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Abstract Brown adipose tissue (BAT), brown-in-white (“brite”) and “beige” adi-
pocytes share the unique ability of converting chemical energy into heat and play a
critical role in the adaptive thermogenesis response promoting nonshivering ther-
mogenesis. Uncoupling Protein-1 (UCP1), which allows the uncoupling of sub-
strate oxidation from phosphorylation of ADP, represents the molecular signature of
BAT and beige adipocytes. Until recently, the physiologic role of BAT and beige
adipocytes depots was thought to be limited to small mammalians and newborns.
The discovery of BAT in adult humans and the demonstration of the presence
of inducible BAT activity in white adipose tissue by beige adipocytes have gener-
ated enthusiasm as potential targets for treatment of obesity and other disorders
due to sustained positive energy balance. These findings are particularly important
since in vitro studies have demonstrated that preadipocytes can be directed toward
a common brown phenotype by multiple pathways that, in turn, may be exploited
for therapeutic interventions. In adult humans, BAT activity is more evident in
deep neck fat depots and, to a lesser degree, in subcutaneous adipose tissue, with
a transcriptome signature resembling the rodent beige fat. This observation sup-
ports the hypothesis that human BAT activity and capacity can be modulated. To
this end, we have directed our translational research program toward the charac-
terization of beige fat in humans and on the effects of hormonal and environmen-
tal drivers in the adaptive thermogenesis response. Mild cold exposure, within the
temperature range commonly employed in climate-controlled buildings, is suffi-
cient to generate a significant increase in non-shivering thermogenesis driven by
BAT and beige adipocyte activation. In turn, adaptive thermogenesis generates a
specific hormonal signature and promotes glucose disposal. Chronic exposure to
mild cold induces expansion of BAT mass and activity, whereas exposure to warm
climate abrogates them. Additionally, the metabolic effects of BAT mass expan-
sion are evident only upon stimulation of BAT activity, indicating that both
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expansion and activation of BAT are necessary and complementary strategies to
pursue. From an experimental standpoint, human preadipocytes represent a viable
experimental platform to mechanistically interrogate different pathways that are
able to expand and activate browning. Our laboratory has focused on studying
FGF-21, and FNDC5/irisin in their capacity to promote the browning process.
Compared to a white differentiation medium, the addition of either FGF-21 or
FNDCS results in a reprogramming toward a brown phenotype, as indicated by the
display of brown transcriptome signature and, functionally, by the increase in
oxygen consumption following catecholamine treatment, indicating an increase in
substrate utilization. Collectively, the integration of a detailed assessment of
human physiology with mechanistic observations in cell culture systems can pro-
vide a unique opportunity to translate observations from experimental models to
actionable therapeutic targets.

Introduction

The unique ability of mammalians (and to some degree avians; Vianna et al. 2001)
to maintain their core temperature independently of the environmental temperature
has allowed their evolutionary success and, compared to poikilothermic species, to
the wide distribution of species across climates. This response is defined as “adap-
tive thermogenesis,” which describes the concerted physiologic responses aimed at
defending the core temperature from low environmental temperatures, preserving
the individual’s ideal core temperature for biologic functions (Stocks et al. 2004).
The main components of this response are thermal insulation, non-shivering ther-
mogenesis, and shivering thermogenesis (Celi et al. 2015). From an evolutionary
perspective, the excess of energy expenditure aimed at maintaining the core tem-
perature represents a tradeoff between survival and maintenance of energy stores,
since the availability of energy usually represents the limiting factor to growth and
reproduction for organisms. To this end, moving from an insulative response, which
is energy neutral, to a non-shivering and eventually shivering thermogenesis will
require a progressively greater dissipation of energy stores (Fig. 1). Additionally,
the relative size of the organism and the presence of fur dictate the relative impor-
tance of the insulative versus thermogenic response, with smaller organisms being
biased toward the latter because of their high surface area-to-volume ratio, which,
despite the presence of optimal insulation, will still promote thermal dispersion
(Phillips and Heath 1995). Hence, modulation of energy expenditure plays a critical
role in the maintenance of core temperature in small mammalians (Ravussin and
Galgani 2011). Compared to humans, the capacity of adaptive thermogenesis in
small rodents is significantly greater, resulting in an at least twofold increase in total
energy expenditure, thus enabling survival in a cold environment, albeit at a price of
a compensatory increase in food intake (Ravussin et al. 2014). Over the recent
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Fig. 1 Model of adaptive thermogenesis. As the environmental temperature decreases from ther-
moneutrality, the adaptive thermogenesis response moves from insulative to non-shivering and
eventually shivering thermogenesis. This progression is mirrored by an increase in the energy
expenditure required to maintain the core temperature. Green, energy expenditure due to basal
metabolic rate; red, expenditure due to adaptive thermogenesis

