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Abstract 1 
 2 
Human brown adipose tissue (BAT) has emerged as a metabolically dynamic organ with 3 

the potential to influence thermoregulation, substrate utilization, and cardiometabolic 4 

health. This review synthesizes current knowledge on the biomolecular features of human 5 

BAT, physiological and pharmacological strategies to stimulate energy dissipation, the 6 

tools used to measure its function in vivo, and its role in thermoregulation and metabolic 7 

disease. Molecular profiling reveals that human BAT contains heterogeneous 8 

thermogenic adipocytes with multilocular lipid droplets, rich innervation and 9 

vascularization, compartmentalized mitochondria, and—beyond its hallmark expression 10 

of uncoupling protein 1 (UCP1)—the capacity to recruit broader oxidative and 11 

futile-cycle pathways. Anatomically, BAT is distributed across several depots with 12 

distinct recruitment potential that varies widely between individuals. Cold exposure 13 

remains the most potent activator, although nutritional and pharmacological stimuli can 14 

also modulate BAT activity. Advances in imaging have expanded the ability to quantify 15 

BAT thermogenesis, from gold-standard [¹⁵O]O₂ and [¹¹C]acetate PET to multi-tracer and 16 

multimodal approaches aimed at capturing oxidative flux and heat production. These 17 

methods indicate that human BAT contributes modestly to lipid and glucose clearance 18 

and whole-body energy expenditure, yet spontaneous uptake of [¹⁸F]fluorodeoxyglucose 19 

remains consistently associated with lower adiposity and reduced cardiometabolic risk. 20 

Major uncertainties persist regarding the true thermogenic capacity of human BAT, the 21 

functional relevance of beige adipocytes, the balance between UCP1-dependent and 22 

UCP1-independent heat-producing pathways, and the most reliable metrics of in vivo 23 

activation. Addressing these known unknowns will require integrated, multimodal 24 

approaches to define when, where, and how human BAT contributes to metabolic health. 25 

 26 
Keywords: Brown adipose tissue, thermogenic adipocytes, thermogenesis, adipose 27 
tissues, energy metabolism, obesity, insulin resistance, thermoregulation.  28 
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Introduction 1 
Once considered vestigial in adult humans, brown adipose tissue (BAT) is now 2 

recognized for its important role in human physiology, challenging the long-held view 3 

that its relevance was confined to small mammals and infants. Indeed, human BAT has 4 

been shown to be a dynamic and plastic thermogenic organ with the capacity to dissipate 5 

chemical energy as heat, thereby influencing thermal balance and energy homeostasis (1). 6 

This unique heat generating function is conferred by its high mitochondrial content and 7 

the abundance and activation of a protein that resides in the inner mitochondrial 8 

membrane, called uncoupling protein 1 (UCP1), which allows protons pumped out of the 9 

mitochondrial matrix to bypass the ATP synthase for re-entry and producing heat as a 10 

byproduct. Advances in medical imaging, particularly positron emission tomography 11 

(PET) using the glucose analogue 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG), helped 12 

launch this awareness by revealing functional BAT depots in distinct regions of the body 13 

(2, 3). This thus sparked broad interest not only to investigate its thermoregulatory 14 

function but also its potential contribution to metabolic health and disease. Evidence that 15 

human BAT could both increase in mass and thermogenic capacity following repeated 16 

cold exposure (4) or in hyperadrenergic pathologies like pheochromocytoma (5) 17 

challenged the notion that it is merely a vestigial remnant. Instead, these findings 18 

positioned BAT as a dynamic, inducible thermogenic organ with great therapeutic 19 

promise that could be leveraged to increase energy dissipation in the context of obesity 20 

and metabolic diseases – albeit a promise that remains unrealized in humans. A central 21 

challenge in the in vivo study of human BAT, however, lies in the reliance on diverse 22 

tools and approaches, which yield complementary yet variable direct and indirect insights 23 

into its physiological function. This review therefore aims to synthesize the current 24 
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knowledge on human BAT, the physiological and pharmaceutical strategies shown to 1 

stimulate energy dissipation within the tissue, the tools and methods used to measure its 2 

function, and its impact on thermoregulation and metabolic health. Finally, we offer our 3 

perspective on the current gaps in knowledge, controversies within the field and future 4 

directions of human BAT investigations. 5 

What is BAT? 6 

Adipose tissue depots are found across various locations throughout the body and 7 

can serve different functions depending on their location. Recent advances in single-cell 8 

and single-nuclei RNA sequencing have highlighted the tremendous heterogeneity, 9 

plasticity and depot-specific patterns of cellular composition within these various depots 10 

(6-8). Ultimately, adipose tissue depots are defined by the presence of adipocytes, which 11 

also come in different forms, with white adipocytes broadly characterized by their lipid 12 

storing function whereas brown adipocytes are defined by their capacity to generate heat 13 

while both also secrete various hormones and metabolites (9). Another brown-like 14 

adipocyte with similar thermogenic properties has been described as a beige adipocyte, a 15 

brite adipocyte (brown in white adipocyte) or an inducible brown adipocyte (10), based 16 

on its distribution within white adipose tissue depots and its inducibility in response to 17 

physiological or pharmacological stimulations (11, 12). Classical brown adipocytes, 18 

defined by the biomolecular signature of mouse interscapular BAT, are predominantly 19 

located in the deep neck adipose tissue of humans (12). In contrast, the most prominent 20 

and extensively studied human BAT depot – supraclavicular BAT – exhibits a molecular 21 

profile consistent with beige adipocytes in mice (11, 13, 14). Morphologically, the 22 

distinguishing histopathological features of brown/beige adipocytes – collectively 23 
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referred to as thermogenic adipocytes – are the high number of compartmentalized, 1 

multifunctional and cristae-dense mitochondria (15), numerous small lipid droplets and 2 

an abundance of UCP1 (16-19) (Figure 1). The primary rodent and human BAT depots 3 

are also highly vascularized and densely innervated by sympathetic nerves (20-25). In 4 

supraclavicular BAT specifically, dissections of the cervical region in human cadavers 5 

have revealed sympathetic nerve branches from the cervical sympathetic plexus (24, 25), 6 

the 3rd and 4th cervical nerve and the stellate ganglion along the suprascapular artery 7 

extending to the supraclavicular adipose tissue (24). This aligns with findings in lean men 8 

and women who underwent [11C]-meta-hydroxyephedrin ([11C]-HED) PET imaging – a 9 

radiotracer selectively taken up by the norepinephrine transporter (NET) and 10 

accumulating in sympathetic neurons (26). Both at rest and during mild cold exposure 11 

(16°C), there was significant [11C]-HED retention in supraclavicular BAT, indicative of 12 

sympathetic innervation. Whether these nerve fibers innervate the parenchyma, 13 

adipocytes and/or the vasculature remains unclear. Animal studies suggest that at least 14 

two types of postganglionic sympathetic neurons innervate BAT (27, 28): neuropeptide Y 15 

