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An Emerging Role of Natriuretic Peptides:
Igniting the Fat Furnace to Fuel and Warm the
Heart
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Abstract
Natriuretic peptides are produced in the heart and have been well characterized for their actions in the
cardiovascular system to promote diuresis and natriuresis, thereby contributing to maintenance of extracellular ﬂuid volume and vascular tone. For this review, we scanned the literature using PubMed and
MEDLINE using the following search terms: beiging, adipose tissue, natriuretic peptides, obesity, and metabolic
syndrome. Articles were selected for inclusion if they represented primary data or review articles published
from 1980 to 2015 from high-impact journals. With the advent of the newly approved class of drugs that
inhibit the breakdown of natriuretic peptides, thereby increasing their circulation, we highlight additional
functions for natriuretic peptides that have recently become appreciated, including their ability to drive
lipolysis, facilitate beiging of adipose tissues, and promote lipid oxidation and mitochondrial respiration in
skeletal muscle. We provide evidence for new roles for natriuretic peptides, emphasizing their ability to
participate in body weight regulation and energy homeostasis and discuss how they may lead to novel
strategies to treat obesity and the metabolic syndrome.
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atriuretic peptides (NPs) have
emerged as key regulators of metabolic processes, including activation
of lipolysis, lipid oxidation, and mitochondrial
respiration. Natriuretic peptides function as mediators in a cardiac-adipose tissue network,
helping ensure an adequate supply of fuel for
normal myocardial function. Although the cardiovascular effects of NPs are well known, this
article focuses on the role of these peptides in
regulating metabolism and energy expenditure.
For this review, we scanned the literature
through PubMed and selected recent data and
review articles discussing the roles of NPs in adipose tissue function and metabolism. We ﬁrst
brieﬂy discuss the traditional role of these peptides by citing seminal primary data and review
articles (1980 to 1990s), and this is followed by
descriptions of newly ascribed functions for NPs
by limiting our inclusion to those primary data
and review articles published after 2006 in
high-impact journals.
TRADITIONAL ROLE OF NPS
Natriuretic peptides are members of a cardiac
endocrine system that serves to regulate the
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fullness of the circulation. The initial discovery
of this system came from studies demonstrating
natriuresis after intravenous infusion of crude
atrial extracts. The active factor in this response
was localized to electron-dense secretory granules in the atria containing atrial natriuretic peptide (ANP). Atrial distention, brought about by
acute volume expansion with saline, water immersion, postural changes, and salt feeding, all
result in increased plasma ANP concentrations.1,2
Although increased circulating volume is the
most important stimulant of ANP release, various
other factors can trigger the synthesis of ANP,
including endothelin, platelet-activating factor,
corticotropin-releasing factor, and glucagon-like
peptide-1.3-5 Brain natriuretic peptide (BNP)
was originally described in porcine brain extracts
but was later found to be highly expressed in the
ventricular myocardium, and stress of the ventricular wall due to volume or pressure overload
is the primary inducer of BNP synthesis.6
Circulating ANP and BNP act on the kidney
to promote diuresis and natriuresis and exert
vasodilation on peripheral capacitance vessels.7 Release of NPs can be viewed as both
a sensing and an effector mechanism within
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the low-pressure atria and high-pressure ventricles serving to guard against adverse effects of
intravascular volume expansion by stimulating
the excretion of extracellular ﬂuid volume and
dampening the rise of mean arterial pressure
that would otherwise occur (Figure 1).
CHEMISTRY OF NPs
Atrial natriuretic peptide is synthesized as a 151amino acid preprohormone and is stored in atrial
myocytes as a 126-amino acid prohormone
(pro-ANP).8 Upon secretion, pro-ANP is cleaved,
yielding N-ANP and the biologically active
C-terminal hormone (ANP). Brain natriuretic
peptide is synthesized as a 134-amino acid preprohormone, which is then split into a signal
peptide and a 108-amino acid propeptide
(pro-BNP). Upon secretion from the cardiomyocyte, pro-BNP is split into equimolar
amounts to the physiologically active BNP
(32 amino acids) and a biologically inactive
76-amino acid fragment NT-pro-BNP. Brain
natriuretic peptide is structurally similar to
ANP, with 17 of the 32 amino acids sharing
a common amino acid sequence. C-type
natriuretic peptide (CNP) is a third member
of this family originally identiﬁed in porcine
brain and is distributed throughout the central nervous system but is mainly produced
by the vascular endothelium. It acts as a local
paracrine factor in controlling the vascular tone,
and it appears that this peptide is only weakly
natriuretic.9 Dendroaspis NP, isolated from the
venom of the green Mamba snake Dendroaspis
angusticeps, is a 38-amino acid peptide containing
a 17-amino acid disulﬁde ring structure similar to
that of ANP, BNP, and CNP. It is present in human plasma and is elevated in congestive heart
failure.10 Like ANP and BNP, this peptide also exerts natriuretic and diuretic effects linked to cyclic
guanosine monophosphate (cGMP) in the renal
tubule. Urodilatin is an NH2 terminaleextended
form of circulating ANP; however, unlike ANP,
this peptide is not found in systemic circulation
but rather is synthesized in the kidney, in which
it acts as a paracrine factor. Similar to ANP, this
peptide exerts a natriuretic effect and presumably
participates in regulation of natriuresis under
physiologic conditions.11
The NPs mediate their biologic effects
through a family of particulate guanylyl cyclase receptors (natriuretic peptide receptor [NPR] A
NPR-A, NPR-B, and NPR-C).8 Afﬁnity of ANP
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With the approval of the Food and Drug Administration for the
neprilysin inhibitor, there may be new off-target beneﬁts
associated with increasing the circulating levels of natriuretic
peptides, including “beiging” of adipose tissue, improvements in
glucose homeostasis, increased energy expenditure, and reductions in overall body weight. This review highlights potential
mechanisms by which these beneﬁcial metabolic effects may
occur.
Men and women differ with respect to their circulating levels of
natriuretic peptides. These differences may be important in
prescribing and dosing neprilysin inhibitors. This review highlights how estrogens potentiate the effects of natriuretic peptides and provides teleological explanations for the sexual
dimorphism observed.