evolutionary development of the species, humans have gained the ability to modu-
late their environment using garments and climate-controlled buildings. As a result,
exposure to cold is a relatively unusual condition for them and, unless acclimated,
individuals tend to respond by shivering thermogenesis, whereby heat is a side
product of uncontrolled muscle fasciculation. Of interest, upon prolonged exposure
to cold, individuals become resilient and do not display shivering thermogenesis
(Davis 1961), indicating that other mechanisms are recruited.

BAT and the Adaptive Thermogenesis Response

BAT has the unique capability of converting energy stores into heat by virtue of the
Uncoupling Protein 1 (UCP1), which promotes a proton leak in the inner membrane
of the mitochondria, dissociating the oxidative phosphorylation of substrate from
the generation of ATP. This process in essence shunts the chemical energy into heat,
which is in turn dissipated in the circulation (Nedergaard et al. 2001). The rapid
activation and inactivation of the UCP1-driven energy dissipation thus represents a
valuable mechanism that is able to increase efficiently the metabolic rate on demand
by non-shivering thermogenesis, ultimately promoting the survival of the organism
against unfavorable environmental conditions with the least possible consumption
of energy stores (Celi 2009).
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Aside from the anatomically defined intrascapular BAT, in mice non-shivering
thermogenesis is generated in other adipose tissue depots, in particular inguinal, by
“beige” or “brown-in-white (brite)” adipocytes (Ishibashi and Seale 2010; Petrovic
et al. 2010), whose mass and activity can be modulated by various signal hormones
and cytokines, showing a remarkable plasticity (Diaz et al. 2014).

Implications of the Rediscovery of BAT in Adult Humans

Several reports recognized the presence of brown adipocytes in adult humans, either
as incidental findings (Huttunen et al. 1981) or as a nuisance in the interpretation of
BF fluorodeoxyglucose Positron Emission Tomography ('8F FDG-PET) scans
(Hany et al. 2002; Agrawal et al. 2009), but the potential clinical relevance of these
findings was missed until the “rediscovery” of BAT. Three manuscripts published in
the same issue of the New England Journal of Medicine, from the USA (Cypess
et al. 2009), Finland (Virtanen et al. 2009), and the Netherlands (van Marken
Lichtenbelt et al. 2009), and followed shortly by a manuscript from Japan (Saito
et al. 2009), clearly indicated that BAT was present in a significant number of adults
and that its presence and activity (measured by proxy as *F FDG uptake by PET
scanning) correlated with indices of healthy metabolism. Conversely, obesity, dia-
betes and age inversely correlated with BAT activity (Pfannenberg et al. 2010).
Although the initial observations were purely correlative, the potential of a novel
therapeutic target for the treatment of the metabolic consequences of obesity led to
intense research to expand the capacity and activity of human BAT. Importantly, the
location of adult BAT is different from the intrascapular depots observed in new-
borns (Drubach et al. 2011), and the transcriptome signature resembles more closely
the one observed in rodent inguinal fat (Shinoda et al. 2015). This observation is
relevant from the therapeutic perspective because of the exquisite plasticity of
inguinal adipocytes, providing the rationale to exploit pathways to increase non-
shivering thermogenesis as a means of promoting energy disposal with consequent
amelioration of obesity and its metabolic consequences.

