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1. LIST OF ABBREVIATIONS 

cd AMPK cd isoform of asubunit of AMPK 

ACC acetyl-CoA carboxylase 

ACS acyl-CoA synthetase 

ADD-l/SREBP-1 adipocyte determination and differentiation factor-

1/sterol regulatory element-binding protein-lc 

ADP adenosine diphosphate 

ALA a-linolenic acid 

AMP adenosine monophosphate 

AMPK AMP-activated protein kinase 

AOX acyl-CoA oxidase 1 

aP2 fatty acid binding protein 4 

ATP adenosine triphosphate 

BAT brown adipose tissue 

BMI body mass index 

cAMP cyclic AMP 

C/EBP CCAAT/enhancer-binding protein 

COX cytochrome-c-oxidase 

СОХ IV subunit IV of mitochondrial cytochrome oxidase 

CPT-1 carnitine-palmitoyl transferase I 

CR caloric restriction 

DHA docosahexaenoic acid 

EPA eicosapentaenoic acid 

FAS fatty acid synthase 

FABP fatty acid binding protein 

FAT fatty acid transporter 

FAT/CD36 fatty acid translocase/CD36 

FATP fatty acid transport protein 

G3P glycerol-3-phosphate 

GPAT glycerolphosphate acyltransferase 

HF high fat 

HSL hormone-sensitive lipase 
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LP A lysophosphatidic acid 

LPL lipoprotein lipase 

LXR liver X receptor 

mGPAT microsomal GPAT 

mRNA messenger RNA 

mtDNA mitochondrial DNA 

mtGPAT mitochondrial GPAT 

mtTFA mitochondrial transcription factor A 

nDNA nuclear DNA 

NE norepinephrine 

NEFA non-esterified fatty acids 

NRF nuclear respiratory factor 

OXPHOS oxidative phosphorylation 

PEPCK phosphoenolpyruvate carboxykinase 

PEPCK-C cytosolic PEPCK 

PGC-1 PPAR 7 coactivator 1 

PKA protein kinase A 

PPAR peroxisome proliferator-activated receptor 

PUFA polyunsaturated fatty acids 

SCD stearoyl-CoA desaturase 

TAG triacylglycerol(s) 

TNF-a tumor necrosis factor a 

TZD thiazolidinediones 

UCP uncoupling protein 

WAT white adipose tissue 
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2. INTRODUCTION 

Regulating energy levels is fundamental process in every living organism. 

The endogenous systems regulating energy balance have developed during the 

course of evolution, when the conservation of energy reserves and the efficient 

replenishment of exhausted energy stores were essential for survival and 

reproduction [1]. 

According to 'energy balance equation theory' any increase in energy intake 

or decrease in energy expenditure, which imbalance the equation, will result in 

accumulation of fat in the body [2]. Obesity, an excessive accumulation of adipose 

tissue, will develop if individuals fail to match their energy intake to their energy 

needs. Enviromental factors, such as the increased avaibility of high caloric food or 

the decrease of physical activity, contribute to its developement and their influence 

is amplified by genetic predisposition [3]. Obesity is associated with the risk of 

developing type 2 diabetes mellitus, coronary heart disease, hypertension, sleep 

apnoea, asthma, certain form of cancer and osteoarthritis of small and large joints 

Mechanisms regulating stable levels of energy stores in the body involve the 

central control of behavior and thermogenesis mediated by neuroendocrine system, 

control of metabolite fluxes among various organs, and, finally, energy metabolism 

within individual tissues. Due to the complex nature of this process, any treatment 

strategy for obesity is difficult. 

Many pieces of evidence suggest that body fat content is controlled, at least 

partially, by the metabolism of adipose tissue itself. First, many candidate genes for 

obesity have important roles in adipocytes [5]. Second, mice that are prone or 

resistant to obesity were created by transgenic modification of adipose tissue 

(reviewed in [6]). In these transgenic models, metabolic changes in white adipose 

tissue are mostly responsible for the altered accretion of body fat and associated 

metabolic disorders. And third, trought its secretory function, white adipose tissue 

lies at the heart of a complex network of factors capable of either improving (leptin, 

adiponectin) or reducing (TNF-a, IL-6, resistin) insulin action in relevant tissues, 

including skeletal muscles and liver. This raises the possibility that the 

developement of drugs targeting adipose function represents a new terapeutic 

approach to senzitize peripheral tissues to insulin. This could be of particular 
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therapeutic benefit in pathology associated with white adipose tissue mass 

dysregulation, such as lipodystrophy and obesity. 

2.1. WHITE ADIPOSE TISSUE 

In adult mammals adipose tissue, in addition to adipocytes, contains stromal-

vascular cells including fibroblastic connective tissue cells, leukocytes, 

macrophages, and preadipocytes (not yet filled with lipid), which contribute to 

structural integrity. 

White adipose tissue (WAT) amount to 20-30% of normal body weight (,but 

may vary from a few % up to 70%). WAT was for a long time regarded as a 

relatively passive site of energy storage and also as mechanical and thermic 

insulator. The energy is accumulated in the form of triacylglycerols (TAG) during 

periods of excess food consumption and mobilized when calorie intake is 

inadequate. WAT is an important site of interconversion of steroid hormones [7], 

and an important site of oestrogen production in post-menopausal women, probably 

explaining the protection of obese women from osteoporosis [8]. During past 

decade, evience has been provided that WAT secretes a number of bioactive 

molecules, collectively termed 'adipokines'. This newly discovered secretory 

function has shifted the view on WAT, which is no longer considered only as an 

energy-storage tissue but also as an endocrine organ influencing whole body 

homeostasis. 

The adipose organ is localised in several depots including white as well as 

brown adipose tissues. The largest depots are found subcutaneously and in the 

abdominal region. Visceral and subcutaneous adipose tissues depots display 

different metabolic properties, manifested by differences in the expression level of 

genes involved in fat cell metabolism, and in the secretion of adipose factors that 

could be involved in some pathologies in both rodents and humans [9; 10]. The 

overall effect of sex and regional locations of the adipose tissue on some of the 

mechanisms affecting the lipolytic capacity was investigated in rats, such as 

adrenergic receptor balance and several cascade steps at the postreceptor level, such 

as adenylyl cyclase, protein kinase A (PKA) and hormone-sensitive lipase (HSL) 

[11]. 
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The lipid droplets in adipocytes can be unilocular and/or multilocular. 

Unilocular cells contain a single large lipid droplet which pushes the cell nucleus 

against the plasma membrane, giving the cell a signet-ring shape (Figure I). 

Unilocular cells, characteristic of WAT, range in size from 25 to 200 microns. 

Mitochondria are found predominately in the thicker portion of the cytoplasmic rim 

near the nucleus. The large lipid droplet does not appear to contain any intracellular 

organelles. 

Figure 1. White fat cell and brown fat cell. Note the single large lipid vacuole in the white 

fat cell and the numerous smaller lipid vacuoles in the brown fat cell. LV: lipid vacuole; M: 

mitochondria; N: nucleus 

Approximately 60 to 85% of the weight of WAT is lipid, with 90-99% being 

TAG. Small amounts of free fatty acids, diglyceride, cholesterol, phospholipid and 

minute quantities of cholesterol ester and monoglyceride are also present. In this 

lipid mixture, six fatty acids make up approximately 90% of the total, and these are 

myristic, palmitic, palmitoleic, stearic, oleic, and linoleic. Varying the composition 

of the diet can vary the fatty acid profile in adipose tissue. The remaining weight of 

WAT is composed of water (5 to 30%) and protein (2 to 3%). 

Each adipocyte in WAT is in contact with at least one capillary. This blood 

supply provides sufficient support for the active metabolism, which occurs in the 

thin rim of cytoplasm surrounding the lipid droplet. Blood flow to adipose tissue 

varies depending upon body weight and nutritional state, with blood flow increasing 

during fasting. 

The size of adipose tissue mass is a function of both adipocyte number and 

size. An increase in adipose tissue mass can occur by hyperplastic growth, which is 

an increase in the number of adipocytes. This increase in number occurs primarily 

by mitotic activity in precursor cells. Adipose tissue mass can also increase by 

WHITE FAT 
CELL 

SROWN FA" 
CELL 
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hypertrophic growth, which is an increase in the size of adipocytes. This increase in 

size occurs primarily by lipid accumulation within the cell. 

Pluripotent stem cell precursor gives rise to a mesenchymal precursor cell, 

which has the potential to differentiate along mesodermal lineages of myoblast, 

chondroblast, osteoblast and adipocyte. Given appropriate stimuli the preadipocyte 

undergoes clonal expansion and subsequent terminal differentiation into a mature 

adipocyte. Adipogenesis is driven by transcription factors CCAAT/enhancer-binding 

protein (C/EBP) a, /5 and 5, peroxisome proliferator-activated receptor (PPAR) 7 and 

adipocyte determination and differentiation factor-1/sterol regulatory element-

binding protein-1 с (ADD-l/SREBP-1), whose activation leads leads to the 

expression of many adipocyte specific proteins involved in glucose and lipid 

metabolism (Figure 2; [12]). 
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Figure 2. Addition of mitogens and hormonal stimuli to 3T3-L1 cells leads to a 

cascade of transcriptional events that account for the expression of most proteins -

mediating adipocyte function. 

C/EBPs are a family of transcription factors that all contain a highly 

conserved, basic-leucine zipper domain at the C-terminus that is involved in 

dimerization and DNA binding. The pivotal roles of the family in a number of 

processes, including differentiation, the inflammatory response, liver regeneration, 

metabolism and numerous other cellular responses. 
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Both C/EBPP and C/EBP8 mRNA are induced during early phase of 

adipocyte differentiation in response to cAMP-elevating agents and glucocorticoid 

respectively [13]. The pre-adipocytes then exit the cell cycle and begin to express 

C/EBPa, which is then followed by the induction of adipocyte-specific markers -

fatty acid binding protein (aP2), insulin-responsive glucose transporter (GLUT 4), 

leptin, PPAR-7, steroyl-CoA desaturase 1 (SCD-1). Individual C/EBP members play 

the precise role of in the differentiation of white versus brown adipose tissue 

[14;15], 

Another important transcription factor, which critically regulates adipocyte 

function, is the nuclear hormone receptor PPAR-7 In addition to its stimulatory 

effects on pre-adipocyte differentiation, activation of PPAR-7 promotes the storage 

of fatty acid s in mature adipocytes by acting at several steps [16]: (i) release of fatty 

acid s from lipoproteins by stimulating lipoprotein lipase [17], (ii) intracellular fatty 

acid transport, (iii) activation of acyl-CoA synthase and fatty acid synthesis and (iv) 

stimulation of phosphoenolpyruvate carboxykinase (PEPCK), which provides 

glycerol-3-phosphate (G3P), and augmentation of fatty acid esterification [18; 19]. A 

PPAR-7-dependent increase in GLUT4 gene expression [20], which could contribute 

to increased fatty acid synthesis from glucose, has also been described. In addition, 

activation of PPAR-7 modulates the expression of products secreted by the 

adipocyte as leptin expression is reduced and adiponectin expression is activated by 

PPAR-7 agonists [21]. 

SREBPs are a family of transcription factors that regulate lipid homeostasis 

by controlling the expression of a range of enzymes required for endogenous 

cholesterol, fatty acids, TAG and phospholipid synthesis. The three SREBP 

isoforms, SREBP-la, SREBP-lc and SREBP-2, have different roles in lipid 

synthesis. SREBP-lc is the predominant isoform expressed in most of the tissues, 

with especially high levels in the liver, WAT, skeletal muscle, adrenal gland and 

brain [22]. Mice overexpressing hepatic SREBP-lc demonstrate a selective 

induction of lipogenic genes (for example acetyl-CoA carboxylase (ACC), fatty acid 

synthase (FAS) and SCD-1), with no effect on genes of cholesterol synthesis [23]. 

This isoform seems to be mainly regulated at the transcriptional level by insulin. In a 

typical counterregulatory fashion, the effects of insulin on SREBP-lc transcription 

are opposed by glucagon via cAMP [24]. 
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2.1.1. G L U C O S E M E T A B O L I S M 

WAT expresses the insulin-regulated glucose transporter GLUT4 as well as 

the non-insulin-regulated transporter GLUT1, which may provide its basal glucose 

requirements [25]. Glucose uptake from plasma by WAT appears to be regulated 

more by the prevailing glucose concentration (perhaps reflecting GLUT1 activity) 

than by the insulin concentration [26]. 

Despite the ability of WAT to take up and oxidize glucose, it is generally 

accepted that this plays little part in whole-body glucose homeostasis. Although 

adipose tissue accounts for only a small fraction of insulin-dependent glucose 

disposal [27], experimental animals with fat-selective knock-out of the GLUT4 gene 

show impaired glucose tolerance, suggesting that the functional integrity of WAT is 

crucial in regulating intermediate metabolism [28]. 

WAT is one of the major sites for conversion of carbohydrate to fat in 

mammals. During formation of acetyl CoA, which is substrate of lipogenic enzymes, 

from glucose is form also more than enough reducing equivalents for the synthesis 

fatty acid de novo [29]. 

2.1.2. LIPID M E T A B O L I S M 

In the control of fat content in WAT are involved following mechanisms: 

fatty acid uptake, fatty acid synthesis de novo, TAG synthesis, fatty acid oxidation, 

lipolysis and reesterification (Figure 3). 

Fatty acids are either provided by the diet in an esterified structure with 

glycerol, namely TAG, present in chylomicrons or lipoproteins, or can be 

synthesized de novo from glucose in lipogenic tissues. They are then stored in WAT 

after esterification with G3P to form TAG droplets. G3P arises from glucose through 

glycolysis, a pathway occurring at a high rate in postprandrial situations. In contrast, 

during fasting, fatty acids are released from WAT into the blood via lipolysis of the 

TAG stores present in that tissue and used for fuel by other tissues in which they are 

transported and oxidized for energy production. Such a scheme implies that lipolysis 

occurs in WAT during fasting whereas esterification is activated in postprandial 

situations. At the same time when adipocytes hydrolyse stored TAG to produce fatty 

acids they reesterify part of these fatty acids back to TAG, leading to a recycling 

process. 

13 



« Л — * F A — 

Lipoproteins 

Figure 3. Major pathways offatty acid production, transport, and metabolism. 

2.1.2.1. FATTY ACID UPTAKE 

Fatty acids are utilized for diverse cellular processes including mitochondria 

oxidation, membrane synthesis and energy storage. All of these intracellular 

processes are dependent upon fatty acids traversing the plasma membrane to get into 

the cell. 

2.1.2.1.1. Lipoprotein lipase 

In mammals, lipoprotein lipase (LPL) is synthesized in parenchymal cells of 

adipose and several other tissues (excluding liver), released from the cells and 

transferred to the vascular endothelium [30]. Here the lipase acts on TAG in plasma 

lipoproteins to release fatty acids for uptake by adipose tissue for storage or by other 

organs such as muscle for oxidation [31]. As LPL is a short-lived enzyme [32], the 

enzyme activity appears to be rapidly regulated by changes in mRNA levels. 

Completely reciprocal regulation of the mRNA levels has been found in the two 

tissues under starvation - down-regulation in adipose tissue and up-regulation in 

14 



muscle. It hat been suggested that adipose tissue play a main role in TAG clearance 

and hydrolysis in the postprandial period when its LPL is activated by insulin [33]. 

2.1.2.1.2. Mem bran e transport 

Fatty acid uptake into mammalian cells occurr via a protein-mediated system 

that is highly regulated by physiologic stimuli such as contractile activity and 

insulin. Fatty acid transfer is govern by the molar ratio of fatty acid to albumin and 

the concentration of free fatty acid in the circulation, v uptake in adipocytes is 

facilitated by a membrane transport protein, the fatty acid transporter (FAT), for 

which six potential candidates, the fatty acid translocase (FAT/CD36), the fatty acid 

transport protein (FATP), the mitochondrial aspartate aminotransferase, caveolin, 

the adipose differentiation related protein and the fatty acid binding protein (FABP; 

a cytosolic protein which can bind to membranes) have been cloned and 

characterised [34, 35]. 

These proteins can be induced to translocate from intracellular depots to the 

the plasma membrane within minutes to increase fatty acid uptake. Fatty acid 

transfer in adipocyte was stimulated by norepinephrine. FAT/CD36 is increased in 

diabetes, obesity and by high fat diet. FATP and FABP are regulated by fasting [34]. 

Once fatty acids have reached the cytosol of the target cells, they need to be 

activated into acyl-CoA thioesters for further metabolism, e.g. elongation, 

desaturation, esterification and/or oxidation. The activation process is catalysed by 

some of five isoformes of acyl-CoA synthetases (ACS) that differ according to their 

chain length specificities [36]. 

2.1.2.2. FATTY ACID SYNTHESIS 

The synthesis of malonyl-CoA is the first committed step of fatty acid 

synthesis catalyzed by ACC. Malonyl-CoA is a major precursor for fatty acid 

synthesis, but also a crucial regulator of mitochondrial fatty acid /3-oxidation 

through its inhibition of carnitine palmitoyltransferase 1 [37]. 

The synthesis of fatty acids from acetyl-CoA and malonyl-CoA is carried out 

by the multiple enzymatic activities of FAS. The active enzyme is a dimer of 

identical subunits. The primary fatty acid synthesized by FAS is palmitate. Palmitate 
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is then released from the enzyme and can then undergo separate elongation and/or 

unsaturation to yield other fatty acid molecules 

ACC is the major site of regulation of fatty acid synthesis. Its two isoforms, 

ACC-1 and ACC-2, have distinct cellular (cytoplasma, resp. mitochondrial 

membrane,) and tissue distribution and appear to have distinct functions in the 

control of fatty acid synthesis and fatty acid oxidation, respectively. In lipogenic 

tissues, such as WAT and lactating mammary gland, ACC-1 is the major form of 

ACC expressed. In oxidative tissues, such as heart and skeletal muscle, ACC-2 

predominates [38]. 

The rate of fatty acid synthesis is controlled by the equilibrium between 

monomeric ACC and polymeric ACC. The activity of ACC requires polymerization. 

This conformational change is enhanced by citrate and inhibited by long-chain fatty 

acids. There is evidence for protomer into polymer transitions in vivo, where the 

effects of insulin treatment on adipocyte ACC, and of insulin injection or refeeding 

starved rats on hepatic ACC [39]. 

ACC is also controlled through hormone mediated phosphorylation. 

Phosphorylation of ACC by PKA or AMP-activated protein kinase (AMPK) both 

result in decreased sensitivity of ACC to citrate [40]. There is a diurnal rhythm [41]; 

ACC is also phosphorylated and inactivated in response to prolonged food absence 

in liver [42], feeding rats a high-fat diet [41], glucagon administration to whole rats 

[43] or adrenaline treatment of adipocytes. Most recently, leptin has been shown to 

activate AMPK in skeletal muscle, resulting in phosphorylation and inactivation of 

ACC-2 and stimulation of fatty acid oxidation [44]. 

Stearoyl-CoA desaturase (SCD) is an endoplasmic reticulum enzyme that 

catalyses the critical committed step in the biosynthesis of monounsaturated fatty 

acids from saturated fatty acids. SCD has recently been shown to be an important 

control point in lipid homeostasis [45] and body weight regulation [46]. Four SCD 

genes have been cloned in mice. SCD-1 which is widely expressed and best 

characterized is regulated by a number of nutritional and hormonal factors including 

insulin, cholesterol and polyunsaturated fatty acids (PUFA) [45]. 
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2.1.2.3. TRIACYLGLYCEROL SYNTHESIS 

After acylation to the acyl-CoA derivative by the ACS, activated fatty acids 

are esterified in TAG by the sequential action of the glycerolphosphate 

acyltransferase (GPAT). Esterification requires G3P formed from dihydroxyacetone 

phosphate by the action of G3P dehydrogenase. GPAT catalyzes the acylation of 

G3P to form lysophosphatidic acid (LPA) as the initial and committed step in the de 

novo synthesis of TAG. LPA can converted via phosphatidate to phospholipides or 

diacylglycerol. The formation of TAG can be catalyzed by several different 

activities. In adipose tissue is majority diacylglycerol transferase. 

The regulation of TAG formation and hydrolysis is likely to be complex, 

involving transcriptional and post-transcriptional controls that respond to specific 

hormones, to metabolites derived from individual meals and long-term diet 

exposures, to fasting and refeeding, and to exercise mediated energy expenditure. 

Important roles are played by SREBP-lc, PPARy, and LXR, by their ligands, and by 

hormonal and nutritional regulators including insulin, carbohydrate, and fatty acids. 

Two isoenzymes of GPAT exist, the majority microsomal (mGPAT) and 

minority mitochondrial (mtGPAT). Their activities have different sensitivities to 

various reagents and have different fatty acid specificities [47]. 

Adipose tissue tyrosine kinase reversibly inactivates the mGPAT [48]. 

Insulin can activate the phosphorylated mGPAT via phosphatase. For mtGPAT, 

regulation has been shown to occur at the level of transcription in response to 

changes in differentiation state, feeding status, the hormones insulin and glucagon, 

and the transcription factor SREBP-1 [49, 50]. AMPK inactivate liver GPAT in 

isolated mitochondria in a time and ATP-dependent manner [51]. 

2.1.2.4. FATTY ACID OXIDATION 

Mitochondrial /З-oxidation of fatty acids is initiated by the sequential action 

of carnitine-palmitoyl transferase 1 (CPT-1), which is located in the outer 

membrane, and carnitine-palmitoyl transferase 2 (CPT-2), which is located in the 

inner membrane together with a carnitine-acylcarnitine translocase. The former 

enzyme is tought to exert the important regulatory influence on rates of fatty acid 

oxidation [52]. Proteins highly similar to CPT-1 have been identified in the 

membrane of peroxisomes [53]. 



Once fatty acids have gained access to the mitochondrial matrix via the 

carnitine acyltransferase system, their /З-oxidation can proceed. /З-oxidation of fatty 

acids involves the repetitive processing of two carbon units from the fatty acyl chain. 

The cycle involves four reactions. Each round of /З-oxidation produces one NADH, 

one FADH2, and one acetyl-CoA. 

While the metabolic intermediates formed during /З-oxidation are chemically 

identical in both the peroxisomes and mitochondria, different enzymes are involved 

in the two organelles. Three enzymes are involved in the peroxisomal /З-oxidation 

pathway. In contrast with mitochondria, peroxisomes are capable of oxidizing a 

wide variety of fatty acids, e.g. very long-chain fatty acids, prostanoids, pristanic 

acid, dicarboxylic fatty acids, certain xenobiotics and bile acid intermediates. 

Because they have different affinities for the various fatty acids, peroxisomes and 

mitochondria act complementarily. The main function of peroxisomal /З-oxidation 

may be chain-shortening and/or preparation of an initially poor substrate for 

subsequent /З-oxidation by mitochondria [54]. 

/З-oxidation may be mainly regulated by the entry of long-chain fatty acids 

into the mitochondria. Inactivation of ACC in cell leads to decrease in the 

concentration of the product of ACC, i.e., malonyl-CoA, which is a potent inhibitor 

of CPT-1 [37]. Regulation of the activity of the overall /З-oxidation pathway is not 

well understood, but recent evidence suggests that PPARa may play a pivotal role 

[55]. As in mitochondria, PPARs play a pivotal role in the management of 

peroxisomal /З-oxidation rate. 

Several factors can also chronically influence CPT-1 activity. First, possibly 

by changing CPT-1 spatial conformation, membrane fluidity modulates the 

sensitivity of CPT-1 to inhibitors. Second, expression of CPT-1 (in the liver and 

probably in the heart) is regulated by hormones and by the abundance of long-chain 

fatty acids, which are known to activate the nuclear PPAR. While insulin inhibits the 

transcription of CPT-1, thyroid hormone, с AMP and PPARa stimulate its 

transcription. Third, disruption of cytoskeleton and inhibition of 

Ca21/calmodulindependent protein kinase II, which controls the integrity of the 

cytoskeleton, have been shown to enhance CPT-1 activity in cultured hepatocytes 

[56]. 

Mitochondria in WAT have a remarkable capacity for palmitoyl-carnitine 

oxidation but the physiological relevance of this relatively high capacity for /3-
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oxidation still remains unclear especially since adipocyte mitochondria contain very 

low CPT-1 activity. 

2.1.2.5. LIPOLYSIS 

In case of undernutrition and higher energy demand TAG are rapidly 

mobilized. Fatty acids are liberated from adipose tissue into the circulation and 

ultimately for use as fuel. The action of HSL on TAG yields two moles of 

unesterified fatty acids and one mole of monoglyceride. Hydrolysis of this remaining 

monoglyceride to one glycerol and one fatty acid moiety occurs readily through the 

action of monoglycerol lipase, which is presumably not under direct hormonal 

control in vivo. 

The rate-limiting step is the activation of HSL, via a cascade of cellular 

signals. B-adrenergic agents lead to an increase in the intracellular concentration of 

the cAMP that activates PKA, which in turn phosphorylates and stimulates HSL. 