n

Obesity incidence is on the rise, and transforming adipose tissues to be more metabolically active may provide a novel and
important therapeutic advantage by increasing energy expenditure. This review highlights an important role for natriuretic
peptides in shivering and nonshivering thermogenesis and energy expenditure.

n

Heart failure is seen by all clinicians and is a leading cause of
death. A diseased heart augments its fuel utilization in ways that
are detrimental. This review discusses the role of natriuretic
peptides in functioning as mediators in a cardiac-adipose tissue
network, helping ensure an adequate supply of fuel for normal
myocardial function.

and BNP is greatest for NPR-A, whereas that of
CNP is much higher for NPR-B. All 3 NPs bind
to a third receptor (NPR-C) that does not contain
guanylyl cyclase and functions predominately as a
clearance receptor. The NPR-C is mainly present
in adipose tissue and kidney. The afﬁnity of the
clearance receptor is much greater for ANP versus
BNP, possibly accounting for the 7-fold longer
half-life of BNP as compared with that of
ANP.12,13 Natriuretic peptides are also cleared
by the neural endopeptidase neprilysin, a metalloproteinase richly found in the kidney and lung.14

NATRIURETIC PEPTIDES AND METABOLISM
AND ENERGY EXPENDITURE
Natriuretic peptides have long been known to
stimulate lipolysis in adipocytes in a manner
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Increased ECF volume
Atrial or ventricular distention
Increased ANP and/or BNP

Decreased renin
Decreased AII
Decreased
aldosterone

Decreased Na+
reabsorption IMCD

Increased GFR

Increased medullary
blood flow
and washout

Increased Na+ excretion

FIGURE 1. Effects of natriuretic peptides on renal function and mechanism
by which urinary Naþ excretion is increased. ANP ¼ atrial natriuretic
peptide; BNP ¼ brain natriuretic peptide; ECF ¼ extracellular ﬂuid volume;
GFR ¼ glomerular ﬁltration rate; IMCD ¼ inner medullary collecting duct.

