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Effect of long-term treatment with melatonin
on vascular markers of oxidative stress/inflammation
and on the anticontractile activity of perivascular fat
in aging mice

Claudia Agabiti-Rosei1,4, Gaia Favero2,4, Carolina De Ciuceis1, Claudia Rossini1, Enzo Porteri1,
Luigi Fabrizio Rodella2, Lorenzo Franceschetti2, Anna Maria Sarkar1, Enrico Agabiti-Rosei1,
Damiano Rizzoni1,3 and Rita Rezzani2

Some reports have suggested that inflammation in perivascular adipose tissue (PVAT) may be implicated in vascular dysfunction

by causing the disappearance of an anticontractile effect. The aim of this study was to investigate the effects of chronic

melatonin treatment on the functional responses of the small mesenteric arteries and on the expression of markers of

inflammation/oxidative stress in the aortas of senescence-accelerated prone mice (SAMP8), a model of age-related vascular

dysfunction. We investigated seven SAMP8 and seven control senescence-accelerated resistant mice (SAMR1) treated for

10 months with melatonin, as well as equal numbers of age-matched untreated SAMP8 and SAMR1. The mesenteric small

resistance arteries were dissected and mounted on a wire myograph, and the concentration–response to norepinephrine was

evaluated in vessels with intact PVAT and after the removal of the PVAT. The expression of markers of oxidative stress,

inflammation and aging in the aortas was evaluated by immunostaining. In addition, the adiponectin content and the

expression of adiponectin receptor 1 were evaluated in the visceral adipose tissue. In untreated SAMP8 mice, we observed an

overexpression of oxidative stress and inflammatory markers in the vasculature compared with the controls. No anticontractile

effect of the PVAT was observed in untreated SAMP8 mice. Long-term treatment of SAMP8 mice with melatonin increased the

expression of some markers of vasoprotection, decreased oxidative stress and inflammation and restored the anticontractile

effect of the PVAT. Decreased expression of adiponectin and adiponectin receptor 1 was also observed in visceral fat of

untreated SAMP8, whereas a significant increase was observed after melatonin treatment.
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INTRODUCTION

Physiological aging is associated with progressive changes in the
mechanical properties of the large arteries, namely decreased
distensibility and increased stiffness.1–4 Alterations at the microvas-
cular level may also occur, in terms of capillary rarefaction and the
onset of vascular remodeling.4 The aging process is associated with
changes in the vasculature at the cellular and molecular levels.
Specifically, low-grade oxidative stress and inflammation are possible
underlying mechanisms that may trigger physiological and early
vascular aging.5,6 The senescence-accelerated prone mouse (SAMP8)
strain is a model of age-related vascular dysfunction and cognitive
decline.7–9 Several studies have suggested that the SAMP8 strain is one
of the most appropriate animal models for the study of vascular aging
and age-associated diseases10,11 because it shows pronounced
morphological alterations, oxidative stress, inflammation, mechanical

and endothelial dysfunctions10,12–15 and vascular alterations
comparable to those induced by aging in humans.7,14

Healthy adipose tissue produces a paracrine anticontractile effect
through the release of vasodilator adipokines.16–18 Central to
this action is the production of adiponectin.16,19–21 However, the
bioavailability of this vasodilatory molecule is compromised in obese
subjects, in whom adipocyte hypertrophy is associated with increases
in oxidative stress and local inflammation.16,22–27 Furthermore,
fat accumulation may accelerate aging, at least at the tissue/organ
levels, through oxidative stress-mediated processes.28–30 Aging is
typically characterized by a decline in the fat-free mass and an altered
adipose tissue distribution that is characterized by increased central
and visceral adiposity.31–33