Integrative Physiology Studies of Human Adaptive
Thermogenesis

To better characterize the relevance of the adaptive thermogenesis response, several
integrative physiology studies were carried out in humans, mostly by exposing vol-
unteers to cold. While a short but intense cold exposure (such as immersion of a
limb in ice-cold water) is able to generate maximal "*F FDG-PET uptake and a
significant increase in energy expenditure (Yoneshiro et al. 2011), this method does
not correspond to day-to-day experience and cannot be sustained over time.
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Table 1 Hormonal axes and Hormonal axes and organ systems Response to cold
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Adrenal (cortical, cortisol) T
Thyroid axis (Rl
Fasting glucose “
Postprandial glucose |
Subcutaneous adipose tissue glucose | <]
Fasting insulin 1
Postprandial insulin <
Free fatty acids ™
Subcutaneous adipose tissue lipolysis | <1
FGF-21 "

Additionally, intense cold exposure results in muscle fasciculation, with consequen-
tial recruitment of shivering thermogenesis. Conversely, mild cold exposure within
the thermal envelope of climate-controlled buildings can stimulate a sustained phys-
iologic adaptive thermogenesis response. In a crossover study, the adaptive thermo-
genesis response to minimal changes in environmental temperature was assessed in
healthy volunteers who underwent two 12-h energy expenditure (EE) recordings in
a whole room calorimeter (Metabolic Chamber) at 19 and 24 °C (Celi et al. 2010).
The system employed in these studies recorded real-time measurements of EE and
substrate utilization (respiratory quotient) while sealed ports allowed blood sam-
pling during the study. Moreover, study volunteers were fitted with linear acceler-
ometers and subcutaneous abdominal tissue extracellular fluid microdialysis
sampling, and received a standard meal after 6 h of recording, enabling a compre-
hensive assessment of the physiologic response to short-term mild cold exposure.
This complex experimental design allowed to obtain a comprehensive assessment
of the physiology of adaptive thermogenesis.

The data obtained from these studies indicated that a minimal modulation of the
environmental temperature was sufficient to increase EE by approximately 6%,
which corresponds, if projected over 24 h, to 100 kcal in an individual of 70-80 kg.
The magnitude of this change may appear insignificant—only one fifth of the nega-
tive energy balance recommended to achieve sustained weight loss—but it is impor-
tant to note that, over a l1-year period (all things being equal), these differences
would be equivalent to a 20-day fast and to a daily 30-min walk at a moderate pace.
Importantly, these observations also demonstrated that the adaptive thermogenesis
response during mild cold exposure resulted in a significant and potentially relevant
metabolic effect. A summary of the findings is reported in Table 1 (Celi et al. 2010).
Exposure to mild cold is sufficient to drive an adrenergic response, which promotes
lipolysis and increased postprandial glucose disposal. The significant lipolysis
observed during non-shivering thermogenesis is in keeping with a functional imag-
ing study that demonstrated that fatty acids represent the preferred substrate in BAT
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depots. On the other hand, the intervention was also sufficient to generate an
increase in cortisol and a state of relative insulin resistance during fasting, which
indicate an activation of the stress response.

A subsequent study correlated the individual’s BAT activity, as measured by '°F
FDG uptake in the thoracic region, where BAT is commonly observed with the
adaptive thermogenesis response, to mild cold exposure (Chen et al. 2013). In this
case, scans were acquired after a 12-h metabolic chamber recording either at 19 or
24 °C and the EE recordings were performed overnight to allow 'F FDG-PET the
following morning. By comparing the tracer uptake of the two images, the overall
uptake in the region of interest could be calculated and used as a linear variable to
be included in multivariate statistical analyses. This strategy provided the opportu-
nity to explore non-shivering thermogenesis as a diffuse function rather than local-
ized in nests of brown adipocytes, overcoming the signal-to-noise ratio limitation of
functional imaging. In turn, this variable was used to correlate BAT activity with
metabolic and anthropometric parameters. This analysis demonstrated that BAT
activity strongly correlated with the increase in EE during mild cold exposure.
Remarkably, the association was present in individuals both with and without visi-
ble BAT depots on conventional '8F FDG PET imaging, indicating that diffuse (i.e.,
beige adipocytes-driven) uncoupling activity is an important mediator of non-
shivering thermogenesis in adult humans (Chen et al. 2013).

