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A Functional Melanocortin System May Be Required for
Chronic CNS-Mediated Antidiabetic and Cardiovascular
Actions of Leptin
Alexandre A. da Silva, Jussara M. do Carmo, J. Nathan Freeman, Lakshmi S. Tallam, and
John E. Hall

RESEARCH DESIGN AND METHODS—A cannula was
placed in the lateral ventricle of Sprague-Dawley rats for intracerebroventricular infusions, and arterial and venous catheters
were implanted to measure mean arterial pressure (MAP) and
heart rate 24 h/day and for intravenous infusions. After recovery
from surgery for 8 days, rats were injected with streptozotocin
(STZ), and 5 days later, either saline or the melanocortin 3 and 4
receptor (MC3/4R) antagonist SHU-9119 (1 nmol/h) was infused
intracerebroventricularly for 17 days. Seven days after starting
the antagonist, leptin (0.62 g/h) was added to the intracerebroventricular infusion for 10 days. Another group of diabetic rats
was infused with the MC3/4R agonist MTII (10 ng/h i.c.v.) for 12
days, followed by 7 days at 50 ng/h.
RESULTS—Induction of diabetes caused hyperphagia, hyperglycemia, and decreases in heart rate (⫺76 bpm) and MAP (⫺7
mmHg). Leptin restored appetite, blood glucose, heart rate, and
MAP back to pre-diabetic values in vehicle-treated rats, whereas
it had no effect in SHU-9119 –treated rats. MTII infusions transiently reduced blood glucose and raised heart rate and MAP,
which returned to diabetic values 5–7 days after starting the
infusion.
CONCLUSIONS—Although a functional melanocortin system is
necessary for the CNS-mediated antidiabetic and cardiovascular
actions of leptin, chronic MC3/4R activation is apparently not
sufficient to mimic these actions of leptin that may involve
interactions of multiple pathways. Diabetes 58:1749–1756,
2009

L

eptin, an adipocyte-derived peptide that circulates in proportion to the amount of body fat, is
well known for its role in body weight homeostasis (1–3). Leptin informs the brain of the body’s
energy storage status and promotes weight loss by reducing appetite and increasing energy expenditure by stimuFrom the Department of Physiology and Biophysics and Center for Excellence
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lation of sympathetic nervous system activity to various
tissues, including brown adipose tissue (4,5). In addition
to its role in body weight homeostasis, leptin exerts
important cardiovascular actions that are mediated via the
central nervous system (CNS). For example, studies from
our laboratory and others indicate that leptin may be an
important link between excess weight gain and increased
arterial pressure (6 –9). Chronic hyperleptinemia in lean
animals raises arterial pressure, whereas leptin deficiency
causes severe obesity and many features of the metabolic
syndrome without the accompanying hypertension (7–10).
Leptin also stimulates glucose utilization in peripheral
tissues by activating CNS pathways. We recently showed
that chronic intracerebroventricular infusion of leptin in
diabetic rats completely restored blood glucose to normal
levels and prevented the hyperphagia and the marked
bradycardia associated with streptozotocin (STZ)-induced
diabetes (11). These observations indicate that the powerful effects of leptin on glucose regulation and cardiovascular function in insulin-deficient diabetic rats are
mediated, mainly by leptin’s direct actions on the CNS, and
are independent of insulin. However, the CNSs mechanisms that mediate leptin’s chronic effects on glucose
homeostasis and cardiovascular function are still unclear.
Leptin has been shown to suppress several orexigenic
pathways including neuropeptide Y (NPY), agouti-related
peptide (AGRP), and melanin-concentrating hormone, while
activating anorexigenic pathways such as corticotrophinreleasing hormone, cocaine-amphetamine–related peptide,
and the proopiomelanocortin (POMC) system (1–3,12–20).
Among these factors, the POMC pathway appears to play
a key role in mediating the appetite and cardiovascular
CNS actions of leptin. Leptin-mediated stimulation of the
POMC neurons leads to release of ␣-melanocyte stimulating hormone (␣-MSH) and activation of the melanocortin 3
and 4 receptors (MC3/4R) in several brain nuclei (1,12).
Activation of MC3/4R has been demonstrated to contribute
importantly to the anorexic actions of leptin (13–15), while
absence of functional melanocortin system, either by
pharmacological blockade of the MC3/4R (9,16,17) or
genetic disruption of the MC4R (18), results in complete
unresponsiveness to the chronic blood pressure and heart
rate effects of leptin. Acute and chronic studies also
suggest that activation of the MC3/4R improves insulin
sensitivity and that blockade of the MC3/4R causes
marked insulin resistance (20 –22). However, the role of
the CNS melanocortin system in mediating the chronic
antidiabetic and cardiovascular actions of leptin in insulindeficient diabetes are still unknown.
In this study, we demonstrate that activation of the
MC3/4R is required for leptin to exert its chronic antidiabetic and cardiovascular actions. Our results also indicate,
1749
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OBJECTIVE—We recently showed that leptin has powerful
central nervous system (CNS)-mediated antidiabetic and cardiovascular actions. This study tested whether the CNS melanocortin system mediates these actions of leptin in diabetic rats.

