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Mechanisms of obesity-induced hypertension

Vasilios Kotsis!, Stella Stabouli?, Sofia Papakatsikal, Zoe Rizos? and Gianfranco Parati*’

The relationship between obesity and hypertension is well established both in children and adults. The mechanisms through
which obesity directly causes hypertension are still an area of research. Activation of the sympathetic nervous system has been
considered to have an important function in the pathogenesis of obesity-related hypertension. The arterial-pressure control
mechanism of diuresis and natriuresis, according to the principle of infinite feedback gain, seems to be shifted toward higher
blood-pressure levels in obese individuals. During the early phases of obesity, primary sodium retention exists as a result of
increase in renal tubular reabsorption. Extracellular-fluid volume is expanded and the kidney-fluid apparatus is resetted to a
hypertensive level, consistent with a model of hypertension because of volume overload. Plasma renin activity, angiotensinogen,
angiotensin Il and aldosterone values display significant increase during obesity. Insulin resistance and inflammation may
promote an altered profile of vascular function and consequently hypertension. Leptin and other neuropeptides are possible links
between obesity and the development of hypertension. Obesity should be considered as a chronic medical condition, which is
likely to require long-term treatment. Understanding of the mechanisms associated with obesity-related hypertension is essential

for successful treatment strategies.
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INTRODUCTION
Obesity is a common disorder that develops from the interaction
between the genotype and the environment and involves social,
behavioral, cultural, physiological, metabolic and genetic factors. A
large number of studies have shown that obesity has an important
negative impact on health in a population, leading to the recommen-
dation for general practitioners to have an important function in the
management of this condition and of its associated comorbidities such
as hypertension, hyperlipidemia and hyperinsulinemia/insulin resis-
tance. The relationship between obesity and hypertension is well
established both in adults and children.!? Obese individuals exhibit
higher levels of office as well as ambulatory blood pressure (BP) from
childhood to old age. Obese subjects display higher BP levels than
non-obese individuals even in the normotensive range. The combina-
tion of obesity, hypertension and other cardiovascular risk factors
significantly increases the probability of adverse cardiovascular out-
comes, and raises considerations for aggressive treatment strategies.
The mechanisms through which obesity directly causes hyperten-
sion are still an area of research. Human and animal studies have
elucidated the function of adipose tissue derivatives (adipokines and
cytokines), neurohumoral pathways, metabolic functions and mod-
ulation of pressor/depressor mechanisms. Although obesity-related
hypertension may be the result of a combination or overlap of a
number of these factors, a systematic review of the data concerning

each of the possible mechanism would enhance our understanding of
its contribution to the progression of the disease (Figure 1).

SYMPATHETIC ACTIVATION IN OBESITY

Activation of the sympathetic nervous system (SNS), measured with
direct or indirect methods, has been considered to have a crucial
function in the pathogenesis of hypertension among obese individuals.
Microneurograhic techniques, a direct method of measuring increased
SNS activity, provide evidence of high muscle SNS activity in obese
subjects.* High-caloric intake increases norepinephrine turnover in
peripheral tissues, raises resting plasma norepinephrine concentra-
tions—an indirect measurement of SNS activity—and amplifies the
rise of plasma norepineprhine in response to stimuli such as upright
posture.”> High dietary content in fat and carbohydrate has been
suggested to acutely stimulate peripheral a;- and b-adrenergic recep-
tors, leading to elevated sympathetic activity and hypertension.®
A cafeteria diet has been reported to upregulate hypothalamic tyrosine
hydroxylase and the hypothalamic adrenoceptor gene expression of
the [a]2B receptor in obese hypertensive rats.” Furthermore, pharma-
cological blockade of adrenergic activity in experimental models
(combined a- and b-adrenergic blockade or central sympathetic
modulation by clonidine) markedly blunted the rise of BP in dogs
fed a high-fat diet.3 Similar results have been reported for human
beings. Combined a- and b-adrenergic blockade significantly reduced
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Figure 1 Mechanisms involved in the pathogenesis of obesity-induced hypertension. PAI-1, plasminogen activator inhibitor-1; Tx-A2, thromboxane A2; IL-6,
interleukin-6; IL-1B, interleukin-1B; TNFe, tumor necrosis factor-o; CRP, C-reactive protein; ROS, reactive oxygen species; FFAs, free-fatty acids; VCAM-1,
vascular cell adhesion molecule-1; ICAM-1, inter-cellular adhesion molecule-1; NO, nitric oxide; ET-1, endothelin-1; RAS, rennin-angiotensin system; SNS,
sympathetic nervous system; AgRP, agouti-related peptide; NPY, neuropeptide Y; POMC, proopiomelanocortin; ARC, arcuate nucleus; a-MSH, a-melanocyte-
stimulating hormone; MC3R, melanocortin 3 receptor; MC4R, melanocortin 4 receptor.