distinct from the lipolytic effect of catecholamines. Catecholamines bind to b-adrenergic
receptors, leading to cAMP-dependent activation of hormone-sensitive lipase. Insulin
antagonizes this effect by degrading cAMP
through the activation of phosphodiesterase
3B.15 In contrast, NPs bind to NPR-A on
adipocytes and promote perilipin and
hormone-sensitive lipase-mediating triglyceride
degradation through a cGMP-dependent protein
kinase Geactivating pathway.16 These distinct
pathways account for an additive effect in promoting lipolysis in human adipocytes when
ANP and b-agonists are combined.17
The NPR-C receptors on adipocytes reduce
NPR-Aemediated lipolysis by lowering local
natriuretic peptide bioavailability. In this regard,
rodents that express NPR-C at high levels on
adipocytes have a blunted lipolytic response to
NPs in comparison to primates. Lipolysis is fully
restored in mice when NPR-C is deleted.18 In
obese humans, circulating NP levels are suppressed when compared with those in lean subjects.19 Studies in obese subjects with congestive
heart failure show a graded inverse relationship
between NP levels and body mass index (BMI;
calculated as the weight in kilograms divided
by the height in meters squared).20
Obesity is associated with increased expression of NPR-C in adipose tissue, implicating
1668
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increased degradation of NPs as facilitating
weight gain.21 Hyperinsulinemia (commonly
present in obesity) induces NPR-C expression
in human adipocytes and monocytes.22 In addition, neprilysin, the NP degrading endopeptidase, is expressed in human adipose tissue and
at increased levels in obesity.23 Taken together,
these ﬁndings argue for accelerated NP clearance
due to a shift in the NPR-A/NPR-C ratio toward
NPR-C and increased neprilysin levels in obese
humans.
A combination drug containing sacubitril
(a neprilysin inhibitor) and valsartan (an angiotensin II receptor blocker) was recently approved
to reduce the risk of death and hospitalization in
patients with chronic heart failure.24 It is interesting to speculate that although there are improvements in cardiovascular effects such as
increased vasodilation and natriuresis after drug
administration, additional clinical beneﬁts may
relate to enhanced NP activity in adipose tissue,
particularly in perivascular and epicardial adipose
depots. Perivascular and epicardial adipose tissues are metabolically active adipose tissue
depots that secrete several bioactive proteins to
include adiponectin, resistin, and various antiinﬂammatory molecules.25-27 Speciﬁcally, ANP
inﬂuences epicardial/perivascular adipose tissue
to stimulate adiponectin production, which, in
turn, stimulates vasodilation and nitric oxide
release and reduces inﬂammation.28 As depicted
in Figure 2, one can speculate that additional
beneﬁts of this combinatorial drug may be both
through its effects on the renin-angiotensin system and through increasing the half-life of the
NPs, which may, in turn, directly inﬂuence cardiac contractility through effects on perivascular
and epicardial adipose tissue depots.

WHY DOES RELEASE OF NPs BY THE
HEART RESULT IN LIPOLYSIS?
The heart has a very high energy demand and
must continually generate adenosine triphosphate (ATP) to sustain contractile function, basal
metabolic processes, and ionic homeostasis. The
heart acts as an “omnivore” and can use various
carbon substrates as energy sources, including
fatty acids, glucose, lactate, ketones, pyruvate,
and amino acids. Under normal circumstances,
fatty acid b-oxidation is the preferred substrate
for the heart, accounting for 50% to 70% of
ATP production, with the remainder primarily
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coming from the oxidation of pyruvate derived
from glycolysis and lactate oxidation.29
Under physiological conditions, the release
of free fatty acids (FFAs) from adipose is well
regulated; therefore, appropriate amounts of
FFAs are released to meet energy requirements.
With exercise, release of NPs along with sympathetic nerve activation contributes to increased
lipolysis in adipocytes to ensure delivery of
FFAs in an amount necessary to meet myocardial energy demands. In addition, plasma
levels of ANP have been shown to signiﬁcantly
increase after both short-term and endurance
exercise.30 Intravenous administration of
ANP increases lipid oxidation acutely and increases postprandial energy expenditure in
healthy men.31 The NPs enhance lipid oxidation and mitochondrial respiration in human
skeletal muscle and may contribute to exercise
trainingeinduced improvements in skeletal
muscle fat oxidation.32
When energy intake exceeds expenditure,
as in obesity, circulating levels of FFAs and triglyceride are elevated. Increased cardiac fatty
acid b-oxidation rates, as seen in obesity or
diabetes, have been implicated in the development of impaired cardiac function. In this
setting, an increased reliance on fatty acids
relative to glucose as a metabolic fuel decreases
cardiac efﬁciency for any given level of left
ventricular work.33,34 This adverse effect may
be related to higher oxygen requirements for
fatty acid metabolism as compared to glucose.
Research is now being focused on inhibiting
fatty acid b-oxidation in obesity, diabetes,
heart failure, and ischemic heart disease as
an approach to improve heart function.29
Circulating levels of NPs are suppressed in
obesity, and reduced levels are viewed as an
appropriate response to limit further mobilization of fatty acids from adipocytes when circulating levels are already in excess (Table 1).
NATRIURETIC PEPTIDES AND
THERMOGENESIS
On exposure to cold, metabolic and physiologic processes are activated to reduce rates
of heat loss and increase rates of heat production to maintain core body temperature at
approximately 37 C. Shivering is an involuntary rhythmic tremor of skeletal muscle that
can be elicited within minutes and can progress to severe shivering, involving generalized
Mayo Clin Proc. n December 2015;90(12):1666-1678
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Renin-angiotensin-aldosterone
activation
AT1 receptor
blocker and
neprilysin inhibitor
AT1 stimulation

↑ Natriuretic peptides

Metabolic effects in
epicardial and
perivascular fat

↑ Adiponectin

Cardiovascular effects
• Vasodilation
• ↓ Sympathetic nerve activity
• ↑ Natriureisis
• ↓ Aldosterone
• ↓ Hypertrophy

