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Abstract

Melatonin is released by the pineal gland and can modulate cardiovascular system function via the G protein-coupled
melatonin receptors MT, and MT,. Most vessels are surrounded by perivascular adipose tissue (PVAT), which affects
their contractility. The aim of our study was to evaluate mRNA and protein expression of MT; and MT, in the mesenteric
artery (MA) and associated PVAT of male rats by RT-PCR and Western blot. Receptor localization was further studied by
immunofluorescence microscopy. Effects of melatonin on neurogenic contractions were explored in isolated superior MA
ex vivo by measurement of isometric contractile tension. MT,, but not MT,, was present in MA, and MT, was localized
mainly in vascular smooth muscle. Moreover, we proved the presence of MT,, but not MT, receptors, in MA-associated
PVAT. In isolated superior MA with intact PVAT, neuro-adrenergic contractile responses were significantly smaller when
compared to arteries with removed PVAT. Pre-treatment with melatonin of PVAT-stripped arterial rings enhanced neuro-
genic contractions, while the potentiating effect of melatonin was not detected in preparations with preserved PVAT. We
hypothesize that melatonin can stimulate the release of PVAT-derived relaxing factor(s) via MT,, which can override the
direct pro-contractile effect of melatonin on vascular smooth muscle. Our results suggest that melatonin is involved in the
control of vascular tone in a complex way, which is vessel specific and can reflect a sum of action on different layers of the
vessel wall and surrounding PVAT.

Keywords Rat melatonin receptor MT| - Melatonin - Mesenteric artery (MA) - Perivascular fat tissue (PVAT) - Neurogenic
contraction

Introduction including the cardiovascular system (Sun et al. 2016; Tengat-

tini et al. 2008). A meta-analysis of randomized controlled

Melatonin (5-methoxy-N-acetyltryptamine) is released by
the pineal gland during night-time and impacts on many
aspects of human physiology (Singh and Jadhav 2014),
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trials revealed that controlled release of melatonin signifi-
cantly decreased systolic and diastolic blood pressure (BP)
(Grossman et al. 2011). Night-time supplementation with
melatonin reduced nocturnal BP in untreated hypertensive
men (Scheer et al. 2004), non-dipping women (Cagnacci
et al. 2005), or patients with nocturnal hypertension (Gross-
man et al. 2006). Importantly, no serious adverse events due
to melatonin treatment were reported in all studies included
in the meta-analysis (Grossman et al. 2011). Moreover, non-
dipping hypertensive patients exhibit a reduced nocturnal
melatonin secretion when compared to dipping hypertensive
patients (Jonas et al. 2003; Zeman et al. 2005). These results
suggest that melatonin can improve nocturnal BP control and
may be especially useful for high-risk patients with noctur-
nal hypertension (Simko et al. 2016).
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The mechanisms of melatonin-dependent modulation of
BP remain poorly understood. Two mechanisms of action
have been proposed: first, melatonin, being a molecule with
an anti-oxidative capacity, can enhance NO synthase activ-
ity, reduce oxidative stress, and thus affect BP (Pechanova
et al. 2007; Tengattini et al. 2008). Second, melatonin may
impact on local BP regulation in peripheral vessels via the
Class A (Rhodopsin-like) G protein-coupled melatonin
receptors MT, and MT,. Expression of these receptors has
been shown in the cardiovascular systems of rats (Benova
et al. 2009; Chucharoen et al. 2003; Masana et al. 2002;
Sallinen et al. 2005; Schepelmann et al. 2011; Viswanathan
et al. 1997), cows (Chucharoen et al. 2007), pigs (Tunstall
et al. 2011), and humans (Ekmekcioglu et al. 2001, 2003).
The receptors were found in different vessels such as coro-
nary arteries (Ekmekcioglu et al. 2001, 2003; Tunstall et al.
2011), cerebral arteries (Chucharoen et al. 2003; Savaskan
et al. 2001; Viswanathan et al. 1997), thoracic aorta (Ben-
ova et al. 2009; Schepelmann et al. 2011), and caudal arter-
ies (Masana et al. 2002). Although co-expression of both
receptors in some vessels has been observed (Masana et al.
2002; Schepelmann et al. 2011), it appears that other vessels
express only either MT,; (Schepelmann et al. 2011) or MT,
(Tunstall et al. 2011).

The net effect of melatonin on blood vessels (relaxa-
tion, contraction) may, therefore, depend on both the type
of expressed receptor as well as the cellular location of the
receptor (Doolen et al. 1998; Slominski et al. 2012). How-
ever, most of the published studies investigated melatonin
receptor mRNA expression solely in total vessel tissue. Dis-
tribution and function of MT, and/or MT, protein in the
structural layers of the vessel walls remain to be explored
comprehensively, but so far there are only a few attempts
at cellular allocation of the melatonin receptors in thoracic
aorta of rats (Schepelmann et al. 2011) and in human cer-
ebral vessels (Savaskan et al. 2001). The receptors were
detected not only in the tunica media and endothelial layer,
but also in the adventitia, suggesting an impact of melatonin
on vessels from outside (Schepelmann et al. 2011).

Most vessels are surrounded by perivascular adipose
tissue (PVAT), which has traditionally been considered to
provide mechanical protection to the vessels during con-
traction of neighboring tissues (Szasz and Webb 2012). It
was shown that disruption of PVAT might be a cause as
well as a consequence of various vascular pathologies; for
example, in clinical practice, the occurrence of vasospasms
is well documented when PVAT is removed during isola-
tion of vessel grafts before their chirurgical use (Loesch and
Dashwood 2018). Recent studies show that PVAT releases
many molecules which affect the contraction of the vessels
(Agabiti-Rosei et al. 2018). For example, adiponectin and
other adipocyte-derived relaxing factors open K, channels
in arteries and thus relax aortic and mesenteric rings (Fésiis
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et al. 2007). Leptin is another important adipokine which
can affect the central nervous system and increase sympa-
thetic activity, BP, and heart rate (Haynes 2000; Mark et al.
1999; Simonds et al. 2014). Recent studies suggested that
melatonin affects the anti-contractile function of the mes-
enteric artery (MA)-associated PVAT (Agabiti-Rosei et al.
2014). While evidence for MT, and MT, mRNA expression
in adipocytes isolated from rat inguinal and epididymal fat
(Zalatan et al. 2001), as well as M T, function in adipocytes
derived from epididymal fat, has been obtained (Alonso-Vale
et al. 2005), the expression of melatonin receptors in PVAT
has never been investigated before.

Therefore, the aim of our study was to evaluate mRNA
and protein expression of MT; and MT, by RT-PCR and
Western blot in MA as a model for resistance vessels. In
addition to the vessel wall, we evaluated the presence of
melatonin receptors also in MA-surrounding PVAT. Based
on the observed sole expression of MT; mRNA, we fur-
ther investigated MT), localisation by immunofluorescence
microscopy. Moreover, we explored the effects of melatonin
on neurogenic contractions generated in isolated superior
MA in the absence and presence of PVAT in vitro.

Methods
Animals

Male normotensive Wistar rats were obtained from Anlab
Praha (Czech Republic) at the age of 16 weeks. Rats were
kept in groups of three or four with food and water provided
ad libitum in an animal room with controlled temperature
(212 °C), relative humidity (55+10%), and light intensity
(150 1x) under regular 12 h light and 12 h dark conditions.
The experimental protocol was approved by the Ethical
Committee for the Care and Use of Laboratory Animals at
the Comenius University Bratislava, Slovak Republic, and
the State Veterinary Authority of Slovak Republic.

