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Abstract

It has become increasingly evident that the
diversity of adipose tissue types may play dis-
tinct and potentially important roles in human
physiology. White adipose tissue (WAT), the
primary energy storage tissue, is important in
homeostasis but when found in excess can
predispose individuals to severe insulin resis-
tance and diabetes. Human life is compatible
with WAT composing between 4 and 60% of
total body mass, pointing to its incredible
adaptability. In contrast, brown adipose tissue
(BAT), typically thought to occur only in
hibernating animals and babies, is becoming
recognized for its role in human energy expen-
diture, hormone production, immune regula-
tion, among others. BAT usually comprises
around 0–2% of total body mass; however,
recent scientific advances in noninvasive
imaging and molecular biology have allowed
to explore unknown functions of this dynamic
tissue. We discuss here the anatomy and phys-
iology of WAT and BAT in the lean and obese
human, and potential mechanisms regarding
the interplay within obesity and Type 2 diabe-
tes. Later, we review the current methodology
for measuring and detecting WAT and BAT,
how to experimentally modulate BAT activity,
as well as future investigations to yield greater
insight into BAT’s functional role in human
health.

Keywords

Brown adipose tissue · White adipose tissue ·
Brown fat · White fat · Insulin resistance

Distribution and Functions of Human
Adipose Tissue

It is estimated that in 2025, global obesity rates
will reach 18% in men and 21% in women (NCD
Risk Factor Collaboration 2016), with diabetes
prevalence reaching nearly 400 million people
globally (Nathan 2015). Obesity, defined clini-
cally by a body mass index (BMI) of greater
than 30 kg/m2, is accompanied by an excess of
white adipose tissue (WAT). Obesity is the result
of long-term energy intake exceeding energy
expenditure, being one of the main comorbidities
Type 2 Diabetes (T2D). A diagnosis of T2D is
most often made with a glycosylated hemoglobin
(HbA1C) of �6.5% or a fasting plasma glucose
of �126 mg/dl (Association, A. D. 2 2019). T2D
is more likely to be obesity-related and can prog-
ress to loss of pancreatic beta-cell insulin secre-
tion, often in the background of insulin resistance.
Because the risk for T2D is increased substan-
tially by obesity, the mechanisms that we will
discuss throughout the chapter will pertain to
both obesity and T2D, unless stated otherwise.

White Adipose Tissue

Humans have several types of adipose tissue,
although the most studied are white adipose tissue
(WAT) and brown adipose tissue (BAT). WAT is
normally distributed subcutaneously and in the
visceral compartments, the latter known as vis-
ceral adipose tissue (VAT). The amount of WAT
in humans varies a lot between individuals, with
minimal levels sustainable with life around 2% of
body mass for men and 6% of body mass for
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women, and maximal levels reaching over 60% of
body mass. In simple terms, the higher the BMI,
the higher the WAT accumulation in both
compartments. Subcutaneous WAT is found in
all areas beneath the skin surface but has a pro-
pensity to be stored in central, or proximal,
locations. The distribution of subcutaneous
WAT differs between men, who typically have
an “android” distribution and women, with a
“gynoid” distribution (Min and Min 2015).

VAT is also found in central locations, how-
ever within the abdominal cavity, surrounding
vital organs. VAT contributes a much smaller
percentage to total body fat (~5% in men and
~3% in women) (Sasai et al. 2015), yet the accu-
mulation of VAT confers greater risk for T2D and
cardiovascular disease than subcutaneous WAT.
This phenomenon partly explains the occasional
metabolically unhealthy, normal weight pheno-
type, where individuals that do not have BMIs
classified as obese suffer from metabolic syn-
drome comparable to individuals with much
higher body mass. Some data show that physical
exercise can selectively reduce VAT, even in the
absence of significant weight loss.

As WAT is a tissue for energy storage, it is
evolutionarily designed with the ability to expand
to a great extent, so that high energy density lipids
can be available even in times of food shortage. In
the modern era with food shortage being less of a
concern, this expansion has occurred without
periods of energy deficit. Though WAT exists in
excess in patients with obesity, WAT in itself is
not causative of insulin resistance (the inability
for insulin to perform its usual functions).
Lessons from patients with lipodystrophy demon-
strate this fact, as they have nearly nonexistent
WAT, but often develop severe T2D. The
contributions of excess adiposity to diabetes
may be a result of adipose-derived cytokines
(adipokines) or accumulation of ectopic lipids in
skeletal muscle and the liver that disrupt insulin
signaling. Much has been learned since the dis-
covery of WAT as an endocrine organ (the dis-
covery of leptin, as an adipokine) (Zhang et al.
1994), yet there is still much to be investigated.