BP in obese compared with lean patients with essential hypertension.’

However, elevated sympathetic activity did not seem to account for
the increased heart rate in obesity. Instead, the elevated heart rate
seems to be the effect of decreased parasympathetic activity.!” Inver-
sely, modest weight reduction is able to suppress the activity of the
SNS. It has been suggested, however, that an elevated efferent
sympathetic activity in the peroneal nerves may not characterize all
obese patients, but only those concomitantly affected by obstructive
sleep apnea, an issue, which is still a matter of debate.1112

There has been one reported exception in the findings of high SNS
activity with increasing adiposity. Pima Indians have the highest
reported prevalence of obesity and hyperinsulinemia in the world,
but a relatively low presence of hypertension and atherosclerotic
disease. The low muscle SNS activity that has been reported in
Pima Indians indicates the possible differences between ethnic groups
and confirms the physiological importance of the SNS upregulation as
an important mechanism of obesity-related hypertension.!®> The
mechanisms that have been proposed to be responsible for an
increased sympathetic activity in obesity include impaired function
of the baroreceptor sensitivity, increased levels of circulating free-fatty
acids (FFAs), angiotensin (Ang) II, insulin and leptin.

The arterial baroreceptors acutely respond to increases in BP by
parasympathetic activation and sympathetic inhibition. A reduced
sensitivity of the arterial baroreflex manifested as a diminished
response in heart rate to BP changes may occur in long-standing
hypertension and obesity,* presumably because of various mechan-
isms, including a concomitant increase in central sympathetic
outflow and the effects of arteriosclerotic lesions leading to an
increased stiffness of the large arteries in which the receptors are
located. We have earlier reported an increased carotid arteries intima
media thickness in obese subjects independently of the BP levels, even
in a normotensive BP range, suggesting an early course of the
atherosclerotic process in obesity.!* Impaired baroreflex sensitivity
leads to withdrawal of parasympathetic cardiac modulation, which
occurs in obesity even in the absence of an elevation in arterial
pressure.

Elevated levels of FFAs have been reported in obese hypertensive
subjects. Abnormal distribution of FFAs in obese patients has been
found to enhance vascular a-adrenergic sensitivity and consequently
to increase a-adrenergic tone.!’> The exact mechanisms through
which endogenous FFAs exert this effect have not been thoroughly
investigated. Lysophospholipids and FFAs inhibit Na*, K*-ATPase and
the sodium pump raising vascular smooth muscle tone and resis-
tance.!® Binding of lysophospholipids and FFAs to Na/K-ATPase
changes the interaction of the enzyme with neighboring membrane
proteins and induces the formation of multiple signaling modules. As
a result, the epidermal growth factor receptor is activated and
production of reactive oxygen species is increased. Another target
system of the FFAs is the calcium-independent isoenzyme of protein
kinase C, which is a vital element in mediating signal transduction and
cell regulation. FFAs act as potent activators of phosphorylation of
protein kinase C.!7 Other studies have reported a direct action of FFAs
released from phospholipids on ion channels at the cellular mem-
branes of smooth muscle cells and other tissues.'®

Hall et al.'® have reported that plasma renin activity displays a
significant increase during obesity, despite extracellular-fluid volume
expansion and sodium retention in dogs fed with a high-fat
diet. Moreover, studies in patients under sodium restriction, which
activates the rennin—Ang system (RAS), provided evidence for a
presynaptic potentiating effect of Ang II on sympathetic neurotrans-
mission.?

RENAL MECHANISMS

Impairment of pressure natriuresis

The arterial pressure control mechanism of diuresis and natriuresis
according to the principle of infinite feedback gain seems to be shifted
toward higher BP values in obese patients.?! Abnormalities in these
mechanisms that would tend to raise BP increase sodium and water
excretion through pressure natriuresis and diuresis. As long as excre-
tion exceeds intake, extracellular-fluid volume decreases reducing
venous return and cardiac output until BP returns to normal.
Conversely, when BP decreases, the kidney retains salt and water
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until arterial pressure returns to normal. Thus, pressure natriuresis
acts as the key component of the feedback system that normally
stabilizes BP and body-fluid volumes. During the early phases of
obesity, before loss of nephron function because of glomerular injury,
primary sodium retention occurs as a result of increase in renal
tubular reabsorption. This may be compensated by renal vasodilation,
increased glomerular filtration rate and increased filtered amount of
water and electrolytes. As a consequence of an incomplete compensa-
tion, however, extracellular-fluid volume is expanded, resulting in a
hypertensive adjustment of the pressure natriuresis.® This resetting of
the kidney-fluid apparatus to a hypertensive level is consistent with
the model of hypertension because of volume overload. Another
significant cause of shift of pressure natriuresis toward higher BP
levels in obesity is the possibility of alterations in intrarenal forces
caused by histological changes in the renal medulla that may compress
the loops of Henle and vasa recta.?

