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Adipose tissue was once considered to be merely a pas-
sive lipid-storing repository. However, it is now clear that 
adipose tissue is a metabolically active organ with key 
roles in the regulation of whole-body energy homeosta-
sis, including food intake, glucose handling, insulin sen-
sitivity, thermogenesis as well as regulation of immune 
responses1. The main parenchymal cells of adipose tissue 
are adipocytes or fat cells. Historically, mammals were 
recognized to possess two types of functionally and 
morphologically distinct fat cells — white and brown 
adipocytes. In brief, white adipocytes contain a large 
unilocular lipid droplet and few mitochondria, whereas 
brown adipocytes possess numerous small multilocular 
lipid droplets and high amounts of mitochondria, which 
are also cristae-dense, indicating their high potential for 
energy-generating processes (Fig. 1a). The thermogenic 
activity of brown adipocytes is potently activated by 
cold, which promotes the uptake of energy substrates 
(such as fat and sugar) and promotes cell metabolism, 
prominently including mitochondrial metabolism. In 
addition, as described in adult mice, some adipocyte 
progenitors and white adipocytes residing in white adi-
pose tissue (WAT) are capable of ‘beiging’ or ‘browning’, 
terms referring to the process by which thermogenic 
brown-like adipocytes, also known as beige (or brite) 
adipocytes, emerge in response to stimuli including cold 
exposure, catecholamines, exercise, thiazolidinediones and 
injury2,3. These beige adipocytes are also thermogenic 
and share many morphological and biochemical charac-
teristics with brown adipocytes, including multilocular 
lipid droplets and cristae-dense mitochondria (Fig. 1a). 

Mice contain several adipose tissue depots where brown 
adipocytes reside, known as brown adipose tissue (BAT), 
which are established prenatally and maintained in adult 
animals. In humans, ‘classical’ brown adipocytes reside 
in developmentally committed interscapular BAT depots 
and are restricted to the period of infancy4–7 (Fig. 1b; 
Supplementary Box 1).

Functionally, thermogenic adipose tissue is known 
to have a central role in non-shivering thermogenesis, a 
heat-generating process that prevents hypothermia with-
out muscle shivering and that is activated by cold exposure; 
these mechanisms are also known to support maintenance 
of energy balance by dissipating excess energy as heat. 
However, it is important to note that the biological signif-
icance of brown and beige fat in systemic energy homeo
stasis extends far beyond just enhanced energy expenditure, 
including their roles in regulating glucose and lipid meta
bolism and insulin sensitivity as well as overall adipose  
tissue homeostasis. Hence, regulation of brown/beige  
adipocyte amount and function is emerging as a strategy to 
regulate energy metabolism in humans, with a promise of 
developing approaches that support management of obe-
sity and diabetes. Here, we review the current standing of 
the field with an emphasis on the cellular and functional 
heterogeneity of thermogenic adipocytes, and their roles 
in physiology.

Thermogenic fat biogenesis
Both brown and beige adipocytes are similar in terms of 
their morphological characteristics, and both are capa-
ble of thermogenesis. As discussed in the next section,  

Cristae
Folds in the inner membrane of 
a mitochondrion where active 
electron transport takes place.

Catecholamines
Monoamine neurotransmitters 
that mediate cold-induced 
thermogenesis.

The cellular and functional complexity 
of thermogenic fat
Paul Cohen   1 ✉ and Shingo Kajimura   2,3 ✉

Abstract | Brown and beige adipocytes are mitochondria-enriched cells capable of dissipating 
energy in the form of heat. These thermogenic fat cells were originally considered to function 
solely in heat generation through the action of the mitochondrial protein uncoupling protein 1 
(UCP1). In recent years, significant advances have been made in our understanding of the 
ontogeny, bioenergetics and physiological functions of thermogenic fat. Distinct subtypes of 
thermogenic adipocytes have been identified with unique developmental origins, which have 
been increasingly dissected in cellular and molecular detail. Moreover, several UCP1-independent 
thermogenic mechanisms have been described, expanding the role of these cells in energy 
homeostasis. Recent studies have also delineated roles for these cells beyond the regulation of 
thermogenesis, including as dynamic secretory cells and as a metabolic sink. This Review presents 
our current understanding of thermogenic adipocytes with an emphasis on their development, 
biological functions and roles in systemic physiology.

1Laboratory of Molecular 
Metabolism, The Rockefeller 
University, New York,  
NY, USA.
2Division of Endocrinology, 
Diabetes and Metabolism, 
Beth Israel Deaconess 
Medical Center, Harvard 
Medical School, Boston,  
MA, USA.
3Department of Cell and 
Tissue Biology, UCSF 
Diabetes Center, University  
of California, San Francisco, 
San Francisco, CA, USA.

✉e-mail: pcohen@ 
rockefeller.edu; skajimur@
bidmc.harvard.edu

https://doi.org/10.1038/ 
s41580-021-00350-0

REvIEWS

NATURE REVIEWS | Molecular Cell Biology

http://orcid.org/0000-0002-2786-8585
http://orcid.org/0000-0003-0672-5910
mailto:pcohen@
rockefeller.edu
mailto:pcohen@
rockefeller.edu
mailto:skajimur@bidmc.harvard.edu
mailto:skajimur@bidmc.harvard.edu
https://doi.org/10.1038/s41580-021-00350-0
https://doi.org/10.1038/s41580-021-00350-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41580-021-00350-0&domain=pdf


0123456789();: 

several mechanisms are involved in this process, but the 
best understood process involves the role of uncoupling  
protein 1 (UCP1), which is also a marker for brown 
adipocytes and many, if not all, beige adipocytes. Never
theless, despite these similarities, brown and beige 
adipocytes are considered distinct cell types because 
of differences in their developmental origin and ana-
tomical location (Fig. 1b), and also in regulation and 
function8. Furthermore, recent studies have identified 
developmentally distinct subtypes of beige adipocytes 
that likely serve unique biological functions, suggesting 
cellular heterogeneity of thermogenic fat.

Thermogenic adipocyte precursors and their develop-
ment. Brown adipocytes develop prenatally, such that 
their thermogenic function is fully active at birth. This 
is important because BAT is essential for non-shivering 
thermogenesis in newborn animals. Developmentally, 
embryonic brown adipocytes in mice arise from precur-
sors in the dermomyotome and express somite markers, 
such as engrailed 1 (En1), myogenic factor 5 (Myf5), 
paired-box protein 3 (Pax3), Pax7 and mesenchyme 
homeobox 1 (Meox1)9–13. Pulse-chase lineage tracing 
studies suggest that brown adipocyte fate is determined 
by mid-gestation9,14. A recent study generated functional 
human brown adipocytes from pluripotent stem cells via 
a paraxial mesoderm state with the expression of MYF5 
and PAX3 (ref.15), suggesting that the developmental ori-
gin of brown adipocytes is evolutionally conserved in 
mice and humans.

By contrast, beige adipocytes develop postnatally 
and derived from non-dermomyotome lineage. In mice, 
UCP1+ adipocytes initially emerge in retroperitoneal WAT 
at 10–30 days of postnatal age and subsequently disap-
pear or become dormant16. Functional beige adipocytes 
in adult mice appear in an inducible manner — in 
response to defined beiging signals, such as cold and 
β3-adrenergic signalling. Accumulating evidence suggests 
the presence of beige adipocyte progenitor cell (APC) 
pools that are distinct from embryonic brown APCs. 
For example, beige adipocytes emerging during post-
natal development in inguinal WAT of mice are derived 
from Myf5-negative precursors10. In addition, cells with 
a unique gene expression signature — expressing Acta2 
(encoding smooth muscle actin (αSMA)), Sm22, Pax3, 
Cd81 and Pdgfra — were identified in the stromal vas-
cular fraction of WAT as precursors of beige adipocytes 
following cold exposure12,17–20. Chronic cold exposure 
up to 2 weeks also stimulates beige adipogenesis from 
progenitors expressing Myh11 (ref.21) or Pdgfrb22. The 
extent to which these Myh11 or Pdgfrb-expressing cells 
are progenitors distinct from αSMA-expressing cells is 
unknown.

