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Abstract The worldwide prevalence of obesity has
nearly doubled, with an increase in obesity-related car-
diovascular disease and mortality. Several factors are
involved in the genesis of hypertension and hypertensive
heart disease (HHD) in overweight/obesity. This review is
focused on bridging factors between excessive adiposity
and HHD, presenting a unifying hypothesis of vascular—
metabolic syndrome, where an “handicap” of the natri-
uretic peptide system has a central role both in adipocyte
dysmetabolism as well as in increased blood pressure and
HHD.
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1 The Increasing of Obesity-Related Metabolic
and Cardiovascular Health Problems

The worldwide prevalence of obesity has nearly doubled in
the last decades, reaching a 35 % of adults (aged 20+) with
overweight (BMI >25 kg/mz), a total of more than half a
billion adults worldwide [1], together with medical care
costs that are staggering [2].The prevalence of overweight/
obesity is also increasing in our Country from 52.0 to
55.3 % in men and from 33.6 to 34.5 % in women between
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2001 and 2008, particularly in Southern Italy and in less
educated people [3]. In Italy the prevalence of metabolic
syndrome is 23 % and it increases with age, comparable to
the US data (both evaluated with the ATP III criteria)
[4, 5].

Many years ago, Stamler et al. [6] in the Chicago Heart
Association Detection Project in Industry, which enrolled
more than 38,000 individuals from 1967 to 1973, high-
lighted the joint risk between obesity and hypertension.
Thirty two-year CVD death rates were higher for patients
with higher BMI at baseline and no hypertension (when
hypertension was defined by a higher blood pressure (BP)
levels than today’s). For those with hypertension at
baseline, CVD death rates were substantially higher
overall, and increased in a stepwise fashion for patients
with higher baseline BMI levels. A similar pattern of
results was observed for individual outcomes of CHD
death and stroke death rates, as well as for hospitaliza-
tions for CHD, stroke, and HF during follow-up using
Medicare data.

The increased obesity-related cardiovascular disease and
mortality is not “a bolt from the blue” but it is associated
with cardiovascular damage that is most often subclinical
and that can be present from a young age. In a study of
260,000 overweight and obese children in Germany and
Switzerland, 35 % had hypertension with increased ven-
tricular mass or arterial stiffness [7]. In four cohort studies
followed for a mean of 23 years, overweight or obese
children who remained obese as adults had substantially
increased risk of hypertension, diabetes, dyslipidemia, and
carotid atherosclerosis [8].

In Europe, the number of children who are overweight
or obese is growing at a rate of about 400,000 new cases
per year. An European child out of four is overweight or
obese. Italy holds the negative distinction in Europe.
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2 Overweight/Obesity and Hypertension

It is estimated that about 75 % of essential hypertensive
have an overweight/obese phenotype [9]. It is less known
that also night-time BP, that correlates better with target
organ damage and cardiovascular events [10], is closely
related with adiposity [11].

Data from 1,827 hypertensive, referred to our Hyper-
tension Excellence Centre, showed indeed that BMI is
linearly correlated with night-time systolic BP and night-
time pulse pressure (PP). Moreover night-time systolic BP
and night-time PP increase with increasing degree of adi-
posity, particularly in untreated hypertensive or uncon-
trolled hypertensive (Sarzani et al. 2013, manuscript in
preparation). In addition, sleep apnea—hypopnea syndrome
is very common in obesity, contributing to a non-dipper
hypertensive pattern [12], leading to more severe organ
damage and increased mortality [13].

Conversely, weight reduction leads to BP reduction.
Systematic reviews and meta-analysis consistently report a
decrease in systolic BP (SBP) of about 1 mmHg per kg of
weight loss with a follow-up of 2-3 years [14, 15]. There is
an attenuation in the longer-term, with a decrease of
“only” about 6 mmHg in SBP per 10 kg of weight loss,
keeping in mind that a reduction of 2 mmHg corresponds,
in the medium-long term, to a reduction of 10 % in stroke
mortality and 7 % in cardiac ischemic mortality in some
populations [16].

3 Pathogenesis of Increased Blood Pressure
in Overweight and Obesity: The Role of Sodium
Intake

For hundreds of millions of years of evolution, dietary
intake of salt in terrestrial animals was <1 g/day. Selected
genetic and physiological systems developed during evo-
lution in order to withhold “the sea” inside terrestrial
organisms (being the sea an external environment rich in
mineral salts in which life has originally developed) despite
the very low dietary intake of salt [17, 18]. Today this
genotype has become redundant in the presence of our
sedentary lifestyle and a diet low in fibre and high in ani-
mal fats and glucose. Indeed, in the last 5,000 years the
intake of salt has increased dramatically, until the current
average intake of about 10-15 g of salt/day especially in
overweight/obese. The Minisal study data [19] indicate an
average salt intake of 10 g in man and of 8 g in woman
with a positive association between increasing BMI and
sodium intake that can average 12 g in obesity. In obese
patients, a higher mean BP is required to obtain appropriate
natriuresis in presence of medium-high sodium intake [20].
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Table 1 Pathophysiology of hypertension associated with obesity

Polygenic genetics with mixture of predisposing or protecting
gene variants (not all obese are hypertensive!)