Brown Adipose Tissue

The main function of BAT is to generate heat
(thermogenesis), principally through dissipation
of the proton gradient in the inner mitochondrial
membrane by way of uncoupling protein
1 (UCP1) (Cannon and Nedergaard 2004). Thus,
as fuel sources including glucose and fatty acids
are utilized by the brown adipocyte, rather than
the generation of adenosine triphosphate (ATP),
heat is released, resulting in energy-depleting
thermogenesis. BAT is extremely important in
maintaining euthermia in the hibernating animal
during prolonged periods of fasting in cold
temperatures.

Though the depots of human BAT were exten-
sively defined nearly 50 years ago by autopsy
(Heaton 1972), advances in noninvasive imaging
have brought a resurgence in the interest in BAT.
Classically thought only to exist in the
interscapular adipose tissue region of human
newborns, 18F-Fluorodeoxyglucose (18F-FDG)
positron emission tomography (PET) combined
with X-ray computed tomography (CT) studies
have shown that active BAT exists in a large
portion of the adult population, and can be reli-
ably activated by cold (Cypess et al. 2009; van
Marken Lichtenbelt et al. 2009) and by other
means. Indeed, over 450 publications on PubMed
have studied adult BAT in humans since just
2008. BAT’s functions include substrate metabo-
lism, immune system modulation, endocrine
functions, and others. To begin a thorough under-
standing of BAT function in adults, we have
characterized the depots of adult men and
women with and without obesity (Leitner et al.
2017; Martinez-Tellez et al. 2019a).

Anatomical Sites

Generally, BAT lines visceral locations
surrounding major vasculature in the abdomen,
neck, and axilla, vital organs including the
kidneys and adrenal glands, and alongside the
sympathetic trunk. The highest proportion of
BAT exists in the supraclavicular region, making
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it the most commonly studied BAT depot across
various studies, followed by the paraspinal, cervi-
cal, abdominal (mostly retroperitoneal), axillary,
and mediastinal (Leitner et al. 2017). Previous
evidence showed that newborns have huge
amounts of subcutaneous BAT in the
dorsocervical area, as adequate skeletal muscle
has not yet been developed for shivering or activ-
ity thermogenesis. It has been thought that this
subcutaneous BAT disappeared when the new-
born grew older; however, recent evidence
suggests that it could be still present in young
healthy adults, mostly in women (Martinez-Tellez
et al. 2019a; Kim et al. 2019). The discovery of
this new depot will boost research.

Beige Adipose Tissue

Beige and/or brite adipose tissue has been discov-
ered as an inducible form of brown adipose tissue,
with morphological features between those of
white adipocytes and brown adipocytes, however
physiological functions (thermogenesis) of BAT
(Wu et al. 2012; Jespersen et al. 2013) remain
under intense investigation. In humans, very few
studies have been able to characterize anatomical
differences throughout the human body, with
both functional and biochemical confirmation
(Cypess et al. 2013). We have also shown that
depots outside of these listed likely have very
little capacity for browning or the conversion of
white to brown adipocytes; however, depots cur-
rently harnessing metabolically active adipocytes
comprise up to 5% of total body fat, thus making
BAT an organ of appreciable size in adult
humans.

Though anatomical characterization has come
to higher resolution in recent years, it is unclear
whether or not there are differential functions
harbored by white adipocytes or brown
adipocytes that exist in different regions. As
most functions seem to operate at an organism-
wide level, impactful studies can still be
conducted without this knowledge. Yet, as nonin-
vasive imaging and other biochemical techniques
become more advanced, perhaps soon we will be
able to create a functional atlas of human WAT

and BAT. It is interesting that most anatomy
textbooks do not have a chapter that maps adipose
tissue. Maybe that points to our need to better
understand adipocytes in all forms (Zwick et al.
2018).

White Adipose Tissue and Insulin
Resistance

WAT can account for as little as 4% of total body
mass in patients with congenital generalized
lipodystrophy (Lima et al. 2016), a disease
characterized by the absence of WAT, and as
much as nearly 60% of body mass in patients
with morbid obesity (Shah and Braverman
2012). Adipose tissue expansion by hypertrophy
(increase in adipocyte size) or hyperplasia
(increase in adipocyte number) is frequently
followed by unfavorable metabolic
consequences, such as insulin resistance and
inflammation, and as such, WAT plays a major
role in the development of insulin resistance.

