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Abstract The role of brown adipocytes and adipocytes
of'a new beige type in the energy metabolism of a healthy
person and in the pathogenesis of obesity has extensively
been discussed in recent years. The interest to these cells
has been stimulated owing to the application of new
noninvasive methods for studying the metabolic activity
of tissues. Using these methods, the presence of
thermogenically active adipocytes in adults and their
reactivity to cold stimuli have been proved. These data,
together with the results of animal experiments support
the idea of thermogenic fat being a direct regulator of the
energy balance of man. However, for several reasons
there are some objections to this viewpoint. The main
objection is that the total activity of the human thermo-
genic adipocytes is about 100 kJ/day, i.e., it is negligible.
In addition, the burn of excessive nutrients is biologically
inappropriate for an organism. Therefore, the idea that
obesity is caused by the decreased activity of thermogen-
ic adipocytes is erroneous. The statement that the causes
of obesity are associated with the increased efficiency of
energy-dependent processes seems more reasonable. The
consequence is a reduction in energy expenditure to
perform a unit of biological work. This results in excess
of nutrients deposited in the form of fat.
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Introduction

Brown adipose tissue in small mammals increases the
production of heat in response to two different stimuli,
cold [28] and overfeeding [48]. Based on these obser-
vations, a concept was formulated that the thermogene-
sis in brown fat could significantly change the energy
balance of the organism [27]. Although the presence of
brown adipose tissue in humans was confirmed by more
than a century ago [24], this concept was applied to
humans with caution [7, 40]. However, in recent years
the situation has changed. New methods such as com-
puted positron emission tomography using '®F-
fluorodeoxyglucose (‘*F-FDG PET/CT) [15, 57, 60]
and functional magnetic resonance imaging prove that
thermogenically active brown fat is present in humans
throughout life [12]. Thus, to date, the hypothesis has
been formulated that the lack of thermogenic activity of
brown adipose tissue may cause spontaneous human
obesity [8, 10, 33, 51]. Our little review is devoted to
the discussion of this hypothesis.

The types of thermogenic adipocytes and their
anatomical localization

In recent years, the knowledge concerning the adipose

tissue has quickly evolved. At present, there is no doubt
that in addition to typical or canonical white and brown
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adipocytes, the adipose tissue includes the third type of
cells [33, 36, 47]. These cells diffusely scattered in white
fat depots as brown adipocytes have mitochondria with
uncoupling protein 1. These cells are mostly referred to
as beige [33, 36] or "brite" ones (brite—an acronym for
"brown-in-white") [47], therefore they are called bright/
beige adipocytes ((Brite/beige)Ad) in the review. (Brite/
beige)Ad arise from the precursors, which differ from
the lineage of brown adipocytes and/or as a result of
reversible transdifferentiation from white adipocytes
[14, 23, 47]. Despite the different origins of brown and
(Brite/beige)Ad, the differentiation process is similar in
many respects. The transcription factors C/EBP-3 and
PR domain, containing 16 (PRDM16) play a crucial role
in the differentiation process [20, 33]. Hereinafter, the
common name "thermogenic adipocytes" (TherAd) is
used for brown and beige adipocytes when the informa-
tion on the origin of these cells is not important for the
discussion of their functions.

The comparison of gene expression patterns indicates
the presence of both types of TherAd with a significant
predominance of (Brite/beige)Ad cells in the fat depots
of adult humans [16, 32, 37]. TherAd in adult humans
are located in the cervical, supraclavicular, mediasti-
nal, perirenal areas, i.e., in the so-called protective
collar in the upper body, and along the major blood
vessels [26, 57, 60]. Owing to such an anatomical
location, the generated heat can protect the thorax
from cooling and warm the blood moving to vital
organs including the brain, kidneys, etc. [7, 50].

Amount and functional activity of non-stimulated
thermogenic fat

The earlier data on the content of UCP1 and its mRNA
which were obtained on postmortem material showed
that obesity in humans could be associated with the
decrease in the amount and functional activity of brown
fat [44, 52].

The technique of '*F-fluorodeoxyglucose positron
emission tomography provides wide opportunities to
assess the amount and activity of thermogenic adipo-
cytes in the investigations in vivo despite the indications
of the relatively low spatial resolution of PET images,
not very accurate measurements of the total volume of
the thermogenic depot, and the difficulty in comparing
the values of the metabolic activity of the tissues obtain-
ed in different studies [56].
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In most studies, thermogenic fat, mainly in the cervi-
cal and supraclavicular zones, was detected in 6 % of
patients who underwent tomographic examination for
medical reasons and healthy people at room temperature
without the use of any stimulation [13, 15, 45]. It is
stated that thermogenic fat with a dense network of
capillaries and sympathetic nerve fibers was detected
in 33 % of patients undergoing surgery for thyroid
diseases and subsequent treatment with thyroxine re-
placement therapy [65]. An inverse relationship be-
tween the weight/activity of thermogenic zones and
body mass index (BMI, kg~m72) was observed in the
cohorts of patients with the thermogenic fat identified
[13, 15, 45]. This means that patients with morbid
obesity (BMI>35) have a thermogenic area with much
lower weight and activity compared with those who had
BMI lower than 25. The detection frequency of thermo-
genic fat increased during the cold season [2, 13, 45].

