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Abstract

Melanocyte-stimulating hormones, α-, β- and γ-MSH, regulate important physiological functions including energy
homeostasis, inflammation and sodium metabolism. Previous studies have shown that α-MSH increases sodium
excretion and promotes vascular function in rodents, but it is unexplored whether these characteristics of α-MSH
could translate into therapeutic benefits in the treatment of hypertension. Therefore, we first assessed the diuretic
and natriuretic properties of the stable α-MSH analogue [Nle4, D-Phe7]-α-MSH (NDP-α-MSH) and investigated
whether it has protective effects in deoxycorticosterone acetate (DOCA)-salt hypertensive mice. Adult male C57Bl/6N
mice were subjected to DOCA-salt treatment and randomized to receive intraperitoneal injections of either saline as
vehicle or NDP-α-MSH (0.3 mg/kg/day for 14 days) starting 7 days after the DOCA-salt treatment. Systemic
hemodynamics, serum and urine electrolytes, and oxidative stress markers were assessed in control sham-operated
and DOCA-salt mice. NDP-α-MSH elicited marked diuretic and natriuretic responses that were reversible with the
MC3/4 receptor antagonist SHU9119. Chronic NDP-α-MSH treatment attenuated blood pressure elevation in DOCA-
salt mice without affecting the blood pressure of normotensive control animals. Owing to the enhanced sodium
excretion, NDP-α-MSH-treated mice were protected from DOCA-salt-induced hypernatremia. DOCA-salt treatment
mildly increased oxidative stress at the tissue level, but NDP-α-MSH had no significant effects on the oxidative stress
markers. In conclusion, treatment with NDP-α-MSH increases urinary sodium excretion and protects against DOCA-
salt-induced hypertension. These findings point to the potential future use of α-MSH analogues in the treatment of
hypertension.
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Introduction

Melanocyte-stimulating hormones (α-, β- and γ-MSH) and
adrenocorticotropic hormone or melanocortins are a family of
peptides that are proteolytically cleaved from a common
precursor molecule known as pro-opiomelanocortin. They
regulate a multitude of physiological functions including energy
homeostasis, electrolyte balance and inflammatory responses.
Early studies demonstrated that acute administration of α-MSH
or β-MSH increases urinary sodium excretion in rodents,
indicating a natriuretic property for these peptides [1,2].
Additional research provided evidence that γ-MSH is also a
natriuretic peptide and seems to be involved in the
physiological regulation of sodium balance [3,4]. The natriuretic
action of melanocortins is thought to be mediated, at least in
part, by the melanocortin 3 receptor (MC3-R) expressed in the

kidney [4]. However, it is an open question whether
pharmacological targeting of the MC3-R could have therapeutic
efficacy in experimental models of hypertension.

Aside from possessing a natriuretic property, we have
recently demonstrated that α-MSH, by interacting with
endothelial MC1 receptors, regulates the local control of blood
vessel tone by enhancing nitric oxide (NO) availability and NO-
dependent vasodilatation [5]. In keeping with the vascular
protective role of α-MSH, pharmacological treatment with the
stable α-MSH analogue [Nle4, D-Phe7]-α-MSH (NDP-α-MSH)
showed promising effects in animal models of vascular
dysfunction. Given this, along with other studies showing that
NDP-α-MSH has protective effects in cardiovascular disease
models such as myocardial infarct [6–8], we hypothesized that
NDP-α-MSH treatment, through its vascular effects and a
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probable natriuretic property, translates into therapeutic
benefits in an animal model of hypertension.

In the present study, we first assessed whether NDP-α-MSH
elicits diuretic and natriuretic responses in mice. Having
identified marked diuretic and natriuretic properties for this
compound, we sought to determine whether chronic treatment
with NDP-α-MSH protects against deoxycorticosterone acetate
and salt (DOCA-salt)-induced hypertension. We chose to use
NDP-α-MSH instead of γ-MSH or its analogues since it has
high affinity for MC1 and MC3 receptors and would therefore
efficiently target both these MC-R pathways. Since oxidative
stress is known to contribute to the development of
hypertension [9], combined with the concept that α-MSH can
suppress oxidative damage in cardiovascular disease models
[6,10–12], we aimed to evaluate the effects of NDP-α-MSH
treatment on oxidative stress markers in DOCA-salt mice.