MC3/4R MEDIATE THE CHRONIC CNS ACTIONS OF LEPTIN

however, that chronic stimulation of the MC3/4R alone,
using a pharmacological agonist, causes only transient
reductions in blood glucose in diabetic rats. These observations suggest that a functional melanocortin system is
necessary for the CNS-mediated antidiabetic and cardiovascular actions of leptin, but chronic MC3/4R activation
is apparently not sufficient to mimic these actions of leptin
that may involve interactions of multiple pathways.
RESEARCH DESIGN AND METHODS
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RESULTS

Effects of induction of diabetes and chronic intracerebroventricular leptin infusion on appetite, blood
glucose, and cardiovascular function. Induction of insulin-deficient diabetes with STZ was associated with
rapid development of hyperglycemia (433 ⫾ 28 mg/100 ml
on day 5 post-STZ injection, Fig. 1B, Table 1), hyperphagia
(from 22 ⫾ 1 g/day in the control period to 45 ⫾ 2 g/day on
day 5 after STZ injection, Fig. 1A), and increased water
intake and urine volume (Table 1).
Induction of STZ-diabetes also caused marked bradycardia with heart rate rapidly falling by as much as ⫺77 bpm
5 days after STZ injection (Fig. 2A). MAP responses after
the induction of diabetes were variable among the groups
but remained unchanged on average during the first 5 days
after induction of diabetes (Fig. 2B). We previously
showed that it takes ⬃10 –15 days after the STZ injection
for a significant reduction in MAP (11).
Chronic intracerebroventricular leptin infusion for 10
days in diabetic rats decreased food intake from 45 ⫾ 2
g/day to an average of 16 ⫾ 1 g/day during the last 5 days
of leptin infusion (Fig. 1A) and reduced blood glucose
levels all the way back to pre-diabetic control values
(118 ⫾ 19 mg/100 ml, Fig. 1B, Table 1).
The normalization of blood glucose levels by intracerebroventricular leptin infusion was accompanied by a
marked reduction in urine volume and water intake to
values similar to pre-diabetic levels (Table 1). In addition,
chronic leptin treatment reversed the bradycardia and
raised heart rate by ⬃40 –50 bpm above the pre-diabetic
control values (Fig. 2A). Although leptin tended to raise
MAP, the increase was not significant compared with the
day before leptin infusion was started (Fig. 2B).
Effects of chronic intracerebroventricular infusion of
MC3/4R agonist on appetite, blood glucose, and cardiovascular function. Chronic intracerebroventricular
infusion of the MC3/4R agonist, MTII, at a dose of 10 ng/h
for 10 days in ad libitum–fed diabetic rats caused only a
transient reduction in food intake lasting for ⬃3– 4 days,
after which food intake returned to values observed before
the MTII infusion was started (Fig. 1B). During the course
of the 10-day treatment period, food intake continued to
rise to a level that was more than double the initial control
level. A similar pattern was observed for the effects of
MTII on blood glucose levels, except for the less pronounced initial reduction in glucose levels (Fig. 1A).
Chronic MC3/4R activation also resulted in a transient
reduction in water intake and urine output, in parallel with
the transient changes in blood glucose levels (Table 1).
DIABETES, VOL. 58, AUGUST 2009
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Animal surgeries. The experimental procedures and protocols of this study
conformed to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal Care and
Use Committee of the University of Mississippi Medical Center.
Intra-arterial and intravenous catheterization. Male Sprague-Dawley
(Harlan, Indianapolis, IN) rats (325–350 g, n ⫽ 20) were anesthetized with 50
mg/kg sodium pentobarbital (Nembutal), and atropine sulfate (0.1 mg/kg) was
administered to prevent excess airway secretions. Arterial and venous catheters were implanted according to procedures previously described (11,22).
Briefly, using aseptic techniques, a laparotomy was performed and a sterile
nonocclusive polyvinyl catheter was inserted into the abdominal aorta, distal
to the kidneys. Through a left femoral vein incision, a sterile catheter was
placed in the vena cava. Both catheters were exteriorized through a subcutaneously implanted stainless steel button.
Intracerebroventricular cannulation. Immediately after arterial and venous catheter implantation, a stainless steel cannula (26 gauge, 10 mm long)
was implanted into the right lateral cerebral ventricle using the coordinates
