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Abstract Abdominal obesity and elevated blood pressure
commonly occur in the same patient and are key components
of the metabolic syndrome. However, the association between
obesity and increased blood pressure is variable. We review
mechanisms linking cardiovascular and metabolic disease in
such patients including altered systemic and regional hemo-
dynamic control, neurohumoral activation, and relative natri-
uretic peptide deficiency. Moreover, we discuss recent results
using omics techniques providing insight in molecular path-
ways linking adiposity, metabolic disease, and arterial hyper-
tension. Recognition of the mechanisms orchestrating the
crosstalk between cardiovascular and metabolic regulation in
individual patients may lead to better and more precise treat-
ments. It is reassuring that recently developed cardiovascular
and metabolic medications may in fact ameliorate, both, car-
diovascular and metabolic risks.
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1 Clinical and epidemiological evidence

Abdominal adiposity and elevated blood pressure are diagnos-
tic criteria for the metabolic syndrome. Both risk factors com-
monly occur in the same patient. In a survey among German
primary care physicians, the prevalence of arterial hypertension
was 34.3, 60.6, and >70 % in normal weight, overweight, and
obese patients, respectively.[1] Conversely, approximately
75% of the patients with arterial hypertension were overweight
or obese.[1] In overweight participants of the Framingham
Heart Study who were followed up to 44 years, age-adjusted
relative risks for developing arterial hypertension were 1.75 in
men and 1.8 in women.[2] Indeed, epidemiological surveys
suggest that 60 to 70 % of arterial hypertension cases could
be explained by excess adiposity.[3] Regression models
correcting for age-related blood pressure changes showed an
increase in systolic blood pressure of 1 mm Hg for a gain of
1.7 kg/m2 and 4.5 cm in men and 1.3 kg/m2 and 2.5 cm in
women in body mass index or waist circumference,
respectively.[4] In the Jackson Heart Study, which is a cohort
study comprised of African Americans, the prevalence of arte-
rial hypertension was 48.9, 59.6, and 68.7 % in normal weight,
in overweight, and in obese participants, respectively.[5]
Among male adolescents in this cohort, excess body weight
was associated with an increase in blood pressure.[6]

Excess adiposity makes it more difficult controlling blood
pressure in hypertensive patients and is a common cause of
treatment resistant arterial hypertension.[7] In German prima-
ry care practices, odds ratios for controlling blood pressure to
values <140/90 mm Hg in in patients with arterial hyperten-
sion were 0.8 in overweight patients, 0.6 in grade 1, 0.5 in
grade 2, and 0.7 in grade 3 obese patients.[1] Obesity was
associated with poor blood pressure control in multiple studies
including the Framingham Hear t Study [8] , the
Antihypertensive and Lipid-Lowering Treatment to Prevent
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Heart Attack Trial [9], and the National Health and Nutrition
Examination Surveys [10].

Overall, the evidence that excess adiposity can promote arte-
rial hypertension is compelling. However, the relationship be-
tween adiposity and blood pressure is complex. For example,
in Pima Indians, blood pressure appears to respond less to in-
creased adiposity [11] and observations in large cohorts regard-
ing the clustering of metabolic syndrome components support
this idea. In the Framingham Offspring Cohort, three distinct
while overlapping physiological domains of the insulin resistance
syndrome were differentiated using factor analysis including a
Bcentral metabolic syndrome^, impaired glucose tolerance, and
arterial hypertension.[12] Another analysis suggested that a met-
abolic factor comprising hyperinsulinemia/insulin resistance,
dyslipidemia, and obesity may be linked to hypertension through
shared correlation with hyperinsulinemia/insulin resistance.[13]
In the Kuopio Ischemic Heart Disease Risk Factor Study, clus-
tering of metabolic syndrome components using self-organizing
maps revealed that hypertension may be a part of the insulin
resistance syndrome.[14] The authors also concluded that a sin-
gle physiological mechanism could not explain all the clusters.
Whether or not hypertension is part of the metabolic syndrome
has been debated. Perhaps, excess adiposity increases blood pres-
sure only in susceptible persons. Indeed, we suggested earlier
that blood pressure can be Bfat sensitive^ and Bfat resistant^ [15]

Mechanisms of obesity-associated arterial hypertension
have been extensively discussed in recent reviews. We will
reviewmechanisms that could explain the variable association
between obesity and increased blood pressure. Moreover, we
will discuss mechanisms orchestrating cardiovascular and
metabolic crosstalk that could be therapeutically addressed.

