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Selected Abbreviations and Acronyms:
MS - metabolic syndrome 
T2DM - type 2 diabetes mellitus (T2DM) 
CVD - cardiovascular disease 
WHO - World Health Organization 
TAG - triacylglycerol 
NEFA - nonesterifi ed fatty acids 
TNF-α  - tumor necrosis factor α 
LEPR - leptin receptors 
LMW - low molecular weight 
HMW - high molecular weight   
HDL – high density lipoprotein
LDL – low density lipoprotein
VLDL – very low density lipoprotein
CETP - cholesteryl ester transfer protein 
LPL - lipoprotein lipases
LDLR - LDL receptor 
MUFA - monounsaturated fatty acid
PUFA - polyunsaturated fatty acid
SFA - saturated fatty acid
PPARα  - peroxisome proliferator-activated receptor α .
CLA - conjugated linoleic acid

 
Introduction

The metabolic syndrome (MS) represents a multi-compo-
nent disorder characterized by abdominal obesity, insulin re-
sistance, dyslipidaemia and hypertension. It is associated with 
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Summary
The metabolic syndrome is a very common disease associated with an increased risk of type 2 diabetes mellitus and cardiovascular disease. 

Disturbed lipoprotein metabolism characterized by elevated TAG, low HDL-cholesterol concentrations and insulin-resistance are the key 
features of the metabolic syndrome. Nutrition, especially the quality of dietary fat, plays an important role in the development and progression 
of the metabolic syndrome through infl uence on the expression of the gene encoding key regulatory enzymes of lipid and glucose metabolism.  
Dietary ω-6 and ω-3 PUFA reduce triglyceride accumulation in skeletal muscle, suppress hepatic lipogenesis, reduce hepatic triglyceride output 
and induce fatty acid oxidation in both liver and skeletal muscle, resulting in improvements of the metabolic syndrome. Genetic variation that 
predisposes to metabolic disturbances could interact with diet, modulating individual susceptibility to developing these conditions. Individuals 
with a ˝sensitive genotype˝ will be most susceptible to the impact of dietary therapy in order to reduce the risk of the metabolic syndrome.
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Sažetak
Metabolički sindrom je vrlo rasprostranjena bolest, povezana sa povećanim rizikom za razvoj šećerne bolesti tipa 2 i kardiovaskularnih 

bolesti. Narušen metabolizam lipoproteina, karakteriziran povećanjem nivoa ukupnih triglicerida i niskom koncentracijom HDL-kolesterola, 
te rezistencija na inzulin su ključne značajke metaboličkog sindroma. Prehrana, pogotovo sastav masnih kiselina u hrani, ima veliki utjecaj na 
razvoj metaboličkog sindroma. ω-6 i ω-3 polinezasićene masne kiseline snižavaju koncentraciju triglicerida u mišićima i izlučivanje triglicerida 
iz jetre, a povećavaju brzinu oksidacije masnih kiselina u jetri i mišićnom tkivu, djelovanjem na ekspresiju gena koji kodiraju za enzime ključne u 
regulaciji metabolizma lipida i glukoze, što u konačnici rezultira poboljšanjem simptoma metaboličkog sindroma. Individualna sklonost razvoju 
metaboličkog sindroma ovisi i o genetičkoj predispoziciji za metaboličke poremećaje. Osobe koje imaju genetičku predispoziciju za razvoj 
metaboličkog sindroma intenzivnije reagiraju na dijetalnu terapiju usmjerenu na smanjenje rizika za razvoj metaboličkog sindroma. 

Ključne riječi: metabolizam lipida, nezasićene masne kiseline, metabolički sindrom, osjetljivost na inzulin

a high risk of development of type 2 diabetes mellitus (T2DM) 
and cardiovascular disease (CVD) (Isomaa et al., 2001). The 
World Health Organization (WHO) have defi ned the metabolic 
syndrome as impaired insulin sensitivity, glucose intolerance 
or diabetes mellitus in combination with at least two other 
metabolic disorders including abdominal obesity, increased 
triacylglycerol (TAG) concentration, reduced HDL-cholesterol 
concentration and urinary microalbuminuria (Alberti and Zim-
met, 1998). The WHO estimates that the global prevalence of 
diabetes will double from 171 million people in 2000. to 366 
million in 2030. (Wild et al., 2005). One billion people in the 
world overweight and 300 million are considered obese. Es-
timates for 2030. are that 2 billion people will be overweight 
and 1.12 billion obese around the world (Kelly et al., 2008). 
Obesity is the principal etiological factor that predisposes to 
insulin resistance and the metabolic syndrome (Kahn and Flier, 
2000).  Prolonged excessive/imbalanced dietary fat intake and 
surplus adipose tissue initiate secretion of proinfl ammatory 
cytokines leading to disturbed fatty acid metabolism. Results 
are increased lipolysis, increased triacylglycerol (TAG) and 
nonesterifi ed fatty acids (NEFA) concentration. Subsequently, 
this results in accumulation of TAG and activated lipids in the 
form of long-chain fatty acyl-CoA esters, which disrupt normal 
metabolic functions in adipocytes, muscle, and liver (Unger, 
2002). These events fi nally lead to reduced insulin responsive-
ness, resulting in impaired insulin action, compensatory hyper-
insulinemia, and glucose intolerance (Saltiel, 2000; Roche et 
al., 2005; Guilherme et al., 2008). 
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Metabolic syndrome defi nition

The National Cholesterol Education Program’s Adult 
Treatment Panel III report (ATP III) identifi ed the metabolic 
syndrome as a multiplex risk factor for CVD (Grundy et al., 
2004). ATP III identifi ed 6 components of the metabolic syn-
drome that relate to CVD:

● Abdominal obesity
● Atherogenic dyslipidemia
● Raised blood pressure
● Insulin resistance - glucose intolerance
● Proinfl ammatory state
● Prothrombotic state
According to ATP III, underlying risk factors for CVD 

are obesity (especially abdominal obesity), physical inactiv-
ity, and atherogenic diet; the major risk factors are cigarette 
smoking, hypertension, elevated LDL cholesterol, low HDL 
cholesterol, family history of premature coronary heart disease 
(CHD), and aging; and the emerging risk factors include el-
evated triglycerides, small LDL particles, insulin resistance, 
glucose intolerance, proinfl ammatory state, and prothrombotic 
state. International Diabetes Federation (IDF) declares criteria 
fairly consistent with ATPIII (table 1.). Patients having at least 
3 of 5 characteristics (abdominal obesity, elevated triglycer-
ides, decreased HDL-cholesterol, increased blood pressure or 
increased fasting plasma glucose) can be diagnosed as having 
the metabolic syndrome.

Adipose tissue and insulin resistance

Insulin resistance (IR) is defi ned as decreased response to 
insulin, which leads to hyperinsulinemia. The main character-
istics of IR are disinhibited gluconeogenesis, impaired uptake 
of glucose by muscle and disinhibited lipolysis in adipose tis-
sue. The most important factor for IR development is obesity. 
Distribution of body fat mass is essential for eventual meta-
bolic complications since visceral and subcutaneous adipose 
tissues differ in their endocrine activities. Specifi c receptors 
such as angiotensin II receptors type-1 (AT1), β1-, β2- and β3-

adrenergic receptors, glucocorticoid and androgen receptors 
are represented to a larger degree in visceral adipose tissue 
where they promote lipolysis (Vohl et al., 2004). On the other 
hand, antilipolytic insulin receptors, α-2A adrenergic recep-
tors, and estrogen receptors are predominantly expressed in 
subcutaneous adipose tissue (Vohl et al., 2004). Additionally, 
visceral adipose secretes its products to the portal circulation, 
which brings the released FFA directly to the liver where they 
promote gluconeogenesis, VLDL synthesis, decrease glucose 
uptake and cause overall IR, while subcutaneous adipose tissue 
secretes higher level of leptin and adiponectin (Kershaw and 
Flier, 2004).