Tissue Sampling

During the light phase, rats (n=6) were sacrificed by
administration of ketamine hydrochloride (250 mg/kg).
MA without PVAT and PVAT derived from MA (MA-
PVAT) were collected, snap frozen in liquid nitrogen,
and stored at — 80 °C until RNA or protein were isolated.
Likewise, eye and cerebellum samples were collected and
served as positive controls for gene and protein expression.
The expression of both, MT; and MT,, in these tissues
is well established (Huan et al. 2001; Schepelmann et al.
2011). Tissue samples for immunofluorescence micros-
copy were washed briefly in cold phosphate-buffered
saline (PBS), fixed in HOPE® (Hepes-glutamic acid buffer
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mediated Organic solvent Protection Effect; DCS Inno-
vative Diagnostik-Systeme GmbH, Hamburg, Germany)
solution, and embedded in paraffin.

RNA Isolation and RT-PCR

Total RNA was isolated using PeqGOLD® TriFast™
reagent (Peqlab, Erlangen, Germany) according to the
manufacturer’s instructions. It was quantified with a Nan-
oDrop™ 1000 (Nanodrop, Wilmington, USA) spectro-
photometer and checked for intact 18S and 28S RNA by
agarose gel electrophoresis. Total RNA (2 ug) was sub-
jected to reverse transcription using the High-Capacity
cDNA Reverse Transcription Kit with RNase Inhibitor
(Applied Biosystems, Carlsbad, CA, USA), according to
the manufacturer’s instructions. The RT-PCRs for MT|,
MT,, and B-actin were performed using recombinant
Taqg-polymerase (Fermentas, St. Leon-Rot, Germany),
primers, and reaction conditions as published previously
(Schepelmann et al. 2011). Individual PCR reactions were
performed with cDNA corresponding to 400 ng (MT,,
40 cycles), 400 ng (MT,, nested PCR; 40 cycle’s outer
reaction/20 cycle’s inner reaction), and 50 ng (B-actin, 25
cycles) RNA, respectively.

Negative controls (water instead of cDNA, PCR-neg.
co) were used in all reactions. To ensure that the observed
amplicons resulted only from reversely transcribed mRNA,
samples with no reversely transcribed RNA were included
in the PCR setup as well (-RT). Moreover, water instead of
RNA was used in the RT reactions (RT-neg.co). The PCR
products were analyzed by gel electrophoresis using 1.5%
agarose gels containing GelRed and visualized by UV light.

Real-Time PCR

Expression levels of MT, gene in MA and MA-associated
PVAT were compared using real-time quantitative PCR (RT-
gPCR). cDNA samples (100 ng) obtained by reverse tran-
scription were amplified using a TagMan Gene Expression
Assay (ID: Rn01488022_m1) and TagMan Gene Expres-
sion Master Mix (Applied Biosystems, by Thermo Fisher
Scientific, USA) on a StepOnePlus Real-time PCR System
(Applied Biosystem, CA, USA). The experiments were car-
ried out in technical triplicates for each sample (5—-6/group).
Relative MT, gene expression in MA without PVAT and
MA-derived PVAT was calculated using the 2722 method
(Livak and Schmittgen 2001). The expression of the house-
keeping gene f-actin (ACTB; TagMan Gene Expression
Assay ID Rn00667869_m1; Applied Biosystems, by Thermo
Fisher Scientific, USA) was used to normalize the expres-
sion of the MT, gene.

Protein Isolation

Total protein lysates were prepared using T-PER Tissue Pro-
tein Extraction Reagent (Thermo Scientific, Rockford, IL,
USA) according to the manufacturer’s instructions. Samples
were supplied with Halt Protease Inhibitor Cocktail (Thermo
Scientific, Rockford, IL, USA) and were stored at — 80 °C
until further processing.

Western Blotting

Protein concentration in the samples was determined with a
BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL,
USA). Proteins (25-75 pg) were precipitated with ice-cold
acetone and re-dissolved in reducing 1x SDS-sample buffer.
Samples were loaded and separated on 12% reducing SDS-
PAGE gels and transferred to a BioTrace™ PVDF Trans-
fer Membrane (Pall Corp, Pensacola, FL, USA). Proteins
on membranes were stained with Ponceau S and staining
patterns were digitized by scanning. Non-specific binding
was blocked by incubating the membranes in PBS contain-
ing 0.1% (v/v) Tween 20 and 5% (w/v) dry milk (blotto).
MT, was detected by incubating membranes with a rabbit
polyclonal anti-MT, antibody (amr-031, Alomone labora-
tories, Jerusalem, Israel, diluted in blotto 1:200) overnight
at 4 °C. This antibody is directed against a peptide corre-
sponding to a region of the third intracellular loop (residues
223-236: (C) RVKPDNKPKLKPQD) of mouse MT), recep-
tor, but can also react with rat and human MT), receptor.
It has been used to confirm MT, expression in rat retina
(Sheng et al. 2015). To confirm specific reaction with human
MT, receptor, two identical blots were prepared. The pri-
mary antibody solution was split equally into two tubes. The
blocking peptide (immunizing antigen) provided with the
primary antibody (Alomone laboratories, Jerusalem, Israel)
was added to one of the tubes (2 pg blocking peptide per
1 pg primary antibody). After washing with PBS +0.1%
(v/v) Tween 20, membranes were incubated with an appro-
priate HRP-conjugated secondary antibody (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA, diluted in blotto
1:2000) for 1 h at room temperature. Blots were washed
with PBS +0.1% (v/v) Tween 20 and chemiluminescence
was detected using SuperSignal West Pico Chemilumines-
cent Substrate (Thermo Scientific, Rockford, IL, USA) and
Hyperfilms ECL (GE Healthcare Europe GmbH, Freiburg,
Germany).

Immunofluorescence Microscopy
Paraffin Sects. (4 pm) were prepared, deparaffinized, and
rehydrated according to HOPE® manufacturer’s instructions

and antigen retrieval was performed by incubation for 20 min
in steaming hot 0.05% citraconic anhydride solution at pH
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7.4. For blocking and permeabilization, samples were incu-
bated in 5% (v/v) goat serum (Jackson Immuno Research,
Newmarket, UK) in PBS containing 0.05% (w/v) saponin
(blocking buffer) for 30 min. The sections were then stained
with the primary rabbit anti-MT, antibody (amr-031, Alo-
mone laboratories, Jerusalem, Israel, diluted 1:50 in block-
ing buffer) overnight at 4 °C. When indicated, the blocking
peptide provided with the primary antibody was added to
the antibody dilution (2 pg blocking peptide per 1 ug pri-
mary antibody). A secondary goat anti-rabbit-IgG antibody
conjugated to AlexaFluor 647 (Invitrogen molecular probes,
Carlsbad, CA, USA; dilution 1:2,000 in blocking buffer) was
applied at room temperature for 1 h. Finally, nuclei were
stained with 4',6-diamidino-2-phenylindole dihydrochloride
(DAPI; Roche Diagnostics GmbH, Vienna, Austria; dilution
1 pg/mL) at room temperature for 10 min and the sections
were mounted in fluoromount G (Sigma-Aldrich, St. Louis,
MO, USA). Samples were analyzed with an Axiolmager
Z1 wide-field microscope (Zeiss, Oberkochen, Germany)
equipped with TissueFAXS hardware and image acquisi-
tion and management software (Version 4.2; TissueGnos-
tics GmbH, Vienna, Austria). Using a monochrome cam-
era (Hamamatsu, Shizuoka, Japan), grayscale images of
each individual fluorescence channel as well as transmitted
light images were acquired. Separate pseudocolours were
assigned to individual fluorescence images, which were then
merged using TissueFAXS software.