Until recently, it was unclear what distinguishes these 
beige APCs from other APCs, with both expressing 
common cell surface protein markers such as PDGFRα 
and stem cell antigen 1 (SCA1)17,23–26. New data from 
single-cell RNA sequencing identified a subpopulation 
of APCs marked by a cell surface protein CD81, which 
exhibited a smooth muscle gene signature (including 
expression of Acta2 and Sm22), resided in the stroma 
of adipose tissues and gave rise to beige adipocytes 
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Fig. 1 | characteristics and anatomical distribution of thermogenic adipocytes.  
a | Mammals possess several types of adipocytes with distinct metabolism, morphology, 
location and developmental timing. Brown adipocytes are a constitutive, embryonic  
(dermomyotome)-origin cell type and cluster in designated depots, such as interscapular 
brown adipose tissue (BAT) depots of mice and infants. On the other hand, beige 
adipocytes are a recruitable and non-dermomyotome-derived cell type often seen in white 
adipose tissue (WAT) depots in the postnatal stage. As beige adipocytes are generally 
surrounded by white adipocytes, beige adipocytes are thought of as intermediate in colour 
between white and brown adipocytes. Regardless, both brown and beige adipocytes 
dissipate energy in the form of heat, whereas white adipocytes are responsible for energy 
storage. The abundance of mitochondria is the major determinant of fat colour (brown/
beige and white). Brown and beige adipocytes contain substantially higher amounts of 
cristae-dense mitochondria with high levels of iron, which give the tissue containing these 
cells its brown colour. By contrast, white adipocytes possess relatively few mitochondria. 
These cells also differ in the morphology of their lipid droplets. Brown and beige adipocytes 
have numerous small lipid droplets (multilocular lipid droplets), whereas white adipocytes 
contain a large lipid droplet (unilocular lipid droplet) for lipid storage. b | Adult mice 
possess several depots of BAT190.The interscapular BAT is the largest BAT depot in  
mice, and its development is completed prenatally. In addition to these depots, certain 
signals (cold, adrenergic signalling) can promote emergence of beige adipocytes in 
anterior subcutaneous and inguinal WAT in mice. Suprascapular fat depot has also been 
characterized as beige fat. Of note, beige adipocyte biogenesis is regulated distinctly from 
brown adipocytes studied in the interscapular BAT. Thermogenic fat cells in mice have  
also been identified in perivascular adipose tissue surrounding the thoracic aorta and in 
epicardial adipose tissue surrounding the coronary arteries191,192 (not shown). It remains 
unclear whether these cells are brown or beige adipocytes, or another thermogenic 
adipocyte altogether. Humans also possess BAT depots in, at least, six anatomic regions, 
including cervical, supraclavicular, axillary, mediastinal, paraspinal and abdominal174.  
The interscapular BAT depot is most prominent in infants and gradually declines with age. 
In adults, some of the BAT depots are anatomically analogous to those in mice.
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following cold exposure. These data indicate that CD81 
is a specific cell surface marker of beige APCs20. It was 
further shown that CD81 mediates integrin signalling in 
these cells and that its expression is required to prevent 
diet-induced obesity and insulin resistance, suggesting 
that CD81 functions as a key sensor of external inputs 
(hormonal signals, see also below) and controls beige 
APC biogenesis and whole-body energy homeostasis. 
Previous studies also identified the transcription fac-
tor EBF2 as a specific marker for beige adipogenesis 
in adult WAT in response to cold14. Similarly, human 
beige fat biogenesis in subcutaneous WAT is induced by 
chronic activation of β3-adrenergic receptor (β3-AR) 
signalling27,28. Human beige APCs have been shown to 
reside within the walls of adipose tissue capillaries and 
to differentiate into thermogenic beige adipocytes in 
response to pro-angiogenic factors29. Furthermore, stro-
mal cells positive for PDGFRα and lacking expression 
of WAT APC marker CD34 were isolated from human 
abdominal subcutaneous WAT and shown to undergo 
differentiation to beige adipocyte in cell culture30. More 
recently, human beige adipocytes were derived from 
adipose-derived stromal cells in serum-free medium31. 
Of note, the transcriptional profile of beige preadipo-
cytes is already distinct from that of white preadipocytes 
prior to differentiation5,6. Hence, beige fat fate appears to 
be determined at the progenitor cell stage. Nevertheless, 
adipocyte progenitors likely retain a certain degree of 
plasticity to enable them to respond to environmental 
stressors (for example, prolonged cold) because the 
majority of, if not all, adipocytes in the subcutaneous 
WAT can transform to beige adipocytes after prolonged 
cold exposure1. More data from in vivo lineage tracing 
will be needed to further clarify these findings, and to 
firmly establish the developmental origin and regulation 
of beige APCs.

De novo biogenesis and white-to-beige conversion in 
thermogenic fat establishment. As discussed above, there 
is evidence that thermogenic adipocytes arise via desig-
nated precursors, and lineage tracing experiments using 
the Adipo-Chaser (inducible adiponectin–Cre lineage 
tracing) system lend support to the notion that beige 
adipocytes predominantly arise through differentiation 
of precursors (that is, de novo biogenesis)32. However, 
pioneering studies of thermogenic fat in rodents indi-
cated that beige adipocytes — induced by cold exposure 
or the β3-AR agonist CL316,243 — arise directly from 
existing mature white adipocytes in a process of direct 
white-to-beige conversion or transdifferentiation33,34. 
Although these observations appear to be in conflict,  
a recent study demonstrated that both direct conversion 
and de novo biogenesis occur in mice, with the contri-
bution from each pathway influenced by experimental 
conditions, such as the temperature before cold exposure 
(ambient temperature or thermoneutrality), external 
cues (exposure to cold or β3-AR agonist) and reporter 
system35. For example, when mice are raised under 
ambient temperature (20–23 °C) and subsequently 
exposed to cold (6 °C), approximately 50% of beige adi-
pocytes (scored as UCP1+ multilocular adipocytes) are 
derived via de novo adipogenesis, with the other half 
coming from existing adipocytes. However, when mice 
at thermoneutrality (30 °C) are exposed to 6 °C, a large 
proportion (88%) of newly recruited beige adipocytes 
arise from de novo biogenesis, which involves active pro-
genitor proliferation (Fig. 2). Earlier work detected nearly 
no signs of proliferation in beige adipocytes in inguinal 
WAT17,36; however, a recent study showed that a small 
subset of PDGFRα+/SCA1+ stromal cells in subcutane-
ous WAT, marked by CD81, become highly proliferative 
upon cold exposure and give rise to beige adipocytes20. 
It is notable that beige APC proliferation is significantly 
reduced with ageing, when de novo beige fat biogen-
esis is attenuated20,37,38; hence, age is also an important 
factor in considering the mechanism of thermogenic fat 
emergence.

Another intriguing observation is that following 
the withdrawal of the external beiging stimulus, the 
recruited beige adipocytes transform into dormant adi-
pocytes exhibiting white fat signatures (unilocular lipid 
droplets, low mitochondria, non-thermogenic) — a 
process referred to as ‘whitening’ or beige-to-white fat 
conversion39,40 (Fig. 2). This beige-to-white fat conversion 
does not involve de-differentiation to progenitors. This 
is supported by data from single cell-resolution mor-
phological tracing and transcriptional studies, which 
demonstrated that as cells acquire unilocular lipid 
droplets after removing beiging stimuli, they gradually 
lose mitochondria and diminish expression of thermo-
genic genes40. In turn, these ‘whitened’ dormant adipo-
cytes can reinstall the thermogenic programme after 
another cold stimulus (Fig. 2). Following the second 
pulse of cold, approximately half of the beige adipocytes 
in inguinal WAT are derived from such dormant cells39. 
Accordingly, beige adipocyte biogenesis from existing 
adipocytes occurs through reinstallation of the ther-
mogenic programme in whitened/dormant adipocytes. 
Mechanistically, the beige-to-white fat conversion is 
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Fig. 2 | Beige fat biogenesis. Emergence of beige adipocytes in white adipose tissue 
(beiging) is an inducible process stimulated by external beiging stimuli (for example, cold, 
adrenergic ligands). This can involve either de novo differentiation engaging progenitor 
cells (path 1) or reinstallation of the thermogenic phenotype by dormant cells (path 3). 
Key molecular markers for the different cell types associated with these transitions are 
indicated. De novo differentiation of beige adipocytes involves designated progenitors, 
which undergo cell proliferation, fate commitment to preadipocytes and differentiation 
into adipocytes. Progenitors and preadipocytes contain small amounts of mitochondria 
relative to differentiated adipocytes. When external beiging stimuli are withdrawn, 
mitochondria-enriched beige adipocytes transform into dormant adipocytes that 
resemble white adipocytes (whitening or beige-to-white fat conversion) (path 2). 
The whitening of beige fat is initiated by active mitochondrial clearance through selective 
autophagy (mitophagy), and does not involve de-differentiation/re-differentiation  
of adipocytes. Many of those dormant adipocytes can reinstall the thermogenic 
programme in response to re-exposition to beiging stimuli (path 3). This process involves 
active mitochondrial biogenesis. SCA1, stem cell antigen 1; UCP1, uncoupling protein 1.
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triggered by mitochondrial clearance via mitophagy40,41 
and is negatively regulated by the zinc-finger protein 
ZFP423, deletion of which leads to white-to-beige con-
version42. Furthermore, beige-to-white fat conversion  
is accompanied by chromatin architecture changes gen-
erating a chromatin state resembling that of white adipo
cytes42. Curiously, brown adipocytes in interscapular BAT 
also acquire unilocular lipid droplets upon warming,  
but they maintain their chromatin architecture42.

In sum, both the de novo biogenesis and direct con-
version mechanisms contribute to the establishment of 
thermogenic fat. The emerging picture of a stimulated 
origin of thermogenic fat is that stimuli in early life trig-
ger initial beige APC proliferation and de novo beige 
fat biogenesis. These beige adipocytes lose their ther-
mogenic features upon withdrawal of stimuli, with the 
majority of beige adipocytes acquiring white adipocyte 
characteristics and becoming dormant. As these ‘whit-
ened’ adipocytes can rapidly reinstall the thermogenic 
programme, the initial pool of beige APCs and their 
dormant progeny can be considered major determi-
nants of beiging capacity in adults. Having said this, the 
contribution of the different mechanisms — de novo 
biogenesis of beige adipocytes from designated progen-
itors, the maintenance of active beige adipocytes and 
reinstallation from dormancy — may vary depending 
on the location within WAT and the genetic background. 
Addressing these differences in the origin of beige  
adipocytes will be exciting areas of future research.

Regulatory pathways for thermogenic fat biogenesis. The 
most well-known thermogenic stimulus is cold. First 
of all, cold exposure activates differentiated brown and 
beige adipocytes. This occurs via catecholamines that 
are released from sympathetic nerve terminals upon cold 
exposure and trigger intracellular signalling, including 
cAMP signalling via stimulation of β-AR. Adenosine, 
originating from breakdown of ATP and released from 
sympathetic nerves or by autocrine/paracrine efflux  
from brown adipocytes, also activates thermogenesis in  
brown adipocytes and promotes beige fat biogenesis  
in the subcutaneous WAT of mice via the A2A receptor43. In  
addition, recent studies identified various compounds — 
fibroblast growth factor 21 (FGF21), natriuretic peptides 
and thiazolidinediones, to name a few — that mediate 
cold-induced thermogenic fat biogenesis44–46, and several 
transcription regulators and epigenetic regulators have 
been implicated in controlling this biogenetic programme 
(reviewed elsewhere47,48). Thermogenesis could also be 
regulated on a transgenerational level, as cold exposure 
of male mice was shown to lead to epigenetic changes 
in their sperm, resulting in offspring with enhanced  
thermogenic fat function49.