Insulin resistance is the link for different metabolic ab-
normalities clustering in the metabolic syndrome. It can be in-
duced by different factors, including dietary habits. High fat/ 
high energy diet is often associated with overweight. Excessive 
adipose tissue results in increased fatty acid fl ux to other tis-
sues and increased TAG storage in peripheral tissues, which 
promotes insulin resistance. Adipose tissue secretes several 
infl ammatory factors, collectively known as adipocytokines. 
The most important adipocytokines, which have a direct effect 
on insulin sensitivity include tumor necrosis factor α (TNF-α), 
leptin, interleukin 6 (IL-6), and adiponectin (Dandona et al., 
2004). 

TNF-α is the main factor triggering the secretion of FFA 
from adipose tissue into the circulation (Ruan and Lodish, 
2000). Obesity leads to an increased production of TNF-α 

which inhibits normal func-
tion of the insulin receptor (IR) 
(Hotamisigil, 2003). It has been 
demonstrated that knocking out 
the TNF-α and TNF-α receptor 
genes improves insulin resist-
ance in several animal models of 
obesity-associated insulin resist-
ance (Peraldi and Spiegleman, 
1998; Hotamisigil, 1999).

Leptin is a hormone secreted 
predominantly by adipose tissue 
and is a signal of energy      suffi -
ciency. Leptin has been shown to 
stimulate glucose uptake and fat-
ty acid oxidation (Wauters et al., 
2000). Furthermore, leptin mod-
ulates insulin secretion and ac-
tion via leptin receptors (LEPR) 
that are present in pancreatic β 
cells, adipose tissue, and muscle 
(Seufert et al., 1999). Several 
studies have shown that LEPR 
polymorphisms are associated 
with insulin and glucose metabo-
lism (Wauters et al., 2001), insu-
lin resistance (Chiu et al., 2004), 
and T2DM (Han et al., 2008).

Higher IL-6 levels have 
been associated with obesity and visceral fat deposition, in-
creased risk of impaired glucose tolerance, T2DM (Qi et al., 
2007; Stephens et al., 2007) and high blood pressure (Fernan-
dez-Real et al., 2001.). Visceral adipose tissue secretes about 
two to three times more IL-6 than subcutaneous tissue. IL-6 
inhibits insulin transduction in hepatocytes (Senn et al., 2002), 
adipogenesis and secretion of adiponectin (Kershaw and Flier, 
2004). 

Whilst most adipocytokines are associated with insulin 
resistance, greater levels of adiponectin are associated with im-

ATP III IDF 

Risk factor Defining level Defining level 

Abdominal obesity 
men             >102 cm 

women        >88 cm 

men              �94 cm 

women        � 80 cm 

Triglycerides �1,7 mmol/L           �1,7 mmol/L 

HDL-cholesterol 

men             �1,03 mmol/L 

women       �1,29 mmol/L 

men             �1,03 mmol/L 

women       �1,29 mmol/L 

Blood pressure �130/�85  mmHg �130/�85  mmHg 
or previously diagnosed 

hypertension

Fasting glucose �6,1 mmol/L �5,6  mmol/L 
or previously diagnosed 

T2DM

Table 1. Diagnostic criteria for metabolic syndrome according to ATPIII and IDF
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proved insulin sensitivity by reversing insulin resistance asso-
ciated with obesity and lipodystrophy (Yamauchi et al., 2001). 
Plasma adiponectin levels are inversely associated with several 
risk factors for the metabolic syndrome including adiposity, 
insulin resistance, increased blood pressure, TAG concentra-
tions and TNF-α receptor concentrations (Fernandez-Real et 
al., 2003). In the liver, it induces fatty acid oxidation, decreases 
lipid synthesis and uptake of FFA, and represses gluconeogen-
esis by enzyme down-regulation (Meier and Gressner, 2004). 
In muscle, adiponectin favors glucose and FFA oxidation. Adi-
ponectin concentrations are in negative correlations with trig-
lycerides and LDL-cholesterol, and positive correlations with 
whole-body fat oxidation and HDL levels (Trujillo et al., 2005; 
Abbasi et al., 2004).  Adiponectin exists in the form of low 
molecular weight (LMW) and high molecular weight (HMW) 
multimers. Pajvani et al. (2004) found that administration of 
HMW, but not LMW, adiponectin multimers lowered glucose 
in mice. In addition, the HMW: total adiponectin ratio but not 
total adiponectin, correlated with insulin sensitivity in humans 
and rodents (Pajvani et al., 2004). Insulin-resistant individu-
als and those with T2DM are found to have lower levels of 
the HMW multimer. The HMW: total adiponectin ratio is inde-
pendently correlated with concentrations of LDL and HDL par-
ticle, as well as LDL and HDL particle size. Individuals with a 
higher proportion of HMW adiponectin have higher concentra-
tions of less atherogenic LDL and higher concentrations of car-
dio protective HDL. Total adiponectin, and HMW and LMW 
adiponectin are all positively correlated with fat oxidation and 
negatively correlated with carbohydrate oxidation in resting 
humans (Lara-Castroa et al., 2007). Adiponectin inhibits con-
version of macrophages to foam cells and infl ammatory events 
in atherogenesis (Kershaw and Flier, 2004). Adiponectin also 
suppresses secretion of TNF-α (Aldhahi and Hamdy, 2003). 
Low adiponectin is associated with endothelial dysfunction in 
coronary vessels (Schachinger et al., 2000), and with the extent 
of coronary artery disease (von Eynatten et al., 2006).

Lipoprotein metabolism and metabolic syndrome

Dietary lipids are carried from the intestinal mucosa cells 
to other tissues by lipoproteins called chylomicrons. The prin-
ciple apoproteins of nascent chylomicrons are apo B-48, apo A-
I, apo A-II and apo-AIV. Apo B-48 is essential for chylomicron 
formation in the intestine. Apo B-48 is combined with lipid by 
the action of microsomal transfer protein. In circulation, the 
nascent chylomicrons acquire apo-C and apo-E from plasma 
HDL in exchange for phospholipids (Welty et al., 1999). Apo-
CII activate membrane bound lipoprotein lipase, LPL located 
on adipose and muscle tissues and bind chylomicrons to it. The 
fatty acids transported to the adipose cell are bound again into 
triacylglycerols and stored, while in the muscle the fatty acids 
are oxidized to provide energy. As the tissues absorb the fatty 
acids, the chylomicrons are reduced to cholesterol enriched 
remnants. As the chylomicron shrinks it transfers part of its 
phospholipids and apoproteins A and C to HDL. The apo-C 
proteins are continuously recycled between chylomicrons and 
HDL. The remnants lacking apo A and C proteins do not bind 
to the LPLs in the capillaries and are rapidly taken up by the 
liver via receptors that bind apo E (Welty et al., 1999). The 
liver synthesizes fatty acids and cholesterol and packages them 
for transport in the blood plasma in VLDLs. Apo B-100 is the 
major protein of VLDL. Apo B-100 is combined with lipid in 
the liver by the action of microsomal transfer protein (Welty 
et al., 1999). The nascent VLDL acquires apo-C and E from 
HDL. VLDLs bind to the same membrane bound lipoprotein 

