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Abstract Nesfatin-1 is an anorexic nucleobindin-2
(NUCB2)-derived hypothalamic peptide. It controls feeding
behavior, water intake, and glucose homeostasis. If intrace-
rebrally administered, it induces hypertension, thus
suggesting arole in central cardiovascular control. However,
it is not known whether it is able to directly control heart
performance. We aimed to verify the hypothesis that, as in
the case of other hypothalamic satiety peptides, Nesfatin-1
acts as a peripheral cardiac modulator. By western blotting
and QT-PCR, we identified the presence of both Nesfatin-1
protein and NUCB2 mRNA in rat cardiac extracts. On iso-
lated and Langendorff-perfused rat heart preparations, we
found that exogenous Nesfatin-1 depresses contractility and
relaxation without affecting coronary motility. These effects
did not involve Nitric oxide, but recruited the particulate
guanylate cyclase (pGC) known as natriuretic peptide
receptor A (NPR-A), protein kinase G (PKG) and
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extracellular signal-regulated kinasesl/2 (ERK1/2). Co-
immunoprecipitation and bioinformatic analyses supported
an interaction between Nesfatin-1 and NPR-A. Lastly, we
preliminarily observed, through post-conditioning experi-
ments, that Nesfatin-1 protects against ischemia/reperfusion
(I/R) injury by reducing infarct size, lactate dehydrogenase
release, and postischemic contracture. This protection
involves multiple prosurvival kinases such as PKCe¢, ERK1/
2, signal transducer and activator of transcription 3, and
mitochondrial Katp channels. It also ameliorates contrac-
tility recovery. Our data indicate that: (1) the heart expresses
Nesfatin-1, (2) Nesfatin-1 directly affects myocardial per-
formance, possibly involving pGC-linked NPR-A, the pGC/
PKG pathway, and ERK1/2, (3) the peptide protects the heart
against I/R injury. Results pave the way to include Nesfatin-1
in the neuroendocrine modulators of the cardiac function,
also encouraging the clarification of its clinical potential in
the presence of nutrition-dependent physio-pathologic car-
diovascular diseases.

Keywords Nesfatin-1 - Natriuretic peptide receptor A -
Cardioprotection - pGC/PKG - Signal transduction

Abbreviations
5-HD 5-Hydroxydecanoate
ARC Arcuate nuclei

CP Coronary pressure

eNOS Endothelial nitric oxide synthase
ERK1/2 Extracellular signal-regulated kinases1/2
I/R Ischemia/reperfusion injury

—(LVdP/dt),.x Maximal rate of left ventricular pressure
decline of LVP

+(LVdP/dt),,.x Maximal values of the first derivative of
LVP

LVP Left ventricular pressure
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NO Nitric oxide
NPR-A Natriuretic peptide receptor A
NPY/AgRP Neuropeptide Y/agouti-related peptide
NUCB2 Nucleobindin-2
pGC Particulate guanylate cyclase
POMC/CART  Pro-opiomelanocortin/cocaine and
amphetamine responsive transcript
PostC Post-conditioning protocol
PVN Paraventricular nuclei
SNO S-nitrosylation
SON Supraoptic nuclei
STAT3 Signal transducer and activator
of transcription 3
Introduction

The cardiovascular system and the gastrointestinal (GI)
apparatus are targets of both humoral and nervous networks
which control their activity in the short, medium, and long
term, acting directly on heart, vessels, and GI districts, and
indirectly by controlling appetite, fluid intake, and plasma
osmolarity. Under physio-pathological conditions these
circuits are impaired and this compromises both cardio-
vascular and GI performance [1]. Crossroads for many
circuits is the hypothalamus which produces several neu-
ropeptides involved in cardiovascular, GI, and alimentary
homeostasis. Some of these neuromediators (i.e., neuro-
peptide Y, NPY) act peripherally on the GI system by
directly controlling mucosal function, motility, and secre-
tion; they also influence the cardiovascular system by
eliciting direct cardiac and/or vascular effects [2, 3].
Recently, growing attention has been directed to the
novel hypothalamic anorexigenic peptide, Nesfatin-1, an
82-amino-terminal fragment derived from the larger pro-
tein nucleobindin-2 (NUCB2) [4]. In the rat, the Nesfatin-1
gene and protein are expressed in the hypothalamic nuclei
involved in feeding behavior, food intake, body weight,
and glucose homeostasis [5]. In arcuate (ARC), paraven-
tricular (PVN), and supraoptic nuclei (SON), Nesfatin-1
colocalizes  with  pro-opiomelanocortin/cocaine  and
amphetamine responsive transcript (POMC/CART), NPY,
oxytocin, and vasopressin, suggesting the presence of
multiple peptidergic correlations. NUCB2 gene expression
is significantly regulated by nutritional status, suggesting a
role of Nesfatin-1 in energy homeostasis [6]. In fact,
Nesfatin-1 elicits anti-hyperglycemic effects, as shown by
the reduced blood glucose observed after intravenous
injection of the peptide in hyperglycemic db/db mice [7].
Notably, Nesfatin-1 is able to cross the blood—brain barrier
in both the blood-to-brain and brain-to-blood directions [8],
and this indicates that peripheral sources of the peptide
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may affect brain activity and vice versa. Additionally, and/
or alternatively, central Nesfatin-1 can regulate peripheral
functions. This is supported by the inhibition of gastric
emptying observed after central administration of the
peptide [6].

Nesfatin-1 effects are attributed to an unknown metab-
otropic G-protein-coupled receptor, although no conclusive
evidence is available [9]. The peptide was found to
increase intracellular calcium via a PTX-sensitive Gi/o
protein [9]. At the same time, it seems to influence the
ATP-dependent potassium channels Kir6.2, to elicit
hyperpolarization in neuropeptide Y/Agouti-related peptide
(NPY/AgRP) neurons [10]. Lastly, Nesfatin-1 interacts
with melanocortin signaling [11].

