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Abstract: Atrial natriuretic peptide (ANP) is a cardiac hormone with pleiotropic cardiovascular
and metabolic properties including vasodilation, natriuresis and suppression of the
renin-angiotensin-aldosterone system. Moreover, ANP induces lipolysis, lipid oxidation, adipocyte
browning and ameliorates insulin sensitivity. Studies on ANP genetic variants revealed that subjects
with higher ANP plasma levels have lower cardio-metabolic risk. In vivo and in humans, augmenting
the ANP pathway has been shown to exert cardiovascular therapeutic actions while ameliorating the
metabolic profile. MANP is a novel designer ANP-based peptide with greater and more sustained
biological actions than ANP in animal models. Recent studies also demonstrated that MANP lowers
blood pressure and inhibits aldosterone in hypertensive subjects whereas cardiometabolic properties
of MANP are currently tested in an on-going clinical study in hypertension and metabolic syndrome.
Evidence from in vitro, in vivo and in human studies support the concept that ANP and related
pathway represent an optimal target for a comprehensive approach to cardiometabolic disease.

Keywords: atrial natriuretic peptide; hypertension; heart failure; cardiometabolic disease; obesity;
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1. Introduction

The pioneering work of De Bold established the heart as an endocrine organ with the discovery of
atrial natriuretic peptide (ANP), which is a 28 amino-acid cardiac hormone synthesized and secreted
by cardiomyocytes in response to myocardial stretch [1]. Atrial natriuretic peptide is an endogenous
ligand that activates the particulate guanylyl cyclase A receptor (GC–A) determining the production of
the second messenger cyclic guanosine monophosphate (cGMP). Through protein kinase G and ion
channels cGMP mediates ANP biological actions. Atrial natriuretic peptide also binds to the natriuretic
peptide clearance receptor (NPR–C) that degrades ANP whereas the enzymes neprilysin and insulin
degrading enzyme inactivate ANP via rapid peptide degradation. Since its discovery it was clear that
ANP is a key regulator of cardiovascular volume and pressure homeostasis. Indeed, ANP induces
vasodilation, natriuresis, diuresis and it counteracts the renin-angiotensin-aldosterone system (RAAS).
In the kidney, ANP increases glomerular filtration rate by increasing afferent arteriolar dilation in
addition to efferent arteriolar constriction [2]. At different levels of the nephron ANP inhibits water and
sodium reabsorption. Atrial natriuretic peptide antagonizes the RAAS by inhibiting renin secretion and
aldosterone production. Moreover, ANP has antihypertrophic and antifibrotic properties and genetic
deletion of GC–A results in cardiac hypertrophy, and fibrosis [3–8]. Atrial natriuretic peptide also
inhibits the sympathetic nervous system while increasing vagal activity [2]. In pathologic conditions
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such as heart failure excessive RAAS activation, volume overload and consequently augmented
myocardial stretch, ANP production is increased. Through its unloading properties, ANP functions as
a compensatory response to the altered cardiovascular homeostasis. As discussed later, ANP serves as
a key target for novel therapies such as sacubitril/valsartan for the treatment of heart failure.

Hypertension, one of the main risk factors for the development of heart failure, is also considered
to be the result of inappropriately high activity of RAAS and sympathetic nervous system along
with sodium retention [9]. Importantly, in vivo and recent epidemiological studies reveal a key role
exerted by ANP deficiency in the pathophysiology of this disease. In 1995, Smithies and coworkers
reported the seminal observation that mice heterozygotes for the disruption of the ANP gene developed
hypertension when fed a high sodium diet [10]. Several years later Macheret et al. reported that subjects
with pre-hypertension have significantly lower ANP values compared to normotensive individuals [11].
Further, patients with hypertension do not display any increase in ANP levels that might exert a
compensatory response to their cardiovascular pathological status. Probably the lack of adequate
circulating ANP contributes to the onset of hypertension and increases the risk for cardiovascular
diseases. In addition, recent epidemiological studies reveal an inverse relationship between aldosterone
and ANP circulating levels in the general community and hypertensive subjects, with aldosterone
being higher in the presence of lower ANP levels [12,13]. Interestingly, heart failure also appears to be
a state of ANP deficiency based on a study conducted by Reginauld and coworkers [14]. In a cohort of
112 subjects with acute decompensated heart failure, 26% of patients did not show any compensatory
increase in ANP levels. In this subgroup, circulating values of the second messenger, cGMP were also
not increased.