lipases (LPLs) located on adipose and muscle tissues as chy-
lomicrons do. As the tissues absorb the fatty acids, the VLDLs 
progressively shrink to IDL and transfer a substantial portion 
of its phospholipids and apoprotein C to HDL. IDLs bind to 
receptors of liver cells where they are absorbed, or they can be 
further catabolized by LPLs, eventually loosing apo-E to form 
LDLs. Low-density lipoproteins (LDL) is the major choles-
terol carrying lipoprotein that carries cholesterol from the liver 
to the rest of the body (Welty et al., 1999). The sole protein of 
LDL is Apo B-100. LDL is cleared from plasma in part through 
the action of the LDL receptor (LDLR) by both the liver and 
peripheral cells. The structural requirements for binding LDL 
and VLDL differ: LDL binds its receptor via apoB-100, VLDL 
via apoE. After binding LDL the LDL receptors migrate to ar-
eas of the plasma membrane coated with the clathrin on the 
cytoplasmic side of it. The clathrin proteins promote endocyto-
sis. Once the vesicle is inside of the cell, the clathrin spontane-
ously dissociates from the endosomal vesicle, and lowered pH 
of the vesicle results in LDL dissociation from the receptor. 
The LDL receptors are recycled to the cell surface. The vesicle 
fuses with a lysosome which then degrades the lipoprotein to 
its primary components, fatty acids, glycerol, cholesterol and 
amino acids. The cholesterol is incorporated into the intracel-
lular cholesterol pool which is used for membrane or steroid 
synthesis. The liver also absorbs LDLs by the same endocyto-
sis mechanism. Approximately 75% of the LDLs are absorbed 
by the liver. High-density lipoproteins (HDL) scavenge choles-
terol from the bloodstream, from LDL, and from artery walls 
and ferry it back to the liver for disposal, so HDL cholesterol 
is often referred to as good, or protective, cholesterol. HDLs 
are secreted by liver and intestinal cells. The primary function 
of HDLs is to remove excess cholesterol and carry it to the 
liver to be metabolized into bile salts. HDL contains enzymes 
that either esterifi es cholesterol or transfer cholesteryl esters. 
Apo AI is essential for HDL formation because in its absence 
no HDL is present in plasma (Ordovas et al., 1989). The liver 
and intestine synthesize apolipoprotein A-I (apo A-I), which 
can interact with the adenosine triphosphate–binding cassette 
transporter A1 (ABCA1) located on the arterial macrophages, 
transporting free cholesterol to the extracellular HDL. Lipi-
dation of the HDL particles generates nascent HDL (Curtiss 
et al., 2006). Subsequently, lechithincholesterol transferase 
(LCAT), enzyme that circulates with HDL, esterifi es free cho-
lesterol within nascent HDL with long chain fatty acids from 
phospholipids to produce mature HDL particles. These mature 
HDL particles can further take up free cholesterol. LCAT thus 
facilitating the storage and transport of excess cholesterol. Ma-
ture HDL has at least 2 metabolic fates. In the direct pathway, 
cholesteryl esters contained within HDL can undergo selective 
uptake by hepatocytes and steroid hormone–producing cells 
via the scavenger receptor type B1 and subsequent excretion 
into the bile (Lewis and Rader, 2005). In the indirect pathway, 
cholesteryl esters within HDL can be exchanged for triglyc-
erides in apolipoprotein B–rich particles (LDL and VLDL) 
through the action of cholesteryl ester transfer protein (CETP), 
which is another peripheral protein that circulates with HDL. 
CETP promotes the net transfer of cholesterol esters from HDL 
to LDL, IDL and VLDL. This process transforms VLDLs and 
IDLs into LDLs. The triglyceride-rich HDL can then undergo 
hydrolysis by hepatic lipase and endothelial lipase to form 
small HDL for further participation in transport (Lewis and 
Rader, 2005). In addition to its major role in reverse choles-
terol transport, HDL has other biological activities. These in-
clude antioxidant (counteracting LDL oxidation) effects, anti-
infl ammatory effects, antithrombotic/profi brinolytic (reducing 
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platelet aggregation and coagulation) effects, and vasoprotec-
tive (facilitating vascular relaxation and inhibiting leukocyte 
chemotaxis and adhesion) effects (Assmann and Gotto, 2004; 
Navab et al., 2004).

Recent studies have shown that increased liver fat con-
tent is associated with overproduction of triglyceride-rich large 
VLDL particles in humans (Adiels et al., 2006). Major role in 
the catabolism of triglyceride-rich lipoproteins plays lipopro-
tein lipase (Nilsson-Ehle et al., 1980; Beisiegel et al., 1991). 
Generation of small dense LDL occurs as a result of distur-
bances in lipid metabolism, which are characteristic of T2DM, 
obesity, insulin resistance, and CVD (Packard, 2003).

Increased plasma cholesteryl ester transfer protein activ-
ity enhances lipid exchange, which removes cholesteryl ester 
from the LDL particle core, and replaces it with triglycerides 
from VLDL and chylomicrons. LDL, enriched with 
triglycerides, becomes a good substrate for hepatic 
lipase. If hepatic lipase activity is suffi ciently high, 
hepatic lipase-mediated hydrolysis of triglycerides 
on triglyceride-rich LDL will generate small dense 
LDL particles (Chung et al., 1998). Some stud-
ies have demonstrated that hepatic lipase was the 
strongest contributor to small dense LDL levels, 
whereas lipoprotein lipase activity was associated 
with an increase in large buoyant LDL particles 
(Carr et al., 2002).  

Plasma HDL levels are regulated by the he-
patic and intestinal synthesis of apolipoprotein A-I, 
and by the rate of HDL maturation and catabolism 
(Zannis et al., 2006). Hepatic lipase activity is also a 
major determinant of HDL-cholesterol levels (Col-
let et al., 1999). In insulin resistance and T2DM, 
the abnormal HDL subclass distribution (Lara-Cas-
tro et al., 2006; Okamoto et al., 2002) accelerates 
atherosclerosis by reducing the effl ux of cholesterol 
from macrophage foam cells.

Dietary fat and metabolic syndrome

Disturbed lipoprotein metabolism characterized by ele-
vated TAG and low HDL-cholesterol concentrations, and insu-
lin-resistance are the key features of the metabolic syndrome. 
Plasma low-density lipoprotein (LDL)-cholesterol concentra-
tions are often normal, but there is a relative increase of small, 
dense, atherogenic particles. Dietary ω-6 and ω-3 PUFA re-
duce triglyceride accumulation in skeletal muscle (Baur et al., 
1998) that is associated with improvements of the metabolic 
syndrome (Clarke, 2000). Ingestion of fats rich in ω-6, and par-
ticularly ω-3 PUFA, suppress hepatic lipogenesis (Jump and 
Clarke, 1999), reduce hepatic triglyceride output (Nestel et al., 
1984) and induce fatty acid oxidation in both liver and skel-
etal muscle (Thomassen et al. 1982; Power and Newsholme, 
1997). 

Insulin sensitivity is affected by the quality of dietary fat, 
independently of its effects on body weight. Saturated fat sig-
nifi cantly worsens insulin-resistance, while monounsaturated 
and polyunsaturated fatty acids improve it. Fatty acids play a 
role in both the cellular and molecular mechanisms of insulin 
resistance, because they are a determinant of the membrane 
property that affects insulin sensitivity (Ginsberg et al., 1982), 
and they act as a physiological signaling molecule that induces 
insulin resistance (Griffi n et al., 1999).

Vessby et al. (2001) has demonstrated that decreasing 
dietary SFA and increasing MUFA improves insulin sensitiv-
ity but has no effect on insulin secretion. Perez-Jimenez et 
al. (2001) have shown that isoenergetic substitution of SFA 

by MUFA markedly improves insulin sensitivity. In contrast, 
Lovejoy et al. (2002) have failed to show any marked effect of 
high-MUFA, high-SFA or trans-fatty acid-rich diets on insu-
lin sensitivity. A number of positive health benefi ts relevant to 
the metabolic syndrome have been associated with increased 
long-chain (LC) ω-3 PUFA intake, particularly in relation to 
TAG metabolism (Roche and Gibney, 2000). Animal studies 
show that feeding LC ω-3 PUFA has positive effects on glu-
cose metabolism and insulin resistance (Aguilera et al., 2004). 
The health impact of increased LC ω-3 PUFA consumption on 
insulin resistance in human subjects is not clear yet since some 
intervention studies have reported positive effects on insulin 
sensitivity in individuals with impaired glucose tolerance and 
diabetes (Fasching et al., 1991), while other studies have not 
(Vessby et al., 2001; Brady et al., 2004).