Excessive salt intake

Sympathetic nervous system hyperactivity and leptin
Dysregulation of the renin—angiotensin—aldosterone system
Deficit of cardiac natriuretic peptides system
Hyperfiltration and chronic kidney disease

“Cardiovascular” adipokines (angiotensinogen, stimulating
factors of aldosterone secretion)

Inflammatory adipokines
Hyperinsulinemia/insulin resistance

Other factors

The excess of sodium intake is certainly important in
obesity-related hypertension, but other factors increase the
effect of salt on BP (Table 1). Despite many factors
involved in the genesis of hypertension in overweight/
obesity, there is at least a common final mechanism: a
“natriuretic” handicap.

4 Renin-Angiotensin—Aldosterone System

Aldosterone excretion rates in the Yanomamo Indians are
high [21]. They consumed an extremely low sodium diet,
probably typical of the early diets of human evolution,
when regulation of aldosterone secretion evolved to opti-
mize the conservation of sodium for purposes of “stand-
ing” and survival in a salt-scarce world. Today, with diets
containing an excess of salt, aldosterone excretion may
exceed what is required, because humans did not have time
to adapt their genetic/biological systems, leading to an
inappropriately elevated level of aldosterone and increased
of its “armed arm” epithelial sodium channel (ENaC)
activity despite high sodium intake [22]. Sodium intake and
sodium in the body are therefore essential cofactors to
make “pathological” the renin—angiotensin—aldosterone
system that, when increased in sodium-wasting conditions
such as Gitelman and Bartter syndromes, do not lead to any
cardiovascular damage.

Moreover, an “escape” of aldosterone secretion from
“real life” inhibition with ACEI or ARBs appears to be
present with increasing in fat mass, suggesting the attrac-
tive hypothesis of a BMI threshold for aldosterone break-
through in treated essential hypertensive [23].

5 Hypertensive Heart Disease

Cardiomyocyte hypertrophy leading to LV wall thickening
and LV mass (LVM) increase is the primary mechanism by
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Table 2 Known determinants of left ventricular hypertrophy

Hemodynamic factors

Blood pressure/hypertension/nocturnal hypertension/pulse
pressure

Volume overload

Non hemodynamic factors
Genes
Aging/gender/race
Obesity
Salt

Arteriosclerosis/unfavorable coupling systolic ejection-arterial
compliance/pulse wave reflection

Neuroendocrine factors (T SNS, T RAAS, | NP)
Obstructive sleep apneas
Metabolic syndrome (MetS)

which the heart reduces stress on the LV wall imposed by
the unrelenting pressure overload. However, a proportion
of LVM variation may be determined by other biological
influences (Table 2) although, even well-defined “non-
hemodynamic factors” such as obesity, metabolic syn-
drome and obstructive sleep apnea syndrome may indeed
act through hemodynamic overload. Hypertensive myo-
cardial remodeling involves also increased rates of car-
diomyocyte apoptosis, perivascular and interstitial
fibrosis, and microcirculatory changes, important com-
ponents that can also be affected by non-hemodynamic
factors, leading to pathological myocardial remodeling
not only in the LV, but also in the left atrium and right
ventricle where is clearly documented perivascular
fibrosis [24].

Myocardial fibrosis is one of the key features of
hypertensive myocardial remodeling that contributes to the
increased risk of adverse cardiac events in hypertensive
patients with LVH through different pathways: LV dia-
stolic dysfunction/failure [25] (in particular, the decreased
“elastic recoil” of the contracted ventricle impairs the early
phase of ventricular filling characterizing diastolic dys-
function and leading to increased meso-telediastolic intra-
ventricular pressure); impaired coronary flow reserve [26];
ventricular arrhythmias [27].

Perivascular fibrosis is the pathological hallmark in
myocardial tissue of hypertensive patients, fibrosis that is
also present in the non-hypertrophied right ventricle and
that contributes to abnormal right ventricular function
too.

Non hemodynamic factors contribute to ventricular
changes in human hypertension, particularly in obese
subjects, by the predominant expression and/or activity of
local and/or circulating molecules that stimulate remodel-
ing mechanisms over molecules that inhibit remodeling.

