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Abstract Increasing energy expenditure is an appealing
therapeutic target for the prevention and reversal of metabolic
conditions such as obesity or type 2 diabetes. However, not
enough research has investigated how to exploit pre-existing
neural pathways, both in the central nervous system (CNS)
and peripheral nervous system (PNS), in order to meet these
needs. Here, we review several research areas in this field,
including centrally acting pathways known to drive the
activation of sympathetic nerves that can increase lipolysis
and browning in white adipose tissue (WAT) or increase ther-
mogenesis in brown adipose tissue (BAT), as well as other
central and peripheral pathways able to increase energy ex-
penditure of these tissues. In addition, we describe new work
investigating the family of transient receptor potential (TRP)
channels on metabolically important sensory nerves, as well
as the role of the vagus nerve in regulating energy balance.
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AgRP Agouti-related peptide
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BDNF Brain-derived neurotrophic factor
BMP Bone morphogenetic protein
CGRP Calcitonin gene-related peptide
CNS Central nervous system
DH Dorsal horn
DIO Diet-induced obesity
DRG Dorsal root ganglion
FGF21 Fibroblast growth factor 21
HFD High-fat diet
LHA Lateral hypothalamic area
LXR Liver X receptor
NG Nodose ganglion
NGF Nerve growth factor
NPY Neuropeptide Y
NR Nuclear receptor
OT Oxytocin
OXTR Oxytocin receptor
PAG Periaqueductal gray
PGC-1α Peroxisome proliferator-activated receptor gamma

coactivator 1-alpha
PNS Peripheral nervous system
POA Preoptic area
PPARγ Peroxisome proliferator-activated receptor gamma
PRV152 Pseudorabies virus 152
PSNS Parasympathetic nervous system
PVH Paraventricular hypothalamus
SNS Sympathetic nervous system
SP Substance P
TG Trigeminal ganglion
TH Tyrosine hydroxylase
TRP Transient receptor potential
TRPV Transient receptor potential vanilloid
UCP1 Uncoupling protein 1
VMH Ventromedial hypothalamus
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VNS Vagus nerve stimulation
WAT White adipose tissue

Introduction

Obesity is one of the fastest growing non-communicable
diseases worldwide [1], and recently, the alarming statistics
have been updated to include even greater numbers of affected
individuals in the USA. CDC data from 2013, estimating 69
million obese people in the USA alone, appears to be short by
12 million people [2], bringing the actual total closer to 81
million. Obesity is characterized by the accumulation of

adipose mass due to energy intake exceeding energy ex-
penditure and is a chronic disorder of energy imbalance
that is a major risk factor in the pathogenesis of many
diseases. Obese individuals are at risk for developing a
wide range of mechanical and physiological disorders in-
cluding the following: sleep apnea, osteoarthritis, cardio-
vascular diseases, and type 2 diabetes. While diet-induced
obesity (DIO) can be reversible, many of its comorbidities
are not. Therefore, understanding the mechanisms in-
volved in the control of energy balance can help tip the
scales in favor of energy expenditure when disequilibrium
occurs, thus alleviating deleterious obesity-related health
effects (Fig. 1).

Fig. 1 Central and peripheral drivers of energy expenditure in BAT and
WAT. Sensory neurons convey environmental information to the central
nervous system (CNS) which responds accordingly to regulate energy
balance by relaying information to peripheral tissues via the
sympathetic nervous system (SNS). Vagal efferent pathways can act in
different ways to increase energy expenditure (E.E.), while vagal nerve
stimulation prompts the CNS to decrease food intake and Increases
expression of neutrophic factors which may also help to stimulate E.E.
Certain vagal nuclear receptors are involved in peripheral lipid sensing,
another way to potentially regulate E.E. The nociceptive TRP channels
are found on sensory neurons and expressed in a variety of tissues
including the skin and adipose. Agonism of certain TRP channels can

