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Abstract Brown adipocytes within brown adipose tissue (BAT) and beige adipocytes within white adipose tissue dissipate nutri-
tional energy as heat. Studies in mice have shown that activation of thermogenesis in brown and beige adipocytes en-
hances the lipolytic processing of triglyceride-rich lipoproteins (TRLs) in plasma to supply these adipocytes with fatty 
acids for oxidation. This process results in formation of TRL remnants that are removed from the circulation through 
binding of apolipoprotein E (ApoE) on their surface to the LDL receptor (LDLR) on hepatocytes, followed by internal-
ization. Concomitantly, lipolytic processing of circulating TRLs leads to generation of excess surface phospholipids that 
are transferred to nascent HDLs, increasing their capacity for reverse cholesterol transport. Activation of thermogenic 
adipocytes thus lowers circulating triglycerides and non-HDL-cholesterol, while it increases HDL-cholesterol. The com-
bined effect is protection from atherosclerosis development, which becomes evident in humanized mouse models with 
an intact ApoE-LDLR clearance pathway only, and is additive to the effects of classical lipid-lowering drugs including statins 
and proprotein convertase subtilisin/kexin type 9 inhibitors. A large recent study revealed that the presence of metabol-
ically active BAT in humans is associated with lower triglycerides, higher HDL-cholesterol and lower risk of cardiovascular 
diseases. This narrative review aims to provide leads for further exploration of thermogenic adipose tissue as a therapeut-
ic target. To this end, we describe the latest knowledge on the role of BAT in lipoprotein metabolism and address, for 
example, the discovery of the β2-adrenergic receptor as the dominant adrenergic receptor in human thermogenic 
adipocytes.
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1. Introduction
Cardiovascular diseases (CVDs) are leading causes of death worldwide. 
The main underlying cause of CVD is atherosclerosis, which refers to 
the development of cholesterol-rich plaques in artery walls. Risk factors 
for atherosclerosis include multiple components of metabolic syndrome, 
including high blood pressure, obesity, insulin resistance, and dyslipidae-
mia, the latter being characterized by high plasma levels of triglycerides 
and non-HDL-cholesterol in the presence of low HDL-cholesterol levels. 
The (re-)discovery of active brown adipose tissue (BAT) in adult humans 
opened a new window of therapeutic opportunities for atherosclerotic 
CVD.1–4 Studies in mice demonstrated that activated BAT can take up 
large amounts of fatty acids (FAs) derived from triglyceride-rich lipopro-
teins (TRLs) and use them as substrates for heat production, which—for 
reasons outlined in section 4—results in a less atherogenic lipoprotein 
profile and protection from atherosclerosis development.5 In humans, 
the amount and activity of BAT, assessed from the uptake of [18F]fluor-
odeoxyglucose ([18F]FDG) in positron emission tomography-computed 
tomography (PET-CT) scans, were found to decrease with age6,7 and 
higher BMI,2,8 and to be dependent on gender (i.e. higher in females)3,9

and ethnicity (e.g. higher in Europids compared to South Asians).10

Interestingly, a recent retrospective analysis of as many as 134 529 
[18F]FDG PET-CT scans from 52 487 patients associated the presence 
of [18F]FDG-positive BAT with a lower risk of type 2 diabetes and coron-
ary artery disease,11 highlighting the potential of BAT as a therapeutic tar-
get in cardiometabolic diseases. In this narrative review, we will describe 
the latest knowledge on the role of murine and humans thermogenic adi-
pocytes in lipoprotein metabolism and atherosclerotic CVD, and discuss 
recent insights in therapeutic interventions to promote thermogenic ac-
tivity in adipose tissue.

2. BAT morphology and physiology
Whereas white adipocytes store nutritional energy from glucose and FAs 
as triglycerides, brown adipocytes combust nutrients into heat, a process 
called non-shivering thermogenesis. This functional distinction between 
the two types of adipocytes is reflected in their different morphology. 
White adipocytes are large, unilocular cells, containing a single large lipid 
droplet and only few small, elongated mitochondria. In contrast, brown 
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adipocytes are smaller multilocular cells, containing multiple small lipid 
droplets and numerous mitochondria with high iron and cytochrome 
content, leading to the brown appearance of BAT compared to white 
adipose tissue (WAT).12 In addition, BAT is densely innervated by the 
sympathetic nervous system and highly vascularized.

While it has long been recognized that small mammals and infants 
have large quantities of metabolically active BAT, the presence of active 
BAT in adult humans was only described fifteen years ago1 and was 

convincingly established two years later.2–4 The following sections will 
describe the processes leading to thermogenic activity in brown adipo-
cytes, which we have also visually summarized in Figure 1. From animal 
studies we have learned that exposure to cold, via activation of thermo-
receptor channels on the skin, triggers sympathetic activity from the 
hypothalamus to release noradrenalin in BAT.13 Noradrenalin binds to 
and activates various β-adrenergic receptors (β-ARs) situated on the 
cell membrane of brown adipocytes. The relative abundance and 

Figure 1 Effect of cold exposure on nutrient partitioning and thermogenic activity in brown adipocytes. Cold stimulates—via the sympathetic nervous 
system—release of FAs from white adipocytes, which are re-esterified into triglycerides (TGs) by hepatocytes and secreted within VLDLs. At the level of 
the brown adipocyte, adrenergic stimulation causes a signalling cascade activating the thermogenic gene programme and stimulating intracellular lipolysis. 
Released FAs are subjected to catabolic processing to fuel the electron transport chain, which generates a proton gradient across the inner mitochondrial 
membrane. UCP1 disrupts this gradient and releases energy as heat. Intracellular lipid stores are replenished by the uptake of VLDL-TG-derived FAs and 
glucose. See text for more details. ATGL, adipose triglyceride lipase; CD36, cluster of differentiation 36; CREB, cAMP response element-binding protein; 
DG, diacylglycerol; FATP1, FA transport protein 1; GLUT1/4, glucose transporter 1/4; HSL, hormone-sensitive lipase; MG, monoacylglycerol; MGl, mono-
acylglycerol lipase; Pgc1α, peroxisome proliferator-activated receptor-γ coactivator 1-α.
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contribution of the three β-AR subtypes (β1–3-AR) are species- 
dependent, with the β3-AR being the most potent trigger of thermogen-
esis in rodents,14 while a recent study identified the β2-AR to be the 
most abundant subtype in human BAT biopsies and the main driver of 
thermogenesis in brown adipocyte cell cultures of human origin.15

Interestingly, others have shown that silencing of the β3-AR in cultured 
human brown adipocytes did attenuate their thermogenic activity.16

These studies, together with the finding that the transcription of 
β2-AR but not β1-AR of cultured human brown adipocytes was induced 
by noradrenalin,15 imply that both β2 and 3-AR subtypes are involved in 
thermogenic regulation while the β2-AR is likely dominant in human 
brown adipocytes. The possibility to activate BAT via pharmacologically 
targeting β-ARs or other pathways is further outlined in section 8.

Independent of the relative involvement of the β-AR subtypes, activa-
tion of any β-AR by noradrenalin induces an intracellular cascade, leading 
to the production of cyclic adenosine monophosphate (cAMP) to acti-
vate protein kinase A (PKA). Subsequently, PKA promotes intracellular 
hydrolysis of triglycerides within the many lipid droplets through phos-
phorylation and activation of adipose triglyceride lipase and hormone- 
sensitive lipase. PKA additionally stimulates thermogenic activity by 
upregulating the transcription of genes involved in thermogenesis via 
phosphorylation of cAMP response element-binding protein. The intra-
cellularly released FAs are subjected to β-oxidation and further catabolic 
processing in the citric acid cycle, yielding reduced nicotinamide adenine 
dinucleotide (NADH) and reduced flavine adenine dinucleotide 
(FADH2) to fuel the electron transport chain. Uncoupling protein 1 
(UCP1), which is uniquely expressed in thermogenic adipocytes, uncou-
ples the electron transport chain from adenosine-5′-triphosphate (ATP) 
production by disrupting the proton gradient across the mitochondrial 
inner membrane, leading to heat production.13 Released long-chain FAs 
also allosterically activate UCP1, further enhancing thermogenesis.17

Notably, inhibition of intracellular triglyceride lipolysis by nicotinic acid 
largely blunted cold-induced increases in BAT oxidative activity and 
thermogenesis in rats18 and humans,19 suggesting a critical role of intra-
cellular triglyceride-derived FAs in BAT thermogenesis. Furthermore, 
recent studies revealed the existence of UCP1-independent thermogen-
ic mechanisms in vivo in mice and in vitro in human brown adipocyte cul-
tures, including futile creatine cycling20,21 and ATP-dependent Ca2+ 

cycling.22 Nonetheless, the physiological relevance of these mechanisms 
for thermogenesis in humans, as well as the possibility to target these 
pathways, warrant further research.

Activation of thermogenesis in brown adipocytes thus depletes intra-
cellular triglyceride stores in BAT of both mice5 and humans,23 which are 
again replenished mainly via the uptake and re-esterification of FAs from 
the circulation, as demonstrated in mice.24 To this end, sympathetic out-
flow to WAT, liver and BAT act in concert. First, sympathetic outflow 
promotes the hydrolysis of intracellular triglycerides in WAT,25 explain-
ing the increase in free FAs in the circulation observed in humans upon 
cold exposure.26 The vast majority of the released FAs bind to albumin 
and are taken up by the liver, where the FAs are re-esterified into trigly-
cerides. Although such FA/triglyceride cycling may seem like an inefficient 
process, released heat during the process could add to thermogenesis 
in adipose tissue,27 which may explain the increased extracellular FA/ 
triglyceride cycling seen in cold-challenged humans.28 Second, sympa-
thetic stimulation of the liver induces the incorporation of triglycerides 
into very LDLs (VLDLs) and their release into the circulation, as shown 
in mice.29 In humans, this is reflected in an increase in large VLDL particles 
upon cold exposure.30 Finally, sympathetic stimulation of BAT promotes 
lipoprotein lipase (LPL)-mediated uptake of triglyceride-derived FAs 

from TRLs as demonstrated in mice.31 LPL is expressed by brown adipo-
cytes and bound by endothelial cells towards the lumen of vessels to fa-
cilitate triglyceride hydrolysis of TRLs, with its expression and activity 
being up-regulated upon sympathetic stimulation.32,33 Interestingly, vas-
cular endothelial cells within BAT also appear to endocytose TRLs as a 
whole.34 Internalized TRLs are processed by lysosomal acid lipase in 
endothelial cells to release FAs for β-oxidation, while generated reactive 
oxygen species (ROS) stimulate hypoxia-inducible factor 1-α-dependent 
proliferation and differentiation of thermogenic adipocytes, which fur-
ther enhances the thermogenic capacity of BAT.34

Besides taking up TRL-derived FAs, BAT also extracts glucose from 
the circulation, a feature that is typically used to determine the presence 
and activity of BAT in humans through the application of [18F]FDG 
PET-CT scanning, as mentioned in section 1. The uptake of glucose by 
brown adipocytes occurs via the noradrenalin-dependent glucose 
transporter-1 and insulin-dependent glucose transporter-4, albeit their 
relative contribution to net glucose uptake is still under debate.13,35 It 
is also not fully understood for what reasons glucose is utilized by brown 
adipocytes. At least, glucose feeds de novo lipogenesis by providing 
substrate for acetyl-CoA synthesis, is used to generate the glycerol-3- 
phosphate backbone of triglycerides, and can enter the pentose phos-
phate pathway resulting in the synthesis of reduced nicotinamide aden-
ine dinucleotide phosphate (NADPH).36 In vitro studies using 
13C-labelled glucose indicated that glucose is fully oxidized upon acute 
adrenergic activation.37 However, the conversion of glucose to CO2 ap-
peared to be dependent on diacylglycerol acyltransferase-2, which is the 
enzyme responsible for triglyceride synthesis from de novo synthesized 
FAs,38 indicating that glucose should be converted into triglycerides be-
fore combustion.