previously described (22). The guide cannula was anchored into place with
three stainless steel machine screws, a metal cap, and dental acrylic, and a
stylet was inserted to seal the cannula until use. During stereotaxic manipulation, anesthesia was maintained with 0.5–1.5% isofluorane. After 7 days of
recovery from surgery, accuracy of the cannula placement was tested by
measuring the dipsogenic response (immediate drinking of at least 5 ml of
water in 10 min) to an intracerebroventricular injection of 100 ng angiotensin
II. After the experiment, the animals were killed and the brains removed and
sectioned to confirm placement of the cannula.
After recovery from anesthesia, the rats were housed in individual metabolic cages for determination of daily water and food consumption. The
arterial and venous catheters were connected to a dual-channel infusion
swivel (Instech). The arterial catheter was connected to a pressure transducer
(Maxxim) for continuous 24-h measurement of mean arterial pressure (MAP)
and heart rate using computerized techniques as previously described (7,8).
The venous catheter was connected to a syringe pump for continuous infusion
of saline (0.45%, 40 ml/day). The rats received food and water ad libitum
throughout the study. Total sodium intake was maintained constant at ⬃3.1
mEq/day via the continuous saline infusion combined with sodium-deficient
rat chow (0.006 mmol sodium/g food, Teklad). Intravenous solutions were
infused through a sterile filter (0.22 m, Millipore), and the saline infusion was
started immediately after placement of the rats into the metabolic cages. The
rats were allowed to recover for 8 –10 days before control measurements were
initiated.
Experimental protocols. MAP, heart rate, urine volume, food, and water
intake were measured 24 h/day and average values were recorded daily.
Induction of diabetes. After 4 –5 days of stable control measurements,
insulin-deficient diabetes was induced by a single intravenous injection of
streptozotocin (STZ, 50 mg/kg [Sigma Aldrich], dissolved in 0.5 ml of 0.05 M
citrate buffer, pH 4.5).
Chronic intracerebroventricular leptin infusion in diabetic rats (n ⴝ
5). Five days after STZ injection, leptin (0.62 g/h, 0.5 l/h) was infused
intracerebroventricularly for 10 days via osmotic minipump (model 2002,
Durect) implanted subcutaneously in the scapular region as previously
described (20). We have shown that this rate of leptin infusion fully restores
euglycemia in STZ-diabetic rats (11).
Chronic intracerebroventricular infusion of a MC3/4R agonist, MTII
(n ⴝ 10). Five days after STZ injection, the MC3/4R agonist, MTII (10 ng/h, 0.5
l/h, Polypeptide Laboratories), was infused intracerebroventricularly for 10
days via osmotic minipump as described above (n ⫽ 5). On the 10th day of
MTII infusion at 10 ng/h, the rats were lightly anesthetized with isofluorane
and the osmotic minipump was replaced by another pump to deliver the
agonist at a higher concentration (50 ng/h).
In a separate experiment, diabetic rats (n ⫽ 5) were treated with MTII at
the dose of 10 ng/h and were pair-fed the same amount of food consumed by
diabetic rats during chronic leptin intracerebroventricular infusion.

Chronic intracerebroventricular leptin infusion during MC3/4R blockade (n ⴝ 5). Five days after STZ injection, the MC3/4R antagonist SHU-9119
(1 nmol/h, 0.5 l/h; Polypeptide Laboratories) was infused intracerebroventricularly for 17 days via osmotic minipump as described above. After the first
7 days of intracerebroventricular SHU-9119 infusion, an additional minipump
was implanted 1–2 cm apart from the other minipump and connected to the
intracerebroventricular cannula via a Y connector to deliver leptin intracerebroventricularly for 10 days at 0.62 g/h. The rate of SHU-9119 infusion was
based on our previous study showing that this dose effectively blocks the
MC3/4R and the chronic dietary and cardiovascular effects of leptin in normal
Sprague-Dawley rats (9). Blood glucose concentration was measured each
morning between 9:00 and 10:00 A.M. for determination of blood glucose levels
using glucose strips (Reli On).
Statistical analysis. The data are expressed as mean ⫾ SE and analyzed by
using two-factor ANOVA with repeated measures. The Bonferroni post hoc
test was used for comparisons between groups. Dunnett’s test was used for
comparisons of experimental and control values within each group, when
appropriate. Statistical significance was accepted at a level of P ⬍ 0.05.