Although we know that various stimuli can pro-
mote beige fat biogenesis, the understanding of 
stimulus-induced activation and proliferation of beige 
APCs remains incomplete. For example, β3-AR ago-
nists stimulate beige fat biogenesis in WAT; however, 
β3-AR is only expressed in differentiated adipocytes 
but not progenitors. Pharmacological inhibition of 
β1-AR impairs cold-induced beige fat biogenesis50 and 
norepinephrine-stimulated DNA synthesis in cultured 

brown preadipocytes51; thus, it is likely that norepi-
nephrine from sympathetic nerves acts on beige APC 
growth, at least in part, via β1-AR but not via β3-AR. 
Nevertheless, in stimulus-induced beige fat emergence, 
β3-AR agonists are expected to primarily act on existing, 
‘whitened’ adipocytes to trigger reinstallation of their 
thermogenic programme, whereas progenitor growth 
may be stimulated by factors released from differenti-
ated adipocytes (such as fatty acids, lipids, secretory pep-
tides) following β3-AR activation (Fig. 3a). Indeed, cold 
promotes de novo beige adipocyte differentiation from 
stromal progenitor cells positive for αSMA, whereas 
selective β3-AR agonists largely induce the formation 
of beige adipocytes converted from existing white adi-
pocytes, but not from αSMA-expressing progenitors in 
the stroma35,50. In addition to this non-cell autonomous 
communication between fat cells, there is a growing 
body of evidence indicating a non-cell autonomous role 
of immune cells in regulating thermogenic fat func-
tion (Box 1). The immune cell-derived factors act in a 
paracrine manner and regulate the differentiation and  
function of thermogenic adipocytes.

The recent identification of a progenitor population 
marked by PDGFRα/SCA1 and CD81 provides new 
insights into the molecular regulation of beige APC 
growth. CD81 forms a complex with αVβ1 and αVβ5 
integrins in beige APCs, and the CD81–integrin complex 
is required for triggering signalling by focal-adhesion 
kinase (FAK) to promote progenitor cell proliferation 
in response to irisin, a myokine that stimulates beige fat 
biogenesis in response to exercise20. Several hormones, 
such as angiopoietin-like 4 (ANGPTL4), are known to 
stimulate integrin–FAK signalling via β1 and β5 inte-
grins, and promote beige fat biogenesis52,53. Hence, it 
is conceivable that the CD81–integrin complex con-
trols beige APC growth in response to hormonal cues 
besides irisin. Additional autocrine factors regulating 
the adipogenic niche are discussed below (see subsection 
Secretory function). In addition, upon induction, beige 
adipocytes establish larger cell clusters within WAT, even 
in regions that are not densely innervated and, hence, are 
not expected to robustly respond to adrenergic signal-
ling. In this case, connection of cells via the gap junction 
channel connexin 43 (Cx43) has been shown to propa-
gate intracellular thermogenic signals (such as cAMP)54 
(Fig. 3a). Together, various neuronal and hormonal fac-
tors control beige fat biogenesis via acting on progeni-
tor cells (de novo biogenesis) and on existing adipocytes 
(maintenance, reinstallation).

Cellular heterogeneity in thermogenic fat niches. As 
highlighted in the discussion above, thermogenic fat bio-
genesis is a multifaceted process, involving various cell 
types, signalling molecules and cellular regulators as well 
as multiple means of intercellular communication. This 
picture is further complicated by evidence suggesting the 
existence of multiple progenitors and adipocyte popu-
lations that go beyond the simple distinction of brown 
and beige adipocytes (Fig. 3b). A recent example is the 
identification of a unique subtype of beige adipocytes, 
which arise from myogenic PDGFRα+ progenitors resid-
ing near the lymph node of inguinal WAT depots in a 
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manner dependent on GA-binding protein-α (GABPα). 
This beige adipocyte subpopulation is characterized by 
high glucose catabolism (using mostly glucose as met-
abolic fuel instead of fatty acids), and hence has been 
termed g-beige fat55. Notably, g-beige fat is induced by 
non-adrenergic signalling, occurring through signalling 
downstream of the nicotinic acetylcholine receptor sub-
unit CHRNA2 in response to acetylcholine produced by 

multiple immune cells residing in inguinal WAT56. This 
adrenergic-independent signalling pathway through a 
unique subset of thermogenic adipocytes has a compen-
satory role in energy metabolism — such as in response 
to a high-fat diet — particularly under conditions in 
which canonical β-adrenergic signalling is impaired55,56. 
A recent study also reported that perinatal development 
of beige adipocytes in inguinal WAT of mice is regu-
lated independently of sympathetic nerve signalling by 
the transcription factor B cell lymphoma 6 (BCL-6)57.

Another example of thermogenic cell heterogeneity 
is in the interscapular BAT depots in mice, which con-
tain two subtypes of brown adipocytes expressing high 
or low levels of adiponectin (Adipoqhigh and Adipoqlow)58. 
Adipoqlow brown adipocytes express lower levels of 
thermogenic genes and contain larger lipid droplets 
and lower mitochondrial content relative to Adipoqhigh 
cells (Fig. 3b). Adipoqlow brown adipocytes also express 
endothelial markers. Intriguingly, the ratio of these 
subtypes in BAT is adaptable and can be shifted with-
out induction of cell death. The number of Adipoqhigh 
brown adipocytes is higher when mice are exposed to 
cold and declines gradually in aged mice. In addition, 
clonal analyses of adipocytes from a single WAT depot 
in mice identified multiple adipocyte populations 
that display differences in cellular metabolism and 
responses to the inflammatory cytokine TNF, insulin 
and growth hormone, although the biological role of 
each population in whole-body metabolism needs fur-
ther investigation59. Similarly, clonal analyses of human 
adipose tissue identified multiple subtypes of adipocytes 
with distinct molecular and metabolic characteristics60,61. 
Furthermore, single-nucleus RNA-sequencing on BAT 
of mice and thermogenic fat depots in humans identified 
a low-abundance population of adipocytes that act on 
neighbouring brown adipocytes and negatively impact 
their thermogenic activity by increasing the local con-
centration of the short-chain fatty acid acetate62. These 
studies provide new insights into diverse subpopulations 
of adipocytes with distinct molecular and metabolic fea-
tures within a single adipose depot. Given these distinct 
molecular profiles of preadipocytes and differentiated 
adipocytes, it is likely that the cellular lineages of these 
subpopulations are determined at the precursor stage, 
but future studies are needed to delineate the adipocyte 
precursor heterogeneity.

Recent single-cell RNA-sequencing analyses have 
also identified diverse stromal populations within adi-
pose tissues, such as ancillary/niche cells that influence 
adipocyte differentiation. For example, the subcuta-
neous stromal fraction of WAT contains functionally 
distinct SCA1+ cells, called ‘adipogenesis-regulatory’ 
cells (CD142+ABCG1+SCA1+), that suppress adi-
pogenic capacity of neighbouring preadipocytes63. 
Mouse epididymal WAT also contains distinct sub-
populations of PDGFRβ+ perivascular cells, termed 
fibro-inflammatory progenitors, that limit adipogenic 
capacity and, instead, activate a pro-inflammatory gene 
programme64. Furthermore, subcutaneous WAT of mice 
and humans contains multiple cell types, such as highly 
proliferative progenitors expressing dipeptidyl pepti-
dase 4 (DPP4), committed preadipocytes expressing 
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Fig. 3 | regulation and heterogeneity of thermogenic fat. a | Norepinephrine,  
released from sympathetic nerve terminals, binds to β3-adrenergic receptor (β3-AR) in 
differentiated adipocytes. This triggers reinstallation of the thermogenic programme  
in dormant cells and release of fatty acids and paracrine/autocrine factors (for  
example, fibroblast growth factor 21 (FGF21)) from adipocytes that stimulate de novo 
differentiation of beige adipocytes from progenitor cells. Hormonal cues, including IL-6, 
bone morphogenetic proteins (BMPs), FGF21 and atrial natriuretic peptide (ANP), are 
shown to promote beige adipocyte biogenesis, although the extent to which each 
beiging hormone promotes de novo differentiation or white to beige conversion needs 
further investigation. The beiging hormones have been summarized elsewhere48. Even in 
regions that are not densely innervated, and hence not exposed to β3-adrenergic signals, 
connection of cells via the gap junction channel formed by connexin 43 (Cx43) has been 
shown to propagate intracellular thermogenic signals to promote thermogenic fat 
emergence. b | Recent advances with single-cell analysis revealed that thermogenic  
fat is heterogeneous, harbouring adipocyte populations with different molecular and 
functional characteristics. For example, the interscapular brown adipose tissue (BAT) of 
mice contains two functionally distinct subtypes of brown adipocytes with high or low 
expression of adiponectin (Adipoqhigh and Adipoqlow). In inguinal white adipose tissue 
(WAT) of mice, induction of beige fat is generally under the control of β-AR signalling. 
However, a β-AR signalling-independent population of beige adipocytes has been 
identified in inguinal WAT that is driven by signalling downstream of the nicotinic 
acetylcholine receptor subunit CHRNA2. Notably, these adipocytes primarily use glucose 
as their metabolic fuel, in contrast to fatty acids that are the main fuel for thermogenic 
adipocytes, and hence have been termed g-beige adipocytes. They are also known to  
be derived from a distinct population of adipocyte progenitor cells (APCs) that, instead 
of being positive for smooth muscle actin (αSMA), show expression of PDGFRα and 
MYOD, the latter of which which does not typically associate with either white or beige 
adipocyte lineage. UCP1, uncoupling protein 1.
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A fat-selective secretory 
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intercellular adhesion molecule 1 (ICAM1) and other 
distinct progenitors expressing CD142 and CLEC11a65. 
An important next step will be to determine how each 
stromal population contributes to the regulation and 
maintenance of adipose tissue homeostasis and energy 
metabolism.

Mechanisms of thermogenesis
As the name implies, the key function of thermogenic 
adipocytes is to engage in the process of thermogene-
sis. This activity is potently induced by cold. The most 
well-established non-shivering thermogenic mechanism 
(that is, independent of muscle activity), substantiated 
by decades of research, is centred on mitochondrial 
metabolism, whereby during mitochondrial respira-
tion the electron transfer through the respiratory chain is 
uncoupled from generating ATP (uncoupled respiration) 
by the activity of UCP1. The activation of this pathway 
is dependent on the transcription co-regulatory pro-
tein PRDM16, which complexes with numerous other  
proteins such as EHMT1 (refs66–70).

