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Role of sympathetic nervous system and
neur opeptidesin obesity hypertension

JE Hall, MW Brands, DA Hildebrandt, J Kuo, SFitzgerald

Abstract

Obesity isthe most common cause of human essential
hypertension in most industrialized countries. Although
the precise mechanisms of obesity hypertension are not
fully understood, considerable evidence suggests that
excess rena sodium reabsorption and a hypertensive
shift of pressurenatriuresisplay amajor role. Sympathetic
activation appearsto mediate at | east part of the obesity-
induced sodium retention and hypertension since adre-
nergic blockade or renal denervation markedly attenuates
these changes. Recent observations suggest that Ieptin
and its multiple interactions with neuropeptides in the
hypothalamusmay link excessweight gainwithincreased
sympathetic activity. Leptin is produced mainly in adi-
pocytes and is believed to regulate energy balance by
acting on the hypothalamus to reduce food intake and to
increase energy expenditure via sympathetic activation.
Short-term administration of leptin into the cerebral
ventriclesincreasesrenal sympathetic activity, andlong-

term leptin infusion at rates that mimic plasma concen-
trationsfound in obesity raisesarterial pressureand heart
rate via adrenergic activation in non-obese rodents.
Transgenic mice overexpressing leptin also develop
hypertension. Acute studies suggest that the renal
sympathetic effectsof leptin may depend on interactions
with other neurochemical pathwaysinthe hypothalamus,
including themelanocortin-4 receptor (MC4-R). However,
theroleof thispathway in mediating thelong-term effects
of leptin on blood pressureisunclear. Also, itisuncertain
whether there is resistance to the chronic renal sym-
pathetic and blood pressure effects of leptin in obese
subjects. Inaddition, |eptin also hasother cardiovascul ar
and renal actions, such as stimulation of nitric oxide
formation andimprovement of insulin sensitivity, which
may tend to reduce blood pressure in some conditions.
Althoughtheroleof these mechanismsin human obesity
has not been elucidated, this remains a fruitful areafor
further investigation, especially in view of the current
epidemic of obesity in most industrialized countries.
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I ntroduction

Approximately 30%to 35% of the
adult populationintheUnited Statesis
at least 20% overweight, with abody
massindex (BMI) greater than 27 kg/
m?12. Insomegroups, suchasAfrican
American women older than age 45-
50, the prevalence of obesity may be
as high as 70% to 80%, coinciding
with a 70% to 80% rate of hyper-
tension®. Because cardiovascular mor-
bidity and mortality i ncrease substan-
tially asBMI risesabove 25 kg/m?49,
this level of BMI should perhaps be
considered overweight. By thismore
stringent definition, over half of the
adult populationintheUnited Statesis
overweight?. Similar statistics exist
for other industrialized countries,
leading nutrition expertsto declarean
epidemic of obesity?.

Obesity isamajor cause of
human essential
hypertension

An important consequence of
excessweight isincreased blood pres-
sure. Epidemiological studiesindicate
that hypertensionisrarein|ean popu-
lations, but common in overweight
groups®. Therelationship between obe-
sity and hypertens on cannot beattribu-
ted solely to genetic factorssinceitis
observed in diverse populations
throughout theworld, andinpopulations
of smilar originlivingindifferentloca-
tions. Other cardiovascul ar risksasso-
ciatedwithindustridization cannot fully
explainthisre ationship becauseit has
been observed in multiple studies of
primitivenon-industrialized societies®.
Thus, obesity and hypertension appear
tobeinextricably linked. Risk estimates
from the Framingham Heart Study
suggest that approximately 78% of
essential hypertensionin menand 65%
inwomen can bedirectly attributed to
obesity®.

Experimenta studiesinanimalsand
humans have reinforced the impor-
tance of obesity in causing hyperten-
sion by demonstrating arisein blood
pressure with weight gain due to a
chronichighfat diet. Moreover, weight
losslowers blood pressurein normo-
tensiveand hypertensivesubjectseven
when sodiumintakeisprevented from
decreasing®>’. The therapeutic value
of weight loss in lowering blood
pressure hasbeen repeatedly demons-
tratedinmultipleclinical studies.

Blood pressure and BMI are
closely associated. Figure 1 shows a
linear relationship between BMI and
blood pressurein over 22,000 Korean
subjects, most of whom were not
overweight®. A similar relationship
between BMI and blood pressure has
been found in normotensive and
hypertensivesubjectsindiversegroups
of people, including those of West
Africanorigin, Caucasansand Asans.