Function of RAS in obesity hypertension

Several studies have shown predominantly high levels of plasma renin
activity, plasma angiotensinogen, Ang II and aldosterone values in
association with human obesity.23-2> Hall et al.!® reported a more than
twofold increase in plasma renin activity after a 5-week period of high-
fat diet administration in conscious dogs. Moreover, fat restriction
succeeded in diminishing the values of the RAS components, indicat-
ing the possibility that the degree of adiposity might have a direct
influence in this BP-regulating system. Under normal conditions, the
RAS represents a regulatory mechanism, which prevents extreme
variations in arterial pressure evoked by changes in salt intake.
Cessation of Ang II formation during high-salt intake results in a
decreased rate of BP elevation, as indicated by the leftward shift in the
renal function curve closer to the initial BP level.

Despite remarkable volume expansion and sodium retention in
obesity, several mechanisms are responsible for the RAS activation.
Renin secretion by the kidney seems to be induced by changes in
intrarenal physical forces, generating from fat accumulation around
and into the renal medulla?? Owing to the actual histologic
changes that cause compression of the medulla, flow rate of the
filtrate is diminished at the loop of Henle leading to prolongation of
the time given for sodium reabsorption.?® Detection of the decreased
amount of sodium, reaching the distal tubular cells, by the macula
densa leads to a rise in renin secretion, through tubuloglomerular
feedback.

Recent studies elucidated the potent function of the adipose tissue’s
physiology in BP elevation. Adipose tissue-derived angiotensinogen
can enter the circulation. Adipose cells may represent a major site in
which all components of the RAS are formed. Renin, Ang II,
angiotensinogen and Ang II receptors are found in abundance in
adipose mass suggesting that a local tissue Ang system is settled at the
adipocytes level.?” The tissue RAS and the circulating RAS are in a
state of constant interaction. Angiotensinogen and Ang I and II are
locally produced and at the same time are taken up by the cells, in
which Ang II receptors are overexpressed. Angiotensinogen produc-
tion serves as both a cause and effect of adipocyte hypertrophy and
leads to elevation of BP through the actions of Ang II, which induce
systematic vasoconstriction, direct sodium and water retention and
increased aldosterone production. Consequently, Ang II determines a
high-salt-sensitive BP condition in obesity as it is produced at high
rates and is not suppressed by volume expansion. Another potential
mechanism of RAS activation could be a chronic elevation of
sympathetic tone, causing renal vasoconstriction and renin-dependent
chronic hypertension.
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Structural changes in the kidney

Among the multiple causes of renal function impairment, relatively
recent data have revealed the implication of a large number of factors
provoking changes in renal structure, which, in turn, seem to be a
predominant cause of gradual nephron loss, having a great impact on
the alteration in pressure natriuresis.”? Physical compression of both
kidneys seems to generate from accumulation of adipose tissue around
the organs emphasizing the crucial function of visceral obesity in the
development of renal disease.?® Deposition of extracellular matrix
throughout the renal medulla is greatly expanded and the tissue
surrounding the ducts of Bellini at the vascular pole tends to prolapse.
Increased numbers of interstitial cells and an increase in material rich
in lipids and proteoglycans compresses the renal parenchyma toward
the pole of the kidney resulting in the formation of round-shaped,
enlarged kidneys in obese subjects.?>>" Renal compression affects both
vascular (mainly the vasa recta) and tubular (the Henle’s loops)
elements causing activation of the RAS and increased sodium
reabsorption.