An emerging concept is that the heart not only regulates blood pressure homeostasis but is also a
regulator of whole body metabolism. Indeed, several studies revealed that ANP is a modulator of
metabolism. More specifically, ANP induces lipid mobilization and oxidation and enhances insulin
sensitivity [15]. Indeed, infusion of ANP in humans determines a lipolytic effect with an increase in
plasma levels of glycerol and non-esterified fatty-acids regardless of their body mass index [16,17],
while it also enhances energy expenditure [18]. In addition, intravenous administration of ANP results
in an increase in plasma levels of adiponectin [19,20]. This cytokine, which is secreted by adipocytes
and cardiomyocytes, possesses cardioprotective properties and regulatory effects on glucose and
lipid metabolism ameliorating insulin-sensitivity [21–24]. In vitro studies in subcutaneous adipocytes
also showed that ANP inhibits the production of inflammatory cytokines involved in obesity-related
inflammatory state and insulin resistance [25]. In rodents, ANP induces browning of adipocytes
along with mitochondrial biogenesis [26], whereas in human skeletal muscle, the cardiac hormone
increases mitochondrial oxidative metabolism and fat oxidation [27]. These important studies on ANP
metabolic action are underscored by epidemiological studies reporting a relationship between ANP
and metabolic diseases. Circulating levels of ANP are lower in obese compared to lean individuals [28]
and are inversely related to each metabolic criterion of metabolic syndrome [29]. Low levels of ANP are
also predictive of future development of diabetes [30]. The mechanisms underlying these associations
might be related to an insulin/glucose-mediated regulation of the GC–A and NPR–C. Recent in vitro
studies showed that insulin upregulates NPR–C expression in adipocytes in a glucose-dependent
manner with an increased expression observed in the presence of higher glucose concentrations [31].
In humans, higher fasting levels of insulin and insulin resistance measured by homeostatic model
assessment for insulin resistance (HOMA) positively correlate with adipose tissue NPRC expression.
Indeed, expression of NPR–C is augmented, whereas GC–A is significantly decreased in adipose
tissue of obese compared to normal weight subjects [32,33]. The ratio GC–A/NPR–C increases by
losing weight and ameliorating insulin-sensitivity [34]. A similar pattern is observed for skeletal
muscle with GC–A expression, which is inversely related to fat content, body mass index, fasting
plasma insulin levels and insulin resistance, whereas NPR–C is upregulated in obese individuals with
impaired glucose tolerance and type 2 diabetes [35]. Coue and coworkers provided new insights into
the metabolic actions of ANP and reported that a potential mechanism through which ANP favors
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insulin sensitivity involves increasing glucose uptake in adipocytes [36]. Most interesting was the
observation that the effect is attenuated in obesity, providing a further possible cross-talk between
obesity and insulin resistance.

When these studies in vivo, in vitro and in humans are taken together, they show the important
role played by ANP in cardiovascular and metabolic homeostasis, highlighting how this cardiac
hormone could be an important therapeutic target in cardio-metabolic disease.

2. Atrial Natriuretic Peptide Genetic Variants

The natriuretic peptide precursor A gene (NPPA) is located on chromosome 1 and encodes the
pre-pro-hormone from which ANP is obtained after cleavage. Over the last two decades key studies
in humans have investigated the phenotype associated with single nucleotide polymorphisms of
NPPA and revealed clinical findings, which further support the important role of ANP in defining the
cardiovascular and metabolic phenotype.