Beiging of
adipose tissue

Improved perivascular fat
homeostasis

Improved clinical outcomes

FIGURE 2. Mechanisms by which combined angiotensin receptor blockade
and neprilysin inhibition may provide clinical beneﬁts in patients with
congestive heart failure. In addition to well-recognized cardiovascular
functions, increased natriuretic peptides may lead to improvements in
metabolic homeostasis in epicardial and perivascular fat depots providing
local beneﬁcial effects on myocardial function. AT1 ¼ angiotensin receptor
subtype 1.

involuntary movement of all muscle groups.
Maximum heat production can increase up
to 5 times above baseline values in association
with increased expenditure of energy, consumption of oxygen, and production of carbon dioxide.35 The ATP required for skeletal
muscle contraction is initially generated from
the oxidation of glucose, followed by lipids.
Once depletion of glycogen stores occurs,
and depending on the intensity of shivering,
protein oxidation can begin to make a substantial contribution to ATP generation.
In contrast, nonshivering thermogenesis is
a mechanism of cold-induced heat production
not associated with muscle activity induced by
shivering and is linked to metabolic activity in
brown adipose tissue (BAT). The mass of BAT
increases and regresses as a function of cold
exposure. Although heat production is quantitatively greater with shivering, nonshivering
thermogenesis provides a ﬁrst-line defense
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TABLE 1. Functions of Natriuretic Peptides
A. Maintenance of extracellular ﬂuid
a. Increased urinary sodium excretion
b. Vasodilation to minimize increases in blood pressure
B. Contribution to availability of preferred fuel substrate for myocardial metabolism
C. Enhancement of skeletal muscle exercise performance
a. Enhances lipolysis and provides fatty acids for fuel
b. Enhances lipid oxidation and mitochondrial respiration
D. Maintenance of body temperature
a. Increases nonshivering thermogenesis through beige cell recruitment
b. Enhances shivering thermogenesis by providing fuel source through lipolysis
c. Stimulates appetite through inhibition of leptin release
E. Contribution to brown fat accumulation of newborn
F. Contribution to the greater amount of brown fat in women versus men
G. Contribution to adaptation in hypoxia
a. Attenuates pulmonary vasoconstriction
b. Mobilizes fatty acids for myocardial use

for the maintenance of body temperature in
the cold, with far less expenditure of metabolic
fuel.
The ability to maintain core body temperature after exposure to cold is important to the
heart. Chronic exposure to cold causes a
volume-overloaded hypertrophy of both ventricles, which is associated with deterioration
in cardiac performance.36,37 Cold exposure
also leads to increased circulating levels of
ANP.38,39 The NPs mobilize fatty acids and
enhance lipid oxidation and mitochondrial
respiration in human skeletal muscle, helping
ensure maintenance of body temperature for
optimal cardiac function.
NATRIURETIC PEPTIDES AND
NONSHIVERING THERMOGENESIS
White adipose tissue (WAT) primarily functions
as an energy storage depot within the body.
Breakdown of triglycerides in white adipocytes
delivers FFAs into the circulation to serve as a
fuel to other organs. Under conditions of nutrient
excess or surplus, excess energy is stored in the
form of triglycerides initially by increasing adipocyte storage capacity, hyperplasia, or size through
hypertrophy. Once the maximum storage capacity is reached, a population of preadipocytes and/
or progenitor cells can be induced to differentiate
into mature adipocytes to accommodate the
incoming energy.40
As previously mentioned, BAT is another
type of adipose tissue that functions by dissipation of energy through the production of
heat.41,42 It is densely packed with mitochondria
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and generates heat through an uncoupling protein called UCP-1 located on the inner mitochondrial membrane. The UCP-1 short-circuits the
mitochondrial proton gradient, so that oxygen
consumption is no longer coupled to ATP synthesis. The UCP-1 uncouples mitochondrial
oxidative phosphorylation from ATP production
and dissipates chemical energy as heat. Mice lacking UCP-1 are severely compromised in their
ability to maintain normal body temperature
when acutely exposed to cold, and they are
also prone to become obese.43 The BAT cells
are derived from progenitors expressing
myogenic factor 5, indicating they are derived
from the same or similar progenitors as skeletal muscle.44 Brown adipose tissue is richly
innervated by sympathetic nerve efferent
ﬁbers and is highly vascularized to allow
dissipation of generated heat. Brown adipose
tissue is abundant in small mammals or newborns who have a small body volume-to-body
surface ratio and therefore have difﬁculty
maintaining an adequate core body temperature through muscle shivering alone.
In adults, BAT had long been considered
to be absent or of no relevance. This view
changed when a series of articles using positron emission tomographic (PET) images and
molecular analysis determined that there are
signiﬁcant amounts of metabolically active
BAT in humans.45-48 Studies that predispose
subjects to cold temperatures for 1 to 2 hours
increase the prevalence of BAT-positive scans
from a baseline value of less than 15% to as
high as 96%.46 Although short-term exposure
to cold activates existing depots of BAT, repetitive exposure or more prolonged exposure
leads to expansion of BAT mass.
In human autopsy studies, BAT can be identiﬁed around the aorta, common carotid artery,
brachiocephaclic artery, paracardial mediastinal
fat, epicardial coronary artery and veins, internal
mammary artery, and intercostal artery and
veins.49-51 In the past several years, using magnetic resonance imaging, several laboratories
were able to detect intrascapular BAT mass in
thermoneutrality as well as in response to cold
stress in humans.48,49
An additional type of fat is called “beige” or
“brite” cells and is derived from progenitors
different from the classical BAT myogenic factor 5 lineage.52 These cells are deﬁned by their
multilocular lipid droplet morphology and
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Fluid shift to
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FIGURE 3. The role of natriuretic peptides in shivering and nonshivering thermogenesis with cold exposure (see text for detailed
discussion). ADP ¼ adenosine diphosphate; ANP ¼ atrial natriuretic peptide; ATP ¼ adenosine triphosphate; BNP ¼ brain natriuretic
peptide; UCP ¼ uncoupling protein.

