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LIST OF ABBREVIATIONS

aa amino acid
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AKT Akt1, also known as "Akt" or protein kinase B (PKB)

AMPK AMP dependent protein kinase
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BCA bicinchoninic acid

BRL 37344 potent and selective ß3-adrenoceptor agonist

cAMP adenosine 3’,5’-cyclic monophosphate

CAT-I carnitine acyl transfersase-I
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CGRP calcitonin-gene-related peptide

CitLy ATP-citrate lyase

CL 316243 potent and highly selective β3-adrenoceptor agonist

CoQ Coenzyme Q (ubiquinone)

CRE cAMP-response element

CREB cAMP response element-binding protein

DARPP protein phosphatase 1, regulatory (inhibitor) subunit 1B (dopamine and

cAMP regulated phosphoprotein, DARPP-32)

DHB 2,5-dihydroxybenzoic acid

DTT Dithiothreitol

ECL Chemiluminescent reagent

EGTA ethylene glycol tetraacetic acid

ERK1/2 extra cellular signal-regulated kinase 1/2
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FA fatty acid

FFA free fatty acid

GLUT4 glucose transporter-4

GSK3 glycogen-synthase kinase 3ß, it is a serine/threonine protein kinase

HNE 4-hydroxy-2-nonenal

HMW high molecular weight standard

HSL hormone sensitive lipase

ICER inducible cAMP early repressor

IRS insulin receptor substrate

JNK C-Jun N-terminal kinase

LMW low molecular weight standard

MALDI matrix-assisted laser desorption / ionization

MAP kinase mitogen-activated protein kinase is serine/threonine - specific protein kinase

MS mass spectrometry

NE norepinephrine

NFDM non-fat dry material

OAA oxaloacetate

p38 a class of mitogen-activated protein kinase

P-ACC phosphorylated-ACC

P-AKT phosphorylated -AKT

PFK-1 phosphofuctokinase-1

P-GSK3 phosphorylated -GSK3ß

PHD pyruvate deydrogenase complex

PKA protein kinase A

PMSF phenylmethanesulphonyl-fluoride is a serine protease inhibitor

PPAR peroxisome proliferator activated receptor
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RXR retinoic acid receptor

SB 415286 potent and selective GSK-3 inhibitor

SDS sodium dodecyl sulfate

Ser serine

src a family of proto-oncogenic tyrosine kinase

SSC Sodium Chloride / Sodium Citrate buffer

Thr threonine

TOF time of flying, mass spectrograph detector

UCP uncoupling protein

WAT white adipose tissue
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1. INTRODUCTION

1.1. THERMOGENESIS

Body temperature of mammals is sustained on a stable level, even when the difference

between temperature of the body and ambient temperature is very considerable. Keeping body

temperature constant and stable in changing and unstable environmental conditions required the

development of an efficient thermoregulatory system. The definition of thermoregulation is the

maintenance of homeostasis with respect to environment temperature. The constant body

temperature is maintained by means of balancing heat production, heat conservation and heat

dissipation. Heat production is an important component of this system. In cold environment

(winter), heat conservation alone may not be sufficient for survival, so, for warm-blooded animals

an extra heat is necessary to be produced. It means enhanced heat production when ambient

temperature is lower than neutral, and at higher ambient temperature enhanced heat

dissipation. There are different kinds of heat production like shivering and non-shivering

thermogenesis (their collecting name are thermoregulatory thermogenesis) and the nutrition

related: this thermogenesis is called metaboloregulatory thermogenesis. Metaboloregulatory

thermogenesis connects heat balance with body weight regulation. We focus on

thermoregulatory thermogenesis, especially non-shivering thermogenesis in this

dissertation.

The first mechanism of heat production activated in the situation of an acute cold exposure

is shivering, in which heat released by skeletal muscle. This process is regulated by the

hypothalamus. During extended periods in the cold, mammals switch from shivering to non-

shivering thermogenesis.  This mammalian-specific mechanism (non-shivering thermogenesis) of

heat production does not require muscle contraction under conditions of severe cold stress.

Initially, brown adipose tissue was generally mistaken for a part of the thymus. Through the

years, some observers considered it a modified form of adipose tissue serving merely as a storage

for foodstuffs (Sheldon, 1924). Since this “gland” was noted to be prominent in hibernating

animals, it was named the hibernation gland, and its function in hibernators remained an object of

speculation. Only in the early 1960-ies, was evidence provided that brown adipose tissue is a site of

thermogenesis. (Smith, 1962; Donhoffer et al; 1964)

Donhoffer et al. (1964) have observed that rats retain body temperature parallel with

elevated oxygen consumption after transfer from thermoneutral (31oC) environment to

20oC. The question was which organ did produce the extra heat and consume the oxygen.

The answer was published in 1964 in Nature (Fig.1).
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   Fig.1

Fig.1 Changes in colonic, brain and interscapular BAT temperatures and increase in oxygen

consumption in response to transfer from a thermoneutral to a moderately cool environment in the

adult rat. (Donhoffer et al., 1964)

1.2. BROWN ADIPOSE TISSUE AND WHITE ADIPOSE TISSUE

There are two types of adipose tissues, white and brown adipose tissue (WAT, BAT), and

there are some distinctive differences between them. The functions of these tissues are quite

different.

White adipose tissue store fat as an energy reserve, and release the fat to the blood stream as

fatty acids to be used by other organs. (Cannon et al., 1980). Upon release of insulin from the

pancreas, insulin receptors of white adipose cells cause a dephosphorylation cascade that lead to the

inactivation of hormone-sensitive lipase (HSL) Upon release of glucagon from the pancreas,

glucagon receptors cause a phosphorylation cascade that activates HSL, causing the breakdown of

the stored fat to fatty acids, which are exported into the blood and bound to albumin, and glycerol,

which is exported into the blood freely. Fatty-acids are taken up by muscle and cardiac tissue as a

fuel source, and glycerol is taken up by the liver for gluconeogenesis. White adipose tissue also acts

as a thermal insulator, helping to maintain body temperature.

BAT serves another purpose and it separates from environment by its brown-reddish colour.

Its colour is a result of large number of mitochondria, thus large amount of red cytochromes. Their

major function of BAT comes from the existence of many mitochondria, which produce heat by
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fatty acid oxidation, and thereby contribute to maintain the body temperature and regulation of

energy expenditure (Hull et al., 1966; Lafontan et al., 1993). It is possible only in the uncoupled

mitochondria, because the coupled mitochondria are ADP dependent.

BAT exists in the form of relatively small, discrete deposits, located superficially (in

interscapular, subscapular, axillary, cervical, intercostals and inguinal region) and internally (within

the thoracic cavity around the heart and aorta, and within the abdominal cavity along the aorta and

around the vessels supplying the kidney). In rodents, the interscapular BAT deposit is usually the

major one. The tissue has a very rich vasculature and, when stimulated, is subject to extremely high

rates of blood flow to provide for the high demand of oxygen.

Morphology of BAT.

Morphological studies have demonstrated that the major cell types building up BAT are

mature brown adipocytes (~40%), endothelial cells (~40%), adipocyte precursors (the origin of

which remains a subject of debate), and mast cells (Bukowiecki et al., 1986; Géloën et al., 1990;

Himms-Hagen et al., 1992). The main functional unit of brown adipose tissue thermogenesis is the

brown adipocyte. A typical brown adipocyte is morphologically different from a white adipocyte.

One of the differences between white and brown adipocytes is the pattern of lipid accumulation;

brown adipocytes, in contrast to unilocular white adipocytes, are multilocular, i.e. contain multiple

small triglyceride droplets. In contrast with white adipocytes the location of fat is unilocular and as

a result of it the nucleus is pushed away.  However, when brown adipose tissue is in its inactive

state, or when active lipolysis is going on in white adipose tissue, the distinction becomes vague. A

more reliable indication is mitochondria density; brown adipocytes contain more mitochondria with

well organised cristate, while mitochondria density is much lower in white adipocytes.

Nevertheless, this difference is also only quantitative, not qualitative. The only qualitative feature

presently known that clearly distinguishes brown and white adipocytes, is the presence of the

protein known as uncoupling protein-1 (UCP1) or thermogenin in the inner membrane of brown

adipocyte mitochondrion.
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1.3. UNCOUPLING PROTEINS - MOLECULAR MECHANISM OF

THERMOGENESIS

Stimulation of brown adipocytes with e.g. norepinephrine (NE)  leads to a rapid hydrolysis

of stored lipid droplets. The resulting fatty acids are oxidised at high rate in the abundant

mitochondria. A series of experiments performed in the 1970-ies indicated that brown fat

mitochondria possess “atypical” ion permeability properties, and it was suggested that a specific

protein in the mitochondrial inner membrane is responsible for the abnormal ion conductance of

these mitochondria (Nicholls et al., 1999). Such a protein was identified and called thermogenin,

presently known as uncoupling protein-1 (UCP1).

UCP proteins are responsible for the re-entry of proton gradient without ATP synthesis, and

dissipate energy of H+ gradient as heat. UCP proteins also regulate respiratory chain. UCP1 is

located in the inner membrane of the mitochondria of brown adipocytes, and is likely to function as

a homodimer. The protein has been isolated from BAT of several species. In all these species (rat,

mouse, guinea pig, hamster, rabbit), the protein has approximately the same molecular weight

(about 33kDa). The question of what the mechanism by which UCP1 mediates uncoupling is not

trivial: it has been shown that UCP1 transports protons (or their equivalents) and transport of H+ is

inhibited by nucleotides (GDP, GTP, ADP or ATP). However, the exact mechanism, how UCP

transports ion across the membrane is still not clarified. The tenet that fatty acids, either as such or

as derivates, are involved in the physiological activation of UCP1 and/or the transport mechanism,

is generally accepted. For a long time, free fatty acids (FFA) were the most favoured candidates for

the role of such physiological activator. Indeed, adrenergically stimulated increase in oxygen

consumption of isolated brown fat cells could be mimicked by an addition of oleate (Prusiner et al.,

1968). Palmitate, added to isolated brown fat mitochondria coupled by GDP causes an immediate

depolarisation and concomitant increase in respiration rate. When the infusion of palmitate to the

incubation chamber is stopped, the membrane potential is gradually restored (Locke et al., 1981).

Several models have been suggested that UCP1 is functioning as a channel or carrier (Fig.2)
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Fig.2

Fig.2 Hypotheses for free fatty acid (FFA) induced activation of UCP1. The nucleotide-binding site is

indicated with (GDP), implying that only as long as the site is unoccupied does proton transport take place. A – In the

allosteric interaction model, the fatty acids interact with a site on UCP1 leading to its activation. B – In the cofactor

theory the fatty acids become localized to binding sites within the proton-conducting „channel” of UCP1, and their

acid moieties then function as „stepping stones” for protons as they pass through the membrane. C – In the shuttling

theory, it is not protons that are transported by UCP1 over the mitochondrial membrane; rather, protons re-enter the

mitochondria in the form of the undissociated fatty acid, and the fatty acid, in its anionic form, (re)exits the

mitochondria carried by UCP1. There is ample evidence that this process can occur in an experimental system. D – In

the competitive theory, this UCP1-dependent thermogenesis induced by free fatty acids in brown fat mitochondria is

competitive with GDP. Because no direct competition between fatty acids and the GDP-binding site exists, the

competition must be functional. (Cannon et al., 2004)

Fig.2A shows allosteric interaction model, Fig.2B presents cofactor theory, Fig.2C

demonstrates shuttling theory and Fig.2D typifies competitive theory. Meantime, the GDP (as well as

GTP, ATP and ADP) is bound as regulator, and inhibit activity of the protein. Himms-Hagen et al.,

2001 hypothesize that UPC3 is not an uncoupling protein rather than a fatty acid transporter from the

mitochondrial matrix to the cytosol.  After reviewing the above, it seems that very discrete

differences are among the different mechanisms, so, it would be difficult (if possible) to

experimentally distinguish among them. Fortunately, our knowledge does not suffer much from this,

particularly because, all mechanism results the same: importing proton into the matrix.
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UCP2 and UCP3.