This close association between
BMI and blood pressureis somewhat
unexpected since BMI, although cor-
related with obesity, is not a direct
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marker of adiposity. For example, older
individuaswithlossof skeletal muscle
mass may have normal BMI despite
increased adiposity. Measurement of
BMI also does not take into account
the distribution of body fat which ap-
pearsto beanimportant risk factor for
cardiovascular disease; hypertension
andinsulinresistancearemorepreva-
lentin subjectswith central compared
to lower body obesity®. The fact that
there is a clear association between
BMI and arterial pressure even in
non-obese, lean populations, however,
indicatesthat theeffect of weight gain
on blood pressure regulation may be
more complex than can be explained
simply by increasing adiposity.

Why are some obese people
“normotensive”? The observation
that some obese subjectsarenot hyper-
tensive (according to the standard
criteria of a systolic/diastolic blood
pressuregreater than 140/90) hasbeen
interpreted as evidence that there are
large, genetically determinedvariations
in the blood pressure responses to
weight gain. Thisconcept seemsto be
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Figure 1 — Relationship between body mass index and mean systolic and diastolic
blood pressurein 22,354 K orean subjects. (Redrawn from ref. 8).
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consistent with the observation that
some populations, such as the Pima
Indians in the Southwestern United
States, have a high prevalence of
obesity but may not have corres-
ponding high rates of hypertension
until diabetic nephropathy occurs!.
Similarly, obesity hasbeen suggested
to carry agreater risk of hypertension
in Caucasian than African American
females®.

Another explanation for the occa-
sional dissociation between hyper-
tension and obesity is that amost all
individual sexperienceincreased blood
pressure with weight gain. However,
basalineblood pressure(i.e., theblood
pressuremeasured beforeweight gain)
variesin different popul ations, dueto
genetic differencesor to other factors
that influence blood pressure regula-
tion. Thus, apersonwithlow baseline
blood pressure may not be classified
as hypertensive (greater than 140
mmHg/90 mmHg) eventhough arteria
pressureandtherisk for cardiovascular
diseaseishigher than beforetheweight
gain. On a population basis, weight
gain shiftsthe frequency distribution
so that a much greater fraction of
obese subjectsare hypertensive com-
pared with lean subjects. Therefore,
obese subjectswith normal blood pres-
sure (< 140 mmHg/90 mmHg) are
hypertensiverelativetotheir baseline
blood pressure and perhaps should be
considered for antihypertensive
therapy. Infact, much of thepopulation
risk for cardiovascul ar disease occurs
a blood pressures much lower than
140 mmHg/90 mmHg and obesity adds
tothisrisk.

This explanation is supported by
the finding that weight loss usualy
reduces blood pressure in normo-
tensive as well as in hypertensive
obese subjects®. Also, thisis consis-
tent with the observation that weight
gainamostinvariably increasesblood
pressurein humansand experimental
animalst!. Thus, the observation that

some obese subjects are not hyper-
tensive (based on the usual definition
of hypertension) may berelated mainly
totheir lower baselineblood pressure,
rather than the absence of arisein
blood pressure with weight gain.

Animal models of obesity
and their relevanceto
human obesity

Although various neurohumoral
abnormalities have been proposed to
mediate obesity hypertension, it has
been difficult in human studiesto se-
parate changes that contribute to in-
creased arterial pressure from chan-
gesthat aresecondary to hypertension.
Experimental studiesinanimalsallow
a more mechanistic approach to the
problem, but there are few animal
model s of obesity inwhich sequentia
changesinrenal, cardiovascular, and
endocrine functions have been exa-
mined during the development of hy-
pertension before and after the sus-
pected pressor systems have been
inhibited.

There are many rodent models of
genetic obesity and they have contri-
buted to advancesin our understanding
of the molecular genetics of obesity.
Unfortunately, the cardiovascular and
renal changesinmost of thesegenetic
models have not been well characte-
rized. Those that have been studied
often do not mimicthecardiovascular,
renal, and neurohumora changesfound
in obese humans. For example, the
Zucker fatty rat, awidely used model
of genetic obesity, has decreased
plasmareninactivity?, whereasobese
humans often have increased plasma
renin activity!®. Also, increased
sympathetic activity appearstoplay a
sgnificantroleincausing hypertenson
in obese humans!, but not in Zucker
fatty rats!2.

In contrast to genetic models of
obesity, experimental animalsfedhigh
fat diets have many characteristics of

obese humans. For example, animals
fed high fat diets until they become
obese exhibit endocrine, renal, sym-
pathetic, cardiovascular, and meta-
bolic changes very similar to those
found in obese humans'>'’. These
observations lend credence to the
hypothesis that dietary factors, espe-
cialy ahighfat diet, play amajor role
in causing human obesity.