Melatonin is an endogenous indoleamine that has a well-
demonstrated influence on circadian and seasonal rhythms,34,35
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sleep–wake cycles,36 the cardiovascular37,38 and immune systems39 and
endocrine regulation40,41 with a broad spectrum of functions.6,42,43 In
a previous study, significant improvements in the mesenteric small
resistance artery structure and endothelial function have been
observed in rats treated with melatonin.44 Similarly, melatonin restores
the anticontractile activity of the perivascular adipose tissue (PVAT) in
obese mice, possibly through an increase in adiponectin production/
adiponectin receptor expression.27 Moreover, a decrease in the
circulating melatonin levels and/or a dysfunction of melatonergic
signaling are associated with a remarkable number of age-related
diseases.45 In fact, the aging process in humans is associated with a
progressive reduction in serum melatonin concentrations46 as well as
the ability of endogenous melatonin to beneficially affect the circadian
blood pressure profile.47 Thus, melatonin or synthetic melatonergic
agonists are expected to be beneficial in normal or pathological aging.
For these reasons, aging may affect the anticontractile effects of

PVAT through increased vascular inflammation/oxidative stress,
whereas melatonin may have potentially beneficial effects.
Therefore, we sought to evaluate the anticontractile properties of

PVAT in the mesenteric small resistance arteries together with
indices of inflammation/oxidative stress/vascular damage in aortas
by investigating an animal model of vascular aging (SAMP8) after
chronic oral treatment with melatonin.

MATERIALS AND METHODS

Experimental Design
A total of 28 male mice (14 SAMP8 and 14 SAMR1) at 6 weeks of age were

included in the study. The SAMP8 strain, which shows accelerated aging, was

compared with its control (senescence-accelerated mouse resistant 1—SAMR1).

The animals, which were obtained from Harlan Laboratories Srl (San Pietro Al

Natisone, Udine, Italy), were housed in a temperature-controlled animal facility

with a 12 h:12 h light–dark cycle and with free access to rodent chow and

water. The body weight and water consumption of the animals were

continuously monitored throughout the study.
The mice were randomly divided into four groups:

1. Control SAMR1 mice kept untreated and killed at 1 year of age (SAMR1);
2. Control SAMP8 mice kept untreated and killed at 1 year of age (SAMP8);
3. SAMR1 mice treated with melatonin from the 6th week to 1 year of age

(SAMR1+MEL);
4. SAMP8 mice treated with melatonin from the 6th week to 1 year of age

(SAMP8+MEL).

Melatonin was dissolved in 1% ethanol and added to the drinking water for

10 months at a final dose of 10 mg kg− 1 per day. It was administered in

containers wrapped in aluminum foil, owing to the sensitivity of melatonin to

light, and the drinking fluid was changed three times a week depending on the

water consumption and the body weight of the animals.48 The dose and

duration of treatment was chosen on the basis of previously published

studies.1,49–51 The protocols were approved by the Animal Care and Use

Committee of the University of Brescia, Italy, and by the Italian Ministry of

Health. At the end of the treatment, the animals were killed by cervical

dislocation. The abdominal and thoracic aorta, including the aortic arch, the

mesentery and the visceral perirenal adipose tissue were removed and

washed briefly in phosphate-buffered saline with the following composition

(in mmol l− 1): (NaCl 137, KCl 2.7, Na2HPO4 10, KH2HPO4 2.0, pH 7.4).

The aorta and the visceral adipose tissue were immediately fixed in 10%

buffered formalin and embedded in paraffin wax according to a standard

protocol; then, serial sections (7 μm thick) of each sample were cut with a

microtome and used for morphometrical and immunostaining analyses. The

mesenteric vascular bed was preserved for the micromyographic assay.

