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Regulation of the thermogenic 
program via p38 MAPK
Obesity is a growing epidemic that places 
an impossible burden on the health care 
systems of both developed and develop-
ing countries across the globe, due to the 
negative effects of excess fat accumulation 
on multiple organs. Fat is stored mainly 
in the well-described white adipose tissue 
(WAT), but there exists a second fat reser-
voir known as brown adipose tissue (BAT). 
Maintenance of core body temperature is 
essential to all mammals, and brown fat 
is highly specialized to generate heat. In 
smaller organisms such as rodents, it is well 
established that brown adipocytes perform 

an essential role in this process, and there is 
now substantial evidence that BAT depots 
exist and are active in adult humans (1–3). 
Following exposure to cold temperatures, 
the brain coordinates increased activation 
of BAT via the sympathetic nervous sys-
tem (SNS). Brown adipocytes in BAT and 
populations of “brown-like” adipocytes in 
WAT respond by increasing transcription 
of genes important for mobilizing and oxi-
dizing lipids to generate heat. This genetic 
response is known as the thermogenic pro-
gram,  the key components of which are 
lipases and the specialized mitochondrial 
transporter uncoupling protein 1 (UCP1). 
UCP1 enables the separation of lipid oxi-
dation from ATP production, allowing a 
higher metabolic rate and the conversion 
of nutritional energy to heat (4). Under-
standing the regulation of the thermogenic 
program is of particular importance, as its 

induction is fundamental to not just ther-
mogenic activity but also the differentia-
tion of adipocytes toward a more “brown” 
cell fate (5). In this issue of the JCI, Bordic-
chia, Collins, and colleagues demonstrate a 
novel mechanism for activating this genetic 
program in adipose tissue (6).

Adrenergic  signaling  is  the  classical 
activator  of  the  thermogenic  machin-
ery.  Catecholamines  drive  increased 
intracellular cAMP  levels, directly acti-
vating cAMP-dependant protein kinase 
(PKA), which subsequently phosphory-
lates  hormone-sensitive  lipase  (HSL). 
But as shown previously by the Collins 
team, PKA can also phosphorylate kinas-
es in the p38 MAPK pathway (7, 8). The 
UCP1 promoter contains motifs bound 
by multiple transcription factors, such as 
activating transcription factor–2/cAMP 
response element–binding (ATF2/CREB) 
and  PPARγ,  the  transcriptional  effects 
of which are all  enhanced by  increased 
p38 MAPK activation. Pharmacological 
inhibition of p38 MAPK is sufficient to 
negate the effects of adrenergic stimula-
tion on UCP1 transcription (7).

Previous  strategies  aimed  at  increas-
ing  energy  dissipation  in  BAT  through 
enhanced  activation  of  the  adrenergic 
system have proved successful at reduc-
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ing body weight in overweight individuals 
(9, 10). However, the effective compounds 
(ephedrine  and  sibutramine)  have  also 
been found to significantly increase the 
risk of heart attack and stroke, particularly  
in obese patients (11, 12). This is largely 
attributed to the widespread expression 
of adrenergic receptors throughout the 
cardiovascular system and the indiscrimi-
nate manner in which these compounds 
act upon them.

Cardiac natriuretic peptides  
activate thermogenesis
Natriuretic peptides (NPs) are hormones 
produced in the heart that traditionally 
act on the renal system to maintain fluid 
homeostasis  and  exist  in  atrial  (ANP) 
and ventricular (BNP) forms. They signal 
through an active receptor (NPRA) and a 
clearance receptor (NPRC), with the regula-
tion of both modulating NP activity. Inter-
estingly, NPs increase cyclic GMP levels to 
activate cGMP-dependant protein kinase 
(PKG), which shares homology with PKA 
in terms of  its potential substrates (13). 
Bordicchia et al. provide evidence that in 
addition to regulating hemodynamics, NP 
signaling is also an important part of the 
thermogenic response in adipocytes (6).

The authors begin by demonstrating that 
mice lacking NPRC — the negative regulator 
of NP activity — have reduced fat deposition 
in WAT and less lipid accumulation in BAT, 
perhaps suggesting increased thermogenic 

activity. NPRC-null mice also possess ingui-
nal WAT that displays a more “brown-like” 
morphology and have increased expression 
of  thermogenic genes  in both WAT and 
BAT.  Using  a  human-derived  adipocyte 
cell line, the authors proceed to show that 
treatment with ANP results in induction 
of thermogenic and mitochondrial genes 
and that these increases are dependent on 
PKG signaling. At a functional level, these 
transcriptional changes induced by ANP 
increase the capacity for uncoupled respi-
ration in acutely treated adipocytes. This 
effect appears more potent following a lon-
ger pretreatment, suggesting chronically 
increased ANP signaling may bring about 
adaptive changes in BAT (6).