M echanisms of obesity
hypertension

Hemodynamic changesin
obesity

Rapid weight gain causes in-
creased regional blood flows, cardiac
output, and arterial pressure in
experimental animalsand humans. In
dogs placed onahighfat diet for five
weekswithaconstantintakeof sodium,
protein, and carbohydrates, therewere
parallel increasesin body weight and
blood pressure, with arterial pressure
increasing 15 mmHg to 20 mmHg?®
(Figure2). Thisissimilar tothemodest
changesinblood pressureobservedin
thefirst few weeks after rapid weight
gainor weight lossinhumans. A high
fat diet in dogs aso markedly raised
heart rate and cardiac output, with
littlechangeinstrokevolume. Therise
inresting heart ratein obesity wasdue
primarily to withdrawal of parasym-
pathetic tone rather than increased
sympathetic activity or increased in-
trinsic heart rate'®. Total peripheral
vascular resistance decreased during
thehighfat diet, but whenindexed for
body weight (total peripheral vascular
resistance index) there was a slight
increase®, similar to that observedin
obese humans'®.

Obesity increases regiona blood
flows and cardiac output. Studiesin
humansand experimental animalsindi-
cate that obesity is associated with
extracellular volume expansion and
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Figure 2 — Effects of 5 weeks of a high fat diet on mean arterial pressure, cardiac
output, and body weight in dogs. C, Control. (Redrawn from ref. 16).

increased regional blood flows that
summate to raise cardiac output. Part
of theincreased cardiac output obser-
vedwithweight gainisduetoadditiona
blood flow required for the extra
adiposetissue. However, blood flows
in non-adipose tissue, including the
heart, kidneys, gastrointestinal tract,
and skeletal muscle, alsoincreasewith
weight gain'1%20, The mechanisms
responsible for increased regiona
blood flowshavenot beenfully el uci-
dated but are likely due, in part, to
increased metabolic rate and local
accumulation of local vasodilator me-
tabolites and to growth of the organs
and tissues in response to their
increased metabolic demands.

Obesity causes cardiac hypertro-
phy andimpaired systolicand diastolic
function. Despite increased cardiac
output, thereisevidencefor impaired
cardiac systolicand diastolicfunction
inobesity. Inanimalsfedahighfat diet
for 5 to 12 weeks, cardiac filling
pressures are increased and diastolic
dysfunction is evident even at this
early stageof obesity?!. Clinical studies
alsoindicatethat cardiac hypertrophy
is more severe in obese than in lean
subjects with comparable hyper-
tension??. Furthermore, high sodium
intake, which often occurs concur-
rently with high caloric intake, exa-
cerbates obesity-induced cardiac
hypertrophy?3.
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Obesity impairs renal-
pressure natriuresis and
causes sodium retention

Abnormalitiesof kidney function,
characterized by a hypertensive shift
of pressurenatriuresis, appear to play
a central role in all forms of
hypertension studied thus far?.
Obesity hypertensionisno exception.
Obese subjects require increased
arterial pressure to maintain sodium
balance, indicating impaired renal-
pressure natriuresis?®>. During five
weeksof ahighfat diet in dogs, there
was marked sodium retention, much
morethan can beaccounted for by the
increased adipose tissue (Figure 3).
Extracellular fluidand plasmavolumes
are also markedly elevated with
dietary-induced obesity inexperimenta
animals® and in obese humans'’.
Sodium retention and volume
expansion in obesity are not due to
renal vasoconstriction or decreased
glomerular filtration rate (GFR), as
GFR and rena plasma flow are ele-
vated in obeseanimals? and humans!®
compared with lean control subjects.
Thus, intheearly phasesof theobesity,
prior to glomerular injury and loss of
nephron function, sodiumretentionis
due mainly to increased renal tubular
reabsorption (Figure 3).

The precise causes of increased
tubular reabsorption and impaired
pressurenatriuresisarenot completely
clear but appear tobedueto 1) activa-
tion of the renin-angiotensin sys-
tem?315, 2) physical compression of
thekidneys-?5, and 3) increased renal
sympathetic nerveactivity'4?. Inthis
paper, we mainly discuss the role of
the sympathetic nervous system.

Sympathetic activation
contributesto hypertension
in obese subjects

Twolinesof evidencesuggest that
the sympathetic nervous system is a
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Figure 3 — Effects of 5 weeks of ahigh fat diet on glomerular filtration rate, renal
sodium reabsorption, and cumulative sodium balance in dogs. C, Control. (Redrawn

fromref. 16).

major factor in causing obesity-induced
hypertension. First, direct andindirect
methods suggest that sympathetic
activity ishigher in obesethaninlean
subjects. For example, high caloric
intake increases norepinephrine tur-
nover in peripheral tissues and raises
resting plasma norepinephrine con-
centrations'#. High caloricintakeal so
amplifies the rise in plasma nore-
pinephrineresponseto stimuli suchas
upright posture and isometric hand
grip™*. Obese hypertensive subjects
a so haveincreased sympathetic acti-
vity, measured directly with micro-
neurographic methods, compared to
lean subjects®.

