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1. 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 is associated with the risk of developing
type 2 diabetes mellitus, coronary heart disease, hypertension, sleep apnoca, asthma. certain
form of cancer and osteoarthritis of small and large joints [3].

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 [4]. Second, mice that are prone or resistant to obesity were
created by transgenic modification ofiadipose tissue (reviewed in [5]). 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-q, 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 therapeutic benefit in
pathology associated with white adipose tissue mass dysregulation, such as lipodystrophy and

obesity.

1.1. White adipose tissue

White adipose tissue (WAT), in addition to adipocytes, contains stromal-vascular
cells. Unilocular adipocytes, characteristic of WAT, contain a single large lipid droplet which
pushes the cell nucleus against the plasma membrane, giving the cell a signet-ring shape
Mitochondria are found predominately in the thicker portion of the cytoplasmic rim near the
nucleus.

The largest depots are found subcutancously 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 [6:7].



Adipogenesis is driven by transcription factors CCAAT/enhancer-binding protein
(C/EBP) «, B and 8, peroxisome proliferator-activated receptor (PPAR) y and adipocyte
determination and differentiation factor-1/sterol regulatory element-binding protein-lc
(ADD-1/SREBP-1), whose activation leads leads to the expression of many adipocyte
specific proteins involved in glucose and lipid metabolism (8]

Fatty acids are either provided by the diet or can be synthesized de novo from glucose
via acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS). They are stored 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 ofi the TAG stores, mediated by
homone-sensitive lipase, and used for fuel by other tissues. At the same time they reesterify
part of these fatty acids back to TAG, leading to a recycling process. Mitochondrial p-
oxidation of fatty acids is regulated by the entry of fatty acids into the mitochondria by
malonyl-CoA, which is a potent inhibitor of CPT-1 [9].

Like in other tissues, mitochondria represent the main source of ATP even in white
fat. Oxidative phosphorylation (OXPHOS) varies depending on cellular activities, and s
regulated by both gene expression and the electrochemical potential difference of H'
Mitochondrial 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. The expression of both mtDNA (by mtTFA) and nDNA for
OXPHOS and uncoupling proteins (UCP) (by NRFs, etc.) is coordinated by a factor called
PPAR ¥ coactivator | (PGC-1) [10]

Besides free fatty acids WAT release many proteins - ‘adipokines’. They have many
physiological effects on different organs and are involved in obesity-associated
complications, such as insulin resistance, endothehal dysfunction, arterial hypertension and
atherosclerosis [11, 12]. Leptin is released by fat cells in amounts mirroring overall body fat
stores. Circulating leptin levels give the brain a reading of energy storage for the purposes of
regulating appetite and metabolism. The peripheral mechanism, which results in
intramyocellular lipid depletion via promoting fatty acid oxidation and TAG synthesis by
activation of AMPK, will enhance insulin sensitivity [13]. Adiponectin 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 [14, 15]. Low plasma adiponectin concentrations predicted a decrease

in insulin sensitivity and an increase of type 2 diabetes [16). Administration of adiponectin

led to an increase in glucose utilisation and fatty acid oxidation in cultured myocytes and in
soleus muscle of mice 1 vivo. In hepatocytes AMPK was activated as well. leading to a

reduction 1n gluconcogenesis [17)

1.2. AMP-activated protein kinase

AMPK, serving as a metabolic master switch in response to alterations in cellular
energy charge, plays a key role in regulation of carbohydrate and fat metabolism
Phosphorylation by AMPK may result in increases or decreases in the rate of the metabolic
pathway in which the protein target plays a regulatory role [18] and AMPK can also
influence metabolism by regulating gene expression [19]. The kinase is activated 1n
physiological situations when cellular production of AMP is increased - exercise. heat shock,
glucose or oxygen deprivation

Its known effects among others include: (i) inhibition of fatty acid synthesis and
lipolysis in adipocytes due to phosphorylation of ACC-a and HSL [20, 21, 22), (ii) activation
of fatty acid oxidation in muscle due to phosphorylation of ACC-B [23]; (iii) induction of
mitochondrial biogenesis possibly through activation of NRF-1 [24], and (iv) downregulation
of lipogenic genes mediated by transcription factor SREBP-1 in liver [25]. as well as in 3T3-

L1 adipocytes, in the latter case by downregulatmg PPARYy [26].