(NPY)-expressing nerves wrapping around large arterioles  representing one-third of 16 

sympathetic innervation (28, 29), and axonal varicosities surrounding adipocytes in the 17 

parenchyma (23). Growing evidence from rodent studies suggests that sensory nerve 18 

fibers may also innervate BAT and may play a critical role in its expansion (mass and 19 

protein content), its thermogenic capacity (UCP1 content, mitochondrial biogenesis) and 20 

serve as a regulatory brake to attenuate the sympathetic stimulation (28-34). The 21 

demonstration that thermogenic adipose tissues are innervated by parvalbumin sensory 22 

neurons that express the mechanosensitive ion channel Piezo2 in their dorsal root ganglia 23 
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and that this sensory input acts as a brake on sympathetically-driven thermogenesis 1 

suggests that lipid accumulation leading to tissue expansion and stiffening may 2 

progressively suppress sympathetic tone (34). This raises the possibility that any declines 3 

in human BAT thermogenic activity or thermogenic capacity with obesity may not 4 

simply reflect reduced sympathetic drive but could instead result from excessive 5 

mechanosensory inhibition triggered by the stiffening of adipose tissue during fat 6 

accumulation. Whether sensory nerves innervate human BAT and whether such 7 

mechanosensory inhibition of sympathetic tone is present in humans remains uncertain 8 

but present a novel therapeutic axis to restoring BAT thermogenesis in metabolic disease. 9 

 The anatomical distribution and morphology of BAT provide some hints of its 10 

likely function in humans. Necropsy studies performed in infants and individuals across 11 

different decades of life provided the first evidence of the presence of small multilocular 12 

adipocytes around the kidneys and adrenal glands, neck, supraclavicular-axillary, 13 

mediastinum and para-aortic regions (19, 35). Histochemical analyses also revealed 14 

higher activity of multiple mitochondrial enzymes in the adipose tissue surrounding the 15 

cervical arteries of cold acclimatized outdoor workers from Northern Finland, compared 16 

to unacclimatized indoor workers (18). However, the discovery of metabolically active 17 

human BAT only emerged later from [18F]FDG PET imaging, where unexpected 18 

symmetrical tracer uptake in the neck and upper chest region was initially considered a 19 

diagnostic nuisance, producing false-positive findings suggestive of malignant lesions 20 

(36, 37). Subsequent studies revealed that this high [18F]FDG uptake in a tissue with a 21 

computed tomography (CT) radiodensity consistent with adipose tissue (typically -10 to -22 

300 Hounsfield Units) was highly temperature-sensitive (38-40) and expressed the 23 
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signature protein UCP1 (39, 40). This established BAT as a functional, metabolically 1 

active tissue in adult humans. Using CT radiodensity thresholds consistent with adipose 2 

tissue and [18F]FDG accumulation greater than white adipose tissue [mean Standardized 3 

Uptake Value (SUVmean) ≥ 1.5 g/mL], it was determined that a high abundance of 4 

metabolically active BAT could be found in cervical, supraclavicular, axillary, 5 

mediastinal, paraspinal and retroperitoneal adipose tissue depots in cold-exposed men (3) 6 

and women (2, 41). Daily intermittent cold exposure, ranging from 10 days to 1 month of 7 

daily exposure, also results in the expansion of [18F]FDG-accumulating adipose tissue by 8 

40-45% (4, 42, 43). This expansion often begins in the supraclavicular depot into the 9 

axillary and cervical region with some expansion sometimes observed in the paraspinal 10 

and retroperitoneal regions (4). Importantly, it remains unclear whether [18F]FDG 11 

accumulation within these regions reflects enhanced thermogenic capacity or improved 12 

glucose clearing capacity, while the mechanism underlying the inter-individual variability 13 

in expansion patterns remains to be elucidated.  14 

The anatomical distribution and expansion pattern of [18F]FDG-accumulating 15 

adipose tissue within discrete regions proximal to survival-critical organs suggests that 16 

human BAT primarily functions to provide an adequate supply of warm blood to vital 17 

organs – such as the brain, spinal cord and kidneys – thereby preserving their function 18 

under cold stress. It may also incidentally protect them from the oversupply of glucose 19 

and lipids or from developing inflammation. Indeed, the high expression of UCP1 within 20 

epicardial adipose tissue has been reported to be associated with a transcriptional 21 

downregulation in immune- and oxidative stress-related pathways (44). Similarly, several 22 

large retrospective studies consisting of patients undergoing [18F]FDG PET diagnostic 23 
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scans, consistently report that spontaneous BAT [18F]FDG uptake is inversely associated 1 

with the incidence of type 2 diabetes (T2D), glycemia, dyslipidemia and the prevalence 2 

of cardiometabolic disease (2, 38, 45). Given its small size and its relative contribution to 3 

whole-body glucose and lipid clearance, it is unlikely that human BAT can have broad 4 

systemic effects, but it may be eliciting local protective effects preventing the 5 

development of these metabolic complications.   6 

Although cold exposure has proven to be incredibly robust in expanding human 7 

BAT and short-term β-adrenergic receptor agonism treatment has shown similar potential 8 

(46), pathological conditions like pheochromocytoma – a rare catecholamine-9 

hypersecreting tumor – provide evidence for its full expandability capacity. However, 10 

pheochromocytoma often necessitates surgical resection or combined α- and β-adrenergic 11 

receptor blockade, as the tumor is associated with persistent hypertension, tachycardia, 12 

headaches, excessive sweating and impaired glucose regulation (47, 48). This 13 

underscores an important consideration for strategies aimed at increasing BAT mass or its 14 

thermogenic capacity as a means to prevent or treat metabolic disorders. Despite several 15 

decades of BAT research, there is still a substantial need for mechanistic studies to better 16 

understand: (1) the compartmentalization of the intracellular organelles that give brown 17 

adipocytes their unique function; (2) the sensory and sympathetic regulation of BAT 18 

thermogenesis (49); (3) the time-course and pattern of BAT expansion as well as the 19 

accompanying innervation and vascularization, and; (4) whether certain BAT depots can 20 

be specifically targeted to promote metabolic health without eliciting negative secondary 21 

effects.   22 
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Activating BAT thermogenesis 1 
The induction of BAT thermogenesis is primarily dependent upon the hydrolysis 2 

of TG stored within the many intracellular lipid droplets. Stimulatory G protein (Gs)-3 

coupled adrenergic receptor signaling, primarily through the β2-adrenergic receptors in 4 

humans (50), initiates cyclic AMP-dependent activation of protein kinase A (PKA) which 5 

phosphorylates lipid droplet-associated proteins and lipases critical to intracellular 6 

lipolysis (51). Long-chain fatty acids are required to induce the conformational change to 7 

UCP1 that allows protons to be transported across the inner mitochondrial membrane, 8 

dissipating the electrochemical proton gradient that would otherwise drive ATP 9 

synthesis, thereby increasing uncoupled respiration and generating heat in the process 10 

(52, 53). Significant progress has been made in understanding the precise molecular 11 

regulation of UCP1-mediated proton conductance, though several critical questions 12 

remain. Purine nucleotides induce a proton impermeable configuration of UCP1 under 13 

basal conditions (54) while the increased presence of long-chain fatty acids under high 14 

lipolytic conditions can overcome this inhibition and induce the conformational change to 15 

UCP1 that allows protons to be shuttled back into the mitochondrial matrix (53). 16 

However, the origin of these long-chain fatty acids, whether released from the cytosolic 17 

lipid droplet or derived from the mitochondrial membrane, as well as the mechanism by 18 

which they remove purine nucleotide inhibition and activate UCP1 remains unresolved 19 

[see (55, 56) for review]. It has long been hypothesized that mitochondrial 20 

phosphatidylethanolamines – phospholipids containing a glycerol backbone linked to two 21 

long-chain fatty acids found in the inner layer of cell membranes including the inner 22 

mitochondrial membrane – are likely hydrolyzed by phospholipases generating the 23 

necessary fatty acids to activate UCP1 (53, 57). Recent evidence from animals unable to 24 
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synthesize phosphatidylethanolamines in BAT lend further support to this hypothesis as 1 

these mice are severely cold intolerant and unresponsive to β3-adrenergic receptor 2 

agonism in vivo (58). In addition, patch-clamp experiments performed on mitoplasts 3 

confirmed that these brown adipocyte-derived mitochondria show a significant 4 

impairment of UCP1-dependent respiration and proton conductance, though these results 5 

may be partially explained by the significant changes in mitochondrial morphology.  6 