Materials and Methods

Animals
Experiments were performed on adult male C57Bl/6N mice.

Animals were housed on a 12 h light/dark cycle and fed ad
libitum a regular chow diet. All experiments were approved by
the national Animal Experiment Board in Finland (Permit
Number: ESAVI-438/04.10.03/2012) and conducted in
accordance with the Directive 2010/63/EU of the European
Parliament.

Drug treatments and measurements of diuresis
NDP-α-MSH (obtained from Sigma-Aldrich) was given as an

intraperitoneal (i.p.) injection in a dose range of 1-300 µg/kg.
Acute diuresis, occurring within the first 4 hours after the
injection, was evaluated based on a change in body weight.
Body composition was analyzed by quantitative NMR scanning
(EchoMRI-700, Echo Medical Systems, TX, USA) to
demonstrate the validity of body weight monitoring as a method
to assess the diuretic response to NDP-α-MSH administration.
Diuretic effect was also assessed by collecting and measuring
24-h urine output. To evaluate the dependence of the diuretic
responses on MC receptor activation, mice were pretreated
with the selective MC3/4-R antagonist SHU9119 (1 mg/kg i.p.)
given 30 minutes prior to NDP-α-MSH (0.3 mg/kg)
administration. Control saline (0.9% NaCl) and drug injections
were given in a volume of 10 µl/g body weight.

DOCA-salt hypertension model
To investigate the effects of NDP-α-MSH in hypertensive

animals, we subjected 4-month-old mice to DOCA-salt
treatment. A slow-release (21-day) 50 mg DOCA pellet
(Innovative Research of America, FL, USA) was implanted
through a mid-scapular incision under isoflurane-anesthesia.
DOCA-salt animals received 1% NaCl in drinking water starting
with the first day of DOCA-treatment. Control animals were
sham-operated and received normal drinking water. After 7
days of DOCA-treatment, control and DOCA-salt mice were
randomized to receive daily i.p. injections of either saline or
NDP-α-MSH (0.3 mg/kg) for the following 14 days.

Arterial pressure measurements
Blood pressure was measured in conscious, unrestrained

mice using a radiotelemetry system (TA11PA-C10 and
Dataquest software, Data Sciences International, NM, USA) as
previously described [13,14] or by a noninvasive tail-cuff
method (TSE Systems, Germany) in conscious, restrained
mice. For tail-cuff measurements, the mice were trained for at
least 2 consecutive days before the actual data collection. In
each recording session, the mice were placed on a heated pad
(35 °C) and allowed to settle for at least 5 min before data
acquisition. The average of 10 readings from each mouse was
recorded.

Urine analyses
Twenty-four-hour urine samples were collected in metabolic

cages. In the DOCA-salt experiment, samples were collected at
the end of the 14-day NDP-α-MSH treatment. Urine sodium
and potassium concentrations were measured by flame
photometry. Urinary creatinine, NOx (nitrate+nitrite), cGMP and
8-isoprostane concentrations were determined with
commercially available assay kits (Cayman Chemicals, MI,
USA).

In situ detection of vascular superoxide production
Frozen mouse aortae were cut into 10 μm thick transverse

sections and placed on a glass slide. Dihydroethidium (5 μM,
Molecular Probes, OR, USA) was topically applied onto each
section and incubated for 30 min at 37 °C to reveal the
presence of superoxide anions (O2

●−) by fluorescence
microscopy.

Measurements of oxidation products
For oxidative stress analyses, tissue samples were

homogenized in 0.1 M Tris buffer with 1 mM EDTA (pH 7.4).
For the measurement of conjugated dienes (CD), lipids were
extracted from tissue homogenates using a 2:1 mixture of
chloroform and methanol, dried under nitrogen atmosphere and
redissolved in cyclohexane. CDs were then analysed
spectrophotometrically at 234 nm. 8-isoprostanes were
determined by STAT-8-Isoprostane EIA kit (Cayman
Chemicals).

Statistics
All data are expressed as means ± SEM. Dose-responses

were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison tests. Comparisons
among three or more groups were made by one-way ANOVA
followed by Bonferroni post hoc tests. Follow-up data on blood
pressure was analyzed by two-way ANOVA and Bonferroni
post hoc tests. For two independent factors, two-way ANOVA
was used. A two-tailed P value of less than 0.05 was
considered statistically significant.

