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Energy expenditure and energy intake need to be balanced to maintain proper energy homeostasis. Energy homeostasis is tightly
regulated by the central nervous system, and the hypothalamus is the primary center for the regulation of energy balance. The
hypothalamus exerts its effect through both humoral and neuronal mechanisms, and each hypothalamic area has a distinct role in
the regulation of energy expenditure. Recent studies have advanced the understanding of the molecular regulation of energy
expenditure and thermogenesis in the hypothalamus with targeted manipulation techniques of the mouse genome and neuronal
function. In this review, we elucidate recent progress in understanding the mechanism of how the hypothalamus affects basal
metabolism, modulates physical activity, and adapts to environmental temperature and food intake changes.
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INTRODUCTION
Homeostasis is the steady state of conditions for the optimal
function of an organism, including humans. This concept appears
to be a static state, but it is a dynamic equilibrium actively
regulated by elaborate systems with complex feedback mechan-
isms. Energy homeostasis is one of the balances that should be
maintained within a narrow range in the body. Energy imbalances
result in metabolic diseases such as obesity and diabetes mellitus.
Energy homeostasis is achieved by balancing energy expendi-

ture and energy intake. The hypothalamus is a brain region
thought to play a critical role in the regulation of energy
homeostasis1. In this review, we summarized the components of
energy expenditure at the organism level and how they are
controlled by the hypothalamus. The hypothalamic regulation of
homeostatic and hedonic feeding will be covered by another
review paper in this Special Feature Series by Ahn et al.

COMPONENTS OF ENERGY EXPENDITURE
Total energy expenditure comprises resting metabolic rate, the
thermic effect of physical activity, and adaptive thermogenesis.
The resting metabolic rate (RMR) is the minimal energy
expenditure for living cells and tissues working in a resting state.
The thermic effect of physical activity means the energy
expenditure and heat production during physical activities, even
if the activity is related to only a change in posture or fidgeting2.
Adaptive thermogenesis is regulated thermogenesis in response
to environmental changes such as a caloric surplus or cold
temperatures. Table 1 summarizes the various components of
total energy expenditure and their relative proportions. In another
division, energy expenditure can be divided into obligatory and
facultative thermogenesis: the former refers to the mandatory

response for daily body function, whereas the latter refers to the
additional responses beyond obligatory thermogenesis and is
related to the adaptive increase in energy expenditure3.

Resting metabolic rate
Even while we are resting, we need energy to stay alive. The
largest component of energy expenditure is the RMR, which
accounts for ~70% of the total energy expenditure. The RMR is the
amount of energy per unit time that an organism needs to keep
the body functioning at thermoneutrality during food digestion4,5.
The RMR is highly and positively correlated with lean mass6–9.
Other body compositions, such as fat mass, height, sex, age, and
hormonal factors, can affect the RMR7,10,11. The standard meta-
bolic rate (SMR) is similar to the RMR, but the organism is in a
fasted state for at least 12 h4, and the SMR demonstrates the
minimum energetic cost of living12. The thermic effect of food is a
type of obligatory thermogenesis and results from the digestion,
absorption, and storage of ingested nutrients after a single meal.
The RMR can be calculated as the sum of the SMR and the thermic
effect of food.

Physical activity
The thermic effect of physical activity accounts for 10–20% of the
total daily energy expenditure13. In humans, at 1.5–2 h after
physical activity, metabolism can increase 10–20% compared to its
level before exercise14. Thermogenesis from physical activity
includes nonexercise activity thermogenesis (NEAT) and exercise-
induced thermogenesis. Spontaneous physical activity (SPA), such
as fidgeting and maintaining or changing posture, can induce
NEAT15.
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Adaptive thermogenesis
This includes diet-induced thermogenesis (DIT) and cold-induced
thermogenesis (CIT). In rodents, brown adipose tissue (BAT) is the
major site for adaptive thermogenesis. Brown and beige adipose
tissues have been defined and characterized extensively in both
humans16 and rodents17 as thermogenic organs. Thermogenic
adipocytes highly express uncoupling protein 1 (UCP1), which
plays an important role in heat generation, especially in canonical
adaptive thermogenesis. UCP1 localizes to the inner membrane of
mitochondria and generates heat by dissipating the proton
gradient from mitochondrial respiration (the ‘uncoupling’ reac-
tion). UCP1 is vital, but not indispensable, for the maintenance of
energy expenditure18. DIT is facultative thermogenesis beyond the
thermic effect of food in response to excessive food intake, which
might be a substantial part of the adaptive increase in energy
expenditure3. CIT is heat generation in response to cold exposure
to protect the organism itself. The acute response to cold is
shivering, which means involuntary activation of skeletal muscle
movement, but nonshivering thermogenesis (NST) becomes the
main response after adaptation. This NST is further categorized
into facultative NST and obligatory NST. The former term means a
short-term increase in heat production because of cold exposure
by activating BAT thermogenesis. On the other hand, the latter
term means that the increase in body temperature is closely
related to the basal metabolism of the organism, not an acute
response to environmental temperature changes19–21.

HYPOTHALAMIC CONTROL OF BASAL METABOLISM
As mentioned above, basal metabolism accounts for the largest
proportion of total energy expenditure. Approximately 70% of the
respiration rate in the basal state is mitochondrial ATP production,
~20% is a mitochondria process to counteract mitochondrial
proton leakage, and ~10% is a nonmitochondrial process22.
Various factors are found to affect and determine resting energy
expenditure, including body mass, age, sex, and the levels of
several hormones, which have been primarily documented in
human studies7,10,11. The hypothalamus exerts its effect through

humoral and neuronal mechanisms, and the sections below
illustrate the relevant hypothalamic regulatory mechanisms of
basal metabolism.