Intervention Studies Aimed to Modulate the Human Adaptive
Thermogenesis Response

These correlative studies did not address the question whether human BAT (and
beige adipocytes) had the plasticity displayed by murine inguinal fat-depots, or if
the capacity of BAT was sufficient to modulate a clinically significant endpoint. A
short-term, moderate (10 days acclimatization with exposure at 17 °C daily for 2 h)
cold exposure was sufficient to increase BAT as measured by *F FDG-PET (van der
Lans et al. 2013), whereas a similar protocol carried out for a longer period of time
(6 weeks acclimatization with exposure at 17 °C daily for 2 h) resulted in significant
fat mass reduction (Yoneshiro et al. 2013). In a longer study, the plasticity of the
adaptive thermogenesis response was assessed by modulating the environmental
temperature overnight (Lee et al. 2014b). Study volunteers were exposed over a
period of four consecutive months to 24 °C (run-in period), 19 °C (cold acclimatiza-
tion), 24 °C (wash-out period), and 30 °C (heat acclimatization). At the end of each
month the adaptive thermogenesis response was studied using two consecutive met-
abolic chamber recordings at 19 and 24 °C; '8F FDG-PET for visualization and
measurement of BAT activity was performed after the completion of the 19 °C
metabolic chamber stay. After a month-long exposure to mild cold, BAT volume
and activity nearly doubled when compared to the end of the run-in period.
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Conversely, BAT activity was negligible following a I-month exposure to warm
temperature (30 °C). Remarkably, the increase in BAT activity following the cold
acclimatization was accompanied by a significant increase in postprandial glucose
disposal, but only during mild cold exposure (Lee et al. 2014b). Thus, the data indi-
cate that human BAT is exquisitely plastic but also that activation (i.e., cold expo-
sure or other pharmacologic means) is necessary to generate a significant metabolic
signature.

Collectively, these integrative physiology observations indicate that human BAT
and beige depots represent an ideal pharmacologic target for the treatment of the
consequences of a sustained positive energy balance because of their plasticity and
ability to modulate carbohydrate metabolism.

Manipulation of the Human Adaptive Thermogenesis
Response by Hormones and Myokines

Similarly to white adipocytes, BAT and beige adipocytes are not only targets of
hormones and cytokines but also have an endocrine function, and their secretome
can act in a paracrine and endocrine fashion (Ni et al. 2015). Primary cultures of
preadipocytes derived from the stromal vascular fraction of adipose tissues have
been proven to be a robust experimental model to assess the effects of hormones and
cytokines on their differentiation and function (Diaz et al. 2014). Preadipocytes can
be directed toward a white or beige phenotype by hormonal manipulation of the
culture media, indirectly demonstrating the plasticity of adipose tissue depots.
Moreover, individual hormones, cytokines or drugs can be tested for their ability to
promote “beige-ing” in white-differentiating preadipocytes. Our laboratory has
worked toward defining the role of two regulators of beige adipocytes, FGF-21 and
FNDC5/irisin. FGF-21 is a pleiotropic hormone that is mainly secreted by the liver
and promotes insulin sensitization and browning of adipose tissue depots.
Interestingly, FGF-21 is also secreted by beige adipocytes, creating an autocrine/
paracrine loop (Ni et al. 2015). In humans, FGF-21 follows a circadian rhythm that
is disrupted by cold exposure (Lee et al. 2013). Compared to exposure to 24 °C,
exposure to mild cold resulted in an increase in the FGF-21. Importantly, the
increase in FGF-21 (compared to thermoneutrality) correlated with the non-
shivering thermogenesis response; this finding was also confirmed by measuring the
changes in FGF-21 in relation to the lipolysis measured in the subcutaneous adipose
tissue mocrodialysate (Lee et al. 2013). Collectively these observations support the
role of FGF-21 in promoting and sustaining the adipocyte role in the non-shivering
thermogenesis response. When FGF-21 was added to the white differentiating cul-
ture medium, human preadipocytes were directed toward a brown phenotype and
were able to increase their oxygen consumption and heat production in response to
norepinephrine treatment (Lee et al. 2013). These findings recapitulate the clinical
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observations that FGF-21 plays a pivotal role in beige adipocyte differentiation and
function. Unfortunately, therapeutic use of FGF-21 has been limited because of
concerns for off-target effects (Kharitonenkov and Adams 2014) possibly due to the
systemic administration of the hormone in pharmacologic doses, unlike the local,
paracrine action within the adipose tissue depots.