A.A. DA SILVA AND ASSOCIATES

A
60

Induction of Diabetes
(STZ-50 mg/kg)

Leptin (0.62 µg/hr, ICV)
or MTII (10 ng/hr, ICV)

MTII (50 ng/hr, ICV)

40
30
Downloaded from http://diabetesjournals.org/diabetes/article-pdf/58/8/1749/663212/zdb00809001749.pdf by guest on 15 August 2022

Food intake (g)

50

20
Leptin
MTII -Ad Lib

10

MTII -Pair Fed

0

-1 1

3

5

7

9

11

13

15

17

19

21

Days

B
600

Blood Glucose (mg/100ml)

Induction of Diabetes
(STZ-50 mg/kg)

Leptin (0.62 µg/hr, ICV)
or MTII (10 ng/hr, ICV)

MTII (50 ng/hr, ICV)

500
400
300
200
100
0
-1 1

3

5

7

9

11

13

15

17

19

21

Days
FIG. 1. Food intake (A) and blood glucose (B) responses to chronic intracerebroventricular infusion of leptin (F, n ⴝ 5) or the MC3/4R agonist
MTII in ad libitum–fed (䡺, n ⴝ 5) and pair-fed (Œ, n ⴝ 5) STZ-diabetic rats. Data are means ⴞ SE.

Chronic MC3/4R activation in ad libitum–fed diabetic
rats also attenuated the bradycardia associated with induction of diabetes and raised heart rate by ⬃50 bpm
during the initial 5 days of infusion (Fig. 2A). However, this
effect waned on days 6 –7 of MTII infusion and heart rate
gradually fell. We also observed a 10-mmHg initial elevation in MAP during the first 5– 6 days of MTII infusion that
was followed by a return of MAP to the same values
DIABETES, VOL. 58, AUGUST 2009

observed on the day before MTII treatment was initiated
(Fig. 2B).
A fivefold increase in the dose of MTII from 10 –50 ng/h
had no additional effect to prevent the hyperphagia, hyperglycemia, and bradycardia associated with STZ-induced
diabetes (Fig. 1A and B). These results indicate that
chronic MC3/4R activation alone does not recapitulate the
long-term effects of leptin on food intake, glucose ho1751
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TABLE 1
Blood glucose, water intake, and urine output in STZ-diabetic
rats treated with leptin alone (0.62 g/h i.c.v.) or during MC3/4R
antagonism with SHU-9119 (1 nmol/h i.c.v.) and in diabetic rats
fed ad libitum or pair-fed that were infused with the MC3/4R
agonist MTII (10 ng/h i.c.v.)
Water
Glucose
intake
(mg/100 ml) (ml/day)
99 ⫾ 5
433 ⫾ 28*
118 ⫾ 19

8⫾2
45 ⫾ 2
211 ⫾ 20* 161 ⫾ 21*
6⫾3
54 ⫾ 4

112 ⫾ 3
418 ⫾ 43*
319 ⫾ 53*†
401 ⫾ 18*
429 ⫾ 12*
423 ⫾ 13*

11 ⫾ 2
139 ⫾ 16*
42 ⫾ 15*†
245 ⫾ 34*†
159 ⫾ 23*
303 ⫾ 20*†

39 ⫾ 4
198 ⫾ 18*
83 ⫾ 22*†
300 ⫾ 43*†
213 ⫾ 30*
358 ⫾ 19*†

97 ⫾ 6
449 ⫾ 20*
426 ⫾ 27*
401 ⫾ 19*

12 ⫾ 2
193 ⫾ 23*
141 ⫾ 32*
71 ⫾ 21*†

45 ⫾ 3
241 ⫾ 18*
177 ⫾ 30*
103 ⫾ 24*†

114 ⫾ 4
442 ⫾ 42*
440 ⫾ 21*
436 ⫾ 14*

9⫾1
144 ⫾ 15*
268 ⫾ 17*†
350 ⫾ 34*†

41 ⫾ 3
189 ⫾ 18*
326 ⫾ 19*†
419 ⫾ 37*†

Values expressed are for day 5 of control period, 5 days after
injection of STZ, and during the experimental periods as indicated in
the table. Note: Total daily fluid intake equals the water plus a fixed
continuous intravenous saline infusion (40 ml/day, 0.45% saline)
throughout the study. *P ⬍ 0.05 compared with control; †P ⬍ 0.05
compared with STZ— day 5.