Lean mass and fat mass
Lean mass (i.e., fat-free mass, including muscle mass) is a leading
determinant of basal metabolism in humans6–9. The ratio of lean
mass to whole body weight is 60–70% in women and 70–80% in
men, explaining why heat from skeletal muscle is the largest part
of whole-body energy expenditure. Skeletal muscle metabolism
determines not only basal metabolism but also adaptive thermo-
genesis, such as CIT, which will be discussed later in this review.
Likewise, in rodents, the basal metabolic rate (BMR) is more

dependent on lean mass than fat mass, even in mice fed a high-fat
diet23. Skeletal muscle can be increased by androgens, regulated
by the hypothalamic–pituitary–gonadal axis. Hypothalamic
gonadotropin-releasing hormone (GnRH) stimulates anterior
pituitary gland secretion of luteinizing hormone, which stimulates
the synthesis and secretion of testosterone in the gonads. The
androgen receptor in the hypothalamus positively modulates fat-
free mass in mice24, and androgen receptor-null male mice have
suppressed energy expenditure, which results in late-onset
obesity25. The hypothalamus expresses erythropoietin, which
decreases with aging and dietary obesity. Central administration
of erythropoietin increases lean mass and muscle function, while
body weight and fat mass decrease26.
Fat mass is another major determinant of the metabolic rate in

mice: obese organisms have higher basal metabolism than lean
organisms. A previous paper showed that the contribution of fat
mass to energy expenditure is absent in leptin-deficient ob/ob
mice, which can be reversed by physiological leptin replacement.
This result suggests that the contribution of fat mass to energy
expenditure is leptin-dependent27.
Despite the importance of skeletal muscle and fat tissue on

basal metabolism, more direct evidence is needed as to whether
the hypothalamus regulates basal metabolism by determining
lean and fat mass. Considering the nature of experimental studies,
most of the data sampling of animal studies is cross-sectional

Table 1. Components of energy expenditure.

%
approx.

Component Subcomponent Definition Major site Related
hypothalamic
nucleus

Category

70 Resting
metabolic rate

Standard
metabolic rate

The amount of energy at rest in a
thermoneutral environment

Skeletal muscle PVN,
ARC, VMH

Obligatory

Thermic effect of food The heat generated during the
digestion, absorption, processing
of food

Gastrointestinal tract

20 Energy
expenditure for
physical activity

Nonexercise activity
thermogenesis (NEAT)

The heat generated by
spontaneous physical
activity (SPA)

Skeletal muscle LH, PVN,
ARC, VMH

Obligatory
or
Facultative

Exercise activity
thermogenesis

The heat generated by exercise Facultative

10 Diet-induced
thermogenesis

– The heat produced in response to
excess caloric intake

BAT ARC, VMH,
POA, DMH

Facultative

Variable Cold-induced
thermogenesis

Shivering
thermogenesis (ST)

The heat for protecting the
organism from cold exposure by
shivering

Skeletal muscle POA, DMH,
VMH, PVN

Facultative

Nonshivering
thermogenesis (NST)

The heat generated to adapt
to cold

BAT Obligatory
or
Facultative

ARC arcuate nucleus of the hypothalamus, BAT brown adipose tissue, DMH dorsomedial hypothalamus, LH lateral hypothalamus, POA preoptic area, PVN
paraventricular hypothalamus, VMH ventromedial hypothalamus.
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(sampling at once), not longitudinal, and it is challenging to
discover the exact causality between energy expenditure and lean
mass and/or fat. For example, decreased energy expenditure with
increased fat mass is simultaneously observed in a mouse model
with genetic and/or pharmacological manipulation in the
hypothalamus28–30. It is plausible to interpret energy expenditure
as the cause (or mechanism) and decreased fat mass as the result,
as fat mass is usually considered an ‘effect’, not a ‘cause’, of energy
metabolism. In this manner, however, we cannot delineate
whether and how body mass alterations by the hypothalamus
affect basal energy metabolism. Therefore, more reliable experi-
mental methods are needed to overcome this limitation.

Height
Resting energy expenditure in human adults is typically predicted
by other additional covariates, including height. This can be found
even in one of the old equations for predicting resting energy
expenditure (in kcal/day) as 13.8 × body weight (kg)+ 5.0 × height
(cm)− 6.8 × age (yrs)+ 66.5 for men10. Therefore, generally, taller
subjects have a larger fat-free mass than subjects with short
stature. The growth hormone (GH)-insulin-like growth factor 1
(IGF-1) axis is the dominant endocrine system controlling linear
growth during childhood31 and muscle mass32. The production
and secretion of growth hormone from the anterior pituitary
gland are under the control of hypothalamic GH releasing
hormone (GHRH, positively) and somatostatin (negatively). Indeed,
imaging studies of the hypothalamus (and pituitary gland) are
required for the detection of anatomical defects in patients
diagnosed with growth hormone deficiency33. An example of
hypothalamic dysfunction with inadequate GH secretion is the
short stature associated with thalassemia, which may result from
iron deposits in hypothalamic neurons34.
Sox21 is an essential transcriptional regulator of the developing

hypothalamus. A loss of Sox21 in mice leads to postnatal growth
reduction with increased energy expenditure with normal physical
activity and food intake35. This growth reduction may be
nonendocrine given that all the other hypothalamic–pituitary axis
were functionally intact35. Recently, Lee et al. showed that distal-
less homeobox-1 (Dlx1) and its homolog Dlx2, transcription factors
highly expressed in the mediobasal hypothalamus, are required for
the specification of GHRH neurons36. Conditional Dlx1/2-null mice
show a loss of GHRH neurons with higher somatostatin expression,
smaller body size and lean mass, and lower energy expenditure
with normal food intake36. Another study showed that insulin
knockdown in the paraventricular nucleus of hypothalamus (PVN)
of young mice suppresses growth with lower serum GH without
changes in food intake, suggesting that parvocellular neurosecre-
tory insulin neurons in the PVN have a crucial role in the regulation
of GH production and body length37. These results all imply the
importance of hypothalamic hormonal regulation of both body
length and energy expenditure. Opposite results exist for positive
or negative correlations between height and energy expenditure,
as above. This phenomenon might be due to different clinical or
experimental contexts in various studies, and more evidence is
needed to delineate the causal relationship between height and
energy expenditure under the control of the hypothalamus.

