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atriuretic peptides are commonly considered cardiovascular and renal hormones. Indeed, genetic natriuretic
peptide deletion promotes arterial hypertension and associated
organ damage.1 Conversely, pharmacological natriuretic peptide augmentation lowers blood pressure. Less recognized is
the fact that natriuretic peptides potently affect lipid and glucose metabolism. Through these metabolic actions, natriuretic
peptides may provide a pathophysiological link between cardiovascular and metabolic disease. Indeed, arterial hypertension and insulin resistance or overt type 2 diabetes mellitus
commonly occur in the same patients. Similarly, heart failure
is associated with impaired skeletal, muscular oxidative function and insulin resistance.2,3 The review focusses on recent
epidemiological, genetic, physiological, and pharmacological
evidence linking the natriuretic peptide system with metabolic
disease. Moreover, we discuss clinical trials evidence suggesting that natriuretic peptide modulation could be pursued further in metabolic disease prevention and treatment.

receptor; also known as NPR-A [natriuretic peptide receptor A]). NPR-C, which is sometimes referred to as scavenger
receptor, is devoid of guanylyl cyclase activity and facilitates
cellular natriuretic peptide uptake and degradation. In addition, natriuretic peptides are enzymatically cleaved by neprilysin. Neprilysin also degrades other peptides potentially
modulating cardiovascular and metabolic regulation, such as
bradykinin, endothelin-1, and glucagon-like peptide 1.

Epidemiological Association Between Natriuretic
Peptides, Metabolic Risk, and Blood Pressure
In large-scale epidemiological studies, natriuretic peptide biomarkers showed strong associations with glucose metabolism
and type 2 diabetes mellitus risk independently of established
risk markers, including excess adiposity. In 3333 Framingham
study participants without heart failure, plasma NT-proBNP
and NT-proANP (N-terminal proANP and BNP) levels were
inversely related to all components of the metabolic syndrome
except for arterial hypertension.6 Furthermore, natriuretic
peptide levels were reduced in participants with insulin resistance indicated by an elevated homeostasis model assessment
index.6 Among 1274 participants of the KORA (Cooperative
Health Research in the Augsburg Region) F4 cohort, the
odds ratio for having central obesity, elevated triglycerides,
the metabolic syndrome, impaired fasting glucose, or type
2 diabetes mellitus was substantially reduced in those with
midregional (MR)-proANP plasma levels in the highest quartile.7 Remarkably, MR-proANP increased together with blood
pressure. Yet, circulating MR-proANP concentrations were
inversely related to carotid intima-media thickness suggesting that metabolic and cardiovascular traits associated with
MR-proANP may translate to structural vascular disease.7
The evidence on natriuretic peptide associations with
glucose and lipid metabolism from cross-sectional surveys
is strongly supported by longitudinal studies using incident
type 2 diabetes mellitus as end point. In 1828 participants of
the Malmo Diet and Cancer Study without diabetes mellitus
at inclusion, reduced circulating MR-proANP concentrations
heralded increased risk for type 2 diabetes mellitus after full

The Cardiac Natriuretic Peptide System
ANP (atrial natriuretic peptide) and BNP (B-type natriuretic
peptide) are released from cardiac atria and ventricles, respectively. Both peptides are produced as preprohormones and are
stored as prohormones in intracellular granules. The native
peptides are released in equimolar amounts with N-terminal
peptide fragments, which are more stable than the native hormones and can serve as natriuretic peptide release markers.
Stretch of atrial or ventricular cardiomyocytes which can be
secondary to increased sodium intake, physical exercise, or
diseases associated with volume overload triggers natriuretic
peptide release. Both natriuretic peptide and their N-terminal
peptide fragments are clinically established heart failure
biomarkers. Once released, natriuretic peptides raise renal
sodium excretion, elicit vasodilation, and are the physiological antagonists of the renin-angiotensin system.4 Natriuretic
peptides also attenuate sympathetic nervous system activity
at least in part through interaction with central vasopressin
pathways.5 ANP and BNP responses are primarily mediated
by the GCA (guanylyl cyclase-coupled natriuretic peptide
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adjustment for traditional risk factors.8 The overall association
was primarily explained by excess diabetes mellitus risk in
participants in the lowest MR-proANP quartile.8 Conversely,
in a more recent analysis, circulating MR-proANP values in
the high normal range were associated with lower prevalence
of insulin resistance during follow up.9 Among 7822 ARIC
study (Atherosclerosis Risk in Communities) participants,
NT-proBNP measurements at baseline were inversely related
to risk for new-onset diabetes mellitus during a median followup of 12 years across sex, ethnicity, and obesity subgroups.10
Others confirmed the association in older populations.11 A
smaller scale mechanistic study in lean healthy individuals
suggests that the association between reduced natriuretic peptides and impaired metabolism is not explained by an effect of
insulin resistance or perturbed glucose metabolism on cardiac
natriuretic peptide release.12
Although reduced natriuretic peptide measurements
are associated with incident and future metabolic risk, the
state-of-affairs seems more complicated for blood pressure,
as indicated above. Moreover, in normotensive blacks, elevated BNP measurements were associated with increased
risk for longitudinal increases in blood pressure.3 There are
no data suggesting that natriuretic peptides could increase
blood pressure. Instead, increased natriuretic peptide release
seems to be a compensatory response attempting to restrain
blood pressure.

Together, the epidemiological and genetic evidence
strongly suggests that reduced availability of, both, ANP and
BNP predisposes to insulin resistance, type 2 diabetes mellitus, and elevated blood pressure, whereas increased natriuretic
peptide availability seems to be protective.