Renal injury in obesity seems to be directly dependent on body
weight, as dietary fat restriction can ameliorate the renal histology.!
The primary histologic features are relatively few lesions of focal-
segmental glomerulosclerosis, profound glomerulomegaly because of
glomerular hyalinosis and fibrosis, as well as lipid accumulation in the
glomeruli and adhesion to Bowman’s capsule.*>** Some studies
suggest that lipid accumulation is a result of alterations in fat
metabolism. Whether upregulation of lipogenic enzymes and
decreased amounts of lipolytic factors could imply direct lipotoxicity
remains an area of active investigation.** Glomerulomegaly was
observed in 100% of renal biopsies in a clinicopathologic study of
obesity glomerulopathy. Despite the observed high incidence of
glomerulomegaly, glomerular changes in obesity-induced renal injury
are incomparable with those of diabetic nephropathy, mainly because
of the lower severity of changes in the mesangial space. Other causes of
renal injury, apart from high-fat intake, could possibly include over-
expression of Ang II with a consequent increase in proliferative factors
such as transforming growth factor-f and plasminogen activator
inhibitor, high protein diet, as well as hyperinsulinemia giving genesis
to insulin growth factors. All of the above may lead to changes in the
glomeruli. There is also evidence that SNS response to hypoxia may
affect the renal circulation in patients with obstructive sleep apnea, an
abnormality often seen in the obese population.»3° Hyperfiltration as
a result of heightened blood flow to the kidney is always present in
obesity, long before glomerulopathy occurs. It is, therefore, the
primary cause of gradual sclerosis of the glomeruli wall because of
physical stress and eventually of a vicious circle in which nephrons are
injured, sodium retention worsens and arterial pressure reaches higher
values to maintain sodium balance.

In the absence of diabetes mellitus and hypertension, obesity-related
glomerulopathy per se may not promote renal impairment. Clinically
significant proteinuria is rare among obese subjects. Microalbumi-
nuria was detected in 25 out of 207 non-diabetic obese patients in a
study performed by Valensi et al.3> These findings suggest that obesity-
related renal damage should be defined as a special form of focal-
segmental glomerulosclerosis slowly progressing to end-stage renal
disease.>

FUNCTION OF HORMONES

Insulin

Obesity is a state of impaired glucose tolerance, high levels of
circulating insulin and reduced sensitivity to the metabolic actions
of insulin. This condition is defined as insulin resistance. Whether



hyperinsulinemia or insulin resistance is the primary disorder has not
yet been clearly delineated. It has been proposed that hyperinsulinemia
could compensate for decreased sensitivity to insulin. Normally,
insulin exhibits a sodium retaining effect through its direct action
on the renal tubules. A potential enhancement of sodium retention
because of hyperinsulinemia could lead to a rise in BP. Sechi and
Leonardo®” have shown that high dietary salt in normal Sprague—
Dawley rats causes a dose-dependent downregulation in the number
of insulin receptors in the kidney. However, in genetically predisposed
hypertensive rats (SHR), this autoregulative response was blunted. The
same effect was also present in fructose-fed hypertensive rats, suggest-
ing a possible function for hyperinsulinemia in the pathogenesis of
sodium retention and hypertension in the obese.

Insulin has also been proved to have an acute sympathoexcitatory
action in both normotensive and borderline hypertensive subjects, as
indicated by increased muscle SNS activity and heightened norepi-
nephrine levels after insulin administration in several studies.’®
Insulin release leads to hypoglycemia, which serves as an activator
of the SNS. Moreover, vasodilator responses to increased muscular
glucose uptake and oxygen demands lead to activation of the
baroreceptor reflex and to enhanced muscle SNS activity. Insulin
might also have a sympathoexcitatory effect directly on the central
nervous system.*’ However, in a study by Sakaguchi and Bray,*!
insulin injection into the ventromedial hypothalamus produced cen-
trally controlled decreases in sympathetic nerve activity. Another
aspect of insulin infusion is the simultaneous depressor effect of
peripheral vasodilation*>*3 mediated by a b-adrenergic mechanism.®
Moreover, tachycardia induced by insulin release suggests a withdrawal
of parasympathetic tone.

Chronic hyperinsulinemia has been associated with impairment of
the vasodilator action of insulin.** Vasoconstriction in the forearm was
reported during insulin infusion in severe insulin resistance.® This
finding suggests that hyperinsulinemia promotes an altered profile of
vascular function. Vascular dysfunction seems to be the important
factor in understanding the long-term implication of insulin in the
causation of hypertension. Whether hypertension is caused by exces-
sive amounts of insulin, resistance to its action or chronically induced
trophic vascular effects remains to be uncovered. Finally, insulin
resistance has also been exhibited as an effect of heightened sympa-
thetic drive, through b-adrenergic stimulation and/or vasoconstriction
with subsequent reduction of muscular blood flow.*>40