meostasis, and cardiovascular function in this model of
diabetes.
Inclusion of a group of pair-fed diabetic rats treated with
MTII to match the amount of food consumed by the
leptin-treated group showed no additional effects of the
pair-feeding on the long-term actions of MC3/4R activation
on appetite, glucose homeostasis, or cardiovascular function in STZ-diabetic rats (Fig. 1A and B, Table 1). These
results suggest that changes in food intake cannot explain
the lack of sustained long-term metabolic and cardiovascular actions during MC3/4R activation.
Effects of chronic intracerebroventricular leptin
infusion on appetite, glucose levels, and cardiovascular function during MC3/4R antagonism. Although
chronic MTII intracerebroventricular infusion for 17 days
did not mimic the results observed in the leptin-treated
group, a functional MC3/4R is required for leptin to exert
its metabolic and cardiovascular effects in diabetic rats.
Chronic blockade of MC3/4R, using SHU-9119, completely
abolished the effects of leptin to reduce food intake and to
restore euglycemia in STZ-diabetic rats. Food intake remained elevated at 57 ⫾ 2 g/day and blood glucose
averaged 436 ⫾ 14 mg/100 ml on day 10 of leptin plus
SHU-9119 intracerebroventricular infusion (Fig. 3A and B).
The inability of leptin to reduce blood glucose levels and
food consumption during MC3/4R antagonism was also
reflected in the maintenance of markedly elevated water
intake and urine output during intracerebroventricular
leptin infusion, in contrast to the effects of leptin to
1752

DISCUSSION

There are two major findings of this study. First, we
demonstrated that the chronic antidiabetic, appetite, and
cardiovascular actions of leptin in insulin-deficient STZdiabetic rats require a functional CNS melanocortin system and ultimately activation of MC3/4R; blockade of
these receptors completely prevented the chronic effects
of leptin on food and water intake, blood glucose, heart
rate, blood pressure, and urine volume. Second, chronic
MC3/4R activation alone transiently reduced appetite and
blood glucose while raising heart rate in diabetic rats, but
these effects gradually waned and did not mimic the
responses observed during chronic hyperleptinemia.
These results indicate that activation of the MC3/4R is
required for leptin to exert its metabolic and cardiovascular actions, but is apparently not sufficient to mimic these
actions of leptin that may involve interactions of multiple
pathways.
It is likely that other systems are triggered during
prolonged MC3/4R stimulation to offset the reductions in
food intake and blood glucose as well as the MAP and
heart rate responses to MC3/4R activation. The identity of
these compensatory systems is still uncertain, but may
involve activation of orexigenic factors known to be
suppressed by leptin (i.e., NPY, melanin-concentrating
hormone, AGRP, and others) and/or downregulation of
anorexigenic factors that are stimulated by leptin (i.e.,
corticotrophin-releasing hormone, cocaine-amphetamine–
related peptide, and brain-derived neurotrophic factor, for
example). It is possible that leptin-induced changes in one
or more of these factors also contribute to the powerful
antidiabetic effect of leptin and additional studies will be
needed to answer these questions.
The observation that MC3/4R antagonism abolished the
antidiabetic and cardiovascular actions of leptin is consistent with our previous finding that an intact hypothalamic
MC3/4R is necessary for leptin to reduce food intake and
fasting insulin levels and to raise heart rate and blood
pressure in normal nondiabetic rats (9). However, the
long-term responses to MC3/4R activation by MTII infusion in STZ-diabetic rats differed from our previous observations in nondiabetic rats where, despite not causing
sustained reductions in food intake, the elevations in heart
rate and MAP were maintained through the entire period
of MTII treatment (22,23). Increasing the dose of MTII
fivefold did not alter the responses when compared with
the lower dosage, indicating that the waning responses are
not likely to be caused by an insufficient level of MC3/4R
activation in diabetic rats. One possible explanation for
these differences is that activation of compensatory mechanisms during chronic MC3/4R activation is even more
DIABETES, VOL. 58, AUGUST 2009
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output
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completely restore these variables to pre-diabetic levels in
rats with intact MC3/4R function (Table 1).
In addition to preventing the antidiabetic and anorexic
actions of leptin, SHU-9119 treatment also abolished the
rise in heart rate during intracerebroventricular leptin
infusion; heart rate continued to fall during leptin treatment (⫺137 ⫾ 11 bpm on the last day of intracerebroventricular leptin infusion, Fig. 4A). MC3/4R antagonism also
blocked leptin’s ability to prevent the fall in MAP normally
observed when STZ-induced diabetes is maintained for
periods longer than 2 weeks (92 ⫾ 3 vs. 80 ⫾ 3 mmHg for
control and the last day of intracerebroventricular leptin
infusion, respectively; Fig. 4B).
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FIG. 2. Heart rate (A) and MAP (B) responses to chronic intracerebroventricular infusion of leptin (F, n ⴝ 5) or the MC3/4R agonist MTII in ad
libitum–fed (䡺, n ⴝ 5) and pair-fed (Œ, n ⴝ 5) STZ-diabetic rats. Baseline heart rate and MAP values for leptin, MTII ad libitum–fed, and MTII
pair-fed groups were 378 ⴞ 5 bpm and 100 ⴞ 3 mmHg, 366 ⴞ 11 bpm and 90 ⴞ 1 mmHg, and 398 ⴞ 8 bpm and 101 ⴞ 4 mmHg, respectively. Data
are means ⴞ SE.