Recently, in addition to its role in nutrition and energy
balance, Nesfatin-1 was proposed to contribute to vascular
control. In fact, central Nesfatin-1 was shown to activate
the nervous circuits which are responsible for hypertension
[12], an effect which is presumed to also occur via hypo-
thalamic melanocortin-3/4 receptors [13]. However,
although these findings suggest Nesfatin-1 to be involved
in central cardiovascular homeostasis, it is currently
unknown whether the peptide is able to directly control
heart performance. To fill this gap, we investigated on the
rat heart: (1) the cardiac expression of Nesfatin-1, (2) the
effects of the direct exposure of isolated and Langendorff-
perfused cardiac preparations to exogenous Nesfatin-1 and
the mechanism of action which sustains its effects, and (3)
whether the peptide is able to elicit cardioprotection against
ischemia/reperfusion (I/R) injuries.

Materials and methods
Animals

Adult Wistar rats (250-300 g body weight; Harlan, Italy),
fed a standard diet and water ad libitum, were used. All
studies were performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the
US National Institute of Health (Publication No. 85-23,
revised 1996).

Perfusion technique

Rats were anesthetized by ethyl carbamate (2 g/kg body
weight, i.p.). Hearts were rapidly excised, placed in ice-
cold perfusion buffer, cannulated via the aorta, and per-
fused in the Langendorff mode at a constant flow rate of
12 ml/min and temperature of 37° C. The perfusion solu-
tion was a modified Krebs—Henseleit solution (KHs) gassed
with 95 % O, and 5 % CO, (pH 7.4) containing (in mmol/
L): NaCl 113.0; KCI 4.7; MgSO, 1.2; NaHCO; 25.0;
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KH,PO, 1.2; CaCl, 1.8; glucose 11; mannitol 1.1; and Na-
pyruvate 5 [14].

Left ventricular pressure (LVP) was measured by means
of a latex water-filled balloon inserted into the left ventricle
via the left atrium [adjusted to obtain left ventricular end-
diastolic pressure (LVEDP) of 5-7 mmHg] and connected
to a pressure transducer (BLPR gauge; WRI, USA).
The maximal values of the first derivative of LVP,
[+(LVdP/dt),.x, mmHg/s], which indicates the maximal
rate of left ventricular contraction, the time to peak tension
of isometric twitch (TTP, s), the maximal rate of left
ventricular pressure decline of LVP [—(LVdP/dt)ax,
mmHg/s)], the half-time relaxation (HTR, s), which is the
time required for intraventricular pressure to fall from the
peak to 50 %, Tau (tr, s) which is the relaxation time
constant, the T/—t ratio obtained by -+(LVdP/dt),../
—(LVdP/dt),,.x, as indexes of contraction and relaxation,
and LVEDP were used to assess cardiac function. Mean
coronary pressure (CP, mmHg) was calculated as the
average of values obtained during several cardiac cycles.

Western blotting analysis

Cardiac ventricles perfused with Nesfatin-1 (100 pmol/L)
were homogenized in ice-cold RIPA buffer (Sigma-Aldrich,
Milan, Italy) containing a mixture of protease inhibitors
(1 mmol/L  aprotinin, 20 mmol/L phenylmethylsulfonyl
fluoride, and 200 mmol/L sodium orthovanadate). Cardiac
tissue homogenates were then centrifuged at 200g for 10 min
at 4 °C to remove tissue debris.

Amounts of 10-50 pg protein of cardiac tissue were
electrophoresed through a reducing SDS/10 % (w/v) or
SDS/15 % (w/v) (for detection of Nesfatin-1 protein)
polyacrylamide gel and electroblotted on to a nitrocellulose
membrane. After the transfer, the membranes were stained
with Red Poinseau to confirm the equal loading and
transfer. The membrane was blocked and incubated with
the polyclonal IgG for pERK1/2, pAKT, signal transducer
and activator of transcription 3 (STAT3), endothelial nitric
oxide synthase (eNOS), neuronal NOS (nNOS), f-actin
(Santa Cruz, DBA, Milan, Italy) and Nesfatin-1 (Phoenix
Pharmaceuticals, Germany); f-actin was used as loading
control. The levels of proteins and phosphoproteins were
detected with horseradish peroxidase-linked secondary
antibodies and the ECL® (enhanced chemiluminescence)
System (GE Healthcare, Milan, Italy). Autoradiographs
were scanned to obtain arbitrary densitometric units. Data
were normalized against those of the corresponding
p-actin. The experiments were performed in triplicate and
the results calculated as mean £ SD, and expressed as
protein change (%).

The same protocols were applied to verify Akt phos-
phorylation on skeletal muscle, liver, and heart homogenates

of food-deprived rat after injection of a single dose
(0.25 nmol/g bw) of Nesfatin-1 (30 min before sacrifice)
[15].

Q-RT-PCR

mRNA expression level of selected genes was quantified
by real-time PCR using Step One sequence detection sys-
tem (Applied Biosystems, Milan, Italy). TagMan assay
(Applied Biosystems) (Rn00573037_m1, Rn00597158_m1
and Rn99999916_s1) was used to quantify mRNA
NUCB2. The relative mRNA amounts were calculated by
comparative cycle threshold [16] and normalized by
GAPDH expression.

