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The body of mammals harbors two distinct types of adipose tissue: While cells within the white adipose tissue

(WAT) store surplus energy as lipids, brown adipose tissue (BAT) is nowadays recognized as the main tissue for

transforming chemical energy into heat. This process, referred to as ‘non-shivering thermogenesis’, is facilitated by

the uncoupling of the electron transport across mitochondrial membranes from ATP production. BAT-dependent

thermogenesis acts as a safeguarding mechanism under reduced ambient temperature but also plays a critical role

in metabolic and energy homeostasis in health and disease. 
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1. Introduction: Metabolism Matters!

The year 2016 represents a dramatic and alarming turning point in the history of humankind: According to the

World Health Organisation (WHO), for the first time there are more people killed by overweight than by

underweight. With an incredible 2 billion adults being overweight and 650 million obese (as defined by Body Mass

Index/BMI ≥ 30 kg/m ), the world is likely to harbor more than one billion obese adults by 2025, a health burden

which is a dramatic menace for the world-wide health systems. While this alarming trend is global (with the

exception of sub-Saharan Africa and Asia), obesity itself and the entirety of associated comorbidities is, of course,

preventable. Understanding how the human body orchestrates the input of dietary fuels and output of energy and

thus facilitates homeostasis (and why this obviously does not work efficiently in obese patients) will be key to face

the upcoming obesity pandemic and to design smart prevention and treatment strategies. Luckily, groundbreaking

basic and translational research in the area of metabolism and metabolic diseases has sparked the scientific

interest in one peculiar (and often overlooked) tissue which eventually could turn into the most attractive target to

fight the imminent health crisis. This research focusses on the function and complex regulation of this promising

and exciting metabolic organ.

2. Overview of BAT Discovery and Architecture

Homoeothermic animals require tight control of their core body temperature in order to keep up organismal

functions and avoid systemic damage by hypothermia. With the intention to investigate the cellular basis for this

vital function, a peculiar tissue consisting of fat cells (adipocytes) with numerous small lipid droplets and an
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unusually high number of mitochondria was discovered in the interscapular region at the back of marmots. Due to

the high iron content of the mitochondria and the distribution of lipid droplets throughout the cytoplasm, this tissue

appears histologically dark red to brown why it was referred to as ‘Brown Adipose Tissue’ (BAT). This designation

contrasts with the White Adipose Tissue (WAT, located at the abdomen, around the waist and thighs), which usually

contains only limited mitochondrial mass and one big liposome conveying its typical yellowish appearance. While

WAT is well recognized as the main tissue for storing excess calories in the form of lipids (i.e., triglycerides/TG),

BAT was long thought to be exclusively devoted to the regulation of body temperature during hibernation. It took

until the beginning of the 20th century to discover that the BAT is not only a heat-producing organ in hibernating

mammals but is also regulating thermogenic function in non-hibernating organisms in response to external stress

conditions, i.e., acute cold stress and long-term cold acclimation (for review see ). How far BAT thermogenic

activity also contributes to hyperthermia during fever is still a subject of ongoing debate (see below).

Technical advances in the field of imaging technology, particularly hybrid positron emission tomography/computed

tomography (PET-CT), and functional analyses using traceable glucose analogs (such as 18F-fluoro-2-deoxy-d-

glucose/FDG), have greatly contributed to unraveling more important details on BAT morphology and function. The

relative mass and distribution of BAT dramatically change during early development and across the entire life span.

Neonatal mammals and infants are largely protected against cold stress due to dense BAT depots within their

interscapular regions. In contrast, adult mammals (in addition to hibernating species) were long time believed to

harbor only minor remnants of BAT without physiological relevance. In this regard, the years 2007–2009 represent

a major turning point since several groups independently demonstrated the presence, functional activity and

metabolic plasticity (i.e., the ability to adjust metabolically to external conditions) of BAT conserved in adult humans

 with six main anatomical storage sites in the human organism: cervical, supraclavicular, mediastinal,

paravertebral, axiallary and abdominal  (Figure 1).