Insulin, a major anabolic hormone, mediates
an integrated metabolic response in the presence
of nutrients, and insulin signaling is highly active
in the adipocytes of lean and obese humans. Most
importantly, insulin’s role in the white adipocyte
is to suppress lipolysis and stimulate glucose
uptake. In the lean individual, these functions
are tightly regulated to ensure no excessive free-
ing of fatty acids and the disposal of glucose.
However, leading up to the development of and
in the setting of T2D, insulin resistance ensues,
manifesting as both blunted insulin signaling in
adipocytes, and reduced insulin receptor content
(Petersen and Shulman 2018). Functionally,
insulin’s main roles in the adipocyte, to stimulate
glucose uptake and to suppress lipolysis are less
effective. The effects of insulin resistance lead to
an excess of plasma insulin, non-esterified fatty
acids, and glucose levels, and implicates WAT as
a major player in the pathogenesis of insulin
resistance.

Interestingly, WAT plays a small role in
whole-body glucose disposal (less than 5%),
however has a significant impact on the develop-
ment of insulin resistance. Several mechanisms
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have been proposed for WAT’s role in the patho-
genesis of T2D, despite a seemingly minor par-
ticipation in glucose disposal. Most convincingly,
WAT dysfunction includes altered crosstalk with
skeletal muscle and liver at maintaining energetic
homeostasis and chronic low-grade inflammation.

Glucose Homeostasis Crosstalk

There is substantial coordination between the
skeletal muscle, liver, and WAT to maintain
normoglycemia in the fed and the fasted states.
As humans transition to the fasted state (hours
after the previous feeding), leptin and the
hypothalamic–pituitary–adrenal (HPA) axis
become activated to regulate WAT lipolysis, in
order to free fatty acids to the plasma and to the
liver for gluconeogenesis (Perry et al. 2018). This
integrated response causes a whole-body shift
from carbohydrate to fat oxidation. Studies have
shown that this coordinated response may be
altered in obese men, suggesting that nonesteri-
fied fatty acids are not released as readily,
resulting in a net storage of fat. In addition,
insulin’s roles in suppressing WAT lipolysis and
endogenous glucose production (from the liver)
become less effective, which has been suggested
as a link between WAT inflammation and the
development of hyperglycemia (Roden and
Shulman 2019).

Inflammatory Adiposopathy

Inflammation in WAT has been characterized by
inadequate tissue vascularization, fibrosis, and
hypoxia, which develop in the setting of
increased WAT mass and cell size. Thus, obesity
and the accompanying excess of WAT has been
characterized as a state of chronic low-grade
inflammation, with possible impaired immune
function and activation of stress pathways.
Much research has been dedicated to elucidate
the mechanisms of WAT inflammation, including
upregulation of the inflammatory cytokines tumor
necrosis factor (TNF alpha), interleukin (IL)-1B,
and IL-6 within adipose depots. Evidence for

treatability of obesity-induced inflammation
came from a clinical trial in obese humans,
where Amlexanox, an anti-inflammatory drug
typically used in the treatment of asthma,
improved glycemic control in a subset of obese,
T2D (Oral et al. 2017). Clearly, excess WAT and
obesity are accompanied by multiple mechanisms
that factor into the development of insulin resis-
tance and diabetes, yet it is important to mention
that obesity is not required for the development of
these conditions.

Ectopic Fat Depots

WAT is not the only player in the development of
T2D. Patients with lipodystrophy lacking
adipocytes, and thus all adipose-derived
hormones including leptin, often become hyper-
phagic due to the absence of leptin’s hunger-
suppressing effect. With the incapacity to store
excess food intake in adipocytes, ectopic lipids
are stored in skeletal muscle and the liver, some-
times to extreme extents. In the setting of mas-
sively increased ectopic lipid storage, patients
without treatment often develop severe insulin
resistance and poorly controlled diabetes, which
highlights the role of ectopic lipids rather than
excess WAT in the causal pathway of insulin
resistance (Grundy 2015). It is possible that this
same mechanism could underlie
non-lipodystrophic patients who develop T2D,
with contributions from genetics, epigenetics,
and other factors.

Brown Adipose Tissue and Insulin Resistance
Preclinical models have suggested that BAT is a
great tool to combat adiposity and T2D. Some of
these studies have demonstrated that the trans-
plantation of interscapular BAT from lean to
obese mice, induced a significant weight loss
and improved levels of HbA1C, alleviating insu-
lin resistance. This is the main reason why this
tissue has aroused a great interest in human phys-
iology. Although human clinical studies have
developed interventions, based on cold exposure,
to activate and recruit the amount of BAT in
obese and T2D individuals, they have failed to
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replicate the positive effects of preclinical models
(Jensen 2015). The main reason could be that
human BAT can represent as little as 1% of total
body mass, whereas in preclinical models BAT
reaches up to 30–40% of the total body mass.