drive increased sympathetic output via action on the CNS. When acting
directly on adipose tissue, TRP channel agonism has been shown to
inhibit adipogenesis in white and brown adipocytes. However,
conflicting evidence remains, as studies show disparaging phenotypes
with the same TRP channel knockout murine models. Circulating
factors, such as the adipose-secreted hormone leptin, act in the CNS to
increase E.E. via hypothalamic pathways. Other circulating factors such
as FGF21 can act not only on the CNS to increase sympathetic tone (via
the suprachiasmatic nucleus of the hypothalamus or the dorsal vagal
complex of the hindbrain) but also directly on adipose tissue to stimulate
energy-expending processes such as lipolysis and thermogenesis
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Energy balance involves a complex network of central
nervous system (CNS) communication with the periphery,
including bidirectional neural communication with adipose
tissues as well as CNS detection of secreted endocrine prod-
ucts from adipose tissues, termed adipokines. White adipose
tissue (WAT) adipocytes store energy as lipid droplets, a
significant evolutionary adaptation, and adipocytes in brown
adipose tissue (BAT) have the ability to use lipids for fuel
through the process of non-shivering thermogenesis, which
can defend against obesity and diabetes [3]. Indeed, when
one considers the two arms of energy balance, energy intake
and energy expenditure, aspects of energy expenditure are
largely regulated by the CNS, WAT, and BAT, making the
study of these tissues very important. Aspects of energy
expenditure regulated by these tissues include the following:
physical activity and exercise (controlled by CNS motivation
pathways and neural communication with muscle), basal
metabolic rate (controlled by tissue mitochondria, including
mitochondria-rich tissues such as BAT), and thermogenesis
(largely controlled by UCP1 in BAT).

Circulating endocrine factors, secreted either from adipose
tissue or other metabolic tissues such as liver or muscle, as
well as the CNS regulation of sympathetic nerves that can
activate lipolysis in WAT or thermogenesis in BAT, are
important research topics in the regulation of whole-body
energy balance. Catecholamine neurotransmitters such as
norepinephrine, which are released by nerve terminals in the
sympathetic nervous system (SNS), are a positive regulator of
lipolysis. In addition, sympathetic activation of WAT, such as
with cold exposure, can stimulate the formation of brown
adipocytes in that depot, through a process called Bbrowning.^
These recruitable/inducible brown adipocytes also may
contribute to thermogenesis and energy expenditure, and the
identification of CNS or endocrine pathways mediating the
development and activation of these brown adipocytes is an
active area of research for increasing energy expenditure to
combat metabolic diseases. In addition, increasing the mass or
activation of brown adipocytes in the body may also help
alleviate some of the comorbidities of obesity, including
insulin resistance and diabetes [4].

Here, we review the current understanding of several
mechanisms involved in central and peripheral neural activa-
tion of energy expenditure in both white and brown adipose
tissues, including the regulation of lipolysis and thermogene-
sis, and we present emerging molecular targets for potentially
increasing energy expenditure to attenuate obesity in humans.

Neural Circuitry Between Adipose Depots
and the Brain

The use of the retrograde, sympathetic-specific transneuronal
viral tract tracer pseudorabies virus (PRV152) has shown SNS

outflow to BAT from specific regions of the CNS [5], while
the use of an anterograde sensory-specific transneuronal viral
tract tracer (H129 strain of herpes simplex virus −1) has
demonstrated the sensory system feeding back from BAT to
the brain [6]. By combining the retrograde PRV152 with
anterograde H129 tracers, the latest work in transneuronal
tracing suggests that there is crosstalk between the SNS and
sensory neural innervation of BAT and that the SNS-sensory
feedback loop contains a highly coordinated and redundant
neuronal network [7]. Of particular interest is the
periaqueductal gray (PAG) area of the midbrain where SNS-
sensory circuits innervating BAT overlap. The PAG is also an
area rich in oxytocin receptors, which have been shown to
regulate thermogenesis (see below). It now appears that
differential SNS nodes within the midbrain are responsible
for outflow to different fat pads [8], indicating that SNS acti-
vation of BAT could be accomplished by targeting specific
pathways regulating drive to that depot, without affecting
sympathetic activity in other tissues that may lead to
undesirable effects.

Similar transneuronal tracing experiments have been
undertaken inWAT. Early studies used fluorescent tract tracers
(i.e., DiI, FlouroGold) to demonstrate bidirectional projections
of postganglionic neurons residing in the sympathetic chain to
WAT [9]. These studies suggested neuronal segregation
dependent on the WAT pad being innervated [10], a suspicion
that was verified many years later through the use of PRV
tracers. Injection of distinct viral fluorescent reporters into
mesenteric and subcutaneous WAT revealed segregation of
neurons innervating these WAT pads [11]. This segregation
may partially explain why certain WAT depots show differen-
tial mobilization of lipids or browning patterns in response to
sympathetic stimulation. For a more complete description of
the CNS-SNS-WAT circuitries, see reviews [8, 9].

