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1. ABSTRACT
Only recently we can link thermogenesis,
mitochondria, nitric oxide, and redox regulation in

biochemical terms. Currently, we are discussing these
processes from the aspect of fundamental principles of
molecular physiology. Thus, the present article highlights
both cell physiology and the principles of the maintenance
of energy homeostasis in organisms. Energy homeostasis
means much more than simple combustion; adipose tissues
at this point of evolution development are related to a broad
spectrum of metabolic disturbances and all aspects of
cellular remodeling (i.e. structural, metabolic and endocrine
changes). Therefore, this paper addresses not only
thermogenesis but also energy homeostasis, oxidative
phosphorylation and ATP production, proliferation and
differentiation of brown adipocytes, their life and death,
mitochondriogenesis and angiogenesis. These processes
will be united by molecular players of oxidation/reduction
reactions, thus creating the principles based on the redox
regulation.
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2. INTRODUCTION

It would be quite justified and responsible to the
same extent to write this text over 100 years ago when the
first cognitions about L-arginine, nitric oxide ('NO) and
mitochondria appeared. This amino acid, gas (free radical)
and a cell organelle, since 50s of 20th century, and
especially during the last 2-3 decades came into the focus
of fundamental researches in medicine and biology. Brown
adipose tissue (BAT) had the same destiny, and at present it
is discussed not only from the aspect of thermogenesis with
mitochondria as the principal players, but as an integrator
of the energy homeostasis in health and disease.

Therefore, the processes of hyperplasia and
differentiation, cell death, uncoupling, mitochondriogenesis
and angiogenesis are significant not only for brown
adipocyte physiology during thermogenesis, but they
represent the main molecular principles of cell and energy
homeostasis maintenance from embryonal development to
cancer.



Nitric oxide and thermogenesis

On the other hand, above-mentioned processes
underlying BAT thermogenesis are subject of redox
regulation. One of key players in redox regulation is 'NO
derived from amino acid L-arginine. In 2002, Reutov
suggested that the study and analysis of properties of one of
the smallest regulatory molecules of the living organisms,
"NO, allowed us to substantiate the concept of nitric oxide
cycle and to propose the existence of the common principle
reflecting the existence of connections at various structure-
functional levels, which we call the cyclicity principle (1).
This cyclicity principle enables us to create new Descartes'
cycles of “life”, as wide as focused on molecule and united
in molecular physiology.

People were used lupine plants (Fabaceae family)
in medical practice thousands years ago (cultivation of
lupines was practiced in Egypt as early as 2000 BC).
Comparison of physiological effects in pathophysiological
conditions when lupines are recommended, as well as
conditions when they should be avoided, will reveal
absolute coincidence of ‘NO-provoked effects. This is not
surprising, because L-arginine is a common denominator of
lupines and ‘NO, keeping in mind that these plants are
known to be extremely L-arginine-rich, and "NO represents
the final L-arginine-originating effector molecule (2, 3).

Metabolism of L-arginine is complex, tissue-
specific and still insufficiently explained in many cell
types. In addition to 'NO, L-arginine represents the
precursor of urea, ornithine and agmatine, and this amino
acid is used in the synthesis of polyamines, citrulline and
glutamate. L-arginine -originating biomolecules signaling is
limited to a great extent by its availability (in mammals L-
arginine is a semiessential or conditionally essential amino
acid, depending on the developmental stage and health
status), as well as by expression and activity of multiple
enzymes involved in its metabolism (for the details on L-
arginine metabolism see excellent review articles 4 and 5).

In the present review, within the scope of
thermoregulation and bioenergetics, we were focused on
brown adipocytes and BAT, ie. on L-arginine /NO-
producing pathway, particularly on the mechanisms of
redox regulation mediated by 'NO during structural and
metabolic remodeling of BAT.

Without overlooking other important aspects of
L-arginine action, we were concentrated on ‘NO-signaling
pathway, especially in the cases when supplementation
with this amino acid leads to the induction of the 'NO-
synthesising enzymes.

3. BROWN ADIPOSE TISSUE: STRUCTURE AND
FUNCTION

In mammalian species, there are two kinds of
adipose tissue, white and brown adipose tissue (WAT and
BAT, respectively), which differ not only morphologically,
but also have completely distinct biological functions. The
crucial morphological differences are related to the number
and shape of lipid droplets and mitochondria. Typically,
white adipocytes contain one large lipid droplet, relatively
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few small and elongated mitochondria, with cristae
mitochondriales widespread in various directions. These
structural differences correspond to different functional
roles of WAT and BAT. Namely, WAT plays a role in
energy storing in the form of lipids, while the function of
BAT is heat production with energy dissipation. The
function of BAT is critically related to uncoupling protein 1
(UCP1), situated in the inner mitochondrial membrane and
uniquely expressed in BAT (6). The UCP1 uncouples
phosphorylation from respiration and dissipates proton
gradient as heat (7). Until relatively recently, it has been
proposed that WAT and BAT form adipose organ where
both types of tissues can undergo white-to-brown-to-white
transdifferentiation, induced by specific stimuli, enabling
plasticity and phenotype changes of the organ (8).

BAT is a very dynamic tissue, characterised by
an amassing degree of plasticity and remodeling (9, 10).
BAT remodeling consists of two opposing processes -
tissue hyperplasia and regression, which serve to ensure
new homeostasis in different tissue metabolic states.
Namely, tissue mass and its metabolic activity increase in
response to the different stimuli, e.g. cold, nutrition,
hormones, postnatal development, hibernation, efc.
Accordingly, cessation of above stimuli induces BAT
regression that transforms active, hyperplastic tissue into
inactive tissue undergoing atrophy (11).