Antihypertensive Effect of NDP-α-MSH
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Results

Administration of NDP-α-MSH induces diuresis and
natriuresis through the activation of MC3/4 receptor
pathways

NDP-α-MSH induced a marked diuretic effect as evidenced
by a change in body weight (Figure 1A). Body composition
analysis revealed that the NDP-α-MSH-evoked weight
reduction is exclusively attributable to a loss in total body water
(Figure S1). The reduction in body weight occurred in a dose-
dependent manner (Figure 1B). Pretreatment with the MC3/4-R
receptor antagonist SHU9119 prevented the NDP-α-MSH-
induced diuresis (Figure 1C). Supporting these findings, 24-h
urine volume was increased by NDP-α-MSH administration
(Figure 1D). Furthermore, NDP-α-MSH markedly increased

urinary excretion of sodium (Figure 1E), indicating natriuretic
activity. It is noteworthy that NDP-α-MSH administration did not
cause kaliuresis despite the profound diuresis and natriuresis
(Figure 1F). Pretreatment with SHU9119 inhibited completely
NDP-α-MSH-induced diuresis as well as natriuresis (Figure 1,
D and E).

NDP-α-MSH attenuates hypertension in DOCA-salt mice
We next sought to determine whether NDP-α-MSH has any

therapeutic efficacy in systemic hypertension. Daily treatment
with NDP-α-MSH did not affect body weight change over the
14-day treatment period in DOCA-salt mice (Saline -0.5±0.2 g,
NDP-α-MSH 0.2±0.4 g, P=0.28), when final body weight was
monitored 24 hours after the last injection and compared to the
starting weight. Nevertheless, the final dose of NDP-α-MSH
caused an acute decrease (-1.4±0.1 g, P<0.001 versus saline-

Figure 1.  NDP-α-MSH induces diuretic and natriuretic responses that are blocked with the MC3/4 receptor antagonist
SHU9119.  (A) Time course of weight change after an intraperitoneal (i.p.) injection of saline and NDP-α-MSH (0.3 mg/kg). The
values are based on a change from pretreatment weight. n = 7 per group. (B) Dose-dependent effects of NDP-α-MSH on body
weight. Mice were weighed 2 hours after the injection. (C) Effect of a selective MC3/4-R antagonist (SHU9119) on NDP-α-MSH-
induced diuresis. SHU9119 (1 mg/kg i.p) was given 30 min prior to administration of NDP-α-MSH (0.3 mg/kg i.p.). (D–F) 24-hour
urine volume and urinary excretion of sodium (U NaV) and potassium (U KV) in control, NDP-α-MSH-treated and SHU9119-
pretreated mice. The number of mice analyzed is shown in the graphs. Data are mean ± SEM. ** P < 0.01 versus saline, # # P <
0.01 versus NDP-α-MSH.
doi: 10.1371/journal.pone.0072857.g001
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treated) in the body weight of DOCA-salt mice which was
restored 24 hours after the injection (-0.1±0.2 g, P=0.54 versus
saline-treated), reflecting a persistent diuretic response during
chronic administration of NDP-α-MSH. Notably, NDP-α-MSH
was able to restrain the progression of hypertension in DOCA-
salt mice without affecting the blood pressure (BP) of
normotensive control animals (Figure 2A). The effect of NDP-α-
MSH on BP control was observed in two separate cohorts of
mice using two different measurement techniques; tail-cuff
plethysmography (Figure 2A) and radiotelemetry (Figure 3A).
Exposure to DOCA-salt reduced heart rate (HR), but saline-
and NDP-α-MSH-treated DOCA-mice showed similar HR
(Figures 2B and 3B). Interestingly, NDP-α-MSH-treated mice

still showed the physiological depression of day-time BP values
after 21 days on DOCA-salt, and thus, they displayed an
increased circadian BP amplitude compared to saline-treated
mice (Figure 3C).