high mitochondrial content and exhibit the same
properties as classical BAT with respect to UCP1emediated thermogenesis. There is a unique
pattern of gene expression differentiating beige
adipocytes from BAT. Transformation of classical
white adipocytes into beige adipocytes is referred
to as “browning,” and these pluripotent cells can
revert to white adipocytes after exposure to heat.
Following a second period of cold adaptation,
these same cells regain the typical multilocular
morphology and speciﬁc gene expression proﬁle
of beige adipocytes.53-55 The presence of brown,
beige, and white adipocytes highlights the heterogeneity of adipose tissues and links their diverse
functions to energy metabolism.
Activation of the sympathetic nervous system
plays a key role in the ability of cold exposure to
activate and expand BAT in both rodents and
Mayo Clin Proc. n December 2015;90(12):1666-1678
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humans. Stimulation of b-adrenergic receptors
on adipocytes through cAMP-dependent protein
kinase A activates p38 MAPK, which, in turn,
mediates a transcriptional response cascade
resulting in increased expression of UCP-1
and peroxisome proliferator-activated receptorgamma coactivator (PGC-1a).56,57 The UCP-1
dissipates the proton gradient along the inner
mitochondrial bilayer such that lipid oxidation
is redirected from ATP synthesis and toward
generation of uncoupling, thereby releasing
heat, and PGC-1a activates mitochondrial
biogenesis and thereby thermogenesis.58
Natriuretic peptides participate in cross talk
with sympathetic nerve activity after a drop in
ambient temperature. As previously discussed,
NPs have been implicated in promoting nonshivering thermogenesis and increasing energy
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TABLE 2. Characteristics of Natriuretic Peptides in Various Conditions
Parameter
Natriuretic peptide
(NP) levels

Ratio of the clearance
receptor NPR-C to
active receptor
NPR-A

Brown and beige fat

Obesity

Hypoxia

Increased
Reduced
Hypoxia-inducible factor increases
Low levels can be viewed as
the transcription of NPs
appropriate because
circulating levels of fatty acids High levels serve to attenuate
pulmonary vasoconstriction and
are already in excess
enhance the mobilization of
fatty acids as a fuel source for
myocardium
Reduced
Increased
Reduced NPR-C expression with
Hyerinsulinemia typically
subsequent increased NP levels
present in obesity
in chronic hypoxia attenuates
upregulates NPR-C;
pulmonary vasoconstriction
neprilysin expression (NP
degrading endopeptidase) is
also increased in adipose
tissue
Not well studied
Reduced
Likely increased in part driven by
Low NP levels along with
lactate72
catecholamine resistance
may contribute to decrease No change detected in animal
in brown fat
model of intermittent hypoxia73

Premenopausal women as
compared with men

Roux-en-Y gastric
bypass

Increased
Estrogens transcriptionally
regulate NPs
NPs may participate in
brown fat accumulation
in newborns

Increased
Increased GLP-1 levels
may stimulate
release

Reduced
Estrogen directly increases
NRP-A expression

Reduced

Increased quantity
Teleologically may be due
to the greater risk of
hypothermia in women

Increased quantity
Participates in
mechanism of
weight loss

GLP-1 ¼ glucagon-like peptide-1; NP ¼ natriuretic peptide; NPR-A ¼ natriuretic peptide receptor A; NPR-C ¼ natriuretic peptide receptor C.