Measurement of Arterial Reactivity Ex Vivo

For the ex vivo experiments, for measurement of arterial
contractions, rats were sacrificed under CO, anesthesia
and superior MA (n=9) were excised and cut into rings
3-3.5 mm in length. Paired arterial rings were prepared,
one with intact PVAT and the other cleaned of PVAT.
PVAT was removed under the microscope using fine scis-
sors, being careful not to damage the adventitial layer. The
arterial ring preparations were suspended in organ baths
filled with oxygenated (95% O, +5% CO,) modified Krebs
solution maintained at 37 °C. The arterial rings were set
up for measurement of isometric contractile tension using
a force—displacement transducer Sanborn FT 10 (Sanborn,
Baltimore, USA). The preparations were equilibrated under
a resting tension of 10 mN for 60-90 min, and the solu-
tion was changed every 15 min. Neurogenic contractions
were induced by electrical field stimulation of periarterial
sympathetic nerves. Electrical stimulation was provided by
an electronic stimulator ST-3 (Medicor, Hungary) via two
platinum electrodes pointed on each side and parallel to
the vessel preparation. The following parameters of stimu-
lation were used: square-wave pulses (duration: 0.5 ms),
supramaximal voltage (>40 V), duration of stimulation:
20 s, and frequency of stimulation: 1-32 Hz. The neurogenic
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(sympatho-adrenergic) origin of the contractile responses
was confirmed pharmacologically, as described in Térok and
Zemancikova (2016), indicating that contractile responses
were elicited mainly by endogenous norepinephrine released
from electrically stimulated periarterial adrenergic nerves.
The frequency—response curve was constructed in superior
MA preparations with both PVAT intact and removed, first
in control conditions, and subsequently after 20 min incuba-
tion with melatonin (0.1 mmol/l).

Statistical Analysis

Data distribution of the RT-qPCR experiment is shown by
box plots. Results of the ex vivo experiments are expressed
as mean + SEM. Arterial contractile responses were
expressed as active wall tension in mN and normalized to
the length of the particular arterial preparation (in mm). The
area under the curve (AUC, in arbitrary units) was calcu-
lated from individual frequency-response curves in each
experimental group using the rectangular rule for numeri-
cal integration.

Statistical analysis was performed by one-way analysis
of variance (ANOVA) or by paired sample ¢ test (responses
before and after incubation with melatonin). The differences
were considered significant at p < 0.05.

Results

Expression of Melatonin Receptor MT,, But Not MT,,
mRNA in MA and MA-Associated PVAT

MA and its associated PVAT (MA-PVAT) were found to
express MT; mRNA (Fig. la). As a positive control, rat
eye was included. In contrast, MT, mRNA expression was
absent from MA as well as the associated PVAT (Fig. 1b),
while positive amplification of MT, cDNA from total eye
RNA under the same condition could be demonstrated. Posi-
tive amplification of p-actin (ACTB) cDNA indicated cor-
rect processing of these RNA samples (Fig. 1b). All PCRs
were repeated at least 3 times. We observed significantly
lower (p=0.034) gene expression of MT, in MA-PVAT
compared to MA with PVAT removed (Fig. 1c).

Expression of MT, Protein in MA and MA-Associated
PVAT

The specificity of the anti-MT, antibody for human MT,
was assessed in lysates of human eye and cerebellum. The
detected bands were abolished after the antibody was pre-
absorbed with the immunogen peptide (Fig. 2a). Expression
of MT) receptor protein was shown in MA and MA-associ-
ated PVAT (Fig. 2b).
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Fig. 1 The MT,, but not MT,, gene is expressed in mesenteric artery
(MA) and perivascular adipose tissue (PVAT) derived from MA
(MA-PVAT). a RT-PCR analysis of MT; mRNA expression in MA,
MA-PVAT, and eye. Total RNA isolated from rat tissues was sub-
jected to RT-PCR using specific primers for MT1 (316 bp) cDNA.
Non-reversely transcribed samples (-RT, RNA instead of cDNA) and
negative controls (PCR-neg.co, water instead of cDNA; RT-neg.co,
water instead of RNA) are also shown. b RT-PCR analysis of MT,
mRNA expression in MA, PVAT derived from MA (MA-PVAT), and
eye. Total RNA isolated from rat tissues was subjected to RT-PCR

Melatonin Receptor MT, Localization in Mesenteric
Arteries

MT), receptor immunoreactivity was detected in MA-asso-
ciated PVAT, but also gave a strong signal in the smooth
muscle layer of the MA (Fig. 3a, b). Staining with MT,
antibodies was strongly reduced by pre-absorbing the pri-
mary antibody with the immunogen peptide (Fig. 3c, d).

Effect of Melatonin on Neurogenic Contractions
in Isolated Superior MA

The frequency-dependent contractile responses to elec-
trical field stimulation were significantly smaller in mes-
enteric arterial preparations with intact PVAT (AUC
2.38 £0.22) in comparison to those with removed PVAT
(AUC 4.19+0.74) (p <0.05; Fig. 4).

In arterial preparations without PVAT, acute melatonin
pre-incubation elicited an increase in contractile responses
to electrical field stimulation, while in arterial preparations
with intact PVAT, melatonin had no potentiating effect on
contractile responses (Fig. 4).

using specific primers for MT, (390 bp; nested PCR, upper panel)
and f-actin (496 bp; ACTB, lower panel) cDNAs. Two individual
samples per tissue are shown. ¢ Relative gene expression levels of
MT, in rat MA (n=6) and PVAT derived from MA (MA-PVAT,
n=35). The experiments were carried out in technical triplicates for
each sample. The distribution of data is displayed by box plots. The
box represents the range from the first to third quartiles; the band near
the middle of the box is the median, and the lines above and below
the box indicate the locations of the minimum and maximum value.
The asterisk indicates a significant difference (p <0.05)

Discussion

Melatonin Receptor MT,, But Not MT,, is Present
in MA

Melatonin can influence the cardiovascular system via dif-
ferent pathways including MT; and MT, receptors in vessels
(Slominski et al. 2012). The general presence of both recep-
tors in vessels and opposite effects of M T, (vasoconstriction)
and MT, (vasodilatation) in BP regulation in vitro (Doolen
et al. 1998) as well as in vivo (Masana et al. 2002) has been
expected.

In our experiments, we evaluated expression of both
receptors in MA, which belong to the resistant part of the
cardiovascular tree and substantially contributes to BP con-
trol (Intengan and Schiffrin 2001).

Our results revealed the presence of MT,; but not MT,
mRNA and protein in MA. These data are in line with our
previous results, where we have shown the absence of MT,
in the conduit thoracic artery (Schepelmann et al. 2011). The
distribution pattern of MT, however, seems to be different
between conduit and resistance arteries. In the conduit tho-
racic artery, MT) is present predominantly in the adventitia
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Fig.2 MA and MA-PVAT express MT,. a Rat cerebellum (Cb) and
eye were used to validate the antibody. Total tissue lysates (25 pg/
lane) were probed with anti-MT, antibody (left panel) or anti-MT,
antibody in the presence of the specific blocking peptide (right panel)
by Western blot. b Total tissue lysates of rat Cb (20 pg/lane), MA
(75 pg/lane), and MA-PVAT (75 pg/lane) were probed with anti-
MT, antibody. Arrows point at the two major bands of approximately
40 kDa and 50 kDa, respectively, detected in the tissues

and in the endothelial cell layer (Schepelmann et al. 2011),
while we observed a strong signal for MT, in the smooth
muscle layer of MA.