Brown adipocytes are also more vascularised
than adipocytes in WAT and this vascularisation ensures a
sufficient supply of oxygen and metabolic substrates to the
tissue and transfer of the produced heat through the
organism (12). In addition, BAT is densely innervated by
sympathetic nerves that mediate the central control of tissue
thermogenesis (13). Noradrenaline released by sympathetic
nerve fibers in BAT binds to multiple alpha and beta
adrenergic  receptors, stimulating  hyperplasia  of
preadipocytes through beta; and mediating lipolytic and
thermogenic action through beta;-subclass of these
receptors (6). Beta-signaling is coupled to the adenylate
cyclase-mediated rise of intracellular cAMP, which as a
second messenger acts propagating BAT thermogenic
events. In essence, cold exposure activates the sympathetic
nervous system that triggers BAT thermogenic program.
This is a complex process comprising series of
biochemical, morphological and cytological events that
rapidly transforms “dormant” tissue into a hyperplastic,
active organ. Precisely, cold was shown to increase the
UCP1 content and to induce proliferation and
differentiation of precursor cells, as well as hypertrophy of
mature brown adipocytes. It also results in increased
mitochondriogenesis, angiogenesis, peroxisomal
biogenesis, protein and DNA synthesis, lipolysis,
mitochondrial beta-oxidation and a decreased rate of
apoptosis (11-14). Besides, brown adipocytes undergo
morphological transformations becoming multilocular, with
numerous mitochondria whose cristac become straighter
and parallel (13, 15) (Figure 1). Those events enable an
increase in tissue metabolic rate and oxygen consumption,
i.e. drive increased thermogenic capacity and make BAT
suitable for thermogenesis. It is impressive that during
thermogenesis, BAT consumes more than one half of total
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Figure 1. Brown adipose tissue of rats acclimated to cold (A-light and B-electron microscopy). Magnification: A-x100, orig.; B-

x6900.

oxygen, i.e. it holds more than 50% of total body metabolic
activity and consumes the same percent of nutrients (6).

At the molecular level, activation of the BAT
thermogenic program is achieved by variety of thermogenic
factors that coordinate biochemical, structural and cellular
changes aimed at sufficiently providing BAT for the
metabolic demand. Among them, the UCPI1, peroxisome
proliferator-activated receptor gamma (PPARgamma) and
PPARgamma -coactivator-lalpha (PGC-lalpha), are of
particular importance because of their role in increasing
thermogenic capacity by intensifying uncoupling, fatty acid
metabolism and differentiation, and affecting oxidative
metabolism and mitochondriogenesis (7, 16, 17). Some of
these aspects will be discussed later.

In essence, the mitochondria occupy the central
position in the cascade of events involved in BAT
thermogenesis. To understand better thermogenic function
of BAT mitochondria, we have provided an outline of
mitochondrial physiology.

3.1. Overview of mitochondrial physiology

Due to their role in the generation of ATP from
metabolic fuels through oxidative phosphorylation,
mitochondria are designated as the “power station of the
cell”. The oxidation of substrates produces free energy
stored in special reduced carriers, such as NADH and
FADH,. These carriers donate electrons to the
mitochondrial respiratory complexes (I-IV) localised in the

inner mitochondrial membrane, resulting in the
establishment of an electrochemical gradient of protons
across the mitochondrial inner membrane. Three

respiratory complexes I, III and IV serve as the sites of
proton pumping from the matrix. In addition, complex V,
ATP synthase, dissipates the proton gradient in the ATP
synthesis. Inner mitochondrial membrane of brown
adipocytes is equipped with UCP1 that functionally
dissociates electron  transport from  oxidative
phosphorylation, allowing the energy released in this
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process to be dissipated as a heat (7, 11). When the tissue
energy demand is chronically increased, mitochondrial
biogenesis takes place in metabolically active tissues.
Exposure to cold is a metabolic stimulus that induces
mitochondrial biogenesis in BAT, resulting in an improved
thermogenesis. However, biogenesis of mitochondria
represents a complex process that encompasses not only an
increase in the number of mitochondria, but also
mitochondrial remodeling at structural and molecular level.

From the very start of mitochondrial function
examinations, it was clear that understanding of the
processes such as oxidative phosphorylation and its
uncoupling, apoptosis or biogenesis will inevitably take
into account their structural context, including the influence
of mitochondrial membrane topology, internal diffusion
and compartmentation. Precisely, the complexity of
mitochondrial structure is coupled with its functional state.
Mitochondria are dynamic organelles, able to interchange
their morphology between the two distinct arrangements
(activation or inactivation) by undergoing the processes of
mitochondrial fusion and fission to generate either an
elongated interconnected mitochondrial network or a
fragmented discrete phenotype, respectively (18). Under
normal physiological conditions, the basic structure
contains a smooth outer membrane that envelops an inner
membrane with a considerably larger surface area
enveloping a protein-rich matrix. Namely, mitochondrial
inner membrane has numerous invaginations, the cristae.
The shape of the inner membrane can vary tremendously,
i.e. it rapidly adjusts in response to physiological stimuli,
e.g. in the case of BAT - cold exposure.

Precisely, cold-induced BAT mitochondrial
remodeling consists of a series of fine timely-tuned
mitochondrial changes that begin with mitochondrial
hypertrophy and appearance of newly-formed organelles
with a simple inner structure (13, 19) followed by the
changes in mitochondrial inner structure. At first, the
cristae rearrange into a more regular, parallel pattern and
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begin to become more closely positioned one to another
and more numerous. During cold acclimation the trend
toward cristae parallelism and strengthening continues and
the ratio of cristae to matrix increases. It has been shown
that at times when cristae tend to be most closely packed,
mitochondria become able to produce the most heat. Since
the inner membrane is the site of enzymes of electron
transport chain, it is reasonable to assume that the
progressively greater abundance of cristae during cold
exposure represents structural and metabolic basis for the
increase in oxidative capacity (13, 20). Mitochondrial
structure  changes and uncoupling of oxidative
phosphorylation are in accordance with increase in UCP1
content (11). In contrast, when cold stimulus terminates,
BAT mitochondria undergo opposite changes - decrease in
number and size, followed by simplification of cristae
organisation (13). In general, structural remodeling of BAT
mitochondria (membrane and shape changes) is caused by
metabolic state transition. So far, numerous factors that
control mitochondrial shape and dynamics and thus their
function have been identified, and among these factors,
NO is the most intriguing (19, 21-23).

In that context, it is important to note that during
the last decade, the results of several research groups
including our own demonstrated that the majority of
aforementioned processes governing BAT thermogenic
response have been shown to be redox sensitive (24-26).
Specifically, reactive oxygen and nitrogen species (ROS
and RNS, respectively), primarily ‘NO, were found to be a
part of the signal transduction pathways that regulate BAT
nonshivering thermogenesis events. To understand better
the redox regulation, we have given here an overview on
the basic principles of redox-biology.

4. INSIGHTS INTO REDOX REGULATION

The classic point of view on reactive species as
initiators and propagators of damage of biomolecules,
described in 1956 by Harman, has dramatically changed
during the following three decades. Starting from the
discovery that hydroxyl radical ('OH) can activate
guanylate cyclase and subsequently formation of the
second messenger cGMP (27), a large body of evidence
clearly demonstrated “purposeful” roles of both ROS and
RNS as signaling molecules and regulators of cell function.
So, nowadays the concept of redox regulation includes
controlled and programmed production of redox active
molecules and the reversibility of redox modification is
widely accepted and constantly expanding with novel
mediators and targets.