Anterograde tracing applied to intrascapular WAT of rats
revealed unsurprisingly that the tissue also possesses sensory
innervation, evidenced by labeling of neurons in the dorsal
root ganglia [12]. This sensory feedback loop allows for as-
cending neural communication between WAT and CNS.
Therefore, both BAT and WAT are in direct communication
with the CNS in a bidirectional manner via both sensory and
sympathetic nerves.

Vagal Efferent Pathways Regulating Energy
Expenditure

Cold stimulation is known to activate BAT depots and initiate
non-shivering thermogenesis; however, cold acclimation as a
means of increasing energy expenditure is not necessarily the
most attractive obesity therapy given the potential for discom-
fort and compensatory increases in appetite. There does exist
the potential to directly stimulate the neural pathways that
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mimic cold-induced energy expenditure without the cold
exposure, and the vagus nerve may represent such a target.

Vagal sensory neurons in the nodose ganglion (NG) inner-
vate visceral organs such as the GI tract, pancreas, liver, and
portal vein, thus linking peripheral metabolic cues (i.e., circu-
lating fuels) with the CNS and providing information on
satiety in order to help control feeding behavior. Clinical
observations of weight loss associated with long-term vagus
nerve stimulation (VNS) as a treatment for epilepsy [13, 14]
and severe depression [15] have led to further investigation of
the role of vagal nerves in metabolism. Subsequent rodent
studies revealed that long-term VNS led to resistance to
DIO, with a concurrent reduction of epididymal fat mass.
This was conferred by reduced food intake due to increased
satiety signaling to the CNS [16]. Further investigation
revealed that VNS increased the expression of neurotrophic
factors, including brain-derived neurotrophic factor (BDNF),
as well as increased norepinephrine concentration in the brain
of rats [17], which may also play a role in stimulating
peripheral energy expenditure [18].

A mechanism for these observations remained unclear, and
the involvement of vagal-induced BAT activation was
conflicting. Some studies showed no effect of a cervical
vagotomy on BAT activity [19], while others reported a
decrease in both WAT and BAT weight after a bilateral
subdiaphragmatic vagotomy in obese rats [20]. Still, others
demonstrated that truncal vagotomy prevented the inhibitory
effects of ghrelin on norepinephrine release in BAT [21],
thereby suggesting a link between vagal signaling and BAT
thermogenesis.

More recently, Lui et al. elucidated a potential mechanism
by which vagal nerves help regulate energy balance in a
murine model. Their study revealed that vagal neurons
express several nuclear receptors, including PPARγ, which
can directly interact with diet-derived lipids. After determin-
ing that a high-fat diet (HFD) reduces expression of PPARγ in
the NG, they demonstrated that deletion of PPARγ in Phox2b
neurons, which allows for ablation of PPARγ function in both
central and peripheral regions of vagal afferents, resulted in a
pronounced reduction of fat mass without a reduction in food
intake while on a HFD [22•] which was indicative of an
increase in energy expenditure. Along these lines, they were
also able to demonstrate that deletion of PPARγ in Phox2b
neurons promoted thermogenesis and browning of WAT
[22•]. This study revealed that PPARγ in NG neurons inter-
acts with dietary-derived lipids, and although the physical
mechanisms of this interaction remain to be resolved, it is
clear that PPARγ in this context regulates gene expression
related to lipid metabolism, as evidenced by the downregula-
tion of CD36, lipoprotein lipase, and aP2 in PPARγ-deficient
NG neurons [22•]. These findings suggest a dual role for
PPARγ in vagal neurons, whereby under normal dietary
conditions, it acts to suppress energy expenditure, yet with

HFD downregulation of PPARγ in vagal sensory neurons, it
appears to promote diet-induced thermogenesis in order to
compensate for the increase in adiposity, at least in the short-
term [22•]. Lui et al. observed strongly increased UCP1,
Adrβ3, and other browning markers in subcutaneous WAT
despite a modest, albeit significant, increase in UCP1 expres-
sion in BAT, which may indicate that browning of WAT via
increased sympathetic tone is the driving force behind the
energy expenditure in this model.