pronounced in diabetes than under normal conditions. For
instance, in STZ-induced diabetes, NPY/AGRP neurons are
markedly activated and may play a major role in promoting the hyperphagia in this model of diabetes (24,25).
Another possible explanation for the inability of chronic
MC3/4R activation to mimic the antidiabetic effects of
leptin is that MC3/4R may have only a short-term anorectic
DIABETES, VOL. 58, AUGUST 2009

action and that the initial fall in blood glucose is mainly
caused by a reduction in food intake. It could be hypothesized that the hyperphagia in diabetes and increased
intake of glucose and other nutrients (fat and proteins)
that can be transformed into glucose overcomes the
effects of MC3/4R to lower blood glucose. To test this
hypothesis, we studied a group of diabetic rats in which
1753
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FIG. 3. Food intake (A) and blood glucose (B) responses to chronic intracerebroventricular infusion of MC3/4R antagonist (SHU-9119) and leptin
during SHU-9119 infusion in STZ-diabetic rats (n ⴝ 5). Data are means ⴞ SE.

food intake was prevented from increasing by pair-feeding
them to match the amount of food consumed by the
leptin-treated group. Preventing the hyperphagia, however, did not improve the effectiveness of MTII to lower
blood glucose levels, suggesting that the lack of sustained
antidiabetic effect during chronic MC3/4R activation was
not because of MTII inability to reduce appetite. These
results also confirm our previous observation that the
reduction of food intake in diabetic rats during intracerebroventricular leptin infusion does not play a major role in
mediating the antidiabetic actions of leptin or in preventing the cardiovascular alterations associated with uncontrolled diabetes (11).
1754

The precise mechanisms by which leptin exerts its
powerful effect on peripheral glucose utilization even in
insulin-deficient diabetic animals are still unclear, although our current study clearly indicates that a functional
MC3/4R plays a crucial role. Previous studies have implicated a role for the autonomic nervous system in mediating the acute effects of leptin on glucose regulation by
showing that the increased insulin sensitivity observed
during intracerebroventricular injection of single doses of
leptin can be blocked by adrenergic receptor antagonism
(26,27), or that leptin’s ability to suppress liver glucose
production can be prevented by denervation of the vagal
fibers innervating the liver (28). We recently showed that
DIABETES, VOL. 58, AUGUST 2009
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FIG. 4. Heart rate (A) and MAP (B) responses to chronic intracerebroventricular infusion of MC3/4R antagonist (SHU-9119) and leptin during
SHU-9119 infusion in STZ-diabetic rats (n ⴝ 5). Data are means ⴞ SE.