Rat MT), is composed of 353 amino acids (Audinot et al.
2008; Reppert et al. 1994), which results in a proposed
molecular weight (MW) of 40 kDa for the unglycosylated rat
MT, protein. Indeed, a MW of 37—40 kDa has been demon-
strated by Western blotting for MT) in several studies (Hill
et al. 2013; Fujieda et al. 1999; Richter et al. 2008; Sanchez-
Hidalgo et al. 2009). As MT, contains two consensus sites
for N-terminal asparagine-linked glycosylation (Ishii et al.
2009), proteins with higher MW (40-60 kDa) might be
expected as well. For human MT;, a MW of 60 kDa has
been shown by Western blotting (Brydon et al. 1999). In our

@ Springer
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Fig.3 MT, protein localization in smooth muscle layer of rat MA
and associated PVAT. Tissue Sects. (4 pm) were stained with anti-
MT, antibody and a corresponding AlexaFluor647-conjugated sec-
ondary antibody (white staining). Nuclei were stained with DAPI
(blue staining). a MA and associated PVAT stained for MT,. b
Transmission light micrograph corresponding to (a). ¢ Significantly
reduced MT), staining in MA and associated PVAT after pre-incuba-
tion of the anti-MT, antibody with the corresponding blocking pep-
tide. d Transmission light micrograph corresponding to (c). Arrows
indicate adipocytes (examples), and arrowheads point to smooth mus-
cle cells. Bar is 100 um

study, total protein lysates of eye and cerebellum were used
as MT-positive tissue samples (Huan et al. 2001; Schepel-
mann et al. 2011). While a band of approximately 50 kDa
was detected in eye, a strong band of approximately 40 kDa
as well as some bands of lower molecular weight were
detected in cerebellum. In analogy to the study of Sheng
et al. (Sheng et al. 2015), pre-incubation of the primary anti-
body with the blocking peptide totally abolished binding
of the antibody, confirming specificity of the antibody for
MT, protein.

MA and MA-PVAT also gave positive signals with the
anti-MT), antibody. A band of approximately 40 kDa was
detected in MA and MA-PVAT lysates, while in the MA-
PVAT sample additional bands were found, the strongest
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Fig.4 Frequency-response curves to transmural electrical stimula-
tion in rat superior MA with intact PVAT (+PVAT) and removed
PVAT (- PVAT), before and after their incubation with melatonin
(MEL). Values represent the mean+SEM of 9 rats. *p <0.05 arterial
preparations with PVAT intact vs. PVAT removed (before melatonin
incubation); +p <0.05 before vs. after melatonin incubation (arteries
without PVAT)

band corresponding to a MW of approximately 50 kDa.
The localization of MT, protein in MA and MA-associated
PVAT was also confirmed by immunofluorescence micros-
copy, where we found expression in the smooth muscle cells
and the adipocytes. Use of the blocking peptide significantly
reduced binding of the antibody, confirming specificity of
antibody binding.

The presence of MT, receptors in the superior MA
prompted us to explore melatonin effects under ex vivo con-
ditions in relation to the surrounding PVAT. Acute admin-
istration of melatonin had no effect on the basal tone (data
not shown); however, it modulated neurogenic contractile
responses. In arterial preparations cleaned of PVAT, a signif-
icant increase in these contractions was observed after pre-
treatment with melatonin. These results are in accordance
with our findings of MT, receptor expression in vascular
smooth muscle cells where the receptor can mediate mela-
tonin-induced pro-contractile effects. In arterial preparations
with intact PVAT melatonin had no potentiating effect on
contractile responses, suggesting an anti-contractile effect
of surrounding PVAT.

Vasoactive effects of melatonin may depend on the type
of vessel. Based on studies performed on caudal arteries,
activation of M T, receptors was suggested to induce vaso-
constriction, while, in contrast, vasodilation was suggested
to occur as a consequence of MT, activation (Doolen et al.
1998; Masana et al. 2002). Moreover, the effects of mela-
tonin can be dose dependent, since lower doses of melatonin
activated MT, receptors, while higher melatonin concentra-
tions stimulated also MT receptors in the rat pial micro-
vascular network (Lapi et al. 2011). Therefore, the effects

of melatonin on blood vessels might be dose dependent and
vessel-type specific.

The Role of PVAT

A variable action of melatonin in different types of ves-
sels can be explained by unequal distribution of melatonin
receptors in their wall and by melatonin action on PVAT
surrounding these vessels. In contrast to the previously
assumed sole role of mechanical support for the blood ves-
sels, recent studies demonstrated that PVAT can regulate
vascular smooth muscle tone through the release of adipo-
cyte-derived relaxing and contracting factors, which are not
well described (Brown et al. 2014). In humans, PVAT can
have vasorelaxant effects and therefore its impaired anti-
contractile action can be involved in the pathogenesis of
hypertension (Oriowo 2015).

PVAT surrounding the MA consists of white adipose tis-
sue. The major functions of this depot are (1) lipid storage by
utilization of circulating free fatty acids, triglycerides, and
glucose; (2) “buffering” of inflammation induced by mac-
rophage infiltration; and (3) autocrine/paracrine secretion
of adipokines. Adipokines secreted from adipocytes may
impact on vessel function by acting on immune cells, stem
cells and fibroblasts in the adventitia, smooth muscle cells in
the media and, consequently, implicate PVAT in BP control
(Brown et al. 2014; Oriowo 2015; Szasz and Webb 2012).

Melatonin thus could influence the anti-contractile function
of MA-associated PVAT via melatonin receptors (Agabiti-
Rosei et al. 2014, 2017). To the best of our knowledge, this is
the first study demonstrating the expression of MT, in MA-
associated PVAT. However, the expression of MT,| and MT,
mRNA was previously demonstrated in adipocytes isolated
from the rat inguinal and epididymal fat (Zalatan et al. 2001).

Our ex vivo data showed that in arterial segments with
intact PVAT, melatonin had no potentiating effect on neu-
rogenic contractions. An anti-contractile effect of PVAT
has been demonstrated also in MA of mice. This was not
detected in obese (Agabiti-Rosei et al. 2014) and old (Aga-
biti-Rosei et al. 2017) individuals, but could be restored
after long-term melatonin administration (Agabiti-Rosei
et al. 2014, 2017). We hypothesize that melatonin via M T,
receptors in PVAT could stimulate the release of PVAT-
derived relaxing factors, which can counteract the direct
pro-contractile effect of melatonin on vascular smooth mus-
cle. Alternatively, PVAT-dependent anti-contractile action
of melatonin may occur via modulation of biosynthesis and
release of other vasoactive compounds.

For example, melatonin was shown to upregulate insu-
lin-stimulated leptin synthesis and secretion by interaction
with insulin (Alonso-Vale et al. 2005). These effects were
mediated via MT, receptors and by co-activation of insu-
lin receptors and the convergent protein Akt by melatonin
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(Alonso-Vale et al. 2005). However, while leptin is also pro-
duced by PVAT (Dashwood et al. 2011), the anti-contractile
effect of PVAT was maintained in the Zucker fa/fa rats that
lack functional leptin receptors (L6hn et al. 2002).