The long-standing notion has been that UCP1 is the 
only ‘thermogenin’ in mammals. However, as is often 
the case for essential pathways such as thermoregula-
tion and energy homeostasis, we now realize that the 
UCP1-mediated programme is not solely responsible 
for non-shivering thermogenesis (one notable example 
here is the fact that some mammalian species, such as 
pigs, lack the functional UCP1 gene yet can still defend 
their body temperature)71,72. Indeed, recent discoveries 
have highlighted several UCP1-independent pathways 
of non-shivering thermogenesis in mammals.

UCP1-dependent thermogenesis. UCP1 was isolated 
in 1976 (refs73,74), and subsequently its sequence was 
determined75,76. Genetic deletion of UCP1 in mice 
causes severe hypothermia following acute cold 
exposure77, whereas genetic deletion of its homologues 
UCP2 or UCP3 does not recapitulate the hypothermic 
phenotype78,79. These studies led to the notion that UCP1 
was a key mediator of adaptive thermogenesis.

In contrast to the well-established role of mitochon-
dria in oxidative phosphorylation to generate ATP, brown 
fat mitochondria generate heat by uncoupling electron 
transport from ATP synthesis. UCP1 dissipates the 
proton (H+) gradient across the inner mitochondrial 
membrane, thereby producing heat, while alleviating 
the inhibition of respiration that results from an eleva-
tion of the ATP/ADP ratio (Fig. 4a). The role of UCP1 
in this respiratory uncoupling process has been demon-
strated by a series of elegant studies80,81. First, purine 
nucleotides (ATP, ADP, GTP, GDP) were shown to 
potently inhibit mitochondrial uncoupling activity by 
directly binding to UCP1, and this critical feature was 
used to experimentally isolate UCP1 from brown fat 
mitochondria80. Another key regulator of UCP1 activity 
is long-chain fatty acids. Direct binding of long-chain 
fatty acids (longer than C8) to UCP1 can overcome 
the inhibitory effect of purine nucleotides and trigger 
mitochondrial proton conductance82–84, although the 
structural mechanisms of the competition between 
long-chain fatty acids and purine nucleotides on UCP1 

Box 1 | The role of immune cells in the regulation of thermogenic fat function

Besides signalling from the central nervous system and systemic hormonal cues, recent 
studies have illuminated the importance of immune cells in regulating thermogenic 
adipocytes194 (see the figure). In general, pro-inflammatory cues (for example, TNF, IL-1β), 
induced by obesogenic diets, inhibit thermogenesis in adipose tissues195–197, whereas 
inhibition of pro-inflammatory responses by genetic ablation of IκB kinase-ε (IKKε) or 
interferon regulatory factor 3 (IRF3), a transcriptional mediator of pro-inflammatory 
signalling, stimulates adipose tissue thermogenesis198–200. Similarly, obesity-induced 
pro-inflammatory signals, such as transforming growth factor-β (TGFβ) and growth 
differentiation factor 3 (GDF3), repress brown and beige fat thermogenesis, whereas 
inhibition of these pathways stimulates brown/beige fat biogenesis and ameliorates 
diet-induced obesity and glucose intolerance201–203. Also, IL-10, a type 2 cytokine with 
anti-inflammatory properties, is released from multiple immune cells (for example, 
macrophages, dendritic cells, B cells and T cells) and represses the thermogenic gene 
programme via IL-10Rα in adipocytes204,205.

Recent studies have also revealed more complex interactions between  
adipose tissue-resident immune cells and thermogenic adipocytes. For example,  
a subpopulation of macrophages (CX3CR1+ macrophages) reside along sympathetic 
nerve bundles in brown adipose tissue (BAT) and suppress norepinephrine-induced 
BAT thermogenesis by reducing the local concentration of norepinephrine by active 
clearance via monoamine oxidase A (MAOA)206,207. Intriguingly, GDF3 increases MAOA 
expression in adipose tissue-resident macrophages, resulting in the degradation  
of norepinephrine and other catecholamines, thereby contributing to impaired 
lipolysis in adipose tissues — the first step in the generation of energy substrates in 
thermogenic adipocytes208. Furthermore, inflammatory macrophages directly interact 
with adipocytes through α4 integrin and VCAM1, which blunt beige fat biogenesis in 
white adipose tissue (WAT)209. Some immune cells, on the other hand, stimulate 
brown/beige fat thermogenesis. For instance, BAT-resident γδ T cells play a key role in 
promoting sympathetic innervation by secreting IL-17A that acts on its receptor 
IL-17RC in adipocytes210. Group 2 innate lymphoid cells (ILC2s) in WAT also regulate 
beige fat biogenesis. ILC2s, activated in response to IL-33, positively regulate beige 
fat biogenesis by secreting methionine-enkephalin (MetEnk)211. Also, IL-33-elicited 
ILC2s release IL-13 and trigger the secretion of IL-4 from eosinophils, both of which 
act on PDGFRα+ progenitors to promote beige adipogenesis212; however, PDGFRα+–
CD81+ beige progenitors do not express IL-4 receptor, and, thus, this model requires 
further investigation. Mast cells also play a role in regulating beige fat biogenesis. 
Genetic or pharmacological inactivation of mast cells in mice promoted beige 
adipocyte biogenesis, and inhibition of beige adipocytes by mast cells was shown  
to be due to the secretion of serotonin that curbs the proliferation of PDGFRa+ 
progenitors213. However, mast cells in human WAT were shown to promote beige 
adipocyte biogenesis by releasing histamine and IL-4 (ref.214). The discrepancy 
between the above studies awaits future investigation. Lastly, a recent study 
demonstrated that invariant natural killer T cells (iNKT cells) residing in adipose tissue 
are activated in response to α-galactosylceramide (α-GalCer) or liraglutide, and that 
activated iNKT cells stimulate beige fat biogenesis by releasing fibroblast growth 
factor 21 (FGF21)215, an endocrine hormone that increases energy expenditure.  
β3-AR, β3-adrenergic receptor.
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remain unclear. UCP1 functions as a fatty acid anion/
H+ symporter, whereby direct binding of the negatively 
charged long-chain free fatty acid to UCP1 triggers H+ 
influx into the matrix80.

The source of fatty acids for UCP1 uncoupling 
was initially thought to derive from de novo lipolysis 
within brown adipocytes — cold or β3-AR agonists 
induce lipolysis in brown adipocytes, generating fatty 
acids that then could bind UCP1 and also be used 
for β-oxidation. However, BAT-specific deletion of 
critical regulators of lipolysis, such as adipose triglyc-
eride lipase (ATGL) or the ATGL-activating protein 
comparative gene identification 58 (CGI58), does not 
attenuate BAT thermogenesis in vivo in mice. Instead, 
fat-specific deletion — encompassing both white and 
brown fat — of ATGL or CGI58 is associated with 
a defect in BAT thermogenesis85,86. Thus, fatty acids 
derived from WAT lipolysis, rather than de novo lipoly-
sis in thermogenic adipocytes, are required for activat-
ing UCP1. Lipolysis-derived fatty acids are taken up by 

thermogenic adipocytes through the plasma membrane 
transporter CD36, which is required for cold-induced 
thermogenesis87,88. Of note, acylcarnitines are another 
important substrate for β-oxidation to fuel BAT ther-
mogenesis. WAT lipolysis promotes acylcarnitine pro-
duction in the liver, which is then actively taken up and 
utilized by BAT89.

Recent studies have also described regulation of 
UCP1 via post-translational modifications. Cys253  
of UCP1 is sulfenylated upon cold exposure through the 
action of mitochondrial reactive oxygen species90. This 
sulfenylation site is located on the mitochondrial matrix 
side and proximal to a purine nucleotide binding site. 
Mutation of Cys253 reduces norepinephrine-stimulated 
uncoupled respiration, suggesting a functional require-
ment for UCP1 sulfenylation for its activity. UCP1 is also 
succinylated at Lys56 and Lys151 located on the mito-
chondrial matrix side, whereas succinylation is reversed 
by the action of the mitochondrial sirtuin Sirt5 (ref.91). 
Mutation of these sites to an acyl-mimetic residue glu-
tamic acid significantly decreases protein stability, sug-
gesting that succinylation of UCP1 negatively impacts 
uncoupling activity.
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Fig. 4 | Thermogenic mechanisms in adipocytes.  
a | Mitochondrial respiration uncoupling via uncoupling 
protein 1 (UCP1). UCP1 is located in the mitochondrial 
inner membrane and uncouples the proton (H+) gradient 
from ATP synthesis. UCP1 activity is inhibited by purine 
nucleotides, whereas long-chain free fatty acids (LCFAs; 
marked with a red tail), which are negatively charged at the 
carboxyl end, bind to UCP1 and trigger the transfer of H+ 
into the matrix as a fatty acid anion/H+ symporter. b | One 
of the mechanisms of UCP1-independent thermogenesis  
in beige adipocytes is futile Ca2+ cycling in and out of the 
endoplasmic reticulum. This involves Ca2+ uptake into  
the endoplasmic reticulum by sarcoplasmic/endoplasmic 
reticulum calcium ATPase 2B (SERCA2B) and its release by 
ryanodine receptor 2 (RYR2) and inositol trisphosphate 
receptor (IP3R), which is coupled to ATP hydrolysis by 
SERCA2B and heat generation. Activation of α1-adrenergic 
receptor (α1-AR) and β3-AR, in response to norepinephrine, 
triggers cellular Ca2+ flux and its futile cycling. Under 
certain conditions, such as increased cytosolic Ca2+ levels 
(for example, enhanced Ca2+release from RYR2 or IP3R), 
ATP abundance (high ATP/ADP ratio) or reduced  
binding affinity of SERCA2 to Ca2+ (often regulated by 
micropeptides), ATP hydrolysis by SERCA2 is uncoupled 
from Ca2+ uptake, thereby being highly exothermic.  
c | Another UCP1-independent thermogenic mechanism is 
creatine substrate cycling, which involves ATP-dependent 
phosphorylation of creatine by mitochondria-localized 
creatine kinase (Mi-CK) to phosphocreatine (PCr) and PCr 
dephosphorylation by unknown diphosphatases (Enz1–n).  
d | Lipolysis of triglycerides (TAGs) generates glycerol  
and fatty acids, which can be re-esterified back to TAG  
(TAG–fatty acid cycling). This process involves ATP-dependent 
conversion of glycerol to glycerol 3-phosphate (G3P) by 
glycerol kinase (GyK). G3P is also a key component of  
the NADH–G3P shuttle, which involves interconversion  
of G3P and dihydroxyacetone phosphate (DHAP) and 
allows for rapid ATP synthesis in the mitochondria. This 
cycle is promoted by thiazolidinediones, which activate 
GyK, as well as by cold exposure and satiety hormone 
leptin, which promote lipolysis. AAC, ADP/ATP carrier.
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UCP1-independent mechanisms. UCP1 is undoubtedly a 
key driver of thermogenesis. Nonetheless, studies in the 
last few years identified several UCP1-independent ther-
mogenic pathways that have been shown to participate 
in the regulation of whole-body energy homeostasis.