S-nitrosylation (SNO)

The SNO of proteins was obtained through Biotin switch
assay. This protocol was performed as previously described
[17]. Extracts were adjusted to 0.5 mg/mL of protein and
equal amounts were blocked with 4 volumes of blocking
buffer (225 mmol/L. Hepes, pH 7.7, 0.9 mmol/L EDTA,
0.09 mmol/L Neocuproine, 2.5 % SDS, and 20 mmol/L
MMTS) at 50 °C for 20 min with agitation. After blocking,
extracts were precipitated with 2 volumes of cold (—20 °C)
acetone, chilled at —20 °C for 10 min, centrifuged at
2,000g, 4 °C for 5 min, washed with acetone, dried out at
room temperature, and resuspended in 0.1 mL HENS
buffer (250 mmol/L Hepes, pH 7.7, 1 mmol/L EDTA,
0.1 mmol/L Neocuproine, and 1 % SDS) per mg of pro-
tein. Until this step, all operations were carried out in the
dark. A 1/3 volume of biotin-HPDP 4 mmol/L in DMF and
ascorbate 1 mmol/L. were added and incubated for 1 h at
room temperature. Proteins were acetone precipitated again
and resuspended in the same volume of HENS buffer. To
detect biotinylated proteins by western blot, samples from
the biotin switch assay were separated on 15 % SDS-
PAGE gels, transferred to PVDF membranes, blocked with
non-fat dried milk, and incubated with streptavidin-per-
oxidase diluted 1/5,000 for 1 h. Blots were developed by
enhanced chemioluminescence (ECL) and were placed in a
film cassette with photograph film. Films were exposed for
30 s, developed, and fixed.

Experimental protocols
Isolated Langendorff preparation

Nesfatin-1 stimulated preparations

Preliminary experiments (data not shown) obtained by
repetitive exposure of each heart to one concentration of
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Nesfatin-1 (100 pmol/L) revealed absence of desensitiza-
tion. Thus, concentration—response curves were obtained
by perfusing the cardiac preparation with KHs enriched
with increasing concentrations of Nesfatin-1 (0.1 pmol/L-
10 nmol/L) for 10 min.

Involvement of membrane receptors

To evaluate whether Gi/o proteins are involved in the
cardiac action of Nesfatin-1, hearts were pre-incubated for
60 min with KHs enriched with pertussis toxin (PTx)
(10 pmol/L) and then exposed for 10 min to Nesfatin-1
(100 pmol/L). As shown in the rat heart [18], PTx catalyses
the ADP ribosylation of the a-subunit of Gi/o proteins and
uncouples the interaction between Gi and inhibitory
receptors of adenylate cyclase.

Based on the results obtained from dose-response
curves, antagonists were used at a concentration which did
not affect cardiac performance.

To analyze whether the NPR-A is involved in Nesfatin-1
mediated effects, hearts were perfused with 100 pmol/L
Nesfatin-1 for 10 min and washed out with KHs. Subse-
quently, cardiac preparations were perfused with Anantin
(100 nmol/L), a NPR-A antagonist, for 10 min, followed
by perfusion with KHs containing a single concentration of
Nesfatin-1 (100 pmol/L) plus Anantin (100 nmol/L) for
another 10 min.

Inhibitor-stimulated preparations

To verify the pathways involved in the Nesfatin-1 mecha-
nism, hearts, stabilized for 20 min with KHs, were perfused
with 100 pmol/L of Nesfatin-1 for 10 min and then washed
out with KHs. After returning to control conditions, each
cardiac preparation was perfused with a specific inhibitor for
10 min; then it was perfused with KHs containing a single
concentration of Nesfatin-1 (100 pmol/L) plus the inhibitor
for an additional 10 min. In particular, the involvement of
ERK, NOSs, protein Kinase G (PKG), and phosphodiester-
ase 2 (PDE2) was evaluated by perfusing the hearts with PD
(100 nmol/L), L-NAME (10 pmol/L), KT5823 (100 nmol/
L), and EHNA (100 nmol/L), respectively.

Ischemia/reperfusion protocols

Each heart was allowed to stabilize for 40 min; at this time,
baseline parameters were recorded. After stabilization,
hearts were randomly assigned to one of the treatment
groups described below and then subjected to 30 min of
global, no-flow ischemia followed by 120 min of reperfu-
sion (I/R). Pacing was discontinued at the beginning of the
ischaemic period and restarted after the third minute of
reperfusion [19].
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Cardiac function on and infarct size studies

(1) Group 1 (I/R group, n = 6) hearts were stabilized and
subjected to I/R protocol only.

(2) Group 2 (PostC group, n = 6) hearts underwent to a
post-conditioning protocol (PostC) (i.e., 5 cycles of 10-s
reperfusion and ischemia at beginning of reperfusion).

(3) Group 3 (Nesfatin-1 group, n = 6) Nesfatin-1
(100 pmol/L) was infused for 20 min at the beginning
of 120-min reperfusion.

(4) Group 4 (group, n = 6) hearts were perfused with
Nesfatin-1 (100 pmol/L) plus one of the following
inhibitors: epsilon-V1-2 (1 pmol/L; Nesfatin-1 + epsi-
lon-V1-2) or SHD (10 umol/L; Nesfatin-1 + 5SHD);
perfusion with inhibitors started 5 min before ischaemia
and continued during the early 7 min of reperfusion in
the presence of Nesfatin-1 (100 pmol/L).

To study, whether Nesfatin-1 induces phosphorylation of
Extracellular signal-regulated kinases1/2 (ERK1/2) and
STATS3, after 40-min stabilization hearts underwent 30-min
global ischemia followed by 7-min reperfusion (n = 4 for
each group). Therefore, one group received I/R only (7-min
reperfusion), one group received Nesfatin-1 in the early
reperfusion (for 7 min) and one group was perfused with
physiological solution only (Sham) for 77 min.

The concentration of Nesfatin-1 was chosen on the basis
of a preliminary dose-response curve as the dose that
induced the highest infarct size reduction (data not shown).

Cardiac performance before and after ischaemia was
evaluated by analyzing LVP recovery as an index of con-
tractile activity, and LVEDP for contracture. Contracture is
defined as an increase in LVEDP of 4 mmHg above the
baseline level [19].

