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Mechanisms of obesity-related hypertension:
from insulin to leptin

Marcelo L. G. Correia*®, William G. Haynes, Allyn L. Mark

Abstract

Hyperinsulinemia has been classically associated
with obesity-related hypertension. However, this concept
has been challenged given that acute hyperinsulinemia
has repeatedly failed to increase arterial pressure in
humans.

Most recently, leptin-dependent mechanisms have
raised great interest as potential explanations for obesity-
related hypertension. Despite potential depressor effects
of leptin, most reports have shown that leptin increases
arterial pressure probably due to sympathetic activation.
Human obesity hypertension is associated with increased

sympathetic activity. Thus, it is possible that hyperleptinemia
in human obesity could contribute to obesity-related
sympathetic activation. However, human obesity is a
partial leptin resistant condition. The novel concept of
selective leptin resistance may help explain leptin-induced
sympathoactivation in obese subjects resistant to the
metabolic effects of leptin.

In this review article, we revisit insulin-dependent
mechanisms reportedly associated with obesity
hypertension. We also discuss leptin actions on the
cardiovascular system and show experimental results
that support the concept of selective leptin resistance.
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Introduction

The Framingham Heart Study has
demonstrated that approximately 70%
oftherisk of developmentofhypertension
can be related to obesity!. Overweight,
defined as a body mass index above
25 kg/m?, is increasingly prevalent in
the US reaching about 50% of the
adultpopulation?. In Brazil, the prevalence
of overweight is similar to that in the US
but obesity is 2.5 times less prevalent®.
With increasing prevalence of
overweight and obesity in Western
countries, itis presumed thathypertension
prevalence will increase accordingly,
magnifying an already critical public
health problem.

Despite the severity of the obesity
hypertension problem, few practical
recommendations have been issued in
terms of prevention and treatment of
this condition. Unlike other aspects of
essential hypertension, treatment of
obesity-related hypertension has not
been thoroughly studied in clinical trials.
Much attention has been paid to weight
loss, but modification of lifestyles has
been costly, hard to pursue, and
ineffective. Only two medications for
body weight control are currently
approved by the US Food and Drug
Administration (FDA), and efficacy is
far from ideal and adverse effects are
frequent. Pharmacotherapy for
obesity-related hypertension has been
based on “soft” endpoints like insulin
sensitivity and beneficial impact on
lipid profile. To our knowledge, no
comparative clinical trial has addressed
issues like reduction in cardiovascular
mortality with optimal anti-hypertensive
therapy tailored for patients with obesity
and hypertension. As a matter of fact,
most clinical trials exclude individuals
with higher body mass index.

Many mechanisms for obesity
hypertension have been proposed such
as activation of the renin-angiotensin-
aldosterone system, increased
sympathetic drive, augmented sodium

sensitivity of arterial pressure, and
endothelial dysfunction. Obesity-
related hypertension is a syndrome
where most of these mechanisms
operate in concert, but there might be
key systems amenable to optimal
intervention.

Classically, obesity-related hyperten-
sion has been strongly associated with
selective insulin resistance and hyperin-
sulinemia. In this briefreview, we revisit
the insulin hypothesis of obesity-related
hypertension and address the novel
concept of selective leptin resistance that
may contribute to the understanding of
mechanisms underlying hypertension in
obese patients.

The insulin hypothesis of
obesity hypertension:
pros and cons

Central adiposity distribution appears
to be an important marker of obesity-
related hypertension*. Furthermore,
central obesity has been related to
hyperinsulinemia and insulin resistance,
raising the hypothesis that impairment
in glucose metabolism might be linked
to obesity hypertension’. In 1988, Reaven
proposed the so-called Syndrome X that
comprises hypertension, central obesity,
glucose intolerance, dyslipidemia and
atherosclerosis®. This hypothesis is
supported by several epidemiological
studies. First, the National Health
Examination Survey III (NHANES
III) conducted between 1988 and 1994
demonstrated a strong association of
body mass index with systolic and
diastolic arterial pressure in American
adults at age younger than 60 years®.
Second, in a cross-sectional study
involving 10,303 middle-aged subjects for
the European Prospective Investigation
into Cancer and Nutrition (EPIC),
central distribution of body fat was
independently associated with the
prevalence of hypertension’. Third,
the relationship of hypertension,
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glucose tolerance, hyperinsulinemia
and insulin resistance was established
in a cohort of Dutch and Finnish men
followed-up for 30 years®.

