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Brown adipose tissue (BAT) stands out as 
the sole tissue able to substantially expend 
energy by leveraging uncoupling protein 
1 (UCP1) to increase proton permeability 
through the inner mitochondrial mem-
brane. The renewed interest in BAT in adult 
humans resulted from the growing use of 
18F-fluoro-deoxyglucose (18FDG) PET cou-
pled with either CT or MRI, and BAT con-
tinues to be defined and quantified in vivo 
according to features visualized through 
these imaging techniques (1). Inverse asso-
ciations between the presence of 18FDG-pos-
itive adipose tissue and obesity, visceral fat, 
hyperglycemia, and diagnosis of type 2 dia-
betes (T2D) have been widely reported (2) 
and have led to the hypothesis that BAT met-
abolic dysfunction is a plausible contributor 
to obesity, T2D, and cardiometabolic dis-
eases. Rodent studies have provided strong 
support for this hypothesis, as cold- and/or 
β-adrenergic agonist-stimulated BAT was 
shown to be a major driver of systemic clear-
ance of glucose and circulating fat. Although 
BAT is unquestionably considered one of the 
hottest current targets for the treatment of 
obesity, T2D, and cardiometabolic compli-
cations, we posit that, in contrast to rodents, 
human BAT is not sufficient to combat car-
diometabolic diseases.

BAT glucose uptake does not 
reflect BAT thermogenesis
The first problem with the suggestion that 
BAT may play a role in cardiometabolic dis-
eases involves BAT glucose uptake, which 
is used to define and quantify BAT’s pres-
ence in almost all human studies. However, 
glucose uptake does not necessarily indi-
cate BAT thermogenic activity. Most of the 

glucose taken up by BAT is metabolized to 
lactate and intracellular triglycerides (TG) 
(1, 3) and very little is used directly as a 
substrate for thermogenesis. Furthermore, 
insulin stimulates BAT glucose uptake with-
out eliciting changes in tissue blood flow (4), 
suggesting that the physiological regulation 
of BAT glucose uptake and metabolism 
may act, in part, independent of thermo-
genesis. Cold-induced BAT glucose uptake 
is profoundly reduced in older, overweight 
men with or without T2D compared to lean 
healthy men, but without reduction in BAT 
thermogenesis as assessed by 11C-acetate 
PET (5). Further, a fructose-overfeeding 
regimen, capable of inducing visceral obe-
sity, postprandial dyslipidemia, and sys-
temic insulin resistance when prolonged 
for several weeks (6), selectively reduced 
cold-induced BAT glucose uptake without 
eliciting a change in BAT thermogenesis, 
measured by 11C-acetate PET after only 
two weeks of overfeeding (7). This reduc-
tion in BAT glucose uptake also occurred 
without any changes in circulating insulin, 
glucose, lipids, or change in the gut micro-
biota. Fasting-induced insulin resistance 
has also been associated with reduced BAT 
glucose uptake (8). Thus, reduced BAT glu-
cose uptake is not necessarily indicative of 
reduced BAT thermogenesis, but may be a 
very early and sensitive indicator of nutri-
tional and environmental exposures lead-
ing to dysmetabolism.

Adults have small volumes of 
BAT
The second problem with BAT as a major 
contributor to cardiometabolic disorders 
relates to its very low volume in humans 

compared with rodents. In humans, 
18FDG-positive BAT volume typically rang-
es between 50 to 150 mL in most individ-
uals acutely exposed to cold (9), and can 
increase an additional approximately 40% 
when rigorous cold acclimation is applied 
for 10 days to 4 weeks (10). Radiological 
mapping of adipose tissue depots contain-
ing 18FDG-positive BAT suggests upper 
ranges of 550 to 2550 mL, although only a 
small fraction of these volumes is demon-
strably active metabolically (11). A hypo-
thetical scenario in which individuals are 
exposed to a mild cold stimulus and have 
three different volumes of metabolical-
ly active BAT, 150 mL, 550 mL, or 2,550 
mL, results in energy consumption rates 
of 12 kcal/24 hours, 46 kcal/24 hours, and 
211 kcal/24 hours respectively, assuming 
sustained energy consumption and using 
BAT oxygen consumption rates derived 
from mild cold-exposure experiments 
involving 15O-O2 PET (12). If calculated as 
a percentage of the increase in whole body 
energy expenditure stimulated from mild 
cold-exposure, which is approximately 
1,440 kcal/24 hours, the values correspond 
to 0.8%, 3%, and 15% (5). Thus, for most 
individuals, current estimates of BAT ther-
mogenic capacity are not compatible with a 
notable contribution of BAT to energy bal-
ance, even assuming continuous mild cold 
exposure, as performed in experimental set-
tings. Likewise, BAT in humans contributes 
less than 1% to the clearance of systemic  
glucose, nonesterified fatty acids (NEFA), 
and plasma TG or dietary fatty acids from 
chylomicron TG, even under a nonrealistic 
degree of sustained cold exposure (1).