Morphometrical analyses
Alternate paraffin sections were deparaffinized, rehydrated and stained with
hematoxylin–eosin, following a standard protocol. A minimum of 20 fields for
five sections from each experimental animal were observed with an optical light
microscope (Olympus, Hamburg, Germany) at a final magnification of × 400
by two observers blinded to the experimental treatment. Morphometric analysis
was performed using a software program (Image Pro Premier 9.1,
MediaCybernetics, Rockville, MD, USA) to evaluate the ratio of the areas of
the tunica media/lumen (μm2) as a marker of vascular stenosis and
hypertrophy.52

Immunofluorescence and immunohistochemical analysis
Alternate paraffin sections of both the aorta and visceral adipose tissue were
deparaffinized, rehydrated and incubated in 1% bovine serum albumin
(Sigma Aldrich, St Louis, MO, USA) for 1 h at room temperature. Then, the
aorta sections were incubated for 1 h at room temperature and overnight at 4 °
C with the following primary antibodies: rabbit polyclonal antibody against
sirtuin 1 (SIRT1—final dilution 1:100; Santa Cruz Biotechnology, Santa Cruz,
CA, USA); goat polyclonal antibody against endothelin-1 (ET-1—final dilution
1:500; Santa Cruz Biotechnology); mouse monoclonal antibody against
cyclooxygenase 1 (COX-1—final dilution 1:600; Cayman Chemical, Ann Arbor,
MI, USA); rabbit polyclonal antibody against cyclooxygenase 2 (COX2–final
dilution 1: 1000; Cayman Chemical); rabbit polyclonal antibody against
endothelial nitric oxide synthase (eNOS—final dilution 1:70; AnaSpec, San
Josè, CA, USA); and rabbit polyclonal antibody against inducible nitric oxide
synthase (iNOS—final dilution 1:250; Santa Cruz Biotechnology).
Furthermore, the alternate sections of the visceral adipose tissue were

incubated with a rabbit polyclonal antibody against adiponectin (final dilution:
1:500; Abcam, Cambridge, UK) or a rabbit monoclonal antibody against
adiponectin receptor 1 (ADIPOR1- final dilution: 1:400; Abcam). Thereafter,
the sections, except for those used for the COX-1 assay, were labeled using anti-
rabbit Alexa Fluor 488-, anti-goat Alexa Fluor 488- or anti-rabbit Alexa Fluor
546-conjugated secondary antibodies (final dilution 1:200; Invitrogen, Paisley,
UK). Finally, the samples were counterstained with 4-6-diamidino-2-pheny-
lindole, mounted and observed with a confocal microscope (LSM 510 Zeiss,
Munich, Germany), as previously described.1,27 For the COX-1 immunohisto-
chemical analyses, after the incubation with the primary antibody, the aorta
sections were sequentially incubated with a biotinylated anti-mouse immuno-
globulin and then with an avidin–biotin peroxidase complex. The reaction
products were visualized using 0.33% hydrogen peroxide with 0.05% 3,3′-
diaminobenzidine tetrahydrochloride as the chromogen. The sections were
finally counterstained with hematoxylin, mounted and observed with a light
microscope (Olympus, Hamburg, Germany).53 The immunofluorescence and
immunohistochemical negative controls were performed by replacing the
primary antibodies with isotype-matched immunoglobulin G.
Twenty random fields, each with an area of 0.04 mm2, from a total of five

sections for each experimental animal were analyzed, and the immunostaining
for each primary antibody were calculated using an image analyzer (Image
Pro Premier 9.1, MediaCybernetics, Rockville, MD, USA). The quantitative
evaluation of each target of the immunostaining was performed by two blinded
investigators, whose evaluation was assumed to be correct if the values were not
significantly different. If there was disagreement concerning the interpretation,
the case was reconsidered to reach a unanimous agreement. The levels of
immunostaining were expressed as arbitrary units, except for the adiponectin
and ADIPOR1 quantitative analyses, which were expressed as the immunos-
tained percentage of the total area.

Wire micromyography
The mesenteric bed was immediately removed and placed in an ice-cold
physiological salt solution (PSS) with the following composition (in mmol l− 1):
NaCl 119, NaHCO3 24, KCl 4.7, KH2PO4 1.18, MgSO4 1.17, CaCl2 2.5 and
glucose 5.5. Second-order arteries were identified (diameter: 200–300 μm), and
some of them were dissected away from the PVAT, whereas the remaining
arteries were left with the surrounding PVAT intact. The mesenteric small
arteries (2 mm length) with or without intact PVAT were mounted on 40-μm
wires in a wire myograph (Danish Myo Technology, Aarhus, DK model 410A).
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After an initial 30-minute incubation, the vessel wall tension and diameter were
normalized according to a standardized procedure54–58 and stabilized for 1 h.