3. Beige adipocytes and browning of 
WAT
Although we thus far referred to brown versus white adipocytes, many 
adipocytes resemble an in-between phenotype.39 These cells are called 
‘beige’ or ‘brown-in-white’ adipocytes. Their morphology is comparable 
to that of brown adipocytes for being multilocular and having a relatively 
low lipid content and high mitochondrial content. Beige cells are also 
capable of uncoupled respiration, but to a lesser extent than brown adi-
pocytes. However, cAMP-stimulated uncoupled respiration of mouse- 
derived beige adipocytes in vitro is comparable to or even exceeds 
that of brown adipocytes.39 Whilst some studies suggested that human 
brown adipocytes have a molecular signature that is more comparable 
to rodent beige adipocytes than ‘classical’ brown adipocytes,39,40 others 
showed that human BAT also expresses classical brown adipocyte mar-
kers.41 These seemingly contradicting results may be explained by differ-
ences in the location of human BAT biopsies, as depots deeper in the 
neck are more similar to classic BAT, while superficial depots are 
more similar to tissue containing beige adipocytes.42,43

The induction of beige adipocyte development in WAT is termed as 
browning of WAT. Repeated cold exposure was shown to induce 
browning of subcutaneous WAT in humans, as evidenced by increased 
protein levels of UCP1 and induction of uncoupled respiration in iso-
lated mitochondria.44 Two potential ways of inducing WAT browning 
have been proposed. The first way involves transdifferentiation of exist-
ing mature white adipocytes into beige adipocytes, which is supported 
by several lines of evidence. For example, cannabinoid type 1 receptor 
blockade with rimonabant of immortalized murine white adipocytes 
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promoted expression of BAT-specific genes and enhanced oxygen con-
sumption, a read-out of the respiratory chain.45 In mice, cold exposure 
increased the number of brown adipocytes across various WAT depots 
with a parallel reduction in the number of white adipocytes46 and in-
creased the percentage of brown adipocytes within inguinal WAT with-
out increasing adipocyte proliferation.47 Moreover, treatment of rats48

with sympathomimetics increased the number of brown adipocytes 
within WAT, without changing total cell numbers and without any ob-
vious signs of active proliferation. The most direct evidence was ob-
tained by using transgenic mice to trace the fate of existing mature 
adipocytes, by which all of ∼5200 cold-induced multilocular 
UCP1-positive adipocytes in inguinal WAT were confirmed to derive 
from preexisting white adipocytes.47 Mature human white adipocytes 
were also shown to transdifferentiate into brown-like adipocytes in vitro 
upon various stimulations, e.g. fibroblast growth factor 21 (FGF21), ro-
siglitazone, or adenovirus-mediated overexpression of peroxisome 
proliferator-activated receptor-γ coactivator 1-α, as evident from in-
creased UCP1 mRNA.49 The second way involves de novo recruitment 
and/or differentiation from adipogenic progenitors. Adrenergic activa-
tion in mice stimulated brown adipocyte differentiation from adipocyte 
precursor cells in epididymal WAT, which express platelet-derived 
growth factor receptor alpha.50 In addition, bone morphogenetic pro-
tein 7 induced differentiation of adipose progenitors isolated from inter-
scapular BAT, subcutaneous WAT and skeletal muscle of mice as well as 
human preadipocytes isolated from subcutaneous WAT into brown adi-
pocytes.51 Similarly, bone morphogenetic protein 7-treated skeletal 
muscle-derived adipose progenitors developed into BAT-like adipose 
tissue after being re-engrafted into skeletal muscle.51 Rosiglitazone52

and cyclo-oxygenase 253 were also found to induce de novo differenti-
ation of brown adipogenic precursors. Although the jury is still out, 
the two processes probably coexist, take place in different locations 
and respond to different stimuli.54,55 To what extent WAT browning 
contributes to energy expenditure and benefits cardiometabolic health 
in humans represents another important outstanding question.

4. Activation of thermogenic 
adipose tissue counteracts 
dyslipidaemia and atherosclerosis in 
the presence of an apolipoprotein 
E-low-density lipoprotein receptor 
uptake pathway for TRL remnants
During lipolytic processing of TRLs by LPL to liberate FAs for combus-
tion by brown and beige adipocytes, TRLs become smaller, depleted 
from triglycerides, and relatively enriched in cholesteryl esters. For 
this reason, BAT activation has been shown to reduce circulating trigly-
ceride levels in many animal studies.5,56–62 Depletion of triglycerides 
from TRLs is accompanied by an increased surface curvature, allowing 
the resulting TRL remnants to acquire (additional) copies of apolipopro-
tein E (ApoE) in a receptor binding-prone conformation.63 Thereby the 
TRL remnants acquire an affinity for mainly the LDL receptor (LDLR) 
but also the LDLR-related protein 1 (LRP1) on hepatocytes to facilitate 
their endocytotic internalization.64,65

Whereas humans carry plasma cholesterol mainly within (V)LDL, 
mice carry the majority of cholesterol within HDL, with LDL-cholesterol 
levels being low, which explains why wild-type mice are resistant to 

atherosclerosis development. Therefore, genetic mouse models are 
widely used to study both pathophysiology of atherosclerosis as well 
as treatment strategies, including hypercholesterolemic Apoe−/−, Ldlr−/ 

− and APOE*3-Leiden.CETP (E3L.CETP) mice. These models have also 
been employed in the past decade to evaluate the effect of 
BAT-activating strategies on lipoprotein metabolism and atheroscler-
osis, as summarized in Table 1. Throughout various studies with different 
mouse models, cold exposure and β3-AR agonism using CL316 243 or 
mirabegron typically reduced circulating triglycerides by stimulating 
the uptake of triglyceride-derived FAs by thermogenic adipose tis-
sue.5,56–62 Interestingly, BAT activation had different and even opposing 
effects on circulating cholesterol levels between models. In Apoe−/− and 
Ldlr−/− mice, BAT activation by CL316 243 did not reduce plasma chol-
esterol,5 while cold exposure and mirabegron even increased choles-
terol.56,57 The lack of cholesterol-lowering effects for CL316 243 
treatment can be explained by an abolished ApoE-LDLR clearance path-
way for TRL remnants in these mice that lack either ApoE or LDLR, 
which precludes efficient coupling of lipolytic processing of TRLs by 
activated thermogenic adipose tissue with uptake of their remnants by 
the liver.5 Cold exposure- and mirabegron-induced increases in circulat-
ing cholesterol in Apoe−/− and Ldlr−/− mice are readily explained by a 
much higher dietary intake of cholesterol in combination with abolished 
TRL remnant clearance.56,57 Therefore, cold exposure and mirabegron 
exacerbated atherosclerosis development in Apoe−/− and Ldlr−/− 

mice,56,57 and BAT activation by CL316 243 did not reverse established 
atherosclerosis in Ldlr−/− mice.66 In favourable contrast, E3L.CETP mice 
express a mutant form of human ApoE3 on top of endogenous mouse 
ApoE, which attenuates rather than abrogates the binding of TRL rem-
nants to LDLR.67 Combined with the expression of human cholesteryl 
ester transfer protein (CETP), which transfers cholesteryl esters from 
HDL to non-HDL, these mice have a human-like lipoprotein profile 
and mimic the lipid-lowering and anti-atherogenic response of humans 
to classic lipid-modulating strategies including statins.68 For that reason, 
activation of BAT and browning of WAT by CL316 243 not only strong-
ly enhanced LPL-dependent lipolytic processing of TRLs by thermogenic 
adipose tissue, but also accelerated the ApoE-LDLR dependent hepatic 
uptake of TRL remnants, thereby reducing plasma non-HDL-cholesterol 
and therefore attenuating trapping of lipoproteins in artery walls and 
atherosclerosis development.5,58–62

Besides reducing triglyceride and cholesterol within TRL remnants, 
activation of adipose tissue thermogenesis in E3L.CETP mice through 
CL316 24359–61 or in humans by cold exposure,30 also increased circu-
lating HDL-cholesterol and we have demonstrated that short-term BAT 
activation was linked to increased reverse cholesterol transport in 
mice.58 Mechanistically, this can be explained by the transfer of excessive 
surface lipids (i.e. mainly phospholipids) from TRLs during LPL-mediated 
lipolysis to lipid-poor apolipoprotein A1 (ApoA1) via phospholipid 
transfer protein (PLTP), resulting in the formation of small nascent 
HDL. These HDL particles acquire cholesterol from peripheral organs, 
after which the cholesterol is esterified by lecithin:cholesterol acyltrans-
ferase (LCAT) into cholesteryl esters that are subsequently selectively 
taken up by hepatocytes via scavenger receptor class B type 1 (SRB1). 
In the liver, cholesteryl esters are hydrolysed into cholesterol that can 
be converted into bile acids to be released into the intestine and partly 
secreted into the faeces. Such increased reverse cholesterol transport 
may contribute to the anti-atherogenic properties of promoting adipose 
tissue thermogenesis,58 although the overall reduction in atherosclerosis 
is probably mainly explained by the reduction in non-HDL-cholesterol.5

Notably, prolonged treatment with a β3-AR agonist reduced the faecal 
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bile acid output in E3L.CETP mice, which was explained by enhanced en-
terohepatic circulation of bile acids as treatment with the bile acid se-
questrant colesevelam restored bile acid output to the faeces and 
enhanced the beneficial effects of BAT activation (see details in 
Section 5).60 Interestingly, β3-AR agonism in E3L.CETP mice on top of 
hepatic SRB1 knockdown was found to further increase plasma 
HDL-cholesterol and reduce atherosclerosis.62 Although this may 
seem counterintuitive, the increase in HDL resulting from SRB1 knock-
down provides a larger pool of acceptors for TRL surface remnants 
thereby facilitating the lipolytic conversion of TRLs and subsequent hep-
atic removal of TRL remnants, while the presence of human CETP shut-
tles cholesteryl esters from HDL to non-HDL, providing an alternative 
pathway for the transport of cholesterol from peripheral tissues to 
the liver.62

The combined mechanisms contributing to the lipid-modulating and 
anti-atherogenic effect of thermogenesis in adipose tissue as derived 
from studies mainly in mice as described in this section are graphically 
summarized in Figure 2.

