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plasma concentration of y-MSH, and remain normotensive, while those with genetic or pharmacologic -
MSH deficiency become hypertensive on a high sodium diet. This hypertension is corrected by exogenous

gfgg;’ﬁssure administration of the peptide. Mice lacking the y-MSH receptor (the melanocortin 3 receptor, Mc3r) also
Salt-sensitive hypertension become hypertensive on a high sodium diet but remain so when administered y-MSH, and infusions of
y-melanocyte stimulating hormone physiologic levels of the peptide stimulate urinary sodium excretion in normal rats and mice, but not in
Noradrenergic activity mice with deletion of Mc3r. The salt-sensitive hypertension in rodents with impaired y-MSH signaling
Insulin resistance appears due to stimulation of noradrenergic activity, since plasma noradrenaline is increased and the

hypertension is rapidly corrected with infusion of the a-adrenoceptor antagonist phentolamine. In contrast
to the antihypertensive property of physiologic levels of y-MSH, intravenous or intracerebroventricular
injections of high levels of the peptide raise blood pressure. This occurs in mice lacking Mc3r, indicating an
interaction with some other central receptor. Finally, the salt-sensitive hypertension in rodents with
disruption of y-MSH signaling is accompanied by insulin resistance, an observation which offers a new
window into the study of the association of salt-sensitive hypertension with insulin resistance and type I

diabetes.
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1. Introduction

Melanocortins (melanocyte stimulating hormones, MSH's) are
peptides derived from proopiomelanocortin by proteolytic processing.
There are three MSH peptides which share a common core heptapeptide
sequence but differ in overall size and in C-terminal amidation. - and
[3-MSH were initially identified by their actions on dispersion of melanin
in skin of reptiles and amphibians. When the complementary DNA for
proopiomelanocortin became available, Nakanishi and colleagues
deduced a peptide sequence in the N-terminal region which shared
some homology with ai- and 3-MSH and which was flanked with dibasic
amino acid cleavage sites. They named this sequence y-MSH with the
expectation that it would be a secreted peptide with melanin dispersing
properties (Nakanishi et al., 1979). Although subsequent work indicated
little effect of y-MSH on pigmentation, the peptide has been shown to
possess a number of other important qualities. This review will
summarize current information on the cardiovascular effects of the
melanocortins, with particular emphasis on y-MSH.

2. Properties of y-MSH
2.1. Natriuresis

Initial interest in y-MSH as a peptide with important renal and
cardiovascular actions stemmed from the observations of Gruber and
Callahan (1989). They were able to demonstrate that y-MSH was
natriuretic when injected in intravenous boluses into hydrated,
anesthetized rats in low doses (<64 pmol) (Lymangrover et al.,
1985) but was hypertensive when given in higher amounts (Callahan
etal,, 1984). The physiologic significance of the natriuretic property of
the peptide became clear in 1987 when it was shown that a y-MSH-
like peptide mediated the reflex natriuresis which occurs after acute
unilateral nephrectomy (Lin et al., 1987; Ni et al., 1998). These studies
indicated that y-MSH played a role in this specific situation of
natriuresis, and opened up the possibility that it could have a broader
role as a component in the maintenance of overall sodium metabolism
by participating in the reflex regulation of sodium excretion.

The survival value from an evolutionary standpoint of the postne-
phrectomy natriuresis would on the face of it seem to be small, so it
became of interest to see if y-MSH could have a role in longer term
adjustments accompanying changes in dietary sodium intake. Measure-
ment of immunoreactive y-MSH concentration in plasma of rats fed a high
sodium diet (8% NaCl) vs a low sodium diet (0.07%) for >1 week showed
that peptide levels were twice as high in rats fed the high sodium diet
compared to those on the low sodium diet (Mayan et al.,, 1996). No change
occurred in plasma adrenocorticotrophic hormone (ACTH) concentration,
the major circulating peptide derived from processing of proopiomela-
nocortin in the anterior lobe of the pituitary. This increase in plasma -
MSH concentration during ingestion of the high sodium diet was
accompanied by an increase in y-MSH content of the pituitary
neurointermediate lobe but not of the anterior lobe. Whole pituitary
proopiomelanocortin mRNA abundance increased progressively with
duration of the high sodium diet, and in situ hybridization showed that
this increase was almost exclusively confined to the neurointermediate
lobe (Mayan et al., 1996). These observations, coupled with the natriuretic
properties of the peptide (Chen et al., 1997b; Lin et al., 1987; Lymangrover
etal, 1985; Ni et al,, 1998), indicated that the y-MSH system could be part
of the coordinated response to circumstances of dietary sodium excess,
thereby greatly strengthening the argument that it played an important
physiological role.