Phosphorylated HSL moves from the cytosol of the adipocyte to the surface of the 

lipid droplet within the cell [58]. Catecholamines and insulin are the major plasma 

hormones that regulate lipolysis. 

The phosphorylation of perilipins, a family of proteins located on the surface 

of the lipid droplet, is also required before HSL can catalyze the hydrolysis of the 

TAG inside the lipid droplet. Unphosphorylated perilipins create a barrier between 

HSL and cellular lipids, and prevent lipolysis. Phosphorylation of perilipin by PKA 

enables HSL to gain access to intracellular TAG, possibly by modifying the surface 

of the lipid droplet [59,60]. 

Adipose tissue lipolysis is very sensitive to changes in plasma insulin 

concentration [61]. Primary rat adipocytes were shown an increase of rates of 

lipolysis in the presence of both high glucose and insulin, associated with an 

increase in the levels of HSL [62]. Leptin increases glycerol release from adipocytes 

[63], but, unlike the response most lipolytic stimuli, this is not accompanied by the 

release of significant amounts of non-esterified fatty acids (NEFA) [64]. The most 

likely explanation for this is that leptin also increases the expression of several 

enzymes of fatty acid oxidation, allowing the fatty acids to be oxidized in situ 

within the adipocytes. 
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Perhaps most surprising is that mice lacking perilipin are more crippled in 

regard to regulation of fatty acid mobilization than those deficient in HSL [65]. 

2.1.2.6. REESTERIFICATION 

About 30% of fatty acid reesterification in TAG have been shown to occur in 

WAT during fasting, i.e. at a time when lipolysis is activated, both in rats and 

humans. Esterification of fatty acids requires G3P formation, which under lipolytic 

situations does not arise from glycolysis since glucose utilization is strongly reduced 

under such circumstances. After complete hydrolysis of TAG, leading to three fatty 

acids and one glycerol, the latter is rephosphorylated into G3P by glycerol kinase. 

However, glycerol kinase is present at very low concentration in WAT when 

compared with liver [66]. In WAT is more common an abbreviated version of 

gluconeogenesis that would use pyruvate to making G3P required for re-

esterification of fatty acids. This pathway was named glyceroneogenesis [67]. 

Glyceroneogenesis can be defined as the synthesis of G3P from non-carbohydrate 

precursors like pyruvate, lactate and certain amino acids. 

Glycerol Fatty acids Non-carbohydrate 
(70%) precursors 

(pyruvate, lactate, amino acids) 

glucocorticoids 

glucose ± insulin 

Figure 4. Simplified representation of adipocyte glyceroneogenesis and of the 

regulation of its key enzyme, PEPCK-C. 

The key glyceroneogenic enzyme was determined to be cytosolic PEPCK 

(PEPCK-C) (Figure 4., [68]/ PEPCK-C has unique and different tissue specific 
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functions - gluconeogenesis in liver, ammoniagenesis in the kidney, and 

glyceroneogenesis in adipose tissue. 

The activity of PEPCK-C is increased by fasting, /З-adrenergic agonists [69], 

cis- and trans-retinoic acids, unsaturated fatty acids [70] and thiazolidinediones 

(TZDs), while glucocorticoids decrease it. Glucose and maybe insulin are also 

inhibitory. All of these regulatory actions are exerted, at least in part, at the level of 

the transcription rate of the PEPCK-C gene. Glucocorticoid regulation presents a 

special interest since these hormones induce PEPCK-C expression in liver while 

inhibiting it in WAT [71]. In vitro differentiated adipocytes from the 3T3-F442A 

murine preadipocyte cell line express PEPCK-C only in the differentiated state [72]. 

2.1.3. E N E R G Y M E T A B O L I S M 

Like in other tissues, mitochondria represent the main source of ATP even in 

white fat. Mitochondria are membrane-bounded organelles that produce ATP - the 

universal energy fuel molecule. The energy derived from the oxidation of substrates 

is converted into an electrochemical proton gradient. About 90% of standard 

mammalian oxygen consumption is mitochondrial, of which 80% is coupled to ATP 

synthesis by FoFj ATP synthase and 20% is uncoupled by the mitochondrial proton 

leak via uncoupling proteins (UCP), etc. [73]. 

Mitochondria are usually depicted as elongated cylinders with a diameter of 

0 . 5 - 1 /mi. Each mitochondrion is bounded by two highly specialised membranes. 

Together they create two separate mitochondrial compartments: the intenal matrix 

space and much narrower intermembrane space. The outer membrane contains a 

protein called porin, which forms large aqueous channels, permeable to all 

molecules with molecular mass less than 10 kDa. The inner membrane is folded into 

numerous cristae, which greatly increases its total surface area. This membrane 

contains proteins with three types of functions: (i) the enzymes of the respiratory 

chain, (ii) ATP synthase complexes, and (iii) specific transport proteins that regulate 

the passage of metabolites across the inner membrane. Since the electrochemical 

proton gradient is generated across this membrane, it is important that the membrane 

be impermeable to most small ions. A high proportion of the phospholipid 

cardiolipin found in the membrane may contribute to this impermeability. The 

matrix contains a highly concentrated mixture of hundreds of enzymes including 
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those required for the oxidation of fatty acids and pyruvate and for the citric acid 

cycle. An important group of enzymes, which metabolise ATP (eg. myokinase, 

creatine kinase), are trapped in the intermembrane space. 

Oxidative phosphorylation (OXPHOS) varies greatly depending on cellular 

activities, and is regulated by both gene expression and the electrochemical potential 

difference of H+. OXPHOS is tightly regulated, not only by allosteric and covalent 

regulation of catalytic properties of several OXPHOS complexes, mediated by 

ATP/ADP ratio, but also by numerous fine controls [74]. The phosphocreatine 

shuttle can influence the ability of adenylates to mediate changes in OXPHOS [57]. 

Mirochondrial proteins are coded by genes of both nuclear (nDNA) and 

maternal mitochondrial (mtDNA) DNA. Many conditions that lead to changes in 

bioenergetics result in mitochondrial proliferation. Expression of both mtDNA and 

nDNA in response to cellular energy consumption requires several transcription 

factors. The transcription and replication of mtDNA are regulated by a factor called 

mitochondrial transcription factor A (mtTFA) [75], in addition to polymerases, 

ribosomal proteins and other molecules. Nuclear respiratory factors 1 and 2 (NRF-1 

and NRF-2) are examples of transcription factors for nDNA encoding OXPHOS 

enzymes. NRF-1 and -2 bind to the promoter region of a broad range of 

mitochondrial genes encoded in the cell nucleus, including /3-АТР synthase, 

cytchrome-c, cytochrome-c-oxidase subunit IV (СОХ IV), and mtTFA. It is of 

particular interest that the NRFs turn on mtTFA, a key transcriptional activator that 

translocates to the mitochondria and activates mitochondrial DNA replication and 

transcription. An increase in NRF-1 in response to contractile activity in skeletal 

muscle have shown [76]. Respiratory uncoupling of HeLa cells, through expression 

of UCPI, triggers expression of NRF-1 and NRF-1-sensitive genes [77]. An 

activation of AMPK led to an increased NRF-1 binding to DNA with the subsequent 

increases of mitochondrial proteins and mitochondrial volume [78]. 

The expression of both mtDNA (by mtTFA) and nDNA for OXPHOS and 

UCP (by NRFs, etc.) is coordinated by a factor called PPAR у coactivator 1 (PGC-1) 

[79]. PGC-1 and its functions provide a plausible molecular basis for the connection 

between environmental/hormonal stimuli and mitochondrial biogenesis and 

respiration when the organism has altered energy or thermogenic requirements. 

PGC-1 is involved in multiple biological responses related to energy homeostasis, 

thermal regulation, and glucose metabolism. PGC-1 has been shown to stimulate 
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genes of fatty acid oxidation associated with an increase in fatty acid oxidation in 

adipocytes and in heart [80]. This coactivator also induces gene expression for the 

insulin-sensitive glucose transporter GLUT-4 and increases glucose uptake in 

muscle [81]. PGC-1 expression in liver is dramatically increased by fasting [82]. 

PGC-1 stimulates the synthesis of both UCPI and UCP2 [75]. 

2.1.4. SECRETORY FUNCTION 

Besides free fatty acids WAT release many proteins (see Table 1). The 

secretory proteins of WAT, collectively referred to as 'adipocytokines'. Proteins 

secreted by adipose tissue play an important autocrine role in WAT physiology. 

Adipokines have many physiological effects on different organs including the brain, 

bone, reproductive organs, liver, skeletal muscles, immune cells and blood vessels 

[83]. And are involved in obesity-associated complications, such as insulin 

resistance, endothelial dysfunction, arterial hypertension and atherosclerosis [84]. 

Table 1. The most important proteins secreted by adipocytes 

MOLECULE EFFECT 

Leptin 
Feedback effect on hypothalamic energy regulation; maturation of 

reproductive function 

Resistin Appears to impair insulin sensitivity 

Adiponectin 
Improves insulin sensitivity if administered to rodent models of insulin 

resistance; improves fatty acid transport and utilisation 

Adipsin 
Required for the synthesis of ASP, possible link between activation of 

the complement pathway and adipose tissue metabolism 

ASP 
Activates diacylglycerol acyltransferase, inhibits hormone sensitive 

lipase, stimulates GLUT-4 translocation to the cell surface 

Tumor necrosis 

factor a (TNF-а) 

Mediator of the acute phase response. Inhibits lipogenesis, stimulates 

lipolysis and impairs insulin-induced glucose uptake, thus leading to 

insulin resistance and weight loss 

IL-6 
Increases hepatic glucose production and TAG synthesis, role in insulin 

resistance unclear 

PAI-1 Potent inhibitor of the fibrinolytic system 

Tissue factor Initiator of the coagulation cascade 
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Angiotensinogen Regulator of blood pressure and electrolyte homeostasis 

PGI2 and PGF2a 
Implicated in inflammation and blood clotting, ovulation and 

menstruation, acid secretion 

TGF-/3 Regulates growth and differentiation of numerous cell types 

IGF-1 
Stimulates cell proliferation and mediates many of the effects of growth 

hormone 

MIF Involved in proinflammatory processes and immunoregulation 

2.1.4.1. LEPTIN 

Leptin is a cytokine-like molecule with a molecular mass of 16 kDa 

synthetised mainly, but not exclusively, in WAT. Its synthesis occurs in proportion 

to adipose cell size and number, but also in response to acute stimuli. It is released 

into the blood and reaches its receptors in the brain via facilitated passage across the 

blood-brain barrier. Activation of these receptors results in a reduction of food 

intake, which is mediated through various downstream mechanisms including 

neuropeptide Y and a-melanocyte stimulating hormone [85, 86]. 

Numerous other actions of leptin have been described, such as effects on 

endocrine system and on reproduction. 

Expression of the ob gene ( gene coded leptin) is elevated by feeding, acute 

insulin, or glucocorticoid administration, expression is reduced by fasting [87], 

adrenergic j3 agonists [88], and PPAR 7 agonists, such as TZDs [89]. The ob gene is 

downregulated by intracellular free fatty acid accumulation, thereby raising the 

possibility that its product, leptin, is regulated in response to lipolysis [90]. 

In both normal rodents and rodents with obesity and insulin resistance leptin 

therapy improves hyperinsulinaemia and hyperglycaemia [91]. The fact that leptin 

exerts a glucose- and insulin-lowering effect and improves insulin sensitivity in vivo, 

suggests involvement of centrally acting mechanisms. The peripheral mechanism by 

which leptin exerts its glucose- and insulin-lowering effect might be via promoting 

fatty acid oxidation and TAG synthesis by activation of AMPK in skeletal muscle. 

The resulting intramyocellular lipid depletion will enhance insulin sensitivity [44]. 

Apart from insulin-sensitising effects, leptin diminishes hyperinsulinaemia, probably 

via inhibition of insulin secretion. Functional leptin receptors have been 
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demonstrated on insulin-secreting /З-cells of the pancreas [92]. High leptin levels in 

vivo cause AMPK activation in the adipocytes [93]. 

Increases of plasma leptin are much more effective in the low than in high 

concentration range. This is also consistent with the finding that the body is better 

protected against weight loss than against weight gain [1]. Since plasma leptin levels 

are positively correlated with BMI, obesity seems to reflect a leptin-resistant state. 

The limited efficacy of leptin in obese pacients could be due to the development of 

leptin resistance after prolonged exposure to increased plasma leptin concentrations 

[94]. 

2.1.4.2. ADIPONECTIN 

Adiponectin is a recently identified adipocyte-specific secretory protein of 

about 30 kD that exhibits several actions on skeletal muscle, liver and vessels and 

appears to be involved in the regulation of energy balance and insulin action and 

also seems to have anti-inflammatory and anti-atherogenic properties [95, 96]. 

Adiponectin is the product of the adipose tissue most abundant gene transcript-1 

(apMl), which is exclusively expressed in WAT. Adiponectin is specifically 

expressed during adipocyte differentiation and is not detectable in fibroblasts. 

The expression of adiponectin is stimulated by insulin, IGF-1 and the TZDs 

[95, 97]. Corticosteroids, TNF-a and /З-adrenergic stimulation inhibit adiponectin 

gene expression in 3T3-L1 adipocytes [97, 98, 99]. 

Serum adiponectin levels and are decreased in humans with obesity and type 

2 diabetes as well as in obese and insulin-resistant rodents [100, 101, 102]. In 

addition, adiponectin gene transcription is decreased in adipocytes from obese and 

diabetic humans and rodents [96, 102]. Low plasma adiponectin concentrations 

predicted a decrease in insulin sensitivity and an increase of type 2 diabetes [103]. 

Administration of adiponectin led to an increase in glucose utilisation and 

fatty acid oxidation in cultured myocytes and in soleus muscle of mice in vivo. In 

hepatocytes AMPK was activated as well, leading to a reduction in gluconeogenesis 

[104]. 

Thus, adiponectin might exert its insulin-sensitising effect via the following 

mechanisms: i) increased fatty acid oxidation leading to a lower muscle TAG 

content and lower plasma concentrations of free fatty acids which will both improve 
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insulin signalling; ii) direct improvement of insulin signalling; iii) inhibition of 

gluconeogenesis, partly via reduced substrate delivery and partly via reduction of 

molecules involved in gluconeogenesis by activation of AMPK. 

2.2. AMP-ACTIVATED PROTEIN KINASE 

AMPK is the central component of a protein kinase cascade that plays a key 

role in regulation of carbohydrate and fat metabolism. The enzyme, highly 

conservated throughout evolution, serving as a metabolic master switch in response 

to alterations in cellular energy charge. AMPK phosphorylates numerous target 

proteins at serine residues in the context of a characteristic sequence recognition 

motif. Phosphorylation may result in increases or decreases in the rate of the 

metabolic pathway in which the protein target plays a regulatory role [105]. Recent 

evidence suggests that AMPK can also influence metabolism by regulating gene 

expression [106]. 

AMPK is a heterotrimer of three subunits, i.e., a, (3, and у [107] and each 

subunit exists in several isoforms [108]. While AMPK is regarded as a ubiquitous 

enzyme, the expression pattern of individual a, p and у subunits occurs in a tissue-

specific manner. 

The 62 kDa a-subunit contains the kinase domain and also contributes to the 

AMP-binding site [109]. The kinase is activated, in response to the AMP-to-ATP 

ratio (AMP/ATP), in physiological situations when cellular production of ATP is 

decreased - exercise, heat shock, glucose or oxygen deprivation. Once activated, it 

switches on catabolic and switches off anabolic pathways (Figure 5., [1 Юр 

A T P 1 A M P K - < - AMP + AD P 

Figure 5. Regulation of AMPK. 
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Two of the classical targets for AMPK in liver are ACC and 3-hydroxy-3-

methylglutaryl-CoA reductase, catalyzing the key regulatory steps in fatty acid and 

sterol synthesis, respectively [109]. 

Its known effects among others include: (i) inhibition of fatty acid synthesis 

and lipolysis in adipocytes due to phosphorylation of ACC-a and hormone-sensitive 

lipase [111, 112, 113]; (ii) stimulation of glucose uptake into adipocytes [114] and 

myocytes [115]; (iii) activation of fatty acid oxidation in muscle due to 

phosphorylation of ACC-P [115]; (iv) induction of mitochondrial biogenesis 

possibly through activation of NRF-1 [78]; and (v) downregulation of lipogenic 

genes mediated by transcription factor SREBP-1 in liver [116], as well as in 3T3-L1 

adipocytes, in the latter case by downregulating PPARy [117]. 

AICAR, an specific activator of AMPK, stimulated adipose tissue AMPK a l 

activity and adiponectin gene expression, while attenuating the release of TNF-a and 

IL-6 [118]. 
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Figure 6. Targets for AMPK. 
Target proteins and processes activated by AMPK activation are shown in green, and those 
inhibited by AMPK activation are shown in red. Where the effect is caused by a change in 
gene expression, an upward-pointing green arrow next to the protein indicates an increase, 
whereas a downward-pointing red arrow indicates a decrease in expression. Abbreviations. 
С FIR, cystic fibrosis transmembrane regulator; EF2. elongation factor-2; eNOS/nNOS. 
endothelial/neuronal isoforms of nitric oxide synthase; GóPase, glucose-6-phosphatase; GS, 
glycogen synthase; HMGR. 3- hydroxy-3-methyl-CoA reductase; MEF2, myocyte-specific enhancer 
factor-2; TOR mammalian target of rapamycin. 
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2.3. UNCOUPLING PROTEINS 

The UCPs regulate discharge the proton gradient that is generated by the 

respiratory chain across the inner mitochondrial membrane. This energy-dissipatory 

mechanism can serve functions such as thermogenesis, maintenance of the redox 

balance, or reduction in the production of reactive oxygen species. The UCPs are 

integral membrane proteins that have molecular masses between 31 kDa and 34 

kDa. The functional carrier unit is a homodimer. 

The most well-known member of the family is UCPI, which is uniquely 

expressed in brown adipose tissue (BAT) and plays an important role in cold- and 

diet-induced thermogenesis. UCP2 and UCP3 were first cloned and identified in 

humans in 1997 and subsequently in rodents [119]. They share about 56 % amino 

acid identity with UCPI and are themselves about 72 % identical. UCP2 and UCP3 

do not appear to be solely involved in thermogenesis, and have proposed roles in 

modulating generation of reactive oxygen species and in lipid handling, although 

their physiological roles have not yet been definitively determined. UCP2 mRNA is 

found in many tissues and at high levels in white adipose tissue, skeletal muscle, 

spleen and pancreatic (3-cells, whereas UCP3 is predominantly expressed in skeletal 

muscle, heart, and to a lesser extent adipose tissue. This expression pattern is 

consistent with their proposed roles since adipose tissue and skeletal muscle are 

major contributors to overall energy metabolism. Variations in activity or regulation 

of UCP2 and UCP3 in these tissues could contribute to obesity and associated 

diseases. A number of physiological and pathological states lead to increased 

expression of UCP2 and UCP3 mRNAs. These include fasting, high fat (HF) diets, 

suckling of newborn pups, sepsis, acute endurance exercise, and hyperthyroidism, as 

well as experimental manipulations such as lipid infusion and streptozotocin-

induced diabetes [120]. 

2.3.1. &F2-UCP1 TRANSGENIC MICE 

Transgenic a?2-Ucpl mice, in which the UCPI gene is driven by the fat-

specific aP2 promoter to achieve enhanced expression in both brown and white fat, 

represent an excellent model to study the effects of respiratory uncoupling on fat 

accumulation in vivo. These animals are partially resistant to obesity induced by age, 

genetic background, and HF diet (Figure 7). Their resistance to obesity reflects 
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lower accumulation of TAG in all fat depots except for gonadal fat, which becomes 

relatively large [121, 122, 123]. Importantly, obesity resistance results exclusively 

from a transgenic modification of white fat [124], since brown fat in these mice is 

greatly atrophied [125]. 

Weeks 

Figure 7. Resistance against dietary obesity in aP2-Ucpl mice. 
Body weights of mice fed the Chow (standard) diet or the high fat (HF) diet since 3 months 
of age. Insert: Southern blot with Ucpl probe. Symbols: +/+ control mice, tg/+ transgenic 
mice. 

The resistance to obesity reflects lower accumulation of TAG in all fat 

depots, except for gonadal fat, which becomes relatively large [122, 123]. The strong 

mitigation of obesity in aP2 -Ucpl mice, and the fact that UCPI acts locally to 

reduce adiposity, indicate that the reduction results not only from increased energy 

expenditure but also from a differential modification of lipid metabolism in various 

fat depots. 

The transgenic UCPI expressed in mitochondria of white adipocytes of aP2-

Ucpl mice modulate mitochondrial membrane potential and rendered the potential 

sensitive to natural regulatory ligands of UCPI purine nucleotides and fatty acids 

[126]. 

Only unilocular cells were present in white fat of both homo- and 

heterozygous transgenic mice. Under no circumstances, could ectopic UCPI induce 

conversion of unilocular into multilocular adipocytes. The morphometric study of 

subcutaneous white fat of the adult transgenic animals demonstrated that the 
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unilocular cells had a larger cytoplasmic area and contained more numerous and 

larger mitochondria with a relatively high cristae density, compared to control mice. 

The results of the morphometric analysis indicated induction of mitochondrial 

biogenesis by ectopic UCPI in the unilocular adipocytes. Also was elevated the 

transcripts for UCP2 and СОХ IV and increased content of mitochondrial 

cytochromes [127]. 

Expression of the genes for ACC and FAS, cytoplasmic enzymes engaged in 

the de novo fatty acid synthesis, was significantly depressed by the transgene in both 

subcutaneous and epididymal white fat depot. Fatty acid synthesis was reduced up to 

fourfold by ectopic UCPI in the white fat of transgenic a?2-Ucpl mice, reflecting 

the magnitude of UCPI expression in different fat depots [128]. 

The transgenic UCPI affects norepinephrine-induced lipolysis in adipocytes. 

The lipolytic effect of noradrenaline was lowered by ectopic UCPI in white 

adipocytes of a?2-Ucp] transgenic mice, reflecting the magnitude of UCPI 

expression and the reduction of the ATP/ADP ratio in different fat depots. 

Transgenic UCPI also down-regulated the expression of HSL and lowered its 

activity. To examine the basis for the mitigation of the lipolytic responsiveness to 

noradrenaline, the content of cAMP and G-protein levels were analyzed. Incubation 

of these cells in the presence of noradrenaline resulted in an increase of cAMP 

levels. But this induction was significantly less in transgenic than in control mice. 

The adipose tissue content of stimulatory G-protein asubuni t was increased while 

that of inhibitory G-protein а subunits decreased in response to UCPI expression 

[129]. 

UCPs and other protonophores that decrease adiposity by increasing energy 

expenditure and by mitigating lipogenesis could also depress the catecholamine 

responsiveness of lipolysis due to lowering mitochondrial ATP synthesis in 

adipocytes. 

2.4. FASTING 

The early post-absorptive state begins as the nutrient flow from the intestine 

diminishes. As blood glucose and insulin levels fall back to normal, glucagon release 

triggered. Glucagon acts to prevent hypoglycemia by promoting glycogenlysis and 

gluconeogenesis in liver. Decreased insulin also promotes lipolysis and release of 



amino acids as alanine and glutamine from muscle. Several tissues use fatty acids in 

preference to glucose. Glycerol and alanine are substrate for gluconeogenesis and 

glutamine is used as an energy source by enterocytes. 

If a fast becomes prolonged, mobilisation of fatty acids is increased by 

stimulation of adipose tissue by norepinehrine. Glucose is spared for brain. 

Under conditions extraordinarily prolonged fasting (starvation) ketone bodies 

are mobilized from liver. 

In the post-absorptive state the net flow of fatty acids is outwards across the 

adipose tissue capillary wall, into the circulation. This state is brought about by 

activation HSL which acts on the stored TAG to release NEFA and glycerol. The 

major factor may be the progressive removal of suppression by insulin, as insulin 

concentrations fall with fasting. 

Glucagon also stimulates lipolysis in vitro in mammals [130]. Studies in humans by 

microdialysis of subcutaneous WAT imply that the net adrenergic effect is inhibitory 

rather than stimulatory after overnight fast [131]. 

Of the fatty acids released in lipolysis, some are reesterified. Larger values 

are observed in vitro than in vivo [132]. It has been suggested that these fatty acids 

take an extracellular route [133]. The fatty acids released probably leave the 

adipocyte by a carrier-mediated process [134] and diffuse. Because of 

reesterification glyceroneogenesis is induced by fasting. The expression and activity 

of PEPCK-C is increased. During fasting one can assume that the obvious 

glyceroneogenic precursors are lactate and certain amino acids like alanine [135]. 

Serum insulin levels fall and the uptake of glucose and lipids by the 

adipocyte diminishes. This leads to a decreased expression of the ob gene, which is 

responsible for leptin formation and hence the plasma leptin concentration falls 

[136]. 