It was a milestone when sequence homologues of UCP1 were discovered. It is very

important that UCP2 and UCP3 occur in the human tissues. The closest relatives of UCP1 (307

amino acid [aa]), UCP2 (308 aa) and UCP3 (309 aa), are 59- and 57% homologous to UCP1,

respectively. Homology between UCP2 and UCP3 is 73%. There are sequences and residues that

are of particular interest of UCP1 function. One of them is the amino acid residue involved in the

binding of purin nucleotides. This residue is also found in the sister proteins UCP2 and UCP3.

There are two sequences that are fully conserved but they are not found in any other mitochondrial

carrier. Nevertheless, we should keep in mind that UCP2 and UCP3 are relatively in very poor

amount compared to UCP1 (ca. 200-fold), and can be regarded as mild uncouplers. The UCP2 is

located ubiquitous in macrophages, lymphocytes, pulmonary cells, enterocytes, pancreatic β-cells,

adipocytes, liver brain, kidney, heart and in muscle. UCP3 is skeletal muscle- and BAT-specific

(Ricquier et al., 2000). Although the mRNA levels of UCP2 and UCP3 are also rather high in

brown adipose tissue (Oliver et al., 2001), the proteins may not be well expressed (Pecqueur et al.,

2001). As cold acclimation-recruited norepinephrine-induced nonshivering thermogenesis is intact

in both UCP2- and UCP3-ablated mice (Gong et al., 2000), these proteins are apparently not

essential for the thermogenic process of brown adipose tissue. Since no detailed studies of brown

adipose tissue or brown fat mitochondria have been reported in UCP2- or UCP3-ablated mice, more

subtle effects of the absence of these proteins on BAT function may have gone unnoticed. To what

degree UCP2 and UCP3 are true uncoupling proteins when entopically and endogenously expressed

is still unknown as discussed in detail elsewhere. (Nedergaard et al., 2003)

The long evolutionary history of these proteins, involving at least most chordate animals

(including mammals, birds, and fishes) plus plants indicates that they have an important metabolic

role that still remains to be clarified. This role can clearly not be directly related to thermoregulatory

heat production. Correlations (direct or inverse) between the levels of UCP2, UCP3, and obese or

diabetic states can very well exist, even though the physiological function of the proteins proves not

to be uncoupling. There is no reason to consider UCP2 or UCP3 as being directly important for the

thermogenic function of brown adipose tissue, and they cannot clearly substitute for UCP1 in any

thermogenesis of BAT origin.
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Activators of UCPs.

Recently, novel fatty acid-like cofactors have been discovered. Since retinoic acid also

promotes ucp1 gene transcription, and its structure makes it a possible activator of UCP1. The

experiments were carried out on isolated BAT mitochondria and on yeast that was manipulated by

introducing UCP1. The experiments showed very strong activating effect of retinoic acid (Eduardo

et al., 1999). Furthermore, coenzyme Q (CoQ) was discovered as another UCP1 activator (Echtay et

al., 2000). The authors carry out experiments using Escherichia coli (E. coli). The expression of

UCP1 results in their deposition into inclusion bodies, similar to the expression of mitochondrial

carriers in E. coli. The solubilized UCP1 by digitonin was then incorporated into phospholipid

vesicles, but no H+ transport was detected. The H+ transport was activated only by oxidized but not

reduced CoQ and was highly sensitive to purine nucleotides. They proved in further study, that

same cofactors are activators in case of UCP2 and UCP3.

Peroxisome proliferator-activated receptors (PPARs).

Proteins in a family of ligand-activated transcription factors, (PPARs), respond to changes in

dietary lipid by altering the expression of genes involved in fat and carbohydrate metabolism. These

transcription factors were first recognized for their roles in peroxisome synthesis-thus their name.

Their normal ligands are fatty acids or fatty acid derivatives, but they can also bind synthetic

agonists and can be activated in the laboratory by genetic manipulation. PPARγ, PPARα, PPARδ

are members of the nuclear receptor superfamily. They act in the nucleus by forming heterodimers

with another nuclear receptor, retinoic acid receptor (RXR), binding to regulatory regions of DNA

near the genes under their control and changing the rate of transcription of those genes. PPARγ,

expressed primarily in liver and adipose tissue, is involved in turning on genes necessary to the

differentiation of fibroblasts into adipocytes and genes that encode proteins required for lipid

synthesis and storage in adipocytes. PPARα in hepatocytes turns on the genes necessary for ß-

oxidation of fatty acids and formation of ketone bodies during fasting. PPARδ is a key regulator of

fat oxidation, which acts by sensing changes in dietary lipid. It acts in liver and muscle, stimulating

the transcription of at least nine genes encoding proteins for ß-oxidation and for energy dissipation

through uncoupling of mitochondria (Wang et al., 2003). Drugs of the thiazolidinedione class, that

make fat depletion and can be targets of antiobesity drugs, activate PPARs. Brown adipocytes

recruited in white adipose tissue are also known. However, the adipocytes differ from the genuine

brown adipocytes. A pharmacologically developed PPAR agonist, e.g. rosiglitazone, is a promising

drug to treat obesity by ectopic expression of UCP1.
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Free radicals and the expression of UCP2 and UCP3.

According to a current view, UCP2 and UCP3 are mild uncouples and act as uncouple only

when their activity is ameliorated by oxidative stress. More exactly they protect against oxidative

stress by increasing their activity. Macrophages from UCP2 ablated mice produce more superoxide

that results in inflammatory consequences. In addition, mice without UCP2 are more susceptible to

chemically induced colon cancer. These observations suggest a hypothesis for the main, ancestral

function of uncoupling proteins: to cause mild uncoupling and so diminish mitochondrial

superoxide production, hence protecting against disease and oxidative damage at the expense of a

small loss of energy. Superoxide form 4-hydroxy-2-nonenal (HNE), mostly come from unsaturated

fatty acids. The HNE interact with UCPs, which are able to conduct protons back to the matrix

(Brand et al., 2004).

UCP1 independent mechanism in thermogenesis.

Importance of UCP1 for cold induced adrenergically mediated nonshivering thermogenesis

is shown by the mouse model, which was developed by the group of L.P. Kozak. The ucp1 gene

was inactivated by homologous recombination in embryonic stem cells. Brown adipose tissue of

these mice lacks UCP1 protein completely. These mice were cold sensitive but did not become

hyperphagic and did not develop obesity (Enerbäck et al., 1997). Nevertheless, there are some data

showing that other mechanisms also may exist, independent of UCPs. When wild-type mice were

acclimated to 30oC and then exposed to 4oC cold, their body temperature fell rapidly. However,

when acclimated to 24oC or 18oC, they could maintain their body temperature when exposed to 4oC

cold. When the UPC1-/- mice were acclimated at 30oC during the cold adaptation (4oC) body

temperature fell even faster than in the wild type. However, UPC1 -/- mice tolerated cold better

when acclimated to 24oC. Unexpectedly, UCP1 ablated mice acclimated to 18oC could sustain their

normal body temperature. In these mice there is a alternative mechanism for adaptive nonshivering

thermogenesis (Golozoubova et al., 2001). The group of Kozak supposes a mechanism. He

described results suggesting that mechanism associated with Ca2+ -ion cycling in muscle and

adipose tissue are induced in UCP1-/- mice to tolerate the cold (Ukropec et.al., 2006).

A part of our present work is devoted to this alternative mechanism, dealing with the

cooperation between BAT and WAT, with special regard to two lipogenic enzyme.
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1.4. ROLE OF THE NOREPINEPHRINE IN THERMOGENIC PROCESS

BAT innervation.

BAT innervation is heterogenous (Flaim et al., 1976), and contains myelinated and

unmyelinated nerves. Norepinephrine (NE) is present in the nerves supplying parenchymal cells,

blood vessels and arteriovenous anastomoses. The nerves ending on blood vessels contain both

norephineprine (NE) and neuropeptide Y, whereas nerves ending on the brown fat cells do not

contain this neuropeptide (Cannon et al., 1986).

The presence of nerve endings, containing substance P and/or calcitonin-gene-related

peptide (CGRP, neuropeptides charasteristic of sensory nerves, has been also demonstrated on

blood vessels, on arteriovenous anastomoses and brown fat cells (Norman et al., 1988)).

Adrenergic receptors in brown adipose tissue.

The minimal functional thermogenic unit of brown adipose tissue is the brown adipocyte

itself. For an understanding of brown adipose tissue function, and especially for an understanding of

how different physiological conditions may lead to an alteration (recruitment or atrophy) in the total

thermogenic capacity of the tissue, an understanding of the factors that influence the acute activity

of the brown adipocyte as well as its birth, development, and death is necessarily of importance.

Classical knowledge concerning brown adipocyte was reviewed in Nedergaard et al., 1982.

Among the factors that influence brown adipocyte, the norepinephrine is both the most

important and the best studied. This effector is the most significant physiologically, not only for the

acute thermogenic process but also for the control of cell proliferation, advanced cell

differentiation, and apoptosis. We therefore summarize adrenergic signalling in brown adipocytes,

leading towards regulation of the acute thermogenic process.

NE, released from the sympathetic nerves, acts on adrenergic receptors (AR) located on the

plasma membrane of the target cells. Adrenergic receptors belong to a large superfamily of 7-

transmembrane G-protein-coupled receptors. Initially, adrenergic receptors have been classified into

two types  and ß. By now, 2 types of α-AR, α1 and α2 (which are further subdivided into several

subclases each), and 3 types of ß-AR have been described. The α1 receptors preferentially couple to

Gqα, the α2 receptors preferentially couple to Giα, and ß1-, ß2- and ß3-AR preferentially couple to

Gsα. Activation of adrenergic receptors leads to changes in the intracellular concentration of second

messenger, such as cyclic AMP (cAMP) through activation of AC via Gsα and inhibition via Giα,
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calcium ions, diacylglycerol and inositol 1,4,5-triphosphate (as a consequence of activation of

phospholipases, especially phospholipase C via Gqα).

In mature brown adipocytes, norepinephrine interacts with three types of adrenergic

receptors: β, α2, and α1. These receptor types are associated with the activation of different

signalling pathways in the brown adipocytes. The most significant and the most studied pathway is

the pathway for β-adrenergic stimulation of thermogenesis (Fig. 3). Of the three subtypes of β-ARs

(ß1, ß2, and ß3), the β3-adrenoceptor is the most significant in mature brown adipocytes from

rodents. β1-ARs are also expressed in mature brown adipocytes, but they are not coupled to any

significant extent to signalling processes in these cells; (Bronnikov et al., 1999). β2-ARs are not

expressed in the brown adipocytes themselves (Bengtsson et al., 2000), but they are expressed in

the tissue (Revelli et al., 1992). These β2-adrenoceptors are probably predominantly localized in to

the vascular system. The extent to which the β3-AR mediates the physiological effects of

norepinephrine is routinely examined by comparing the effects of norepinephrine stimulation with

those of a “specific” β3-agonist. The β3-agonists most commonly used are BRL-37344 (Arch et al.,

1984) (which, however, is only a selective β3-agonist, i.e., at higher concentrations it also stimulates

β2-receptors), CGP-12177 (Mohell et al., 1989) (which is an antagonist on β1/β2-receptors), and CL-

316243 (Himms-Hagen et al., 1994) (which must be considered presently as the most selective β3-

agonist available). It is generally assumed that thermogenesis stimulated by one of these agents

(especially CL-316243) in intact animals is indicative of brown adipose tissue thermogenesis,

primarily, because β3-receptors are practically only found in white and brown adipose tissue, and

because the total thermogenic capacity of white adipose tissue is supposedly so low that it can be

neglected in this context.

Fig.3
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Fig.3 The β3- and α2-adrenergic signalling pathways in mature brown adipocytes. NE, norepinephrine; Gs,

stimulatory G protein; Gi ,inhibitory G protein (dashed lines with solid circles denote inhibition); AC, adenylyl cyclase;

PKA, protein kinase A; src, a family of proto-oncogenic tyrosine kinases; Erk1/2, extracellular signal-regulated kinase

1/2; CREB, CRE-binding protein; CRE, cAMP response element; ICER, inducible cAMP early repressor (it is the

resulting protein that inhibits the stimulatory effect of phosphorylated CREB no its own transcription and on that of

certain other proteins)

NE generates cAMP, it activates protein kinase A (PKA), then it phosphoryalates perlipin and

hormone-sensitive lipase, resulting fatty acids releasing. This is the most accepted mechanism for

activation of UCPs, and the cytosolic action of NE.

Adenylyl cyclase, cAMP, and PKA mediate the thermogenic signal.