Cold-induced thermogenesis 
occurs from a coordinated 
multi-organ response
A multi-organ response drives the large 
increase in whole body energy expenditure 
during experimental cold-exposure condi-
tions, which is same in young, healthy, and 
lean individuals and in older, overweight 

Conflict of interest: ACC is the Canada Research Chair in Molecular Imaging of Diabetes. DPB is the GlaxoSmithKline 
Research Chair in Diabetes of Université de Sherbrooke. ACC received research funding from Eli Lilly and NovoNor-
disk and consultation fees from Eli Lilly, HLS Therapeutics, Janssen Inc., Novartis Pharmaceuticals Canada Inc., and 
Novo Nordisk Canada Inc.
Copyright: © 2023, Carpentier et al. This is an open access article published under the terms of the Creative Com-
mons Attribution 4.0 International License.
Reference information: J Clin Invest. 2023;133(23):e175288. https://doi.org/10.1172/JCI175288.



The Journal of Clinical Investigation   V I E W P O I N T

2 J Clin Invest. 2023;133(23):e175288  https://doi.org/10.1172/JCI175288

proton leak that suggests it as a target 
for the treatment of metabolic diseases. 
Indeed, none of these inter-tissue medi-
ators, termed ‘batokines’, are specifically 
secreted by BAT or are directly demon-
strated to be responsible for cold-induced 
metabolic improvements. The relative 
contribution of BAT versus WAT, skeletal 
muscles, liver, and/or immune cells to sys-
temic levels of these ‘batokines’ is current-
ly unknown in humans, but is likely to be 
small. Thus, while not formally excluded 
at this time, a role for BAT as an endocrine 
organ is not the most elegant explanation 
for the metabolic benefits of cold exposure.

BAT thermogenic 
characteristics are insufficient 
to treat obesity
BAT is an exciting tissue by virtue of its 
unique capacity to dissipate energy to pro-
duce heat as its principal metabolic product. 
However, our knowledge of human BAT 
pathophysiology is overtly reliant on BAT 
glucose uptake that is often uncoupled from 
BAT thermogenesis. The latter is almost 
never directly measured in vivo in human 
or even in animal investigations. Correla-
tion is not causation, and the association 
between low 18FDG-positive BAT volumes 
and cardiometabolic diseases is likely driv-
en by subtle changes in insulin sensitivity  

contributes to this inter-organ GL/NEFA 
substrate cycling as it rapidly mobilizes up 
to several grams of its own TG content upon 
acute cold exposure (1). Recycling of this 
large amount of NEFA in situ and/or in other 
organs may contribute to energy dissipation. 
In support of the contribution of this GL/
NEFA cycling to cold-induced thermogen-
esis, interrupting BAT and WAT intracellu-
lar lipolysis with nicotinic acid during cold 
exposure, thereby reducing this cycling, 
leads to increased muscle shivering while 
total body energy expenditure remains the 
same (18). Shivering and BAT- or WAT-driv-
en GL/NEFA cycling-mediated thermogen-
esis thus appear to coordinate cold-induced 
thermogenic response (Figure 1).