Pharmacological assessment of contractility
The mesenteric small arteries with and without intact PVAT were studied using
a wire myograph at 37 °C. The vessel bath was saturated by bubbling with 95%
air/5% CO2 while the pH was maintained at 7.4, as described previously.
The arterial viability was assessed by constriction with high-potassium
(60 mmol l− 1) PSS (KPSS), and the endothelial integrity was determined by
addition of 1× 10− 5 mol l− 1 acetylcholine. Constriction of the arteries with
KPSS was performed after each dose response curve to norepinephrine
(1× 10− 9 to 1× 10− 5 mol l− 1), and the contractile responses were assessed
as the percentage of maximum constriction with KPSS.
The response curves to norepinephrine were assessed in the experimental

groups in arteries with intact PVAT (WF) as well as in vessels without
PVAT (NoF).

Statistical analysis
All of the data are expressed and presented as the mean± s.d. unless otherwise
stated. The differences in responses to norepinephrine are expressed as a
percentage of vasoconstriction to high-potassium PSS and analyzed using a
two-way analysis of variance for repeated measures (ANOVA), using one
within factor (concentrations of norepinephrine) and one between factor

(groups of mice). Probability values less than 0.05 were considered significant.

Multiple-comparison corrections were performed. The analyses were

performed with SPSS software (SPSS, version 13.0).

RESULTS

The body weights during and after the experimental protocol showed
no significant differences among the groups (data not shown).

Anticontractile effect of PVAT in mesenteric small resistance
arteries
In SAMR1 control mice, an anticontractile effect of perivascular fat
was present (WF vs. NoF: ANOVA P= 0.04), whereas in aging SAMP8
mice, the effect was not detected (WF vs. NoF: ANOVA P=NS)
(Figure 1). The long-term treatment with melatonin restored the
anticontractile effect of PVAT in SAMP8 mice (WF vs. NoF ANOVA
P= 0.001), whereas in the melatonin-treated SAMR1 mice, the
anticontractile effect of perivascular fat was similar to that observed
in untreated SAMR1 mice (WF vs. NoF ANOVA P= 0.04) (Figure 1).
However, the contractile responses in the melatonin-treated SAMP8
mice were greater that those observed in untreated SAMP8 mice or in
treated or untreated SAMR1 mice (ANOVA Po0.01).

Figure 1 (a) Concentration–response curve to norepinephrine in the mesenteric resistance arteries of SAMR1 mice. * SAMR1: Fat vs. No Fat: ANOVA
P=0.04 (b) Concentration–response curve to norepinephrine in the mesenteric resistance arteries of SAMP8 mice. SAMP8 Fat vs. No Fat: ANOVA P=NS.
(c) Concentration–response curve to norepinephrine in the mesenteric resistance arteries of SAMR1 mice: effect of melatonin. * SAMR1+MEL: Fat vs. No
Fat: ANOVA P=0.04 (d) Concentration–response curve to norepinephrine in the mesenteric resistance arteries of SAMP8 mice: effect of melatonin. * SAMP8
+MEL: Fat vs. No Fat: ANOVA P=0.001.
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In SAMP8 mice that had been treated with melatonin, responses to
KPSS were clearly reduced, particularly in the NoF vessels
(untreated mice: SAMP8 WF: 2.12± 1.37 mNmm− 1, SAMP8 NoF:
3.11± 2.66 mNmm− 1, SAMR1 WF: 2.08± 1.05 mNmm− 1, SAMR1
NoF: 3.97± 1.837 mNmm− 1; after melatonin treatment: SAMP8 WF:
1.60± 1.24 mNmm− 1, SAMP8 NoF: 1.28± 1.38 mNmm− 1, P= 0.04
vs. untreated SAMP8; P= 0.0002 vs. untreated SAMR1, P= 0.007 vs.
SAMR1 treated with melatonin, SAMR1 WF 1.86± 1.35 mNmm− 1,
SAMR1 NoF 3.47± 2.24 mNmm− 1).