β-adrenergic signalling cascade is mediated via adenylyl cyclase activation: the

norepinephrine induced cAMP formation is fully mediated via β3-receptors in mature brown

adipocytes (Zhao et al., 1994). Correspondingly, all tested β-adrenergic effects, including

thermogenesis (Scarpace et al., 1996), can be mimicked by the adenylyl cyclase activator forskolin.

It is not fully established which of the 10 adenylyl cyclase isoforms are responsible for mediating

the signal in mature brown adipocytes; several are expressed in brown adipose tissue (Chaudhry et

al., 1997; Chaudhry et al. 1996), and there are functional indications of a change in active adenylyl

cyclase isoform during brown adipocyte differentiation. Through phosphorylation of a series of

target enzymes, the activated PKA leads to further mediation of the adrenergic signal.

Phosphorylation of cytosolic proteins.

In parallel with activation of the nuclear proteins summarized above, PKA also

phosphorylates (activates) a series of proteins in the cytosol. It probably activates the protein

phosphatase inhibitor DARPP (Meister et al., 1988), in this way potentially prolonging its own

action. Protein kinase A probably also activates/inhibits a series of metabolic pathways in the brown

adipocyte, However, the lipolytic pathway is the one that leads to thermogenesis in the brown

adipocytes, and this pathway is therefore central to the understanding of control of thermogenesis in

brown adipocytes (and thus of nonshivering thermogenesis in general).
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Regulation of AMP-dependent protein kinase (AMPK) activity by α- and β-adrenergic

receptor signalling.

The α-adrenergic receptors, which couple to G proteins such as Gq and trigger inositol

trisphosphate release, activate AMPK in cultured cells (Kishi et al. 2000) and skeletal muscle in

vivo and ex vivo. α-Adrenergic receptors in muscle mediate the effect of leptin on AMPK activity

and fatty acid oxidation that occurs indirectly through the hypothalamus and sympathetic nervous

system since the latter effect can be blocked by α-adrenergic receptor blockers (Minokoshi et al.

2002). The β-adrenergic agonist, isoproterenol (isoprenaline), stimulates AMPK activity in isolated

adipocytes (Moule  et. al. 1998). In addition, the β-adrenergic receptor agonist norepinephrine

(noradrenaline) activates AMPK as well as 2-deoxyglucose uptake in brown adipocytes both in vivo

and in vitro, whereas the α-adrenergic receptor agonists are without effect. These data support the

possibility that brown fat AMPK activity is regulated through the β-adrenergic receptor signalling.

Data also suggest that uncoupling protein 1 may play a role in the regulation of AMPK activity in

both brown and white adipocytes (Matejkova et al. 2004; Hutchinson et al. 2005; Inokuma et al.

2005).

Expression of UCPs.

In brown adipocytes, the expression of UCP1 seems to take place in two different pathways.

One can be designated as CREB pathway. In brown adipocytes, PKA phosphorylates the

transcription factor CREB. CREB then supposedly activates the expression of genes, including the

ones for UCP1  (Fig. 3). Phosphorylated CREB also induces the expression of the transcription

factor ICER (Thonberg et al., 2001), which is competitive with CREB itself on (certain) CRE sites

where it instead acts as a repressor.

This successive increase in ICER formation may explain the transient expression of certain

genes occurring during sustained norepinephrine stimulation. The PKA pathway also leads to

activation of src (Lindquist et al., 2000), but this cannot be direct, as src is phosphorylated on a

tyrosine residue and is thus not a direct target of PKA; activation of an intermediate tyrosine kinase

must therefore be postulated. Activation of src leads to subsequent activation of one of the three

MAP kinase pathways, the Erk1/2 pathway which in turn couples further to inhibition of apoptosis

(Lindquist et al., 1998). PKA also induces the activation of a second MAP kinase pathway, the p38

pathway. This activation has been suggested to be involved in the adrenergic stimulation of UCP1

gene expression. The third MAP kinase pathway, the stress-activated JNK pathway, is not

stimulated by norepinephrine in brown adipocytes in culture; activation is seen in the tissue in vivo

during cold exposure, but the cell type and pathway for this activation are unknown.
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ß1 to ß3 control in brown adipocyte development.

Moderate levels of ß1-receptor mRNA, absence of ß2-receptor mRNA and high levels of ß3-

receptor mRNA were observed in mature brown adipocytes (day 6 in culture). ß1/ ß2 / ß3-

adrenoreceptor mediates NE action. It is concluded that,

1) NE, at low plasma levels (1–25 nM), stimulates lipolysis and respiration mainly

through ß1-ARs,

2)  NE, at higher levels, stimulates lipolysis and respiration via both ß1- and ß3-ARs,

3)  ß2-ARs play only a minor role, and

4)  ß3-ARs may represent the physiological receptors for the high NE concentration

in the synaptic cleft, where the high-affinity ß1-ARs are presumably desensitised.

To explain the distinctive pharmacological profiles observed for adrenergic stimulation of

cell proliferation (ß1) and cell differentiation (ß3), the adrenergic control of cAMP accumulation

was investigated during brown adipocyte development. In preadipocytes, NE increased cAMP

levels but the ß3-agonists BRL-37344 and CGP-12177 did not; in contrast, when the cells had

differentiated into mature brown adipocytes, a large cAMP response to the ß3-agonists had emerged

and was now double that to NE (although the affinity of NE had increased 10-fold). ß1-messenger

RNA (mRNA) levels were high in both pre- and mature brown adipocytes; ß3-mRNA did not

appear until maturation but then abruptly. Although ß1-receptors remained detectable by [3H]CGP-

12177 binding in the mature brown adipocytes, the cAMP response to NE (based on propranolol

inhibitory potency) switched from ß1 to ß3. Even the established ß1-agonist dobutamine acted

through ß3-receptors in the mature brown adipocytes. The increases in cAMP levels could

adequately explain the increased cell proliferation in NE-stimulated preadipocytes and the NE-

induced UCP1 gene expression in mature brown adipocytes. The distinctive adrenergic profiles for

stimulation of proliferation and of differentiation were thus not due to the existence of additional

pathways but to a switch in the type of ß-receptor mediating the NE response, coordinated with an

alteration in the nuclear response to increased cAMP levels. The distinct localization of β3-receptors

to brown and white adipose tissue has led to suggestions that the receptors as such may have

functional properties necessary or at least advantageous for (brown) adipose tissue function. In this

respect, it is noteworthy that the guinea pig lacks identifiable, functional β3-receptors in brown

adipose tissue (Atgie et al., 1996), but its brown adipose tissue is nonetheless fully functional

(Himms-Hagen et al., 1995) Similarly, brown adipocytes prepared from animals in which β3-gene

has been ablated are fully functional, it is the β1-adrenoceptor that mediates the β-response

(Commins et al., 2000). The ability of brown adipocytes from β3-ablated animals to respond to
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norepinephrine via β1-receptors does not indicate that β1-receptors are normally responsible for the

stimulation of thermogenesis; rather, there is an induced expression of β1-adrenoceptors in these

animals (Susulic et al., 1995). [The term compensatory is often used for such a situation, but this is

easily interpreted as implying some nearly conscious act on the part of the cell; however, the

increase in β1-adrenoceptor expression is probably coincidental, as expression of the β1-gene is

under positive adrenergic control (Bengtsson et al., 2000) and is thus self-inducing under conditions

of increased sympathetic tone, which would be expected to occur when insufficient heat is produced

due to the absence of β3-receptors.]

β-Adrenergic receptors normally couple to G proteins of the Gs subtype. This coupling has

been indirectly demonstrated in brown adipose tissue, since norepinephrine infusion enhances the

ability of cholera toxin to ADP-ribosylate the Gs protein (Granneman et al., 1988), and cholera

toxin can mimic the effects of β-stimulation (Marette et al., 1991). Gs proteins exist in GsαL and

GsαS forms in brown adipocytes as in other tissues; during the differentiation from brown

preadipocytes to mature brown adipocytes, the GsαS variant increases without any change in GsαL

(Bourova et al., 2000) and without any functional change being observed.

α2-adrenergic pathway inhibits thermogenesis.

Brown adipocytes (with the possible exception of cells from hamsters, (McMahon et al.,

1982) also possess α2-adrenoceptors that are stimulated by norepinephrine in parallel with its

stimulation of the β-receptors (Fig. 3). α2-AR are coupled to Gi proteins, probably mainly the Giα2

subtype, although all three Gi subtypes are present (Bourova et al., 2000). Gi activation leads to an

inhibition of the β-adrenoceptor-stimulated activity of AC. The parallel stimulatory and inhibitory

effects of norepinephrine on AC activity are evident from studies involving addition of α2-

antagonists to norepinephrine-stimulated cells (which leads to a rise in cAMP levels) or from the

observation that cAMP levels induced by pure β-agonists are higher than those induced by

norepinephrine (Bronnikov et al., 1999). The physiological significance of the presence of two

counteracting systems (β and α2) presently escapes comprehension in brown adipose tissue as well

as in other systems, although it may be formulated that this balance between the stimulatory β-

receptors and the inhibitory α2-receptors allows the brown adipocyte to modulate its response to the

external stimulation by norepinephrine. How and when the cell decides to use this modulator power

has not been formulated. There is presently no indication that the α2-pathway governs any other

function in brown adipocytes than AC inhibition, although other Gi-linked processes have been

observed in other tissues.
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1.5. GLYCOGEN ACCUMULATION IN BAT

This part of the works has been based on a observation that there is a dramatic accumulation

of glycogen after cold-exposure in BAT (Farkas et al., 1999). The glycogen accumulation was

detected as early as 3h after the replacement to neutral temperature from 1-week cold exposure, and

was peaked by the 24th hour exceeding the control value 16-fold and reaching 29,5 mM glucose

units per gram of tissue (Fig.8). This value corresponds to approximately 1% glycogen on a wet

tissue basis. Since total BAT weight also increased approximately threefold during 1-week cold

exposure, the amount of synthesized total glycogen is even higher.

 Glycogen repletion during the recovery from cold exposure was also observed in muscle

and liver of rats; however, in these tissues glycogen levels did not significantly exceed the original

control values. Based on these data, we propose to use the term “post cold glycogen repletion,”

which resembles post exercise glycogen repletion in skeletal muscle; however, regarding BAT, the

term “post cold glycogen accumulation” seems rather appropriate.
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AIMS OF THE STUDY

1.) Large protein bands were discovered under the gel electrophoresis in cold acclimated

BAT. Mass-spectroscopy analysis shows ACC and CitLy enzymes were increased in

cold exposure. We wanted clarify the flux of the fatty acid synthesis at the uncoupled

mitochondrion in BAT.  We wanted analyse the contribution of the WAT in the

thermogenesis focusing on the two-lipogenic enzyme feature.

2.) Farkas et al. (1999) discovered a dramatic glycogen accumulation after re-

acclimatization in the BAT of rats that has an intensive atrophy under reacclimatization.

We planed the investigation of signal transudation of BAT in the background of

glycogen synthesis. We were curious that muscle tissue has or has not similar feature.

3.)  A question was arising about the role of UCPs connecting with atrophy in BAT. We

investigated the changes in the level of mRNA of UCP1 and UCP3 and their protein

expression under the cold and reacclimatized condition, to clarify the role of the UCPs in

cold induced thermogenesis.

.
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3. MATERIALS AND METHODS

3.1. Rat treatment protocol and tissue sampling

All experiments were carried out in accordance with the regulations specified by the

National Institutes of Health Principles of Laboratory Animal Care, 1985 Revised Version. Male

Wistar rats weighing 200-250 g were used. The animals were housed in individual cages, fed

commercial laboratory chow ad libitum and submitted to a 12/12 h light/dark period (from 8:00

a.m. to 8 p.m.) both in cold and at neutral temperature. During the experiment food consumption

and weight gain of the rats were monitored. At termination of the experiments, they were sacrificed

under light ether anaesthesia by decapitation between 8:00 and 9:00 a.m. (withdrawal from cold

took place at the same time to avoid circadian variation). A group of cold exposed animals was

replaced for 6, 24 and 48 hours to neutral temperature. Throughout the text, cold means +5oC, while

neutral temperature means 29oC. After decapitation, 2-3 ml of blood was collected into tubes

containing 100 µL of heparin. Interscapular BAT was quickly removed, put on an ice-cold glass

plate where the white and brown tissues were separated within one minute, while gastrocnemius

muscle and epididymal fat pad samples were freeze clamped by using tongs pre-cooled in liquid

nitrogen. The trimmed BAT and all sample was also clamp frozen and stored under liquid nitrogen

until analyses.