5. Stimulation of thermogenesis in 
adipose tissue augments the 
beneficial effects of 
cholesterol-lowering therapies, and 
vice versa
Since new CVD-modulating strategies should always be combined with 
standard lipid-lowering therapy in clinical trials, the question arose if 
stimulation of thermogenesis further improves lipid metabolism and at-
tenuates atherosclerosis on top of classic cholesterol-modulating agents, 
which has been evaluated in E3L.CETP mice as a relevant mouse model 
for human-like lipid metabolism and atherosclerosis development (see 
Table 1).

Statins are 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) 
reductase inhibitors that have been developed to treat hypercholester-
olaemia and reduce atherosclerotic CVD. Mechanistically, by inhibiting 
HMG-CoA reductase, statins prevent cholesterol synthesis in the liver, 
thereby lowering intracellular cholesterol levels and altering hepatic 
VLDL secretion. Subsequent activation of the Scap/SREBP pathway up-
regulates hepatic expression of LDLR to increase hepatic uptake of TRL 
remnants and LDL. Combining statin treatment with β3-AR agonism in 
E3L.CETP mice significantly reduced non-HDL-cholesterol and increased 
HDL-cholesterol in the plasma and non-significantly reduced athero-
sclerotic lesion size relative to statin alone.59 Similar to statins, the pro-
protein convertase subtilisin/kexin type 9 (PCSK9) inhibitors 
alirocumab69 and evolocumab70 reduce hypercholesterolaemia and car-
diovascular events in humans. Mechanistically, PCSK9 inhibitors block 
the PCSK9-induced intracellular transport of LDLR into lysosomes for 
degradation, thereby decreasing cholesterol via increased hepatic uptake 
of TRL remnants and LDL.71 In E3L.CETP mice, BAT activation by β3-AR 
agonism on top of alirocumab treatment significantly reduced plasma 
non-HDL-cholesterol, increased HDL-cholesterol and tended to fur-
ther attenuate atherosclerosis development compared to alirocumab 
alone.61

Bile acid sequestrants bind to bile acids in the small intestine and 
therefore inhibit intestinal reabsorption. This leads to a reduction of 
bile acids in the circulation, which is sensed by hepatocytes and in turn 
the expression of LDLR and cholesterol conversion into bile acids is 

upregulated, resulting in decreased plasma LDL-cholesterol and reduced 
CVD risk.72,73 Whilst short-term activation of adipose tissue thermo-
genesis promoted the conversion of cholesterol into bile acids due to 
an increased flux of cholesterol to the liver through accelerated forma-
tion of TRL remnants and mature HDL, prolonged BAT activity attenu-
ated this process despite increased hepatic cholesterol. This is possibly 
due to elevated intestinal reabsorption resulting in an increased bile acid 
flux to the liver, which consequently downregulates bile acid synthesis.60

Combining prolonged β3-AR agonism with the bile acid sequestrant co-
lesevelam restored faecal bile acid excretion and lowered plasma 
non-HDL-cholesterol levels, therefore leading to improved lesion stabil-
ity and a trend for reduced atherosclerotic lesion when compared to 
β3-AR agonism alone.60

6. Human BAT activity inversely 
relates to CVD incidence
Whilst activation of BAT and browning of WAT creates an anti- 
atherogenic lipoprotein profile in clinically relevant mouse models on 
top of classical lipid-lowering agents, studies addressing the role of 
thermogenic adipose tissue in human lipoprotein metabolism and car-
diovascular health are still scarce. In a 5-year follow-up study including 
31 healthy subjects, cold-induced BAT activity as determined by [18F] 
FDG uptake and [15O]H2O perfusion was shown to correlate with low-
er carotid intima-media thickness and higher carotid elasticity via vascu-
lar imaging.74 A larger study, using retrospective analysis of BAT activity 
from [18F]FDG PET-CT scans from a cohort of 443 patients during a 
follow-up of 4 years, demonstrated that subjects who experienced a 
CVD event had lower BAT activity and individuals with lower BAT ac-
tivity had more CVD events.9 In addition, individuals with lower BAT ac-
tivity had greater arterial inflammation as measured by [18F]FDG uptake 
in the aortic wall,9 which is of interest as arterial inflammation relates to 
CVD events.75,76 In this suspected relationship, BAT activity may be rep-
resentative of perivascular adipose tissue function, which also has 
BAT-like characteristics.77 A recent unprecedented large retrospective 
study, using [18F]FDG PET-CT scans of as many as 52 487 patients dur-
ing a 9-year follow-up, categorized subjects by presence or absence of 
detectible BAT activity based on [18F]FDG uptake and also reported a 
beneficial association between BAT activity and lower CVD risk, as indi-
viduals with detectible BAT activity have lower prevalence of various 
cardiovascular events.11 After adjusting for confounding factors, includ-
ing antihypertensive medication, ethnicity, and smoking status, the pres-
ence of BAT activity was identified as an independent negative predictor 
of CVD, coronary artery disease, congestive heart failure as well as 
hypertension.11 In addition, individuals with BAT activity had lower plas-
ma triglycerides and higher HDL-cholesterol.11 Given that mechanistic 
studies in E3L.CETP mice revealed that BAT activation causally reduces 
plasma triglycerides and increases HDL-cholesterol,5 a similar relation-
ship is thus likely operative in humans and may explain the inverse rela-
tion between BAT activity and CVD risk. A cross-over clinical study 
demonstrated that short-term cold exposure of young men not only in-
creased the plasma concentration of small HDL particles, but also en-
hanced ATP-binding cassette A1 (ABCA1)-dependent cholesterol 
efflux from macrophages to HDL as measured in vitro,30 which is sug-
gestive of higher reverse cholesterol transport in subjects in the pres-
ence of BAT activity. Notably, the association between the presence 
of metabolically active BAT and lower risk of coronary artery disease, 
congestive heart failure, and hypertension was found stronger in 
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individuals who are overweight or obese as compared to lean indivi-
duals,11 possibly suggesting that populations at high risk for CVD may 
benefit more from BAT-targeted therapy.

Reassuringly, although obese individuals showed blunted expression 
of thermogenic genes in BAT78 and decreased glucose uptake by the tis-
sue,79 adipocyte progenitors isolated from BAT of obese individuals can 

differentiate into thermogenic adipocytes at an equal frequency as those 
isolated from lean individuals, and the resulting differentiated brown adi-
pocytes displayed comparable basal and noradrenalin-stimulated mito-
chondrial respiration.78 Similarly, applying an ice pack 30 min per day 
for 10 days to one side of the thighs induced protein expression of 
UCP1 and the beige adipocyte marker transmembrane protein 26 in 

Figure 2 Schematic model detailing how thermogenic adipose tissue activation attenuates dyslipidaemia and protects from atherosclerosis development. 
Activated thermogenic adipose tissue (i.e. BAT and browned WAT) burns FAs liberated from intracellular lipid droplets for heat production. To replenish 
intracellular triglyceride stores, thermogenic adipose tissue takes up FAs from circulating TRLs after liberation by LPL-mediated lipolysis (pathway 1), leaving 
TRL core remnants and TRL surface remnants, mainly phospholipids, in the circulation. The core remnants are then efficiently taken up by the liver after 
binding of ApoE on the particle surface to mainly the LDLR on hepatocytes (pathway 2), protein levels of which are regulated by proprotein convertase 
subtilisin/kexin type 9 (PCSK9), resulting in a reduction in cholesterol-enriched lipoproteins and therefore attenuating trapping of lipoproteins in artery 
walls and atherosclerosis progression. The surface remnants are sequestered into HDL to improve HDL’s cholesterol efflux-inducing capacity from e.g. 
macrophages in atherosclerotic plaques, with subsequent esterification of the acquired cholesterol by LCAT and selective delivery of the cholesteryl esters 
via SRB1 to hepatocytes (pathway 3), which can contribute to the atheroprotective effect of thermogenic adipose tissue activation. The uptake of 
cholesterol-enriched TRL remnants and cholesteryl esters from HDL combined leads to the accumulation of cholesterol in the liver, which drives chol-
esterol conversion into bile acids (pathway 4) with increased bile acid excretion via faeces (pathway 6), an effect that is attenuated upon prolonged stimu-
lation of thermogenesis in adipose tissue due to enhanced bile acid re-uptake via enterohepatic circulation (pathway 5). See text for more details.
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subcutaneous WAT of the cold-exposed thigh in both lean and obese 
subjects.44 This response even extended to the contralateral thigh, 
which is likely explained by activation of the sympathetic nervous sys-
tem.44 Furthermore, individuals who had less BAT activity based on 
[18F]FDG PET-CT scan before a 27-day treatment with the 
β3-adrenergic receptor agonist mirabegron gained larger BAT activity 
and volume than those who started with higher BAT activity,80 again 
supporting the opportunity for BAT-targeted therapy.

7. Human BAT activation by cold 
exposure attenuates risk factors of 
CVD
Besides the observed beneficial relation between the presence of BAT 
and CVD in humans (see Section 6), cold exposure has been shown 
to beneficially affect several risk factors for CVD, including adiposity 
and insulin resistance.