2 Hemodynamic mechanisms in obesity
and hypertension

Blood pressure is determined by cardiac output and systemic
vascular resistance. Yet, whether adiposity-induced increases
in blood pressure are secondary to increased cardiac output,
increased vascular resistance, or both mechanisms combined
is difficult to ascertain. In an earlier study applying dye dilu-
tion, cardiac output (but not index) was increased whereas
vascular resistance was decreased in obese compared with
normal weight individuals.[16] Obese individuals also exhib-
ited an increase in intravascular volume.[16] Cardiac output
determined by the Fick technique [17] or radionuclide ventric-
ulography [18] was also increased in obese individuals.
Increased cardiac output and reduced systemic vascular resis-
tance has also been observed in dogs with diet-induced
obesity.[19] Diet-induced obesity was also associated with
sodium retention and increased extracellular fluid volume.[19]

In healthy persons, cardiac output is tuned to meet the met-
abolic demands of peripheral tissues. Obviously, more tissue

requires more cardiac output. Commonly, cardiac index is cal-
culated by adjusting cardiac output for calculated body surface
area. Such an adjustment does not account for obesity-
associated changes in adipose and lean tissue mass. At least in
some studies, cardiac index was not increased in obese normo-
tensive or hypertensive individuals.[16, 20] In a study compar-
ing lean and obese patients with and without hypertension,
forearm blood flow expressed per tissue volume was similar
in all four groups. Unlike in lean hypertensives, forearm vascu-
lar resistance was not increased in obese hypertensives.[21]
Compared with lean subjects, individuals with obesity or the
metabolic syndrome showed increases in brachial artery diam-
eter, forearm blood flow per unit tissue volume, and forearm
vascular conductance.[22] In obese Zucker rats, cardiac output
per unit body weight was decreased compared with lean control
animals.[23] When blood flow was assessed in different tissues
using the microsphere technique, obese animals showed un-
changed or reduced blood flow per unit tissue weight.[23]
Overall, adiposity-associated increases in cardiac output are at
least in part explained by increases in tissue mass.

Unlike in lean hypertensive individuals, excess vascular
resistance may be less prominent in obesity associated hyper-
tension. Yet, there must be a mismatch between cardiac output
and vascular resistance for blood pressure to increase.
Remarkably, attenuated postprandial muscular vasodilation
may contribute to impaired glucose metabolism in
obesity.[24] Therefore, hemodynamic regulation at the sys-
temic and organ level could provide a mechanistic link be-
tween elevated blood pressure and metabolic traits in patients
with the metabolic syndrome. Vascular resistance is affected
by vascular diameter, blood vessel length, and blood viscosity.
The latter two mechanisms are usually ignored. Vascular
length could conceivably change in obese individuals, partic-
ularly in adipose tissue. Earlier studies showed increases in
blood viscosity, plasma protein, hematocrit, and red cell rigid-
ity in hypertensive compared with normotensive men.[25, 26]
A rather small study suggested that rheological properties of
red cells may be worsened in severely obese individuals.[27]
It has been suggested that increased blood viscosity could
contribute to an increase in blood pressure in obesity.[28] It
is tempting to speculate that all these mechanisms regulating
vascular resistance could also affect peripheral insulin and
nutrient supply. Indeed, microvascular dysfunction secondary
to obesity has been proposed as a pathophysiological link
between arterial hypertension and insulin resistance.[29]

3 Neurohumoral activation in obesity-associated
hypertension

Neurohumoral mechanisms have been implicated in the path-
ogenesis of obesity-associated arterial hypertension. Both,
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renin angiotensin aldosterone system (RAAS) and sympathet-
ic nervous system appear to be involved.