Second, pharmacologic blockade
of adrenergicactivity markedly blunts
obesity hypertension. In dogs fed a
highfat diet, combined a and 3-adre-
nergic blockade lowered blood pres-
sureto amuch greater extent in obese
thaninlean dogs?’. Also, combined a
and (3-adrenergic blockade markedly
attenuated the rise in blood pressure
that occurredindogsfedahighfat diet
for 5 weeks. Clonidine, a drug that
stimulates central a-2 receptors and
reducessympatheticactivity, alsomar-
kedly blunted the rise in blood pres-
sure in dogs fed a high fat diet?.
Finally, combined a and 3-adrenergic
blockadefor onemonthreduced blood

pressure more in obese compared to
lean essential hypertensive patients®.
All of these findings support the con-
clusion that sympathetic activation
playsamajor rolein mediating obesity
hypertension.

Renal sympathetic nerves me-
diate sodium retention and hyper-
tension in obesity. Sympathetic acti-
vationraiseshlood pressureand causes
sodiumretentioninobesity mainly via
therenal nerves. Indogsfed ahighfat
dietfor fiveweeks, kidneyswithintact
renal nerves retained almost twice as
much sodium as denervated kidneys.
Also, bilateral rend denervationgreetly
attenuated sodium retention and
hypertensionindogsfedahighfat diet
(Figure 4)%.

M echanismsof
sympathetic activationin
obesity

Although it is clear that obesity
increases rena tubular sodium reab-
sorption, impairs renal-pressure na
triuresis, and causes hypertension, in
part, by increasing rena sympathetic
nerve activity, the mechanisms that
increaserenal sympatheticactivity have
not been fully elucidated. Potentia
mediatorsof sympathetic activationin
obesity include: 1) rena afferent nerves,
stimulated by increased intrarenal
pressuresand subsequent activation of
renal mechanoreceptors, 2) hyperin-
sulinemia, 3) fatty acids, 4) angiotensin
Il (Ang I1), and 5) hyperleptinemia.

Renal deaffer entation does
not attenuate obesity
hypertension

Intrarenal pressures are markedly
elevated in obesity, due in part to
compression of the kidneys by extra-
renal adipose tissue®®. Previous stu-
dies suggest that kidneys are richly
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Figure 4 - Effects of 5 weeks of a high fat diet on mean arterial pressure and
cumulative sodium balancein dogswith innervated kidneys (control) and bilaterally
denervated kidneys (denervated). (Redrawn from ref. 30).

endowed with mechanoreceptorsthat
can stimulate renal afferent nerves
andthereby increase sympathetic acti-
vity whenactivated by increased intra-
renal pressures. However, surgical
removal of afferent fiberscomingfrom
thekidneysby dorsal root rhizotomies
between T-10 and L-2 segments did
not blunt thesodiumretention or hyper-
tension in dogs fed a high fat diet3Z.
Thus, althoughtherenal efferent sym-
pathetic fibers contribute to sodium
retention and hypertension, afferent
pathwaysoriginating inthekidney do
not appear to play a maor role in
stimulating sympatheticactivity inobe-
sity hypertension.

CNSeffectsof
hyperinsulinemia cannot
explain sodium retention
and hypertension in obesity

Obesity isassociated with glucose
intolerance, fasting hyperinsulinemia,
and an exaggeratedinsulin responseto
glucoseloads®. Theincreased plasma
insulin concentrations occur as a
compensation for impaired metabolic
effectsof insulin, aconditionknownas
insulinresistance. Not all tissuesshare
inthisinsulinresistance, however, and
hypertension hasbeen suggested to be
one of the unfortunate consequences
of these increased levels of insulin.
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Acutestudiessuggest that highinsulin
levels may cause modest sodium re-
tention andincreased sympathetic acti-
vity, and these observationshavebeen
extrapolated to infer that hyperinsu-
linemiamay be an important cause of
obesity hypertensionthroughactivation
of the sympathetic nervous system.