Adiposity results from excessive energy intake relative to energy ex-
penditure, or alterations in nutrient partitioning. Acute cold exposure 
increased resting energy expenditure in both lean81–83 and obese84 par-
ticipants, and notably such increases were only evident82 or more pro-
nounced83 in BAT-positive individuals (i.e. with detectible [18F]FDG 
uptake by BAT depots). Even though BAT activity is generally assessed 
using the glucose tracer [18F]FDG, the cold-induced increase in energy 
expenditure was mainly explained by an increase in lipid oxidation.81,82

Subjecting healthy lean humans to daily 2 h cold exposure at 17°C for 6 
weeks increased BAT activity with a parallel increase in whole-body en-
ergy expenditure and a modest reduction in body fat mass.83 Despite 
these encouraging data, cold acclimatization at 19°C for at least 10 h 
each night for a month enhanced resting energy expenditure but did 
not affect body fat mass in another study with a healthy lean popula-
tion.85 Similarly, a single dose of the β3-AR agonist mirabegron enhanced 
BAT activity (i.e. [18F]FDG uptake) and increased energy expenditure in 
humans,86,87 but long-term treatment with either mirabegron or other 
β3-AR agonists (i.e. L-796 568 and TAK-677) did not reduce body fat 
mass.88–90 Therefore, it remains to be determined under what specific 
conditions cold exposure or pharmacological therapies can be em-
ployed to efficiently promote BAT activity and attenuate fat mass. 
Alternatively, it is well possible that BAT activity simply improves overall 
metabolic health, rather than reducing adipose tissue mass per se. In line 
with this notion, a very recent study has suggested that after correcting 
for BMI, the presence of active BAT, as measured by [18F]FDG uptake, 
was associated with decreased visceral adipose tissue and increased sub-
cutaneous adipose tissue,91 a phenotype that is typically associated with 
better metabolic health.

BAT has also been implicated in glycaemic control. In healthy lean 
humans, acute cold stimulation (18°C)92 or 1-month cold acclimation 
(i.e. ∼ 10 h at 19°C each night)85 increased uptake of glucose by BAT 
and improved whole-body insulin sensitivity, albeit no effects on fasting 
plasma glucose levels were observed. Of note, prolonged (5–8 h) cold 
exposure at ∼19°C in healthy overweight humans enhanced both basal 
and insulin-stimulated glucose disposal in subjects with detectable BAT, 
while not affecting either basal or insulin-stimulated glucose disposal in 
those individuals without detectable BAT.82 This was accompanied by 
a selectively increased [18F]FDG uptake by BAT but not by other organs, 
including skeletal muscle.82 Another study in healthy overweight indivi-
duals showed that 4-week treatment with mirabegron also selectively 
promoted glucose uptake by BAT, while improving insulin sensitivity 

and insulin-independent glucose metabolism.80 In patients with type 2 
diabetes, cold acclimation (14–15°C, ∼5.5 h/day for 10 days) increased 
insulin sensitivity and whole-body glucose disposal, as evidenced by in-
creased glucose infusion rate during the hyperinsulinemic-euglycemic 
clamp.93 Still, it should be noted that this improved glucose disposal 
was explained by increased [18F]FDG uptake by BAT as well as skeletal 
muscle, the latter also contributing to cold-induced shivering.93 In add-
ition to directly taking up glucose, a variety of brown adipokines were 
identified to be secreted by human brown adipocytes upon adrenergic 
stimulation, and were shown to improve glucose tolerance and insulin 
sensitivity in preclinical models.94,95

Thus, studies have unequivocally demonstrated that cold exposure 
activates BAT, enhances energy expenditure, and improves glycaemic 
control. The relative contribution of BAT and other metabolic organs 
needs to be better understood, but at the very least it seems that the 
presence of (cold-) activate(d) BAT is associated with metabolic health.

8. Therapeutic interventions to 
recruit BAT and promote BAT 
activity
In 2015, Cypess et al.86 were the first to show that human BAT can be 
activated by the β3-AR agonist mirabegron, which seemed to nicely cor-
roborate the effects of the β3-AR agonist CL316 243 in mice,5 although 
with a concomitant increase in heart rate.86 A more recent study, how-
ever, revealed that such a BAT-activating effect was only observed at a 
supra-pharmacological dose of 200 mg, as the pharmacological dose of 
50 mg applied in the treatment of hyperactive bladder appeared inef-
fective,15 which suggested that mirabegron-induced activation of BAT 
resulted from cross-reactivity with other β-ARs. Indeed, transcriptomic 
analysis of human BAT biopsies showed that abundance of β2-AR far ex-
ceeds that of β3-AR, while β3-AR is the dominant AR in mouse BAT.15

An in vitro study using primary human brown adipocytes corroborated 
that thermogenic activation by noradrenalin and mirabegron is predom-
inately mediated via β2-AR.15 On the other hand, chronic treatment (10 
weeks; 50 mg/day) with mirabegron promoted thermogenic gene ex-
pression in WAT of insulin-resistant, obese humans.44 In addition, 
Trp64Arg polymorphism in the ADRB3 gene encoding for the β3-AR is 
associated with dyslipidaemia and therefore might represent a genetic 
risk factor for CVD.96 For these reasons we should not fully discard 
the β3-AR as a therapeutic target.

The recent finding regarding the prominent role of β2-AR in human 
BAT activation, however, opened up new opportunities for BAT as a 
therapeutic target in (cardio)metabolism. Interestingly, the amino acid 
sequence of human β2-AR is highly polymorphic.97 The ThrIle164 vari-
ant has lower affinity for β2-AR agonists98 and individuals with this vari-
ant are characterized by early onset of coronary artery disease.99

Besides, the β2-AR agonist formoterol stimulates fat oxidation in hu-
mans, a feature of BAT activation,10,81,82 without increasing heart 
rate.100 This suggests that β2-AR agonism may provide an efficient and 
possibly safe option to activate human BAT and improve (cardio)vascu-
lar health. These findings thus imply that β2-AR agonism may be the way 
forward in adrenergic BAT activation, and further studies are warranted 
to assess whether this can effectively and safely activate human BAT 
in vivo.

Besides cold-mediated sympathetic stimulation and pharmacological 
β-AR agonism, stimulation of two hormonal pathways also potently ac-
tivate BAT and are worth noting as they lower atherosclerosis in 
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preclinical models and improve risk factors for CVD in humans (see also 
the graphical summary in Figure 3). Firstly, treatment of mice with re-
combinant human FGF21 enhanced the uptake of glucose101 and 
triglyceride-derived FAs from TRLs102 by BAT and promoted WAT 
browning,101,102 which normalized glycaemia101 and reduced plasma tri-
glycerides.102 Furthermore, FGF21-stimulated lipolysis of TRLs by BAT 
consequently stimulated TRL-remnant uptake by the liver, therefore de-
creasing plasma non-HDL-cholesterol and protecting from atheroscler-
osis in E3L.CETP mice.103 In humans, serum FGF21 levels correlate with 
BAT activity104 and treatment of primary adipocytes isolated from hu-
man neck beige adipocyte depots with FGF21 stimulated thermogenic 
gene/protein expression and noradrenalin-induced heat produc-
tion,105,106 accompanied by increased lipid oxidation.106 Clinical studies 
in subjects with type 2 diabetes showed that administration of an FGF21 
analogue remarkably improved dyslipidaemia, including decreases in 
plasma LDL-cholesterol and triglycerides and an increase in 
HDL-cholesterol, while the much-anticipated glucose-lowering effect 

did not reach statistical significance.107,108 These lipid-manipulating ef-
fects of FGF21 treatment in humans suggest that FGF21-based therapies 
may be effective to combat human dyslipidaemia and atherosclerotic 
CVD, as shown in our preclinical study.103 Whether and to what extent 
BAT plays a role in the beneficial effects of FGF21 in humans still remains 
to be investigated.

Similar to FGF21, studies of glucagon-like peptide 1 receptor 
(GLP-1R) agonism have also shown promising results. In lean mice, intra-
cerebroventricular administration with the GLP-1R agonist liraglutide 
activated BAT thermogenesis as evident from decreased intracellular li-
pid content in combination with increased interscapular temperature109. 
In both lean and diet-induced obese mice, another GLP-1R agonist, 
exendin-4, was shown to increase UCP1 protein content in BAT.110

In parallel, exendin-4 increased BAT uptake of glucose and triglyceride- 
derived FAs, accompanied by lowered plasma glucose and triglyceride 
levels.110 Similarly, in healthy humans, GLP-1R agonism with exenatide 
increased BAT volume and glucose uptake, accompanied by lower 

Figure 3 Graphical summary of promising therapeutic interventions to promote thermogenic adipose tissue activity and their effects on risk factors for 
CVD in humans. SNS, sympathetic nervous system; β-Klotho/FGFR, β-Klotho/fibroblast growth factor receptor complex.
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circulating triglyceride and total cholesterol levels.111 These glucose and 
lipid-lowering actions are indicative of atheroprotective effects of 
GLP-1R agonism. Indeed, patients with type 2 diabetes using liraglutide 
showed less death from cardiovascular causes and a lower frequency of 
nonfatal myocardial infarction and stroke.112 Several studies in Apoe–/–, 
Ldlr–/– and E3L.CETP mice have shown that GLP-1R agonists reduced 
atherosclerosis development via reducing inflammation in atheroscler-
otic plaques.113–115 To what extent GLP-1R agonism can also attenuate 
atherosclerosis development via regulating lipid metabolism through 
BAT activation remains to be studied. Furthermore, glucose-dependent 
insulinotropic polypeptide receptor (GIPR) agonism was proposed to 
enhance the metabolic effects of GLP-1R agonism. Consistent with 
this hypothesis, a recent phase 2 clinical trial demonstrated that the 
dual GLP-1R/GIPR agonist LY3298176 not only produced superior ben-
efits regarding glucose control, but also in weight loss in patients with 
type 2 diabetes as compared to single GLP-1R agonism by dulaglutide.116

Mechanistically, while both agonists promote glucose-stimulated insulin 
secretion, glucose-dependent insulinotropic polypeptide has also been 
shown to promote lipolysis in white adipocytes in vitro.117 In theory, re-
leased FAs may fuel BAT activated by GLP-1R agonism and therefore 
lead to superior metabolic benefits, although this should still be con-
firmed in experimental studies. As with FGF21 analogue treatment, 
whether combined GLP-1R/GIPR agonism can be employed to prevent 
or treat dyslipidaemia and atherosclerotic CVD, and to what extent 
BAT activation plays a role, still have to be revealed.

9. Concluding remarks and future 
directions
Taken together, there is compelling evidence for a relationship between 
the presence of metabolically active BAT in humans and lower CVD risk. 
The still unresolved question, however, is to what extent the observed 
associations imply causality or merely reflect overall metabolic health. 
Cold interventions have been shown to activate BAT activity and 
thermogenesis, and large prospective intervention studies applying 
cold interventions will be needed to prove causality. In addition, genetic 
polymorphisms determining the thermogenic capacity of adipose tissue 
may be identified to allow proof of causality between adipose tissue 
thermogenesis and CVD risk in large Mendelian-randomization studies.