Melatonin reduced aorta hypertrophy
The morphometrical analyses did not indicate differences among the
three analyzed aorta segment locations (aortic arch, thoracic and
abdominal aorta), so we defined all of these segments with the
common term 'aorta'.
The histological appearance of the transverse aorta section showed

that the tunica media thickness was significantly increased in the
untreated SAMP8 group (Figure 2a), compared with treated and
untreated SAMR1 mice (Figures 2b and c). The tunica media thickness
in SAMP8 mice treated with melatonin was almost completely
normalized, to a value similar to that measured in SAMR1 mice
(Figures 2d and e).

Melatonin reduced markers of aging, oxidative stress and
inflammation and restored the vasoactive factor balance in the
aorta of aging mice
The SIRT1 content (identified in red) was significantly lower in
untreated SAMP8 (Figure 3a) than in either the treated or untreated
SAMR1 groups (Figures 3b and c). The melatonin treatment
significantly increased SIRT1 expression in SAMP8 mice
(Figure 3d). In particular, SIRT1 expression was very weak or absent
in SAMP8 mice and moderate/strong in untreated and treated SAMR1
mice and in treated SAMP8 mice. The immunostaining was localized

at the tunica intima and tunica media levels (at the nucleus and
cytoplasm of endothelial and vascular smooth muscle cells). These
observations were confirmed by the immunostaining measurements,
which are summarized in Figure 3e.
A significant increase in the level of ET-1 (identified in green) was

observed in untreated SAMP8 mice (Figure 4a) in which it was
moderately/strongly expressed at the tunica media level compared
with treated and untreated SAMR1 mice in which ET-1 was very
weak/absent (Figures 4b and c). The expression of ET-1 was almost
normalized in SAMP8 after treatment with melatonin (Figure 4d).
ET-1 immunostaining was evident in the cytoplasm of the vascular
smooth muscle cells of the tunica media, but there was no staining at
the nuclear level. In Figure 4e, the morphometric analyses of ET-1
immunostaining are summarized.
The expression of COX-1 was significantly lower in untreated

SAMP8 mice (weak expression) (Figure 5a) than in treated and
untreated SAMR1 mice (strong expression) (Figures 5b and c), but the
COX-1 expression was increased in melatonin-treated SAMP8 mice
(moderate expression) (Figure 5d). However, the opposite pattern was
observed for COX2 expression (identified in red) (Figures 5e–h). Both
COX-1 and COX2 were expressed mainly in the cytoplasm of
endothelial and vascular smooth muscle cells of the tunica intima
and tunica media, respectively. The quantitative immunostaining data
for COX-1 and COX2 are summarized in Figures 5i and l,
respectively.
eNOS expression (identified in green) was significantly lower in the

untreated SAMP8 mice (weak expression) (Figure 6a), compared with
the treated or untreated SAMR1 mice (moderate/strong expression)
(Figures 6b and c), whereas in melatonin-treated SAMP8 mice, eNOS
expression was significantly increased (moderate/strong expression)
(Figure 6d). In contrast, iNOS expression (identified in green) was
higher in untreated SAMP8 mice, which had moderate immunostain-
ing (Figure 6e), whereas in treated or untreated SAMR1 mice, the

Figure 2 Photomicrographs of the morphology of the aortas of untreated SAMP8 mice (a), untreated SAMR1 mice (b), SAMR1 mice treated with melatonin
(c) and SAMP8 mice treated with melatonin (d) experimental groups. Hematoxylin–eosin staining. Bar: 20 μm. The graph shows the area of the tunica media/
lumen ratio (e). MEL: melatonin; (l): lumen of the aorta. *Po0.05 vs. SAMP8.
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signal was almost absent (Figures 6f
and g). The level of iNOS was significantly decreased in
melatonin-treated SAMP8 mice (weak expression) (Figure 6h).
Notably, eNOS expression was localized only at the tunica intima

level, whereas iNOS was present at the cytoplasmic level of
vascular smooth muscle cells of the tunica media. Figures 6i and l
summarize the analyses of the immunostaining for eNOS and iNOS,
respectively.