expenditure mediated by BAT. Activation of
cGMP-dependent protein kinase through NPRA on adipocytes not only stimulates lipolysis
but also activates p38 MAPK, leading to
increased expression of UCP-1 and PGC-1a,
markers consistent with activation of BAT thermogenesis.18 The cGMP-mediated browning effect of NPs may underlie the ability of sildenaﬁl
(a phosphodiesterase-5 inhibitor) to cause
browning.59 The parallel pathways by which
sympathetic nerves and NPs convergence on
p38 MAPK suggest cooperativity in these systems to activate the machinery required for
adaptive thermogenesis. In this regard, cardiac
expression and circulating levels of ANP and
BNP are both increased after exposure to cold
temperature.39,60 Cold exposure increases the
expression of NPR-A and reduces the expression
of NPR-C in both BAT and WAT, creating an
environment favoring natriuretic peptide induction of beige fat cellular formation.18 Selective
b3-adrenergic receptor activation in adipose tissues of mice produces a similar shift in the ratio
of NP receptors, implicating that sympathetic
nerves play a role in this response.60
1672
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Cold exposure induces activation of
adrenergic receptors and upregulation and
translocation of glucose transporters (GLUTs),
with GLUT1 and GLUT4 facilitating the uptake
of glucose into the cell to be used for triglyceride
formation and/or be “burned” to generate
heat.61-63 In adult humans exposed to cold,
glucose uptake increases 12-fold in BAT and is
correlated with an increase in whole body energy expenditure.64 Cold-induced thermogenesis decreases body weight by inducing
transformation of white/storage adipocytes into
beige/burning adipocytes.65,66 The capacity to
increase clearance of glucose in beige adipocytes
after exposure to cold is also associated with
improved insulin sensitivity and glucose
homeostasis.67,68 A great deal of interest is
now focused on ways to increase the mass of
beige cells to capitalize on their thermogenic
potential as a method to increase total body
energy expenditure and reduce body fat
mass through enhanced lipolysis, thereby
providing a novel approach to combat
obesity and associated metabolic disorders
(Figure 3).69
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NATRIURETIC PEPTIDES AND HYPOXIA
Exposure to hypoxia in humans and rodent
models leads to increased circulating levels of
NPs.70,71 The vasodilating properties of NPs
serves to limit hypoxia-induced pulmonary vasoconstriction and attenuate hypoxia-induced pulmonary hypertension and vascular remodeling
through direct transcriptional regulation of
hypoxia-inducible factor (HIF)-induced expression of vascular endothelial growth factor
(Table 2). Stabilization of HIF-1 under conditions of hypoxia leads to increased ANP and
BNP gene expression, suggesting that HIF interacts with the promotor region of these genes to
induce increased expression of the NPs.71,74
Altitude (hypobaric hypoxia) also activates
factors known to cause browning of adipose
tissue. Although not well studied in humans,
animals taken to high altitude undergo significant browning potentially due to cold exposure, increased levels of NPs, and activation
of sympathetic nerve activity. Interestingly,
animals such as the plateau pika (Ochotona
curzoniae), also known as the black-lipped
pika, mostly undergo browning of visceral
fat, whereas most studies in humans demonstrate that recruitment of brown fat occurs in
subcutaneous fat.75 One can speculate that
browning in subcutaneous fat would be
much less efﬁcient at defending core temperature because these animals have short appendages leading to only small volumes of blood at
any one time exposed to the environment. In
contrast, in humans, expansion of subcutaneous BAT in the cervical-axillary region and
inguinal fossa is more strategically located in
defending core body temperature because
much greater volumes of blood in the arms
and legs are exposed to cold. It is likely that
NPs conspire with sympathetic nerves to facilitate the browning of adipose tissue in this
setting. Exposure of mice to cold increases
HIF gene expression in BAT, and these effects
may be relevant to the browning of WAT as
HIF activation shifts metabolism toward
glycolysis and increased lactate production.76,77 Lactate accumulation may induce
browning of WAT with expression of functional
UCP-1. Last, vascular endothelial growth factor is
another HIF-induced protein whose expression
in BAT is upregulated on exposure to cold.78
Vascular endothelial growth factor plays a critical
Mayo Clin Proc. n December 2015;90(12):1666-1678
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role in expanding the thermogenic capacity of
BAT by promoting angiogenesis and increasing
the density of blood vessels, allowing for heat
dissipation.
In response to cold, activity of BAT mostly
relies on lipid metabolism to generate fatty acids
that directly activate UCP1. In unstimulated
BAT, the source of fatty acids is mostly the stored
triglyceride within BAT itself, and, in part, de
novo synthesis from glucose cleared from the
circulation by the upregulation of GLUTs.42
Cold exposure leads to an increase in lipoprotein
lipase activity, allowing enhanced fatty acid synthesis leading to increased uptake and internalization of plasma triglycerides. Norepinephrine
increases the amount of lipoprotein lipase gene
expression through cAMP.79,80 Activation of
BAT after exposure to cold has been shown to
correct hyperlipidemia and improve the deleterious effects of fatty acid on insulin resistance
in an animal model of diet-induced obesity
and insulin resistance.81-83
In addition to lipolysis and delivery of fatty
acids, NPs contribute to fuel availability through
increasing food intake. Natriuretic peptides
decrease circulating leptin levels by inhibiting
its release from adipocytes.84 Leptin is an adipokine that is generated and released selectively
from adipocytes. Leptin binds to its receptors in
the hypothalamus and regulates food intake
and energy expenditure. Conversely, reductions
in circulating leptin levels, which are seen after
weight loss, are associated with increased food
intake. Cold exposure reduces leptin levels and
causes increased food intake, providing an exogenous source of fuel for continued maintenance
of nonshivering thermogenesis.85,86
SEXUAL DIMORPHISM AND NPs
Women have greater quantities of BAT as
measured by PET-computed tomography imaging studies.45 Women have a higher metabolic
rate per kilogram adipose tissue than do men
because women have more BAT and higher
expression of genes involved in mitochondrial
function including UCP-1.45,46 Estrogens,
through activation of estrogen receptor a,
increase brain-derived neurotropic factor in
the hypothalamus, which induces browning