Although there is usually no significant dietary TAG present in the 

circulation in the form of chylomicron TAG after overnight fast, the LPL in WAT is 

not completely inactive. 

The expression of lipogenic enzyme genes (ACC, FAS and citrate cleavage 

enzyme) is markedly reduced in adipocytes but not in stromal-vascular fraction cells 

isolated from subcutaneous depot of 48-h starved male rats [137]. During fasting 

increase also /З-oxidation in adipocytes [138]. 
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When animals are refed after fasting, these effects are especially prominent. 

Under such conditions, the plasma levels of glucose and insulin are high. Fatty acid 

synthesis is high, whereas fatty acid oxidation and the expression of P P A R A and 

P P A R Y are low. Fatty acids are secreted from the liver into circulation and taken up 

by adipose tissue. These effects are even more pronounced when the diets are 

enriched in carbohydrates. Under such conditions, the expression of P P A R A is low 

and the effect of P P A R A activators are blunted. 

Refeeding fasted rats with a high-carbohydrate diet produces a reduction in 

PEPCK-C activity and mRNA in adipose tissue, just as it does in liver [70]. 

2.5. POLYUNSATURATED FATTY ACIDS 

Every organism contains broad range of fatty acids. They are not only the 

main structural component of every cell, bounded in phospholipids, or an important 

source of energy, stored as TAGs. But they also play an active role in the cell 

metabolism. The activities of fatty acids may be dependent on their having a higher 

or lower ability to interact with enzymes or receptors, as compared with other fatty 

acids. 

Oleic acid (18:1, CJ-9) is the most common monoenoic fatty acid in plants 

and animals. It is a product of cle novo fatty acid synthesis. 

PUFA, which have their first double bond between the third and the fourth 

carbon atom from the CJ carbon, are called omega-3 fatty acids. If the first double 

bond is between the sixth and seventh carbon atom, then they are called omega-6 

fatty acids. Omega-3 and omega-6 fatty acids cannot be interconverted, and both are 

essential nutrients. Linoleic acid (LA; 18:2, co-6) is a major fatty acid in plant lipids. 

In animals it is derived only from dietary vegetables, plants and marine oils. 

Arachidonic acid (AA; 20:4, co-6) is a major component of animal phospholipids. It 

is also a major component of marine algae and some terrestrial species, but very 

little is found in the diet. A-Linolenic acid (ALA; 18:3, CJ-3) is found in higher plants 

and algae. Eicosapentaenoic acid (EPA; 20:5, w-3) and docosahexaenoic acid (DHA; 

22:6, w-3) are major fatty acids of marine algae, fish and fish oils. These fatty acids 

are found in animals, especially in phospholipids in the brain, retina and testes. 

The consumption of omega-3 PUFA leads to a substantial decrease in plasma 

TAG concentrations, but has little effect on blood cholesterol in most circumstances. 

32 



In addition to effects on plasma lipids, dietary fatty acids can prevent the 

developement of insulin resistance [139]. Oxidized omega-3 fatty acids may be an 

important component of the observed anti-inflammatory effects o f f i sh oil. 

Rodents fed fish oil have reduced adipose tissue mass, without a significant 

change in energy intake. Although these effects may be gender and strain specific 

[140, 141]. Dietary PUFAs downregulate the expression of SCD-1 in adipose tissue 

of rats and differentiated 3T3-L1 cells. The downregulation of SCD-1 expression 

might therefore contribute to the ability of PUFAs to reduce adipose tissue growth 

[142]. 

PUFAs enhance uncoupling of OXPHOS. Adding phospholipids containing 

DHA to mitochondria both in vitro and in vivo reduces the respiratory control index 

and in reases the proton permeability of mitochondrial membrane [143]. PUFAs are 

also able to increase UCP2 mRNA in 3T3-L1 preadipocytes [144]. Rats fed with 

DHA and EPA have increased cytochrome с oxidase activity in brown adipose tissue 

and diet induced thermogenesis [145]. This is due to the stimulation of 

mitochondrial and peroxisomal fatty acid /З-oxidation by omega-3 PUFA [146]. 

Stimulation of fatty acid oxidation was also observed in muscle and liver [147]. 

Dietary fatty acids and their metabolites are able to modulate protein 

expression by several mechanisms. They may affect gene transcription, mRNA 

processing and modulate posttranslational modifications of proteins [148, 149]. 

PUFAs are known to suppress lipogenic gene transcription by downregulating the 

expression of the SREBPs [150, 151] and they may function as antagonists of liver 

X receptors (LXR) [152] and as activators/ligands for the PPARs [153]. Fatty acids 

or their metabolites are not only reported to be natural ligands for the different 

PPARs (reviewed in [205p, but they can also control the expression of these 

receptors, as demonstrated for PPARa [154]. 

Knowledge regarding fatty acids as kinase cascade activators/inhibitors has 

also accumulated during the last decades [155,156]. 

There is a high incorporation of EPA and DHA in membrane phospholipids. 

An increased amount of omega-3 PUFA may alter the physical characteristics of the 

membranes. Altered fluidity may lead to changes of membrane protein functions and 

cell signalling. Enzymes in the eicosanoid pathway (cyclooxygenases, 

lipoxygenases, and P450 epoxygenases) normally use the major omega-6 fatty acid, 

arachidonic acid, liberated from phospholipids by phospholipases, as substrates. A 
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number of pathologic states such as inflammation, asthma, hypertension and certain 

types of cancer are associated with the dysregulation of the eicosanoid pathway 

[157]. The structurally similar omega-3 PUFAs may replace arachidonic acid in 

phospholipids. Some omega-3 PUFAs are converted into products with properties 

distinct from those generated from arachidonic acid, while others, in particular 

DHA, are inhibitors of cyclooxygenases (and possibly lipoxygenases). The 

consumption of a diet enriched in omega-3 PUFA (specifically EPA and DHA) may 

thereby affect eicosanoid biosynthesis [158]. In general, the eicosanoids produced 

from omega-3 fatty acids, particularly EPA and DHA, are less inflammatory, cause 

vasodilation, and inhibit platelet aggregation, compared with those produced from 

omega-6 fatty acids. 
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3. SPECIFIC AIMS OF WORK 

General goal of this work was to learn whether changes in energy charge and 

metabolism of WAT may affect content of body fat and improve of obesity-

associated disorders. Also site-specific response of subcutaneous and epididymal fat 

pads were studied. The specific aims of this thesis were: 

A. to verify the hypothesis that respiratory uncoupling modulates 

activity of AMPK in white adipose tissue; 

B. to investigate whether AMPK could be involved in the different 

responses of subcutaneous and epididymal fat depots to starvation; 

C. to evaluate the effect of diets rich in omega-6 and omega-3 fatty acids 

on adipose tissue energy metabolism; and 

D. to test the hypothesis that whole body effects of EPA and DHA 

involve induction of adiponectin. 
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4. RESULTS AND DISCUSSION 

4.1. Possible involvement of AMP-activated protein kinase in 

obesity resistance induced by respiratory uncoupling in white fat 

(PUBLICATION A) 

The specific aim of this study was to verify the hypothesis that respiratory 

uncoupling modulates activity of AMPK in white adipose tissue. 

The UCPs enhance proton leak and through respiratory uncoupling decrease 

ATP synthesis. Since UCPI-mediated respiratory uncoupling in brown fat is 

involved in thermogenesis and in the control of energy balance [159], it may be 

hypothesised that uncoupling of OXPHOS in WAT would also increase energy 

expenditure and thermogenesis. It could be expect an effect of respiratory 

uncoupling on lipid metabolism in adipocytes and therefore reduction of body fat 

content. Consequences of the expression of transgenic UCPI in white fat in our aP2-

Ucpl transgenic mice, which induces the obesity resistance, has been studied in 

great detail (for details see chapter 1.3.1). Reduction of fatty acid synthesis [128] 

could be explain by a drop in level of ATP induced by respiratory uncoupling. But 

decrease in ATP level was not a unifying explanation for all of these metabolic 

changes like - reduction of the lipolytic action of catecholamines [129], as well as 

increases in mitochondrial biogenesis [127] and in endogenous oxygen consumption 

[122] in WAT. 

Since level of ATP was lower and the ADP/ATP ratio was higher in white fat 

with ectopic expression of UCPI , we first examined the possibility that transgenic 

UCPI expression induce an activation of AMPK via increase of the AMP/ATP ratio. 

Differences between a?2-Ucpl and control in the ADP/ATP ratio in W A T mice 

were more pronounced in subcutaneous than in epididymal fat, in accordance with a 

higher content of transgenic UCPI in the former fat depot [129]. We expected that 

the AMP/ATP ratio should be also affected due to the adenylate kinase reaction 

[160]. 

It was observed that the AMP/ATP ratio in both fat depots of transgenic 

animals was higher than in control mice (see Figure 1A in Publication A). Because 

of it the activity of AMPK was determinated in W A T of both genotypes by using 
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kinase assay. The presence of transgenic UCPI resulted in a significant, 2-fold 

increase in the activity of the cd isoform of AMPK (cd AMPK) in subcutaneous fat 

(see Figure IB in Publication A). The activity of the o2 AMPK was negligible in 

adipose tissue. Our results are supported by finding that norepinephrine (NE) 

increased the activity of AMPK in BAT of wild type but not UCP1-KO mice [161]. 

Also adenovirus-mediated expression of UCPI in liver of mice resulted in decrease 

of body fat content, weight of adipose tissue and activation of hepatic AMPK [162]. 

Not only higher activity but also a significantly higher content of cd AMPK 

subunit in transgenic than in control mice in both epididymal and subcutaneous fat 

was found (see Figure 2 in Publication A). Increased expression of cd has been 

observed in other tissues in response to treatments that would be expected to 

persistently activate AMPK, e.g., during pressure overload hypertrophy in rat heart 

[163], or endurance training in human skeletal muscle [164]. 

ACC, rate limiting enzyme of de novo fatty acid synthesis (see chapter 

1.1.2.2.), is one of known target protein of AMPK. Quantification of total ACC and 

pACC content in adipose tissue lysates also showed a modest but significant 1.3-fold 

increase of the pACC/ACC ratio in subcutaneous fat due to the transgenic 

modification. 

Increased phosphorylation of ACC could, in addition to decreasing of de 

novo fatty acid synthesis, raise a rate of fatty acid oxidation. Measurement of oleate 

oxidation in adipose tissue fragments (see Figure 3 in Publication A) showed 2.7-

fold increase in the oleate oxidation in subcutaneous fat, but not epididymal fat of 

transgenic mice. 

In order to further characterize the complex changes in lipid metabolism in 

the transgenic mice, expression of the PPARy and aP2, its target gene was analyzed. 

A significant diminution of PPARy and aP2 mRNA level was found in subcutaneous 

but not in epididymal fat of aP2-Ucpl mice (see Table 2 in Publication A). 

In adipocytes, AMPK is known to inhibit both lipolysis and lipogenesis by 

regulating directly the enzymes engaged in lipid metabolism [111], as well as by 

downregulating PPARy expression [117]. All the effects of transgenic UCPI on the 

biochemical properties of white fat in the a?2-Ucpl mice seem to be in agreement 

with the activation of AMPK. Indeed, it was observed that UCPI -induced increase 

in the ATP/ADP ratio in the subcutaneous white fat of transgenic mice [129] was 

also associated with a reduced ATP/AMP ratio, increased activity of AMPK, and 
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enhanced oxidation of fatty acid. Less dramatic changes were also observed in the 

gonadal fat of these mice. Thus, activation of AMPK by decreased intracellular 

energy charge in the white fat of aP2-Ucpl mice explains the complexity of changes 

in adipose tissue metabolism observed in this obesity-resistant transgenic model 

(Figure 8.). 

These results suggest a new link between mitochondrial UCPs and 

regulation of body weight, showing that lower efficiency of mitochondrial 

energy conversion in fat cells may decrease adiposity in part by depression of in 

situ lipogenesis. The measurement of fatty acid synthesis is a new way for 

detecting the activity of UCPs in adipose tissue. Because the oxidative capacity 

of white fat is relatively low, the link between mitochondrial energetics and fatty 

acid synthesis may be a superior target for treatment strategies for obesity. 

My main contributions to this work were measurement of fatty acid oxidation and 

collaboration on AMPK and ACC analysis. 

4.2. Involvement of AMP-activated protein kinase in fat depot-

specific metabolic changes during starvation (PUBLICATION B) 

The specific aim of this study was to investigate whether AMPK could be 

involved in the different responses of subcutaneous and epididymal fat depots to 

starvation. 

The biological significance of the link between energy status and metabolism 

in adipocytes, which has been shown in aP2-Ucpl, and the involvement of AMPK in 

this link, is supported by experiments in mice deprived of food. This experiments 

also could show differences of physiological function between white fat depots. 

Depending upon its anatomical location, white adipose tissue exhibits strong 

heterogeneity in tends of physiologial and biochemical properties [165]. Different 

characteristics between intra-abdominal and subcutaneous fat depots have been 

described, including differences in gene expression, rate of lipolysis and lipogenesis 

and response to catecholamines [11, 166, 167].. 

The time- and depot-dependent effects of starvation were studied during 24 

hours food deprivation. Mice (initially weighting 27.1 g) lost an average of 1.2 g 

after 6 hours, 2.7 g after 12 hours and 3.7 g after 24 hours of fasting. It was observed 
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decrease in weight in both studying fat depots, epidydimal and subcutaneous. 

Significant change was detected only in weight of subcutaneous fat after 12 and 24 

hours of fasting compared with fed mice. The reduction of weight was accompanied 

by a decrease in the content of tissue lipids in subcutaneous but not in epididymal fat 

after 24 h (see Table 2 in Publication B). Starvation increased plasma levels of 

NEFA. The rise of concentration of NEFA in plasma was significant after 6 hours 

and it reached a peak after 12 hours of fasting (see Table 2 in Publication B). 

In response to nutritional status we expected changes in lipogenesis. The 

expression of SREBP-1, a transcription factor controlling lipogenesis, declined only 

transiently in subcutaneous fat, while the expression was progressively abolished 

during 24h of starvation in epididymal fat (see Figure 1A in Publication В). A 

gradual inhibition of the expression of FAS was observed in both depots, with a 

stronger effect in the epididymal fat (see Figure IB in Publication B). In parallel, the 

activity of fatty acid synthesis also decreased to different extents in the two fat 

depots (see Figure 1С in Publication B). 

Since decrease in the rate of lipogenesis was observed due to starvation in 

WAT, also cellular level of malonyl-CoA, a potent inhibitor of fatty acid oxidation, 

could be affected. Previously, stimulation of fatty acid oxidation in adipocytes 

isolated from epididymal and perirenal fat of starved rats has been shown [168]. Our 

measurement of oleate oxidation in WAT fragments from fed mice and mice starved 

for 12 h confirmed these findings and showed significant stimulation of fatty acid 

oxidation by starvation in epididymal fat (see Figure 9.). Fatty acid oxidation also 

tended to be increased during starvation in subcutaneous fat, but this effect was not 

significant (see Figure 9.). 
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Figure 9. Increase of fatty acid oxidation in WAT after 12h of food deprivation 

Previously was shown that activation of AMPK in liver do the following: (i) 

to phosphorylate and inactivate ACC [105]; (ii) to suppress the transcriptional 

regulator SREBP-1, an effect that decreases the expression of ACC, FAS [116], and 

the first cominitted enzyme in the pathway of glycerolipid synthesis GPAT [51]; and 

(iii) to increase the activity [169] and expression [170] of CPT-1. 

The separate regulation of lipid metabolism in epididymal and subcutaneous 

fats in response to starvation was in agreement with a differential activation of the 

AMPK. Since AMPK complexes contain one of the two catalytic subunits (cd or о2), 

which respond differently to various stimuli [44, 171], we determined activity of cd 

and o2 subunit separately. AMPK complexes were immunoprecipitated from lysates, 

using antibodies against cd or o2 subunits. In response to starvation cd AMPK 

activity was stimulated in epididymal fat. The activity peaked after 12h of starvation 

(see Figure ЗА in Publication B). In contrast, no changes of cd AMPK activity 

could be detected in subcutaneous fat (see Figure ЗА in Publication B). The o2 

AMPK activity was very low and did not change significantly in either fat depot. 

By using immunobloting we detected total content of ACC and the 

phosphorylation state of Ser79 of ACC, the specific site of inhibitory 

phosphorylation by AMPK. The phosphorylation state was raised in accord with the 

differential activation of cd AMPK activity (see Figure 3B in Publication B). Total 

ACC content declined during 24 h of starvation, especially in subcutaneous fat (see 

Figure 3C in Publication B). This findings are in accord with established changes in 
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the phosphorylation status of AMPK of fasted and refed rats published recently. 

AMPK activity was 2-fold higher in the epidydimal fat pad of fasted compared to 

refed rats [172]. AMPK activity was also accompanied with change in the 

phosphorylation of Ser79 ACC. 

Mice normally eat most of their daily intake during the dark phase, and in 

response to prolonged starvation they exhibit torpor, i.e. a lowering of their body 

temperature and energy expenditure [173]. AMP-activated protein kinase activity in 

adipocytes is represented mainly by the a \ isoform. Whether this has a functional 

significance is presently unclear although it can be emphasized that AMPK 

complexes containing this isoform are much less sensitive to AMP [174]. AMPK in 

adipocytes is induced by all stimuli which increase cAMP in adipocytes, e.g fasting 

or cold [172, 175]. 

In order to separate any response to cold from that to starvation, was the 

effect on the activity of the AMPK studied following a new experimental protocol 

(see Protocol В in Materials and methods of Publication B). Mice were deprived of 

food just before entering the dark phase and the analysis was performed 6 hours later, 

in both starved mice and ad libitum fed controls sacrified at the same time like 

starved animals. This experiment was performed in animals maintained at two 

different temperatures (20 and 30°C). Also in this experimental protocol was 

observed the rise in phosphorylation state of AMPK and ACC in epididymal fat after 

6 h of starvation in both temperatures. Yet the pACC/ACC ratio decreased in 

subcutaneous fat in this experimental model (see Table 3 in Publication В and 

Figure 10). 
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Figure 10. Effect of 6-hour starvation on phosphorylation of ACC and AMPK in 

epididymal WAT in mice maintained at 20° or 30° C. 

Moreover, in the animals at 20°C, core body temperature as well as whole 

body oxygen consumption were followed for more than 16 h, both in starved mice 

and controls with free access to food. These measurements were performed using a 

modern system for indirect calorimetry combined with telemetry of body 

temperature (see Figure 11.). Core body temperature was slightly lower (about 1°C 

difference ) in the animals starved for 2 h and 6 h, respectively, than in at the same 

time in ad libitum fed mice, and the temperature started to drop progressively 

compared with the controls only after 6 h of starvation. These results indicate that 

mice starved for 6 h have not entered torpor, and that torpor appeared only after 6 h 

of starvation. Therefore, the activation of AMPK, observed under the conditions of 

the new experiment was not induced by lowering of body temperature. This 

conclusion was further supported by the fact that the activation of AMPK as 

observed in mice maintained at both 20 °C and the temperatute of 30°C, i.e. close to 

thermoneutrality for mice. It could be argued that the activation of both AMPK and 

ACC in the epididymal fat by starvation, as revealed by the quantification of the 
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phosphorylation of the enzymes, was lower at 30°C than at 20°C (see Table 3), and 

therefore, the activation of the AMPK depended in part on body temperature and not 

only on the starvation. Lower ambient temperature may really augment the effect of 

starvation on the AMPK in specific WAT depots. 
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Figure 11. Whole body oxygen consumption and deep body temperature in mice at 

2(fC. 

In order to understand the mechanism of the differential effect of fasting on 

lipid metabolism and activation of AMPK in subcutaneous and epididymal fat, we 

examined whether either PEPCK or UCP2 could be involved. Expression of both 

PEPCK [67] and UCP2 [176] genes in adipose tissue is known to be stimulated by 
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food deprivation. In both cases, the stimulation may result in depression of the 

energy charge in adipocytes, because PEPCK govens ATP-consuming fatty acid re-

esterification in the adipocyte during fasting [67], while UCP2, which is abundant in 

white fat [177], may decrease the rate of ATP formation due to respiratory 

uncoupling in mitochondria [178, 179]. 

In fed mice, the mRNA levels of PEPCK in epididymal fat were 2-fold higher 

than in subcutaneous fat, and these levels increased substantially during 24 h of 

fasting (see Figure 2B in Publication B). In contrast, a smaller and transient increase 

of PEPCK mRNA levels was observed under similar conditions in subcutaneous fat, 

resulting in about 6-fold higher activity in epididymal than in subcutaneous fat in 

animals fasted for 24 h (see Figure 2B in Publication B). Levels of UCP2 mRNA 

were similar in both depots of fed mice, and the expression increased during fasting 

(see Figure 2 in Publication A). However, the increase was much higher in 

epididymal than in subcutaneous fat, with a maximal expression reached 12 h after 

food deprivation, resulting in a 4-fold difference between epididymal and 

subcutaneous fat. 

In different response of both fad pads to starvation could be involved fatty 

acid reesterification driven by PEPCK. PEPCK is strictly transcriptionally regulated 

[180] and is essential for the synthesis of G3P from non-glucose precursors in 

adipocytes during fasting. Up to 30% of the fatty acid released by lipolysis in 

epididymal fat of the fasted rat are reesterified back to TAG [19]. This futile cycle 

could decrease intracellular ATP levels. A strong induction of PEPCK in epididymal 

fat during fasting correlates with the activation of AMPK, similar to the situation in 

fasted liver [67]. By analogy with the induction of fat accumulation by transgenic 

overexpression of PEPCK in adipocytes [181], a stronger stimulation of PEPCK-

dependent fatty acid reesterification in epididymal fat may explain the slower decline 

in weight and lipid content of this fat depot during food deprivation. 

The induction of UCP2 expression observed during fasting, which was 

higher in epididymal than subcutaneous fat, might increase the proton leak in 

mitochondria [178, 179], inhibit synthesis of ATP during oxidative phosphorylation 

and contribute to the differential activation of AMPK cascade in fat depots. In 

support of this, respiratory uncoupling in muscle cells in vitro [182] and in white 

adipose tissue in vivo in a?2-Ucpl mice (see Publication A), both stimulated AMPK. 

These results suggest that UCP2 could act upstream of AMPK. On the other hand, 
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expression of the UCP2 gene could be increased by AMPK, as already demonstrated 

for both UCP2 and UCP3 in myocytes [183]. Induction of UCP2 could be a 

protection against damage by reactive oxygen species. 

The metabolism of WAT is under a complex neurohormonal control, exerted 

primarily by insulin and catecholamines [184]. The notion that AMPK drive the 

changes in lipid metabolism during the starved-fed transition is compatible with 

earlier studies that linked these changes to increases in plasma insulin and decreases 

in glucagon [42]. Thus insulin has been reported to decrease AMPK activity in 

isolated hepatocytes and glucagon to activate hepatic AMPK [42]. 

The a l AMPK exhibits activation by stimuli which increased cAMP, for 

example ^-adrenergic agonist [172]. It was observed that glycerol released in 

adipocytes isolated from epididymal adipose tissue in response to NE was higher 

than that of adipocytes isolated from the subcutaneous depot of adult rats [185]. In 

adipocytes from fed animals the (^-adrenoceptor number was greater in adipocyte 

membranes from subcutaneous (inguinal and popliteal) than from internal (perirenal 

and epididymal) adipose tissues. On the other hand was shown that starvation 

induced a decrease in ^-adrenoceptor number and an increase in /3-adrenergic 

sensitivity. The effect was greater in adipocytes from subcutaneous than from 

epidydimal fad pad in hamster [186]. Several studies have proposed another 

explanations for the site-specific differences in lipolytic response: (i) differences in 

nerve control [187], (ii) differences in the balance in cti- and /3-adrenoceptors [131], 

(iii) differences in the sensitivity of adipocytes to adenosine-mediated suppression 

and (iv) differences in the adenylate-cyclase activity [188]. 

There is evidence that the anti-lipolytic effect is a natural role of the adipose 

predominant a subunit isoform of AMPK - a l . In mice lacking a l AMPK was 

observed (i) that the size of adipocytes is considerably reduced (ii) that basal and 

isoproterenol-stimulated lipolysis in these cells is higher than that of control 

adipocytes and (iii) that AICAR has no inhibitory effect on lipolysis [172]. Also in 

liver of starvated rats was found decrease in activity of AMPK after refeeding, with 

the d- isoform being most responsive [189]. 

The differencial response to starvation exhibited by epidydimal and 

subcutaneous fat show a different biological role played by these tissues in 

organism. The control of lipid and glucose metabolism in WAT by AMPK may 
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represent a basic biological mechanism that contributes to regional differences 

in the metabolic properties of adipose tissue depots. 

My main contributions to this work were measurement of fatty acid oxidation and 

AMPK and ACC analysis. 