chronic blockade of the ␣1, ␤1, ␤2, and ␤3 adrenergic
receptors failed to attenuate leptin’s ability to restore
euglycemia in STZ-diabetic rats (11). Therefore, it is
possible that leptin-induced sympathetic stimulation of
nonadrenergic receptors may contribute to these effects of
leptin and that the suppression of liver glucose output into
the systemic circulation of diabetic rats may play an
important role in mediating the chronic effects of leptin on
glucose homeostasis, but additional studies are needed to
test these possibilities.
Although our previous study indicates that adrenergic
receptor activation does not mediate the chronic antidiaDIABETES, VOL. 58, AUGUST 2009

betic effects of leptin, ⬃40 –50% of the rise in heart rate
and prevention of the bradycardia in STZ-diabetic rats
during leptin infusion was dependent of adrenergic stimulation (11). The mechanisms responsible for the remaining 50 – 60% of leptin-induced rise in heart rate in diabetic
rats are not well understood. However, the bradycardia
caused by induction of STZ-diabetes is associated with
marked reductions in the intrinsic heart rate (29), which is
the heart rate in the absence of sympathetic and parasympathetic inputs to the heart. Moreover, chronic intracerebroventricular leptin infusion completely restored
intrinsic heart rate back to pre-diabetic values (29). We
1755

MC3/4R MEDIATE THE CHRONIC CNS ACTIONS OF LEPTIN

ACKNOWLEDGMENTS

This research was supported by the National Heart, Lung,
and Blood Institute Grant PO1HL-51971 and by a Scientist
Development Grant from the American Heart Association
to A.A.S.
No potential conflicts of interest relevant to this article
were reported.
REFERENCES
1. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM.
Positional cloning of the mouse obese gene and its human homologue.
Nature 1994;372:425– 432
2. Schwartz MW, Woods SC, Porte D Jr, Seeley RJ, Baskin DG. Central
nervous system control of food intake. Nature 2000;404:661– 671
3. Collins S, Kuhn CM, Petro AE, Swick AG, Chrunyk BA, Surwit RS. Role of
leptin in fat regulation. Nature 1996;380:677
4. Haynes WG, Sivitz WI, Morgan DA, Walsh SA, Mark AL. Sympathetic and
cardiorenal actions of leptin. Hypertension 1997;30:619 – 623
5. Haynes WG, Morgan DA, Walsh SA, Mark AL, Sivitz WI. Receptormediated regional sympathetic nerve activation by leptin. J Clin Invest
1997;100:270 –278
6. Dunbar JC, Hu Y, Lu H. Intracerebroventricular leptin increases lumbar
and renal sympathetic nerve activity and blood pressure in normal rats.
Diabetes 1997;46:2040 –2043
7. Shek EW, Brands MW, Hall JE. Chronic leptin infusion increases arterial
pressure. Hypertension 1998;31:409 – 414
8. Carlyle M, Jones OB, Kuo JJ, Hall JE. Chronic cardiovascular and renal
actions of leptin: role of adrenergic activity. Hypertension 2002;39:496 –501