3.2. Immunoblotting analyses (Western blotting)

BAT and muscle tissues (100 mg) were extracted in 1,5 mL of extraction buffer; WAT (500

mg) was extracted in 7,5 mL of extraction buffer in conical glass grinders. The extraction buffer

contained: 50 mmol Tris.HCl /L (pH 7.4), 150 mmol NaCl/L, 1 mmol EGTA/L, 1 mmol PMSF/L, 1

mmol Na3VO4/L, 1 mmol NaF/L, 5 mmol Na-pyrophosphate/L and 100 L protease inhibitor

„cocktail” (Sigma-Alrich, P-8340, Budapest, Hungary). Samples were centrifuged at 10 000 g for

10 min. For skeletal muscle sample, the supernatant was saved, while for WAT and BAT the

intermediate phase between the upper lipid phases and then this step was repeated. The protein

content of the pellet in all samples was determined by bicinchoninic acid (BCA, Sigma-Aldrich, B-

9643 Budapest, Hungary) in order to adjust protein concentrations to 100g protein/40 L. Tissue

samples were used either for GSK3 or for ACC and CitLy activity measurements. Another aliquot

of the samples was analysed by SDS-PAGE using a Miniprotean II (BIO-RAD Laboratories,

Hercules, USA) or, for large (16 x 18 cm) gels, Sturdier SE 420 (Hoefer Sci. Inst, San Francisco,

USA) set up. One mL of sample was mixed with 3.0 mL of acetone, frozen at –70oC and
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centrifuged. Dried protein was resolved at 2,5 μg/μl concentration in sample buffer (0.0625 M Tris-

HCl, 2% SDS, 10% glycerol, 5%  2-mercaptoethanol, pH=6.8). Protein components were separated

on 12% acryl amide gels and blotted onto nitro-cellulose membrane, which was followed by

immunoblotting with appropriate antibodies. Rabbit antibody for UCP1 was a kind gift from

Barbara Cannon (Stockholm University, Sweden), which was tested not to cross-react with UCP3

(not shown). Rabbit antibodies for Akt, P-Akt; GSK-3, P- GSK-3; ATP-citrate lyase, P-ATP-citrate

lyase, acetyl-CoA carboxylase and P-Acetyl-CoA carboxylase were purchased form Cell Signaling

(Kvalitex Kft., Budapest, Hungary) Anti-rabbit peroxidase conjugated secondary antibody was

purchased from Sigma-Aldrich, (Budapest, Hungary). Guinea pig antibody for UCP3 was

purchased from Linco Research, Inc. (St. Charles, USA). This antibody was specific for UCP3;

however, it reacted only with the long form of UCP3 (UCP3L). Anti-guinea pig peroxidase

conjugated secondary antibody was bought from Rockland, (Gilbertsvill, USA). Blots were

developed with ECL plus (Amersham Pharmacia, UK.).

3.3. Production of antibodies against human frataxin

A cDNA fragment encoding human frataxin was amplified from a human brain cDNA

library using AAAAGATCTATGATAGCAGCGGCAGGAGGA as forward and

AAACTCGAAGAGAGTCGATGGATAAGTG as reverse primers. Product of the reaction was

cloned into pGEX 4T-1 plasmid resulting in a fusion between glutathione-S-transferase (GST) and

frataxin. The fusion protein was expressed in BL21 E.coli cells and isolated using glutathione

sepharose as suggested by the supplier (Pharmacia). Isolated GST-frataxin fusion protein was used

as antigen to generate antibodies in rabbits.

3.4.      Northern blot analyses

Total RNA from rat interscapular BAT was purified by the method of ( Chomczynsky et al.,

1987) separated in a 1.2% agarose gel containing formaldehyde and transferred to Hybond-N

membranes. The membranes were prehybridized at 42°C for 1 h in 10 ml/membrane of

prehybridizing solution (1 M NaCl, 50% Denhardt’s, 1% SDS, 50% formamide, and 100 μg/ml

salmon sperm DNA). RNA membranes were hybridised overnight in the same solution with the

addition of probes that were labelled by random priming with [γ-32P]dCTP to a specific

radioactivity of approximately 6×108 dpm/μg DNA, then washed in a solution of 2×SSC/0.1% SDS

at 63°C for 1 h and in 0.1×SSC/0.1% SDS at 40°C for 1h. The DNA probes both for UCP1 and
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UCP3 were kind gifts from Barbara Cannon (Stockholm University, Sweden). PhosphorImager

detected the blots and the data were analysed by OptiQuant software.

3.5. Identification of proteins by mass spectrometry following SDS–PAGE

separation

The lanes were loaded with equal volumes of proteins, thus differences in the intensity of

the bands reflected protein-based changes including changes in specific activity of the enzymes of

interest (intensities of several bands did not change confirming that equal amounts of proteins had

been loaded). Proteins in the excised gel bands were reduced, alkalised, and in-gel digested with

trypsin (sequencing-grade, modified trypsin, Promega GmbH, Mannheim, Germany) as described

(Shevchenko et al., 1996). Digests were purified with ZipTipC18 pipette tips (Millipore, Bedford,

MA, USA) using a procedure recommended by the manufacturer. One μL elute from the ZipTips

was mixed at a 1:1 ratio with saturated DHB matrix (2,5-dihydroxybenzoic acid) solution and

applied to an Achor chip MALDI plate (Bruker-Daltonics, Bremen, Germany). A Bruker Reflex III

MALDI-TOF mass spectrometer (Bruker-Daltonics, Bremen, Germany) was used in positive ion

reflector mode with delayed extraction. Autolysis products of trypsin served as internal standards

for mass calibration. The monoisotopic masses for all peptide ion signals in the acquired spectra

were determined and the information was entered in a database searching against a non-redundant

database (NCBI), using the Mascot program (Matrix Science; http://www.matrixscience.com/).

3.6 Materials for enzyme activities, glucose uptake and in vivo fatty acid synthesis

2-Deoxy-D-[U-14C]glucose (Amersham), 3H2O and [γ-32P]ATP were purchased from the

Institute of Isotopes Co. (Budapest, Hungary). GSK3β was from Calbiochem (La Jolla, CA, USA).

Insulin determination kit was from Crystal Chemicals (Downers Growe, IL, USA). Antibody

against actin, amyloglycosidase and other chemicals were from Sigma-Aldrich (Budapest,

Hungary). SB 415286 specific GSK-3 inhibitor was from Tocris, (Avonmouth, UK). GSK-3

substrate peptide derived from Upstate (USA).

3.6.l. Enzyme activities

GSK-3 activity was determined as follows. Stock buffer (solution II): 30 mL solution I

contained 250 mmol sodium glycerophosphate/L, 1 mole NaCl /L, 100 mmol MgCl2/L, 5 mmol

EGTA/L, 0.5 mmol Na3VO4,/L, 5 mmol freshly added DTT/L. Measuring buffer (solution III) for a

http://www.matrixscience.com/
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series of 24 tubes contained in 600 L Sol II 12.5 nmoles ATP (2.5 L from a 5 mmoles/L ATP

stock solution) and 8,880 kBq (240 Ci, 5.32 x 108  dpm) in 22 L of the commercial [γ-32P]ATP

preparation. In the resulting solution, (calculating with the original radioactivity of the ATP

preparation), specific activity of ATP was 42 500 dpm/pmole. A series of 24 tubes, two for each

sample was arranged, each containing 25 L of measuring buffer. To one tube of a pair 2.5 nmoles

GSK-3 substrate (in 2.5 L) and 2.5 L Solution I were added. To the other tube (serving as

background), 2.5 L Solution I (with no substrate) and 1 g GSK-3 inhibitor (SB 415286) in 2.5 L

were added. (The inhibitor was to prevent GSK-3 from phosphorylating other proteins present in

the tissue sample). Adding 20 L tissue extract containing 100 g protein started  the reaction. In

the final incubation medium (50 L), ATP concentration was 10 mol/L, the actual specific activity

was calculated from the radioactive measurement at the day of experiment. After 15 min incubation

the reaction was arrested with 10 L of 1 mol HCl/L and spotted onto a P-81 phosphocellulose filter

(Whatman GmbH, Germany), then the filter was washed with 75 mmol H3PO4/L. After drying, the

filters were placed into vials containing scintillation fluid, and the radioactivity was counted with a

Packard Tricarb 2100TR scintillation counter. Enzyme activity was calculated from dpm difference

between the tube with substrate and its pair without substrate and with SB 415286 inhibitor.

Pyruvate dehydrogenase enzyme (PDH) and phosphofructokinase-1 (PFK-1) activities were

measured as described (Carmona et al., 1998). ACC and CitLy activities were measured

spectrophotometrically as reported earlier (Puigserver et al., 1992). Glycogen content was measured

as previously described (Boss et al., 1997).

3.6.2. Glucose uptake

Glucose uptake was measured by using 2-deoxy-[14C]glucose, basically as described

(Lowell et al., 2000). Briefly, 1h after an intraperitoneal injection of 7.4 kBq radioactive 2-deoxy-

glucose, glucose concentration was measured in the plasma, while radioactivity was measured in

the plasma and BAT. The plasma specific radioactivity was then used to calculate glucose uptake

(Lowell, B. et. al 2000).

3.6.3 In vivo fatty acid synthesis

Fatty acid (FA) synthesis was evaluated in vivo by measuring incorporation of 3H2O into

FA, basically as described before (YU X.X et al. 2002). This method measured rate of de novo FFA

synthesis independent of the precursor carbon source. An intraperitoneal injection of 370 kBq

tritiated water in 1 mL saline was administered to the animals and 1 h later they were killed. In this
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early stage of incorporation, specific radioactivity of FA was low and increasing so the FFA

transported from the total pool hardly changed the radioactivity in other tissues. Thus, the

radioactivity found in FA in a given tissue could be regarded as in situ synthesized. (Cold-adapted

animals were injected with 3H2O in the cold room). The tissues were processed and radioactivity in

FFA in BAT and WAT was counted in a liquid scintillation counter. Results were given as µg H

atom incorporated into 1g tissues in 1h.

3.7. Statistical analyses

Data were evaluated by ANOVA and are presented as means ± SEM.



28

4. RESULTS

4.1 Cooperation of WAT and BAT in thermoregulatory thermogenesis

BAT proteins were screened for changes in their expression level during a control/cold

exposure/reacclimation cycle. As Fig.4 shows, the expression of several enzymes varied markedly

in response to temperature changes. Of these, two lipogenetic enzymes, ACC and CitLy, were

chosen for further analysis. In addition, malic enzyme was of interest because it catalyzes the

synthesis of NADPH + H+, which is an obligatory co-enzyme for de novo FFA synthesis. Then, the

lipogenic enzymes were subjected to detailed investigation by immunoblotting using specific

antibodies, and the study was extended to WAT.

Fig.4

Fig.4 Resolution of proteins of BAT from animals under the indicated conditions. The changes from the control

animals (neutral temperature, 28oC) through the cold exposure (1-week, + 5oC) and in the following 24-h reacclimation

were detected. In each lane 90 μg protein was loaded. Proteins were run by a Sturdier instrument on large gel in

presence of 5% PAG. HMW Std: high molecular weight standard; LMW Std: low molecular weight standard; ACC:

acetyl-CoA carboxylase; CitLy: ATP-citrate lyase. Bands showing marked changes are labelled with arrows. The

proteins were identified by MALDI TOF MS. A: upper part of the gel. B: lower part of the gel from another run.

Since ACC and CitLy are regulated by phosphorylation, immunoblotting with specific

antibodies was carried out to distinguish between total amounts of these enzymes and their

phosphorylated forms. The comparison of the changes in the total amounts of the two enzymes

(Fig.5 A, B) their expression markedly increased in BAT but decreased in WAT in the cold

environment.
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Fig.5

Fig.5 A comparison of the expression of ACC and CitLy in BAT and WAT detected by immunoblotting and actual

activities of these enzymes. Animals were treated as in Fig. 9. Lane 1, HMW Std.; lanes 2- and 3, control; lanes 4- and

5, cold-exposed for 1-week; lanes 6- and 7, 24-h reacclimation; lanes 8- and 9, 48-h reacclimation. A - expression of

total ACC and P-ACC. Note that both isoenzymes of P-ACC were detected; the thin, upper band is ACC2 (or ACCβ)

and the lower band is ACC1 (or ACCα). B - expression of total and phosphorylated CitLy. The lane for muscle actin

shows no change demonstrating that equal amounts of protein were loaded. C - ACC enzyme activity.. D - CitLy

activity. Mean ± SEM values, n=5; * P<0.01, compared to controls.