Bordicchia et al. progress to show that 
NPs elicit this response by increasing p38 
MAPK signaling and phosphorylation of 
ATF2, directly increasing UCP1 transcrip-
tion in adipocytes. The effects of ANP on 
transcription of UCP1 and indeed other 
thermogenic genes appear to be additive 
to,  and  perhaps  synergistic  with,  those 
increases seen following classical adren-
ergic stimulation. Compared with physi-
ological stimulation, the response to the 
relatively  high  dose  of  agonist  used  in 
the studies  (10 nM isoproterenol) dem-
onstrates a second important character-
istic of adipocytes: that there is room for 
further amplification of the thermogenic 
machinery above the level resulting from 
a potent adrenergic stimulus, and this can 

be induced using NPs. Finally, the authors 
add support to this hypothesis by treating 
mice with BNP and observing an increase 
in  energy  expenditure  accompanied  by 
increased  thermogenic protein  levels  in 
both BAT and WAT (6).

An increasing pool of novel  
BAT activators
These new findings provide further sup-
port for the hypothesis that there are addi-
tional mechanisms for activating thermo-
genesis in BAT that sidestep the need for 
manipulating the SNS. NPs appear to pro-
vide an opportunity to increase the scale 
of the thermogenic response in BAT and 
WAT without altering endogenous adren-
ergic stimulation.

Over  the  past  five  years,  a  number  of 
molecules have also been shown to pos-
sess thermogenic properties not reliant on 
adrenergic receptors (Table 1). In a remark-
ably  similar  fashion  to  NP,  fibroblast 
growth factor 21 (FGF21) has been found 
to induce thermogenic program genes and 
increase uncoupled respiration in brown 
adipocytes via the β-klotho receptor (14, 
15). Orexins have been demonstrated to 
signal through bone morphogenetic pro-
tein receptor–1a (BMPR1A) and, like NP, 
feed into the p38 MAPK pathway to induce 
thermogenic genes and drive brown adi-
pogenesis (16). One bone morphogenetic 
protein (BMP7) itself has also been shown 
to stimulate a similar “browning” effect in 

Table 1
Non-adrenergic activators of the thermogenic program

Molecule	 Mechanism	 Effects	 Ref.
FGF21 Secretory protein expressed in liver and BAT.  Treatment of mice with FGF21 induces the thermogenic program  14
  Signals through the β-klotho receptor.  in BAT, elevating oxygen consumption via increased coupling.

Orexin Produced in the brain and potentially the  Required for the development of BAT in mice in vivo. Treatment  16
  pancreas. Signals through BMPR1A to   of preadipocytes with orexin drives expression of 
  increase p38 MAPK activation.  thermogenic genes.

BMP7 Secretory protein expressed in preadipocytes.  Required for the development of BAT in mice in vivo. Treatment  17
  Signals through Smads and activates p38   of young mice leads to enhanced brown adipogenesis 
  MAPK and ATF2 in brown adipocytes.  and mitochondriogenesis.

ANP/BNP Hemodynamic hormones secreted by the heart.  Treatment of human adipocytes with ANP increases mitochondrial  6
  Signal through PKG to activate p38 MAPK.  uncoupling and thermogenic gene expression. BNP infusion 
   in mice drives the thermogenic program in BAT and WAT and 
   increases energy expenditure.

Bile acids Steroid acids produced in the liver. Signal  Bile acid treatment of mice protects against obesity by increasing  18
  through GPCRs to interact with thyroid   energy expenditure in BAT. Treatment of brown adipocytes 
  signaling and activate MAPK pathways.  increases thyroid action and metabolic activity.

Nitric oxide Diffuses freely across cell membranes.  Mice treated with nitric oxide precursors have improved BAT  19
   Increases cyclic GMP levels.  expansion and thermogenic gene expression in response 
   to cold exposure.
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preadipocytes as they differentiate, again 
via  increased  p38  MAPK  activation  and 
induction  of  the  thermogenic  program 
(17). Other factors such as bile acids, which 
increase thyroid hormone signaling (18), 
and nitric oxide levels (19), which like NP 
increase cGMP levels, have also been shown 
to enhance the thermogenic program in 
brown adipocytes.

These  developments  seem  to  suggest 
that the p38 MAPK pathway exists as a 
physiological mechanism used by endog-
enous metabolic hormones and secretory 
molecules  to  “tap  into”  the  adrenergic 
axis. BAT has a particular requirement for 
such mechanisms because  it  is a highly  
dynamic and plastic tissue. Adaptive alter-
ation of their general level of sensitivity 
to adrenergic stimulation would confer 
greater  flexibility  to  brown  adipocytes. 
BAT would still  respond to acute CNS-
informed changes in thermogenic demand 

but would do so in the context of longer-
term changes in environmental conditions 
(Figure 1). For instance, in response to a 
high calorie diet, thermogenesis increases 
due to alterations  in SNS tone to BAT. 
The level of  increase, though,  is greater 
when animals are housed in cold environ-
ments (20). One might envisage, the effect 
of the dietary stimulus would be reduced 
at lower environmental temperatures, but 
this is not the case, demonstrating mainte-
nance of acute responsiveness alongside a 
sustained increase in thermogenic activity 
(20). In support of this mechanism, Bor-
dicchia et al. show that levels of circulat-
ing NP and expression of NPRA increase 
in BAT, while NPRC expression decreases 
following cold exposure (6). Of note, car-
diac hypertrophy  is a classical  result of 
cold adaptation in rodents and may be a 
biological indicator for BAT to expand via 
increased NP signaling.