Experimental studies in mice have convincingly shown that thermo-
genic activity in adipose tissue enhances lipolytic processing of TRLs, re-
sulting in FA uptake by adipocytes and consequently promotes liver 
uptake of TRL remnants provided that an intact human-like 
ApoE-LDLR pathway is present (Table 1). Together, these result in com-
bined attenuation of hypertriglyceridaemia and hypercholesterolaemia 
and reduce atherosclerosis development. This anti-atherosclerotic ef-
fect is likely further enhanced by elevated reverse cholesterol transport, 
which is driven by enhanced cholesterol efflux capacity of HDL as a con-
sequence of increasing lipid transfer from TRLs to HDL during lipolytic 
processing. In humans, BAT activity inversely correlates with circulating 
triglyceride and HDL-cholesterol levels and CVD prevalence and seems 
to protect against additional risk factors for CVD including adiposity and 
insulin resistance. Combined with the findings from preclinical studies 
that thermogenic adipose tissue activation adds to the lipid-lowering 
and antiatherogenic effects of classical lipid-lowering strategies (i.e. 
HMG-CoA reductase inhibition and PCSK9 inhibition), these findings 
highlight the potential of activating BAT to further prevent/treat dyslipi-
daemia and atherosclerotic CVD in humans.

Obviously, further research is needed to reveal whether promotion 
of BAT activity or browning of WAT can be used to treat dyslipidaemia 
and atherosclerotic CVD in humans, especially in those individuals who 
are at high risk for CVD. FGF21 and GLP-1R agonism (likely in combin-
ation with GIPR agonism) activate BAT and promote browning of WAT 
in mice and are promising therapeutic strategies to treat human athero-
sclerotic CVD. Further clinical studies are warranted to assess their ef-
ficacy to reduce atherosclerotic CVD, as well as the involvement of BAT 
activation therein. Also, the recent discovery that human brown adipo-
cytes are mainly activated via β2-AR stimulation, in contrast to mouse 
brown adipocytes that are activated mainly through the β3-AR,15 pro-
vides a unique opportunity to assess both the efficacy and safety of 
β2-AR agonism in human BAT activation in relation to (cardio)metabolic 
health.

Conflict of interest: None declared.

Funding
This work was supported by the Dutch Heart Foundation [2017T016 to 
S.K.] and the Netherlands Cardiovascular Research Initiative: an initiative 
with support of the Dutch Heart Foundation [CVON-GENIUS-2 to 
P.C.N.R.]. Z.Y. is supported by a full-time PhD scholarship from the 
China Scholarship Council.

Data availability
No new data were generated or analyzed in support of this manuscript.

References
1. Nedergaard J, Bengtsson T, Cannon B. Unexpected evidence for active brown adipose 

tissue in adult humans. Am J Physiol Endocrinol Metab 2007;293:E444–E452.
2. van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, Drossaerts JM, 

Kemerink GJ, Bouvy ND, Schrauwen P, Teule GJ. Cold-activated brown adipose tissue 
in healthy men. N Engl J Med 2009;360:1500–1508.

3. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, Kuo FC, Palmer EL, 
Tseng YH, Doria A, Kolodny GM, Kahn CR. Identification and importance of brown adi-
pose tissue in adult humans. N Engl J Med 2009;360:1509–1517.

4. Zingaretti MC, Crosta F, Vitali A, Guerrieri M, Frontini A, Cannon B, Nedergaard J, Cinti 
S. The presence of UCP1 demonstrates that metabolically active adipose tissue in the 
neck of adult humans truly represents brown adipose tissue. FASEB J 2009;23: 
3113–3120.

5. Berbee JF, Boon MR, Khedoe PP, Bartelt A, Schlein C, Worthmann A, Kooijman S, 
Hoeke G, Mol IM, John C, Jung C, Vazirpanah N, Brouwers LP, Gordts PL, Esko JD, 
Hiemstra PS, Havekes LM, Scheja L, Heeren J, Rensen PC. Brown fat activation reduces 
hypercholesterolaemia and protects from atherosclerosis development. Nat Commun 
2015;6:6356.

6. Zoico E, Rubele S, De Caro A, Nori N, Mazzali G, Fantin F, Rossi A, Zamboni M. Brown 
and beige adipose tissue and aging. Front Endocrinol (Lausanne) 2019;10:368.

7. Yoneshiro T, Aita S, Matsushita M, Okamatsu-Ogura Y, Kameya T, Kawai Y, Miyagawa 
M, Tsujisaki M, Saito M. Age-related decrease in cold-activated brown adipose tissue 
and accumulation of body fat in healthy humans. Obesity (Silver Spring) 2011;19: 
1755–1760.

8. Wang Q, Zhang M, Xu M, Gu W, Xi Y, Qi L, Li B, Wang W. Brown adipose tissue ac-
tivation is inversely related to central obesity and metabolic parameters in adult human. 
PLoS One 2015;10:e0123795.

9. Takx RA, Ishai A, Truong QA, MacNabb MH, Scherrer-Crosbie M, Tawakol A. 
Supraclavicular brown adipose tissue 18F-FDG uptake and cardiovascular disease. 
J Nucl Med 2016;57:1221–1225.

10. Bakker LE, Boon MR, van der Linden RA, Arias-Bouda LP, van Klinken JB, Smit F, 
Verberne HJ, Jukema JW, Tamsma JT, Havekes LM, van Marken Lichtenbelt WD, 
Jazet IM, Rensen PC. Brown adipose tissue volume in healthy lean south Asian adults 
compared with white Caucasians: a prospective, case-controlled observational study. 
Lancet Diabetes Endocrinol 2014;2:210–217.

11. Becher T, Palanisamy S, Kramer DJ, Eljalby M, Marx SJ, Wibmer AG, Butler SD, Jiang CS, 
Vaughan R, Schöder H, Mark A, Cohen P. Brown adipose tissue is associated with car-
diometabolic health. Nat Med 2021;27:58–65.

12. Frontini A, Cinti S. Distribution and development of brown adipocytes in the murine 
and human adipose organ. Cell Metab 2010;11:253–256.

13. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological significance. 
Physiol Rev 2004;84:277–359.



916                                                                                                                                                                                                     Z. Ying et al.

14. Robidoux J, Martin TL, Collins S. Beta-adrenergic receptors and regulation of energy 
expenditure: a family affair. Annu Rev Pharmacol Toxicol 2004;44:297–323.

15. Blondin DP, Nielsen S, Kuipers EN, Severinsen MC, Jensen VH, Miard S, Jespersen NZ, 
Kooijman S, Boon MR, Fortin M, Phoenix S, Frisch F, Guerin B, Turcotte EE, Haman F, 
Richard D, Picard F, Rensen PCN, Scheele C, Carpentier AC. Human brown adipocyte 
thermogenesis is driven by beta2-AR stimulation. Cell Metab 2020;32:287–300.

16. Cero C, Lea HJ, Zhu KY, Shamsi F, Tseng YH, Cypess AM. β3-Adrenergic receptors 
regulate human brown/beige adipocyte lipolysis and thermogenesis. JCI Insight 2021; 
6:e139160.

17. Fedorenko A, Lishko PV, Kirichok Y. Mechanism of fatty-acid-dependent UCP1 un-
coupling in brown fat mitochondria. Cell 2012;151:400–413.

18. Labbé SM, Caron A, Bakan I, Laplante M, Carpentier AC, Lecomte R, Richard D. In vivo 
measurement of energy substrate contribution to cold-induced brown adipose tissue 
thermogenesis. FASEB J 2015;29:2046–2058.

19. Blondin DP, Frisch F, Phoenix S, Guerin B, Turcotte EE, Haman F, Richard D, Carpentier 
AC. Inhibition of intracellular triglyceride lipolysis suppresses cold-induced brown adi-
pose tissue metabolism and increases shivering in humans. Cell Metab 2017;25: 
438–447.

20. Kazak L, Chouchani ET, Jedrychowski MP, Erickson BK, Shinoda K, Cohen P, Vetrivelan 
R, Lu GZ, Laznik-Bogoslavski D, Hasenfuss SC, Kajimura S, Gygi SP, Spiegelman BM. A 
creatine-driven substrate cycle enhances energy expenditure and thermogenesis in 
beige fat. Cell 2015;163:643–655.

21. Rahbani JF, Roesler A, Hussain MF, Samborska B, Dykstra CB, Tsai L, Jedrychowski MP, 
Vergnes L, Reue K, Spiegelman BM, Kazak L. Creatine kinase B controls futile creatine 
cycling in thermogenic fat. Nature 2021;590:480–485.

22. Ikeda K, Kang Q, Yoneshiro T, Camporez JP, Maki H, Homma M, Shinoda K, Chen Y, Lu 
X, Maretich P, Tajima K, Ajuwon KM, Soga T, Kajimura S. UCP1-independent signaling 
involving SERCA2b-mediated calcium cycling regulates beige fat thermogenesis and sys-
temic glucose homeostasis. Nat Med 2017;23:1454–1465.

23. Abreu-Vieira G, Sardjoe Mishre ASD, Burakiewicz J, Janssen LGM, Nahon KJ, van der 
Eijk JA, Riem TT, Boon MR, Dzyubachyk O, Webb AG, Rensen PCN, Kan HE. 
Human brown adipose tissue estimated with magnetic resonance imaging undergoes 
changes in composition after cold exposure: an in vivo MRI study in healthy volunteers. 
Front Endocrinol (Lausanne) 2019;10:898.

24. Khedoe PP, Hoeke G, Kooijman S, Dijk W, Buijs JT, Kersten S, Havekes LM, Hiemstra 
PS, Berbee JF, Boon MR, Rensen PC. Brown adipose tissue takes up plasma triglycerides 
mostly after lipolysis. J Lipid Res 2015;56:51–59.

25. Bartness TJ, Liu Y, Shrestha YB, Ryu V. Neural innervation of white adipose tissue and 
the control of lipolysis. Front Neuroendocrinol 2014;35:473–493.

26. Blondin DP, Labbe SM, Phoenix S, Guerin B, Turcotte EE, Richard D, Carpentier AC, 
Haman F. Contributions of white and brown adipose tissues and skeletal muscles to 
acute cold-induced metabolic responses in healthy men. J Physiol 2015;593:701–714.

27. Prentki M, Madiraju SR. Glycerolipid metabolism and signaling in health and disease. 
Endocr Rev 2008;29:647–676.

28. Vallerand AL, Zamecnik J, Jones PJ, Jacobs I. Cold stress increases lipolysis, FFA ra and 
TG/FFA cycling in humans. Aviat Space Environ Med 1999;70:42–50.