Irrespective of the UCP1 activation mechanism, both human and rodent studies 7 

also clearly demonstrate that the hydrolysis of the intracellular TG stored within the 8 

many lipid droplets are indispensable for BAT thermogenesis (51, 59, 60). Indeed, 9 

pharmacological inhibition of adipose tissue lipolysis, using nicotinic acid, has been 10 

shown to suppress BAT thermogenesis in vivo in both rodents and humans (59, 60). 11 

Further, mice lacking the two rate-limiting adipose tissue lipases in brown adipocytes, 12 

adipose tissue TG lipase (ATGL) and hormone sensitive lipase (HSL), present with a 13 

near complete inhibition of cold-stimulated BAT thermogenesis (51). Similarly, the in 14 

vitro deletion of ATGL in human brown adipocytes abolishes the generation of lipolytic 15 

ligands required to activate PPARγ thereby significantly reducing UCP1 transcription 16 

(61). Finally, it is important to note the unique interaction between lipid droplets and 17 

mitochondria across different tissues, but particularly within tissues with high lipid 18 

storage and fatty acid oxidation capacity like BAT. Mitochondria are highly dynamic 19 

organelles and within mouse interscapular BAT, deep cervical human adipose depots and 20 

‘brown-able’ periadrenal adipose depots in patients with pheochromocytoma, they can be 21 

found segregated into subpopulations that are in direct contact or unbound to lipid 22 

droplets, referred to as peridroplet and cytoplasmic mitochondria, respectively (15, 62, 23 
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63). In animals housed at thermoneutrality, BAT mitochondria with direct contact to lipid 1 

droplets had significantly larger cross-sectional areas, were more elongated, showed low 2 

mitochondrial dynamics and, importantly, a higher capacity for pyruvate oxidation and 3 

ATP synthesis compared to cytoplasmic mitochondria (15). The latter was shown to be 4 

critical for TG synthesis and lipid droplet expansion rather than oxidation, which could 5 

be important in ensuring a constant and adequate fuel source for the cytoplasmic 6 

mitochondria which have higher rates of fatty acid oxidation and UCP1-dependent 7 

respiration. The ATP produced by these peridroplet mitochondria is also likely critical to 8 

inhibiting uncoupled respiration in these mitochondria and supporting ATP-consuming 9 

futile cycles reported in thermogenic adipocytes, such as calcium (64), glycerolipid (65) 10 

and creatine cycling (66).  11 

The most efficacious and potent means of stimulating BAT thermogenesis is 12 

through cold-induced sympathetic nervous system activation. Across a range of 13 

modalities and intensities of cold exposure, supraclavicular BAT thermogenesis – 14 

quantified in vivo using PET imaging (see Measuring BAT thermogenesis) – increases 15 

robustly in lean, healthy men and women (41, 50, 67-69), as well as older individuals 16 

classified as overweight, with or without type 2 diabetes (41, 70). In contrast, 17 

supraclavicular BAT glucose uptake increases in the cold and is significantly greater than 18 

white adipose tissue  in lean, healthy individuals (39, 40, 71), but is significantly reduced 19 

in cold-exposed individuals classified as overweight and obese with or without type 2 20 

diabetes (70, 72-75). NEFA and triglyceride-rich lipoprotein (TRL)-derived fatty acids 21 

are also taken up by supraclavicular BAT under cold stimulation in lean, healthy 22 

individuals or individuals classified as overweight (70, 76, 77), though not in individuals 23 
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with obesity (77). The relative contribution of these substrates to whole-body cold-1 

induced thermogenesis remains relatively small (<1% of whole-body heat production), in 2 

part, because human supraclavicular BAT relies primarily on intracellular TG to fuel 3 

thermogenesis (78). It may therefore rely more significantly on circulating substrates 4 

following cold stimulation to re-fill its energy reserves. We recently showed that so long 5 

as a minimal skin-cooling threshold is reached, adipose tissue thermogenesis including 6 

BAT thermogenesis, responds in an all-or-nothing fashion (67). By clamping the mean 7 

skin temperature of men and women to either 26°C or 30°C, we showed that adipose 8 

tissue thermogenesis and glucose uptake does not respond in proportion to the degree of 9 

skin cooling, in contrast to both shivering and myocardial heat production. This 10 

highlights that what is often interpreted as an absence of BAT or BAT thermogenesis 11 

(commonly referred to as ‘BAT-negative’ or ‘low-BAT’), may in fact be an inadequate 12 

cold stress. Indeed, a common practice in the study of human BAT is to apply a 13 

‘personalized cooling’ approach which aims to cool individuals up to an overt shivering 14 

threshold (based on visual observation) then slightly warm them as a means to isolate the 15 

contribution of BAT to whole-body thermogenesis [described in (79)]. However, it is 16 

important to note that an increase in tonic motor unit activity in the absence of movement 17 

(sometimes referred to as pre-shivering tone or thermoregulatory muscle tone), 18 

asynchronous motor unit recruitment or tonic muscle tension in deep, postural muscles, 19 

can present before overt shivering and can still contribute to thermoregulatory 20 

thermogenesis, as has been demonstrated in rats (80), birds (81) and proposed in humans 21 

(82). The result of using such a cooling approach is that some individuals commonly 22 

identified as being ‘BAT-negative’ present with no cold-induced increase in energy 23 
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expenditure, while others are labeled as ‘BAT-positive’ but present with significantly 1 

greater cold-induced thermogenesis or are exposed to a colder stimulus. The low or lack 2 

of cold-induced thermogenesis in individuals labelled as ‘BAT-negative’ simply reflects 3 

that they are not sufficiently cooled to trigger BAT activation (69, 83). Consequently, the 4 

persistent use of these types of personalized cooling approaches, which aims to limit 5 

shivering based on visual observation, remains controversial and have resulted in a false 6 

‘BAT-negative’ versus ‘BAT-positive’ dichotomy, and highlights that a minimal cold 7 

stimulus is required which can only be validated through objective thermoregulatory 8 

outcomes. This does not rule out the possibility that obesity can alter BAT 9 

thermogenesis, as both adipose tissue expansion and vagal afferent inhibitory input 10 

induced from the consumption of a high-fat diet can alter normal activation of BAT 11 

thermogenesis in rodents (34, 84). The thermogenic capacity of human BAT can also 12 

increase in response to cold acclimation (4, 76), as can the capacity to take up glucose (4, 13 

42, 43, 85) whereas the clearance of TRL-derived fatty acids remains unchanged (76). 14 

Importantly, the primary fuel source to support BAT thermogenesis following 15 

acclimation remains the intracellular TG, as its intracellular lipid content at room 16 

temperature remains the same after, compared to before, a cold acclimation intervention 17 

(4). The fuel source used to re-fill these reserves remains unknown, but evidence suggests 18 

that there is a preference for TRL-derived fatty acids (76).  19 

Beyond the activation of BAT, cold exposure also stimulates other non-shivering 20 

forms of thermogenesis including skeletal muscle proton leak, and glycerolipid-fatty acid 21 

cycling. In unacclimated, cold-exposed men, proton leak accounts for 18% of skeletal 22 

muscle fiber respiration at room temperature and 40% upon cold stimulation (86). With 23 
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skeletal muscle oxygen consumption accounting for over 70% of whole-body oxygen 1 

consumption under even mild cold conditions (87), skeletal muscle proton leak could 2 

account for ~30% of the thermogenic rate, though fall to ~15% following cold 3 

acclimation. Similarly, glycerolipid-fatty acid cycling has been estimated to account for 4 