Leptin and neuropeptides

Hyperleptinemia is another possible link between obesity and the
development of hypertension. Leptin is a peptide hormone secreted
from adipose tissue in direct proportion to adipose tissue mass.*” The
amount of leptin secreted from the adipocytes into circulation binds
to its short-form receptors and is transported across the blood—brain
barrier to the arcuate nucleus, a hypothalamic region of high
significance for the transmission of appetite controlling neuropeptides
to peripheral tissues. Leptin’s primary effects on the hypothalamic
neuronal systems include a decrease in food consumption and
upregulation of thermogenesis and energy expenditure, through
stimulation of sympathetic activity.3#® These effects are mediated by
two major pathways, one posting a positive-regulating action through
expression of the propiomelanocortin-derived peptides—a melano-
cyte-stimulating hormone (a-MSH)—driven by high leptin levels, and
the other exhibiting the opposite actions through the expression of
agouti-related peptide and neuropeptide Y (NPY). a-MSH molecules
bind to melanocortin 3 and 4 receptors (MC3R and MCA4R), act as
agonists, stimulate the SNS, increase energy expenditure and activate
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the hypothalamus—pituitary—adrenal axis. Studies in mice and human
beings with leptin deficiency because of mutations of the leptin-
expressing gene (ob gene) show high incidence of obesity. The increase
in SN activity develops slowly (hours after infusion of leptin), and in
the long term, it may induce sympathetic-mediated hypertension
development through raised tubular sodium reabsorption and volume
overloading. The cardiovascular actions of leptin are utterly prevented
during combined a- and b-adrenergic blockade. In addition, the
chronic pressor effects of leptin are supposed to be simultaneously
controlled by endothelial nitric oxide (NO) production.**>° Depriva-
tion of the endothelium-derived NO markedly promotes BP elevation.
On the other hand, agouti-related peptide is an antagonistic ligand of
the MC3/MC4 receptor system. Agouti-related peptide is expressed
during fasting and leads to increased food consumption. Although
obese individuals have high levels of circulating leptin, the expected
metabolic actions of leptin leading to reduction in food intake and
increased energy expenditure are absent. Selective resistance to the
metabolic actions of leptin seems to be present in obesity,**~>! whereas
its action in stimulating the sympathetic tone remains unaltered.
An impairment of leptin’s transport to the hypothalamus could be
a possible reason. Moreover, overexpression of the suppressor of
cytokine signaling 3 by high-circulating leptin, which serves as a
feedback mechanism, has been suggested to have a function in the
pathogenesis of leptin resistance.>

The close relationship of hyperleptinemia with hypertension is
further supported by observations obtained in obese leptin-deficiency
mice, which are obese, but do not exhibit hypertension. Obesity does
not invariably increase BP in mice and probably also in human beings
and the arterial pressure response to obesity may depend critically on
the underlying genetic and neuroendocrine mechanisms.>> Mutations
might reduce the functional activity of leptin. MC4R deficiency
abolished the cardiovascular and metabolic actions of leptin in
obese MC4R (—/—) mice and possibly in human beings. BP levels
have been reported significantly lower in MC4R-deficient subjects
than in control subjects.>* Thus, a functional MCAR is essential for the
chronic cardiovascular and metabolic actions of leptin.>> MSHs have
important function in feeding, energy metabolism and inflammation.
Both o- and y-MSH acutely elevate BP and heart rate through central
stimulation of sympathetic nervous outflow.>® This action of o-MSH
is mediated by the MC4R, whereas y-MSH deficiency or disruption of
MC3R in rodents leads to salt-sensitive hypertension possibly through
a central mechanism. This salt-sensitive hypertension is accompanied
by the development of insulin resistance. SNS-stimulating actions of
leptin are mainly shown in the kidneys, adrenal glands and brown
adipose tissue. SNS stimulation is not the only mediator through
which hyperleptinemia leads to cardiovascular reactions. Endothelial
dysfunction has also been reported as another important aspect of
leptin’s effects.>”>8 Leptin is believed to promote direct endothelium
toxicity by causing an alteration in the expression of endothelial NO
synthase. Finally, it should be considered that perivascular adipose
tissue is an additional source of leptin.