Figure 3 Immunofluorescence photomicrographs of sirtuin 1 expression (SIRT1) (red staining) of the aortas of untreated SAMP8 mice (a), untreated SAMR1
mice (b), SAMR1 mice treated with melatonin (c) and SAMP8 mice treated with melatonin (d). The nuclei were stained with DAPI (blue). Bar 20 μm. The
graph shows the histomorphometric analyses, expressed in arbitrary units (AU), for sirtuin 1 immunostaining (e). MEL: melatonin; (l): lumen of aorta.
*Po0.05 vs. SAMP8.

Figure 4 Immunofluorescence photomicrographs of endothelin-1 expression (ET-1) (green staining) of the aortas of untreated SAMP8 mice (a), untreated
SAMR1 mice (b), SAMR1 mice treated with melatonin (c) and SAMP8 mice treated with melatonin (d). The nuclei were stained with DAPI (blue). Bar:
20 μm. The graph shows the histomorphometric analyses, expressed in arbitrary units (AU), of endothelin-1 immunostaining (e). MEL: melatonin; (l): lumen
of aorta. *Po0.05 vs. SAMP8, #Po0.05 vs. SAMR1 and +Po0.05 vs. SAMR1+MEL.
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Adiponectin and adiponectin receptor 1 expression in visceral
adipose tissue
The adiponectin immunostaining and the expression of ADIPOR1 in
the visceral adipose tissue were reduced in untreated SAMP8 mice
(Figures 7a,e: both proteins are identified with red staining) compared
with the untreated and treated SAMR1 mice (Figures 7b,c,f,g).
Treatment with melatonin significantly increased the production of
both proteins in SAMP8 mice (Figures 7d,h). Both proteins were
expressed at the membrane level of the white adipocytes, and no
immunostaining was observed at the nuclear level. The quantitative
analyses of adiponectin and ADIPOR1 immunostaining are summar-
ized in Figure 7i.

DISCUSSION

This study provides the first demonstration that a prolonged oral
administration of melatonin is able to improve the anticontractile
activity of PVAT in the mesenteric small resistance arteries of aging
mice; moreover, we observed that melatonin improved the
morphological alterations, oxidative stress and inflammation in the
aortas of aging mice (SAMP8). A vasculoprotective effect of melatonin

has previously been observed in spontaneously hypertensive rats44 and
in obese mice.27 Specifically, the vasculoprotective responses include
regression of the remodeling processes in mesenteric
small resistance arteries,44 restoration of the anticontractile activity of
PVAT27 and reduction in the vascular expression of markers
of inflammation/damage (endothelin-1, interleukin 6 and metallopro-
tease 2 ref. 27) and of adipocyte inflammation.27

It is therefore probable that among the mechanisms that might be
involved in the vasculoprotective effects of melatonin, a major role is
played by antioxidant/anti-inflammatory effects, as suggested by our
observation of a dramatic reduction of oxidative stress and the
expression of vascular inflammatory markers as well as the restoration
of a normal morphology of aortas and increases in the vasoactive
factors and markers of normal aging. As described above, melatonin
has been shown to exert antioxidant and anti-inflammatory
actions,59–61 and previous studies have demonstrated that increased
oxidative stress is responsible for the loss of the anticontractile
function of the PVAT.16,23

In our study, chronic treatment with melatonin restored the correct
morphology of the aorta as indicated by significant reductions in the