Moreover, it is important to note that BAT
consumes glucose and fatty acids, and brown
adipocytes have glucose transporter 1 (GLUT1,
non-insulin-dependent) and 4 (GLUT4, insulin-
dependent). The most used technique to quantify
BAT in humans is 18F-FDG-PET/CT scan, which
is based on a glucose tracer. This technique is also
used to quantify BAT in T2D. As one can imag-
ine, in the scenario of insulin resistance this tech-
nique is far less accurate for the quantification of
such tissue, which hampers understanding of the
role of BAT in insulin resistance in humans.

Activation of Human Brown Adipose
Tissue

The interest in BAT lies in its previously men-
tioned ability to uncouple ATP production from
the electron transport chain, providing a means to
“waste” energy in the form of heat. Studies that
have attempted to examine the maximal energy
expending capacity for BAT have been difficult
to perform in humans, but have ranged from 5 to
730 kcal/day at maximal activation (Ruiz et al.
2018; Marlatt et al. 2018). These measures range
from clinically meaningless, to having a measur-
able effect on reducing weight.

Because BAT is inactive in thermoneutral rest-
ing conditions, maximal thermogenesis must be
measured in the active state. Researchers have
attempted many approaches to BAT activation,
including cold exposure, exercise, and dietary/
pharmacological modulation (Ruiz et al. 2018)
(see Fig. 5.1). Most often, cold exposure is used
to study active BAT. This is a reasonable method
to use, as it highlights BAT’s most obvious role in
nature: non-shivering thermogenesis to defend
against the cold. Cold is sensed by free nerve
endings in the skin, and the hypothalamus begins
a coordinated whole-body response to defend

core body temperature: intense vasoconstriction
occurs at the distal extremities to shunt warm
blood to vital organs, contributing to a slowed
heart rate.

Even at temperatures too low to activate
detectable shivering, metabolic rate increases
(up to 17% above resting in lean men and 6%
above resting in obese men) (Brychta et al. 2019).
The blunted response in non-shivering thermo-
genesis in obese men is likely due to a thicker
“shell,” and perhaps greater insulation from cold
exposure. This insulation requires less heat pro-
duction in response to the same cold stimulus, as
the heat is trapped in the core, and loss is
prevented. If this is the sole mechanism for
reduced BAT activity in obese men, it may be
expected that pharmacological agents may yield
more success for energy expenditure than what
cold exposure can reveal.

Cold Exposure Techniques

Methods for studying cold-induced thermogene-
sis and BAT in humans include ambient cold air
exposure, the wearing of liquid-perfused cooling
suits, and placing the feet on ice blocks. It is
uncertain whether all of these methods are com-
parable, yet studies suggest that the degree of
BAT activation is likely reproducible when
maintaining a standardized protocol (Fraum
et al. 2019). All methodologies considered, BAT
is quickly activated in response to cold exposure
(Leitner et al. 2018), it can contribute to cold-
induced energy expenditure in the absence of
shivering, and BAT metabolizes a combination
of both fatty acids and glucose when active.

In addition, cold-acclimation studies have
demonstrated that BAT volume and metabolic
activity can be increased over the course of a
week in both lean and obese individuals (Lee
et al. 2014; Hanssen et al. 2016). Detectable
BAT is found in most obese patients, though
consistently to a lesser extent than their lean
counterparts. One of the only studies that has
rigorously measured BAT in type 2 diabetic
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Fig. 5.1 This schematic figure summarizes the main
issues discussed in the present chapter. 18F-FDG

18F-fluorodeoxyglucose, BAT brown adipose tissue, CT
computed tomography, DEXA Dual-energy X-ray
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patients has shown that an improvement in insulin
sensitivity following chronic cold exposure, can
be mostly attributed to skeletal muscle adaptation
rather than BAT glucose uptake (Hanssen et al.
2015), thus the utility of chronic BAT activation
for energy expenditure must certainly be consid-
ered carefully. Importantly, nearly all studies that
have examined subcutaneous WAT for features
of BAT in response to chronic cold exposure,
have yielded negative results.

Recently, a new study nicely shows that
human BAT is rapidly activated upon cold expo-
sure, achieving its maximum activity after 35 min
of cold exposure (Oreskovich et al. 2019). This
study was performed by a dynamic magnetic
resonance imaging (MRI) scan. After 2 h of cold
exposure, a warm-up phase during 30 min
followed, and no replenishment of the lipid con-
tent of the BAT depots ensued. This study
revealed that BAT is only active during the first
part of the cooling protocols, questioning much
evidence published so far. To date the most used
cooling protocols to activate BAT applied a total
duration of 2 h; therefore, they have quantified
BAT when it was not truly activated.