29. Konstandi M, Kypreos KE, Matsubara T, Xepapadaki E, Shah YM, Krausz K, 
Andriopoulou CE, Kofinas A, Gonzalez FJ. Adrenoceptor-related decrease in serum tri-
glycerides is independent of PPARα activation. FEBS J 2019;286:4328–4341.

30. Hoeke G, Nahon KJ, Bakker LEH, Norkauer SSC, Dinnes DLM, Kockx M, Lichtenstein L, 
Drettwan D, Reifel-Miller A, Coskun T, Pagel P, Romijn F, Cobbaert CM, Jazet IM, 
Martinez LO, Kritharides L, Berbee JFP, Boon MR, Rensen PCN. Short-term cooling in-
creases serum triglycerides and small high-density lipoprotein levels in humans. J Clin 
Lipidol 2017;11:920–928 e2.

31. Bartelt A, Bruns OT, Reimer R, Hohenberg H, Ittrich H, Peldschus K, Kaul MG, 
Tromsdorf UI, Weller H, Waurisch C, Eychmüller A, Gordts PL, Rinninger F, 
Bruegelmann K, Freund B, Nielsen P, Merkel M, Heeren J. Brown adipose tissue activity 
controls triglyceride clearance. Nat Med 2011;17:200–205.

32. Carneheim C, Nedergaard J, Cannon B. Cold-induced beta-adrenergic recruitment of 
lipoprotein lipase in brown fat is due to increased transcription. Am J Physiol 1988; 
254:E155–E161.

33. Mitchell JR, Jacobsson A, Kirchgessner TG, Schotz MC, Cannon B, Nedergaard J. 
Regulation of expression of the lipoprotein lipase gene in brown adipose tissue. Am J 
Physiol 1992;263:E500–E506.

34. Fischer AW, Jaeckstein MY, Gottschling K, Heine M, Sass F, Mangels N, Schlein C, 
Worthmann A, Bruns OT, Yuan Y, Zhu H, Chen O, Ittrich H, Nilsson SK, Stefanicka 
P, Ukropec J, Balaz M, Dong H, Sun W, Reimer R, Scheja L, Heeren J. Lysosomal lipo-
protein processing in endothelial cells stimulates adipose tissue thermogenic adapta-
tion. Cell Metab 2020;33:547–564.

35. Townsend KL, Tseng YH. Brown fat fuel utilization and thermogenesis. Trends 
Endocrinol Metab 2014;25:168–177.

36. McNeill BT, Morton NM, Stimson RH. Substrate utilization by brown adipose tissue: 
what’s hot and what’s not? Front Endocrinol (Lausanne) 2020;11:571659.

37. Held NM, Kuipers EN, van Weeghel M, van Klinken JB, Denis SW, Lombès M, Wanders 
RJ, Vaz FM, Rensen PCN, Verhoeven AJ, Boon MR, Houtkooper RH. Pyruvate dehydro-
genase complex plays a central role in brown adipocyte energy expenditure and fuel 
utilization during short-term beta-adrenergic activation. Sci Rep 2018;8:9562.

38. Irshad Z, Dimitri F, Christian M, Zammit VA. Diacylglycerol acyltransferase 2 links glu-
cose utilization to fatty acid oxidation in the brown adipocytes. J Lipid Res 2017;58: 
15–30.

39. Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, Khandekar M, Virtanen KA, 
Nuutila P, Schaart G, Huang K, Tu H, van Marken Lichtenbelt WD, Hoeks J, 
Enerback S, Schrauwen P, Spiegelman BM. Beige adipocytes are a distinct type of 
thermogenic fat cell in mouse and human. Cell 2012;150:366–376.

40. Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda E, Ruiz L, Hu H, Wang L, Pavlova Z, 
Gilsanz V, Kajimura S. Human BAT possesses molecular signatures that resemble beige/ 
brite cells. PLoS One 2012;7:e49452.

41. Jespersen NZ, Larsen TJ, Peijs L, Daugaard S, Homøe P, Loft A, de Jong J, Mathur N, 
Cannon B, Nedergaard J, Pedersen BK, Møller K, Scheele C. A classical brown adipose 
tissue mRNA signature partly overlaps with brite in the supraclavicular region of adult 
humans. Cell Metab 2013;17:798–805.

42. Cypess AM, White AP, Vernochet C, Schulz TJ, Xue R, Sass CA, Huang TL, 
Roberts-Toler C, Weiner LS, Sze C, Chacko AT, Deschamps LN, Herder LM, 
Truchan N, Glasgow AL, Holman AR, Gavrila A, Hasselgren PO, Mori MA, Molla M, 
Tseng YH. Anatomical localization, gene expression profiling and functional character-
ization of adult human neck brown fat. Nat Med 2013;19:635–639.

43. Nedergaard J, Cannon B. How brown is brown fat? It depends where you look. Nat Med 
2013;19:540–541.

44. Finlin BS, Memetimin H, Confides AL, Kasza I, Zhu B, Vekaria HJ, Harfmann B, Jones KA, 
Johnson ZR, Westgate PM, Alexander CM, Sullivan PG, Dupont-Versteegden EE, Kern 
PA. Human adipose beiging in response to cold and mirabegron. JCI Insight 2018;3: 
e121510.

45. Perwitz N, Wenzel J, Wagner I, Büning J, Drenckhan M, Zarse K, Ristow M, Lilienthal W, 
Lehnert H, Klein J. Cannabinoid type 1 receptor blockade induces transdifferentiation 
towards a brown fat phenotype in white adipocytes. Diabetes Obes Metab 2010;12: 
158–166.

46. Vitali A, Murano I, Zingaretti MC, Frontini A, Ricquier D, Cinti S. The adipose organ of 
obesity-prone C57BL/6J mice is composed of mixed white and brown adipocytes. J Lipid 
Res 2012;53:619–629.

47. Lee YH, Petkova AP, Konkar AA, Granneman JG. Cellular origins of cold-induced 
brown adipocytes in adult mice. FASEB J 2015;29:286–299.

48. Himms-Hagen J, Melnyk A, Zingaretti MC, Ceresi E, Barbatelli G, Cinti S. Multilocular fat 
cells in WAT of CL-316243-treated rats derive directly from white adipocytes. Am J 
Physiol Cell Physiol 2000;279:C670–C681.

49. Harms MJ, Li Q, Lee S, Zhang C, Kull B, Hallen S, Thorell A, Alexandersson I, Hagberg 
CE, Peng XR, Mardinoglu A, Spalding KL, Boucher J. Mature human white adipocytes 
cultured under membranes maintain identity, function, and can transdifferentiate into 
brown-like adipocytes. Cell Rep 2019;27:213–225.

50. Lee YH, Petkova AP, Mottillo EP, Granneman JG. In vivo identification of bipotential adi-
pocyte progenitors recruited by beta3-adrenoceptor activation and high-fat feeding. 
Cell Metab 2012;15:480–491.

51. Schulz TJ, Huang TL, Tran TT, Zhang H, Townsend KL, Shadrach JL, Cerletti M, 
McDougall LE, Giorgadze N, Tchkonia T, Schrier D, Falb D, Kirkland JL, Wagers AJ, 
Tseng YH. Identification of inducible brown adipocyte progenitors residing in skeletal 
muscle and white fat. Proc Natl Acad Sci U S A 2011;108:143–148.

52. Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B, Nedergaard J. Chronic 
peroxisome proliferator-activated receptor gamma (PPARgamma) activation of epidi-
dymally derived white adipocyte cultures reveals a population of thermogenically com-
petent, UCP1-containing adipocytes molecularly distinct from classic brown 
adipocytes. J Biol Chem 2010;285:7153–7164.

53. Vegiopoulos A, Müller-Decker K, Strzoda D, Schmitt I, Chichelnitskiy E, Ostertag A, 
Berriel Diaz M, Rozman J, de Angelis M H, Nüsing RM, Meyer CW, Wahli W, 
Klingenspor M, Herzig S. Cyclooxygenase-2 controls energy homeostasis in mice by 
de novo recruitment of brown adipocytes. Science 2010;328:1158–1161.

54. Shao M, Wang QA, Song A, Vishvanath L, Busbuso NC, Scherer PE, Gupta RK. Cellular 
origins of beige fat cells revisited. Diabetes 2019;68:1874–1885.

55. Bartelt A, Heeren J. Adipose tissue browning and metabolic health. Nat Rev Endocrinol 
2014;10:24–36.

56. Dong M, Yang X, Lim S, Cao Z, Honek J, Lu H, Zhang C, Seki T, Hosaka K, Wahlberg E, 
Yang J, Zhang L, Länne T, Sun B, Li X, Liu Y, Zhang Y, Cao Y. Cold exposure promotes 
atherosclerotic plaque growth and instability via UCP1-dependent lipolysis. Cell Metab 
2013;18:118–129.

57. Sui W, Li H, Yang Y, Jing X, Xue F, Cheng J, Dong M, Zhang M, Pan H, Chen Y, Zhang Y, 
Zhou Q, Shi W, Wang X, Zhang H, Zhang C, Zhang Y, Cao Y. Bladder drug mirabegron 
exacerbates atherosclerosis through activation of brown fat-mediated lipolysis. Proc 
Natl Acad Sci U S A 2019;116:10937–10942.

58. Bartelt A, John C, Schaltenberg N, Berbée JFP, Worthmann A, Cherradi ML, Schlein C, 
Piepenburg J, Boon MR, Rinninger F, Heine M, Toedter K, Niemeier A, Nilsson SK, 
Fischer M, Wijers SL, van Marken Lichtenbelt W, Scheja L, Rensen PCN, Heeren J. 
Thermogenic adipocytes promote HDL turnover and reverse cholesterol transport. 
Nat Commun 2017;8:15010.

59. Hoeke G, Wang Y, van Dam AD, Mol IM, Gart E, Klop HG, van den Berg SM, Pieterman 
EH, Princen HMG, Groen AK, Rensen PCN, Berbée JFP, Boon MR. Atorvastatin accel-
erates clearance of lipoprotein remnants generated by activated brown fat to further 
reduce hypercholesterolemia and atherosclerosis. Atherosclerosis 2017;267:116–126.



Thermogenesis and cardiovascular health                                                                                                                                                            917

60. Zhou E, Hoeke G, Li Z, Eibergen AC, Schonk AW, Koehorst M, Boverhof R, Havinga R, 
Kuipers F, Coskun T, Boon MR, Groen AK, Rensen PCN, Berbee JFP, Wang Y. 
Colesevelam enhances the beneficial effects of brown fat activation on hyperlipidaemia 
and atherosclerosis development. Cardiovasc Res 2020;116:1710–1720.