~15% of the thermogenic rate in unacclimated, cold-exposed men (50). Collectively, 5 

these thermogenic mechanisms remain the most significant contributors to non-shivering 6 

thermogenesis in cold-exposed humans, though skeletal muscle calcium cycling has been 7 

thought to hold even greater promise (88). 8 

The logistical complexity of conducting cold exposure studies and the discomfort 9 

experienced by some participants, coupled with the strong interest in harnessing 10 

thermogenic adipocytes to dissipate excess energy, have prompted the repurposing of 11 

existing pharmacological agents to target the activation and recruitment of these 12 

adipocytes without cold stimulation. To date, pharmacological agents have included 13 

primarily sympathomimetic drugs such as ephedrine (71, 89, 90) and β-adrenergic 14 

receptor agonists (41, 50, 71, 91-93), PPAR-γ agonists like pioglitazone (94, 95), 15 

glucocorticoids (96-98), thyroid hormones (99), temperature-sensitive transient receptor 16 

potential (TRP) ion channels  (85), bile acid receptor agonists (100), secretin (101), 17 

selective serotonin reuptake inhibitors (102) and adenosine (103). Most pharmacological 18 

stimulation studies report the acute or intervention effects on BAT glucose uptake, rather 19 

than thermogenesis, with results varying widely. For example, lean, healthy men given 20 

the therapeutic dose of pioglitazone (45 mg/d) for 28 days had a 57% reduction in 21 

supraclavicular BAT [18F]FDG uptake (94), whereas administration of 30 mg/d for 12 22 

weeks resulted in no effects on supraclavicular BAT [18F]FDG uptake in individuals 23 
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classified as overweight and either prediabetes or features of metabolic syndrome (95). 1 

Among the most used pharmacological agents to stimulate thermogenic adipocytes is the 2 

β3-adrenergic receptor agonist, mirabegron, a compound approved to treat overactive 3 

bladder. The oral administration of the maximal allowable dose of mirabegron (200 mg), 4 

which elicits a non-specific β-adrenergic receptor agonism, robustly elicits  a ~15% 5 

increase in energy expenditure and a modest increase in supraclavicular BAT glucose 6 

uptake (50, 91, 104, 105) and oxidative metabolism (50, 105). However, because of 7 

mirabegron’s non-selectivity at this dosage, this is also accompanied by increases in 8 

systolic blood pressure (+10 mmHg) and heart rate (+8 beats/min) (50, 91), indicative of 9 

β1-adrenergic receptor stimulation, whereas the β3-selective dosage (50 mg) results in no 10 

increase in oxidative metabolism (50). Since human BAT primarily expresses β1- and β2-11 

adrenergic receptors, and very little to no β3-adrenergic receptors (50), it is no surprise 12 

that only the maximal dose of mirabegron and the intravenous administration of a β2-13 

adrenergic receptor agonist can increase BAT glucose uptake (93). These effects also 14 

remain significantly lower than what is observed during acute mild cold stimulation (50). 15 

The administration of 100 mg/d of mirabegron for 28 days in healthy women resulted in a 16 

modest increase in total BAT glucose uptake and BAT volume of [18F]FDG uptake, 17 

driven mainly by an increased volume of uptake in the paraspinal and abdominal (mainly 18 

retroperitoneal) depots (104). This was also accompanied by a sustained elevation in 19 

heart rate and systolic blood pressure, which could raise concerns as a pharmacotherapy. 20 

Whether this increased volume of [18F]FDG uptake is also accompanied by an increased 21 

thermogenic and energy dissipating capacity remains unknown.  22 
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Beyond cold stimulations and pharmacological approaches, BAT thermogenesis 1 

can also be induced in the acute postprandial period (87). Using [15O]O2 PET, 2 

supraclavicular BAT oxygen consumption increased significantly 15 min after 3 

completing a mixed meal (542 kcal, 58% carbohydrates, 25% fats, 17% proteins). Both 4 

oxygen consumption and blood flow increased to the same magnitude as under cold 5 

stimulation, yet circulating fatty acid uptake was substantially reduced, likely reflecting 6 

competition with TRL-derived fatty acids in the postprandial phase. Collectively, these 7 

results suggest that the transient sympathetic stimulation evoked in the early postprandial 8 

period may be sufficient to fully stimulate BAT thermogenesis to the same extent as cold-9 

stimulated sympathetic activation, consistent with the all-or-none response previously 10 

described (67).   11 

Several critical gaps persist in our understanding of how BAT thermogenesis is 12 

activated and regulated and the extent to which BAT thermogenic capacity can be 13 

increased in humans. The ability to increase the thermogenic capacity of BAT is likely 14 

the most critical area to address since, at the moment, its energy dissipating capacity is 15 

largely limited by its small mass in humans. Both intermittent cold stimulation and 16 

certain pharmacological interventions can increase the volume of BAT that can take up 17 

[18F]FDG, though the magnitude of this effect is still not sufficiently large enough to 18 

directly impact whole-body glucose or fatty acid clearance and this increased volume of 19 

[18F]FDG uptake may not necessarily be accompanied by an increased thermogenic 20 

capacity. Moreover, although the prospect of converting white adipose tissue to BAT or 21 

inducing a ‘beige’ phenotype within white adipose tissue has been of longstanding 22 

interest, in vivo evidence that molecularly ‘beiged’ white fat produces a meaningful 23 
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thermogenic output has never been demonstrated in rodents or humans. Therefore, the 1 

questions remain whether a sufficient amount of thermogenic adipocytes can be recruited 2 

to directly elicit meaningful changes in systemic energy homeostasis, where and how can 3 

they be recruited for expansion and can this be accomplished pharmacologically without 4 

provoking negative cardiovascular effects? There are also other critical mechanistic 5 

questions to investigate including: (1) gaining a better understanding of the origin of the 6 

fatty acids responsible for UCP1 activation (cytosolic vs. mitochondrial membrane) and 7 

the process by which these fatty acids transport protons back to the mitochondrial matrix; 8 

(2) understanding the inter-organelle relationship between lipid droplets and different 9 

subpopulations of mitochondria; (3) identifying the substrates responsible for restoring 10 

intracellular TG levels following periods of BAT thermogenesis and the time-course of 11 

its replenishment, and; (4) confirming the presence and thermogenic contribution of other 12 

futile cycles within human thermogenic adipocytes.    13 

Measuring BAT thermogenesis 14 
The re-emergence of BAT research around 2009 stemmed primarily from mounting 15 

evidence in nuclear medicine describing the symmetrical uptake of [18F]FDG in the 16 

cervicothoracic region, particularly within a supraclavicular adipose depot (36, 106). 17 

Owing to its high specificity in lean, healthy individuals and the widespread availability 18 

of [18F]FDG PET/CT, this modality became the standard approach for identifying the 19 

presence and anatomical distribution of potentially active BAT in humans. However, 20 

[18F]FDG uptake in BAT is markedly reduced in individuals who are insufficiently cold-21 

stimulated or who exhibit elevated intracellular TG levels or insulin resistance (70, 72, 22 