The basis of UCP1-independent thermogenesis 
is provided by futile metabolic cycling mechanisms, 
whereby one ATP-consuming reaction occurs simulta-
neously with an inverse energetic reaction. These futile 
cycles have no overall effect other than consumption 
of ATP and dissipation of energy, which occurs in the 
form of heat. It is worth noting that beige adipocytes 
possess high ATP synthesis capacity relative to brown 
adipocytes. Thus, UCP1-null mice, if they possess 
enough beige fat — which can be accomplished by 
gradual acclimation to cold conditions — can use the 
ATP-dependent futile cycles in the beige fat to maintain 
thermogenesis92,93.

One of the UCP1-independent futile mechanisms 
is Ca2+ cycling thermogenesis (Fig. 4b). Intracellular 
Ca2+ levels are tightly balanced between uptake into the 
endoplasmic reticulum (or sarcoplasmic reticulum in 
the muscle) by sarcoplasmic/endoplasmic reticulum 
calcium ATPase (SERCA) and release through ryano-
dine receptors (RYRs) or inositol trisphosphate recep-
tor (IP3R). Under ADP-limiting conditions (high ATP/
ADP ratio) and when the cytosolic Ca2+ concentration is 
high, ATP hydrolysis by SERCA is uncoupled from Ca2+ 
pumping into the endoplasmic reticulum/sarcoplasmic 
reticulum lumen, resulting in constant ATP consump-
tion and energy dissipation by SERCA that becomes exo-
thermic (estimated as 14–16 kcal/mol of Ca2+ in skeletal 
muscle, although the value depends on the tissues)94. 
This becomes the dominant thermogenic mechanism in 
malignant hyperthermia, a condition in which uncon-
trolled Ca2+ release from the sarcoplasmic reticulum/
endoplasmic reticulum into the cytoplasm is triggered 
by genetic mutations in RYR1 located in the sarcoplas-
mic reticulum membrane or by anaesthetic drugs. Also, 
sarcolipin (Sln), a micropeptide that binds SERCA1 in 
the skeletal muscle, uncouples ATP hydrolysis from Ca2+ 
pumping into the sarcoplasmic reticulum and promotes 
non-shivering thermogenesis95. Although these mech-
anisms have been mostly studied in skeletal muscle, 
beige adipocytes express the SERCA isoform, SERCA2B, 
and there is evidence that its activity is an important 
UCP1-independent thermogenic mechanism93. This 
pathway was shown to be stimulated by cold expo-
sure followed by activation of the α1-AR, which trig-
gers intracellular Ca2+ influx, as well as by activation of 
β3-AR signalling, which triggers Ca2+ release from the 
endoplasmic reticulum by promoting RYR2 activity93.  
A recent study also demonstrated that fat-selective acti-
vation of intracellular Ca2+ cycling by a wireless, implant-
able optogenetic device triggered UCP1-independent 
Ca2+ cycling-dependent thermogenesis in mice, and 
this increased whole-body energy expenditure suffi-
ciently to prevent diet-induced obesity96. More recently, 
5′ AMP-activated protein kinase (AMPK) activation, 
in response to a low-protein/high-carbohydrate diet, 
was shown to stimulate Ca2+ cycling thermogenesis in  
subcutaneous WAT of mice via the SERCA pathway97.

A second example of futile, thermogenic metabolite 
cycling is creatine cycling involving its phosphorylation 
and de-phosphorylation (Fig. 4c). Under ADP-limiting 
conditions, phosphorylation of creatine by mitochon-
drial creatine kinase (Mi-CK) occurs simultaneously 
with hydrolysis of phosphocreatine (PCr), thereby 
creating creatine-driven futile substrate cycling98. 
Fat-specific deletion of glycine amidinotransferase 
(Gatm), the rate-limiting enzyme in creatine biosynthe-
sis, reduces whole-body energy expenditure and causes 
diet-induced obesity, even in the presence of UCP1 
(ref.99). Furthermore, deletion of the cell surface cre-
atine transporter SLC6A8 reduces energy expenditure 
in mice100. These studies suggest that under ADP-limited 
conditions, creatine cycling is an important thermogenic 
pathway regardless of UCP1 expression. Nevertheless, 
how this cycle is induced and regulated in response to 
thermogenic stimuli remains unexplored.

A third thermogenic futile cycle is based on con-
version between triacylglycerol (TAG) and fatty acids 
(Fig. 4d). TAG hydrolysis is catalysed by a series of lipases, 
including ATGL, hormone-sensitive lipase (HSL) and 
monoacylglycerol lipase (MGL), to generate glycerol 
and free fatty acids (FFAs), which are released and uti-
lized by the liver and muscle in a fasted state. However, 
these fatty acids can also be re-esterified back to TAG, 
resulting in futile TAG–fatty acid cycling in adipocytes. 
Notably, this futile pathway is induced by beiging cues. 
For example, thiazolidinediones powerfully stimulate 
glycerol incorporation into TAG by activating glyc-
erol kinase (GyK) expression, which phosphorylates  
glycerol to glycerol 3-phosphate (G3P) — a primary 
backbone for TAGs101. Also, cold exposure promotes fatty 
acid generation via lipolysis and their re-esterification 
in mouse WAT102. In addition, leptin treatment activates 
TAG–fatty acid cycling, which is estimated to account for 
14% of leptin-stimulated energy expenditure103. Of note, 
an ancillary mechanism to this pathway is the activity 
of the NADH–G3P shuttle, a mechanism that transfers 
reducing equivalents (H+, e−) from cytoplasm to mito-
chondria. G3P, as generated by TAG–fatty acid cycling, 
can be cyclically reduced and oxidized by cytoplasmic 
and mitochondrial G3P dehydrogenases, respectively, 
resulting in the transfer of reducing equivalents — as 
NADH — to complex III of the mitochondrial respira-
tory chain. Dihydroxyacetone-3-phosphate (DHAP) 
serves as an acceptor of NADH generated in the cyto-
plasm. This allows for rapid ATP generation aerobically, 
but less efficiently than that from glycolysis because the 
reducing equivalents from G3P enter the respiratory 
chain further down, at the level of complex III, and thus 
only two ATPs per atom of oxygen are generated, instead 
of three ATPs when reducing equivalents are transferred 
into complex I. As mitochondrial G3P dehydrogenase 
is highly expressed in BAT, this pathway is suggested to 
contribute to energy dissipation in thermogenic fat104. 
In line with this, whole-body deficiency of mitochon-
drial G3P dehydrogenase in mice was associated with a 
modest but significant reduction in energy expenditure 
and reduced norepinephrine-stimulated thermogenesis 
in BAT105. Curiously, however, when both UCP1 and 
mitochondrial G3P dehydrogenase were deleted in mice, 
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they exhibited higher energy expenditure than controls, 
accompanied by increased beige fat biogenesis and res-
piration in inguinal WAT106. Hence, combined inactiva-
tion of UCP1 and mitochondrial G3P dehydrogenase 
appears to induce alternative thermogenic pathways that 
overcome the loss of the above thermogenic pathways; it 
remains unclear whether UCP1 and mitochondrial G3P 
dehydrogenase loss activate UCP1-independent thermo-
genesis via Ca2+ cycling or creatine cycling, or whether 
other compensatory mechanisms are at play.

Of interest, mitochondrial uncoupling can be 
induced in a UCP1-independent fashion. One of the 
described mechanisms involves mitochondrial ATP/
ADP symporters of the SLC25 family, SLC25A4 and 
SLC25A5 (also known as ANT1 and ANT2), which can 
mediate proton influx into the mitochondrial matrix in 
a manner stimulated by N-acyl amino acids (for example, 
C18:1-Phe or Leu)107. These metabolites are generated 
by peptidase M20 domain containing 1 (PM20D1) — 
an enzyme that is secreted from brown and beige fat 
and catalyses the condensation of fatty acids and amino  
acids into N-acyl amino acids. Hence, N-acyl amino acids 
function as endogenous mitochondrial uncouplers107. 
Accordingly, different pathways and mechanisms that 
interfere with mitochondrial respiratory efficiency could 
contribute to thermogenesis.

Metabolic roles beyond thermogenesis
The functions of brown and beige fat are far more com-
plex than merely as thermogenic cells, with multiple 
roles in metabolic homeostasis108. Here, we summa-
rize our recent understanding of the non-thermogenic 
mechanisms of brown and beige fat with an emphasis on 
the metabolic sink function, secretion of polypeptides 
and metabolites, and their contribution to adipose tissue 
homeostasis (Fig. 5).

Roles in glucose metabolism. BAT actively takes up 
glucose, which is an important substrate for fuelling 
thermogenesis, particularly in response to cold expo-
sure. Glucose uptake in brown fat is stimulated by both 
insulin and catecholamines and contributes significantly 
to whole-body glucose disposal109. This section focuses 
on the broad role of brown fat in glucose metabolism, 
particularly in animal models; the importance of these 
mechanisms in human physiology is discussed in the 
next section.

Adipocytes express the insulin receptor and take up 
glucose via the insulin-stimulated glucose transporter 
type 4 (GLUT4) pathway, functioning as important 
sinks of glucose, thereby regulating systemic blood glu-
cose levels. Selective deletion of the insulin receptor in 
UCP1-positive adipocytes has been reported to result  
in an age-dependent loss of interscapular BAT and syste
mic glucose intolerance in mice110. Unlike white fat cells 
that solely rely on GLUT4 for glucose uptake, brown adipo-
cytes can also take up glucose via the GLUT1 transporter 
in an adrenergic-dependent and insulin-independent 
manner111. This mechanism involves the activity of nutri-
ent sensor mTORC2 downstream of β3-AR signalling112.  
The relative roles and modes of regulation of GLUT1 ver-
sus GLUT4-dependent glucose uptake in thermogenic 
fat in vivo will require further investigation.