Of course, a question arises about a relatively rare
occurrence of TherAd in the studied cohorts. It can not
be ruled out that this result is due to the low resolution of
the method. In any cases, the obtained results are par-
tially consistent with the hypothesis on the role of
TherAd in fat depot stabilization in humans.

The response of thermogenic adipocytes to the intravital
stimulation

In accordance with the hypothesis on the involvement of
brown fat in the stabilization of fat depot weight, the
nutritional factor is of interest as a stimulus which
triggers the adaptive thermogenesis in TherAd. In fact,
this stimulation was used very rarely in humans, as
opposed to mild cold stimulation. Apparently, such a
strategy is chosen by analogy with the experiments in
which the cold exposure and the "excess" of nutrients
caused qualitatively the same enhancement of thermo-
genesis in brown fat of animals. However, these two
ways of stimulation of TherAd are not equivalent,
because they have completely different biological
contents. This can be seen even from the fact that a
moderate food restriction increased the amount of
TherAd [19, 41]. Mild cold exposure until shivering
clearly increased the frequency of PET scans with
metabolically active thermogenic fat. Thermogenic
fat after stimulation was detected in 84 % of patients
on the average [1, 60, 64]. Moreover, the cold raised
the blood flow [12], the content of uncoupling pro-
tein 1 and its mRNA [60], i.e., the functional activity
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of thermogenic fat. It is also important that the activity
of thermogenic fat after the cold and ephedrine stimula-
tion was inversely proportional to BMI [11, 57] and
weakly expressed in obese patients [58]. Obviously, this
is the evidence for the rapid activation of thermogenesis
in TherAd, so these cells can probably play an essential
role in the regulation of energy balance of humans.
However, one could not exclude that the reduced cold
sensitivity of thermogenic adipocytes in obese people
was a consequence rather than the cause of metabolic
disorders. In addition, reducing the thermogenic activity
of adipocytes of such patients may result from the
improved thermal insulating properties of the body [10].

Therefore, the study in which the energy metabolism
was stimulated by high-calorie food was of crucial
importance for understanding the role of TherAd [61].
The study was conducted on young men with BMI of
22.4. The metabolic activity of the supraclavicular fat
and other organs was detected using ['*FJFDG PET/CT.
["*FIFDG was injected at the peak of postprandial ener-
gy expenditure after consuming a high-calorie,
carbohydrate-rich meal. Postprandial ['*F]FDG uptake
in TherAd increased, although to a lesser extent than
after the cold exposure. Simultaneously, postprandial
["®F]FDG uptake by muscles also increased and their
contribution into the increase of energy metabolism of
the whole organism would be dominant if their weight is
taken into account. While ['*F]FDG uptake into
supraclavicular fat closely correlated with the cold-
induced thermogenesis, no direct relation was found
between postprandial ['*FJFDG uptake into the fat de-
pot and diet-induced thermogenesis.

The result of this study, showing a minor role of
thermogenic fat in human energy metabolism, may
seem unexpected only at first sight. In our opinion, the
exaggeration of the role of thermogenic fat in human
energy balance may be due to different reasons. One of
them may be the unreasonable straightforward transfer
of the experimental results obtained from small rodents
to humans. In addition, one can not exclude the psy-
chology of a researcher, when the interpretation of the
experimental data is largely determined by the currently
accepted "brown-thermogenic" paradigm. Finally, the
overestimation may arise from the methodological error
when the indirect estimates and their relative changes
are used instead of the absolute values of thermogenesis.
For example, the relevance of the UCP1 mRNA levels
for estimating the degree of recruitment and thermogen-
ic capacity of adipocytes is doubtful. The observations

that cold acclimation barely increases the UCP1 mRNA
levels in canonical brown fat while leading to a 200-fold
increase in the UCP1 mRNA levels in brite/beige adi-
pose tissue may overestimate the physiological signifi-
cance of these depots [43]. In fact, the absolute values of
UCP1 mRNA are initially very low and remain lower in
(Brite/Beige)Ad than in the canonical brown adipocytes,
even after such a significant recruitment. The direct
measurements of oxygen consumption by mitochondria
of cold-adapted mice show that the additional thermo-
genesis of (Brite/Beige)Ad located in the inguinal fat is
not more than one third of this value of canonical brown
fat [53]. Thus, the adequate assessment of the thermo-
genic contribution of (Brite/Beige)Ad is only possible
using the direct bioenergetic indices.