Perhaps, the strongest evidence for involvement of the sym-
pathetic nervous system in the pathogenesis of human obesity-
associated hypertension stems from pharmacological studies.
Combined treatment with alpha- and beta- adrenoreceptor antag-
onists was more effective in lowering blood pressure in obese
compared with lean hypertensive patients.[30] Pharmacological
blockade of ganglionic nicotinic acetylcholine receptors nearly
completely interrupts sympathetic and parasympathetic traffic
and can be utilized gauging autonomic contributions to blood
pressure.[31] Using this approach, blood pressure was shown to
me more dependent on autonomic nervous system activity in
obese compared with lean individuals.[32] Direct efferent sym-
pathetic nerve recordings using microneurography provided ev-
idence for an increase in centrally generated sympathetic
activity.[33, 34] Yet, kinetic studies assessing whole body and
organ-specific norepinephrine spillover suggested that the
obesity-associated sympathetic activation is not uniform. Obese
normotensive subjects exhibit increased renal norepinephrine
spillover, whereas cardiac norepinephrine spillover is reduced.
Obese hypertensive patients on the other hand show increases in,
both, renal and cardiac norepinephrine spillover.[35]

Several mechanisms may contribute to sympathetic activa-
tion in obese individuals and explain the large variability in Bfat
sensitivity .̂ In fact, sympathetic activity does not increase with
increasing adiposity in Pima Indians who are also less likely to
develop arterial hypertension.[11] The leptin melanocortin
pathway appears to be particularly important in coupling adi-
posity to arterial hypertension as evidenced by carefully con-
ducted pharmacological and physiological studies in genetic
mouse models.[36, 37] In fact, blood pressure and urinary nor-
epinephrine excretion are lower in obese individuals with ge-
netic melanocortin 4 receptor deficiency compared with obese
controls.[38] Moreover, human monogenic obesity due to lep-
tin deficiency appears to be associated with reduced sympathet-
ic activity.[39] However, leptin receptor deficient db/db mice
showed increases in heart rate and blood pressure and
responded more to sympathetic inhibition.[40] Thus, the leptin
melanocortin pathwaymay not be the sole mechanisms increas-
ing sympathetic activity in obesity. Baroreflex dysfunction, ob-
structive sleep apnea, and hyperinsulinemiamay also contribute
to sympathetic activation.[34, 41–43] Finally, obesity and met-
abolic syndrome further potentiate the sympathetic activation in
heart failure patients.[44]

Weight loss attenuates sympathetic activation and blood
pressure in obese individuals.[45, 46] The reduction in sym-
pathetic activity appears to be more pronounced during the
act ive weight loss phase compared with weight
maintenance.[47]

Even though plasma volume and sodium retention are in-
creased as discussed above, the systemic RAAS tends to be
activated in obese individuals.[48] Adipose tissue also

expresses all RAAS components and may contribute to sys-
temic RAAS activity. Unlike the systemic RAAS, the adipose
tissue RAAS does not respond to changes in sodium intake
suggesting that it is regulated by different physiological
pathways.[49] Moreover, adipose tissue secrets factors
eliciting mineralocorticoid release.[50, 51] Weight loss ame-
liorates systemic and adipose tissue renin-angiotensin system
activity.[48, 52] Yet, in the Third Generation Framingham
Heart Study participants, plasma renin activity, serum aldoste-
rone concentrations, and the aldosterone to renin ratio were
not correlated with body mass index or regional adiposity
measurements obta ined by abdominal computed
tomography.[53]

4 Neurohumoral mechanisms in cardiometabolic
crosstalk

Muscular insulin sensitivity is determined by vascular glucose
and insulin delivery to the muscular interstitial space, insulin
mediated cellular glucose uptake, and intracellular glucose
metabolism.[54] Given the central role of the renin angioten-
sin system and the sympathetic nervous system in regulating
vascular tone, both could limit nutrient supply to peripheral
tissues. Furthermore, both systems may directly affect glucose
uptake and intracellular metabolism. For example, angiotensin
may perturb insulin signaling through oxidative stress and
NF-κB (nuclear factor kappa-light-chain-enhancer of activat-
ed B cells) activation.[55, 56]