Aging
Initial cross-sectional human studies described dramatic declines
in the BMR with aging11,38, although later studies addressed that
the degree of those declines was smaller than previously
expected39,40. The loss of various lean tissues, including muscle
and brain tissue, is related to the reduction in the BMR40. However,
decreased lean mass cannot fully explain the lower basal
metabolism in older ages, implying that aging per se may be
associated with an alteration in tissue energy metabolism39.
The hypothalamus mutually influences aging. In the hypotha-

lamus of aged mice, the expression of genes involved in reactive

oxygen species (ROS) production and protein degradation is
upregulated, while the expression of genes for synaptic function
and integrity is downregulated41. On the other hand, an age-
associated alteration in energy homeostasis and hormone balance
can be derived from functional changes in specific groups of
hypothalamic neurons42,43. In aged mice, proopiomelanocortin
(POMC) neuronal activity is significantly reduced44, while age-
dependent metabolic dysfunction can be mitigated by the rescue
of the POMC gene in the arcuate nucleus (ARC)45. This finding
represents a possible link between the hypothalamus and
decreased energy expenditure with aging, considering that
POMC-knockout mice show a BMR that is decreased by ~25%46.
Hypothalamic area genetic modulation studies have accumu-

lated more evidence that the hypothalamus can serve as a target
for the restoration of decreased energy expenditure with aging.
The transfer of the brain-derived neurotrophic factor (BDNF) gene
into the ARC and ventromedial nucleus of the hypothalamus
(VMH) increases oxygen consumption even with lower physical
activity, which indicates an elevated RMR47. Viral expression of the
glial cell line-derived neurotrophic factor (GDNF) gene in the
hypothalamus of aged rats also increased energy expenditure
despite reduced food intake48. Only a few studies have aimed to
determine the effects of hypothalamic aging on energy expen-
diture, and more specific studies from this perspective are needed.

Sex differences
When studying mechanisms that affect energy expenditure, males
and females do not always have the same phenotype. These sex
differences occur in estrogen signaling research in the hypotha-
lamus and various hypothalamic signaling pathways49–51. Estro-
gen receptor alpha (ERα) signaling in the VMH is involved in
energy homeostasis by regulating thermogenesis49. A recent
study revealed that ERα is largely expressed in VMH neuronal
populations that have sex-biased expression of reprimo (Rprm), a
TP53- and ERα-regulated gene. Rprm expression can regulate core
temperature in a sex-specific manner: female mice, but not male
mice, with Rprm-siRNA injected into the VMH show an increased
body temperature51. Phosphatidylinositol 3-kinase (PI3K) could
mediate ERα signaling52,53. PI3K catalytic subunit deletion in
steroidogenic factor 1 (SF-1) neurons causes obesity in female
mice but not in male mice50. These female mice have decreased
energy expenditure in the light phase without changes in food
intake or locomotor activity in the same phase50. The acute effect
of estrogen in SF-1-specific PI3K catalytic subunit KO female mice
impairs the increase in total energy expenditure, while food intake
or locomotor activity were not different between KO and WT
mice50.
Sex differences in other signaling pathways that are not directly

relevant to estrogen have also been reported. The
5-hydroxytryptamine 2c receptor (5-HT2CR) in ARC POMC neurons
also regulates energy expenditure in a sex-dependent manner30.
POMC deletion in the hypothalamus but the restoration of its
expression in 5-HT2CR-positive neurons restores energy expendi-
ture in male mice. On the other hand, female mice still have
impaired total energy expenditure and resting energy expenditure
similar to POMC deletion in whole hypothalamus30. G protein-
coupled receptor 17 (Gpr17), suggested to be one of the
transcriptional targets of forkhead box protein O1 (FoxO1) in the
central nervous system54, shows different effects between sexes in
POMC neurons55. POMC-specific Gpr17-KO female mice, but not
male mice, fed a high-fat diet tend to increase energy expenditure
in the light cycle55. This effect was reported without additional
changes in food intake or activity in the light cycle55.
These various reports showed that sex-dimorphic basal meta-

bolic regulation was under hypothalamic control, even though
some studies suggested that sex is not relevant to BMR
variations7. More detailed evidence about sex-dimorphic hypotha-
lamic signaling may reveal differences in basal metabolism
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between sexes, and it is essential for researchers to keep in mind
the potential differences between sexes when designing their
studies.

Thyroid hormone
Thyroid hormone [triiodothyronine (T3, biologically active form)
and thyroxine (T4)] contributes to both obligatory and facultative
thermogenesis56. In terms of resting energy expenditure, thyroid
hormone stimulates the transcription of UCP genes directly, acting
via thyroid hormone receptor binding sites, resulting in increased
proton gradient leaks in mitochondria and thus the generation of
heat57. This mechanism helps maintain body temperature and
constitutes a significant part of the BMR. Thyroid hormone
production is controlled by thyrotropin-releasing hormone (TRH),
which is generated in the PVN58. TRH, which is released through
the hypophyseal portal system, activates thyrotrophs in the
anterior pituitary gland to release thyroid-stimulating hormone
(TSH), which then stimulates thyroid hormone production in the
thyroid gland (i.e., the hypothalamic–pituitary–thyroid (HPT) axis).
Thyroid hormone receptors are expressed in TRH neurons in the
PVN59, and changes in peripheral thyroid hormone levels provide
feedback to the PVN to initiate compensatory regulation of TRH
synthesis to maintain homeostasis60. When T3 stimulates the VMH
by inhibiting 5′ adenosine monophosphate-activated protein
kinase (AMPK), it was found that sympathetic nerves activate
UCP1 in the mitochondria of brown adipose tissue, resulting in
decreased body weight without changes in food intake61. This
finding added another mechanism of thyroid thermogenesis,
which had previously been known to be mediated mainly by
muscular mitochondria and smooth endoplasmic reticulum Ca2+