Genetic Evidence Linking Natriuretic Peptide
Deficiency With Metabolic Disease and
Elevated Blood Pressure

Physical Exercise and Weight Loss Augment
Natriuretic Peptide Availability

Common variants in the genes encoding ANP and BNP precursors affect their circulating levels.13 Alleles associated with
increased natriuretic peptide concentrations were also associated with lower blood pressure and reduced odds of having
arterial hypertension.13 Recently, the micro RNA miR-425 was
shown to negatively regulate ANP production, and a common
genetic variant makes ANP production resistant to miR-425.14
Post-translational modifications of proBNP seem to regulate
BNP release.15 Compared with whites, blacks exhibit 40%
lower circulating NT-proBNP concentrations after adjustment
for clinical covariates.16 Genetic variations may contribute to
ethnic differences in natriuretic peptide levels and susceptibility to cardiovascular and metabolic disease.
Among participants of the Malmo Diet and Cancer Study,
27 307 individuals were genotyped for the rs5068 variant of
the gene encoding the ANP precursor, which is associated
with increased circulating ANP concentrations. Carriers of
at least 1 copy of the rs5068 G allele exhibited a lower likelihood of incident diabetes mellitus within 14-year follow
up.17 The association between rs5068 and a favorable metabolic profile was also shown in blacks.18 In a study applying Mendelian randomization, the observed association
between the rs198389 polymorphism and type 2 diabetes
mellitus was compared with the expected association. The
latter was computed from associations between NT-proBNP
level and type 2 diabetes mellitus and NT-proBNP differences associated with the rs198389 C allele.11 The analysis
suggested a causal inverse relationship between BNP and
type 2 diabetes mellitus.

Relative Natriuretic Peptide Deficiency in
Obesity
The tight association between excess adiposity and arterial hypertension, as well as type 2 diabetes mellitus may
be explained in part by paradoxical natriuretic peptide deficiency. Given the increase in cardiac volume loading in
obesity, one would expect to observe increased natriuretic
peptide release. Instead, several large cohort studies reported
inverse associations between circulating plasma natriuretic
peptide levels, generally their N-terminal cleavage products
and obesity.19,20 Thus, adiposity seems to reduce natriuretic
peptide availability through decreased release together with
increased natriuretic peptide clearance. The latter may result
in part from adipose NPR-C scavenger receptor upregulation
in obesity, particularly, in individuals with concomitant arterial hypertension.21,22 Finally, obesity may negatively affect
natriuretic responses as indicated by reductions in GCA gene
and protein expression in subcutaneous abdominal adipose
tissue of obese subjects with and without type 2 diabetes mellitus23–25 and in skeletal muscle.26

Both physical exercise and weight loss are often recommended for cardiovascular and metabolic disease prevention. Some of the beneficial responses to these interventions
may be mediated through increased natriuretic peptide availability and action. In healthy men, exercise on a bicycle
ergometer acutely increased circulating ANP concentrations
≈2-fold with less pronounced changes in BNP concentrations.27 Similar exercise-related responses have been observed
in patients with heart failure or with obesity.22,28 The response
may be driven by increased venous return and cardiac filling
pressure because exercise-induced ANP secretion is amplified
by β-adrenoreceptor blockade.29 Moreover, exercise during
water immersion further augmented ANP release.30 Exercisemediated ANP release increases with exercise repetition.31 A
cohort study recently reported a positive correlation between
physical activity level determined by triaxial accelerometry
and plasma BNP concentrations.32 Finally, in middle-aged
obese individuals, GCA expression in human skeletal muscle
was positively correlated with oxidative capacity and was
upregulated through aerobic exercise training.33
The natriuretic peptide system has been assessed before
and after weight loss in overweight and obese individuals experiencing modest weight loss through lifestyle interventions and
massive weight loss through bariatric surgery. In overweight
to obese individuals, weight loss through hypocaloric dieting
during 6 months did not change the circulating MR-proANP
concentrations suggesting that there was no major change in
ANP release.22 In other studies, multimodal interventions,
including exercise and hypocaloric dieting substantially
increased NT-proBNP and MR-proANP concentrations.34–36
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We speculate that the addition of physical exercise to weight
loss programs may be more effective in increasing natriuretic
peptide release compared with interventions solely relying on
caloric restriction. In any case, even modest weight loss is sufficient to reduce adipose NPR-C mRNA expression.22,36 A reduction in natriuretic peptide clearance could conceivably increase
natriuretic peptide availability even in the setting of unchanged
release. In the event, modest weight loss through hypocaloric
dieting enhanced the natriuretic and cGMP-response to ANP
infusion in obese hypertensive human subjects.37
Several studies showed that substantial body weight
reductions after bariatric surgery elicit a more robust increase
in circulating NT-proBNP concentrations compared with the
response observed with lifestyle interventions.35,38

Pharmacological Manipulation of Natriuretic
Peptide Signaling
Downloaded from http://hyper.ahajournals.org/ by guest on July 22, 2018

Recombinant ANP (Caperitide) and BNP (Nesiritide) have been
developed for intravenous treatment of acutely decompensated
heart failure. Nesiritide also ameliorated resistant arterial hypertension in a smaller scale study.39 Their short plasma half-life
and the need for intravenous or subcutaneous infusion preclude
their chronic use. Therefore, newer designer natriuretic peptides
that differ from the native peptides in terms of efficacy, specificity, and resistance to enzymatic degradation have been developed.40 Another option to augment the system is to attenuate
natriuretic peptide clearance. However, neprilysin is a promiscuous enzyme that in addition to natriuretic peptides degrades
many other substrates. In particular, neprilysin interferes with
the conversion of angiotensin I and II,41 limiting the utility of
neprilysin inhibition as monotherapy. Dual inhibition angiotensin of II subtype 1 receptor and neprilysin inhibition with sacubitril/valsartan decreases blood pressure more than angiotensin II
subtype 1 receptor blockade alone.42 The PARADIGM-HF trial
(Prospective Comparison of ARNI With ACEI to Determine
Impact on Global Mortality and Morbidity in Heart Failure)
showed improved survival in sacubitril/valsartan-treated patients
with heart failure and reduced left ventricular ejection fraction
compared with patients on enalapril.43 PDE5 (phosphodiesterase
5) inhibition selectively blocks cGMP degradation, the second
messenger of GCA and of soluble guanylyl cyclase, which is
activated by nitric oxide. Thus, PDE5 inhibition does not selectively augment natriuretic peptide signaling. PDE5 inhibitors
are currently approved for the treatment of pulmonary arterial
hypertension and erectile dysfunction.