Physiological and pharmacological studies suggest that the
sympathetic nervous system may affect peripheral glucose
metabolism. Sympathetic nerve activity was significantly in-
creased in patients with the metabolic syndrome compared
with control subjects even in the absence of hypertension.
Moreover, sympathetic activity was correlated with the ho-
meostasis model assessment (HOMA) index in this
population.[57] Progression frommetabolic syndrome to type
2 diabetes mellitus appears to associated with a further in-
crease in central sympathetic drive and altered norepinephrine
disposition [58] However, these associations cannot prove
causality or direction of an association between sympathetic
activity and glucose metabolism. In fact, insulin can elicit
sympathetic activation.[59]

In obese hypertensive patients, chronic central sympathetic
inhibition with moxonidine improved blood pressure and in-
sulin sensitivity determined by hyperinsulinemic euglycemic
clamp testing.[60] Near complete autonomic inhibition with
the ganglionic blocker trimethaphan acutely improved insulin
sensitivity in insulin resistant obese individuals.[61]
Furthermore, the non-selective alpha-adrenoreceptor antago-
nist phentolamine improved forearm glucose uptake in pa-
tients with congestive heart failure [62], which is associated
with sympathetic activation and insulin resistance. In contrast,
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forearm glucose uptake did not change when phentolamine
was infused in healthy young subjects.[62] Axillary plexus
blockade increased forearm blood flow but did not alter glu-
cose uptake in healthy individuals.[63] Electrical carotid sinus
stimulation elicits variable reductions in sympathetic activity
and blood pressure in patients with resistant arterial
hypertension.[64, 65] Yet, acute changes in baroreceptor stim-
ulation did not elicit significant changes in muscular glucose
delivery or whole body insulin sensitivity.[66] Epinephrine,
but not norepinephrine, also increases hepatic glucose produc-
tion while inhibiting insulin secretion.

Sympathetic mechanisms could also elicit beneficial meta-
bolic responses. In fact, the system is important in regulating
lipid mobilization from adipose tissue. Recent studies provide
evidence for the adipokine leptin to promote catecholamine
release from sympathetic nerve terminals specifically wrapped
around adipocytes.[67] The system appears to regulate lipol-
ysis locally. Moreover, catecholamines promote browning of
white adipose tissue [68], which may augment energy expen-
diture through non-shivering thermogenesis as well as lipid
and glucose homeostasis.[69] The mechanism could conceiv-
ably limit adiposity and insulin resistance in patients with the
metabolic syndrome.[69] In human subjects, however, brown
adipose tissue activity and body fat content are negatively
correlated with each other [70, 71], likely due to whitening
of classical brown adipose tissue depots [72]. Moreover, ma-
neuvers promoting brown adipose tissue activation in human
subjects, such as cold exposure, also increase arterial blood
pressure.[73]

Overall, the exact contribution of the sympathetic nervous
system to the different components of the metabolic syndrome
in the setting of obesity deserves further study. Perhaps spe-
cific parts of the sympathetic nervous system could be targeted
to make use of its beneficial effects while avoiding negative
aspects on cardiovascular and metabolic control.

In hypertensive patients, aldosterone plasma concentra-
tions were positively correlated with fasting plasma insulin,
C-peptides, and homeostasis model assessment (HOMA)
index.[74] Patients with primary hyperaldosteronism also ex-
hibit reductions in insulin sensitivity that improves following
surgical tumor removal or pharmacological aldosterone recep-
tor blockade.[75]

In some studies, animals genetically overexpressing renin
angiotensin system components featured insulin resistance
that responded to pharmacological renin angiotensin system
inhibition.[76] Yet, in another study, mouse renin transgenic
rats showed arterial hypertension while whole body, liver,
skeletal muscle, and adipose tissue responded normally to
insulin.[77] In human subjects, the insertion / deletion poly-
morphism of the angiotensin converting enzyme was associ-
ated with insulin sensitivity and glucose tolerance.[78]