The discovery that BAT derives from a myf-5-positive precursor common to
myocytes (Seale et al. 2008) has brought to the forefront the cross-talk between
skeletal muscle and brown-beige adipocytes. Similar to adipose tissue depots, skel-
etal muscle has the ability to secrete myokines with hormonal activity on distant
tissues. In particular, Irisin, a fibronectin-like peptide released by skeletal muscle
upon contraction, has the ability to promote beige-ing in mouse inguinal adipose
tissue depots and to positively affect energy and carbohydrate metabolism (Bostrom
et al. 2012). The action of Irisin might appear counterintuitive since it is released by
an energy-dissipating organ (skeletal muscle during contraction) and its action pro-
motes the expansion of another energy-dissipating organ tissue (beige adipocytes).
On the other hand, this apparent paradox can be reconciled once it is observed from
the evolutionary perspective of energy conservation: severe cold exposure, which is
able to generate shivering (highly energy inefficient) thermogenesis, promotes the
expansion of the capacity of the more energy-efficient BAT and beige adipocyte-
driven non-shivering thermogenesis. An integrated physiology experiment was thus
designed to evaluate this hypothesis by characterizing the entire spectrum of the
adaptive thermogenesis response in healthy volunteers exposed to progressively
lower temperatures delivered by cooling blankets (Lee et al. 2014c¢). This strategy
allowed to capture in the same individual the vasoconstrictive response as well non-
shivering and shivering thermogenesis, while the EE was annotated by indirect
calorimetry (ventilated hood). Study volunteers also underwent basal and post-
exercise blood sampling following a maximal exercise tolerance test (VO, Max)
lasting approximately 15 min and a 60-min resistance exercise at 40% VO, Max.
The findings of this study demonstrated a large inter-individual variability in both
onset of shivering and Irisin secretion either following exercise or during controlled
cooling. Furthermore, during cold exposure the release of Irisin was proportional to
the shivering intensity (measured by surface electromyography). Interestingly,
short-term shivering was sufficient to stimulate the release of a similar amount of
Irisin when compared to maximal or resistance exercise (Lee et al. 2014c). When
tested on human preadipocytes undergoing white differentiation, Irisin promoted a
beige phenotype not dissimilar to the one observed following FGF-21 treatment
(Lee et al. 2014a). Collectively these data confirm the role of Irisin as a myokine
that is able to expand beige adipocyte mass, increasing the non-shivering thermo-
genesis capacity and thus promoting a shift from an inefficient (shivering) to a more
efficient and sustainable form of thermogenesis (Fig. 2).
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Fig. 2 Model of interplay between shivering and non-shivering thermogenesis. Exposure to cold
promotes shivering in non-acclimated individuals, with release of Irisin. This response is costly
from an energy-conservation perspective and not sustainable. Irisin promotes the expansion and
differentiation of beige adipocytes, which increase resilience to cold enhancing non-shivering ther-
mogenesis and delay the onset of shivering. The greater beige adipocyte mass self-sustains by the
autocrine-paracrine effects of FGF-21

Conclusions

In conclusion, human integrated physiology observations coupled with translational
studies offer the possibility to explore the potential therapeutic exploitation of the
adaptive thermogenesis response, an evolutionary mechanism that has greatly
expanded the footprint of mammalians on a wide range of climates. The ability to
promote substrate utilization has the obvious appeal of an “effortless diet pill,” but
the capacity of the system is probably insufficient to generate alone a negative
energy balance to induce weight loss. Nonetheless, even a modest increase in sub-
strate utilization has been proven able to positively impact energy and carbohydrate
metabolism. Thus, the search for novel pharmacologic interventions able to expand
the beige adipocytes mass, and thereby increase the capacity for non-shivering ther-
mogenesis, holds the promise of being a successful treatment to improve insulin
resistance and the negative metabolic consequences of obesity.
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