NPY is a neurotransmitter also being expressed in the hypothalamic
arcuate nucleus at high rates during fasting, having an orexigenic effect
combined with reduction in thermogenesis and downregulation of the
sympathetic neurons. All the above actions are mediated by the
binding of the NPY to receptors Y|—Y¢ in the hypothalamus. Nor-
mally, NPY expression is suppressed by high leptin levels. In the leptin-
resistant state in which leptin’s metabolic effects are blunted, NPY
should rather be considered overexpressed. NPY released from neural
sites by sympathetic activation acts as a vasoconstrictor and could have
a function in obesity-related hypertension.>
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Adiponectin is an adipose tissue-derived peptide hormone, recently
recognized as an energy-balance-regulating molecule. Adiponectin
represents a lipolytic factor and a positive regulator of insulin
sensitivity. It also prevents the atherogenetic process by inhibiting
foam-cell formation. Adiponectin interacts with peripheral receptors
AdipoR1 and AdipoR2, which have also been detected at the
hypothalamic arcuate nucleus.® Adiposity is characterized by adipo-
nectin deficiency, which leads to increased thermogenesis, although it
does not affect food intake. Plasma adiponectin levels are inversely
related to insulin resistance.®! Adiponectin knockout mice show severe
diet-induced insulin resistance and atherogenesis. These data suggest
that hypoadiponectinemia is one of the factors responsible for
cardiovascular symptom clustering in obesity.

Ghrelin is an orexigenic hormone secreted by the oxyntic cells of the
stomach. Its secretion is augmented during fasting. Ghrelin is the
endogenous agonist of growth hormone receptor in the hypothala-
mus.*® Although ghrelin production is known to be suppressed in
adiposity, high levels of ghrelin have been reported in obese hyper-
tensive patients. Weight loss has been shown to induce an increase in
ghrelin levels.®> Moreover, it has been shown that ghrelin may decrease
BP, improve endothelial function and inhibit vascular oxidative stress
in spontaneously hypertensive rats.®>

The endocannabinoids represent polyunsaturated fatty-acid deriva-
tives, which take part in a large neuromodulatory signaling system for
the control of balance between food intake and satiation. It consists of
the endogenous lipids cannabinoids produced in the cell membrane of
post-junctional cells and two types of G-coupled transmembrane
receptors, CB1 and CB2. CB1 receptors mediate energy homeostasis,
food consumption, lipid and glucose metabolism through expression
of their molecule in a large number of central and peripheral tissues.**
They are localized at several sites in the central nervous system, and
when activated, lead to appetite stimulation, which in the long term is
able to establish a vicious circle of overactive endocannabinoid
system-high-caloric intake obesity. CB1 receptors are also found at
several peripheral sites such as adipose tissue, liver, skeletal muscles
and vascular endothelial and smooth muscle cells. Activation of the
endocannabinoid system has been implicated in CB;-mediated hypo-
tension associated with hemorrhagic, septic, cardiogenic shock and
advanced liver cirrhosis.*# Endocannabinoid system overactivity may
induce hepatic lipogenesis through expression of the transcriptor
factor sterol regulatory element-binding protein-lc and its target
enzymes acetyl-CoA carboxylase and fatty-acid synthase reducing
muscular oxygen consumption and glucose uptake, downregulating
adiponectin secretion in the adipose tissue and finally affecting
the transmission of satiety signals from the gastrointestinal tract. It
is, therefore, obvious that endocannabinoid system stimulation
represents a source of multiple risk factors clustering, including
visceral obesity, insulin resistance, glucose intolerance, hyperlipidemia
and reduced adiponectin. Blockade of the CB1 receptors could have
been a novel therapeutic approach to reduce the total cardiometabolic
risk, but psychiatric adverse effects represent a major concern. A recent
study showed that the reduction in body weight achieved by the
CB1 blocker rimonabant was mainly because of increased energy
expenditure than reduced food intake.®> A meta-analysis of the BP
effect of rimonabant reported that in the subgroup of patients
with hypertension, there was a modest hypotensive effect over
placebo and possibly suggests that a pressor effect of rimonabant
may limit the BP reduction that should be achieved through weight
loss.®® There was no weight-independent effect of rimonabant on BP
and the degree of reduction was lower than that expected by the
weight 1oss.®”
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Corticosteroids