4.3. Polyunsaturated fatty acids of marine origin up-regulate 

mitochondrial biogenesis and induce /3 -oxidation in white fat 

(PUBLICATION C) 

The specific aim of this study was to evaluate the effect of diets rich in 

omega-6 and omega-3 fatty acids on adipose tissue energy metabolism. 

Omega-3 PUFA of marine origin reduce adiposity in animals fed high-fat 

diet. Our aim was to learn how EPA and DHA limit development of obesity and 

reduce cellularity of adipose tissue and whether is effect on adipose tissue direct or 

not. The effects of EPA/DHA concentrate (6 % EPA, 51 % DHA) admixed to form 

two types of high-fat diet were studied in male C57BL/6J mice. 

At 3 to 4 months of age, the animals were randomly assigned to experimental 

HF diets: 1) obesity-promoting cHF diet, derived from the standard chow (Surwit 

1988), containing 35,2 % lipids consisting of 95 % rapeseed oil and 5 % sunflower 

oil rich in oleic acid (18:3, co-9) or 2) sHFf diet containing 20 % lipids consisting of 

flax-seed oil rich in ALA (18:3 co-3). When indicated, 15 % (cHF-Fl diet) or 44 % 

(sHFf-F2 diet) (wt/wt) of a fat component in the HF diets was replaced by the 

concentrate of omega-3 PUFA of marine origin rich in DHA (EPAX 1050 TG; 

Pronova Biocare a.s., Lysaker, Norway). EPA and DHA collectively form 45 - 64% 

(wt/wt) of the concentrates and they are present as TAG. 

After 4 weeks of feeding sHFf-F2 diet the body weight of mice decreased of 

11±2 % and weight of epididymal fat was 30±3 % lower compared with control mice 

feeding sHFf diet. The weight of dorsolumbar fat did not change significantly (see 

Table 1 in Publication C). Changes in gene expression in epididymal and 

subcutaneous fat from mice fed either sHFf or sHFf-F2 was analyzed by using three 

methods - cDNA PCR-subtraction, oligonucleotide microarray analysis and qRT-

PCR (for results see Table 2 in Publication C). The most of detected upregulated 
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genes in both depots belong to mitochondrial coded gene for components of the 

mitochondrial oxidative phosphorylation system (complex I , COX and subunit 6 of 

ATPase). Also gene for adipsin, fatty acid transport protein, was upregulated by 

EPA/DHA dietary uptake. On the other side was observed downregulation in 

expression gene for SCD-1 in both epididymal and subcutaneous fat and acyl-

CoA:diacylglycerol acyltransferase in epididymal depot only. 

To verify if the upregulated gene expression of subunits of the mitochondrial 

oxidative phosphorylation system result in induction of protein levels were they 

detected using immunoblots. In epididymal fat, levels of SDH70, COX1, COX6 and 

a-subunit Fi-ATPase were elevated approximately 2-fold by the sHFf-F2 diet 

compared with the sHFf diet. In contrast to mRNA levels in the subcutaneous fat, no 

effect of the diet on any of the analysed antigens was observed. These resultes lead to 

the hypothesis about different posttranscription regulation in both fat depots. 

An increase of the mitochondrial proteins levels indicate induction of 

mitochondrial biogenesis in epididymal WAT caused by dietary intake of EPA/DHA 

concentrate. Therefore we analysed potential changes in expression of two 

transcription factors, coordinating mitochondrial biogenesis, PGC-1 and NRF-1 (see 

Chapter 1.1.3.). qRT-PCR analysis revealed approximately 3.4-fold induction of 

both PGC-1 and NRF-1 transcripts in epididymal fat by the sHFf-F2 diet compared 

with the sHFf diet (see Figure 2a and b in Publication C). Also another PGC-1 

downstream target CPT-1 was upregulated in epididymal depot of mice fed sHFf-F2 

diet (see Figure 2c in Publication C). 

WAT mitochondria have a remarkable capacity for palmitoyl-carnitine 

oxidation but the physiological relevance of this relatively high capacity for (3-

oxidation still remains unclear especially since adipocyte mitochondria contain very 

low CPT-1 activity. The upregulation of the gene for CPT-1 suggests stimulation of 

fatty acid oxidation in the epididymal fat of the sHFf-F2 mice. Indeed, oxidation of 

oleate was 1.5- to 1.8-fold higher in epididymal fat of the sHFf-F2 compared with 

the sHFf mice while fatty acid synthesis was decreased. In subcutaneous fat, similar 

rates were observed in both diet groups (see Figure 12). 

48 



n-3 PUFA 

O Flax-seed 
• +ЕРАХ1050 т ± £1 

Gon D-L 

[Tissue] 
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The effect of EPA/DHA on body fat reduction, induction of mitochondrial 

biogenesis and /З-oxidation was verify under obesity-induced conditions in mice fed 

cHF-Fl compared with cHF. 

In contrast to different impact of EPA/DHA to CTP I mRNA levels, the 

expression of marker of peroxisomal fatty acid oxidation acyl-CoA oxidase 1 (AOX) 

was increased in both fad pads in mice fed sHFf-F2 compared with the sHFf. PUFA 

may be the ligands for PPARa, which would activate PPARa to upregulate the 

expression of AOX (Reddy & Hashimoto 2001). Others also found that dietary fish 

oil increased the expression of AOX in rodent livers and muscles and suggested that 

dietary PUFA could increase the fatty acid oxidation in these tissues [147]. These 

results all suggest that PUFA increase fatty acid oxidation through increase of gene 

expression of enzymes involved in fatty acid oxidation. Our results indicate that 

omega-3 PUFA of marine origin (EPA and DHA) are more potent then omega-3 

PUFA of plant (ALA). And they prove specific effect in WAT. In contrast to white 

adipose tissue, especially the epididymal fat, no significant changes in the expression 

of PGC-1, NRF-1 and CPT-1 genes were observed in liver (not shown). Only the 
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levels of AOX mRNA were significantly higher in liver of mice fed the sHFf-F2 than 

in those fed the sHFf diet. 

In rodents, numerous studies have shown that PUFA from fish oils 

suppressed the expression of lipogenic genes in the liver and also upregulated the 

expression of genes involved in lipid oxidation in the liver and muscle tissues [147, 

191]. The PUFA, particularly omega-3 series, may play a role in partitioning 

intracellular fuel to reduce lipid accumulation [192]. Transcriptional control of gene 

expression is a common mechanism by which lipids as well as other nutrients affect 

metabolism. While the exact mechanisms by which PUFAs exert their effects are not 

fully understood, PUFAs have been shown to modulate gene transcription by 

interacting with at least three nuclear receptors- LXRa and (3, HNF-4a, and PPAR a, 

(3, and 7 - and by regulating the transcription factor SREBP-1 and 2 [193]. 

The most recent additions to the host of transcription factors regulated by 

PUFAs are the LXRs Oiand (3 [152]. LXRs upregulate transcription of the lipogenic 

transcription factor SREBP-1 с by binding to an LXRE in the promoter of the 

SREBP-1 с gene. Some evidence suggests that binding of PUFAs to LXRs results in 

the inability of LXR to induce transcription of SREBP-1 c, causing a consequent 

decrease in lipogenesis [194]. PPARs, which are activated by PUFAs, have also been 

shown to directly bind LXRs and antagonize their lipogenic effects, thus providing 

another mechanism whereby PUFAs interact with LXRs to regulate lipogenesis 

[195]. 

Other mechanisms of action for PUFA regulation of gene expression have 

also been characterized. PUFAs such as arachidonic acid repress the SCD-1 gene in 

3T3-L1 adipocytes by decreasing SCD-1 mRNA stability [196]. SCD-lmRNA levels 

in adipocytes are differentially decreased by other PUFA such as linoleic and 

linolenic acids and EPA, indicating that the repression of SCD-1 mRNA expression 

is a selective response to PUFA. 

The anti-adipogenic effect of omega-3 PUFA could be direct or mediated by 

action of PUFA on other organs e.g liver or muscle. Suppression of lipogenesis in 

liver and lower VLDL secretion together with increase of lipid oxidation in liver and 

muscle mediated by dietary fish oil PUFAs lead to reduction of plasma TAG levels 

and lipid supply to adipose tissue. Also prostaglandins, reactive intermediates of 

PUFA, could be involved. Prostaglandins play a critical role in the adipocyte 

differentiation process [197]. Omega-3 PUFA exert an anti-adipogenic effect in 
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adipose tissue in a site-specific manner by down-regulating series 2 prostaglandin 

synthesis. They prevent the development of visceral adipose tissue by down-

regulating adipocyte differentiation [198]. 

In order to further address the molecular basis by which PUFA might direct 

influence adipose tissue gene expression were quantified PGC-1 and NRF-1 mRNA 

levels in 3T3-L1 adipocytes incubated for 24 h with various fatty acids: oleic acid 

alone, oleic acid plus ALA, or oleic acid plus DHA (see Figure 4 in Publication C). 

Compared with oleate, both ALA and DHA significantly increased the levels of both 

transcripts. The stimulation by DHA seemed to be more pronounced than that by 

ALA, but the difference was not statistically significant. 

This finding indicates that PUFA-mediated regulation of adipose tissue gene 

expression would not necessarily need extra-adipose factors. And the activation of 

PGC-1 transcription factor is acute and direct effect of omega-3 PUFA on WAT. All 

isoforms of PPAR physically interact with gene for PGC-1 a [199]. A recent study 

indicates that treatment of ob/ob mice with rosiglitazone, a PPAR7 ligand of the TZD 

family and a widely used antidiabetic drug, increases mitochondrial mass, palmitate 

oxidation and the expression of genes encoding PGC-1 a , CPT-1 and UCPI in 

epididymal fat [200]. Except for the up-regulation of the gene for UCPI, all these 

effects are similar to those elicited in WAT by dietary intake of EPA/DHA, 

suggesting that both omega-3 PUFA and rosiglitazone induce similar metabolic 

changes in white adipose tissue cells, while increasing mitochondrial oxidative 

capacity and stimulating glucose uptake into adipocytes. However, in contrast to 

EPA/DHA, TZDs also support an adipogenic programme. Surprisingly, rosiglitazone 

induces the accumulation of omega-3 PUFA in white adipose tissue of diabetic mice 

[201]. Whether the mechanism of the effect of rosiglitazone depends on the 

accumulation of omega-3 PUFA in adipocytes remains to be clarified. 
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Figure 13. The mechanism EPA/DHA mediated metabolic switch from lipid storage to lipid 

oxidation. 

PUFAs act as potent hypolipidemic agents due to their ability to increase 

expression of genes encoding enzymes of lipid oxidation while concurrently 

decreasing those encoding lipogenic enzymes. EPA/DHA seems to be more 

potential then other PUFA. The mechanism of EPA/DHA mediated metabolic 

switch from lipid storage to lipid oxidation includes (i) attenuation of the 

malonyl-CoA inhibitory effect on CPT-1, (ii) induction of CPT-1 gene 

expression and (iii) stimulation of mitochondrial biogenesis via up-regulation of 

NRF-1. This metabolic switch in adipocytes is induced independently of ALA 

intake and could reduce the development of obesity. Relatively minor changes in 

the composition of lipids in an obesity-promoting diet exert surprisingly 

pronounced effects. 

My main contributions to this work were measurement of fatty acid oxidation and 

cell culture experiments. 
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4.4. Polyunsaturated fatty acids of marine origin induce adiponectin 

in mice fed high-fat diet (PUBLICATION D) 

The specific aim of this study was to test the hypothesis that whole body 

effects of EPA and DHA involve induction of adiponectin. 

In previous study was shown effect of dietary intake of fish oil omega-3 

PUFA on hyperinsulinemia caused by HF diet. It also protected against down-

regulation of GLUT4, an insulin-sensitive glucose transporter, in WAT by the high-

fat diet. The expression of glucose transporter GLUT4 partially restored in adipose 

tissue of mice treated with EPA/DHA suggests that improved insulin sensitivity of 

adipose tissue could be responsible, at least partly, for the enhancement in whole 

body insulin sensitivity. We hypothesized that one of the adipose tissue secreted 

factors could be involved. Both leptin and adiponectin are responsible for increased 

fatty acid oxidation in response to the activation of AMPK in muscle [44, 104]. 

Adult male mice fed cHF or cHF-Fl diets ad libitum or 70% ad libitum 

(caloric restriction (CR)) for 5 weeks were compared (for characterization of diets 

see Materials and methods in Publication D). Only 9 % of dietary fat was substituted 

by EPA/DHA in cHF-Fl diet. This treatment, corresponding to about 2.6 mg 

EPA/DHA per g body weight/day and 5.3 % oftotal energy intate formed by 

EPA/DHA [202]. Body weight gain was about 2.7 g lower in mice fed a cHF-Fl diet 

enriched with EPA/DHA compared with cHF diet in ad libitum fed mice. Weight 

loss of about 10 g was observed in food restricted animals fed the control cHF diet. 

However, a combination of CR and the cHF-Fl diet had no further effect on body 

weight compared with CR alone (see Tab. 1 in Publication D). The intake of 

EPA/DHA did not affect food consumption of the animals. In accordance with the 

previous studies our results showed limited accumulation of epididymal fat by 

omega-3 PUFA of marine origin admixed to HF diet. Subcutaneous fat was less 

affected. 

First, effect of the partial replacement of dietary lipids by EPA/DHA 

concentrate (with EPA/DHA ratio 1:8,5) on plasma markers of lipid and glucose 

metabolism, and plasma levels of selected adipokines was studied. Decrease in 

plasma levels of NEFA was detected only in mice fed cHF-Fl diet ad libitum. TAG 

levels were lower in both groups animals with CR and was also affected by cHF-Fl 
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diet. Levels of glucose and leptin declined due to caloric restriction only, where 

changes in leptin levels were dramatical. On the other side levels of insulin and 

adiponectin were affected by dietary omega-3 PUFA only. Changes were 

independent of CR. Feeding of cHF-Fl diet leads to 10-fold fall of insulin levels in 

plasma of both animals fed ad libitum and these with CR. Levels of adiponectin were 

increased by cHF-Fl diet to a similar extent in both ad libitum fed and in the CR 

mice (by 34 and 22 %, respectively). (For details see Table 1 in Publication D). 

Figure 14. Plasma levels of leptin and adiponectin in mice fed cHF (white bars) or 

cHF-Fl (black bars) diet ad libitum (left) or 70% ad libitum (right). *significant differences. 
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Second, the effect of EPA/DHA on the expression and production of 

adiponectin and leptin was investigated in WAT of ad libitum fed mice. Production 

of the adipokines was measured in tissue explants. Significant effect of the diet 

neither on expression nor secretion of leptin was detected. In adipocytes isolated 

from both depots expression of adiponectin was stimulated by EPA/DHA although 

changes in expression were not found in whole tissues. The stimulative effect of 

intake of cHF-Fl diet was stronger in adipocytes from epididymal fat. Levels of 

secreted adiponectin were increased by EPA/DHA in epididymal fat only (for details 

see Table 2 in Publication D). 

Although both caloric restriction and dietary intake of EPA/DHA resulted in 

decrease in body weight and reduction of adipose tissue mass, effect on lipid and 

glucose metabolism markers and secretion of adipokines is different. By dietary EPA 

and DHA were regulated predominantly NEFA, insulin and adiponectin. 

Interestingly, EPA/DHA significantly reduced circulating insulin levels in a dose-

dependent manner, suggesting improved whole-body insulin sensitivity and/or direct 

effect on pancreatic (3-cells [202, 203]. 

In contrast to adiponectin, leptin plasma levels were markedly decreased by 

CR, but neither its levels or leptin expression were affected by EPA/DHA. Plasma 

leptin concentrations as well as leptin gene expression in epididymal fat positively 

correlated with adiposity under different dietary regimens, suggesting that leptin 

secretion from adipose cells followed the changes in adiposity and glucose 

metabolism in adipocytes [204]. That EPA/DHA induces adiponectin but not leptin 

indicates that mechanisms controlling the expression of genes for these two 

adipokines are different. 

The mRNA expression of adiponectin and its plasma level are significantly 

reduced in obese and diabetic mice and humans [96, 101]. Although strong negative 

correlations between plasma adiponectin levels and BMI have been shown both in 

humans and in animals, the induction of adiponectin by EPA/DHA could not result 

from reduction of adiposity, since the strong decrease of fat content due to CR did 

not influence adiponectin levels. 

As with the TZD, EPA and DHA may upregulate adiponectin expression by 

acting as ligands of PPAR-7, the transcriptional regulator interacting directly with 

adiponectin promoter [206]. The potential importance of adiponectin as a target for 
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the insulin-sensitizing action of TZD is underscored by the substantial increase in 

plasma adiponectin levels in response to treatment with TZD [207]. Because PPAR7 

is predominantly expressed in adipose tissue and adipose tissue appears to be 

essential for TZD induced improvement in insulin sensitivity, this upregulation of 

adiponectin by TZD suggests that adiponectin plays an important role in mediating 

the anti-diabetic effect of TZD. Interestingly, an association between circulating 

adiponectin and plasma omega-3 PUFA, and DHA in particular, was found recently 

in healthy humans [208]. Both obese and diabetic objects are characterized by 

elevated concentrations of TNF-a, a cytokine that was found to lower adiponectin 

expression in adipocytes [98]. Both dietary fish oil and treatment with TZDs lower 

the expression of TNFain WAT [209, 210]. 

Adiponectin influences glucose and fatty acid metabolism through an insulin-

sensitizing effect that appears to be mediated through activation of AMPK in liver, 

muscle and adipocytes [104, 114]. In parallel with its activation of AMPK, 

adiponectin stimulates phosphorylation of ACC, fatty acid oxidation, glucose uptake 

and lactate production in myocytes, phosphorylation of ACC and reduction of 

molecules involved in gluconeogenesis in the liver, and reduction of glucose levels in 

vivo [104]. Moreover, insulin-stimulated tyrosine phosphorylation of signaling 

molecules, including insulin receptor and insulin receptor substrate 1 in skeletal 

muscle, was also enhanced by adiponectin [102]. 

Peripheral insulin resistance and increased insulin secretion arise 

simultaneously during high-saturated-fat feeding in rats through a common action on 

skeletal muscle and pancreatic j3-cells. This phenomenon is countered by small 

amounts of dietary long-chain omega-3 PUFA. Our results suggest that the 

protection against HF diet-induced insulin resistance is at least partially mediated by 

adiponectin, but not leptin. 

We show for the first time that EPA and DHA stimulate adiponectin 

expression and increase the levels of circulating adiponectin, relatively 

independent of food intake and body fat mass. It is clear that adiponectin has 

potential as new factor in the treatment of obesity-related diseases. Induction of 

adiponectin production by omega-3 PUFA originate from fish oil could be an 

alternative approach both for pharmacological intervention in obesity. 

My main contributions to this work were tissue explants experiments. 
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5. CONCLUSIONS 

A. The activation of AMPK can explain the complexity of metabolic changes in 

adipose tissue of aP2-Ucpl mice and suggests a new link between 

mitochondrial energy conversion and regulation of body weight. 

B. The activation of AMPK is involved in differential response of epidydimal and 

subcutaneous fat to starvation. The control of lipid and glucose metabolism in 

WAT by AMPK may represent a basic biological mechanism that contributes 

to regional differences in metabolic properties of adipose tissue depots. 

C. Dietary intake of EPA/DHA induces a metabolic switch from lipid storage to 

lipid oxidation in WAT by increasing expression and activity of CPT-1 and 

inducing of mitochondrial biogenesis via up-regulation of PGC-1 and NRF-1. 

D. The intake of EPA/DHA stimulates adiponectin expression and increases the 

levels of circulating adiponectin, relatively independent of food intake and 

body fat mass. 
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Abstract The AMP-activated protein kinase (AMPK) cascade 
is a sensor of cellular energy charge that promotes catabolic and 
inhibits anabolic pathways. However, the role of A M P K in 
adipocytes is poorly understood. We show that transgenic 
expression of mitochondrial uncoupling protein 1 in white fat, 
which induces obesity resistance in mice, is associated with 
depression of cellular energy charge, activation of AMPK, 
downregulation of adipogenic genes, and increase in lipid 
oxidation. Activation of A M P K may explain the complex 
metabolic changes in adipose tissue of these animals and our 
results support a role for adipocyte A M P K in the regulation of 
storage of body fat. 
0 2004 Federation of European Biochemical Societies. 
Published by Elsevier B.V. All rights reserved. 

Keywords: A T P ; Lipid me tabo l i sm; M i t o c h o n d r i o n ; 
Adipocyte; T ransgen ic m o u s e 

1. Introduction 

It is becoming evident tha t metabo l i sm of ad ipose tissue is 
important fo r the con t ro l of b o d y fat con ten t [1,2] and tha t 
intracellular energy charge is involved in the con t ro l of lipid 
metabolism in ad ipocytes . In vi t ro studies demons t r a t ed tha t a 
decrease of mi tochondr i a l A T P p roduc t ion resulted in the in-
hibition of b o t h fa t ty acid ( F A ) synthesis [3] and the lipolytic 
action of ca t echo lamines [4]. In tu rn , lipolytic h o r m o n e s de-
creased A T P levels in ad ipocytes [5,6]. T h e intracel lular energy 
charge is a lso low [7,8] in t ransgenic mice [9] rendered resistant 
to obesi ty by ec topic expression of mi tochondr i a l uncoupl ing 
protein 1 ( U C P I ) in whi te fat ( a P 2 - U c p l mice). These an imals 

'Corresponding author. Fax: +420-241-062-599. 
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Abbreviations: ACC, acetyl-CoA carboxylase; AMPK, AMP-activated 
protein kinase; aP2, adipocyte lipid binding protein 2; aP2-Ucpl mice, 
transgenic mice expressing UCPI gene from aP2 gene promoter; FA, 
fatty acids; pACC, phosphorylated form of ACC; pAMPK, phos-
phorylated form of AMPK; PPARy, peroxisome proliferator-activated 
receptor y; TBS, 10 mM Tris-HCl, pH 7.4, 0.5 M NaCl; UCP, 
uncoupling protein 

exhibited a reduct ion of F A synthesis [10] and the lipolytic 
act ion of ca techo lamines [7], as well as increases in m i tochon -
drial biogenesis [11] and e n d o g e n o u s oxygen c o n s u m p t i o n [12] 
in white ad ipose tissue. At t ha t t ime, a uni fy ing exp lana t ion for 
all of these metabo l ic changes was not a p p a r e n t . 

T h e A M P - a c t i v a t e d prote in kinase ( A M P K ) is a sensor of 
cellular energy charge tha t , once act ivated by an increase in the 
cellular A M P / A T P rat io , acts as a metabo l ic mas te r switch 
[13,14]. Its k n o w n effects include: (a) inhibi t ion of F A synthesis 
and lipolysis in ad ipocytes due to phospho ry l a t i on of acetyl-
C o A carboxylase-1 (AC C -1 ) and hormone-sens i t ive lipase [15 
17]; (b) s t imula t ion of glucose u p t a k e in to ad ipocytes [18] and 
myocytes [19]; (c) ac t ivat ion of F A ox ida t ion in muscle due to 
phosphory l a t i on of A C C - 2 [19,20]; (d) induct ion of m i t o c h o n -
drial biogenesis possibly t h r o u g h ac t iva t ion of nuc lear respi-
ra to ry factor-1 [21]; and (e) downregu la t i on of l ipogenic genes 
in liver [22], as well as in 3T3-L1 adipocytes , in the lat ter case by 
downregu la t i ng pe rox i some pro l i fe ra tor -ac t iva ted receptor у 
( P P A R y ; [23]). T h e role of A M P K in ad ipose tissue remains 
relatively unexplored , a l t hough recent s tudies indicate the in-
volvement of A M P K in the effects of physical exercise [24], 
ad iponec t in [18], th iazol id inediones [25], a n d leptin [26,27]. 

T h e aim of this s tudy was to verify whe the r changes in the 
energy charge of ad ipocytes in vivo, d u e to resp i ra tory uncou-
pling in -dPl-Ucpl mice, could act ivate A M P K in adipocytes , 
and to clar i fy f u r t he r the role of A M P K in white ad ipose tissue. 

2. Materials and methods 

2.1. Animals 
Male C57BL/6J control mice and their transgenic littermates, hemi-

zygous for the aP2-Ucpl transgene [9,12,28], were kept in a controlled 
environment (20 °C; 12 h light/dark cycle) with free access to water and 
standard chow diet. At 6 months of age, animals were sacrificed by 
cervical dislocation under diethylether anesthesia. Epididymal and 
subcutaneous dorsolumbar while fat depots [12] were dissected, flash 
frozen and stored in liquid nitrogen for biochemical and RNA analysis. 

2.2. RNA analysis 
Gene expression was analyzed by reverse transcription followed by 

the real lime quantitative PCR (LightCycler instrument, Roche, Ger-
many) with primers specific for PPARy, adipocyte lipid binding protein 
2 (aP2) and P-aclin (Table 1). Levels of P-actin were used to correct for 
inter-sample variations. Detailed protocol was described before [7]. 