ATPase (SERCA) in the endoplasmic reticulum62.
Tanycytes are a special type of glial cell lining the median

eminence of the hypothalamus to control the crossing of
intravascular substances into the brain63. Type 2 deiodinase
catalyzes the transformation of T4 to T3, and this enzyme in
tanycytes may be necessary for negative feedback to the HPT
axis64. Tanycytes in the floor of the third ventricle (β2-tanycytes)
express pyroglutamyl-peptidase II (TRH-degrading ectoenzyme),
which is upregulated by thyroid hormone, providing negative
feedback to the HPT axis65,66. The mechanism of tanycytes
controlling TRH flux into portal capillaries is illustrated in another
paper67. Therefore, tanycytes may modulate the effects of thyroid
hormone on thermogenesis, which is significant for thermoregu-
lation in hibernating mammals68. Other roles of hypothalamic
thyroid hormone in energy balance regulation have been
previously reviewed69.
When we interpret the outcome of energy expenditure in

rodent studies, there is a critical point to be considered. Basal
metabolism can be calculated under a thermoneutral environ-
ment, at ~30 °C for rodents70–73 and ~28 °C for naked humans74,75.
However, most of the studies have been performed at room
temperature (20–22 °C). Studies that measured basal metabolism
in the thermoneutral zone to determine the exact resting energy
expenditure have found room temperature to be a cold
environment for rodents29. This difference could lead to
ambiguous or different conclusions, and similar examples are
found in mouse studies in which thermogenesis is genetically
manipulated76,77. An adequate method of considering thermo-
neutral conditions while translating the findings in mice studies to
human metabolic diseases is still being discussed78.

HYPOTHALAMIC CONTROL OF PHYSICAL ACTIVITY
Spontaneous physical activity (SPA) and its contribution to energy
expenditure (i.e., NEAT) play a significant role in the modulation of
energy homeostasis and body weight in humans and rodent
models79,80. The duration and magnitude of NEAT are reported to
be lower in obese individuals81, and those with higher SPA gain

less weight82–84. Similar to feeding behaviors, SPA greatly affects
energy homeostasis and is under the control of several brain areas
and neuropeptides. The latter have been previously reviewed85.
The most well-characterized mediators are orexin peptides86,
which act on several hypothalamic regions to increase activity.
First, the injection of orexin A into the rostral lateral hypothalamus
nucleus (rLH) of rats induces running independently of feeding
behavior87 and increases locomotor activity88. The effect was
abolished with the preadministration of the γ-aminobutyric acid
(GABA) receptor agonist muscimol88. The neuronal population in
the rLH is speculated to be glutamic acid decarboxylase 65
(GAD65)-expressing neurons, as chemogenetic deactivation of
these neurons decreases locomotion and blunts the effect of
orexin receptor blockers89.
Within the hypothalamus, orexin is produced by neurons in the

LH (orexin neurons). Transgenic mice bearing Cre expression in
orexin neurons and stereotaxic injection of viruses enable the
modulation of orexin neurons in the LH. Using these with a
chemogenetic approach, Zink et al. demonstrated that acute
activation of orexin neurons increases moving time without
changing food intake behavior in male mice, especially during the
light-on cycle. Similarly, the deactivation of LH orexin neurons in
female mice decreases movement and energy expenditure,
specifically in the dark cycle90. Long-term activation of orexin
neurons in the LH also protects against diet-induced obesity
through an increase in spontaneous activity and energy expen-
diture90. This finding is in accordance with the 24-h optogenetic
activation of channelrhodopsin-2/orexin-Cre mice80.
It has been reported that the activation of LH GABAergic

neurons using a chemogenetic approach induces a high level of
locomotor activity, which is accompanied by an increase in energy
expenditure91. Interestingly, another population of LH neurons—
galanin-expressing neurons—that partially overlaps with the LH
GABAergic neuron population can also induce an increase in
locomotor activity when activated. However, galanin neurons
reduce compulsive activity, while GABAergic neurons promote
compulsive-like behaviors91.
The injection of orexin A into the PVN also increases locomotor

activity, but the effect cannot be blocked by pretreatment with
muscimol88. Another orexigenic neuropeptide that exerts an effect
on physical activity through the PVN is neuropeptide Y (NPY).
Hamsters in which NPY is injected into the PVN show increases in
wheel running and food foraging behaviors92. NPY causes an
increase in the intracellular level of Ca2+ and a decrease in the
synaptic inputs of PVN neurons. The energy expenditure modula-
tion effect of NPY in the PVN is due to the inhibition of
endocannabinoid signaling93. However, the infusion of NPY into
the PVN in rats cannot induce a change in locomotion94, and the
overexpression of NPY in the PVN through a viral vector in rats
cannot decrease the activity level95. This may be due to the spread
of NPY when the PVN is infused with NPY instead of being locally
injected94 or to the difference between the acute application
versus the long-term expression of NPY in PVN neurons.
Other genes expressed in the PVN, such as BDNF96 or the BDNF

TrkB receptor, have also been identified to be related to physical
activity97. The knockout of either of these genes from PVN Sim1-
expressing neurons causes a decrease in ambulatory activity in the
dark phase. Interestingly, the deletion of the circadian clock-
related transcription factor brain and muscle ARNT-like 1 (BMAL1)
or GABA-A receptor γ2 subunit from PVN neurons decreases and
disrupts the diurnal rhythm locomotion change98.
On the other hand, exercising is an intense metabolic challenge

to the body, which requires adaptation and changes in energy
homeostasis. Exercise has been shown to bring about neuronal
and metabolic improvement, especially changes in the hormonal
responses of the hypothalamic–pituitary–adrenal (HPA) axis99–101.
In addition, hypothalamic neurons, specifically the POMC and
agouti-related peptide (AgRP) neurons in the ARC, respond
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dynamically to exercise (e.g., a fast increase in the excitatory input
and excitability of POMC neurons and the inhibition of NPY/AgRP
neurons)102. This suggests that the hypothalamus plays a role in
the control and feedback of physical activity. The hypothalamic
control of physical activity is briefly summarized in Fig. 1.
Indeed, several lines of evidence have suggested that the