4.1. ROS, RNS and oxidation products as redox
mediators

At present, it is well documented that ROS and
RNS can affect overall activity of a number of signaling
pathways affecting various redox-sensitive targets, from
membrane receptors through intracellular kinases and
phosphatases to transcription factors and thus, numerous
cellular processes and functions. Thiols of signaling
proteins in the form of cysteine residues represent direct
targets for post-translational protein modification by ROS
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and RNS, in terms of redox sensing and signaling. The
reversibility of such protein modifications is provided by
two powerful redox buffers, glutathione (GSH) and
thioredoxin systems. Besides well-established mechanism
of GSH-mediated regulation of thiol-redox status by classic
thiol-disulfide interchange between GSH and a protein,
during the last decade S-glutathionylation has been
considered to be an important tool for post-translational
protein modifications (28).

During the last years, it has been shown that lipid
peroxidation products can exert biological effects either
through induction of adaptive response and thus tolerance
against oxidative stress or directly reacting with proteins,
enzymes and nucleic acids (29). Till date, many proteins,
including mitochondrial uncoupling proteins, have been
reported to be regulated by lipid peroxidation products
(30).

It seems likely that the concentration of the
reactive species and their oxidation products determines
final cellular response and that different steps, induction
and execution of signals, are regulated in concentration-
dependent manner. These aspects of redox regulation can
be seen in regulation of transcriptions factors such as
nuclear factor-kappa B (NF-kappaB), activator protein-1
(AP-1) and nuclear factor erythroid 2-related factor 2 (Nrf-
2). Namely, the overall activation of these transcription
factors requires a delicately balanced compartmentation of
redox state, pro-oxidative conditions in cytoplasm for their
activation, i.e. nuclear transport, but reducing conditions in
the nucleus for the binding to the gene promoter. The
integrity of transcription factor signaling seems to be
provided by GSH in the cytoplasm and thioredoxin in the
nucleus (31). Also, the effect of NO on transcription
factors depends on its concentration, i.e. low concentration
inducing the activation, while high ones resulting in the
suppression (32).

Fine intracellular redox tone is regulated by the
producing and removing systems of ROS and "NO due to
their capability to sense and response to modulation of
reactive species level.

4.2. Cellular sources and regulation of ROS level

Besides mitochondrial respiratory chain, well
established as an important source of superoxide anion
radical (O,7) involved in many signaling pathways,
xantine oxidase, lipoxygenase, peroxidase represent
important contributors to redox regulation. In that context,
NADPH oxidase (Nox) family of O, and hydrogen
peroxide (H,O,)-producing proteins are now recognised to
play essential role in many tissues. A surprisingly large
number of nonphagocytic Nox isoforms and the fact that
individual Nox isoforms differs from one to another tissue,
as well as among the species, are strong indicators pointing
to their physiological relevance in redox signaling (33).

To satisfy the regulatory aspect, ROS production
must be equilibrated with their removal. Thus, the
antioxidative defense can be considered as one of the most
important factors for maintaining the redox homeostasis,
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not only in the view of its protective role, but also from the
aspect of maintenance of intracellular steady state level of
reactive species (34).

4.3. Signaling by ‘NO: role of ‘'NO/O," system in redox
regulation

‘NO mediates signaling either through cGMP-
dependent or independent pathways. A large majority of
"NO-associated biological signaling is due to the second
messenger cGMP, since the enzyme, soluble guanylate
cyclase represents the most established target of "NO action
(35).

Acting in c¢GMP-independent manner, 'NO
interacts with other hemoproteins such as cytochrome ¢
oxidase (COX) and oxyhemoglobin (36). However, the rich
chemistry of O, and "NO, based on the spectrum of redox
conditions determined by the concentration of each and
their ratio, together with the peroxynitrite formation seem
to be in the core of ‘NO-mediated signaling through protein
S-nitrosylation and tyrosine nitration.

S-nitrosylation of protein thiol is mediated by
‘NO itself but also by other 'NO species, metal-"NO
complexes, peroxynitrite or nitrite. Almost all classes of
proteins, including receptors, enzymes and transcriptional
factors, are targets of S-nitrosylation. So, during the recent
years S-nitrosylation is reasonably considered as the
mechanism of signal transduction, as ubiquitous as
phosphorylation/dephosphorylation (37-38). The results of
recent studies highlighted the special importance of
nitrosoglutathione (GSNO). GSNO, formed by interaction
of "NO with GSH, represents a stable and mobile molecule
and can therefore serve as both reservoir of "NO bioactivity
and 'NO donor (39-40). The important regulatory roles of
GSNO are acknowledged by the recent findings of GSNO
receptor, as well as of a special enzyme mediating its
denitrosylation, known as S-nitrosoglutathione reductase
(40).

On the other hand, the protein modifications by
tyrosine nitration, mainly mediated by peroxynitrite,
potentially result in alteration, loss or gain of function but
their reversibility has not yet been demonstrated, and
hence, a clear assignment to redox regulation cannot be
made.

4.4. 'NO-producing system

‘NO represents a simple diatomic gas that
functions as a cell signaling molecule in mammalian cells,
controlling vital functions such as neurotransmission, blood
vessel tone, host defense, immunity (42) etc. It is
synthesised in virtually all mammalian cells via L-arginine
oxidation by a family of NO synthase (NOS) isoforms
(43). Three distinct NOS isoforms have been identified so
far: neuronal (nNOS or NOS 1), endothelial (eNOS or NOS
III), originally described in neuronal tissue and endothelial
cells, respectively, and inducible NOS (iNOS or NOS 1),
originally identified in macrophages (42, 44). All
characterised mammalian NOS isoforms are heme-
containing proteins that are dimeric in native conditions
with monomer molecular mass of about 126-160 kDa. Until