Potential for therapeutic activation 
of BAT
The authors of the present study did not 
investigate the long-term effects of NP on 
energy balance or body weight. Nor did 
they  administer  NPs  to  mice  that  were 
already obese to assess their effectiveness 
as a weight loss strategy. Another impor-
tant question that remains unanswered is 
whether NPs alter adrenergic sensitivity in 
other organs. If this is the case, it may ren-
der them as unfavorable as sibutramine or 
ephedrine for long-term use in humans.

However, the ability of NPs to modulate 
the effects of endogenous SNS activation 
in BAT makes them an exciting candidate 
for further investigation. In humans, we 
are beginning to understand that there is 
a negative correlation between BMI and fat 
mass and the detectability of active BAT (2). 
Thus, any molecule that was able to “trick” 
BAT into sensing its well-warmed human 

Figure 1
Hypothesized role of NPs as chronic regula-
tors of BAT. Alterations in cardiac demand 
due to increased metabolic rate in a cold 
environment result in increased NP levels. NP 
signals via PKG to increase p38 MAPK and 
thus induce thermogenic machinery. As this 
bypasses the membrane adrenergic recep-
tors and PKA, modulation of acute activity by 
the SNS is still possible but operates in the 
context of any chronic changes to basal ther-
mogenic activity and capacity. A comparison 
could be made with a stereo system, where 
the volume dial is the adrenergic axis and the 
speaker size relates to the amount of p38 acti-
vation by other molecules such as NP. If the 
size of the speakers is increased tenfold, the 
stereo has a much higher maximum volume, 
but it is not necessary to turn the volume dial 
10 more times to reach it.
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host was actually in a long-term cold envi-
ronment may well have favorable bioener-
getic effects in overweight individuals.
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DYRK1A in Down syndrome:  
an oncogene or tumor suppressor?
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Children	with	Down	syndrome	(DS)	have	a	markedly	increased	risk	of	devel-
oping	acute	megakaryoblastic	leukemia	(AMKL)	and	acute	lymphoblastic	
leukemia	compared	with	that	of	children	without	DS.	Despite	recent	break-
throughs,	it	is	not	clear	which	genes	on	chromosome	21,	the	chromosome	
that	is	trisomic	in	individuals	with	DS,	cause	this	predisposition.	In	this	
issue	of	the	JCI,	Malinge	et	al.	report	their	loss-	and	gain-of-function	experi-
ments	in	mouse	and	human	cells	that	show	that	increased	expression	of	the	
kinase	encoded	by	the	chromosome	21	gene	DYRK1A	suppresses	the	nuclear	
factor	of	activated	T	cells	pathway	and	promotes	AMKL.	Interestingly,	the	
same	protein	has	been	suggested	to	contribute	to	the	reduced	risk	of	epi-
thelial	cancers	in	adults	with	DS,	leading	to	the	possibility	that	it	could	be	
proleukemic	in	children	and	antitumorigenic	in	adults.

Down syndrome (DS) is one of the most 
common  genetic  birth  defects,  affect-
ing about 1 in 800 newborns a year in the 

United States. It is caused by constitutional 
trisomy 21 (cT21). The symptoms of DS are 
heterogeneous, ranging from mild to severe, 
as are the associated medical conditions. 
One of the associated medical conditions is 
leukemia — children with DS have a mark-
edly higher risk of developing both acute 
lymphoblastic  leukemia (ALL) and acute 

myeloid leukemia than do children who do 
not have DS. This is in sharp contrast with 
the reduced prevalence of epithelial cancers 
in adult individuals with DS (1). Thus, cT21 
is proleukemogenic during the pediatric 
period but antitumorigenic in adulthood. 
In this issue of the JCI, Malinge et al. pro-
vide new insight into the functional contri-
bution of trisomy 21 to leukemogenesis that 
may have therapeutic implications (2).

DS-associated myeloid leukemias 
and the role of cT21
DS-associated myeloid  leukemias evolve 
in  a  unique,  multistep  clinical  pattern 
(Figure 1 and reviewed  in ref. 3). Epide-
miologic studies have indicated that five 
percent of newborns with DS have tran-
sient myeloproliferative disorder (TMD), 
a  condition  that  is  characterized by  the 
clonal expansion of immature megakaryo-
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