hypothalamus (especially the ARC) contributes to the control of
locomotor activity. First, the injection of ghrelin and agouti-related
protein fragment (83–132), but not NPY, decreases the locomotor
activity of rats over a period of 72 h103. In addition, the activation
of a downstream target of leptin—STAT3—in AgRP neurons
increases locomotor activity in mice104, while FoxO1 knockout in
AgRP neurons decreases movement counts54,105. Furthermore,
Rho-associated coiled-coil containing protein kinase 1 (ROCK1)
knockout in either POMC or AgRP neurons causes a decrease in
locomotion activity106,107. However, the mechanism behind the
influence of AgRP neurons on locomotor activity is still unclear.
One explanation for the impact of AgRP neurons on ambulatory

movement is through leptin receptor signaling. This explanation
was supported by the evidence that the selective re-expression of
leptin receptor in Lepr-null-allele-carrying mice causes an increase
in beam break counts during calorimeter studies108, to a
comparable extent as when leptin was injected into ob/ob
mice109. This may be related to the ability of leptin to prevent
the onset of torpor110,111. The role of leptin in torpor and
thermogenesis is well discussed by Jan Nedergaard’s group112.
In addition to genetic regulation, epigenetic factors can contribute

to the voluntary exercise behavior of mice. For example, DNA
methylation of the AgRP neurons of Dnmt3a AgRP-specific-knockout
mice causes a reduction in home cage activity and physical activity
when the mice were presented with running wheels, without any
changes in physical endurance113. The abolishment of Dnmt3a in
AgRP neurons paradoxically increases CpG methylation in ARC
neurons and changes the expression of melanocortin system-related
genes, along with GABA transmitter genes in AgRP neurons113.

Another finding to support the notion that the ARC may control
voluntary exercise is that AgRP neurons in the hypothalamus are
quickly inhibited within 30 s at the end of a voluntary running
session102,114, while POMC neurons are activated102. Using the
activity-based anorexia (ABA) mouse model115, the impaired
activation of AgRP neurons in response to a negative energy
balance induced compulsive exercise, and this sustained exercise
led to death114. Indeed, when AgRP neurons were ablated, female
mice running under the ABA paradigm experienced white adipose
tissue (WAT) shrinkage and brown adipose tissue atrophy, while
the activation of this population increased the running counts and
abilities of the food-restricted mice114. These findings provide one
line of evidence for the role of AgRP neurons in compulsive
exercise in individuals with anorexia nervosa.
In addition to the ARC, the VMH is also a central hub controlling

the body’s response to exercise. The role of the VMH in
orchestrating the sympathetic nervous system, fat metabolism
and exercise benefits has been extensively reviewed116. Further-
more, lesions of the VMH cause hyperactivation117 and an increase
in motivation for food in rats118. The global germline knockout of
SF-1—an abundantly expressed and highly restricted nuclear
receptor in the VMH—in female mice causes a significant long-
term decrease in physical activity (in terms of wheel turns)119. This
decline in voluntary exercise precedes the increase in body weight
and is not observed in ovariectomized mice119. However,
postnatal VMH-specific steroidogenic factor 1 (SF-1) knockout
using CamKII-Cre does not lead to any difference in locomotor
activity120. The role of SF-1 neurons in the regulation of physical
activity is further compounded, as chemogenetic activation of SF-
1 neurons using DREADD systems was reported to either not
affect locomotor activity121–123 or decrease movement and rearing
activities124. Furthermore, the inhibition of SF-1 neurons using the
DREADD system can lead to an increase in spontaneous
exploratory motions124 or not125. This discrepancy might be due
to differences in experimental paradigms (for example, viral
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Fig. 1 Schematic summary of the hypothalamic nuclei involved in the regulation of physical activity. Different neuronal populations and
nuclei have different effectors and mechanisms to promote physical activities in the form of spontaneous physical activity or exercise,
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delivery of DREADD receptors versus a transgenic mouse
line, different ligands used to activate DREADD receptor hM3Dq,
different ligand concentrations and methods of delivery, and
different parameters reported for “locomotor activity”). Further
studies need to be performed to fully understand the impact of
SF-1 neurons on physical activity.
Another neuronal population of the VMH is reported to increase

locomotor activity, rearing movement, and heat generation in
female mice when activated. This subset of neurons is estrogen-
responsive and NK2 homeobox 1 (Nkx2-1)-positive and is located
in the ventrolateral region of the VMH. This physical activity
modulation requires estrogen signaling123. In mice with Nkx2-1
deletion using SF-1-Cre, physical activity is significantly less than
that of wild-type mice, with less movement and lower cycling
ability123.

HYPOTHALAMIC CONTROL OF DIET-INDUCED
THERMOGENESIS
The arcuate nucleus of the hypothalamus
Over the past decades, it has become clear that hypothalamic
nuclei, especially the arcuate nucleus of the hypothalamus (ARC),
play an important role in the regulation of feeding and
metabolism126,127. The ARC is located near the floor of the third
ventricle and the median eminence with its fenestrated epithelium;
hence, this area can sense nutritional status. The ARC is a key site
for coordinated feedback responses to metabolic signals from
hormones such as insulin and leptin, nutrients such as glucose and
free fatty acids128–130, and neuronal inputs from other hypotha-
lamic areas and extrahypothalamic areas131. The ARC includes
anorexic POMC neurons and orexigenic NPY/AgRP neurons that
have opposite effects on the regulation of energy homeostasis.
These neurons have abundant projections into several brain areas
that regulate the neuroendocrine system and metabolism.
Recently, researchers have suggested a possible contribution from
the ARC and its projections to secondary regions to the regulation
of the production of BAT-related genes and thermogenesis132.
The most characterized pathway of the ARC for the regulation