6 Obesity, Metabolic Syndrome, and Cardiac Damage

The metabolic syndrome (MetS) is a cluster of cardiovas-
cular risk factors that exposes to an increased cardiovas-
cular risk. A substantial part of the metabolic syndrome-
related CV risk is mediated by LV hypertrophy that is not
uncommon in these patients [28].

Experimental evidence indicates that inflammation and
fibrosis could play a critical role in the development of
cardiac damage in hypertension. An increase in reactive
oxygen species (ROS) production and several cytokines
(such as TNF-a and TGF-f) are implicated in the devel-
opment of endothelial dysfunction and cardiomyocyte
hypertrophy in vitro [29-31] and they are elevated in
pressure overload states leading to the development of
cardiac fibrosis and diastolic dysfunction in vivo [32]. The
relationship between inflammation and CD in MetS has
also been characterized in a clinical setting. Sciarretta et al.
[33] in 2007 showed that hypertensives with MetS had
increased levels of CRP, TNF- o, and TGF-f, and also of
PICP, a marker of fibrosis, as compared with patients
without MetS. All these markers were significantly related
to increased LVM and to impaired diastolic and systolic
functions, independently from the known MS parameters
and from the MetS itself, and these correlations were
enhanced in patients with MetS.

However, in our recent paper we showed that MetS loses
its independent relationship with LVH when BMI is taken
into account, suggesting that the effects of MetS on LV
parameters are mainly driven by the degree of adiposity
[34].

In obese patients, plasma volume is increased and more
tissue needs to be perfused, resulting in an increased car-
diac output. A high-calories high-salt diet increases BP,
which in turn is the main promoter towards LVH. The
systemic, circulating RAAS is also dysregulated in patients
with visceral obesity [35] and the effects of angiotensin II
and aldosterone may be pathological on the heart and
kidney depending on salt intake with food [36], even
though the BP factor is always present and difficult to keep
separated in animal models. Nevertheless, the growth of
the non-cardiomyocytes myocardial fraction, although
sensible to BP levels being mostly perivascular, is not only
regulated by the hemodynamic load and angiotensin II as
well as aldosterone appear to be involved in promoting the
adverse structural remodeling of the myocardial collagen
matrix [37]. The activation of cardiac fibroblasts with
accumulation of fibrillar type I and type III collagens and
the remodeling of the cardiac interstitium represents a
major determinant of pathological hypertrophy, being
responsible of the abnormal myocardial stiffness, leading
to ventricular diastolic dysfunction. Hypertension and
aging can also affect the expression of several vascular
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growth factors and components of the extracellular matrix
[38—41], that can mediate vascular and myocardial tissue
changes.

7 A Unifying Hypothesis: A Cardiac Natriuretic
Peptide System Deficit at the Basis of the Metabolic
and Cardiovascular Derangements of Obesity

Excessive adiposity, especially when visceral, is strongly
associated with deranged metabolism and cardiovascular
disease. Visceral adipose tissue surrounds and infiltrates
even “noble organs” such as the heart itself. Moreover,
transgenic murine models with forced expression of diac-
ylglycerol acyltransferase (DGAT1) in cardiomyocytes,
exhibited increased cardiomyocyte lipid accumulation,
cardiac fibrosis, ventricular remodeling, and cardiac con-
tractile dysfunction and decreased mitochondrial biogene-
sis in the absence of obesity, insulin resistance or systemic
dyslipidemia [42]. Therefore, a unifying hypothesis of a
“vascular-metabolic” syndrome characterized by high-
normal BP or hypertension associated with glucose and
lipid dysmetabolism, secondary to the accumulation of
visceral fat, becomes plausible [43]. We like to propose
this terminology because the classical definition of “met-
abolic syndrome” is too much toward metabolic derange-
ment only, whereas the cardiovascular system is deeply
involved in this common condition.

Which molecular mechanism is likely to be the key
mediator of the vascular-metabolic syndrome? Our
hypothesis is that at the basis of this syndrome there is a
“natriuretic peptide handicap”.

The cardiac natriuretic peptides (NPs), atrial natriuretic
peptide (ANP) and the ventricular peptide BNP, are key
hormones in fluid and hemodynamic homeostasis. Their
actions are mediated by NP Receptor A (NPRA), whose
intracellular domain possesses guanylyl cyclase activity
and generates the second messenger cGMP. Another
receptor, NPRC, which is referred to as the ‘clearance’
receptor, binds ANP and BNP to remove them from the
circulation [44]. Unexpectedly, NPRA and NPRC were
found to be present in adipose tissue of both rats and
humans [45, 46] and to be nutritionally regulated. Together
these observations suggested that cardiac NPs have an
active metabolic role on adipocytes and that, conversely,
there was a potential role for adipose tissue in the clearance
of these peptides from the circulation, which, in obesity,
may contribute to hypertension.