Various mechanisms have been
implicated in hyperinsulinemic, insulin
resistance states to cause hypertension,
including activation of the sympathetic
nervous system, increased renal
reabsorption of sodium, and vascular
remodeling and hypertrophy.

Augmented sympathetic drive is
allegedly the mostimportant mechanism
by which insulin increases arterial
pressure. Grassi et al. have reported
that skeletal muscle sympathetic nerve
activity is increased in normotensive
obese versus non-obese subjects’.
Given that hyperinsulinemia is
commonly detected in obese subjects,
elevated plasma levels of insulin could
potentially cause sympathoactivation
in human obesity.

Many reports support the concept
that insulin activates the sympathetic
nervous system. Insulin acts in the
hypothalamus to increase sympathetic
activity'?. Increased plasma concentration
ofinsulin dose-dependently augments
the turnover of norepinephrine in the
skeletal muscles, liver and adipose
tissue!!. Furthermore, systemic
admuinistration of insulin innormotensive,
non-obese subjects increases sympathetic
nerve activity to skeletal muscles and
augments plasma norepinephrine
concentration, during euglycemic
clamp'2.

Despite marked sympathoactivation,
insulin treatment causes substantial
vasodilation that presumably prevents
changes in arterial pressure!2. Thus, in
normal, insulin sensitive subjects, the
vasodilatory action of insulin overrides
the expected vasoconstrictor response
to sympathetic excitation.

Earlier studies have suggested that
insulin may cause vascular dilation
through a variety of mechanisms
including: 1) B-adrenergic mechanisms;
2) hyperpolarization of vascular
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smooth muscle by stimulation of
sodium/potassium pump; 3) increased
calcium-ATPase activity and 4)
metabolic vasodilation in response to
skeletal muscle oxygen consumption'3,
In addition, insulin attenuates
vasoconstrictor responses of
phenylephrine and angiotensin 1'%,
Mostrecently, vasodilation associated
with insulin has been attributed to
endothelium-derived factors. In healthy
subjects, increases in forearm blood
flow caused by hyperinsulinemic clamp
are prevented by NG-monomethyl-L-
arginine (L-NMMA), a specific
inhibitor of the synthesis of endothelial
nitric oxide (NO)'>. This result
supports a physiologic role for insulin
to regulate skeletal muscle circulation
through endothelial mechanisms. This
hypothesis is further supported by
results showing that the expression of
endothelial nitric oxide synthase, the
enzyme responsible for endothelial NO
synthesis, dose-dependently increases
inresponse to varying concentrations
of insulin, in cultured human aortic
endothelial cells!®.

Impaired vascular dilatation in
response to insulin has been demonstrated
ininsulinresistance and could potentially
contribute to hypertension. In lean and
obese subjects, leg blood flow increases
during euglycemic, hyperinsulinemic
clamp, but the plasma insulin
concentration required to achieve
maximal vasodilatory responses is about
fourfold higher in obese as compared
with lean individuals!’. These results
indicate resistance to the vasodilatory
action of insulin in human obesity.
Impaired endothelial NO response to
insulin may underlie endothelial
dysfunction of obesity. To support this
concept, Steinberg et al.!® have
demonstrated that increases in leg blood
flow in response to endothelial-
dependent methacholine but not to
endothelial-independent nitroprusside
are impaired in obese subjects during
hyperinsulinemic euglycemic clamp.