NDP-α-MSH protects against DOCA-salt-induced
hypernatremia

Table 1 describes the effects of NDP-α-MSH-treatment on
electrolyte balance in control and DOCA-salt mice. Water
intake and urine volume were markedly increased after the
DOCA-salt challenge, but NDP-α-MSH caused no significant
effects on these parameters. However, NDP-α-MSH-treatment
increased urinary sodium excretion in control and DOCA-salt

Figure 2.  NDP-α-MSH treatment prevents the elevation of blood pressure in DOCA-salt mice.  Systolic blood pressure (A)
and heart rate (B) in control and DOCA-salt treated mice measured by a tail cuff method. After 7 days on the control and DOCA-salt
treatments mice were randomized to daily i.p. injections of either saline or NDP-α-MSH (0.3 mg/kg). Data are mean ± SEM of six
mice per group. * P < 0.05 versus saline-treated DOCA-salt mice, # # P < 0.01 versus control mice.
doi: 10.1371/journal.pone.0072857.g002

Figure 3.  Telemetric measurements of blood pressure in saline- and NDP-α-MSH-treated DOCA-salt mice.  Systolic blood
pressure (A) and heart rate (B) in control and DOCA-salt treated mice measured by radiotelemetry. Data represent 24 h mean
values of SBP and HR. (C) Circadian amplitude, the difference between night- and day-time SBP, at baseline and at day 21 after
the beginning of DOCA-salt treatment. * P < 0.05 versus saline-treated mice. Data are mean ± SEM of five mice per group.
doi: 10.1371/journal.pone.0072857.g003
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mice (Table 1). Owing to the enhanced sodium excretion, NDP-
α-MSH-treated mice seemed to be protected from DOCA-salt
induced hypernatremia (Figure 4A). DOCA-salt challenge was
also associated with hypokalemia caused by excess potassium
loss into urine (Table 1), but NDP-α-MSH-treatment was not
able to prevent the disruption of potassium homeostasis
(Figure 4B). Furthermore, no differences were noted in heart or
kidney weights between saline- and NDP-α-MSH-treated mice
(Table 1).

Table 1. Effects of NDP-α-MSH treatment on body fluid and
electrolyte balance, and organ weights in control and
DOCA-salt mice.

 Control DOCA-salt

 Saline NDP-α-MSH Saline NDP-α-MSH
 n =7 n =7 n = 12 n = 11

Body weight (g) 35.0 ± 1.8 34.4 ± 1.6 34.3 ± 0.6 34.5 ± 0.9

Renal function     
Water intake (ml/24h) 5.4 ± 0.3 6.0 ± 0.3 19.7 ± 2.9# 21.8 ± 2.2#

Urine volume (ml/24h) 1.4 ± 0.3 1.9 ± 0.2 12.3 ± 2.3# 16.0 ± 1.9#

UCreaV (mg/24h) 1.04 ± 0.16 1.20 ± 0.15 1.06 ± 0.06 1.09 ± 0.08
UNaV (mmol/24h) 0.29 ± 0.05 0.39 ± 0.03* 2.19 ± 0.35# 3.30 ± 0.30* #
UKV (mmol/24h) 0.53 ± 0.06 0.53 ± 0.08 1.10 ± 0.07# 1.30 ± 0.09#

Cardiovascular organs     
Heart (mg) 172 ± 6 163 ± 3 173 ± 11 161 ± 9
Heart/BW (mg/kg) 5.0 ± 0.2 4.8 ± 0.3 5.1 ± 0.3 4.7 ± 0.2
Kidney (mg) 218 ± 6 201 ± 5 305 ± 20# 289 ± 12#

Kidney/BW (mg/kg) 6.3 ± 0.3 5.9 ± 0.2 8.9 ± 0.5# 8.4 ± 0.3#

All measurements are means ± SEM. UCreaV, urinary creatinine excretion; UNaV,
urinary Na+ excretion; UKV, urinary K+ excretion; BW, body weight. Two-way effects
by ANOVA: * P < 0.05 vs. saline-treated mice; # P < 0.05 vs. control mice.