Natriuretic Peptide Influences on Cellular
Metabolism
In the early 2000, we demonstrated a potent lipolytic effect
of natriuretic peptides in human isolated adipocytes.44,45
The response requires binding to GCA to activate a cGMPdependent signaling pathway. Subsequently, cGK-Iα (cGMPdependent protein kinase) is activated, which phosphorylates
1 rate-limiting enzyme of lipolysis, the hormone-sensitive
lipase and perilipin.46
Natriuretic peptides induce a thermogenic program and
uncoupling protein 1 in human mesenchymal-adipose–
derived stem cells–derived adipocytes.47 Activation of the p38
MAPK-ATF2 (mitogen-activated protein kinase–activating

transcription factor-2) and PGC1α (peroxisome proliferatoractivated receptor-gamma coactivator-1α) pathway through
cGK-I seem to be involved.47 The response requires mTORC1
(mammalian target of rapamycin complex 1) activation
through direct Raptor Ser791 phosphorylation.48 Natriuretic
peptide signaling in adipocytes increases both oxygen consumption rate and mitochondrial oxidative gene expression.
The process may involve AMP-activated protein kinase.49
Finally, natriuretic peptides promote glucose uptake in human
adipocytes in a cGMP-dependent manner, an effect which is
blunted in adipocytes from obese individuals.50
Chronic treatment of human primary myotubes with natriuretic peptides upregulates PGC1α gene and protein expression, as well as mitochondrial oxidative genes and proteins,
oxygen consumption, and fat oxidation.33 Natriuretic peptide–
treated human primary myotubes were protected from palmitate-induced lipotoxicity and insulin resistance.26 However, no
acute effect on glucose uptake in human skeletal muscle cells
was observed.
Collectively, the literature suggests that natriuretic peptide
signaling controls fatty acid mobilization from adipocytes, as
well as mitochondrial biology and cellular energy metabolism
in adipocytes and skeletal myocytes (Figure 1).

Metabolic Natriuretic Peptide Actions in
Animal Models
Some natriuretic peptide actions related to lipid mobilization exhibit strong species specificity limiting the utility of
animal models. Indeed, the relative resistance to the lipolytic
effect of natriuretic peptides in adipocytes could be because of
high NPR-C expression in certain species.51 In mice, genetic
NPR-C deletion restores a normal lipolytic response to
ANP.47 Full and adipose-specific NPR-C knockout mice featured reduced white fat pad mass concomitant with increased
browning and UCP1 (uncoupling protein 1) protein expression.47,52 Transgenic mice overexpressing BNP were partly
protected from high-fat diet–induced weight gain and glucose
intolerance. Elevated oxygen consumption and fat oxidation
through increased muscular mitochondrial respiration were
likely involved.53 Ubiquitous cGK-I overexpression elicited
a similar response.53 BNP- and cGK-I-transgenic mice also
exhibit a browning of white fat pads, thus rendering white adipocyte hypermetabolic with a thermogenic potential.
Preclinical studies with chronic treatment of mouse models for obesity and type-2 diabetes mellitus with natriuretic
peptides have also been informative on their metabolic role
and therapeutic potential. In obese diabetic db/db mice, 12
weeks of BNP infusion improved insulin and glucose tolerance.54 BNP treatment reduced cardiac left ventricular mass
and improved systolic function likely by ameliorating cardiac
pressure overload and blood pressure. Cardiomyocyte apoptosis and cardiac fibrosis were also attenuated on BNP. We
observed a remarkable effect of 4 weeks BNP treatment in
obese and diabetic mice on blood glucose control and glucose tolerance. BNP treatment significantly reduced HbA1c
(glycated hemoglobin A1c) levels and improved insulin sensitivity in obese diabetic db/db mice.26 A similar response was
observed in obese high-fat fed mice, in which BNP improved
glucose tolerance and insulin sensitivity in skeletal muscle.
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Figure 1. Integrative model of the various
metabolic actions of ANP (atrial natriuretic
peptide) in adipose tissue and in skeletal
muscle. Interventions targeting the natriuretic
peptide system through changes in
natriuretic peptide and changes in natriuretic
responsiveness. The figure uses the response
of physical exercise as an example. Acute
exercise increases ANP secretion, whereas
chronic exercise upregulates ANP signaling
in adipose tissue and in skeletal muscle.
ANP induces fat oxidative capacity while
ameliorating high-fat diet–mediated lipotoxicity
in mouse skeletal muscle. In addition,
ANP promotes lipolysis, browning, oxygen
consumption, and glucose uptake in white and
brown/beige adipocytes. All these biological
effects collectively improve insulin and glucose
metabolism. PGC1α indicates peroxisome
proliferator-activated receptor-gamma
coactivator-1α; and UCP, uncoupling protein.

Improved insulin signaling in skeletal muscle was paralleled
by significant reductions in diacylglycerols and ceramides levels, as well as an upregulation of lipid oxidation rate.26 We
consistently noted reduced natriuretic peptide signaling, that
is, reduced GCA expression and increased NPR-C expression,
in adipose tissues and in skeletal muscle of obese and diabetic mice. NPR-C inhibition may be a promising therapeutic
avenue in obesity and type-2 diabetes mellitus. Moreover, in
one study, PDE5 inhibition in high-fat diet fed mice improved
insulin sensitivity by enhancing insulin action in skeletal
muscle,55 whereas another study failed to confirm the effect
even showing worsened glucose tolerance.56 Increasing cGMP
signaling through soluble guanylyl cyclase, which is engaged
by nitric oxide rather than natriuretic peptides, protected from
weight gain and ameliorated glucose metabolism.57
Remarkably, high-fat feeding led to reduction in the
expression of GCA receptors in metabolic tissues together
with NPR-C upregulation in adipose tissue without changes
in circulating BNP concentrations.26 The finding suggests that
changes in natriuretic peptide signaling and, perhaps, reduced
natriuretic peptide availability at the tissue level may precede
systemic changes in natriuretic peptides.