Assessment of myocardial injury

To obtain infarct areas, hearts were rapidly removed from
the perfusion apparatus at the end of reperfusion, and the
left ventricle was dissected into 2- to 3-mm circumferential
slices. After 20 min of incubation at 37 °C in 0.1 %
solution of nitro blue tetrazolium in phosphate buffer,
unstained necrotic tissue was carefully separated from
stained viable tissue by an independent observer who was
not aware of the nature of the intervention. The weights of
the necrotic and non-necrotic tissues were then determined,
and the necrotic mass was expressed as a percentage of
total left ventricular mass, including septum [19, 20].

Lactate dehydrogenase

Since, in isolated rat hearts, ischemic postconditioning is
known to reduce the production of lactate dehydrogenase
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(LDH) during reperfusion [21], the release of this enzyme
during each experimental group was tested. Samples of cor-
onary effluent were withdrawn with a catheter inserted into the
right ventricle via the pulmonary artery. Samples were taken
during reperfusion. LDH release was measured as described
by Penna and collaborators [21]. Data are expressed as
cumulative values for the entire reperfusion period.

Cyclic guanosine monophosphate (cGMP)
and Nesfatin-1 measurements

For ¢cGMP determination, frozen tissues (200-300 mg)
were treated with 6 % trichloroacetic acid at 0 °C and
centrifuged at 1,000g for 10 min. Supernatants were
extracted three times with 3 mL diethyl ether saturated
with water, and the aqueous phases were collected and
stored at —80 °C [cGMP Biotrack Enzyme Immunoassay
(EIA) System; GE Healthcare].

The same protocol was used for plasma and tissue
Nesfatin-1 concentrations, which were measured by using
commercial enzyme immunoassay kits (Nesfatin-1: ELISA
Kit Protocol; Phoenix Pharmaceuticals).

Co-immunoprecipitation

To identify a physiological interaction between Nesfatin-1
and the NPR-A, a co-immunoprecipitation technique was
used. Hearts were homogenized in lysis buffer as described
before. The homogenates were incubated with Nesfatin-1
(100 pmol/L) for 10 min. Equal amounts of proteins were
incubated overnight at 4 °C with anti-Nesfatin-1 or with
anti-NPR-A (Santa Cruz) primary antibodies. Proteins were
then immunoprecipitated by Protein A/G PLUS-Agarose
(immunoprecipitation reagent; Santa Cruz). The immuno-
precipitated proteins were washed three times with lysis
buffer and subjected to a common western blotting. Mem-
branes were probed with anti-Nesfatin-1 and anti-NPR-A
primary antibodies and subsequently with peroxidase-cou-
pled anti-IgG secondary antibodies, revealed using the ECL
system. Nesfatin-1 protein was used as positive control.

Local sequence alignment

The local alignment was performed with the LALIGN
software  (http://www.ch.embnet.org/software/LALIGN_
form.html) by aligning the loop of BNP interacting with
NPR-C (aa residues 5-16; [22]) and Nesfatin-1.

Drugs and chemicals
Nesfatin-1 was purchased from Phoenix Pharmaceuticals.

KT5823 was purchased from Calbiochem (VWR Interna-
tional, Milan, Italy). Pertussis toxin (PTx), Anantin,

PD98059 (PD), N-Nitro-L-arginine methyl ester hydro-
chloride (L-NAME), erythro-9-(2-hydroxy-3-nonyl)adenine
(EHNA), 5-Hydroxydecanoate (5-HD), epsilon-V1-2 were
purchased from Sigma-Aldrich. Nesfatin-1 and L-NAME
were dissolved in water. All compounds were solubilized
in DMSO, except PD which was dissolved in ethanol.
Preliminary experiments showed that the presence of
equivalent amounts of ethanol or DMSO in KHs solution in
the absence of any drug did not modify the basal cardiac
performance.

Statistics

Data are the mean == SEM. Since each heart represents its
own control, the statistical significance of differences
within-group was assessed using the ANOVA test
(p < 0.05). Comparison between groups was made by
using a one-way analysis of variance (ANOVA) followed
by the Bonferroni correction for post hoc ¢ tests. Differ-
ences were considered to be statistically significant at
p < 0.05.

Results
Cardiac Nesfatin-1 identification

To evaluate whether the heart expresses Nesfatin-1, rat
ventricular extracts were exposed to Nesfatin-1 antibody.
Western blotting analyses revealed that Nesfatin-1 is
expressed in the ventricle (Fig. 1a, lane 1), as well as in brain
and gastric extracts used as positive controls [4, 6] (Fig. 1a,
lanes 2, 3). Nesfatin-1 ventricular expression was confirmed
by ELISA assay (Fig. 1c) and by the identification of the
mRNA of its precursor NUCB2 by TagMan Q-RT PCR
(Fig. 1b). Nesfatin-1 concentrations were evaluated by
ELISA in plasma, heart, and lung extracts. Concentrations
were: 12.73 £ 1 nmol/L in plasma, 3.41 £ 1.5 nmol/L in
heart, and 0.67 &+ 1.2 nmol/L in lung.

Nesfatin-1 effects on cardiac parameters

We aimed to evaluate whether exogenous Nesfatin-1 directly
affects basal cardiac performance. By exposing the Lange-
ndorff-perfused heart to increasing concentrations (0.1
pmol/L—10 nmol/L) of Nesfatin-1, we found that the peptide
induced negative inotropic and lusitropic effects, revealed by
the dose-dependent decrease of all cardiac parameters,
which was significant starting from 1 pmol/L (Fig. 2) [basal
values: LVP 88 + 2.8 mmHg, +(LVdP/dt),.x 2,489 £ 124
mmHg/s, CP 63 £+ 3 mmHg, —(LVdP/dt),,.x = —1,664 £
70 mmHg/s; T/—t = —1.48 £+ 1.85 mmHg/s, T = 0.04 +
0.01/s, HTR = 0.05 £ 0.01/s]. The peptide did not affect
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Fig. 1 a Immunoblots of brain (lane 1), heart (lane 2), lung (lane 3),
and stomach (lane 4) rat homogenates showing expression of
Nesfatin-1 and fS-actin as housekeeping protein, b real-time PCR of
Nucleobindin 2 mRNA expression in heart, lung, and brain,
¢ Nesfatin-1 ELISA assay of heart, plasma and lung. Changes were
evaluated as mean + SE of six experiments for each group.
Significant difference from control values (one-way ANOVA),
*p < 0.05

CP (Fig. 2). Experiments performed on electrically paced
hearts revealed similar inotropic and lusitropic effects, thus
confirming that changes of HR did not influence the cardi-
odepression elicited by Nesfatin-1 (data not shown).