0014-5793/S22.00 © 2004 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved, 
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Table 1 
Sequences of PCR primers 

Gene Sense primer (5-3 ' ) Antisense primer (5'-3') GenBank Accession No. for cDNA 

PPARy" GGCGAGGGCGATCTTGACAGG GGGCTTCCGCAGGTTTTTGAGG U09138 
P-Actin GAACCCTAAGGCCAACCGTGAAAAGAT ACCGCTCGTTGCCAATAGTGATG X03765 
aP2 AACACCGAGATTTCCTTCAA AGTCACGCCTTTCATAACACA M13385 
J Both isoforms y\ and y2 are amplified. 

2.3. Determination of A TP and AMP 
Flash-frozen tissues dissected immediately after sacrifice were stored 

in liquid nitrogen. Tissues were homogenized in 6% (w/v) perchloric 
acid After centrifugation, supernatants were neutralized and adenine 
nucleotides determined using HPLC [7]. 

2.4. Activity of al isoform of AMPK 
AMPK was immunoprecipitatcd from tissue extracts prepared by 

homogenization in buffer A and the activity was assayed using a 
peptide substrate [29]. Protein concentration was estimated using bi-
cinchoninic acid procedure and BSA as a standard [7]. AMPK activity 
is expressed in Units (nmol phosphate/min) per mg of protein in the 
adipocyte extract used for immunoprecipitalion. 

2.5. Oxidation of FA 
Oxidation of oleic acid was measured using a modified protocol of 

Wang el al. [30). Adipose tissue (~35 mg) sliced up into 5—10 fragments 
was pre-labeled with 40 цСл/mL [9,l0(n)-3H]oleic acid in 300 ц1 of 2% 
FA-frec BSA-KRB buffer containing 5 mM glucose for 75 min at 37 °C 
and under 5% CO2 (gentle shaking). Fragments were washed three 
times and re-suspended in 500 ц1 of the buffer and incubated for ad-
ditional 4 h at 37 °C. Oxidation was assessed by measuring the amount 
of 'НгО released into the medium. The content of free FA in adipose 
tissue fragments was measured in 5% homogenate (w/v in H2O) using a 
NEFA С kit from Wako Chemicals (Richmond, VA) and results were 
calculated according to a published formula [30]. 

2.6. Quantification of AMPK and ACC 
The total content of the a l catalytic subunit of AMPK (al AMPK) 

and the phosphorylated form of AMPK (pAMPK) was determined in 
tissue lysates by Western blotting [29,31] using antibodies against total 
a 1 AMPK [31 ] and phosphospecific antibodies against Thr-172 [32]. For 
the quantification of total ACC and the phosphorylated form of ACC 
(pACC), tissue lysates (10 ng protein) were subjected to SDS-PAGE 
using pre-cast 3-8% Tris-acelate gels (Invitrogen). Protein was trans-
ferred to nitrocellulose membranes (BioRad, Hercules, CA) and the 
membranes incubated in Odyssey Blocking buffer (Li-Cor Biosciences, 
Lincoln, NE). Phosphospecific sheep antibodies against the Ser-221 site 
on ACC-2 [29], that also recognize the homologous site (Ser-79) on 
ACC-1 (1.46 ng/ml in blocking buffer containing 0.2% Tween-20), were 
used to quantify pACC (incubation for 1 h). The membranes were 
washed 6 x 5 min with TBS (10 mM Tris-HCl, pH 7.4, 0.5 M NaCl) 
containing Tween-20 (0.2%) and immersed in blocking buffer contain-
ing 0.2% Tween-20 and 1 ng/ml anti-sheep IgG conjugated to IR dye 680 
(Molecular Probes, Leiden, The Netherlands) and 1 (ig/ml streptavidin 
conjugated to IR Dye 800 (Rockland Inc., Philadelphia, PA) and left 
shaking for 1 h, protected from light. The membranes were then washed 
6 x 5 min using TBS-Tween (0.2%) and 1 x 5 min in PBS and scanned 
using the Odyssey IR Imager (Li-Cor Biosciences). The results were 
quantified using Odyssey software. A linear response was obtained 
between 0.3 and 20 ng lysate protein analyzed (not shown). 

2.7. Statistics 
Statistical significance was evaluated using unpaired Mests. Differ-

ences were judged to be significant at P < 0.05. 

3. Results 

3.1. Increased cellular AM PI ATP ratio 
W e observed previously [7] tha t in white fat of the aP2- Ucpl 

mice A T P con ten t was lower a n d A D P / A T P ra t io was h igher 
t h a n in con t ro l mice. These differences were m o r e p r o n o u n c e d 

in s u b c u t a n e o u s than in ep id idymal fat , in accordance with a 
higher con ten t of t ransgenic U C P I in the fo rmer fat depot [7] 
D u e to the adenyla te kinase react ion [13], we expectcd that the 
A M P / A T P ra t io shou ld be also affected by ectopic expression 
of U C P I in white fat . It was observed tha t the A M P / A T P ratio 
in bo th fa t depo t s of t ransgenic an ima l s was higher than in 
con t ro l mice (Fig. 1A). N o statist ically significant differences 
between the two geno types could be detected at the level of 
tissue con ten t s of individual nucleot ides (no t shown) . 

3.2. Enhancement of AMPK activity 
The increase of the A M P / A T P ra t io p roduced by ectopic 

expression of U C P I in white fat suggested tha t A M P K activity 
in ad ipose tissue would be also affected. Indeed , the presence of 
t ransgenic U C P I resulted in a significant , 2-fold increase in the 
activity of the a l i so fo rm ( a l A M P K ) in subcu taneous fat 
(Fig. IB). T h e activity also tended to be higher in the epidid-
ymal fat , a l t hough this was not statistically significant 
(Fig. IB). T h e activity of the a 2 i so fo rm was negligible in 
ad ipose tissue (no t shown) . Quan t i f i ca t ion of the expression of 
a l A M P K and p h o s p h o r y l a t i o n of T h r - 1 7 2 using Western 
blots (Fig. 2A) indicated a significantly higher conten t of the 
a l subuni t in t ransgenic than in con t ro l mice in bo th epidid-
ymal and s u b c u t a n e o u s fa t (Fig. 2B) a n d , a f t e r correction for 
a l con ten t , a significant increase in a l A M P K phosphoryla-
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Fig. 1. AMP/ATP ratio and AMPK activity in adipose tissue. (A) 
Concentrations of ATP and AMP were estimated by HPLC in tissue 
extracts (n = 15). (B) Activity of a l AMPK (in units; n = 6). Values 
are means ±S.E. Asterisks indicate statistically significant differences 
between genotypes. 
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Fig. 2. Content and phosphorylation of ЛМРК in adipose tissue. (A) 
Total al AMPK and phosphorylated form of al AMPK (pAMPK) 
»ere quantified using Western blots, as illustrated for the analysis in 
subcutaneous fat. (B) Total content of al AMPK. (C) Phosphorylation 
of AMPK. Values are means ±S.E. (n = 6). Asterisks indicate statis-
lically significant differences between genotypes. 

Table 2 
Downregulation of PPARy and aP2 gene expression in adipose tissue 
of transgenic mice 
Sample mRNA level (relative units %) 

PPARy aP2 
Subcutaneous fat 
+/+ 
tg/+ 

Epididymal fat 

tg/+ 

100.0± 15.6 
22.9 ± 6.2* 

100.0± 11.6 
68.1 ±26.1 

100 ± 17.6 
32.8 ± 6.4* 

100 ± 12.5 
80.7 ± 12.6 

Transcripts were quantified in adipose tissue of control (+/+) and 
transgenic mice (tg/+). Data are means ±S.E. (n - 5 to 6). Asterisks 
indicate statistically significant differences between genotypes. Results 
were verified using Northern blot analysis (not shown). 

R 0 20 

с 
с 015 
о 2 
1Š о-!5 0> 0 10 х Е о "Л 

о 
£ 0.00 

• Control mice 
• Transgenic mice 

I 
" " Subcutaneous fat Epididymal fat 

Fig. 3. Oxidation of oleate in adipose tissue. Values arc means ±S.E. 
(n = 6). Asterisk indicates statistically significant differences between 
genotypes. 

[ion in b o t h fat d e p o t s d u e to the t ransgenic modif icat ion 
(Fig. 2C). Quan t i f i ca t i on of to ta l A C C and p A C C conten t in 
adipose tissue lysates (see Section 2) also showed a modes t bu t 
significant increase of the p A C C / A C C rat io ( l .3- fo ld ; 
P < 0.05; n = 6) in s u b c u t a n e o u s fat due to the t ransgenic 
modification. Increased phosphory l a t i on of bo th a l A M P K 
and A C C in the t ransgenic mice fu r the r suppor t s the act ivat ion 
of A M P K by the ectopic U C P I in white fat . 

13. Decreased expression of PPARy and aP2 genes 
In o r d e r to f u r t h e r charac ter ize the complex changes in lipid 

metabolism in the t ransgenic mice, expression of the P P A R y 
gene was ana lyzed . P P A R y plays a crucial regula tory role in 
adipogenesis a n d its expression is inhibited by A M P K activa-
tion d u r i n g d i f ferent ia t ion of 3T3-L1 adipocytes in cul ture [23]. 
A significant d i m i n u t i o n of P P A R y m R N A level was found in 
subcutaneous bu t no t in ep id idymal fat of a P 2 - U c p l mice 
(Table 2). M o r e o v e r , the expression of a P P A R y target gene, 
i.e., aP2 , was also downregu la t ed in subcu taneous fat (Table 2). 

14. Enhancement of FA oxidation 
Previous exper imen t s showed a higher rate of oxidat ion of 

endogenous subs t ra tes in white fat of t ransgenic compared 
with con t ro l mice [12]. M e a s u r e m e n t of oleate oxida t ion in 
adipose tissue f r a g m e n t s (Fig. 3) revealed a similar rate of 
oxidat ion in the s u b c u t a n e o u s and epid idymal fat of cont ro l 
mice. However , the presence of t ransgenic U C P I resulted in a 
significant, 2.7-fold increase in the oleate oxida t ion in subcu-
taneous fat , bu t no t ep id idymal fat . 

4. Discussion 

O u r results d e m o n s t r a t e that persistent depress ion of energy 
charge in ad ipocytes of the t ransgenic mice results in bo th an 
increase of a l A M P K expression, and an increase in its 
phosphory la t ion a n d activity. Increased expression of a l has 
been observed in o the r tissues in response to t r ea tmen t s tha t 
would be expected to persistently act ivate A M P K , e.g., du r ing 
pressure over load hype r t rophy in ra t hear t [33], or e n d u r a n c e 
t ra in ing in h u m a n skeletal muscle [34]. T h e differential effect of 
the t ransgene on A M P K activity in the s u b c u t a n e o u s versus 
the epid idymal fa t depo t s was in acco rdance with the 2- to 3-
fold higher expression of the t ransgene in the fo rmer , detected 
at bo th the m R N A and prote in levels [10,11], and also with the 
preferent ia l effect of the t ransgene on lipogenesis [10], lipolysis 
[7], and F A oxida t ion (this repor t , Fig. 3) in the s u b c u t a n e o u s 
fat . T h e s t rong induc t ion of F A ox ida t ion , the increase in 
mi tochondr i a l con ten t [11], and the depress ion of l ipogenesis 
[10] in s u b c u t a n e o u s fat of the t ransgenic mice are consis tent 
with the k n o w n effects of A M P K in white fat [15,16] and o the r 
tissues [13,14,20,21] and explain the preferent ia l reduct ion of 
s u b c u t a n e o u s fa t in the t ransgenic mice [9,28]. Moreove r , the 
s t rong downregu la t ion of P P A R y and a P 2 genes in the sub-
cu t aneous fat of the t ransgenic mice, mos t p robab ly due to the 
act ivat ion of A M P K [23], m a y suppress the ad ipogenic po-
tential of the tissue. T h u s , ac t iva t ion of A M P K in white fat of 

•dP2-Ucpl mice, by depress ion of intracel lular energy charge , 
helps to explain the complexi ty of the changes in ad ipose tissue 
me tabo l i sm and obesity resistance in this t ransgenic model . 
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Bcsidcs the effect of t ransgenic U C P I on ad ipose tissue, 
several o the r s tudies s u p p o r t a link between energy charge and 
me tabo l i sm in adipocytes , a n d the involvement of A M P K : (a) 
hypcr lep t inemia [26] and bezaf ibra te t r ea tmen t [35] deplete 
b o d y fat in rats , whereas expression of U C P I and U C P 2 in 
white ad ipose tissue is up- regula ted , F A ox ida t ion is increased, 
and expression of l ipogenic genes is p r o f o u n d l y suppressed; (b) 
in isolated ad ipocy tes leptin inhibits lipid synthesis while 
up- regula t ing U C P 2 [36]; (c) an t id iabe t ic d rugs such as thia-
zol id inediones s t imula te A M P K in ad ipose tissue [25], while 
inducing glycerol kinases [37] and p h o s p h o e n o l p y r u v a t e 
ca rboxyk inase [38], leading p re sumab ly to fut i le cycling of F A 
re-esterif ication in adipocytes . Th iazo l id ined iones also s t imu-
late A M P K in muscle cells while increasing the intracel lular 
A M P / A T P ra t io [39]. In fact , the induct ion of U C P s by leptin 
in ad ipose tissue, leading to a d r o p in the intracel lular energy 
charge , may par t ly explain the ac t iva t ion of A M P K in ad ipose 
tissue unde r these cond i t ions [27]. 

A M P K a p p e a r s to represent a switch tha t conver t s ad ipo-
cytes to lipid b u r n i n g cells while suppress ing in situ l ipogenesis. 
Th i s mechan i sm, which reduces the fat con ten t of adipocytes , 
exists no t only in a P 2 - U c p l mice, bu t a lso u n d e r o the r cir-
cums tances such as hyper lep t inemia [27]. Interest ingly, F A 
ox ida t ion a n d synthesis in ad ipose tissue a re also reciprocally 
regulated d u r i n g fas t ing [30]. Final ly, the con t ro l of ad ipose 
tissue me tabo l i sm by int racel lular energy charge and A M P K 
may represent a basic biological mechan i sm tha t con t r ibu tes to 
the regional differences in the me tabo l i c p roper t ies of ad ipose 
tissue depots . Th is mechan i sm could be affected by physio-
logical st imuli , as well as by pha rmaco log ica l agents , a n d it 
represents a p romis ing target fo r the deve lopment of strategies 
for the t r ea tmen t of b o t h obesi ty a n d insulin resistance. 
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Abstract The mechanisms controlling fat depot-specific 
metabolism are poorly understood. During starvation of mice, 
downregulation of lipogenic genes, suppression of fatty acid 
synthesis, and increases in lipid oxidation were all more 
pronounced in epididymal than in subcutaneous fat. In epididy-
mal fat, relatively strong upregulation of uncoupling protein 2 
and phosphoenolpyruvate carboxykinase genes was found. In 
mice maintained both at 20 and 30 °C, AMP-activated protein 
kinase was activated in epididymal but did not change in subcu-
taneous fat. Our results suggest that A M P K may have a role in 
the different response of various fat depots to starvation. 
© 2005 Federation of European Biochemical Societies. Published 
by Elsevier B.V. All rights reserved. 

Keywords: Lipid me tabo l i sm; Adipocyte ; A M P K ; Lipogenesis; 
Acetyl-CoA carboxylase 

consuming metabol ic pa thways [6]. Act iva t ion of A M P K in 
W A T results in inhibit ion of fat ty acid ( F A ) synthesis and basal 
lipolysis due to phosphory la t ion of ace ty l -CoA carboxylase-1 
(ACC-1) and hormone-sens i t ive lipase [4,7 9], and also has ef-
fects on glucose u p t a k e in to ad ipocytes [10]. O u r previous s tud-
ies demons t r a t ed tha t induct ion of resistance to obesity in mice 
by t ransgenic expression of mi tochondr ia l uncoupl ing protein 1 
( U C P I ) in W A T [11] was associated with depress ion of cellular 
energy charge, ac t ivat ion of A M P K [12], downregu la t ion of 
ad ipogenic genes, increases in lipid oxida t ion [12,13], impai red 
lipolytic act ion of ca techolamines [14], and increased mi tochon-
drial biogenesis [15]. O the r recent s tudies suggest the involve-
ment of A M P K in effects of exercise [16], ad iponec t in (17], 
th iazol id inediones [18], and leptin [19] in W A T . 

T h e aim of this s tudy was to investigate whe ther A M P K 
could be involved in the different responses of subcu t aneous 
and epid idymal fat depo t s to s ta rva t ion . 

1. Introduction 

T h e me tabo l i c proper t ies of white ad ipose tissue ( W A T ) 
depend on its ana tomica l local izat ion in the body and the 
health consequences of obesi ty are also affected by the site of 
fat a c c u m u l a t i o n . However , the mechan i sms that cont ro l fat 
depot-specific differences in W A T metabo l i sm are largely 
unknown, including the differential metabol ic responses of fat 
depots to s t a rva t ion , a c o m m o n physiological condi t ion lead-
ing to a decrease of b o d y fa t con ten t [1-3]. In bo th epid idymal 
W A T [4] and liver [5] of rodents , s tarvat ion s t imulated the 
AMP-ac t iva ted pro te in kinase ( A M P K ) . This enzyme is a 
sensor of cellular energy stress tha t , once phosphory la t ed due 
to an increase in the cellular A M P / A T P ra t io or o the r s t imulus, 
activates A T P - p r o d u c i n g processes while switching off A T P -

'Corresponding author. Fax: +420 241 062 599. 
E-mail address: kopecky@biomed.cas.cz (J. Kopecký). 

Abbreviations: ACC, acetyl-CoA carboxylase; AMPK, AMP-activated 
protein kinase; al (a2) AMPK, al and a2 isoforms of the catalytic 
subunit of AMPK; FA, fatty acids; FAS, fatty acid synthase; NEFA, 
non-esterified fatty acids; PEPCK, phosphoenolpyruvate carboxyki-
nase; pACC, the phosphorylated form of ACC; pAMPK, phosphor-
ylated form of AMPK; SREBP-1, sterol regulatory element-binding 
protein-1; UCP, uncoupling protein; WAT, white adipose tissue 

2. Materials and methods 

2.1. Animals 
Three- to four-month-old male C57BL/6J mice were used for all 

experiments. Animals were housed in a controlled environment 
(20 °C; 12-h light-dark cycle; light from 6:00 a.m.; five mice/cage) with 
free access to water and standard chow diet [11]. Two experimental 
protocols were used: A, all mice were caged singly for one week at 
20 °C and than sacrificed between 9:00 and 10:00 a.m., while some 
of these mice were denied access to food for 6, 12, and 24 h before 
the sacrifice, respectively, and controls were allowed free access to 
food. B, mice were caged singly for two weeks either al 20 or at 
30 °C and at 5:30 p.m. of the day of the experiment, mice were denied 
food or not and both groups were sacrificed 6 h later under dimmed 
red light. In both protocols, mice were sacrificed by cervical dislocation 
and epididymal and subcutaneous dorsolumbar WAT depots [14] were 
dissected. 

2.2. Measurements of plasma non-esterified FA 
Blood was collected by tail bleeds just before sacrifice and plasma 

was prepared using EDTA. Concentrations of non-esterified fatty 
acids (NEFA) were evaluated enzymatically (kit NEFA С from Wako 
Chemicals, Richmond, CA). 

2.3. FA synthesis and oxidation in adipose tissue 
Activity of FA synthesis was measured in fragments of adipose 

tissue incubated in the presence of glucose and insulin, and incorpora-
tion of radioactivity into saponifiable FA was estimated as described 

0014-5793/530.00 © 2005 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved. 
doi:10.10I6/j.febslet.2005.09.078 
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previously [13], except that incubation medium also contained 1 mM 
pyruvate and 'НгО (0.5 mCi/ml), which was used as a radioactive 
tracer instead of glucose. Oxidation of oleate in the tissue fragments 
was measured as described previously [12]. 

2.4. RNA analysis 
Total RNA was isolated using TRIzol Reagent (Invitrogen, Carls-

bad, CA). RNA was treated with RNase-free DNase. Gene expression 
was analyzed by reverse transcription followed by real time quantita-
tive PCR (LightCyclcr Instrument, F. Hoffman-La Roche Ltd., Basel. 
Switzerland) with primers specific for sterol regulatory element-bind-
ing protein-l (SREBP-1), fatty acid synthase (FAS), phosphoenolpyr-
uvate carboxykinase (PEPCK), and UCP2 (Table 1). Levels of P-actin 
mRNA were used to correct for inter-sample variations [14]. 

2.5. Other analytical procedures 
Quantification of tissue lipids [20], and evaluation of activity of the 

a l isoform of AMPK (al AMPK) using immunoprecipitalion of 
AMPK from tissue extracts and specific peptide assay was performed 
as described previously [12,21]. Western blotting was used for quanti-
fication of the total content of al AMPK and phosphorylated form of 
AMPK (pAMPK) and of the total content of acetyl-CoA carboxylase 
(ACC), and the phosphorylated form of ACC (pACC; see [12] for the 
detailed protocol). 

2.6. Statistics 
Statistical significance was evaluated using unpaired /-tests or two-

way ANOVA. Differences were judged to be significant at P < 0.05. 

3. Results 

3.1. Changes in body weight, adiposity and NEFA in plasma 
In initial exper iments , effects of 6, 12, and 24 h of s ta rva t ion 

were studied in mice ma in ta ined at 20 °C, while sacrificing all 

an imals du r ing the early light phase of the day (Protocol A in 
Section 2). S ta rva t ion resul ted in a progressive loss of body 
weight over 24 h (Table 2). Both s u b c u t a n e o u s and epididymal 
fa t tended to decrease in weight , a l t hough this was only signif-
icant for s u b c u t a n e o u s fat at 12 and 24 h a f te r food depriva-
t ion. T h e reduct ion of ad ipose tissue weight during 
s ta rva t ion was a c c o m p a n i e d by a decrease in the content of 
tissue lipids in s u b c u t a n e o u s bu t no t in epididymal fat after 
24 h (Table 2). S ta rva t ion is k n o w n to be associated with the 
induct ion of lipolysis in W A T , a n d this was reflected by a rise 
in the p lasma concen t r a t i on of N E F A tha t was significant by 
6 h and peaked at 12 h. All these d a t a indicate that major 
changes of W A T metabo l i sm h a d occur red in mice denied ac-
cess to food for 6 - 1 2 h. 

3.2. Fat depot-specific modulation of lipogenesis and FA 
oxidation 

Suppress ion of the l ipogenic genes in W A T due to starvation 
was observed. It was significantly grea te r in epididymal com-
pared with s u b c u t a n e o u s fa t . T h u s , expression of SREBP-1, 
a t ranscr ip t ion fac to r con t ro l l ing l ipogenesis in response to 
nut r i t ional s ta tus [22], decl ined only t ransient ly in subcutane-
ous fat , while the express ion was progressively abolished dur-
ing 24 h of s ta rva t ion in ep id idymal fa t (Fig. 1 A). A gradual 
inhibi t ion of the expression of F A S was observed in both 
depots , with a s t ronger effect in the ep id idymal fat (Fig. IB). 
In parallel , the activity of F A synthesis also decreased to differ-
ent extents in the two fa t d e p o t s (Fig . 1С). 

Previous s tudies have shown s t imula t ion of F A oxidation in 
ad ipocytes isolated f r o m ep id idymal a n d perirenal fat ol 
s tarved ra ts [23]. O u r m e a s u r e m e n t of oleate oxidation in 

Table 1 
Sequences of PCR primers 

Gene Sense primer (5' —> 3') Antisense primer (5' —» 3') GenBank Accession No. for cDNA 

SREBP-Г' 
FAS 
PEPCK 
UCP2 
P-Actin 

G C T T C C G G C C T G C T A T G A 
G G C T G C C T C C G T G G A C C T T A T C 
C C A G C C A G T G C C C C A T T A T T G A C 
G C C C G G G C T G G T G G T G G T C 
G A A C C C T A A G G C C A A C C G T G A A A A G A T 

C A G G G C C T C G G T G T G C T C 
G T C T A G C C C T C C C G T A C A C T C A C T C G T 
T T T G C C G A A G T T G T A G C C G A A G A A 
C C C C G A A G G C A G A A G T G A A G T G G 
A C C G C T C G T T G C C A A T A G T G A T G 

AB017337, AF374266 
XI3135 
NM 011044 
U94593 
X03765 

"The primers detect the following splicing variants: SREBP-1 A, SREBP-1 A-W42, SREBP-1C and SREBP-1C-W42. 