The single nucleotide polymorphism rs5068, located in the 3′-UTR of NPPA, is associated with
higher circulating levels of ANP [37–40]. In 2009, Newton-Cheh and coworkers showed that the minor
G allele of rs5068 is related to higher plasma levels of ANP in general community-cohorts of whites
from the United States and Northern Europe [37]. In line with ANP biological properties, the minor G
allele is also associated with lower blood pressure and risk of hypertension. Cannone et al. investigated
not only the cardiovascular but also the metabolic phenotype associated with this genetic variant in a
general population of whites from the United States [38]. The carriers of rs5068 G minor allele, who
have higher circulating levels of ANP and lower systolic blood pressure values, also have lower body
mass index and waist circumference. A key finding of this genetic study was the lower prevalence
of obesity and metabolic syndrome among the carriers of the minor allele. In addition, protective
plasma high-density lipoprotein cholesterol was higher whereas C-reactive protein levels were lower
in the AG/GG genotypes. Importantly, the association between rs5068 minor G allele and a clinical
phenotype characterized by lower cardio-metabolic risk was replicated in a general community from
the Mediterranean island of Sicily [41]. In non-diabetic Northern Europeans, the rs5068 minor G allele
is associated with lower prevalence of left ventricular hypertrophy and decreased risk of developing
diabetes in a 14-year follow up analysis [42,43]. The phenotype associated with rs5068 genotypes was
also analyzed in African Americans and of note, subjects who are carriers of the G allele have lower
triglycerides and insulin levels as well as higher high-density lipoprotein cholesterol [44]. Diabetes
and metabolic syndrome are less prevalent among the AG/GG genotypes. The mechanism underlying
the associations between rs5068 minor G allele and higher circulating levels of ANP was investigated
by Arora et al. in an interesting study showing that this single nucleotide polymorphism does not
allow micro-RNA 425 to attach to the complementary sequence and exert its inhibitory effect, resulting
in a higher production of ANP [45].

While higher levels of ANP are protective, the emerging concept is that subjects who are exposed
to lower circulating levels of ANP also have higher cardio-metabolic risk. Indeed, in a study aimed to
identify genetic determinants of ANP plasma levels, Pereira et al. revealed that the ANP genetic variant
rs5063 is associated with lower ANP levels, and the carriers of this single nucleotide polymorphism
have higher diastolic blood pressure and risk of stroke [46].

Single nucleotide polymorphisms as rs5068 and rs5063, which are associated with variations of
ANP circulating levels, provide the opportunity to investigate the phenotype related to a life-long
exposure to higher or lower ANP plasma levels. The clinical characteristics observed in the carriers of
rs5068 and rs5063 are consistent with the blood pressure lowering, lipolytic and insulin sensitizing
effect of ANP and further support the concept of ANP as a therapeutic strategy in the treatment of
cardio-metabolic disease.
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3. Atrial Natriuretic Peptide as a Therapeutic for Cardio-Metabolic Disease

Metabolic Syndrome consists of several cardiovascular risk factors including elevated blood
pressure, abdominal obesity, dyslipidemia and impaired fasting glucose [47]. Each factor is
independently associated with the development of atherosclerotic cardiovascular disease and type 2
diabetes. Metabolic syndrome does not appear to be determined by a single cause but precipitated by
two main underlying pathological conditions, which are abdominal obesity and insulin resistance.
In the United States general adult population, the prevalence of the metabolic syndrome (including
those with diabetes mellitus) is approximately 34% whereas diabetes mellitus and obesity, which also
represent major risk factors for the development of cardiovascular disease, have a prevalence of 13%
and 40%, respectively [48]. Hypertension is widely prevalent in the United States affecting around
32% of the adult population and represents one of the main features of metabolic syndrome [49,50].
If the most recent 2017 American College of Cardiology/American Heart Association guidelines for
hypertension (defined as taking antihypertensive medication, or a systolic pressure ≥130 mmHg
and/or a diastolic pressure ≥80 mmHg) are applied the prevalence raises to 46% based on the National
Health and Nutrition Examination Survey data from 2011 to 2014 [51,52]. Hypertension and metabolic
disease are closely interrelated, indeed, hypertension is present in 77% of the patients affected by
metabolic syndrome and abdominal obesity is considered one of the most important risk factors for the
development of hypertension [53,54]. One of the main pathophysiological pathways that link obesity
and hypertension is the excessive activation of the sympathetic nervous system and the RAAS, which
leads to an increase in sodium and water retention [55]. Both hypertension and metabolic syndrome
represent a significant risk factor for the development of cardiovascular disease when considered
individually [56–58]. If they coexist, the risk for cardiovascular events is further amplified, being
almost double [59]. Heart failure affects 6.2 million (prevalence, 2.2%) of United States adults and
hypertension, metabolic syndrome, obesity along with diabetes represent all well-known risk factors
for its onset [48].