Mechanistic Studies on Human Metabolism
Intravenous ANP infusion increases adipose tissue lipolysis and free fatty acid availability in a dose-dependent manner.58–60 Lipolysis increases in adipose tissue but not in skeletal
muscle.59 Furthermore, short-term ANP infusion augmented
lipid oxidation and postprandial energy expenditure in healthy
men while decreasing blood pressure.59,61 An increase in the
ketone β-hydroxybutyrate suggested that hepatic lipid oxidation contributed to the response.61 The latter may be particularly relevant in the setting of heart failure because the failing
heart shifts substrate use to ketones62 and metabolic natriuretic
peptide actions may not desensitize in such patients.63

Natriuretic peptides modulate cytokine and adipokine
responses and interfere with gut hormone secretion. For
example, human BNP-32 infusion elicited ghrelin release
while decreasing appetite.64 ANP infusion has been shown to
increase the circulating insulin-sensitizing adipokine adiponectin.65 All these findings strongly suggest that the natriuretic
peptide system has an important role in the crosstalk between
cardiovascular and metabolic regulation in humans.66

Clinical Trials Evidence
Thus far, relatively few clinical trials assessed influences of
natriuretic peptide manipulation on metabolic outcomes. A
trial including obese patients with arterial hypertension tested
the hypothesis that sacubitril/valsartan improves insulin sensitivity compared with the metabolically neutral comparator
amlodipine. After 8-week treatment, sacubitril/valsartan, but
not amlodipine, improved insulin sensitivity determined by
hyperinsulinemic-euglycemic clamp.67 Abdominal adipose
tissue interstitial glycerol concentrations increased with sacubitril/valsartan, but decreased with amlodipine. Whole-body
lipolysis and substrate oxidation did not change with either
treatment.67 The trial also assessed lipid metabolism during endurance exercise, which is potent stimulus for lipid
mobilization. Exercise increased adipose tissue and systemic
lipolysis. However, the response was not augmented on sacubitril/valsartan treatment.68 The finding is in line with cellular studies suggesting that neprilysin in adipocytes does not
control natriuretic peptide-mediated lipolysis.69 Furthermore,
sacubitril/valsartan treatment for 8 weeks did not alter the
abdominal subcutaneous adipose tissue transcriptome and
expression of proteins involved in lipolysis, natriuretic peptide
signaling, and oxidative metabolism.70 A post hoc analysis of
PARADIGM-HF showed persistently lower hemoglobin A1c
concentrations in patients treated with sacubitril/valsartan
compared with patients on enalapril.71 Insulin treatment was
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Figure 2. Working model linking natriuretic peptide deficiency to obesity-related hypertension and type 2 diabetes. Human and mouse data have linked
obesity to NP (natriuretic peptide) deficiency, for example, reduced circulating levels and tissue signaling, which is causally involved in hypertension and type
2 diabetes development. Regular physical exercise and calorie restriction-mediated weight loss have been associated with enhanced circulating levels of
natriuretic peptides and tissue signaling, which contributes to reduce blood pressure and improve blood glucose control. In the same line, pharmacological
interventions targeting GCA (guanylyl cyclase-coupled natriuretic peptide receptor) activation through modified NP (Fc-NP), NEP (neprilysin) degrading NP,
and PDE5A (phosphodiesterase-5A) degrading cGMP, can increase natriuretic peptide levels and tissue signaling, thus ameliorating arterial hypertension and
type 2 diabetes risk. NPR-C indicates natriuretic peptide receptor C.

initiated in 7% of sacubitril/valsartan-treated patients and in
10% of the enalapril-treated patients. Similarly, fewer patients
on sacubitril/valsartan required oral antidiabetic medications.
In a recent randomized placebo-controlled trial in overweight individuals with prediabetes, treatment with sildenafil
25 mg thrice daily improved whole-body insulin sensitivity
assessed by hyperinsulinemic-euglycemic clamp.72

Potential Clinical Implications
Cardiovascular and metabolic diseases are tightly linked
suggesting that there is a crosstalk between metabolic and
cardiovascular organs. Epidemiology, genetics, mechanismoriented investigations, and clinical trials suggest that cardiac
natriuretic peptides are important in that regard. Decreased
natriuretic peptide signaling predisposes to arterial hypertension and insulin resistance, which may progress to type 2
diabetes mellitus. Conversely, augmenting natriuretic peptide
signaling lowers blood pressure, while improving oxidative
metabolism and insulin sensitivity (Figure 2). The potential
implications for patients with obesity and arterial hypertension, who are prone to relative natriuretic peptide deficiency
are obvious. However, natriuretic peptide-mediated cardiometabolic crosstalk may also be relevant for other cardiovascular conditions. For example, heart failure is associated
with abnormalities in skeletal muscle oxidative capacity73 and
insulin resistance.2 It is tempting to speculate that natriuretic
peptide-mediated improvements in metabolism could be beneficial in such patients. The idea that metabolism could be
improved through increased natriuretic peptide availability
in arterial hypertension and in heart failure, which are both
associated with elevated natriuretic peptide release is counterintuitive. Perhaps, natriuretic peptide release while being
increased is nevertheless insufficient to rescue metabolism.
We speculate that there could be resistance to natriuretic
peptide actions in peripheral tissues. Yet, natriuretic peptidemediated lipolysis does not desensitize in patients with heart

failure.63 In any event, further increases in natriuretic peptides
through neprilysin inhibition improved glucose metabolism in
both conditions.67,71 Natriuretic peptide availability and action
can be affected through nonpharmacological measures, such
as weight loss and physical exercise (Figure 2). Moreover,
the system can be augmented through pharmacological
approaches (Figure 2). We think that the potential of such
drugs in addressing both, cardiovascular and associated metabolic disease deserves to be studied in more detail. However,
pharmacological manipulation of natriuretic peptide signaling or other approaches affecting cGMP may not be without
risks. For example, excess lipid mobilization could promote
cachexia and worsen insulin sensitivity.

Disclosures
J. Jordan served as a consultant for Novartis, Boehringer-Ingelheim,
Sanofi, Orexigen, Riemser, Vivus, and is cofounder of Eternygen
GmbH. A.L. Birkenfeld received an unrestricted research grant from
Novartis and is cofounder of Eternygen GmbH. The other authors
report no conflicts.