of energy homeostasis is through the melanocortin system. The
brain melanocortin system is a critical neural system for
the maintenance of body weight and energy expenditure133,134.
The “first-order” neurons of the central melanocortin system
constitute neurons that express the precursor POMC, which will be
cleaved to generate alpha-melanocyte-stimulating hormone (α-
MSH), and neurons that produce AgRP, an endogenous inverse
agonist of melanocortin receptors135. Under satiated conditions,
POMC neurons induce thermogenesis in BAT mainly through α-
MSH-mediated activation of melanocortin 3 and 4 receptors (MC3/
4R)136. The relationship between the melanocortin system and
BAT thermogenesis has been discussed in several reviews137.
Recently, a number of genetic factors have been identified to be
crucial for adaptive postprandial thermogenesis in POMC neurons.
First, POMC-specific transcriptional coactivator peroxisome
proliferator-activated receptor γ (PPARγ) coactivator-1β (PGC-1β)
deletion leads to higher body temperature during fed states or
after being refed following 24 h of fasting138. This effect is due to
an increase in leptin-induced thermogenesis sensitivity138. On the
other hand, the disruption of the unfolded protein response and
endoplasmic reticulum (ER) stress through interference with the
inositol-requiring enzyme 1/X-box binding protein 1 (Ire1-Xbp1)
pathway causes an inability to induce thermogenesis on a high-fat
diet, thus causing obesity139. The ablation of Ire1α from POMC
neurons renders these neurons leptin- and insulin-insensitive
under endoplasmic reticulum stress139.
In contrast, the activation of NPY-expressing neurons in the ARC

has been shown to inhibit sympathetic activation of BAT through
direct Y1 receptor-mediated signal regulation in the paraventri-
cular nucleus of the hypothalamus (PVN)140. Evidence in a recent

report shows that the inactivation of AgRP neurons induces the
browning of WAT and prevents diet-induced obesity and insulin
resistance in mice, demonstrating the importance of AgRP
neurons in body temperature regulation141.
Hormonal signals such as leptin and insulin in the ARC can

regulate BAT thermogenesis142. There is evidence that leptin
signaling plays a pivotal role in mediating sympathetic nervous
system (SNS) tones in the ARC143. The homeostatic hormone
leptin acts on the ARC through its receptor, inducing POMC
expression, which increases the release of POMC products to
secondary neurons. In the ARC, leptin also activates RIP-Cre-
expressing neurons, which act on the PVN and generate heat
through the inhibition of the GABAergic population144. Further-
more, the combined action of leptin in POMC neurons increases
UCP1 expression and temperature in BAT by inhibiting tyrosine
phosphatase 1B (PTP1B) and T-cell protein tyrosine phosphatase
(TCPTP) signaling144. In addition to its role in carbohydrate
metabolism, insulin is associated with feeding-related thermo-
genesis145. Mice fed a cafeteria diet exhibit spontaneous
hyperphagia, increased energy expenditure, decreased insulin
resistance, and a thermogenic response to noradrenaline and BAT
enlargement146. However, in streptozotocin-diabetic rats, cafeteria
feeding did not increase the response to resting VO2 or
noradrenaline, and intraperitoneal injection of protamine zinc
insulin after cafeteria-diet feeding leads to impaired thermogen-
esis in diabetic mice145. These findings suggest that cafeteria-diet-
induced thermogenesis is insulin-dependent.
Recent studies in rodents show that NPY neurons located in the

arcuate nucleus promote diet-induced heat generation through
the neuropeptide FF receptor 2 (NPFFR2) signaling pathway. A
deficiency of NPFFR2 results in decreased levels of UCP-1 and
PGC-1α in BAT and, consequently, decreased thermogenesis in
BAT. Together, these data provide evidence for an arcuate nucleus
NPY-dependent circuit to control the thermogenesis of BAT147.

The ventromedial hypothalamus
The ventromedial hypothalamus (VMH), spanning across the
mediobasal hypothalamic area148, is a bilateral egg-shaped
nucleus whose roles in controlling tissue thermogenesis were
defined early. Early researchers demonstrated the control of the
VMH over brown adipose tissue through stereotaxic lesions and
electrical stimulation experiments on the VMH: some VMH lesion
studies did not show any change in food intake, whereas some
studies showed that the disruption of this region results in an
increase in body weight and obesity149, a decrease in core body
temperature150 and a decrease in postprandial brown adipose
tissue sympathetic activation151. Some researchers have shown
that adult pair-tube-fed rats with VMH destructions152,153 or rat
weanlings with VMH lesions154,155 increase body weight without
any difference in food consumption. These results demonstrated
that the body weight gain from VMH lesions is due to not only the
increase in food intake but also probably a disturbance in
metabolism and thermogenesis156, which is supported by the
change in the basal insulin level157 and fat disposition. Indeed,
when electrical stimulation occurs through stereotaxically
implanted electrodes in the VMH, a biphasic response in
interscapular BAT temperature is observed, with an initial decrease
of ~0.16 °C after 1 min, and an increase of almost 1 °C in ~10min
and a return to the initial value after ~20 min158. The rise in BAT
temperature is followed by no or a minor change in quadriceps
(skeletal) temperature. This response mimics the result of direct
sympathetic nerve stimulation159 and can be triggered by an
intraperitoneal injection of noradrenaline. Furthermore, the rise in
BAT temperature is abolished by blocking β-adrenergic signaling
using propranolol or by BAT nerve blockade through the injection
of tetracaine into the interscapular area158, further suggesting that
the VMH is involved in BAT thermogenesis through sympathetic
outflow and innervation.
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As a satiety signal, leptin also acts on the VMH to control
feeding-related thermogenesis. Direct infusion of leptin within the
VMH increases sympathetic-nerve-dependent glucose uptake of
BAT160 and sympathetic nervous system tone, characterized by an
increase in blood pressure, renal sympathetic outflow, and plasma
catecholamine levels161,162. These data provide evidence for leptin
action on the VMH to control heat generation from BAT. The role
of the sympathetic nervous system in the regulation of thermo-
genesis will be covered by another review in this collection.
Highly populated in the VMH, SF-1 neurons can be one of the