61. Zhou E, Li Z, Nakashima H, Choukoud A, Kooijman S, Berbée JFP, Rensen PCN, Wang 
Y. Beneficial effects of brown fat activation on top of PCSK9 inhibition with alirocumab 
on dyslipidemia and atherosclerosis development in APOE*3-Leiden.CETP mice. 
Pharmacol Res 2021;167:105524.

62. Zhou E, Li Z, Nakashima H, Liu C, Ying Z, Foks AC, Berbée JFP, van Dijk KW, Rensen 
PCN, Wang Y. Hepatic SRB1 (scavenger receptor class b type 1) knockdown reduces 
atherosclerosis and enhances the antiatherosclerotic effect of brown fat activation in 
APOE*3-Leiden.CETP mice. Arterioscler Thromb Vasc Biol 2021;41:1474–1486.

63. Rensen PC, Herijgers N, Netscher MH, Meskers SC, van Eck M, van Berkel TJ. Particle 
size determines the specificity of apolipoprotein E-containing triglyceride-rich emul-
sions for the LDL receptor versus hepatic remnant receptor in vivo. J Lipid Res 1997; 
38:1070–1084.

64. Ramasamy I. Recent advances in physiological lipoprotein metabolism. Clin Chem Lab 
Med 2014;52:1695–1727.

65. Véniant MM, Zlot CH, Walzem RL, Pierotti V, Driscoll R, Dichek D, Herz J, Young SG. 
Lipoprotein clearance mechanisms in LDL receptor-deficient “apo-B48-only” and 
“apo-B100-only” mice. J Clin Invest 1998;102:1559–1568.

66. Worthmann A, Schlein C, Berbee JFP, Rensen PCN, Heeren J, Bartelt A. Effects of 
pharmacological thermogenic adipocyte activation on metabolism and atherosclerotic 
plaque regression. Nutrients 2019;11:463.

67. van Vlijmen BJ, van den Maagdenberg AM, Gijbels MJ, van der Boom H, HogenEsch H, 
Frants RR, Hofker MH, Havekes LM. Diet-induced hyperlipoproteinemia and athero-
sclerosis in apolipoprotein E3-Leiden transgenic mice. J Clin Invest 1994;93:1403–1410.

68. de Haan W, de Vries-van der Weij J, van der Hoorn JW, Gautier T, van der Hoogt CC, 
Westerterp M, Romijn JA, Jukema JW, Havekes LM, Princen HM, Rensen PC. 
Torcetrapib does not reduce atherosclerosis beyond atorvastatin and induces more 
proinflammatory lesions than atorvastatin. Circulation 2008;117:2515–2522.

69. Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz R, Edelberg JM, Goodman 
SG, Hanotin C, Harrington RA, Jukema JW, Lecorps G, Mahaffey KW, Moryusef A, 
Pordy R, Quintero K, Roe MT, Sasiela WJ, Tamby JF, Tricoci P, White HD, Zeiher 
AM. Alirocumab and cardiovascular outcomes after acute coronary syndrome. N 
Engl J Med 2018;379:2097–2107.

70. Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA, Kuder JF, 
Wang H, Liu T, Wasserman SM, Sever PS, Pedersen TR. Evolocumab and clinical out-
comes in patients with cardiovascular disease. N Engl J Med 2017;376:1713–1722.

71. Tavori H, Giunzioni I, Fazio S. PCSK9 Inhibition to reduce cardiovascular disease risk: 
recent findings from the biology of PCSK9. Curr Opin Endocrinol Diabetes Obes 2015; 
22:126–132.

72. Insull W Jr. Clinical utility of bile acid sequestrants in the treatment of dyslipidemia: a 
scientific review. South Med J 2006;99:257–273.

73. Ross S, D’Mello M, Anand SS, Eikelboom J, Stewart AF, Samani NJ, Roberts R, Paré G. 
Effect of bile acid sequestrants on the risk of cardiovascular events: a Mendelian ran-
domization analysis. Circ Cardiovasc Genet 2015;8:618–627.

74. Raiko J, Orava J, Savisto N, Virtanen KA. High brown fat activity correlates with cardio-
vascular risk factor levels cross-sectionally and subclinical atherosclerosis at 5-year 
follow-up. Arterioscler Thromb Vasc Biol 2020;40:1289–1295.

75. Figueroa AL, Abdelbaky A, Truong QA, Corsini E, MacNabb MH, Lavender ZR, Lawler 
MA, Grinspoon SK, Brady TJ, Nasir K, Hoffmann U, Tawakol A. Measurement of arterial 
activity on routine FDG PET/CT images improves prediction of risk of future CV events. 
JACC Cardiovasc Imaging 2013;6:1250–1259.

76. Paulmier B, Duet M, Khayat R, Pierquet-Ghazzar N, Laissy JP, Maunoury C, Hugonnet F, 
Sauvaget E, Trinquart L, Faraggi M. Arterial wall uptake of fluorodeoxyglucose on PET 
imaging in stable cancer disease patients indicates higher risk for cardiovascular events. J 
Nucl Cardiol 2008;15:209–217.

77. Heaton JM. The distribution of brown adipose tissue in the human. J Anat 1972;112: 
35–39.

78. Jespersen NZ, Andersen MW, Jensen VH, Stærkær TW, Severinsen MCK, Peijs L, 
Soares R, Forss I, Andersen ES, Hahn CH, Homøe P, Mandrup S, Pedersen BK, 
Nielsen S, Scheele C. Thermogenic genes are blunted whereas brown adipose tissue 
identity is preserved in human obesity. bioRxiv 2020. doi:10.1101/2020.05.07.082057.

79. Vijgen GH, Bouvy ND, Teule GJ, Brans B, Schrauwen P, van Marken Lichtenbelt WD. 
Brown adipose tissue in morbidly obese subjects. PLoS One 2011;6:e17247.

80. O’Mara AE, Johnson JW, Linderman JD, Brychta RJ, McGehee S, Fletcher LA, Fink YA, 
Kapuria D, Cassimatis TM, Kelsey N, Cero C, Sater ZA, Piccinini F, Baskin AS, Leitner 
BP, Cai H, Millo CM, Dieckmann W, Walter M, Javitt NB, Rotman Y, Walter PJ, Ader M, 
Bergman RN, Herscovitch P, Chen KY, Cypess AM. Chronic mirabegron treatment in-
creases human brown fat, HDL cholesterol, and insulin sensitivity. J Clin Invest 2020;130: 
2209–2219.

81. Nahon KJ, Janssen LGM, Sardjoe Mishre ASD, Bilsen MP, van der Eijk JA, Botani K, 
Overduin LA, Ruiz JR, Burakiewicz J, Dzyubachyk O, Webb AG, Kan HE, Berbee JFP, 
van Klinken JB, van Dijk KW, van Weeghel M, Vaz FM, Coskun T, Jazet IM, Kooijman 
S, Martinez-Tellez B, Boon MR, Rensen PCN. The effect of mirabegron on energy ex-
penditure and brown adipose tissue in healthy lean south Asian and europid men. 
Diabetes Obes Metab 2020;22:2032–2044.

82. Chondronikola M, Volpi E, Børsheim E, Porter C, Annamalai P, Enerbäck S, Lidell ME, 
Saraf MK, Labbe SM, Hurren NM, Yfanti C, Chao T, Andersen CR, Cesani F, 
Hawkins H, Sidossis LS. Brown adipose tissue improves whole-body glucose homeosta-
sis and insulin sensitivity in humans. Diabetes 2014;63:4089–4099.

83. Yoneshiro T, Aita S, Matsushita M, Kayahara T, Kameya T, Kawai Y, Iwanaga T, Saito M. 
Recruited brown adipose tissue as an antiobesity agent in humans. J Clin Invest 2013; 
123:3404–3408.

84. Hanssen MJ, van der Lans AA, Brans B, Hoeks J, Jardon KM, Schaart G, Mottaghy FM, 
Schrauwen P, van Marken Lichtenbelt WD. Short-term cold acclimation recruits brown 
adipose tissue in obese humans. Diabetes 2016;65:1179–1189.

85. Lee P, Smith S, Linderman J, Courville AB, Brychta RJ, Dieckmann W, Werner CD, Chen 
KY, Celi FS. Temperature-acclimated brown adipose tissue modulates insulin sensitivity 
in humans. Diabetes 2014;63:3686–3698.

86. Cypess AM, Weiner LS, Roberts-Toler C, Franquet Elía E, Kessler SH, Kahn PA, English 
J, Chatman K, Trauger SA, Doria A, Kolodny GM. Activation of human brown adipose 
tissue by a β3-adrenergic receptor agonist. Cell Metab 2015;21:33–38.

87. Baskin AS, Linderman JD, Brychta RJ, McGehee S, Anflick-Chames E, Cero C, Johnson 
JW, O’Mara AE, Fletcher LA, Leitner BP, Duckworth CJ, Huang S, Cai H, Garraffo HM, 
Millo CM, Dieckmann W, Tolstikov V, Chen EY, Gao F, Narain NR, Kiebish MA, Walter 
PJ, Herscovitch P, Chen KY, Cypess AM. Regulation of human adipose tissue activation, 
gallbladder size, and bile acid metabolism by a β3-adrenergic receptor agonist. Diabetes 
2018;67:2113–2125.

88. Finlin BS, Memetimin H, Zhu B, Confides AL, Vekaria HJ, El Khouli RH, Johnson ZR, 
Westgate PM, Chen J, Morris AJ, Sullivan PG, Dupont-Versteegden EE, Kern PA. The 
β3-adrenergic receptor agonist mirabegron improves glucose homeostasis in obese hu-
mans. J Clin Invest 2020;130:2319–2331.

89. Larsen TM, Toubro S, van Baak MA, Gottesdiener KM, Larson P, Saris WH, Astrup A. 
Effect of a 28-d treatment with L-796568, a novel beta(3)-adrenergic receptor agonist, 
on energy expenditure and body composition in obese men. Am J Clin Nutr 2002;76: 
780–788.

90. Redman LM, de Jonge L, Fang X, Gamlin B, Recker D, Greenway FL, Smith SR, Ravussin 
E. Lack of an effect of a novel beta3-adrenoceptor agonist, TAK-677, on energy metab-
olism in obese individuals: a double-blind, placebo-controlled randomized study. J Clin 
Endocrinol Metab 2007;92:527–531.