However, there is little evidence
that chronic hyperinsulinemiamediates
obesity hypertension. In humans and
dogs, neither acutenor chronic hyperin-
sulinemia, lasting for several weeks,
caused ahypertensiveshift of pressure
natriuresis or increased arterial pres-
sure®, In fact, insulin infusions at
ratesthat rai se plasmaconcentrations
tolevelsfoundinobesity tendtoreduce
arterial pressureby causing periphera
vasodilation32. Insulinalsodid not po-
tentiate the blood pressure or renal
effects of other pressor substances
such as norepinephrine or Ang 112,
Moreover, hyperinsulinemia did not
increasearterial pressureeveninobese
dogs that were resistant to the me-
tabolic and vasodilator effects of
insulin®,

We also tested in dogs whether
hyperinsulinemiacouldincreaseblood
pressure through direct CNS effects
by infusinginsulinchronicaly intothe
cerebral circulation; our results pro-
vided no evidencethat chronic, selec-
tive CNS hyperinsulinemia causes
hypertension®* (Figure5). Thus, multi-
ple studies indicate that increased
insulinlevelscannot explain sympathe-
tic activation, increased renal tubular
sodium reabsorption, shift of pressure
natriuresis, or hypertension associated
with obesity in humansor in dogs.

Do high levels of fatty acids
contribute to increased
renal sympathetic activity
and hypertension in obesity?

Elevated levels of nonesterified
fatty acids (NEFA) have been
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Figure 5 — Effects of 4 days of vertebral artery insulin infusion on mean arterial
pressure, cardiac output, and total peripheral vascular resistancein dogs. C, Control;
E, experimental; R, recovery. (Redrawn fromref. 34).

postulated to contribute to increased
blood pressure in obese hypertensive
subjects®. Obese hypertensive pa-
tientshavehighfasting plasmaNEFA
concentrations, approximately double
those of normotensive subjects, and
raising NEFA acutely increases vas-
cular reactivity to a-adrenergic ago-
nists®. High levels of NEFA aso
enhance reflex vasoconstrictor res-
ponsesin the peripheral circulation®.

In addition to enhancing the acute
pressor responses to adrenergic
stimuli, fatty acids have also been
suggested to activate the sympathetic
nervous system indirectly through
afferent pathways originating in the
liver. Grekin et al.% found that acute
infusion of free fatty acids into the
portal or systemicveinsincreasedblood
pressure and heart rate in rats, and
that these effects were abolished by
adrenergicblockade. Sinceportal vein
infusion caused agreater riseinblood

pressure than systemic 1V infusion,
afferent pathways originating in the
liver were postulated to activate the
sympathetic nervous system in
response to increased levels of fatty
acids®. However, we recently found
that chronic infusion of a mixture of
long-chainfatty acidsfor 7 daysdirectly
intothecerebral circulation®”, theportal
vein (Hall JE, unpublished observa-
tions) or 1V caused no significant
changesin arterial pressure, systemic
hemodynamics, or renal function in
dogs. These observations provide no
support for the hypothesis that fatty
acids increase arterial pressure via
hepatic afferent pathways.

Do the CNS effects of Ang Il
contribute to increased renal
sympathetic activity and
hypertension in obesity?

Plasma renin activity (PRA) is
significantly increased in most obese

subjectsdespite marked sodium reten-
tion and increased extracellular fluid
volume'316, Three additional obser-
vations suggest arole for Ang Il in
stimulating sodium reabsorption, shi-
fting pressurenatriuresis, and causing
hypertension in obesity: 1) treatment
with an Ang Il antagonist blunted
sodium retention, volume expansion,
and increased arterial pressure asso-
ciated with a chronic high fat diet in
dogs?®; 2) angiotensin converting en-
zyme (A CE) inhibition attenuated hy-
pertension in obese dogs®; 3) ACE
inhibitors were effective in reducing
blood pressurein obese subjects, parti-
cularly inyoung patients®.

Whether the effects of Ang Il to
raiseblood pressurein obesity aredue
primarily to direct actions on the
kidneysor to sympatheticactivationis
unclear. Thereisconsiderableeviden-
cethat Ang Il hasdirect effectsonthe
CNS. Thephysiologicroleof Angllin
stimulating thirst is well established,
but controversy remainsregardingthe
physiologic importance of Ang I1‘s
roleinregulating sympatheticactivity.
Part of this controversy relatesto the
paucity of dataon the effects of long-
term, physiologic increases in CNS
levelsof Angll.

Theobservationsof Hildebrandt et
al.*l are consistent with a possible
effect of physiological levelsof Angll
ontheCNStochronicaly raisearterid
pressure. Vertebral artery infusion of
Ang |l at arate of only 0.5 ng/kg/min
increased arterial pressure about 10
mmHgonthefirst day of infusion, and
the rise in pressure was maintained
for 7 daysuntil theinfusion was stop-
ped. Incontrast, IV infusionof Ang 1
at the same dose raised arterial
pressure only about 4 mmHg on the
first day. However, eventhisvery low
dose of intravenously infused Ang Il
raised arterial pressure by about 10
mmHg after 7 daysof infusion. Thus,
physiological levelsof Angll clearly
havedirect central effectsthat acutely
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(for at least 24 hours) raise blood
pressure. Whether these effects are
important in maintaining chronic
elevationsinarteria pressureinobesity
remains to be determined.