In order to verify the adequacy of ['*FJFDG PET/CT
for the estimates of thermogenic activity the daily ener-
gy expenditure and the tissue energy metabolism were
investigated in 25 healthy men and women and the
obtained results were compared with the PET scans
[42]. The daily energy expenditure was determined by
indirect calorimetry. The tissue energy metabolism was
determined from the regional blood oxygen saturation
measured by near-infrared spectroscopy. The energy
metabolism was stimulated by mild cold exposure.
The results confirmed the dynamics of brown fat ther-
mogenic responses which had previously been detected
by PET in normal and obese individuals. However, the
absolute contribution of the cervical and supraclavicular
brown fat thermogenesis to the total energy exchange
even in the cold did not exceed 62—104 kJ/day. There-
fore, according to the authors, despite the correlations
between the daily energy expenditure and thermogenic
activity of brown fat, the latter represents a minor source
of heat in the human organism. Apparently, the low
thermogenic capacity of fat raises doubts concerning a
direct metabolic link between morbid obesity and hu-
man thermogenic adipocytes.

Energy burn or saving?

In terms of bioenergetics, there are two explanations of
the positive energy balance of an animal organism. One
envisages the existence of a special mechanism which
transforms the energy of excessive nutrients, if any, into
heat. Its inability to function or insufficiently high ac-
tivity results in spontaneous obesity. This is the essence
of'the hypothesis on the connection between obesity and
TherAd. There are two difficulties in accepting this
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hypothesis. Firstly, the direct evidence that this mecha-
nism includes thermogenic adipocytes is still absent. To
support the "brown-thermogenic" hypothesis, one actu-
ally has a small amount of correlations between the
linear scan size of brown fat and BMI. Secondly, it is
impossible to provide a rational explanation for the
necessity of such a mechanism for animals in nature
[9, 32]. On the contrary, the appearance of adipose tissue
was an important evolutionary acquisition, which made
the survival of individuals and their offspring possible in
adverse environmental conditions. Furthermore, in the
natural environment, overeating and obesity is impossi-
ble for many reasons even in the abundance of food.
Among these reasons is high energy consumption for
thermoregulation and for physical activity both of pred-
ators and their prey during hunting [35] and on the other
hand, a forced reduction in the duration of animal feed-
ing in the environment with predators [38]. Moreover,
the absorption of nutrients in the gut is impaired due to
intestinal parasitic infections widespread in wildlife
[62], and the maintenance of immunity requires addi-
tional energy [25]. For many centuries of human civili-
zation the imbalance between the consumption of food
energy and the expenses for heavy exhausting labor and
for fighting infections impeded the obesity for a vast
majority of people [22]. It is worth noting again that the
"burn" of nutrients in brown fat if it occurs in
thermoneutral conditions, is not consistent with the bi-
ological logic. It is therefore necessary to take into
consideration the viewpoint that the concept of diet-
induced thermogenesis is due to the erroneous interpre-
tation of the experimental data [34].

The second explanation is diametrically opposed to
the first one. It consists in the fact that due to certain
circumstances, one or more energy-dependent processes
begin to operate with high energy efficiency. This im-
plies a reduction in energy consumption per unit of
work. Consequently, if the feeding behavior is not prop-
erly regulated, the excess of nutrients is deposited in the
adipose tissue. One does not know these circumstances
for sure, but the basic energy-dependent processes are
known: mitochondrial ATP synthesis, the active mem-
brane transport of ions against their electrochemical
gradient, anabolic biosynthesis, and locomotion. Saving
energy resources corresponds to the biological basis of
the functioning of the animal organism. Thus, it is not
appropriate to confuse the biological expediency of the
triglyceride accumulation in fat depots with the health
impact of this process.
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For current and future research a more common
approach is required to solve the problem of energy
balance. In this context, thermogenic adipocytes with
uncoupling protein represent a specialized mechanism
realizing the general principle of the energy balance
regulation. The principle is that living organisms are
capable to change the energy efficiency of energy-
dependent processes at the molecular-genetic level. This
is performed in two ways: on the one hand, the organism
adapts the energy efficiency according to its current
demands and needs; on the other hand, this is realized
on the phylogenetic level. For the first time this principle
was formulated and proved for skeletal muscles in the
seventies of the last century [29, 30].