Table 2 
Effects of starvation on body weight, fat pads weight, adipose tissue lipid content and plasma NEFA levels 

Fed mice Starved mice 

6 h 12 h 24 h n 
Loss of body weight (g)a 

Weight of fat depots (mg J 
Subcutaneous fat 
Epididymal fat 

Tissue lipids (mgldepot) 
Subcutaneous fat 
Epididymal fat 

NEFA (mM) 

NA 

228 ± 20 
332 ± 24 

47 .317 .7 
163 ± 2 5 

0.67 ± 0.05 

1.2 ±0 .2 2.7 ±0.1 3.7 ±0 .2 14-16 

197 ± 7 165 ± 9 b 168 ± 15b 14-16 
313 ± 14 290 ± 18 297 ± 24 14-16 

52.9 ±9.8 34.6 ± 7.7 25.8 ± 5.1b 4 
130 ± 3 7 124 ± 20 146 ± 4 0 4 

1.17 ±0.06" 1.85 ± 0.06h c 1.51 ± 0 . 0 7 b d 14-16 

Fed mice, and mice starved for various periods of time (Protocol A, see Section 2) were analyzed. The initial body weights in all groups were simila 
(27.1 ±0 .7 to 27.6 ±0 .8 g). 
"The difference between the initial and final body weight is indicated; the corresponding values for four animals used for the estimation of tissue lipid 
were 1.9 ± 0.1, 3.2 ± 0.5, and 4.4 ±0.1 g, respectively. Data are means ± S.E. 
bSignificant difference between fed and starved mice. 
"•'Significant difference between 6 and 12 h of starvation. 
dSignificant difference between 12 and 24 h of starvation. 
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Fig. I. EITect of starvation (Protocol A) on gene expression and FA 
synthesis in adipose tissue. All data are expressed in % relative to fed 
mice and they are means ± S.E.; n = 6-8. (A) SREBP-1 and (B) FAS 
mRNA level. In subcutaneous fat of fed mice, the levels of SREBP-1 
iranscript were similar, and that of FAS were significantly (2.1-fold) 
higher, compared with epididymal fat. (C) Activities of FA synthesis 
measured in tissue fragments. In subcutaneous adipose tissue of fed 
mice, the activities were significantly (2.3-fold) higher than in epidid-
ymal fat. Similar results were also obtained in measurements of FA 
synthesis in vivo (data not shown). Asterisks indicate significant effect 
of starvation. 

WAT f r a g m e n t s f r o m fed mice and mice s tarved for 12 h 
(n - 7 - 9 ) con f i rmed these findings and showed significant 
>2-fold s t imula t ion of F A oxida t ion by s ta rva t ion in epididy-
mal fa t (41 ± 4 vs. 101 ± 4 pmol F A / m g prote in/h) . In cont ras t , 
no c h a n g e of F A ox ida t ion could be detected in subcu taneous 
fat (95 ± 14 vs. 115 ± 11 pmol F A / m g prote in/h) . 

13. Differential induction of PEPCK and UCP2 genes in 
epididymal and subcutaneous fat 

Express ion of b o t h U C P 2 [24] and P E P C K [25] genes in 
W A T is s t imula ted by food depr iva t ion and either effect might 
be l inked to the ac t iva t ion of A M P K (see Section 4). Levels of 
UCP2 m R N A were s imilar in b o t h depo t s of fed mice, and 
increased d u r i n g s ta rva t ion (Fig. 2A). However , this increase 
was m u c h grea te r in ep id idymal fa t , peak ing at 12 h a f t e r 
which there was a 4- fo ld difference between epid idymal and 
subcutaneous fat . In epididymal fat of fed mice the m R N A levels 
of P E P C K were 2-fold h igher than in s u b c u t a n e o u s fa t and in-
creased subs tant ia l ly du r ing 24 h of s ta rva t ion (Fig. 2B). By 
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Fig. 2. Effect of starvation (Protocol A) on gene expression in adipose 
tissue. (A) UCP2 and (B) PEPCK mRNA level. All data are 
means ± S.E. (n = 6-8). Similar results were obtained when total 
RNA isolated from collagenase-released adipocytes was used for the 
analysis (data not shown). Asterisks indicate significant effect of 
starvation and hatched crosses significant differences between fat 
depots. 

con t ras t , only a smaller and t rans ient increase of P E P C K 
m R N A was observed in subcu t aneous fat , so that a f te r 24 h 
s ta rva t ion the levels were a b o u t 6-fold lower than in epididy-
mal fat (Fig. 2B). 

3.4. Activation of the AMPK cascade 
T h e above effects of s ta rva t ion were all consis tent with a differ-

ential ac t ivat ion of the A M P K cascade in epid idymal and subcu-
t aneous fa t . Indeed, assays of the otl A M P K activity in 
immunoprec ip i t a t e s revealed a significant act ivat ion (1.9-fold) 
a f te r 12 h, a n d n o fu r t he r changes du r ing the subsequent 12 h 
of s ta rva t ion in ep id idymal fat (Fig. ЗА). In con t ras t , n o changes 
of a l A M P K activity could be detected in subcu t aneous fat 
(Fig. ЗА). T h e a 2 A M P K activity was very low and did not 
change significantly in ei ther fat depo t (not shown) . T o conf i rm 
the differential ac t ivat ion of a l A M P K activity in the two fa t 
depo ts , the p h o s p h o r y l a t i o n s ta tus of its d o w n s t r e a m target , 
ACC-1 , was evalua ted (Fig. 3B). To ta l A C C conten t declined 
du r ing 24 h of s ta rva t ion , especially in s u b c u t a n e o u s fat 
(Fig. 3C). However , s t a rva t ion significantly increased (1.6-fold) 
the a m o u n t of p A C C , expressed relative to total A C C , in epidid-
ymal bu t no t in s u b c u t a n e o u s fa t (Fig. 3D) with a similar t ime 
course to a l A M P K activity (Fig. ЗА). 

Mice normal ly eat mos t of their daily in take du r ing the da rk 
phase , a n d in response to p ro longed s ta rva t ion they exhibit 
t o r p o r , i.e., a lowering of their b o d y t e m p e r a t u r e and energy 
expendi tu re [26]. In o rde r to separa te any response to cold 
f r o m tha t to s ta rva t ion , activity of A M P K cascade in W A T 
was analyzed in an imals ma in ta ined either at 20 or 30 °C 
(Table 3). In this exper iment , an ima l s were deprived of food 
jus t be fore en ter ing the d a r k phase and sacrificed 6 h later. 

—•— Epididymal fat 
—о— Subcutaneous fat 
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Fig. 3. Effects of starvation (Protocol A) on A M P K and A C C in 
adipose tissue. (A) a l A M P K activity is expressed in nmol phosphate 
incorporated/min per mg protein of tissue extract used for immuno-
precipitation. (B) Total content of A C C and p A C C were quantified 
using Western blots, as illustrated for the analysis of epididymal fat. 
(C) Total content of ACC, relative to the content at time zero. (D) 
A C C phosphorylat ion; total A C C and p A C C were quantified and the 
results are expressed as a ratio, relative to the ratio obtained at time 
zero. All data are means ± S.E. (n = 5-6). For other details, see legend 
to Fie. 2. 

t o g e t h e r w i t h t h e c o n t r o l s ( P r o t o c o l В in S e c t i o n 2). E v e n a t 
20 °C , o n l y m a r g i n a l d e p r e s s i o n ( b y a b o u t 0 .8 ° C ) o f c o r e b o d y 
t e m p e r a t u r e o c c u r r e d a f t e r 6 h o f s t a r v a t i o n a n d w h o l e b o d y 
o x y g e n c o n s u m p t i o n w a s n o t a f f ec t ed un t i l 12 h o f s t a r v a t i o n 
( d a t a n o t s h o w n ) . E s t i m a t i o n o f A M P K p h o s p h o r y l a t i o n 
u s i n g W e s t e r n b l o t s r evea l ed a c t i v a t i o n o f t h e e n z y m e d u e t o 
s t a r v a t i o n in e p i d i d y m a l b u t n o t in s u b c u t a n e o u s f a t . In ep i -
d i d y m a l f a t , s t a r v a t i o n s t i m u l a t e d p h o s p h o r y l a t i o n o f A C C 
w h i l e a n o p p o s i t e effect w a s o b s e r v e d in s u b c u t a n e o u s f a t . 
Al l t h e s e ef fec ts w e r e s i m i l a r a t 2 0 a n d a t 30 ° C . In b o t h t e m -
p e r a t u r e s , t h e t o t a l c o n t e n t o f A M P K o r A C C d i d n o t c h a n g e 
in r e s p o n s e t o t h e s t a r v a t i o n l a s t i n g f o r 6 h ( T a b l e 3). 

4. Discuss ion 

T h e p r i n c i p a l f i n d i n g o f th i s r e p o r t is t h a t t h e r e is a fat 
d e p o t - s p e c i f i c a c t i v a t i o n o f t h e A M P K c a s c a d e in W A T dur ing 
s t a r v a t i o n . T h i s a c t i v a t i o n , f o u n d in e p i d i d y m a l a n d not in 
s u b c u t a n e o u s f a t , w a s c o n v i n c i n g l y d o c u m e n t e d us ing different 
a n d c o m p l e m e n t a r y e x p e r i m e n t a l p r o t o c o l s in mice a n d it is in 
a g r e e m e n t w i th a s i m i l a r a c t i v a t i o n o f t h e A M P K f o u n d in the 
e p i d i d y m a l f a t o f s t a r v e d r a t s [4]. T h e a c t i v a t i o n was not 
e v o k e d by a d e c r e a s e o f b o d y t e m p e r a t u r e o c c u r r i n g d u r i n g 
s t a r v a t i o n in m i c e a l t h o u g h it c o u l d be a u g m e n t e d at lower 
a m b i e n t t e m p e r a t u r e . 

A c t i v a t i o n o f t h e A M P K s i g n a l l i n g p a t h w a y d u r i n g s tarva-
t ion w o u l d c o n t r i b u t e t o a l a r g e d e p r e s s i o n o f l ipogenesis in 
e p i d i d y m a l f a t . It m a y a l s o a c c o u n t f o r s t i m u l a t i o n of F A oxi-
d a t i o n [23] se lec t ive ly in e p i d i d y m a l f a t , a c c o m p a n i e d by a 
sh i f t o f g l u c o s e m e t a b o l i s m t o a n o n - o x i d a t i v e p a t t e r n [2]. In 
a d i p o s e t i s sue o f s t a r v e d r a t s , l a c t a t e b e c o m e s a m a j o r me tab -
o l i te o f g l u c o s e a n d t h e i n c r e a s e in l a c t a t e p r o d u c t i o n with 
s t a r v a t i o n is m u c h h i g h e r in e p i d i d y m a l t h a n in s u b c u t a n e o u s 
f a t [2]. B e c a u s e A M P K c o u l d s t i m u l a t e g l u c o s e u p t a k e in 
W A T by a m e c h a n i s m i n d e p e n d e n t o f in su l in [10], it cou ld also 
i n d u c e g l y c e r o n e o g e n e s i s a n d r e c y c l i n g o f F A i n t o tr iglyceride 
in e p i d i d y m a l f a t d u r i n g s t a r v a t i o n [27]. R e c y c l i n g o f F A con-
s u m e s A T P a n d m a y d e c r e a s e i n t r a c e l l u l a r e n e r g y c h a r g e , and . 
in t u r n , a c t i v a t e A M P K . T h e r e c y c l i n g w o u l d be f a v o u r e d by 
t h e m u c h g r e a t e r i n d u c t i o n o f P E P C K g e n e t r a n s c r i p t i o n in 
e p i d i d y m a l r a t h e r t h a n s u b c u t a n e o u s f a t t h a t we r e p o r t here. 
P E P C K is s t r i c t ly t r a n s c r i p t i o n a l l y r e g u l a t e d [28] a n d is re-
q u i r e d f o r g l y c e r o n e o g e n e s i s d u r i n g s t a r v a t i o n [29]. 

By a n a l o g y w i t h t h e i n d u c t i o n o f f a t a c c u m u l a t i o n by t rans-
gen ic o v e r e x p r e s s i o n o f P E P C K in a d i p o c y t e s [30], a s t ronger 
s t i m u l a t i o n o f P E P C K - d e p e n d e n t F A r e - e s t e r i f i c a t i on in epi-
d i d y m a l f a t m a y e x p l a i n t h e l ack o f a d e c l i n e in weight and 
l ipid c o n t e n t o f th i s f a t d e p o t d u r i n g 2 4 h o f f o o d depr iva t ion 
(see T a b l e 2). In a d d i t i o n , t h e i n h i b i t i o n o f b a s a l l ipolysis by 
A M P K in e p i d i d y m a l f a t m a y resu l t in a s l o w e r release of 
F A f r o m a d i p o c y t e s [31]. T h e c h a n g e s in b o t h F A re-esterif ica-
t i o n a n d re lease m a y b a l a n c e t h e e f fec t s o f i n c r e a s e d F A oxida-
t i o n a n d d e p r e s s e d l i p o g e n e s i s o n l ipid c o n t e n t a n d tissue 
w e i g h t in e p i d i d y m a l f a t a n d m a y be e s sen t i a l t o p rese rve the 
e n e r g y p o o l in t h i s t i s sue d u r i n g t h e in i t ia l p h a s e s of food 
d e p r i v a t i o n . A h i g h r a t e o f fu t i l e c y c l i n g o f F A ins ide ad ipo-
cy te s w o u l d f a v o r a f a s t a c t i v a t i o n o f F A re l ease d u r i n g pro-
l o n g e d s t a r v a t i o n [27]. I n d e e d , i n c r e a s e d sensi t iv i ty of 
e p i d i d y m a l f a t t o t h e l i po ly t i c a c t i o n o f e p i n e p h r i n e was no-
t iced in r a t s s t a r v e d f o r 72 h [32]. 

W e r e p o r t t h a t t h e u p r e g u l a t i o n o f U C P 2 d u r i n g s t a rva t ion 
w a s g r e a t e r in e p i d i d y m a l t h a n in s u b c u t a n e o u s f a t . U C P 2 
m i g h t i n c r e a s e t h e p r o t o n leak in m i t o c h o n d r i a a n d t h u s reduce 
s y n t h e s i s o f A T P [33.34] a n d a c t i v a t e A M P K , s imi lar ly to 
t r a n s g e n i c m i c e o v e r - e x p r e s s i n g U C P 3 in ske l e t a l musc l e [35] 
o r U C P I in W A T [12]. O n t h e o t h e r h a n d , i n c r e a s e d express ion 
o f t h e U C P 2 g e n e m i g h t be a c o n s e q u e n c e o f A M P K act iva-
t i o n , s ince A M P K c a n i n d u c e b o t h U C P 2 a n d U C P 3 in ra t skel-
e ta l m u s c l e [36]. T h e r o l e o f U C P 2 in p r o t e c t i o n o f W A T cells 
a g a i n s t t h e d a m a g e c a u s e d by r e a c t i v e o x y g e n species , which 
w o u l d be f o r m e d a t a h i g h e r r a t e w h e n F A o x i d a t i o n in mi to-
c h o n d r i a is i n c r e a s e d , s h o u l d be a l s o c o n s i d e r e d [34]. 

T h e m e t a b o l i s m o f W A T is u n d e r a c o m p l e x n e u r o h o r m o n a l 
c o n t r o l , e x e r t e d p r i m a r i l y by insu l in a n d c a t e c h o l a m i n e s [1]. 
I n su l i n i n h i b i t s A M P K in h e a r t [37], wh i l e c a t e c h o l a m i n e s acti-
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Table 3 
Effects of 6 h-starvatmn ( ^ p h o s p h o r y l a t i o n and lotal contents of A M P K and A C C in white fat of mice maintained at different temperatures 

2 0 ° c 30 °C 

Fed mice Starved mice Fed mice Starved mice 

^MP Kl AMPK 
Subcutaneous fat 1.00 ± 0 . 0 2 1.10 ± 0 . 0 6 0.99 ± 0 09 104 ± 0 10 
Epididymal fat 1.00 ± 0.07 1.55 ± 0.13" 1.00 ± 0 . 0 4 1.21 ± 0.05" 

i MP К 
Subcutaneous fat 
Epididymal fat 

pA CCIA CC 
Subcutaneous fat 
Epididymal fat 

ÁCC 
Subcutaneous fat 
Epididymal fat 

1.00 ±0.11 
1.00 ± 0.08 

1.00 ± 0 . 0 5 
1.00 ± 0 . 3 8 

1.00 ± 0 . 2 3 
1.00 ± 0.11 

0.80 ± 0.07 
0.80 ± 0.09 

0.56 ±0 .07" 
1.81 ± 0.24" 

1.14 ± 0.29 
0.86 ± 0 . 1 3 

0.94 ± 0 . 1 0 
0.80 ± 0.07 

0.91 ±0 .11 
1.00 ± 0 .14 

1.07 ± 0 . 0 4 
1.06 ± 0 . 2 7 

0.86 ±0.15 
0.74 ± 0.06 

0.65 ± 0.07-
1.48 ± 0.14'' 

0.85 ± 0.03b 

1.10 ± 0.18 

Mice fed or starved (Protocol B, see Section 2) were analyzed. Content of p A M P K , total A M P K , pACC, and total A C C was quantified using 
Western blots (see Fig. 2 of this manuscript and Fig. 2 of [12]). Phosphorylation of A M P K and ACC, respectively, is expressed as a ratio between two 
forms of the enzymes. Results are expressed relative to the values for fed mice at 20 °C. Data are means ± S.E. (n = 6). 
'Significant effect of s tarvation. 
'Significant effect of temperature. 

vate A M P K in a d i p o c y t e s [4]. R e s p o n s i v e n e s s o f a d i p o c y t e s to 
both i n s u l i n [38] a n d P - a d r e n c r g i c a g o n i s t [39] is h i g h e r in ep i -
d idymal t h a n s u b c u t a n e o u s f a t . T h e r e f o r e , t h e d i f f e r en t i a l ac t i -
vation o f A M P K in t h e t w o f a t d e p o t s d u r i n g s t a r v a t i o n m a y 
be r e l a t e d t o t h e e f fec t s o f i n su l in a n d c i r c u l a t i n g c a t e c h o l a -
mines. M o r e o v e r , a c t i v a t i o n o f s y m p a t h e t i c i n n e r v a t i o n o f 
W A T in t h e a b d o m e n w a s f o u n d in r a t s d u r i n g p r o l o n g e d f a s t -
ing [40] a n d d i f f e r e n t i a l s y m p a t h e t i c (see [41]) a s well a s p a r a -
s y m p a t h e t i c [42] i n n e r v a t i o n o f a b d o m i n a l a n d s u b c u t a n e o u s 
W A T ex i s t s in r o d e n t s . T h i s s u g g e s t s a poss ib i l i ty f o r t h e 
i nvo lvemen t o f a u t o n o m i c i n n e r v a t i o n in t h e r e s p o n s i v e n e s s 
of v a r i o u s f a t d e p o t s t o s t a r v a t i o n a n d o t h e r s t imul i l ike e x p o -
sure t o c o l d , w h i c h a l s o i n c r e a s e s s y m p a t h e t i c i n n e r v a t i o n o f 
W A T [43]. 

In s u m m a r y , t h e c o n t r o l o f l ipid a n d g l u c o s e m e t a b o l i s m in 
W A T b y A M P K m a y r e p r e s e n t a bas i c b io log i ca l m e c h a n i s m 
that c o n t r i b u t e s t o r e g i o n a l d i f f e r ences in t h e m e t a b o l i c p r o p -
erties o f a d i p o s e t i s sue d e p o t s . T h i s m e c h a n i s m m a y c o n t r i b u t e 
to t h e d e v e l o p m e n t o f a d v e r s e h e a l t h c o n s e q u e n c e s o f o b e s i t y 
and r e p r e s e n t s a p r o m i s i n g t h e r a p e u t i c t a r g e t . 
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Abstract Aims/hypothesis: Intake of п-Ъ polyunsaturated 
fatty acids reduces adipose tissue mass, preferentially in the 
abdomen. The more pronounced effect of marine-derived 
eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids 
on adiposity, compared with their precursor a-linolenic 
acid, may be mediated by changes in gene expression and 
metabolism in white fat. Methods: The effects of ЕРА/ 
DHA concentrate (6% EPA, 51% DHA) admixed to form 
two types of high-fat diet were studied in C57BL/6J mice. 
Oligonucleotide microarrays, cDNA PCR subtraction and 
quantitative real-time RT-PCR were used to characterise 
gene expression. Mitochondrial proteins were quantified 
using immunoblots. Fatty acid oxidation and synthesis were 
measured in adipose tissue fragments. Results: Expression 
screens revealed upregulation of genes for mitochondrial 
proteins, predominantly in epididymal fat when EPA/DHA 
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concentrate was admixed to a semisynthetic high-fat diet 
rich in a-linolenic acid. This was associated with a three-
fold stimulation of the expression of genes encoding reg-
ulatory factors for mitochondrial biogenesis and oxidative 
metabolism (peroxisome proliferator-activated receptor gamma 
coactivator 1 alpha [PpargcJa, also known as Pgclcc] and 
nuclear respiratory factor-1 [Nrjl] respectively). Expression of 
genes for carnitine palmitoyltransferase 1A and fatty acid 
oxidation was increased in epididymal but not subcutaneous 
fat. In the former depot, lipogenesis was depressed. Similar 
changes in adipose gene expression were detected after re-
placement of as little as 15% of lipids in the composite high-
fat diet with EPA/DHA conccntrate, while the development 
of obesity was reduced. The expression of Ppargcla and 
Nrfl was also stimulated by п-Ъ polyunsaturated fatty acids 
in 3T3-L1 cells. Conclusions/interpretation: The anti-
adipogenic effect of EPA/DHA may involve a metabolic 
switch in adipocytes that includes enhancement of |3-ox-
idation and upregulation of mitochondrial biogenesis. 

Keywords Adipose tissue • Carnitine palmitoyltransferase 
1 • Fish oil • Flax-seed oil • Metabolism • Mitochondria • 
я-3 Polyunsaturated fatty acids • PGC-1 • PPARGC1A 

Abbreviations ACOX1: acyl-Coenzymc A oxidase 1 • 
ALA: a-linolenic acid • ATP5A1: subunit a of FrATPase • 
AU: arbitrary units • cHF diet: composite high-fat diet 
based on chow • cHF-Fl and sHFf-F2: high-fat diets with 
partial replacement of lipids by fish oil conccntrate • 
COX6: cytochrome с oxidase subunit VI • CPT1A: 
carnitine palmitoyltransferase 1A • DHA: docosahexaenoic 
acid • EPA: eicosapentaenoic acid • EPA/DHA concentrate: 
concentrate of п-Ъ polyunsaturated fatty acids from fish oil 
(6% EPA and 51% DHA) • ESM: Electronic 
Supplementary Material • MT-ATP6 and MT-ATP8: 
subunits 6 and 8 of mitochondrial ATPase • MT-COl and 
МТ-СОЗ: mitochondrial cytochrome с oxidase subunits I 
and III • MT-ND1: subunit 1 of mitochondrial NADH 
dehydrogenase (complex I) • MT-ND4: subunit 4 of 
mitochondrial NADH dehydrogenase (complex I) • 
NRF1: nuclear respiratory factor-1 • PPAR: peroxisome 
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proliferative activated receptor • PPAR GC1A: PPARy 
coactivator-la • PTP4A1: protein tyrosine phosphatase 
4a 1 • PUFA: polyunsaturated fatty acids • qRT-PCR: 
quantitative real-time RT-PCR • SCD1: stearoyl-CoA 
desaturase 1 • SDHA: 70 kDa protein subunit of 
mitochondrial complex II • sHFf diet: semisynthetic 
high-fat diet • UCP: uncoupling protein 

Introduction 

Type 2 diabetes exhibits a much stronger dependence on 
obesity than other health consequences of excessive ac-
cumulation of body fat. One of the major causes of obesity 
is high intake of lipids [I]. Studies in rodents [2-7] have 
demonstrated that saturated fats facilitate adipose tissue 
deposition more effectively than polyunsaturated fatty 
acids (PUFA). The long-chain n-3 PUFA eicosapentaenoic 
acid (EPA; 20:5 /7-3) and docosahexaenoic acid (DHA, 
22:6 n-3), which are abundant in marine fish oil, are more 
potent in reducing adiposity than n-3 PUFA from plants, 
such as a-linolenic acid (ALA, 18:3 n-3 [4, 8]). The intake 
of DHA appears to be particularly important [5, 8]. In 
mammals, ALA is a precursor of EPA and DHA, but is 
rapidly oxidised in the organism and its conversion to EPA 
and DHA is quite inefficient [6, 9, 10]. Hence, dietary fish 
oil supplement is a more effective source of tissue DHA 
than ALA [6, 10]. Also in humans, dietary fish oil may 
decrease body fat content [11]. Furthermore, EPA and 
DHA act as hypolipidaemics, exert prophylactic effects on 
cardiovascular disease and may improve insulin sensitivity 
(references, see [4, 9]). Therefore, current dietary recom-
mendations favour a substantial decrease in the /7-6: n-3 
PUFA ratio [6, 9]. 