1184

recently, it has been considered that nNOS and eNOS are
constitutively expressed, while iNOS is solely inducible
form. However, extensive research in this field has
undoubtedly revealed that all these NOS isoforms can be
induced by different appropriate stimuli and can be
expressed in various tissues and cells (42, 44). On the other
hand, NOS isoforms display different affinity for
calmodulin, whereas nNOS and eNOS are Ca*"-calmodulin
dependent, while iNOS is almost Ca*'-calmodulin
independent. iNOS forms a complex with calmodulin at
very low concentrations of Ca*" and due to that, its activity
is not regulated by Ca?". Another distinction between the
NOS isoforms has been related to their level of NO
production, since iNOS was shown to produce higher 'NO
levels (microM-mM) and to remain active for a longer time
period comparing to nNOS and eNOS ('NO concentrations
from nanoM-microM). The NOS isoforms eNOS, nNOS or
iNOS may be found attached to or within the mitochondria,
in which case the 'NO synthase is referred to as fourth
isoform, ie. as mitochondrial NOS (mtNOS) (45-47).
However, its full characterization is still in progress.
Namely, the cross-reaction of mitochondria with antibodies
to Ca**-sensitive eNOS was reported almost simultaneously
by two research groups (48-50). In addition, 'NO
production absent in nNOS-knockout mice was found to
occur in individual mitochondria (51) and NOS isolated
from mitochondria was shown to be identical in sequence
to the main nNOS isoform, but covalently modified (52). A
proportion of nNOS was subsequently observed to
physically interact with cytochrome ¢ oxidase (53).

"NO exhibits its effects in different ways, firstly
through the activation of soluble guanylate cyclase leading
to an increase in intracellular cGMP level, or through the
reaction with its common intracellular targets O,~, GSH
and various heme proteins (42).

The effects of 'NO depend on its local
concentration, which is in turn determined by the rate of its
synthesis and cellular redox milieu. Thus, its signaling
capacity must be controlled at the levels of biosynthesis
and local availability. Accordingly, NOSs are tightly
controlled enzymes being regulated at transcriptional and
translational levels, through co- and post-translational
modification, by substrate availability and subcellular
compartmentation, which enable close proximity to the
target proteins of ‘NO (44, 54).

4.5. NOS isoforms in BAT

BAT is expressing two NOS isoforms - eNOS
and iINOS (55), localised in the cytoplasm and nuclei of
brown adipocytes (26, 56, 57). 'NO mediates increased
blood flow in BAT following short noradrenergic
stimulation (55, 58) and regulates lipid and glucose
metabolism (5). Also, we have found that after chronic
exposure to cold, 'NO participates in hyperplasia,
proliferation and differentiation of brown adipocytes, as
well as in UCP1 protein content increase, apoptosis (26),
remodeling of capillaries (57) and mitochondriogenesis
(19), and in GSH synthesis (59) in interscapular BAT
(IBAT). In addition, 'NO regulates molecular basis of the
IBAT thermogenic program, especially during the multiple
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Figure 2. Time-course of eNOS and iNOS protein expression in IBAT during cold acclimation. Adapted with permission from

Petrovic et al (23).

stages of cold acclimation (23). In that regard, we have
shown that different time-dependent activations of eNOS
and iNOS in brown adipocytes during cold acclimation
translate into distinct 'NO effects on the tissue thermogenic
program (23).

4.6. Expression profiles of NOS isoforms in BAT during
cold acclimation

During cold acclimation, we have observed
different time-dependent induction of eNOS and iNOS
protein expression (23). An increased eNOS protein
expression was recorded early in the course of cold
acclimation, whereas the iNOS protein content exceeded
control level in the late phase of acclimation to cold (Figure
2). In addition, L-arginine prolonged and/or accelerated
periods when both eNOS and iNOS protein expressions
were higher than the control values, but both isoforms still
have retained their characteristic time-dependent
expression profiles. These different expression patterns
during cold acclimation indicate subtle functional
differences between these two NOS isoforms and their
engagement in different phases of cold acclimation. The
molecular basis of the early eNOS response and the late
response of iNOS could be explained by their differential
regulation. For example, in acute cold exposure, almost
immediate "NO production is required for the increased
blood flow in BAT (55), which could be achieved by the
activation  of  “constitutively”  expressed eNOS.
Accordingly, our results showed that vascular endothelial
growth  factor  (VEGF) immunopositivity  and
vascularisation increased in parallel with the eNOS
expression from day 1 of L-arginine treatment, strongly
suggesting  eNOS  involvement in  cold-induced
angiogenesis (23). These data are consistent with the
previously shown key role of eNOS in capillary network
remodeling (57). Also, the involvement of iNOS in the late
phase of cold acclimation is suggested by the additional
increase in protein content and IBAT mass after 45 days of
L-arginine treatment, when iNOS protein expression
increased. Generally, 'NO-producing enzymes in IBAT
during acclimation to cold are likely to be finely tuned, so
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that optimal timing of NOSs activation results in optimal
production of 'NO required to achieve an adequate
response during cold exposure.

5.’NO IN BAT THERMOGENESIS

5.1.'NO and BAT hyperplasia

In animals exposed to cold, BAT undergoes
hyperplasia that is fundamental for an increased tissue
thermogenic capacity and survival in cold environment.
BAT  hyperplasia ~ comprises  proliferation  and
differentiation of brown adipocytes precursor cells and
hypertrophy of mature brown adipocytes (11-13). At the
molecular level, hyperplastic BAT recruitment is regulated
by a variety of thermogenic factors, UCP1, PPARgamma,
PGC-1alpha and proliferating cell nuclear antigen (PCNA),
which are of a particular importance because of their role in
increasing  thermogenic  capacity by intensifying
uncoupling, fatty acid metabolism and differentiation,
promoting oxidative metabolism and mitochondriogenesis,
as well as cell proliferation (7, 16, 17, 60).

These thermogenesis-related molecules are in a
complex mutual transcription network where PPARgamma
is involved in cold-induced UCP1 transcriptional activation
(17), while PGC-1alpha acts as a coactivator required for
the interaction of PPARgamma with the UCP1 promoter
(16). As stated above, UCP1 plays an indispensable role in
thermogenesis, while a ligand-activated nuclear receptor
family member - PPARgamma apart from its activation of
UCP1 expression, plays important roles in BAT
proliferative and differentiation programs (17, 61). In
addition, BAT of transgenic mice expressing dominant-
negative PPARgamma was found to display a reduced
thermogenic function (62).