1.3. aP2-UCP! transgenic mice

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 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

Transgenic aP2-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
mode! 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
The resistance to obesity reflects lower accumulation of TAG in all fat depots, except for
gonadal fat, which becomes relauively large [27, 28]

The results of the morphometric analysis indicated induction of mitochondrial

biogenesis by ectopic UCP1 in the unilocular adipocytes [29]. Expression of the genes for



ACC and FAS was significantly depressed by the transgene in both subcutancous and
epididymal white fat depot. Fatty acid synthesis was reduced up to fourfold by ectopic UCPI
in the white fat of transgenic aP2-Ucpl mice, reflecting the magnitude of UCP1 expression in
different fat depots {30]. The transgenic UCPI decreased norepinephrine-induced lipolysis
and also down-regulated the expression of 1ISL and lowered its activity in adipocytes [31]
The phcnotype of aP2-Ucpl mice suggest that respiratory uncoupling is involved in the

modulation of white adipose tissue metabolism

1.4. Fasting

In carly post-absorptive state blood glucose and insulin levels fall back to normal,
glucagon release triggered. Glucagon promotes glycogenlysis and gluconeogenesis in liver
Decreased insulin also promotes lipolysis by activation HSL in WAT and release of amino
acids as alanine and glutamine, substrate for gluconeogenesis, from muscle. Several tissues
use fatty acids in preference to glucose. 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

Of the fatty acids released in lipolysis, some are reesterified. Because of
reesterification glyceroneogenesis 1s 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 [32].

The expression of lipogenic enzyme genes (ACC, FAS) is markedly reduced in
adipocytes but not in stromal-vascular fraction cells isolated from subcutaneous depot of 48-h

starved male rats [33). During fasting increase also p-oxidation in adipocytes [34]

1.5. 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 TAG. 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

Omega-3 and omega-6 fatty acids cannot be interconverted, and both are essential
nutrients. Linoleic acid (LA; 18:2, ©-6) is a major fatty acid in plant lipids. a-Linolenic acid

(ALA; 18:3, ®-3) is found in higher plants and algae. Eicosapentacnoic acid (EPA; 20:5, «©-3)

and docosahexaenoic acid (DHA; 22:6. w-3) are major fatty acids of marine algae. fish and
fish otls

The consumption of omega-3 PUFA leads to a substantial decrease in plasma TAG
concentrations and reduced adipose tissue mass. In addition to effects on plasma lipids,
PUFA can prevent the developement of insulin resistance [35, 36]. Dietary PUFA and their
metabolites are able to affect gene transcription, mRNA processing and modulate
posttranslational modifications of proteins [37, 38]. PUFAs are known to suppress lipogenic
gene transcription by downregulating the expression of the SREBPs [39, 40] and as
activators/ligands for the PPARs [41]. Dietary PUFA downregulate the expression of SCD-1
tn adipose tissue therefore contribute to the ability of PUFAs to reduce adipose tissue growth
[42].

PUFAs enhance uncoupling of OXPHOS [43]. Rats fed with DHA and EPA have
increased cytochrome c oxidase activity i brown adipose tissue and diet induced
thermogenesis [44]. This is due to the stimulation of mitochondrial and peroxisomal fatty
acid B-oxidation by omega-3 PUFA [45].

There is a high incorporation of EPA and DHA 1n membrane phospholipids. Altered
fluidity may lead to changes of membrane protein functions and cell signalling. 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



2. 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 mvestigate 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

3. METHODS

Note: Only those methods which I used personally in my work are in more detail described in
this chapter. For detailed description of all methods used in the projects see enclosed
publications.