Phosphorylation of ACC and CitLy corresponded to the pattern of total enzyme expression

in the two tissues. Of the two isoenzymes of ACC in BAT, only the phosphorylated one of the

ACC1 (ACCα) was enhanced upon the effect of cold.

Increased expression and phosphorylation of these lipogenic enzymes indicated opposite

effects; enzyme activity was expected to increase in response to increased expression, and to

decrease due to increased in phosphorylation. Accordingly, activities that resulted from the two
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opposite influences had to be measured. As shown in Fig.5, the activities of ACC (Fig. 5C) and

CitLy (Fig. 5D) in BAT significantly increased in the presence of cold ambient temperature

implying that total enzyme expression overcame the effect of phosphorylation when the activities

began to return to normal during reacclimation. By contrast, in WAT, the activity of the lipogenic

enzymes tended to decrease in the cold. It may seem contradictory that in control bands ACC

activity was similar in BAT and WAT while the intensity of the ACC band was stronger in WAT.

However, phosphorylation of ACC in WAT was also much stronger, which entailed a decreased

activity. The consequence of changes in lipogenic enzymes was tested by in vivo measurement of

FA synthesis rate in BAT and WAT (Fig. 6).

Fig. 6

Fig.6 Opposing changes of in vivo fatty acid synthesis in BAT and WAT. A - Rate of 3H incorporation into the

indicated tissues at 1 h after 3H2O injection. Values shown are means ±  SEM (n=5).    *P< 0.001, compared to

controls. B - Composition of BAT.  NFDM: non-fat dry material.

Based on the activities of ACC and CitLy in BAT and WAT as outlined above (Fig.5), in vivo

synthesis rate of FFA was measured during a control/cold-exposed/reacclimation cycle by using the

currently most accepted 3H2O method (Fig. 6). FFA synthesis rate (per g tissue) increased three-fold

in BAT. This level was maintained during the first 24 h of reacclimation and fell back by 48h. In

WAT, the opposite was found; i.e., synthesis declined three-fold and then slowly started to recover

during reacclimation (Fig. 6A).

Despite the accelerated rate of FFA synthesis (Fig. 6B), the FA content markedly decreased

in BAT in the ambient cold temperature (Loncar  et al., 1988). Thus, the rate of FFA breakdown
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(i.e., β-oxidation) also increased (Liu et al., 1994), even in a higher extent resulting in a reduction of

relative FA content.

4.2 The signal transduction of glycogen accumulation during the recovery from cold exposure.

The results outlined above Fig. 4-6 referred mostly to FA metabolism. Here we present the

further investigation of the mechanism of our previous finding that, glycogen content in BAT

decreased during cold exposure, then accumulated after a 24h reacclimation to normal temperature.

As the Fig.7 shows GLUT4 protein expression was markedly enhanced in cold and this high level

was maintained during the reacclimation period supporting the possibility of a facilitated glucose

uptake to supply the glycogen synthesis.  Similarly, in rat muscle an enhanced expression of

GLUT4 mRNA was reported on the effect of cold (Lin et at., 1988).

Fig.7 Fig. 8

Fig.7 Expression of GLUT4 protein Fig. 8 Glycogen accumulation in BAT of rats after 1-week cold

exposure and after 24h reacclimation at neutral

                                                                                                    temperature in BAT of rats
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Here we present the mechanism of accumulation of glucose. Figure 9 shows, that although serum

insulin level decreased in the cold (Fig. 9A), glucose uptake by BAT increased (Fig. 9B). In

previous reports (Moura et al., 2001; Nedergaard et al., 1999), this behaviour was attributed to,

”increased insulin sensitivity”. In our present work, it was important that serum insulin increased

even above the control level during reacclimation (Fig. 9A) and so did, not surprisingly, glucose

uptake by BAT (Fig. 9B). The change in activity of PFK-1 was negligible (Fig. 9C). In the case of

PDH, however, the change in activity was opposite that of other measured parameters; after a

decrease in the activity of this enzyme in the cold and during reacclimation. Instead of recovering, it

continued to decline, significantly remaining below control levels (Fig. 9D). This result implied that

there was a reduced conversion of pyruvate to active acetate allowing an increased gluconeogenesis,

which entails enhanced glycogen synthesis (Fig. 9E).

Fig.9

Fig. 9 Changes in related physiological events when glycogen accumulates in BAT. A: Serum insulin level. Mean ±

SEM values; n=5 in each group; * P<0.01 compared to control. B: BAT uptake of 2-Deoxy-D-[U-14C]glucose for 1h.

Mean ± SEM values; n=5 in each group; * P<0.01 compared to control. C: Phosphofructokinase (PFK) activity. Mean

± SEM values; n=5 in each group; * P<0.05 compared to control. D: Pyruvate dehydrogenase complex (PDH) activity.

Mean ± SEM values; n=5 in each group; * P<0.01 compared to control. E: Glycogen content in BAT. Mean ± SEM

values; n=5 in each group; * P<0.001 compared to control.
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Figure 10 shows the expression and phosphorylation pattern of two members of the insulin signal

cascade in BAT, Akt (PKB) and GSK-3. In the cold, P-Akt (active form) was reduced, as was P-

GSK-3 (inactive form) since GSK-3 is the substrate of Akt (Fig. 10A). Accordingly, this resulted in

a marked increase of GSK-3 activity (Fig. 10B), which explains why glycogen synthesis is a

negligible process in BAT under conditions of cold ambient temperature. However, there was a

striking increase in Akt and P-Akt during reacclimation as it was indicated by the increased ratio of

phosphorylated GSK-3. As a consequence, the synthesis of glycogen was facilitated under these

conditions.

Fig.10

Fig.10 Expression of components of the insulin-signalling cascade affecting GSK-3 activity in BAT. A:

Immunoblotting of Akt and GSK-3 total enzymes and their phosphorylated forms. B: GSK-3 activity under the indicated

conditions. Values shown are means ± SEM (n=5 in each group). * P<0.001 compared to control.

Investigation of insulin signalling was extended also to skeletal muscle (Fig. 11), but in

contrast to the aforementioned findings in BAT and in accordance with a previous report

(Nedergaard et al., 1999), no changes were observed in the cold ambient temperature. Therefore, in

the cold, insulin signalling appears to be tissue-specific, where BAT is the target tissue. However,

during reacclimation, the patterns of Akt and GSK-3 expression in skeletal muscle were similar to

that of BAT (Fig. 10), which indicates that during reacclimation an enhanced glycogen synthesis is

taking place in the muscle, too.
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Fig.11

Fig.11 Expression of components in the signal transduction cascade affecting Akt and GSK3 in skeletal muscle.

Immunoblotting of Akt and GSK3 total enzymes and their phosphorylated forms are shown.

4.3. Opposite regulation of UCP1 and UCP3 in vivo in BAT of cold exposed rats

As we outlined above, all the three UCPs occur in BAT. To reveal energy status of BAT in

the cold, we investigated the changes of different uncoupling proteins. As expected, the amount of

UCP1 protein increased upon the effect of cold exposure, however, this increased amount was

maintained after a 24 h reacclimation (Fig. 12), too. Surprisingly, UCP3 protein in BAT exerted an

opposite pattern, since its level markedly decreased upon the effect of cold, but started to increase

after reacclimation (Fig. 12). At the same time, UCP3 protein did not show significant changes in

the skeletal muscle under the above conditions (Fig. 12). Equal amounts of protein were loaded as it

was indicated by the frataxin control.
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Fig. 12

Fig. 12 Western blots of UCP1 and UCP3 proteins after 1-week cold exposure and after 24 h reacclimation at

neutral temperature in BAT and muscle of rats. Each lane represents an individual animal. Frataxin served as control

loading.

For explanation of the contrasting changes of UCP1 and UCP3 proteins in BAT, further

experiments were necessary. Detecting the expression of mRNA of the two genes, we found that

both mRNA levels showed an approximately equal increase upon the effect of the cold and started

to return to normal during reacclimation (Fig.13). The bottom panel demonstrates that equal

amounts of total RNA were loaded. Thus, comparing Fig.12 and Fig.13, there is a discrepancy in

the changes of protein versus mRNA levels of UCP3.

Fig.13 Northern blots of UCP1 and UCP3 mRNA

after 1-week cold exposure and of 24 h

reacclimation to neutral temperature in the BAT of

rats. Ribosomal RNAs were used as loading control.

Each lane represents an individual animal.

Fig.13
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For detailed analysis of the decrease of UCP3 protein in the cold, we followed its changes

within a 1-week cold period (Fig. 14). The protein level decreased by the 6th hour, and then started

to increase till the end of the period.

Fig.14

Fig.14 Western blots of UCP1 and UCP3 proteins as function of time during 1-week cold exposure in BAT of rats.

Each lane represents an individual animal.

The opposite behaviour of UCP1 and UCP3 was also confirmed in a different aspect by

Echtay et al., 1999. (Fig. 15; The figure is adopted from their publication). Energy dissipation of

UCP1 is activated at low energy charge, when ATP/ADP ratio is low in BAT. UCP3 is activated at

large energy charge, when ATP/ADP ratio is high in skeletal muscle.

        Fig. 15

Fig. 15 Regulation of the uncoupling activity (H+ transport) by energy charge (ATP/ADP ratio). In brown adipose

tissue, energy dissipation (thermogenesis) is the main function mediated by the activity of UCP1 which is active at a

low energy charge. In skeletal muscle, the regulation of energy dissipation is mediated by UCP3 which is active at a

high energy charge (Echtay et al., 1999.)
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5. DISCUSSION

In non-shivering thermogenesis the BAT plays the major role, mainly with the help of UCP1.

Still, the WAT can also be involved in a cooperative way as a helper. Therefore, the study on the

two lipogenic enzymes, CitLy and ACC, was extended to WAT. These two enzymes were selected

because of their marked overexpression in the cold in BAT, (Fig.4). Together with the decreased

size of WAT, different changes of lipid synthesis play an important role in cooperation between the

two organs in favour of thermogenesis. It is noteworthy, that the phosphorylation increased only in

ACC1 (ACCα) and not in ACC2 (ACCβ) during cold exposure in BAT (Fig. 5A). ACC1 isoenzyme

plays a role in FFA synthesis in lipogenic tissues including WAT and BAT, while ACC2 is thought

to regulate carnitine palmitoyltransferase I (CPT-I) via malonyl-CoA (Rath et al., 1979; Ruderman

et al., 1999).

One enzyme regulated by AMPK is acetyl-CoA carboxylase, which produces malonyl-CoA, the

first intermediate committed to fatty acid synthesis. Malonyl-CoA is a powerful inhibitor of the

enzyme carnitine acyltransferase I, which starts the process of ß oxidation by transporting fatty

acids into the mitochondrion. By phosphorylating and inactivating acetyl-CoA carboxylase, AMPK

inhibits fatty acid synthesis while relieving the inhibition (by malonyl-CoA) of ß oxidation. In the

periphery, AMPK regulates a variety of metabolic pathways that result in suppression of ATP-

consuming anabolic pathways and induction of ATP-producing catabolic pathways. These include

stimulating fatty acid uptake and oxidation and glucose uptake in multiple tissues; stimulating

mitochondrial biogenesis in skeletal muscle; stimulating glycolysis in heart; inhibiting fatty acid

synthesis in liver and adipocytes; inhibiting cholesterol synthesis and glucongenesis in liver;

inhibiting protein synthesis in liver andmuscle; inhibiting lipolysis in adipocytes; and inhibiting

insulin secretion from pancreatic β-cells. These effects of AMPK are achieved by regulating the

activities of key metabolic enzymes in these metabolic pathways as well as by longer-term

regulation of gene expression (Kahn et al. 2005).