Resistance to the vasodilatory effect
of insulin has also been observed in
hypertension. Supraphysiological insulin
plasma concentrations reaching 450
microunits/ml increase skeletal muscle
blood flow by 91% in normotensive
subjects butonly 33% inthehypertensive
group'®. Nevertheless, in borderline
hypertensive subjects increasing plasma
insulin to 73 microunits/ml with
euglycemic, hyperinsulinemic clamp,
increased skeletal muscle sympathetic
nerve activity by 36% and arterial
pressure decreased slightly?’. This study
suggests that, despite mild hypertension,
insulin retains some of its vasodilatory
actions and does not increase arterial
pressure.

Insulin-resistance impairs metabolic
and vascularactions of insulin, but spares
its sympathoexitatory actions. Given this,
we might expect that insulin-induced
sympathoactivation and blunted
vasodilation to contribute to increased
arterial pressure in response to
hyperinsulinemia. However insulin-
resistance may only partially impair
insulin’s vascular responses. Thus, even
ininsulinresistant states, the vasodilatory

action of insulin may oppose the
vasoconstrictor stimulus of sympathetic
activation and prevent arterial pressure
elevation (Figure 1). Asamatter of fact,
as we will see later, the responses to
acute hyperinsulinemia consistently
fails to support the hypothesis that
hyperinsulinemia promote hypertension.

A second major mechanism
associating hyperinsulinemia with
obesity-related hypertension is
increased renal absorption of sodium.
Salt-sensitive hypertension develops
in obese rats and hyperinsulinemia
may contribute to this condition?'. In
non-obese, normotensive subjects,
modest increases in plasma insulin
concentration decrease renal sodium
excretion by 40%?22. In hypertensive
individuals, the infusion of insulin during
euglycemic clamp also causes a
reduction of renal excretion of sodium?3.

Insulin may induce long-term
vascular hypertrophy by acting as a
direct mitogen or by promoting the
release of insulin-like growth factor 1
(IGF-1)**. As early as 1961, Cruz et
al.?> demonstrated intimal and medial
vascular hypertrophy in unilateral

Sympathoactivation

Selective insulin resistance

_—

Insulin

CH & D

Skeletal muscle
glucose up-take

Vasodilation

Figure 1 — In selective insulin resistant states, insulin-induced sympathetic activation
is preserved, skeletal muscle glucose up-take is substantially inhibited and vasodilation
is only partially impaired. Insulin-dependent vasodilation could override sympathetic
activation to prevent changes in arterial pressure.
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femoral canine arteries chronically
perfused with insulin in vivo, whereas
the non-perfused, contralateral artery
remained normal. Vascularremodeling
and hypertrophy due to chronic
hyperinsulinemia could potentially
increase vascular resistance and
contribute to obesity-related hypertension.

Despite repeated epidemiological
studies linking hypertension, obesity
and hyperinsulinemia, this hypothesis has
been challenged by some observations
inanimals and humans. Hall et al. have
demonstrated that hyperinsulinemia
does not increase arterial pressure in
obese dogs that are resistant to the
vasodilatory and metabolic actions of
insulin®®. Additionally, neither acute nor
chronic hyperinsulinemia has been able
to shift the pressure-natriuresis curve
in dogs or humans?’. Moreover,
experimental acute hyperinsulinemia
failed to increase arterial pressure in
obese, insulin-resistant normotensive?®
and hypertensive humans?. In obese
hypertensives, chronic treatment with
NPH insulin significantly raised plasma
insulin concentration, but caused a slight
decline in 24-hour arterial pressure’.

Both hyperinsulinemia and obesity
increase sympathetic nerve activity
to skeletal muscle circulation.
However, there might be no direct
correlation between insulin-induced
sympathoactivation and obesity-
related increases in sympathetic
activity. Only a weak correlation
between fasting insulin and muscle
sympathetic nerve activity is observed
in obese hypertensive subjects as
compared with weight-matched
normotensive controls3!. In addition,
baseline muscle sympathetic nerve
activity is similar in obese hypertensive
and normotensive individuals, suggesting
that increased muscle sympathetic
nerve activity might not be important
for the maintenance of obesity-related
increases in arterial pressure’!.