The effect of /7-3 PUFA on fat deposition does not result 
from a reduction in food intake [2-6, 8, 11], but rather 
reflects metabolic changes in several tissues [6, 12], such as 
stimulation of lipid oxidation and inhibition of lipogenesis 
in liver (references, see [6, 12]), stimulation of fatty acid 
oxidation in muscle [13], as well as adaptive thermogenesis 
mediated by mitochondrial uncoupling protein 1 (UCP 1) in 
brown fat [2, 14]. In humans, whole-body lipid oxidation 
was increased by dietary fish oil [11]. The anti-adipogenic 
effect of n-3 PUFA may be also mediated by changes 
occurring in white adipose tissue itself [5, 15]. Studies in 
rodents indicate a complex modulation of gene expression 
in white adipose tissue by n-3 PUFA [6, 12], especially in 
fat depots in the abdominal region, which are preferentially 
reduced [3, 5, 6, 8, 16]. The changes in gene expression 
suggest a decrease in lipogenesis and fatty acid release 
from adipocytes [5] and an enhancement of mitochondrial 
respiration [3] and glucose uptake [8] in these cells. 

The main goals of this study were to investigate the 
effects of EPA and DHA, compared with ALA, on gene 
expression in white adipose tissue, and to test the hy-
pothesis that these effects limit the development of obesity. 
Experiments were conducted in mice fed two types of high-
fat diet, either a semisynthetic diet (sHFf) or a composite 
diet based on chow (cHF; see Materials and methods and 

[8]). The sHFf diet is well defined and made it possible to 
study the separate effects of EPA and DHA, and ALA 
respectively. Similar purified diets have been used in 
previous studies in rodents. While these diets do not 
promote obesity in mice [2-5, 8, 13, 14], the cHF diet does 
[8, 17]. We show here that replacement of some of the 
dietary lipids with EPA and DHA induced expression of 
mitochondrial genes in white adipose tissue, as well as the 
gene encoding their upstream regulatory factor, PPARy 
coactivator-1 a (PPARGC1 A, also known as PGC1 a). This 
factor links nuclear receptors to the transcriptional program 
of mitochondrial biogenesis and oxidative metabolism in 
adipocytes and muscle cells [18-20] and to gluconcogen-
esis in liver [21]. We also demonstrate that the expression 
of the gene for carnitine palmitoyltransferase 1A(Cptla) 
and oxidation of fatty acids was stimulated in epididymal 
but not subcutaneous white adipose tissue. Our data sug-
gest that upregulation of mitochondrial biogenesis and 
induction of (3-oxidation, as well as suppression of lipogen-
esis in adipocytes, are involved in the preferential reduction of 
lipid accumulation by EPA and DHA in abdominal fat. 

Materials and methods 

Animals and diet 

Male C57BL/6J mice were imported from the Jackson 
Laboratory (Bar Habor, ME, USA) and bred at the Institute 
of Physiology for up to 16 generations. Male mice were 
used for the experiments. Animals were housed in a 
controlled environment (20°C; 12-h light—12-h dark cycle; 
light from 06.00 h) with free access to water and standard 
chow [17]. At 4 months of age, singly caged animals were 
randomly assigned for 4 weeks to one of the high-fat diets 
described previously (see Tables 1, 2, 3 of Ref. [8] and the 
Electronic Supplementary Material [ESM] Tables 1 and 2); 
the sHFf diet, which contained 20% (wt/wt) flax-seed oil 
(rich in ALA) as the only lipid; or the sHFf-F2 diet, which 
had the same composition as the preceding diet except that 
44% of lipids were replaced by n-3 PUFA concentrate 
containing 6% EPA and 51% DHA (EPAX 1050TG; 
Pronova Biocare, Lysaker, Norway; EPA/DHA concen-
trate). Some 4-month-old animals were also habituated for 
2 weeks to the cHF diet, derived from standard chow and 
containing 35% (wt/wt) lipids of very low n-3 PUFA 
content. These were then assigned for 5 weeks to the cHF 
diet or to the cHF-Fl diet, which had the same composition 
as the cHF diet except that 15% (wt/wt) of lipids were 
replaced with EPAX 1050TG [8]. Individual food intake 
was determined as before [8]. Mice were killed by cervical 
dislocation and subcutaneous dorsolumbar and epididymal 
white adipose tissue depots [8] were dissected. Tissues 
were either used immediately for measurement of fatty acid 
metabolism, or stored in liquid nitrogen for RNA analysis 
and immunoblotting. The experiments were conducted 
under the guidelines for the use and care of laboratory 
animals of the Institute of Physiology, Academy of Sciences 
of the Czech Republic. 



Table 1 Effects of ЕРЛ/DHA concentrate on body weight, fat depots and food consumption 

Diet 

sHFf sHFf-F2 cHF cHF-Fl 

Body weight (g) 
Initial3 

26.4±0.5 26.4±0.4 27.5±0.6 27.8±0.7 
Final" 26.9±0.7 23.4±0.6 b 3 5 . 4 ± l . l 33.4±0.7 
Change" 0.4±0.5 - 2 . 9 ± 0 . 8 b 7.75±0.7 6.25±0.6C 

Epididymal fat weight (mg) 481±38 326±24 b 2093±97 1741 ± 122е 

Dorsolumbar fat weight (mg) 215±12 197±16 679±45 640±40 
Food consumpt ion 3 (kJ/day per animal) 71.2±6.2 70.8±5.1 65.5±3.1 66.3±4.2 

12 12 11 12 

Data are means±SEM 
Mice were fed semisynthetic diets (sHFf or sIIFf-F2) and used for the analysis of gene expression in adipose tissue (Table 2, Fig. 2), or fed 
composite diets (cHF or cHF-F2) and used for the analysis of gene expression in collagenase-liberated adipocytes (Table 4) 

'With respect to the whole period of dietary treatment 
Stat is t ical ly significant difference compared with sHFf diet 
'Statistically significant difference compared with cHF diet 

Differentiation of 3T3-L1 adipocytes 

Eleven days after induction of cell differentiation [22] and 
24 h before RNA isolation, a complete change of the 
medium was performed using serum-free Dulbecco's mod-
ified Eagle medium containing 0.5% fatty acid-free BSA, 
830 nmol/1 insulin and 0.5 mmol/1 oleic acid in the form of 
BSA/fatty acid sodium salt. Medium was further supple-
mented with ethanolic solution of fatty acid: (1) 0.2 mmol/1 
oleic acid; (2) 0.2 mmol/1 ALA; or (3) 0.2 mmol/1 DHA, and 
incubated for 1 h before use. 

RNA isolation 

Total RNA was isolated and purified using the TRIzol 
Reagent (Invitrogen, Carlsbad, CA, USA) according to the 
protocol of the supplier with additional phenol/chloroform 
extraction. 

DNA and protein content 

DNA was measured fluorometrically in tissue samples 
digested with proteinase K, and protein concentration was 
assessed using the bicinchoninic acid procedure and BSA 
as standard [23]. 

cDNA PCR subtraction 

RNA was isolated from epididymal fat pads pooled from 
six mice fed the sHFf or the sHFf-F2 diet. cDNA was 
generated using the SMART PCR cDNA Synthesis Kit (BD 
Biosciences, San Jose, CA, USA). To detect the genes up-
regulated by the sHFf-F2 diet, PCR-based cDNA subtrac-
tion was carried out with the PCR-Select cDN A Subtraction 

Kit (BD Biosciences). Subtracted cDNA libraries were 
subcloncd (T/A cloning) into bacteria and analysed by 
colony array hybridisation using 32P-labelled cDNA probes 
(DECAprime II DNA Labeling Kit; Ambion, Austin, 'ГХ, 
USA). Selected cDNAs were sequenced (DNA sequencer 
CEQ2000XL; Beckman Coulter, Harbor Boulevard. CA, 
USA) and DNA sequences were analysed using BLAST 
(GenBank, NIH). 

Oligonucleotide microarray 

Each RNA sample isolated from dorsolumbar and epidid-
ymal fat of sHFf and sHFf-F2 mice (nine animals per group) 
was indirectly labelled [24] and processed separately. In the 
reverse transcription step, aminoallyl dUTP was incorpo-
rated and then chemically coupled to fluorophores. RNA 
samples (30 ц-g) were separately labelled with Cy5 dye. A 
common reference sample (a pool representing all the 
investigated samples) was also labelled with Cy3. High-
density microarrays, based on commercial oligonucleotide 
library (Mouse 10k A set; MWG Biotech, Ebersberg bei 
Mtinchen, Germany) were printed on epoxy slides (Quanti-
foil, Jena, Germany) using a MicroGrid II (Genomic 
Solutions, Ann Arbor, MI, USA), pretreated, hybridised 
overnight at 42°C in a humid hybridisation chamber, and 
read using a laser scanner (ScanArray Express; Perkin-
Elmer, Boston, MA, USA). To correct for fluctuations in 
RNA sample size and the amount of DNA spotted, signals 
were normalised [25]. All Cy3 and Cy5 signals lower than 
2.5-fold background value were excluded from the analysis 
(approximately 60% of spots). Identification of differen-
tially expressed genes was done using discriminant analysis, 
which is a supervised form of principal components analysis 
(Genemath software; Applied Maths, Sint-Martens-Lathem, 
Belgium). Samples were first assigned to their diet intervention 
group, then separated along the dimension of maximum 
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Table 3 Quantification of the protein components of the oxidative phosphorylation system in sHFf and sHFf-F2 diet-fed mice 

Fat depot Diet SDHA MT-COl COX6 АТР5Л1 

Epididymal fat sHFf 0.25±0.04 0.37±0.07 0.28±0.02 0.30±0.06 
sHFf-F2 0.48±0.06a 0.68±0.08a 0.67±0.14" 0.44±0.03" 

Dorsolumbar fat sHFf 0.42±0.04b 0.34±0.06 0.43±0.08 0.33±0.07 
sHFf-F2 0.46±0.07 0.32±0.07b 0.38±0.07 0.39±0.07 

Individual antigens were quantified in crude cell membranes isolated from adipose tissues using immunoblots and their contcnt was 
expressed in AU using isolated mouse liver mitochondria as a standard (see Fig. 1) 

Data are means±SEM (n=9). The effect of diet in fat depots (two-way ANOVA) was different, except for ATP5A1 
"Significant differences between diets 
bSignificant differences between fat depots 

variation in gene expression between the groups and the 
0.5% of genes that contributed most to the variation (the 
discriminating genes) were subsequently selected. Finally, 
from the selected genes only those genes were considered 
that exerted significantly different (Mest) levels of expres-
sion in at least one of the tissues analysed. 

Quantitative real-time RT-PCR 

This analysis (qRT-PCR) was performed using a PCR kit 
(QuantiTect SYBR Green; Qiagen, Hilden, Germany) and 
LightCycler (Hoffman-La Rochc, Basel, Switzerland). All 
samples were treated with DNAase. Dilution of cDNA 
samples before PCR quantification of mitochondrially en-
coded genes was 100-fold higher compared with nuclear-
encoded genes. Levels of all transcripts were correlated with 
that of the gene for cyclophilin-|3 since quantity of this 
transcript is not affected by the dietary treatments [8] and is 
expressed in arbitrary units (AU). Lasergene software 
(DNAStar, Madison, WI, USA) was used to design oligo-
nucleotide primers (see ESM Table 3). 

Quantification of mitochondrial proteins 

Frozen tissues were immersed in a buffer containing 0.25 mol/1 
sucrose, 50 mmol/1 Tris and 5 mmol/l EDTA (pH 7.5), and 
homogenised for 7 min on ice using a Teflon/glass homo-
geniser. Tissue fragments were removed by centrifugation 
for 10 min at 4°C and 600 g and crude cell membranes 
were separated from the supernatant by centrifugation for 
35 min at 4°C and 100,000 g. Samples of the crude cell 
membranes were analysed using SDS-PAGE and immu-
noblots [26]. Polyclonal rabbit antibody [26] was used 
(1:5,000) to detect cytochrome с oxidase subunits I and VI 
(MT-COl and COX6). Monoclonal antibody was used to 
detect the 70 kDa subunit of complex II (SDHA; 1:2,000; 
Molecular Probes A-11142, Eugene, OR, USA) and 
subunit a of F,-ATPase (ATP5A1; 1:200,000, lot 20D6 
[27]). Peroxidase-labelled goat anti-mouse IgG (1:1,000, 
A8924; Sigma, St Louis, MO, USA) or goat anti-rabbit IgG 
(1:1,000, F0382; Sigma) was used as a secondary antibody. 
Antigens were visualised by luminescence and detected on 
a LAS 1000 CCD camera system (Fuji, Tokyo, Japan). 
Liver mitochondria isolated from chow diet-fed mice were 

used as standard to quantify the relative content of each 
antigen. 

Oxidation and synthesis of fatty acid in fragments 
of adipose tissue 

Fatty acid oxidation was measured as the amount of radio-
activity released into the medium from fragments (50 mg 
tissue chopped into about ten pieces using a razor blade) 
prelabelled with [9,10(«)-3H]oleic acid [28]. Synthesis of 
fatty acids was measured as before [221 except that the 
medium also contained 1 шМ pyruvate and H20 (18.5 MBq/ 
ml) was used instead of radioactive glucose. 

Statistics 

The data were evaluated by one-way (diet) or two-way 
ANOVA with one grouping factor (diet) and one trial factor 
(depot). Logarithmic or square root transformation was 
used to stabilise variance in cells when necessary. The 
Spearman correlation coefficient was used to evaluate the 
relationship between transcript levels. The level of sig-
nificance for all tests was set at p=0.05. 

Results 

Screening for genes regulated by EPA and DHA 
in white adipose tissue 

To identify the genes specifically regulated in white adipose 
tissue by marine-derived n-3 PUFA, mice were maintained 
for4 weeks on the sHFf diet, rich in ALA and free of DHA or 
EPA, while the other mice were fed a similar diet, except that 
44% of dietary lipids were replaced by EPA/DHA concen-
trate (sHFf-F2 diet). In accordance with previous results [8], 
animals fed the sHFf diet maintained stable body weight 
during 4 weeks of the treatment, while in the sHFf-F2 group 
the mean body weight declined by 11±2%. The weight of 
epididymal fat was 30±3% lower than in the sHFf group 
(mean±SEM of four independent experiments, /7=7—12), 
while the weight of dorsolumbar fat did not change sig-
nificantly. As observed before [8], food consumption was 
not affected (Table 1). 
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First, cDNA PCR subtraction was used to identify genes 
uprcgulatcd in the sHFf-F2-fcd mice, starting from total 
RNA prepared from epididymal pads pooled from mice fed 
either the sHFf or the sHFf-F2 diet. In total, 52 clones were 
identified corresponding to 19 differentially expressed 
genes, six of them having known functions (Table 2): 
genes for cytochrome с oxidase subunit III (mt-Co3) and 
subunit 6 of ATPase (mt-Atp6), i.e. the key components of 
the mitochondrial oxidative phosphorylation system, en-
coded by mitochondrial DNA, and four nuclear genes 
engaged in regulatory pathways. 

Secondly, oligonucleotide microarray analysis was ap-
plied to RNA samples isolated from both epididymal and 
dorsolunibar fat. Tissues from individual animals fed either 
sHFf or sHFf-F2 diet (Table 1) were processed and analysed 
separately. Only 0.5% of the genes most discriminating in 
both directions (sec Materials and methods) between the 
sHFf and sHFf-F2 diets were considered (Table 2). In ac-
cordance with the results of cDNA PCR subtraction, the 
majority of the most upregulated genes in both fat depots of 
the sHFf-F2-fed mice belong to the mitochondrial genome 
and code for components of the oxidative phosphorylation 
system (complex I, cytochrome с oxidase and complex V, 
ATP synthase). Also, the nuclear gene for adipsin, the 
adipocyte hormone engaged in the control of fatty acid 
intake [29], was upregulated. Conversely, the most down-
regulated genes in the sHFf-F2-fed animals were those 
supporting lipogenesis and encoding stearoyl-CoA desatu-
rase (Scdl [30]), in both epididymal and subcutaneous fat 
depots, and acyl-CoA:diacylglycerol acyltransferase (Dgat2), 
in the former depot only (Table 2). 

Thirdly, seven of the 18 differentially expressed genes 
were verified using qRT-PCR (Table 1). The differences in 
the expression of the gene for mt-Col were more pro-
nounced in the epididymal than in the dorsolumbar fat 
depot (Table 2). 

Specific induction of mitochondrial proteins 
in epididymal fat by the sHFf-F2 diet 

Subunits of the mitochondrial oxidative phosphorylation 
complexes were quantified in crude cell membranes pre-
pared from white adipose tissue using immunoblots (Fig. 1, 
Table 3). In epididymal fat, levels of SDHA, MT-COl, 
COX6 and ATP5A1 were elevated approximately 2-fold by 
the sHFf-F2 diet compared with the sHFf diet, resulting, in 
the case of MT-COl, in higher levels in epididymal than in 
dorsolumbar fat in the sHFf-F2-fed animals. In the dorso-
lumbar fat, no effect of the diet on any of the analysed 
antigens was observed. In contrast to the differential effect 
of the sHF-F2 diet on the quantity of SDHA and ATP5A1 
in two fat depots, qRT-PCR analysis («=7-9) revealed sig-
nificant induction of transcripts for these genes by sHF-F2 
diet in both epididymal fat {Sdha, 1.35±0.16 vs 2.71±0.35 
AU; AtpSal, 1.82±0.08 vs 3.97±0.75 AU) and subcutane-
ous fat {Sdha. 1.96±0.19 vs 2.75±0.26 AU; Atp5al, 1.44± 
0.23 vs 3.3U0.54 AU). 

OXPHOS 
complex 

Protein 
subunit 

SDHA 

МТ-С01 

СОХ6 

ATP5A1 

6 p g 12 M9 24 pg 10 pg 20 pg 10 pg 20 pg 

SHF-F2 diet sHF diet 

Liver mitochondria Epididymal fat 

Fig. 1 Immunoblot t ing of mitochondrial proteins in epididymal fat 
of the mice fed sHFf and mice fed sHFf-F2 diets. The analysis was 
performed using crude cell membranes isolated f rom adipose tissue. 
The amount of protein in each lane is indicated. Isolated mouse liver 
mitochondria were used as a standard (see Table 3) 

Induction of Ppargcla, Nrfl, Cptla, fatty acid 
oxidation and depression of fatty acid synthesis 
in white adipose tissue by the sHFf-F2 diet 

We hypothesised that the induction of PPARGCT A, as well 
as NRF1 [18, 19], which is a downstream target for 
PPARGC1A and orchestrates mitochondrial biogenesis 
[19], is involved in the effect of EPA/DHA concentrate on 
white adipose tissue. qRT-PCR analysis revealed approxi-
mately 3.4-fold induction of both Ppargcla and Nrfl 
transcripts in epididymal fat by the sHFf-F2 diet compared 
with the sHFf diet (Figs. 2a and b). Both genes tended to be 
upregulated also in dorsolumbar fat, but the effects were 
much smaller and not statistically significant. Also, CPT1, 
which is necessary for the translocation of fatty acid into 
mitochondria, represents a downstream target for PPARG 
CIA [31]. qRT-PCR analysis revealed that the liver isoform 
of the gene encoding CPT1 {Cptla) was upregulated by the 
sHFf-F2 diet in epididymal but not in dorsolumbar fat 
(Fig. 2c). Positive correlations between the expressions of 
genes encoding PPARGC1A and CPT1A within identical 
tissues and diets were observed, while correlations between 
the expression of genes encoding PPARGC1A and NRF1 
were not statistically significant (Fig. 2d and legend). The 
upregulation of the gene for CPT1A suggests stimulation 
of fatty acid oxidation in the epididymal fat of the sHFf-F2 
mice. Indeed, oxidation of oleate was 1.5- to 1.8-fold 
higher in epididymal fat of the sHFf-F2 compared with the 
sHFf mice, when the rate of oxidation was related either to 
tissue weight, protein, or DNA (Fig. 3). In dorsolumbar fat, 
similar rates were observed in both diet groups (Fig. 3). 
Fatty acid synthesis was lower in epididymal fat of sHFf-
F2 than sHFf mice (83±7 vs 114±12 dpm of 3H20 in-
corporated into saponifiable fatty acids per mg of tissue 
DNA; л=7). 

Levels of acyl-CoA oxidase 1 {Acoxl) mRNA, the marker 
of peroxisomal fatty acid oxidation, were significantly 
higher in mice fed the sHFf-F2 diet than in those fed the 
sHFf diet, in both epididymal (0.27±0.05 vs 0.14±0.02 AU) 
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Epididymal fat Dorsolumbar fat Epididymal fat Dorsolumbar fat 

5 

Epididymal fat Dorsolumbar fat 

Fig. 2 Gene expression in adipose tissue, a - c Using qRT-PCR, 
transcript levels were evaluated in total RNA isolated from adipose 
tissue depots of mice fed the sHFf diet (white bars) or the sHFf-F2 
diet (black bars). For all transcripts, the effect of diet in fat depots 
was different (two-way ANOVA). Significant differences between 
diets; significant differences between fat depots. Data are means± 
SEM (/7=9-15). d Correlation between Ppargcla and Cptla mRNA 
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levels in epididymal fat of the mice fed sHFf (while circles) and 
sHFf-F2 (black circles) and in dorsolumbar fat of the mice fed sHFf 
(white squares) and sHFf-F2 (black squares). Spearman correlation 
coefficients for each set of data were 0.72-0.83. Corresponding 
values for the correlation between Ppargcla and NrJ'l transcripts 
were 0.38-0.62. Only the correlations between Ppargcla and Cptla 
transcripts (d) were statistically significant (/><0.01) 

and dorsolumbar (0.09±0.02 vs 0.04±0.01 AU) adipose 
tissue. Thus, in contrast to the gene encoding CPT1A, 
similar stimulation of transcription of the gene for ACOX1 
was observed in both fat depots of sHFf-F2 mice («=13). 

In contrast to white adipose tissue, especially the epi-
didymal fat, no significant changes in the expression of 
Ppargcla, Nrfl and Cptla were observed in liver (not 
shown). Only the levels of Acoxl mRNA were significantly 
higher in mice fed the sHFf-F2 than in those fed the sHFf 
diet (32±1.5 vs 21±1.3 AU;/?=5). 

Upregulation of the markers of mitochondrial 
biogenesis and |3-oxidation and suppression 
of lipogcnic genes in adipocytes from mice 
fed the composite diet cHF-Fl 

These experiments were designed to verify whether mito-
chondrial biogenesis and |3-oxidation are stimulated when 
induction of obesity by the cHF diet is rcduccd by re-
placement of only 15% of dietary lipids by EPA/DHA 
concentrate (cHF-Fl diet). In accordance with our previous 

c5 o s 

Tissue Protein DNA Tissue Protein DNA 

Epididymal Fat 

Fig. 3 Oxidation of oleate in fat depots of mice fed sHFf (white bars) or 
sHFf-F2 (black bats). Activity is expressed as pmol fatty acidsh ' mg 1 

tissue (Ttsstie), pmol fatty acidsh~'mg~' protein-10"2 (Protein), or pmol 
fatty acids h |ig_1 DNA (DNA). There was a different effect of diet in 
fat depots (two-way ANOVA). Data are means±SEM (n=9). The tissue 

Dorsolumbar fat 

DNA concentration was 0.78±0.08 and 0.76±0.11 ng DNA'mg tissue in 
epididymal fat of sHFf and sHFf-F2 mice, respectively. Corresponding 
values for dorsolumbar fat were 1.27±0.16 and 1.05±0.20. Significant 
difference between diets 



Table 4 Gene expression in adipocytes isolated from epididymal fat of mice fed cHF or cHF-Fl diet 

Diet Ppargc 1 a mt-СоЗ Cp t l a Scdl Ucp2 Ucp3 

cHF 0.14±0.03 9.25*1.02 1.40*0.32 1.57*0.18 0.87*0.11 0.82*0.02 
cHF-Fl 0.51*0.09" 12.81 ±0.64" 2.32*0.61" 0.40*0.08" 0.40*0.09" 1.01 ±0.03 

Data arc mcans±SEM ( n ~ l ) 
"Significant difference between diets 

study [X], a significant 22±7% reduction of body weight 
gain was observed in the cHF-Fl-fed mice compared with 
the cHF-fed mice after 5 weeks of the treatment. The weight 
of epididymal fat in the cHF-Fl-fed mice was 24±3% lower 
than in the cHF group (mean±SEM of three independent 
experiments, «=10-13), while the weight of dorsolumbar fat 
was not significantly different. As observed before [8], food 
consumption was not affected (see Table 1 for data from a 
typical experiment). 