Effects of NDP-α-MSH-treatment on NO and cGMP
excretion, and oxidative stress markers

Exposure to DOCA-salt resulted in increased urinary
excretion of NO metabolites and reduced excretion of cGMP
(Figure 5, A and B). Despite the lack of effect on NO levels,
NDP-α-MSH-treatment increased urinary excretion of cGMP in
both control and DOCA-salt mice (Figure 5B). Urinary 8-
isoprostane excretion, a marker of oxidative stress, was
significantly increased by DOCA-salt-challenge but was
unaffected by NDP-α-MSH-treatment (Figure 5C). To evaluate
reactive oxygen species (ROS) generation at the vascular
level, we incubated aortic sections with the superoxide
indicator dihydroethidium. Vascular ROS production was
slightly increased under hypertensive conditions but no effect
was noted for NDP-α-MSH in this regard (Figure S2).
Furthermore, DOCA-salt mice showed reduced 8-isoprostane
and unaltered CD levels in the heart and kidney (Figure S3).
NDP-α-MSH treatment had no effect on these parameters.

Discussion

The interest in melanocortins and their biology has grown
over the years as it has become evident that melanocortins
regulate a variety of physiological functions and seem to
provide protective effects in experimental disease models
encompassing from acute nephropathies to severe ischemic
conditions such as myocardial infarct [7,11,12]. The
established roles of melanocortins in sodium metabolism and
vascular homeostasis prompted us to investigate whether
melanocortin treatment could have beneficial effects also in a
hypertensive disease state.

In the present study, we observed that the stable analogue of
α-MSH induced diuresis and natriuresis, which were evident
also during repeated administration. Natriuretic activity, in
particular, is a long-known feature of melanocortins, but its

Figure 4.  NDP-α-MSH treatment protects against DOCA-salt-induced hypernatremia.  Serum sodium (A) and potassium (B)
concentrations in control and DOCA-salt mice. Data are mean ± SEM. Number of mice analyzed is given in Table 1. * P < 0.05
versus saline-treated DOCA-salt mice, # P < 0.05 and # # P < 0.01 versus control mice.
doi: 10.1371/journal.pone.0072857.g004
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exact mechanism is still unclear [1,2,4]. Early work
demonstrated that acute administration of α-MSH or β-MSH
increases urinary sodium and potassium excretion without
producing any change in urine output. If anything, the effect on
urine output seemed to be antidiuretic. Thus, our findings shed
important new light on the overall effects of α-MSH-like
compounds on water and electrolyte excretion. In contrast to
previous findings, we found that the potent α-MSH analogue
induced diuretic and natriuretic responses without affecting
renal potassium handling.

According to current understanding, the natriuretic action of
melanocortins is mediated by renal MC3 receptors. Although
there are conflicting views about the expression of
melanocortin receptor subtypes in the kidney [12,15],
supportive evidence for the MC3-R based mechanism came
from studies showing that protein for MC3-R is present in the
rat kidney and that the expression of MC3-R becomes
upregulated when rats are fed with a high sodium diet [16,17].
Furthermore, these studies demonstrated that γ-MSH, which is
the natural ligand for the MC3-R, stimulates cAMP formation in
cultured inner medullary collecting duct cells. The cAMP
response was prevented by SHU9119. These data, combined
with the finding that γ-MSH-induced natriuresis was abolished
by pretreatment with SHU9119 or the selective MC3-R
antagonist SHU9005 [18], provide compelling evidence that
functional MC3 receptors are present in the kidney and that
they are responsible for mediating the natriuretic action of
melanocortins. The present finding that the diuretic and
natriuretic actions of NDP-α-MSH were reversible with
SHU9119 lends support to this concept. Controversy still
remains concerning the role of renal nerves in the natriuretic
response, since renal denervation was previously found to
prevent the natriuretic response to γ-MSH infusion [19], but
Cope et al did not observe such an effect [16]. Although the
renal MC3 receptors seem to play a pivotal role, the exact
mechanism and site of action of melanocortin-evoked
natriuresis are still unknown. Whatever the underlying
mechanism, it is important to note that melanocortins and their

potent analogues elicit significant and persistent diuretic and
natriuretic responses.