Animals

Male C57BL/6J mice were used for all experiments. Animals were housed in a controlled
environment (20°C; 12-h hight-dark cycle; light from 6:00 a m ) with free access to water and
diet. Mice were sacrificed by cervical dislocation. Epididymal and subcutaneous white fat
depots were dissected, flash frozen and stored in liquid nitrogen for biochemical and RNA
analysis.

Publication A: Control mice and their transgenic littermates, hemizygous for the aP2-Ucpl
transgene, were sacrificed at 6 months of age

Publication B: Three- to four-month-old mice were caged singly for one week and than
sacrificed between 9:00-10:00 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

Publication C and D: At 4 months of age, singly caged ammals were randomly assigned for 4
weeks to one of the high-fat diets described previously (see Tables 1--3 of reference [46] and
the Electronic Supplementary Material ([ESM] Tables | 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 concentrate). 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-FI diet, which had the same composition as the cHF diet except
that 15% (wt/wt) of lipids were replaced with EPAX 1050TG [46]

WAT explants

WAT(100 mg) was incubated in | 0 ml of serum-free medium (Cellgro, Hyclone, USA) for
24h at 370C/ 5% CO2. At the end of the incubation the culture supernatant was stored at -
700C

Differentiation of 3T3-L1| adipocytes

Eleven days after induction of cell differentiation by dexamethasone-roziglitasone mix and
24 h before RNA 1isolation, a complete change of the medium was performed using serum-
free Dulbecco’s modified Eagle medium containing 0.5% fatty acid-free BSA, 830 nmol/I
insulin and 0.5 mmol/l oleic acid in the form of BSA/fatty acid sodium salt. Medium was
further supplemented with ethanolic solution of fatty acid: (1) 0.2 mmol/l oleic acid; (2) 0.2
mmol/l ALA; or (3) 0.2 mmol/l DHA, and incubated for | 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.



RNA analysis

Gene expression was analyzed by reverse transcription followed by the real time quantitative
PCR (LightCycler Instrument, Roche, Germany) with specific primers. Levels of b-actin
were used to correct for inter-sample variations

Oxidation of fatty acids

Oxidation of oleic acid was measured using a modified protocol of Wang et al. [47]. Adipose
tissue (~35 mg) sliced up into 5-10 fragments was pre-labeled with 40uCi/mL [9,10(n)-
3HJoleic acid in 300 pl of 2% FA-free BSA-KRB buffer containing S mM glucose for 75 min
at 37°C and under 5% CO, (gentle shaking). Fragments were washed three times and re-
suspended in 500 ul of the buffer and incubated for additional 4 h at 37°C. Oxidation was
assessed by measuring the amount of 3H,0 released into the medium. The content of free
fatty acids in adipose tissue fragments was measured in 5% homogenate (w/v in H20) using
a NEFA C kit from Wako Chemicals (Richmond, VA) and results were calculated according
to a published formula [47]

Quantification of AMPK and ACC

The total content of the ol AMPK and the phosphorylated form of AMPK (pAMPK) was
determined in tissue lysates by Western blotting using antibodies against total al AMPK and
phosphospecific antibodies against Thr-172. For the quantification of total ACC and the
phosphorylated form of ACC (pACC), tissue lysates (10 ug protein) were subjected to SDS-
PAGE using pre-cast 3-8% Tris-acetate gels (Invitrogen). Protein was transferred 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, that also recognize the homologous site (Ser-79) on ACC-1 (1.46
Ig/ml in blocking buffer containing 0.2% Tween-20), were used to quantify pACC
(incubation for 1 h). The membranes were washed 5x5 min with TBS (10 mM Tris-HCI, pH
7.4, 0.5 M NaCl) containing Tween-20 (0.2%) and immersed in blocking buffer containing
0.2% Tween-20 and | pg/ml anti-sheep 1gG conjugated to IR dye 680 (Molecular Probes,
Leiden, The Netherlands) and | pg/ml streptavidin conjugated to IR Dye 800 (Rockland Inc,,
Philadelphia, PA) and left shaking for | h, protected from light. The membranes were then
washed 5x5 min using TBS-Tween (0.2%) and 1x10 min in TBS and scanned using the
Odyssey IR Imager (Li-Cor Biosciences). The results were quantified using Odyssey
software.