83, 107), resulting in poor detection in individuals classified as overweight or with T2D 23 
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despite preserved BAT thermogenesis (70). Using arteriovenous metabolomics combined 1 

with Doppler-based blood flow measurements in cold-exposed mice, evidence suggests 2 

that glucose taken up by interscapular BAT under high thermogenic demand is largely 3 

directed towards glycolysis and lactate production, glyceroneogenesis and de novo 4 

lipogenesis rather than oxidative metabolism (108). Microdialysis performed on 5 

supraclavicular BAT under warm and cold-stimulated conditions, suggests that glucose 6 

follows a similar intracellular fate in humans (109). Although circulating glucose taken 7 

up by BAT plays a supporting role in BAT thermogenesis and the glucose PET analogue 8 

[18F]FDG is widely interpreted as evidence of BAT activation, [18F]FDG uptake is 9 

fundamentally an unreliable indicator of thermogenic output. This is because [18F]FDG 10 

uptake is dependent upon glucose delivery (e.g. tissue perfusion), transport, and 11 

phosphorylation as well as intracellular TG content rather than the oxidative and 12 

uncoupling processes that generate heat. Fortunately, other PET-based imaging 13 

approaches are currently available to directly measure BAT thermogenesis.  14 

Fundamentally, because heat production is governed by the law of conservation of 15 

energy and the stoichiometry of metabolic substrate combustion, directly estimating BAT 16 

thermogenesis in vivo requires measuring tissue oxygen consumption, tricarboxylic acid 17 

cycle-derived CO2 production or thermal energy. Oxygen consumption can be 18 

determined in vivo using PET with the radioactive oxygen gas, [15O]O2 (68, 69) or ex 19 

vivo using high resolution respirometry (110), whereas tricarboxylic acid cycle-derived 20 

CO2 production can be determined using PET with [11C]acetate (41, 70) (Figure 2). 21 

Importantly, both methods only estimate total oxidative metabolism, without 22 

distinguishing coupled versus uncoupled respiration or the thermogenic mechanism 23 
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driving the increased oxygen consumption or CO2 production. The direct, tissue-specific, 1 

in vivo measure of thermal energy or heat production is not currently possible, though 2 

theoretically, determining the fuel mixture being oxidized in BAT (via the tissue 3 

respiratory quotient) could allow for the indirect calculation of heat output based on the 4 

known caloric equivalent of oxygen (kcal/L O2) for the given fuel mixture (111).  This 5 

too has not previously been performed, thus leaving measures of oxygen consumption 6 

and CO2 production as the only methods available to directly measure BAT oxidative 7 

metabolism in vivo. Both BAT oxygen consumption and TCA cycle turnover increase in 8 

cold exposed men and women (41, 67-69). Using [15O]oxygen  and [18F]FDG PET to 9 

provide the most direct estimates of mass-specific oxygen consumption (68) and BAT 10 

mass (3), respectively, BAT thermogenesis can generate approximately 0.2 to 2.0 W (0.2 11 

to 1.7 kcal/h) of heat for 50 to 500 g of BAT under cold-stimulated conditions and 0.1 to 12 

1.2 W (0.1 to 1.0 kcal/h) under standard ambient conditions (~21°C, partially clothed). 13 

This accounts for no greater than 2% of whole-body heat production, for 500g of cold-14 

stimulated BAT, whereas most individuals have a BAT mass less than 50 g, and would 15 

therefore more realistically account for 0.2% of whole-body heat production. As 16 

previously noted, cold-stimulated BAT oxidative metabolism appears to follow a 17 

threshold response in both men and women, with no apparent sex-differences in the 18 

magnitude of this response (67). Provided a minimum skin-cooling threshold is reached, 19 

BAT oxidative metabolism increases significantly, and likely reflects its full thermogenic 20 

capacity at that moment. The thermogenic capacity will certainly vary between 21 

individuals and will increase in response to cold acclimation (4, 76), whereas its level of 22 

recruitment/activation will only differ based on the stimulation approach used (e.g. cold 23 
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vs. pharmacological stimulation) (50). Other radiotracers have been used to quantify the 1 

uptake of circulating metabolic substrates like glucose ([18F]FDG), non-esterified fatty 2 

acids (NEFA) or TRL-derived fatty acids ([18F]FTHA) (70, 76, 77), however, it is not 3 

possible to determine the intracellular metabolic fate of these substrates using these 4 

radiotracers (Figure 2). With thermogenically active BAT relying mainly on its 5 

intracellular TG to fuel thermogenesis, CT radiodensity or magnetic resonance (MR)-6 

determined proton density fat fraction (PDFF) could be used to determine changes in 7 

intracellular TG content as an indirect estimate of BAT thermogenesis. However, serial 8 

measurements of PDFF performed during a 180 min bout of cold exposure reveal a rapid 9 

initial decline in intracellular TG content, which continues to fall during the initial 90 min 10 

of cold exposure, followed by a new steady state that is maintained for the final 90 min of 11 

cooling and 30 min of re-warming (78). This transition to a new steady state suggests that 12 

the rate of lipolysis rapidly becomes tightly coupled to the rate of fatty acid esterification. 13 

Further, it is unclear whether the fatty acids released during the initial reduction in TG 14 

content is entirely directed to oxidation or whether some are released into the systemic 15 

circulation or re-esterified in situ. Given these uncertainties, changes in intracellular TG 16 

content is not a reliable estimate of BAT thermogenesis.  17 

Various other imaging modalities have been used to identify the presence and 18 

activation of BAT in humans, including ultrasound (112), optical imaging like near-19 

infrared time-resolved spectroscopy (NIRS) (113), multispectral optoacoustic 20 

tomography (MSOT)(114), MR imaging/spectroscopy (115) and various modalities of 21 

thermometry/thermography (116-118). Several of these methodologies reflect changes in 22 

tissue perfusion or hemoglobin gradients and are therefore not measures of BAT 23 
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thermogenesis. Significant advancements have been made in the development of MR-1 

based approaches to quantify absolute or relative changes in supraclavicular BAT 2 

temperature, particularly by leveraging the temperature sensitive resonance frequency 3 

shift of water relative to fat (119) or of the chemical shift of the hyperpolarized 129Xe 4 

isotope to temperature-induced changes in fat density (117). The latter has shown the 5 

most significant promise given its rapid acquisition time (four seconds); however, the 6 

specialized equipment required for its production and its large range of experimental 7 

error (0.4-2°C) may limit the sensitivity and therefore applicability of this measurement. 8 

Perhaps the most common method used to study the activation of BAT in humans, after 9 

[18F]FDG PET, is near-infrared thermography to measure changes in temperature in the 10 

supraclavicular fossa – believed to reflect BAT thermogenesis. Its application has 11 

become more common due to its low cost, low participant burden and lack of ionizing 12 

radiation. It is important to emphasize, however, that BAT temperature has long been 13 

incorrectly applied as a proxy of BAT thermogenesis in both rodents and humans. Tissue 14 

temperature is a measure of heat balance – that is the balance between heat production 15 

relative to heat loss - rather than a direct measure of heat production. Consequently, upon 16 

cold stimulation, tissue temperature may indeed increase as a function of heat production, 17 

however, the accompanied increase in tissue perfusion will result in an increased 18 

dissipation of heat to the surrounding internal environment and eventually to the external 19 

environment. This is indeed what is believed to be the primary function of BAT – to 20 

generate heat for its distribution to vital organs. Consequently, the tissue temperature at 21 

any given moment will be dependent upon the net effect of heat production relative to 22 

heat dissipation - through internal convection and the temperature of the surrounding 23 
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matter. The measure of supraclavicular fossa temperature is particularly problematic 1 

because it is further confounded by various heat producing or heat dissipating sources 2 

such as shivering muscles, and counter-current exchange between exposed arteries and 3 

veins that emerge from this fossa. This therefore results in an unreliable and inappropriate 4 

measure of BAT presence or activation.    5 

 The largest gap in understanding the thermogenic capacity of human BAT 6 

remains the ability to accurately quantify BAT mass. Current practice involves 7 

quantifying total [18F]FDG accumulation in tissue consistent with adipose tissue based on 8 