The same group then went on to show that loss of another
nuclear receptor, liver X receptor alpha and beta (LXRα/β), in
the NG of the vagus nerve also led to increased energy
expenditure, resistance to DIO, browning of WAT, and an
increase in skeletal muscle mitochondrial respiration [23].
LXRs are oxysterol-sensing NRs, involved in cholesterol
uptake, transport, and excretion in various tissues, including
the liver and nervous system [23]. Similar to their previous
study of PPARγ deletion from vagal afferents, loss of LXRα/
β in a subset of vagal sensory neurons (those expressing the
Nav1.8 ion channel) led to a more pronounced effect on
energy expenditure and weight loss when mice were on
HFD, suggesting that LXRs may regulate energy
expenditure based on the availability of lipid or cholesterol
[23].

TRP Channels and Sensory Nerve Integration

Transient receptor potential (TRP) channels are Ca2+ perme-
able non-selective cation channels found on sensory neurons
and have been extensively studied for their role in pain sensa-
tion. They are a group of diverse cellular sensors for an array
of physical and chemical stimuli, such as sensations of touch,
taste, temperature, and pain [24]. Although they play a crucial
role in a variety of cell signaling processes sending sensory
transduction, the molecular mechanisms involved in TRP
channel activation differ depending on the type of TRP
channel—many exhibiting polymodal activations via voltage,
temperature, ligand binding, or mechanical force [24]. Most
TRP channels are also chemoreceptors for various naturally
occurring substances, including capsaicin, which can be found
in edible plants. Capsaicin mimics the effects of cold exposure
by agonizing transient receptor potential vanilloid subtype 1
(TRPV1), which leads to recruitment of BAT, increasing
energy expenditure and decreased adiposity [25]. TRPV1
was first identified in dorsal root ganglion (DRG) and trigem-
inal ganglion (TG) neurons and is also highly expressed in
spinal and peripheral nerve terminals and several non-
neuronal tissues including skin, muscle, gut, [24, 26], pancre-
as, and visceral adipose tissue [27]. In the pancreas, it is
involved in substance P (SP) release during pancreatitis [28].
The majority of TRPV1-positive neurons respond to nerve
growth factor (NGF) and express calcitonin gene-related
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peptide (CGRP) and SP [26]. Zhang et al. detected TRPV1
channels in 3T3-L1 cells and found that capsaicin inhibits
adipogenesis in these cells, an effect that can be reversed by
RNA-interference knockdown of TRPV1 [27]. Furthermore,
long-term supplementation of capsaicin to HFD prevented
obesity in WT but not TRPV1 knock-out (KO) mice [27].

In a contradictory study, whole body TRPV1 KO mice
showed resistance to DIO without a decrease in food intake,
when compared to littermate controls [29]. Albeit the diets
used in the study were conservative in fat content (4.5 vs
11 % HFD); nevertheless, increased energy expenditure in
the TRPV1-null mice was observed and implicated as the
cause for weight disparity. The study also revealed that 3T3-
L1 cells are sensitive to CGRP but not SP, both products
released by TRPV1 sensory neurons [29]. Since CGRP has
been reported to promote neurogenesis [30], and the authors
show a functional response to CGRP in 3T3-L1 cells, they
propose that TRPV1 regulates adipocyte function through a
neurogenic pathway. These findings in the TRPV1-null con-
tradict the previously described role of TRPV1 in obesity and
warrant further investigation.

In recent rodent studies, topical application of capsaicin
decreased visceral WAT depot size along with reduced lipid
droplet size, together indicative of fuel mobilization via lipol-
ysis. This also was found to reduce insulin resistance in DIO
mice [31]. Ohyama et al. recently demonstrated a combination
of exercise and capsinoid supplementation has an additive
effect on increasing energy expenditure in mice, resulting in
an overall protective effect against DIO [32]. Capsinoids are
non-pungent analogs of capsaicin and are being studied as a
treatment for obesity due to their ability to modulate SNS
activity and increase energy expenditure via increased
TRPV1 channel activation [33]. TRPV1 agonists are known
to increase sympathetic tone via activation of the CNS [33].
Based on evidence that TRPV1 acts to regulate body temper-
ature in various species [34], Alawi et al. hypothesized that
TRPV1 may act tonically suppress the SNS. They found that
TRPV1 antagonism resulted in a state of hyperthermia in WT
mice, accompanied by increased norepinephrine in BAT, but
not in TRPV1 KO mice [35•]. However, TRPV1 KO mice
have normal body temperature under basal conditions indicat-
ing a developmental compensatory effect [35•]. Indeed,
TRPV1 KO mice exhibit a reduction in capacity to respond
to the sympathomimetic drug D-amphetamine, suggesting that
sympathetic drive has been reduced in these animals, which
may have normalized body temperature [35•].