2.2. Renal receptors for y-MSH

MSH peptides interact with a family of five receptors, melanocortin
MC; receptor through melanocortin MCs receptor. These are G-protein-
coupled receptors with seven membrane-spanning units (Humphreys,
2004; Schioth, 2001; Wikberg et al., 2000). The melanocortin MC,
receptor is expressed on skin melanocytes and mediates pigment
dispersion by a-MSH, whereas the melanocortin MC, receptor is the
ACTH receptor expressed in adrenal cortex and responsible for
stimulation of glucocorticoid synthesis and secretion. The melanocortin
MCs and MCy receptors are expressed in brain and other tissues, and
information on their function has been gleaned from knockout mouse
models lacking one of the receptors. The Mc3r knockout mouse has an
alteration in energy metabolism with an increase in body fat content
and decrease in muscle mass with no overall change in weight (Butler
et al,, 2000; Chen et al.,, 2000), and a role for y-MSH acting through the
melanocortin MCs receptor has been suggested in experimental arthritis
(Getting et al., 2006). The Mc4r knockout mouse develops marked
obesity and overeating (Huszar et al., 1997), and has been a useful
approach to the molecular understanding of appetite control and the
determinants of obesity (Ellacott and Cone, 2006). The melanocortin
MCs receptor is expressed in a number of tissues including exocrine
glands, and deletion of this gene in mice results in a picture of exocrine
dysfunction (Chen et al., 1997a). Of these five receptors, y-MSH has
affinity at physiologic concentrations only for the melanocortin MCs
receptor, and it has been viewed as the probable endogenous ligand for
this receptor. No expression of melanocortin MC; or MC, receptor
mRNA was found in renal cortex or medulla, but mRNA for the three
other receptors could be detected in both regions of the kidney, with
roughly similar signal abundance. However, signal intensity of the
melanocortin MCs, but not MC4 or MCs receptor, increased dramatically
in rats fed the high sodium diet; this increase was confined to the
medulla. These changes in melanocortin MC; receptor mRNA abun-
dance induced by the HSD were paralleled by an increase in
melanocortin MCs receptor protein in inner medullary collecting duct
cells isolated from rats ingesting the high sodium diet (Ni et al., 2006a),
and in whole kidney homogenates from Dahl salt-resistant, but not salt-
sensitive, rats (Chandramohan et al., 2009). This increase in melano-
cortin MCs receptor expression caused by the high sodium diet had
functional significance, since y-MSH-dependent cAMP production was
much greater by collecting duct cells isolated from kidneys of rats
ingesting the high sodium diet than from those eating the low salt diet,
and intrarenal infusion of y-MSH to rats fed the high sodium diet led to
brisk increases in sodium and cAMP excretion that were not observed
when the peptide was infused into kidneys of rats fed the low sodium
diet. These results suggest that the y-MSH system could be an important
element in the renal response to high dietary sodium intake: both the
plasma concentration of the peptide, reflecting increased synthesis and
secretion from the pituitary, and the abundance of its receptor in the
kidney, are increased during the ingestion of the high sodium diet.

3. Consequences of interruption of y-MSH signaling
3.1. Genetic approaches

In view of the evidence just summarized that the y-MSH system is
responsive to dietary sodium intake, it became of interest to examine
the consequences of disruption of this system. As mentioned earlier,
¥-MSH is derived from pituitary proopiomelanocortin. Processing of
proopiomelanocortin into its component peptides is driven by two
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prohormone convertases, proconvertase 1 (PC1) and proconvertase 2
(PC2) (Fig. 1). PC1 is expressed predominately in anterior lobe
corticotrophs and to only a low extent in intermediate lobe (Day et al.,
1992; Zhou et al., 1993); it cleaves proopiomelanocortin into the larger
peptides ACTH, p-lipotropin, and the large N-terminal fragment labeled
pro-y-MSH. PC2 is more prominent in melanotrophs of the neuroin-
termediate lobe, but is also expressed at low levels in anterior lobe
corticotrophs; its action gives rise to the smaller peptides 3-endorphin
and ot-, B, and y-MSH (Zhou et al., 1993). Regulation of POMC synthesis
and processing in the neurointermediate lobe is mediated primarily by
the neurotransmitter dopamine, acting through the dopamine D,
receptor. In this lobe, this receptor is negatively coupled to adenylate
cyclase; activation of the receptor inhibits proopiomelanocortin gene
expression and secretion of derived peptides, whereas antagonism of
the receptor upregulates its expression (Autelitano et al., 1989; Smith
and Funder, 1988). Abundance of PC1 and PC2 messenger RNA and
protein moves in parallel with proopiomelanocortin messenger RNA in
response to dopaminergic stimulation or antagonism (Day et al., 1992;
Oyarce et al., 1996). These processing enzymes act in a coordinate
manner to mediate specific endoproteolytic cleavages of proopiomela-
nocortin at dibasic amino acid pairs in a strict temporal order, with PC1
acting initially and PC2 later to generate the smaller peptides secreted
from the neurointermediate lobe (Reudelhuber, 2003; Zhou et al., 1993,
1999) (Fig. 1). As mentioned above, the high sodium diet increased
proopiomelanocortin messenger RNA abundance primarily in the
neurointermediate lobe (Mayan et al, 1996). We subsequently
confirmed this finding and also showed that the high sodium diet also
increased the messenger RNA and protein abundance of PC2, again
indicating coordinate regulation of the proopiomelanocortin-y-MSH
pathway by the high sodium diet (Chandramohan et al., 2001).