through neural modulation of WAT.87,88
Circulating ANP and BNP concentrations
are higher in women than in men, providing
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an additional factor as to why women have
more BAT than do men89-91 (Table 2). In girls
during adolescence, the NPs increase progressively and reach 2-fold higher levels in
women with normal menstrual cycles than
in men at the same age.89 After menopause,
women have levels of NPs similar to those
in men, which correlates to reductions in BAT
in women after menopause. Furthermore, estrogen administration increases circulating ANP
levels in postmenopausal women, and estradiol
enhances NP activity by reducing NPR-C and
increasing NPR-A expression levels.89,91 Higher
levels of NPs and BAT may serve a protective
role in premenopausal women for maintenance
of body temperature because premenopausal
women have a higher surface area-to-volume
ratio than do men and therefore are more prone
to hypothermia.
During pregnancy, the basal metabolic rate
progressively increases, particularly in the
third trimester; however, the increase in metabolic rate is thought to be disproportionate to
the increase in body adiposity, suggesting that
the accumulated adipose tissue has enhanced
metabolic activity.92 Perhaps elevated levels
of estrogens during pregnancy contribute to
increasing the metabolic rate by enhancing
the browning of adipose tissues mediated by
ANP and BNP, which progressively rise during
the course of pregnancy and reach a plateau
during the last trimester.93
Finally, NP levels are elevated in infants during the ﬁrst several weeks after birth, and at the
same time the newborn has accumulated large
amounts of BAT.94,95 It is interesting to speculate whether estrogens inﬂuence placental production of ANP and whether this accounts for
higher levels of NPs in the developing infant
contributing to the accumulation of BAT.96,97
OBESITY
Obesity is associated with increased fat deposition in the classical WAT depots such as the
visceral and subcutaneous depot. After expansion
of WAT in obesity, obese humans characteristically have reductions in BAT activity, which facilitates further weight gain. In mice and humans,
nutrient overload associated with caloric excess
and obesity induces catecholamine resistance in
adipose tissue, resulting in suppressed lipolysis
and fatty acid oxidation with the net
effect of enhancing fat accumulation.98
1674
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Catecholamine resistance in adipose tissue is
thought to occur by down-regulating badrenergic receptor expression and interfering with downstream b-adrenergic receptor
signaling pathways, such as protein kinase A activity.99,100 The development of catecholamine
resistance also limits the activation of BAT and
the browning of adipose tissue given the central
role of b-adrenergic stimulation in the activation
and recruitment of BAT.
There is an inverse relationship between
BMI and BAT. The energy-burning feature of
BAT and the evidence of an inverse correlation
between BAT metabolism and BMI have given
rise to the hypothesis that obesity may be
linked to BAT malfunction. One potential
contributor to this malfunction is resistance
to the effects of NPs. Leptin levels are increased
in obese subjects, but there is end-organ resistance at the level of the hypothalamus. In addition, obesity is characterized by insulin
resistance. This combined resistance would be
additional factors limiting browning, as leptin
and insulin have been shown to induce browning through a synergistic effect in the arcuate
nucleus of the hypothalamus, speciﬁcally
at the level of the pro-opiomelanocortin
neuron.101
Obesity is characterized by high levels of
circulating fatty acids, which contribute to insulin resistance.102 In addition, high levels of
fatty acids have been shown to exert adverse
effects on cardiac function. As mentioned previously, low levels of NPs and increased
expression of the NPR-C clearance receptor
on adipocytes in obesity can be viewed as an
appropriate response in this setting because
natriuretic peptideemediated lipolysis would
be minimized.19,21,103 However, low levels
are also detrimental to body weight regulation,
as thermogenesis and energy expenditure
would be reduced (Table 2).
During times of abundant food supply,
there was a biological need to enhance the storage capacity of adipocytes to facilitate survival
upon starvation. The availability of foods with
high caloric content in industrialized societies,
together with reduced physical activity, has
resulted in an obesity pandemic. Adipocytes
possess remarkable adaptive plasticity to maintain metabolic homeostasis in conditions of
excess nutrients, fasting, or cold exposure.
Identifying critical regulators of adaptive
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responses to metabolic stress in adipocytes may
lead to interventional strategies to promote
more metabolically active adipose tissue and
recruitment of beige adipoctyes and improve
metabolic health in obesity.
In morbidly obese subjects who undergo
weight loss after adjustable gastric banding
surgery, cold-activated BAT mass increases
as detected by ﬂuorodeoxyglucose-PET
scanning.104-107 The precise mechanism by
which this occurs is not known. Brown adipose
tissue holds therapeutic potential for ameliorating obesity and the metabolic syndrome via
increasing energy expenditure. Weight loss in
severely obese subjects and in subjects with
type 2 diabetes substantially increases BAT activity, suggesting that weight loss per se may
contribute by restoring sensitivity to adrenergic
stimulation in WAT as well as sensitivity to insulin and leptin in the hypothalamus, and here we
posit that additional beneﬁts of weight loss may
be mediated through increased activity of the
NPs to induce browning of adipose tissues. Speciﬁcally, weight loss after Roux-en-Y gastric
bypass in rodents has been demonstrated to
induce adipose tissue browning, which occurs
independent of weight loss per se.108 After this
procedure, circulating levels of NPs are
increased and there is an alteration in the NPR
ratio favoring an elevation in NPR-A/B and a
reduction in the expression of NPR-C consistent
with elevations in UCP-1 and NP-induced
browning of WAT.108 Gastric bypass is also
known to increase circulating levels of GLP-1,
and in this regard GLP-1 is known to stimulate
the release of NPs.5,104 Increased NPs along
with improved sensitivity to adrenergic nerves
in adipose tissue would provide a favorable environment for browning to occur. In addition,
improvements in insulin and leptin sensitivity
centrally would facilitate the potential for
browning of adipose tissues and would
contribute to improvements in insulin sensitivity and metabolism seen after this procedure.