Human thermogenesis is 
unlikely a BAT-dependent 
endocrine function
BAT-mediated mechanisms other than 
direct thermogenesis and energy substrate 
metabolism have been proposed. These 
include the secretion of biologically active 
metabolites or proteins that could act as 
endocrine factors to drive the metabol-
ic benefits observed with BAT activation 
during cold or β-adrenergic stimulation 
(19). There is a priori no biological feature 
of BAT other than its unique capacity to 
produce heat through UCP1-dependent 

individuals, without or with T2D (5). Muscle 
glucose uptake and nonshivering and shiver-
ing metabolic activity is largely unavoidable 
in humans exposed to mild cold, and is most-
ly responsible for the metabolic benefits of 
cold exposure (1, 13). One other potential 
source of energy expenditure is reesterifi-
cation of the increased systemic NEFA flux 
from white adipose tissues (WAT) by other 
tissues (such as the liver) that occurs with 
cold exposure and β-adrenergic agonist 
treatment alike (14, 15). While browning of 
WAT has been suggested to contribute to 
energy expenditure after chronic cold expo-
sure, the typical increase in thermogenesis 
evident in BAT is not detectable in WAT in 
vivo using 11C-acetate (16) or ex vivo using 
respirometry (17), in contrast to marked 
WAT browning seen in rodents. This dis-
crepancy is not due to the lack of molecular 
sensitivity in PET imaging, which is in the 
femto, or 10-15, to picomolar, or 10-12, range, 
as it is by far the most sensitive method to 
measure metabolic fluxes in vivo, and is at 
least as sensitive as the most sensitive in vitro 
and ex vivo methods. UCP1-expressing cells, 
like other adipocytes in WAT, could, how-
ever, contribute to the glycerolipid-NEFA  
(GL/NEFA) substrate cycling by providing 
larges fluxes of NEFA. These fluxes of NEFA 
could be, in part, reesterified in other adi-
pocytes or other organs (17). BAT also likely 

Figure 1. Cold-induced thermogenesis is a 
multi-organ process. BAT thermogenesis 
from uncoupling protein 1–mediated mito-
chondrial respiration likely contributes  
only a small fraction (i.e., less than 3%) of 
whole-body, cold-induced thermogenesis 
in humans. Skeletal muscle shivering and 
nonshivering thermogenesis drive most of the 
whole-body thermogenic response to cold. 
Glycerolipid and nonesterified fatty acid  
(GL/NEFA) substrate cycling activated in both 
WAT and BAT leads to systemic NEFA mobi-
lization, likely driving NEFA reesterification 
in other organs (termed inter-organ GL/NEFA 
cycling) and also contributing to systemic 
energy expenditure. 



The Journal of Clinical Investigation      V I E W P O I N T

3J Clin Invest. 2023;133(23):e175288  https://doi.org/10.1172/JCI175288

	 9.	Blondin DP, et al. A critical appraisal of brown 
adipose tissue metabolism in humans. Clin Lipi-
dol. 2015;10(3):259–280.

	 10.	Van der Lans AA, et al. Cold acclimation recruits 
human brown fat and increases nonshivering ther-
mogenesis. J Clin Invest. 2013;123(8):3395–3403.

	 11.	Leitner BP, et al. Mapping of human brown adi-
pose tissue in lean and obese young men. Proc 
Natl Acad Sci U S A. 2017;114(32):8649–8654.

	 12.	Din MU, et al. Human brown adipose tissue [(15)
O]O2 PET imaging in the presence and absence 
of cold stimulus. Eur J Nucl Med Mol Imaging. 
2016;43(10):1878–1886.

	 13.	Remie CME, et al. Metabolic responses to mild 
cold acclimation in type 2 diabetes patients. Nat 
Commun. 2021;12(1):1516.

	 14.	Cypess AM, et al. Activation of human brown 
adipose tissue by a β3-adrenergic receptor ago-
nist. Cell Metab. 2015;21(1):33–38.

	 15.	Blondin DP, et al. Human brown adipocyte ther-
mogenesis is driven by β2-AR stimulation. Cell 
Metab. 2020;32(2):287–300.

	 16.	Labbe SM, et al. Metabolic activity of brown, 
“beige,” and white adipose tissues in response to 
chronic adrenergic stimulation in male mice. Am J 
Physiol Endocrinol Metab. 2016;311(1):E260–E268.