Figure 5 Immunohistochemistry and immunofluorescence photomicrographs of cyclooxygenase 1 (COX1) (a–d) and cyclooxygenase 2 (COX2) (e–h) (red
staining) expression of the aortas of untreated SAMP8 mice (a, e), untreated SAMR1 mice (b, f), SAMR1 mice treated with melatonin (c, g) and SAMP8
mice treated with melatonin (d, h). The nuclei were stained with DAPI (blue). Bar: 20 μm. The graphs show the histomorphometric analyses, expressed in
arbitrary units (AU), of cyclooxygenase 1 (i) and cyclooxygenase 2 (l) immunostaining. MEL: melatonin; (l): lumen of aorta. *Po0.05 vs. SAMP8, #Po0.05
vs. SAMR1 and +Po0.05 vs. SAMR1+MEL.
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thickness and hypertrophy of the tunica media in SAMP8 mice. This
improvement in the aortic remodeling was paralleled by a significant
reduction in the expression of ET-1, which is a marker of vasocon-
striction and vascular hypertrophy/damage, and by the restoration of
eNOS expression, which is associated with an increase in the
production of nitric oxide, thus promoting and improving endothelial
cell survival and counteracting the deleterious effects of ET-1.
Lloréns et al.14 have shown that eNOS antibody staining of the

aortic endothelial cells of SAMP8 mice is similar to that observed in
SAMR1 endothelial cells, but a greater thoracic aorta contractility is
present in SAMP8 tissues compared with those of SAMR1 mice. They
have also reported that the aortas of both strains show similar smooth
muscle cell layers and no evident signs of tunica media/lumen ratio
alterations, in contrast to the observations in the present study.
However, these discrepancies are likely to be because the Lloréns
study14 was performed in animals younger (6–7 month old) than

those investigated in the present study. Furthermore, the Lloréns
study, found that the endothelium of SAMP8 mice is dysfunctional, as
indicated by a lack of a normal capacity to counteract smooth muscle
contraction.14

iNOS is widely recognized as a marker of oxidative stress,62 whereas
eNOS is associated with NO production and vascular protection.63

Similarly, elevated COX2 expression suggests the presence of oxidative
stress, whereas the opposite is true for COX-1.64

In our study, elevated expression of iNOS and COX2 confirmed the
presence of increased oxidative stress and inflammation in the
vasculature of untreated aging SAMP8 mice.
As previously described, the choices of vascular ET-1, iNOS, eNOS,

COX-1 and COX2 as markers of inflammation/oxidative stress/
vascular damage were justified because ET-1 has relevant roles in
inducing vascular hypertrophy, cell damage and oxidative stress,
whereas iNOS, eNOS, COX-1 and COX2 provide insights into

Figure 6 Immunofluorescence photomicrographs of endothelial nitric oxide synthase (eNOS) (a–d) and inducible nitric oxide synthase (iNOS) (e–h) expression
(green stainings) of the aortas of untreated SAMP8 mice (a, e), untreated SAMR1 mice (b, f), SAMR1 mice treated with melatonin (c, g) and SAMP8 mice
treated with melatonin (d, h). The nuclei were stained with DAPI (blue). Bar: 20 μm. The graphs show the histomorphometric analyses, expressed in arbitrary
units (AU), of endothelial nitric oxide synthase (i) and inducible nitric oxide synthase (l) immunostaining. MEL: melatonin; (l): lumen of aorta. *Po0.05 vs.
SAMP8, #Po0.05 vs. SAMR1 and +Po0.05 vs. SAMR1+MEL.
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vascular mechanisms by virtue of their opposing effects on the
production of reactive oxygen species, nitric oxide and inflammatory
mediators.
In recent years, scientific interest regarding SIRT1 has substantially

increased. SIRT1 is a protein with anti-aging properties that belongs to
the histone-deacetylase family. SIRT1 is involved in the aging process
and seems to be able to retard aging and increase cell life span,
through apoptosis inhibition, cell repair, stem-cell proliferation and
protection of cells from various types of stress.65,66 The increase in
SIRT1 observed in the aortas of melatonin-treated SAMP8 mice is an
interesting observation with possible important therapeutic interest
and implications.
Similarly to the observations in our previous study on obese mice,