3.1.1. Proconvertase 2-deficient mice

Mice with targeted deletion of the PC2 gene were first reported in
1997 by Steiner's group (Furuta et al., 1997); these mice exhibit a
modest impairment in growth and have lower blood glucose
concentration than their wild-type littermates, but are otherwise
phenotypically normal. They demonstrate defective processing of a
number of peptide hormones in addition to proopiomelanocortin
(Allen et al.,, 2001; Berman et al., 2000; Furuta et al., 2001). PC2—/—
mice were compared to wild-type mice while ingesting either the low
sodium or the high sodium diet for one week. In wild type mice fed
the high sodium diet, plasma peptide concentration was more than

Proopiomelanocortin

Pro-1-MSH ACTH B-LPH
P ——
Pro-y-MSH ACTH B-LPH
PC2| PC2 |PC2
EEC | | vLPH  B-END
JPC2 |pc2
: gﬂt B-MSH

Fig. 1. Schematic view of sequential processing of proopiomelanocortin. ACTH,
adrenocorticotrophic hormone; LPH, lipotropin; PC1, proconvertase 1; PC2, procon-
vertase 2; NT, N-terminal peptide; JP, joining peptide; END, endorphin; CLIP,
corticotrophin-like intermediate peptide; MSH, melanocyte stimulating hormone.
From Reudelhuber (2003).

double the value observed in mice fed the low sodium diet, while
mean arterial pressure was not significantly different (Ni et al., 2003)
(Fig. 2); these results parallel those described above in normal rats.
However, in PC2 knockout mice a different picture emerged. Plasma
v-MSH concentration on the low sodium diet was <10% of the value
seen in wild type mice, and was not any higher in knockout mice on
the high sodium diet. Arterial pressure in these mice on the low
sodium diet was no different compared to that in wild type mice, but
was dramatically increased in knockout mice ingesting the high
sodium diet (158 mm Hg) (Fig. 2). These results were confirmed in
conscious mice (Ni et al., 2003). Thus, absence of functional PC2 led to
¥-MSH deficiency and was accompanied by a marked degree of salt-
sensitive hypertension (Ni et al., 2003). To test the role of the y-MSH
deficiency in the hypertension, we infused the peptide intravenously
at a low rate and found that it rapidly lowered arterial pressure to
normal values, whereas a similar dose of a-MSH was without effect.
This blood pressure-lowering effect of y-MSH resulted from a central
site of action, since an even lower dose of the peptide which was
without effect when administered intravenously promptly reduced
arterial pressure in hypertensive knockout mice when given into the
cerebroventricular system (Ni et al, 2003). The hypertension was
accompanied by suppression of plasma renin activity and plasma
aldosterone concentration (Ni et al., 2003). These results indicate an
important central action of y-MSH to participate in the regulation of
blood pressure during ingestion of a high sodium diet. That altered
processing of proopiomelanocortin in the face of a high sodium diet
could be a more general feature of hypertension are observations that
the high sodium diet fails to increase pituitary proopiomelanocortin
messenger RNA abundance in Dahl S rats compared to Dahl R (Hao
and Rabkin, 1996; Mayan et al., 1993).

3.1.2. Melanocortin MCs receptor (Mc3r)-deficient mice

We sought to determine if y-MSH resistance also resulted in a
hypertensive phenotype by measuring arterial pressure on the low vs
high sodium diet in mice with targeted disruption of the melanocortin
MC; or MC4 receptor. Mc3r—/— mice exhibit a unique metabolic
syndrome characterized by an increase in adipose tissue mass without
obesity and with reduced energy expenditure (Butler et al., 2000; Chen
et al, 2000), while Mc4r—/— mice are phenotypically obese with
increased adipose tissue, hyperphagia, and insulin resistance (Huszar
et al., 1997). Mc3r—/— mice had a plasma y-MSH concentration on the
low sodium diet that was more than double the value observed in wild
type controls, and the value increased even further in knockout mice
ingesting the high sodium diet (Fig. 2). This suggested that these
knockouts have a hormone-resistant state. Arterial pressure reflected
the results in PC2—/— mice, being somewhat higher in knockout
mice on the low sodium diet than in wild type mice, but markedly so in
Mc3r—/— mice which had been ingesting the high sodium diet for one
week (Ni et al., 2003) (Fig. 2). In contrast to PC2—/— mice, infusion of
v¥-MSH had no effect on arterial pressure in these Mc3r—/— mice,
indicating that the restoration of MAP to normal by y-MSH adminis-
tration to hypertensive PC2 —/ — mice required integrity of this receptor.
Mc4r—/— mice were normotensive on both the low and the high
sodium diets (Ni et al, 2003). These results demonstrated that
resistance to y-MSH caused by absence of its receptor Mc3r reproduced
the phenotype of hypertensive y-MSH-deficient PC2 —/— mice when
ingesting the high sodium diet, but the hypertension could not be
corrected by administration of exogenous peptide.