The search for the genetic basis of obesity and insulin 
resistance is fundamental to the understanding of the effects 
of dietary fatty acids and the metabolic syndrome. PUFA ex-
ert their benefi cial effects by up-regulating the expression of 
genes encoding proteins involved in fatty acid oxidation (table 
2.) by activating the transcription factor peroxisome prolifera-
tor-activated receptor α (PPARα). Simultaneously PUFA sup-
press expression of genes encoding proteins of lipid synthesis 
(table 2.) by reducing the nuclear abundance and DNA-binding 
affi nity of factors responsible for imparting insulin and car-
bohydrate control to lipogenic and glycolytic genes (Clarke, 
2001). The outcome is an improvement in the symptoms of the 
metabolic syndrome and a reduced risk of heart disease. One 
of the fi rst PUFA-dependent repartitioning of lipid metabolism 
involves inhibition of the production of hepatic malonyl-CoA 
(Wilson et al., 1990). Since malonyl-CoA acts as an inhibitor 
of carnitine palmitoyltransferase this effect leads to enhanced 
fatty acid oxidation by increasing fatty acid entry into the mito-
chondria and peroxisomes (Zammit, 1999). In parallel PUFA-
dependent induction of genes encoding proteins involved in 
fatty acid oxidation and ketogenesis occurs (Clarke, 2000; 
Jump and Clarke, 1999; Clarke et al., 1999). 

The interaction of PPARα with its DNA recognition site is 
markedly enhanced by ligands such as the conjugated linoleic 
acid and PUFA (Zammit, 1999; Issemann and Green, 1990). 
In general, PPARα activation leads to the induction of several 
hepatic, cardiac and skeletal muscle genes encoding proteins 
involved in lipid transport, oxidation and thermogenesis, in-
cluding carnitine palmitoyltransferase, peroxisomal acyl-CoA 

Table 2. Survey of enzymes included in lipid metabolism coded by genes whose 
expression is down- or up- regulated by PUFA

PUFA

SUPPRESSION INDUCTION 

glucokinase carnitine palmitoyltransferase 

pyruvate kinase acyl-CoA oxidase 

glucose-6-phosphate dehydrogenase uncoupling protein-3 

citrate lyase  

acetyl-CoA carboxylase  

fatty acid synthase  

stearoyl-CoA desaturase  

�-6 and �-5 desaturases  
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oxidase and uncoupling protein-3 (Clarke, 2000; Aoyama et 
al., 1998;  Xu et al., 1999). PUFA metabolites such as eicosa-
noids or oxidized fatty acids are even far more potent tran-
scriptional activators of PPARα-dependent genes (Krey et al., 
1997; Lee at al. 2011). Hyperglycemia was found to suppress 
PPARα expression and induce PPARγ expression, increase β-
cell and cardiomyocyte lipids and accelerate cell death (Zhou 
et al., 2000). PPARγ plays a critical role in adipogenesis, in-
sulin sensitivity and blood pressure (Barroso et al., 1999; Lee 
at al. 2011).

Dietary PUFA inhibit hepatic lipogenesis by suppress-
ing the expression of hepatic enzymes involved in fatty acid 
biosynthesis and glucose metabolism, including glucokinase, 
pyruvate kinase, glucose-6-phosphate dehydrogenase, citrate 
lyase, acetyl-CoA carboxylase, fatty acid synthase, stearoyl-
CoA desaturase and the Δ-6 and Δ-5 desaturases (Duplus et al., 
2000; Cho et al., 1999).

SREBP are a family of transcription factors that were fi rst 
isolated as a result of their properties for binding to the sterol 
regulatory element (Osborne, 2000; Brown and Goldstein, 
1999). PUFA rapidly reduce the nuclear content of hepatic 
SREBP-1a, acting as a regulator of genes encoding proteins 
involved in both lipogenesis and cholesterogenesis. SREBP-2 
is a regulator of genes encoding proteins involved in cholester-
ol metabolism (Osborne, 2000; Brown and Goldstein, 1999). 
Diets rich in 18:2(ω-6) or 20:5 and 22:6(ω-3) were found to 
reduce the hepatic nuclear and precursor content of mature 
SREBP-1 by 65 and 90% and by 60 and 75%, respectively (Xu 
et al., 1999). The decrease in SREBP-1 was accompanied by 
a comparable decrease in the transcription rate of hepatic fatty 
acid synthase (Xu et al., 1999). 

Group of fatty acids, known as conjugated linoleic acid 
(CLA), in particular the cis-9, trans-11-CLA isomer, may have 
the potential to improve lipid and insulin metabolism (Roche et 
al., 2002; Moloney et al., 2004). This effect has been ascribed 
to differential SREBP-1c gene expression, a regulatory tran-
scription factor involved in lipogenesis and glucose metabo-
lism (Foretz et al., 1999; Gosmain et al., 2004). Feeding a cis-
9, trans-11-CLA isomer-rich diet has divergent tissue-specifi c 
effects on SREBP-1c expression, markedly reducing hepatic 
SREBP-1c and increasing adipose tissue SREBP-1c expres-
sion, both of which could contribute to improved lipid and glu-
cose metabolism (Roche et al., 2002). This study has  shown 
TNF-α-regulated SREBP-1c expression in human adipocytes, 
but not in hepatocytes (Roche et al., 2002), supporting the hy-
pothesis for cross-talk between molecular markers of insulin 
sensitivity and adipocytokines, which in turn can be modifi ed 
by fatty acids. 

Unlike PUFA, saturated and monounsaturated fatty acids 
had no effect on the concentration of SREBP-1 or on lipogenic 
gene expression (Xu et al., 1999; Worgall et al., 1998; Hannah 
et al., 2001). 

Dietary treatment of MS

The aim of dietary treatment of the metabolic syndrome is 
to improve insulin sensitivity, lipid metabolism and the associ-
ated cardiovascular abnormalities. It is not necessary to achieve 
the ideal BMI to improve the metabolic profi le. Weinstock et 
al. (1998) showed that 5–10% weight reduction is suffi cient to 
induce a clinically relevant effect. Many studies recorded the 
improvement of insulin sensitivity due to weight reduction was 
higher than that obtained with insulin-sensitizing drugs. The 
benefi cial effects of weight reduction are usually preserved as 
long as weight is not regained. Fat intake is positively corre-
lated with plasma insulin values and negatively with insulin 

sensitivity. However, high monounsaturated fat diet improves 
insulin sensitivity compared to a high-saturated-fat diet only 
if total fat intake does not exceed 38% of total energy (Vessby 
et al., 1999). Salt, alcohol and carbohydrates are other dietary 
components that infl uence insulin sensitivity, plasma triglyc-
eride level and blood pressure. Since glucose and lipid me-
tabolism are strongly related, any derangement of carbohy-
drate metabolism induced by a high-carbohydrate diet will 
also increase plasma triglycerides and decrease plasma HDL 
concentrations (Garg, 1998). Optimal diet for people with the 
metabolic syndrome has to reduce plasma cholesterol levels 
and LDL as much as possible. The diet should be limited in the 
intake of saturated fat, to avoid unfavorable effects on insulin 
sensitivity, blood pressure and plasma lipids. High fi bre/low-
GI foods should be used without specifi c limitations instead of 
carbohydrate-rich foods with a high GI. Moderate amounts of 
fat containing MUFA and PUFA could be permitted since they 
do not induce detrimental metabolic effects. 

Unsaturated fats are predominantly found in vegetable 
oils, nuts, and seeds. MUFAs are found in high concentrations 
in canola, peanut and olive oils, avocados, almonds, hazelnuts, 
pumpkin and sesame seeds. About 50% of monounsaturated 
fatty acids are provided by animal products, primarily meat 
fat. The major monounsaturated fatty acid in the diet is oleic 
acid. The overall data indicate that monounsaturated fats do 
not lower LDL or HDL cholesterol relative to saturated fat as 
much as does polyunsaturated fat (Mensink and Katan, 1992; 
Valsta et al., 1992). The saturated fat and monounsaturated fat 
contents of most natural diets are similar, and when saturated 
fat is restricted, the monounsaturated fat content of the diet 
decreases.