Exercise Activation

Exercise is a non-pharmacological tool that
induces a myriad of physiological adaptations,
enhancing human cardiovascular health and insu-
lin sensitivity in almost every single human
being. Therefore, it is biologically plausible that
exercise will affect BAT function, although it is
unknown in which direction. Preclinical studies
have suggested that exercise could increase BAT
function and induce browning in almost all WAT
depots (Stanford et al. 2015). However, it seems
that most of these studies were not performed
under strictly thermoneutral conditions, rendering
it impossible to discriminate whether this

browning effect is caused by the exercise, by the
temperature, or by the combination of both
stimuli (McKie et al. 2019).

Regarding humans, the evidence is even more
contradictory. There are only a few cross-sectional
studies that showed that trained-individuals had
lower levels of BAT 18F-FDG uptake in compari-
son to sedentary controls. Moreover, we recently
demonstrated that objectively measured physical
activity by accelerometers and cardiorespiratory
fitness protocols, were not associated with BAT
18F-FDG uptake (Acosta et al. 2019). Surprisingly,
we observed that handgrip strength was positively
and slightly related with BAT 18F-FDG uptake,
suggesting that maybe resistance training could
have a different role in terms of BAT activation
in comparison to endurance training. However,
much more studies are needed (Martinez-Tellez
et al. 2019b). Lastly, only a few studies performed
exercise interventions including BAT 18F-FDG
uptake and browning markers in humans, and
again the results are quite controversial.

Food Intake and Thermoregulation

Recently, we demonstrated that BAT activity is
not related to energy intake assessed by an ad
libitum meal and by 24-h dietary recalls
(Sanchez-Delgado et al. 2020). Moreover, we
did not detect the role of BAT in the regulation
of appetite-related sensations either before or after
the subjects ate. In a submitted study, we also
observed that BAT activity was not related to
the adherence to a Mediterranean diet, which is
one of the healthiest diets. On the other hand, an
independent study showed that the oxygen con-
sumption of BAT depots increased after a single
meal intake. It seems that BAT is not playing a
role in appetite perception, energy, or nutrition
intakes, although it could be playing a minimal
role during meal intake.

Fig. 5.1 (continued) absorptiometry, FFA free fatty acids,
H20 water, MRI magnetic resonance imaging, PET

positron emission tomography. This image is courtesy by
The Voice Of Science
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Role of Brown Fat in Human
Metabolism in Healthy, Obese,
and Diabetic Individuals

One option to prevent and combat obesity and
related comorbidities is to increase thermogene-
sis, which leads to increased energy expenditure.
In mice, BAT is responsible for 20% (Blondin
et al. 2017) of both resting metabolic rate and
adaptive thermogenesis, i.e., cold-induced ther-
mogenesis (CIT) and meal-induced thermogene-
sis (MIT) (Nathan 2015), and can account for up
to 60% of total energy expenditure when fully
stimulated. Human BAT becomes metabolically
active upon cold exposure in most individuals.
However, a recent study nicely demonstrated
that the contribution to the increase observed in
CIT is almost negligible (Din et al. 2016;
Carpentier et al. 2018). The same research
group, demonstrated that BAT was active after
eating a carbohydrate-rich meal to a similar extent
than during mild cold exposure, yet its contribu-
tion to the increase in MIT is quite low. These
novel studies confirm that BAT is contributing to
human thermogenesis, but in a lower proportion
than was thought at the beginning. What is the
main role of BAT in the human metabolism?
After 10 years of thoughtful research in human
trials and mice studies we still do not know,
although several new roles have been attributed,
such as a secretory organ orchestrating the shiv-
ering and non-shivering responses or immune
system modulation, among others.

BAT Hormone-Like Secretions

Some specialists suggest that the role of BAT in
the human metabolism is negligible because it
represents only 1% of total body mass. On the
other hand, humans have similarly small organs
(i.e., thyroid, adrenal, pituitary) that have very
important roles in metabolism, so it could be
reasonably expected that BAT has unknown and
relevant functions. BAT has the ability to secrete
several hormones (batokines) that could coordi-
nate/orchestrate the responses of other tissues to

different stimuli. For instance, we know that
when humans are exposed to cold there is an
increase of the energy expenditure, which could
be explained by the contribution of two thermo-
genic tissues (BAT and skeletal muscles)
(Villarroya et al. 2017). One of the hypotheses
that is open for discussion is that BAT could be
releasing a set of batokines that could boost the
involvement of skeletal muscle during cold
exposure.