Mechanisms of action of Nesfatin-1

The intracellular transduction pathways involved in the
Nesfatin-1-dependent cardiac effects were assessed by using
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specific inhibitors that, used alone, did not significantly
influence the cardiac performance. It has been reported that,
in PVN, Nesfatin-1 interacts with a G-protein-coupled
receptor [10]. To verify the involvement of Gi/o proteins in
the mechanism of action activated by Nesfatin-1, cardiac
preparations were perfused with KHs containing PTx
(10 pmol/L) in the presence of the peptide. We found that the
toxin did not affect the Nesfatin-1-dependent negative ino-
tropic and lusitropic influence (Fig. 3a), ruling out the
involvement of Gi/o-protein-coupled receptors.

It is well known that the mammalian heart expresses
particulate guanylyl cyclase (pGC)-linked receptors,
namely natriuretic peptide receptor type A (NPR-A) and
natriuretic peptide receptor type B (NPR-B), whose acti-
vation by natriuretic peptides elicit a negative cardiac
modulation [23]. To verify whether pGC-linked receptors
contribute to the negative inotropic and lusitropic effects
elicited by Nesfatin-1, NPR-A was inhibited by using the
selective antagonist, Anantin (100 nmol/L). We found that
Nesfatin-1-dependent cardiodepression was abolished by
Anantin (Fig. 3a), thus suggesting NPR-A to be involved.
This possibility was supported by the increased cGMP
levels observed in cardiac extracts after exposure to
Nesfatin-1 (100 pmol/L) (Fig. 3b).

To identify the intracellular mediators involved in Nesf-
atin-1-dependent effects, hearts were perfused with either
PD (100 nmol/L), a selective ERK1/2 blocker, or KT5823, a
selective PKG blocker, or EHNA, a selective PDE2 blocker.
We found that all these inhibitors abolished the effects of
Nesfatin-1 (Fig. 3a). By western blotting analyses of Nesf-
atin-1-exposed ventricular homogenates, we found that the
peptide induced an increase of pERK1/2, but not of pAKT
(Fig. 3c). We also observed, a decreased Akt phosphoryla-
tion in skeletal muscle, liver, and heart in food-deprived rats,,
with respect to control (ad libitum fed) animals. In both
skeletal muscle and liver, a single injection of Nesfatin-1
(0.25 nmol/g bw) induced a slight increase of Akt phos-
phorylation, which however, remained lower with respect to
the control. In contrast, in the heart, exposure to Nesfatin-1
does not change phospho-Akt levels (data not shown).

Co-immunoprecipitation of membranes incubated with
both anti-Nesfatin-1 and anti-NPR-A revealed a band of
about 120 kDa corresponding to the molecular mass of
NPR-A.

Further evidence of the possible interaction between
Nesfatin-1 and NPR-A was obtained by bioinformatic
analysis. We have found 33 % identity and 83 % similarity
between the analyzed amino acids (Fig. 4).

NO pathway involvement

Very recently, it was reported that Nesfatin-1 affects
peripheral blood vessels contractile reactivity by inhibiting
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the NO donor-induced smooth muscle relaxation via an
impaired cGMP production [23]. To verify whether NO is
involved in Nesfatin-1 negative inotropism and lusitro-
pism, Langendorff-perfused hearts were exposed to
L-NAME (a non-selective NOSs inhibitor) (Fig. 5a). The
results revealed that L-NAME did not influence Nesfatin-1
cardiac effects. The NO independence of the Nesfatin-1
cardiodepression was confirmed by the unchanged eNOS
and nNOS phosphorylation and protein SNO after exposure
to Nesfatin-1 (Fig. 5c).

Improvement of post-ischemic cardiac function
by Nesfatin-1

The possibility that Nesfatin-1 elicits cardioprotection was
investigated by comparing the effects induced by PostC
maneuvers with those elicited by the peptide administered
after I/R. Both systolic and diastolic functions were analyzed.
Systolic function is represented by the level of inotropic

40 0,1 1 10 100 1 10

pmol/L pmol/L pmol/L pmol/L nmol/L nmol/L
[Nesfatin-1]

activity (i.e., LVPrecovery). Hearts of the I/R group presented
alimited LVP recovery; in fact, at the end of reperfusion, LVP
was 165 +£ 3.8 mmHg instead of baseline value,
87.75 £+ 13.9 mmHg. At the end of PostC protocols, LVP
was 80 £ 5 mmHg instead of baseline value, 82 £+ 5 mmHg.
Nesfatin-1 markedly improved LVP recovery during reper-
fusion, being LVP at the end of reperfusion 72 + 10 mmHg
(baseline value 87 & 7 mmHg) (Fig. 6b). The Nesfatin-1-
dependent improvement of post-ischaemic LVP was abol-
ished when the hearts were co-treated with Nesfatin-1 plus,
either the PKCe¢ inhibitor (epsilon-V1-2) or the mitoK,tp
channels blocker (SHD) (Fig. 7).