It has been observed by several others and our
research group, that BAT hyperplasia represents a redox-
sensitive process. Precisely, Saha et al (24) found that
N°"#%_nitro-L-arginine-methyl ester (L-NAME) solution
administered as drinking liquid for 4-6 weeks decreased the
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IBAT mass, while Nisoli et a/ (25) reported that 'NO takes
part in differentiation and proliferation in brown adipocyte
culture. Also, Jobgen et al (63) have shown increase in
BAT mass by L-arginine in diet-induced obese rats.
Accordingly, we have shown that in rats acclimated to cold,
L-arginine increased both IBAT mass and protein content,
while L-NAME expressed an opposite effect (26).
However, precise molecular mechanisms underlying "NO-
stimulated BAT hyperplasia were elusive until recently.
Nevertheless, our latest data is offering an explanation of
this event. Namely, we have shown time-coordinated cold-
induced transcriptional activation of UCP1, PGC-1lalpha
and PPARgamma, and also nuclear PCNA translocation
that correlates well with induction of eNOS gene and
protein  expression, strongly suggesting the ‘NO
involvement in the activation of thermogenic factors (23).
Moreover, these results have shown that L-arginine
accelerated and  prolonged cold-induced UCPI,
PPARgamma, PGC-1alpha and PCNA activation, while L-
NAME expressed opposite effects. This is the first time that
‘NO-dependent activation of PCNA in IBAT during
acclimation to cold has been demonstrated, and it is of the
utmost importance for determination of the mechanisms
underlying the previously shown improvements of cold-
induced IBAT hyperplasia by "NO (26). In addition to their
broad significance, our results contributed to the
understanding of our previous finding on "NO-stimulated
BAT hyperplasia, revealing promoting "NO effects on BAT
hyperplasia through stimulation of UCP1, PPARgamma,
PGC-lalpha and PCNA gene and protein expression.
Namely, Nisoli et al (25) reported that 'NO acted arresting
cell growth and initiating cell differentiation program in
brown adipocyte culture. However, our data clearly showed
that 'NO promotes both brown adipocyte differentiation
and proliferation in vivo, acting as a stimulator of overall
BAT hyperplasia process.

5.2. BAT uncoupling: role of 'NO

“New story for the long evolutionary history”,
probably represents the best beginning for considering
uncoupling processes and uncoupling proteins. This
process, which is likely as old as aerobic life, attracted
scientific attention during the 20th century (64) and
underwent a strong expansion during the last 2-3 decades
when UCP1 was purified (65) and characterised as a 32
kDa member of the mitochondrial carrier protein family.
From historical aspect, physiological uncoupling in BAT
mitochondria represents one of the first independent proofs
of the Mitchel’s hemiosmotic theory. Today, it is
considered as the most essential bioenergetic regulator of
mitochondria in all tissues under physiological and
pathophysiological conditions (66).

In cold-acclimated animals UCP1 makes 14% of
the total proteins of the inner mitochondrial membrane
(67). Since the UCPI plays an indispensable role in
thermogenesis, the mechanisms of activation of its
expression and regulation have been rigorously investigated
and characterised. It has been pointed out that long-chain
acyl-CoA, fatty acids and cytoplasmic pH activate UCPI,
while purine nucleotides, e.g. GDP act as inhibitors (7).
However, a full and generally accepted understanding of
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the proton transport control and the mechanism of this
transport has not been reached. This opens a question could
fatty acids as intact molecules or their derivatives act as
allosteric regulators, cofactors, or proton shuttles during the
UCP! activation? On the other hand, during the past
several years a growing body of evidence on the redox
regulation of the UCP1 was rapidly accumulated. In fact, it
is known that thermogenesis-induced uncoupling acts
decreasing O, production (64, 68). Moreover, Skulachev
(69) emphasised that in mitochondria UCPs-mediated
uncoupling so-called “mild uncoupling” takes place in the
basal state as well, aimed at attenuating mitochondrial
proton motive force and at reducing O, production in
respiratory chain. Some authors suggested that protection
against O, represents the oldest function of mitochondrial
uncoupling proteins (70). This theory is in agreement with
our data demonstrating decreased activity of both
manganese- and copper, zinc- superoxide dismutase (Mn-
and CuZn-SOD, respectively) in BAT of animals
acclimated to cold (26). This decrease was explained in
terms of adaptive responses of enzyme activities to
decreased O, production by uncoupling. Later on, we
have shown also that cold generally decreased both Mn-
and CuZn-SOD mRNA expression during the 45-day cold
acclimation (71) suggesting that adaptive response in SODs
activities on uncoupling-induced decrease in O,
production was achieved already at the level of SOD’s gene
transcription.

Furthermore, relationship between UCP1 and
0, is more complex and directed toward maintenance of
redox equilibrium. Namely, Talbot et al (72) have shown
that at a high mitochondrial ROS production, O, activates
UCP1 and that resulting decrease of the membrane
potential leads to decline of its production. On the contrary,
inhibition of the UCP1 activity in brown adipocytes
increases proton motive force and H,O, production.
Besides, activation of uncoupling was confirmed by
inducing this process by lipid peroxidation products (73).
Our data showing that L-arginine increases UCP1 protein
content in BAT clearly confirmed that UCP1 is under redox
control (23, 26). In addition, our very recent results
revealed molecular mechanisms underlying this "NO effect,
showing that "NO acted inducing UCP1 gene transcription
and that this increase had a significant functional
consequence considering that it was followed by an
increased UCP1 protein level (23) and decreased protein
content of mitochondrial MnSOD, as well as of total SOD
activity (71).

5.2.1. Transcriptional control of UCP1 gene

Since UCP1 plays an essential role in
thermogenesis, during recent years a considerable progress
has been achieved in the recognition of the mechanisms
controlling the UCP1 gene expression, particularly after
acute cold exposure (74-76). UCP1 activation occurs within
hours after cold exposure (6), when noradrenaline released
from activated sympathetic nerve endings stimulates BAT
production of cAMP, which binds to the cAMP response
element binding protein (CREB) both in UCP1 promoter
and enhancer and initiates its transcription as a part of the
BAT thermogenic program (77). The UCP1 enhancer also
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Figure 3. UCP1 expression in retroperitoneal WAT of L-arginine treated rats acclimated to cold. Immunohistochemistry (A) and
immunogold (B) revealed UCP1-positivity (arrows) in white adipocytes mitochondria. Magnification: A-x100, orig.; B-x19500.

harbors several nuclear receptors, including PPARgamma,
the retinoic X receptor (RXR), the retinoic acid receptor
(RAR) and the thyroid receptor (TR) which must be
coactivated by PGC-lalpha for efficient interaction with
the UCP1 promoter (16, 78). In addition, recent results
showed that 'NO increased UCP1 transcription
concomitantly with an increase of BAT noradrenaline
supply and tissue sympathetic innervation (23). These data
suggests that this NO-induced increase of noradrenaline
supply could be responsible for ‘NO-activated UCPI
transcription, considering well known fact that
noradrenaline  activates  expression of  numerous
thermogenic factors including UCP1 by increasing BAT
production of cAMP. However, the precise mechanisms
underlying this L-arginine /NO acting remain to be
elucidated.