Excessive sodium accumulation contributes to the
pathogenesis of the DOCA-salt model, indicating a volume-
dependence of the hypertension [20]. Against this background,
we found it intriguing to investigate whether the diuretic and
natriuretic actions of NDP-α-MSH could relieve water and
sodium retention and thereby also attenuate hypertension in
the DOCA-salt model. Although it did not reverse pre-existing
hypertension, we observed that treatment with NDP-α-MSH
was able to prevent further elevation of blood pressure and to
normalize the circadian blood pressure rhythm in DOCA-salt
hypertensive mice. However, the latter effect might reflect the
relatively short duration of action of the pharmacological
treatment, since the half-life of parenterally administered NDP-
α-MSH during the elimination phase is only a few hours [21]. In
the present study, NDP-α-MSH was administered during day-
time, which might explain why NDP-α-MSH-treated mice
showed the normal physiological depression of daytime blood
pressure. Accordingly, longer-acting α-MSH analogues or
modified dosage regimens could provide further blood pressure
control in experimental hypertension. Nevertheless, the present
treatment approach seemed to restore sodium balance in
DOCA-salt hypertension, since NDP-α-MSH-treated mice were
protected from the hypernatremia. It needs to be acknowledged
that periodic renal function data would have provided a clearer
picture of sodium retention and its development in the DOCA-
salt mice, and allowed to assess the therapeutic effect of NDP-
α-MSH on water and sodium balance in more detail. The fact
that NDP-α-MSH was not able to prevent the appearance of
hypokalemia suggests that add-on therapy with a potassium-
sparing diuretic and/or potassium supplements would be
needed to achieve an improved potassium balance.
Collectively, it is noteworthy that NDP-α-MSH treatment may
provide therapeutic benefits in the management of
hypertension due to its diuretic and natriuretic effects,
considering that diuretics are still a cornerstone in the
treatment of high blood pressure.

Figure 5.  NDP-α-MSH treatment increases urinary excretion of cGMP.  Urinary excretion of NO metabolites (A), cGMP (B) and
8-isoprostane (C) in control and DOCA-salt mice. Number of mice analyzed is given in Table 1. * P < 0.05 versus saline group, # #
P < 0.01 versus control mice.
doi: 10.1371/journal.pone.0072857.g005
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Although eliciting a blood pressure lowering effect in DOCA-
salt hypertensive mice, it needs to be taken into account that
NDP-α-MSH and other similar compounds acting at the MC4
receptor may potentially cause acute elevations in blood
pressure and heart rate. A number of human and animal
studies have demonstrated that central MC4 receptor activation
leads to sympathoexcitation and a consequent increase in
blood pressure [22–25]. Therefore, if the therapeutic potential
of MC receptor targeted treatments is further addressed in
experimental models of hypertension, it will be important to
control and limit the MC4-R-mediated effects on
hemodynamics by using compounds that do not cross the
blood–brain-barrier or activate MC4 receptors to a significant
extent.

In hypertension and many other important pathological
conditions, the function of the NO-cGMP-axis is compromised
leading to impaired endothelium-dependent control of vascular
tone and elevated vascular resistance [26]. These features are
also recapitulated in the DOCA-salt model of hypertension
[27,28]. In line with this view, we found that urinary cGMP
excretion in saline-treated DOCA-salt mice was suppressed to
a level below the baseline, reflecting disturbed integrity of the
NO-cGMP pathway. Based on our recent finding that α-MSH by
acting through MC1 receptors enhances vascular NO
availability and endothelial function [5], it is possible that the
vascular effects of α-MSH have contributed to the
antihypertensive potency of NDP-α-MSH treatment. It is
particularly noteworthy that cGMP excretion was increased in
NDP-α-MSH-treated mice, pointing to enhanced signaling
through the NO-cGMP pathway. On the other hand, the
heightened NO formation in DOCA-salt mice might be largely
attributable to an increase in inducible NO synthase (iNOS)-
derived NO rather than to an increase in endothelial (NOS)
bioactivity [29]. Thus, although NO excretion was similarly
increased in saline- and NDP-α-MSH-treated mice under
DOCA-salt challenge, it does not solely represent the local
availability of eNOS-derived NO in blood vessels which is
critical for the maintenance of vascular homeostasis. Taken
together, the disintegration of the NO-cGMP pathway
represents a critical determinant of blood pressure
development in DOCA-salt hypertension and NDP-α-MSH
treatment may provide additional benefits in the management
of hypertension through its positive impact on the eNOS
system and NO-mediated vascular responses. Although the
relative contributions of the natriuretic and vascular effects to
the antihypertensive efficacy of α-MSH-treatment remain
unknown, the underlying mechanism is probably multifactorial,
involving influences on both blood vessels and renal function.