treatment of patients with heart failure, it is
now important and timely to revisit the myriad
functions of this class of peptides. In this
comprehensive review, we have introduced
novel ideas and provide a synthesis of literature
with respect to NPs. We speciﬁcally focused on
the functions of these peptides in the regulation
of body weight and energy homeostasis and
discussed the role of NPs in transforming adipose tissue into a more highly active endocrine
organ through “beiging/browning.” In addition, the role of these peptides in nonshivering
thermogenesis and how they are affected in
obesity supports their potential critical function in energy homeostasis. In our review, we
provided an insight into the role of NPs in a
cardiac-adipose tissue loop, a new feedback
loop that is gaining appreciation and attention.
Last, we discussed the sexual dimorphism that
exists in the metabolism of these compounds.
In summary, this review addressed new therapeutic actions of NPs at a point when the
Food and Drug Administration has recently
approved a drug that augments these peptides.
We discussed a potential therapeutic use of
these peptides by providing a pharmacological
approach to increasing energy expenditure and
transitioning WAT into metabolically active BAT.
With the appreciation that adult humans possess
active BAT, ﬁghting obesity by increasing adipose
tissue energy expenditure induced by NPs and
their receptors has emerged as a promising strategy and has the potential to reduce manifestations of end organ injury.

CONCLUSION
Although most clinicians are aware of the renal
effects and natriuretic properties of NPs, there
is much less awareness of how these peptides
regulate energy homeostasis. With the recent
approval and proven efﬁcacy of a combination
drug containing sacubitril and valsartan that
enhances the effectiveness of NPs for the
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Abbreviations and Acronyms: ANP = atrial natriuretic
peptide; ATP = adenosine triphosphate; BAT = brown adipose tissue; BMI = body mass index; BNP = brain natriuretic peptide; cGMP = cyclic guanosine monophosphate;
CNP = C-type natriuretic peptide; FFA = free fatty acid;
GLUT = glucose transporter; HIF = hypoxia-inducible factor;
NP = natriuretic peptide; NPR = natriuretic peptide
receptor; PGC-1a = peroxisome proliferator-activated
receptor-gamma coactivator; PET = positron emission
tomographic; UCP-1 = uncoupling protein 1; WAT = white
adipose tissue
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