CT radiodensity or MR-proton density fat fraction; a measure that is too heavily 9 

influenced by intracellular TG content and insulin sensitivity and unreliable under 10 

suboptimal stimulations or in individuals with metabolic disease. The advent of whole-11 

body PET scanners should now allow the use of other radiotracers with shorter half-lives 12 

and that are not influenced by such confounding factors, such as [15O]O2 or [11C]acetate, 13 

to accurately quantify the volume of thermogenic adipose tissue on the whole-body level. 14 

This had not previously been possible since most PET scanners had fields of view that 15 

were largely limited to a small proportion (<26 cm) of the cervicothoracic region. 16 

Advancements in MR spectroscopy, using [2H]H2O or [2H]glucose may also allow for a 17 

more comprehensive view of de novo lipogenesis and TG turnover in human BAT as has 18 

been done in rodent BAT  (120) or for other organs in humans (121).    19 

Impact of BAT thermogenesis on metabolic health and 20 
thermoregulation 21 

The longstanding interest in BAT has been driven largely by its exceptional 22 

capacity to generate heat and burn excess energy. This thermogenic potential has fueled 23 
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the idea that activating BAT could improve the regulation of body weight and metabolic 1 

substrates, a concept strongly supported by the profound effects observed in rodent 2 

models. Consistent with this hypothesis, large retrospective studies analyzing [18F]FDG 3 

PET scans conducted in patients for cancer diagnosis, staging or treatment response have 4 

consistently shown inverse relationships between spontaneous [18F]FDG uptake in BAT 5 

and outdoor temperature and the prevalence of cardiometabolic diseases including type 2 6 

diabetes, dyslipidemia, coronary artery disease, cerebrovascular disease and hypertension 7 

(2, 38, 45). However, despite the enthusiasm generated by these findings, the apparent 8 

contribution of BAT to whole-body energy balance in rodents has not been replicated in 9 

humans, prompting a re-evaluation of how BAT function is interpreted across species. 10 

For example, without question, cold exposure is the most potent stimulus to activate BAT 11 

thermogenesis and elicit changes in its thermogenic capacity. However, to date, most 12 

cold acclimation interventions performed in humans report very modest changes to 13 

shivering intensity (4, 76, 86, 122) and no changes in body weight (4, 42, 43, 75, 76, 85, 14 

123), with only two studies reporting very small changes in body weight (-0.5 kg) (124, 15 

125) (Figure 3). This could be due to the relatively short duration of most interventions 16 

(many ≤ 4 weeks), the intermittent nature of the stimulus compared to preclinical models 17 

or the counter-regulatory effects of cold-stimulated energy exposure driving appetite and 18 

food intake. However, given that cold-stimulated heat production and substrate clearance 19 

is mainly driven by skeletal muscle tone or overt shivering rather than BAT in humans 20 

(67, 68, 82), it is difficult to attribute cold acclimation-induced effects to BAT. 21 

Pharmacological interventions using sympathomimetics (46, 89, 126), PPARγ-agonists 22 

(94, 95), or selective serotonin reuptake inhibitors (SSRI) (102) to attempt to isolate the 23 
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contribution of BAT have shown even greater variability in responses. PPARγ-agonists 1 

increase body weight (+1.1-1.3 kg), SSRIs decrease body weight (-0.9 kg) and 2 

sympathomimetics tend to elicit no effect. Given its limited direct contribution to whole-3 

body heat production and substrate clearance in humans, is the thermoregulatory and 4 

energy dissipating function of BAT limited to small mammals like rodents and infants? 5 

We, and others, have posited that perhaps the consistent associations reported 6 

between the prevalence of spontaneous [18F]FDG uptake in BAT and improved metabolic 7 

profiles likely reflects protective local effects on certain vital organs rather than broader 8 

systemic effects (1). Because [18F]FDG uptake in BAT is reduced under conditions of 9 

insulin resistance, or even following short periods of dysmetabolism in otherwise healthy 10 

people (127), it should be no surprise that [18F]FDG PET is associated with metabolic 11 

disorders as it reflects a broader dysmetabolic state. While human BAT may serve as a 12 

useful sentinel organ reflecting broader adipose tissue health, brown adipocytes also 13 

appear to exert local thermogenic and energy-dissipating effects within their immediate 14 

microenvironment. For instance, in animal models, adipose tissue inflammation and 15 

cytokine‑driven recruitment of sympathetic neuron–associated macrophages promote 16 

catecholamine resistance (128), thereby blunting the induction of Ucp1 gene expression 17 

and impairing brown and beige adipocyte recruitment (129). In humans, however, 18 

evidence suggests that UCP1-expressing brown adipocytes located adjacent to vital 19 

organs, such as those in epicardial adipose tissue, adopt a transcriptional program that 20 

favors oxidative metabolism over immune activation (44, 130). These UCP1-rich 21 

adipocytes exhibit enhanced mitochondrial respiration and reduced production of 22 

cytokines and chemokines that normally recruit or activate immune cells (130). 23 
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Adrenergic stimulation further amplifies this phenotype by suppressing immune-related 1 

secretory pathways and limiting the expression of genes involved in inflammatory 2 

signaling (44). Together, these features indicate that periorgan thermogenic adipocytes 3 

may exert a direct restraint on local inflammation, thereby contributing to a 4 

cardioprotective microenvironment. The presence of thermogenic adipocytes surrounding 5 

the kidneys (131, 132) suggests a similar heat-generating or immunometabolic 6 

relationship between these thermogenic adipocytes and the kidneys. Beiging of 7 

perivascular adipose tissue has also been suggested to be critical to the resolution of 8 

inflammation and attenuating pathological vascular remodeling in patients with acute 9 

aortic dissection (133). Similarly, rather than the total volume it may be the anatomical 10 

location of human BAT—particularly the paravertebral depots adjacent to the 11 

sympathetic ganglia—that help explain why cold-induced shivering varies across 12 

individuals or may assist in ganglionic transmission thereby enhancing sympathetic 13 

control of BAT thermogenesis and vasoconstrictor tone in cold defense. Classic 14 

experiments in guinea pigs and dogs showed that warming the cervical or thoracic spinal 15 

cord rapidly suppresses shivering (134, 135), suggesting that heat produced by 16 

paravertebral BAT could incidentally modulate thermosensitive neural circuits. Although 17 

unproven in humans, the presence of substantial BAT near the neck and spine offers a 18 

plausible mechanism by which thermogenesis in these depots might dampen shivering, 19 

since the limited total thermogenic contribution of BAT could not commensurably 20 

replace shivering thermogenesis.  21 

One of the largest gaps in our understanding of human BAT physiology remains 22 

its association with cardiometabolic health. The challenge remains in reconciling the 23 
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positive association between spontaneous [18F]FDG uptake in BAT and various 1 

metabolic outcomes robustly reported in retrospective studies versus prospective cold-2 

stimulated studies which show the implausible direct role that BAT could play in 3 

regulating systemic glucose or lipid levels. Although it could be argued that this reflects a 4 

difference in sample size between study designs, there are more fundamental differences 5 

including the deliberate stimulation of BAT and the direct measure of the relative 6 

contribution of BAT to whole-body metabolism with certain cold exposure studies versus 7 

the observational nature of retrospective studies which seem to present non-causal 8 

associations. It is important to note that spontaneous [18F]FDG uptake in BAT is only 9 

observed in a very small minority of participants (<10%) in retrospective studies and this 10 

prevalence appears greater in women and lower in individuals with obesity and type 2 11 

diabetes (2, 38, 45). However, under deliberate cold stimulation, BAT oxidative 12 

metabolism is the same between men and women (41, 67) and does not differ between 13 

lean, healthy men and individuals classified as overweight with or without type 2 diabetes 14 