1756

9. da Silva AA, Kuo JJ, Hall JE. Role of hypothalamic melanocortin 3/4
receptors in mediating the chronic cardiovascular, renal, and metabolic
actions of leptin. Hypertension 2004;43:1312–1317
10. Mark AL, Shaffer RA, Correia ML, Morgan DA, Sigmund CD, Haynes WG.
Contrasting blood pressure effects of obesity in leptin-deficient ob/ob mice
and agouti yellow obese mice. J Hypertens 1999;12:1949 –1953
11. da Silva AA, Tallam LS, Liu J, Hall JE. Chronic antidiabetic and cardiovascular actions of leptin: role of CNS and increased adrenergic activity. Am J
Physiol Regul Integr Comp Physiol 2006;291:R1275–R1282
12. Castro MG, Morrison E. Post-translational processing of proopiomelanocortin in the pituitary and in the brain. Crit Rev Neurobiol 1997;11:35–57
13. Spiegelman BM, Flier JS. Obesity and the regulation of energy balance. Cell
2001;23:531–543
14. Seeley RJ, Yagaloff KA, Fisher SL, Burn P, Thiele TE, van Dijk G, Baskin
DG, Schwartz MW. Melanocortin receptors in leptin effects. Nature 1997;
390:349
15. Satoh N, Ogawa Y, Katsuura G, Numata Y, Masuzaki H, Yoshimasa Y,
Nakao K. Satiety effect and sympathetic activation of leptin are mediated
by hypothalamic melanocortin system. Neurosci Lett 1998;249:107–110
16. Haynes WG, Morgon DA, Djalali A, Sivitz WI, Mark AL. Interaction between
the melanocortin system and leptin in control of sympathetic nerve traffic.
Hypertension 1999;33:542–547
17. Rahmouni K, Haynes WG, Morgan DA, Mark AL. Role of melanocortin-4
receptors in mediating renal sympathoactivation to leptin and insulin.
J Neurosci 2003;23:5998 – 6004
18. Tallam LS, da Silva AA, Hall JE. Melanocortin-4 receptor mediates chronic
cardiovascular and metabolic actions of leptin. Hypertension 2006;48:
58 – 64
19. Wolf G. Neuropeptides responding to leptin. Nutr Rev 1997;55:85– 88
20. Adage T, Scheurink AJW, de Boer SF, de Vries K, Konsman JP, Kuipers F,
Adan RAH, Baskin DG, Schwartz MW, van Dijk G. Hypothalamic, metabolic, and behavioral responses to pharmacological inhibition of CNS
melanocortin signaling in rats. J Neurosci 2001;21:3639 –3645
21. Obici S, Feng Z, Tan J, Liu L, Karkanias G, Rossetti L. Central melanocortin
receptors regulate insulin action. J Clin Invest 2001;108:1079 –1085
22. Kuo JJ, da Silva AA, Hall JE. Hypothalamic melanocortin receptors and
chronic regulation of arterial pressure and renal function. Hypertension
2003;41:768 –774
23. Silva AA, Kuo JJ, Tallam LS, Liu J, Hall JE. Does obesity induce resistance
to the long-term cardiovascular and metabolic actions of melanocortin 3/4
receptor activation? Hypertension 2006;47:259 –264
24. Sahu A, Sninsky CA, Phelps CP, Dube MG, Kalra PS, Kalra SP. Neuropeptide Y release from the paraventricular nucleus increases in association
with hyperphagia in streptozotocin-induced diabetic rats. Endocrinology
1992;131:2979 –2985
25. Sahu A, Sninsky CA, Kalra SP. Evidence that hypothalamic neuropeptide Y
gene expression and NPY levels in the paraventricular nucleus increase
before the onset of hyperphagia in experimental diabetes. Brain Res
1997;755:339 –342
26. Minokoshi Y, Okano Y, Shimazu T. Regulatory mechanism of the ventromedial hypothalamus in enhancing glucose uptake in skeletal muscles.
Brain Res 1994;649:343–347
27. Haque MS, Minokoshi Y, Hamai M, Iwai M, Horiuchi M, Shimazu T. Role of
sympathetic nervous system and insulin in enhancing glucose uptake in
peripheral tissues after intrahypothalamic injection of leptin in rats.
Diabetes 1999;48:1706 –1712
28. Liu L, Karkanias GB, Morales JC, Hawkins M, Barzilai N, Wang J, Rossetti
L. Intracerebroventricular leptin regulates hepatic but not peripheral
glucose fluxes. J Biol Chem 1998;273:31160 –31167
29. do Carmo JM, Hall JE, da Silva AA. Chronic central leptin infusion restores
cardiac sympathetic-vagal balance and baroreflex sensitivity in diabetic
rats. Am J Physiol Heart Circ Physiol 2008;295:H1974 –H1981
30. Kuo JJ, da Silva AA, Tallam LS, Hall JE. Role of adrenergic activity in
pressor responses to chronic melanocortin receptor activation. Hypertension 2004;43:370 –375

DIABETES, VOL. 58, AUGUST 2009

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/58/8/1749/663212/zdb00809001749.pdf by guest on 15 August 2022

have also shown that, similar to leptin, MC3/4R activation
is associated with sustained sympathetic nervous system
activation in nondiabetic rats (30). Whether the lack of
sustained increases in heart rate during MTII in STZdiabetic is because of an inability of chronic MC3/4R
activation to cause sustained elevations in cardiac sympathetic activity in a hyperglycemic state or to an inability to
increase intrinsic heart rate remains to be determined.
In summary, leptin has powerful CNS-mediated antidiabetic effects in insulin-deficient diabetic rats that require
activation of the CNS melanocortin pathway. Leptin also
exerts important cardiovascular effects that require activation of CNS MC3/4R. However, stimulation of the CNS
MC3/4R alone does not confer the same long-term metabolic and cardiovascular responses as observed with hyperleptinemia. These observations indicate that although
leptin-mediated activation of the melanocortin pathway
may be necessary for the antidiabetic and cardiovascular
actions of leptin in this model, it is not sufficient to
completely mimic leptin’s chronic actions. This suggests
that leptin exerts its CNS-mediated effects on appetite,
blood glucose, MAP, and heart rate via a complex system
that likely involves interaction of multiple pathways. Unraveling these interactions would contribute to a better
understanding of the CNS control of appetite, glucose
homeostasis, and cardiovascular function and could lead
to the development of novel therapeutic strategies to
treated obesity, metabolic syndrome, diabetes, and cardiovascular diseases.