5.2.2. Whether UCP1 is uniquely expressed in brown
adipocytes?

BAT has traditionally been considered to be
absent and physiologically irrelevant in adult humans.
Recently, this view has changed dramatically, when the
presence of functional BAT in adult humans was
demonstrated (79-81). In addition, it has been shown that
brown-like multilocular adipocytes expressed UCP1 within
human WAT, and that in intraperitoneal depot of human
WAT, one per 100-200 adipocytes expressed UCP1 (82).
Above authors suggested that WAT depots contained
brown adipocytes and brown-like adipocytes, originating
from brown adipocytes and myogenic progenitors,
respectively (83, 84). Besides, these data also pointed to the
existence of brown-like adipocytes appearing in WAT upon
adrenergic stimulation, originating from cell lineage, closer
to white adipocytes. Our results showed that L-arginine
induces UCP1 protein expression in rat retroperitoneal
WAT depot additionally to cold (to be published).
Furthermore, we demonstrated the UCP1 presence in
mitochondria by immunocytochemistry in retroperitoneal
WAT (Figure 3). On the other hand, there have been other

1187

reports on the presence of UCP1 in tissues other that BAT.
Namely, Adams et al (85) by using wide array of
techniques demonstrated the presence of UCP1 in thymus
mitochondria. Also, Nibbelink et al (86) found UCPI in
uterine longitudinal smooth muscle cells, while Mori et al
(87) reported UCP1 expression in human skin - in the
granular layer of epidermis, sweat glands, hair follicles and
sebaceous glands. Nevertheless, Frontini et al (88)
suggested that any detection of UCPI1 in thymus is solely
due to associated BAT, while Rouset et al (89) disproved
that uterine smooth muscle cells express UCP1
demonstrating that the above finding was due to uncoupling
protein 2. These informations require further examinations,
but certainly shed a new light on UCP1 distribution and
function, especially in humans.

5.3. 'NO and mitochondria

Each organelle has individual responsibilities
required for a life. As such, the mitochondria occupy a
strategic position in the hierarchy of cellular organelles to
either promote the healthy life of the cells, or to terminate
it. Namely, mitochondria perform crucial functions
necessary for homeostasis and are arbiters of cell death and
survival. During the past decade, multiple regulatory
effects of 'NO on mitochondria functioning became
evident. 'NO stimulates mitochondrial biogenesis, regulates
mitochondrial respiration, increases O, and substrate
supply to mitochondria, stimulates reactive species
production, and regulates  mitochondria-dependent
apoptosis and necrosis. Recent findings demonstrate that
mitochondria may produce 'NO and reveal that
mitochondrial NOS-derived 'NO and its reactive
derivatives participate in regulation of the functions of
mitochondria, cells and organs (90).

5.3.1. 'NO as mitochondrial substrate supplier

‘NO represents a potent vasodilator, expressing
its action through an increase of intracellular cGMP (43). In
this way, 'NO increases O, and respiratory substrate supply
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to mitochondria. Besides, by increasing tissue blood flow,
"NO indirectly enhances transfer of heat produced in BAT
throughout the body (55, 57).

5.3.2. 'NO and mitochondrial biogenesis

Biogenesis of mitochondria is a hallmark of BAT
thermogenic program. It is regulated by numerous factors,
such as external stimuli, cold being the strongest one, then
some hormones (primarily noradrenaline) and numerous
autocrine factors, ‘NO representing one of the most
fascinating among them. Nisoli ez a/ (21) showed that NO
triggers mitochondrial biogenesis in brown adipocytes and
that eNOS-deficient mice have reduced mitochondrial
biogenesis associated with reduced energy expenditure and
increased body weight. The same observation was based on
the experiments with hepatic tissue and gastrocnemius
muscle, as well as with brown adipocytes and 3T3-L1 cell
cultures (91). Thus, it has been emphasised that "NO-
induced mitochondrial biogenesis is a general phenomenon
that occurs in cell cultures and animal tissues, most likely
through the same cascade of signaling events. Precisely, it
was shown that "NO induces mitochondrial biogenesis in a
similar manner in three cell types of different species and
lineages (human monocytic U937, rat L6 myoblasts and
neurosecretory PC12 cells), through cGMP-dependent
induction of PGC-lalpha, the principal regulator of
mitochondrial biogenesis (21). PGC-lalpha activates an
extensive program of mitochondrial biogenesis through
coactivation of nuclear respiratory factor 1 and 2 which
activate nuclear genes encoding mitochondrial proteins, as
well as mitochondrial transcription factor A, essential for
mitochondrial DNA replication. Besides, PGC-lalpha
greatly increases the transcriptional activity of
PPARgamma and thyroid hormone receptor on the UCP1
promoter (16). PGC-lalpha in this way promotes
“oxidative phenotype in BAT”, i.e. coordinates expression
of genes involved in oxidative metabolism and
mitochondriogenesis (16). Blockade of 'NO production
leads to a lack of PGC-1alpha induction, and results in an
impaired thermogenesis followed by inability of animals to
survive at low temperature (91). Our results demonstrating
L-arginine -related intensification of cold-induced increase
of mitochondria number (19) are in accordance with the
above report. However, mitochondriogenesis is a complex
process comprising not only an increase in the number of
mitochondria but also an increase of their volume, then the
UCP1 content increase and its incorporation into
mitochondria, as well as increased number of cristae and
their specific organisation, necessary for mitochondrial
functional activation. Our recent data extended knowledge
about effects of "NO on mitochondrial physiology showing
that besides increasing the number of mitochondria in
BAT, 'NO acted as a stimulator of mitochondrial structure
remodeling (19). Namely, in BAT of cold-acclimated
animals, 'NO increased cristac number, UCP1 protein
content, mitochondria/cristac volume, and also induced
ultrastructural mitochondrial remodeling (23). Thus, it
seems likely that "NO influences all aspects of biogenesis
of mitochondria acting as a unique molecular switch that
triggers the entire mitochondriogenic process operating at
gene, protein and structural levels. In addition, our results,
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apart from well characterised role of eNOS in
mitochondriogenesis, implicate the involvement of NO
produced by iNOS isoform in the regulation of all above
aspects of BAT mitochondriogenic program.