Figure 1. Brown Adipose Tissue (BAT) localization, architecture and role in thermogenesis. ATGL, adipose

triglyceride lipase; fFAs, free fatty acids; GLUT, Glucose transporter; HSL, hormone-sensitive lipase; NE

norepinephrine, PKA, protein kinase A, TG, triglycerides.

3. Metabolic Function of BAT
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BAT is now recognized as the main tissue in the organism for transforming chemical energy (stored in the form of

lipids) into thermic energy (i.e., heat). This process, referred to as ‘non-shivering thermogenesis’ (as opposed to

the shivering of muscles that generates heat as a byproduct of muscle activity), fulfills at least two important

functions: First, it represents a safeguarding mechanism both under short-term cold stress and long-term cold

acclimation conditions to protect key organs from hypothermic damage by warming the blood flow. Second, BAT

thermogenesis is a major regulatory process ensuring systemic metabolic homeostasis by increasing glucose

uptake and combusting energy in response to surplus nutrient conditions (reviews: ). In addition, recent

research has shown that the physiological role of BAT is not only to produce heat but also to act as an

endocrine/paracrine organ, secreting molecules that affect systemic physiology and thus shape whole-body

metabolism. The group of these secretory factors (collectively named ‘batokines’ ) comprises various types of

signaling molecules, including peptides (such as FGF-21, IGF-1, follistatin, IL-6 and RBP-4), lipid-based

metabolites (e.g., 12,13-dihydroxy-9Z-octadecenoic acid) and even exosomal microRNAs (e.g., miR-99b).

Batokines enhance the thermogenic capacity by promoting BAT hypertrophy, adipose tissue vascularization and

WAT beiging, but they also exert long-distance control of metabolism—particularly whole-body glucose and lipid

disposal—by conveying systemic signaling cues to metabolic organs. Moreover, they mediate the general

metabolic activity of the liver, heart and muscle, and affect vascularization, WAT/BAT innervation and immune

functions .

Given this central role of BAT for both energy dissipation and endocrine/paracrine control of metabolic balance,

significant attention has been directed within the last years toward exploiting BAT thermogenic function for the

treatment of obesity and associated comorbidities. In fact, there are several interesting arguments for targeting

BAT activity in the development of novel therapies for weight management and metabolic diseases. First,

concerning the overall metabolic function of BAT, it was demonstrated that cold-induced BAT activity as determined

by (18)FDG-PET correlates with human leanness  and that BAT-positive persons at (18)FDG-PET had lower

visceral and subcutaneous abdominal adipose tissue and liver fat content than BAT-negative persons .

Moreover, subjects with more active BAT exhibit better metabolic profiles , including lower fasting glucose levels

 and higher insulin-stimulated glucose disposal , as well as reduced arterial inflammation and resulting

arteriosclerosis . Notably, a recent largescale epidemiological study indicates that BAT presence inversely

correlates with hyperlipidemia, type 2 diabetes (T2D) and major cardiometabolic diseases . Overall, it was

reported that a fully-activated BAT organ could dissipate energy equivalent to approximately 4 kg of WAT over one

year . Consequently, current evidence suggests that BAT-dependent energy combustion significantly

contributes to whole-body energy expenditure and that organ activity is linked with multiple beneficial effects on

energy homeostasis and metabolic outcome parameters. As a consequence, recruiting BAT volume and boosting

its activity may represent an attractive target for the development of novel pharmacological drugs against obesity

and its comorbidities such as cardiovascular disease, diabetes and cognitive decline.