Diastolic function is represented by the level of con-
tracture (i.e., LVEDP 4 mmHg or more above baseline
level) [18]. I/R markedly increased LVEDP (from
7.5 £+ 1.1 mmHg in the baseline to 35 + 15 mmHg at the
end of reperfusion). LVEDP was not significantly modified
by PostC, being 8.8 + 2.1 mmHg at the end of the
experimental protocol. During reperfusion, Nesfatin-1
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Fig. 3 a Effects of Nesfatin-1 before and after treatment with PTx
(10 pmol/L), Anantin (100 nmol/L), PD (100 nmol/L), KT5823
(100 nmol/L), and EHNA (100 nmol/L) on LVP, +(LVdP/dt).x,
—(LVdP/dt)hax, in the isolated and Langendorff-perfused rat heart.
b cGMP concentrations in control and Nesfatin-1-treated heart
extracts. ¢ Immunoblots of pERK1/2, ERK total, pAKT, and AKT
total in control and Nesfatin-1-treated hearts (cardiac homogenates).

abolished contracture development; in fact, LVEDP at
the end of reperfusion was 5.7 = 1 mmHg (Fig. 6b).
The Nesfatin-1-dependent reduction of post-ischaemic
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d Nesfatin-1 co-immunoprecipitation with NPR-A. Percentage
changes were evaluated as mean £ SE of six experiments for each
group. Significant difference (one-way ANOVA) from control values
of Nesfatin-1 versus Krebs—Henseleit solution (KHs), *p < 0.05.
Comparison between groups treated with Nesfatin-1 alone versus
antagonist, *p < 0.05

contracture was abolished by co-treatment with Nesfatin-1
plus, either the PKCe¢ inhibitor (epsilon-V1-2) or the mi-
toKarp channels blocker (SHD) (Fig. 7).
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Nesfatin-1 61 SGRLSKELDLYVS 72

h-BNP 5 SGCFGRKMDRIS 16

Fig. 4 Local sequence alignment of the BNP and Nesfatin-1. The
loop of BNP interacting with NPR-A (aa residues 5-16) has been
aligned with Nesfatin-1 sequence by LALIGN software (http://
www.ch.embnet.org/software/LALIGN_form.html). Hydrophobic amino
acids which can interact with Pocket I and Pocket II of NPR-A are
reported in bold and italic bold, respectively

Total infarct size was expressed as a percentage of left
ventricular (LV) mass. LV mass was similar in all groups
(LV weight was 935 £ 18 mg; range 559-1,105 mg).
Infarct size was 68 & 3 % in I/R, 32 & 2 % in PostC and
34 £ 2.5 % in the heart perfused with Nesfatin-1 (Fig. 6c¢).
This protection disappears in the presence of either PKCe
inhibitor (epsilon-V1-2) or the mitoK,tp channels blocker
(SHD) (Fig. 7). LDH release in the I/R group during
reperfusion was 1,297 & 175 U/g (units per g of wet
heart), while it was significantly reduced after both PostC
(874 £ 137 U/g) and reperfusion with Nesfatin-1
(859 £+ 162 U/g) (Fig. 6e).

Lastly, with respect to control hearts, in I/R hearts a
significant decrease of Nesfatin-1 protein and NUCB-2
mRNA levels was observed by ELISA and Q-RT-PCR
analyses, respectively. In contrast, hearts reperfused with
Nesfatin-1 showed an increase in NUCB-2 (Fig. 6d).

Improvement of the cardioprotective pathway

The involvement of the protective kinases ERK1/2 and
STAT3 in the Nesfatin-1-activated mechanism of action
was evaluated by western blotting. Representative bands
and densitometric analysis of the scanned blots are reported
in Fig. 8. Data are normalized with respect to the control
group. We found that Nesfatin-1 significantly increased the
phosphorylation levels of both ERKI1/2 and STAT3
(Fig. 8).

Discussion

This study provided to the best of our knowledge the first
evidence that, under basal conditions, the rat heart
expresses Nesfatin-1 protein and the mRNA of its precur-
sor, NUCB2. We also found that direct exposure to
exogenous Nesfatin-1 induces dose-dependent negative
inotropism and lusitropism, which involve pGC-NPR-A,
the cGMP/PKG pathway, and ERK1/2. Of importance, in a
biomedical perspective, Nesfatin-1 elicits cardioprotection
against I/R injury, acting as a post-conditioning agent.
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Fig. 5 a Effects of Nesfatin-1 before and after treatment with
L-NAME (10 pmol/L) on LVP on the isolated and Langendorft-
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Fig. 6 a Protocol groups. b LVP and LVEDP variations. Data are
expressed as changes of LVP and LVEDP values (mmHg) from the
stabilization to the end of the 120 min of reperfusion with respect to
the baseline values for each group. Vertical lines indicate ischemic
administration. Comparison between groups, *p < 0.05. ¢ Infarct size.
The amount of necrotic tissue measured after 30-min global
ischaemia and 120-min reperfusion is expressed as percentage of
left ventricle (IS/LV %); *p < 0.05 with respect to I/R. Significant
differences from control values of PostC or Nesfatin-1 PostC alone
versus I/R (one-way ANOVA), *p < 0.05. d Nesfatin-1 ELISA
measurement and real-time PCR of NUCB-2 of I/R and PostC hearts.
Significant differences (one-way ANOVA), *p < 0.05. e Effects of
Nesfatin-1 on LDH release. Values are expressed as mean + SE of
absolute data (U/wet wt, units per g of wet heart). Significant
difference from control values (one-way ANOVA), *p < 0.05;
changes were evaluated as mean & SE of eight experiments for each