PUFAs are found in high concentrations in sunfl ower, 
corn, soybean, and fl axseed oils, and also in foods such as wal-
nuts, fl ax seeds, and fi sh. The major ω-6 fatty acid in the diet is 
α-linoleic acid, which serves as the precursor for arachidonic 
acid (20:4ω-6), which has important biological effects in the 
body. α-linoleic acid could not be synthesized by the human 
body and is therefore an essential fatty acid. The other ma-
jor essential fatty acid in the diet is α-linolenic acid (18:3ω-3). 
This fatty acid can be rapidly converted in the body to eicos-
apentaenoic acid (20:5ω-3), which can be further elongated, 
desaturated, and oxidized to docosahexaenoic acid (22:6ω-3) 
(Siguel et al., 1987). Sources of ω-6 polyunsaturated fatty ac-
ids include nuts, seeds, certain vegetables, and vegetable oils 
such as soybean oil, sunfl ower oil, and corn oil. Certain oils, 
such as blackcurrant seed oil and evening primrose oil, are 
high in γ-linolenic acid (18:3ω-6). Arachidonic acid is formed 
from linoleic acid in animal cells, but not plant cells, and is 
present in the diet in small amounts in meat, poultry, and eggs. 
Most ω-6 polyunsaturated fatty acids are consumed in the form 
of linoleic acid. Other ω-6 polyunsaturated fatty acids, such 
as arachidonic acid and γ-linolenic acid, are present in small 
amounts in the diet. 

ω-3 fats are an important type of polyunsaturated fat the 
human body can’t make, so they must come from food. The 
major sources of ω-3 fatty acids include certain vegetable 
oils and fi sh (Kris-Etherton et al., 2000). Vegetable oils such 
as soybean and fl axseed oils contain high amounts of α-lino-
lenic acid. Fish oils provide a mixture of eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA), so fatty fi sh are the 
major dietary sources of EPA and DHA. Smaller amounts are 
also present in meat and eggs. ω-3 Fatty acids found in fi sh oil, 
especially eicosapentaenoic acid, lower triacylglycerol con-
centrations signifi cantly and reduce coronary heart disease risk 
as well, independently of their infl uence on lipoprotein con-
centrations (Harris, 1997). 
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The average concentration of conjugated linoleic acid 
(CLA) in dairy products and ruminant meats is approximately 
5 mg of CLA/g of fat (Chin et al., 1992). Although numerous 
CLA isomers have been reported to be found in meat, milk, 
and dairy products (Ha et al., 1989), the cis-9,trans-11 isomer 
is the predominant form of CLA present in these foods (Ma et 
al., 1999). The conjugated linoleic acid content of milk can 
vary depending on a number of factors, such as animal feed 
diet, supplement use, and number of lactations (MacDonald, 
2000). Ma  et al. (1999) reported values of 1.8 mg of CLA/g of 
fat for skim milk, 3.4 mg/g for whole milk, 4.3 mg/g for 1% fat 
milk, 5.0 mg/g for 2% fat milk, and 5.5 mg/g for half-and-half 
cream. In addition, values ranged from 2.7 to 6.2 mg of CLA/g 
of fat for various cheeses and 1.2 to 3.2 mg of CLA/g of fat for 
different types of raw and cooked beef products.

Conclusion
The metabolic syndrome (MS) is a multi-component 

metabolic disorder associated with a high risk of development 
of T2DM and CVD. Insulin resistance is the link for different 
metabolic abnormalities clustering in the metabolic syndrome. 
It can be induced by different factors, including dietary habits. 
Obesity is concerned to be the principal aetiological factor that 
predisposes to insulin resistance and the metabolic syndrome. 
Adipose tissue secretes several infl ammatory factors, collec-
tively known as adipocytokines, which have a direct effect on 
insulin sensitivity. Many studies recorded that the improve-
ment of insulin sensitivity due to weight reduction is higher 
than that obtained with insulin-sensitizing drugs. Insulin sensi-
tivity is affected by the quality of dietary fat, independently of 
its effects on body weight. Saturated fat worsen insulin-resist-
ance, while unsaturated fatty acids, especially PUFA,  improve 
it on molecular level infl uencing the DNA-binding activity and 
abundance of transcription factors included in regulation of the 
expression of genes encoding key regulatory enzymes of lipid 
and glucose metabolism. 

Furthermore, there is evidence that genetic variation that 
predisposes to metabolic disturbances could interact with diet, 
modulating individual susceptibility to developing these con-
ditions. Individuals with a ˝sensitive genotype˝ will be most 
susceptible to the impact of dietary therapy in order to reduce 
the risk of the metabolic syndrome. 

References
Abbasi F., Chu J.W., Lamendola C., McLaughlin T., Hay-

den J., Reaven G.M., Reaven P.D. (2004) Discrimination be-
tween obesity and insulin resistance in the relationship with 
adiponectin. Diabetes, 53, 585–590.

Adiels M., Taskinen M.R., Packard C., Caslake M.J.,  
Soro-Paavonen A.,  Westerbacka J.,   Vehkavaara S.,  Häkkin-
en A., Olofsson S., Yki-Järvinen H. (2006) Overproduction of 
large VLDL particles is driven by increased liver fat content in 
man. Diabetologia, 49, 755–765.

Aguilera A.A., Diaz G.H., Barcelata M.L., Guerrero O.A., 
Ros R.M. (2004) Effects of fi sh oil on hypertension, plasma 
lipids, and tumor necrosis factor-alpha in rats with sucrose-in-
ducedmetabolic syndrome. Journal of Nutritional Biochemis-
try, 15, 350–357.

Alberti K., Zimmet P. (1998) Defi nition, diagnosis and 
classifi cation of diabetes mellitus and its complications. Part 
1: Diagnosis and classifi cation of diabetes mellitus, provi-
sional report of a WHO consultation. Diabetic Medicine, 15, 
539– 553.

Aldhahi W., Hamdy O. (2003) Adipokines, infl ammation, 
and the endothelium in diabetes. Current Diabetes Reports, 3, 
293-298.

Aoyama T., Peters J. M., Iritani N., Nakajima T., Furi-
hata K., Hashimoto T., Gonzalez F. (1998) Altered constitutive 
expression of fatty acid metabolizing enzymes in mice lack-
ing the peroxisome proliferator-activated receptor α (PPARα). 
Journal of Biological Chemistry, 278, 5678–5684.

Assmann G., Gotto A.M. Jr. (2004) HDL cholesterol and 
protective factors in atherosclerosis. Circulation, 109, 8-14.

Barroso I., Gurnell M., Crowley V.E., Agostini M., 
Schwabe J.W., Soos M.A., Maslen G.L., Williams T.D., Lewis 
H., Schafer A.J., Chatterjee V.K., O’Rahilly S. (1999) Domi-
nant negative mutations in human PPARgamma associated 
with severe insulin resistance, diabetes mellitus and hyperten-
sion. Nature, 402, 880–883.

Baur L.A., O’Connor J., Pan D.A., Kritketos A.D., Storl-
ien L.H. (1998) The fatty acid composition of skeletal muscle 
membrane phospholipid: its relationship with the type of feed-
ing and plasma glucose levels in young children, Metabolism. 
47, 106–112.

Beisiegel U., Weber W., Bengtsson-Olivecrona G. (1991) 
Lipoprotein lipase enhances the binding of chylomicrons to 
low density lipoprotein receptor-related protein. Proceedings 
of the National Academy of Sciences USA, 88, 8342–8346.

Brady L.M., Lovegrove S.S., Lesauvage S.V., Gower 
B.A., Minihane A.M., Williams C.M., Lovegrove J.A. (2004) 
Increased ω-6 polyunsaturated fatty acids do not attenuate the 
effects of longchain ω-3 polyunsaturated fatty acids on insulin 
sensitivity or triacylglycerol reduction in Indian Asians. Amer-
ican Journal of Clinical Nutrition, 79, 983–991.

Brown M.S., Goldstein J.L. (1999) A proteolytic pathway 
that controls the cholesterol content of membranes, cells, and 
blood. Proceedings of the National Academy of Sciences USA, 
96, 1041–1048.

Carr M.C., Ayyobi A.F., Murdoch S.J., Deeb S.S., 
Brunzell J.D. (2002) Contribution of hepatic lipase,lipoprotein 
lipase, and cholesteryl ester transfer protein to LDL and HDL 
heterogeneity in healthy women. Arteriosclerosis Thrombosis 
and Vascular Biology, 22, 667–673.