PVAT also secretes adiponectin. Previously, melatonin
was shown to increase the expression of adiponectin and
decrease the expression of IL-6 and IL-17 in colonic tissue
of mice (Kim et al. 2016). Moreover, adiponectin-deficient
mice exhibited an increase in BP (Ohashi et al. 2006). Lynch
et al. (Lynch et al. 2013) later demonstrated a mechanistic
link between the anti-contractile effect of PVAT and BK,
channels and suggested adiponectin as the relaxing fac-
tor. On the other hand, in the study of Fesiis et al. (Fésiis
et al. 2007) aortae and mesenteric arteries from adiponec-
tin-knockout mice have been shown to maintain their anti-
contractile properties. It thus remains controversial whether
adiponectin is an adipocyte-derived relaxing factor (ADRF).

Overall, PVAT adipocytes release many bioactive signal-
ing molecules with vasoregulatory effect. Simple molecules
such as NO, H,S, reactive oxygen species [e.g., hydrogen
peroxide (H,0,)], as well as adipokines [e.g., adiponectin,
leptin, angiotensin 1-7 (Ang1-7)] may contribute to the anti-
contractile effect of PVAT on the vascular bed. However, the
exact nature of the ADREF is still not known as concluded
by several recent reviews (e.g., Cheng et al. 2018; Agabiti-
Rosei et al. 2018; Zaborska et al. 2017). It might even be a
combination of several different molecules, depending on
the stimulus applied, the vascular bed examined, and the
phenotypic state of the PVAT (Xia and Li 2017). Thus, in
the future, a thorough and systematic approach is required
to identify the most important ADRFs with a mechanistic
link to melatonin and MT,.

Recently we have shown that in the isolated superior
MA, the presence of PVAT caused a reduction in contrac-
tions induced by exogenous as well as endogenous norepi-
nephrine, while PVAT exerted no inhibitory effect on these
responses in the abdominal aorta (Torok and Zemancikova
2016; Zemancikova and Torok 2019). These differences can
partially be related to the different distribution of the sym-
pathetic innervation within the arterial wall and in PVAT
(Torok et al. 2016). Therefore, we assume that PVAT can act
differently on different types of arteries. PVAT may have a
more prominent effect on BP regulation in resistance arter-
ies, such as MA, while in conduit arteries PVAT may rather
protect against stiffness.

Conclusions
Melatonin MT,; but not MT, receptor mRNA was found
in the MA of mature rats and MT, was localized mainly

in smooth muscle cells of the vessel wall. Moreover, we
detected MT), receptors also in the PVAT of MA. The
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presence of MT), receptors corresponds with the expected
functions of this pleiotropic compound in the cardiovascular
system. Melatonin had no effect on the basal tone of the MA,
but mediated pro-contractile responses in arteries devoid of
PVAT. In arteries with intact PVAT, melatonin did not affect
neurogenic contractions. Melatonin is involved in the control
of vascular tone in a complex way, which is vessel specific
and can reflect a sum of actions on different layers of the
vessel wall and surrounding PVAT.

Acknowledgements Open access funding provided by Medical Univer-
sity of Vienna. The authors thank Mrs. Arife Sener, Mrs. Lena Kuhn,
and Mr. Bernhard Seidelmann for their help with the laboratory work.

Author Contributions LM: Work conception and design, data acquisi-
tion, analysis and interpretation, drafting and revision of work, and final
approval of published version. AM: Data acquisition and analysis, revi-
sion of work, and final approval of published version. AZ: Data acqui-
sition and analysis, revision of work, and final approval of published
version. KG: Data acquisition and analysis, revision of work, and final
approval of the published version. JT: Data acquisition and analysis,
revision of work, and final approval of the published version. MZ: Work
conception and design, drafting, revision, and final approval of the pub-
lished version. IE: Work conception and design, data acquisition, analysis
and interpretation, drafting and revision of work, and final approval of
published version. All authors agree to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or integrity of
any part of the work are appropriately investigated and resolved.

Funding The study was supported by grants of the Slovak Research
and Development Agency (APVV-17-0178), the scientific grant agency
VEGA (1/0557/15) and (2/0147/18), and the Scientific & Technologi-
cal Cooperation (WTZ SK-AT-0006-12/AT-SK 06/2013).

Compliance with Ethical Standards

Ethics Approval The experimental protocol was approved by the Ethi-
cal Committee for the Care and Use of Laboratory Animals at the
Comenius University Bratislava, Slovak Republic, and the State Vet-
erinary Authority of Slovak Republic.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agabiti-Rosei C, De Ciuceis C, Rossini C, Porteri E, Rodella LF, With-
ers SB, Heagerty AM, Favero G, Agabiti-Rosei E, Rizzoni D,
Rezzani R (2014) Anticontractile activity of perivascular fat in


http://creativecommons.org/licenses/by/4.0/

Cellular and Molecular Neurobiology (2021) 41:1589-1598

1597

obese mice and the effect of long-term treatment with melatonin.
J Hypertens 32(6):1264—1274. https://doi.org/10.1097/hjh.00000
00000000178

Agabiti-Rosei C, Favero G, De Ciuceis C, Rossini C, Porteri E, Rodella
LF, Franceschetti L., Maria Sarkar A, Agabiti-Rosei E, Rizzoni D,
Rezzani R (2017) Effect of long-term treatment with melatonin on
vascular markers of oxidative stress/inflammation and on the anti-
contractile activity of perivascular fat in aging mice. Hypertens
Res 40(1):41-50. https://doi.org/10.1038/hr.2016.103

Agabiti-Rosei C, Paini A, De Ciuceis C, Withers S, Greenstein A,
Heagerty AM, Rizzoni D (2018) Modulation of vascular reactiv-
ity by perivascular adipose tissue (PVAT). Curr Hypertens Rep
20(5):44. https://doi.org/10.1007/s11906-018-0835-5

Alonso-Vale MI, Andreotti S, Peres SB, Anhe GF, das Neves Borges-
Silva C, Neto JC, Lima FB (2005) Melatonin enhances leptin
expression by rat adipocytes in the presence of insulin. Am J Phys-
iol Endocrinol Metab 288(4):E805-812. https://doi.org/10.1152/
ajpendo.00478.2004

Audinot V, Bonnaud A, Grandcolas L, Rodriguez M, Nagel N, Galizzi
JP, Balik A, Messager S, Hazlerigg DG, Barrett P, Delagrange
P, Boutin JA (2008) Molecular cloning and pharmacological
characterization of rat melatonin MT1 and MT2 receptors. Bio-
chem Pharmacol 75(10):2007-2019. https://doi.org/10.1016/j.
bep.2008.02.022

Benova M, Herichova I, Stebelova K, Paulis L, Krajcirovicova K,
Simko F, Zeman M (2009) Effect of L-NAME-induced hyperten-
sion on melatonin receptors and melatonin levels in the pineal
gland and the peripheral organs of rats. Hypertens Res 32(4):242—
247. https://doi.org/10.1038/hr.2009.12

Brown NK, Zhou Z, Zhang J, Zeng R, Wu J, Eitzman DT, Chen YE,
Chang L (2014) Perivascular adipose tissue in vascular function
and disease: a review of current research and animal models.
Arterioscler Thromb Vasc Biol 34(8):1621-1630. https://doi.
org/10.1161/atvbaha.114.303029