Previous epidemiological and physiological studies illustrated above support the concept that
hypertension and heart failure as well as obesity and metabolic syndrome are conditions characterized
by ANP deficiency. Moreover, with its favorable cardiovascular and metabolic properties ANP
represents an appealing target for a combined approach to cardio-metabolic disease. In Japan, ANP
in its recombinant form of carperitide has been successfully used for many years for the treatment
of heart failure [60]. Infusion of carperitide has been shown to improve clinical conditions and
degree of dyspnea in subjects with acute heart failure [61,62]. An 18-month follow-up analysis also
revealed that low-dose carperitide infused for 72 h as the initial treatment in addition to standard
therapy is associated with lower risk of re-hospitalization and mortality [63]. In 2014, the PARADIGM
Trial demonstrated the beneficial therapeutic effect of sacubitril/valsartan (LCZ696), a combined
angiotensin II receptor-neprilysin inhibitor, in subjects with heart failure with reduced ejection
fraction [64]. Chronic heart failure patients who received sacubitril/valsartan as opposed to enalapril
in addition to recommended standard therapy had lower risk of mortality and re-hospitalization.
The benefit of LCZ696 included also an improvement in heart failure symptoms and physical limitations.
When tested in the setting of acutely decompensated heart failure, sacubitril/valsartan resulted in
a significant decrease in N-terminal pro-B-type natriuretic peptide as a marker of neurohormonal
activation and hemodynamic stress [65]. A key mechanism of action of sacubitril/valsartan is the
inhibition of neprilysin. Being neprilysin involved in the degradation of several peptides and
related pathways including ANP, two recent interesting studies investigated the effect of sacubitril
on the enzyme substrates [66,67]. Importantly, both studies report a significant and sustained
increase of ANP in subjects receiving sacubitril/valsartan, which further support the concept that
augmenting ANP circulating levels has a beneficial effect in the long-term treatment of cardiovascular
diseases. Sacubitril/valsartan appears also to be more effective than valsartan alone in the treatment of
hypertension [68]. In a multicenter, randomized, double-blind, cross-over study in Asian subjects with
salt-sensitive hypertension, the use of valsartan/sacubitril lead to a greater reduction in both office
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and 24 h-ambulatory blood pressure over a 28 day period. The blood pressure lowering effect was
accompanied by an acute significant increase of natriuresis and diuresis on the first day of therapy
with angiotensin II receptor-neprilysin inhibitor. The metabolic effect of sacubitril/valsartan was tested
in patients with cardio-metabolic disease. In a post-hoc analysis of the PARADIGM trial, subjects
with heart failure and diabetes or HbA1c ≥ 6.5% who were randomized to sacubitril/valsartan had a
better glycemic control than subjects receiving enalapril [69]. Over the three-year follow-up HbA1c
concentrations and new use of insulin or oral antihyperglycaemic agents were all significantly lower
when compared to the control group. In a cohort of subjects with hypertension and obesity, eight-week
treatment with sacubitril/valasartan increased insulin-sensitivity and abdominal subcutaneous adipose
tissue lipolysis [70].