Improvements in insulin resistance with renin-angiotensin
system inhibition in human subjects were heterogeneous. In a

small crossover study, angiotensin converting enzyme inhibi-
tion did not alter insulin sensitivity determined by
hyperinsulinemic euglycemic clamp testing.[79] In another
study using a similar design, angiotensin receptor blockade
with valsartan ameliorated insulin sensitivity in impaired
fasting glucose and/or impaired glucose tolerance.[80]

5 Relative natriuretic peptide deficiency in obesity
and insulin resistance

Atrial natriuretic peptide (ANP) and B-type natriuretic peptide
(BNP) are released from cardiac atria and ventricles, respec-
tively. Both peptides are produced as preprohormone and are
stored as prohomones in intracellular granules. Once released,
natriuretic peptides elicit cardiovascular, renal, and metabolic
responses primarily through guanylyl cyclase-coupled natri-
uretic peptide receptor (NPR) 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.[81] NPR-C is highly expressed in human adi-
pose tissue.[82] In addition, natriuretic peptides are enzymat-
ically cleaved by neprilysin.[83]

Obesity, which is the prime risk factor for type 2 diabetes
mellitus, is associated with reduced cardiac ANP gene expres-
sion in rats [84] and systemic natriuretic peptide deficiency in
large epidemiological surveys.[85] Moreover, in obese indi-
viduals circulating ANP levels increased less with acute vol-
ume loading compared with lean control subjects.[86]
Increased degradation of natriuretic peptides may be involved
as well. Indeed, compared to non-obese, normotensive indi-
viduals, NPR-C expression is increased in adipose tissue of
obese hypertensive patients.[87] Insulin induces NPRC
mRNA expression in human adipocytes [88] and might,
hence, link conditions associated with hyperinsulinemia, such
as the metabolic syndrome and obesity to relative natriuretic
peptide deficiency.

Natriuretic peptide deficiency in patients with components
of the metabolic syndrome could predispose to arterial hyper-
tension. In fact, natriuretic peptides elicit vasodilation and
renal sodium excretion. Moreover, natriuretic peptides are
physiological renin-angiotensin-aldosterone-system oppo-
nents and may attenuate sympathetic nerve activity.[89, 90]
Obese hypertensive men while ingesting more sodium never-
theless exhibited reduced natriuretic peptide levels compared
with a lean control group.[91] In obese hypertensive subjects,
weight loss through hypocaloric dieting augmented renal and
hemodynamic responses to ANP infusions.[92] The response
may be explained in part by NPR-C down-regulation with
weight loss.[93]

In addition to affecting blood pressure, natriuretic peptide
deficiency may contribute to metabolic disease. Natriuretic
peptides promote lipid mobilization from human adipose

22 Rev Endocr Metab Disord (2016) 17:19–28



tissue in physiologically relevant concentrations.[94–96]
Moreover, ANP acutely increases postprandial lipid oxidation
in human subjects.[97] Both, in skeletal muscle cells and in
adipocytes, natriuretic peptides enhance mitochondrial oxida-
tive capacity and lipid oxidation.[98, 99] ANP infusion also
raises circulating adiponectin concentrations.[100] Increasing
circulating natriuretic peptide availability through genetic
overexpression or pharmacological treatment improves blood
glucose control and insulin sensitivity in mouse models.[101,
102] Finally, individuals with lower circulating midregional
proANP concentrations were at higher risk for developing
type 2 diabetes mellitus after adjustment for relevant risk fac-
tors including BMI.[103] Augmentation of cGMP through
soluble guanylyl cyclase stimulation or phosphodiesterase 5
inhibition may also elicit metabolic improvements.[104, 105]

Common variants in the genes encoding ANP and BNP
affect their circulating levels.[106] 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.[107] Posttranslational proBNP modification ap-
pears to regulate BNP release.[108] Polymorphisms in the
genes encodingANP and BNP contribute to variability in blood
pressure [106] and the risk for type 2 diabetes following adjust-
ment for age, gender, and body mass index [109]. Together,
these data suggest that natriuretic peptides might link obesity
and the metabolic syndrome to arterial hypertension [110]