Statistics

Statistical significance was evaluated using unpaired t-tests or two-way ANOVA
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 significance for all tests was set at p=0.05.

4. RESULTS AND DISCUSSION

4.1. Possible involvement of AMP-activated protein kinase in obesity resistance
induced by respiratory uncoupling in white fat

Since  UCPI-mediated respiratory uncoupling in brown fat is involved n
thermogenesis and 1n the control of energy balance {48], 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-Ucp/ transgenic mice, which induces the obesity resistance. has been
studied in great detail (for details see chapter 2.3.).

The presence of transgenic UCPI resulted in a significant, 2-fold increase in the
activity of the al isoform of AMPK (al AMPK) in subcutaneous fat. Our results are
supported by finding that norepinephrine (NE) increased the activity of AMPK in BAT of
wild type but not UCP1-KO mice [49]. 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
showed 2.7-fold increase in the oleate oxidation in subcutaneous fat, but not epididymal fat of
transgenic mice

A significant diminution of PPARY and aP2 mRNA level was found in subcutaneous
but not in epididymal fat of aP2-Ucp! mice. In adipocytes, AMPK is known to inhibit both
lipolysis and lipogenesis by regulating directly the enzymes engaged in lipid metabolism
[20].as well as by downregulating PPARy expression [26]. All the effects of transgenic
UCPI on the biochemical properties of white fat in the aP2-Ucp/ mice seem to be in
agreement with the activation of AMPK. Thus, activation of AMPK by decreased
intracellular energy charge in the white fat of aP2-Ucp! mice explains the complexity of

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



4.2. Involvement of AMP-activated protein kinase in fat depot-specific
metabolic changes during starvation

The time- and depot-dependent effects of starvation were studied during 24 hours
food deprivation. Significant change was detected only in weight of subcutaneous fat afier 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 afier 24
h. Starvation increased plasma levels of NEFA and it reached a peak after 12 hours of
fasting

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. 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 [47]. Our
measurement of oleate oxidation in WAT fragments from fed mice and mice starved for 12 h
showed significant stimulation of fatty acid oxidation by starvation in epididymal fat

Previously was shown that activation of AMPK in liver do the following: (1) to
phosphorylate and inactivate ACC (18] (ii) to suppress the transcriptional regulator SREBP-
1, an effect that decreases the expression of ACC, FAS [25], and the first cominitted enzyme
in the pathway of glycerolipid synthesis GPAT [50]: and (iii) to increase the activity [51] and
expression [52] 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. The
activity of al AMPK in epididymal fat peaked after 12h of starvation

The phosphorylation state of Ser79 of ACC, the specific site of inhibitory
phosphorylation by AMPK, was raised in accord with the differential activation of al AMPK
activity.

In order to understand the mechanism of the differential effect of fasting on lLipid
metabolism and activation of AMPK in subcutaneous and epididymal fat, we examined
whether either PEPCK or UCP2 could be involved. Expression of both PEPCK [53] and
UCP2 (54] genes in adipose tissue is known to be simulated by 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
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[53], while UCP2, which is abundant in white fat [55], may decrease the rate of ATP
formation due to respiratory uncoupling in mitochondria 56, 57)

In different response of both fad pads to starvation could be involved fatty acid
reesterification driven by PEPCK. Up to 30% of the fatty acid released by lipolysis in
epididymal fat of the fasted rat are reesterified back to TAG. 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 hiver [53).

The induction of UCP2 expression observed during fasting, which was higher in
epididymal than subcutaneous fat, might increase the proton leak in mitochondria [56, 57],
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 [58] and in white adipose tissue in vivo in aP2-Ucp! mice, both
stimulated AMPK

Several studies have proposed another explanations for the site-specific differences in
response: (i) differences in nerve control [59], (i1) differences in the balance in a- and f-
adrenoceptors [60), (i) differences in the sensitivity of adipocytes to adenosine-mediated
suppression and (iv) differences in the adenylate-cyclase activity [61].