(70). If these associations reflect the potential local effects of brown adipocytes within 15 

periorgan adipose tissue, exploring a more targeted pharmacological approach to increase 16 

their proliferation may have the most profound benefits with limited secondary effects 17 

relative to attempting to indiscriminately increase total BAT volume. Such a targeted 18 

approach also has the potential to improve thermal comfort, if paravertebral BAT could 19 

be targeted to reduce shivering and improve thermal perception.  20 

The known unknowns & controversies 21 
Although human BAT is now firmly established as a distinct thermogenic tissue 22 

that is highly responsive to both an acute and repeated cold stimulus, major questions 23 
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remain about its recruitment, the cellular diversity between different depots, its endocrine 1 

role and the extent to which it influences systemic metabolism. Further, human BAT is 2 

often interpreted through the lens of rodent physiology, yet several of its core properties 3 

remain quite distinct and consistent with other large mammals. Its relative thermogenic 4 

output, its responsiveness to chronic cold, and the relative contribution of UCP1-5 

dependent and UCP1-independent pathways of heat production leave key mechanistic 6 

questions unresolved. These discrepancies underscore the major known unknowns and 7 

controversies that continue to challenge the field. 8 

 Human supraclavicular BAT has unequivocally been demonstrated to be 9 

thermogenic (68, 69, 136), yet its quantitative contribution to whole-body heat production 10 

remains one of the most debated issues in the field. Estimates of its maximal capacity 11 

vary by more than an order of magnitude across studies, reflecting differences in imaging 12 

modalities and uncertainties in the quantification of BAT volume, cold-exposure 13 

protocols, and assumptions about depot composition (1). Whether human BAT can 14 

meaningfully reduce shivering or substitute for it in cold-acclimatized or cold-acclimated 15 

individuals remains an open question and has never been demonstrated despite many 16 

attempts. Although various cold acclimation studies have demonstrated that the 17 

amplitude of electromyography signals can be modestly reduced in response to repeated 18 

cold exposure (86, 122, 137) or following the administration of green tea extracts (138), 19 

it is unclear whether this is due to increases in BAT thermogenic capacity or changes to 20 

other BAT-independent mechanisms of non-shivering thermogenesis such as calcium 21 

cycling, proton leak or pre-shivering muscle tone. It is also important to note that much 22 

of what is known about human BAT stems from imaging modalities or biopsy samples 23 
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obtained from the supraclavicular adipose depot and assumes a similar composition and 1 

function across other thermogenic adipocyte-containing adipose depots. Further work is 2 

needed to explore potential depot-specific differences and their responsiveness to 3 

adrenergic or non-adrenergic stimuli.  4 

Another point of contention is the translational relevance between rodent and 5 

human BAT. Many efforts have been made to humanize mouse models to display 6 

phenotypic features of BAT resembling that of humans, through the use of middled-aged 7 

mice living under thermoneutral conditions and consuming an energy-rich diet (139). 8 

However, there are fundamental physiological differences between rodents and humans 9 

that cannot simply be overcome through alterations in living conditions (Figure 4). From 10 

a biophysics perspective, by virtue of their size and morphology, humans like other large 11 

mammals generate and retain a tremendous amount of heat (140, 141) and are therefore 12 

less reactive and more tolerant of colder temperatures than smaller mammals (142). 13 

Beyond differences in thermal inertia, rodents possess some discrete BAT depots (like 14 

interscapular BAT) composed predominantly of classical brown adipocytes with 15 

specialized and dedicated neurovascular architecture, whereas human BAT lacks such 16 

structures or it remains poorly defined and thermogenic adipocytes are instead distributed 17 

in clusters and fragmented within adipose depots. In addition, mass-specific metabolic 18 

rate and substrate uptake of BAT differs by one order of magnitude between mice and 19 

humans (50), while UCP1-dependent ex vivo respiration is more than 2-fold greater in 20 

interscapular BAT in mice than supraclavicular BAT in humans (110). Collectively, this 21 

demonstrates that BAT is more important for the regulation of core temperature and 22 

whole-body energy homeostasis in rodents than in humans and that the overall 23 
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thermogenic contribution of BAT versus skeletal muscles is markedly different between 1 

species, which currently limits its translation for human anti-obesity therapeutics.   2 

Beiging of adipose tissue has remained an area of great contention, in part due to 3 

the lack of evidence that the induction of UCP1 expression or increased UCP1 protein 4 

content within a white adipose tissue depot can appreciably contribute to whole-body 5 

thermogenesis. For example, in a series of carefully controlled experiments, chronic cold 6 

exposure or β₃‑adrenergic stimulation markedly increased Ucp1 expression and induced a 7 

robust thermogenic gene program in inguinal white adipose tissue and interscapular BAT, 8 

yet only the interscapular BAT displayed measurable oxidative metabolism in vivo (143, 9 

144). Even under conditions of extensive browning—or when interscapular BAT was 10 

surgically denervated—beige depots failed to show detectable oxidative activity in vivo 11 

using [11C]acetate PET, underscoring that UCP1 induction alone does not confer 12 

meaningful thermogenic function. Some have argued that perhaps this is due to a lack of 13 

sensitivity in the measurement, though PET imaging is recognized for its remarkable 14 

sensitivity detecting activity in the picomolar range (10-12M). More likely, it is that the 15 

UCP1 induction in inguinal white adipose tissue was too little and too diffuse to have a 16 

meaningful effect on thermogenesis in that depot, as has previously been eloquently 17 

described (145). In these subsets of thermogenic adipocytes, other UCP1-independent 18 

mechanisms of heat production have been described using elegant and comprehensive 19 

experimental approaches in rodents, including the aforementioned calcium and creatine 20 

futile cycles. However, neither cycle has directly been measured in vivo, and remains to 21 

be validated in humans. Importantly, current in vivo methods measure total oxidative 22 

metabolism, without distinguishing between uncoupled respiration versus the accelerate 23 
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respiration due to upregulation of ATP-dependent mechanisms. This area of research 1 

remains of significant interest and would benefit greatly from further investigation.  2 

Finally, among the most debated themes surrounding BAT biology relates to the 3 

appropriate measures to determine the activation of BAT. As described above, [18F]FDG 4 

PET was the initial privileged tool used to identify the presence of human BAT. While it 5 

was essential to the growth and expansion of research in human BAT, it has since been 6 

indiscriminately interpreted as a gold standard measure for BAT activation, despite 7 

significant evidence of its significant limitations. In attempts to limit patient exposure to 8 

ionizing radiation and increase the accessibility of tools to study human BAT, [18F]FDG 9 

PET has been compared to more accessible tools such as infrared thermography (146). 10 

However, their collinearity to the cold stimulus is misinterpreted as strongly correlated 11 

and therefore interchangeable measures, despite neither being a direct measure of BAT 12 

thermogenesis and both measures influenced by similar and distinct confounding factors. 13 