References
1. Holditch SJ, Schreiber CA, Nini R, Tonne JM, Peng KW, Geurts A, Jacob
HJ, Burnett JC, Cataliotti A, Ikeda Y. B-type natriuretic peptide deletion leads to progressive hypertension, associated organ damage, and
reduced survival: novel model for human hypertension. Hypertension.
2015;66:199–210. doi: 10.1161/HYPERTENSIONAHA.115.05610.
2. Kemppainen J, Tsuchida H, Stolen K, Karlsson H, Björnholm M,
Heinonen OJ, Nuutila P, Krook A, Knuuti J, Zierath JR. Insulin signalling and resistance in patients with chronic heart failure. J Physiol.
2003;550(pt 1):305–315. doi: 10.1113/jphysiol.2003.042648.
3. Drexler H, Riede U, Münzel T, König H, Funke E, Just H. Alterations of
skeletal muscle in chronic heart failure. Circulation. 1992;85:1751–1759.
4. Kuhn M. Molecular physiology of membrane guanylyl cyclase receptors.
Physiol Rev. 2016;96:751–804. doi: 10.1152/physrev.00022.2015.
5. Yusof AP, Yusoff NH, Suhaimi FW, Coote JH. Role of supraspinal vasopressin neurones in the effects of atrial natriuretic peptide
on sympathetic nerve activity. Auton Neurosci. 2009;148:50–54. doi:
10.1016/j.autneu.2009.03.005.
6. Wang TJ, Larson MG, Keyes MJ, Levy D, Benjamin EJ, Vasan RS.
Association of plasma natriuretic peptide levels with metabolic risk

Jordan et al   Natriuretic Peptides and Cardiometabolic Crosstalk   275

7.

8.

9.

10.

11.

Downloaded from http://hyper.ahajournals.org/ by guest on July 22, 2018

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

factors in ambulatory individuals. Circulation. 2007;115:1345–1353. doi:
10.1161/CIRCULATIONAHA.106.655142.
Then C, Kowall B, Lechner A, Meisinger C, Heier M, Koenig W, Peters
A, Thiery J, Rathmann W, Seissler J. Plasma MR-proANP levels are
associated with carotid intima-media thickness in the general community: the KORA F4 study. Atherosclerosis. 2013;230:235–241. doi:
10.1016/j.atherosclerosis.2013.07.047.
Magnusson M, Jujic A, Hedblad B, Engström G, Persson M, Struck J,
Morgenthaler NG, Nilsson P, Newton-Cheh C, Wang TJ, Melander O.
Low plasma level of atrial natriuretic peptide predicts development of diabetes: the prospective Malmo Diet and Cancer study. J Clin Endocrinol
Metab. 2012;97:638–645. doi: 10.1210/jc.2011-2425.
Jujić A, Nilsson PM, Persson M, Holst JJ, Torekov SS, Lyssenko V, Groop
L, Melander O, Magnusson M. Atrial natriuretic peptide in the high normal range is associated with lower prevalence of insulin resistance. J Clin
Endocrinol Metab. 2016;101:1372–1380. doi: 10.1210/jc.2015-3518.
Lazo M, Young JH, Brancati FL, Coresh J, Whelton S, Ndumele CE,
Hoogeveen R, Ballantyne CM, Selvin E. NH2-terminal pro-brain natriuretic peptide and risk of diabetes. Diabetes. 2013;62:3189–3193. doi:
10.2337/db13-0478.
Brutsaert EF, Biggs ML, Delaney JA, Djoussé L, Gottdiener JS,
Ix JH, Kim F, Mukamal KJ, Siscovick DS, Tracy RP, de Boer IH,
deFilippi CR, Kizer JR. Longitudinal assessment of N-terminal proB-type natriuretic peptide and risk of diabetes in older adults: the
cardiovascular health study. Metabolism. 2016;65:1489–1497. doi:
10.1016/j.metabol.2016.06.002.
Zois NE, Terzic D, Færch K, Plomgaard P, Hansen JS, Rossing P, Goetze JP.
Effect of pancreatic hormones on pro-atrial natriuretic peptide in humans.
EBioMedicine. 2017;17:88–94. doi: 10.1016/j.ebiom.2017.02.026.
Newton-Cheh C, Larson MG, Vasan RS, et al. Association of common
variants in NPPA and NPPB with circulating natriuretic peptides and
blood pressure. Nat Genet. 2009;41:348–353. doi: 10.1038/ng.328.
Arora P, Wu C, Khan AM, et al. Atrial natriuretic peptide is negatively
regulated by microRNA-425. J Clin Invest. 2013;123:3378–3382. doi:
10.1172/JCI67383.
Vodovar N, Séronde MF, Laribi S, et al; GREAT Network. Posttranslational modifications enhance NT-proBNP and BNP production in
acute decompensated heart failure. Eur Heart J. 2014;35:3434–3441. doi:
10.1093/eurheartj/ehu314.
Gupta DK, Claggett B, Wells Q, Cheng S, Li M, Maruthur N, Selvin E,
Coresh J, Konety S, Butler KR, Mosley T, Boerwinkle E, Hoogeveen R,
Ballantyne CM, Solomon SD. Racial differences in circulating natriuretic
peptide levels: the Atherosclerosis Risk in Communities study. J Am
Heart Assoc. 2015;4:e001831.
Jujić A, Nilsson PM, Engström G, Hedblad B, Melander O, Magnusson
M. Atrial natriuretic peptide and type 2 diabetes development–biomarker and genotype association study. PLoS One. 2014;9:e89201. doi:
10.1371/journal.pone.0089201.
Cannone V, Scott CG, Decker PA, Larson NB, Palmas W, Taylor KD,
Wang TJ, Gupta DK, Bielinski SJ, Burnett JC Jr. A favorable cardiometabolic profile is associated with the G allele of the genetic variant rs5068 in
African Americans: the Multi-Ethnic Study of Atherosclerosis (MESA).
PLoS One. 2017;12:e0189858. doi: 10.1371/journal.pone.0189858.
Mehra MR, Uber PA, Park MH, Scott RL, Ventura HO, Harris BC,
Frohlich ED. Obesity and suppressed b-type natriuretic peptide levels in
heart failure. J Am Coll Cardiol. 2004;43:1590–1595.
Wang TJ, Larson MG, Levy D, Benjamin EJ, Leip EP, Wilson PW, Vasan
RS. Impact of obesity on plasma natriuretic peptide levels. Circulation.
2004;109:594–600. doi: 10.1161/01.CIR.0000112582.16683.EA.
Dessì-Fulgheri P, Sarzani R, Tamburrini P, Moraca A, Espinosa E, Cola
G, Giantomassi L, Rappelli A. Plasma atrial natriuretic peptide and
natriuretic peptide receptor gene expression in adipose tissue of normotensive and hypertensive obese patients. J Hypertens. 1997;15(12 pt
2):1695–1699.
Haufe S, Kaminski J, Utz W, Haas V, Mähler A, Daniels MA, Birkenfeld
AL, Lichtinghagen R, Luft FC, Schulz-Menger J, Engeli S, Jordan J.
Differential response of the natriuretic peptide system to weight loss and
exercise in overweight or obese patients. J Hypertens. 2015;33:1458–
1464. doi: 10.1097/HJH.0000000000000573.
Kovacova Z, Tharp WG, Liu D, Wei W, Xie H, Collins S, Pratley RE.
Adipose tissue natriuretic peptide receptor expression is related to insulin
sensitivity in obesity and diabetes. Obesity (Silver Spring). 2016;24:820–
828. doi: 10.1002/oby.21418.