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 represent a basic biological mechanism that

contributes to regional differences in the metabolic properties of adipose tissue depots

4.3. Polyunsaturated fatty acids of marine origin up-regulate mitochondrial
biogenesis and induce f} -oxidation in white fat

Omega-3 PUFA of marine origin reduce adiposity in animals fed high-fat diet. The
effects of EPA/DHA concentrate (6 % EPA, 51 % DHA) (sHFf-F2) admixed to high-fat diet
(sHFf), rich in ALA, were studied in male C57BL/6J mice

After 4 weeks of feeding sHFf-F2 diet decreased the body weight of mice and weight
of epididymal fat compared with control mice feeding sHFf diet. Changes in gene expression
in epididymal and subcutaneous fat from mice fed either sHFf or sHFf-F2 was analyzed. The
most of detected upregulated genes in both depots belong to mitochondrial coded gene for
components of the mitochondrial oxidative phosphorylation system (complex 1 , 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
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for SCD-1 in both epididymal and subcutaneous fat and acyl-CoA diacylglycerol
acyltransferase in epididymal depot only

Induction of mRNA for transcription factors, coordinating mitochondrial biogenesis,
PGC-1 and NRF-1 was caused in epididymal fat by the sHFf-F2 diet . The upregulation of
the gene for CPT-1, downstream target of PGC-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.

Our results indicate that omega-3 PUFA of marine origin (EPA and DHA) are more
potent then omega-3 PUFA of plant (ALA)

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 [62, 63]. The PUFA, particularly
omega-3 series, may play a role in partitioning intracellular fuel to reduce lipid accumulation
[64]. Transcriptional control of gene expression is a common mechanism by which lipids as
well as other nutrients affect metabolism

Also prostaglandins, reactive intermediates of PUFA, could be involved
Prostaglandins play a critical role in the adipocyte differentiation process [65]. Omega-3
PUFA exert an anti-adipogenic effect in 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 [66].

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-L1I
adipocytes incubated for 24 h with vanious fatty acids. Compared with oleate, both ALA and
DHA significantly increased the levels of both transcripts. 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.

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
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metabolic switch in adipocytes is induced independently of ALA intake and could reduce the
devclopment of obesity. Relatively minor changes in the composition of lipids in an obesity-

promoting diet exert surprisingly pronounced effects.

4.4. Polyunsaturated fatty acids of marine origin induce adiponectin in mice
Sfed high-fat diet

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 GL.UT4, 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 [13, 14].

Adult male mice fed cHF or cHF-F1 (9 % of dietary fat substituted by EPA/DHA)
diets ad libitum or 70% ad libitum (caloric restriction (CR)) for 5 weeks were compared
Decrease in plasma levels of NEFA was detected only in mice fed cHF-F1 diet ad libitum.
TAG levels were lower in both groups animals with CR and was also affected by cHF-F1
diet. Levels of glucose and leptin declined due to CR only. On the other side levels of insulin
and adiponectin were affected by cHF-F1 only. Levels of adiponectin were increased by cHF-
F1 diet to a similar extent in both ad libitum fed and in the CR mice

In adipocytes isolated from both depots expression of adiponectin was stimulated by
EPA/DHA. The stimulative effect was stronger in adipocytes from epididymal fat. Levels of
secreted adiponectin, measured in tissue explants, were increased by EPA/DHA 1n
epididymal fat only.

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/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 -cells (46, 67].

The mRNA expression of adiponectin and its plasma level are significantly reduced in

obese and diabetic mice and humans [15, 68]. 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.

Adiponectin influences glucose and fatty acid metabolism through an insulin-
sensitizing effect that appears to be mediated through activation of AMPK 1n liver, muscle
and adipocytes {17, 69]. 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 [17). Our results suggest that the
protection against HF diet-induced insulin resistance 1s at least partially mediated by

adiponectin, but not leptin.

5. CONCLUSIONS

A. The activation of AMPK can explain the complexity of metabolic changes in
adipose tissue of aP2-Ucp! 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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