markers for this region148,163,164. The development of Cre
recombinase-expressing mice under the driver of SF-1 enabled
the genetic modulation and study of the role of the VMH in
thermogenesis163,165,166. Interestingly, a major population of SF-1
neurons expresses leptin receptor148, and SF-1 Cre mouse lines
were used to delete leptin receptor from the VMH. Mice lacking
leptin receptor in SF-1 neurons are obese, with increased fat
composition and decreased energy expenditure, even when food
intake is normal on a standard chow diet166,167. When given a
high-fat diet, leptin receptor knockout from SF-1 neurons causes
susceptibility to diet-induced obesity and aberrant adaptive
thermogenesis, with a gradual difference in caloric intake166,167.
One of the downstream factors in leptin signaling in the

hypothalamus is the transcription factor FoxO1168–170. Through
the knockout of FoxO1 in SF-1 neurons in the VMH, Kim et al.
observed a lean phenotype171. FoxO1 knockout in SF-1 neurons
protected mice from high-calorie-induced obesity, with higher
energy expenditure before and during a high-fat challenge and
increased levels of serum catecholamines and UCP1 expression in
brown adipose tissue. These mice also displayed higher leptin and
insulin sensitivity171. Interestingly, the disruption of SF-1 neurons
by the postnatal deletion of SF-1 using CamKII-Cre also impairs
energy expenditure with a high-fat diet, decreases UCP1 expres-
sion in the brown adipose tissue, and blunts leptin action120.
Collectively, these results suggested that leptin signaling in SF-1
neurons in the VMH might modulate sympathetic nervous system
and brown adipose tissue heat generation to protect against diet-
induced obesity.
Furthermore, the energy gauge AMPK has gained attention as a

converging mediator of adaptive thermogenesis. VMH AMPK
relays the effect of different hormones (for example, insulin, leptin,
and thyroidal hormones) and drugs (nicotine and liraglutide) to
modulate sympathetic outflow172. AMPK subunit α1, but not α2, is
speculated to be the negative regulator of thermogenesis, as the
overexpression of the dominant-negative form of AMPKα1, in rats
and mice prevents diet-induced obesity by increasing heat
generation and brown fat function173. In addition, the ablation
of AMPK α1 in SF-1 neurons in mice leads to an increase in brown
fat temperature, brown fat sympathetic nerve activity, UCP1, and
thermogenic genes in brown and white adipose tissues in a
feeding-independent manner173. Several lines of evidence have
demonstrated that VMH AMPK may be involved in the regulation
of sympathetic outflow to BAT through the AMPK/acetyl-CoA
carboxylase (ACC)/carnitine palmitoyltransferase 1 C (CPT1C) path-
way. First, the deletion of AMPK α1 is accompanied by a decrease
in the phosphorylation of hypothalamic pACCα173. Second, CPT1C
knockout blunts the thermogenic effects of a high-fat diet or
leptin administration, and the rescue of CPT1C in the VMH is
sufficient to restore the proper diet-induced response of body
temperature174. AMPK in the VMH is also suggested to be involved
in the beiging of WAT. Hormonal signals, such as thyroid
hormones175,176, estradiol49,177, leptin178, and GLP1 analogs179,
converge in the VMH and exert their metabolic actions through
the modulation of AMPK and the sympathetic nervous system.
Taken together, these observations show that AMPK is an
important key in the VMH–sympathetic nervous system–adipose
tissues axis to control thermogenesis in BAT and the browning of
WAT to shift the energy balance.

Preoptic area–dorsomedial hypothalamus leptin signaling
The preoptic area (POA) is a large region lying in the rostral part of
the hypothalamus and comprises the median and ventrolateral
preoptic nuclei (MnPO and VLPO, respectively), the medial and
lateral preoptic areas, and the suprachiasmatic nucleus180.
Neurons in the POA project to the dorsomedial nucleus of the
hypothalamus (DMH), and the projections are known to regulate
body thermogenesis based on ambient temperatures (discussed
later). Interestingly, both POA and DMH neurons express the long
form of leptin receptor181, suggesting that these regions might be
involved in the thermogenic effect of food intake and leptin. Many
pieces of evidence support the thermoregulatory roles of leptin
receptor-expressing neurons in the POA/DMH. First, leptin induces
cFos expression in POA/DMH neurons181–183 and direct membrane
potential responses in POA184 and DMH neurons under diet-
induced obesity183. In addition, leptin-receptor-expressing neu-
rons (LepR neurons) in the POA project to the DMH, and leptin-
receptor-expressing neurons in both the POA and the DMH
project to the medullary rostral raphe pallidus181. POA/DMH LepR
neurons also connect to BAT181 and control BAT thermogenesis.
The chemogenetic activation of glutamatergic LepR neurons in
the POA decreases energy expenditure185, but leptin treatment in
the POA does not change responses to ambient temperature
changes. LepR neurons in the DMH increase energy expendi-
ture182, and the ablation of LepR neurons in the DMH decreases
heat generation and shifts metabolism toward the usage of fat186.
Interestingly, POA LepR neurons are involved in the regulation of
body temperature in response to nutritional status. Leptin
signaling through leptin receptor in the POA is required for the
reduction in the metabolism rate during fasting and is possibly
involved in the regulation of energy expenditure through thyroid
hormones when mice are on a high-fat diet184. Collectively, leptin
signaling in the POA/DMH is important for thermogenesis
adapting to feeding and energy states.
DMH NPY signaling is also reported to be involved in the

browning of WAT. The knockdown of NPY in the DMH using shRNA-
encoding adeno-associated virus (AAV) causes an increase in UCP1
expression in inguinal WAT through an increase in sympathetic
nervous system input into WAT, thus ‘browning’WAT187. However, it
is unknown whether NPY-expressing neurons in the DMH are
involved in the conventional POA/DMH–SNS–adipose tissue axis to
regulate the sympathetic input of adipose tissues187.