ATP-citrate lyase (CitLy) is a homotetramer that catalyzes the formation of acetyl-CoA and

oxaloacetate (OAA) in the cytosol, which is the key step for the biosynthesis of fatty acids,

cholestrol and acetylcholine, as well as for glucogenesis. Nutrients and hormones regulate the

expression level and phosphorylation of CitLy. (Towle et al. 1997; Potapova et al. 2000). It is

phosphorylated by GSK-3 on Thr446 and Ser450 (Hughes et al. 1992). Ser454 of ATP-citrate lyase

has been reported to be phosphorylated by PKA and Akt. (Pierce et al. 1982; Berwick et al. 2002).

Both kinase activity, GSK-3 and PKA were upregulated by cold environment (Fig. 3 and Fig. 10).

Phosphorylation on Ser454 abolishes the homotropic allosteric regulation by citrate and enhances

the catalytic activity of the enzyme.
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The changes in lipogenic enzymes observed in response to cold raised the question of whether

these enzyme activities are in accordance with the in vivo FFA synthesis (Fig.6). Tritium (3H2O)

incorporation into FFA allows measurement of de novo FA synthesis. A study using the 3H2O

method in cold-acclimated rats reported a 13-fold increase of FFA synthesis in BAT, versus the 1.5

fold increase in WAT. An increase of FFA synthesis in mice was also reported (Yu et al., 2002) in

BAT, which was consistent with our findings in rats. However, we also found a decrease in WAT in

a similar extent. Beside the increased activities of lipogenic enzymes in BAT, the increased FFA

synthesis was also supported by the overexpression of NADPH + H+-producing enzymes; i.e., malic

enzyme (Fig.4) and glucose-6-P-dehydrogenase (Moura et al., 2001). Trayhurn (Trayhurn et al.

1979) found a 1.5-fold increase of FFA synthesis in WAT (per g tissue) of cold-exposed rats. In that

study, however, the total mass of WAT decreased. Others have also confirmed the atrophy of WAT

mass in response to cold (Loncar et al.,1988). Early studies raised the possibility that FFAs present

in the BAT partly derive from other tissues, such as from WAT (Himms-Hagen et al., 1965),

proposing a mechanism for collaboration. Cats and young rats exposed to intermittent cold stress

developed morphological characteristics in epididymal WAT resembling those of BAT cells

(Loncar et al., 1988). Other studies have also proposed WAT as an organ contributing to

thermogenesis; e.g., β3-agonist (CL-316243). Treatment was found to cause BAT-like histological

appearances of WAT (Granneman et al., 2003). In conclusion, in cold-exposed rodents, the pattern

of lipid metabolism in general is opposite in BAT versus WAT. This observation supports the

hypothesis that WAT acts primarily as net FFA provider, whereas BAT acts as a net FFA user. Our

results indicate the pivotal role of two lipogenic enzymes in this process. Nevertheless, it should be

kept in mind that WAT, if it assists in thermogenesis, is secondary to BAT-mediated nonshivering

thermogenesis (Golozoubova et al., 2001), since white adipose cells have not been shown to express

UCP1 protein.

Another part of this work was devoted to the examination of glucose metabolism, namely, the

mechanism of glycogen accumulation in BAT and muscle during reacclimation (Farkas et al.,

1999). It is well documented that cold exposure of rats markedly increased the turnover of glucose

and its uptake into BAT, WAT, skeletal and heart muscles (Vallerand et al., 1990). Because the

serum insulin level was concurrently reduced, an increased insulin sensitivity of these tissues was

proposed. Recently, Velloso and co-workers (Gasparetti et al., 2003) gave a molecular basis of this

insulin sensitivity of the BAT via increased activity of IRS-2 and Akt. However, in muscle and

WAT, the insulin-triggered molecular signalling events were impaired; thus, tissue specific insulin

signalling was postulated (Gasparetti et al., 2003) in BAT. Our investigations into events occurring

in the reacclimation period showed that in BAT there was a marked activation of P-Akt and an

inactivation of GSK-3 (P-GSK3) (Fig. 10), both of which facilitated glycogen synthesis. By



39

extending our study to skeletal muscle (Fig. 11.), we were able to confirm the previous report

(Gasparetti et al., 2003) that in cold, there were no changes in skeletal muscle. However, in the

reacclimation period, the phosphorylation of Akt and GSK-3 increased markedly (Fig. 10),

indicating that the enhanced insulin signalling during reacclimation is not restricted to BAT. This

finding supports our earlier proposal concerning post-cold glycogen replenishment in muscle

(Farkas et al.,1999). A remaining question is how the glucose turnover could increase in cold-

exposed rats, while enhanced expression of insulin signalling was observed only in BAT. The

answer has to involve an insulin-independent mechanism, such as NE (Liu et al., 1994;

Chernogubova et al., 2004). In fact, BAT has the benefit of both insulin-dependent and insulin-

independent glucose uptake in cold, which together results in a 110-fold increase of uptake

(Vallerand et al., 1990). These factors likely explain glycogen accumulation in BAT when the cold

exposure is suddenly stopped. Glucose (glycogen) in BAT is a good substrate for thermogenesis

and also for lipogenesis (Young et al., 1984; Trayhurn et al., 1979). Indeed, the huge amount of

glycogen accumulated in the BAT of reacclimated rats disappears when the animals are re-exposed

to cold for 30 min (Fig. 8).

During the rodents cold exposure intensive glucose utilization was attained in its BAT,

accompanied by an increased expression of the insulin sensitive GLUT4 isoform of glucose

transporter and this level persisted after 24h reacclimation (Fig.7). Serum insulin levels also

increased during the reacclimation compared to the normal temperature results (Fig. 9), resulting in

more GLUT4 protein in the active form, which supplies substrate for glycogen accumulation. To

elucidate further the mechanism of glycogen accumulation, we also investigated the effect of cold

on UCPs. On the effect of cold (UCP1 protein expression, being an essential protein in non-

shivering thermogenesis), expectedly increased (Fig.12). Furthermore, the increased level was

maintained during the reacclimation period during the intensive glycogen synthesis (Fig.8). This

means that despite the increased UCP1 protein level, the mitochondria were not totally in an

uncoupled state but were able to provide enough ATP for synthetic processes. A probable

explanation is that the mere presence of UCP1 protein does not mean that the protein was in the

fully active form, instead, it could have been subjected to effects of regulators mentioned above

(Matthias et al., 2000; Klingenberg et al., 1999). Surprisingly, the level of another uncoupling

protein, the UCP3, decreased upon the effect of the cold, and as expected, started to return to

normal after a 24h reacclimation in BAT (Fig.12). In muscle, the UCP3 protein did not change

under the same conditions (Fig.12). In subsequent part of this work, the mechanism of the opposite

change of UCP1 and UCP3 proteins in BAT has been demonstrated. When the expression of

mRNA of the two genes was determined, however, both of them showed the same pattern; i.e.,

increased in cold and started to return to normal during reacclimation (Fig.13). Thus, mRNA
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expression did not explain the difference in the protein levels of UCP1 and UCP3. In an attempt to

gain more insight into the mechanism of the reduced UCP3 protein expression in the BAT, we

detected its change during a 1-week cold period. The amount of expressed protein was reduced even

by 6h and then slowly increased (Fig. 14). Comparing Fig.12 and Fig.13, we can see that the

expressed mRNA and protein content of UCP1 changed in parallel. Considering the contrast

between the change of UCP3 mRNA and UCP3 protein levels, there are some possibilities. Initially

this kind of pattern is not a rare (dos Ramedios et al., 1996) case, probably because half-lives of

mRNA and its protein could be different. Secondly, we have to consider that two forms of UCP3

exist, the short (UCP3S) and the long (UCP3L) (Gong et al., 1999). Our radioactive probe for

UCP3 mRNA detected both forms. At the protein level, however, our antibody recognized only the

UCP3L. Our studies correlate with other observations, that mainly BAT UCP1 takes part in the

nonshivering thermogenesis in the cold. (Golozoubova et al., 2001).
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6. CONCLUSION

1. The opposite regulation of lipid synthesis by ACC and CitLy in BAT and WAT plays an

important role in the cooperation between the two organs in favour of thermogenesis. WAT acts

primarily as a net FFA provider, whereas BAT acts as a net FFA user.

2.  The considerable increasing of active forms of ACC and CitLy in BAT indicates a massive

FA synthesis in cold. On the contrary the activity of FFA synthesis down regulated in WAT by both

lipogenic enzymes. The 3H incorporation shows clearly a converse regulation of FFA synthesis

between BAT and WAT. To understanding the deeper the relation between BAT and WAT we have

measured the FFA content in BAT in cold and reacclimation. We have gotten indirect evidence that

the FFA oxidation is much intensive than FFA synthesis.

3. We have proved that in cold exposure, only the phosphorylation of ACC1 (responsible for

FFA synthesis) exisit and not of ACC2 (responsible for carnitine-acyl transferase-I regulation) in

BAT under cold environment.

4. We have showed that UCP1 protein expression increased markedly during the cold (+5oC)

exposure and their level is maintained after 24h reacclimation to neutral temperature (+29oC). On

the contrary the UCP3 protein expression has decreased greatly in the same condition but started to

return to normal after the recovery state. Comparing of  Fig.12 (Western blot) and Fig.13 (Northern

blot) it is conspicuous that there is a great protein changing between UCP1 and UCP3 in BAT, but

the mRNA level of two UCPs ran parallel.



42

7. REFERENCES

Arch J.A.T., Ainsworth A.T., Cawthorne M.A., Piercy V., Sennitt M.V., Thody V.E.,

Wilson C., and Wilson S. (1984) "Atypical ß-adrenoceptor on brown adipocytes as target for anti-

obesity drugs." Nature 309: 163–165

Atgie C., Tavernier G., D’Allaire F., Bengtsson T., Marti L, Carpene C., Lafontan M.,

Bukowiecki L.J., and Langin D. (1996) "Beta 3-adrenoceptor in guinea pig brown and white

adipocytes: low expression and lack of function." Am. J. Physiol. Regul. Integr. Comp .Physiol.

271: R1729–1738

Bengtsson T., Nedergaard J., and Cannon B. (2000) "Differential regulation of the gene

expression of ß-adrenoceptor subtypes in brown adipocytes." Biochem. J. 347: 643–651

Berwick D.C., Hers I., Heesom K.J., Moule S.K, Tavare J.M. (2002) “The identification of

ATP-citrate lyase as a protein kinase B (Akt) substrate in primary adipocytes.” J Biol Chem.

13;277(37):33895-33900

Boss O., Samec S., Paoloni-Giacobino, A., Rossier, C., Dulloo, A., Seydoux, J.,Muzzin, P.

and Giacobino, J.P. (1997) "Uncoupling protein-3: a new member of the mitochondrial carrier

family with tissue-specific expression." FEBS Lett. 408: 39-42

Bourova L., Pesanova Z., Novotny J., Bengtsson T., and Svoboda P. (2000) "Differentiation

of cultured brown adipocytes is associated with a selective increase in the short variant of G(s)alpha

protein. Evidence for higher functional activity of G(s)alphaS. " Mol. Cell. Endocrinol. 167: 23–31

Branco M., Ribeiro, M., Negrao, N. and Bianco, A. C. (1999) "3,5,3'-Triiodothyronine

actively stimulates UCP in brown fat under minimal sympathetic activity." Am. J. Physiol. 276:

E179-E187

Brand M.D., Affourtit C, Esteves TC, Green K, Lambert AJ, Miwa S, Pakay JL, Parker N.

(2004) "Mitochondrial superoxide: production, biological effects, and activation of uncoupling

proteins" Free Radic Biol Med. 37(6):755-67



43

Bronnikov G., Bengtsson T., Kramarova L., Golozoubova V., Cannon B, and Nedergaard J.

(1999) "ß1 to ß3 switch in control of cAMP during brown adipocyte development explains distinct

ß-adrenoceptor subtype mediation of proliferation and differentiation." Endocrinology 140: 4185–

4197

Bronnikov G., Zhang S.J., Cannon B., and Nedergaard J. (1999) "A dual component

analysis explains the distinctive kinetics of cAMP accumulation in brown adipocytes." J. Biol.