BAT has been proposed to interact with bone
(via IGFBP2), WAT, brain, pancreas, heart (via
FGF-21 or IL6), and liver (IGF1), and therefore,
impact tissue plasticity and metabolism. A
research group from Copenhagen performed the
first human BAT secretome. In this particular
study, they discovered that ependymin-related
protein 1 (EPDR1) was a novel batokine impor-
tant for brown fat commitment (Deshmukh et al.
2019). They suggest that this batokine could be
involved in the regulation of human metabolism.

Correlations with Obesity and Diabetes

Originally, it has been thought that obesity is
negatively related to the amount of BAT; how-
ever, we recently discovered that obesity was
positively related to BAT volume in 150 young
healthy adults. This controversial finding could
be explained by several factors: (1) BAT nor-
mally is measured with a glucose analog. Since
the individuals of our study were quite young
(<25 years old), they might not have developed
insulin resistance yet; (2) most studies that found
a negative relation between the degree of obesity
and BAT activity, were performed without cold
stimulation; and (3) another possible explanation
is that the prevalence of T2D or insulin resistance
increases with age, and those studies that were
showing the inverse relationship between the
degree of obesity and BAT activity did not
include age as a possible confounder.

In an alternative study, it was shown that BAT
measured with glucose, in T2D patients, was
diminished in comparison with a free fatty acid
tracer, suggesting that BAT could be playing a
role in obese and T2D individuals (Blondin et al.
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2015). Moreover, there is a group of obese
individuals characterized by a lower risk of
obesity-related cardiometabolic complications,
the so-called metabolically healthy obese
(MHO) (Blüher 2010). MHO individuals have a
normal metabolic profile, i.e., do not have
dyslipidemia, hyperglycemia, hypertension, or
T2D, whereas their counterparts that present any
of these conditions are known as metabolically
unhealthy obese (MUO).

In an unpublished study, we observed that
MHO individuals had higher BAT activity, cold
and meal-induced thermogenic responses in com-
parison to MUO individuals (Sánchez-Delgado
2018). We also observed that MHO perceived
the temperature as colder than MUO controls
(Martinez-Tellez 2018). Both groups were similar
in body mass index, although they were different
in terms of the amount of VAT.

Methods for Detecting Human Brown
Adipose Tissue

The contribution of BAT to adult human energy
expenditure, thermogenesis, and other systemic
functions remains difficult to fully uncover. One
major reason for this difficulty is the variety of
methods used to examine BAT in vivo. In gen-
eral, methods either employ a noninvasive imag-
ing strategy or a measurement of another
physiological parameter as a surrogate of BAT
activity.

Monitoring of Skin Temperature

The impetus for using skin temperature as a mea-
sure of BAT activity derives from BAT’s inherent
function as a thermogenic organ, which, by defi-
nition generates heat to be dissipated from the
body. This heat dissipation is thought to be cap-
tured at the surface of the skin, as a reflection of
heat transfer from the deeper tissues to dilated
blood vessels superficial to BAT. The inherent
shortcoming of this technique is that skin vascu-
lature is impacted by a number of other systemic
factors, including catecholamines and nitric oxide

among others, such that the blood flow beneath a
skin surface measurement may be reflecting phys-
iological process unrelated to underlying BAT
activity.

A major benefit of using skin temperature is
the ability to capture physiological shifts in long-
term bouts, free-living conditions, and during
multiple environmental settings (such as exercise,
and entering cold or warm rooms). Skin tempera-
ture is commonly measured with either infrared
thermography, where photos are taken of exposed
skin, or with surface temperature probes like
iButton chips (www.maximintegrated.com). As
supraclavicular BAT is detected in the highest
proportion of individuals, and because it is the
depot least obstructed by other structures such as
bone and muscle, infrared photos and surface
probes often capture this location on subjects.

It is important to take into account that
supraclavicular fossa is a complex anatomic
region that is contiguous with the neck above
and axilla below (Kellman et al. 1987). There
are several structures in this region, such as the
scalene and omohyoid muscles, subclavian
vessels, and brachial plexus. Other contents of
the supraclavicular fossa include small branches
of the subclavian vessels, fat, lymph nodes, and
the posterior lung apex. The benefits of
supraclavicular skin temperature measurements
are the ease of use, minimal discomfort to study
participants, the ability to be employed in a vari-
ety of settings, and relatively low cost. However,
observers still deal with the inability to rule out
other physiological factors that influence skin
blood flow and therefore temperature (Jimenez-
Pavon et al. 2019; Martinez-Tellez et al.
2019c, d).