Dietary capsaicin, which leads to TRPV1 activation, can
also increase energy metabolism in skeletal muscle of wild
type mice. Chronic TRPV1 activation induces PGC-1α and
increases mitochondrial biogenesis in a calcium channel-
dependent manner [36], effects which were absent in
TRPV1 null mice [36]. PGC-1α is a well-known regulator
of lipid and glucose metabolism, mitochondrial biogenesis,

and muscle fiber development and plays a crucial role in the
activation of genes involved in the browning of WAT. These
data provide a mechanism by which TRPV1 activation
increases energy expenditure.

Several studies revealed that activation of certain TRP chan-
nels within the vanilloid family could inhibit adipogenesis.
TRPV3 activation with chemical agonists (such as
diphenylborinic anhydride (DPBA), a synthetic non-selective
TRP channel agonist; and epicatechin, a compound found in
cocoa and green tea) prevents lipid accumulation and adipo-
genesis in 3T3-L1 preadipocytes, by downregulating the PI3K/
Akt pathway in a dose-dependent manner, without
altering the expression of TRPV3 [37•]. Increased activation
of TRPV3 prevents forkhead box protein O1 (FOXO1) phos-
phorylation (FOXO1 is a mediator of adipogenesis), which in
turn downregulates the adipogenic genes C/EBPα and PPARγ
[37•]. Furthermore, mice supplemented with either of the
TRPV3 agonists (DPBA or epicatechin) may have been
protected from HFD-induced obesity, as evidenced by fat pad
size comparable to chow-fed mice [37•]. Since food intake is
not altered by TRPV3 agonism, an increase in energy expen-
diture could have been observed to explain these findings;
however, no such measure was presented. Interestingly,
visceral and subcutaneous adipose tissue have lower TRPV3
expression in mice fed a HFD as well as ob/obmice and db/m+

mice, when compared to chow-fed or WT mice, respectively
[37•], indicating a role in the obese phenotype.

In a recently published study, Sun et al. found that TRPV2
is highly and functionally expressed in mouse brown adipo-
cytes and intrascapular BAT [38•]. Like other TRP channels
within the vanilloid family, TRPV2 possesses polymodal
activation mechanisms, including activation via temperature
and chemical ligands [24, 34]; however, TRPV2 at >53 °C has
the highest temperature threshold for activation [24, 34].
Similarly, TRPV1 and TRPV3 play a role in white
adipogenesis [27, 37•], while TRPV2 is involved in brown
adipogenesis [38•]. In in vitro studies, pharmacological
agonism of TRPV2 prevented mouse brown adipocyte
differentiation [38•]. In TRPV2 KO cells, a higher
differentiation cell count and triglyceride level was
observed, compared to wild type, but only when the
differentiation medium was diluted ten times [38•]. The
authors explain this discrepancy with the notion that under
control conditions, differentiation became saturated, blunting
any significant finding. This suggests that a secondary stressor
might play a role in TRPV2-mediated brown adipocyte differ-
entiation inhibition.

While wild type brown adipocytes showed a robust re-
sponse to pharmacological β-adrenergic stimulation evi-
denced by an increase in thermogenic markers UCP1 and
Pgc1α, the TRPV2 KO cells did not. Furthermore, TRPV2-
dependent induction of thermogenic genes appears to involve
a cyclic adenosine monophosphate (cAMP) pathway [38•].
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Moreover, TRPV2 KO mice exhibited impaired thermogenic
function when cold stimulated, concomitant with a decrease in
core body temperature, an overall increase in adiposity, and an
accumulation of large lipid droplets in BAT to the point of
apparent Bwhitening^ [38•]. Loss of TRPV2 also exacerbated
an obese phonotype and insulin resistance but only on a high-
fat diet. Although TRPV2 KOmice show clear impairment of
BAT thermogenic function, the WAT depots appeared to not
be significantly affected [38•]. This would suggest that while
TRPV2 plays an essential role in the induction of a thermo-
genic program in BAT, its role in WAT is negligible at best,
and this may explain why TRPV2 KO mice did not exhibit
insulin resistance until challenged with a HFD. Browning of
WAT via TRPV2-independent mechanisms may be enough to
attenuate some of the energy imbalance; however, this
compensation was not enough to withstand a HFD. Since
TRPV2 activation increases intracellular calcium concentra-
tions, this may be promoting thermogenic gene induction after
β-adrenergic receptor activation [38•] and could explain why
the TRPV2 KO mice showed impaired thermogenesis, while
cell autonomous effects of the TRPV2 KO could explain the
observed increase in brown adipocyte differentiation.