4. Molecular Mechanisms of BAT Thermogenesis
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However, how exactly do brown adipocytes accomplish their job? At the cellular level, the greatest energy

transformation in humans and other eukaryotes occur in the mitochondria. Here, the electrochemical gradient of

protons (H ) across the inner membrane of the respiratory chain usually drives the phosphorylation of ADP to ATP

via the activity of the F0/F1-ATP synthase. Therefore, under physiological conditions, respiration is directly coupled

to ATP production. In BAT adipocytes, this fundamental mechanism is hijacked and exploited to translate chemical

energy into thermic energy by bypassing (‘uncoupling’) the electron transport from ATP production (see  for an

excellent review). The most prominent and best-characterized effector of this process is a protein termed cold-

inducible mitochondrial uncoupling protein 1 (UCP1) .

UCP1 (also known as thermogenin) represents a member of the large mitochondrial anion carrier family whose

members facilitate the shuttling of ions across mitochondrial membranes. It is a multi-pass transmembrane protein

spanning the inner membrane within mitochondria. In the presence of free fatty acids (derived from TG breakdown

by lipolysis), UCP1-channels mediate the leakage of H  ions from the intramembrane space to the mitochondrial

matrix, thereby uncoupling the electron transport from ATP synthesis  (Figure 1). As a consequence of this

mitochondrial short-circuit, heat is produced within mitochondria and distributed across cell and tissue barriers via

the blood stream to increase the body core temperature.

The canonical activation pathway for cold- and diet-induced BAT thermogenesis relies on neurotransmitter-

mediated activation of β-adrenergic receptors (mainly of the β3 subtype, β3ARs) on brown adipocytes .

Engagement of these G-protein coupled receptors leads to cAMP-mediated activation of protein kinase A (PKA),

which activates adipocytic lipases (such as adipose triglyceride lipase/ATGL and hormone-sensitive lipase/HSL)

that convert triglycerides (TG) into free fatty acids (fFAs). Synthesis of fFAs from TG in BAT is further fueled by

glucose uptake and generation of TG from glucose catabolism via pyruvate and acetyl-CoA. After the import into

the mitochondria, fFAs bind to UCP1 and trigger steric changes of UCP1 binding domains that affect its

tridimensional conformation, eventually resulting in leakage of protons into the matrix and subsequent heat

production.

Importantly, while UCP1-dependent mitochondrial uncoupling appears to be the most prominent pathway for

thermogenesis in BAT (mainly induced by cold and nutrient surplus), recent reports have identified interesting

alternative pathways that act either in concert or entirely independent of UCP1. Adipocytes within the WAT that

acquire brown-like features upon appropriate stimulation (sometimes referred to as beige or brown-in-white/‘brite’

adipocytes) have been shown to exploit a calcium cycling mechanism selectively for heat production. This

mechanism relies on Ca  ATPase 2b, an ATPase that represents the pivotal pump for sequestering calcium from

the cytosol into the endoplasmatic reticulum (ER) and thus is involved in ER stress responses . Moreover, it has

repeatedly been demonstrated in both beige and brown adipocytes that the mitochondrial Creatine Kinase and its

substrate Creatine elicit an ATP → ADP turnover cycle that results in thermogenesis by dissipation of stored energy

and that this mechanism is downstream of canonical β3-adrenergic signaling, thus acting in parallel to UCP1 (for

review, see ). Finally, a UCP1-independent but fatty acid-activated pathway has been described by Bertholet

and colleagues that utilizes the ADP/ATP carrier (AAC) located at the mitochondrial inner membrane. Patch-clamp
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measurements of isolated mitochondria could demonstrate pronounced proton leaks dependent on AAC in the

absence of UCP1 .

In general, the concept is emerging that molecular mechanisms that result in a decrease in the cellular ATP/ADP

ratio convene on exerting thermogenic activity, either via UCP1 or in a UCP1-independent fashion.

One major task for future research will be the identification of feedback mechanisms, e.g., how body weight and

the energy storage state are monitored within the body and integrated to orchestrate energy expenditure and

homeostasis. Further research in this area, leading to a detailed understanding of this ‘Baristat’ and its regulatory

mechanisms, will help us to identify promising targets and open novel avenues for therapies against the imminent

obesity pandemic.
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