It is well accepted that insulin
modulates renal mechanisms of sodium

reabsorption and that hyperinsulinemia
presumably contributes to sodium
retention in obesity. However, other
mechanisms have been shown to play
arolein obesity-related sodium retention
by the kidneys. First, obesity increases
plasma renin-angiotensin activity that
potentially increases renal sodium
reabsorption®2. Second, accumulation
ofintrarenal fat and extracellular matrix
physically compress the kidneys
and cause increases in sodium
reabsorption??. Thus, the magnitude of
the contribution of hyperinsulinemia per
seto the reduced renal sodium excretion
inobesity and obesity-related hypertension
isstillunclear.

Is there a role for leptin
in obesity hypertension?

The discovery of leptin by
Jeffrey Friedman’s group in 19943
revolutionized the understanding of body
weight control. Leptin is a peptide
hormone mostly expressed in the white
adipose tissue that acts on hypothalamic
receptors to induce negative energy
balance by inhibiting appetite and by
promoting sympathetically mediated
energy expenditure. Inrodents, leptin
increases sympathoactivation to
interscapular brown adipose tissue and
increases the expression of uncoupling
protein type 1 (UCP-1), presumably
enhancing sympathetically mediated
thermogenic metabolism at this organ’®.
Surprisingly, Haynes etal.’” have shown
that intravenous administration of leptin
also increases renal, adrenal and
hindlimb sympathetic activity that
potentially elevates arterial pressure in
rats. Conversely, leptin has been
associated with effects that could
decrease arterial pressure. First, human
leptin, but not rodent leptin, increases
natriuresis and diuresis inrats®®. Second,
Lembo et al.** have demonstrated that
leptin causes endothelial-dependent
vasodilation, in vitro. Inaddition, leptin

377

decreased arterial pressure in
sympathectomized rats*. Fruhbeck*’
has also shown that leptin increases
endothelial release of nitric oxide, inrats.
Third, leptin decreases rat ventricular
myocyte contraction in vitro*'. Fourth,
aleptin-dependent angiogenic effect has
been demonstrated that potentially
decreases peripheral vascularresistance*.
Fifth, leptin acutely increases insulin
sensitivity®.

Despite potential depressor actions
of leptin, most studies directly
addressing leptin effects on arterial
pressure indicate that a pressor action
may predominate. Interestingly, the
ob/ob obese mouse lacking the ob
gene responsible for leptin expression
has a slightly lower arterial pressure
than the lean controls despite extreme
obesity**. Therefore, the lack of leptin
expression appears to alter arterial
pressure regulation in mice.

Notably, it has been shown that
acute and chronic administration of
leptin increases arterial pressure. Acute
intracerebroventricular administration
of leptin in anesthetized rats has been
shown to increase arterial pressure,
lumbar and renal sympathetic nerve
activity®®, suggesting that the pressor
effect of leptin may be mediated by
sympathetic mechanisms. Our group
was unable to reproduce the pressor
effect of leptin after 3 hour-long
intravenous infusion of leptin in
anesthetized rats’’. However, we have
observed leptin-dependent increases in
arterial pressure when our experiments
were extended for 6 hours?*.

Shek et al.#’” demonstrated that
chronic systemic administration of leptin
increases arterial pressure in conscious
rats and suggested that this reflects a
central neural action of leptin. We have
reproduced the pressor effect of leptin
by chronically administering the
hormone into the third cerebral ventricle
of conscious, freely moving rats
indicating that leptin-induced increases
in arterial pressure are mediated via
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central nervous system mechanisms*3.
Importantly, Aizawa-Abe et al.* have
demonstrated that transgenic mice
overexpressing leptin in the liver were
hypertensive as compared with wild
type controls. Moreover, hypertension
in transgenic mice overexpressing leptin
was reversed by o and B-adrenergic
antagonism and ganglionic blockade.
Theseresults strongly suggest that leptin
increases arterial pressure in rodents
through sympathetic activation.