24. Rydén M, Bäckdahl J, Petrus P, Thorell A, Gao H, Coue M, Langin D,
Moro C, Arner P. Impaired atrial natriuretic peptide-mediated lipolysis in
obesity. Int J Obes (Lond). 2016;40:714–720. doi: 10.1038/ijo.2015.222.
25. Verboven K, Hansen D, Moro C, Eijnde BO, Hoebers N, Knol J, Bouckaert
W, Dams A, Blaak EE, Jocken JW. Attenuated atrial natriuretic peptidemediated lipolysis in subcutaneous adipocytes of obese type 2 diabetic
men. Clin Sci (Lond). 2016;130:1105–1114. doi: 10.1042/CS20160220.
26. Coué M, Badin PM, Vila IK, Laurens C, Louche K, Marquès MA, Bourlier
V, Mouisel E, Tavernier G, Rustan AC, Galgani JE, Joanisse DR, Smith
SR, Langin D, Moro C. Defective natriuretic peptide receptor signaling in
skeletal muscle links obesity to type 2 diabetes. Diabetes. 2015;64:4033–
4045. doi: 10.2337/db15-0305.
27. Barletta G, Stefani L, Del Bene R, Fronzaroli C, Vecchiarino S, Lazzeri
C, Fantini F, La Villa G. Effects of exercise on natriuretic peptides and
cardiac function in man. Int J Cardiol. 1998;65:217–225.
28. Kjaer A, Appel J, Hildebrandt P, Petersen CL. Basal and exercise-induced neuroendocrine activation in patients with heart failure and in normal subjects. Eur J Heart Fail. 2004;6:29–39. doi:
10.1016/S1388-9842(03)00035-7.
29. Moro C, Crampes F, Sengenes C, De Glisezinski I, Galitzky J, Thalamas
C, Lafontan M, Berlan M. Atrial natriuretic peptide contributes to physiological control of lipid mobilization in humans. FASEB J. 2004;18:908–
910. doi: 10.1096/fj.03-1086fje.
30. Wiesner S, Birkenfeld AL, Engeli S, Haufe S, Brechtel L, Wein J,
Hermsdorf M, Karnahl B, Berlan M, Lafontan M, Sweep FC, Luft FC,
Jordan J. Neurohumoral and metabolic response to exercise in water.
Horm Metab Res. 2010;42:334–339. doi: 10.1055/s-0030-1248250.
31. Moro C, Polak J, Hejnova J, Klimcakova E, Crampes F, Stich V, Lafontan
M, Berlan M. Atrial natriuretic peptide stimulates lipid mobilization
during repeated bouts of endurance exercise. Am J Physiol Endocrinol
Metab. 2006;290:E864–E869. doi: 10.1152/ajpendo.00348.2005.
32. Hamasaki H, Yanai H, Kakei M, Noda M, Ezaki O. The association
between daily physical activity and plasma B-type natriuretic peptide
in patients with glucose intolerance: a cross-sectional study. BMJ Open.
2015;5:e006276. doi: 10.1136/bmjopen-2014-006276.
33. Engeli S, Birkenfeld AL, Badin PM, et al. Natriuretic peptides enhance
the oxidative capacity of human skeletal muscle. J Clin Invest.
2012;122:4675–4679. doi: 10.1172/JCI64526.
34. Fedele D, Bicchiega V, Collo A, Barutta F, Pistone E, Gruden G, Bruno G.
Short term variation in NTproBNP after lifestyle intervention in severe obesity. PLoS One. 2017;12:e0181212. doi: 10.1371/journal.pone.0181212.
35. Gabrielsen AM, Omland T, Brokner M, Fredheim JM, Jordan J, Lehmann
S, Lund MB, Hjelmesæth J, Hofsø D. The effect of surgical and nonsurgical weight loss on N-terminal pro-B-type natriuretic peptide and its
relation to obstructive sleep apnea and pulmonary function. BMC Res
Notes. 2016;9:440. doi: 10.1186/s13104-016-2241-x.
36. Brachs M, Wiegand S, Leupelt V, Ernert A, Kintscher U, Jumpertz von
Schwarzenberg R, Decker AM, Bobbert T, Hübner N, Chen W, Krude
H, Spranger J, Mai K. ANP system activity predicts variability of fat
mass reduction and insulin sensitivity during weight loss. Metabolism.
2016;65:935–943. doi: 10.1016/j.metabol.2016.03.013.
37. Dessì-Fulgheri P, Sarzani R, Serenelli M, Tamburrini P, Spagnolo D,
Giantomassi L, Espinosa E, Rappelli A. Low calorie diet enhances renal,
hemodynamic, and humoral effects of exogenous atrial natriuretic peptide
in obese hypertensives. Hypertension. 1999;33:658–662.
38. Abrahamsson N, Engström BE, Sundbom M, Karlsson FA. Gastric bypass
surgery elevates NT-ProBNP levels. Obes Surg. 2013;23:1421–1426. doi:
10.1007/s11695-013-0889-z.
39. Cataliotti A, Costello-Boerrigter LC, Chen HH, Textor SC, Burnett JC
Jr. Sustained blood pressure-lowering actions of subcutaneous B-type
natriuretic peptide (nesiritide) in a patient with uncontrolled hypertension.
Mayo Clin Proc. 2012;87:413–415. doi: 10.1016/j.mayocp.2012.02.003.
40. Meems LMG, Burnett JC Jr. Innovative therapeutics: designer
natriuretic peptides. JACC Basic Transl Sci. 2016;1:557–567. doi:
10.1016/j.jacbts.2016.10.001.
41. Yamamoto K, Chappell MC, Brosnihan KB, Ferrario CM. In vivo metabolism of angiotensin I by neutral endopeptidase (EC 3.4.24.11) in spontaneously hypertensive rats. Hypertension. 1992;19(6 pt 2):692–696.
42. Ruilope LM, Dukat A, Böhm M, Lacourcière Y, Gong J, Lefkowitz MP.
Blood-pressure reduction with LCZ696, a novel dual-acting inhibitor of
the angiotensin II receptor and neprilysin: a randomised, double-blind,
placebo-controlled, active comparator study. Lancet. 2010;375:1255–
1266. doi: 10.1016/S0140-6736(09)61966-8.
43. McMurray JJ, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala
AR, Rouleau JL, Shi VC, Solomon SD, Swedberg K, Zile MR;

276  Hypertension   August 2018

44.
45.