These studies discussed above clearly support the therapeutic potential of ANP in cardio-metabolic
disease. However, ANP has a half-life of 2–5 min, which renders this cardiac peptide unsuitable
for a single or twice daily administration. Conversely, MANP is a 40 amino acid peptide with a 12
amino acid extension to the carboxyl-terminus of ANP and has a half-life of 45 min. MANP was
engineered at Mayo Clinic to represent a novel GC-A activator with biological actions that are superior
to native ANP. Indeed, the novel 12 amino acid extension on the carboxyl-terminus results in MANP
being highly resistant to enzymatic degradation by both neprilysin and insulin-degrading enzyme,
but does not alter the high affinity for GC–A [71,72]. When compared to native ANP intravenous
infusion of MANP in normal canines resulted in a greater activation of the second messenger cGMP
and consequent greater and more sustained blood pressure lowering effect, increase in renal blood
flow and glomerular filtration rate [73]. Diuresis and natriuresis were augmented in addition to a
greater and more sustained inhibition of angiotensin II and aldosterone. MANP was also tested in
a canine model of hypertension obtained by continuous infusion of angiotensin II [74]. Intravenous
administration of MANP determined a significant decrease in mean arterial pressure, which was
sustained up to two hours after MANP infusion. Systemic vascular resistance decreased along with
pulmonary capillary wedge pressure, pulmonary artery pressure and right atrial pressure. In spite of
the systemic blood pressure lowering effect, renal blood flow and glomerular filtration rate increased
in addition to a marked rise in water and sodium excretion. Proximal and distal sodium reabsorption
of sodium decreased during MANP infusion and for the following hour. The biological properties of
MANP, which emerged from these two in vivo studies, made MANP an unprecedented therapeutic
candidate for being tested in a large animal model of heart failure with hypertension [75]. Indeed,
MANP was infused for 45 min and its effects were compared with nitroglycerin, which is a therapeutic
agent commonly used in the clinical setting of heart failure. MANP administration resulted in a greater
and sustained increase in the plasma levels of cGMP whereas nitroglycerin did not change circulating
levels of the second messenger. While both MANP and nitroglycerin lowered mean arterial pressure,
MANP effect was more sustained in time. Both compounds reduced systemic and renal vascular
resistance in addition to pulmonary capillary wedge pressure, pulmonary and right atrial pressures.
Importantly, only MANP was found to have a renal hemodynamic effect inducing a significant increase
in renal blood flow, which continued for 120 min after the administration. Glomerular filtration rate,
diuresis and natriuresis were also markedly increased during the infusion of MANP and for the
following 60 min. In contrast to nitroglycerin, which did not modify aldosterone levels, during MANP
administration circulating aldosterone values were significantly lower than baseline.

Recent studies further tested the cardiovascular and metabolic actions of MANP in vitro and
in vivo. When human subcutaneous and visceral pre-adipocytes were incubated with MANP the cGMP
pathway was activated inducing a significant production of the second messenger [76]. In normal
Sprague–Dawley rats, MANP acute infusion significantly decreased mean arterial pressure while
increasing non-esterified fatty acids, which is a marker of lipolysis. On-going studies are also testing
MANP properties in a rodent model of hypertension and metabolic syndrome. Acute intravenous
administration of MANP reduced blood pressure and induced an increase in circulating levels of
adiponectin. Importantly, these in vitro and in vivo findings highlight how MANP not only retains
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cardiovascular and metabolic properties of native ANP but also might display greater and more
sustained biological actions.

A first in human study of MANP was recently completed [77]. MANP was administered to
humans with stable hypertension withdrawn from anti-hypertensive medications for two weeks.
The study was designed as a single ascending dose administered subcutaneously as a single injection.
The goal was to determine the maximal tolerated dose as well as to establish safety and tolerability.
Three different doses (1, 2.5 and 5 µg/kg) of MANP were tested in three different groups. Each group
included four subjects receiving MANP and one subject receiving a placebo in addition to their
usual antihypertensive therapy. Blood pressure was assessed over a 24 h period. Preliminary data
demonstrated that MANP was well tolerated with no serious adverse effects. Mild adverse events
included mild headache; transient light-headedness and transient orthostatic vasovagal syncope
lasting for 7 s in one subject. No significant changes in laboratory values or electrocradiogram from
baseline were observed. Blood pressure was reduced with all doses. Specifically, the maximal systolic
blood pressure reduction was 20 mmHg (with 5.0 µg/kg); maximal duration of systolic blood pressure
reduction was 24 hr (with 2.5 and 5.0 µg/kg); maximal diastolic blood pressure reduction was 12 mmHg
(with 2.5 and 5.0 µg/kg) and maximal duration of diastolic blood pressure reduction was 24 hr (with
5.0 µg/kg). Cyclic GMP plasma levels were increased whereas aldosterone circulating levels were
descreased with all MANP doses administered. Importantly, an on-going clinical study is currently
evaluating the cardiovascular and metabolic actions of MANP in subjects with hypertension and
metabolic syndrome with the primary goal of assessing the potential therapeutic effect of MANP in
cardio-metabolic disease. To date, no studies have compared the recombinant form of human ANP,
Carperitide, with MANP. Future assessments might evaluate the cardio-metabolic effects of the two
compounds in the clinical setting of heart failure.