The hypothesis that the hypothalamic—pituitary—adrenal axis could
possibly take part in the pathophysiology of obesity-related hyperten-
sion is supported by similarities in phenotype between Cushing’s
syndrome and visceral obesity-associated disease. Glucocorticoids
increase food intake, reduce energy expenditure and they promote
insulin resistance, fat accumulation®® and hypertension.®>7® Many
rodent models of obesity, which are characterized by hypercorticoster-
onemia with weight gain, displayed body weight normalization after
adrenalectomy and reinstated by glucocorticoid replacement.
Although plasma glucocorticoid levels are normal in human idio-
pathic obesity,”! it has been proposed that intra-adipose glucocorti-
coid action is increased. Obese individuals have selectively increased
adipose levels of 11b-hydroxysteroid dehydrogenase-1,/>"> an enzyme
that regenerates active cortisol from inactive 11-keto forms. The aP2-
HSD1 mice, with relative transgenic overexpression of this enzyme in
fat cells, develop visceral obesity with insulin resistance, dyslipidemia
and hypertension. These mice have increased sensitivity to dietary salt
and increased plasma levels of angiotensinogen, Ang II and aldoster-
one. Hypertension in aP2-HSD1 mice was abolished by selective Ang
II receptor antagonists at a low dose.”* These findings propose that a
local activation of the adipose glucocorticoid action induce an activa-
tion of the RAS, which mediates a salt-sensitive form of hypertension
in obesity.

ENDOTHELIAL DYSFUNCTION AND CHANGES IN VASCULAR
STRUCTURE

There is increasing evidence supporting the significance of vascular
endothelial dysfunction in the pathogenesis of hypertension. Obesity
represents a state of inflammation (vascular and systemic) that can
cause endothelial dysfunction. Insulin resistance, low levels of adipo-
nectin, high plasma leptin, increased levels of plasma glucose and FFAs
are considered as indices of an inflammation compatible profile.
A series of insulin signaling pathways are instructed to function in
favor of inflammation and uncontrolled endothelial growth causing
endothelial dysfunction and finally hypertension.

NO, which derives from the vascular endothelium, promotes
vasodilation, whereas at the same time protects from inflammation
and platelet aggregation. Insulin-dependent phosphoinositide 3-kinase
activation normally leads to phosphorylation of endothelial NO
synthase and a subsequent increase in NO production. In the presence
of insulin resistance, this pathway is downregulated leading to
impairment of NO synthesis, whereas hyperinsulinemia increases
vasoconstrictor endothelin-1 levels,”>’® as the mitogen-activated
protein-kinase pathway mediating endothelin-1 production remains
unaltered. As a result, an imbalance between vasodilator and vaso-
constrictor actions in the vascular endothelium is provoked. Another
mitogen-activated protein -kinase controlled pathway is the produc-
tion of adhesion molecules, vascular cell adhesion molecule-1, inter-
cellular adhesion molecule-1 and E-selectin by the endothelial
cells, promoting monocyte adhesion to the vascular wall. Similar
mechanisms are brought into operation because of elevated serum
levels of glucose and FFAs.

A variety of biologically active derivatives generate from adipose
cells, including reactive oxygen species, proinflammatory and inflam-
matory molecules (interleukin-1p, interleukin-6, tumor necrosis fac-
tor-a,, C-reactive protein), angiogenetic factors (vascular endothelial
growth factor),”” hemostasis modulating compounds (plasminogen
activator inhibitor-1, thromboxane A2) and acute phase reaction
proteins (serum amyloid A proteins, C-reactive protein). Activation
of nuclear factor « light-chain enhancer of activated B cells (NF-kB)



and IkB kinase’® because of fat accumulation is of great significance
for the establishment of a proinflammatory and prothrombotic state,
indicating the presence of altered vascular function that predisposes to
the development of hypertension.

Earlier studies had also reported that the mean intima media
thickness of the internal carotid arteries was increased from the lowest
to the highest quartile of BMI. Intima media thickness was found
significantly higher in obese compared with normal weight subjects in
groups of patients matched for age, sex and ambulatory BP levels.!#
These results suggest that obesity per se may be a major risk factor for
carotid atherosclerosis. Intima media thickness in obese subjects was
independently associated with fasting serum glucose levels, suggesting
that obesity-induced hyperglycemia is an important predictor of
carotid atherosclerosis. As atherosclerosis progresses, large arteries
become stiffer. Increased pulse wave velocity and arterial stiffness
may contribute to obesity hypertension. Long-term sympathetic and
RAS activation leads to small artery vasoconstriction and remodeling,
which increases wall to lumen ratio and may act synergistically with
large artery damage to raise BP. In obese patients, aortic pulse wave
velocity rises not only because of aortic stiffening, but also possibly
because of remodeling of the small and medium sizes arteries. As a
result of these changes, the amount of the reflected pressure waves in
the periphery arrives back earlier at the central arteries augmenting
systolic BP.