46.

47.

48.
49.

Downloaded from http://hyper.ahajournals.org/ by guest on July 22, 2018

50.

51.

52.

53.

54.

55.

56.

57.

58.

PARADIGM-HF Investigators and Committees. Angiotensin-neprilysin
inhibition versus enalapril in heart failure. N Engl J Med. 2014;371:993–
1004. doi: 10.1056/NEJMoa1409077.
Sengenès C, Berlan M, De Glisezinski I, Lafontan M, Galitzky J.
Natriuretic peptides: a new lipolytic pathway in human adipocytes.
FASEB J. 2000;14:1345–1351.
Moro C, Galitzky J, Sengenes C, Crampes F, Lafontan M, Berlan M.
Functional and pharmacological characterization of the natriuretic peptide-dependent lipolytic pathway in human fat cells. J Pharmacol Exp
Ther. 2004;308:984–992. doi: 10.1124/jpet.103.060913.
Sengenes C, Bouloumie A, Hauner H, Berlan M, Busse R, Lafontan
M, Galitzky J. Involvement of a cGMP-dependent pathway in the
natriuretic peptide-mediated hormone-sensitive lipase phosphorylation in human adipocytes. J Biol Chem. 2003;278:48617–48626. doi:
10.1074/jbc.M303713200.
Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessì-Fulgheri P, Zhang C,
Takahashi N, Sarzani R, Collins S. Cardiac natriuretic peptides act via p38
MAPK to induce the brown fat thermogenic program in mouse and human
adipocytes. J Clin Invest. 2012;122:1022–1036. doi: 10.1172/JCI59701.
Liu D, Ceddia RP, Collins S. Cardiac natriuretic peptides promote adipose
‘browning’ through mTOR complex-1. Mol Metab. 2018;9:192–198. doi:
10.1016/j.molmet.2017.12.017.
Souza SC, Chau MD, Yang Q, Gauthier MS, Clairmont KB, Wu Z, Gromada
J, Dole WP. Atrial natriuretic peptide regulates lipid mobilization and oxygen
consumption in human adipocytes by activating AMPK. Biochem Biophys
Res Commun. 2011;410:398–403. doi: 10.1016/j.bbrc.2011.05.143.
Coué M, Barquissau V, Morigny P, Louche K, Lefort C, Mairal A, Carpéné
C, Viguerie N, Arner P, Langin D, Rydén M, Moro C. Natriuretic peptides
promote glucose uptake in a cGMP-dependent manner in human adipocytes. Sci Rep. 2018;8:1097. doi: 10.1038/s41598-018-19619-0.
Sengenès C, Zakaroff-Girard A, Moulin A, Berlan M, Bouloumié A,
Lafontan M, Galitzky J. Natriuretic peptide-dependent lipolysis in fat
cells is a primate specificity. Am J Physiol Regul Integr Comp Physiol.
2002;283:R257–R265. doi: 10.1152/ajpregu.00453.2001.
Wu W, Shi F, Liu D, Ceddia RP, Gaffin R, Wei W, Fang H, Lewandowski
ED, Collins S. Enhancing natriuretic peptide signaling in adipose tissue,
but not in muscle, protects against diet-induced obesity and insulin resistance. Sci signal. 2017;10:eaam6870.
Miyashita K, Itoh H, Tsujimoto H, Tamura N, Fukunaga Y, Sone M,
Yamahara K, Taura D, Inuzuka M, Sonoyama T, Nakao K. Natriuretic peptides/cGMP/cGMP-dependent protein kinase cascades promote muscle
mitochondrial biogenesis and prevent obesity. Diabetes. 2009;58:2880–
2892. doi: 10.2337/db09-0393.
Plante E, Menaouar A, Danalache BA, Broderick TL, Jankowski M,
Gutkowska J. Treatment with brain natriuretic peptide prevents the development of cardiac dysfunction in obese diabetic db/db mice. Diabetologia.
2014;57:1257–1267. doi: 10.1007/s00125-014-3201-4.
Ayala JE, Bracy DP, Julien BM, Rottman JN, Fueger PT, Wasserman DH.
Chronic treatment with sildenafil improves energy balance and insulin
action in high fat-fed conscious mice. Diabetes. 2007;56:1025–1033. doi:
10.2337/db06-0883.
Johann K, Reis MC, Harder L, Herrmann B, Gachkar S, Mittag J,
Oelkrug R. Effects of sildenafil treatment on thermogenesis and glucose
homeostasis in diet-induced obese mice. Nutr Diabetes. 2018;8:9. doi:
10.1038/s41387-018-0026-0.
Hoffmann LS, Etzrodt J, Willkomm L, Sanyal A, Scheja L, Fischer AW,
Stasch JP, Bloch W, Friebe A, Heeren J, Pfeifer A. Stimulation of soluble
guanylyl cyclase protects against obesity by recruiting brown adipose tissue. Nat Commun. 2015;6:7235. doi: 10.1038/ncomms8235.
Galitzky J, Sengenès C, Thalamas C, Marques MA, Senard JM, Lafontan
M, Berlan M. The lipid-mobilizing effect of atrial natriuretic peptide is
unrelated to sympathetic nervous system activation or obesity in young
men. J Lipid Res. 2001;42:536–544.