Brydon L, Barrett P, Morgan PJ, Strosberg AD, Jockers R (1999)
Investigation of the human Mel 1a melatonin receptor using anti-
receptor antibodies. Adv Exp Med Biol 460:215-220. https://doi.
org/10.1007/0-306-46814-x_23

Cagnacci A, Cannoletta M, Renzi A, Baldassari F, Arangino S, Volpe
A (2005) Prolonged melatonin administration decreases nocturnal
blood pressure in women. Am J Hypertens 18(12 Pt 1):1614—
1618. https://doi.org/10.1016/j.amjhyper.2005.05.008

Cheng CK, Bakar HA, Gollasch M, Huang Y (2018) Perivascular adi-
pose tissue: the sixth man of the cardiovascular system. Cardio-
vasc Drugs Ther 32(5):481-502. https://doi.org/10.1007/s1055
7-018-6820-z

Chucharoen P, Chetsawang B, Srikiatkhachorn A, Govitrapong P
(2003) Melatonin receptor expression in rat cerebral artery.
Neurosci Lett 341(3):259-261. https://doi.org/10.1016/s0304
-3940(03)00214-3

Chucharoen P, Chetsawang B, Putthaprasart C, Srikiatkhachorn A,
Govitrapong P (2007) The presence of melatonin receptors and
inhibitory effect of melatonin on hydrogen peroxide-induced
endothelial nitric oxide synthase expression in bovine cerebral
blood vessels. J Pineal Res 43(1):35-41. https://doi.org/10.1111/
j-1600-079X.2007.00440.x

Dashwood MR, Dooley A, Shi-Wen X, Abraham DJ, Dreifaldt M,
Souza DS (2011) Perivascular fat-derived leptin: a potential role
in improved vein graft performance in coronary artery bypass
surgery. Interact Cardiovasc Thorac Surg 12(2):170-173. https://
doi.org/10.1510/icvts.2010.247874

Doolen S, Krause DN, Dubocovich ML, Duckles SP (1998) Mela-
tonin mediates two distinct responses in vascular smooth muscle.
Eur J Pharmacol 345(1):67—-69. https://doi.org/10.1016/s0014
-2999(98)00064-8

Ekmekcioglu C, Haslmayer P, Philipp C, Mehrabi MR, Glogar HD,
Grimm M, Leibetseder VJ, Thalhammer T, Marktl W (2001)
Expression of the MT1 melatonin receptor subtype in human
coronary arteries. J Recept Signal Transduct Res 21(1):85-91.
https://doi.org/10.1081/rrs-100107144

Ekmekcioglu C, Thalhammer T, Humpeler S, Mehrabi MR, Glogar
HD, Holzenbein T, Markovic O, Leibetseder VJ, Strauss-Blasche
G, Marktl W (2003) The melatonin receptor subtype MT2 is pre-
sent in the human cardiovascular system. J Pineal Res 35(1):40—
44. https://doi.org/10.1034/j.1600-079x.2003.00051.x

Fésiis G, Dubrovska G, Gorzelniak K, Kluge R, Huang Y, Luft FC,
Gollasch M (2007) Adiponectin is a novel humoral vasodilator.
Cardiovasc Res 75(4):719-727. https://doi.org/10.1016/j.cardi
ores.2007.05.025

Fujieda H, Hamadanizadeh SA, Wankiewicz E, Pang SF, Brown
GM (1999) Expression of mtl melatonin receptor in rat retina:
evidence for multiple cell targets for melatonin. Neuroscience
93(2):793-799. https://doi.org/10.1016/s0306-4522(99)00111-6

Grossman E, Laudon M, Yalcin R, Zengil H, Peleg E, Sharabi Y,
Kamari Y, Shen-Orr Z, Zisapel N (2006) Melatonin reduces
night blood pressure in patients with nocturnal hypertension.
Am J Med 119(10):898-902. https://doi.org/10.1016/j.amjme
d.2006.02.002

Grossman E, Laudon M, Zisapel N (2011) Effect of melatonin on noc-
turnal blood pressure: meta-analysis of randomized controlled tri-
als. Vasc Health Risk Manag 7:577-584. https://doi.org/10.2147/
vhrm.s24603

Haynes WG (2000) Interaction between leptin and sympathetic nervous
system in hypertension. Curr Hypertens Rep 2(3):311-318. https
://doi.org/10.1007/s11906-000-0015-1

Hill SM, Cheng C, Yuan L, Mao L, Jockers R, Dauchy B, Blask DE
(2013) Age-related decline in melatonin and its MT1 receptor are
associated with decreased sensitivity to melatonin and enhanced
mammary tumor growth. Curr Aging Sci 6(1):125-133. https://
doi.org/10.2174/1874609811306010016

Huan C, Zhou M, Wu M, Zhang Z, Mei Y (2001) Activation of mela-
tonin receptor increases a delayed rectifier K+ current in rat
cerebellar granule cells. Brain Res 917(2):182-190. https://doi.
org/10.1016/s0006-8993(01)02915-8

Intengan HD, Schiffrin EL (2001) Vascular remodeling in hyperten-
sion: roles of apoptosis, inflammation, and fibrosis. Hypertension
38(3 Pt 2):581-587. https://doi.org/10.1161/hy09t1.096249

Ishii H, Tanaka N, Kobayashi M, Kato M, Sakuma Y (2009) Gene
structures, biochemical characterization and distribution of
rat melatonin receptors. J Physiol Sci 59(1):37-47. https://doi.
org/10.1007/s12576-008-0003-9

Jonas M, Garfinkel D, Zisapel N, Laudon M, Grossman E (2003)
Impaired nocturnal melatonin secretion in non-dipper hyperten-
sive patients. Blood Press 12(1):19-24

Kim TK, Park YS, Baik HW, Jun JH, Kim EK, Sull JW, Sung HJ,
Choi JW, Chung SH, Gye MC, Lim JY, Kim JB, Kim SH (2016)
Melatonin modulates adiponectin expression on murine colitis
with sleep deprivation. World J Gastroenterol 22(33):7559-7568.
https://doi.org/10.3748/wjg.v22.i133.7559

Lapi D, Vagnani S, Cardaci E, Paterni M, Colantuoni A (2011) Rat
pial microvascular responses to melatonin during bilateral com-
mon carotid artery occlusion and reperfusion. J Pineal Res
51(1):136-144

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 25(4):402—408. https://doi.org/10.1006/
meth.2001.1262

Loesch A, Dashwood MR (2018) Nerve-perivascular fat communica-
tion as a potential influence on the performance of blood vessels
used as coronary artery bypass grafts. J Cell Commun Signal
12(1):181-191. https://doi.org/10.1007/s12079-017-0393-7