Does leptin link obesity and
increased sympathetic
activity?

The discovery of leptin and its
effects on the central nervous system
have provided another possible link
between obesity and sympathetic
activation®?, Plasma levels of leptin,
which is expressed mainly by adi-
pocytes, risein proportionto adiposity.
Leptin from the plasma crosses the
blood-brain barrier via a saturable
transport systemand actsonreceptors
inthelateral and medial regionsof the
hypothalamus to regulate energy
balance by reducing appetite and by
increasing energy expenditurethrough
sympathetic stimulation (Figure 6).
Although leptin‘s effects on energy
balancehavebeen extensively studied,

® ,~‘”‘"“|l!i
HypOthalamus

itseffectson sympatheticactivity and
cardiovascular functionarenot aswell
understood.

Short-term effects of leptin on
sympathetic activity and arterial
pressur e. Multiplestudieshaveshown
that acute intravenous or intracere-
broventricular (ICV)infusionsof leptin
increase sympathetic activity in the
kidneys, adrenas, and brown adipose
tissue (BAT)*#. The acute effect of
leptin on sympathetic activity isdose-
dependent and occursin theabsence of
changesin plasmainsulinor glucose®.
Also, theincreaseinsympatheticactivity
issdow in onset and may not be fully
developed evenafter 2-3hoursof leptin
administration’.

Despiteanincreasein sympathetic
activity insevera vascular beds, leptin
administrationfor 2-3 hoursoften has
little effect on arterial pressure®4+4,
although small increases in arterial
pressure have been observed in some
studieswhen large doses of leptin are
injected into the cerebral ventricles®™.
Thelack of an acute pressor effect of

Hypothalamus

@4—@ Food intake ]

Sympathetic
T activity

&@ Thermogenesis ]

Arterial
T pressure

Figure 6 — Possible links between leptin and its effects on the hypothalamus,
sympathetic activation, and hypertension. a-MSH, Melanocyte stimulating hor-
mone; MCH, melanin-concentrating hormone; AGRP, agouti-related peptide; NPY,,

neuropeptide-Y .
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leptin may bedueto opposing depressor
effects, such as stimulation of en-
dothelial-derived nitric oxide®, which
offset the effects of increased sym-
pathetic activity. Alternatively, the
sympathetic stimulation caused by
leptin may be too weak to cause mar-
ked peripheral vasoconstriction and
acute increases in arterial pressure,
but modest renal sympathetic stimula-
tion could, over a period of severa
days, raisearterial pressureby causing
increased renal tubular sodium
reabsorption and volumeexpansion.
Role of neuropeptideY (NPY)
in mediating effects of leptin.
Decreased NPY formation in the
hypothalamuswasinitially believedto
be the primary mediator of leptin‘'s
effects on satiety (see ref. 47 for
review). Injection of NPY into the
hypothalamusevokesvirtualy al of the
featuresof leptindeficiency, including
hyperphagia, reduced BAT thermoge-
nesis, and obesity*’. NPY expressionis
also increased in the leptin-deficient
ob/ob mouse and leptin repletion
restores NPY expression to normal4’.
The ob/ob phenotype appears to be
mediated, in part, by increased NPY
since ob/ob mice in which NPY
expression has been knocked out
(NPY-/NPY-) are substantially less
obese than ob/ob mice with normal
NPY expression. However, abesity in
these mice is still severe, even in the
absence of NPY expression, and they
respond normally to the satiety effects
of leptinindicatingthat leptinmust a so
act on other targetsto induce satiety*’.
Microinjection of large doses of
NPY into the posterior hypothalamic
nucleus or area postrema increases
arteria pressure, whereasinjectioninto
the nucleustractus solitarius or caudal
ventrolateral medulladecreasesblood
pressure’®. Because leptin reduces
NPY expressionin the hypothalamus,
the physiological significance of car-
diovascular responsestoNPY injections
into the brain is difficult to assess.
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Currently, thereislittleinformationon
theroleof NPY inmediating the acute
or chronic effects of leptin on sym-
pathetic activity and arterial pressure.
Role of melanocortin-4 re-
ceptors(M C4-R) in mediating car -
diovascular and sympathetic
stimulatory effectsof leptin. Recent
studies suggest that the proopiome-
lanocortin (POMC) pathway may
interact with leptin to stimulate sym-
pathetic activity andtoregulateenergy
balance. Targeted deletion of theM C4-
R induces obesity in rodents* and
central administration of MC4-R
agonists decreases feeding®. The
endogenous ligand for the MC4-R
appearsto be melanocyte stimulating
hormone (a-MSH) produced from
POMC precursors. Leptin increases
expression of POMC in the arcuate
nucleust! anditispossiblethat afeed-
back pathway for control of appetite
and sympathetic activity could operate
asfollows:. increasingleptin, associated
with obesity, would stimul ate arcuate
POM C expressionand a-M SH which
wouldthen act el sewherein the hypo-
thalamus on M C4-R expressing neu-
rons, causing decreased food intake
and increased sympathetic activity.
TheMC4-R pathway, however, isnot
restricted to asingle agonistic ligand,
but al so respondsto other substances,
such as the newly discovered agouiti-
related peptide (A GRP) which actsas
an antagonist on this receptor.
Recent studies suggest that the
MC4-R may beimportantinmediating
leptin‘s acute effects on appetite and
sympathetic activity. Treatment of
rodents with an MC4-R antagonist
attenuated the acute satiety-inducing
action of leptin® and compl etely abo-
lishedtheincreased renal sympathetic
activity associated with acute ICV
leptininfusioninrats®. Surprisingly,
MC4-R blockadedid not prevent leptin-
induced stimulation of sympathetic
activity inBAT®2, Thisfinding suggests
that the thermogenic effects of leptin