Chin S.F., Liu W., Storkson J.M., Ha Y.L., Pariza M.W. 
(1992) Dietary sources of conjugated dienoic isomers of lino-
leic acid, a newly recognized class of anti-carcinogens. Jour-
nal of Food Composition and Analysis, 5, 185–197.

Chiu K.C., Chu A., Chuang L.M., Saad M.F. (2004) As-
sociation of leptin receptor polymorphism with insulin resist-
ance. European  Journal of Endocrinology, 150, 725–729.

Cho H.P., Nakamura M.T., Clarke S.D. (1999) Cloning, 
expression, and nutritional regulation of the mammalian delta-
6 desaturase. Journal of Biological Chemistry, 274, 471–477.

Chung B.H., Segrest J.P., Franklin F. (1998) In vitro pro-
duction of beta-very low density lipoproteins and small, dense 
low density lipoproteins in mildly hypertriglyceridemic plasma: 
role of activities of lecithin: cholester acyltransferase, choles-
terylester transfer proteins and lipoprotein lipase. Atheroscle-
rosis, 141, 209–225.

Clarke S.D., Thuillier P., Baillie R.A., Sha X. (1999) 
Peroxisome proliferator-activated receptors: a family of lipid-
activated transcription factors. American Journal of Clinical 
Nutrition, 70, 566–571.

Clarke S.D. (2000) Polyunsaturated fatty acid regulation 
of gene transcription: a mechanism to improve energy balance 
and insulin resistance. British Journal of Nutrition, 83, 59–66

Steven D.C. (2001) Polyunsaturated Fatty Acid Regula-
tion of Gene Transcription: A Molecular Mechanism to Im-
prove the Metabolic Syndrome. Recent Advances in Nutrition-
al Sciences, 131, 1129–1132

R. TEPARIĆ et al.: Croatian Journal of Food Technology, Biotechnology
and Nutrition 7 (1-2), 69-77 (2012)



CROATIAN JOURNAL OF FOOD TECHNOLOGY, BIOTECHNOLOGY AND NUTRITION

75

Collet X., Tall A.R., Serajuddin H., Guendouzi K., Royer 
L., Oliveira H., Barbaras R., Jiang X.C., Francone O.L. (1999) 
Remodeling of HDL by CETP in vivo and by CETP and he-
patic lipase in vitro results in enhanced uptake of HDL CE by 
cells expressing scavenger receptor B-I. Journal of Lipid Re-
search, 40, 1185–1193.

Curtiss L.K., Volenta D.T., Hime N.J., Rye K.A. (2006) 
What is so special about apolipoprotein AI in reverse choles-
terol transport? Arteriosclerosis Thrombosis Vascular Biology, 
26, 12-19.

Dandona P., Aljada A., Bandyopadhyay A. (2004) Infl am-
mation: the link between insulin resistance, obesity and diabe-
tes. TRENDS  in Immunology, 25, 4–7.

Duplus E., Glorian M., Forest C. (2000) Fatty acid regu-
lation of gene transcription. Journal of Biological Chemistry, 
275, 30749–30752.

Von Eynatten M., Schneider J.G., Humpert P.M., Kreu-
zer J., Kuecherer H., Katus H.A., Nawroth P., Klaus A. (2006) 
Serum adiponectin levels are an independent predictor of the 
extent of coronary artery disease in men. Journal of the Ameri-
can College of Cardiology, 47, 2124–2126

Fasching P., Ratheiser K., Waldhausl W., Rohac M., Os-
terrode W.,Nowotny P., Vierhapper H. (1991) Metabolic effects 
of fi shoil supplementation in patients with impaired glucose 
tolerance. Diabetes, 40, 583–589.

Fernandez-Real J. M., Vayreda M., Richart C., Gutierrez 
C., Broch M., Vendrell J., Ricart W.

(2001) Circulating interleukin 6 levels, blood pressure, 
and insulin sensitivity in apparently healthy men and women. 
The Journal of Clinical Endocrinology and Metabolism, 86, 
1154–1159. 

Fernandez-Real J.M., Lopez-Bermejo A., Casamitjana R., 
Ricart W. (2003) Novel interactions of adiponectin with the 
endocrine system and infl ammatory parameters. The Journal 
of Clinical Endocrinology and Metabolism, 88, 2714–2718.

Foretz M., Guichard P., Frerre C., Foufelle F. (1999) Ster-
ol regulatory element-binding protein-1c is a major mediator 
of insulin action gene expression, a key regulatory transcrip-
tion factor on the hepatic expression of glucokinase and lipo-
genesisrelated genes. Proceedings of the National Academy of 
Sciences USA,  96, 12737–12742.

Garg A. (1998) High-monounsaturated fat diets for pa-
tients with diabetes mellitus: a meta-analysis. American Jour-
nal of Clinical Nutrition, 67, 577S–582S.

Ginsberg B.H., Jabour J., Spector A.A. (1982) Effect of 
alterations in membrane lipid unsaturation on the properties 
of the insulin receptor of Ehrlich ascites cells. Biochimica et 
Biophysica Acta, 690, 157–164. 

Griffi n M.E., Marcucci M.J., Cline G.W., Bell K., Barucci 
N., Lee D., Goodyear L.J., Kraegen E.W., White M.F., Shulman 
G.I. (1999) Free fatty acid– induced insulin resistance is asso-
ciated with activation of protein kinase C theta and alterations 
in the insulin signaling cascade. Diabetes, 48, 1270–1274. 

Grundy S.M., Brewer H.B.Jr., Cleeman J.I., Smith S.C.Jr., 
Lenfant C., American Heart Association, National Heart, Lung, 
and Blood Institute (2004) Defi nition of metabolic syndrome: 
Report of the National Heart, Lung, and Blood Institute/Amer-
ican Heart Association Conference on Scientifi c Issues Related 
to Defi nition. Circulation, 109,433-438.

Guilherme A., Virbasius J.V., Puri V., Czech M.P. (2008) 
Adipocyte dysfunctions linking obesity to insulin resistance 
and type 2 diabetes. Nature Reviews Molecular Cell Biology, 
9, 367–377.

Gosmain Y., Lefai E., Rysner S., Roques M., Vidal H. 
(2004) Sterol regulatory element-binding protein-1 mediates 
the effect of insulin on hexokinase II gene expression in hu-
man muscle cells. Diabetes, 53, 321–329.

Ha Y.L., Grimm N.K., Pariza M.W. (1989) Newly recog-
nized anticarcinogenic fatty acids: Identifi  cation and quanti-
fi cation in natural and processed cheeses. Journal of Agricur-
tural and Food Chemistry, 37, 75–81.

Han H.R., Ryu H.J., Cha H.S., Go M.J., Ahn Y., Koo B.K., 
Cho Y.M., Lee H.K., Cho N.H., Shin C.,  Shin  H.D., Kimm  
K., Kim  H.L., Oh  B., Park K.S. (2008) Genetic variations in 
the leptin and leptin receptor genes are associated with type 
2 diabetes mellitus and metabolic traits in the Korean female 
population. Clinical Genetics, 74, 105–115.

Hannah V.C., Ou J., Luong A., Goldstein J.L., Brown M.S. 
(2001) Unsaturated fatty acids down-regulate SREBP isoforms 
1a and 1c by two mechanisms in HEK-292 cells. Journal of 
Biological Chemistry, 276, 4365–4372.

Harris W.S. (1997) ω-3 Fatty acids and serum lipopro-
teins: human studies. The American Journal of Clinical Nuri-
tion, 65, 1645-1653.

Hotamisigil G.S. (1999) The role of TNF-alpha and TNF 
receptors in obesity and insulin resistance. Journal of Internal 
Medicine, 245, 621–625.

Hotamisigil G.S. (2003) Infl ammatory pathways and in-
sulin action. International Journal of Obesity, 27, S53–S55.

International Diabetes Federation. The IDF consensus 
worldwide defi nition of the metabolic syndrome. Available at: 
http://www.idf.org/webdata/docs/IDF_Metasyndrome_defi  ni-
tion.pdf Accessed November 18, 2005.