Radiolabeled Glucose Analog

The most commonly used technique for detecting
BAT is 18F-FDG PET/CT, which utilizes a radio-
active glucose analog coupled with anatomic and
radiodensity data from X-ray computed tomogra-
phy. This technique has likely been studied most
due to a number of factors including active BAT’s
avidity for glucose, the current availability in
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many clinical settings because of its utility in
cancer staging, and the largest breadth of
preprocessing and image processing protocols
associated with it. In general, subjects undergo a
protocol in order to activate BAT (cold exposure,
dietary or physical intervention, pharmacological
intervention) and are then injected with the
18F-FDG glucose analog tracer. The tracer
accumulates in metabolically active tissue by
entering the cell and becoming phosphorylated
by hexokinase, then trapped as 18F-FDG-6-
phosphate.

The concentration of the trapped glucose ana-
log can be quantified as a standardized uptake
value (SUV) relative to the subject’s body weight
or lean mass and represents a reflection of tissue-
specific glucose uptake. Static 18F-FDG PET/CTs
give no information regarding metabolic flux
rates, nor the fate of glucose within the tissue
(whether or not the tissue utilizes the glucose for
glycolysis, oxidative phosphorylation, or
anaplerosis), which constitute some of the
method’s largest limitations for studying in vivo
physiology. Though 18F-FDG still provides rich
information about whole-body metabolic activity,
it is important that a CT scan accompanies the
PET scan.

The CT scan is necessary to determine the
density and structure of the underlying tissue.

Attempts to classify metabolically active tis-
sue (obtained from PET) as BAT requires that
the CT detects this tissue within the range of
densities known to be adipose tissue. On CT
alone, brown and white adipose tissue have
nearly indistinguishable densities, with BAT
being slightly denser due to its higher vasculari-
zation, lower lipid content, and higher mitochon-
drial content. Thus, CT alone cannot reliably
distinguish WAT from BAT. Similarly, meta-
bolic activity from the PET scan cannot differ-
entiate any tissue from another, as the only
output is tracer accumulation. Only the combi-
nation of the density of adipose tissue (from CT)
and the metabolic activity above a certain thresh-
old (from PET) are able to quantify active BAT
(Fig. 5.1).

Tracer and Imaging Alternatives

The goal of these alternatives, such as fatty acids,
is to reduce radioactivity exposure to subjects
(i.e., with MRI), or examine metabolic flux rates
(i.e., with dynamic PET/CT imaging). Studies
from animal models have suggested that the pri-
mary fuel for BAT thermogenesis is lipid, thus a
glucose tracer misses much of the information.
Tracers to measure fatty acid uptake (Blondin
et al. 2017) have been used, and labeled water
(Muzik et al. 2013) can also be considered to
examine adipose tissue perfusion. MRI has been
used both on its own or in combination with PET,
in order to detect BAT. MRI can be used in many
ways in order to examine features of living tissue,
and most commonly fat fraction has been
employed, in order to distinguish WAT from
BAT. Limitations include the possible presence
of beige adipose tissue, long scanning duration in
which physiological changes in BAT activation
may impact the fat fraction and very few valida-
tion studies to date (Rasmussen et al. 2013).
Dynamic PET imaging holds promise but awaits
further validation. In summary, all noninvasive
imaging methods have positive and negative
aspects, none of which outperforming all others
in accuracy.

Immunohistochemical or
Gene-Expression Confirmation

Ideally, evidence from all studies should be
complemented with immunohistochemical evalu-
ation of BAT, WAT, or beige adipose tissue
markers from biopsy (Cypess et al. 2013). Due
to the technical complexity and discomfort of
obtaining adipose tissue biopsies from deep
locations, these studies are quite limited. Addi-
tionally, not all studies that have performed adi-
pose tissue biopsies in the abdomen have found
expression of thermogenic genes or presence of
browning in WAT, even after a cold exposure
intervention, which is the best stimulus to
activate BAT.
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Future Investigations into Human
Brown Adipose Tissue Physiology

Since 2009 researchers have been looking for
alternative strategies to activate human BAT
without exposing participants to cold, which is
not very comfortable (Fig. 5.1).

Dietary Components

Capsinoids are substances naturally present in
chili peppers and they are particularly abundant
in C.annuum L. or “CH-19 Sweet” (non-pungent
red pepper). Capsinoids include capsiate,
dihydrocapsiate, and nordihydrocapsiate.
Although capsinoids are structurally similar to
capsaicin, they are 1000 times less pungent but
are as potent as capsaicin in increasing thermo-
genesis. The thermogenic activation pathways of
capsinoids include transient receptor potential
cation channel (TRPV1), which have possible
mechanisms of action on BAT.