3.2. Pharmacologic approach

We used a pharmacologic approach to interfere with neurointer-
mediate lobe processing of proopiomelanocortin without perturbing
other systems dependent on PC2. As discussed earlier, the major
pathway regulating neurointermediate lobe function involves dopami-
nergic suppression. We treated male rats with the dopamine agonist
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Fig. 2. Blood pressure (MAP, top) and immunoreactive (IR) plasma y-MSH concentration (bottom) in proconvertase 2 (PC2) wild type (+/+) and knockout (—/—) mice (left) and
melanocortin 3 receptor (Mc3r) wild type and knockout mice during ingestion of a low sodium (LSD) vs a high sodium (HSD) diet.

From Ni et al. (2003).

bromocriptine (5 mg/kg intraperitoneally by daily injection) for one
week while they were ingesting either the low or the high sodium diet,
and compared the results to those in vehicle-treated rats. Vehicle-
treated rats on the high sodium diet showed an elevation in plasma
v-MSH concentration and neurointermediate lobe y-MSH content
compared to rats ingesting the low sodium diet (Mayan et al.,, 2003)
as seen earlier (Mayan et al., 1996); arterial pressure did not differ in the
two groups. Bromocriptine treatment produced opposite results.
Neither plasma +y-MSH concentration nor neurointermediate lobe
v-MSH content was elevated in bromocriptine-treated rats on the
high compared with low sodium diet values and, interestingly, arte-
rial pressure was significantly higher in the high sodium diet animals
(13243 vs 100+ 3 mm Hg in low sodium diet rats, p<0.001) (Mayan
et al, 2003). Thus, dopaminergic stimulation with bromocriptine
produced relative y-MSH deficiency during ingestion of the high
sodium diet, and this was accompanied by the development of salt-
sensitive hypertension. As was true with y-MSH-deficient PC2 —/—
mice, infusion of the peptide at a physiologically relevant rate restored
arterial pressure to control values very quickly (Mayan etal., 2003). Also
like the PC2—/— mice, the hypertensive rats on the high sodium diet
had the expected suppression of plasma renin activity; plasma atrial
natriuretic peptide concentration was also appropriately elevated on
the high sodium diet (Mayan et al., 2003). These results indicate that
pharmacologic treatment known to interfere with proopiomelanocortin
processing results in y-MSH deficiency, and that this deficiency is
associated with the occurrence of salt-sensitive hypertension. This
finding strengthens the contention that hypertension in PC2 —/— mice is
a reflection of impaired proopiomelanocortin processing into y-MSH,
since pharmacologic induction of deficiency of this peptide results in the
development of salt-sensitive hypertension.

3.3. Mechanism of the salt-sensitive hypertension

The mechanism(s) by which interruption of y-MSH signaling
causes hypertension is not yet clear. Plasma renin activity and plasma

aldosterone concentration were equivalently suppressed, and plasma
atrial natriuretic peptide stimulated, during ingestion of the high
sodium diet in PC2—/— mice and in bromocriptine-treated rats
(Mayan et al., 2003; Ni et al,, 2003), arguing that these important
determinants of blood pressure were not involved. Intravenously
infused y-MSH increased sodium excretion in hypertensive PC2 —/—
mice as arterial pressure was falling to normal levels, but the rapidity
of the blood pressure-lowering effect of the peptide makes a
reduction in plasma volume from the natriuresis seem unlikely.
Moreover, cerebroventricular administration of the peptide led to
even more rapid correction of arterial pressure in doses which had no
effect given intravenously, so that natriuresis could not be the
mechanism by which blood pressure was lowered. However, the
natriuretic property of the peptide could certainly interact with its
blood pressure-lowering action to participate in the overall long-term
regulation of the circulation and body fluid volumes. The central site
of action of the peptide given to y-MSH-deficient mice suggests that it
may possibly reduce central sympathetic outflow; data presented
below support this possibility.

The time course of the development of this salt-sensitive hyperten-
sion was studied in rats implanted intraabdominally with radio-
transmitters connected to a catheter inserted into the distal aorta.
After recovery from surgery, rats were again anesthetized and a
microosmotic pump placed subcutaneously in the back. In half the rats
(n=6), this pump contained NDP-y-MSH ([Norleu® D-Phe®]-y-MSH)
dissolved in normal saline delivered to the interstitial space at an
estimated rate of 12 pmol/h; this compound is a stable analog of y-MSH
(Hruby et al., 2007) and possesses equivalent natriuretic properties
(Chen et al., 1997b; Ni et al., 1998). The other six rats received pumps
with normal saline alone. All rats were then fed the high sodium diet and
received daily intraperitoneal injections of bromocriptine, 5 mg/kg.
Blood pressure and heart rate were recorded by telemetry for one hour
each morning for three weeks; after 14 days the bromocriptine
injections were discontinued. Rats receiving normal saline by osmotic
pump developed hypertension by Day 4; this reached a peak arterial
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pressure of ~130-135 mm Hg by Day 7, where it remained stable until
the cessation of the bromocriptine injections after Day 14 (Fig. 3) (Niand
Humphreys, 2007). At this time arterial pressure started to fall, reaching
initial values by Day 18. In contrast to these vehicle-treated rats, the
animals receiving NDP-y-MSH remained normotensive throughout the
whole 21-day study period. No changes in heart rate were observed in
either group.