Therapeutic approaches for obesity-induced hypertension
Current guidelines suggest lifestyle modifications and reduction in
body weight for all obese hypertensive patients.> A low-caloric diet
reducing total-caloric intake by 500-1000 calories per day should be
proposed. The aim of this approach should be a modest weight loss
(10% of body weight over 6 months) rather than an extreme dietary
goal that is usually followed by quick weight regain. Modest restriction
of salt intake, low intake of saturated fats and cholesterol with
increased consumption of fruits, vegetables and whole grains is
recommended.”>® Moderate physical activity should accompany
every dietary program.?! Supplementary behavioral therapy including
self-monitoring, psychological support and stress management could
also be helpful. Only a few patients are able to achieve long-term
weight reductions with life style interventions. Surgical approaches
should be reserved for morbid obese patients (BMI>40kg m~2) with
hypertension and other major comorbidities.®? In the prospective,
controlled Swedish Obese Subjects study,? subjects who underwent
bariatric surgery had lower overall mortality and long-term weight
loss, during an average of 10.9 years of follow-up, compared with a
matched control group that received conventional treatment. The
surgery group had lower 10-year incidence rates of diabetes, hyper-
triglyceridemia and hyperuricemia, but not of hypertension than the
control group. These findings may suggest that weight loss achieved by
bariatric surgery may not result in long-term BP reduction.
Pharmacological treatment for obesity is recommended in selected
patients severely affected by obesity and its sequelae. Available weight
reduction drugs include orlistat, a fat-absorption (lipase) inhibitor
and sibutramine, an appetite-suppressing drug with central action
(norepinephrine and serotonin reuptake inhibition).8! Orlistat
reduced BP33 with side effect being the reduction of fat-soluble
vitamins absorption. Sibutramine was reported to induce tachycardia
and probably increased BP® as a result of the interaction between
peripheral and central nervous system effects, peripheral stimulatory
effects and inhibitory clonidine-like actions on the central nervous
system.84 Rimonabant, a novel CB,-receptor inhibitor at the CNS and
peripheral tissues, has been associated with increased rates of anxiety
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Treatment approach for patients with obesity
associated hypertension

If blood pressure > target

:

Lifestyle modification for several weeks

:

BP not on goal: add ACEI or ARB

:

BP not on goal: add CCB or low dose HCZ

:

BP not on goal: add carvedilol or nebivolol

Figure 2 Target BP<130/85mmHg if >3 risk factors or diabetes or
metabolic syndrome or renal failure or target organ damage exist, otherwise
target BP<140/90mmHg. BP, blood pressure; ACEI, ace-converting
enzyme inhibitors; ARB, angiotensin-Il receptor blockers; CCB, calcium
channel blockers; HCZ, hydrochlorothiazide. Stage Il hypertension with
multiple risk factors or established cardiovascular disease and stage Ill
hypertension with immediate drug treatment.

and depression disorders, and the European Medicines Agency has
recently recommended the suspension of the marketing authorization
for the treatment of obesity.

Although all categories of antihypertensive drugs could be adminis-
tered in obese hypertensives, there are some limitations (Figure 2).
Diuretic drugs especially in high doses present significant side effects
such as hyperglycemia, hyperlipidemia and hyperuricemia.?> Admin-
istration of these drugs in an obese patient would magnify these
disorders. B-blockers may cause impaired lipid and glucose metabo-
lism and should not be used as first choice therapy in obese
hypertensive patients unless required by specific indications.3%87
However, these effects seem to be less pronounced with the new
vasodilating B-blockers such as carvedilol and nebivolol.38 First choice
drugs for the obesity-induced hypertension are the Ang receptor
antagonists and the ACE-inhibitors both associated with a lower
incidence of diabetes®® and favorable effects on left ventricular
hypertrophy and nephropathy. Ca++ channels antagonists can be
used alternatively or can be added to the treatment with Ang receptor
antagonists and the ACE inhibitors, if BP is resistant to monother-
apy.? Calcium antagonists are metabolically neutral drugs and exhibit
favorable actions on target organ damage. Thiazide diuretics at low
doses may be added if BP is not controlled, although they might have
some adverse effect on insulin resistance and new onset of diabetes.®
Other comorbidities including dislipidemia and diabetes should also
be appropriately treated to reduce total cardiovascular risk in obese
patients.

Obesity should be considered as a chronic medical condition, which
is likely to require long-term treatment. The presence of obesity-
related outcomes such as hypertension and diabetes may be indica-
tions for more aggressive therapy. Multiple therapeutic approaches
may be necessary to achieve the desired goal. Understanding of the
mechanisms associated with obesity-related hypertension is essential
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for refined treatment strategies. Future research on the mechanisms of
obesity-related hypertension is thus needed, and may serve as the basis
for more effective and well-tolerated therapies.
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