Several in vivo studies have confirmed an important 
role for thermogenic fat in systemic glucose homeostasis. 
Genetic ablation of UCP1+ cells in mice resulted in obe-
sity, hyperglycaemia and hyperinsulinemia113, although 
it was unclear whether the effects on glucose metabolism 
were direct or secondary to excess adiposity associated 
with UCP1 deletion. In support of a more direct role of 
thermogenic fat in glucose regulation, transplantation 
of BAT depots to the visceral cavity of mice improved 
insulin-stimulated glucose uptake into endogenous 
white and brown fat and resulted in improved glucose 
and insulin tolerance114. Moreover, treatment of rats 
with the β3-AR agonist CL316,243 enhanced basal and 
insulin-stimulated glucose uptake in the absence of any 
decrease in body weight115. More recently, increasing 
beige fat biogenesis in mice by transgenic overexpression 
of PRDM16, the key transcriptional regulator of beige 
adipocytes, improved glucose and insulin tolerance68, 
whereas adipocyte-specific deletion of PRDM16 resulted 
in systemic insulin resistance accompanied by beige fat 
loss69. It is notable that the metabolic effects of beige  
fat on enhanced glucose tolerance is UCP1-independent, 
as adipose-specific PRDM16 transgenic animals lacking 
UCP1 still display improved glucose tolerance93.

In general, activation of thermogenesis in brown 
and beige fat, whether via UCP1-dependent or UCP1- 
independent pathways, is associated with improved glu-
cose and insulin tolerance, particularly in the context 
of dietary obesity that is known to result in impaired 
thermogenic fat function, including insulin resistance in 
BAT116. Moreover, enhancing or ablating thermogenic fat 
function also appears to modulate glucose homeostasis 
in other tissues such as the liver and, perhaps, skeletal 
muscle. The underlying mechanisms through which 
thermogenic fat results in increased glucose clearance 
and improved insulin sensitivity are an area of active 

Thermogenesis
• UCP1-dependent
• UCP1-independent

(calcium cycling,
creatine cycling,
TAG–fatty acid cycling) 

Metabolic sink
• Glucose
• Fatty acids
• Cholesterol
• BCAAs

Tissue homostasis
• Anti-fibrosis
• Anti-inflammation
• Angiogenesis

Secretion of batokines
Autocrine/paracrine:
• Thermogenesis:

BMP8B, SLIT2, IL-6
• Vascularization: VEGFA
• Immune cells: 

CXCL14, GDF15
• Innervation: NGF, S100B

Endocrine:
• Neuregulin 4
• Myostatin
• FGF21
• 12,13-diHOME

Brown and beige
adipocytes

Fig. 5 | The multifaceted roles of brown and beige fat. One of the biological roles of 
brown and beige fat is thermogenesis that involves uncoupling protein 1 (UCP1)-dependent 
and UCP1-independent mechanisms (Fig. 4). Besides thermogenesis, brown and beige  
fat function as a metabolic sink for glucose, fatty acids, cholesterol and branched-chain 
amino acids (BCAAs), thereby controlling metabolite clearance in the circulation. At the 
tissue level, enhanced beige fat biogenesis is coupled with reduced fibrosis, reduced 
inflammation and increased angiogenesis within adipose tissues (supporting tissue 
homeostasis). Also, brown and beige fat secrete various molecules (also known as 
batokines, as listed in the figure) that mediate communication with central and peripheral 
organs (endocrine) and cell to cell communication within adipose tissues (autocrine/
paracrine). FGF21, fibroblast growth factor 21.
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investigation. Some possibilities include their contribu-
tion to increased energy expenditure, anti-inflammatory 
function, reduced adipose tissue fibrosis and endocrine 
effects on other tissues such as the liver and skeletal  
muscle (Fig. 5).

Roles in lipid metabolism. Although the activation of ther-
mogenic fat is associated with lower blood glucose levels 
and improved insulin sensitivity, the FFAs constitute a 
preferred energetic substrate for most thermogenic adipo-
cytes, establishing thermogenic adipocytes as important 
sinks for FFAs. This fuel preference raises the question of 
whether thermogenic fat may exert effects on systemic 
lipid metabolism. Indeed, increasing thermogenic fat 
activity in mice by short-term cold exposure results in 
accelerated clearance of triglyceride-rich lipoproteins from 
the blood, with uptake by BAT depots playing a dominant 
role117. Clearance of triglyceride-rich lipoproteins by BAT 
is dependent on lipoprotein lipase and the lipid trans-
porter CD36, and is sufficient to lower triglycerides in the 
Apoa5 knockout model of severe hyperlipidaemia. A sub-
sequent study found that cold exposure or pharmacologic 
activation of thermogenic fat with the β3-AR agonist 
CL316,243 improved dyslipidaemia in hyperlipidaemic 
mice and, importantly, attenuated the development of 
atherosclerosis118. In addition to clearing atherogenic 
lipoproteins from the blood, stimulation of thermogen-
esis also increases high-density lipoprotein (HDL) cho-
lesterol levels in hyperlipidaemic mice, promoting HDL 
cholesterol turnover and reverse cholesterol transport, 
which may further contribute to the atheroprotective 
roles of BAT119. Interestingly, statin drugs, the most widely 
used agents for treating hypercholesterolaemia, happen 
to suppress the activity of thermogenic fat via effects 
on the mevalonate pathway intermediate, geranylgeranyl 
pyrophosphate120.

The mechanisms through which thermogenic adi-
pocytes regulate lipid metabolism are likely multifac-
eted and complex. As an illustrative example, one study 
demonstrated that thermogenic adipocytes engage in 
inter-organ communication to regulate cholesterol 
metabolism. In this case, cold promotes the conver-
sion of cholesterol to bile acids in the liver, which are 
subsequently directed for faecal excretion. In the gut, 
bile acids modulate the microbiome, which feeds back 
to promote thermogenesis of adipocytes, whereby gut 
microbiome-derived endocrine factors and/or metabo-
lites act together with higher plasma bile acids to sustain 
thermogenic fat function121. Additionally, thermogenic 
fat secretes phospholipid transfer protein (PLTP), a key 
enzyme controlling the size and composition of HDL, 
which promotes faecal lipid excretion and reduces  
phospholipids and ceramides in the circulation122.

Roles in amino acid metabolism. Besides fatty acids and 
glucose, thermogenic adipocytes are a significant meta-
bolic sink for branched-chain amino acids (BCAAs; for 
example, Val, Leu and Ile)123,124. Notably, cold acclimation 
profoundly enhances systemic BCAA clearance prefer-
entially in human individuals with active thermogenic 
fat124. Consistent with observations in humans, cold 
exposure significantly reduced plasma Val, Leu and Ile 

in mice, but this effect was absent in mice with ablated 
thermogenic adipocytes. This BCAA sink function is an 
important aspect of thermogenic fat function in glucose 
homeostasis, because defective BCAA oxidation leads 
to diet-induced weight gain, glucose intolerance and 
insulin resistance in mice124. In line with this, increased 
circulating BCAA levels, owing to reduced BCAA clear-
ance, are linked to obesity, insulin resistance and type 2 
diabetes in humans125–132.

Of note, BCAAs are more than an energetic fuel 
in thermogenic adipocytes. Carbon from Leu and Ile 
catabolism generates monomethyl branched-chain 
fatty acids (mmBCFAs), which contribute to de novo 
lipogenesis in differentiated adipocytes133,134, and BAT 
is the organ that most actively generates mmBCFAs 
upon cold exposure135. In humans, mmBCFA levels in 
adipose tissues were significantly lower in individuals 
with obesity as compared to lean individuals, and mmB-
CFA levels were increased following weight loss after 
bariatric surgery. Furthermore, the adipose tissue mmB-
CFA content positively correlates with skeletal muscle 
insulin sensitivity136. Although the causal link between 
mmBCFAs and metabolic traits remains unestablished, 
the role of thermogenic fat as a BCAA sink and the main 
site of mmBCFA synthesis provides new insights into 
mechanisms by which activation of brown and beige 
fat improves systemic glucose homeostasis and insulin 
sensitivity.

Secretory function. Multiple lines of evidence suggest 
that some of the physiological effects of thermogenic 
fat are mediated by secreted polypeptides or small mol-
ecule metabolites, collectively referred to as batokines. 
First, the broad number of physiological systems influ-
enced by thermogenic fat in mice and humans suggest 
that these tissues contribute to metabolic homeostasis 
by more than thermogenesis alone108. Second, the dis-
crepancy in phenotypes between mice with an ablation 
of brown fat113 versus mice with a genetic deletion of 
UCP1 (ref.77) could be consistent with an endocrine role 
for these tissues, beyond heat generation. Third, the fact 
that mice with increased beige fat biogenesis induced by 
fat-selective PRDM16 transgenic expression retain most 
of their metabolic benefits even in the absence of UCP1 
(ref.93) not only points to the existence of alternative ther-
mogenic mechanisms but could also point towards the 
role of PRDM16 in regulating the secretory function of 
these cells. Fourth, transplantation studies in mice have  
shown that even small amounts of brown fat can  
have rather prominent effects on systemic metabo
lism114,137. Finally, transcriptomic, proteomic and 
metabolomic analyses have identified many molecules 
potentially secreted by thermogenic fat122,138–140.

In recent years, an increasing number of studies 
have characterized physiologically relevant polypep-
tides and metabolites secreted by thermogenic fat. An 
overview of all of these discoveries is beyond the scope 
of this Review, but has recently been comprehensively 
reviewed by others141. In accord with the different roles 
of white and brown fat in energy storage versus energy 
dissipation, these two cell types also have distinct secre-
tory properties. To date, most studies have focused on 

Triglyceride-rich lipoproteins
Lipoproteins that transport 
triglycerides and cholesterol; 
these include very low-density 
lipoprotein (VLDL) and 
chylomicrons.

Reverse cholesterol 
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from peripheral organs is 
returned to the liver via  
the circulation.
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A metabolic pathway for  
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and isoprenoids.