91. Wibmer AG, Becher T, Eljalby M, Crane A, Andrieu PC, Jiang CS, Vaughan R, Schöder 
H, Cohen P. Brown adipose tissue is associated with healthier body fat distribution and 
metabolic benefits independent of regional adiposity. Cell Rep Med 2021;2:100332.

92. Iwen KA, Backhaus J, Cassens M, Waltl M, Hedesan OC, Merkel M, Heeren J, Sina C, 
Rademacher L, Windjäger A, Haug AR, Kiefer FW, Lehnert H, Schmid SM. 
Cold-induced brown adipose tissue activity alters plasma fatty acids and improves glu-
cose metabolism in men. J Clin Endocrinol Metab 2017;102:4226–4234.

93. Hanssen MJ, Hoeks J, Brans B, van der Lans AA, Schaart G, van den Driessche JJ, 
Jörgensen JA, Boekschoten MV, Hesselink MK, Havekes B, Kersten S, Mottaghy FM, 
van Marken Lichtenbelt WD, Schrauwen P. Short-term cold acclimation improves insu-
lin sensitivity in patients with type 2 diabetes mellitus. Nat Med 2015;21:863–865.

94. Sponton CH, Hosono T, Taura J, Jedrychowski MP, Yoneshiro T, Wang Q, Takahashi M, 
Matsui Y, Ikeda K, Oguri Y, Tajima K, Shinoda K, Pradhan RN, Chen Y, Brown Z, Roberts 
LS, Ward CC, Taoka H, Yokoyama Y, Watanabe M, Karasawa H, Nomura DK, Kajimura 
S. The regulation of glucose and lipid homeostasis via PLTP as a mediator of BAT-liver 
communication. EMBO Rep 2020;21:e49828.

95. Whitehead A, Krause FN, Moran A, MacCannell ADV, Scragg JL, McNally BD, Boateng 
E, Murfitt SA, Virtue S, Wright J, Garnham J, Davies GR, Dodgson J, Schneider JE, Murray 
AJ, Church C, Vidal-Puig A, Witte KK, Griffin JL, Roberts LD. Brown and beige adipose 
tissue regulate systemic metabolism through a metabolite interorgan signaling axis. Nat 
Commun 2021;12:1905.

96. Luo Z, Zhang T, Wang S, He Y, Ye Q, Cao W. The Trp64Arg polymorphism in β3 ad-
renergic receptor (ADRB3) gene is associated with adipokines and plasma lipids: a sys-
tematic review, meta-analysis, and meta-regression. Lipids Health Dis 2020;19:99.

97. Liggett SB. beta(2)-adrenergic receptor pharmacogenetics. Am J Respir Crit Care Med 
2000;161:S197–S201.

98. Brodde OE, Büscher R, Tellkamp R, Radke J, Dhein S, Insel PA. Blunted cardiac re-
sponses to receptor activation in subjects with Thr164Ile beta(2)-adrenoceptors. 
Circulation 2001;103:1048–1050.

99. Piscione F, Iaccarino G, Galasso G, Cipolletta E, Rao MA, Brevetti G, Piccolo R, 
Trimarco B, Chiariello M. Effects of Ile164 polymorphism of beta2-adrenergic receptor 
gene on coronary artery disease. J Am Coll Cardiol 2008;52:1381–1388.

100. Lee P, Day RO, Greenfield JR, Ho KK. Formoterol, a highly β2-selective agonist, in-
creases energy expenditure and fat utilisation in men. Int J Obes (Lond) 2013;37: 
593–597.

101. Emanuelli B, Vienberg SG, Smyth G, Cheng C, Stanford KI, Arumugam M, Michael MD, 
Adams AC, Kharitonenkov A, Kahn CR. Interplay between FGF21 and insulin action in 
the liver regulates metabolism. J Clin Invest 2014;124:515–527.

102. Schlein C, Talukdar S, Heine M, Fischer AW, Krott LM, Nilsson SK, Brenner MB, Heeren 
J, Scheja L. FGF21 Lowers plasma triglycerides by accelerating lipoprotein catabolism in 
white and brown adipose tissues. Cell Metab 2016;23:441–453.

103. Liu C, Schönke M, Zhou E, Li Z, Kooijman S, Boon MR, Larsson M, Wallenius K, Dekker 
N, Barlind L, Peng XR, Wang Y, Rensen PCN. Pharmacological treatment with FGF21 

https://doi.org/10.1101/2020.05.07.082057.


918                                                                                                                                                                                                     Z. Ying et al.

strongly improves plasma cholesterol metabolism to reduce atherosclerosis. Cardiovasc 
Res 2022;118:489–502.

104. Hanssen MJ, Broeders E, Samms RJ, Vosselman MJ, van der Lans AA, Cheng CC, Adams 
AC, van Marken Lichtenbelt WD, Schrauwen P. Serum FGF21 levels are associated with 
brown adipose tissue activity in humans. Sci Rep 2015;5:10275.

105. Lee P, Linderman JD, Smith S, Brychta RJ, Wang J, Idelson C, Perron RM, Werner CD, 
Phan GQ, Kammula US, Kebebew E, Pacak K, Chen KY, Celi FS. Irisin and FGF21 are 
cold-induced endocrine activators of brown fat function in humans. Cell Metab 2014; 
19:302–309.

106. Lee P, Werner CD, Kebebew E, Celi FS. Functional thermogenic beige adipogenesis is 
inducible in human neck fat. Int J Obes (Lond) 2014;38:170–176.

107. Gaich G, Chien JY, Fu H, Glass LC, Deeg MA, Holland WL, Kharitonenkov A, Bumol T, 
Schilske HK, Moller DE. The effects of LY2405319, an FGF21 analog, in obese human 
subjects with type 2 diabetes. Cell Metab 2013;18:333–340.

108. Talukdar S, Zhou Y, Li D, Rossulek M, Dong J, Somayaji V, Weng Y, Clark R, Lanba A, 
Owen BM, Brenner MB, Trimmer JK, Gropp KE, Chabot JR, Erion DM, Rolph TP, 
Goodwin B, Calle RA. A long-acting FGF21 molecule, PF-05231023, decreases body 
weight and improves lipid profile in non-human primates and type 2 diabetic subjects. 
Cell Metab 2016;23:427–440.

109. Beiroa D, Imbernon M, Gallego R, Senra A, Herranz D, Villarroya F, Serrano M, Fernø J, 
Salvador J, Escalada J, Dieguez C, Lopez M, Frühbeck G, Nogueiras R. GLP-1 agonism 
stimulates brown adipose tissue thermogenesis and browning through hypothalamic 
AMPK. Diabetes 2014;63:3346–3358.

110. Kooijman S, Wang Y, Parlevliet ET, Boon MR, Edelschaap D, Snaterse G, Pijl H, Romijn 
JA, Rensen PC. Central GLP-1 receptor signalling accelerates plasma clearance of tria-
cylglycerol and glucose by activating brown adipose tissue in mice. Diabetologia 2015;58: 
2637–2646.

111. Janssen LGM, Nahon KJ, Bracké KFM, van den Broek D, Smit R, Sardjoe Mishre ASD, 
Koorneef LL, Martinez-Tellez B, Burakiewicz J, Kan HE, van Velden FHP, Pereira 
Arias-Bouda LM, de Geus-Oei LF, Berbée JFP, Jazet IM, Boon MR, Rensen PCN. 
Twelve weeks of exenatide treatment increases [18F]fluorodeoxyglucose uptake by 
brown adipose tissue without affecting oxidative resting energy expenditure in nondia-
betic males. Metab Clin Exp 2020;106:154167.

112. Marso SP, Daniels GH, Brown-Frandsen K, Kristensen P, Mann JF, Nauck MA, Nissen SE, 
Pocock S, Poulter NR, Ravn LS, Steinberg WM, Stockner M, Zinman B, Bergenstal RM, 
Buse JB. Liraglutide and cardiovascular outcomes in type 2 diabetes. N Engl J Med 2016; 
375:311–322.

113. Rakipovski G, Rolin B, Nøhr J, Klewe I, Frederiksen KS, Augustin R, Hecksher-Sørensen 
J, Ingvorsen C, Polex-Wolf J, Knudsen LB. The GLP-1 analogs liraglutide and semaglutide 
reduce atherosclerosis in ApoE–/– and LDLr–/– mice by a mechanism that includes in-
flammatory pathways. JACC Basic Transl Sci 2018;3:844–857.

114. Sanada J, Obata A, Obata Y, Fushimi Y, Shimoda M, Kohara K, Nakanishi S, Mune T, Kaku 
K, Kaneto H. Dulaglutide exerts beneficial anti atherosclerotic effects in ApoE knockout 
mice with diabetes: the earlier, the better. Sci Rep 2021;11:1425.

115. Wang Y, Parlevliet ET, Geerling JJ, van der Tuin SJ, Zhang H, Bieghs V, Jawad AH, 
Shiri-Sverdlov R, Bot I, de Jager SC, Havekes LM, Romijn JA, van Dijk K W, Rensen 
PC. Exendin-4 decreases liver inflammation and atherosclerosis development simultan-
eously by reducing macrophage infiltration. Br J Pharmacol 2014;171:723–734.

116. Frias JP, Nauck MA, Van J, Kutner ME, Cui X, Benson C, Urva S, Gimeno RE, Milicevic Z, 
Robins D, Haupt A. Efficacy and safety of LY3298176, a novel dual GIP and GLP-1 re-
ceptor agonist, in patients with type 2 diabetes: a randomised, placebo-controlled and 
active comparator-controlled phase 2 trial. Lancet 2018;392:2180–2193.

117. Getty-Kaushik L, Song DH, Boylan MO, Corkey BE, Wolfe MM. Glucose-dependent in-
sulinotropic polypeptide modulates adipocyte lipolysis and reesterification. Obesity 
(Silver Spring) 2006;14:1124–1131.


	Role of thermogenic adipose tissue in lipid metabolism and atherosclerotic cardiovascular disease: lessons from studies in mice and humans
	1. Introduction
	2. BAT morphology and physiology
	3. Beige adipocytes and browning of WAT
	4. Activation of thermogenic adipose tissue counteracts dyslipidaemia and atherosclerosis in the presence of an apolipoprotein E-low-density lipoprotein receptor uptake pathway for TRL remnants
	5. Stimulation of thermogenesis in adipose tissue augments the beneficial effects of cholesterol-lowering therapies, and vice versa
	6. Human BAT activity inversely relates to CVD incidence
	7. Human BAT activation by cold exposure attenuates risk factors of CVD
	8. Therapeutic interventions to recruit BAT and promote BAT activity
	9. Concluding remarks and future directions
	Funding
	Data availability
	References