Tea catechins are polyphenolic components
present in green tea. The most abundant and bio-
active component is epigallocatechin gallate. The
thermogenic effect of tea catechins has repeatedly
been shown in humans. The mechanisms of
action are similar to capsinoids, via TRP
channels. However, there is no solid evidence
that capsinoids and tea catechins can activate
and recruit BAT in humans. Therefore, studies
are needed to elucidate the role of dietary
components as possible BAT activators (Osuna-
Prieto et al. 2019).

Pharmaceutical Compounds

Mirabegron, an antimuscarinic drug, is a β3-
adrenergic receptor agonist normally used to
treat overactive bladder in adults. Cypess et al.
showed that the acute ingestion of 50 or 200 mg
of mirabegron was able to increase the 18F-FDG
uptake by BAT in young healthy adults (Baskin
et al. 2018). Chronic administration of
mirabegron was also able to increase the levels
of BAT 18F-FDG uptake. In an alternative study,

we have observed that a single dose of 200 mg of
Mirabegron was not able to induce a decrease of
the fat fraction of BAT measured by magnetic
resonance imaging. Moreover, we observed that
mirabegron did not have any effect of the
lipidomic profile in humans. However, there is
still a debate ongoing about whether mirabegron
is directly activating human BAT. Recently,
Blondin et al. demonstrated that human brown
adipocytes lacked β3-receptors, suggesting that
mirabegron has specificity for others β-receptors
(Blondin et al. 2019).

The antidiabetic agent Sitagliptin is a
dipeptidyl peptidase-4 (DPP-4) inhibitor, which
increases the production of insulin and decreases
the production of glucagon by the pancreas.
Recently we aimed to study the long-term effect
(12 weeks) of 100 mg/day of sitagliptin on the
levels of BAT in overweight individuals.
Although we observed that insulin resistance of
the participants was attenuated, BAT 18F-FDG
uptake was not affected by sitagliptin (Nahon
et al. 2018). Curiously, sitagliptin induced an
increase in subcutaneous WAT in the abdomen,
suggesting a possible increase in browning
markers. We also demonstrated that sitagliptin
induced upregulation of the mitochondrial gene
PGC1B in skeletal muscle.

Gut Microbiota as a New Target
to Combat T2D

Case–control studies have shown differences in
gut microbiota composition, diversity and func-
tion between healthy people and obese
individuals, and have suggested that modifying
the gut microbiota composition of obese
individuals toward a healthy phenotype might be
a useful therapy to combat T2D. In that respect,
Plovier et al. showed that fecal microbiota trans-
plantation (FMT) from healthy donor mice to
obese recipient mice reduces adiposity and
energy intake, while improving lipoprotein
metabolism and glucose tolerance (Plovier et al.
2017). The bacteria Akkermansia municiphila
appeared to be the cause of these beneficial
effects, and it was successfully used and tested
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in a human trial. They also showed that
modifying the gut microbiota composition had a
strong impact on the parameters of
cardiometabolic health in humans.

Gut microbiota regularly produces short-chain
fatty acids (SCFA) (e.g., butyrate or acetate),
which can play an important role in the regulation
of metabolic health, mitigating T2D. Butyrate
also acts on the gut–brain neural circuit to
improve energy metabolism, by activating
brown adipose tissue (BAT) in APOE*3-Leiden.
CETP male mice (Li et al. 2018). Further studies
are needed to confirm this hypothesis in a human
setting.

Future Perspectives

• BAT is present in obese and T2D individuals
but its role is unknown.

• Cooling protocols for BAT activation may not
be longer than 1 h based on the new evidence,
which shows that BAT could be only activated
during the first 35 min of cold exposure.

• BAT depots are not easily biopsied. However,
several studies suggest that humans could have
a subcutaneous BAT in the dorsocervical area,
which is an accessible depot. The confirmation
of this finding could mean a step forward in the
field.

• Nuclear medicine techniques should be further
developed in order to better quantify the ther-
mogenic activity of BAT and WAT during
dynamic processes. This new technique could
be applied to cold exposure, but also to acute
responses such as meal-intake, drugs, or even
exercise interventions.

• Supraclavicular skin temperature should be
interpreted as the result of several thermogenic
tissues and blood vessels that are activated in
response to the stimulus, not only BAT activa-
tion. The fact that supraclavicular skin temper-
ature did not decrease after a cold exposure is
disturbing, and further studies are needed that
help to understand which are the main tissues
that could be explaining this lack of a decrease.

• There is a lack of translational models’ studies,
promoting the transition of findings from pre-
clinical to human studies.
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