Chem. 274: 37770–37780

Bukowiecki L.J., Géloen A., Collet A.J. (1986) "Proliferation and differentation of brown

adipocytes from interstinal cells during cold acclimation." Am J. Physiol. 250: C880-C887

Cannon B. and Johansson, B.W. (1980) "Nonshivering thermogenesis in the newborn"

Molecular Aspects of Medicine 3: 119-223

Cannon B., Nedergaard J., Lundberg J.M., Hökfelt T., Terenius L. and Goldstein M. (1986)

“ 'Neuropeptide tyrosine' (NPY) is co-stored with noradrenaline in vascular but not in parenchymal

sympathetic nerves of brown adipose tissue.” Exp. Cell. Res. 164(2):546-550

Cannon B. and Nedergaard J. (2004) "Brown Adipose Tissue:Function and Physiological

Significance" Physiol. Rev. 84: 277–359

Carmona M.C., Valmaseda A., Brun S., Vinas O.; Mampel T., Iglesias R., Giralt M., and

Villarroya F. (1998) "Differential regulation of uncoupling protein-2 and uncoupling protein-3 gene

expression in brown adipose tissue during development and cold exposure" Biochem. Biophys. Res.

Commun. 243: 224-228.

Chaudhry A., Muffler L.A., Yao R, and Granneman J.G. (1996) "Perinatal expression of

adenylyl cyclase subtypes in rat brown adipose tissue." Am. J. Physiol. Regul. Integr. Comp.

Physiol. 270: R755–R760

Chaudhry A. and Granneman J.G. (1997) "Effect of hypothyroidism on adenylyl cyclase

activity and subtype gene expression in brown adipose tissue." Am. J. Physiol. Regul. Integr. Comp.

Physiol. 273: R762–R767



44

Chernogubova E., Cannon B., and Bengtsson T. (2004) " Norepinephrine increases glucose

transport in brown adipocytes via beta3-adrenoceptors through a cAMP, PKA, and PI3-kinase-

dependent pathway stimulating conventional and novel PKCs." Endocrinology. 145: 269-280

Chomczynski P.,  Sacchi N. (1987) "Single-step method of RNA isolation by acid

guanidinium thiocyanate-phenol-chloroform extraction" Anal. Biochem. 162: 156-159.

Commins S.P., Watson P.M., Levin N., Beiler R.J., and Gettys T.W. (2000) "Central leptin

regulates the UCP1 and ob genes in brown and white adipose tissue via different beta-adrenoceptor

subtypes." J. Biol. Chem. 275: 33059–33067

Donhoffer S., Sardy F., Szegvari G. (1964) "Brown Adipose Tissue and Thermoregulatory

Heat Production in the Rat." Nature 203: 765-6.

dos Ramedios C.G., Berry D.A., Carter L.K., Coumans J.V., Heinke M.Y., Kiessling P.C.,

Seeto R.K., Thorvaldson T., Trahair T., Yeoh T., Yao M., Gunning P.W., Hardeman E., Humphery-

Smith I., Naidoo D. and Keogh A. (1996) "Different electrophoretic techniques produce conflicting

data in the analysis of myocardial samples from dilated cardiomyopathy patients: protein levels do

not necessarily reflect mRNA levels." Electrophoresis, 17: 235-238.

Echtay K.S., Liu Q., Caskey T., Winkler E., Frischmuth K., Bienengräber M. and

Klingenberg M. (1999) "Regulation of UCP3 by nucleotides is different from regulation of UCP1"

FEBS Lett. 450:8-12

Echtay K.S., Winkler E., and Klingenberg M. (2000) "Coenzyme Q is an obligatory

cofactor for uncoupling protein function." Nature 408: 609-613

Eduardo R., Gonzales-Barosso M., Fleury C., Iturrizaga S., Sanchis D., Jiménez-Jiménez

J., Ricquier D., Goubern M., Bouillaud F. (1999) "Retinoids activate proton transport by the UPC1

and UCP2" The EMBO J. Vol.18 No.21: 5827-33

Enerbäck S., Jacobsson A., Simpson E.M., Guerra C., Yamashita H., Harper M. and Kozak

L.P. (1997) "Mice Lacking mitochondrial uncoupling protein are cold-sensitiv but not obese"

Nature 387: 90-94



45

Farkas V., Kelenyi G., Sandor A. (1999)  "A dramatic accumulation of glycogen in the

brown adipose tissue of rats following recovery from cold exposure." Arch. Biochem. Biophys.

365(1): 54-61

Flaim K.E., Horowitz J.M and Horowitz B.A (1976) “Functional and anatomical

characteristics of the nerve-brown adipose tissue interaction in the rat.” Pflügers. Arch. 365:9-14

Gasparetti A.L., de Souza C.T., Pereira-da-Silva M., Oliveira R.L., Saad M.J., Carneiro

E.M., and Velloso L.A. (2003) "Cold exposure induces tissue-specific modulation of the insulin-

signalling pathway in Rattus norvegicus." J. Physiol. 552: 149-162.

Gélon A., Collet A.J., Guay G.& Bukowiecki L.J (1990) " In vivo differentation of of brown

adipocytes in adult mice: an electronmicroscopic study." Am. J. Anat. 188: 366-372

Golozoubova V., Hohtola E., Matthias A., Jacobsson A., Cannon B., and Nedergaard J.

(2001) "Only UCP1 can mediate adaptive nonshivering thermogenesis in the cold." FASEB J. 15:

2048-2050

Gong D.W., He Y. and Reitman M. L. (1999) "Genomic organization and regulation by

dietary fat of the uncoupling protein 3 and 2 genes" Biochem. Biophys. Res. Commun. 256: 27-32.

Gong D.W., Monemdjou S., Gavrilova O., Leon L.R., Marcus-Samuels B., Chou C.J.,

Everett C, Kozak L.P., Li C., Deng C., Harper M.E., and Reitman M.L. (2000) "Lack of obesity and

normal response to fasting and thyroid hormone in mice lacking uncoupling protein-3." J. Biol.

Chem. 275: 16251–16257

Granneman J.G. (1988) "Norepinephrine infusions increase adenylate cyclase

responsiveness in brown adipose tissue." J. Pharmacol. Exp. Ther. 245: 1075–1080

Granneman J.G., Burnazi M., Zhu Z., Schwamb L.A. (2003) "White adipose tissue

contributes to UCP1-independent thermogenesis." Am. J. Physiol. Endocrinol. Metab. 285: E1230-

1236

Himms-Hagen J. (1965) "Lipid Metabolism in Warm-Acclimated and Cold-Acclimated

Rats Exposed to Cold." Can. J. Physiol. Pharmacol. 43: 379-403



46

Himms-Hagen J. (1992) "Brow Adipose Tissue Metabolism" In Obesity (Björntrop P. &

Brodoff B.N., eds) J.B. Lippincott Company, Philadelphia. 15-34

Himms-Hagen J., Cui J., Danforth E. Jr, Taatjes D.J., Lang S.S., Waters B.L., and Claus

T.H. (1994)   "Effect of CL-316,243, a thermogenic beta 3-agonist, on energy balance and brown

and white adipose tissues in rats." Am. J. Physiol. Regul. Integr. Comp. Physiol. 266: R1371–

R1382

Himms-Hagen J., Triandafillou J., Begin-Hieck N., Ghorbani M., and Kates A.L. (1995)

"Apparent lack of ß3-adrenoceptors and of insulin regulation of glucose transport in brown adipose

tissue of guinea pig"  Am. J. Physiol. Regul. Integr. Comp. Physiol. 268: R98–R104

Himms-Hagen J., Harper M.E (2001)  ”Phisiological role of UCP3 may be export of fatty

acids from mitochondria when fatty acid oxidation predominates: an hypothesis” Exp Biol Med

(Maywood). 226(2):78-84

Hughes K., Ramakrishna S., Benjamin W.B., Woodgett J.R (1992) “Identification of

multifunctional ATP-citrate lyase kinase as the alpha-isoform of glycogen synthase kinase-3.”

Biochem. J. 288, 309-314.

Hull D. and Segall M.M. (1966) "Distinction of brown from white adipose tisue." Nature

212: 469-474

Hutchinson D.S., Bengtsson T., Evans B.A., and Summers R.J. (2002) "Mouse ß3a- and

ß3b-adrenoceptors expressed in Chinese hamster ovary cells display identical pharmacology but

utilise different signalling pathways." Br. J. Pharmacol. 135: 1903–1914

Hutchinson D.S, Chernogubova E., Dallner O.S, Cannon B. and Bengtsson T. (2005). „β-

Adrenoceptors, but not α-adrenoceptors, stimulate AMP-activated protein kinase in brown

adipocytes independently of uncoupling protein-1.” Diabetologia 48: 2386–2395.

Inokuma K., Ogura-Okamatsu Y., Toda C., Kimura K., Yamashita H. and Saito M. (2005).

„Ucoupling protein 1 is necessary for norepinephrine-induced glucose utilization in brown adipose

tissue.” Diabetes 54: 1385–1391.



47

Kahn B.B, Alquier T., Carling D. and Hardie D.G. (2005) “AMPK-activated protein kinase:

ancient energy gauge provides clues to modern understanding of metabolism.” Cell. Metab. 1, 15–

25.

Kishi K. Yuasa T, Minami A. Yamada M. Hagi A. Hayashi H, Kemp BE. Wtters L.A and

Ebina Y. (2000). „AMPK-activated protein kinase is activated by the stimulations of Gq-coupled

receptors.” Biochem Biophys Res Commun 276: 16–22

Klingenberg M. and Shu-Gui Huang (1999) "Structure and function of the uncoupling

protein from brown adipose tissue " Biochim. Biophys. Acta 1415: 271-296.

Lafontan M., Berlan M. (1993) "Fat cell adrenergic receptors and the control of white and

brown fat cell function." J.Lipid Res. 34: 1057-1091

Lin B., Coughlin, S. and Plich, F. (1988) "Bidirectional regulation of uncoupling protein-3

and GLUT-4 mRNA in skeletal muscle by cold" Am. J. Physiol. 275: E386-E391.

Lindquist J.M. and Rehnmark S. (1998) "Ambient temperature regulation of apoptosis in

brown adipose tissue: Erk 1/2 promotes norepinephrine-dependent cell survival." J. Biol. Chem.

273: 30147–30156

Lindquist J.M., Fredriksson J.M., Rehnmark S., Cannon B., and Nedergaard J. (2000) "β3-

and α1-adrenergic Erk1/2 activation is Src but not Gi-mediated in brown adipocytes. " J. Biol.

Chem. 275: 22670–22677

Liu X., Perusse F., and Bukowiecki L.J. (1994) "Chronic norepinephrine infusion stimulates

glucose uptake in white and brown adipose tissues." Am. J. Physiol. 266: R914-920

Locke R.M., and Nicholls D.G. (1981) "A re-evaluation of the role of fatty acids in the

physiological regulation of the proton conductance of brown adipose tissue mitochondria." FEBS

Lett. 135: 249-252

Loncar D., Afzelius B.A., and Cannon B. (1988) "Epididymal white adipose tissue after

cold stress in rats. I. Nonmitochondrial changes". J. Ultrastruct. Mol. Struct. Res. 101: 109-122



48

Lowell B.B. and Spiegelman B.M. (2000) "Towards a molecular understanding of adaptive

thermogenesis." Nature 404: 652-660

Marette A. and Bukowiecki L.J. (1991) "Noradrenaline stimulates glucose transport in rat

brown adipocytes by activating thermogenesis. Evidence that fatty acid activation of mitochondrial

respiration enhances glucose transport." Biochem. J. 277: 119–124

Matejkova O., Mustard K.J., Sponarova J., Flachs P., Rossmeisl M, Miksik I., Thomason-

Hughes M., Hardie D.G and Kopecky J. (2004). „Possible involvement of AMP-activated protein

kinase in obesity resistance induced by respiratory uncoupling in white fat.” FEBS Lett 569: 245–

248.

Matthias A., Ohlson K.B.E., Magnus Fredriksson J., Jacobsson A., Nedergaard J. and

Cannon B. (2000) "Thermogenic responses in brown fat cells are fully UCP1-dependent. UCP2 or

UCP3 do not substitute for UCP1 in adrenergically or fatty scid-induced thermogenesis." J. Biol.