59. Birkenfeld AL, Boschmann M, Moro C, Adams F, Heusser K, Franke
G, Berlan M, Luft FC, Lafontan M, Jordan J. Lipid mobilization with
physiological atrial natriuretic peptide concentrations in humans. J Clin
Endocrinol Metab. 2005;90:3622–3628. doi: 10.1210/jc.2004-1953.
60. Birkenfeld AL, Boschmann M, Moro C, Adams F, Heusser K, Tank J,
Diedrich A, Schroeder C, Franke G, Berlan M, Luft FC, Lafontan M,
Jordan J. Beta-adrenergic and atrial natriuretic peptide interactions on
human cardiovascular and metabolic regulation. J Clin Endocrinol Metab.
2006;91:5069–5075. doi: 10.1210/jc.2006-1084.
61. Birkenfeld AL, Budziarek P, Boschmann M, Moro C, Adams F, Franke
G, Berlan M, Marques MA, Sweep FC, Luft FC, Lafontan M, Jordan J.
Atrial natriuretic peptide induces postprandial lipid oxidation in humans.
Diabetes. 2008;57:3199–3204. doi: 10.2337/db08-0649.
62. Aubert G, Martin OJ, Horton JL, Lai L, Vega RB, Leone TC, Koves T,
Gardell SJ, Kruger M, Hoppel CL, Lewandowski ED, Crawford PA,
Muoio DM, Kelly DP. The failing heart relies on ketone bodies as a fuel.
Circulation. 2016;133:698–705. doi: 10.1161/CIRCULATIONAHA.
63. Birkenfeld AL, Adams F, Schroeder C, Engeli S, Jordan J. Metabolic
actions could confound advantageous effects of combined angiotensin
II receptor and neprilysin inhibition. Hypertension. 2011;57:e4–e5. doi:
10.1161/HYPERTENSIONAHA.110.165159.
64. Vila G, Grimm G, Resl M, Heinisch B, Einwallner E, Esterbauer H,
Dieplinger B, Mueller T, Luger A, Clodi M. B-type natriuretic peptide modulates ghrelin, hunger, and satiety in healthy men. Diabetes.
2012;61:2592–2596. doi: 10.2337/db11-1466.
65. Birkenfeld AL, Boschmann M, Engeli S, Moro C, Arafat AM, Luft FC,
Jordan J. Atrial natriuretic peptide and adiponectin interactions in man.
PLoS One. 2012;7:e43238. doi: 10.1371/journal.pone.0043238.
66. Schlueter N, de Sterke A, Willmes DM, Spranger J, Jordan J, Birkenfeld
AL. Metabolic actions of natriuretic peptides and therapeutic potential in the metabolic syndrome. Pharmacol Ther. 2014;144:12–27. doi:
10.1016/j.pharmthera.2014.04.007.
67. Jordan J, Stinkens R, Jax T, Engeli S, Blaak EE, May M, Havekes B,
Schindler C, Albrecht D, Pal P, Heise T, Goossens GH, Langenickel TH.
Improved insulin sensitivity with angiotensin receptor neprilysin inhibition in individuals with obesity and hypertension. Clin Pharmacol Ther.
2017;101:254–263. doi: 10.1002/cpt.455.
68. Engeli S, Stinkens R, Heise T, May M, Goossens GH, Blaak EE, Havekes
B, Jax T, Albrecht D, Pal P, Tegtbur U, Haufe S, Langenickel TH, Jordan
J. Effect of sacubitril/valsartan on exercise-induced lipid metabolism in
patients with obesity and hypertension. Hypertension. 2018;71:70–77.
doi: 10.1161/HYPERTENSIONAHA.117.10224.
69. Moro C, Klimcakova E, Lafontan M, Berlan M, Galitzky J.
Phosphodiesterase-5A and neutral endopeptidase activities in human adipocytes do not control atrial natriuretic peptide-mediated lipolysis. Br J
Pharmacol. 2007;152:1102–1110. doi: 10.1038/sj.bjp.0707485.
70. Stinkens R, van der Kolk BW, Jordan J, et al. The effects of angiotensin receptor neprilysin inhibition by sacubitril/valsartan on adipose tissue
transcriptome and protein expression in obese hypertensive patients. Sci
Rep. 2018;8:3933. doi: 10.1038/s41598-018-22194-z.
71. Seferovic JP, Claggett B, Seidelmann SB, Seely EW, Packer M, Zile MR,
Rouleau JL, Swedberg K, Lefkowitz M, Shi VC, Desai AS, McMurray
JJV, Solomon SD. Effect of sacubitril/valsartan versus enalapril on glycaemic control in patients with heart failure and diabetes: a post-hoc
analysis from the PARADIGM-HF trial. Lancet Diabetes Endocrinol.
2017;5:333–340. doi: 10.1016/S2213-8587(17)30087-6.
72. Ramirez CE, Nian H, Yu C, Gamboa JL, Luther JM, Brown NJ, Shibao
CA. Treatment with sildenafil improves insulin sensitivity in prediabetes:
a randomized, controlled trial. J Clin Endocrinol Metab. 2015;100:4533–
4540. doi: 10.1210/jc.2015-3415.
73. Sullivan MJ, Green HJ, Cobb FR. Skeletal muscle biochemistry and histology in ambulatory patients with long-term heart failure. Circulation.
1990;81:518–527.

Natriuretic Peptides in Cardiovascular and Metabolic Crosstalk: Implications for
Hypertension Management
Jens Jordan, Andreas L. Birkenfeld, Olle Melander and Cedric Moro

Downloaded from http://hyper.ahajournals.org/ by guest on July 22, 2018

Hypertension. 2018;72:270-276; originally published online June 25, 2018;
doi: 10.1161/HYPERTENSIONAHA.118.11081
Hypertension is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2018 American Heart Association, Inc. All rights reserved.
Print ISSN: 0194-911X. Online ISSN: 1524-4563

The online version of this article, along with updated information and services, is located on the
World Wide Web at:
http://hyper.ahajournals.org/content/72/2/270

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Hypertension can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial
Office. Once the online version of the published article for which permission is being requested is located,
click Request Permissions in the middle column of the Web page under Services. Further information about
this process is available in the Permissions and Rights Question and Answer document.
Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints
Subscriptions: Information about subscribing to Hypertension is online at:
http://hyper.ahajournals.org//subscriptions/