Similarly, biomolecular markers such as UCP1 expression or various gene expression 14 

profiles referred to as a thermogenic program are often reported as evidence of 15 

thermogenesis in the absence of direct measures of BAT thermogenesis. Research using 16 

animal models to study BAT in vivo also rely on β₃‑adrenergic or norepinephrine 17 

stimulation as evidence of BAT thermogenic capacity [as described in (147)], despite 18 

other organs also being responsive to such compounds. Similarly, Ucp1- or Atgl-19 

knockout models have been used to isolate the effects of the absence of BAT 20 

thermogenesis on thermoregulatory and metabolic outcomes (148, 149), however, these 21 

models neither directly measure BAT thermogenesis or are accompanied by broader 22 

defects that impact whole-body metabolism (150, 151). 23 
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Taken together, these unresolved issues highlight how much of human BAT 1 

biology remains incompletely defined. Its thermogenic capacity, its divergence from 2 

rodent BAT, the extent and relevance of WAT beiging and UCP1-independent 3 

heat-producing pathways, and the very metrics used to quantify BAT activation all 4 

remain active areas of debate and could benefit from a renewed perspective. Although 5 

some of these controversies reflect limitations of the field, they also underscore the 6 

complexity of human thermoregulatory physiology and point to the need for integrated, 7 

multimodal and collaborative approaches that can reconcile molecular, imaging, and 8 

functional data. As such, the ‘known unknowns’ of human BAT continue to shape the 9 

most important questions driving the next generation of research. 10 

Conclusion 11 
The past few decades have produced the most comprehensive advancements in 12 

our understanding of human BAT, building upon the many decades of exceptional 13 

research performed using various preclinical models. In this short period, we have 14 

learned some of the various cellular features and anatomical location of human BAT, its 15 

ability to generate heat in response to cold, consumption of a meal or the administration 16 

of pharmacological compounds, and its adaptability to repeated stress. Advancements in 17 

various imaging modalities have helped characterize the various features of BAT in vivo, 18 

including its ability to take up circulating substrates, its reliance on its intracellular lipids 19 

to generate heat, and of course the magnitude of thermogenesis that can be generated in 20 

different populations. It has also highlighted some of the limitations in these 21 

methodologies and where major gaps in knowledge remain. Multi-omics, respirometry 22 

and imaging studies have highlighted ways in which human BAT diverge from classical 23 
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rodent BAT, which has raised fundamental questions about its true thermogenic output 1 

and its reliance on UCP1-dependent versus alternative futile-cycle pathways. At the same 2 

time, the discovery of inducible beige adipocytes —often expressing UCP1 yet lacking 3 

measurable oxidative metabolism—highlights a persistent disconnect between molecular 4 

signatures and functional measures of heat production (145). The future of human BAT 5 

research should move towards gaining a better understanding of the local, potentially 6 

protective effects, of brown adipocytes for our vital organs, identifying safe and 7 

sustainable strategies to increase the recruitment or proliferation of these thermogenic 8 

adipocytes without eliciting secondary effects, determining the endocrine role of human 9 

BAT, its role as a potential biomarker for adipose tissue health, and looking to build a 10 

human-specific conceptual framework about the role and function of human BAT.    11 

12 
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Figure Legends 1 
Figure 1. BAT is defined by key histological features.  2 
BAT is defined by its several small lipid droplets which provide fuel for thermogenesis, 3 
its many mitochondria that are compartmentalized between peridroplet mitochondria and 4 
cytosolic mitochondria, which contain different levels of the defining characteristic of 5 
BAT the uncoupling protein 1 (UCP1) mainly responsible for uncoupling oxidative 6 
phopshorylation. BAT is equally rich in sympathetic innervation, with some evidence of 7 
sensory innervation as well, and highly vascularized to dissipate the heat generated by 8 
BAT and to supply substrates to support thermogenesis.  9 
 10 
Figure 2. Substrate uptake does not reflect BAT thermogenesis. 11 
(A) Brown adipocytes import glucose, fatty acids, and other substrates when cold-12 
stimulated. The glucose and fatty acid PET analogs [18F]FDG and [18]FTHA, allows for 13 
the uptake of these substrates to be quantified in vivo in humans and rodents. Stable 14 
isotope tracing fluxomics suggest most glucose entering brown adipocytes is routed into 15 
glycolysis towards lactate production, glyceroneogenesis, and lipogenesis rather than 16 
oxidation. [18F]FDG is irreversibly trapped in the tissue as function of the glycolytic rate, 17 
once it is phosphorylated by hexokinase to form [18F]FDG-6-phosphate. Fatty acids taken 18 
up by BAT, whether from non-esterified fatty acids or TRL-derived fatty acids appear 19 
mainly directed towards storage rather than oxidation. [18]FTHA measures this rate of 20 
fatty acid uptake, but in tissues with high rates of β-oxidation, like the myocardium and 21 
possibly BAT, it is irreversibly trapped as a function of the rate of β-oxidation. (B) BAT 22 
Thermogenesis is measured in vivo using indirect measures such as oxygen consumption 23 
(mitochondria), using [15O]O2 PET, or carbon dioxide production using[11C]acetate PET. 24 
To date, these remain the only in vivo measures of BAT thermogenesis. However, these 25 
measures reflect total tissue oxidative metabolism, without distinguishing respiration 26 
driven by proton leak versus the increased rate of ATP hydrolysis from other futile 27 
cycles. Created in BioRender. Blondin, D. (2026) https://BioRender.com/gv3qsb2  28 
 29 
Figure 3.  Studies designed to intermittently activate BAT do not lead to weight loss.  30 
Various approaches have been used to target BAT thermogenesis to induce weight loss, 31 
including cold acclimation interventions (4, 43, 75, 76, 123-125), administration of β-32 
agonists (46, 89, 126), PPARγ-agonists (94, 95) and selective serotonin reuptake 33 
inhibitors (SSRI) (102). Although the interventions were designed to target BAT 34 
thermogenesis, most studies only measured changes in [18F]FDG uptake. Only three 35 
studies reported decreases in body weight, two from cold acclimation interventions where 36 
metabolic changes are largely driven by changes in skeletal muscle metabolism, whereas 37 
administration of PPARγ-agonists increases body weight.  38 
Data are means and 95% confidence intervals. Red point refers to statistically significant 39 
change. *refers to estimates of 95% confidence intervals.  40 
 41 
Figure 4. Species-specific differences in BAT function.  42 
Human and rodent BAT share some common general features, however, there are also 43 
some important differences. Human BAT depots consist of thermogenic adipocytes that 44 
are inducible in response to repeated cold stimulation, though still account for a small 45 
proportion of whole-body heat production and display different gene expression patterns. 46 
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However, there are fundamental biophysical properties such as a smaller body surface 1 
area to volume ratios and a higher absolute metabolic rate that is difficult to reproduce in 2 
a rodent model. Mouse interscapular BAT (iBAT) displays a higher UCP1-dependent O2 3 
flux, a higher thermogenic contribution and robust β3-adrenergic receptor signaling 4 
compared to human supraclavicular BAT (sBAT). They also rely to a much larger extent 5 
on circulating substrates to fuel BAT thermogenesis. Gene expression data (left panel) 6 
derived from (50). UCP1-dependent O2 flux (right panel) derived from (110). Glucose 7 
uptake derived from (50) for humans and (152) for mice. NEFA uptake derived from 8 
(136) for men and (152) for mice. Figure created in BioRender. Blondin, D. (2026) 9 
https://BioRender.com/6cjk4ov. Mouse generated with FigureLabs (www.figurelabs.ai) 10 
(2026). 11 
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SIGNIFICANT BIOPHYSICAL 
DIFFERENCES
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