Chem. 275: 25073-25081

McMahon K.K. and Schimmel R.J. (1982) "Apparent absence of α2-adrenergic receptors

from hamster brown adipocytes." Life Sci. 30: 1185–1192

Meister B., Fried G., Hokfelt T., Hemmings H.C. Jr, and Greengard P. (1988)

"Immunohistochemical evidence for the existence of a dopamine- and cyclic AMP-regulated

phosphoprotein-32 in brown adipose tissue of pigs." Proc. Natl. Acad. Sci. USA 85: 8713–8716

Minokoshi Y., Kim Y.B., Peroni O.D, Fryer L.G.D., Muller C., Carling D and Kahn B.B

(2002). „Leptin stimulates fatty-acid oxidation by activating AMP-activated protein kinase.” Nature

415: 339–343

Mohell N. and Dicker A. (1989) "The ß-adrenergic radioligand [3H]CGP- 12177, generally

classified as an antagonist, is a thermogenic agonist in brown adipose tissue." Biochem. J. 261:

401–405

Moule S.K. & Denton R.M. (1998) „The activation of p38 MAPK by the β-adrenergic

agonist isoproterenol in rat epididymal fat cells.” FEBS Lett 439: 287–290



49

Moura M.A., Kawashita N.H., Brito S.M, Brito M.N., Kettelhut I.C., and Migliorini R.H.

(2001) "Effectof cold acclimation on brown adipose tissue fatty acid synthesis in rats adapted to a

high-protein, carbohydrate-free diet." Metabolism.  50: 1493-1498

Nedergaard J., Matthias A., Golozoubova V., Jacobsson A, and Cannon B. (1999) "UCP1:

the original uncoupling protein--and perhaps the only one? New perspectives on UCP1, UCP2, and

UCP3 in the light of the bioenergetics of the UCP1-ablated mice." J. Bioenerg. Biomembr. 31: 475-

491.

Nedergaard J. and Cannnon B. (2003) "The 'novel uncoupling' proteins UCP2 and UCP3:

what do they really do? Pros and cons for suggested functions." Exp. Physiol. 88: 65–84

Nicholls D.G., and Rial E. (1999) "A history of the first uncoupling protein, UCP1" J.

Bioenerg. Biomembr. 31: 399-406

Oliver P., Pico C., and Palou A. (2001) "Differential expression of genes for uncoupling

proteins 1, 2 and 3 in brown and white adipose tissue depots during rat development." Cell Mol.

Life Sci. 58: 470–476

Pecqueur C., Alves-Guerra M.C., Gelly C., Levi-Meyrueis C., Couplan E., Collins S,

Ricquier D., Bouillaud F., and Miroux B. (2001) "Uncoupling protein 2, in vivo distribution,

induction upon oxidative stress, and evidence for translational regulation." J. Biol. Chem. 276:

8705–8712

Pierce M.W., Palmer J.L., Keutmann H.T., Hall TA, Avruch J. (1982) “The insulin-directed

phosphorylation site on ATP-citrate lyase is identical with the site phosphorylated by the cAMP-

dependent protein kinase in vitro.” J. Biol. Chem. 257, 10681-10686

Potapova, I. A., El-Maghrabi M.R., Doronin S.V., Benjamin W.B. (2000) “Phosphorylation

of recombinant human ATP:citrate lyase by cAMP-dependent protein kinase abolishes homotropic

allosteric regulation of the enzyme by citrate and increases the enzyme activity. Allosteric

activation of ATP:citrate lyase by phosphorylated sugars.” Biochemistry. 39(5):1169-79.



50

Prusiner S.B., Cannon B. and Lindberg O. (1968) "Oxidative metabolism in cells isolated

from brown adipose tissue. I. Catecholamine and fatty acid stimulation of respiration" Eur. J.

Biochem. 6: 15-22

Puigserver P., Herron D., Gianotti M., Palou A., Cannon B. and Nedergaard J. (1992)

"Induction and degradation of the uncoupling protein thermogenin in brown adipocytes in vitro and

in vivo. Evidence for a rapidly degradable pool." Biochem. J. 284: 393-398.

Rath E.A., Salmon D.M., and Hems D.A. (1979) "Effect of acute change in ambient

temperature on fatty acid synthesis in the mouse." FEBS Lett. 108: 33-36

Revelli J.P., Muzzin P., Giacobino J.P. (1992) "Modulation in vivo of ß-adrenergic-receptor

subtypes in rat brown adipose tissue by the thermogenic agonist Ro 16–8714." Biochem. J. 286:

743–746

Ricquier D. and Bouillaud F. (2000) "The uncoupling protein homologues: UCP1, UCP2,

UCP3, StUCP and AtUCP. Biochem. J. 345: 161-179

Ruderman N.B., Saha A.K., Vavvas D., and Witters L.A. (1999) "Malonyl-CoA, fuel

sensing, and insulin resistance." Am J Physiol 276: E1-E18

Scarpace P.J. and Matheny M. (1996) "Thermogenesis in brown adipose tissue with age:

post-receptor activation by forskolin." Pflügers. Arch. 431: 388–394

Sheldon E.F. (1924) “The so-called hiberating gland in mammals: a form of adipose

tissue.” Anat. Rec. 28: 331-343

Shevchenko A., Wilm M., Vorm O., Mann M. (1996) "Mass spectrometric sequencing of

proteins silver-stained polyacrylamide gels." Anal. Chem. 68: 850–858.

Smith R.E (1962) “Thermoregulation by brown adipose tissue in cold.” Fed. Proc. 21:221

Susulic V.S, Frederich R.C, Lawitts J., Tozzo E., Kahn B.B., Harper M.E, Himms-Hagen J,

Flier JS, Lowell B.B. (1995) “Targeted disruption of the beta 3-adrenergic receptor gene”.  J Biol

Chem. 270 (49) :29483-92.



51

Thonberg H., Lindgren E.M., Nedergaard J, Cannon B. (2001) "As the proliferation

promoter noradrenaline induces expression of ICER (induced cAMP early repressor) in

proliferative brown adipocytes, ICER may not be a universal tumour suppressor". Biochem. J. 354:

169–177

Towle H.C., Kaytor E.N., Shih H.M. (1997). “Regulation of the expression of lipogenic

enzyme genes by carbohydrate.” Annu. Rev. Nutr. 17: 405-433

Trayhurn P. (1979) "Fatty acid synthesis in vivo in brown adipose tissue, liver and white

adipose tissue of the cold-acclimated rat." FEBS Lett. 104: 13-16

Ukropec J., Anunciado R.V., Ravussin Y., Kozak L.P. (2006) "Leptin is required for

uncoupling protein-1-independent thermogenesis during cold stress." Endocrinology 147: 2468-

2480

Vallerand A.L., Perusse F., Bukowiecki L.J. (1990) "Stimulatory effects of cold exposure

and cold acclimation on glucose uptake in rat peripheral tissues." Am. J. Physiol. 259: R1043-1049

Young P., Cawthorne M.A, Levy A.L., and Wilson K. (1984) "Reduced maximum capacity

of glycolysis in brown adipose tissue of genetically obese, diabetic (db/db) mice and its restoration

following treatment with a thermogenic beta-adrenoceptor agonist." FEBS Lett. 176: 16-20

Yu X.X., Lewin D.A., Forrest W., Adams S.H. (2002) "Cold elicits the simultaneous

induction of fatty acid synthesis and beta-oxidation in murine brown adipose tissue: prediction from

differential gene expression and confirmation in vivo."  FASEB J. 16: 155-168

Zhao J., Unelius L., Bengtsson T., Cannon B., and Nedergaard J. (1994) "Coexisting ß-

adrenoceptor subtypes: significance for thermogenic process in brown fat cells." Am. J. Physiol.

Cell. Physiol. 267: C969–C979

Wang Y.-X., Lee C.-H., Tiep S., Yu R.T.,Ham J., Kang H., Evans R.M. (2003)

"Peroxisome-proliferator-activated receptor activates fat metabolism to prevent obesity" Cell

113:159-170



52

8. ACKNOWLEDGEMENT

I would like to express my sincere gratitude to my colleagues who have helped me :

I would like to thank for my supervisor Prof. Dr. Balázs Sümegi for giving me the

opportunity to work in his lab and providing me with scientific freedom.

I would like to thank for my supervisor Prof. Dr. Attila Sándor for his inspiration, wealth of

ideas.

I would like to thank for Dr. Viktória Farkas for her perfect enzymatic activity analyses and

protein separation.

I would like to thank for Associate Professor Dr. Gyula Kispal and Dr. Katalin Sipos for our

collaboration and their big help in the Northern-blot assay.

I would like to thank for Zsuzsa Hillebrandt, Ilona Hajnik of their excellent technical

assistance.



53

9. PUBLICATION

ORIGINAL PAPERS BASED ON THE DISSERTATION

1. JAKUS P.B., SIPOS K, KISPAL G, SANDOR A.

Opposite Regulation of Uncoupling Protein 1 and Uncoupling Protein 3 in vivo in

Brown Adipose Tissue of Cold-exposed Rats.

FEBS Lett. 2002 May 22; 519(1-3):210-214. (IF.: 3,9)

2. JAKUS P.B., SANDOR A, JANAKY T, FARKAS V.

Cooperation between brown- and white adipose tissues of rats in thermogenesis in

response to cold, and the mechanism of glycogen accumulation in brown adipose

tissue during reacclimation.

J Lipid Res. 2008 Feb ;49(2):332-339. (IF.: 4,3 (2006))

ADDITIONAL ORIGINAL PAPER

3. KOCSIS B, KUSTOS I, KILÁR F, NYUL A, JAKUS PB, KEREKES S, VILLARREAL V,

PRÓKAI L, LÓRÁND T.

Antifungal unsaturated cyclic Mannich ketones and amino alcohols: Study of

mechanism of action.

Eur J Med Chem. 2009 May;44(5):1823-9. Epub 2008 Nov 7. (IF.: 2,3 (2007))

Cumulate impact factor: 10,5

PUBLISHED ABSTRACTS

1. P.B. JAKUS, V. FARKAS, A. SANDOR

Signal transduction leading to dramatic accumulation of glycogen in brown adipose

tissue.

Special FEBS 2003 Meeting on Signal Transduction, Brussels, Belgium, July 1 –

July 9. 2003

2. Z. BOGNAR G. VARBIRO, B. RADNAI, A. TAPODI, K. HANTO, P.B. JAKUS, F.

GALLYAS JR AND B. SUMEGI



54

The effect of Poly-(ADP)-Ribose Polymerase inhibitors on Taxol induced cell death

in cultured cells.

30th FEBS Congress and 9th IUBMB Conference; Budapest, Hungary 2-7 July 2005.

3. B. RADNAI, B. VERES, K. HANTO, P.B. JAKUS, A. TAPODI, G. VARBIRO, Z.

BOGNAR, S. VETO, B. SUMEGI

The Effect of a Novel Poly-(ADP)-Ribose Polymerase inhibitor HO-3089 on the

LPS Stimulated RAW 264.7 Murine Macrophage Cells

30th FEBS Congress - 9th IUBMB Conference, Budapest, Hungary 2-7, July, 2005

PRESENTATIONS

1. JAKUS P.B., TAPODI A., VARBIRO G.

Analysis of the amiodarone induced geneexpression changing by DNA-array

A Pécsi Akadémiai Bizottság Sejtbiológiai Munkabizottságának Doktorandusz

Szimpoziuma, Pécs, 2002. december 11.

2. SÜMEGI B., KOVÁCS K., VERESB., RADNAI B., HANTÓ K., JAKUS P.B.

Effect of the Poly-(ADP)-Ribose Polymerase inhibition on the LPS induced

signalling patways and gene expresions

XII. sejt-és fejlődésbiológiai napok, Pécsi Akadémiai Bizottság, Pécs, 2004 április

16-18.

3. JAKUS P.B., FARKAS V., SZABÓ A., SÁNDOR A.

A new role of the glycogen synthase kinase-3: regulation of the fatty acid synthesis

by phosphorylation of acetyl-CoA-carboxylase.

35. Membrán-Transzport  Konferencia, Sümeg, 2005. május 24-27

ADDITIONAL ABSTRACTS

1. LÓRÁND TAMÁS, KUSTOS ILDIKÓ, KILÁR FERENC, NYÚL ADRIENN,

KEREKES SZILÁRD, JAKUS P.B., KOCSIS BÉLA;

Analysis of antifungal mechanism of Mannich ketones and amino alcohols;

Gyógyszerkémiai és Gyógyszertechnológiai Szimpózium 2007, Eger, 2007. szeptember

27–28