group

Nesfatin-1 as a cardioinhibitory peptide

We observed, on the isolated and Langendorff-perfused rat
heart, that exogenous Nesfatin-1 affects contractility and
relaxation in a dose-dependent manner. As shown by the
reduced LVP and +(LVdt/dp)max, it induced a negative
inotropism starting at 0.1 pM, reaching a maximum at
1 nM. Contrarily, the peptide elicited a biphasic modula-
tion of lusitropism, positive at lower concentrations and
negative at higher concentrations. These data indicated
that, as in the case of other satiety molecules (i.e., Gluca-
gon-like peptide 2 [25]), peripheral Nesfatin-1 is able to
modify the performance of the unstimulated mammalian
heart. Notably, the cardiac effects are evident from pi-
comolar concentrations of the peptide. These doses are in
the same range of concentrations which inhibit water and
food intake in the rat [26]. They are also lower than those
detected in the plasma of ad libitum-fed rat in which we
found that peptide circulates at a concentration of
12.73 £+ 1.5 nmol/L. The high cardiac sensitivity observed
in the present study is not surprising, since other neuro-
peptides have been found to affect myocardial performance
at concentrations which are lower than those found in the
blood (i.e., HCNP [18]). It should be underlined that, as we
observed by immunoblotting and Q-RT-PCR, the unstim-
ulated rat heart constitutively expresses both the precursor
NUCB2 and the protein Nesfatin-1. This expression is
comparable to that detected in the brain and the stomach,
which are known to be Nesfatin-1-producing organs [6,
27]. Accordingly, the cardiac tissue appears to be a source
for Nesfatin-1, which may act in a paracrine/autocrine
manner on the heart itself, in addition and/or as an alter-
native to the centrally released peptide. Studies are needed
to establish whether, and to what, extent the picomolar
amounts of exogenous Nesfatin-1 administered to the
perfused heart encounter the intracardiac peptide, thus
eliciting a joined effect on contractility and relaxation.
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Fig. 7 Cardiac performance. a LVP variations. Data are expressed as
changes of LVP values (mmHg) at the end of 120-min reperfusion
with respect to baseline values for each group. Significant differences
from control values, *p < 0.05 with respect to I/R, for Nesfatin-1-
Post (100 pmol/L), Nesfatin-1-Post (100 pmol/L) + epsilon-V1-2
(1 pmol/L), and Nesfatin-1-PostC (100 pmol/L) + SHD (100 pmol/
L). b LVEDP variations. Data are expressed as changes of LVEDP
variations (mmHg) at the end of 120-min reperfusion with respect to
baseline values for each group. Significant differences from control
values, *p < 0.05 with respect to I/R, for Nesfatin-1-Post, Nesfatin-1-
Post + epsilon-V1-2, and Nesfatin-1-Post + SHD. ¢ Infarct size. The
amount of necrotic tissue measured after 30-min global ischaemia and
120-min reperfusion is expressed as percentage of the left ventricle
(IS/LV %); *p < 0.05 with respect to I/R and each antagonist group
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Recently, a hypertensive role has been suggested for
Nesfatin-1. It was found that the peptide counteracts the
NO-dependent vasodilation of peripheral arteries [24]. In
addition, central Nesfatin-1 activates the nervous circuits
which are responsible for hypertension [12], an effect
which is presumed to also occur via hypothalamic mela-
nocortin-3/4 receptors [13]. It is known that, in vivo under
basal conditions, the increase in vascular resistance is
counterbalanced by cardioinhibition [28]. This contributes
on the one hand to preserve normal blood pressure values
and, on the other hand, to prevent the cardiac compensatory
mechanisms which are activated by hypertension (i.e.,
ventricular hypertrophy) [29]. Other cardioactive peptides,
such as catestatin, vasostatin, and GLP-2, induce negative
inotropism. This cardiodepression is accompanied by a
non-significant coronary constriction which, however, does
not influence the myocardial activity of the peptides. The
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Fig. 8 Representative western blots and relative densitometric
analysis of STAT3 and ERKI1/2 phosphorylation in Sham, I/R,
PostC, and Nesfatin-1-treated hearts. Percentage changes were
evaluated as mean + SE of four experiments for each group.
Significant difference (one-way ANOVA) from control values,
*p < 0.05
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vasoconstrictory effects suggested for Nesfatin-1 appear in
contrast with the cardiodepression observed in our study.
However, tissue-specific effects (peripheral arteries vs.
heart), different methods for Nesfatin-1 administration
(central vs. direct in vitro perfusion) and the possible
involvement of other intermediates (i.e., indirect melano-
cortin-dependent sympathetic activation), must be taken
into account. Notably, the direct negative inotropism
and lusitropism induced by Nesfatin-1, together with the
indirect hypertensive activity [24], recall the classic
o-adrenergic effects. In fact, it is known that activation of
o-adrenergic receptors subtype reduces the left ventricular
pressure and induces peripheral vasoconstriction [30].

Signalling pathways for Nesfatin-1

In the absence of knowledge about a specific receptor for
Nesfatin-1, and on the basis of the data obtained on PVN, it
has been suggested that Nesfatin-1 elicits its effects by
recruiting Gi/o proteins [10]. This possibility is not con-
firmed by our observations, since Gi/o protein inhibition by
PTx did not change Nesfatin-1-induced negative inotro-
pism and lusitropism.