Bariatric surgery
A surgical procedure that 
promotes weight loss. These 
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Roux-en-Y gastric bypass, 
sleeve gastrectomy, adjustable 
gastric band and biliopancreatic 
diversion with duodenal switch.
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polypeptides, and their roles can be broadly divided 
into local (autocrine/paracrine) and distant (endo-
crine) actions. Locally acting factors include proteins 
that regulate thermogenesis (BMP8B142, SLIT2 (ref.143), 
IL-6 (ref.144)), vascularization (VEGFA)145,146, tissue 
immune cell activity (CXCL14 (ref.147), GDF15 (ref.148)) 
and adipose tissue innervation (NGF1 (ref.149), S100B150). 
Batokines with endocrine function include neuregulin 4 
(NRG4), which negatively regulates de novo lipogenesis 
in the liver151; myostatin, which regulates skeletal muscle 
function152; FGF21, which regulates cardiac remodelling 
and beige fat biogenesis45,153; and PLTP, which regulates 
glucose and lipid metabolism in the liver122.

Thermogenic fat likely secretes an even larger num-
ber of small molecules, although their identification and 
characterization has lagged behind that of secreted pol-
ypeptides. Using global lipidomic analysis, the oxylipin 
12,13-diHOME was identified as a circulating metabolite 
that is increased following cold exposure and facilitates 
fatty acid transport into BAT154. 12,13-diHOME is also 
induced by exercise and promotes skeletal muscle fatty 
acid uptake155. In addition to polypeptides and metabo-
lites, thermogenic fat secretes extracellular vesicles that 
contain miRNAs that exert local or distant effects156,157.

Collectively, these studies have identified several 
hundred candidate batokines from mice and humans, 
the roles of most of which have yet to be identified.  
A future challenge for the field will be to define the full 
secretome of thermogenic fat and to characterize the 
target and mode of action of each of these molecules.

Anti-fibrotic activity. Adipose tissue contains high lev-
els of extracellular matrix (ECM) proteins, such as col-
lagens, that play an essential role in tissue remodelling 
and expansion (key events associated with increases 
in adiposity). However, pathologically excessive ECM 
proteins in adipose tissue are closely linked to increased 
infiltration of pro-inflammatory immune cells and the 
development of adipose tissue fibrosis, which leads to  
chronic tissue inflammation that has been linked  
to adipose tissue dysfunction, including the impairment 
of adipogenesis and thermogenesis158 (Box 1). ECM accu-
mulation in subcutaneous WAT is strongly associated 
with insulin resistance and type 2 diabetes159–163. In fact, 
ECM accumulation is not merely a molecular hallmark 
of adipose tissue dysfunction but also a causal and exac-
erbating factor in the pathogenesis of type 2 diabetes. 
For instance, genetic loss of collagen VI, a major ECM 
protein in adipose tissues that accumulates in obesity, 
prevents WAT fibrosis and inflammation, thereby 
allowing healthy tissue expansion and improved insulin  
sensitivity in mice164.

Notably, enhanced beige fat biogenesis is inversely 
correlated with the development of adipose tissue fibro-
sis in subcutaneous WAT. Cold acclimation or fat-specific 
PRDM16 overexpression prevents the accumulation 
of ECM proteins and adipose tissue fibrosis165,166. The 
reduced ECM is noted even in Ucp1-null mice, suggesting 
that the suppressive effects of beige fat on adipose tissue 
fibrosis are UCP1-independent165. Recent studies have 
identified two complementary mechanisms. First, beige 
adipocytes secrete β-hydroxybutyrate (BHB) that acts on 

precursor cells to repress fibrosis via the PRDM16-driven 
transcriptional pathway166. Second, PRDM16 forms 
a complex with a cold-activated transcription factor 
GTF2IRD1 to repress pro-fibrosis gene expression in 
adipose tissues. Significantly, dietary supplementation 
of BHB or fat-selective overexpression of GTF2IRD1 
potently represses adipose tissue fibrosis and improves 
glucose tolerance and insulin sensitivity in mice165,166. 
Thus, anti-fibrotic action of thermogenic fat also impacts 
systemic glucose homeostasis.

Thermogenic fat in human physiology
Until relatively recently, thermogenic fat was thought to 
only be relevant in small mammals and human infants as 
a means to protect against hypothermia. However, find-
ings over the past two decades have overturned this view 
and confirmed that thermogenic adipocytes are pres-
ent and functional in adult humans. Importantly, their 
prevalence and activity are positively associated with 
improved metabolic health in humans. Investigators 
have been actively searching for pharmacologic agents 
that recapitulate the metabolic benefits of cold-activated 
thermogenic fat (Box 2), with an aim of therapeutic sup-
port for the management of obesity, diabetes and other 
metabolic disorders.

Identification of thermogenic fat in adult humans. 
Although humans, particularly early in life, have been 
long known to possess BAT in the interscapular and 
perirenal regions167, the first suggestion of the presence 
of functional thermogenic fat depots in adults came 
from clinical studies in radiology. 18F-fluorodeoxyglucose  
positron emission tomography combined with computed  
tomography (FDG-PET/CT) scans are commonly used 
to diagnose and stage cancers. By measuring uptake 
of radiolabelled glucose and overlaying PET data with 
whole-body computed tomography scans, clinicians can 
identify suspected malignancies and metastases. In read-
ing these scans, it became apparent that many patients had 
bilateral, symmetric regions of increased glucose uptake 
in the neck region, which on computed tomography 
scan had the density of adipose tissue. These tissues were 
originally referred to as upper supraclavicular area fat, 
although their physiological significance was unclear168,169.

A series of landmark papers published in 2009 con-
firmed that upper supraclavicular area fat was actually 
a human BAT equivalent. The activity, as measured by 
radiolabelled glucose uptake, was inducible by brief 
exposure to cold, and biopsy specimens showed that 
these tissues had the morphological and molecular char-
acteristics of thermogenic fat170–173. Moreover, retrospec-
tive analysis of a large cohort of FDG-PET scans found 
that the prevalence of human BAT depots was higher 
in women than in men and inversely related to ambient 
temperature, age and body mass index. Furthermore, the 
presence of these depots was associated with lower circu-
lating glucose levels173. These studies provided the foun-
dation for a growing field of research on thermogenic fat 
in humans. In addition to supraclavicular human BAT 
depots, thermogenic fat has also been detected in cer-
vical, axillary, mediastinal, paraspinal and abdominal 
depots174.
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from polyunsaturated  
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Although FDG-PET/CT remains the gold standard 
for the detection and quantification of thermogenic 
fat in humans, numerous other modalities have been 
employed, including magnetic resonance imaging 
(MRI), MRI spectroscopy, ultrasound, infrared imaging 
and measurement of local skin temperature. In addi-
tion, the Brown Adipose Reporting Criteria in Imaging 
Studies (BARCIST) provide a consistent framework for 
imaging and measuring brown fat175. One limitation to 
larger studies of thermogenic fat has been the absence 
of a reliable non-invasive test or biomarker that would 
allow large patient cohorts to be screened. In that regard, 
circulating levels of miR-92a have been inversely cor-
related with thermogenic fat activity in humans156. The 
suitability of miR-92a or other circulating biomarkers 
will require further study in independent larger cohorts.

Although they remain poorly characterized in vivo, 
similar to mice, adult humans possess beige adipo-
cytes4–6,176, and their biogenesis is stimulated by chronic 

cold exposure or the β3-AR agonist mirabegron27,28. 
Notably, the presence of beige adipocytes was detected in 
adult human BAT depots and in subcutaneous WAT27,28. 
Thus, BAT of adult humans is heterogeneous, with the 
presence of mixed thermogenic adipocyte populations 
(Supplementary Box 1).

Roles for thermogenic fat in human physiology and patho-
physiology. A series of small interventional studies have 
highlighted the fact that the glucose uptake activity of 
human BAT — which is robustly promoted by cold — 
mediates effects on systemic metabolism. One of the 
earliest such studies started by exposing young healthy 
individuals to 19 °C for 2 h to identify individuals with 
inducible metabolic activity in the BAT depots assessed 
through FDG-PET scans177. The individuals who showed 
low BAT activity were then repeatedly exposed to 17 °C for 
2 h each day for 6 weeks, which promoted BAT activity and 
cold-induced thermogenesis. These individuals demon-
strated a significant reduction in total fat mass with a 
concomitant induction of glucose uptake in BAT177. A sep-
arate study specifically studied the metabolic effects of the 
induction of glucose uptake activity in BAT of individuals 
with type 2 diabetes. Individuals were studied at baseline 
or after 10 days of exposure to 14–15 °C for 2 h each day. 
Cold acclimation was associated with a significant increase 
in glucose uptake in the cold-activated BAT and this was 
associated with increased systemic insulin sensitivity178. 
Similar effects were documented in a small study compar-
ing men with active BAT versus those who did not show 
BAT activity, as assessed by FDG-PET/CT, after 5-8 h of 
cold exposure179. Speaking to the potential public health 
relevance of these studies, another group studied healthy 
individuals who slept in a climate-controlled research unit 
for 4 months. Nightly temperatures were set at 24 °C for 
the first month, 19 °C for the second month, 24 °C for the 
third month and 27 °C for the fourth month. FDG-PET 
scans were performed at the end of each month, along 
with measurement of select circulating hormones. This 
study revealed an induction of BAT activity after the sec-
ond month, which then returned to baseline after hous-
ing at 24 °C during the third month180. Furthermore, the 
month of cold nightly temperatures resulted in a signifi-
cant increase in insulin sensitivity, along with increased 
serum adiponectin and decreased serum leptin levels. 
Cold exposure can also activate BAT and increase energy 
expenditure in individuals with obesity, who are most at 
risk of insulin resistance and type 2 diabetes181. A separate 
study also found that bariatric surgery was associated with 
the activation of BAT182.