6 Molecular signatures linking adiposity and blood
pressure

There has been much hype and some hope that genome-wide
expression, metabolomics, and other methodologies in large
cohorts could provide insight in the molecular underpinnings
of any condition, including the link between adiposity and
blood pressure. Metabolite profiling in participants of the
Framingham Heart and Malmö Diet and Cancer studies re-
vealed common metabolic signatures associated with meta-
bolic syndrome components including adiposity and systolic
blood pressure.[111] In particular, increased glutamine con-
centrations were associated with lower blood pressure and
insulin levels. Moreover, glutamine supplementation im-
proved glucose tolerance and blood pressure in mice.[111]
However, the underlying mechanisms are poorly understood.
Glutamine supplementation acutely increased circulating
glucagon-like peptide 1 levels in human subjects [112] and
at least in part rescued experimental endothelial dysfunction
in mice [113].

The idea that common mechanisms could link metabolic
and cardiovascular disease, particularly elevated blood pres-
sure, is supported by a genome-wide association study in a
very large sample. The authors identified common genetic
variants predicting impaired glucose metabolism, elevated

blood pressure, and relative increases in visceral fat. [114]
Similarly, a pathway and network analysis suggested that
there are genes with pleiotropic effects on cardiovascular
and metabolic traits.[115] Yet, another analysis arrives at the
conclusion that genes involved in lipid metabolism confer
susceptibility to the metabolic syndrome with little evidence
for a link with hypertension and glucose metabolism.[116]
Thus far, none of these findings has made a difference in
diagnosing or treating obese hypertensive patients. Except
for the metabolomics data, the pathophysiological insight pro-
vided by these large-scale studies is limited.

7 Individualized therapies addressing several
components of metabolic and vascular disease

The variety of therapeutic options to treat obesity associated
hypertension, type 2 diabetes and obesity increased during the
last decades. Treatment choices depend more and more on
pleiotropic drug actions.Medications improving arterial blood
pressure as well as other cardiometabolic conditions and vice
versa are now becoming available.

There has been much interest in using RAAS inhibitors as
cardiometabolic drugs. In fact, in addition to addressing met-
abolic dysfunction associated with RAAS activation, some
drugs may have additional metabolic off-target effects. For
example, some angiotensin II subtype 1 receptor antagonists
also engaged peroxisome proliferator-activated receptors
gamma.[117, 118] Renin inhibition with aliskiren was effec-
tive in lowering blood pressure in obese hypertensive
patients.[119] The drug achieves therapeutically relevant con-
centrations in human metabolic target tissues including skele-
tal muscle and adipose tissue.[120] Because the drug substan-
tially improved glucose metabolism in animal models [76],
detailed metabolic studies in patients would make sense.
Among patients with impaired glucose tolerance and cardio-
vascular disease or risk factors, angiotensin receptor blockade
with valsartan for 5 years, along with lifestyle modification,
led to a 14 % relative reduction in type 2 diabetes
incidence.[121] However, in the Diabetes Reduction
Assessment with Ramipril and Rosiglitazone Medication
(DREAM) study, ramipril compared with placebo did not re-
duce the risk of new onset type 2 diabetes mellitus in patients
with impaired fasting glucose levels.[122] In any case, RAAS
inhibitors remain a good choice for hypertensive patients at
increased metabolic risk. Yet, RAAS inhibition alone does not
suffice to address obesity-associated metabolic disease.

Inhibition of neprilysin, the neutral endopeptidase respon-
sible for cleaving natriuretic peptides among other substrates,
is another potential Bcardiometabolic^ treatment approach.
The combined angiotensin receptor and neprilysin inhibitor
LCZ696 (sacubitril/valsartan) has recently been introduced
for the treatment of heart failure. In the Prospective
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Comparison of ARNI With ACEI to Determine Impact on
Global Mortali ty and Morbidity in Heart Failure
(PARADIGM-HF) trial, LCZ696 was superior to enalapril in
r educ i ng th e r i s k s o f de a t h and hea r t f a i l u r e
hospitalizations.[123]. LCZ696 was also effective in treating
arterial hypertension.[124] Studies testing metabolic re-
sponses to LCZ696 are ongoing.