Issemann I., Green S. (1990) Activation of a member of 
the steroid hormone receptor superfamily by peroxisome pro-
liferators. Nature, 347, 645–650.

Isomaa B., Almgren P., Tuomi T., Forsen B., Lahti K., 
Nissen M., Taskinen M.R., Groop L. (2001) Cardiovascular 
morbidity and mortality associated with the metabolic syn-
drome. Diabetes Care, 24, 683–689.

Jump D.B., Clarke S.D. (1999) Regulation of gene ex-
pression by dietary fat. Annual. Review Nutrition, 19, 63–90.

Kahn B.B., Flier J.S. (2000) Obesity and insulin resist-
ance. Journal of Clinical Investigation, 106, 473–481.

Kelly T., Yang W., Chen C.S., Reynolds K., He J., (2008) 
Global burden of obesity in 2005 and projections to 2030. In-
ternational Journal of Obesity, 32, 1431–1437.

Kershaw E.E., Flier J.S., (2004) Adipose tissue as an en-
docrine organ. The Journal of clinical endocrinology and me-
tabolism, 89, 2548-2556.

Krey G., Braissant O., L’Horset F., Kalkhoven E., Perroud 
M., Parker M.G., Wahli, W. (1997) Fatty acids, eicosanoids, 
and hypolipidemic agents identifi ed as ligands of peroxisome 
proliferator-activated receptors by coactivator-dependent re-
ceptor ligand assay. Molecular Endocrinology, 11, 779–791.

Kris-Etherton P.M., Taylor D.S., Yu-Poth S., Huth P., Mo-
riarty K., Fishell V., Hargrove R.L., Zhao G., Etherton T.D. 
(2000) Polyunsaturated fatty acids in the food chain in the 
United States. The American Journal of Clinical Nurition, 71, 
179–188.

Lara-Castro C., Luo N., Wallace P., Klein R.L., Garvey 
W.T. (2006) Adiponectin multimeric complexes and the meta-
bolic syndrome trait cluster. Diabetes, 55, 249–259.

Lara-Castroa C., Fua Y., Chunga B.H., Garvey W.T. 
(2007) Adiponectin and the metabolic syndrome: mechanisms 
mediating risk for metabolic and cardiovascular disease. Cur-
rent Opinion Lipidology, 18, 263–270.

Lee J.Y., Hashizaki H., Goto T., Sakamoto T., Takahashi 
N., Kawada T. (2011) Activation of peroxisome proliferator-
activated receptor-α enhances fatty acid oxidation in human 
adipocytes.  Biochemical and biophysical research communi-
cations., 407, 818-822.

R. TEPARIĆ et al.: Croatian Journal of Food Technology, Biotechnology
and Nutrition 7 (1-2), 69-77 (2012)



CROATIAN JOURNAL OF FOOD TECHNOLOGY, BIOTECHNOLOGY AND NUTRITION

76

Lewis G.F., Rader D.J. (2005) New insights into the regu-
lation of HDL metabolism and reverse cholesterol transport. 
Circulation Research, 96, 1221-1232.

Lovejoy J.C., Smith S.R., Champagne C.M., Most M.M., 
Lefevre M., DeLany J.P., Denkins Y.M., Rood J.C., Veldhuis 
J., Bray G.A. (2002) Effects of diets enriched in saturated (p
almitic),monounsaturated (oleic), or trans (eladic) fatty acids 
in insulin sensitivity and substrate oxidation in healthy adults. 
Diabetes Care, 25, 1283–1288.

Ma D.W.L., Wierzbicki A.A., Field C.J., Clandinin 
M.T. (1999) Conjugated linoleic acid in Canadian dairy and 
beef products. Journal of Agricurtural and Food Chemistry, 
47,1956–1960.

Mac Donald H.B. (2000) Conjugated linoleic acid and 
disease prevention: A review of current knowledge. Journal of 
the American College of Nutrition, 19, 111–118.

Meier U., Gressner A.M. (2004) Endocrine regulation of 
energy metabolism: review of pathobiochemical and clinical 
aspects of leptin, ghrelin, adiponectin, and resistin. Clinical 
chemistry, 50, 1511-1525.

Mensink R.P., Katan M.B. (1992) Effect of dietary fatty 
acids on serum lipids and lipoproteins. A meta-analysis of 27 
trials. Arteriosclerosis Thrombosis and Vascular Biology, 12, 
911–919.

Moloney F., Noone E., Loscher C., Gibney M.J., Roche 
H.M. (2004) Cis-9, trans-11 conjugated linoleic acid improves 
metabolic and molecular markers of insulin sensitivity in adi-
pose tissue and liver. Proceedings of the Nutrition Society, 63, 
58A.

Navab M., Ananthramaiah G.M., Reddy S.T. (2004) The 
oxidation hypothesis of atherogenesis: the role of oxidized 
phospholipids and HDL. Journal of Lipid Research, 45, 993-
1007.

Nestel P.J., Connor W.E., Reardon M.F., Connors S., 
Wong S., Boston R. (1984) Suppression by diets rich in fi sh oil 
of very low density lipoprotein production in man. Journal of 
Clinical Investigation, 74, 82–89.

Nilsson-Ehle P., Garfi nkel A.S., Schotz M.C. (1980) 
Lipolytic enzymes and plasma lipoprotein metabolism. Annual 
Review of Biochemistry, 49, 667–693.

Okamoto Y., Kihara S., Ouchi N.,  Nishida M., Arita Y., 
Kumada M., Ohashi K., Sakai N.,  Shimomura I.,  Kobayashi 
H., Terasaka N., Inaba T., Funahashi T., Matsuzawa Y. (2002) 
Adiponectin reduces atherosclerosis in apolipoprotein E-defi -
cient mice. Circulation, 106, 2767–2770.

Ordovas J.M., Cassidy E.K., Civeira F., Bisgaier C.L., 
Schaefer E.J. (1989) Familial apolipoprotein A-I, C-III, and 
AIV defi ciency with marked high density lipoprotein defi -
ciency and premature atherosclerosis due to a deletion of the 
apolipoprotein A-I, C-III, and A-IV gene complex. Journal of 
Biological Chemistry, 264, 16339–16342.

Osborne, T. F. (2000) Sterol regulatory element-binding 
proteins (SREBPs): key regulators of nutritional homeosta-
sis and insulin action. Journal of Biological Chemistry, 275, 
32379–32282.

Packard C.J. (2003) Triacylglycerol-rich lipoproteins and 
the generation of small, dense low-density lipoprotein. Bio-
chemical Society Transactions, 31, 1066–1069.

Pajvani U.B., Hawkins M., Combs T.P., Rajala M.W., 
Doebber T., Berger J.P., Wagner J.A., Wu M., Knopps A., 
Xiang A.H., Utzschneider K.M., Kahn S.E., Olefsky J.M.,  
Buchanan T.A., Scherer P.E. (2004) Complex distribution, not 
absolute amount of adiponectin, correlates with thiazolidinedi-
one-mediated improvement in insulin sensitivity. Journal of 
Biological Chemistry, 279, 12152–12162.

Peraldi P., Spiegleman B. (1998) TNF-alpha and insulin 
resistance: summary and future prospects. Molecular Cell Bio-
chemistry, 182, 169–175.

Perez-Jimenez F., Lopez-Miranda J., Pinillos M.D., 
Gomez P., Paz-Rojas E., Montilla P., Marin C., Velasco M.J., 
Blanco-Molina A., Jimenez Pereperez J.A., Ordovas J.M. 
(2001) Amediterranean and a high-carbohydrate diet improve 
glucose metabolism in healthy young persons. Diabetologia, 
44, 2038–2043.

Power G.W., Newsholme E.A. (1997) Dietary fatty acids 
infl uence the activity and metabolic control of mitochondrial 
carnitine palmitoyltransferase I in rat heart and skeletal mus-
cle. Journal of Nutrition, 127, 2142–2150.