CNS Activation of BAT and WAT Energy
Expenditure

Activation of BAT thermogenesis is accomplished through a
core thermoregulatory network in the CNS. The forebrain,
hypothalamus, and brainstem receive information regarding
energy status, including from peripheral molecules such as
insulin, leptin, and thyroid hormones. The CNS also receives
incoming sensory nerve feedback, as described above.
Detailed CNS regulation of thermogenesis has been exten-
sively detailed by others [39, 40], and the aim here is to give
a general overview of the circuitry involved. This neural
network begins with afferent nerves delivering temperature
information from warm- and cold-sensing skin receptors
(i.e., TRP channels). These then excite primary sensory
neurons in the dorsal root ganglia (DRG), which relay thermal
information to second-order neurons in the dorsal horn (DH)
[40]. Cool sensory neurons in the DH release glutamate,
which activates third-order sensory neurons of the lateral
parabrachial nucleus, while warm sensory DH neurons project
to third-order sensory neurons in the dorsal subnucleus of the
lateral parabrachial nucleus [40]. From here, the thermoregu-
latory response is transmitted to the preoptic area (POA) in the
hypothalamus, which then produces efferent output signals
delivered to thermogenic tissues via the sympathetic nervous
system (SNS) [39, 40]. Preoptic warm-sensitive neurons in the
POA, which are excited by glutamatergic inputs from warm-
activated neurons in the median preoptic nucleus, regulate
BAT thermogenesis by inhibiting sympathoexcitatory neurons

in the dorsomedial hypothalamus and dorsal hypothalamic
area under warm conditions [40]. During cold exposure, this
inhibition is reversed and excites BAT sympathetic premotor
neurons in the rostral ventromedial medulla, some of which
can release glutamate thereby further exciting sympathetic
preganglionic neurons and increasing BAT sympathetic nerve
activity [40]. Some of the CNS-mediated signaling pathways
known to affect sympathetic activation of energy expenditure
are outlined below.

Leptin is a hormone exclusively synthesized by adipose
tissue, which acts on the hypothalamus to regulate energy
balance by promoting satiety and increasing sympathetic
activation of BAT and lipolysis of WAT. As recently reviewed
by [41], leptin acts centrally and peripherally in its regulation
of energy balance. Briefly, leptin reaches the CNS by crossing
the blood–brain barrier where binding with leptin receptor
(Ob-Rb) expressed in hypothalamic regions including the
arcuate nucleus (ARC) activates the JAK2/STAT3 pathway
to regulate the synthesis of different neuropeptides involved
in the regulation of food intake and energy balance [41].
Subsets of neurons in the ARC respond to leptin and promote
either a positive or negative energy balance. For example,
neuropeptide-Y (NPY) and agouti-related peptide (AgRP) ex-
pressing neurons of the ARC stimulate food intake and inhibit
energy expenditure, and both of these can be inhibited by
leptin [42]. Nearby pro-opiomelanocortin (POMC) neurons
are stimulated by leptin and release the anorectic peptide α-
melanocyte-stimulating hormone (α-MSH), which acts on
melanocortin receptors to decrease food intake and increase
energy expenditure [41, 42]. Meanwhile, in other areas of the
hypothalamus, leptin acts to directly increase energy
expenditure; leptin acting in the ventromedial hypothalamus
(VMH) results in SNS activation evidenced by increased
catecholamine secretion (norepinephrine and epinephrine)
[43].

Diet-induced obesity (DIO) is marked by central leptin
resistance. Yet, this resistance may be selective and not always
result in decreased sympathetic outflow. Indeed, diet-induced
obese and ob/obmice may show increased sympathetic nerve
activity in response to leptin [44]. This action appears to be
mediated by the dorsomedial hypothalamus (DMH), as inhi-
bition of leptin receptor function in this area resulted in atten-
uation of the thermogenic effects of leptin [44]. Interestingly,
MC4R KO mice (lacking a functional melanocortin pathway)
in a hyperleptinemic state have increased sympathetic nerve
activity in BAT, demonstrating that this response happens via
a melanocortin-independent pathway [44].