Being secreted by white adipose
tissue, leptin plasma concentration is
elevated in human common obesity
reflecting augmented adiposity>°.
Thus, it has been postulated that leptin
may contribute to obesity-related
sympathoactivation and hypertension.
In a longitudinal study following a
cohort of Japanese men for one year,
greater increases of serum leptin due
to spontaneous weight gain were
observed in the obese subjects who
exhibited arterial pressure elevation.
These subjects were compared with
obese individuals whose arterial
pressure remained stable despite
similar weight gain’!. However, at 6
months, arterial pressure elevation
following weight gain correlated only
with serum norepinephrine whereas
at 12 months, the correlation was
positive with serum norepinephrine,
leptin and insulin. Thus, it appears that
sympathetic activation as reflected by
increased serum norepinephrine is an
initial and lasting determinant of
increased arterial pressure that
follows increased adiposity, while
serum leptin and insulin correlate with
amore chronic phase of obesity-related
arterial pressure elevation’!.

Leptin has also been associated
with hypertension independent of
obesity. Several cross-sectional studies
have demonstrated that plasma leptin
concentration corrected for body mass
index is higher in hypertensive than in
normotensive males. Such observation
has not been shown in women, despite

consistent higher body mass index-
corrected serum leptin in females®>.
These results suggest an association of
leptin and hypertension with male
gender. In contrast, Suter et al.>* have
found that systolic arterial pressure
correlated with leptin serum levels
adjusted for body weight in women and
non-hypertensive males. In concordance
with otherreports, hypertensive subjects
irrespective of gender presented higher
serum leptin concentrations than
normotensive controls>*.

A direct role of leptin in the
pathogenesis of essential or obesity-
related hypertension presumes some
sort of leptin action on systems that
regulate arterial pressure. However,
in addition to insulin resistance, obese
subjects are also leptin-resistant>,
Leptin resistance is defined as an
inability of leptin to promote energy
expenditure and to inhibit appetite,
favoring weight gain. If obese
individuals are resistant to the effects
of leptin, how could leptin possibly
promote sympathetic activation and
obesity-related hypertension? Some
results in the literature suggest that
leptin resistance may not be complete,
but instead may spare some effects of
leptin. For instance, a reduction in
arterial pressure parallels a reduction
in leptinemia in hypertensive, leptin-
resistant agouti yellow obese mice,
suggesting that arterial pressure is
under leptin influence despite leptin-
resistance®’.

Taking into consideration this
interesting report, it is conceivable
that some other actions of leptin might
be preserved, even in the presence of
leptin resistance. Therefore, we have
proposed the novel concept that leptin
resistance can be selective to the
metabolic effects of the hormone but
spare the sympathoexitatory actions
of leptin. We used the agouti yellow
obese mouse to test this hypothesis.
The agouti yellow obese mouse
ubiquitously expresses the agouti

peptide that is an endogenous
antagonist of melanocortin receptors
(MC receptors). Normally, a-mela-
nocyte stimulating hormone (0-MSH)
acts on MC type 1 receptors located
on hair follicles to produce black hair
pigmentation, and on hypothalamic MC
type 4 receptors to inhibit appetite along
with promotion of energy expenditure.
Therefore, the antagonism of MC type
1 and 4 receptors by agouti protein
produces yellow coat and late onset
obesity in the agouti yellow obese
mouse, respectively>>.

Why have we chosen the agouti
yellow obese mouse to test the
hypothesis that leptin resistance is
selective to the metabolic actions of
leptin? First, the agouti yellow mouse
is hyperleptinemic, reflecting obesity,
and does not respond to the leaning
and anorectic effects of leptin°°. Thus,
this murine model of obesity can be
categorized as a leptin resistant.
Second, we have shown that the yellow
obese is hypertensive as compared
with wild type controls*.