In conclusion, ANP is a cardiac hormone with pleiotropic biological actions (Figure 1). In vivo,
in vitro, epidemiological and in human studies support the concept that augmenting ANP and related
pathways might be a successful strategy in the treatment of cardio-metabolic disease. MANP,
a novel designer ANP-based peptide, which has been tested and is currently being tested in
clinical trials, represents a potentially safe, effective and comprehensive therapeutic approach to
cardio-metabolic dysfunction.

Int. J. Mol. Sci. 2019, 20, 3265 6 of 10 

 

antihypertensive therapy. Blood pressure was assessed over a 24 h period. Preliminary data 
demonstrated that MANP was well tolerated with no serious adverse effects. Mild adverse events 
included mild headache; transient light-headedness and transient orthostatic vasovagal syncope 
lasting for 7 s in one subject. No significant changes in laboratory values or electrocradiogram from 
baseline were observed. Blood pressure was reduced with all doses. Specifically, the maximal systolic 
blood pressure reduction was 20 mmHg (with 5.0 µg/kg); maximal duration of systolic blood 
pressure reduction was 24 hr (with 2.5 and 5.0 µg/kg); maximal diastolic blood pressure reduction 
was 12 mmHg (with 2.5 and 5.0 µg/kg) and maximal duration of diastolic blood pressure reduction 
was 24 hr (with 5.0 µg/kg). Cyclic GMP plasma levels were increased whereas aldosterone circulating 
levels were descreased with all MANP doses administered. Importantly, an on-going clinical study 
is currently evaluating the cardiovascular and metabolic actions of MANP in subjects with 
hypertension and metabolic syndrome with the primary goal of assessing the potential therapeutic 
effect of MANP in cardio-metabolic disease. To date, no studies have compared the recombinant form 
of human ANP, Carperitide, with MANP. Future assessments might evaluate the cardio-metabolic 
effects of the two compounds in the clinical setting of heart failure. 

In conclusion, ANP is a cardiac hormone with pleiotropic biological actions (Figure 1). In vivo, 
in vitro, epidemiological and in human studies support the concept that augmenting ANP and 
related pathways might be a successful strategy in the treatment of cardio-metabolic disease. MANP, 
a novel designer ANP-based peptide, which has been tested and is currently being tested in clinical 
trials, represents a potentially safe, effective and comprehensive therapeutic approach to cardio-
metabolic dysfunction. 

 
Figure 1. Atrial natriuretic peptide binds to the guanylyl cyclase A receptor (GC–A) resulting in the 
production of the second messenger cyclic guanosine monophosphate (cGMP). Protein kinase G 
(PKG) and cGMP-gated ion channels are then activated and mediate ANP biological actions, which 
are summarized in the figure. 

Funding: This research was funded by the National Heart Lung and Blood Institute (RO1 HL36634 and RO1 
HL136340), American Heart Association (16SDG29930003) and Marie Ingalls Cardiovascular Research Career 
Development Fund in honor of Dr Alexander Schirger. 

Conflicts of Interest: Mayo Clinic has licensed MANP to Zumbro Discovery; John C. Burnett Jr. is Co-Founder 
of Zumbro Discovery and holds equity. 

Abbreviations 

ANP Atrial natriuretic peptide 
cGMP Cyclic guanosine monophosphate 

Figure 1. Atrial natriuretic peptide binds to the guanylyl cyclase A receptor (GC–A) resulting in
the production of the second messenger cyclic guanosine monophosphate (cGMP). Protein kinase G
(PKG) and cGMP-gated ion channels are then activated and mediate ANP biological actions, which are
summarized in the figure.
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Abbreviations

ANP Atrial natriuretic peptide
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