Leptin receptors are also expressed in peripheral tissue and
peripheral sympathetic neurons [43]. With the knowledge that
centrally acting leptin promotes lipolysis, and the recent find-
ing that leptin stimulates axonal growth of sympathetic neuron
in vitro, [45•] the question remained whether sympathetic
nerves directly synapse on WAT. In a recent study, Zeng
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et al. presented evidence of direct activation of sympathetic
input in WAT through a series of elegant experiments. Via
optical projection tomography (with an adipose tissue
clearing protocol similar to CLARITY) and multi-photon
microscopy, they were able to visualize and quantify syn-
aptic nerves that make direct contact with adipocytes.
Although a small percent (8 %) of adipocytes were shown
to make direct synaptic contact, this portion was enough
to stimulate leptin-induced lipolysis and decrease subcu-
taneous fat pad mass upon local sympathetic simulation
[46•]. They also presented evidence that while β-adrenergic
receptors account for about 50 % of leptin-mediated lipolysis
via activation of incoming sympathetic nerves, other adipo-
cyte receptors are also involved [46•]. Together, their findings
provide an alternative approach to overcoming CNS leptin
resistance and peripheral mobilization of free fatty acids from
subcutaneous depots, as are associated with DIO.

Bone morphogenetic proteins (BMPs) are growth factors
belonging to the transforming growth factor (TGF) β super-
family and are known to have direct effects on brown and
white adipose tissue development and function [47–49].
Recently, BMPs have also been implicated in CNS control
of appetite regulation and may have a CNS-mediated effect
on energy expenditure. Indeed, systemic treatment of obese
mice with BMP7 leads to both a reduction of food intake
and an increase in energy expenditure [49]. Similarly,
Whittle et al. have shown that BMP8 is expressed in the
hypothalamus of mice, and central administration of
BMP8 increased neuronal activity in the lateral hypotha-
lamic area (LHA) and VMH [50], both areas involved in
CNS BAT activation.

Another centrally mediated pathway that can increase en-
ergy expenditure and thermogenesis is oxytocin (OT). OTand
the oxytocin receptor (OXTR) are also likely involved in the
CNS regulation of energy balance. In the CNS, OT is synthe-
sized in the supraoptic nucleus and paraventricular hypothal-
amus (PVH), and neurons from these regions project to the
pituitary gland where OT is secreted into systemic circulation.
Hypothalamic OT neurons also project to brainstem regions
that regulate sympathetic outflow to peripheral tissues. OT has
metabolic roles regulating appetite and energy expenditure,
including the regulation of BAT thermogenesis. For example,
central administration of OT has been shown to induce hyper-
thermia [51], and OT-sensitive neurons in the lateral hypothal-
amus have been shown to project polysynaptically to BAT
[52]. OT and OXTR knock-out (KO) mice fail to maintain
proper body temperature, have abnormal BAT morphology,
and develop obesity. Replacement of OXTR to the hypothal-
amus of the KO mice was enough to recover the thermogen-
esis defect in this model [53]. Moreover, both OT and OXTR
knockout mice fail to maintain their body temperature and
have malformed BAT, possibly lending to the development
of late-onset obesity in these mice [54].

Fibroblast growth factor (FGF) 21 not only acts directly on
BAT to stimulate glucose uptake and mobilize oxidative
substrates [56] but it also acts centrally to stimulate BAT sym-
pathetic nerve activity [55•]. More recently, FGF21 has been
shown to cross the blood–brain barrier [56] where it produces
a rather weak hypothalamic response [57]. Nonetheless, the
whole hypothalamus has been implicated as the target of
action in experiments showing increased energy expenditure
in rats after i.c.v. administration of FGF21 [58]. FGF21 has
also been detected in human cerebrospinal fluid [59] suggest-
ing it may act endogenously on CNS FGF receptors. In
addition to the energy expending effects of centrally acting
FGF21, it has been shown to induce an adaptive starvation
response [60]. Mediated by β-Klotho (an obligatory co-
receptor of FGF21) expression in the suprachiasmatic nucleus
(SCN) of the hypothalamus and the dorsal vagal complex
(DVC) of the hindbrain, FGF21 increases systemic glucocor-
ticoid levels, suppresses physical activity, and alters circadian
behavior [60].