inBAT arenot mediated viathe M C4-
R, whereas the effect of leptin to
enhance rena sympathetic activity
appearsto depend on an intact MC4-
R. These differing effects of MC4-R
blockade on BAT and renal sym-
pathetic activity also suggest that leptin
may activatethe sympathetic nervous
system through multiple central
pathways. However, thephysiological
role of the melanocortin system in
mediating theeffectsof leptinonsym-
pathetic activity and arterial pressure,
especialy in humans, remains to be
determined.

Leptin may interact with other
neurochemicalsinthelateral hypo-
thalamus. Recent studiessuggest that
the lateral hypothalamus releases an
array of neurochemicals, such asthe
orexins, melanin-concentrating hor-
mone (MCH), and hypocretin, that
regulate appetite and energy ho-
meostasis (see ref. 47 for review).
However, theirinteractionswithleptin
in influencing appetite, sympathetic
activity, thermogenesis, and arterial
pressure are unknown.

L eptin and long-term control of
arterial pressure. Althoughleptinhas
both pressor and depressor actions,
andacuteleptinadministration hasvery
little net effect on arteria pressure,
chronicincreasesin leptin raise blood
pressurein rodents. We demonstrated
innon-obese Sprague-Dawley ratsthat
IV or intracarotid artery infusion of
leptin for 12 days, at rates that raise
plasmaconcentrationto levels (90 ng/
ml-95 ng/ml) similar to thosefound in
severeobesity, significantly increased
mean arterial pressure and heart rate,
measured 24 h/day using computerized
methods(Figure7). Theriseinarteria
pressurewasd ow inonset and occurred
despite areduction in food intake that
would tend to reducearterial pressure.
Transgenic miceoverexpressing leptin
alsodevelop mildhypertension>, com-
parable to that produced by chronic
leptininfusions®.

Themechanismsby whichincreased
circulating leptin chronically raises
arterial pressure and heart rate are not
entirely clear, but are consistent with
activation of the sympathetic nervous
system. Also, werecently demongtrated
that combined a and (-adrenergic
blockadecompletely abolishedtheusud
increasesin arterial pressure and heart
rateduring 14 daysof leptininfusion®.
In fact, after a and (-adrenergic
blockade, chronic leptin infusion
reduced arterial pressure and heart
rate, possibly due to decreased food
intake and weight loss®®. Combined a
and (-adrenergic blockade did not
attenuate leptin-induced reductionsin
food intakeor decreasesininsulin and
glucose levels. These observations
indicate that increased adrenergic
activity isessential for leptin-induced
hypertension and tachycardiabut does
not play amajor role in mediating the
effectsof leptin oninsulin secretion or
glucosehomeostasisin non-obeserats.

I sobesity associated with resis-
tance to leptin’s actions on sym-
pathetic activity and arterial pres
sure? The finding that increasing
plasmaleptin, tolevelssimilar tothose
foundinobesity, raisesarterial pressure
innon-obeseratsisconsistent withthe
hypothesisthat |eptin isan important
link between obesity, sympathetic
activity and hypertension. Onthecther
hand, if obesity is associated with
resistance to the effects of leptin on
the hypothalamus, and therefore
resistance to the effects of leptin on
satiety and sympathetic activity,
elevated leptin concentrations might
cause minimal stimulation of
sympathetic activity inobesesubjects.