an improvement of the anticontractile activity of PVAT after
melatonin treatment has been found to be associated with an increased
expression of adiponectin/adiponectin receptor 1.27 These effects may
be interpreted as a direct effect of melatonin or an indirect response
that may be secondary to a reduction in oxidative stress/inflammation.
From a therapeutic perspective, our data suggest several potential

translational approaches for the management of aging; in particular, it
may be of interest to examine the use of biologic molecules with
antioxidant/anti-inflammatory properties, such as melatonin, with the

intent of delaying physiological and pathological aging with a
particular focus on early vascular aging.
A surprising and partially unexplained finding of our study was the

observation of increased contractility of the mesenteric small arteries
of SAMP8 mice after treatment with melatonin compared with those
from untreated SAMP8 mice and treated or untreated SAMR1 mice.
We expressed our contractile responses as a percentage of maximum
constriction with KPSS and therefore did not normalize for possible
differences in media thickness. We did not perform morphological
evaluations in these vessels.
However, after treatment with melatonin, no increases in the wall

or media thickness would be expected, on the basis of the observation
that there is a decrease in vascular remodeling after melatonin
treatment at least in spontaneously hypertensive rats.44 Because
melatonin exerted antioxidant and anti-inflammatory effects, these
possible sources of increased contractility are probably not involved.
We therefore do not have a good explanation for this finding,
although a possible confounding effect is the reduced maximal
response to KPSS that occurred only in the melatonin-treated SAMP8
mice. Therefore, the increased contractile response to norepinephrine
in this group may be, to some extent, artifactual. When the
concentration–response curves for norepinephrine were expressed as
absolute wall tension, not corrected for the KPSS-induced contraction,

Figure 7 Immunofluorescence photomicrographs of the visceral adipose tissue adiponectin and adiponectin receptor 1 expression (ADIPOR1) (red stainings)
of the untreated SAMP8 mice (a, e), untreated SAMR1 mice (b, f), SAMR1 mice treated with melatonin (c, g) and SAMP8 mice treated with melatonin (d,
h). The nuclei were stained with DAPI (blue). Bar: 20 μm. The graph shows the histomorphometric analyses, expressed as the percentage of the total area, of
adiponectin and adiponectin receptor 1 immunostaining (i). MEL: melatonin. *Po0.05 vs. SAMP8, #Po0.05 vs. SAMR1 and +Po0.05 vs. SAMR1+MEL.
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no increase in the contractility in the melatonin-treated SAMP8 mice
was observed.
The issues of vascular inflammation/oxidative stress as well as

possible pharmacological modulation/vascular protection are complex.
Vascular oxidative stress induced by angiotensin II may be reduced by
exogenous H2S treatment in animal models,67 whereas in humans,
smoking cessation has been shown to be helpful.68 The possible roles
of endothelial progenitor cells, mononuclear cells and mesenchymal
stem cells, vascular endothelial growth factor, fibroblast growth factor
and hepatocyte growth factor have been thoroughly investigated in
clinical settings.69 A possible role may also be played though an
immunological mechanism. Specifically, toll-like receptor 4 has
been demonstrated to have an essential role in regulating the
angiotensin II-induced vascular reactive oxygen species levels by
inhibiting the expression and activity of the antioxidant enzyme
superoxide dismutase as well as by activating NADPH oxidase, which
enhances inflammation, thereby facilitating the progression of vascular
remodeling.70

In conclusion, we demonstrated that melatonin treatment is
associated with protective effects in terms of the vascular
morphological alterations, expression of oxidative stress, inflammatory
and aging markers and modulation of vasoactive factors. Importantly,
we also provide the first evidence that the anticontractile properties of
PVAT can be restored by melatonin treatment in an experimental
animal model of aging, possibly through an increase in adiponectin
production/activity at the visceral adipose tissue level.
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