HYPOTHALAMIC CONTROL OF COLD-INDUCED
THERMOGENESIS
To preserve body functions and homeostasis upon exposure to a
cold environment, efferent pathways for heat production are
activated. Different regions in the hypothalamus are responsible
for cold-induced thermogenesis, both through shivering and
nonshivering heat production.
The most prominent and well-established circuit that controls

body temperature is the preoptic area (POA)–dorsomedial nucleus
of the hypothalamus (DMH) circuit. The role of the POA–DMH
circuit in the central regulation of responses to temperature
change has been extensively reviewed188,189. In brief, the POA is
known to receive sensory input from temperature-sensitive
neurons. The thermogenic response upon cooling requires the
activation of neurons in the MnPO and GABAergic inhibitory
signals to the MPO190 or glutamatergic input to the DMH191.
Blocking MnPO neuron activation with the GABA agonist
muscimol ablates both shiver and nonshivering thermogenic
responses to cold exposure192. Similarly, the inactivation of
GABAergic neurons in the VLPO can elicit a hyperthermic
response193. GABAergic VLPO neurons project to GABAergic and
glutamatergic neurons in the DMH, whose activation induces
quick rises in body temperature, energy, and physical
activity191,193.

L.T. Tran et al.

364

Experimental & Molecular Medicine (2022) 54:358 – 369



Furthermore, cold exposure induces Fos expression in the POA
and DMH194–197. The Fos-immunoreactive cell distributions in the
POA are different between cold- and hot-stimulus-receiving
animals197, suggesting the segregation of cold-sensitive neurons.
Neurons in the DMH are also reported to be activated by cold
exposure. Cooling activates both GABAergic and glutamatergic
neurons in the DMH, and the effect may come from sensory
temperature signals rather than body temperature changes193.
Direct cooling of the POA induces shivering responses198, while
the warming of the POA with thermoprobes ablates this
response199,200. This evidence suggests the existence of thermo-
sensitive neurons in the hypothalamus that primarily respond to
temperature changes. However, the characteristics of cold-
responsive neurons (either directly or through an afferent from
peripheral signals) are still rather ambiguous. Cold exposure
induces action potentials and Ca2+ influx in primary cultured POA
neurons, and this firing does not depend on the cold/menthol
receptor TRPM8201. Recently, Viktor V. Feketa et al. identified cyclic
nucleotide-gated cation channel 3 (CNGA3) in mice as a putative
marker for POA cold-responsive neurons by comparing the Ca2+

influx and transcriptional maps between the dissociated POA
neurons of mice and those of hibernating squirrels202. Using
electrophysical approaches, the authors demonstrated that
CNGA3 homomers and heteromers with CNGA1 induce currents
in response to a decrease in temperature, and this effect is
dependent on cyclic GMP202.
The VMH is another important nucleus involved in cold-induced

thermogenesis, as the activation of the VMH induces BAT
thermogenesis in cold-exposed rats203 and increases oxygen
consumption and shivering in rabbits204, and chemical lesioning
of the VMH causes cold intolerance in rats205. Takayuki Ishiwata
and colleagues proposed that the VMH is not involved in
thermogenesis under cold conditions, with evidence that extra-
cellular noradrenaline, serotonin, and 3,4-dihydroxyphenylacetic
acid (DOPAC) levels in the VMH are not changed during cold
exposure206. However, the data showed that body temperature
increase and sympathetic output were reflected through heart
rate, while the cold challenge was blocked with the perfusion of
tetrodotoxin into the VMH206. In addition, it is debatable whether
microdialysis at the level of the lateral VMH can fully demonstrate
neurotransmitter release from VMH neurons to downstream target
regions, as the VMH does not directly innervate BAT207. In
addition, genetic approaches have identified several genetic
factors that are involved in thermogenesis during a cold stimulus.

The role of the endocannabinoid system in SF-1 neurons was
elaborated by knocking out monoacylglycerol hydrolase α/
β-hydrolase domain 6 (ABHD6), which disturbs the endocannabi-
noid system and impairs thermogenic and cold-enduring abil-
ity208. Another key regulator, cyclin-dependent kinase 4 (CDK4),
also showed importance in the cold-induced adaptive thermo-
genesis of SF-1 neurons, as the deletion of CDK4 increased cold
resistance in mice, with increased sympathetic outflow and UCP1
expression in BAT209.
Maintaining body temperature during cold exposure also

requires the action of thyroid hormones and regulation through
the hypothalamus–pituitary–thyroid axis. The role of thyroid
hormones and TRH in cold environments was reviewed210. This
further highlights the role of the hypothalamus—especially the
PVN—in the regulation of adaptive thermogenesis during cold
exposure.
Neurons in the PVN are also responsible for the synthesis of the

hormone oxytocin. The disruption of oxytocin signaling through
global knockout of oxytocin or oxytocin causes impairments in
heat generation during the cold challenge period and lowers Fos-
immunoreactive neurons in the DMH during cold challenges211–
213. The re-expression of oxytocin receptor in the DMH and VMH in
mice with global oxytocin receptor knockout suffices to reverse
the cold intolerance phenotypes213, providing evidence of cross-
talk between hypothalamic areas to control cold-induced
thermogenesis. The relationship between hypothalamic nuclei
and some adaptive thermogenesis mechanisms is depicted in Fig.
2.
Even though the input from the hypothalamus to browning

adipose tissues has been well-established in rodent models,
Rachid et al. suggested that there is no correlation between
hypothalamus activity assessed by functional magnetic resonance
imaging (fMRI) and the browning of adipose tissues or thermo-
genic gene expression in BAT214. However, the data suggested
that in obese patients undergoing weight reduction, there is a
blunted (and suggestively damaged) hypothalamus response after
cold exposure214. This finding leads to questions regarding the
translation of animal study findings to humans in clinical settings.

CONCLUSION
Thermogenesis is a crucial component in the maintenance of
energy homeostasis. Progress has been made in the under-
standing of the regulation of energy expenditure and
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thermogenesis, especially the central and hypothalamic control of
this vital process. However, circuits and genetic factors involved in
thermoregulation that we have not discovered may still exist.
Further work is required to fully understand these metabolic
pathways and to translate the findings into clinical contexts.
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