The fact that most obese human
ubjectshavevery highcirculatingleptin
and continue to overeat is consistent
with at least three possibilities: 1) that
obesesubjectsareres tanttotheeffects
of leptin on the hypothalamus, 2) that
thereis poor transport of leptin across
theblood-brainbarrier insomesubjects,
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Figure7—Effect of bilateral carotid artery infusion of leptin at 0.1 pg/kg/min (5 days)
and 1.0 pg/kg/min (7 days) on mean arterial pressure, heart rate, and daily food intake
in conscious normal Sprague-Dawley rats. *p < 0.05 compared to control. (Redrawn

fromref. 53).

or 3) that other factors override the
chronic effects of leptin on the
hypothalamusin obesesubjects. There
is some support for each of these
possibilities. For example, diet-induced
obesity in rodents is associated with
impaired transport of leptin acrossthe
blood-brainbarrier,andmicefedahigh
fat diet exhibit resistanceto the satiety
effectsof centrally, but not peripheraly,
administered leptin®. Also, acute| CV
leptinadministrationincreased lumbar
sympathetic activity innon-obeserats,
but had minimal effects in obese rats
fed ahigh fat diet®’.

These observations are consistent
withthehypothesi sthat obesity induces

resistancetotheacuteeffectsof leptin
on sympathetic activity. However,
another explanationisthat basal sym-
pathetic activity isalready elevatedin
obese rats, due to high circulating
leptin, and thereforefurther increases
inleptin (above physiological levels)
may not cause greater sympathetic
stimulation. Also, it is important to
notethat therenal (rather than muscle)
sympathetic nerves mediate thelong-
term effectsof sympathetic activation
to raise blood pressure in obesity.
Whether di et-induced obesity attenua-
testherena sympathetic responsesto
leptinisunknown. Nor havethelong-
term effectsof leptinon blood pressure
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and heart rate been studied in obese
compared to lean subjects. Thus, a
major issuethat remainsunresolvedis
whether there is resistance to the
effectsof leptin on renal sympathetic
activity and, therefore, whether leptin
contributestoincreased blood pressure
in obese subjects.

Leptin and human essential hy-
pertension. Because obesity plays a
major role in contributing to human
essential hypertension, it is not sur-
prisingthat plasmaleptin concentrations
are often elevated in hypertensive
patients, or that leptinandblood pressure
are correlated. Hirose et a.%® found
that serum leptin levels were highly
correlated with mean arterial pressure
and BMI in male Japanese adoles-
cents. Moreover, heart rate was also
correlated with serumleptineven after
adjustment for age and BMI. Suter et
a > dsofoundthat systolicblood pres-
surecorrel ated with plasmaleptinafter
adjustment for BMI inwomen and in
nonhypertensivemen, but not in hyper-
tensive men. Mogt of the data suggest
that the correl ation between leptinand
blood pressurein hypertensivemenis
related mainly to the correlation
between adiposity and blood pressure.

Not all studies, however, have
shown a close relationship between
leptinand hypertension. For example,
genetic markersat theleptinlocusare
not significantly linked to hypertension
in African Americans®. Thisfinding
doesnotimply that leptinisunimportant
inlinking obesity and hypertensionin
African Americans, but merely that
geneticabnormalitiesof leptinexpres-
sion are not associated with essential
hypertension. Thisisperhapsnot sur-
prising since a deficiency of leptin
production rarely causes obesity in
humans.

Thecomplexity of therelationships
between leptin and long-term blood
pressureregulationisfurtherillustrated
by thefinding that lower body obesity
causesgreater increasesinleptinthan
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visceral obesity, eventhoughvisceral
obesity ismoreclosaly associated with
hypertension. Also, leptin levels are
greater in women than men when
compared at the same BMI, even
thoughblood pressureisdightly higher
in men. These observations, at the
very least, indicate that other factors
besides leptin contribute to obesity
hypertension. However, the multiple
interactions of leptin with other
neurochemicalsinthe hypothalamus,
as well as the peripheral metabolic,
cardiovascular, and rena actions of
leptin, are just beginning to be
investigated andwill requireadditional
long-term studies before their
significancein humanobesity andtheir
cardiovascular consequences can be
fully appreciated.

Itisimportant alsotokeepinmind
that activation of the sympathetic ner-
voussystemisonly oneof themecha-
nismsby which obesity elevatesblood
pressure (Figure 8). Activation of the
renin-angiotensin system as well as
physical compression of the kidney
may alsobeimportant factorsinlinking
obesity to hypertension'?5, |n view
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