The discovery that NPRC levels were reduced in adi-
pose tissue by fasting [47] and increased by insulin [48]
suggests a more complex picture leading to the idea that
NPs may exhibit their lipolytic action through the local
balance of NPRA and NPRC expressions in adipocytes.
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Obese and hypertensive patients are characterized by low
NPRA/NPRC ratio with low ANP circulating levels [49],
an influential factor determining the metabolic switch
between lipolysis versus lipogenesis. In another study of
our group [50] the BP fall induced by a single infusion of
ANP was greater and more sustained after low calorie diet
when compared with that obtained in basal condition. Even
the increase in cyclic GMP was greater after diet, reflecting
a greater biological activity of NPs, also confirmed by the
increased diuresis and natriuresis. Moreover, gene expres-
sion of the A receptor was not affected by the fasting
instead. This modulation of gene expression also appeared
to be tissue specific: fasting did not modify C receptor
expression in the kidney. Therefore it is evident as effects
of fasting were specific for C receptor and adipose tissue.

Previous reports have confirmed and extended this
finding showing that low NPs levels are associated with
MetS and its individual components (waist circumference,
fasting glucose, HDL-cholesterol and triacylglycerols), as
well as with insulin resistance, even after adjustment for
body mass index (BMI) [51], this reduction attributable to
the increased clearance in adipose tissue.

Low NPs levels in MetS predispose to insulin resistance
and given the direct anti-inflammatory effect of NPs
(through the reduction in inflammatory mediators such as
TNF-a, COX-2 (cyclo-oxygenase-2), MCP-1 (monocyte
chemoattractant protein-1) and through the direct stimulus
to the secretion of the adipocyte-specific anti-inflammatory
hormone with insulin-sensitizing properties, adiponectin)
promote a “pro-inflammatory” state [52].

Moreover accumulating evidence suggest that NPRC is
not only a clearance receptor, but may be involved in some
biological actions of NPs [53]. It has been demonstrated
that NPRC is a negative regulator of adenylate cyclase/
cAMP system. It has been suggested that all functions of
ANP that are not fully explained by an increase in intra-
cellular cGMP levels, i.e. inhibition of aldosterone, renin
and vasopressin secretion, as well as the antiproliferative
effects, could be mediated by NPRC stimulation. As a
matter of fact, cAMP has been found to be involved in the
above mentioned effects of ANP. BNP has been shown to
play antiproliferative actions in cardiac fibroblasts through
a non-cGMP-mediated mechanism involving the NPRC.
When physiologically activated, NPRC seems to exert
protective vascular effects, thus suggesting a direct anti-
hypertensive role. For example, NaCl loading exerts a
significant impact on the NPRC population in renal and
vascular endothelial cells. A marked reduction of NPRC
number has been observed in salt-loaded Dahl salt-sensitive
hypertensive rats, suggesting a role of this mechanism in the
pathophysiology of hypertension in this animal model.

However in the well-known NPRC-KO mice, all the
cardiovascular and metabolic changes have been well
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Fig. 1 Cardiac natriuretic
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explained and considered to be secondary to the increased
biological activity of the NP system through the classic
biological active receptor NPRA that is no more opposed
by the clearance receptor NPRC [54].

The collection of our data together with many other
studies suggest that, similar to the “biologically active”
peptides (ANP and BNP), also their corresponding NT
peptides may be increasingly removed from the circulation
with an increase of adiposity. Effective treatments aimed at
the reduction of adipose mass, produce also an increase in
the circulation of all of these peptides with beneficial
hemodynamic and metabolic effects. Moreover, it must be
recalled that mice defective for BNP or NPRA have cardiac
hypertrophy, fibrosis and arrhythmias [55, 56], showing
that a handicap of natriuretic peptides activities is directly
involved also in HDD.

Finally, in our recent paper [57] we have shown that
cardiac natriuretic peptides act via p38 MAPK to induce
the brown fat thermogenic program in mouse and human
adipocytes. In our work we demonstrated also that mice
lacking NPRC have smaller adipocytes and greater
expression of UCP1, even in white fat depots suggesting an
activation of thermogenic program also in white adipose
tissue. NPs and catecholamines showed to share a common
final thermogenic pathway.

8 Conclusions

In conclusion, cardiac natriuretic peptides appear to be
“master regulators” of adipocytes as well as of the

cardiovascular system: they are natriuretic, anti-hyperten-
sive, anti-hypertrophic, anti-fibrotic and anti-arrhythmic,
but they are also the first true “cardiometabolic hormones”
with a potential anti-obesity and anti-dysmetabolic role

(Fig. 1).
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