53.3. 'NO, ROS production and mitochondrial
respiration

It has been recognised that ‘NO increases the
mitochondrial rates of O, and H,0, production (92, 93).
Generally, 'NO triggers mitochondrial free radical
production through different ways: (a) 'NO at moderate
levels inhibits mitochondrial respiration and actually
increases O, and H,0, production and (b) 'NO in higher
concentrations rapidly reacts with O, producing
peroxynitrite that in turn irreversibly inhibits respiration
and further increases ROS production (22). In a latter case,
production of H,0, is decreased, due to decreased
availability of O, because of its interaction with NO. In
this manner ‘NO actually modifies mitochondrial redox-
state and participates in the regulation of numerous redox-
sensitive cellular pathways such as cell growth,
differentiation, apoptosis and senescence (94).

Also, 'NO regulates mitochondrial function by
direct binding to COX, that leads to inhibition of
mitochondrial respiration. This ‘NO-provoked inhibition
might be rapid and reversible inhibition of COX, or slow,

non-selective and irreversible inhibition of many
mitochondrial components (22).
In a former case, 'NO at nanomolar

concentrations inhibits COX by binding to the cytochrome
a3-Cug center of reduced COX, while dissociation of 'NO
from COX allows COX reactivation (95). So, at
physiologically relevant concentrations of 'NO and O,
COX inhibition by "NO is reversible and competitive, in a
manner representing a pharmacological competitive
antagonism between 'NO and O, (47). Thus, 'NO is
considered as a potential physiological regulator of
respiration and "NO/COX system has been proposed to act
as the acute oxygen sensing system in the cells (22).

In addition, 'NO exerts its effects on other
mitochondrial components, as well. So, 'NO in the
concentrations from 0.3.-0.5. microM acts inhibiting
electron transfer between cytochromes b and ¢;; moreover,
it has been shown that exposure of rat liver or skeletal
muscle mitochondria to 'NO markedly increased the
production rate of O,” and H,O, (92). At 'NO
concentrations from 20-50 nanoM, most of mitochondrial
‘NO induces the formation of H,0, (96), relying on the
inhibition of COX and complex III. At higher 'NO
concentrations, ‘NO is reacting with derived O,™, and 'NO
utilisation is mainly driven to the evolvement of
peroxynitrite, representing a powerful oxidant which
inhibits mitochondrial complexes I (97, 98), 11 (98, 99), 111
(99) and IV (100) via nitrosylation or nitration leading to
reduced oxygen uptake.

However, in highly specialised tissue such as
BAT, effects of 'NO are strongly dependent on tissue
functional state, that determines the rate of uncoupling,
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Figure 4. The capillary volume density in IBAT of rats acclimated to room temperature (control) and acclimated to cold
(untreated, L-arginine - or L-NAME-treated). * comparison with the control, *** p<0.0.01; # comparison of L-arginine - or L-
NAME-treated group with untreated group, ### p<0.0.01. Adapted with permission from Korac et al (57).

production of reactive species, cellular redox state and
finally, the rate of "NO production. BAT functional state at
low temperature is characterised by a high rate of
uncoupling, known to act reducing O, production (66,
69). Also, it has been shown that 'NO acts intensifying
BAT uncoupling (23, 26), practically meaning that ‘NO in
addition to cold decreases O, production. On the other
hand, apart from well known increase in UCP1 protein
content, changes in protein content of mitochondrial
respiratory chain components during acclimation to cold,
have not been studied in detail. Namely, only a few studies
demonstrated that prolonged cold acclimation lead to an
increased protein/mRNA expression of complexes I, III
(101), and COX (16). However, subtle changes in their
expression occurring during different time-periods of cold
acclimation are still unknown. Our recent results (to be
published) clearly showed cold-induced time-dependent
increase in protein levels of respiratory chain components -
complex I, cytochrome ¢ and COX. Furthermore, these
results also unravel stimulatory effect of L-arginine /'NO
producing pathway on the expression profiles of those
components of mitochondrial electron transport chain.
Taken together, these data extended our knowledge about
‘NO effects on BAT mitochondria demonstrating for the
first time stimulatory effects of 'NO on mitochondrial
molecular status in thermogenically active tissue.

5.4.'NO and BAT capillary network

Thermogenic activation of BAT is followed by a
strong angiogenesis and increase in tissue blood flow,
aimed at both to supply BAT with thermogenic substrates
and to transfer produced heat throughout the body. Blood
flow in BAT depends on the tissue thermogenic state, it is
angiogenically dependent, and numerous autocrine,
paracrine, and endocrine factors are included in its
regulation. During cold exposure, blood flow in BAT
increases, presumably because of the increased circulating
noradrenaline levels (58). It has been shown that ‘NO,
endogenously produced in brown adipocytes, can directly
modulate not only BAT thermogenic capacity, but also
BAT blood flow (9, 58, 102, 103). It was found that L-
NAME treatment acted preventing cold-induced increase of

1189

blood flow in rat BAT (58), while reducing the local IBAT
temperature both in vivo and in vitro (24, 104). In addition,
Kikuchi-Utsumi et al (55) showed that sympathetic nerves,
i.e. noradrenaline, mediate vasodilatation through the
stimulation of "NO production, resulting in an increase of
BAT blood flow, which is completely abolished with L-
NAME treatment.

On the other side, it has been observed that
noradrenaline stimulates the VEGF expression and
secretion in brown adipocytes cultures, and that VEGF
expression in BAT during cold exposure is activated via
adrenergic mechanisms (105-107). VEGF is one of the
most important angiogenic factors, the expression of which
is enhanced during angiogenesis in various physiological
and pathological processes (108). It is a specific mitogen
for vascular endothelial cells in vitro and induces
angiogenesis in vivo (108). Inhibition of in vivo NO
production results in inhibition of VEGF-induced
angiogenesis and vascular permeability, but underlying
mechanisms are still elusive. Some authors single out
eNOS as the main NOS isoform that mediates VEGF-
induced angiogenesis (55, 103).