Neural Innervation and Activation of WAT

Although it is accepted that the SNS innervates adipose tissue,
the idea that the parasympathetic nervous system (PSNS) does
as well is fairly controversial. Some studies have presented
apparent evidence of PSNS innervation to intra-abdominal
adipose, suggesting this input could stimulate glucose uptake
and free fatty acid update and directly influence the metabolic
state of adipose tissue [61]. Others have challenged this notion
with subsequent studies, showing no evidence of PSNS input
to adipose tissue via immunohistochemistry [62], while there
is supporting evidence for SNS input to white adipose tissue
using retrograde tracers (as reviewed by [8]).

In 2009, Ruschke et al. presented some compelling
evidence that proper peripheral nerve function is essential
for maintaining healthy WAT adipose function. In a mouse
model lacking the transcription factor basic domain
helix-loop-helix protein neurological stem cell leukemia 2
(Nscl-2), which is expressed in early neurogenesis of central
and peripheral nerves, the animals displayed reduced
innervation and less vasculature in WAT, which was impli-
cated as a cause of the observed obese phonotype [63].
Related to this, the Nscl-2 knockout mice not only had
decreased peripheral innervation but they also appeared to
have impaired adipocyte differentiation which led to ac-
cumulation of cells at the preadipocyte stage, suggesting a
role for peripheral nerves in proper WAT development and
function [63].

Despite these recent findings, the complex role of peripheral
nerves in adipose tissue function, including energy expenditure,
remains largely unexplored and warrants further investigation.
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Neural Innervation and Activation of BAT

It has been well established in rodent models that non-
shivering thermogenesis in BAT is directly controlled by
SNS innervation and activation. Release of catecholamine
neurotransmitters such as norepinephrine results in sympa-
thetic activation of BAT via binding to cell surface β3-
adrenergic receptors that in turn initiate a signaling paradigm
that results in increased expression and activation of thermo-
genesis by mitochondrial UCP1. Cold exposure also function-
ally increases the activation of BAT through stimulation of
noradrenergic nerve branching of two types of neurons: thin
unmyelinated, and thick myelinated or unmyelinated nerves.
Thin sympathetic neurons highly express tyrosine hydroxy-
lase (TH), the rate-limiting step in the synthesis of norepineph-
rine [64]. NPY co-localizes with TH within the perivascular
nerve network of these noradrenergic neurons. By contrast,
fibers of the thick nerve types were shown to be CGRP and
SP immunoreactive, expression that increased upon cold stim-
ulation [64]. NPY is a potent orexigenic hypothalamic neuro-
peptide (NPY neurons are concentrated in the ARC and
DMH) that can also be secreted by the SNS. Although periph-
eral NPY has no effect on classical brown adipogenesis [65], it
can decrease energy expenditure in WAT by promoting adi-
pogenesis and lipid accumulation while inhibiting lipolysis
[66]. Since NPY is predominately active in the CNS but co-
exists with norepinephrine in the SNS, it may serve as a mod-
ulator of the negative feedback loop between CNS and SNS in
mediating adipose energy expenditure.

Conclusions

While much research emphasis has been on the cell autono-
mous, endocrine, or paracrine signaling mechanisms that lead
to increased lipolysis, thermogenesis, or browning (all con-
tributors to whole-body energy expenditure), very little re-
search has taken a Bdeep-dive^ into the mechanisms regulat-
ing the neural control of these energetic pathways. For exam-
ple, very little is known about the peripheral nerve products
(i.e., neurotransmitters and neuropeptides) released from pe-
ripheral nerves and acting in WAT or BAT, as well as the role
of neurotrophic factors and nerve branching or synaptogenesis
in controlling energy expenditure in these tissues. In this re-
view, we have outlined some of the exciting and key research
areas currently exploring central and peripheral neural mech-
anisms for energy expenditure in white and brown adipose
tissues, (Fig. 1) and we predict that this field of research will
continue to burgeon and provide additional options for
therapeutic targets to tip the scales from energy intake to
energy expenditure, thereby combating obesity, diabetes,
and other debilitating metabolic conditions that are

currently driving up healthcare costs and lowering quality
of life for affected individuals.
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