These results demonstrate several things about the salt-sensitive
hypertension in this model of y-MSH deficiency. First, the hyperten-
sion resulting from the interaction of the high sodium diet with
bromocriptine administration takes several days to develop, and a
similar period of time to resolve on discontinuation of the drug
administration (Fig. 3). Since rats adjust their rate of sodium excretion
to match intake with a short half time of ~2-3 h (Holtzman et al.,
1988) vs ~24 h in humans (Sagnella et al., 1990; Strauss et al., 1958),
this observation suggests that renal sodium retention and attendant
plasma volume expansion may not be the sole underlying pathoge-
netic mechanism of the hypertension as predicted by the model
developed by Guyton (1991). Second, the results indicate that
continuous administration of the y-MSH analog NDP-y-MSH pre-
vented the development of hypertension in bromocriptine-treated
rats fed the high sodium diet. This observation parallels one we
reported in PC2—/— mice (Ni et al., 2003), and provides further
evidence of the causal role of y-MSH deficiency in the salt-sensitive
hypertension. Third, the constancy of heart rate in vehicle-treated rats
despite the higher MAP raises the possibility of altered baroreflex
responses in these animals with ~y-MSH deficiency. Finally, the
similarity of blood pressure in these conscious, unrestrained rats to
the value measured in anesthetized animals (Mayan et al., 2003)
indicates that the stressors of anesthesia and surgical preparation do
not contribute appreciably to the hypertension.
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Fig. 3. Mean arterial pressure and heart rate in conscious, unrestrained rats ingesting a
high sodium diet (HSD) while receiving daily injections of bromocriptine intraper-
itoneally, 0.5 mg/kg. The rats were instrumented with radiotelemetry transmitters for
the recording; they were implanted with osmotic minipumps to deliver normal saline
vehicle (filled circles) or the stable y-MSH analog NDP-y-MSH. Bromocriptine
injections were discontinued after 14 days.

From Ni and Humphreys (2007).

4. Central actions of exogenous melanocortin peptides on
blood pressure

4.1. y-MSH

As mentioned earlier, initial work drew attention to the property of
¥-MSH to elevate blood pressure and heart rate when injected
intravenously (reviewed in Gruber and Callahan, 1989). This was due
to central stimulation of sympathetic outflow, since the effect was
blocked by pithing and by adrenergic blocking drugs (Gruber and
Callahan, 1989). This action was in contrast to a-MSH, which exerted no
effect on blood pressure or heart rate when injected intravenously. The
basis for this difference between the two peptides lies in their structure
at the C terminus: the C-terminus of a-MSH consists of Lys-Pro-Val,
while in 'y;-MSH it is Arg-Phe-NH, and in y,-MSH it is Arg-Phe-Gly.
Structure-function studies quickly identified that this Arg-Phe sequence
in y-MSH was critical for the hypertensinogenic action of the peptide:
synthetic peptides lacking the sequence did not raise blood pressure,
whereas truncated peptides which retained the C-terminal Arg-Phe
sequence possessed potent blood pressure elevating properties (Nijsen
etal., 2000; Van Bergen et al., 1995, 1997, 1996). The truncated peptides
which elevated blood pressure in vivo had little or no activity at the
melanocortin MC; or MC,4 receptors in vitro (Wikberg et al., 2000), and
inhibitors of these receptors, agouti protein, SHU9119 or SHU9005, did
not interfere with the effect of y-MSH to raise blood pressure in intact
animals (Kunos et al, 1997; Li et al, 1996). These observations all
suggested that this action of y-MSH was mediated not by melanocortin
MCs or MC,4 receptors but rather by an entirely different type of receptor
expressed in the CNS. Attention was directed to a Phe-Met-Arg-Phe-NH,
(FMRFamide) gated sodium channel. FMRFamide is a cardioexcitatory
peptide initially isolated from ganglia of the clam Macrocallista nimbosa
(Price and Greenberg, 1977). In 1995, the cloning of an amiloride
sensitive, FMRFamide gated sodium channel from snail nervous tissue
was reported (Lingueglia et al., 1995) and was found to be the receptor
responsible for FMRFamide's cardioexcitatory properties. Studies in the
Xenopus expression system showed that the channel caused a large
inward sodium current when exposed to FMRFamide; this current was
blocked by amiloride (Lingueglia et al., 2006). This channel has been
implicated in the development of salt-sensitive hypertension in rats
(Huang and Leenen, 2002; Nishimura et al., 2000). The conclusions from
these pharmacologic studies have recently been confirmed in Mc3r—/—
and Mc4r—/— mice: blood pressure and heart rate increased equiva-
lently following y-MSH injection into both wild type and knockout mice
(Ni et al., 2006b), supporting the conclusion that these receptors are not
involved in the sympathetic stimulation resulting from intravenous
v2-MSH injection. However, injection of benzamil, an amiloride analog,
directly into the lateral cerebral ventricle of wild type mice completely
blocked the increase in blood pressure and heart rate following y-MSH
injection (Ni et al, 2006b). This strongly suggests that the peptide
interacts with the FMRFamide gated sodium channel to cause
sympathoexcitation. Microinjection of y-MSH into the nucleus of the
solitary tract actually lowers blood pressure through reduction in SNS
activity (De Wildt et al,, 1994; Li et al,, 1996); since the NTS is a key relay
site in the baroreflex arc, this raises the possibility that ~y-MSH
participates in baroreflex function.