Broader physiological effects of human thermogenic fat. 
As highlighted in this Review, the published literature — 
from both animal models and humans — supports clear 
effects of thermogenic fat activity on energy expendi-
ture, glucose homeostasis and cholesterol metabolism. 
A recent study suggests that thermogenic fat may also 
protect against the development of atherosclerosis183. In 
this study, a small group of individuals underwent base-
line FDG-PET/CT imaging to measure cold-inducible 
BAT activity, and 5 years later, ultrasound studies were 
performed to measure markers of atherosclerosis 

Box 2 | Pharmacologic targeting of thermogenic fat in humans

Although, as established in mouse models and in human studies, the activation of brown 
fat by cold is associated with metabolic benefits, cold exposure is uncomfortable, 
making it unlikely to be adopted as a therapeutic approach in humans. Investigators 
have been working intensively to identify pharmacologic agents that can recapitulate 
the benefits of cold-activated thermogenic fat. Although typical substances that mimic 
or modify the actions of endogenous catecholamines (sympathomimetics, also known as 
adrenergic drugs and adrenergic amines) such as ephedrine do not appear to activate 
brown fat in humans216, thermogenic adipocytes express high levels of the β3-adrenergic 
receptor (β3-AR) and treatment with the β3-AR agonist mirabegron is capable of 
activating brown fat217. Mirabegron is clinically approved for overactive bladder, and 
administration of this drug promoted robust 18F-fluorodeoxyglucose (FDG) uptake in 
brown fat depots and increased the resting metabolic rate, although it also led to 
increased heart rate and systolic blood pressure. In a recent study of individuals with 
obesity who are insulin resistant, mirabegron improved glucose tolerance and insulin 
sensitivity27. Interestingly, in this study there was no measurable increase in active  
brown adipose tissue (BAT) volume (as assessed by FDG positron emission tomography 
combined with computed tomography (FDG-PET/CT)), but there was an increase in 
uncoupling protein 1 (UCP1) expression in the subcutaneous white adipose tissue (WAT), 
which would be consistent with the activation of beige fat27. In a contemporaneous 
study in young healthy women, 4 weeks of mirabegron treatment increased the BAT 
activity and resting energy expenditure with associated increases in glucose tolerance 
as well as high-density lipoprotein (HDL) and adiponectin levels218.

Although mirabegron has been the most intensively studied pharmacological agonist 
in humans, a recent study suggests that β2-AR might be involved in activating 
thermogenic fat in humans, although the mechanisms involved here are unclear219.  
In addition, other approaches, beyond the use of adrenergic agonists, hold promise. 
Based on preclinical data showing that bile acids activate brown/beige fat via binding 
to the cell surface receptor TGR5, a small study in young healthy females showed that 
2 days of oral chenodeoxycholic acid was sufficient to increase BAT activity220. In another 
small study in young healthy men, three oral doses of the steroid prednisolone, a synthetic 
corticosteroid that promotes the expression of the bile acid transporter, resulted in an 
increase in glucose uptake in BAT221. Interestingly, glucocorticoids appear to decrease 
UCP1 expression in murine brown adipocytes, highlighting a potentially important 
difference between mice and humans.

Dietary factors also have the potential to be repurposed as therapeutics activating 
thermogenic fat. Administration of capsaicin and capsinoids, which are responsible  
for the hot sensation of chili peppers, resulted in a significant increase in energy 
expenditure in young healthy individuals with active BAT222 and in mice223. Other dietary 
factors including curcumin224 and cinnemaldehyde225 have been shown to activate 
thermogenic fat in animal models. Future studies will be needed to determine whether 
these and other dietary ingredients and natural products activate thermogenic fat in 
humans and to dissect underlying mechanisms, physiological consequences and their 
applicability as therapeutics.
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and vascular dysfunction, which inversely correlated 
with BAT activity. Another recent study explored the 
cardio-metabolic effects of thermogenic fat by harness-
ing information available in electronic health records. 
By categorizing BAT activity from more than 130,000 
FDG-PET/CT scans from more than 50,000 patients 
over nearly a decade, a propensity score-matched cohort 
was assembled comprising individuals with and without 
brown fat activity who were matched for age, sex, body 
mass index and outdoor temperature at the time of the 
scan. This study found that BAT activity was associated 
with significantly lower incidence of type 2 diabetes, 
dyslipidaemia, coronary artery disease, cerebrovascular 
disease, congestive heart failure and hypertension184. 
These findings were supported by improved glucose, 
triglyceride and HDL levels in individuals showing BAT 
activity. Moreover, the benefits of BAT activity were par-
ticularly prominent in individuals that were overweight 
or obese, supporting the potential for thermogenic fat to 
offset the deleterious effects of excess adiposity. Based on 
this evidence, there is strong interest to harness thermo-
genic fat for therapeutic benefit. Importantly, however, 
the full spectrum of physiologic effects mediated by this 
tissue as well as mechanisms through which thermo-
genic adipocytes contribute to metabolic fitness remain 
uncertain.

Conclusions and perspective
Thermogenic adipocytes have garnered considerable 
attention in recent years, owing to their varied contribu-
tions to whole-body energy homeostasis, glucose metab-
olism and lipid metabolism that could be harnessed to 
improve metabolic fitness in humans. Nevertheless, 
our knowledge of fat cell populations is still incom-
plete. Initially, thermogenic fat was categorized into 
brown adipocytes (that is, developmentally fixed 
dermomyotome-derived thermogenic adipocytes as 
seen in early life) or beige adipocytes (that is, ‘recruitable’ 
non-dermomyotome-derived thermogenic adipocytes 

present in postnatal stages). However, recent advances 
in cellular lineage determination and single-cell tran-
scriptomics suggest that, in fact, adipocytes are much 
more diverse, with the existence of multiple subtypes 
that originate from distinct progenitors and are uniquely 
regulated by external and hormonal cues. Examples 
include g-beige adipocytes that originate from a unique 
subset of PDGFRα+ progenitors55 and cold-induced 
(but not β3-AR agonist-induced) Acta2-derived beige 
adipocytes50. A future goal will be to determine the lin-
eage hierarchy within adipose tissues and to address the 
following questions: how many subtypes of adipocytes 
do mice and humans have; do they have unique biologi-
cal or pathological functions; and how plastic is cellular 
fate in the adipocyte lineage? Advances in single-cell 
analysis technology make it now possible to address 
these questions. Importantly, single-cell technology will 
be able to address the quantitative dynamics in cellular 
composition within a metabolic organ in response to 
internal and external cues. One example is the finding 
that caloric restriction attenuates age-related changes in 
cellular composition, such as reduced pro-inflammatory 
cells, and modulates the transcriptional programme in 
adipose tissues and other organs185.

Studies from mice and humans indicate that the 
activity of BAT depots correlates with a lower prevalence 
of type 2 diabetes, dyslipidaemia and cardiovascular dis-
eases. This raises the possibility of using BAT activity or 
prevalence as a means to stratify patients for therapeu-
tic and/or nutritional interventions (Fig. 6). Uncovering 
the precise mechanisms by which BAT prevalence and 
activity alters metabolism and clinical phenotypes will 
be a prerequisite for incorporating the BAT status into 
precision medicine-based recommendations for lifestyle 
modification, risk factor management and therapeutic 
intervention.

It is currently unknown to what extent brown fat vol-
ume and activity are determined by genetics as opposed 
to environmental stimuli. In mouse models, beige fat 
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Fig. 6 | Harnessing thermogenic fat activity for precision medicine. Nutritional supplementation with branched-chain 
amino acids (BCAAs) has differential outcomes in humans depending on their metabolic state: BCAAs are known to 
enhance energy expenditure, and, paradoxically, higher circulating levels of BCAAs are found in individuals with obesity 
and/or individuals with diabetes who exhibit lower energy expenditure125,128,193. BCAAs are actively imported into brown 
fat mitochondria and stimulate thermogenesis, and thus BCAA supplementation enhances energy expenditure for those 
individuals who are capable of oxidizing BCAAs in their brown adipose tissue (BAT) depots124. By contrast, impaired BAT 
activity as a BCAA sink, as often seen in obesity and ageing, reduces BCAA clearance, thereby increasing circulating BCAA 
levels, leading to the overflow of BCAAs into skeletal muscle and resulting in insulin resistance123. Hence, stratification of 
human individuals based on their BAT activity (using 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) or 
magnetic resonance imaging (MRI)) can be explored as a component of precision medicine to tailor therapeutic or dietary 
interventions to the patient’s metabolic state.
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abundance is strongly dependent on the genetic back-
ground, with obesity-resistant inbred strains such as A/J 
possessing significantly more beige fat than obesity-prone 
strains such as C57Bl6/J. In humans, however, compar-
atively little is known about the genetic underpinnings 
of thermogenic fat function. Polymorphisms in UCP1 
(–3826 A/G substitution in the UCP1 enhancer) and the 
β3-AR (Trp to Arg substitution at position 64 of the pro-
tein) have been linked to accelerated age-related decline 
in BAT activity186. However, it is not clear whether addi-
tional genetic variants might contribute to thermogenic 
fat development and/or function. Several lines of evi-
dence raise the possibility that such genetic determinants 
may exist. For example, a small case–control study found 
that Dutch individuals with South Asian ancestry had 
significantly lower brown fat volume than matched white 
individuals187, raising the notion that some of these dif-
ferences may have a genetic basis. Intriguingly, a Dutch 
man in his 50s known as the ‘Ice Man’ who holds multiple 
records for endurance cold exposure had shown brown 
fat activity comparable with that of much younger men. 
Although this may simply be due to his environmental 
exposures, he has a monozygotic twin brother who is 

not exposed to extreme cold, and he too had brown fat 
activity similar to that of younger men188. Although this 
may be an isolated example, it suggests the possibility 
that genetic variants may exist that result in enhanced 
thermogenic fat function in humans. Unlike obesity, 
however, there is no straightforward, non-invasive way to 
screen large populations for increased BAT activity. With 
the completion of larger retrospective and prospective 
analyses of FDG-PET/CT scans, the potential exists to 
identify other individuals with exceptionally high brown 
fat activity who can be studied genetically. There is also 
the possibility that recent genetic studies of individuals 
who are thin but otherwise healthy may identify variants 
in genes that contribute to elevated BAT function and 
increased energy expenditure189. Ultimately, the func-
tional relevance and mechanistic basis of any genetic 
variant will require experiments in cell lines and animal 
models. Such studies may provide new biomedically rele-
vant insights into the biology of thermogenic fat, thereby 
facilitating clinical approaches aimed at modulating the 
activity of thermogenic adipocytes.
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