It is well-known that oxidative stress plays a crucial role in
the pathogenesis of DOCA-salt hypertension [30,31]. Based on
studies showing that α-MSH can suppress oxidative stress in
various disease models [11,12], we expected to see an
improvement in the redox balance of NDP-α-MSH-treated mice
under DOCA-salt challenge. However, despite the increased
urinary 8-isoprostane levels, DOCA-salt hypertension did not
aggravate the oxidative stress at the tissue level as evidenced
by the unaltered cardiac and renal CD levels and by the
modest increase in vascular ROS production. Unexpectedly,

the cardiac and renal 8-isoprostane levels were reduced in
DOCA-salt mice. Considering that 8-isoprostane is primarily
derived from the oxidation of arachidonic acid, chronic DOCA-
salt challenge may lead to a depletion of the tissue reservoirs
of arachidonic acid, thus limiting further formation of 8-
isoprostane. Altogether, the data suggest that the 21-day
DOCA-salt exposure, although enhancing oxidative processes,
does not entail a generalized oxidative stress at the tissue
level. It is possible that effective antioxidant systems in this
mouse strain have maintained adequate redox balance in
tissues under observation, which, in turn, may have prevented
the appearance of possible antioxidant effects of NDP-α-MSH.
Further research will be needed to assess whether α-MSH
analogues, with appropriate dosage regimens in more severe
models of hypertension, could provide protection against
oxidative stress and associated cardiovascular pathology.

In conclusion, the present findings demonstrate that
administration of NDP-α-MSH, a stable analogue of α-MSH,
induces marked diuretic and natriuretic responses through the
activation of MC3/4 receptor pathways without affecting renal
potassium handling. These characteristics provided protection
against hypernatremia and blood pressure elevation in the
DOCA-salt model of hypertension, but other mechanisms such
as promotion of vascular function via endothelial MC1
receptors are likely to contribute to the antihypertensive
efficacy of NDP-α-MSH.

Melanocortins have been previously shown to participate in
the regulation of sodium homeostasis and vascular function,
but here we show for the first time that pharmacological
targeting of melanocortin receptors with a pan-agonist, NDP-α-
MSH, possesses therapeutic efficacy in experimental
hypertension. Since sodium accumulation together with
impaired vascular function contributes to the development of
hypertension and associated cardiovascular pathologies, NDP-
α-MSH treatment might have a dual therapeutic effect by
interrupting these critical pathophysiological processes. The
present data demonstrate that NDP-α-MSH could alleviate
sodium retention in the DOCA-salt model of hypertension via
MC3-R-mediated diuretic and natriuretic actions. Furthermore,
our recent observation that α-MSH promotes vascular function
via MC1 receptors might add therapeutic value for NDP-α-MSH
treatment in the management of hypertension. These findings
suggest applicability of α-MSH analogues for therapeutic use in
hypertensive disease states and merit further attention to
investigate whether selective and dual targeting of MC1 and
MC3 receptors could have beneficial effects in more severe
models of hypertension.

Supporting Information

Figure S1.  Analysis of NDP-α-MSH-evoked weight
reduction by quantitative NMR scanning. Change in body
weight (A), total body water (B), fat mass (C) and lean mass
(D) after NDP-α-MSH administration. Body composition was
analyzed by quantitative NMR scanning before and 2 hours
after an i.p. injection of NDP-α-MSH (0.3 mg/kg). * P < 0.05
and ** P < 0.01 versus saline-treated mice. Data are mean ±
SEM of six mice per group.
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(TIF)

Figure S2.  ROS formation in the aorta. (A) In situ
dihydroethidium (DHE) staining of aortae from control and
DOCA-salt mice. Red fluorescence indicates the presence of
superoxide anions. Elastin fibers are seen as green due to
autofluorescence. All sections are shown with the lumen at the
right. Scale bars 100 μm. (B) Analysis of DHE intensity relative
to saline-treated control mice. ## P < 0.01 versus control mice.
Data are mean ± SEM of four mice per group.
(TIF)

Figure S3.  Oxidative stress markers in the heart and
kidney. Levels of 8-isoprostanes and conjugated dienes (CD)

in the heart (A, C) and kidney (B, D). Number of mice analyzed
is given in Table 1. # P < 0.05 versus control mice.
(TIF)
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