These observations help to explain the earlier observations of
Gruber and colleagues that low doses of y-MSH were natriuretic
whereas higher doses raised blood pressure through sympathetic
stimulation (Gruber and Callahan, 1989; Lymangrover et al., 1985):
low concentrations of the peptide interact with renal melanocortin
MC; receptors to cause natriuresis without activating the FMRFa-
mide sodium channel in the CNS, while higher concentrations
activate this channel and cause increased sympathetic outflow
which overrides any natriuretic effect via the renal melanocortin
MC; receptor. They also help to resolve the apparent paradox
between the protective effect of y-MSH to prevent salt-sensitive
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hypertension during ingestion of a high sodium diet and its
hypertensinogenic action via the FMRFamide gated sodium channel:
physiologic concentrations of the peptide during ingestion of a high
sodium diet interact with melanocortin MCs receptors in the CNS,
perhaps in the nucleus of the solitary tract, to act as a brake on
sympathetic activation normally accompanying the high sodium
diet, and in addition lead to natriuresis, while supraphysiologic
concentrations are required for interaction with the sodium channel
and the development of hypertension from increased sympathetic
nervous system activity.

4.2. a-MSH

In contrast to y-MSH, at-MSH has no effect on blood pressure when
injected intravenously, but causes hypertension when administered
directly into the cerebroventricular system (Hill and Dunbar, 2002;
Matsumura et al., 2002) due to sympathetic excitation. These results
were confirmed in Mc4r wild type and knockout mice: an intravenous
dose of this peptide had no effect on blood pressure, but caused
~20 mm Hg increase in blood pressure when injected into a lateral
cerebral ventricle. This response was not observed in Mc4r—/— mice,
in which no change in blood pressure occurred and confirming that
sympathetic activation by centrally administered o-MSH was medi-
ated by the Mc4r (Ni et al., 2006b).

5. y-MSH and glucose metabolism
5.1. Interruption of <y-MSH signaling

5.1.1. Genetic models

A close association between salt-sensitive hypertension and
insulin resistance has been recognized for more than twenty years,
although the basis for this association is not clear (Ferrannini et al.,
1987; Fujita, 2007; Reaven et al., 1996). The Mc3r —/— mouse exhibits
mild insulin resistance which may require an increase in dietary fat to
be fully expressed (Butler, 2006; Chen et al., 2000). Since interruption
of y-MSH signaling leads to hypertension during ingestion of a high
sodium diet, it became logical to ask if rodent models of impaired
v-MSH signaling and salt-sensitive hypertension are accompanied by
impaired glucose metabolism. Fasting blood glucose and insulin
concentrations did not differ between wild type and knockout mice
on the normal sodium diet, and were not affected by the high sodium
diet in wild type mice. However, both PC2—/— and Mc3r—/— mice
fed the high sodium diet developed fasting hyperglycemia and
hyperinsulinemia in association with hypertension (Fig. 4) (Ni and
Humphreys, 2008). Glucose tolerance tests in the Mc3r knockouts
showed a significantly greater area under the curve when ingesting
the high compared to a normal sodium diet, and an insulin tolerance
test demonstrated a blunted decrease in plasma glucose concentra-
tion in Mc3r—/— fed the high sodium diet compared to the other
groups. No major impairment in insulin secretion was identified (Ni
and Humphreys, 2008). These results indicate that the high sodium
diet leads to the development of impaired glucose metabolism, with
the characteristics of insulin resistance, as well as hypertension in
these mice with impaired y-MSH signaling. PC2—/— mice exhibit
delayed processing of proinsulin to insulin, with an increase in the
ratio of proinsulin to insulin in both pancreas and serum (Furuta et al.,
1998), and it is possible that the hyperinsulinemia observed during
ingestion of the high sodium diet could reflect an increase in
proinsulin rather than insulin. However, the normal plasma concen-
tration of insulin in PC2 —/— while ingesting the normal sodium diet,
and the nearly identical development of hyperglycemia and hyper-
insulinemia during ingestion of the high sodium diet in Mc3r—/—
mice with a normal complement of PC2, argue strongly against this
possibility.