	 17.	Sepa-Kishi DM, et al. Cold acclimation enhances 
UCP1 content, lipolysis, and triacylglycerol 
resynthesis, but not mitochondrial uncoupling 
and fat oxidation, in rat white adipocytes. Am J 
Physiol Cell Physiol. 2019;316(3):C365–C376.

	 18.	Blondin DP, et al. Inhibition of intracellular 
triglyceride lipolysis suppresses cold-in-
duced brown adipose tissue metabolism and 
increases shivering in humans. Cell Metab. 
2017;25(2):438–447.

	 19.	Scheele C, Wolfrum C. Brown adipose crosstalk 
in tissue plasticity and human metabolism. 
Endocr Rev. 2020;41(1):53–65.

	20.	Straat ME, et al. Stimulation of the beta-2-ad-
renergic receptor with salbutamol activates 
human brown adipose tissue. Cell Rep Med. 
2023;4(2):100942.

grant 299962). Many thanks to Anick Tur-
geon for contribution to the figure design.

Address correspondence to: André C.  
Carpentier, Division of Endocrinology, Fac-
ulty of Medicine, Université de Sherbrooke, 
3001, 12th Ave North, Sherbrooke, Quebec, 
Canada J1H 5N4. Phone: 819.564.5243; 
Email: Andre.Carpentier@USherbrooke.ca.

	 1.	Carpentier AC, et al. Brown adipose tis-
sue-A translational perspective. Endocr Rev. 
2023;44(2):143–192.

	 2.	Becher T, et al. Brown adipose tissue is asso-
ciated with cardiometabolic health. Nat Med. 
2021;27(1):58–65.

	 3.	Weir G, et al. Substantial metabolic activity 
of human brown adipose tissue during warm 
conditions and cold-induced lipolysis of local 
triglycerides. Cell Metab. 2018;27(6):1348–1355.

	 4.	Orava J, et al. Different metabolic responses of 
human brown adipose tissue to activation by 
cold and insulin. Cell Metab. 2011;14(2):272–279.

	 5.	Blondin DP, et al. Selective impairment of glu-
cose but not fatty acid or oxidative metabolism 
in brown adipose tissue of subjects with type 2 
diabetes. Diabetes. 2015;64(7):2388–2397.

	 6.	Stanhope KL, et al. Consuming fructose-sweet-
ened, not glucose-sweetened, beverages increases 
visceral adiposity and lipids and decreases insulin 
sensitivity in overweight/obese humans. J Clin 
Invest. 2009;119(5):1322–1334.

	 7.	Richard G, et al. High-fructose feeding suppress-
es cold-stimulated brown adipose tissue glucose 
uptake independently of changes in thermo-
genesis and the gut microbiome. Cell Rep Med. 
2022;3(9):100742.

	 8.	Hanssen MJ, et al. Glucose uptake in human 
brown adipose tissue is impaired upon fast-
ing-induced insulin resistance. Diabetologia. 
2015;58(3):586–595.

and/or unmeasured dysmetabolic environ-
mental exposures. Cold acclimation and/
or β-adrenergic agonists can clearly acti-
vate and recruit BAT while simultaneously 
increasing energy expenditure and sub-
strate utilization (10, 14, 15, 20). However, 
the small volume of BAT makes it unlikely 
to drive, by itself, the systemic metabolic 
benefits of cold exposure in humans. BAT 
never acts alone, as skeletal muscles, WAT, 
and probably other organs, contribute 
markedly to the changes in human metabo-
lism observed under conditions where BAT 
is also metabolically activated (1). Coor-
dinated activation of GL/NEFA substrate 
cycling, and likely other metabolic cycles 
from WAT, BAT, and other organs occurs 
and appears to play an important role in 
cold-induced thermogenesis. Indeed, in the 
absence of skeletal muscle shivering activ-
ity, there is no cold-induced improvement 
in peripheral insulin sensitivity (13). BAT 
thermogenic activity is the tip of a much 
larger multi-organ cold- and β-adrenergic 
agonist–stimulated response that needs 
to be better understood in humans before 
being exploited as a target for the treatment 
of cardiometabolic diseases.
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