs
	Other lipids

	Concluding remarks
	References