5.1.2. Pharmacologic model

To determine if this abnormal glucose metabolism was a function
of altered y-MSH signaling, or reflected some other consequence of
the genetically modified mouse models, the bromocriptine-treated rat
model was studied during ingestion of the high sodium diet.
Bromocriptine given systemically interacts with dopaminergic recep-
tors throughout the body and has an acute renal vasodilatory and
hypotensive action in normal rats (Stier et al., 1982). It also lowers
blood pressure in the spontaneously hypertensive rat (SHR)
(Kanayama et al., 1987; Nagahama et al., 1984; Oguro et al., 1992;
Racz et al., 1986; van den Buuse and Lambrechts, 1989), DOCA-salt
hypertensive rats (Nagahama et al., 1985), and normal and hyper-
tensive humans (Franchi et al., 2001; Kok et al., 2006; Mannelli et al.,
1984; Sowers, 1981). The possible basis for this hypotensive action is a
reduction in sympathetic activity, as plasma and urine norepinephrine
levels are reduced in most studies in rats (Kanayama et al., 1987;
Nagahama et al., 1984, 1985; Oguro et al., 1992; Racz et al., 1986) and
humans (Carey et al., 1983; Mannelli et al., 1984; Sowers, 1981). Thus,
the development of salt-sensitive hypertension after one week's
treatment with bromocriptine is perhaps surprising given these
reports of its hypotensive action, and is an indicator of the importance
of the accompanying y-MSH deficiency coupled with the high sodium
diet in blood pressure regulation. Male rats fed the high sodium diet
and treated with bromocriptine had fasting hyperglycemia (blood
glucose 116 +4 vs 102 £+ 2 mg/dL, p<0.01) and hyperinsulinemia as
well as hypertension (133 +3 vs 103 +3 mm Hg, p<0.001) (Ni et al.,
2009; Van Dijk et al., 2006), paralleling the results in the PC2 —/— and
Mc3r—/— mouse models. This result too is surprising, since
bromocriptine has been shown to ameliorate glucose metabolism
and increase insulin sensitivity in obese humans (Kok et al., 2006; Pijl
et al., 2000) and the obese Syrian hamster (Luo et al., 1999). Indeed,
the drug is the subject of a therapeutic trial in patients with type 2
diabetes mellitus (Gaziano et al., 2010). Bromocriptine treatment in
the rat appears to interact with the high sodium diet in a manner not
present with either treatment alone and indeed overcomes the
hypotensive and insulin-sensitizing actions of bromocriptine seen
during ingestion of more normal amounts of dietary sodium.

5.2. Mechanism of abnormal glucose metabolism

The relationship between the hypertension and the fasting
hyperglycemia was examined in bromocriptine-treated vs vehicle-
treated rats fed the high sodium diet. Infusion of y,-MSH (0.8 pmol/
min intravenously) rapidly lowered arterial pressure, as had been
shown previously (Mayan et al., 2003) so that after 15 min blood
pressure was no different from that seen in vehicle-treated rats. Of
interest, fasting blood glucose was also corrected in an equivalent
manner, indicating a close association of these two consequences of
v¥-MSH deficiency (Fig. 5). The same results occurred when blood
pressure was lowered with the adrenergic receptor blocking agent
phentolamine (3 pg/kg/min): after only 15 min infusion the hyper-
tension and the hyperglycemia of the bromocriptine-high sodium diet
rats was no different from vehicle-treated rats. This was not the case
when the peripheral vasodilator hydralazine (0.1 pg/kg/min) was
used to lower blood pressure. As with the studies infusing y,-MSH
and phentolamine, hydralazine lowered pressure to the same level as
vehicle-treated rats but had no significant effect on blood glucose
concentration after 15 min; after 60 min blood pressure remained
stable, and blood glucose concentration had fallen only trivially (Ni
et al, 2009) (Fig. 5). These results lead to several important
conclusions. First, the hypertension and hyperglycemia of bromo-
criptine-high sodium diet rats are both rapidly corrected with admin-
istration of y,-MSH or phentolamine. This suggests that a common
adrenergic mechanism may underlie both consequences of the drug/
diet treatment. Second, the peripherally acting vasodilator hydral-
azine was successful in lowering blood pressure but did not have a
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Fig. 4. Mean arterial pressure (MAP, mm Hg), heart rate (HR), blood glucose, and plasma insulin concentrations in proconvertase 2 (PC2) wild type (+/+) and knockout (—/—) and
Mc3r wild type and knockout mice during ingestion of a normal sodium (NSD) or high sodium diet (HSD). Both knockout strains of mice developed hyperglycemia and

hyperinsulinemia as well as hypertension while ingesting the high sodium diet.
From Ni and Humphreys (2008).