We reproduced previous results by
demonstrating that agouti yellow obese
mice have limited food intake inhibition
inresponse to systemic administration
of leptin, when compared with wild
type, lean controls. However, systemic
administration of leptin increased renal
sympathetic nerve activity equally in
agouti obese and lean mice (Figure
2)37. These results indicate that, despite
resistance to the anorectic effect of
leptin, agouti yellow obese mice retain
the leptin-dependent sympathoexitatory
response. Therefore, leptin resistance
appears to be selective to the metabolic
but not to the sympathetic actions of
leptin in this murine model of obesity-
related hypertension (Figure 3).

It can be argued that systemic
administration of leptin activates leptin
receptors peripherally located in the
white adipose tissue to induce
sympathoactivation and overcome
leptin resistance®. To elucidate this
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issue, we conducted experiments to
test the hypothesis that selective leptin
resistance originates in the central
nervous system. Rahmouni etal.>® have
preliminary results showing that direct
intracerebroventricular administration
ofleptin does not inhibit food intake in
the agouti yellow obese mice, but the
sympathoexcitatory effect of leptin to
the kidneys is preserved. These results
support the hypothesis that selective
leptin resistance develops through
mechanisms located in the central
nervous system.

To our best knowledge, leptin has
beenused three times in clinical research.
The first study presented a weight
reductive effect of leptin in a morbidly
obese child with congenital leptin
deficiency®. Inthe second study, patients
with common obesity were treated with
leptin to promote weight loss®!. In none
of these studies, the sympathetic or
arterial pressure effects of leptin were
thoroughly examined. In the third study,
healthy non-obese subjects treated
systemically with leptin did not show
any evidence of leptin-induced
sympathoactivation. Despite reaching
high plasma concentrations, leptin did
nothave any effecton satiety ormetabolic
rate®, suggesting that leptin may not
have reached effector sites. Thus, the
hypothesis that leptin and hyperleptinemia
causes obesity-related sympathoactivation
is yet to be tested in humans.

Conclusion

Evidence has accumulated that
challenge the classical concept linking
hyperinsulinemia, hypertension and
obesity. Acute hyperinsulinemia in
humans has repeatedly failed to produce
hypertension. Consequently, whereas
insulin resistance may contribute to
vascular dysfunction, hyperinsulinemia
does notappear to play an importantrole
in obesity hypertension, despite insulin
sympathetic and anti-natriuretic effects.
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Figure 2 — (A) Absolute changes in body weight (BW) induced by leptin admin-
istered intraperitoneally (IP). Leptin causes dose-dependent weight loss in wild type,
agouti lean mice. Agouti obese mice are resistant to weight loss produced by leptin.
* P <0.05 obese versus lean, T P <0.05 lean 3 & 6 g versus lean 10 pg. (B) Percent
changes in renal sympathetic nerve activity (RSNA) induced by leptin administered
intravenously (IV). Leptin causes dose-dependent increases in RSNA that are equal
in agouti lean and obese mice.

Selective leptin resistance

Adipocytes

QO

Sympathoactivation Satiety & weight loss

Obesity hypertension?

Figure 3 —In selective leptin resistant states, sympathoactivation caused by leptin is
preserved but leptin effects on metabolism (satiety and weight loss) are substantially
inhibited. Leptin-induced sympathoactivation could contribute to obesity-related
hypertension.

Correia MLG, Haynes WG, Mark AL

Rev Bras Hipertens vol 8(4): outubro/dezembro de 2001



380

The discovery of the adipose tissue-
derived leptin has led to alternative
explanations of obesity-related
hypertension. It is true that leptin has
potential depressor effects but most
reports have shown that leptin increases
arterial pressure in rodents probably due
to sympathetic mechanisms. Given that
human obesity-related hypertension is
associated with increased sympathetic
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