From all our knowledge about thermogenic adipo-
cytes and uncoupling protein 1, it follows that this
mechanism is physiologically significant for a small
group of animals and for a quite narrow range of situa-
tions. Brown fat is involved in maintaining the temper-
ature homeostasis of newborn and adult animals of
small size, especially during hibernation and arousal
[7, 28]. In all these cases, the UCP1 thermogenesis in
brown fat is dominant relative to other mechanisms of
thermogenesis only during hibernation. In all other
cases, one should take into account the heat generated
by muscles, since even newborns have significant mo-
bility under the real conditions as opposed to the model
experiments. The energy efficiency of contractile act, as
previously noted, is reduced in the cold-adapted animals
[29, 30]. The reduced effectiveness of muscle contrac-
tion is seemingly due to the increase of the mitochon-
drial uncoupling. But UCPI in the skeletal muscle is
absent, and UCP3 does not reproduce any thermogenic
effects of UCPI1 [5]. The channel of the basal H" con-
ductivity, such as adenine nucleotide translocase, is not
regulated [17, 31]. The adaptation to the cold does not
increase the non-shivering thermogenesis of the skeletal
muscle [21], which is also not consistent with the idea of
muscle mitochondrial uncoupling.

The skeletal muscle is the main source of additional
heat in the cold adaptation of another phylogenetic
group of animals, i.e., birds which do not have brown
fat. Their muscle mitochondria become more thermo-
genic while remaining in the coupling state as before the
cold adaptation [54]. This can have only one implica-
tion: the increased synthesis of ATP to compensate its
high rate of hydrolysis for some energy-consuming
processes of the muscle fiber. Indeed, ATP is intensively
used to recycle Ca?" in the sarcoplasmic reticulum, i.c.,
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for the futile cycle [18]. Recent findings show that Ca®*
recycling is also an important thermogenic mechanism
in skeletal muscle of mammals [4, 39, 49]. In this
regard, particular attention is paid to the features of free
energy of ATP hydrolysis. It is generally known that its
change in any cellular process, including muscle con-
traction, depends on the activity of the all reactants:
ATP, ADP, Pi, H", and Mg2+ [3]. Therefore, free energy
of ATP hydrolysis in cells may vary widely from 35 to
60 kJ/mol. It should be borne in mind that ATP has a
monopoly for all types of biological work, and the
turnover of this substance in humans is higher than
100 mol/day [46]. Consequently, the heat of the reaction
and the load on mitochondria are considerably varied
with the increase or decrease of the output of free energy
from the hydrolysis of ATP.

It is known that oxygen consumption and proton
leak in poikilotherms are four to five times lower than
those of homeothermic animals with an equal body
weight under similar assay conditions. Energy sav-
ing, i.e., the high energy efficiency of poikilotherms
is due to different amounts of molecules of adenine
nucleotide translocase in the inner mitochondrial
membrane [6, 31].

All these examples are given with the aim to demon-
strate various ways of the adaptive change in the energy
effectiveness of biological processes. In our opinion,
this is especially actual with regard to the problem of
obesity because thermogenic adipocytes with UCP1 still
have uncertain prospects as participants in such process-
es. The skeletal muscles with their high energy capacity
are also worthy candidates for localizing energy conser-
vation sites. However, the search for the relationship
between the state of mitochondria in muscles and obe-
sity has not led to any definite result, except for the
observation of their dysfunction in obese patients [55].
The problem of the primacy of changes in muscle mi-
tochondria in relation to the development of obesity
remains unsolved as well as the same can be mentioned
in connection with brown fat. It is therefore necessary to
monitor all the energy-dependent processes to find a site
of metabolism, where the energy saving occurs.

Conclusions
The last two decades have dramatically changed our

understanding of the physiology of adipose tissue. Cur-
rently, it presents a very dynamic and plastic structure

with auto-, para-, and endocrine properties [59, 63] and,
without exaggerating, can be called an adipose organ
[14]. The new evidence indicates that white adipocytes
are not only a passive depot of triglycerides, and brown
adipocytes are not just a heat source. In view of all this,
(Brite/Beige)Ad reflect the complicated structural and
functional organization of the fat organ. Therefore, the
insufficient conclusiveness of the facts and argu-
ments in favor of the hypothesis of the connection
between thermogenic adipocytes and obesity in
humans, in our opinion, leads to two conclusions.
Firstly, it is necessary to carry out additional studies
involving direct energy estimates of thermogenesis of
(Brite/beige)Ad and brown adipocytes, as well as
using animal models with the adipose organ similar
to the human adipose tissue. Secondly, the correlation
between the functional activity of thermogenic adi-
pocytes and obesity can be realized through other
functions of the cells, where the energy component
is not critical. But in any case, it is necessary to find
out which energy-dependent process exactly results
in nutrient saving.
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