It has been reported that NO is an important negative
modulator of cardiac performance. In the mammalian
heart, the NOS-NO-cGMP-PKG system mediates specific
intracardiac signaling involved in the beat-to-beat control
of the contractile performance [31]. In rat ventricular
myocytes, the NOS-produced NO, by targeting soluble GC,
and thus PKG, negatively affects contractility by reducing
ICa and L and by phosphorylating troponin I [31]. The
functional consequence of this concerted cascade is inhi-
bition of contractility. Interestingly, in our experiments, we
found that Nesfatin-1-induced negative inotropic and lusi-
tropic effects are not influenced by the inhibition of the
NOS-NO system by L-NIO. This NO independence was
confirmed by eNOS phosphorylation and protein SNO
analyses. In both cases, exposure to Nesfatin-1 did not
change the basal levels of p-eNOS and protein SNO.
However, ELISA assay showed that Nesfatin-1-dependent
negative inotropism and lusitropism are accompanied by
increased cGMP levels. Alternative to the NO-dependent
route, intracellular cGMP may be generated by natriuretic
peptides binding to their pGC receptors (NPR-A and
NPR-B). Based on these premises, we analyzed whether
Nesfatin-1-dependent  cardiodepression involves the
NP-activated pGC. We found that pGC-NPR-A inhibition
by Anantin abolished the effects induced by Nesfatin-1 on
both contractility and relaxation. In the rat heart, NPR-A
was found to be predominant in ventricular myocytes, with
respect to other cardiac cells [32]. This may contribute to
explaining the prevalent myocardial effects elicited by
Nesfatin-1 and the lack of coronary responsiveness to the
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peptide. The possibility of a Nesfatin-1/NPR-A interaction
was supported by co-immunoprecipitation studies which
revealed a band of about 120 kDa corresponding to the
molecular mass of NPR-A. Further evidence of the possible
interaction between Nesfatin-1 and NPR-A was obtained
by bioinformatic analysis. We have selected the loop
region (aa 5-16) of the natriuretic peptide B (involved in
NPR-A binding) and we have performed a local alignment
between these 12 amino acids and the Nesfatin-1 sequence.
In particular, we have found 33 % identity and 83 %
similarity (see Fig. 4), and this strongly suggests that
Nesfatin-1 could interact with NPR-A, since it shares a
very high similarity with its physiological ligand, BNP.
Interestingly, this portion of the Nesfatin-1 sequence con-
tains hydrophobic amino acids that could interact with both
pocket I and II of NPR-A [22].

Downstream, cGMP controls the activity of cGMP-
dependent PKG and phosphodiesterases (PDEs). In par-
ticular, c¢GMP activates PDE2, and this decreases
intracellular cAMP concentrations [33]. In our study, pre-
treatment with the specific PDE2 inhibitor, EHNA, and the
PKG blocker, KT5823, abolished the Nesfatin-1-dependent
cardiac effects, confirming the involvement of these targets
in the signalling activated by the peptide. Of note, Nesfa-
tin-1 cardiomodulation is also mediated by increased
ERK1/2 phosphorylation. In the heart, ERK1/2 mediates
short- and long-term responses elicited by many cardio-
active substances [34, 35]. It is also involved in infarct
reduction achieved with ischaemic post-conditioning [36].

Nesfatin-1-dependent cardioprotection

It is known that many cardiodepressive peptides (i.e., the
chromogranin-A-derived vasostatin and catestatin; [37,
38]) protect the heart from I/R damage. Accordingly, we
investigated whether, in addition to its negative influence
on basal cardiac performance, Nesfatin-1 is able to elicit
cardioprotection. For this purpose, we used a pharmaco-
logical post-conditioning protocol [39]. We observed that
I/R is accompanied by a reduced expression of NUCB-2,
which returns to normal after the post-conditioning
maneuver. In addition, Nesfatin-1, given in the early
reperfusion, induced a significant protective effect against
myocardial I/R injury, similar to post-conditioning. This
effect is revealed by the significant reduction of the infarct
size, and the marked improvement of post-ischemic con-
tractile function expressed as a decrease of contracture
development. Physiological analyses of the mechanism of
action which sustains Nesfatin-1-dependent cardioprotec-
tion revealed the involvement of mito-Krp channels, and
of pro-survival kinases, namely PKCe. In particular, PKCe
may act on mitochondria to affect cellular survival reduc-
ing both necrosis and apoptosis [40, 41]. At the same time,

mitoK rp channels activation may facilitate PKCe re-
activation via reactive oxygen species (ROS) signaling.
This PKCe-dependent circuit of activation and re-activa-
tion takes part in the so-called “memory-associated
protection” [40, 41]. Of note, this protective signaling was
found to also be involved in the cardioprotection induced
by NPR-A activation [42].

By biomolecular studies, we observed that STAT3 and
ERK1/2 take part to the Nesfatin-1-mediated post-condi-
tioning. It is known that STAT is an important membrane-
to-nucleus signaling for many stress responses, which
include I/R, oxidative stress, and hypoxia [43—45]. It is also
a crucial member of protective cascades (i.e., SAFE) that,
when activated, induce survival signals in the infracted
myocardium [46, 47]. Since cardioprotection by Nesfatin-1
also involves ERK1/2, a known component of the RISK
pathway [48], we suggest that the peptide acts in phar-
macological post-conditioning by activating both RISK
and SAFE cascades.

Our data are particularly relevant since alterations in
post-infarction left ventricular function are major deter-
minants of mortality and prognosis [40, 49]. After an acute
myocardial infarction, reperfusion is necessary for saving
the viable myocardium. However, this is not without risk,
as the reperfusion itself may result in myocyte death.
Accordingly, in the search for novel pharmacological
approaches that target and attenuate reperfusion-induced
cell death, to improve the classic reperfusion strategy
aimed at limiting myocardial infarction, our results on
Nesfatin-1-induced cardioprotection deserve further
attention.

In conclusion, by using physio-pharmacological and
molecular approaches, we demonstrated that the anorexic
hypothalamic peptide, Nesfatin-1, elicits a direct influence
on the heart by depressing contractility and relaxation via a
cGMP-linked pathway, and by inducing cardioprotection
against I/R injuries. The finding that the cardiac tissue itself
expresses both Nesfatin-1 and the precursor NUCB-2
allows the inclusion of the peptide in the growing list of
cardiac hormones. Notably, we suggest an interaction with
pGC/NPR-A, thus opening a novel perspective for
research. In fact, any progress on the therapeutic applica-
tion of Nesfatin-1 is limited by the absence of conclusive
evidence concerning a specific Nesfatin-1 receptor. Taken
together, our data are of relevance since they enrich the
knowledge on the multilevel circuits that, by involving
several signaling peptides, orchestrate hypothalamic, GI,
alimentary, and cardiovascular functions. They also open
the way for clarifying the clinical potential of Nesfatin-1 in
nutrition-dependent cardiovascular diseases.
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