Qi L., Zhang C., van Dam R.M., Hu F.B. (2007) Inter-
leukin-6 genetic variability and adiposity: associations in two 
prospective cohorts and systematic review in 26,944 individu-
als. The Journal of Clinical Endocrinology and Metabolism, 
92, 3618–3625.

Roche H.M., Gibney M.J. (2000) The impact of postpran-
dial lipemia in accelerating atherothrombosis. Journal of Car-
diovascular Risk, 7, 317–324.

Roche H.M., Noone E., Sewter C., McBennett S., Savage 
D., Gibney M.J., O’Rahilly S., Vidal-Puig A.J. (2002) Isomer 
dependent metabolic effects of conjugated linoleic acid (CLA), 
insights from molecular markers: SREBP-1c and LXRa. Dia-
betes, 51, 2037–2044.

Roche H. M., Phillips C., Gibney M. J. (2005) The meta-
bolic syndrome: the crossroads of diet and genetics. Proceed-
ings of the Nutrition Society, 64, 371–377. 

Ruan H, Lodish H.F. (2000) Insulin resistance in adipose 
tissue: direct and indirect eff ects of tumor necrosis factor-al-
pha. Cytokine Growth Factor Reviews, 14, 447-455.

Saltiel A.R. (2000) Series introduction: the molecular and 
physiological basis of insulin resistance: emerging implica-
tions for metabolic and cardiovascular diseases. The Journal of  
Clinical Investigation, 106, 163–164.

Schachinger V., Britten M.B., Zeiher A.M. (2000) Prog-
nostic impact of coronary vasodilator dysfunction on adverse 
long-term outcome of coronary heart disease. Circulation, 101, 
1899–1906.

Senn J.J., Klover P.J., Nowak I.A., Mooney R.A. (2002) 
Interleukin-6 induces cellular insulin resistance in hepatocytes. 
Diabetes, 51, 3391–3399.

Seufert J., Kieffer T.J., Leech C.A,. Holz G.G., Moritz W., 
Ricordi C., Habener J.F. (1999) Leptin suppression of insulin 
secretion and gene expression in human pancreatic islets: im-
plications for the development of  adipogenic diabetes mel-
litus. The Journal of Clinical Endocrinology Metabolism, 84, 
670–676.

Siguel E.N., Chee K.W., Gong J., Schaefer E.J. (1987) 
Criteria for plasma essential fatty acid defi ciency as assessed 
by capillary column gas liquid chromatography. Clinical 
Chemistry, 33, 1869–73.

Stephens J.W., Hurel S.J., Lowe G.D.O., Rumley A., 
Humphries S.E. (2007) Association between plasma IL-6, the 
IL6 -174G>C gene variant and the metabolic syndrome in 
type2 diabetes mellitus. Molecular Genetics and Metabolism, 
90, 422–428. 

Thomassen M.S., Christiansen E.N., Norum K.R. (1982) 
Characterization of the stimulatory effect of high fat diets on 
peroxisomal β-oxidation in rat liver. Biochemical Journal, 
206, 195–202.

Trujillo M.E., Scherer P.E. (2005) Adiponectin: journey 
from an adipocyte secretory protein to biomarker of the meta-
bolic syndrome. Journal of Internal Medicine,  257, 167–175.

R. TEPARIĆ et al.: Croatian Journal of Food Technology, Biotechnology
and Nutrition 7 (1-2), 69-77 (2012)



CROATIAN JOURNAL OF FOOD TECHNOLOGY, BIOTECHNOLOGY AND NUTRITION

77

Unger R. H. (2002) Lipotoxic diseases. Annual Review of 
Medicine, 53, 319–336.

Valsta L.M., Jauhiainen M., Aro A. (1992) Effects of a 
monounsaturated rapeseed oil and a polyunsaturated sunfl  
ower oil diet on lipoprotein levels in humans. Arteriosclerosis 
Thrombosis and Vascular Biology, 12, 50–59.

Vessby B., Unsitupa M., Hermansen K., Riccardi G., Riv-
ellese A.A., Tapsell L.C., Nalsen C., Berglund L., Louheranta 
A., Rasmussen B.M., Calvert G.D., Maffetone A., Pedersen 
E., Gustafsson I.B., Storlien L.H. (2001) Substituting dietary 
saturated for monounsaturated fat impairs insulin sensitivity in 
healthy men and women: The KANWU study.  Diabetologia, 
44, 312–319.

Vohl M.C., Sladek R., Robitaille J., Gurd S., Marceau P., 
Richard D., Hudson T.J., Tchernof A. (2004) A survey of genes 
differentially expressed in subcutaneous and visceral adipose 
tissue in men. Obesity research, 12, 1217-1222.

Wauters M., Considine R.V., Van Gaal L.F. (2000) Human 
leptin: from an adipocyte hormone to an endocrine mediator. 
European Journal of Endocrinology, 143, 293–311.

Wauters M., Mertens I., Rankinen T., Chagnon M., Bou-
chard C., Van Gaal L. (2001) Leptin receptor gene polymor-
phisms are associated with insulin in obese women with im-
paired glucose tolerance. Journal of Clinical Endocrinology 
Metabolism, 86, 3227–3232.

Weinstock R.S., Dai H., Wadden T. (1998) Diet and ex-
ercise in the treatment of obesity. Effects of three interven-
tions on insulin resistance. Archives of Internal Medicine, 158, 
2477–2483. 

Welty F.K., Lichtenstein A.H., Barrett P.H.R, Dolnikowski 
G.G., Schaefer E.J. (1999) Human apolipoprotein (Apo) B-48 
and Apo B-100 kinetics with stable isotopes. Arteriosclerosis 
Thrombosis and Vascular Biology, 19, 2966–74.

Wild S., Roglic G., Green A., Sicree R., King H. (2005) 
Global prevalence of diabetes. Estimates for the year 2000 and 
projections for 2030. Diabetes Care, 27, 1047–1053.

Wilson M.D., Salati L.M., Blake W.L., Clarke S.D. (1990) 
The potency of polyunsaturated and saturated fats as short term 
inhibitors of hepatic lipogenesis. Journal of Nutrition, 120, 
544–552.

Worgall T.S., Sturley S.L., Seo T., Osborne T.F., Deckel-
man R.J. (1998) Polyunsaturated fatty acids decrease expres-
sion of promoters with sterol regulatory elements by decreas-
ing levels of mature sterol regulatory element binding protein. 
Journal of Biological Chemistry, 273, 25537–25540.

Xu J., Nakamura M.T., Cho H.P., Clarke S.D. (1999) 
Sterol regulatory element binding protein-1 expression is sup-
pressed by dietary polyunsaturated fatty acids. Journal of Bio-
logical Chemistry, 274, 23577–23583.

Yamauchi T., Kamon J., Waki H., Terauchi Y., Kubota N., 
Hara K., Mori Y., Ide T., Murakami K., Tsuboyama-Kasaoka 
N., Ezaki O., Akanuma Y., Gavrilova O., Vinson C., Reitman 
M.L., Kagechika H., Shudo K., Yoda M., Nakano Y., Tobe 
K., Nagai R., Kimura S., Tomita M., Froguel P., Kadowaki T. 
(2001) The fat-derived hormone adiponectin reverses insulin 
resistance associated with both lipoatrophy and obesity. Nature 
Medicine, 7, 941–946.

Zammit V.A. (1999) The malonyl-CoA-long-chain acyl-
CoA axis in the maintenance of mammalian cell function. Bio-
chemical Journal, 343, 505–515.

Zannis V.I., Chroni A., Krieger M. (2006) Role of apoA-I, 
ABCA1, LCAT, and SR-BI in the biogenesis of HDL. Journal 
of Molecular Medicine,  84, 276–294.

Zhou Y.T., Grayburn P., Karim A., Shimabukuro M., 
Higa M., Baetens D., Orci L., Unger R. H. (2000) Lipotoxic 
heart disease in obese rats: implications for human obesity. 
Proceedings of the National Academy of Sciences USA, 97, 
1784–1789.

R. TEPARIĆ et al.: Croatian Journal of Food Technology, Biotechnology
and Nutrition 7 (1-2), 69-77 (2012)