Our results are in agreement with the studies
reported so far, which indicate that ‘NO, in addition to
modulating various functions in BAT, also plays a role in
angiogenesis. Precisely, we demonstrated that L-arginine
treatment acted increasing capillary volume density and
capillary count per brown adipocyte, while L-NAME
reduces them, either in thermogenically active or inactive
tissue (57) (Figure 4). We have also proposed that 'NO
mediates its vasostimulatory effect by interacting with
other component of the redox system, primarily O, and
that interaction between these reactive species and adaptive
regulation of CuZnSOD play the roles in the regulation of
BAT angiogenic response (57). In addition, our very recent
data extended knowledge on "NO role in BAT angiogenesis
(23). Namely, opposite to rapid and transient VEGF mRNA
induction in BAT after cold exposure/adrenergic
stimulation (109), it has been shown that, different from the
other tissues, including WAT, low oxygen levels (hypoxia)
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do not contribute to cold-induced VEGF expression in BAT
in vivo (110). Our recent results offer the potential to
unlock the regulation of the VEGF signaling pathway in
BAT during cold acclimation. Namely, we have revealed
that expression of VEGF is under redox regulation, i.e. that
‘NO stimulates both mRNA and protein expression of
VEGF (23). Moreover, such "NO-induced molecular basis
of BAT vascularisation had a functional consequence, i.e. it
was translated into increased tissue blood flow and
capillary network remodeling (23).

6. BAT REGRESSION: IMPLICATION OF ‘NO-
MEDIATED APOPTOSIS
BAT is an extremely dynamic tissue,

characterised by a high degree of plasticity and remodeling.
Remodeling of BAT consists of two opposing processes -
tissue hyperplasia and regression, which serve to ensure
new homeostasis in different tissue metabolic states. Tissue
hyperplasia is directly related to thermogenic state and it is
presumably induced by thermogenic requirements (26, 111,
112). Cessation of thermogenic stimulus induces BAT
regression that rapidly reduces the thermogenic capacity
and transforms hyperplastic into a proliferatively resting
tissue, in which the decrease in brown adipocyte size and
number are accompanied by a decrease in IBAT mass and
reductions of DNA, protein, and mitochondrial content
(113, 114).

A variety of intracellular and extracellular signals
are integrated in the processes that provide BAT
remodeling. In that regard, apoptotic process plays a
significant role in tissue turnover (14, 115). Namely, it has
been shown that cold rapidly decreased the rate of BAT
apoptosis, and this decrease was taken as an adaptive
change that contributes to cell survival during tissue
hyperplasia and enhancement of tissue thermogenic
capacity. The above authors emphasized that with respect
to the antiapoptotic role of cold in BAT, noradrenaline
acting and increased uncoupling take place. Accordingly,
during BAT regression, termination of cold stimuli
followed by cessation of noradrenaline action and
decreased uncoupling, were accompanied by a conspicuous
increase in the rate of apoptosis. In other words, during
transition from thermogenically active to inactive state,
BAT is losing cells (undergoes atrophy) by apoptosis (14,
115). We have recently observed that GSH and reactive
species, primarily 'NO play important roles as regulatory
mediators in BAT apoptosis (26, 116).

In the first case, it has been shown that GSH
depletion triggers common pathways of apoptosis induced
by physiological stimuli, such as BAT reacclimation, and
initiates tissue regression (117). Moreover, our earlier
results demonstrated that GSH amount is significantly
increased during cold acclimation, strongly suggesting
involvement of GSH in the regulation of essential
hyperplasic processes in BAT (112, 113). Also, it has been
observed that ‘NO induces IBAT glutathione synthesis in
vivo through the activation of glutamate-cysteine ligase
mRNA and protein expression (59). In addition, we have
revealed that during reacclimation such GSH depletion is
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synchronized with increase in both iNOS and heme
oxygenase 1 (HO-1) expression, indicating their
participation in the regulation of brown adipocytes
apoptosis. Time dependent increase of iNOS and HO-1
expression followed by increased apoptosis during the
process of reacclimation strongly support the implication of
"NO and carbon monoxide producing system in IBAT cell
death (118).

Hence, it seems likely that production of NO in
IBAT is regulated in that way that at low temperature "NO
is produced in physiological concentrations which play
regulatory roles in IBAT hyperplasia (induction of UCP1
and tissue proliferation). In contrast, high "NO production
in unstimulated tissues acts to induce apoptosis and can be
unfavorable.

7. COMMENTS AND PERSPECTIVES

At present, it is quite obvious that besides
fundamental examinations, studies on the central role of
BAT in the maintenance of energy homeostasis are of
utmost  significance  for the understanding of
pathophysiological conditions characterized by disturbed
energy homeostasis, from obesity and metabolic syndrome
to diabetes and cancer. This was the reason for attempting
to functionally integrate numerous elements involved in the
regulatory system controlling BAT remodeling. Because of
that, this review was aimed not only at providing a survey
of already known facts and integrating different aspects of
redox regulation in BAT, but also at emphasising and
opening new fields for the research of redox regulation in
cell physiology.

This opens a new space to search for the
responses to the following questions. Which roles BAT
play in humans? Whether the UCP1 in other cell types but
brown adipocytes has some other functions? To what extent
nutrition could improve mitochondrial functioning,
influence angiogenesis, or decide on life and death of
brown adipocytes? Which other L-arginine potentials could
be involved in redox-dependent control of energy
homeostasis.

On the other hand, current understanding of
energy homeostasis does not change in essence and it is
based on the equilibrium between the intake and
consumption of calories. If we decide to place BAT into a
focus and direct our attention to the potential of its
remodeling, two research approaches would be available:
pharmacological and non-pharmacological one. The former
is employing potent molecular tools directed not only
toward induction of BAT function, but also toward increase
of its depots within the body and prevention of its
involution during ageing. Even approaches in molecular
biology are leading to transgenic UCP1 expression. The
goal of consuming the excess is clear. The latter, more
moderate approach insists on the change of life style and
diet. Incorporated in this approach, L-arginine (‘NO) and
redox regulation occupy a very significant position for the
studies in the years to come. It is evident that redox
regulation in brown adipocytes represents an unavoidable,
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new tool for the studies of fundamental cellular processes
integrated in BAT, the tissue with a high remodeling
potential.

Probably the most important questions requiring
the answers remain to be mentioned in the end. What are
the chances and possibilities to take into account the
prevailing life style where the words eating, sitting down,
watching TV, dressing warmly are dominant? Is there a
space for intervening with this rapid evolution change of
the life style? However, we have to be aware that even for
attempts of changing the life style we must understand
better key molecular events and cellular processes situated
in the very core of bioenergetics with BAT as a leading
conductor of a biological orchestra.

DaVincian credo “Nulla dies sine experimento”
was a vital motto of the late Prof. Jean Giaja (1884-1957),
the founder of the Belgrade School of Physiology exactly
100 years ago. The present work, dedicated to this
distinguished scientist and this significant event, represents
a continuation of researches in thermoregulation and
bioenergetics.
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