major effect on blood glucose concentration. This suggests that a
current hypothesis stating that insulin resistance reflects impaired
blood flow to skeletal muscle (Duplain et al., 2001; Laakso et al., 1990;
Steinberg et al., 1994) may not fully explain the observations shown
in hydralazine-infused rats. Third, the hyperinsulinemia in bromo-
criptine-treated rats ingesting the high sodium diet could itself be a
stimulus for increased sympathetic outflow via a central mechanism
(Muntzel et al., 2007; Muntzel et al., 1994). Consistent with increased
sympathetic nerve activity is the observation that plasma noradren-
aline concentration was twice as high in bromocriptine-treated rats
eating the high sodium diet as in the other groups; infusion of y,-MSH

at a low rate (0.4 pmol/min) lowered plasma noradrenaline concen-
tration from 184437 to 98 + 17 pg/ml as blood pressure fell from
13143 to 10443 mm Hg (Ni et al., 2009). Peripheral vasoconstric-
tion and sympathetically- and insulin-mediated increases in tubular
sodium reabsorption (Baum, 1987; DeFronzo et al., 1975; DiBona and
Kopp, 1997) could both contribute to the hypertension.
Bromocriptine treatment has endocrine actions in addition to
suppression of pituitary proopiomelanocortin processing. Its primary
use in clinical medicine has been to suppress release of prolactin, and
studies in both rats and humans indicate that it does cause reductions in
plasma prolactin concentration (Kok et al., 2006; Mannelli et al., 1984;
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Fig. 5. Mean arterial pressure (mm Hg, left) and blood glucose concentration (mg/dL, right) in bromocriptine- (closed circles) or vehicle- (open circles) treated rats fed the high
sodium diet. Bromocriptine-treated rats were hypertensive; intravenous infusion of y,-MSH (top), phentolamine (middle), or hydralazine (bottom) at the infusion rates indicated
rapidly corrected the hypertension. However, only y-MSH and phentolamine corrected the hyperglycemia; hydralazine had a trivial effect on blood glucose concentration despite its
effect on blood pressure. *, bromocriptine value significantly greater than vehicle, P<0.01 or greater; “, value significantly different from corresponding control value, P<0.01 or

greater, repeated-measures ANOVA.
From Ni et al. (2009).

Nagahama et al., 1984, 1985; Ni et al., 2009; Stier et al., 1982). Prolactin
infusion leads to natriuresis in the rat through an inhibition of proximal
tubular Na,K-ATPase, an effect blocked by a dopamine D1 receptor
antagonist (Ibarra et al., 2005). Reduced prolactin levels after
bromocriptine treatment could favor sodium retention and lead to
hypertension. Consistent with dopaminergic regulation of proximal
tubule Na,K-ATPase is the observation that bromocriptine itself
stimulates activity of this enzyme in vitro (Hussain et al., 1997), which
normally would be expected to increase sodium reabsorption. These
actions of bromocriptine do not seem to be major contributors to the
salt-sensitive hypertension, since the blood pressure is rapidly restored
to normal during infusion of y,-MSH. Bromocriptine treatment has also
been shown to increase vasopressin messenger RNA in the pituitary
neural lobe (Carter et al., 1993). This peptide hormone can stimulate
natriuresis in some conditions (Humphreys et al., 1970) and is a
participant in the regulation of blood pressure (Johnston, 1985).
Although each of these pathways in bromocriptine-treated rats could
influence blood pressure during the ingestion of a high sodium diet, the
currently available data argue for a major role of increased sympathetic
nerve activity in the abnormal glucose metabolism observed in rodents

with impaired y-MSH signaling during ingestion of a high sodium diet.
By the same token, increased sympathetic drive must be a major
determinant of the hypertension in these rodents. A high sodium diet
activates neurons in brain regions associated with cardiovascular
control, including the nucleus of the solitary tract and the caudal and
rostral ventrolateral medulla (Adams et al., 2007; Bealer and Metcalf,
2005; Isogai et al., 2005). Such increased sympathetic outflow
stimulated by a high sodium diet therefore provides a link between
the salt-sensitive hypertension and the abnormal glucose metabolism in
rodents with impaired y-MSH signaling.

6. Overview of the y-MSH system

The findings reported above indicate that the y-MSH system plays
an important role in both sodium and glucose metabolism. This is
shown schematically in Fig. 6. In the normal circumstance, a high
sodium diet stimulates an increase in both circulating and presumably
central y-MSH levels. This increase in 'y-MSH serves to counteract the
hypertensinogenic potential of the high sodium diet centrally and
may participate in the decrease in renal tubular sodium reabsorption
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Fig. 6. Schematic view of the role of y-MSH during ingestion of a high sodium diet. See
Section 6 for details.

to bring sodium excretion into balance with the elevated sodium
intake. This prevents a major increase in plasma volume and helps to
maintain a normal blood pressure. However, when synthesis and
secretion of y-MSH are impaired (PC2—/— mice, bromocriptine
treatment in rats) or signaling interrupted (Mc3r—/— mice), the high
sodium diet now manifests its hypertensinogenic potential, presum-
ably through activation of sympathetic nervous activity to result in
hypertension. This situation is also accompanied by the development
of abnormal glucose metabolism with the characteristics of insulin
resistance. This scheme integrates the numerous observations
summarized above, and provides a platform on which to base further
experiments to characterize these interactions more fully. As yet
unknown is the function of this system in humans in response to
manipulations of dietary salt intake and whether disruption of this
system could represent one cause of salt-sensitive hypertension.
These questions are clearly important to address in future studies.
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