In animals fed the cHF and cHF-Fl diets (Table 1), gene 
expression was studied using RNA prepared from the 
adipocytes isolated from epididymal fat (Table 4). Expres-
sion of the genes for PPARGC 1 A, MT-СОЗ and CPT1A 
was enhanced by the cHF-Fl diet compared with the cHF 
diet, while the gene encoding SCD1 was down-regulated. 
Since PPARGC 1A can induce the expression of die gene 
for mitochondrial UCPI [18, 20] and marine-derived n-3 
PUFA have been shown to induce expression of this gene 
in brown fat [14], the Ucpl transcript was also measured. 
However, it was barely detectable (levels were at least four 
orders of magnitude lower than in interscapular brown fat) 
and no induction of the Ucpl transcript by cHF-Fl diet was 
observed (not shown). Levels of Ucp2 transcript were 
lower in adipocytes from the cHF-Fl-fed than the cHF-fed 
mice, while levels of Ucp3 transcript were similar in the 
two groups of mice (Table 4). 

Direct effect of n-3 PUFA on adipocytes 

3T3-L1 adipocytes differentiated in cell culture were 
incubated for 24 h with various fatty acids: oleate alone, 
oleate plus ALA, or oleate plus DHA, and Ppargcla and 
Nrf'l transcripts were quantified (Fig. 4). Compared with 
oleate, both ALA and DHA significantly increased the 
levels of both transcripts. The stimulation by DHA seemed 
to be more pronounced than that by ALA, but the dif-

ference was not statistically significant. Similar results 
were obtained in primary cultures of adipocytes (not 
shown). 

Discussion 

The results of this study demonstrate the involvement of 
white adipose tissue, in addition to the liver, brown fat and 
other organs, in the mechanism whereby marine-derived 
n-3 PUFA reduce adiposity and body weight. Our finding 
that EPA/DHA concentrate can specifically stimulate 
expression of Ppargcla and Cptla, increase the content 
of mitochondrial proteins and induce (3-oxidation in 
epididymal but not dorsolumbar fat is consistent with the 
preferential reduction of adipose tissue accumulation in the 
abdomen. 

The idea that changes induced in white adipocytes by 
EPA and DHA could contribute to the reduction of obesity is 
strongly supported by the upregulation of genes encoding 
PPARGC 1A and MT-СОЗ and downregulation of the gene 
encoding SCD1 in adipocytes prepared from epididymal fat 
of the cHF-F 1 -fed mice. Under these conditions (mouse fed 
the cHF-F 1 diet), only 15% of dietary fat was replaced by 
EPA/DHA concentrate, resulting in a substitution of about 
10% of the fat for EPA/DHA. This led to a significant 
reduction in weight gain compared with mice fed the cHF 
diet. 

Increased expression of Nrf'l is consistent with the 
upregulation of genes for mitochondrial proteins by ЕРА/ 
DHA. The majority of these genes (i.e. mt-Col, mt-СоЗ, nit-
Ndl, mt-Nd4, mt-Atp6 and mt-Atp8) are encoded by 
mitochondrial DNA. However, immunoblotting analysis 
revealed that the biosynthesis of nuclear-encoded mito-
chondrial proteins (COX6, SDH A and ATP5A1) is also 
upregulated. Expression of genes encoding PPARGC 1A and 
NRF1 is more stimulated in epididymal than in dorsolumbar 

Fig. 4 Effect of n-3 PUFA on 
gene expression in 3T3-L1 cells. 
Postconfluent cells were treated 
for 24 h with oleate, oleate plus 
ALA, or oleate plus DHA (see 
Materials and methods), and 
transcripts were quantified using 
qRT-PCR. Data are means* 
SEM («=12). Significant differ-
ences versus oleate 
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fat. and striking fat depot-specific differences were observed 
in the cffcct of EPA/DHA on the expression of the gene 
encoding CPT1A, fatty acid oxidation activity and the 
quantity of oxidative phosphorylation proteins. In contrast, 
EPA/DHA induced transcripts for most of the mitochondrial 
proteins as well as the marker of peroxisomal fatty acid 
oxidation, Acoxl, to a similar extent in both fat depots. 
These results suggest distinct post-transcriptional control in 
different fat depots of the expression of the genes for 
mitochondrial proteins and the involvement of mitochon-
dria rather than peroxisomes in the stimulatory effect of EPA 
and DHA on fatty acid oxidation in epididymal fat. 

Our in vitro experiments suggest that n-3 PUFA can 
modulate gene expression in white adipose tissue by direct 
interaction with adipocytes. PUFA of the n-3 series and their 
metabolites, eicosanoids [6], arc ligands [32] of various 
isoforms of the peroxisome proliferator-activated receptor 
(PPAR [33-35]). All PPARs (а, у and 6) physically interact 
with the gene encoding PPARGC1A [18, 34, 35], which is 
upregulated by EPA/DHA in adipocytes. A recent study 
indicates that treattnent of ob/ob mice with rosiglitazone, a 
PPARy ligand of the thiazolidinedione family and a widely 
used antidiabetic drug, increases mitochondrial mass, pal-
mitate oxidation and the expression of genes encoding 
PPARGC1 A, CPU A and UCPI in epididymal fat [36]. 
Except for the upregulation of the gene for UCPI, all these 
effects are similar to those elicited in white adipose tissue by 
EPA/DHA, suggesting that both /?-3 PUFA and rosiglita-
zone induce similar metabolic changes in white adipose 
tissue cells, while increasing mitochondrial oxidative ca-
pacity and stimulating glucose uptake into adipocytes. 
However, in contrast to EPA/DHA, thiazolidinediones 
also support an adipogenic programme [36]. Surprisingly, 
rosiglitazone induces the accumulation of n-3 PUFA in 
white adipose tissue of diabetic mice [37]. Whether the 
mechanism of the effect of rosiglitazone depends on the 
accumulation of n-3 PUFA in adipocytes remains to be 
clarified. 

Forced expression of the gene for PPARGC 1A in both 
3T3-F442A (references, see [IX]) and human adipocytes [20] 
induces the conversion of adipocytes to energy-dissipating 
cells, including the recruitment of the gene for UCPI. Low 
levels of transgenic UCPI in white adipose tissue may 
protect mice against obesity [ 17] while stimulating oxida-
tion of fatty acids [28] and mitochondrial biogenesis [23], 
and depressing lipogenesis [22] in adipocytes. Also, leptin 
[38, 39], |3-radrenergic agonists [40] and bezafibrate [41] 
have similar effects in rodents [38,41], including induction 
of the genes for CPT1A [39, 41] and PPARGC 1A [38] in 
white adipose tissue. Apparently, various stimuli can 
convert adipocytes into fat-burning cells and depress the 
accumulation of body fat, even without induction of UCPs 
in these cells, as documented by the effect of EPA/DHA. 
Lack of recruitment of UCPI in the EPA/DHA-treated 
mice may be explained by the absence of other cofactors or 
hormones required in addition to PPARGC 1A [ 18, 20]. The 
absence of UCPI also suggests that the increase in fatty 
acid oxidation occurs in white rather than brown fat cells. 
This idea is supported by the induction of the gene for 

CPT1A, which is preferentially expressed in white adipose 
tissue in mice [42]. Because of the low activity of CPT1A, 
the rate of (3-oxidation in white adipose tissue is normally 
low and fatty acids arc directed to estcrification [42, 43]. 
Thus, the enhancement of fatty acid oxidation in white 
adipose tissue by EPA/DHA concentrate could depend on 
the increase in the expression of the gene encoding CPT1 A. 
Decreased production of malonyl CoA due to suppression 
of lipogenesis may result in further augmentation of fatty 
acid oxidation in mitochondria via the CPT1 A-mediated 
mechanism [44]. 

It was found recently that expression of the gene encod-
ing PPARGC 1A is reduced in the adipose tissue of morbid-
ly obese subjects [45] and inversely correlated with adipose 
cell mass [46], and that Ppargcla polymorphisms segregate 
with obesity [47] and type 2 diabetes [48]. Onset of obesity 
in ob/ob mice is associated with downregulation of genes 
coding for mitochondrial proteins [36], and heat production 
by white adipose tissue cells from obese humans is lower 
than in lean individuals [49]. All these findings are com-
patible with the hypothesis that changes in fuel partitioning 
and reduced oxidation of lipids in white adipocytes con-
tribute to the development of obesity and type 2 diabetes. 

In conclusion, we show for the first time that dietary EPA 
and DHA preferentially upregulate genes for mitochondrial 
proteins, including their regulatory genes Ppargcla and 
NrJ'l, and increase (3-oxidation while depressing lipogenesis 
in abdominal fat. This metabolic switch is induced indepen-
dently of ALA intake and could reduce the development of 
obesity. Relatively minor changes in the composition of lipids 
in an obesity-promoting diet exert surprisingly pronounced 
effects. Our findings have important implications for the 
design of novel dietary and pharmacological strategies for 
the prevention and treatment of obesity and the metabolic 
syndrome. 
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Abstract Aims/hypothesis: Diets rich in n-3 polyunsat-
urated fatty acids, namely eicosapentacnoic acid (EPA) and 
docosahexaenoic acid (DHA), protect against insulin resis-
tance and obesity in rodents and increase insulin sensitivity 
in healthy humans. We tested whether the anti-diabetic 
effects of EPA and DHA involve enhanced production of the 
endogenous insulin sensitiser, adiponectin. Methods: We 
studied the effects, in an obesity-promoting high-fat diet, of 
partial replacement of vegetable oils by EPA/DHA concen-
trate (6% EPA, 51% DHA) over a 5-wcek period in adult 
male C57BL/6J mice that either had free access to food or 
had their food intake restricted by 30%. At the end of the 
treatment, systemic markers of lipid and glucose metab-
olism and full-length adiponectin and leptin were measured. 
Adiponectin (Adipoq) and leptin {Lep) gene expression in 
dorsolumbar and epididymal white adipose tissue (WAT) 
and isolated adipocytes was quantified and adipokine pro-
duction from WAT explants evaluated. Results: In mice 
with free access to food, plasma triacylglycerols, NEFA, 
and insulin levels were lower in the presence of EPA/DHA, 
while glucose and leptin levels were not significantly 
altered. Food restriction decreased plasma triacylglycerols, 
glucose, insulin and leptin, but not adiponectin. EPA/DHA 
increased plasma adiponectin levels, independent of food 
intake, reflecting the stimulation of Adipoq expression in 
adipocytes and the release of adiponectin from WAT, 
particularly from epididymal fat. Expression of Lep and the 
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release of leptin from WAT, while being extremely sen-
sitive to caloric restriction, was unaltered by EPA/DHA. 
Conclusions/interpretation: Intake of diets rich in EPA 
and DHA leads to elevated systemic concentrations of 
adiponectin, largely independent of food intake or adipos-
ity and explain, to some extent, their anti-diabetic effects. 

Keywords Adipokines • Adiponectin • Adipose tissue • 
Fish oil • High-fat diet • n-3 PUFA 

Abbreviations Adipoq: Gene encoding adiponectin • 
AMPK: AMP-activated protein kinase • cHF diet: 
Composite high-fat diet based on chow • cHF-Fl diet: 
Composite high-fat diet with partial replacement of lipids 
by fish oil concentrate • DHA: Docosahexaenoic acid • 
EPA: Eicosapentaenoic acid • EPA/DHA: Concentrate of 
EPA and DHA from sea fish (6% EPA and 51% DHA) • 
Lep: Gene encoding leptin • Ppib: Gene encoding 
peptidylpropyl isomerase |3, also called Cyclophilin В • 
PUFA: Polyunsaturated fatty acids • qRT-PCR: 
Quantitative real-time RT-PCR • Slc2a4: Gene encoding 
solute carrier family 2 member 4, also called Glut4 • WAT: 
White adipose tissue. 

Introduction 

Intake of polyunsaturated fatty acids (PUFA) of marine 
origin, namely eicosapentaenoic acid (EPA; 20:5 n-7>) and 
docosahexaenoic acid (DHA, 22:6 /7-3), has numerous 
beneficial effects on health. EPA and DHA act as hypo-
lipidaemics, exert prophylactic effects on cardiovascular 
disease, protect against insulin resistance and obesity in 
rodents fed high-fat diets, and reduce insulin response to 
glucose in healthy humans [1-3 and references therein]. 
We, and others, have shown [1] that in a semi-synthetic 
high-fat diet rich in a-linolenic acid (18:3 n-3) partial 
replacement of lipids with concentrate of EPA and DHA 
from sea fish (EPA/DHA) resulted in suppression of in-
sulinaemia. It also protected against down-regulation of 
solute carrier family 2 member 4 (Slc2a4, also called Glut4) 
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in white adipose tissue (WAT) by the high-fat diet. The 
effect on Slc2a4 was part of a complex modulation of WAT 
gene expression and metabolism, resulting in stimulation of 
lipid oxidation and inhibition of lipogenesis, especially 
in the epididymal fat, which led to reduced accumulation 
of this tissue while food consumption remained unaffected 
[1.4]. 

The aim of this work was to test the hypothesis that the 
anti-diabetic effects of EPA and DHA involve induction of 
adiponectin, an adipocyte-derived hormone, which stimu-
lates glucose utilisation and fatty acid oxidation in muscles 
and decreases hepatic gluconeogenesis as a result of the 
activation of AMP-activated protein kinase (AMPK) [5]. 
We show that partial replacement of dietary lipids with 
EPA/DHA in a composite high-fat (cHF) diet in rodents 
stimulates expression of the gene encoding adiponectin 
{Adipoq) and increases adiponectin production in epidid-
ymal WAT as well as systemic levels of adiponectin by 
mechanism(s) relatively independent of food intake or 
adiposity. 

Materials and methods 

Animals and diets Experiments were performed on adult 
male C57BL/6J mice as described previously [1, 4]. Mice 
were imported from the Jackson Laboratory (Bar Harbor, 
ME, USA) and bread at the Institute of Physiology for up 
to 16 generations. The animals studied were habituated for 
2 weeks to the cHF diet, which was derived from standard 
chow and contained 35% (wt/wt) lipids of very low n-3 
PUFA content, and then assigned for 5 weeks to the cHF 
diet, or a diet of the same composition, i.e. a composite 
high-fat diet, but with partial replacement of lipids by fish 
oil concentrate (cHF-Fl diet) such that 15% (wt/wt) of 
lipids was replaced by the EPA/DHA concentrate contain-
ing 6% EPA, 51% DHA, and 4 mg/g a-tocopherol as 
antioxidant (EPAX 1050TG; Pronova Biocare, Lysaker, 
Norway). Detailed analysis of fatty acid composition of 

the diets was performed previously [1]. When indicated, 
the ration was reduced by 30% (caloric restriction) 
compared with mice on the same type of diet but with 
free access to chow. Mice were killed by cervical 
dislocation, and subcutaneous dorsolumbar and epididy-
mal WAT depots were dissected. Tissues were used 
immediately for explant studies or isolation of adipocytes 
[4], or stored in liquid nitrogen for RNA analysis (see 
below). EDTA plasma was obtained from truncal blood 
and stored at -70°C. The experiments were conducted 
according to the Institute's guidelines for the use and care 
of laboratory animals. 

WATexplants Tissue (100 mg) was incubated in 1.0 ml of 
serum-free medium (Cellgro; Mediatech, Herndon, VA, 
USA) for 24 h at 37°C/5% C02 . At the end of the 
incubation the culture supernatant was stored at -70°C. 

Quantification of metabolites and hormones in plasma and 
supernatant from white adipose tissue explants Triacyl-
glycerol, NEFA, glucose and insulin were estimated as 
described before [1]. Leptin and full-length adiponectin 
were measured by 2-site ELISA ( R & D Systems, 
Minneapolis, MN, USA) with inter- and intra-assay CVs 
of 5.8 and 8.9 for leptin and 6.3 and 9.4% for adiponectin. 

Quantitative real-time RT-PCR Total RNA was isolated as 
before [4] and quantitative real-time RT-PCR (qRT-PCR) 
was performed using a qPCR kit (DyNAmoCapillary 
SYBRGreen; Finnzymes, Espoo, Finland) and Light-
Cycler (Hoffman-La Roche, Basel, Switzerland). Levels 
of transcripts were standardised using the gene encoding 
peptidylpropyl isomerase В (Ppib, also called cyclophilin 
B) and expressed in arbitrary units [4]. Lasergene software 
(DNASTAR, Madison, WI, USA) was used to design oli-
gonucleotide primers (forward/reverse) for the following 
genes: Adipoq - TCCGGGACTCTACTACTTCTCTTAC 
С AC / GTCCCCATCCCCATACACCTG; Ppib - ACTAC 
GGGCCTGGCTGGGTGAG / TGCCGGAGTCGACAA 

Table 1 Effects of EPA/DHA and caloric restriction on body weight, markers of lipid and glucose metabolism, and adipokines in plasma 

Diet 

Free access to food Caloric restriction 

cHF cHF-Fl cHF cHF-Fl n 

Body weight (g)a 37.5±1.2 34.8±1.2b 25.1±0.4C 25.2±0.6C 10 
Plasma levels of: - - - - -

NEFA (mmol/1) 0.47±0.02 0.33±0.02b 0.44±0.05 0.38±0.05 10 
Triacylglycerols (mmol/1) 1.46±0.11 0.79±0.07b 0.51±0.06c 0.52±0.05 c 10 
Glucose (mmol/1) 10.10±0.22 10.04±0.38 7.55±0.44c 7.27±0.33c 10 
Insulin (ng/ml) 2.77±0.52 0.17±0.04b 1.68±0.22c 0.16±0.06b 7 
Adiponectin (ng/ml) 9.0±0.3 12.1±0.5b 9.2±1.1 11.2±0.5b 10 
Leptin (ng/ml) 42.5±7.9 40.1±0.9 2.4±0.4C 2.5±0.2C 10 

Mice had either free access to cHF or cHF-Fl diets or were subject to caloric restriction. Data are means±SEM. "Animals were used in our 
previous study [1]. bSignificant effect of diet. S ign i f ican t effect of caloric restriction 



Table 2 Gene expression and adipokine production in WAT depots of mice with free access to cHF or cIIF-Fl diets 

Dorsolumbar fat Epididymal fat 

cIIF cHF-F 1 cHF cHF-F 1 n 

Gene expression - _ _ 
Tissue - - _ _ _ 

Adipoq (AU) 0.77±0.08 0.94±0.07 0.82±0.03 0.88±0.06 10 
Lep (AU) 0.51±0.05 0.48±0.03 0.61±0.04 0.47±0.07 10 

Adipocytes - - - - -

Adipoq (AU) 3.21 ±0.25 6.13±0.87b 2.83±0.23 7.18±0.82b 7 - 8 
Lep (AU) 2.92±0.83 3.57±0.91 1.70±0.40 3 . 1 U 1 . 0 6 7 8 

Adipokine production" - - - - -

Adiponectin (ug/ml) 0.31 ±0.04 0.32±0.03 0.32±0.03 0.47±0.03b 9 
Leptin (ng/ml) 36.1±3.1 34.7±3.6 33.6±6.4 20.9±3.3 9 

Transcript levels were evaluated by qRT-PCR using RNA isolated from whole tissues or collagcnase-liberated adipocytes. Tissue explants 
were used to measure adipokine production. Data are means±SEM. "Levels in medium after incubation of WAT explants (see Materials and 
methods). bSignificant efTect of diet. AU, arbitrary units 

TGATGA; and leptin {Lep) - CCGCCAAGCAGAGGGT 
CAC / GCATTCAGGGCTAACATCCAACT. 

Statistics The data were evaluated by ANOVA as described 
before [4]. The level of significance of all tests was set at 
;;=0.05. 

Results 

Mice that had free access to cHF or cHF-Fl diets or a 
calorie-restricted diet for 5 weeks were compared (Table 1). 
In accordance with our previous results in mice with free 
access to standard chow [1, 4], the cHF diet induced 
obesity, while the cHF-Fl diet resulted in 2.7 g lower mean 
body weight and about 30% reduction of epididymal fat 
mass, with no change in dorsolumbar fat. Under these con-
ditions, food consumption was not affected [4]. Caloric 
restriction resulted in net loss of body weight and adipose 
tissue mass [1,4] (Table 1). Plasma levels (Table 1) of 
NEFA were lower in cHF-Fl than cHF mice with free 
access to food, but they were not affected by the diet in 
animals on the calorie-restricted diet, and no independent 
effect of caloric restriction on NEFA levels was seen. In 
mice with free access to food, levels of triacylglyccrols 
were lower in cHF-F 1 than in cHF mice, but the effect of the 
cHF-Fl diet was masked by caloric restriction, which de-
creased triacylglycerol levels (Table 1). Glucose and leptin 
levels were not affected by the cHF-F 1 diet, but they were 
reduced by caloric restriction. Insulin levels were substan-
tially lower in cHF-F 1 than cHF mice, independently of 
food intake. Also caloric restriction decreased insulin lev-
els, but to a much lower degree than the decrease induced 
by cHF-F 1 diet. Levels of adiponectin were increased by 
cHF-F 1 diet to a similar extent in mice with free access to 
food as in the mice on a calorie-restricted diet (34 and 22%, 
respectively), with this efTect being independent of caloric 
restriction. 

The effect of EPA/DHA on the expression of Adipoq and 
Lep and production of the adipokines was investigated in 

WAT of mice with free access to chow (Table 2 ) . At the 
whole-tissue level, no significant effect of the diet on ex-
pression of either Adipoq ox Lep was detected. However, in 
adipocytes isolated from both depots, transcript levels for 
both adipokines were much higher than in the whole tis-
sues, and Adipoq expression was stimulated by EPA/DHA, 
while Lep expression was unaffected. The stimulation of 
Adipoq expression was more pronounced in epididymal 
than in dorsolumbar fat (2.5- and 1.9-fold stimulation, re-
spectively). Production of adiponectin was significantly 
increased by EPA/DHA in explants of epididymal but not 
dorsolumbar fat, while production of leptin was unchanged 
in the depots studied. 

Discussion 

This study demonstrates that caloric restriction and the 
intake of /7-3 PUFA of marine origin both lead to weight 
loss and a decrease in adipose tissue. The latter treatment, 
corresponding to about 5.3% of total energy intake derived 
from EPA and DHA, led to a significant reduction of weight 
gain, involving preferential reduction of epididymal fat in 
the abdomen [1]. Of note, however, is the differential effect 
of these two treatments on glucose and lipid metabolism 
and systemic adipokines. While changes in circulating 
glucose and leptin were almost entirely mediated by caloric 
restriction, NEFA, insulin and adiponectin were regulated 
predominantly by dietary EPA and DHA, and triacylgly-
ccrols levels were decreased by both treatments. Various 
effects of caloric restriction and EPA/DHA respectively 
reflect modulation of metabolism in several tissues and all 
the interactions are difficult to dissect. However, as demon-
strated in this report, one of the main effects of EPA/DHA is 
the stimulation of Adipoq expression in mature adipocytes 
and the production of adiponectin, mainly in epididymal 
fat, leading to increased plasma adiponectin levels. 

Plasma levels of adiponectin decrease in obese humans 
[6]. In our study, however, the induction of adiponectin by 
EPA/DHA could not result from reduction of adiposity, 



sincc the strong decrease of fat content due to caloric 
restriction did not influence adiponectin levels. In contrast 
to adiponectin, leptin plasma levels were decreased dra-
matically by caloric restriction, but neither these nor Lep 
expression were affected by EPA/DHA, supporting the idea 
that circulating leptin correlates with adiposity and glucose 
metabolism in adipocytes [7]. The induction of adiponectin 
but not of leptin by EPA/DHA indicates that the mecha-
nisms controlling the expression of genes for these two 
adipokines are different. As with thiazolidinediones, EPA 
and DHA may upregulatc Adipoq by acting as ligands of 
peroxisome proliferator-activated receptor-y, the transcrip-
tional regulator interacting directly with Adipoq promoter 
[X]. The stimulation of Adipoq may also depend on the 
activation of AMPK, since AMPK in adipocytes stimulates 
Adipoq [9] and EPA and DHA activate hepatic AMPK [10]. 

In accordance with other studies in rodents fed high-fat 
diets and in healthy humans [1,3], our insulin data indicate 
that EPA and DHA exert a large improvement in insulin 
sensitivity/action. Indeed, EPA/DHA prevented a rise in 
plasma insulin due to the cHF diet, since insulin levels in 
mice fed a standard chow diet were much lower than in the 
cHF mice, i.e. 0.59±0.10 ng/ml [1] (compare with Table 1). 
Our results suggest that protection against insulin resistance 
induced by a high-fat diet is at least partially mediated by 
adiponectin, but not leptin. Sincc EPA and DHA in humans 
were able to prevent but not reverse insulin resistance [3], it 
should be established whether the failure of dietary EPA 
and DHA to reverse type 2 diabetes is due to an inability 
to sufficiently induce adiponectin. Interestingly, an associ-
ation between circulating adiponectin and plasma n-3 
PUFA, and DHA in particular, was recently found in healthy 
humans [II]. 

In conclusion, we show for the first time that EPA and 
DHA stimulate Adipoq expression and increase the levels 
of circulating adiponectin, an effect that is relatively in-
dependent of food intake and body fat mass. Our findings 
arc relevant for prevention and treatment of obesity-
associated pathologies. 
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