@ Springer


https://doi.org/10.1097/hjh.0000000000000178
https://doi.org/10.1097/hjh.0000000000000178
https://doi.org/10.1038/hr.2016.103
https://doi.org/10.1007/s11906-018-0835-5
https://doi.org/10.1152/ajpendo.00478.2004
https://doi.org/10.1152/ajpendo.00478.2004
https://doi.org/10.1016/j.bcp.2008.02.022
https://doi.org/10.1016/j.bcp.2008.02.022
https://doi.org/10.1038/hr.2009.12
https://doi.org/10.1161/atvbaha.114.303029
https://doi.org/10.1161/atvbaha.114.303029
https://doi.org/10.1007/0-306-46814-x_23
https://doi.org/10.1007/0-306-46814-x_23
https://doi.org/10.1016/j.amjhyper.2005.05.008
https://doi.org/10.1007/s10557-018-6820-z
https://doi.org/10.1007/s10557-018-6820-z
https://doi.org/10.1016/s0304-3940(03)00214-3
https://doi.org/10.1016/s0304-3940(03)00214-3
https://doi.org/10.1111/j.1600-079X.2007.00440.x
https://doi.org/10.1111/j.1600-079X.2007.00440.x
https://doi.org/10.1510/icvts.2010.247874
https://doi.org/10.1510/icvts.2010.247874
https://doi.org/10.1016/s0014-2999(98)00064-8
https://doi.org/10.1016/s0014-2999(98)00064-8
https://doi.org/10.1081/rrs-100107144
https://doi.org/10.1034/j.1600-079x.2003.00051.x
https://doi.org/10.1016/j.cardiores.2007.05.025
https://doi.org/10.1016/j.cardiores.2007.05.025
https://doi.org/10.1016/s0306-4522(99)00111-6
https://doi.org/10.1016/j.amjmed.2006.02.002
https://doi.org/10.1016/j.amjmed.2006.02.002
https://doi.org/10.2147/vhrm.s24603
https://doi.org/10.2147/vhrm.s24603
https://doi.org/10.1007/s11906-000-0015-1
https://doi.org/10.1007/s11906-000-0015-1
https://doi.org/10.2174/1874609811306010016
https://doi.org/10.2174/1874609811306010016
https://doi.org/10.1016/s0006-8993(01)02915-8
https://doi.org/10.1016/s0006-8993(01)02915-8
https://doi.org/10.1161/hy09t1.096249
https://doi.org/10.1007/s12576-008-0003-9
https://doi.org/10.1007/s12576-008-0003-9
https://doi.org/10.3748/wjg.v22.i33.7559
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1007/s12079-017-0393-7

1598

Cellular and Molecular Neurobiology (2021) 41:1589-1598

Lohn M, Dubrovska G, Lauterbach B, Luft FC, Gollasch M, Sharma
AM (2002) Periadventitial fat releases a vascular relaxing factor.
FASEB J 16(9):1057-1063. https://doi.org/10.1096/1].02-0024¢
om

Lynch FM, Withers SB, Yao Z, Werner ME, Edwards G, Weston
AH, Heagerty AM (2013) Perivascular adipose tissue-derived
adiponectin activates BK(Ca) channels to induce anticontractile
responses. Am J Physiol Heart Circ Physiol 304(6):H786-795.
https://doi.org/10.1152/ajpheart.00697.2012

Mark AL, Shaffer RA, Correia ML, Morgan DA, Sigmund CD, Haynes
WG (1999) Contrasting blood pressure effects of obesity in leptin-
deficient ob/ob mice and agouti yellow obese mice. J Hypertens
17(12 Pt 2):1949-1953. https://doi.org/10.1097/00004872-19991
7121-00026

Masana MI, Doolen S, Ersahin C, Al-Ghoul WM, Duckles SP, Dubo-
covich ML, Krause DN (2002) MT(2) melatonin receptors are
present and functional in rat caudal artery. J Pharmacol Exp Ther
302(3):1295-1302. https://doi.org/10.1124/jpet.302.3.1295

Ohashi K, Kihara S, Ouchi N, Kumada M, Fujita K, Hiuge A, Hibuse
T, Ryo M, Nishizawa H, Maeda N, Maeda K, Shibata R, Walsh
K, Funahashi T, Shimomura I (2006) Adiponectin replenish-
ment ameliorates obesity-related hypertension. Hypertension
47(6):1108-1116. https://doi.org/10.1161/01.HYP.0000222368
.43759.al

Oriowo MA (2015) Perivascular adipose tissue, vascular reactivity
and hypertension. Med Princ Pract 24(Suppl 1):29-37. https://
doi.org/10.1159/000356380

Pechanova O, Zicha J, Paulis L, Zenebe W, Dobesova Z, Kojsova S,
Jendekova L, Sladkova M, Dovinova I, Simko F, Kunes J (2007)
The effect of N-acetylcysteine and melatonin in adult sponta-
neously hypertensive rats with established hypertension. Eur J
Pharmacol 561(1-3):129-136. https://doi.org/10.1016/j.ejpha
r.2007.01.035

Reppert SM, Weaver DR, Ebisawa T (1994) Cloning and characteriza-
tion of a mammalian melatonin receptor that mediates reproduc-
tive and circadian responses. Neuron 13(5):1177-1185. https://
doi.org/10.1016/0896-6273(94)90055-8

Richter HG, Torres-Farfan C, Garcia-Sesnich J, Abarzua-Catalan
L, Henriquez MG, Alvarez-Felmer M, Gaete F, Rehren GE,
Seron-Ferre M (2008) Rhythmic expression of functional MT1
melatonin receptors in the rat adrenal gland. Endocrinology
149(3):995-1003. https://doi.org/10.1210/en.2007-1009

Sallinen P, Saarela S, Ilves M, Vakkuri O, Leppaluoto J (2005) The
expression of MT1 and MT2 melatonin receptor mRNA in several
rat tissues. Life Sci 76(10):1123-1134. https://doi.org/10.1016/j.
1f5.2004.08.016

Sanchez-Hidalgo M, Guerrero Montavez JM, Carrascosa-Salmoral
Mdel P, Naranjo Gutierrez Mdel C, Lardone PJ, de la Lastra
Romero CA (2009) Decreased MT1 and MT2 melatonin receptor
expression in extrapineal tissues of the rat during physiological
aging. J Pineal Res 46(1):29-35. https://doi.org/10.1111/j.1600-
079X.2008.00604.x

Savaskan E, Olivieri G, Brydon L, Jockers R, Krauchi K, Wirz-Justice
A, Muller-Spahn F (2001) Cerebrovascular melatonin MT1-recep-
tor alterations in patients with Alzheimer’s disease. Neurosci Lett
308(1):9-12. https://doi.org/10.1016/s0304-3940(01)01967-x

Scheer FA, Van Montfrans GA, van Someren EJ, Mairuhu G, Buijs RM
(2004) Daily nighttime melatonin reduces blood pressure in male
patients with essential hypertension. Hypertension 43(2):192—
197. https://doi.org/10.1161/01.HYP.0000113293.15186.3b

Schepelmann M, Molcan L, Uhrova H, Zeman M, Ellinger [ (2011) The
presence and localization of melatonin receptors in the rat aorta.
Cell Mol Neurobiol 31(8):1257-1265. https://doi.org/10.1007/
s10571-011-9727-9

Sheng WL, Chen WY, Yang XL, Zhong YM, Weng SJ (2015) Co-
expression of two subtypes of melatonin receptor on rat M1-type

@ Springer

intrinsically photosensitive retinal ganglion cells. PLoS ONE
10(2):e0117967. https://doi.org/10.1371/journal.pone.0117967

Simko F, Baka T, Paulis L, Reiter RJ (2016) Elevated heart rate and
nondipping heart rate as potential targets for melatonin: a review.
J Pineal Res 61(2):127-137. https://doi.org/10.1111/jpi.12348

Simonds SE, Pryor JT, Ravussin E, Greenway FL, Dileone R, Allen
AM, Bassi J, Elmquist JK, Keogh JM, Henning E, Myers MG
Jr, Licinio J, Brown RD, Enriori PJ, O’Rabhilly S, Sternson SM,
Grove KL, Spanswick DC, Farooqi IS, Cowley MA (2014) Leptin
mediates the increase in blood pressure associated with obesity.
Cell 159(6):1404—-1416. https://doi.org/10.1016/j.cell.2014.10.058