Similarly, new medications improving glucose metabolism
in type 2 diabetes also affect blood pressure and body
weight.[125, 126] Sodium glucose co-transporter 2 (SGLT2)
is a low-affinity, high-capacity member of a large family of co-
transporters that is highly expressed in the proximal renal
tubule where it is responsible for the reabsorption of ~90 %
of filtered glucose.[127] Genetic SGLT2 deletion increases
urinary glucose excretion thereby protecting mice from diet-
induced obesity while preserving glucose metabolism.[128]
Rare SGLT2 muta t ions a re a cause of fami l i a l
glucosuria.[129] Meanwhile, several selective SGLT2 inhibi-
tors have been developed and approved for the treatment of
type 2 diabetes. These drugs improve fasting and postprandial
glycaemia by enhancing urinary glucose excretion. The os-
motic diuresis secondary to increased glucose excretion may
contribute to 3–5 mmHg systolic and 1–3 mmHg diastolic
blood pressure reduction.[130] Moreover, the negative energy
balance through glucose loss is associated with body weight
reduction. In the EMPA-REG outcome trial, SGLT2 inhibition
with empagliflozin compared to standard therapy plus placebo
resulted in superiority in regards to the primary composite
cardiovascular endpoint, hospitalization for heart failure, car-
diovascular mortality and all-cause mortality [131].

The gut hormone glucagon-like peptide-1 (GLP-1) leads to
a glucose dependent and rapid release of insulin. GLP-1 ana-
logs are in clinical use for the treatment of type 2 diabetes.
Since some of them also lead to substantial weight loss, spe-
cific GLP-1 receptor agonists (GLP-1 RA), such as liraglutide,
are approved for the treatment of obesity.[130] Interestingly,
GLP-1 analogs have been shown to modestly lower blood
pressure.[125, 132, 133] The mechanism through which
GLP-1 agonism lowers blood pressure is incompletely under-
stood. Remarkably, the reduction in blood pressure is ob-
served prior to significant weight loss, although weight loss
likely contributes to the long-term maintenance of arterial
blood pressure reduction. In animal models, GLP-1 agonism
induced ANP release from the heart.[134] However, in hyper-
tensive patients with type 2 diabetes, treatment with the GLP-
1 agonist liraglutide did not increase plasma ANP
concentrations.[135] In contrast to SGLT2 inhibitors, GLP-1
agonists produce variable increases in heart rate. Central ner-
vous GLP-1 receptor stimulation may raise sympathetic
activity.[136] However, recent findings suggest that GLP-1
mediated increases in heart rate may result from direct GLP-
1 receptor stimulation in cardiac atria rather than changes in
cardiac sympathetic control.[137, 138] Overall, several

therapeutic approaches that have been specifically developed
for cardiovascular or therapeutic indications may have utility
in addressing a broader spectrum of cardiometabolic risks.

8 Conclusion

A single underlying mechanism cannot explain all metabolic
syndrome components in all patients. Nevertheless, its meta-
bolic traits and arterial hypertension share common underly-
ing mechanisms. Recognition of the mechanisms orchestrat-
ing the crosstalk between cardiovascular and metabolic regu-
lation in individual patients may lead to better and more pre-
cise treatments. It is reassuring that recently developed cardio-
vascular and metabolic medications may in fact ameliorate
both, cardiovascular and metabolic risks. One potential risk
is that current clinical development paths are somewhat nar-
rowly focused on either metabolic or cardiovascular condi-
tions and do not account for the individual underlying patho-
physiology. Time will tell whether or not Bprecision medicine^
[139], which has the goal to target treatments to the individual
disease mechanism, will in fact result in better treatments for
the metabolic syndrome patient in front of us.
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