Singh M, Jadhav HR (2014) Melatonin: functions and ligands. Drug
Discov Today 19(9):1410-1418. https://doi.org/10.1016/j.drudi
5.2014.04.014

Slominski RM, Reiter RJ, Schlabritz-Loutsevitch N, Ostrom RS,
Slominski AT (2012) Melatonin membrane receptors in periph-
eral tissues: distribution and functions. Mol Cell Endocrinol
351(2):152-166. https://doi.org/10.1016/j.mce.2012.01.004

Sun H, Gusdon AM, Qu S (2016) Effects of melatonin on cardio-
vascular diseases: progress in the past year. Curr Opin Lipidol
27(4):408-413. https://doi.org/10.1097/mol.00000000000003 14

Szasz T, Webb RC (2012) Perivascular adipose tissue: more than just
structural support. Clin Sci (London) 122(1):1-12. https://doi.
org/10.1042/cs20110151

Tengattini S, Reiter RJ, Tan DX, Terron MP, Rodella LF, Rezzani
R (2008) Cardiovascular diseases: protective effects of mela-
tonin. J Pineal Res 44(1):16-25. https://doi.org/10.1111/j.1600-
079X.2007.00518.x

Torok J, Zemancikova A (2016) Agmatine modulation of noradrenergic
neurotransmission in isolated rat blood vessels. Chin J Physiol
59(3):131-138. https://doi.org/10.4077/cjp.2016.bae388

Torok J, Zemancikova A, Kocianova Z (2016) Interaction of perivascu-
lar adipose tissue and sympathetic nerves in arteries from normo-
tensive and hypertensive rats. Physiol Res 65(Suppl 3):S391-S399

Tunstall RR, Shukla P, Grazul-Bilska A, Sun C, O’Rourke ST (2011)
MT?2 receptors mediate the inhibitory effects of melatonin on
nitric oxide-induced relaxation of porcine isolated coronary
arteries. J Pharmacol Exp Ther 336(1):127-133. https://doi.
org/10.1124/jpet.110.174482

Viswanathan M, Scalbert E, Delagrange P, Guardiola-Lemaitre B,
Saavedra JM (1997) Melatonin receptors mediate contraction of
a rat cerebral artery. NeuroReport 8(18):3847-3849. https://doi.
org/10.1097/00001756-199712220-00002

Xia N, Li H (2017) The role of perivascular adipose tissue in obesity-
induced vascular dysfunction. Br J Pharmacol 174(20):3425—
3442. https://doi.org/10.1111/bph.13650

Zaborska KE, Wareing M, Austin C (2017) Comparisons between
perivascular adipose tissue and the endothelium in their modula-
tion of vascular tone. Br J Pharmacol 174(20):3388-3397. https
://doi.org/10.1111/bph.13648

Zalatan F, Krause JA, Blask DE (2001) Inhibition of isoproterenol-
induced lipolysis in rat inguinal adipocytes in vitro by physiologi-
cal melatonin via a receptor-mediated mechanism. Endocrinology
142(9):3783-3790. https://doi.org/10.1210/endo.142.9.8378

Zeman M, Dulkova K, Bada V, Herichova I (2005) Plasma melatonin
concentrations in hypertensive patients with the dipping and non-
dipping blood pressure profile. Life Sci 76(16):1795-1803. https
://doi.org/10.1016/j.1f5.2004.08.034

Zemancikova A, Torok J (2019) Influence of age on anticontractile
effect of perivascular adipose tissue in normotensive and hyper-
tensive rats. Oxid Med Cell Longev 2019:9314260. https://doi.
org/10.1155/2019/9314260

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1096/fj.02-0024com
https://doi.org/10.1096/fj.02-0024com
https://doi.org/10.1152/ajpheart.00697.2012
https://doi.org/10.1097/00004872-199917121-00026
https://doi.org/10.1097/00004872-199917121-00026
https://doi.org/10.1124/jpet.302.3.1295
https://doi.org/10.1161/01.HYP.0000222368.43759.a1
https://doi.org/10.1161/01.HYP.0000222368.43759.a1
https://doi.org/10.1159/000356380
https://doi.org/10.1159/000356380
https://doi.org/10.1016/j.ejphar.2007.01.035
https://doi.org/10.1016/j.ejphar.2007.01.035
https://doi.org/10.1016/0896-6273(94)90055-8
https://doi.org/10.1016/0896-6273(94)90055-8
https://doi.org/10.1210/en.2007-1009
https://doi.org/10.1016/j.lfs.2004.08.016
https://doi.org/10.1016/j.lfs.2004.08.016
https://doi.org/10.1111/j.1600-079X.2008.00604.x
https://doi.org/10.1111/j.1600-079X.2008.00604.x
https://doi.org/10.1016/s0304-3940(01)01967-x
https://doi.org/10.1161/01.HYP.0000113293.15186.3b
https://doi.org/10.1007/s10571-011-9727-9
https://doi.org/10.1007/s10571-011-9727-9
https://doi.org/10.1371/journal.pone.0117967
https://doi.org/10.1111/jpi.12348
https://doi.org/10.1016/j.cell.2014.10.058
https://doi.org/10.1016/j.drudis.2014.04.014
https://doi.org/10.1016/j.drudis.2014.04.014
https://doi.org/10.1016/j.mce.2012.01.004
https://doi.org/10.1097/mol.0000000000000314
https://doi.org/10.1042/cs20110151
https://doi.org/10.1042/cs20110151
https://doi.org/10.1111/j.1600-079X.2007.00518.x
https://doi.org/10.1111/j.1600-079X.2007.00518.x
https://doi.org/10.4077/cjp.2016.bae388
https://doi.org/10.1124/jpet.110.174482
https://doi.org/10.1124/jpet.110.174482
https://doi.org/10.1097/00001756-199712220-00002
https://doi.org/10.1097/00001756-199712220-00002
https://doi.org/10.1111/bph.13650
https://doi.org/10.1111/bph.13648
https://doi.org/10.1111/bph.13648
https://doi.org/10.1210/endo.142.9.8378
https://doi.org/10.1016/j.lfs.2004.08.034
https://doi.org/10.1016/j.lfs.2004.08.034
https://doi.org/10.1155/2019/9314260
https://doi.org/10.1155/2019/9314260

	Expression of Melatonin Receptor 1 in Rat Mesenteric Artery and Perivascular Adipose Tissue and Vasoactive Action of Melatonin
	Abstract
	Introduction
	Methods
	Animals
	Tissue Sampling
	RNA Isolation and RT-PCR
	Real-Time PCR
	Protein Isolation
	Western Blotting
	Immunofluorescence Microscopy
	Measurement of Arterial Reactivity Ex Vivo
	Statistical Analysis

	Results
	Expression of Melatonin Receptor MT1, But Not MT2, mRNA in MA and MA-Associated PVAT
	Expression of MT1 Protein in MA and MA-Associated PVAT
	Melatonin Receptor MT1 Localization in Mesenteric Arteries
	Effect of Melatonin on Neurogenic Contractions in Isolated Superior MA

	Discussion
	Melatonin Receptor MT1, But Not MT2, is Present in MA
	The Role of PVAT

	Conclusions
	Acknowledgements 
	References




